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Abstract: The biodiversity and species richness of benthic macroinvertebrate assemblages are under the strong pressure of
environmental variables compounded with geographical and historical processes. Numerous studies that have investigated bio-
diversity and assemblage stability have shown the importance of choosing proper methodologies and paradigms. Consequently,
the use of diversity measures and the partitioning of biodiversity at different spatial and temporal scales are of particular sig-
nificance. Within habitats, only those species whose preferences remain within a tolerable range of the variability of abiotic
factors are able to survive. The structure of biocoenosis at the local scale is determined mainly by current velocity/discharge,
granulometry of the inorganic bottom substrate, quantity and quality of particulate organic matter, as well as water quality vari-
ables. Dispersion plays a key role in shaping regional diversity gradients, which supports the permanent inflow of individuals
and their exchange between riverine basins. However, dispersion is also one of the basic aspects of the saturation/non-saturation
of local communities with species from the regional species pool; a respective concept tries to determine how, why and to what

degree local species richness is dependent on regional species richness.

Nomenclature: Fauna Europaea (2017).

Abbreviations: ENV — Environmental Variables; EPT — Ephemeroptera Trichoptera Plecoptera; LSR — Local Species Richness;
OLS — Ordinary Least Squares; POM — Particulate Organic Matter; RSR — Regional Species Richness.

Introduction

Benthic macroinvertebrates play a key role in the circu-
lation of organic matter and the flow of energy in running
waters thanks to their feeding preferences, life histories and
being prey for consumers at higher trophic levels (Cummins
et al. 1983). Meanwhile a sufficiently high level of macroin-
vertebrate biodiversity is essential to maintain homeostasis in
lotic ecosystems (Graga et al. 2004, Duan et al. 2008, 2009).
One cause of increasing interest in aquatic macroinvertebrate
diversity in recent years has been the intensification of hu-
man pressure on the natural environment, which usually re-
sults in a decrease in biodiversity (Burgmer et al. 2007, Smith
et al. 2009, Rezende et al. 2014, Sokol et al. 2014, Fig. 1).
However, reduced biodiversity may also be related to abi-
otic variables that regulate the abundance and structure of
macroinvertebrate assemblages in aquatic ecosystems. The
values of these variables can fluctuate considerably in time
and space, simply as a result of natural ecological processes
(Vannote et al. 1980, Graga et al. 2004, Elliott and Quintino
2007, Clarke et al. 2010, Szczerkowska-Majchrzak and
Grzybkowska 2015), but some of them may also influence
the environment directionally.

Many different measures are used to assess biodiversity
(including macroinvertebrate diversity), the most popular be-
ing species richness and the Shannon and Simpson indices,

but the partitioning of biodiversity at different spatial scales
(i.e., a for local, B for between-habitat, and y for regional
biodiversity: Whittaker 1972, Loreau 2000, Whittaker et al.
2001, Glowacki 2009, 2013) may also be essential. Using the
above mentioned measures, hydrobiologists have determined
that changes in the structure of macroinvertebrate commu-
nities along the course of a river can be connected to bio-
geographical, temporal and even historical factors operating
at various scales (Vannote et al. 1980, Mykra et al. 2007).
The measures are used to assess various concepts of species
relations, which are mainly dichotomies such as: saturation
versus non-saturation, interaction versus non-interaction,
emigration versus immigration, local scale versus regional
scale, and others.

Nowadays, the assessment of which variables (i.e., spa-
tial environmental and/or temporal environmental) dominate
in the structuring of diversity gradients in zoobenthos is also
a widely investigated aspect (Heino et al. 2003, Mykra et al.
2007, Heino 2013, Rezende et al. 2014; Fig. 2). Many long-
term field or experimental investigations conducted world-
wide indicate that riverine macroinvertebrate diversity in
particular habitats depends mainly on local abiotic variables,
especially inorganic bottom substrate as well as quantity and
quality of particulate organic matter — the main food resource
for macroinvertebrates. In contrast, the most often distin-
guished variables that act as main determinants of the struc-
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Figure 1. Different types of human impact on the natural environment.

ture of macroinvertebrate communities at the macro scale are
discharge or current velocity (Minshall and Robinson 1998,
Graga et al. 2004, Costa and Melo 2008, Fig. 2). Influence
of environmental factors on freshwater macroinvertebrate di-
versity is very well investigated in Europe and North America
and presented in seminal complex reviews (Malmqvist 2002,
Clarke et al. 2008). The assessment of the influence of such
factors from the rest of the world is still underdescribed, as
was indicated by Schmera et al. (2017).

