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Abstract: Since the publication of the River Continuum Concept (RCC), the capacity of the longi-
tudinal dimension to predict the distribution of species and ecological functions in river networks
was discussed by different river theories. The taxonomic structures and functional attributes of
macrobenthic communities were investigated along the river continuum in the river Adige network
(Northern Italy), with the aim to test the reliability of RCC theory and clarify the relation between
structural and functional features in lotic systems. Distance from the spring was found to be most
representative proxy among environmental parameters. The analysis highlighted the decrease of
biodiversity levels along the river continuum. The decrease of taxonomic diversity corresponded to
the loss in functional richness. The abundances of predator and walker taxa, as well as semelparous
organisms, declined along the longitudinal gradient, suggesting variations in community complexity
and granulometry. Regression models also depicted the presence of disturbed communities in the
central section of the basin, where intensive agricultural activities occur, that affected environmental
gradients. Overall, results offered evidences that the river continuum may predict macrobenthic
community structures in terms of taxonomic diversity, thus confirming the general validity of RCC.
Nonetheless, the functional analysis did not provide equally clear evidences to support the theory.
After four decades from its postulation, the RCC is still a reliable model to predict the general
macroinvertebrates distribution. However, community functions may respond to a number of local
factors not considered in RCC, which could find a declination in other theories. The relations be-
tween structural and functional features confirmed to be complex and sensitive to disturbances and
local conditions.

Keywords: river continuum concept; longitudinal gradient; functional traits; functional indexes;
diversity indexes; river theories; macroinvertebrates

1. Introduction

Sustainable development strictly depends on the good ecological status of aquatic
ecosystems, which encompasses both structural and functional features. This concept is also
stated by the EU Water Framework Directive (WFD) [1], which defined the ecological status
as “an expression of the quality of the structure and functioning of aquatic ecosystems
associated with surface waters”. The understanding of both taxa distribution patterns and
ecological functioning of lotic ecosystems is therefore fundamental for the management of
aquatic environments and the reaching of sustainable goals.

Nonetheless, the relations between community structures and functions in river net-
works are not fully understood. Since the publication of the River Continuum Concept
(RCC) [2], river ecologists investigated the spatial patterns of taxa distribution and ecologi-
cal processes in lotic systems. The RCC theory represents a milestone in aquatic science,
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providing the first unified synthesis of structures and processes distribution along spring-
mouth gradient. The theory postulates that aquatic communities are structured differently
to optimize energy use, according to the variation of physical attributes and the avail-
ability of food resources that occur longitudinally along the river continuum. After its
publication, several efforts were made to discuss its general validity and to provide new
river theories. Doretto et al. [3] recently revised the role of RCC in shaping river ecology
along its 40-years history and illustrated how other river theories and approaches were
developed to overcome its main limitations. In general, the latter can be synthetized in the
missing consideration for local heterogeneity. For instance, the metacommunity approach
was proposed to include species dispersal effects, thus considering both species sorting
and mass effects to predict taxa distributions [4]. Since the RCC is focused on the main
stem stream and omits to frame the river in the context of river network, including its
interruptions and disturbances, many studies tried to model the river system within new
framework. While some theories, such as the Flood Pulse Concept (FPC) [5] and the Serial
Discontinuity Concept (SDC) [6], were developed to describe more specific contexts, other
recent models provide more comprehensive attempts to unify the overview of the river
network. The Riverine Ecosystem Synthesis (RES) [7] frames the river as longitudinal
arrangements of functionally and structurally similar functional process zones, defined
by shifts in hydrological and geomorphological conditions. Rivers are thus viewed as
downstream mosaics of large hydrogeomorphic patches, whose features determine the
delivery of ecological processes and the occurrence of taxa. The Network Position Hy-
pothesis (NPH) [8,9] further implemented the metacommunity theory in the river network
with respect to the position within the river network. The authors state that headwater
communities are mainly influenced by species sorting, while downstream assemblages are
driven by dispersal-related dynamics. Beside the debate on the validity of the RCC, the
role of the river continuum on shaping biotic communities is still steadily considered in
river ecology [10–12]. Most of the other abovementioned river theories are reconcilable
with the theory of RCC, introducing exceptions and adjustments to general framework of
river continuum and extending the concept of river continuum beyond the original model
of Vannote et al. [2].

