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ABSTRACT 
 

We assess water quality and the status of water bodies with numerous variables, both 
abiotic and biotic. Up to date, few water quality assessment and ecoremediation measures took 
the surface water – groundwater ecotone (i.e. the hyporheic zone) into consideration. We 
developed a new index based on hyporheic copepod fauna. The copepod biodiversity in the 
hyporheic of 26 Slovenian rivers, belonging to all five river basins, was assessed, and 49 
species, belonging to 6 families were found. Species accumulation curves and richness 
estimators indicated that our sampling effort was sufficient, all estimates pointed toward a 
richness of 50 species. Two biodiversity hotspots were identified, but one of them was found to 
have an uneven species distribution, indicating human-impacted sites. One species (Moraria 
radovnae) appears to be endemic. Differences in relative abundances of the most common 
species accounted for most of the differences between river basins. The hyporheic copepod 
community, combined with an accurate typology and diversity measures, and while considering 
the limitations of our model, can be used for water quality assessment. The obtained final model 
is most accurate in mid-range classes, while being inaccurate at extreme values. By developing 
this index and promoting its use in water quality assessment and environmental impact studies, 
we can expand currently applied methods.  

 
Keywords: hyporheic copepods, water quality assessment, biodiversity, data mining. 

 
 
 
POVZETEK 

 
Kakovost vode in stanje vodnih teles ocenjujemo s številnimi spremenljivkami, tako 

abiotskimi kot biotskimi. Doslej je le malo metod za oceno kakovosti vode in ekoremediacijskih 
ukrepov upoštevalo ekoton med površinskimi in podzemnimi vodami. Razvili smo nov indeks, ki 
temelji na zdruţbi ceponoţnih rakov v rečnem hiporeiku. Raziskali smo biotsko pestrost 
ceponoţnih rakov 26 slovenskih rek, ki iz vseh petih porečij. Našli smo 49 vrst, ki pripadajo 6 
druţinam. Krivulje akumulacije vrst in ocene vrstnega bogastva nakazujejo, da je bil naš napor 
vzorčenja zadosten za dobro oceno števila vrst. Vse ocene nakazujejo prisotnost 50 vrst 
ceponoţnih rakov. Odkrili smo dve vroči točki biodiverzitete, vendar smo pri eni ugotovili 
neenakomerno razporeditev vrst, kar nakazuje na vpliv človeških dejavnosti. Za eno vrsto 
(Moraria radovnae) trenutno izgleda, da je endemična. Razlike v relativnih abundancah 
najpogostejših vrst so največ prispevale k razlikam med porečji. Ocenjevanje kvalitete 
površinske vode je moţno z uporabo zdruţbe ceponoţnih rakov v hiporeiku. Za to so potrebni 
natančni tipologija površinskih voda in ustrezni diverzitetni indeksi, upoštevati pa je potrebno 
tudi omejitve našega modela. Končni model je najbolj zanesljiv v srednjih razredih, medtem ko 
je netočen pri ekstremnih vrednostih. Z razvojem tega indeksa in spodbujanjem njegove 
uporabe pri metodah ocenjevanja kakovosti površinskih voda in presojah vplivov na okolje, 
ţelimo razširiti metodologijo, ki je trenutno v uporabi.  
 
Ključne besede: ceponoţni raki, hiporeik, ocenjevanje kvalitete voda, biodiverziteta, biotska 
pestrost, strojno učenje. 
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1 INTRODUCTION 
 

1.1 The importance of subsurface water 
 
Water is essential for the continuous existence and development of all living organisms. 

Even though we are aware of this fact, conflicts between nature conservation and economic 
interests are becoming more common. The later frequently lead to environmental pollution and 
worsening ecosystem health (Costanza et al. 1992, Sampat 2000). Superficial freshwater 
ecosystems are especially exposed and under increasing amounts of stress. These ecosystems 
are, through their hyporheic zones, connected with aquifers, which hold 97 % of the planet's 
liquid freshwater. Aquifers are essential to life above ground; they play a vital role in 
replenishing rivers and wetlands and thus in nurturing the life of the land and air as well. If too 
much groundwater has been depleted, riverbeds may dry out and wetlands become desiccated. 
By soaking up excess water after heavy rainfall, aquifers can prevent surface waters from 
flooding. On a global scale, approximately 2 billion people rely on groundwater as their only 
source of drinking water. Considering the direct connection between surface and groundwater, 
the importance of methods for assessing the status of surface waters becomes evident. The 
significance of the hyporheic zone can be highlighted by the following example: at any point in 
time only 1 % of the water in the Mississippi River system is running downstream; the other 99 
% lies underground (UNEP 1996, Sampat 2000).  

Water quality is affected by several complex factors. In addition, we use numerous variables 
to describe the status of water bodies and their surrounding area. The term “water quality” is 
therefore comparatively hard to define. “Water quality” can be regarded as a neutral term that 
relates to the composition of water as affected by natural processes and human activities. It 
depends on not only water’s chemical, but also its biological, physical, and radiological 
condition. The quality of water is also related to specific use, and is usually measured in terms 
of constituent concentrations. The level of water quality is based upon the evaluation of 
measured quantities and parameters, which then are compared to water quality standards, 
objectives or criteria (Zucker et al. 1998). Most often, we use the term in relation to the water’s 
suitability for drinking.  
 

1.2 The hyporheic zone 
 

The hyporheic extends vertically and laterally from the river channel. Water in streams and 
rivers is continuously exchanged between the active channel and subsurface (hyporheic) 
flowpaths (Fig. 1). This interaction can be fast enough that, within several kilometers, water in 
streams is completely exchanged with interstitial water of the hyporheic zone. Dissolved 
material and organisms are also continuously exchanged between surface and groundwater. 
Thus surface water is in close contact with chemically reactive mineral coatings and microbial 
communities in interstitial (i.e. below surface) waters. This process has the effect of enhancing 
biogeochemical reactions and downstream water quality (Williams and Hynes 1974, Gibert et al. 
1990, Vervier et al. 1992, Gibert et al. 1994, Harvey et al. 1996, Orghidan 2010).  

Several models emphasize the “storage zone” function of the hyporheic. This zone delays 
downstream transport (i.e. hydraulic conductivity is comparatively low, approximately 10

-6
 ms

-1
, 

and water retention time increases) and enhances biogeochemical reactions. Water retention 
time in interstitial habitats is under the influence of particle size of the substrate. Small particles 
(sand and clay) can clog the space between larger particles (pebbles and gravel) and hydraulic 
conductivity decreases. Glacial clay in alpine valleys can almost completely block the hyporheic 
zone, hydraulic conductivity is below 10

-8
 ms

-1
 and water exchange at a minimum (Runkel et al. 

1996; Mullholland et al. 1997).  
Interstitial pore size and hydrological exchange between river and subsurface flowpaths 

shape the hydrological, physical, and chemical conditions in the hyporheic zone (Marmonier 
and Creuzé Des Châtelliers 1991, Boulton and Stanley 1995, Bork et al. 2009). The hyporheic 
zone can be viewed as the subset of fine-scale (within one reach) interactions between surface 
water in the channel and groundwater, within the context of large-scale exchanges in drainage 
basins. Large scale exchanges account for water loss and gain between the main channel and 
aquifers further inland. Nevertheless, the greatest amount of water is exchanged in smaller, 
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fine-scale, hyporheic flowpaths (centimeters to tens of meters). The size of these flowpaths is 
subject to seasonal and storm-influenced fluctuations. Comparatively rapid inputs of oxygen and 
organic carbon enhance rates of microbially mediated chemical processes. Examples of this 
effect include nitrification, microbial uptake of dissolved organic carbon and oxidation of 
manganese in the hyporheic zone (Wondzell and Swanson 1996; Angradi and Hood 1998).  
 

 
 
Figure 1: Schematic illustration of the hyporheic zone (after Alley et al. 2002). 

 
The degree to which groundwater affects in-stream ecology is governed by the so-called 

base flow index (BFI) (Sear et al. 1999). A high BFI represents a flow regime of surface water, 
which is volumetrically dominated by groundwater discharge. In such cases, groundwater is the 
predominant influence on in-stream ecology at almost all times. Flood events present a special 
case, where even in streams with an otherwise high BFI, the flow regime can be reversed, and 
surface water discharges into subsurface flow paths. In middle- to low-BFI streams, the 
variations in flow regime are more dynamic, with changes occurring over very short timescales 
(Maddock et al. 1995, Malcolm et al. 2003). Relatively modest fluctuations in stream discharge 
can give rise to profound changes in groundwater movement in the hyporheic (Alden and 
Munster 1997).  
 
Subsurface hydrological exchange in the hyporheic can be divided into three modes (after 
Kaplan and Newbold 2000):  

 Upwelling: groundwater discharges from an adjoining aquifer into the main channel. 

 Downwelling: surface water flows through the hyporheic into the underlying aquifer.  

 Shallow exchange: surface waters enter the bed sediment and exit back into the 
channel a short distance away. For example, water enters the subsurface through the 
upstream face of a stony riffle (i.e. small-scale down-welling), re-surfacing through the 
downstream edge of the riffle (i.e. small-scale upwelling), flowing into the adjoining pool 
(Younger 2007).  

 
A switch between up- and down-welling can occur momentarily when a flood wave passes 

through the stream. Therefore, water in the hyporheic will reflect the recent history of stage 
fluctuations in the river. 

 

1.2.1 Ecology of the hyporheic 

 
Microbes govern the major part of organic matter decomposition in interstitial waters (Pusch 

1996, Craft et al. 2002). However, some studies showed that invertebrates contribute greatly to 
hyporheic nutrient cycling (Marshall and Hall Jr. 2004). Microcrustaceans (Copepoda and 
Ostracoda) are a diverse and abundant component of interstitial communities in gravelbed 
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rivers and deeper groundwater, many of them being true groundwater species (stygobionts) 
(Marmonier and Creuzé Des Châtelliers 1992, Pospisil 1994, Rouch and Danielopol 1997, 
Hakenkamp and Palmer 2000, Galassi et al. 2009, Stoch et al. 2009). These crustaceans are 
highly mobile through a wide range of sediment pore sizes and some species are tolerant to low 
oxygen concentrations. Knowledge of their trophic role is lacking; probably they are preyed 
upon by macroinvertebrates and stimulate microbial growth by excrement deposition 
(Hakenhamp and Palmer 2000).  

Oxygen concentrations, temperature, and nutrient availability are the main limiting factors for 
hyporheic organisms. Generally, depth in the hyporheic zone is characterized by a gradient 
from high oxygen, high nutrient availability and unstable temperatures to low oxygen, fewer 
nutrients and more stable temperatures. The “ideal” niche for animals would therefore be in the 
zone of approximately equal mixing of surface and groundwater, with still enough oxygen for 
most organisms, stable temperatures throughout the year and a comparatively constant supply 
of nutrients (Younger 2007). Downwelling waters supply nutrients from the breakdown of plant 
and animal debris. These nutrients are usable by animals inhabiting the hyporheic zone, such 
as copepods. For the microbial community such debris is too large and cannot be utilized. 
Instead, they feed on dissolved organic compounds and assimilate inorganic molecules 
containing oxygen (such as phosphate, nitrate and sulphate). Upwelling groundwater usually 
contains relatively high concentrations of inorganic nutrients (Findlay and Sobczak 2000, 
Younger 2007). 

 The diversity of organisms in the hyporheic is governed by micro-scale distributions in 
temperature, dissolved oxygen, and nutrient availability. For larger animals, such as 
crustaceans, pore size distribution of the sediment also exerts an important control. Hakenkamp 
and Palmer (2000) report that crustaceans are more common in gravels than in fine-grained 
sand. Figure 2 summarizes the controls on the hyporheic fauna. 

 
 

 
 
Figure 2: The principal factors governing the macrofauna of the hyporheic zone (after Boulton 
2000). POM: particulate organic matter. 
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 1.3 Water quality assessment 
 

Many parameters affect water quality and only a combination of different methods can yield 
reliable results. The best results can be obtained by combining physical, chemical and biological 
methods, and evaluation of the status of entire ecosystems, the functional association of abiotic 
and biotic factors.  Water quality is directly connected to ecosystem health and several methods 
were developed to determine the status of different ecosystems (Urbanič and Toman 2003, 
Jørgensen et al. 2005). Each of these methods has its benefits and weak points (Table 1). 
 
Table 1: Benefits and weak points of different water quality assessment methods (Urbanič and 
Toman 2003, Jørgensen et al. 2005) 
 

Physical and chemical Biological 

Benefits 

Accurate detection of changes over time Response of organisms to long term, low 
concentration pollution 

Accurate detection of pollutants and the 
direction of their flows 

Basis for assessing the physical degradation of 
the environment 

Can be used on all water bodies, even 
groundwater 

Bioaccumulation and biomagnifications 

Methods are standardized  

Weaknesses 

High detection threshold* Cannot detect the direction of flow of pollutants 
Possible contamination of samples Undefined or unknown for groundwater 
Limited usefulness for continuous surveys** Limited standardization*** 
Expensive  

* Too low concentrations of pollutants are not detected. Certain methods (e.g. HPLC and GC-
MS) omit this limitation, 
** Time windows for detecting pollution events are comparatively short; one-time pollution 
events are rarely detected. 
*** Differences in community compositions among similar ecosystems from different 
geographical areas (for example the hyporheic from alpine and lowland rivers) make 
standardizations difficult, if not impossible. 

 
Both groups of methods for assessing water quality of surface waters (Table 1) have a 

common weakness, i.e. water retention time. Physical and chemical methods specially suffer 
from this deficiency. With this group of methods, chance becomes important, since detection of 
pollutants depends on time of sampling. If sampling is performed too late, a pollutant spill can 
be missed or pollutants become diluted. The importance of stochastic events, combined with 
high costs, also limits the usefulness of these methods for continuous surveys. Biological 
methods are more appropriate or accurate, because effects of pollutants can still be seen even 
weeks after their initial introduction. Yet, in fast flowing rivers, such disturbances can have a 
comparatively low impact, since animals are exposed to pollutants for a short time span (Hoehn 
2001, Danielopol et al. 2009, Schmid-Araya 2009).   

Among biological methods, the most often used method is assessment based on benthic 
macroinvertebrates. Methods based on macrophytes, fish, algae and protozoans are also 
employed (Jiang 2005, Jiang and Shen 2005, Haunschmid and Jagsch 2006, Orlando-Bonaca 
et al. 2008). Lately, ecomorphological methods are gaining in importance. This set of methods 
also assesses the surrounding area, its structure and use (Urbanič and Toman 2003, 
Jørgensen et al. 2005). Even though these methods assess different parameters, they all 
consider only surface dwelling organisms. Subsurface organisms are ignored, even though they 
are hypothetically more sensitive to certain ecological disturbances.  

Surface water bodies are connected to subsurface ecosystems further inland. The transition 
area between two ecosystems is called an ecotone. Between surface water bodies and 
groundwater (the phreatic zone), this ecotone is referred to as the hyporheic. The hyporheic 
zone is directly under the influence of surface and groundwater. Therefore, both surface and 
subsurface dwelling animals can be found there. In the phreatic zone, on the other hand, 
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surface animals can survive for a limited amount of time or are absent, while the influence of 
surface water is also constrained or zero. In these two zones water retention time is longer than 
in the river. Since animals are exposed to pollutants for longer periods, a stronger effect would 
be expected (Newman 2009). 

 

1.4 The concept of ecosystem health 
 
Ecosystem health is a metaphor. And therein lays its main appeal. We apply the notion of 
human health to ecosystems and gain a paradigm for viewing ecological policy questions. 
People have an inherent understanding of personal health, and by extension, most people 
instinctively envision a “healthy” ecosystem. Such an ecosystem usually encompasses pristine 
conditions or is at least minimally disturbed by human activity (Ryder 1990, Meyer 1997) (Figure 
3). But, since the term “ecosystem health” is used by scientists and stake holders of many 
different fields of expertise, we lack a universal definition of this concept. Karr and Chu (1999) 
define ecosystem health as the preferred state (i.e. what experts think a modified ecosystem 
should at its best look like) of ecosystems disturbed by human activity (e.g. farm land, urban 
environments, airports, managed forests). They also propose the use of the term ecosystem 
integrity, denoting an unimpaired condition, with no or little influence from human activity. 
Natural ecosystems, with a high degree of integrity, would continue to function in the same way 
if humans were removed (Anderson 1991). Since the vast majority of ecosystems are not 
pristine, most ecological policy debates concern ecosystem health, rather than integrity. 
Costanza et al. (1992) emphasize that it is necessary to consider all or at least most of the 
definitions simultaneously. They summarize the concept definition of ecosystem health as: (1) 
homeostasis; (2) absence of disease; (3) diversity or complexity; (4) stability or resilience; (5) 
vigor or scope for growth; (6) balance between system components. 

 

 
 

Figure 3: The ecosystem health metaphor. Most people see the left hand picture as depicting a 
healthy, pristine ecosystem. The right hand picture is understood to present an unhealthy or 
polluted system (left photo: U. Žibrat; right photo: www.supergreenme.com). 

 
1.4.1 Ecosystem health indicators 
 

There are several indices in use for each group of parameters for surface water quality 
assessment. Most work has been done on biological parameters and therefore most indices are 
concerned with this group. Biological indices can be divided into six groups, according to the 
amount and type of information they consider (Fath et al. 2001, Fath et al. 2004, Jørgensen et 
al. 2005, Orlando-Bonaca et al. 2008, Steube et al. 2009): 

- Indices based on indicator species (Bellan’s pollution index, Marine Biotic Index - AMBI, 
Bentix, Benthic Response Index - BRI): 

The presence or absence of indicator species, and their dominance are associated 
with an environmental deterioration; 
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- Indices based on ecological strategies (Nematodes/Copepods Index - NCI, Infaunal 
index): 

Environmental stress assessment accounts for the ecological strategies followed by 
different organisms; 

- Diversity indices (Shannon-Wiener, Simpson, Margalef): 
Changes in diversity reflect disturbances; 

- Indices based on species biomass and abundance (Abundance Biomass Comparison -
ABC Method): 

The variance of organism’s biomass and abundance are applied as a measure of 
environmental disturbance; 

- Indices integrating all environment information (Trophic index, Index of Biotic Integrity -
IBI, Estuarine Ecological Index - EBI, Saprobia): 

These indices try to integrate several metrics, for example diversity, dominance, 
ecological strategies, indicator species, sediment particle size and sand/silt ratio; 

- Holistic or thermodynamic indices (Exergy, Ascendency, Dissipation, Kullback diversity 
measure): 

Assessment is based on the entire ecological network, individual species and their 
ecological preferences are not considered. 

 
Each of these indices has its strong and weak properties. Experience has taught us to use 

several indices to assess an ecosystems status. By combining different methods more 
information on each ecosystem can be gathered and better and more accurate conservation or 
restoration measures undertaken.  

Compared to surface waters, groundwater ecosystems are depleted in certain bioindicator 
organisms, such as macroinvertebrates, or completely lack those in the case of macrophytes 
and algae. In addition, knowledge on the drivers for the patchy distribution of organisms is poor, 
which limits predictive conclusions (Steube et al. 2009). There is also a significant lack in 
knowledge on the taxonomy, autecology and physiology of groundwater organisms. 
Nevertheless, several authors have stressed the importance of groundwater invertebrates for 
biomonitoring purposes and assessment of ecological status of the hyporheic zone (Mösslacher 
1998; Matzke et al. 2005; Hahn 2006; Schmidt et al. 2007).  
 

1.5 Study organisms 
 

With more than 2800 species, Copepoda represent the most species-rich group of 
freshwater crustaceans (Boxshall and Defaye 2008). The taxonomic diversity of copepods in 
surface water is reflected in groundwater, where copepods are represented by approximately 
1000 species and subspecies. Together with Ostracoda and Amphipda they outnumber all other 
invertebrate groups living in subsurface environments (Galassi et al. 2009).  

The Copepoda include 10 orders, only 4 of which (Harpacticoida, Cyclopoida, Calanoida and 
Gelyeloida) include free-living (i.e. non-parasitic) freshwater representatives. Of these 4, only 
Harpacticoida and Cyclopoida are widely distributed in subsurface freshwater habitats. Together 
they represent more than 70% of all freshwater copepod species. Copepods show distinct 
differences in microhabitat preference (Galassi 2001) and sensitivity to human-induced 
disturbances, such as changes in water chemistry and hydrological regime of groundwater 
(Rundle and Ramsay 1997, Paran et al. 2005). Furthermore, copepods may be useful as 
biological indicators of groundwater – surface water connectivity (Malard et al. 1994, Di Lorenzo 
et al. 2005). Meiofauna (i.e. organisms living in spaces among gravel and sand) are known to 
be a significant component of the heterotrophic assemblage (Giere 1993, Freckman et al. 
1997). Biological activities (feeding, excretion, movement) can influence the transfer and cycling 
of material and energy through the ecosystem (Aller and Aller 1992). Although the knowledge of 
copepod ecological functions in groundwater is lacking, there are indications that they play a 
significant role in groundwater ecosystems (Gibert and Deharveng 2002).     
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1.5.1 Copepods in ecotoxicological studies 
 

Amphipod and isopod crustaceans, oligochaetes and chironomid larvae are usually used in 
sediment toxicity assessment studies (USEPA 2000a). Yet, to the best of our knowledge, only 
poor information is available on the effects of pollutants on species living in the hyporheic zone 
(Williams and Fulthorpe 2003). These pollutants include pesticides, persistent organic pollutants 
and heavy metals. In agricultural areas groundwater may be enriched with nutrients (such as 
nitrogen and phosphorous), leading to eutrophication of surface waters. On the other hand, 
polluted surface water can alter hyporheic communities (Mösslacher et al. 2001). Harpacticoid 
copepods (Figure 4) are almost omnipresent in hyporheic communities, often in comparatively 
large abundances. Bengtsson (1978) used them for assessing acute effects of marine 
pollutants. Several authors have shown harpacticoid copepods to be sensitive to environmental 
pollution, especially to metal pollution (Van Damme et al. 1984; Burton et al. 2002; Brown et al. 
2005). 
 

 
 

Figure 4: The harpacticoid copepod Bryocamptus zschokkei (Schmeil, 1893). The photograph 
is of an ovigerous female, with protozoan epibionts attached to pereiopods P3 and P4 (photo: 
U. Žibrat).  

 

1.6 The reference condition 
 

A critical element in the process of biological assessment of the effect of human activity is 
estimating biological status in the absence of human disturbance. Most biological assessments 
are based on the concept of comparing the current state to conditions in the absence of human 
disturbance or alteration. The state under study is compared to a pristine and unpolluted state 
(Jackson and Davis 1995, Davies and Jackson 2006), which is used to gauge the effects of 
human activity (Stoddard et al. 2006). This pristine state is referred to as reference condition or 
reference state. Reference or benchmark locations are chosen to be as close as possible to the 
state of an environment undisturbed by human activity. These locations are often chosen 
without a particular impact in mind, but to represent what a water body could be like in the 
absence of human activity.  

The main problem with this approach is the definition of a reference state, since it can be 
defined for a variety of purposes related to biological assessment. For example, it can mean the 
absence of any human disturbance, the best remaining condition in a specific region or the 
upstream condition when assessing impacts of a point-source discharge into a stream. In this 
regard, four different aspects of reference condition can be defined (Stoddard et al. 2006, 
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Hawkins et al. 2010): historical condition, least disturbed condition (LDC), minimally disturbed 
condition (MDC) and best attainable condition (BAC) (for details see below).   