This review focuses on the impact of selected factors
on riverine macroinvertebrate species richness and diver-
sity at different spatial and temporal scales. The term spe-
cies richness’ refers here to the number of species, while
‘species diversity’ is expressed in diversity indices, which
take into consideration both the number of species and their
relative proportions. The review is based on the literature
published mainly in the recent 20 years to show different
and new approaches to the investigating of the relationship
between environmental variables or human impact and
macroinvertebrate diversity in different parts of the world.
A link between well-documented knowledge from Europe
and North America, and results of investigations from Asia,
South America and Africa, is presented, which is a quite
novel approach. The review focuses on: (i) indicating the
most often described aquatic macroinvertebrate diversity
factors, (ii) defining the scale of their influence (local/
regional), (iii) presenting some examples of responses of
macroinvertebrate communities to these factors in terms of
diversity.

Results

Main factors determining macroinvertebrate diversity at the
local scale or in a particular habitat

Inorganic bottom substrate. In general, it has been found that
the most conductive substrate fraction for the development
of zoobenthos is one consisting of gravel and pebbles, which
have a positive influence on the appearance of peryphiton (a
food resource for many groups of macroinvertebrates) and act
as support shelters (i.e., refuges for small forms and stages
of aquatic insects: Grzybkowska and Witczak 1990). This
coarse fraction is usually more stable than fine sediments and
can more effectively protect organisms from adverse changes
in abiotic variables, such as increase in current speed induc-
ing flow from the bottom surface and consequent drifting.
This is why diversity of macroinvertebrates is often highest
in habitats with substrates consisting of coarse sediments
(Rezende et al. 2014).

There is no doubt that the least favourable bottom sub-
strate for the development of macroinvertebrates is fine
alluvial sand. Many recent studies (e.g., Szczerkowska-
Majchrzak et al. 2010, Leitner et al. 2015, Elbrecht et al.
2016) have considered mass deposition of fine sediment as
a threat for the diversity of macroinvertebrate assemblages.
Among the many studied variables, a particle size <2000 pm
showed significant and negative correlations with the number
of species (Wolmarans et al. 2017). However, it sometimes
happens that this fraction is successfully colonised by very
small forms of zoobenthos. For example, whilst the coarser
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fractions of bottom sediments were preferred by about 40
taxa, good indicators for akal and psammal sediments includ-
ed only two Chironomidae taxa (Leitner et al. 2015).

In fact, individual species preferences as an effect of mor-
phological and physiological adaptations have a decisive in-
fluence on the possibility of maintaining in a given inorganic
substrate of particular groups of hydrobionts. But those spe-
cific demands that can cause the high density of some organ-
isms on some kinds of bottom can affect their dominance in
biocoenoses, and not necessarily diversity (Duan et al. 2009).

Not only grain size can affect macroinvertebrate diver-
sity, but also the structure of riverine bottom. In this respect,
macroinvertebrate diversity positively correlated with both
interstitial dimensions and substrate porosity, pointing to the
important role of streambed heterogeneity as the preferred
habitat for a larger number of macroinvertebrate species
(Duan et al. 2008).

Organic matter. POM sedimenting on the bottom represents
the basic food resource for many taxa and can therefore play
a key role in shaping the abundance and diversity gradients
of macroinvertebrate assemblages (Graga et al. 2004). Often,
an increase in POM biomass can involve a corresponding in-
crease in benthic species richness. In this respect, the number
of invertebrate taxa has been found to be positively correlated
with the amount of detritus available in particular habitats,
hence confirming the above trend (Graga et al. 2004, Costa
and Melo 2008).