Since macrobenthic communities are fundamental for ecosystem functioning, they
represent ideal models for the study of river systems. In fact, macrobenthic invertebrates
process a significant amount of organic matter, and they constitute food resources for
crustacean, fishes, and birds, thus transferring relevant energy amounts from primary
producers to higher trophic levels [13,14]. They are also suitable indicators for local envi-
ronmental conditions, due to their reduced capacity to move actively in aquatic ecosystems.
Therefore, macroinvertebrate assemblages can be used to investigate variations in ecosys-
tem functioning and environmental conditions [15,16].

Alpine rivers are good examples of impacted lotic systems, where actions for envi-
ronmental conservation are urgently needed [17]. Alpine rivers and streams suffer from a
variety of stressors related to human activities and climate change, which lead to major
losses of freshwater biodiversity and ecosystem services [18,19]. An ideal model for such
investigations is Adige river [20], which is among the longest of the alpine area. In fact, due
to its importance and the presence of both natural and anthropic features in its catchments,
it has been one of the most important areas for studying macroinvertebrate assemblages
since a long time ago [21]. The first ecological studies [22,23] found that macrobenthic fauna
accumulated pollutants from surrounding industries and other human activities. More
recently, Giulivo et al. [24] analyzed the structural response of the macrobenthic community
of Adige river to seasonality and environmental stressors. They found that human stressors,
such as streamflow alteration and pollutants, affect the community composition but not
the diversity. Functional attributes were investigated by De Castro-Català et al. [25] in the
Adige and others two European rivers, where common trends were observed. Particularly,
functional and structural indices were significantly correlated, and taxa richness was found
to be the best predictor for pesticide concentrations. Larsen et al. [11] studied the functional
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feeding habits of macrobenthic assemblages using a geostatistical method and observed
that, even following a heterogeneous pattern along the longitudinal gradient, the distribu-
tion of feeding functional groups was generally consistent with the RCC. Similar outcomes
were observed by Pollice et al. [18] for structural composition of macrobenthic community
of Adige and other alpine streams and rivers using asymmetric eigenvector maps that are
used to detect the influence of directional spatial processes on the taxa distribution.

The aim of the study is to test the reliability of RCC theory by investigating structural
and functional attributes of macrobenthic communities of the river Adige basin along the
river continuum. The study will also allow to clarify the relation between structural and
functional features in lotic systems. Unlike the other abovementioned works carried out in
Adige river and other nearby systems, the present study considers taxonomic structures
and a more comprehensive range of functional and biological traits. The results will
contribute by shedding light on the relation between structural and functional features
of the macrobenthic community along an important alpine lotic system, as well as by
reevaluating the capacity of RCC theory for the specific river.

2. Materials and Methods
2.1. Study Area

The Adige river flows for 410 km, and it is the second longest river, hosted in the
third largest watershed (12,200 km2) in Italy. The spring is near the Lake Resia at 1586 m
a.s.l., and the river reaches the Adriatic Sea at the south of Venice lagoon. The hydrological
regime follows the typical pattern of alpine rivers, with higher discharges in summer due to
snow melt. The higher values of mean monthly discharge at lower gauge station (located in
Boara Pisani) occur in June with a decreasing trend (373 m3/s for the period 1928–1990 and
292 m3/s for the period 2004–2016). The Adige basin (Figure 1) includes 8 tributaries,
mainly flowing in the upper section, characterized by a forest-dominated landscape. The
upper section of the river is surrounded by typical alpine landscape features, and it is
mainly impacted by hydropower dams, while its mid and lower sections are stressed by
the nutrients’ leaching by the intensive agricultural activities and livestock farming. The
dramatic rise of fertilizer rates in the basin in the last decades severely harmed ecosystem
services and water quality [19], representing a stressor of increasing relevance.