The Water Framework Directive (WFD) (Directive 2000/60/EC) defines reference conditions 
for surface waters in terms of “no or minimal anthropogenic stress” and satisfying the following 
criteria: (1) reflecting totally, or nearly, undisturbed conditions for hydromorphological elements, 
general physiochemical elements, and biological-quality elements; (2) having concentrations of 
specific synthetic pollutants close to zero or below the limit of detection of the most advanced 
analytical techniques in general use; (3) exhibiting concentrations of specific non-synthetic 
pollutants within the range normally associated with background levels. Reference conditions 
are to be linked to stream typologies, and the population of reference sites should represent, as 
well as possible, the full range of conditions that are expected to occur naturally within the 
stream type. A reference condition can be spatially based (the condition of existing sites 
meeting the above criteria), based on modeling or developed using a combination of these. 
Using these, all surface water bodies should be classified into ecological-quality classes.  

The Water framework directive requires the establishment of a water body typology based 
on abiotic factors. In Slovenia, such a typology was published in 2008 (MOP 2008). This 
particular typology is based on ecoregions, bioregions, average yearly discharge, catchment 
size and spring influence. In accordance with WFD guidelines, reference conditions for each 
river type were also defined. This typology is to be used in all water quality assessment 
schemes.  

 

1.6.1 Defining the reference condition 
 

It is becoming increasingly difficult to locate sites that could represent the undisturbed or 
natural state and be used for estimating the reference condition. Often sampling sites are 
chosen for estimating reference conditions because they are “the best of what’s left”. The entire 
population of possible sites has been degraded by human activity; therefore, these sites bare 
only a passing resemblance to natural conditions. Consequently, the reference condition 
departs from the natural for an unknown amount.    

During monitoring programs, we measure and interpret multiple ecological indicators. These 
indicators need to be compared to a reference condition, which is most commonly defined by a 
range of indicator or index scores. In this sense, “reference condition” describes a distribution, 
rather than a single absolute value (Figure 5) (Stoddard et al. 2006, Hawkins et al. 2010). For 
any given index, the range of values is defined by sampling error and natural variability. A set of 
sites, disturbed or undisturbed, will always exhibit a range of biological attributes. By sampling 
several sites used for estimating reference conditions, this distribution can be described for a 
particular location or habitat type. Parameters in this distribution can then be selected as criteria 
for classifying and assessing the condition of individual sites. The tails of this distribution and 
the final thresholds are under strong influence of the methods chosen to measure and describe 
the reference distribution. By being restrictive in the level of acceptable disturbance, the 
distribution can be constrained and criteria increased. This approach is applicable in all habitats, 
including both surface and groundwater. The main drawback for groundwater (including the 
hyporheic) is lack of quality data.  



Ţibrat, U.: Development of a new biotic index based on hyporheic favna for water quality 

determination in lotic ecosystems. PhD thesis. University of Nova Gorica, Graduate school, 2012 

9 

 

 
 
Figure 5: The range of ecological conditions found under reference conditions. In this case the 
distribution is represented by a theoretical biological index. The range of this distribution results 
from natural variability and can be used to set criteria for defining classes of ecological 
condition. Benchmarks can be below (bad status) or above (good status) the selected 
thresholds (e.g. 1 %) (after Stoddard et al. 2006).  
 

The definitions of reference condition in use today most often denote a state that is different 
from a natural one. Stoddard et al. (2006) therefore propose the use of a modified term, 
reference condition for biological integrity or RC(BI). This term would be reserved for 
“naturalness” or “biological integrity” (in accordance with the U.S. Clean Water Act) (USEPA 
1972), even though it can be only approximated in most parts of the world. They also suggest 
the use of the following specific terms for reference conditions other than in relation to biotic 
integrity: Minimally Disturbed Condition (MDC), Historical Condition (HC), Least Disturbed 
Condition (LDC), and Best Attainable Condition (BAC). 

 

1.6.1.1 Minimally Disturbed Condition (MDC) 
 

This term describes the condition of sites in the absence of significant human disturbance. It 
is our best approximation of biotic integrity, since finding sampling sites that are undisturbed by 
human activity is impossible. Therefore, the concept of minimal disturbance is defined as 
“condition in the presence of atmospheric contaminants well below the threshold for effects, but 
nonetheless present”. MDC also recognizes that some natural variability in indicators will always 
occur. One important aspect of a MDC distribution is its consistency over time. Even though 
geologic, climatic, and ecological fluctuations will change (in a geological sense in a short time 
span) the characteristics of individual sites, the range of MDC should be nearly invariable. This 
distribution can therefore serve as a nearly invariant benchmark by which to judge current 
condition. 
 

1.6.1.2 Historical Condition (HC) 
 

This term describes the condition of sites in their history. If the chosen point in history is 
before the start of human disturbance, it can be our best approximation of RC(BI). However, 
other historical reference points are possible (e.g. pre-industrial, pre-settlement, pre-regulation) 
and can be chosen in regard to local needs. The EU WFD defines reference conditions in this 
sense, as a “state in the present or past corresponding to very low pressure, without the effects 
of major industrialization, urbanization and intensification of agriculture, and with only very minor 
modification of physiochemistry, hydromorphology and biology.“ This definition implies no fixed 
date, but the condition is in general believed to have existed in Great Britain before 1850, i.e. 
prior to the industrial revolution (Wallin et al. 2003). In North America, a different approach is 
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used, as the HC is defined as a period before settlement. It includes impacts of indigenous 
people, but excludes impacts of European immigrants (Hughes et al. 1998). This definition also 
does not imply a fixed date. Yet, in contrast to the WFD definition, the time period used as a 
benchmark, changes with the westward migration of settlers. Nevertheless, if no historical data 
exists, then this method is not applicable for determining reference conditions. Such is the case 
with aquifers and the hyporheic.  
 

1.6.1.3 Least Disturbed Condition (LDC) 
 

The LDC is in conjunction with the best available physical, chemical, and biological habitat 
conditions given today’s state of the landscape. To describe the LDC, data, collected at sites 
selected according to certain criteria denoting what is “best” or least disturbed by human 
activity, needs to be evaluated (Hughes et al. 1986). These criteria are developed with the aim 
to establish the least amount of ambient human impact and vary from region to region, as the 
characteristics of the landscape and human use vary. For the same reason LDC varies in time, 
unlike MDC. As the ecological conditions of the best available sites changes through time, so 
does our measure of LDC.  
 

1.6.1.4 Best Attainable Condition (BAC) 
 

The BAC is equivalent to the expected ecological condition of LDC sites, if the best possible 
management practices were in effect for a certain period. Thus, BAC sites would be locations, 
where the impact of land use on biota is minimized. This definition is therefore somewhat 
theoretical, as it encompasses management goals, best available technology, prevailing use of 
landscape and public interest and commitment to achieving environmental goals. MDC and 
LDC, respectively, define upper and lower limits of BAC (Figure 6). Similar to LDC, BAC also 
varies over time.  

Differing levels of human disturbance in different ecological regions lead to a situation where 
LDC sites remaining in a region describe different definitions of reference condition (Fig. 5). In 
Stream Group C the level of degradation is higher than in Stream Group B. For Group C a 
reference condition might be a condition that does not exist, but could be achieved with 
adequate management (illustrated as “Best attainable”). In contrast, the condition at the LDC 
sites for Group B might be a reasonable reference condition for these streams (after Stoddard 
et al. 2006). 
 

 
 
Figure 6: Three types of reference conditions along a biological condition gradient (after 
Stoddard et al. 2009).    
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1.6.2 Methods of estimating reference conditions 
 

1.6.2.1 Reference-site approach 
 

The most common approach for estimating reference conditions is the so-called “reference-
site approach” (Bailey et al. 2003). This method quantifies the biological condition at a set of 
sites that are either minimally or least disturbed by human activity. This method requires the 
form of reference condition (MDC, LDC, HC and BAC) the reference sites represent to be 
clearly defined. The preferred approach for estimating MDC and LDC is to use a set of criteria 
for site selection that exclude data on resident biota. Bailey et al. (2003) argue that the structure 
of the biotic assemblage should not be used to classify sites as reference or non-reference. By 
following this guideline, we avoid any preconceived notions about the structure and composition 
of biotic assemblages at a reference site. The main goal of the reference-site approach is to 
describe the amount of variability present at sites in the absence of human disturbance, and we 
cannot know in advance how much variation is typical for any assemblage among a population 
of reference sites. 

Certain exceptions to the non-use of biotic data for reference-site selection are warranted. 
Organisms can function as indicators of the presence of certain stressors, such as toxic 
compounds. The use of organisms to assess the presence of toxics can be more cost effective, 
than direct chemical measurements. Alien or introduced species can also act as stressors. 
Therefore, one may wish to focus on those reference sites with all native assemblages.     

 
1.6.2.2 Interpreting historical condition 
 

Sometimes records from earlier times are on hand, whether from stream samples, museum 
collections, journals, photographs or personal notes (Hughes et al. 1998). Historical conditions 
can sometimes be inferred by analyzing indicators that maintain a record of the past. Such are 
lake sediments, where historical lake conditions can be inferred from the composition of 
deposited planktonic organisms (Brancelj et al. 2000a, 2000b, 2002). Pollen profiles in these 
sediments can be used to interpret watershed vegetation cover.     

 

1.6.2.3 Extrapolating from empirical models 
 

Often MDC sites cannot be defined or are absent from the chosen area. In such situations 
empirical models derived from associations between biological indicators and human-
disturbance gradients can be extrapolated to infer conditions in the absence of human 
disturbance (Karr and Chu 1999). Even though these models can be multivariate and based on 
large amounts of data, the extrapolations are outside the model calibrations. Therefore, caution 
is advised in using these models to MDC sites. 
 

1.6.2.4 Ambient distributions 
 

LDC can be estimated trough various interpretations of the range of index or metric values 
currently observed in a region. For example, in the absence of reliable estimates of reference 
condition, the 5

th
 and 25

th
 percentile of current nutrient concentrations can be used as a criterion 

to separate acceptable from unacceptable values (USEPA 2000b). This approach has several 
issues: (1) an a priori decision about what proportion of the population is to be in LDC; (2) it 
assumes that higher index scores represent better conditions, rather than different 
environments (e.g. smaller vs. larger streams) that require separate estimates of expectations; 
(3) it is dependent on the distribution of sites sampled relative to the range of the indicator. 

Another approach is to use indices of biotic integrity, for example the Index of biotic integrity 
or IBI (Karr 1981). This variant involves the assumption that, for any stream type or size, LDC is 
represented by the highest species richness. This assumption is used to develop maximum 
species richness (MSR) lines. The MSR line can be used to set reference conditions for each 
sampled stream. The expectation would be equal to the maximum species richness for a site of 
equal catchment area. The main concern is when the MSR line describes the condition of sites 
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that are not in LDC. One of the possible explanations of this pattern is the intermediate-
disturbance hypothesis (Connel 1978).  
 

1.6.2.5 Best professional judgment 
 

This method of estimating reference conditions is based on experience and knowledge of 
aquatic biologists. Even though quantification is in most cases not possible, professional 
judgment can provide additional insights into MDC and LDC. In order to avoid best personal 
judgment to become an educated guess, several criteria have to be considered: (1) justification 
in ecological theory; (2) comparable experience of others; (3) documentation of the “rules” by 
which experts develop MDC or LDC; (4) a description of how the expert reached the 
conclusions. By the development and inclusion of fuzzy set logic, best professional judgment 
has gained in importance and has been included in the development of LDC sites and 
multimetric indices (USEPA 2000c; Siligardi et al.2010).    

In general it is advisable to integrate several approaches for estimating reference conditions. 
This may lead to firmer and scientifically more justifiable conclusions about MDC and LDC sites, 
especially if conclusions derived from different approaches are consistent. 
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1.7 Aim of this study 
 

Our main goal was to develop a new biotic index for surface water quality assessment. This 
new index was to be based on hyporheic metazoan fauna, where copepods are the dominant 
group. In this regard, our main working hypothesis was that the hyporheic copepod community 
alone can be used for accurate water quality assessment. Individual species can also act as 
bioindicators, indicating a certain water quality status (good or bad). A water quality assessment 
method which would take into account the hyporheic community would be advantageous over 
other freshwater fauna based indices, as it could detect short term and low concentration 
pollution. 

Even though we have become aware of this ecotones importance for surface and 
groundwater, our knowledge of the community is limited. The ground basis for developing such 
an index is knowledge of the biogeographical distribution and diversity of the animals under 
study. In Slovenia, there were only a few studies on hyporheic communities, all of them limited 
to just one or two rivers. A comprehensive study, which would encompass all major rivers, is 
therefore lacking. We remedied this by performing a survey of several rivers of all river beds in 
Slovenia, thus acquiring data on species composition and biogeography of the hyporheic 
community. We hypothesized that the hyporheic copepod community would conform to an 
upstream – downstream gradient (highest diversities would be achieved in the middle part of 
rivers), with deviations being the consequence of human activity.  

Up to date, few ecoremediation measures took the surface water – groundwater ecotone into 
consideration. By developing this index and promoting its use in water quality assessment and 
environmental impact studies, we intend to expand currently applied methods. Evaluation of the 
hyporheic zone could be implemented into national water quality assessment methods. 
O’Connor and Dewling (1986) laid down five general guidelines for suitable indices to evaluate 
ecosystem degradation. An index should be: 

- Relevant, 
- Simple and easily understood by laymen, 
- Scientifically justifiable, 
- Quantitative, 
- Acceptable in terms of cost. 

 
From a more scientific point of view, the following characteristics define a good ecological 
indicator (Jørgensen et al. 2005): 

- Ease of handling, 
- Sensibility to small variations of environmental stress, 
- Independence of reference states, 
- Applicability in extensive geographical areas and in the greatest possible number of 

communities or ecological environments, 

- Possible quantification. 
 

Fulfilling all of these requirements is probably impossible or rather highly unlikely. To the 
best of our knowledge, no index has yet been developed, which would adhere to all these 
criteria. These deficiencies of biological indices are usually overcome by using different 
methods. Our index also does not fulfill all of the mentioned criteria. It is meant to be used 
together with other indices and thus give us a better picture of the particular ecosystem under 
study. 
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1.8 Study area 
 

Slovenia has five major river basins (Jadran, Soča, Sava, Drava and Mura) (Figure 7), 
belonging to two catchments: Adriatic (Jadran and Soča) and Black Sea (Sava, Drava and 
Mura). Jadran is the coastal area, but is considered a river basin, since the rivers in this region 
flow directly into the Adriatic Sea. We selected 26 larger rivers (discharge > 1m

3
s

-1
) of all five 

river basins. In addition to large enough discharge, the rivers had to have gravel beds of 
adequate size (surface area at least 20 m

2
). The gravel beds themselves had to be easily 

accessible over land and 5 to 8 km apart. Using national digital orto photographs (supplied by 
the Slovenian environmental agency), we selected which gravel beds to sample. Final selection 
was done in the field, as some gravel beds have been shifted from the time when the aerial 
photographs were taken. Several rivers in the south-central, karst-dominated part of Slovenia 
(Sava Basin) did not pass these criteria.  
 

 
Figure 7: Map of Slovenia with the five basins. M – Mura, D – Drava, Sa – Sava, So – Soča, P 
– Primorska. Blue lines – larger rivers and streams.   
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D
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2 MATERIAL AND METHODS 
 

2.1 Sampling 
 

Altogether, we sampled 92 gravel beds and obtained 273 samples (Figure 8). Sampling was 
performed within a period of 30 days (starting on 20

th
 August 2008), during a drought. Hence, 

discharge in all rivers was comparatively low. Each gravel bed was divided into three equally 
large sections: upper (upstream), middle and lower (downstream). In each section, 
approximately one meter inland from the water line, the hyporheic zone was sampled according 
to the Karaman-Chappuis method (Delamare Debouttville 1954). The hyporheic zone of each 
gravel bed was sampled three times, on the same day. For each Karaman-Chappuis sample, 
we dug a pit approximately 20 cm below the water line and 20 cm wide (Figure 9). Exact depth 
and width of each pit were measured. From each pit we took a 10 liter sample (a mixture of fine 
organic and inorganic sediment, and interstitial fauna) which we filtered through a 60 µm net. 
The samples were immediately stored in 70 % alcohol. Discharge was measured as the time 
needed for filling a 10 liter bucket (we used a ½ l container for emptying the pits) and used as 
an estimate of hydraulic conductivity (HCond in s). After obtaining biological samples, 
temperature (T in °C), oxygen concentration (O2 in mgl

-1
) and saturation (Sat in %), and electric 

conductivity (Cond in µScm
-1

) were measured in each pit. In addition, we also took samples 
(one for each gravel bed) for chemical analyses (see chapter 2.2 Laboratory analyses). For this 
purpose, a 250 ml bottle (for total nitrogen, total phosphorous, and alkalinity) was filled with 
water from the pit. In addition, 50 ml of water were filtered through a 10 µm sieve (for chemical 
composition of the water). Samples for chemical analyses were stored in the dark at 5 °C.  

In each pit gravel size distribution, divided into 4 groups (1 cm – 3 cm, 3 cm – 6 cm, 6 cm – 
10 cm, > 10 cm), was estimated. Furthermore, the amount of sediment in a 10 l sample (in ml) 
was measured, and sand / stone ration (in %) calculated. 

At each sampling site altitude (as height above sea level – masl) was measured using a 
GPS device (Garmin XC60). The distance from the spring (river_km in kilometers) was 
measured subsequently from publicly accessible online maps (www.geopedia.si). The same 
source also supplied data on geological characteristics for each location. These were divided 
into six classes: clastites, gravel deposits, clay-gravel deposits, tertiary sediments, tonalite, and 
carbonates.  

Parallel to the hyporheic, the benthic community of the main river channel was also sampled. 
Since these samples were used for determining surface water quality, we worked according to 
the guidelines for assessing the quality of surface rivers in Slovenia (MOP 2009b). For each 
gravel bed we took one sample of the bethic community. One such sample consisted of several 
smaller subsamples, obtained by kick-sampling into a 0,25 x 0,25 m net with a mesh size of 500 
µm. All subsamples were gathered along a 100 m stretch, encompassing as many 
microhabitats as possible. The samples were stored in 70 % alcohol. Samples for chemical 
water quality assessment were taken according to the same guidelines (MOP 2009b). 
Altogether, we collected 184 surface water samples (92 for benthic community and 92 for water 
chemistry).   
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Figure 8: Map of sampling sites. Each red point denotes one sampling site. The names of 
sampling sites are given next to the red dots. River basins are color-coded the same way as in 
Figure 7.  

 
 
 
 
 
 

 
 

Figure 9: Photos of sampling. A: Emptying of pit into a 10 l bucket. B: Filtering of biological 
samples (photo: U. Žibrat).  

 
 

Sava1
Sava2

Sava3

Sava4

Sava5

Sava7

Sava8

Sava9

Sava10

Sava11

Sava12

Sava13

SDol2
SDol3

SDol4

SBoh1

SBoh2

KBis1

KBis2

KBis3

KBis4

Paka2

Krka1

Sora1

SSora1
SSora2

PSora1

PSora2

PSora3

SBoh3

Savi1

Savi3
Savi4

Savi5
Savi6

Savi7

Savi8

Savi9

Bela1

Iska2

Kolpa1

Kolpa2 Kolpa3
Kolpa5

Mura2

Mura3
Mura4 Mura5

Drava1

Drava2

Dravi1

Dravi2

Misl1

Oplo1

Soca1
Soca3

Soca4

Soca5
Soca6

Soca7
Soca8

Soca9

Idri1

Idri2

Idri3

Idri5

Idri6Idri7

Idri8

Belca1

Vipa1

Vipa2
Vipa3

Vipa4
Vipa5

Nadi1

Nadi2

Reka1
Reka2

Reka3

Reka4

Riza1

Drago1

Idri4

Savi2

SDol1

Paka1

Mura1

Kolpa4

Soca2

Iska1

Drava3



Ţibrat, U.: Development of a new biotic index based on hyporheic favna for water quality 

determination in lotic ecosystems. PhD thesis. University of Nova Gorica, Graduate school, 2012 

17 

 

2.2 Laboratory analyses 
 

We measured the volume of each biological sample from the hyporheic. The samples were 
then thoroughly mixed and subsampled into 1ml units. The number of subsamples varied, but 
total volume of subsamples had to amount to 10 % of sample volume. Animals from all samples 
were determined to order or family level. Copepods were divided into Cyclopoida, Harpacticoida 
and Calanoida. Adult harpacticoids were determined to species level. Juvenile copepods were 
counted and later added to adults, according to relative abundances of each species. Absolute 
abundances were then calculated as number of individuals per 10 liters.  

Benthic samples were analyzed in accordance with the national guidelines for surface water 
quality assessment (MOP 2009a). Each sample was emptied into a quadrangular dish, which 
we separated into four equal parts. Once the suspended material in the water settled, one of the 
four squares was selected at random and all animals from this particular square removed. 
These animals were then determined to the taxonomic level required by the national guidelines. 
Water quality values for each location were then calculated based in these findings. 

In the laboratory the following parameters were measured: NO2
-
, NO3

-
, SO4

2-
, PO4

3-
, K

+
, Cl

-
, 

NH4
+
, Na

+
, Ca

2+
, Mg

2+
 (all in mgl

-1
), alkalinity (Alka in mmoll

-1
), total phosphorous (TP in µgl

-1
) 

and total nitrogen (TN in mgl
-1

). We used ion chromatography (Metrohm, 761 Compact IC) to 
determine the chemical composition of the water (anions and cations). A Perkin Elmer-Lambda 
25 spectrophotometer was used to determine total nitrogen and total phosphorous. Alkalinity 
was measured with a WTW pH 540 GLP laboratory meter. Data on biological oxygen 
demand (BOD in mgl

-1
), chemical oxygen demand (COD in mgl

-1
) and total organic carbon 

(TOC in mgl
-1

) was obtained from the Slovenian environment agency (ARSO 2008).  

 
2.3 Statistical analyses 
 

2.3.1 Environmental variables 
 

Environmental data (both physical and chemical) were normalized using the Box-Cox 
transformation (Osborne 2010). Altogether we considered 37 environmental variables, divided 
into three groups: water chemistry (WC; all chemical data including temperature), physical 
habitat (PH; 4 classes of gravel size distribution, amount of sediment and sand, hydraulic 
conductivity), and geological characteristics and geography (GG; all six classes of geological 
characteristics, distance from spring, altitude and river membership) (Appendix A). Since the 
variables were on different scales (e.g. chemical parameters in mg L

-1
, and conductivity in µS 

cm
-1

) they were standardized to a range of 0 – 1, using the formula (Legendre and Legendre 
1998): 

 
𝑋𝑖−min (𝑋)

max  𝑋 − min (𝑋)
                                                                (1) 

 
where Xi is the individual value, min(X) the minimum and max(X) the maximum value in the 
entire dataset for each environmental variable. 
 

By using this standardization procedure all variables have the same range (the effect of 
magnitude is nullified), while retaining differences in means and variance. Data on geological 
characteristics and sediment pore size was fuzzy coded to the same range (0 – 1), and dummy 
coding (presence – absence) was used for assigning membership to each location. If a 
particular variable was not present at a location, the value 0 was assigned. When only one 
variable was present at a given location, it was given the value 1. When there were two or more 
variables present at a given location, the number 1 was divided by the amount of present 
variables and each of these assigned the same fraction.  Depending on the material, a certain 
location could have only one variable present (the others would have values 0) or several, as 
long as the sum of all present variables is 1 (Table 2) (Appendix B). By using this technique, all 
environmental variables could be used together. Thus, normalized and standardized variables 
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were used in principal component analysis and neighbor joining cluster analysis. For the latter 
Mahalanobis distances were used as a distance measure.  
 