The results of experiments conducted in last decades of
the 20th century are also worth mentioning. Their aim was
to overcome labour-intensive and time-consuming research
methods for the estimation of zoobenthos abundance, and
this was achieved through the use of artificial substrates. For
example, Williams (1980) used baskets filled with inorganic
substrate (of diverse grain diameter) and POM. This acted
as an artificial substrate to obtain representative samples of
zoobenthos. After a certain time, a higher biomass and abun-
dance of invertebrates was observed in baskets with higher
amounts of organic matter, independently of the heterogene-
ity of the inorganic bottom substrate.

Autochthonous POM, which mainly comes from decom-
position of organic debris within a stream, also plays a key
role in shaping species richness and diversity of invertebrates
beside allochthonous organic matter, and especially its coarse
fraction. Autochthonous POM increases the pool of food re-
sources for shredders and indirectly exerts an influence on the
abundance of food (i.e., fine fraction) for other aquatic organ-
isms. Allochthonous coarse POM consists mainly of leaves
and branches, which flow seasonally into the river from the
ecotone area and gather in shallow, riparian zones or in places
where natural flow barriers are located. As a result, a negative
correlation between species richness and depth is often noted
(e.g., Graga et al. 2004).

Temperature changes. Water temperature is regarded as an
essential environmental variable determining the structure
of benthic fauna assemblages. Global warming can have a
negative impact on the species diversity of many taxa includ-
ing gastropods, mayflies, beetles, caddisflies and dipterans,
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even though future likely scenarios are quite hard to predict
(Burgmer et al. 2007). Global warming effects, but also other
factors related to an increase in the water temperature of lotic
ecosystems, can be lessened by canopy cover. This occurs in
rivers flowing through dense forests adjoined by abundant
vegetation of the ecotone zone. Moreover, canopy cover is
profitable also in many other ways, as it stabilises banks, reg-
ulates nutrient content, and supports a rich habitat for many
taxa (Price et al. 2003).

In the Eriora River in Nigeria, at two study sites with
dense riparian vegetation (canopy cover of 70%) located in
the nearest area to the source, the highest values in the di-
versity indices and species richness of benthic fauna were
recorded (Arimoro et al. 2012). Also, in the same study, a
decrease in canopy cover to 60% caused a considerable de-
crease in the diversity of macroinvertebrates as compared
with that observed at the 70% canopy sites. Similar results
were collected in the Pandeiros River (southeastern Brazil),
where the lowest species richness and invertebrate diversity
occurred at the study sites in which the river flows through
deforested arecas (Rezende et al. 2014).

Chemical variables of riverine waters. Changes in the chemi-
cal composition of riverine waters may be induced by de-
forestation within the river catchment as well as by other
human activities. The consequences of changes in environ-
mental variables, such as dissolved oxygen, pH, conductivity,
concentration of nitrates and phosphates for the structure of
benthic macroinvertebrate communities have been described
(Azrina et al. 2006, Flores and Zafaralla 2012). An investiga-
tion conducted on the Mananga River (Philippines), showing
that in the upper course, which was subject to weaker hu-
man pressure, species richness and diversity of benthic fauna
were higher in comparison to sections located far away from
the source and characterised by high anthropogenic stress
(Flores and Zafaralla 2012). Along the Mananga River, at the
study sites located in its lower course, human pressure main-
ly caused deterioration of water quality, and in particular: an
increase in water temperature, in total suspended solids and
biological oxygen demand, and a decrease in dissolved oxy-
gen (Flores and Zafaralla 2012).

Differentiation in benthic structure following water qual-
ity changes caused by human pressure was also observed in
the Langat River in Malaysia (Azrina et al. 2006). In the natu-
ral stream sections, 54 taxa of benthic fauna and higher values
of diversity indices were recorded compared with sites modi-
fied by human activity, where only four taxa occurred. In the
natural assemblages, mayflies and chironomids dominated,
although caddisflies, stoneflies, dragonflies, beetles as well as
other dipterans and gastropods were also present. Conversely,
in the modified biocoenoses the dominant organisms were
Oligochaeta and Hirudinea. Similar investigations have also
been conducted in Poland, where in sections of water courses
modified by human pressure Oligochaeta and Chironomidae
were mainly noted (Glowacki et al. 2011, Grzybkowska and
Glowacki 2011).