2.2. Sampling Methodology, Community Indices and Environmental Descriptors

Macrobenthic assemblages are ideal models for the investigation of the effects of
environmental features on living communities and were therefore chosen to test the pre-
diction of the RCC in river networks, as well as to study relations between community
structures and functions. Macrobenthic samples were collected during summer season
(2009–2013) from 15 sites along the main course of Adige river and 9 sites from tributaries
(24 sampling sites in total) (Figure 1). Benthic macrofauna was collected by sweeping a
40 cm wide D-frame hand net (mesh size = 500 µm) in an area of 1 m2, after suspending
the sediment 1 m upstream by kicking. Five replicates per site were sampled. After being
fixed in 4% formalin solution, the animals were brought to laboratory to be classified.
A total of 63 taxa were recorded (Table 1). Both structural and functional indices were
computed to study macrobenthic community attributes and test RCC predictions with
respect to environmental conditions. Individual abundances were expressed as individuals
per area unit (ind. m−2). The considered taxonomic indices for structural composition were
the following: taxa richness (S), individuals’ abundance (N), Shannon–Wiener index (H’),
Pielou index (J), Margaref index (d) and Simpson index (lambda). Functional analysis was
based on six biological and functional traits attributed to each taxon: functional feeding
group, mobility, adult life habitat, life span, reproductive frequency and habitat choice.
Such attributes were used to calculate three functional indices using the “FD” package for
R [26], which takes into account multidimensional (i.e., multiple traits) functional diversity:
Functional richness (Fric), Functional evenness (Feve) and Rao quadratic entropy index
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(RaoQ). The assignment of biological and functional attributes was carried out at genera
level based on database available in the literature [27,28].
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Figure 1. Sampling stations within the river network of the Adige basin.

Table 1. List of the taxa recorded in the analysis. The classification was performed at Genus level when possible. Alterna-
tively, coarser taxonomic levels are specified.

Groups Taxonomic Level Abbreviation Groups Taxonomic Level Abbreviation

Hyrudinea Dina Erp Heteroptera F Corixidae Cori
Glossiphonia Glo Odonata Coneagrion Coe

Oligochaeta F Lumbricidae Lum Plecoptera Capnia Cap
F Naididae Nai Chloroperla Chl

Trombidiformes F Hydracarina Hyd Leuctra Leu
Amphipoda Gammarus Gam Nemoura Nem

Isopoda Asellus Ase Dinocras Per
Coleoptera Dytiscus Dyt Isoperla Perl

Esolus Elm Taeniopterix Tae
Limnius Elmi Trichoptera Brachycentrus Bra

Hydraena Hydra F Glossosomatidae Glo
Berosus Hydro Hydropsyche Hydrops
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Table 1. Cont.

Groups Taxonomic Level Abbreviation Groups Taxonomic Level Abbreviation

Diptera Anthomyia Ant Hydroptila Hytrop
Atherix Ath Lepidostoma Lep

Blepharicera Ble Allogamus Limn
Bezzia Cer Philopotamus Phi

SF Chironominae Chi Polycentropus Pol
T Corynoneurini Cor F Psychomiidae Psyc
F Dolichopodidae Dol Rhyacophila Rhy
F Empididae Emp Sericostoma Ser

Hexatoma Lim Bivalvia Sphaerium Sph
SF Orthocladiinae Ort Gasteropoda Aplexa Phy
SF Prodiamesinae Pro Bithynella Bit

Pericoma Psy Lymnea Lym
Simulium Sim Theodoxus Ner

SF Tanypodinae Tan Planorbis Pla
Tanytarsus Tany Valvata Val

Tipula Tip Nematoda P Nem
Ephemeroptera Baetis Bae Turbellaria Dugesia Dug

Caenis Cae Planaria Plan
Ephemerella Eph Polycelis Den
Ecdyonurus Hep

P, Phylum; F, family; SF, subfamily; T, tribe.