Table 2: Example of fuzzy coded dummy variables. Subset 1 consists of 5 variables (E1 to E5), 
Subset 2 of 4 (G1 to G4). Each of these subsets can be used separately for analyses. The sum 
of values for each location for each subset is always 1. 
 
 
Location Subset 1 Subset 2 

E1 E2 E3 E4 E5 G1 G2 G3 G4 

1 0 0 0 0.5 0.5 0 0 1 0 
2 0.33 0.33 0 0.33 0 0.5 0 0 0.5 
3 0.2 0.2 0.2 0.2 0.2 0.33 0.33 0 0.33 
4 0.25 0.25 0 0.25 0.25 1 0 0 0 

 
 

2.3.2 River typology and defining reference states 
 

The Slovene river typology is based on ecoregions, bioregions, average yearly discharge, 
catchment size and spring influence (MOP 2008). Since this typology is to be used in all water 
quality assessment schemes, we implemented it into our new index. 

Four approaches for defining reference states were used (reference-site approach, ambient 
distributions, predictive modeling and expert judgment). The national guidelines for surface 
water quality assessment specify reference values of nitrate and biological oxygen demand for 
each river type (MOP 2009c). But the national guidelines values are based on data from surface 
water only and therefore not to be used directly as references for interstitial waters. For that 
reason, we calculated average values from all sites for each water body type, for surface and 
hyporheic water. Average values from hyporheic waters were divided by average values from 
surface water. Water-body type-specific reference values were then multiplied by this number 
(Appendix C). For most water body types nitrate concentrations in the hyporheic were higher 
than in surface waters. Hence, after the transformation, reference conditions were also higher.   

Once reference values were determined for each river type (one for good status, one for 
bad), they were used together with nitrate and biological oxygen demand data in a principal 
component analysis (PCA). In the PCA plot, the value 1 was assigned to the reference denoting 
a high status, and the value 0 to the “bad” reference point. Thus, samples close to 1 would be 
deemed to have a high status and those close to 0, a bad one. Based on the guidelines for 
establishing reference conditions for inland surface waters of the EU (REFCOND 2003) the 
range values for the chemical status classification were:  

- High: 1 – 0,83; 
- Good: 0,82 – 0,62; 
- Moderate: 0,61 – 0,41; 
- Poor: 0,40 – 0,20; 
- Bad: < 0,20. 

 
In the theoretical example shown in Figure 10, the high status reference is in the negative 

part of component 1 and positive on component 2. It is thus characterized by low nitrogen and 
BOD values. On the other end of the spectrum, the “bad” reference point is characterized by 
higher nitrogen concentration and BOD. The sample symbols can be projected perpendicularly 
onto the line connecting both reference points. Samples are thus located within one of the 
aforementioned classes. The projection of sampling stations out of range between high and bad 
reference values, were assigned to “high” and “bad” status, respectively.  
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Figure 10: Scheme for status determination. The possible statuses are defined as: H – high, G 
– good, M – moderate, P – poor, B – bad. Grey diamonds: theoretical sampling sites; black 
diamonds: high and bad end of the quality spectrum. 
 
2.3.2 Copepod biodiversity calculation 
 

A common approach to estimating species richness is the calculation of species 
accumulation curves (Soberón and Llorente 1993, Ugland et al. 2003, Colwell et al. 2004). For a 
better estimate several methods for calculating accumulation curves were used: Mao Tau 
(incidence based rarefaction curve), Chao1 (based on the number of rare species in a sample), 
Chao 2 (an instance based version of Chao1), ACE (abundance based coverage estimator) and 
ICE (incidence based coverage estimator) (Chao 1984, 1987; Chazdon et al. 1998, Chao et al. 
2000, Colwell et al. 2004). 

Six diversity indices and one modified index were calculated to assess copepod biodiversity 
(Table 3). The accuracy of certain indices was checked by plotting their agglomerative values 
against the number of samples. In addition, a rank/abundance plot was used to assess whether 
a log series distribution or log normal distribution is a good descriptor of underlying species 
abundance patterns. The differences in diversity indices among river basins were determined by 
generating a 1000 random pairs (sampled from each river basing were pooled), and diversity 
indices calculated for each pair. From this data, probabilities that the observed differences could 
have occurred by random sampling were calculated. 

To achieve a better picture of the spatial distribution of the calculated indices a gridding 
method of spatial interpolation was used. This method interpolates scattered 2D data points 
onto a regular grid. We used a jackknifed inverse distance weighting algorithm and a 100x100 
cells map (Davis 2002). 
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Table 3: List of the calculated diversity indices with according equations. The legend is united 
for all indices. Some indices use the same parameters.After Magurran (2004).  
 

Index name Equation Legend 

Margalef’s richness 𝑀𝑔 =
𝑆 − 1

ln(𝑛)
 

Mg – Margalef’s richness 
S – number of taxa 
n – number of individuals 

Fisher’s alpha 𝑆 = 𝛼 ln(1 +
𝑛

𝛼
) 

α – Fisher’s alpha 

Shannon-Wiener diversity 𝐻′ = − 𝑝𝑖  𝑙𝑛𝑝𝑖  
H’ – Shannon diversity 
pi – relative abundance of 
species i 

Modified Shannon-Wiener 𝐻1′ = 𝑒𝐻 ′
 H

1
’ – Modified H’ 

Simpson’s diversity 𝐷 = 1 −  
𝑛𝑖(𝑛𝑖 − 1)

𝑁(𝑁 − 1)
 

D – Simpson’s diversity 
ni – nr. of individuals of the i-th 
species 
N – total nr. of individuals 

Simpson’s evenness 𝐸1/𝐷 =
1/𝐷

𝑆
 

E1/D – Simpson’s evenness 

Berger-Parker dominance 𝑑 =
𝑁𝑚𝑎𝑥

𝑁
 

d – Berger-Parker dominance 
Nmax – nr. of individuals in most 
abundant species 

  
To evaluate the contribution of each species to the differences among river basins and other 

sample clusters, we used the similarity percentage analysis (SIMPER). This method calculates 
the average Bray-Curtis dissimilarity between all pairs of sample groups. Samples can be 
grouped in accordance with the study’s requirements (e.g. according to habitat, river type or 
altitudinal range). The species which consistently contribute greatly to the average similarity 
between sites are considered characteristic of the habitat (Clarke 1993). 

 

2.3.3 Species-environment relations 
 

Distance based redundancy analysis (db-RDA) (Legendre and Anderson 1999) to search for 
patterns in species-environment relations. As the distance measure we calculated the zero-
adjusted Bray-Curtis dissimilarity (za-BC) on 4th-root transformed species abundance data 
(Clarke et al. 2006). The za-BC was calculated using the following equation: 

 

𝑧𝑎 − 𝐵𝐶  𝑖, 𝑗 =
  𝑦 𝑖𝑘−𝑦 𝑖𝑘  𝑛−1

𝑘=0

2+  𝑦 𝑖𝑘 +𝑦 𝑖𝑘  𝑛−1
𝑘=0

                                                    (2) 

 
where za-BC is calculated as the distance between locations i and j, k is the index of a species 
and n is the total number of species y.  
 

The za-BC dissimilarity matrix was square-root transformed and then used as input data in a 
principal coordinates analysis. The derived components were then used in the db-RDA. To 
present the spatial distribution of za-BC dissimilarities a non-metric multidimensional scaling 
(NMDS) procedure was used. 

A variance decomposition procedure of three sets of explanatory variables was also 
performed. These three sets were: WC (including temperature), PH (amount of sediment and 
gravel size distribution) and GG (geological characteristics and river membership for each 
location). 

Statistically significant differences among clusters were evaluated with non-parametric 
Manova (also referred to as Permanova) (Anderson 2001, McArdle and Anderson 2001). As 
input data we used the za-BC dissimilarity. 
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2.3.4 Machine learning methods 
 
“Essentially all models are wrong, but some are useful.” 
George E.P. Box 
 

The 26 rivers, included in this study, were assigned into 13 river types, according to national 
guidelines (MOP 2008, Appendix E). These types were used in all data mining procedures. In 
order to reduce effects of rare and less abundant species a principal component analysis on 4

th
 

root transformed species abundance data was performed. Two diversity estimates, the 
Simpson’s index (1-D) and Simpson’s evenness (E1/D) were also included. Each model was 
developed using 92 instances (each sampling location was regarded as an instance). For model 
validation an additional dataset from 8 sampling locations distributed along the entire length of 
the river Kamniška Bistrica was used. These samples were gathered using the same technique 
as samples for model development and surface water quality determination according to WFD 
guidelines. A total of 32 additional samples (24 hyporheic and 8 benthic community) were 
gathered.  

For the development of the final model three widely used algorithms were chosen: 
Regression and classification trees M5P and J48 (both based on the algorithm C4.5), and the 
neural network algorithm called multilayer perceptron (Quinlan 1992, Wang and Witten 1997).   

Regression trees predict the value of a dependent variable (referred to as class) from the set 
of values of independent variables (called attributes). Data are organized as an attribute-by-
location matrix (species or environmental variables can be attributes). One of the columns in the 
data matrix has to be the dependent variable. In regression trees the dependant variable has to 
be in integer form, whereas in classification trees a division into classes is obligatory. Tree 
construction starts with the entire data table. At each step, the most discriminating attribute is 
selected as the root of the subtree and the current data set is split into subsets according to the 
values of the selected attribute. If the attribute is discrete (divided into classes), a branch of the 
tree is created for each possible value. With continuous attributes, a threshold is created and 
the tree is split into two branches based on that threshold. The most discriminating attribute is 
the one that reduces most the variance of the dependant variable. Tree construction stops when 
the variance of the dependant variable values of all examples in a node (i.e. tree branch) is 
small enough. These final nodes are called leaves and represent a model (either a constant for 
classification trees or linear equation for regression trees), predicting the value of the dependant 
variable.  

Artificial neural networks (ANN) are mathematical models inspired by the structure and 
functional aspects of biological neural networks. Mostly, neural networks are adaptive systems; 
they change their structure based on information that flows through the network during the 
learning phase (Lawrence 1994). A multilayer perceptron is an example of a widely used 
artificial neural network. Generally, ANNs are input/output devices with the neurons organized 
into layers. Simple perceptrons consist of a layer of input neurons, a single layer of weights and 
a layer of output neurons (Figure 11). The learning process consists of finding the correct 
values for the weights between the input and output layers. The data is presented at the input 
layer; the network processes the input by multiplying it with the weights. The results are 
interpreted by the output nodes, using a function to determine whether the output nodes fire (in 
analogy to excited biological neurons). During the training phase, the difference between the 
guess made by the network and the correct value for the output is assessed and the weights 
changed, in order to minimize the error. The main benefit of multilayer perceptrons is that they 
can distinguish data that is not linearly separable.   
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Figure 11: Structure of a simple perceptron. 
   

For general statistics, diversity and cluster analyses, we used the PAST program (Hammer 
et al. 2001), while Canoco was used for other multivariate analyses (dbRDA and models based 
on this analysis). Regression and classification tree models (based on algorithms M5’ and J48, 
respectively) and neural network models (multilayer perceptron) (Quinlan 1992, Wang and 
Witten 1997) were developed in the Waikato Environment for Knowledge Analysis or WEKA 
(Witten and Frank 2005). All models were validated using 10-fold cross validation. 

Output nodes

Weight Layer

Input nodes
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3 RESULTS 

 

3.1 Environmental parameters 
 

Most of the measured variables were significantly correlated with distance from the spring 
(Table 4; Appendix D). Oxygen content and saturation, and potassium concentrations are the 
only chemical variables negatively correlated with distance from spring. Only nitrate and 
ammonia concentrations, hydraulic conductivity, and biological oxygen demand were correlated 
with less than five variables. This suggests that a strong gradient, represented by the distance 
from the spring, can be expected. Significant correlations among the other variables (e.g. 
chloride and sodium, potassium, oxygen content and conductivity) reflect this main gradient. 
The four less often correlated variables (BOD, Hcond, NH4

+
 and NO3

-
) can then influence the 

deviation of sampling sites from this gradient.  
To achieve a better picture of the spatial distribution of this gradient, a principal component 

analysis was performed. Strong correlations among certain variables (distance from 
spring/headwater and altitude, Cl

-
, NO2

-
, SO4

2-
, Ca

2+
, Mg

2+
, Na

+
, K

+
, TP, T, O2, O2 saturation, 

conductivity, sediment, COD and TOC) enabled us to reduce their number prior to the analysis, 
and thus avoid artificially strengthened gradients, which could obscure other patterns. Dummy 
and fuzzy coded variables were excluded from the analysis in a backward selection procedure 
as they produced only noise and obscured patterns. The first two axes of the principal 
component analysis explain 61,2 % of the variance inherent in environmental data (Figure 12). 
The first axis represents an upstream-downstream gradient and reflects results of the 
correlation analysis. The second axis shows the effect of the less correlated variables. 
Ammonium (NH4

+
), an indicator of organically polluted waters, has the highest correlation with 

the second axis. Biological oxygen demand and hydraulic conductivity have approximately the 
same influence on both components, while nitrogen prevails in the second axis (even though it 
is the weakest of all variables). The second axis thus represents a pollution component, 
independent of the location along the river. Most of the sampling sites are arranged along axis 
1, upstream on the right-hand side, downstream on the left. In the upper right are locations 
close to the spring or headwater with higher nitrate concentrations, while in the upper left 
downstream locations with ammonia and higher biological oxygen demand reside.  
 
Table 4: Pearson correlations between environmental variables. Dummy and fuzzy coded 
dummy variables are not included. Upper triangle: probabilities that the variables are 
uncorrelated; lower triangle: correlation values. Rkm: distance from spring/headwater (km), 
masl: meters above sea level (m), TN: total nitrogen (mgl

-1
), TP: total phosphorous (µgl

-1
), Alka: 

alkalinity (mMoll
-1

), T: temperature (°C), sat: oxygen saturation (mgl
-1

), sed: amount of sediment 
in a 10 l sample (ml), Hcond: hydraulic conductivity (s), Cond: electric conductivity (µScm

-1
), 

BOD: biological oxygen demand (mgl
-1

), COD: chemical oxygen demand (mgl
-1

), TOC: total 
organic carbon (mgl

-1
).  
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Figure 12: Principal component analysis of environmental data. Variables, included in the 
analysis, were determined with a backward selection procedure.  
 

The same variables, used for the PCA, were then used for neighbor joining cluster analysis. 
The analysis produced five distinct clusters (Figure 13). A non-parametric Manova test showed 
statistically significant differences among all clusters (sum of squares 46,5; F: 17,82; p<0,001). 
Clusters 2, 3 and 4 mostly contain middle and lower reach locations. Within cluster 3 the Mura, 
lower part of the Sava and Drava are grouped together. The first cluster combines sampling 
sites close to springs of rivers, which rise in the Kamniško-Savinjske Alpe mountain region 
(Kamniška Bistrica, Savinja, Bela). These sampling sites are characterized by low temperatures, 
high oxygen content and low resource availability. The second cluster contains some of the 
most impacted sites in Slovenia (Paka 2, KBis4, Savi7 and Savi9; Appendix E). Higher 
temperatures, better resource availability, and less available oxygen are characteristic of this 
cluster. The amount of total phosphorous was highest in cluster 2, while ammonia reached 
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highest concentrations in cluster 4. In cluster 3, hydraulic conductivity and the amount of 
sediment were highest. This cluster contains mostly low-reach locations (e.g. the river Mura and 
downstream locations of the Sava). The 2

nd
 and 3

rd
 cluster also have the lowest O2 

concentrations. Clusters 1 and 5 envelop upper and middle reach locations. In the fifth cluster, 
upper reaches from all rivers rising from the Pohorje mountain region are grouped together 
(Oplotnica, Mislinja and Paka). Characteristics of these locations are similar to those in cluster 
1. The greatest differences were in the amount of total phosphorous and sediment (Table 5). 

 
Table 5: Average values of environmental variables for the five clusters identified in the 
neighbor-joining cluster analysis. 

 

Taxon Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 

Masl (m) 422 219 202 291 369 

river_km (km) 16,6 38,5 123 78,1 28,8 

Hcond (s) 224 169 286 209 212 

Sediment (ml) 32 39,6 47,2 23,6 13 

T (°C) 10,9 13,1 15,9 16,5 12,3 

O2 (mgl
-1

) 8,8 2,66 3,67 5,21 9,42 

Saturation (%) 84,1 25,8 37 56,1 90,9 

Conductivity (µScm
-1

) 314 489 396 362 295 

TP (mgl
-1

) 1 107 26,8 24,1 14,8 

TN (mgl
-1

) 1,15 3,31 1,34 1,54 1,01 

Ca
+ 

(mgl
-1

) 58,3 86,4 71,3 62,6 49,6 

NH4
+
 (mgl

-1
) 0,04 0,02 0,00 0,46 0,00 

Na
+
 (mgl

-1
) 2,40 11,30 6,52 2,60 1,72 

Mg
+
 (mgl

-1
) 11,6 13,9 13,6 10,6 14 

K
+
 (mgl

-1
) 0,50 2,83 1,38 0,86 0,49 

Cl
- 
(mgl

-1
) 2,21 11,20 6,23 3,65 1,92 

SO4
2- 

(mgl
-1

) 9,62 31,6 20,2 10,5 9,16 

NO2
- 
(mgl

-1
) 0,004 0,04 0,02 0,02 0,02 

NO3
-
 (mgl

-1
) 3,15 12,20 4,57 2,76 2,80 

Alkalinity (mmoll
-1

) 3,04 4,03 3,44 3,19 2,94 

TOC (mgl
-1

) 1,1 1,91 1,79 1,19 0,944 

BOD(mgl
-1

) 1,14 1,05 1,03 1,11 0,85 

COD(mgl
-1

) 5,07 7,76 9,20 5,48 5,06 
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Figure 13: Neighbor joining cluster analysis on environmental data. The numbers on the left (1 
to 5) indicate the cluster number, referred to in the text. 
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3.2 Copepod biogeography and biodiversity 
 

In total 49 copepod species, belonging to 23 genera and 6 families were found. Of these, 11 
species were found in only one location (five Harpacticoida and six Cyclopoida species). Three 
species were found in more than 40 % of locations (Bryocamptus dacicus, Bryocamptus 
zschokkei and Elaphoidella elaphoides), and three more species (Diacyclops clandestinus, 
Echinocamptus pilosus and Paracamptus schmeili) were found in approximately a third of all 
locations. Seven species (Bryocamptus mrazeki, B. vejdovskyi, B. hoferi, B. echinatus, B. 
minutus, Elaphoidella phreatica and P. vigueri) were found exclusively in the rivers Soča and 
Idrijca (in the Soča Basin in the west part of Slovenia). Atheyella wierzejskii and Moraria 
radovnae were restricted to locations at higher altitudes, with high oxygen content and lower 
temperatures. They were found in only four locations, yet spread across the northern part of the 
entire sampling area. Another geographically constrained species is Maraenobiotus insignipes 
that we found only in two tributaries of the river Sava (Sava Dolinka and Sava Bohinjka) (Tables 
6 and 7).  
 
Table 6: List of copepod species found in the hyporheic zone. Abb.: abbreviation of the species 
name, used in further analyses. Nr.: number of locations in which the species was found. T: 
temperature range (min – max). Alt.: altitudinal range (min – max) in meters above sea level. 
O2: oxygen range in mg l

-1
 (min – max). Sat.: saturation range in % (min – max). Con.: 

conductivity range in µS cm
-1

 (min – max). Species are arranged in order of frequency of 
occurence. 
 

Species Abb. Nr. Alt. 
[m] 

T 
[°C] 

O2 
[mg/l] 

Sat. 
[%] 

Con.  
[µS/cm] 

Bryocamptus dacicus (Chappuis, 1923) Bryda 43 77-780 6-20 1-6 13-114 88-707 

Bryocamptus zschokkei (Schmeil, 1893) Bryzs 41 24-780 7-19 1-15 11-134 88-707 

Elaphoidella elaphoides (Chappuis, 1923) Elael 40 24-516 8,5-23 1-14 10-129 244-825 

Diacyclops clandestinus Kiefer 1933 Diacl 30 36-780 7-22 1-14 15-134 119-701 

Paracamptus schmeilii (Mrázek, 1893) Parsc 29 78-719 8-23 1-13 7-130 226-623 

Echinocamptus pilosus (van Douwe, 1910) Echpi 26 36-604 9-22 1-14 13-80 266-707 

Bryocamptus pygmaeus (Sars, 1862)  Brypy 19 77-530 9-22 1-14 13-129 219-304 

Nitocrella hirta (Chappuis, 1923) Nithi 15 24-719 8-19 1-11 10-80 235-529 

Athyella crassa (Sars, 1862) Athcr 14 24-436 11-22 1-2 7-80 266-528 

Acanthocyclops hispanicus Kiefer, 1937 Acahi 12 78-719 8-18 2-14 19-134 235-451 

Epactophanes richardii Mrázek, 1893 Epari 12 107-697 9-22 1-15 11-134 88-528 

Megacyclops viridis (Jurine 1820) Megvi 12 150-493 10-22 2-9 19-83 289-497 

Diacyclops bisetosus (Rehberg 1880) Diabi 10 213-718 8-18 2-11 15-107 246-700 

Diacyclops languidoides (Lilljeborg, 1901) Dialg 9 90-638 9-17 2-11 19-114 220-479 

Eucyclops serrulatus (Fischer 1851) Eucse 9 77-434 10-23 2-11 19-118 215-515 

Acanthocyclops kieferi (Chappuis, 1925) Acaki 8 77-418 10-23 2-10 19-118 278-513 

Canthocamptus staphylinus (Jurine, 1820) Canst 7 150-269 13-22 1-8 13-96 288-629 

Bryocamptus mrazeki (Minkiewizc, 1916) Brymr 6 107-328 11-14 1-11 10-99 266-596 

Diacyclops languidus (Sars 1863) Diala 6 141-403 9-16 2-14 19-131 241-451 

Bryocamptus minutus (Claus, 1863) Brymi 5 223-328 10-14,5 1-8 13-75 370-472 

Bryocamptus typhlops (Mrázek, 1893) Bryty 5 263-660 9-19 8,5-14,5 96-134 276-428 

Diacyclops crassicaudis (Sars 1863) Diacr 5 24-604 9-14 5-14 43-134 276-428 

Atheyella wierzejskii (Mrázek, 1893) Athwi 4 288-780 7,5-11 5-12 50-113 119-413 

Bryocamptus vejdovskyi (Mrázek, 1893) Bryvej 4 288-436 10-14,5 1-8 14-73 322-472 

Diacyclops zschokkei (Graeter, 1910) Diazs 4 77-324 12-13 6-8,5 61-84 349-440 

Moraria poppei (Mrázek, 1893) Morpo 4 78-530 10-20 1-8 12-82 219-446 
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Paracylops fimbriatus (Fischer 1853) Parfi 4 69-328 11-14 3-12 31-110 349-387 

Parastenocaris nolli (Kiefer, 1938) Parno 4 171-363 12-21 7-9,5 66-92 298-392 

Bryocamptus echinatus (Mrázek, 1893) Bryec 3 314-452 10-13 6-11,5 65-110 294-388 

Maraenobiotus insignipes (Lilljeborg, 1902) Marin 3 417-660 14-18 7-10 82-112 208-284 

Mesochra aestuari (Gurney, 1921) Mesae 3 36-229 13-16 1-11 13-114 356-533 

Speocyclops infernus (Kiefer 1930) Spein 3 328-719 6-11 5-15 43-135 170-387 

Acanthocyclops venustus (Norman&Scott 1906) Acave 2 213-406 13-16 4-6 39-61 351-423 

Bryocamptus rhaeticus (Schmeil, 1893) Bryrh 2 335-378 12-13 3-6 29-59 343-394 

Elaphoidella gracilis (Sars, 1862) Elagr 2 446-516 9-10 6-9 5-8 279-300 

Moraria radovnae (Brancelj, 1988) Morbr 2 697-719 8 9-11 83-104 88-235 

Moraria varica (Graeter, 1911) Morva 2 303-530 17-18 7-8 82-86 219-339 

Phyllognathopus vigueri (Maupas, 1892) Phyvi 2 239-287 13-14 9-10 96-97 278-296 

Acanthocyclops sambugarae Kiefer, 1981 Acasa 1 406 16 4 39 423 

Acanthocyclops sensitivus (Graeter&Chappuis, 1914) Acase 1 304 14 2 19 497 

Bryocamptus cuspidatus (Schmeil, 1893) Brycu 1 436 11 8 84 316 

Bryocamptus hoferi (Douwe, 1907) Bryho 1 436 11 8 74 316 

Elaphoidella phreatica (Chappuis, 1925) Elaph 1 304 14 2 25 450 

Graeteriella unisetigera (Graeter 1908) Graun 1 406 16 8 39 423 

Macrocyclops albidus (Jurine 1820) Macal 1 213 14 2 17 533 

Nitocra psammophila (Noodt, 1952) Nitps 1 210 18 1 11 512 

Paracyclops affinis (Sars 1863) Paraf 1 213 13,5 2 17 533 

Parastenocaris gertrudae (Kiefer, 1968) Parge 1 697 8,5 9 8 88 

Tropocyclops prasinus (Fischer 1860) Tropr 1 275 11 2 17 282 

        

With pooled data from the river basins, all five species richness estimators draw near an 
asymptote after approximately a 100 samples. A comparison between Chao1 with Chao2 and 
ACE with ICE indicates that the samples are homogenous (Figure 14).  
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Table 7: Occurences of species in each river basin. Species abbreviations are in Table 2. The 
presence of a species is marked with an X. 
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Figure 14: Species richness estimators. Data were pooled from all river basins. The estimated 
species richness (averages of 50 runs) is shown as a solid line, confidence limits (Mao Tau and 
Chao2) and standard deviations (ACE and ICE) are shown with a dashed line. 
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Species accumulation curves calculated for each basin separately show a different pattern. 
For the Sava basin, all five estimates approach an asymptote, suggesting the presence of 
approximately 40 species (Figure 15). Both incidence-based estimators reach an asymptote at 
30 species in the Soča basin, while the other three only just begin leveling out. The differences 
between Chao1/Chao2 and ACE/ICE suggest more heterogenous samples (Figure 16). The 
picture becomes more apparent in the Drava and Primorje basins. Only ICE and Chao2 begin 
approaching an asymptote, while ACE and Chao1 keep rising steeply. The differences between 
incidence and abundance-based estimators again indicate heterogenous samples (Figure 17; 
Figure 18). The Mura river basin presents a special case, where all five estimators fail. They all 
reach an asymptote, estimating 1 species. Yet the variance in all cases is zero and all 
estimators exhibit exactly the same shape (Figure 19).  
 