Diversity of riverine macroinvertebrate assemblages

Influence of current velocity and flow regime at different
spatial scales

Current velocity affects the inorganic structure of the
bottom, the transport of organic particles, and the mobility
of drifting organisms, and thereby determines species rich-
ness and biodiversity of macroinvertebrates at the habitat
level (Matthaei et al. 1997). In general, the diverse structure
of a biocoenosis and a greater number of macroinvertebrate
species are most often connected with high values of current
velocity (Grzybkowska and Witczak 1990, Fenoglio et al.
2004, Szczerkowska-Majchrzak and Grzybkowska 2015). In
a study conducted in the Marico River in Africa (Wolmarans
et al. 2017), the highest taxon richness was observed in habi-
tats characterised by riffles. Only one exception to this trend
was noted, namely the lowest macroinvertebrate biodiversity
recorded at a site under strong pressure from dam activity,
which resulted in irregular releases of water.

A similar influence of current velocity on European mac-
roinvertebrate diversity was confirmed by a mesocosm ex-
periment (Elbrecht et al. 2016), which showed that although
reduced current speed did not result in changes in total taxon
richness, it still decreased the number of the most sensi-
tive organisms within EPT macroinvertebrates. Also, in the
Tibetan-Plateau River, the number of species, diversity and
share of EPT in the macroinvertebrate community was found
to decrease downstream with decreasing current speed and
conductivity (Jiang et al. 2013).

Yet, between particular taxa that are commonly known
to be rheophilic (cf. EPT group), distinct preferences for cur-
rent velocity at the local scale may be observed. These com-
prise changes in abundance and diversity with increased or
decreased current speed. For example, from a comparison of
two herbivorous insect larvae, namely the caddisfly Agapetus
boulderensis and the stonefly Epeorus sp. (Plecoptera), it fol-
lows that the former favoured lower values of current speed
(< 30 cm s7!) whereas the latter preferred fast currents (60—
80 cm s71) (Wellnitz et al. 2001). This correlation between
taxa and different values of current velocity was tentatively
explained in terms of different taxon mobility. Similarly,
in a study on flow velocity tolerance of Limnephilidae
(Trichoptera) larvae in a lowland stream, certain species were
found to be characterised by different preferences for current
speed (de Brouwer et al. 2017). However, for all the above
studies values of current velocities of 0.6 m s-!, which are
often reached during peak discharges in lowland streams, are
critical to maintain suitable habitat for caddisfly species be-
cause of their inability to return to the stream bottom as a
result of drift.

A decrease in the share of EPT in macroinvertebrate as-
semblages coupled with an increase in the number of spe-
cies and abundance of other taxa that are more tolerant to
current velocity changes have been recorded (Elbrecht et
al. 2016, Jiang et al. 2013). The taxa involved were mostly
Chironomidae and Oligochaeta, which are known to be re-
sistant to environmental changes. However, individual spe-
cies’ preferences for current velocity are also found within
the Chironomidae family. In this respect, few species of
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non-biting midges can be indicators of different values
of current velocity, with Polypedilum scalaenum prefer-
ring low current velocities and Conchapelopia pallidula,
Orthocladius rubicundus and Eukiefierella hospital being
related to moderate ones (Chaib et al. 2013).

Not only current velocity may be essential for macroin-
vertebrate communities but also flow regime, which nowa-
days is often disrupted by different human activities. Stream
channelisation, which is strictly connected to increase in the
speed of runoff and loss of natural riparian zones, is regarded
as the most dangerous of human impacts (Verdonschot et al.
2015). Thus, water abstraction results in an overall decrease
in the amount of water supplied to rivers in dry summer peri-
ods, and this can cause low flows and streambed drying in riv-
ers worldwide, especially in view of global warming. Based
on a field experiment in which the flow regime of the river
was modified from perennial into intermittent with the cre-
ation of three new habitats, namely a stagnant reach, pool and
dry streambed it was determined that in the first habitat the
richness and abundance of macroinvertebrates experienced a
temporal drop (Verdonschot et al. 2015). In the pool, rich-
ness decreased but densities increased markedly, whereas in
the dry streambed, both richness and invertebrate densities
decreased, and only three taxa that were able to survive the
entire experimental period in all environments, Pisidium sp.,
Sialis sp. and Ceratopogonidae, were distinguished. Although
most taxa (n = 31) survived in both the control and the stag-
nant reaches, they were lost from the bottom of the pools or
the dry streambed; these included all Ephemeroptera and
Plecoptera, and most Trichoptera, as well as many Diptera
and Hydracarina. It was also observed that 18 taxa that were
not observed in the control samples appeared in the experi-
mental reaches. The majority of these newcomers were not
abundant, with the exclusion of mass colonization of pools by
Culex pipiens, C. torrentium and Chironomus sp.