Nine environmental factors were measured to characterize the river continuum and
local variability (Table 2). The distance of the sampling stations, as a main descriptor
for the river continuum, from the river spring was measured using Google Earth images.
Altitude was recorded using a GPS device (Garmin 72 H, Garmin Ltd., Schaffhausen,
Switzerland). Water temperature and dissolved oxygen concentration were measured
using a multiparameter probe (YSI Model 85, YSI Incorporated, Yellow Springs, OH, USA),
mean water depth and streambed width were measured with a metric cord. Granulometry
was measured using an analytical sieve shaker (Fritsch Analysensieb DIN 4188, FRITSCH
GmbH—Milling and Sizing, Idar-Oberstein, Germany) and expressed with Krumbein (ϕ)
scale [29]. The latter expresses the sediment size range according a logarithmic modification
of the Wentworth scale. Finally, NO3

− and NH4
+ were measured following the automatic

colorimeter method using Technicon AutoAnalyser II (SEAL Analytical Ltd., Southampton,
United Kingdom) [30,31] and the Bower and Holm–Hansen protocol [32], respectively.

Table 2. Environmental parameters and related units measured in the river Adige network. Maximum, minimum, mean
and standard deviation values are reported. Please, note that granulometry size is expressed using a logarithmic scale (ϕ).

Parameter Unit Abbreviation Max Min Mean St.Dev.

Altitude m a.s.l. Alt 1270 8 449.58 411.27
Granulometry ϕ Gran 5 −7 0.46 3.86

Nitrate concentration mg L−1 NO3
− 1.58 0.08 0.47 0.31

Ammonia concentration mg L−1 NH4
+ 361.73 11 61.16 77.54

Distance from spring km Dist 356 10 132.38 116.29
Streambed width m Width 125 2 58.33 49.86

Water Depth cm Depth 105 15 57.71 36.56
Temperature ◦C Temp 18.8 6.8 13.32 3.61

Oxygen concentration mg L−1 O2 11.02 7.5 9.52 0.77

2.3. Methods of Analysis

Since the RCC assumes the co-presence of different environmental gradients along a
longitudinal dimension, the distance between the spring and sample sites was selected as
ideal descriptor to study the prediction capacity of the RCC. Spearman’s rank correlation
coefficient was used to investigate the correlations among environmental variables and to
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evaluate if the distance from the source (Dist) adequately includes the effects of the rest
environmental variables. Then, its relation to biological traits and community indices was
investigated by selecting the most appropriate regression models using Excel for selecting
the form and R language for assessing the statistical significance of regression models using
the “nls.lm” function of the {minpack.lm} tool. The reason of including regression models
was based on the presence of unimodal responses.

3. Results

The Spearman correlations among environmental variables of Table 2 are given in
Table 3, where the very low and non-significant correlation of NO3

− and NH4
+ with all the

rest environmental parameters is observed. On the other hand, all the rest parameters Alt,
Gran, Dist, Width, Depth, Temp and O2 present statistically significant correlations. Among
them, Dist parameter presents the higher mean absolute value of Spearman correlations
with all the rest parameters without considering NO3

− and NH4
+ (Figure 2). These results

show that Dist can adequately describes the effects of topography, hydromorphology and
physical water parameters but not those associated to chemical water parameters that are
closely associated to human activities like agriculture.

Table 3. Spearman (r) correlations among environmental variables (low half) and their p-values in italics (upper half).

r

p
Alt Gran NO3− NH4

+ Dist Width Depth Temp O2

Alt - <0.001 0.283 0.329 <0.001 <0.001 <0.001 <0.001 0.015
Gran −0.844 - 0.557 0.359 <0.001 <0.001 <0.001 0.001 0.013
NO3

− 0.224 −0.122 - 0.213 0.296 0.180 0.306 0.917 0.248
NH4

+ −0.204 0.191 0.260 - 0.260 0.237 0.231 0.177 0.351
Dist −0.975 0.889 −0.218 0.235 - <0.001 <0.001 <0.001 0.008
Width −0.958 0.898 −0.280 0.246 0.955 - <0.001 0.001 0.019
Depth −0.904 0.797 −0.214 0.250 0.880 0.949 - 0.001 0.042
Temp −0.803 0.686 −0.022 0.282 0.786 0.723 0.726 - 0.001
O2 0.507 −0.519 0.241 −0.195 −0.555 −0.488 −0.423 −0.699 -
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correlations with parameters on the graph are excluded).