 

 
Figure 15: Species accumulation curves for the Sava basin. Solid lines denote means of 50 
runs; dashed lines signify confidence intervals (Mao Tau and Chao2) and standard deviations 
(ACE and ICE). 
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Figure 16: Species accumulation curves for the Soča basin. Solid lines denote means of 50 
runs; dashed lines signify confidence intervals (Mao Tau and Chao2) and standard deviations 
(ACE and ICE). 
 

 
 
Figure 17: Species accumulation curves for the Drava basin. Solid lines denote means of 50 
runs; dashed lines signify confidence intervals (Mao Tau and Chao2) and standard deviations 
(ACE and ICE). 
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Figure 18: Species accumulation curves for the Mura basin. Solid lines denote means of 50 
runs; dashed lines signify confidence intervals (Mao Tau and Chao2) and standard deviations 
(ACE and ICE). 
 

 
 
Figure 19: Species accumulation curves for the Primorje basin. Solid lines denote means of 50 
runs; dashed lines signify confidence intervals (Mao Tau and Chao2) and standard deviations 
(ACE and ICE). 
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Four of the chosen diversity indices were tested, whether they encapsulate the diversity of 
the assemblage, as measured by each index. Their agglomerative values were plotted against 
the number of samples (similar in vein as species accumulation curves). Fisher’s alpha, H’ and 
e

H’
 reach an asymptote, thus indicating that their measure of diversity is reliable. All three 

indices started approaching the asymptote after approximately 100 samples. The Simpson 
index behaved differently. After the initial rise, it levels of at 40 samples and begins dropping off 
after 60. After 130 samples it evens out again at values of (1-D)≈0 (Figure 20). The applicability 
of Fisher’s alpha was further tested by fitting log normal and log series distributions, and testing 
their respective fit with our observed data (Figure 21; Table 8). 
 

 
 
Figure 20: The reliability of four diversity measures. The solid line represents the average of 50 
runs of the analysis. Dashed lines denote standard deviations. 
 

 
 
Figure 21: Rank-abundance plot. Dots represent species’ relative abundances; the solid line 
denotes a log series model. 
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Table 8: Results of log series and log normal distribution model fitting. 
 

 Chi
2
 p(same) α/mean x/variance 

Log series 8,74 0,89 37,97 0,72 
Log normal 6,58 0,04 0,46 0,11 

 
 

There were significant differences in biodiversity indices only between the Mura and the 
others basins (Figure 22, Table 9). Differences in species richness and evenness of their 
distribution among the Sava, Drava, Soča and Primorje basins were not significant. Since in the 
Mura only one species was found, the calculations for this basin are of exploratory value only. 

 

 
 
Figure 22: Box-Plot comparison of biodiversity among five river basins. Points denote outliers.  
 
 
Table 9: Results of permutation tests to compare biodiversity indices among the river basins. 
Above the diagonal are p-values for α and (1-D), below are p-values for e

H’
 and E1/D.  

 
 Sava Mura Drava Soča Primorje 

Sava  
0,549 
0,001 

0,531 
0,083 

0,537 
0,529 

0,824 
0,139 

Mura 
0,166 
0,001 

 
0,2 

0,001 
0,542 
0,001 

0,234 
0,001 

Drava 
0,412 
0,134 

0,29 
0,001 

 
0,77 

0,051 
0,658 
0,504 

Soča 
0,097 
0,897 

0,151 
0,001 

0,616 
0,582 

 
0,911 
0,072 

Primorje 
0,259 
0,135 

0,544 
0,001 

0,695 
0,391 

0,587 
0,103 
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The spatial distributions of hyporheic copepod biodiversity as calculated by the chosen 
indices are presented in Figure 23. Three indices (Fisher’s alpha, modified Shannon and 
Simpson’s) indicate two hotspots; the first in central-western Slovenia, and the second one in 
the central-eastern part of Slovenia. The eastern part belongs to the Soča basin (the hotspot is 
centered on the middle part of the river Idrijca), the western to the Sava (the center of the 
hotspot is around the confluence of the Sava and Savinja). A smaller hotspot is indicated in the 
southern part of Slovenia, in the middle part of the river Kolpa. The Simpson’s evenness index 
indicates that even though diversity in the second hotspot is comparatively high, the abundance 
distribution of species is uneven. Unevenness of species distributions reaches maximum values 
in the far east of Slovenia (the river Mura) and the far west (rivers Riţana and Dragonja, and 
lower reaches of the river Reka). The same holds true for the lower part of the river Paka. 

 
Figure 23: Jackknifed spatial interpolation of four biodiversity indices. Black dots denote 
sampling sites.  
 

Since a biodiversity index which combines both partitions of diversity doesn’t exist, we used 
principal component analysis as a surrogate. The first two extracted axes correspond to 
richness and evenness estimators, respectively. Both together explain 93,5 % of the variation in 
species diversity data (Table 10). Richness indices form a stronger gradient, than evenness. A 
distinct cluster of samples with low richness and high dominance (and therefore low evenness) 
is formed by the river Mura with locations from lower parts of the rivers Paka and Reka, and one 
location in the upper reaches of the river Savinja. The last location of the river Kamniška Bistrica 
is also in the vicinity of this distinct cluster. Species richness increases toward the previously 
identified hotspots. The main gradient on Axis 1 corresponds with a gradient from upper to 
lower reaches of the rivers (Figure 24). This finding was confirmed with a Pearson correlation 
analysis (Table 11) of diversity indices and environmental variables. Species richness was 
significantly correlated with nitrate, potassium and sodium concentrations, total phosphorous, 
oxygen saturation, hydraulic conductivity, and chemical oxygen demand. Species 
evenness/dominance was correlated with chlorine, sodium and potassium concentrations, 
oxygen saturation, and total organic carbon. 
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Table 10: Principal component analysis of biodiversity indices. Correlations between the 
individual indices and both axes are given in the second and third column. α: Fisher’s alpha 
diversity; H’: Shannon-Wiener diversity; e

H’
: modified Shannon-Wiener diversity; (1-D): 

Simpson’s index (D); E1/D: Simpson’s measure of evenness; DMg: Margalef’s diversity index; d: 
Berger-Parker index. 
 
 

Index Axis 1 Axis 2 

α -0,93 -0,2 

d 0,07 -0,92 

e
H' 

-0,94 0,19 

E1/D 0,35 -0,84 

DMg -0,97 0,03 

H' -0,98 0,001 

(1-D) -0,95 -0,06 

eigenvalue 0,86 0,08 

variance 
explained 

85,6 7,9 

Sum of 
squares 

50,86 

 
 
Table 11: Pearson correlations between PCA axes and environmental variables. Upper 
number: Pearson correlation coefficient; Lower number: p-values; Hcond: hydraulic conductivity, 
COD: chemical oxygen demand, TOC: total organic carbon, T: temperature, river_km: distance 
from spring, Sediment: amount of sediment in a 10 liter sample, TP: total phosphorous, TN: total 
nitrogen. 
 

 Axis 1 Axis 2  Axis 1 Axis 2 

River_km 
0,26 
0,01 

-0,11 
0,3 

Sat 
-0,24 
0,02 

0,28 
0,007 

Sediment 
-0,03 
0,77 

-0,03 
0,77 

O2 
-0,1 
0,32 

0,2 
0,05 

T 
0,09 
0,35 

-0,1 
0,31 

Hcond 
0,35 
0,000 

-0,01 
0,89 

Conductivity 
-0,08 
0,46 

-0,06 
0,56 

BOD 
0,2 
0,06 

-0,08 
0,5 

NO2
- 0,15 

0,14 
-0,1 
0,34 

COD 
0,46 
0,000 

-0,2 
0,06 

NO3
- 0,22 

0,03 
-0,2 
0,06 

TOC 
0,2 
0,07 

-0,29 
0,004 

SO4
2- 0,04 

0,73 
-0,13 
0,23 

Cl
- 0,199 

0,06 
-0,24 
0,02 

NH4
+ -0,03 

0,8 
-0,04 
0,7 

TP 
0,21 
0,04 

-0,13 
0,2 

Na
+ 0,23 

0,02 
-0,29 
0,005 

TN 
0,08 
0,44 

-0,15 
0,16 

K
+ -0,23 

0,03 
0,3 
0,003 
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Figure 24: Principal component analysis on biodiversity indices. α: Fisher’s alpha diversity; H’: 
Shannon-Wiener diversity; e

H’
: modified Shannon-Wiener diversity; (1-D): Simpson’s index (D); 

E1/D: Simpson’s measure of evenness; DMg: Margalef’s diversity index; d: Berger-Parker index. 
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3.2 Copepod species assemblies 
 

None of the found species can be described as being characteristic of any river basin. The 
only possible exception would be E. elaphoides, which was found in all basins, but was also the 
only species we found in the Mura basin. Since the distribution of this species is likely 
ubiquitous, its presence in the Mura cannot be described as characteristic. Because E. 
elaphoides was the only species in the Mura, it contributes most to differences between the 
Mura basin and the rest (Table 12). The only statistically significant differences we found were 
between the Sava and Drava, Mura and Soča basins (sum of squares 2,65*10

-5
; F: 2,63; for all 

three pairs p<0,001). These differences are mostly accounted for by D. clandestinus, B. 
dacicus, B. zschokkei, and E. elaphoides. D. clandestinus was most abundant in the Sava 
basin, and it contributes most to differences between Sava and Primorje basins, although these 
were not significant. Comparing the far west (Soča and Primorje basins) with the far east (Drava 
and Mura basins), differences are characterized by the same three species (B. dacicus, D. 
clandestinus and B. zschokkei). Another important species is C. staphylinus, found only in the 
Drava basin, but in such small relative abundances, that its contribution is overshadowed by 
more abundant species.  
 
Table 12: Results of SIMPER analysis of species assemblages in river basins. Shown are only 
those species whose cumulative contribution exceeds 50%. Above the diagonal are species 
abbreviations, below the individual contribution with cumulative values (%) in brackets.  
 

 Sava Drava Mura Soča Primorje 

Sava  

Diacl 

Bryda 

Elael 

Parsc 

Bryzs 

Canst 

Diabi 
 

 

Elael 

Diacl 

Bryda 

Parsc 

Bryzs 

Diabi 
 

 

Diacl 

Bryzs 

Bryda 

Elael 

Parsc 

Echpi 

Dialg 

Nithi 
 

Diacl 

Elael 

Bryzs 

Bryda 

Parsc 

Echpi 
Epari 

 
 

Drava 

10,5 (12,2) 

7,50 (20,9) 

6,27 (28,2) 

5,73 (34,9) 

5,65 (41,4) 

5,64 (48) 

4,73 (53,5) 
 

 

 

Elael 

Diacl 

Canst 
 

Bryda 

Diacl 

Bryzs 

Echpi 

Dialg 

Canst 

Elael 

Athwi 
 

Diacl 

Canst 

Bryzs 

Elael 

Bryda 

Echpi 
 

Mura 

13,1 (14,8) 

10,3 (26,5) 

7,47 (35) 

7,04 (43) 

6,26 (50) 

4,55 (55,1) 
 
 

 

24,4 (26,4) 

17 (44,7) 

11,42 (57) 
 

 

Elael 

Bryzs 

Bryda 

Dialg 

Echpi 
 

Elael 

Diacl 

Epari 

Bryzs 
 

Soča 

7,05 (8,5) 

6,43 (16,2) 

5,61 (23) 

5,20 (29,3) 

5,13 (35,5) 

7,94 (8,8) 

7,82 (17,5) 

7,56 (26) 

5,65 (32,3) 

5,55 (38,4) 

13,9 (15,5) 

9,61 (26,2) 

8,5 (35,7) 

7,2 (43,7) 

6,86 (51,4) 
 

 

Bryzs 

Diacl 

Echpi 

Bryda 

Elael 
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4,83 (41,3) 

4,48 (46,7) 

3,54 (51) 
 

5,43 (44,5) 

4,87 (50) 

4,27 (54,7) 
 

Dialg 

Nithi 
 

Primorje 

9,70 (11,5) 

6,97 (19,9) 

6,38 (27,5) 

5,57 (34) 

5,35 (40,5) 

4,85 (46,2) 

3,99 (51) 
 

 

12 (13,8) 

7,05 (21,9) 

6,94 (29,9) 

6,74 (37,6) 

6,33 (44,8) 

5,94 (51,6) 
 

24,4 (26,1) 

11,55 (39) 

8,61 (48,4) 

7,93 (57) 
 

7,51 (8,9) 

7,26 (17,5) 

6,29 (24,9) 

6,2 (32,3) 

6,17 (39,6) 

5,16 (45,7) 

4,94 (51,6) 
 

 

 
 

The first division of a neighbor joining cluster analysis on zero-adjusted Bray-Curtis 
dissimilarities of species data generated two clusters (npManova, sum of squares 2,66*10

-5
, F: 

8,22; p<0,0001): the larger one containing sampling sites from all river basins, and the smaller 
cluster (designated as cluster 7) includes exclusively locations east of the river Sava (Figure 
25). The locations in cluster belong to all three eastern basins (Sava, Soča and Primorje). Eight 
species (B. zschokkei, E. pilosus, B. dacicus, D. languidus, P. schmeili, E. elaphoides, A. crassa 
and D. clandestinus) contribute more than 50 % to differences between the two clusters. Seven 
of these species are more abundant in cluster 7, while D. clandestinus is completely absent. 
The second split (clusters 1 to 4, and 5 & 6) separates lower-reach locations from the rest. 
Sampling sites where no copepods were found (SDol1, Paka2, Savi3, Iska1, Kolpa4, Mura1, 
Drava3 and Soca2) are included in cluster 5. In all of the locations in this cluster, very few 
species were found (see Appendix E). Cluster 6 appears to be dominated by the Mura, since E. 
elaphoides (the only species found in the Mura) contributes approximately 30 % to the 
difference with cluster 5. Clusters 1 to 4 are a mix of upper and middle reach locations. 
Differences between them are characterized by seven of the most common species in varying 
proportions (Table 13). The dissimilarities between pairs of clusters are predominantly not 
significant (Table 14, Figure 26). Cluster 7 is significantly different from all others, except 
clusters 2 and 3. These three clusters contain sampling sites with some of the most diverse 
assemblages. The differences between cluster 1 and 2 & 3 can be characterized by E. 
elaphoides and D. bisetosus, the former in small abundances and the later missing from cluster 
1.  
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Figure 25: Neighbour joining cluster analysis on zero-adjusted Bray-Curtis dissimilarities of 
species data. The left-hand numbers indicate the clusters, referred to in the text. 
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Table 13: SIMPER analysis on the seven clusters, identified in neighbor joining cluster analysis 
on za-BC dissimilarity matrix. Shown are only those species whose cumulative contribution 
exceeds 50%. Above the diagonal are species abbreviations, below the individual contribution 
with cumulative values (%) in brackets. 
 
cluster 1 2 3 4 5 6 7 

 
 
 

1 
 
 
 
 

 
 
 
 
 
 
 
 

Elael 
Diacl 
Parsc 
Bryzs 
Echpi 
Acahi 
Bryda 

 

Diabi 
Bryzs 
Bryda 
Diacl 
Elael 

 
 
 

Diacl 
Bryda 
Echpi 
Bryzs 
Nithi 
Dialg 

 

Diacl 
Echpi 
Nithi 
Bryzs 

 
 
 
 

Diacl 
Elael 
Echpi 
Nithi 
Bryzs 

 

Diacl 
Bryzs 
Echpi 
Bryda 
Parsc 
Dialg 
Elael 
Athcr 

 
 
 

2 
 
 
 
 

7,94 (11,2) 
7,3 (21,5) 

7,08 (31,4) 
4,25 (37,4) 
3,94 (43) 
3,51 (48) 

3,49 (52,9) 
 

 Diacl 
Diabi 
Bryzs 
Parsc 
Bryda 
Elael 

 
 

Diacl 
Elael 
Parsc 
Bryzs 
Bryda 
Acahi 

 

Diacl 
Elael 
Parsc 
Bryda 
Bryzs 

 
 
 

Diacl 
Parsc 
Elael 
Bryda 
Acahi 
Bryzs 

 

Diacl 
Bryzs 
Parsc 
Echpi 
Elael 
Dialg 
Bryda 
Athcr 

3 

12,14 (17,2) 
7,85 (28,3) 
7,72 (39,3) 
6,48 (48,5) 
5,84 (56,8) 

 
 
 

8,84 (13,4) 
8,29 (25,9) 

6 (35) 
5,32 (43,1) 
4,62 (50,1) 
4,24 (56,5) 

 

 
 
 
 
 
 
 
 

Diabi 
Bryzs 
Diacl 
Elael 
Bryda 

 

Diabi 
Bryzs 
Bryda 
Diacl 

 
 
 
 

Diabi 
Bryzs 
Bryda 
Diacl 

 

Diabi 
Diacl 
Bryda 
Parsc 
Echpi 
Elael 
Bryzs 
Dialg 

 
 
 

4 
 
 

15,78 (18,6) 
8,09 (28,2) 
6,63 (36) 

6,62 (43,8) 
5,42 (50,2) 
3,82 (54,7) 

 
 

17 (19,8) 
9 (30,3) 

7,59 (39,2) 
4,65 (44,6) 
4,26 (49,6) 
3,83 (54) 

 

13,38 (17,5) 
7,89 (27,9) 
7,25 (37,4) 
6,5 (45,9) 

6,09 (53,9) 
 
 
 

 Bryda 
Bryzs 
Dialg 
Athwi 
Bryty 
Epari 

 
 

Bryda 
Elael 
Bryzs 
Dialg 
Parsc 
Athwi 

 

Echpi 
Bryzs 
Dialg 
Bryda 
Parsc 
Elael 
Athcr 
Acaki 

 
 
 

5 

24,54 (25,7) 
9,28 (35,4) 

8 (43,8) 
7,38 (51,5) 

 
 
 

21,38 (22,7) 
11,55 (34,9) 
9,39 (44,9) 
5,26 (50,5) 
4,16 (54,9) 

 

15,49 (16,5) 
15 (32,5) 

14,17 (47,6) 
9,12 (57,3) 

 
 
 

18,1 (18,5) 
11,77 (30,5) 
7,58 (38,2) 
5,2 (43,6) 
5 (48,7) 

4,55 (53,3) 
 

 
 
 
 
 
 
 

Elael 
Parsc 
Epari 
Diabi 
Nithi 

 

Bryzs 
Echpi 
Bryda 
Dialg 
Parsc 
Elael 
Athcr 

 
 
 

6 

19,4 (20,8) 
10,6 (32,1) 
7,5 (40,2) 

7,11 (47,8) 
6,12 (54,4) 

 
 

19,17 (23,5) 
7,51 (32,7) 
5,48 (39,5) 
4,4 (44,9) 

3,99 (49,8) 
3,78 (54,4) 

 

14,21 (16,9) 
12,2 (31,4) 
11,1 (44,6) 
7,89 (54) 

 
 
 

12,72 (13,6) 
12,54 (27) 
8,54 (36,3) 
5,41 (42,1) 
4,93 (47,4) 

4 (51,2) 
 

29,91 (30,6) 
7,47 (38,3) 
5,63 (44,1) 

5 (49,2) 
4,38 (53,7) 

 
 

 Bryzs 
Echpi 
Bryda 
Dialg 
Parsc 
Elael 
Athcr 

 
 
 
 

7 
 
 
 

9,64 (11,9) 
6,7 (20,2) 
5 (26,4) 

4,97 (32,5) 
4,74 (38,4) 
4,67 (44,2) 
4,28 (49,5) 

4 (54,5) 

12,2 (16) 
5,26 (22,9) 
4,54 (28,9) 
4,47 (34,7) 
4,15 (40,2) 

3,7 (45) 
3,5 (49,6) 

3,39 (54,1) 

8,82 (12,8) 
4,85 (19,8) 
4,61 (26,4) 
4,31 (32,7) 
4,19 (38,7) 

4 (44,5) 
3,97 (50,3) 
3,81 (55,8) 

6,78 (8,3) 
6,72 (16,6) 
5,95 (24) 

5,33 (30,6) 
5,14 (36,9) 
4,65 (42,6) 
4,4 (48,1) 

3,79 (52,7) 

12,55 (12,8) 
8,82 (21,8) 
7,38 (29,3) 
6,49 (35,9) 
6,43 (42,5) 
5,78 (48,4) 
5,42 (53,9) 

 

10,28 (12,1) 
7,52 (20,9) 
6,2 (28,2) 

5,54 (34,7) 
5,41 (41) 
5,31 (47) 
4,89 (53) 
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Table 14: Results of a npManova, comparing the seven clusters. P-values for each pair are 
given. Sum of squares: 2,66*10

-5
, F: 9,64. 