The potential link between macroinvertebrate diversity
and hydrological regime instability was confirmed also for
quite specific perennial streams in rivers of the Middle East
(Oman) and Africa. High water and air temperatures and
specific flow regimes caused two main taxa that are toler-
ant to abiotic variables changes, namely Chironomidae and
Pulmonata, to survive (Boulaaba et al. 2014). Moreover, the
influence of flow regime on macroinvertebrate communities
is not only related to the extent of dry periods but also to epi-
sodes of heavy rainfalls, which cause local floods. Besides,
a negative relationship has been found between EPT abun-
dance and amount of heavy rainfall, suggesting lower EPT
abundance during periods of heavy rains and higher densities
in dry seasons (Boulaaba et al. 2014).

Saturation versus non-saturation (species pool analysis,
local and regional species richness)

This important concept attempts to assess the meaning
of regional factors (mainly species pools) and processes for
species diversity at the local scale (i.e., its saturation with
species), the diversity being understood as species richness.
Such assessment is of great value in streams, because they are
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among the most threatened ecosystems on Earth (Vinson and
Hawkins 1998). Initially, saturation or non-saturation was be-
lieved to depend mostly on the interaction or non-interaction
of species within local communities, which was tested by
regressing local species richness (LSR) on regional species
richness (RSR). This paradigm was formulated in the 1970s
and 1980s (Cornell and Lawton 1992, Srivastava 1999), and
appeared as a variant of species diversity analysis (Ricklefs
1987), which was mostly species pool analysis, although the
term was coined later. According to it, one extreme of the
LSR-RSR relationship is a completely unsaturated case, ex-
pressed by a linear, sloppy (and thus significant) regression
line, and the other a completely saturated case, expressed by a
horizontal line of no dependence. Real local communities are
expressed by a curvilinear relation, located between the two
above extremes, higher degree of saturation being dependent
on higher degree of species interaction within the community.

Although a saturated (i.e., interaction-related) LSR com-
munity might be connected to numerous models of niche het-
erogeneity (classical niche, resource ratio, temporal niche) or
spatio-temporal heterogeneity (lottery, random walk, aggre-
gation, disturbance, specialist predator) (Cornell and Lawton
1992) no model was considered usual, indispensable or criti-
cal. Gradually, the LSR-RSR assessed saturation/non-satura-
tion concept became more and more deeply related to several
other general concepts, such as competitive exclusion, im-
migration rate versus emigration rate, historical/evolutionary
versus ecological time scales, scale-dependence of both local
and regional sampling areas, (lack of) speciation, disturbance
versus stability, impact of environmental factors, and others.
Dozens of studies exploring these concepts to higher or lower
extent in the case of numerous species groups appeared in the
last decade of the 20t century.

Yet, problems soon began to pile up as regards both the
technical and conceptual issues of the LSR-RSR paradigm.
Srivastava (1999) discovered that half of 30 such studies
were pseudoreplicated, and thus provide unreliable conclu-
sions, which may additionally be biased in frequently unpre-
dictable way by differences in sample size and sampled area,
both regional and local. Hillebrand (2005), using theoretical
modelling, discovered that lack of relation or curvilinear pat-
terns of the RSR-LRS relationship are unlikely under all but
extreme conditions, hence he claimed the regression method
was biased. Finally, He et al. (2005), using the island bio-
geographic model, mathematically formalized the LRS-RSR
regression concept, incorporating probability of immigration
and emigration (but also the impact of scale), and concluded
that the full spectrum of linear and curvilinear relationships
may be generated without invoking species interactions at all,
the former relationship appearing when colonization rates are
higher than extinction ones, while the latter when extinction
rates are higher than colonization ones. He et al. (2005) also
discovered that changing the sampling scale can make local-
regional relationship appear either saturated or unsaturated.
It became then obvious that the LSR-RSR concept had to be
used with caution, although it cannot be discarded because
most accumulated knowledge related to species richness
analysis would have to be discarded as well.
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In view of the difficulties, and taking them all into ac-
count, but also not to break connection with the earlier devel-
opments within the LSR-RSR paradigm, Grénroos and Heino
(2012) applied a most interesting approach, at least as regards
aquatic macroinvertebrates. Sampling 10 sites 50 m? in area
in each of 10 streams differing in environmental conditions
over the distance of up to 2 km from their outlets in Finland,
they obtained 167 macroinvertebrate species and divided
them into functional guilds. They also employed variance
partitioning for a comparison of the impact of over a dozen
environmental factors (ENV) with the LSR-RSR approach.
Besides, they carried out all analyses for observed (and log-
transformed) and for Chao-estimated (as the upper bound)
species richness in both the LSR and RSR cases. The results
were surprising: although the LSR-RSR relationship was
linear in most cases, indicating overall regional species pool
effect on LSR, variance partitioning suggested a relatively
larger role of local ENV, and several environmental factors
turned out significant predictors of LSR.

Although the relative importance of RSR for the guild
of predators was much higher than RSR for any of the other
guilds (filterers, gatherers, scrapers, and shredders), yet the
importance of RSR for LSR never reached that of ENV. In
the case of Chao-estimated species richness, less variation
was explained than in the case of sampled species richness,
but Chao richness estimation depends on rare species. As
rare and common species may respond contrastingly to lo-
cal and regional processes, thus suggesting unnatural results,
Chao-estimated richness was further ignored. The study con-
firmed the hypotheses of strong regional species pool (using
LSR-RSR approach) and of strong environmental impact on
pooled macroinvertebrates (using variation partitioning), but
did not the hypothesis of more curvilinear LSR-RSR relation-
ships within guilds (except gatherers), and of weaker impact
of RSR on given guilds, except predators. The last finding
may be explained by a lower population density of predators,
which increases extinction rates, as a result of which preda-
tors must rely to a greater extent on dispersal than other spe-
cies.

Results that are mostly similar were obtained by Marchant
et al. (2006) in Australia. However, their study differed from
that of Gronroos and Heino (2012) in several respects. It was
concerned with large spatial scales of 25 river basins extend-
ing over several hundred thousand square kilometers, relied
mostly on the LSR-RSR approach, although considered also
several environmental factors, and analysed taxonomic in-
stead of functional macroinvertebrate categories. Besides,
the number of taxa recorded was several times higher, bank
and channel sites were considered separately, and there were
several samples per site, whose number, however, was skill-
fully standardized and averaged. Despite the great difference
in scale, Marchant et al. (2006) found that for all macroinver-
tebrates and for each of their taxonomic groups the LSR-RSR
relationship was linear, as was mostly the case in Grénroos
and Heino (2012). However, only conductivity was an envi-
ronmental factor that was significant, and only for EPT and
Coleoptera. When all taxonomic groups were considered,
only longitude was related to bank data, and none to channel
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data. Marchant et al. (2006) also carried out an analysis of the
causes of positive rather than zero intercept of the LSR-RSR
plots (earlier mentioned by Srivastava 1999), yet the problem
turned out too complex for clear generalisations, and thus fur-
ther research is this respect seems necessary. Gronroos and
Heino (2012) and Marchant et al. (2006) seem to confirm the
predictions of Hillebrand (2005) that curvilinear LSR-RSR
relationships are exceptional, but this is a shortcoming of the
approach, and not necessarily indication of lack of saturation
in LSR.

Future development in the saturation/non-saturation con-
cept may be related to two shortcomings of the LRS-RSR
paradigm never mentioned by any scientist. One is the un-
derestimation of the slope in the LSR-RSR relationship due
to the fact that both variables are random, i.e., not controlled
by the researcher (Legendre and Legendre 2012, Sokal and
Rohlf 2012). Ordinary least squares method (OLS, model I
regression), which has only been used so far in this paradigm,
always underestimates the slope, although the scale of the un-
derestimation may vary from slight to considerable. Methods
of model II regression should be used instead. Unfortunately,
at the present state of knowledge there is no model II regres-
sion method that may also be used in the case of curvilinear
relations, hence new methodological developments are neces-
sary to use model II regression instead of OLS in such cases.