 

cluster 2 3 4 5 6 7 

1 0 0.0004 0.99 0.99 0.95 0.0001 

2 
 

0.99 1 1 1 1 

3 
  

0.45 0.99 0.47 0.49 

4 
   

0.99 0.9 0.0006 

5 
    

0.62 0.0057 

6 
     

0 

7 
       

 

 
Figure 26: Non-metric multidimensional scaling plot of zero-adjusted Bray-Curtis dissimilarities. 
Clusters are the same as in the neighbor joining cluster analysis. The legend for cluster line 
styles is shown on the right. Shepard and stress diagrams are in Appendix F. 
 

3.3 Species – environment relations 
 

Three groups of explanatory variables (water chemistry, physical habitat and geology & 
geography) together accounted for 73,4 % of species variance (Figure 27). WC and PH 
together explain approximately 40,8 % of species variance, GG 41 %. Of the two groups of 
attributes in the GG set, geographical location is the most important. Of the 41 % of overall 
variance which GG accounts for, geographical location explains 38,5 %.    
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Figure 27: Venn diagram of variance partitioning analysis. WC – water chemistry, PH – physical 
habitat, GG – geology and geography.  
 

Since individual attributes of the environmental axes one and two are highly correlated, we 
used a forward stepwise selection procedure with Monte-Carlo permutation tests (full model, 
499 permutations) for calculating the dbRDA. The tests revealed five statistically significantly 
related environmental variables: distance from the spring (river_km), temperature (T), 
conductivity (cond), oxygen concentrations (O2) and hydraulic conductivity (Hcond). The 
remaining variables are correlated with these five. In the final analysis we also included those 
environmental variables, which were shown to have a significant correlation with biodiversity. An 
upriver-downriver gradient dominates the first axis of the distance-based redundancy analysis 
(Figure 28). The three main factors in this analysis are distance from spring, temperature, and 
oxygen concentrations. The second axis is dominated by conductivity, sulfate concentrations, 
and sediment on the positive end of the gradient, while total nitrogen and hydraulic conductivity 
are on the negative. Sampling sites are distributed along the first axis, with downstream 
locations prevailing in the positive side of the spectrum. Deviations from this pattern are due to 
the second axis. The river Mura is characterized by high COD and hydraulic conductivity, while 
species diversity is low. On the other side of the second axis’ spectrum, upper to middle-reach 
locations prevail. The copepod communities of these locations are characterized by D. 
clandestinus, P. schmeili, E. pilosus and B. pygmaeus. The dbRDA explained 20,4 % of species 
variance, with the first two axes accounting for 51,4 % of species-environment relations. A 
Monte Carlo permutation test (full model, 499 permutations) showed that all canonical axes are 
significant (trace=0,204; F-ratio: 1,535; p=0,002). Biodiversity (species richness as described by 
3 indices) increases from the lower right to the upper left (Figure 29). Evenness generally shows 
the same pattern, with a stronger increase toward the lower left. All four general additive models 
are statistically significant (Table 15). Most species show preference of locations in middle-
reach areas, with higher food availability. In these areas, biodiversity was also the highest. A. 
wierzejskii, S. infernus, M, radovnae and P. gertrudae display a profound preference of higher-
reach areas, close to the spring. Low-reach areas are preferred by N. psammophila, M. albidus 
and P. affinis. Locations with higher chemical oxygen demand, hydraulic conductivity and 
nitrogen concentrations are preferred only by T. prasinus. 
     

18,9%

32,6%11,7%

4,7%

1,8% 2,2%

1,5%

WC

PH GG



Ţibrat, U.: Development of a new biotic index based on hyporheic favna for water quality 

determination in lotic ecosystems. PhD thesis. University of Nova Gorica, Graduate school, 2012 

44 

 

 
Figure 28: Distance-based redundancy analysis. A: common species (included are only species 
with correlations greater or smaller than 0,2); B: environmental variables; C: distribution of 
sampling sites; D: less common to rare species (correlations between -0,2 and 0,2; please note 
the difference in scales with A). 
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Figure 29: General additive models based on dbRDA. 1-D: Simpson’s index; α: Fisher’s alpha; 
E1/D: Simpson’s evenness; e

H’
: modified Shannon’s index. Empty diamonds denote sampling 

sites. The distribution of sampling sites is the same as in Figure 28C. 
 
 
Table 15: Significance tests for four general additive models of diversity indices. AIC: Akaike 
information criterion (Akaike 1974). 
 
 

 Index 
 1-D E1/D e

H’ 
α 

F 12,25 3,71 7,02 6,14 
p <0,0001 0.013 0,001 0,002 

AIC 4,591 6,974 251,6 27,573 
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3.5 Model development 
 

A principal component analysis produced 12 species with correlations higher than ±0,2 
(Table 16). Together with two diversity estimates (Simpson’s index and Simpson’s 
evenness), the total number of attributes used in all data mining procedures was 14. 

The M5 model tree with a minimum of 8 instances beneath each node is the best 
model we were able to obtain (Table 17). This model showed the best compromise 
between accuracy and complexity (i.e. number of rules). At lower minimal number of 
instances (MNI) settings, the left-hand side of the model tree was reduced to a sequence 
of river type nodes, ending in an equation. Based on this sequence, water quality could 
be assessed by river type only. This is a clear case of the model overfitting the data. At 
MNI set to eight, this problem does not appear anymore, even though correlations and 
both error estimates do not differ significantly. In regard to correlations and correctly 
classified instances, the M5 model tree learner performed best. However, when error 
estimates (root mean square and mean absolute error) are considered, the M5P’s 
performance is not as clear-cut. Both J48 and Multilayer perceptron (MP) performed 
better in regard to error estimates, even though their percentage of correctly classified 
instances was lower than for the M5. A generally accepted rule of thumb is that 
correlations or percentage of correctly classified instances should exceed 0,61 or 61%, 
respectively, for a model to be accepted. If we apply this to our models, then only M5 can 
be considered as being acceptable.  

All three algorithms performed best in mid-range and worst in upper extremes (classes 
4 and 5, i.e. “Poor” and “Bad” status according to the WFD). Confusion matrices for three 
chosen models showed their performance to be best in classes 1, 2 and 3 (approximately 
60 % accuracy). Performance in classes “Poor” and “Bad” (designated as 4 and 5) was 
negligible. None of the samples belonging to these two classes were classified correctly 
(Table 18). And yet, differences between the M5 model and actual data were not 
statistically significant (Mann-Whitney, U=4246, median M5=2,111, median actual=2, 
p=0,97) (Figure 30).  
 
Table 16: Principal component analysis of copepod species assemblages. Shown are only 
those species, whose correlation with the first or second axis was higher than ±0,2. Correlations 
between the individual species and both axes are given in the second and third column 
 

Index Axis 1 Axis 2 

E. elaphoides -0,02 0,53 

P. schmeili -0,27 0,50 

B. dacicus -0,70 -0,11 

B. pygmaeus -0,27 0,38 

B. zschokkei -0,70 0,02 

E. serrulatus -0,10 0,22 

A. crassa -0,18 0,28 

E. pilosus -0,56 0,16 

D. clandestinus -0,32 0,49 

D. languidus -0,03 0,20 

D. languidoides -0,24 -0,04 

A. kieferi -0,18 0,27 

eigenvalue 0,182 0,152 

variance explained 18,2 15,2 

Sum of squares 2281,6 
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Table 17: Summaries of generated models. M5P, J48 and multilayer perceptron were the 
algorithms used for model creation. All models were tested using 10-fold cross-validation. MNI: 
minimum number of instances at each leaf/node; RMSE: root mean squared error; MAE: mean 
absolute error.   
 

M5P 
MNI Nr. of rules correlation RMSE MAE 

2 32 0,68 0,62 0,49 
4 32 0,68 0,62 0,49 
8 20 0,72 0,57 0,45 
16 9 0,71 0,57 0,46 
32 4 0,68 0,60 0,49 
64 3 0,58 0,66 0,54 

 
 

J48 
MNI Nr. of rules Correctly classified RMSE MAE 

2 27 40,21 % 0,42 0,26 
4 17 42,39 % 0,39 0,26 
8 14 51,1 % 0,38 0,25 
16 5 43,48 % 0,37 0,26 
32 2 39,13 % 0,37 0,27 
64 1 31,5 % 0,38 0,29 

 
 

Multilayer perceptron 
Nr. of neurons Nr. of sigmoid nodes Correctly classified RMSE MAE 

2 6 44,6 % 0,4 0,23 
4 8 41,3 % 0,44 0,25 
8 12 34,78 % 0,46 0,26 

16 20 38 % 0,46 0,25 

 
 
Table 18: Confusion matrices of M5P, J48 and Multilayer perceptron (MP) models. For the M5 
model the results were rounded to the nearest integer and those compared with water quality 
classes. N: neurons. 
 
 
 

M5P at MNI=8  J48 at MNI=8  MP at N=2 

a b c d e   a b c d e   a b c d e  
10 14 1 0 0 a =1  14 4 5 0 0 a =1  13 9 1 0 0 a =1 
8 25 10 0 0 b = 2  8 14 7 0 0 b = 2  11 11 6 1 0 b = 2 
0 4 19 0 0 c = 3  2 9 19 0 0 c = 3  5 8 17 0 0 c = 3 
0 0 1 0 0 d = 4  1 1 2 0 1 d = 4  2 0 3 0 0 d = 4 
0 0 0 0 0 e = 5  0 2 3 0 0 e = 5  0 1 3 1 0 e = 5 
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Figure 30: Comparison of differences between actual and model-predicted water quality. Empty 
circles are outliers. 
 

Figure 31 shows the decision tree of the most reliable model we were able to obtain. In this 
model river type presents the most important attribute, as it divides the tree at the first node. On 
the right-hand side (type 8,9,11,13 = TRUE) are rivers designated as “large” (e.g. VR1), with 
lower water quality. The results of the equations in this part of the tree will result in highest 
numbers (i.e. water quality classes) (Table 19). B. pygmaeus either is absent or reaches low 
abundances, and species evenness is comparatively high. This indicates that in this part of the 
decision tree copepod assemblages are dominated by few species. On the far left are also 
locations with higher evenness values, but the river types (codes 1,2,3 and 4; Appendix E) are 
all in upper parts of rivers. The middle of the model corresponds with middle reaches of rivers. 
In this part of the model one of the biggest problems becomes apparent. Two consecutive 
nodes, leading to equations 6, 7 and 8, indicate that the model is overfitting the data.  

A direct comparison of surface water quality as determined in accordance with WFD 
guidelines, and our model for the hyporheic zone, is shown in Figure 32. The failure of the 
model in higher classes (i.e. bad water quality) becomes more apparent. Generally, locations 
from classes 1 and 2 were assigned one class higher. Especially noteworthy is the difference in 
the lower part of the river Sava. According to the WFD the water quality in this part was 
moderate to poor (classes 3 and 4, respectively). However, the model assigned them to classes 
1 and 2. In samples where species are distributed unevenly, the model begins struggling and 
becomes increasingly less accurate. 
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Figure 31: Decision tree for predicting water quality from copepod species data (method M5P, 
MNI = 8). Ellipses: decision nodes with the discriminating parameter; Squares: final nodes with 
equations for calculating water quality classes. The equations are given in Table 18 and river 
types in Appendix E. 
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Figure 32: Spatial interpolation of water quality classes. Left: surface water quality as 
determined according to WFD guidelines; Right: hyporheic zone water quality as determined by 
our model.  
 
Table 19: Equations for predicting water quality based on the copepod community. In the first 
column are the numbers of each equation, corresponding with the numbers in Figure 31. The 
equations are in the third column. WQ: predicted water quality; type: river type. If the location 
under study belongs to the types listed at the specific node, then the type is substituted by 1. 
Otherwise, it’s replaced by 0. Species abbreviations are substituted by absolute abundances. If 
a species is absent, the abbreviation is replaced by 0.  
 

1 WQ= 0,2708 * type=1,12,6,7,10,9,11,13,8 + 0,1296 * type=9,11,13,8 + 0,0948 * Parsc - 
0,1115 * Bryda + 0,3682 * E1/D + 1,3069 

2 WQ= 0,2708 * type=1,12,6,7,10,9,11,13,8 + 0,1296 * type=9,11,13,8 + 0,0948 * Parsc - 
0,1192 * Bryda + 0,3448 * E1/D + 1,3587 

3 WQ= 0,2708 * type=1,12,6,7,10,9,11,13,8 + 0,1296 * type=9,11,13,8 + 0,0948 * Parsc - 
0,1172 * Bryda + 0,3448 * E1/D + 1,3456 

4 WQ= 0,2708 * type=1,12,6,7,10,9,11,13,8 + 0,1296 * type=9,11,13,8 + 0,0948 * Parsc - 
0,0947 * Bryda + 0,2511 * E1/D + 1,3171 

5 WQ= 0,2708 * type=1,12,6,7,10,9,11,13,8 + 0,1296 * type=9,11,13,8 + 0,1258 * Parsc - 
0,0947 * Bryda + 0,2511 * E1/D + 1,4372 

6 WQ= 0,2208 * type=1,12,6,7,10,9,11,13,8 + 0,1296 * type=9,11,13,8 + 0,0388 * Parsc - 
0,1414 * Bryda + 0,6143 * E1/D + 1,7978 

7 WQ= 0,2208 * type=1,12,6,7,10,9,11,13,8 + 0,1296 * type=9,11,13,8 + 0,0388 * Parsc - 
0,1414 * Bryda - 0,011 * Diacl + 0,5146 * E1/D + 1,8555 

8 WQ= 0,2208 * type=1,12,6,7,10,9,11,13,8 + 0,1296 * type=9,11,13,8 + 0,0388 * Parsc - 
0,1414 * Bryda - 0,011 * Diacl + 0,5146 * E1/D + 1,8477 

9 WQ= 0,2208 * type=1,12,6,7,10,9,11,13,8 + 0,0129 * type=10,9,11,13,8 + 0,1296 * 
type=9,11,13,8 + 0,0388 * Parsc - 0,1414 * Bryda - 0,011 * Diacl + 0,5146 * E1/D + 

1,8645 
10 WQ= 0,2208 * type=1,12,6,7,10,9,11,13,8 + 0,0166 * type=10,9,11,13,8 + 0,1296 * 

type=9,11,13,8 + 0,0388 * Parsc - 0,1414 * Bryda - 0,011 * Diacl + 0,5146 * E1/D + 
1,8667 

11 WQ= 0,2208 * type=1,12,6,7,10,9,11,13,8 + 0,1296 * type=9,11,13,8 + 0,0592 * Parsc - 
0,1469 * Bryda + 0,3747 * E1/D + 1,6413 

12 WQ= 0,2208 * type=1,12,6,7,10,9,11,13,8 + 0,1296 * type=9,11,13,8 + 0,0592 * Parsc - 
0,1469 * Bryda + 0,3747 * E1/D + 1,6261 

13 WQ= 0,2208 * type=1,12,6,7,10,9,11,13,8 + 0,1296 * type=9,11,13,8 + 0,0592 * Parsc - 
0,1469 * Bryda + 0,3747 * E1/D + 1,6191 

14 WQ= 0,2208 * type=1,12,6,7,10,9,11,13,8 + 0,1296 * type=9,11,13,8 + 0,067 * Parsc - 
0,1469 * Bryda + 0,3747 * E1/D + 1,6658 

15 WQ= 0,2216 * type=1,12,6,7,10,9,11,13,8 + 0,2865 * type=9,11,13,8 + 0,0348 * Parsc - 
0,1745 * Bryda + 0,188 * E1/D + 2,4828 

4

3

2

1

4

3

2

1
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16 WQ= 0,2216 * type=1,12,6,7,10,9,11,13,8 + 0,2865 * type=9,11,13,8 + 0,0348 * Parsc - 
0,1745 * Bryda + 0,188 * E1/D + 2,4889 

17 WQ= 0,2216 * type=1,12,6,7,10,9,11,13,8 + 0,2865 * type=9,11,13,8 - 0,0183 * 
type=11,13,8 + 0,0348 * Parsc - 0,1745 * Bryda + 0,188 * E1/D + 2,4771 

18 WQ= 0,2216 * type=1,12,6,7,10,9,11,13,8 + 0,2865 * type=9,11,13,8 - 0,015 * 
type=11,13,8 + 0,0348 * Parsc - 0,1745 * Bryda + 0,188 * E1/D + 2,4701 

19 WQ= 0,2216 * type=1,12,6,7,10,9,11,13,8 + 0,2865 * type=9,11,13,8 + 0,0348 * Parsc - 
0,2358 * Bryda + 0,188 * E1/D + 2,4113 

20 WQ= 0, 2216 * type=5,1,12,6,7,10,11,13,9,8 + 0,2038 * type=11,13,9,8 + 0,5471 * 
type=9,8 - 0,1031 * Bryda - 0,1244 * Brypy + 0,188 * E1/D + 2,4262 

 
The validity of the model was further tested by exposing it to new data. The model performed 

fairly well at locations with WFD classes 1 and 2, but encountered serious problems at higher 
classes (Table 20). Overall performance was 50 %. Partitioned into classes, performance 
decreased drastically, from class 1 to class 4. In class 1, both samples were classified correctly, 
in class 2 a third of the samples was misclassified. In classes 3 and 4, none of the samples 
were classified correctly.  
 
 
Table 20: Data used for testing the performance of the model on new, unseen data. Type: river 
type; (1-D): Simpson’s diversity index; E1/D: Simpson’s evenness; Equation: the equation 
number from the model; model solution: calculated solution for the given data; WFD: water 
quality according to WFD guidelines. Numbers next to species are absolute abundances. 
 
 
 

 t_KBis1 t_KBis2 t_KBis3 t_KBis4 t_KBis5 t_KBis6 t_KBis7 t_KBis8 

type 2 2 6 6 6 6 6 6 
(1-D) 0,72 0,69 0,84 0,85 0,85 0,80 0,60 0,60 
E1/D 0,89 0,82 0,78 0,65 0,73 0,82 0,82 0,82 

Elael   3 3 1    
Epari   1 2     
Parsc     3 3   
Bryda 2 3 2 4 2 1   
Brypy   2 1     
Bryzs   2 3 3 4   
Bryty     2    
Morra 3 1       
Canst       2 3 
Diacl   5 4 5 6   
Diala   3 4     
Diacr     4 3   
Diabi       3 2 
Spein 1 1       

equation 4 4 12 13 12 10 10 10 
model 

solution 
1,35 1,24 1,85 1,50 1,86 2,30 2,51 2,51 

WFD 1 1 2 2 2 3 4 4 
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4 DISCUSSION 
 

4.1 Environmental conditions 
 

Most of the measured environmental variables exhibit an upstream-downstream gradient. 
The temperature of running waters depends on elevation, climate, extent of riparian vegetation, 
groundwater inputs, water depth and flow velocity (Allan 1995). Even though temperature in 
gravel beds shows a pronounced gradient, from low temperatures at high altitudes, to high 
temperatures at lower, fluctuations in interstitial habitats, adjacent to the main river channel, are 
greater than in the main channel and underlying sediments. This may be due to direct exposure 
to air temperatures and sunlight, or intensity of groundwater – surface water exchange. Low 
hydraulic conductivity enhances water residence time and can thus influence temperatures. On 
the other hand, high hydraulic conductivity can augment water exchange with the main channel, 
thus lowering temperatures in gravel beds (Stanford and Ward 1993; Brunke and Gonser 1997).  

The largest part of gravel bed sediments had a high oxygen content and saturation (> 3 O2 
mgl

-1
 and > 60% saturation) thus indicating good permeability. This is further demonstrated by 

negative correlations between oxygen content and saturation, with hydraulic conductivity. In 
coarse sediments, oxygen concentrations are usually high, and hypoxia (< 3 O2 mgl

-1
) is in most 

cases a comparatively rare occurrence (Bretschko 1991; Stanford et al. 1994). The distribution 
of oxygen in the hyporheic is heterogenous and influenced by many factors. Its interpretation 
can therefore become rather complex (Ward et al. 1998). In order to reduce the complexity of 
this particular interpretation problem, we sampled only the upper part of the hyporheic. This way 
surface water was the prevailing factor influencing oxygen content and saturation, as well as 
general chemistry. Greater differences in oxygen content and saturation between the river and 
hyporheic could be attributed to pollutants, biological factors (i.e. microbial communities), or a 
combination of both. More impacted sited could thus be identified (Younger 2007).  

Approximately two thirds of all sampling sites in our study are arranged along the upstream-
downstream gradient. Locations close to springs have higher oxygen content and lower 
temperatures, conductivity and total phosphorous, compared to those in downstream reaches. 
Hydraulic conductivity does not completely conform to this gradient, even though a positive 
relation with the distance from the spring is evident. Many of the studied rivers have their 
springs in glacial valleys where glacial chalk deposits can clog interstitial spaces and in extreme 
cases form impermeable sections within gravel beds. Along the water course, the amount of 
fine and organic sediment increases. The effect can be similar to glacial chalk deposits, in that it 
impedes water transfer between the main channel and hyporheic. In addition, fine and organic 
sediments contain nutrients, thus enhancing microbial activity. This in turn leads to higher 
oxygen consumption (Wood et al. 2007). Sulfate and chloride concentrations also increase with 
the distance from the spring. Their presence in water is naturally associated with leaching from 
sedimentary rocks and minerals. Another source of sulfate is decomposing organic matter. Both 
can also indicate the presence of industrial and municipal waste. Slovene national legislation 
sets the limit (between good and bad status) for sulfate in surface waters, at 150 mgl

-1
. Nitrate is 

set at 25 mgl
-1

. Limit values for chloride, potassium, magnesium, calcium, and sodium are not 
defined (UL RS 2002). None of the studied locations exceed the limit for sulfate. Nevertheless, 
six locations have concentrations higher than 40 mgl

-1
, and can be, in regard to the rest, 

considered as outliers. Five of them are in lower reaches (Drago1, Savi9, Drava3, Paka2 and 
Sava11) and pn in upper (Kolpa1). Sulfate concentrations in these locations are at least twice 
higher than in adjoining locations (Paka2 has almost seven times as much sulfate than Paka1), 
thus indicating a pollution event. The limit for nitrate is exceeded only by one location (Savi7), 
while two locations reach above 20 mgl

-1
 (KBis4 and Drava2). All three locations are in lower 

reaches and belong among those with bad water quality status.    
Deviations from this main gradient are signified by longer retention times, higher biological 

oxygen demand, and nitrate and ammonia concentrations. Nitrates themselves are not 
necessarily an indicator of pollution. Groundwater is devoid of plant life and thus primary 
production (although cases of chemoautotrophy were reported) (Griebler et al. 2001). 
Furthermore, mineralization of organic compounds (either natural or human-derived) acts as the 
main source of nitrates in the hyporheic (Younger 2007). As a result, nitrates can accumulate. 
This becomes apparent at springs and upwelling zones, where nitrates from groundwater are 
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transported into surface waters. The upper parts of the Soča, Sava Bohinjka and Sava Dolinka 
rivers may be such a case. Generally, nitrate concentrations were higher in the hyporheic, than 
in surface waters. This is in part a consequence of our sampling regime. We sampled during 
summer, at low discharge. Under such conditions, the water table surrounding the main channel 
can reach above it, and the river is recharged with groundwater (Younger 2007). 

Slovene guidelines for assessing chemical water status are based on nitrate concentrations 
and biological oxygen demand. They fulfill the requirements of the WFD in that they are 
systematically and easily measured, and associated to well-known sources, inter-relationships, 
and processes. The correct definition of these reference states is a key element in the 
implementation of the Water framework directive. We applied a combination of approaches 
(reference-site approach, ambient distributions, predictive modeling and expert judgment), 
which we deem to be the best approach in the absence of valid historical data. The WFD also 
specifies that all benchmarks have to be type-specific. River types for Slovenia have been 
classified using several WFD-approved classifiers. These included ecoregions, bioregions, and 
geological substrate. This typology is fairly accurate and was shown to be applicable to the 
hyporheic as well. This way one hurdle, for including hyporheic communities in water quality 
assessment schemes, is avoided.  

Water quality in an ecotone (e.g. the hyporheic zone) largely depends on the quality of influx 
water, flow velocity, and content of organic matter within the ecotone. Under ideal conditions, if 
the input consists of nitrate rich groundwater, denitrification will be the main biogeochemical 
process. The final products are gaseous nitrogen and carbon dioxide. However, oxidation is 
rarely a 100 %, and dissolved organic carbon and ammonia are released (Vanek 2009). Yet 
enrichment is a natural process, where organic material derived from the catchment area is 
decomposed. Some form of flow hindrance through the hyporheic, such as siltation, can lead to 
strong water quality deterioration. Hypoxia and anoxia, increased nutrient, metal and 
metabolites content are all natural indicators of lower water quality. Pollutants of strictly human 
origin would be, for example, pesticides and certain toxins. 
 

4.2 Species richness 
 

Our sampling effort sufficed to achieve a good overview over copepod species richness in 
the hyporheic of Slovene rivers. Approximately 100 samples would be the minimum requirement 
for a species richness estimate, at river basin scales. For two basins, Drava and Primorje, a 
larger sampling effort would be needed to attain better estimates. In the third undersampled 
river basin, Mura, only one species was found in all samples. This indicates a strong dominance 
of E. elaphoides and a much larger sample size would be needed to find any additional species. 

Species richness estimators, which are still rising, or are unstable when all samples have 
been included, do not provide a reliable estimate (Magurran 2004). In such cases a valid 
minimum estimate of richness can be obtained with Chao estimators (Longino et al. 2002). 
Chao1 stops increasing once at least two individuals represent every species, and the inventory 
can be considered as complete (Coddington et al.1996.) Colwell and Codington (1994) are of 
the opinion that a census can be regarded as complete if all species have an abundance of at 
least two (when abundance data are collected) or occur in at least two samples (when 
occurrence data are used). With our sampling effort all species were represented with at least 
two individuals, which were present in at least two samples. According to both sets of 
guidelines, the inventory of hyporheic copepods in Slovenia can be considered complete. 
Estimated richness would therefore be around 50 copepod species in the hyporheic zone of 
Slovene rivers. However, when we calculated species accumulation curves for each river basin 
individually, the results are not as clear-cut. The Sava and Soča river basins were sampled the 
most thoroughly, and estimates reach 40 and between 30 and 40 species, respectively.  

Species accumulation curves did not approach an asymptote in the Drava and Primorje 
basins, thus indicating that species richness in these two basins is underestimated. But while 
sampling effort influences species accumulation curves, species richness is influenced by 
several other factors. Tributaries of the river Drava (rivers Oplotnica, Mislinja and Dravinja) all 
have their springs on the mountain range Pohorje, which is silicate. In addition, there are nine 
hydropower plants on the main channel of the Drava. Each of these profoundly changes river 
hydrology and gravel carrying power of the river is significantly reduced (Bonacci 1987, Wood et 
al. 2007). Furthermore, all riverbeds have been regulated in the past to a certain degree. River 
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regulation has a great impact on groundwater – surface water ecotone assemblages by 
modifying the dynamics of water exchange between the river and alluvial aquifer (Marmonier et 
al. 2009). The number of available and acceptable gravel beds is therefore low. Consequently, 
we could not sample along the entire environmental gradient, as we could in the Sava and Soča 
rivers. The tributaries could be sampled only in the upper parts, with the exception of Dravi2, a 
location in the middle part of the river Dravinja, where it’s regulated. The river Drava’s spring is 
in Germany, by the time it reaches Slovenia the river has been flowing for approximately 300 
kilometers, past several large cities and countless farms. This leads, together with river bed 
regulations and hydropower plants, to the river Drava being one of the most impacted rivers in 
Slovenia. Under such environmental conditions, species assemblages would be heterogeneous, 
dominance levels would be high. The Primorje basin, on the far west of Slovenia, has similar 
problems. The rivers Riţana and Reka are regulated in almost their entire length. The 
geological composition of sediments of the river Reka is carbonates; the river itself has the 
capacity of gravel transport. But water quality deteriorates rather quickly, thus leading to 
heterogeneous assemblages. The river Dragonja is intermittent, able to carry gravel only at 
stronger discharges. The regulation is not as problematic as with the other rivers, but its 
intermittent nature leads to problems with oxygen supply.  

The Mura basin presents a deviation from the already mentioned patterns. All tributaries 
there are regulated and too small to transport gravel. In addition, the main channel is heavily 
regulated with concrete slabs along its entire stretch in the Slovenian part of its channel. Even 
though the river has a significant carrying capacity, gravel beds are at least partly separated 
from alluvial aquifers, due to riverbank regulations. Surface water is thus most often the 
prevailing input into the interstitial. In all samples, we found only one species in comparatively 
low abundances. The most probable explanation is a too low sampling effort (15 samples) 
combined with an assemblage strongly dominated by just one species. The probability of finding 
less abundant and rare species is therefore low. In overall, the rivers Mura and Drava are quite 
similar and species richness in both can be expected to be close to equal.  
 

4.3 Copepod biogeography and biodiversity 
 

The Simpson diversity index was shown to be the most appropriate diversity measure we 
used. Out of four tested indices (Fisher’s α, H’, e

H’
 and 1-D) it was the only one that showed the 

prevalence of uneven samples. Since Simpson’s index emphasizes dominance of a community, 
when the reciprocal (1-D) is used, higher values indicate a more even assemblage. Even 
though a log series model indicated that Fisher’s α is a good descriptor of diversity, it failed to 
show the patterns Simpson’s index revealed.  

Hyporheic copepods appear to have two biodiversity hotspots, in the Soča/Idrijca and 
Sava/Savinja confluence areas. But Simpson’s evenness revealed the second hotspot has an 
uneven species abundance distribution. Equilibrium communities consist of several species in 
similar abundances, and dominance is low. After disturbances the equilibrium shifts, relative 
abundances change and previously abundant species can become comparatively rare. Thus 
new species can colonize the habitat, even though they are less competitive than autochthonus 
species. In this way, biodiversity can increase, even though evenness decreases. After the 
disturbance passes and equilibrium is re-established, biodiversity decreases. If such ecological 
disturbances are not too strong, and neither too rare nor frequent, local species diversity can be 
maximized. This phenomenon is referred to as the intermediate disturbance hypothesis (Connel 
1978). According to this theory, at low to intermediate levels of disturbance, diversity is 
maximized because K-selected and r-selected species can coexist. K-selected species tend to 
be more competitive, they invest a larger amount of resources into individual growth and 
competition. Therefore, they generally dominate stable ecosystems. On the other hand, r-
selected species have the ability to colonize areas rather quickly and therefore dominate 
habitats recently impacted by disturbances. If these disturbances appear occasionally, both K- 
and r-species can coexist. For that reason, the second hotspot (Sava/Savinja) cannot be 
regarded as a true biodiversity hotspot, as species distribution is uneven and indicates the 
presence of a disturbance.  

Species diversity in a river follows a distinct gradient. In the upper reaches, diversity is low, 
only few species are present. Diversity then increases rapidly as the river widens, temperatures 
increase, and resources become more abundant. Such conditions allow the coexistence of 
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several species, while in the upper reaches only certain species can survive (for example 
frigostenotherm species in the Alps) (Krebs 2001). At a certain river size (depending on the 
river) diversity reaches a plateau (set by species competition, predation, disease and niche 
overlap), establishing a dynamic equilibrium (Odum 1969). Debeljak (2002) and Jørgensen 
(2007) describe this process in terms of thermodynamics, as a relation between the amount of 
exergy stored in the ecosystem and the amount of exergy utilization or destruction. At climax, 
the number of species is in a dynamic equilibrium, but the amount of information stored in the 
system increases, while utilization remains the same (Jørgensen and Svirezhev 2004). Here we 
have to acknowledge that climax conditions differ from region to region and have to be 
evaluated for each area. In lower reaches of rivers a higher diversity than in the upper reaches 
would be expected. However, as we have seen with lower reaches of certain rivers in Slovenia 
(for example rivers Kamniška Bistrica, Mura, Drava), diversity recedes, with only one or two 
copepod species present in the hyporheic. This is probably a consequence of human activity 
(e.g. pollution, hydromelioration). These locations deviate from the expected diversity of lower 
reaches. 

Culver et al. (2006) speculate that the last ice age is the main reason for the existence of the 
Idrijca hotspot. This region was not covered in ice; food and water were available at most times. 
Further south, in the Dinaric Mountains, the environmental conditions were similar. But, in the 
last 3000 years the karst regions of Slovenia were clear cut, today virtually no forests remain. 
Surface river flows are few, most of them small, with a low gravel carrying capacity (Gams 
2003). Even though this region might have been a hyporheic biodiversity hotspot, historical data 
does not exist and we have no way of knowing, whether it was. The river Idrijca region therefore 
remains the only true hyporheic copepod biodiversity hotspot. 

Groundwater fauna is characterized by a high degree of endemism. In most cases, endemic 
species are limited to only one river basin or karst system (Marmonier et al. 2009). Of the 49 
species we found in our study, one (M. radovnae) can be considered as an endemic species. 
So far this species has been found only in the Eastern Julian Alps and Karavanke mountain 
range (we also found it in the Kamniško-Savinjske Alpe) in Slovenia (Brancelj 2001, pers. 
comm.).  Endemism makes freshwater species highly vulnerable to disturbance, since due to its 
constrained geographical distribution, immigration from other populations (if they exist) is at 
least very difficult if not outright impossible.   

Most of the rivers included in our study were not glaciated, except for their northernmost 
parts. A large-scale climatic shift in the Pleistocene had a significant role in structuring the 
composition of copepod assemblages in shallow hyporheic zones. Yet this habitat offers 
comparatively little protection during glaciations events and karstic fissures may have served as 
refugia (Stoch 2000, Galassi 2001). The upper reaches of rivers, which were under the glaciers 
or close to them, have therefore similar species assemblies. Lower parts of rivers tend to have 
similar environmental problems (e.g. riverbed regulation and hydropower plants) and only 
species adapted to such environments can persist. When the assemblages of low-lying and 
upper reaches are compared, a pattern emerges. In lower, more impacted, reaches the most 
common species prevailed, but average abundances were lower than in upper reaches. This 
indicates that these species were at the extreme end of their tolerance to certain environmental 
conditions. C. staphylinus was the only species found exclusively in lower reaches. This species 
was shown to be tolerant of less favorable environmental conditions of impacted sites 
(Kurashov 1996). 

One of the primary goals of field studies in ecology is to estimate how many species of a 
given taxon occur in an area. The rate at which new species are added to the inventory gives 
important clues about the species richness. The order in which samples are added to the curve 
influences its overall shape. For example, a species-rich sample will have a much greater 
influence on the accumulation curve, if it is encountered early in the process. To avoid this 
effect and obtain a smooth curve, a randomizing procedure is performed (usually with 50 
iterations) (Magurran 2004). As the number of samples increases and more and more rare 
species are added, the curve reaches an asymptote. Beyond this point, increased sampling 
effort will yield very few or no new species at all. One of the benefits of species accumulation 
curves is that they can be extrapolated to larger sample sizes. That way an estimate of species 
richness in a certain area is possible. 

In our study we focused on the longitudinal gradient, ignoring vertical and lateral 
(perpendicular to the main channel) gradients of species diversity. This way we minimized 
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variance due to sampling site characteristics, and could focus on overall biodiversity patterns. 
These patterns are influenced by a variety of interacting factors. Ward and Palmer (1994) 
divided these into eight categories: (1) characteristics of the alluvium; (2) exchange properties; 
(3) disturbance; (4) hypogean affinity; (5) food resources; (6) biotic interactions; (7) reproductive 
patterns, and (8) age distribution. Yet few definitive data are available to assess their specific 
roles in field studies. To the best of our knowledge, no study up to date has encompassed all 
these factors. Categories (1), (2) and (3) and (5) entail extensive modeling approaches, while 
the rest require ecological and natural history approaches, including experimental studies.  

Biodiversity is divided into two components, richness and evenness. Indices dealing with 
biological diversity must emphasize one of the two constituents; a perfectly unified diversity 
index is not possible (Magurran 2004). One possible solution is to calculate several diversity 
indices for each sampling site and use the results in a principal component analysis. The first 
two axes represent richness and evenness, and will account for most of the variation (Clarke 
and Warwick 2001). Each biodiversity index measures either species richness or evenness in its 
own way. The Shannon-Wiener index has its origins in information theory and tries to 
encapsulate both aspects of biodiversity. Even though this index is in wide use, there are an 
overwhelming number of papers advising against it (Magurran 2004). Some of them go out of 
their way to underline its disadvantages (Lande 1996, Martín and Rey 2000, Southwood and 
Henderson 2000). One of the main drawbacks is its narrow span of values, as it rarely reaches 
above 4. Hence interpretation becomes difficult. This problem can be circumvented by using e

H’
. 

This gives the number of species at a location, if all species were equally common. Additionally, 
H

’
 is not a robust measure of diversity, as it is sensitive to sample size. Yet it is still being used, 

even though better methods are available (Magurran 2004).  
 

4.4 Species-environment relations 
 

None of the found species showed any real habitat preference. M. radovnae and C. 
staphylinus could be regarded as exceptions, but both were found in a very limited number of 
samples, where environmental variables have limited ranges. These two species could be 
placed at opposing ends of an upper reaches - lower reaches environmental gradient. M. 
radovnae appears to prefer low temperatures, high dissolved oxygen content and low food 
availability, while C. staphylinus favors the opposite. The observed distributions of these two 
species in our study confirm the observations by Brancelj (2001) and Kurashov (1996).  

Even though B. dacicus has a widespread distribution, it appears to prefer locations with 
higher oxygen content and lower temperatures. This species’ preferred habitat is groundwater, 
but it has been found springs and benthos of alpine lakes (Jersabek et al. 2001). A. wierzejskii 
seems to prefer similar environmental conditions. Three more species appear to favor such 
habitats. Whether M. radovnae is a stygobiotic species is as yet unknown, although the amount 
of data confirming its stygobiotic nature is increasing (Brancelj, pers. comm.). On the other 
hand, S.infernus and P. gertrudae are both stygobiotic (Einsle 1993, Janetzky et al. 1996). The 
latter was found only once and is probably a chance find. Speocyclops on the other hand was 
found on three locations, two of them (KBis1 and Bela1) comparatively close to springs, while 
the third (Idri2) is downstream of the karst siphon lake Divje jezero. This species was therefore 
probably sampled in upwelling zones, where they were pushed out of the aquifer into the main 
channel. 

On the other hand of this spectrum, E. elaphoides, C. staphylinus and N. psammophila show 
a preference of warmer habitat, with better food availability and higher amounts of sediment. Of 
these three only E. elaphoides was found in a large enough proportion of samples that any 
judgments on its habitat preferences can be given. Even though this was the only species found 
in the river Mura, E. elaphoides shows an increase away from the Mura cluster. In this river, 
abundances of Elaphoidella were among the smallest. In addition, most of the locations where 
this species was found are located close to the zero-point of both axes, or on the positive side 
of the 2

nd
 one. Data from these sampling locations prevails over the Mura data and E. 

elaphoides shows a decrease towards the Mura cluster. 
The remaining species are largely distributed in the medium ranges of the main (upstream – 

downstream) gradient of the distance-based Redundancy analysis, or their correlations with this 
gradient are low (between -0,2 and 0,2). Increasing conductivity and amount of sediment, 
shorter water retention times, and lower nitrate concentrations appear to be the only factors 
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influencing these species. These variables indicate that the water in the hyporheic of these 
sampling sites was mostly from the river, that these could have been downwelling zones. 
Epigean species therefore prevail. 

Water chemistry and characteristics of the physical habitat explained approximately 40 % of 
the variability. Geological composition of sediments appeared to have little impact, explaining 
only 3 %. Water chemistry and physical habitat characteristics are both subject to the same 
upstream-downstream gradient. Deviations from this pattern are most often a consequence of 
human interference. The comparative unimportance of geological characteristics is probably the 
result of Slovenia’s great geological diversity. Most rivers have tributaries originating from 
several different geological compositions and the water in the main channels represents a 
mixture of all influences, with none prevailing (Bonacci 1987, Gams 2003). Geographical 
location (river membership) accounted for 38 % of the variability, thus being the single most 
important factor. Water chemistry and physical habitat, both of which include human impacts, 
come second in importance. This suggests that historical factors (i.e. since the last ice age) are 
the main determinant in shaping copepod species assemblies.  

In ecological datasets (e.g. sampling location by species abundance data matrix), an inflation 
of zero values is quite common. Therefore, using mathematical transformations, a normal 
distribution is impossible to obtain. A negative binomial distribution usually works best with such 
datasets, but is not appropriate for all statistical methods. In unconstrained ordination analyses 
(such as principal component analysis and correspondence analysis), such data can lead to 
prolonged gradients (i.e. larger eigenvectors). These, in turn, do not realistically represent the 
gradients in species data. In addition, relationships between the derived components are often 
quadratic, instead of linear. Correspondence analysis is based on the χ

2
 distribution and is less 

prone to these problems, than principal component analysis (which is based on Euclidean 
distances). Constrained ordination methods (e.g. redundancy analysis and canonical 
correspondence analysis) suffer from the same problems, but to a lesser extent (Legendre and 
Legendre 1998). One option in avoiding the effects of zero inflation is the use of distance or 
similarity matrices. These matrices can then be used in constrained ordination methods.  

The zero-adjusted Bray-Curtis dissimilarity was developed specifically to deal with ecological 
datasets (Clarke et al. 2006). The za-BC is a semi-metric measure and is therefore 
inappropriate to be used in redundancy analysis, which is in Euclidean space (RDA is basically 
a constrained version of principal component analysis). For that reason, a principal 
correspondence analysis on a za-BC dissimilarity matrix has to be performed prior to the db-
RDA. Since the Bray-Curtis dissimilarity does not obey the triangle inequality axiom, principal 
coordinate analysis is likely to produce negative eigenvalues, when numbers of individuals are 
quite different from site to site. This effect can be corrected for by using a square-root 
transformed BC dissimilarity matrix (Legendre and Legendre 1998).  

Interstitial communities are determined by hydrology, geomorphology, disturbance history, 
biological interactions, temperature, and seasonal and interannual variation (Strayer et al. 
1997). We minimized the effect of the last two by sampling only in summer. Furthermore, 
variation due to hydrological conditions was minimized by sampling during low river discharge. 
Stream sediments are highly heterogenous in their sediment size distribution, and species 
distributions mostly follow these patterns. By obtaining three samples from each gravel bed we 
encompassed at least a small part of this variability. 
 

4.5 Model development 
 

Our results indicate that copepod community, combined with an accurate typology and 
diversity measures, can be used for water quality assessment. The obtained final model is most 
accurate in mid-range classes, while being inaccurate at extreme values. The most likely reason 
is the low number of locations of very low or very good WFD status (classes 1, 4 and 5). We 
analyzed only two locations with WFD class four; these two locations represent only 2 % of all 
sampling stations. With the chosen validation method (10-fold cross validation) the chances of 
these extreme cases to be included in the learning process, are comparatively low. If these 
cases were not included in the learning process, the algorithm could not learn how to classify 
them. Furthermore, none of the locations were of class 5 (“Bad”). Wrong classifications can 
therefore be, in cases such as this, expected. In general, a 1:5 ratio between the number of 
attributes and instances, is recommended for data mining purposes (Witten and Frank 2005). 
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We have achieved this requirement when all data is pooled, but considering each river type, the 
amount of quality data is lacking.   

The developed model can be counted among the group of Diversity indices. Changes in 
diversity (including evenness) and community composition are expected to reflect disturbances. 
The main benefit of this index is the inclusion of a hitherto unconsidered part of riverine 
ecosystems in surface water quality assessment. Animals in the hyporheic are exposed to 
potential pollutants for longer periods, and a stronger effect would be expected (Newman 2009). 
This new method can be used in all Slovene river basins, but is not defined for anywhere else. If 
species compositions of hyporheic copepods are similar as in Slovenia (especially if the same 
species prevail) this index can be used, but with caution and not as a stand-alone measure of 
surface water quality.  

Of the five guidelines, described by O’Connor and Dewling (1986), this index fulfills four: It’s 
quantifiable, easily understood by laymen, scientifically justifiable and acceptable in terms of 
costs. The fifth, relevance, can only be shown experimentally and with prolonged use. 
Furthermore, this new index also has two characteristics of good ecological indicators 
(Jørgensen et al. 2005): ease of handling and possible quantification. The others are sensibility 
to small variations in the environment, applicability in extensive geographical areas and in the 
greatest possible number of communities or ecological environments, and independence of 
reference states). In our case, reference states are not independent, but are based on reference 
states for surface water. There are not enough data on hyporheic waters for establishing 
independent benchmarks. While this new method is applicable for all of Slovenia, it is limited to 
rivers in this country only. In addition, it considers only one community and one environment 
(copepods in the hyporheic). Whether this index is capable of detecting low concentration and 
short term pollution (i.e. is sensible to small variations in environmental stress) remains to be 
tested. None of the currently used indices fulfill all of these criteria. Deficiencies of individual 
indices (e.g. our new index, Saprobia, Trophic index) can be circumvented by using several 
indices, thus encompassing as much of the ecosystem under study as possible.  

Geographical data are of utmost importance in the model. Just by including two geographical 
attributes, altitude and distance from the spring (river kilometer), the model’s precision could be 
vastly improved. These two attributes can help to pinpoint the exact location and are therefore 
usually most useful in connection with site-specific reference sites. However, this approach to 
defining reference sites requires an independent definition of benchmark conditions for each 
sampling site under study. For large scale or long-term investigations, such requirements can 
become burdensome and require comparatively large amounts of time and resources. For such 
studies, definitions of reference conditions on a larger scale are more appropriate. The site-
specific approach requires reference conditions to be defined for each sampling session, unless 
long-term data for each location are already present. In that case, an overall status for such a 
location could be established and also used for several years. But in large scale studies this 
problem persists. Therefore, developing regional or river basin reference conditions is more 
appropriate. For developing these, long-term data are welcome, but not a necessity. The main 
requirements are several sampling sites per region. These sites will then be assessed based on 
the same reference. Another benefit of larger scale definitions over site-specific ones is their 
invariability over shorter timescales (Hawkins et al. 2010). Since Slovenia has a very diverse 
geology and most rivers flow through several regions, a regional approach, based on surface 
water or, if applicable, hyporheic typology is the best choice.  