The other shortcoming is parallel to the development in
nestedness, a paradigm conceptually similar to the saturation/
non-saturation one, although never before discussed in the
same context, most probably due to applying a quite differ-
ent methodology. The nestedness paradigm also relied solely
on species richness, in the belief that there was an affinity
between a species’ frequency of occurrence and its abundance
(Atmar and Patterson 1993), as a result of which abundances
of species little mattered. Yet, recent developments proved
that nestedness indicated by presence-absence (i.c., species
richness) data is very rarely confirmed when quantitative data
(abundance, for example) are used instead in the same eco-
systems (Staniczenko et al. 2013), hence a reevaluation of the
whole nestedness concept is necessary. It seems that a similar
reevaluation of the saturation/non-saturation might be carried
out using quantitative data as well. The reason why this has
not been done till now is probably much greater complexity
of the quantitative approach, and much more complex meth-
odology that will be necessary.

Connection between dispersal and biodiversity
(regional scale)

Environmental factors affecting local assemblages of
benthic macroinvertebrates determine the possibility for a
species with a particular tolerance range to thrive in a given
habitat. For the presence of zoobenthos at the regional scale
(y diversity), mobility has a strong influence, allowing to
overcome distance and find suitable habitat (Jocque et al.
2007, Costa and Melo 2008, Fig. 2).

Among the factors that can reduce species richness and
macroinvertebrate diversity within different catchments are

233

distance between ecosystems (Costa and Melo 2008), geo-
graphical barriers disrupting the continuum of migration
corridors (both natural such as mountain ranges and anthro-
pogenic such as reservoirs: Monaghan et al. 2005), type of
catchment land use (Sponseller et al. 2001, Smith et al. 2009,
Rezende et al. 2014), and geographical location of the river
(Costa and Melo 2008), meaning that a water course can be
subject to specific climatic conditions (Graga et al. 2004,
Burgmer et al. 2007). Overcoming these spatial barriers oc-
curs mainly through dispersal, and permanent migrations
between populations allow the free movement of alleles, in-
creasing genetic diversity hence competition for the devel-
opment of new adaptations (Bilton et al. 2001). Thanks to
dipersal, organisms can colonise new habitats, escape from
unfavourable abiotic conditions, and enrich neighbouring
populations with the addition of new individuals (Smith et al.
2009). Notably, all of these factors play an important role for
the structuring of biocenoses (Costa and Melo 2008).

It is sometimes claimed that adults of aquatic insects
(females) fly upstream (colonization cycle, Miiller 1973) to
compensate for the loss of individuals caused by downstream
drift (Macneale et al. 2005). Yet, aquatic macroinvertebrates
differ in their ability for disperal (mobility), and this concerns
both water stages and terrestrial, flying forms. In the case of
water stages, dispersal is an effect of downstream transport
within the water column and involves:

» Egg masses: some species in the centre of the egg masses
have a gas bubble, which helps them flow with the river
course for several hundred metres or even more (Williams
1982);

*  Youngest larval stage (larvulae): these are predestined by
their morphological and physiological features to float in
water thanks to a great amount of body fat and the ability
to feed on transported POM (Kalugina 1959);

e Individuals with developed legs (mayflies, caddisflies,
stoneflies): these not only very easily and actively start to
drift, but also manage to stay in suitable habitat patches
(i.e., microhabitats).

Other macroinvertebrates also very often enter the drift ac-
tively or passively to escape from abiotic disturbances or to
avoid predators and interference competition. Why organisms
enter the drift and its meaning for riverine ecosystem func-
tioning has been widely discussed since the 1970s (Elliott
1967, Waters 1972, Grzybkowska 2000).

The terrestrial stages of aquatic insects also have a great
influence on the dispersal of species. Heino (2013) divided
invertebrates according to their ability for active movement
into four groups:

*  Weak passive dispersers with aquatic adults: Oligochaeta,

Hirudinea, Gastropoda, Bivalvia, Aranea and Crustacea;
*  Weak aerial dispersers with terrestrial adults: small dip-

terans (Ceratopogonidae) and Chironomidae;

e Intermediate aerial dispersers with terrestrial adults:
Ephemeroptera, Plecoptera, Megaloptera, Trichoptera
and other Diptera (Tabanidae, Tipuloidea, Empididae);
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* Strong aerial dispersers with terrestrial adults: Odonata,
Heteroptera (Corixidae), Coleoptera (Dytiscidae).