The chosen reference conditions could also account for the observed results. If the defined 
reference conditions describe an already heavily polluted system, the difference between the 
system under study and the reference will be comparatively small. This leads to this system 
being wrongly classified into “good” categories. Historical data on hyporheic communities does 
not exist and we simply do not know what a “natural” state would be like. Probably the most 
adequate method for determining reference conditions is extrapolation from empirical models, 
based on current attributes. But the main problem with these is calibration, since the values we 
are interested in are outside the models calibration range. If these models are joined with the 
other methods, a comparatively accurate description of reference conditions can be achieved. 
However, community structure cannot be included in these predictions, as knowledge of 
species ecology and physiology is still lacking. Such models could therefore predict only 
physical and chemical attributes of “natural” or “near-natural” systems, ignoring community 
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compositions. What these communities would look like under unimpacted conditions, we can 
only guess.   

Machine learning (also referred to as data mining) is the extraction of previously unknown 
and potentially useful information from data. This is achieved with the use of automated 
computer programs that examine databases, searching for patterns. If any strong patterns are 
found, they will likely generalize to make predictions on future data. Nevertheless, as with any 
generalization, there will be exceptions. Therefore, anything discovered will be inexact. 
Algorithms need to be robust enough to cope with imperfect data and to extract patterns that 
are inexact, but useful. 

In statistical models over-fitting is a common problem. Over-fitting occurs when the models 
describes random noise, instead of actual patterns. This generally occurs when the ratio 
between the number of variables and observations is too high (there are too many attributes 
relative to the number of observations). An extreme example is when there are as many 
attributes as there are observations. In such a case, a simple model can learn to perfectly 
predict the training data by memorizing the data in its entirety. Such a model will completely fail 
when used on unseen data, as it has not learned to generalize. Robust algorithms can reduce 
the chance of fitting noise. A generally used method to avoid overfitting in machine learning is 
pruning of the tree.  
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5 CONCLUSIONS 
 

Environmental conditions in the interstitial of gravel beds conform to a strong, upriver – 
downriver gradient. Deviations from this gradient are signified by longer retention times, higher 
biological oxygen demand, and higher nitrate and ammonia concentrations. Slovene guidelines 
for chemical water quality determination are based on nitrate concentrations and biological 
oxygen demand. In upwelling zones nitrate rich groundwater enters the stream bed and 
concentrations in the hyporheic increase. This is a natural phenomenon and does not indicate 
pollution. 

Our sampling effort sufficed to achieve a good overview over copepod species richness in 
the hyporheic of Slovene rivers. Approximately 100 samples would be the minimum requirement 
for a species richness estimate, at river basin scales. For two basins, Drava and Primorje, a 
larger sampling effort would be needed to attain better estimates. In the third undersampled 
river basin, Mura, only one species was found in all samples. This indicates a strong dominance 
of E. elaphoides and a much larger sample size would be needed to find any additional species. 

Hyporheic copepods in Slovenia have a distinct biodiversity hotspot in the region of the river 
Idrijca. This coincides with data available from other authors on invertebrate biodiversity in this 
region. Simpson’s diversity measure, when coupled with Simpson’s evenness, gives a good 
insight into diversity patterns of hyporheic copepods.  

Geographical location (river membership), water chemistry and physical habitat account for 
most of the variability in species data. A few species (e.g. Moraria radovnae and 
Canthocamptus staphylinus) indicate certain habitat preferences, but data are insufficient for 
any definite conclusions as to their value as bioindicators.  

The hyporheic copepod community, combined with the WFD river typology and diversity 
measures (Simpson’s index and Simpson’s evenness), can be used for water quality 
assessment. But, the best obtained model, even though it reaches acceptable correlations, is 
not dependable enough in extreme classes. While the applied river typology is in order, more 
data are needed from each river type. Furthermore, more sampling sites with low WFD status 
(classes 4 and 5) have to be included in the data mining process, for the model to reach a truly 
practical value.  
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6 SUMMARY 
 

Water quality is affected by several complex factors, and we use numerous variables to 
describe the status of water bodies and their surrounding area. The term “water quality” is 
therefore comparatively hard to define. “Water quality” can be regarded as a neutral term that 
relates to the composition of water as affected by natural processes and human activities. It 
depends not only on water's chemical, but also its biological, physical and radiological condition. 
The quality of water is also related to specific use, and is usually measured in terms of 
constituent concentrations. The level of water quality is based upon the evaluation of measured 
quantities and parameters, which then are compared to water quality standards, objectives, or 
criteria. Most often we use the term in relation to the water’s suitability for drinking.  

The hyporheic extends vertically and laterally from the river channel. Water in streams and 
rivers is continuously exchanged between the active channel and subsurface (hyporheic) 
flowpaths. This interaction can be fast enough that, within several kilometers, water in streams 
is completely exchanged with interstitial water of the hyporheic zone. Dissolved material and 
organisms are also continuously exchanged between surface and groundwater. Thus surface 
water is in close contact with chemically reactive mineral coatings and microbial communities in 
interstitial (i.e. below surface) waters. This process has the effect of enhancing biogeochemical 
reactions and downstream water quality. 

Up to date, few ecoremediation measures took the surface water – groundwater ecotone into 
consideration. By developing this index and promoting its use in water quality assessment and 
environmental impact studies, we intend to expand currently applied methods. Evaluation of the 
hyporheic zone could be implemented into national water quality assessment methods. An 
index should be relevant, simple and easily understood by laymen, scientifically justifiable, 
quantitative, and acceptable in terms of cost. 

Most of the measured variables were significantly correlated with distance from the spring. 
Only nitrate and ammonia concentrations, hydraulic conductivity, and biological oxygen demand 
were correlated with less than five variables. The presence of a strong upriver – downriver 
gradient was confirmed by both constrained and unconstrained multivariate ordination methods. 
The four less often correlated variables (NO3

-
, NH4

+
, biological oxygen demand and hydraulic 

conductivity) can influence the deviation of sampling sites from this gradient and indicate 
impacted locations. 

We found 49 copepod species, belonging to 23 genera of 6 families. Of these, 11 species 
were found in only one location (five Harpacticoida and six Cyclopoida species). Three species 
were found in more than 40 % of locations (Bryocamptus dacicus, B. zschokkei and 
Elaphoidella elaphoides) and are believed to be ubiquitous. Three more species (Diacyclops 
clandestinus, Echinocamptus pilosus and Paracamptus schmeili) were found in approximately a 
third of all locations. Estimated species richness in overall is around 50 copepod species in the 
hyporheic. Several methods confirmed this estimate. These results suggest that a sampling 
effort of minimum 100 samples is necessary to obtain reliable results. 

Three indices (Fisher’s alpha, modified Shannon and Simpson’s) indicate two biodiversity 
hotspots; the first in the central-western, the second in the central-eastern part of Slovenia. The 
eastern part belongs to the Soča basin (the hotsport is centered on the middle part of the river 
Idrijca), the western to the Sava basin (the center of the hotspot is around the confluence of the 
rivers Sava and Savinja). A third, smaller, hotspot is indicated in the southern part of Slovenia, 
in the middle part of the river Kolpa. The Simpson’s evenness index indicates that even though 
diversity in the second hotspot is comparatively high, the abundance distribution of species is 
uneven.  

The Simpson diversity index was shown to be the most appropriate diversity measure we 
used. Out of four tested indices, it was the only one that showed the prevalence of uneven 
samples. Since Simpson’s index emphasizes dominance of a community; when the reciprocal 
(1-D) is used, higher values indicate a more even assemblage. Even though a log series model 
indicated that Fisher’s α is a good descriptor of diversity, it failed to show the patterns 
Simpson’s index revealed. 

Geographical location (river membership) accounted for 38 % of the variability in species 
data, thus being the single most important factor. Water chemistry and characteristics of the 
physical habitat explained approximately 40 %, while geological substrate was the least 
important, explaining 3 %. This suggests that historical factors are the main determinant in 
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shaping copepod species assemblies. Water chemistry and physical habitat, both of which 
include human impacts, come second in importance 

The hyporheic copepod community, combined with an accurate typology and diversity 
measures, can be used for water quality assessment. However, the best obtained model, even 
though it reaches acceptable correlations, is not dependable enough in extreme classes. While 
the applied river typology is in order, more data are needed from each river type. Furthermore, 
more sampling sites with low Water Framework Directive (WFD) status (classes 4 and 5) have 
to be included in the data mining process, for the model to reach a truly practical value. The 
obtained final model is most accurate in mid-range classes, while being inaccurate at extreme 
values. The most likely reason is the low number of locations of very low or very good WFD 
status (classes 1, 4, and 5). We analyzed only two locations with WFD class four; these two 
locations represent only 2 % of all sampling stations. With the chosen validation method (10-fold 
cross validation), the chances of these extreme cases to be included in the learning process are 
comparatively low. If these cases were not included in the learning process, the algorithm could 
not learn how to classify them. Furthermore, none of the locations were of class 5 (“Bad”). 
Wrong classifications can therefore be, in cases such as this, expected. In general, a 1:5 ratio 
between the number of attributes and instances, is recommended for data mining purposes. We 
have achieved this requirement when all data is pooled, but considering each river type, the 
amount of quality data is lacking. 
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Appendix A 

 
List of all environmental variables with their units of measurement. BOD: biological oxygen 
demand; COD: chemical oxygen demand; TOC: total organic carbon; Nr.: number of samples 
per gravelbed. 
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Appendix B 

 
Gravel size distribution and geological characteristics of all sampling sites. Class membership is 
fuzzy coded. CL: clastites; GD: gravel deposits; CGD: clay-gravel deposits; TS: tertiary 
sediments; TL: tonalite; CA: carbonates.  
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Sava10 0,25 0,25 0,25 0,25 0 0 0 0 0 1 

Sava11 0 0,33 0,33 0,33 0 0 0 0 0 1 

Sava12 0,25 0,25 0,25 0,25 0 1 0 0 0 0 

Sava13 0 0,33 0,33 0,33 0 1 0 0 0 0 

SDol1 0 0,33 0,33 0,33 0 1 0 0 0 0 

SDol2 0 0,33 0,33 0,33 0 1 0 0 0 0 

SDol3 0,5 0,5 0 0 0 1 0 0 0 0 

SDol4 0,5 0,5 0 0 0 1 0 0 0 0 

SBoh1 0 0,33 0,33 0,33 0 1 0 0 0 0 

SBoh2 0 0,33 0,33 0,33 0 0 0 0 0 1 

SBoh3 0 0,33 0,33 0,33 0 1 0 0 0 0 

KBis1 0,25 0,25 0,25 0,25 0 0 0 0 0 1 

KBis2 0,5 0,5 0 0 0 0 0 1 0 0 

KBis3 0,25 0,25 0,25 0,25 0 1 0 0 0 0 

KBis4 0,5 0,5 0 0 0 1 0 0 0 0 

Paka1 0,33 0,33 0,33 0 0 0 0 0 0 1 

Paka2 0,25 0,25 0,25 0,25 0 0 0 0 0 1 

Krka1 0,33 0,33 0,33 0 0 1 0 0 0 0 

Sora1 0,25 0,25 0,25 0,25 0 1 0 0 0 0 

SSora1 0,5 0,5 0 0 0 0 0 0 0 1 

SSora2 0,33 0,33 0,33 0 0 0 0 0 0 1 

PSora1 0,25 0,25 0,25 0,25 0 0 0 0 0 1 

PSora2 0,33 0,33 0,33 0 0 0,5 0 0 0 0,5 

PSora3 1 0 0 0 0 0,5 0 0 0 0,5 

Savi1 0,33 0,33 0,33 0 0 0 0 0 0 1 

Savi2 0,25 0,25 0,25 0,25 0 0 0 0 0 1 

Savi3 0,25 0,25 0,25 0,25 1 0 0 0 0 0 

Savi4 0,25 0,25 0,25 0,25 0,5 0 0,5 0 0 0 

Savi5 0,33 0,33 0,33 0 0 0 1 0 0 0 
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Savi6 0,25 0,25 0,25 0,25 0 0 0 0 0 1 

Savi7 0,25 0,25 0,25 0,25 0 1 0 0 0 0 

Savi8 0,25 0,25 0,25 0,25 0,5 0 0,5 0 0 0 

Savi9 0,25 0,25 0,25 0,25 0 0,5 0 0,5 0 0 

Bela1 0,33 0,33 0,33 0 0 0 0 0 0 1 

Iska1 0,33 0,33 0,33 0 0 0 0 0 0 1 

Iska2 0,25 0,25 0,25 0,25 0 0,5 0 0 0 0,5 

Kolpa1 0,25 0,25 0,25 0,25 1 0 0 0 0 0 

Kolpa2 0,33 0,33 0,33 0 1 0 0 0 0 0 

Kolpa3 0,33 0,33 0,33 0 0 0 0 0 0 1 

Kolpa4 0,5 0,5 0 0 0 0 0 0 0 1 

Kolpa5 0,5 0,5 0 0 0 0 0 0 0 1 

Mura1 0,5 0,5 0 0 0 1 0 0 0 0 

Mura2 0,33 0,33 0,33 0 0 0 1 0 0 0 

Mura3 0,33 0,33 0,33 0 0 0,5 0,5 0 0 0 

Mura4 0,33 0,33 0,33 0 0 1 0 0 0 0 

Mura5 0,33 0,33 0,33 0 0 1 0 0 0 0 

Drava1 0,25 0,25 0,25 0,25 0 0 0 1 0 0 

Drava2 0,25 0,25 0,25 0,25 0 0 1 0 0 0 

Drava3 0,33 0,33 0,33 0 0 1 0 0 0 0 

Dravi1 0,5 0,5 0 0 0 0 0 1 0 0 

Dravi2 0,25 0,25 0,25 0,25 0 0 1 0 0 0 

Misl1 0,25 0,25 0,25 0,25 1 0 0 0 0 0 

Oplo1 0,25 0,25 0,25 0,25 0 0 0 0 1 0 

Soca1 0,25 0,25 0,25 0,25 0 0,5 0 0 0 0,5 

Soca2 0,25 0,25 0,25 0,25 0 0,5 0 0 0 0,5 

Soca3 0,25 0,25 0,25 0,25 0 0,5 0 0 0 0,5 

Soca4 0,25 0,25 0,25 0,25 0,5 0 0 0 0 0,5 

Soca5 0,33 0,33 0,33 0 0,33 0,33 0 0 0 0,33 

Soca6 0,33 0,33 0,33 0 0 0,5 0 0 0 0,5 

Soca7 0,33 0,33 0,33 0 0,5 0,5 0 0 0 0 

Soca8 0,33 0,33 0,33 0 1 0 0 0 0 0 

Soca9 0,5 0,5 0 0 0,33 0,33 0 0 0 0,33 

Idri1 0,5 0,5 0 0 0 0 0 0 0 1 

Idri2 0,33 0,33 0,33 0 0 0 0 0 0 1 

Idri3 0,25 0,25 0,25 0,25 0 0 0 0 0 1 

Idri4 0,25 0,25 0,25 0,25 0 0 0 0 0 1 

Idri5 0,25 0,25 0,25 0,25 0 0 0 0 0 1 

Idri6 0,33 0,33 0,33 0 0 0 0 0 0 1 

Idri7 0,25 0,25 0,25 0,25 0 0 0 0 0 1 

Idri8 0,25 0,25 0,25 0,25 0,5 0 0 0 0 0,5 

Belca1 0,5 0,5 0 0 0 0 0 0 0 1 

Vipa1 0,33 0,33 0,33 0 0,5 0 0 0 0 0,5 

Vipa2 0,25 0,25 0,25 0,25 1 0 0 0 0 0 

Vipa3 0,33 0,33 0,33 0 1 0 0 0 0 0 

Vipa4 0,5 0,5 0 0 1 0 0 0 0 0 
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Vipa5 0,5 0,5 0 0 0 0 0 0 0 1 

Nadi1 0,33 0,33 0,33 0 1 0 0 0 0 0 

Nadi2 0,25 0,25 0,25 0,25 0 0 0 0 0 1 

Reka1 0,25 0,25 0,25 0,25 1 0 0 0 0 0 

Reka2 0,25 0,25 0,25 0,25 1 0 0 0 0 0 

Reka3 0,25 0,25 0,25 0,25 1 0 0 0 0 0 

Reka4 0,25 0,25 0,25 0,25 0 0 0 0 0 1 

Riza1 0,25 0,25 0,25 0,25 1 0 0 0 0 0 

Drago1 0,33 0,33 0,33 0 1 0 0 0 0 0 
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Appendix C 
 
Calculated reference values for all river types. RV: reference values for each river type (median 
of all samples in a river type); Good: values for good status; Bad: values for bad status. 
 
 

River type 
Type 

number 
NO3

’
 (mgl

-1
) BOD (mgl

-1
) 

 
 RV Good Bad RV Good Bad 

SI-Al 1 2.4 2.7 6.5 1.2 1.9 5.4 

KB_AL-D 2 2.1 3.4 8.2 1.0 1.6 4.4 

PA_Hrib_D 6 3.3 3.6 8.6 1.2 1.9 5.4 

VR1-AL-SA 9 5.8 4.0 8.2 1.2 1.9 4.4 

VR3-DN-SA 11 4.2 5.5 7.4 1.4 2.4 5.4 

KB_AL-D_u 3 1.9 6.7 8.0 1.9 4.4 5.4 

PN_ZalVpliv 8 6.3 15.1 17.9 1.9 4.4 5.4 

VR5-Ko 12 3.2 3.6 6.8 1.2 1.9 5.4 

VR9-Mu-RavDr 13 3.3 9.2 12.5 1.4 2.4 5.4 

KB_AL-J 4 2.4 4.4 10.6 1.2 1.9 5.4 

VR2-So 10 3.6 5.5 10.5 1.2 1.9 5.4 

PA_Hrib_J 5 3.9 4.9 9.3 1.2 1.9 5.4 

SM-Hrib-brez 7 2.6 6.9 13.1 1.2 1.9 5.4 
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Appendix D 
 
Results of chemical analyses and data on physical habitat from all sampled locations. TN: total 
nitrogen (mg l

-1
); TP: total phosphorous (mg l

-1
); Alka: alkalinity (mMol l

-1
); T: temperature (°C); 

Sat: oxygen saturation (%); sediment: amount of sediment in a 10 l sample (ml); Hcond: 
hydraulic conductivity (sec); COD: chemical oxygen demand (mg l

-1
); TOC: total organic carbon 

(mg l
-1

); BOD: biological oxygen demand (mg l
-1

). 
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Sava1 2,11 7,712 0,08 1,85 0,83 1,37 21 2,69 15,9 3,7 38,7 423 12,2 152 5 1 1,3 

Sava2 2,05 6,943 0,00 1,82 0,43 1,08 18 2,25 15,1 8,6 88,7 286 4,3 126 5 1 1,5 

Sava3 1,73 14,129 0,06 2,93 0,67 1,05 9 3,87 15,8 1,8 18,7 451 15,7 171 5 1 1,3 

Sava4 6,22 9,716 0,00 2,90 0,66 2,44 10 2,93 18,4 7,2 78,7 386 12,8 326 5 1 1,3 

Sava5 5,20 11,761 0,11 4,41 1,14 3,02 127 3,12 17,3 3,9 42,7 396 25,7 151 5 1 1,3 

Sava7 5,44 9,053 0,51 5,18 1,12 3,37 110 3,33 19,2 5,3 60,0 415 74 203 6,5 1,7 2,6 

Sava8 3,07 10,638 0,00 3,69 1,22 0,70 21 5,06 18,3 2,5 26,0 473 31,3 391 6,5 1,7 2,1 

Sava9 3,39 14,272 0,02 4,01 1,17 0,69 13 3,73 22,5 5,3 60,7 395 8,3 148 6,5 1,7 2,4 

Sava10 4,80 26,937 0,00 8,54 3,09 2,17 62 4,83 18,1 1,1 12,0 519 36,7 185 7 1,7 2,7 

Sava11 12,39 59,281 0,00 32,47 1,25 4,05 24 5,81 19,8 2 23,3 588 22,3 359 7,3 1,8 3 

Sava12 5,83 15,332 0,06 5,60 1,20 2,54 27 3,88 21,8 2,9 33,3 412 21,7 186 7,3 2,1 3 

Sava13 4,34 18,075 0,00 6,56 1,40 1,21 29 3,73 23,1 1,7 19,0 513 43,3 110 7,5 2,2 3,6 

SDol1 2,08 5,736 0,00 1,61 0,34 1,23 1 2,82 12,1 9,4 96,3 277 1,5 566 5 0,6 1,3 

SDol2 2,12 6,223 0,03 1,63 0,66 1,66 8 2,74 13,1 9,7 98,0 281 7,7 158 5 0,6 1,3 

SDol3 2,37 9,769 0,00 1,96 0,27 1,63 1 2,67 10,3 6,8 70,7 192 4,5 446 5 0,8 1,3 

SDol4 3,30 10,012 0,00 2,30 0,47 1,15 9 2,89 14,4 5,5 55,0 358 15,7 160 5 1,1 1,3 

SBoh1 2,06 1,777 0,06 0,56 0,42 1,09 1 1,80 16,9 7,1 78,3 223 13,7 201 5 0,9 1,3 

SBoh2 2,30 1,91 0,02 0,74 0,40 1,12 1 2,24 16,8 7 77,7 254 8,7 353 5 0,9 1,3 

SBoh3 3,31 2,35 0,00 0,95 0,37 1,30 8 2,29 17,6 9,7 107,0 246 15 170 5 1 1,3 

KBis1 2,14 1,871 0,00 0,33 0,24 0,70 1 1,74 6,1 15,1 135,3 169 39 373 5 0,5 1,3 

KBis2 2,96 4,018 0,00 0,86 0,23 1,10 1 2,44 9 14,6 131,0 241 17,7 99 5 0,5 1,3 

KBis3 3,24 5,706 0,00 1,66 0,49 1,04 1 1,39 11,5 12 115,0 303 58,3 195 7 1,5 1,5 

KBis4 21,99 12,454 0,16 13,16 3,28 5,47 517 5,07 13,2 1,6 15,3 563 133 142 6 1,4 6 

Paka1 2,72 10,358 0,00 3,56 1,28 1,19 8 4,08 9,2 10,9 99,0 379 13,7 150 10 1,4 1,7 

Paka2 4,99 73,774 0,00 20,92 7,14 1,82 117 3,25 12,2 2,2 21,3 545 27,7 424 7,1 2,5 7 

Krka1 4,12 1,799 0,42 3,88 1,04 0,84 37 4,65 15,2 1,5 15,3 406 29,7 274 5,8 1,9 1,3 

Sora1 6,37 11,188 0,00 4,58 1,01 1,59 13 3,35 12,6 8,5 83,7 420 85,5 157 5 0,8 2,3 

SSora1 2,73 7,41 0,00 2,95 0,61 0,88 1 2,69 9,5 14,1 134,0 276 9 155 5 0,7 1,3 

SSora2 5,91 10,322 0,00 5,63 0,94 0,99 1 3,23 12,6 9,8 95,3 338 48 170 5 0,7 1,3 

PSora1 2,97 22,43 0,00 2,20 0,81 0,96 1 4,12 10,3 8,7 83,3 443 66,3 84 5 0,9 1,3 

PSora2 3,92 12,036 0,00 2,63 0,98 1,04 1 3,36 12,5 4,9 48,7 380 38,7 125 5 0,9 1,3 

PSora3 3,13 10,442 0,00 2,65 0,76 0,95 1 3,36 12,5 5,3 51,0 348 33,7 114 5 0,9 1,3 

Savi1 1,81 9,647 1,10 1,00 0,10 1,00 1 2,56 8,4 11,3 104,7 256 14,7 132 5 0,9 1,3 

Savi2 2,09 9,663 0,00 1,21 0,39 0,98 1 3,19 8,8 11,1 103,3 303 13,3 231 5 0,9 1,3 