In an investigation of the Oulankajoki River, the dispersal
of taxa with limited possibility to move (cf. weak passive dis-
persers) was found to be strongly controlled by spatial factors
(Heino 2013). Representatives of this group of invertebrates
are not able to move independently to distant lotic ecosys-
tems. This makes their mobility reduced to drifting with cur-
rent speed within the original ecosystem, so that their occur-
rence in other rivers is only possible in the presence of con-
nectivity between streams, which is favored by the dendritic
network of river systems (Clarke et al. 2010).

In the case of the other groups, the distance between
ecosystems ceases to represent a barrier to dispersal once
the flying adult stage of the life cycle is reached. The fact
that intermediate aerial dispersers are under stronger pres-
sure of environmental variables than weak dispersers is also
notable, and can be responsible for transportation over very
long distances, as is the case of very light dipterans, such as
Ceratopogonidae and Chironomidae. Finally, the dispersal of
the most active taxa (e.g., dragonflies as well as some bugs
and beetles), is controlled mainly by environmental factors,
which make them able to overcome quite long distances
above land and selectively choose habitats (Heino 2013).

Although particular taxa are characterised by diverse po-
tential for dispersal, many studies have shown that the adult
stages of riverine invertebrates prefer transport in the near-
est area of the riverbed, as confirmed by a rapid decrease in
the number of individuals together with a drift-away from the
riparian zone (Sode and Wiberg-Larsen 1993, Petersen et al.
1999, Briers et al. 2002). Some cases are known when ima-
gines choose a pathway above land to get to a stream that
is located far away from the river of origin. This is a strat-
egy that is beneficial from an energetical point of view given
the loss of energy involved during flight along a stream to
the nearest connection with neighbouring inlets. This type
of flight above land has been observed in e.g., the dragon-
fly Calopteryx splendens (Chaput-Bardy et al. 2008) and the
stonefly Leuctra ferruginea (Macneale et al. 2005).

Changes of land use, especially urbanisation, are becom-
ing a serious impediment for the dispersal of invertebrates,
which leads to modification of abiotic variables within the
catchment (e.g., direction and strength of wind, intensity of
solar radiation or temperature, and humidity gradients). This
variability of environmental factors induces organisms to
start migrations, and all fluctuations caused by human activity
disrupt this process. Moreover, many taxa exhibit preferences
to move within forested areas or corridors consisting of ripar-
ian vegetation. In this respect, deforestation can lead to loss
of migration pathways and consequent reduction of dispersal,
resulting in decrease of species diversity in particular river
basins (Sponseller et al. 2001, Smith et al. 2009, Rezende et
al. 2014). Destruction of the riparian zone, including forest in
nearby areas, forces invertebrates to migrate above deforest-
ed land, and this results in increased energetic costs, but also
possibility of desiccation and exposure to predator pressure
(Smith et al. 2009). Moreover, these moving insects may be-
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come vulnerable to other dangers, such as road infrastructure,
including asphalt, vehicle lights and traffic lampposts, which
can function as beacons (Smith et al. 2009).

Besides dispersal, climatic conditions exert an influence
on the diversity and species richness of a biocoenosis at the
regional scale, and are indirectly responsible for changes in
the environmental variables of particular basins. Accordingly,
species richness and diversity of benthic fauna were found to
be higher in rivers located in northern and central Portugal
in comparison to southern streams, and this was explained
by a differentiation in riverine abiotic paramaters from other
climate zones (Graga et al. 2004). On the contrary, in south-
ern regions, precipitation is usually less heavy but becomes
unpredictable. In summer, rivers often dry out resulting in
the creation of small ponds, where decaying organic matter
and high temperature generate microhabitats suitable for the
development of microorganisms, whose physiological re-
quirements contribute to the exhaustion of oxygen resources.
The extreme environmental conditions of southern rivers in
Portugal were found to allow the survival of only those spe-
cies that are very resistant to oxygen deficits.
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