Savi3 1,86 11,034 0,01 1,52 0,48 0,64 1 3,47 9,6 10,8 101,3 326 11,3 283 5 1 1,3 
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Savi4 1,85 9,448 0,00 2,16 0,57 1,14 1 3,11 12 7,4 72,3 288 29,3 186 5 1,1 1,3 

Savi5 1,44 11,379 0,00 2,93 0,60 0,68 1 3,84 14 1,9 19,3 369 12,3 139 5 1,1 1,8 

Savi6 4,13 9,691 0,00 2,40 0,57 1,47 1 3,36 12,6 7 68,3 318 14 167 5 1,3 1,9 

Savi7 51,42 23,169 0,00 4,45 1,65 10,46 9 6,18 14 5,6 55,3 700 16,7 117 5 1,3 6 

Savi8 4,72 27 6,13 2,00 1,92 1,37 9 3,93 13,2 1,6 15,3 480 34 233 7 1,6 4 

Savi9 7,58 57,418 0,00 20,71 3,44 2,19 17 4,26 13,5 1,8 17,3 532 69,7 231 11 1,9 5 

Bela1 2,42 4,346 0,00 0,33 0,10 1,04 1 2,62 8,2 11,3 103,3 235 55 656 5 0,9 1,3 

Iska1 3,86 6,871 0,00 1,15 0,50 1,26 13 4,78 9,6 11,2 101,0 403 25 720 5 0,5 0,9 

Iska2 2,79 6,956 0,00 0,88 0,58 1,29 7 4,42 12,4 11,5 108,5 388 17 640 5 0,5 1,3 

Kolpa1 3,27 42,014 0,00 3,77 0,34 0,99 1 2,80 12,9 7,9 75,7 440 26 186 5 1,2 1,3 

Kolpa2 3,23 9,073 0,00 1,83 0,26 1,22 1 2,98 13,2 6,3 61,3 350 14,3 98 5 1,2 1,3 

Kolpa3 1,58 7,854 0,00 2,29 0,73 0,80 8 3,41 13,6 4,8 46,3 393 4,7 188 5 1,2 1,3 

Kolpa4 3,09 5,911 0,00 2,33 0,34 0,96 85 3,40 13,8 2,2 21,0 325 10 337 5 1,4 2 

Kolpa5 3,64 8,023 0,00 2,24 0,62 0,39 13 3,65 14,2 3 31,3 357 62,3 183 5 1,4 3 

Mura1 1,27 20,183 0,00 8,07 1,54 1,72 10 2,71 16,7 2,6 28,0 310 72,7 178 23 2,1 2,5 

Mura2 3,05 23,534 0,00 7,60 2,66 0,64 30 2,89 18,3 2,1 22,3 365 16,7 673 17 2,1 3,4 

Mura3 2,10 25,6 0,00 8,57 2,14 0,82 16 2,25 18,4 1,5 16,3 314 15,7 526 20 2,3 3,5 

Mura4 3,38 27,538 0,00 9,46 2,13 1,46 53 2,32 19,3 1,1 12,0 337 22,3 497 21 2,7 3,6 

Mura5 3,47 26,51 0,00 9,20 2,65 1,44 54 2,39 18,1 0,8 8,0 337 57,7 415 17 2 4,1 

Drava1 2,00 21,05 0,00 4,39 1,25 0,98 8 1,79 17,8 4,6 49,0 286 54,7 84 5 1,1 3,3 

Drava2 20,61 29,78 0,00 8,04 1,82 0,98 12 4,73 18,6 3 32,3 605 80,7 142 5 1,1 3,3 

Drava3 3,27 41,317 0,07 4,02 1,70 4,49 8 2,78 19,5 7,5 83,0 410 70,7 362 5 1,1 3,6 

Dravi1 1,35 12,068 0,00 7,15 1,78 1,14 131 2,34 11 1,8 17,0 282 11,7 198 11 2,9 1,7 

Dravi2 5,33 11,645 0,00 7,38 2,68 2,91 59 2,81 11,2 4 37,3 317 31,7 83 11 2,9 1,7 

Misl1 2,32 12,351 0,00 2,31 0,74 0,80 8 0,92 7,5 10,7 98,3 119 33,3 264 6 1,4 0,7 

Oplo1 0,84 7,417 0,00 2,25 0,63 0,76 35 0,77 8,4 9,4 86,7 86 13 284 0,0 0,0 0,7 

Soca1 1,85 1,935 0,00 0,46 0,11 0,45 7 2,14 10,3 11,2 107,0 202 9 85 5 0,7 0,5 

Soca2 1,91 1,929 0,00 0,50 0,15 0,51 7 2,45 10 11,1 103,7 226 10,7 112 5 0,6 0,8 

Soca3 1,95 3,031 0,00 0,79 0,23 0,50 7 2,26 13,7 11,4 114,0 219 3,7 115 5 0,6 0,8 

Soca4 3,57 3,524 0,06 0,98 0,30 1,04 7 3,07 18,3 7,1 78,0 297 21 131 5 0,7 2 

Soca5 2,39 3,232 0,09 1,69 0,61 0,65 7 2,65 12,8 7,9 74,0 279 14,3 348 5 0,8 2,1 

Soca6 2,36 3,288 0,02 1,04 0,35 0,53 7 3,47 15 4,7 67,7 335 14,7 150 5 0,9 2,1 

Soca7 2,71 7,528 0,00 1,11 0,34 0,71 9 2,72 13 10,6 101,0 267 6 91 5 1 3,2 

Soca8 1,65 8,754 0,08 1,45 0,37 0,53 10 2,85 13,3 6,8 65,7 307 23,7 136 5 1,2 3,5 

Soca9 3,90 8,715 0,00 1,75 0,75 1,02 10 2,99 13,8 9,9 97,3 279 37,7 101 5 1,2 3,5 

Idri1 3,32 4,841 0,00 1,34 0,62 1,14 1 3,42 10,3 7,8 72,0 319 17 98 5 1,2 0,5 

Idri2 4,63 4,253 0,00 1,66 0,11 1,54 1 4,06 11,2 4,7 43,3 387 38 273 5 1,3 0,5 

Idri3 5,90 34,405 0,00 1,93 0,40 2,00 10 3,83 13,9 1,9 19,3 496 49,8 223 5 1,4 1,2 

Idri4 1,36 15,304 0,00 1,20 0,48 0,49 18 4,48 10,5 6,6 61,0 413 13,7 152 5 1,4 1,4 

Idri5 5,08 26,143 0,00 1,77 0,49 1,17 37 3,59 11,5 3,6 33,7 412 51,3 106 5 1,5 2,6 

Idri6 3,64 24,568 0,00 1,97 0,44 1,22 27 3,64 12 6,4 59,7 393 11 122 5 1,6 2,7 

Idri7 3,15 26,814 0,00 2,15 0,53 1,02 28 3,56 11,9 7,8 73,0 371 12,7 107 5 1,7 2,3 

Idri8 3,59 25,951 0,00 1,99 0,54 1,12 26 3,81 13,5 5,3 51,0 373 42,3 154 5 1,7 2,4 

Belca1 4,10 3,038 0,00 0,74 0,44 1,12 1 3,17 10,2 7,9 74,0 321 31,7 89 5 1,2 0,5 

Vipa1 6,38 5,24 0,00 1,89 0,44 2,21 1 3,39 11,7 7,6 50,7 343 11,3 228 5 1,2 1,1 

Vipa2 5,92 7,347 0,00 4,18 0,68 1,61 1 3,48 12,7 7,8 118,0 348 28 194 5 1,2 1,2 
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Vipa3 5,56 7,239 0,00 4,20 0,86 2,20 1 3,45 12,5 11,6 109,7 349 39,7 109 5 1,3 1,1 

Vipa4 4,61 8,702 0,00 4,04 0,71 1,83 7 3,45 14,3 1,5 15,0 458 14,3 86 6 1,4 2 

Vipa5 7,18 8,55 0,00 4,80 1,19 2,16 51 2,19 15 9,4 94,0 360 39,7 99 6 1,5 3 

Nadi1 3,48 5,58 0,00 2,41 0,49 1,06 16 3,06 13,9 9,8 96,3 278 7,2 117 5 0,5 0,5 

Nadi2 2,92 5,233 0,00 2,33 0,44 0,98 32 3,31 14 10 98,3 296 10,3 80 5 1 0,5 

Reka1 1,12 11,631 0,00 6,30 0,55 0,73 1 2,76 9,2 5 45,7 278 98 539 5 2,4 0,5 

Reka2 0,53 10,192 0,00 4,88 0,73 0,69 1 2,61 9,8 9,5 87,7 291 93 108 5 2,4 0,5 

Reka3 2,91 7,769 0,00 6,18 1,52 0,91 9 2,85 10,7 5,8 55,3 293 83,7 116 10 3,2 4,7 

Reka4  3,13 7,045 0,00 4,53 1,51 0,35 8 3,38 11,3 1,3 12,3 321 57,3 396 10 3,2 10 

Riza1 4,89 10,827 0,00 4,67 0,92 1,59 9 4,15 13,7 6,8 66,7 427 64,3 855 5 1,3 2,2 

Drago1 3,60 53,569 0,00 12,84 1,94 0,64 1 4,93 15,4 2,8 28,0 515 11,7 68 5 1 2,1 
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Appendix E 
 
Diversity indices for sampled locations. Nr.: consecutive number of sampling site; Type: river 
type according to Slovene national typology; Code: river type code; WFD: surface water quality 
according to WFD guidelines; Masl: meters above sea level; Ind.: number of individuals 10 l

-1
; 

Taxa_S: number of taxa; α: Fisher’s alpha diversity; H’: Shannon-Wiener diversity; e
H’

: modified 
Shannon-Wiener diversity; (1-D): Simpson’s index (D); E1/D: Simpson’s measure of evenness; 
DMg: Margalef’s diversity index; d: Berger-Parker index  
 

Nr. Location River Type Code WFD masl Ind. Taxa_S α H' eH’ 
(1-
D) 

E1/D DMg d 

1 Sava1 Sava PA_Hrib_D 6 3 406 5 3 1,94 1,20 3,31 0,58 0,30 1,47 0,61 

2 Sava2 Sava PA_Hrib_D 6 3 383 1060 3 0,54 0,83 2,30 0,41 0,34 0,46 0,75 

3 Sava3 Sava VR1-AL-SA 9 1 366 249 5 1,15 1,18 3,24 0,53 0,23 1,00 0,67 

4 Sava4 Sava VR1-AL-SA 9 1 303 56 5 1,89 1,34 3,83 0,65 0,29 1,52 0,46 

5 Sava5 Sava VR1-AL-SA 9 1 291 67 5 1,47 1,52 4,55 0,74 0,65 1,12 0,37 

6 Sava7 Sava VR3-DN-SA 11 2 263 1372 12 1,96 1,86 6,41 0,77 0,34 1,64 0,41 

7 Sava8 Sava VR3-DN-SA 11 2 251 16 1 0,50 0,66 1,93 0,47 0,94 0,30 0,63 

8 Sava9 Sava VR3-DN-SA 11 1 237 10 3 1,65 1,32 3,74 0,71 0,87 1,06 0,41 

9 Sava10 Sava VR3-DN-SA 11 1 210 56 7 2,11 1,88 6,53 0,84 0,90 1,49 0,18 

10 Sava11 Sava VR1-AL-SA 9 4 197 9 3 1,22 1,01 2,75 0,60 0,84 0,78 0,54 

11 Sava12 Sava VR1-AL-SA 9 2 150 618 7 0,90 0,73 2,07 0,34 0,22 0,78 0,80 

12 Sava13 Sava VR1-AL-SA 9 3 146 86 4 1,27 1,56 4,77 0,77 0,73 1,01 0,28 

13 SDol1 Sava 
Dolinka 

KB_AL-D 2 2 727 0 0 0 0 1,00 0 0,00 0 0 

14 SDol2 Sava 
Dolinka 

KB_AL-D 2 3 660 9 2 0,58 0,38 1,46 0,18 0,41 0,43 0,90 

15 SDol3 Sava 
Dolinka 

KB_AL-D 2 2 583 19 3 0,98 1,00 2,71 0,61 0,84 0,67 0,50 

16 SDol4 Sava 
Dolinka 

PA_Hrib_D 6 2 418 20 1 1,04 1,40 4,07 0,70 0,56 0,86 0,42 

17 SBoh1 Sava 
Bohinjka 

PA_Hrib_D 6 3 530 82 4 1,29 1,31 3,70 0,67 0,50 1,02 0,47 

18 SBoh2 Sava 
Bohinjka 

PA_Hrib_D 6 3 481 342 3 1,01 1,43 4,18 0,73 0,52 0,86 0,35 

19 SBoh3 Sava 
Bohinjka 

PA_Hrib_D 6 2 417 962 4 0,66 1,24 3,47 0,69 0,64 0,56 0,40 

20 KBis1 Kamniška 
Bistrica 

KB_AL-D 2 2 586 41 1 0,83 1,29 3,63 0,70 0,84 0,65 0,40 

21 KBis2 Kamniška 
Bistrica 

PA_Hrib_D 6 3 403 172 5 1,01 1,16 3,18 0,63 0,39 0,86 0,44 

22 KBis3 Kamniška 
Bistrica 

PA_Hrib_D 6 3 333 189 5 0,95 1,09 2,97 0,55 0,32 0,82 0,62 

23 KBis4 Kamniška 
Bistrica 

PA_Hrib_D 6 3 269 20 1 0,33 0,46 1,59 0,29 0,70 0,20 0,83 

24 Paka1 Paka SI-Al 1 3 452 145 4 0,63 0,35 1,41 0,15 0,24 0,53 0,92 

25 Paka2 Paka PN_ZalVpliv 8 3 342 0 0 0,32 0,00 1,00 0,00 1,00 0,00 1,00 

26 Krka1 Krka VR1-AL-SA 9 1 145 24 2 0,51 0,55 1,74 0,36 0,79 0,31 0,76 

27 Sora1 Sora PA_Hrib_D 6 2 324 65 4 1,07 1,46 4,31 0,74 0,77 0,85 0,39 

28 SSora1 Selška 
Sora 

PA_Hrib_D 6 2 604 39 4 1,41 1,10 3,00 0,51 0,29 1,13 0,69 

29 SSora2 Selška 
Sora 

PA_Hrib_D 6 1 363 235 5 0,82 0,70 2,02 0,33 0,25 0,70 0,81 

30 PSora1 Poljanska 
Sora 

PA_Hrib_D 6 2 493 190 3 0,87 1,51 4,53 0,76 0,83 0,71 0,35 

31 PSora2 Poljanska 
Sora 

PA_Hrib_D 6 3 378 209 6 1,22 1,30 3,67 0,58 0,30 1,04 0,62 

32 PSora3 Poljanska 
Sora 

PA_Hrib_D 6 1 335 211 5 1,11 1,09 2,98 0,51 0,25 0,95 0,68 

33 Savi1 Savinja KB_AL-D_u 3 3 718 390 2 0,59 1,20 3,31 0,65 0,71 0,48 0,52 
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34 Savi2 Savinja KB_AL-D_u 3 2 638 45 2 1,40 1,60 4,96 0,77 0,72 1,09 0,33 

35 Savi3 Savinja KB_AL-D_u 3 1 526 0 0 0,20 0,00 1,00 0,00 1,00 0,00 1,00 

36 Savi4 Savinja KB_AL-D_u 3 2 426 68 2 1,11 1,36 3,91 0,71 0,68 0,87 0,41 

37 Savi5 Savinja KB_AL-D_u 3 3 364 0 0 0,75 0,90 2,47 0,56 0,76 0,54 0,50 

38 Savi6 Savinja KB_AL-D_u 3 1 320 200 4 1,14 1,60 4,93 0,77 0,61 0,95 0,32 

39 Savi7 Savinja PN_ZalVpliv 8 3 276 65 4 1,62 1,52 4,56 0,72 0,45 1,29 0,41 

40 Savi8 Savinja PN_ZalVpliv 8 2 229 112 6 2,07 1,87 6,49 0,80 0,56 1,58 0,36 

41 Savi9 Savinja PN_ZalVpliv 8 3 213 25 2 1,34 1,42 4,15 0,72 0,72 1,00 0,42 

42 Bela1 Bela KB_AL-D_u 3 3 719 42 5 1,83 1,35 3,86 0,59 0,31 1,41 0,61 

43 Iska1 Iška PA_Hrib_D 6 3 356 0 0 0 0 1,00 0 0,00 0 0 

44 Iska2 Iška PA_Hrib_D 6 2 314 51 1 0,33 0,67 1,95 0,48 0,95 0,20 0,61 

45 Kolpa1 Kolpa PA_Hrib_D 6 1 280 73 4 1,05 0,91 2,49 0,44 0,30 0,86 0,73 

46 Kolpa2 Kolpa VR5-Ko 12 3 213 25 4 2,04 1,80 6,03 0,79 0,52 1,57 0,33 

47 Kolpa3 Kolpa VR5-Ko 12 3 186 53 4 1,63 1,54 4,67 0,73 0,53 1,26 0,40 

48 Kolpa4 Kolpa VR5-Ko 12 2 158 0 0 0 0 1,00 0 0,00 0 0 

49 Kolpa5 Kolpa VR5-Ko 12 3 141 8 1 0,93 1,05 2,85 0,55 0,55 0,71 0,64 

50 Mura1 Mura VR9-Mu-
RavDr 

13 4 224 0 0 0 0 1,00 0 0,00 0 0 

51 Mura2 Mura VR9-Mu-
RavDr 

13 1 201 3 1 0,53 0,00 1,00 0,00 1,00 0,00 1,00 

52 Mura3 Mura VR9-Mu-
RavDr 

13 3 191 16 1 0,24 0,00 1,00 0,00 1,00 0,00 1,00 

53 Mura4 Mura VR9-Mu-
RavDr 

13 2 180 52 1 0,17 0,00 1,00 0,00 1,00 0,00 1,00 

54 Mura5 Mura VR9-Mu-
RavDr 

13 1 169 6 1 0,34 0,00 1,00 0,00 1,00 0,00 1,00 

55 Drava1 Drava VR9-Mu-
RavDr 

13 2 254 31 3 0,81 0,87 2,39 0,45 0,45 0,63 0,72 

56 Drava2 Drava VR9-Mu-
RavDr 

13 2 242 46 1 0,60 0,95 2,59 0,58 0,79 0,45 0,53 

57 Drava3 Drava VR9-Mu-
RavDr 

13 1 232 0 0 0 0 1,00 0 0,00 0 0 

58 Dravi1* Dravinja SI-Al 1 4 275 0 0 0,71 1,02 2,77 0,61 0,86 0,52 0,52 

59 Dravi2* Dravinja SI-Al 1 4 250 0 0 0,53 0,68 1,97 0,48 0,97 0,32 0,59 

60 Misl1 Mislinja SI-Al 1 2 780 225 3 0,85 1,17 3,23 0,62 0,53 0,70 0,54 

61 Oplo1 Oplotnica SI-Al 1 1 697 61 6 1,39 0,99 2,68 0,47 0,27 1,12 0,70 

62 Soca1 Soča KB_AL-J 4 1 434 24 3 1,49 1,50 4,46 0,75 0,81 1,08 0,37 

63 Soca2 Soča KB_AL-J 4 1 398 0 0 0 0 1,00 0 0,00 0 0 

64 Soca3 Soča KB_AL-J 4 2 358 9 1 0,54 0,90 2,47 0,56 0,76 0,41 0,49 

65 Soca4 Soča KB_AL-J 4 2 323 4 1 0,62 0,64 1,89 0,44 0,90 0,37 0,67 

66 Soca5 Soča KB_AL-J 4 2 183 12 4 1,88 1,36 3,89 0,67 0,61 1,24 0,52 

67 Soca6 Soča KB_AL-J 4 3 171 11 2 0,74 0,76 2,13 0,42 0,58 0,54 0,74 

68 Soca7 Soča VR2-So 10 1 107 272 9 1,56 1,07 2,92 0,57 0,20 1,35 0,51 

69 Soca8 Soča VR2-So 10 3 90 31 5 1,42 1,23 3,41 0,62 0,38 1,14 0,52 

70 Soca9 Soča VR2-So 10 1 78 7 1 0,82 0,96 2,61 0,57 0,78 0,58 0,58 

71 Idri1 Idrijca PA_Hrib_J 5 4 436 780 9 1,56 1,82 6,18 0,81 0,52 1,32 0,30 

72 Idri2 Idrijca PA_Hrib_J 5 3 328 62 4 1,51 1,80 6,07 0,82 0,78 1,19 0,27 

73 Idri3 Idrijca PA_Hrib_J 5 1 304 105 9 2,56 2,07 7,93 0,83 0,48 1,96 0,34 

74 Idri4 Idrijca PA_Hrib_J 5 2 288 776 10 1,93 2,17 8,75 0,86 0,59 1,60 0,25 

75 Idri5 Idrijca PA_Hrib_J 5 2 255 1460 10 1,62 2,06 7,87 0,84 0,52 1,39 0,29 

76 Idri6 Idrijca PA_Hrib_J 5 2 223 94 7 1,35 0,57 1,76 0,22 0,14 1,15 0,88 
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77 Idri7 Idrijca VR2-So 10 3 179 33 3 0,84 0,95 2,59 0,50 0,40 0,69 0,67 

78 Idri8 Idrijca VR2-So 10 1 158 8 2 0,86 0,69 2,00 0,50 1,00 0,48 0,50 

79 Belca1 Belca PA_Hrib_J 5 3 429 611 5 1,10 1,55 4,73 0,76 0,59 0,93 0,31 

80 Vipa1 Vipava PA_Hrib_D 6 3 97 293 4 1,24 1,18 3,26 0,56 0,32 1,02 0,63 

81 Vipa2 Vipava PA_Hrib_D 6 1 77 493 7 1,68 1,60 4,96 0,70 0,33 1,39 0,51 

82 Vipa3 Vipava PA_Hrib_D 6 3 69 417 3 0,78 1,21 3,37 0,65 0,57 0,65 0,45 

83 Vipa4 Vipava PA_Hrib_D 6 3 50 210 2 0,68 0,68 1,96 0,34 0,38 0,54 0,80 

84 Vipa5 Vipava PA_Hrib_D 6 3 36 125 3 0,97 1,12 3,06 0,55 0,44 0,78 0,64 

85 Nadi1 Nadiţa PA_Hrib_J 5 3 287 110 6 1,89 1,98 7,24 0,83 0,67 1,48 0,31 

86 Nadi2 Nadiţa PA_Hrib_J 5 3 239 38 5 1,41 1,16 3,19 0,58 0,40 1,09 0,60 

87 Reka1 Reka SM-Hrib-
brez 

7 2 516 198 5 1,10 1,19 3,30 0,60 0,41 0,90 0,58 

88 Reka2 Reka SM-Hrib-
brez 

7 2 446 62 4 1,22 1,35 3,85 0,65 0,47 0,98 0,54 

89 Reka3 Reka SM-Hrib-
brez 

7 4 369 12 2 0,90 1,08 2,95 0,59 0,62 0,69 0,56 

90 Reka4 Reka SM-Hrib-
brez 

7 2 331 7 1 0,30 0,00 1,00 0,00 1,00 0,00 1,00 

91 Riza1 Riţana PA_Hrib_D 6 4 24 222 4 0,83 1,17 3,21 0,64 0,56 0,69 0,47 

92 Drago1 Dragonja PA_Hrib_D 6 3 78 3 1 1,05 0,69 2,00 0,50 1,00 0,56 0,50 

 
* Only juveniles were found. 
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Appendix F 
 
Stress diagram of non-metric multidimensional scaling. 
 

 
 
 
Shepard diagram. 
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