Therefore, the distance from the spring (Dist) was confirmed to be an optimum
descriptor for data variability and can be robustly contrasted with community indices
and biological/functional traits. The most fitted regression models for community indices
are presented in Table 4 and Figure 3. Statistically significant regression models were
found for all the taxonomic indices except N and for only one functional index (FRic).
Negative exponential monotonous models were chosen for S, d and Fric, while polynomial
relations were selected for H’, J and λ with the latter two showing a clear decreasing trend
at central values. Table 5 shows the statistically significant regression models selected for
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the biological traits. Among the feeding groups, “predators” is the only attribute with
a significant relation. Other statistically significant results were observed for adult life
(both aquatic and aeric life habits), mobility (walker taxa) and reproductive frequency
(semelparous taxa). No significant variations along Dist gradient were found for life
span and habitat choice. Aquatic adult life habit is the only significant attribute showing
polynomial/unimodal relation with Dist with higher individual densities at central Dist
values, while a negative exponentially relation was found for the other traits (Figure 4).

Table 4. Most fitted regression models between Distance from the source and the community index (S—Species richness;
N—Individuals abundance; H′—Shannon–Wienner Index; d—Margalef Index; J—Pielou Index; λ—Simpson Index; FRic—
Functional Richness; FEve—Functional Evenness; RaoQ—Rao Quadratic Entropy) (Exp—exponential; Pol—Polynomial).

Index p-Value R2 Model Equation

S ** 0.6751 Exp y = 31.597e−0.003x

N ns - - -
H′ *** 0.7296 Pol y = 2 × 10−5x2 − 0.0102x + 2.8927
d *** 0.6012 Exp y = 4.6303e−0.003x

J *** 0.5523 Pol y = 8 × 10−6x2 − 0.0034x + 0.8908
λ *** 0.5617 Pol y = 5 × 10−6x2 − 0.0027x + 0.9768

FRic ** 0.6989 Exp y = 26.239e−0.003x

FEve ns - - -
RaoQ ns - - -

** <0.01; *** <0.001; ns = non-significant.
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Table 5. Most fitted regression models between distance from the source and biological traits.

Biological Traits p-Value R2 Model Equation

Feeding Group

Deposit Feeder ns - - -
Predator ** 0.6875 Exp y = 96.912 exp(−0.011x)
Scrapers ns - - -
Shredder ns - - -

Filter Feeder ns - - -

Mobility
Burrower ns - - -
Swimmer ns - - -

Walker * 0.5297 Exp y = 211.06 exp(−0.01x)

Adult Life
Aeric * 0.4354 Exp y = 657.12 exp(−0.007x)

Aquatic * 0.2395 Pol y = −0.026x2 + 9.7326x − 189.26

Life Span
Long ns - - -

Medium ns - - -
Short ns - - -

Reproductive
Frequency

Iteroparous ns - - -
Semelparous * 0.3543 Exp y = 474.46e−0.006x

Habitat Choice
Generalist ns - - -
Specialist ns - - -

* <0.05; ** <0.001; ns = non-significant.
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4. Discussion

The presence of environmental gradients along the river continuum is the central
concept at the basis of RCC, and their role on shaping biotic communities still stimulates
the scientific debate around river theories. The first result of this study is the observed
relevance of the Dist as the most representative proxy of all the most important parameters
of topography, hydromorphology and physical water properties except nitrogen species.
This confirms the presence of a continuum along the longitudinal gradient and, at least in
the case of river Adige, reinforces the basic assumption of RCC. On the other hand, the
low correlation of Dist with nitrogen species indicates the limitations of this parameter
and consequently of RCC to include the effects of human activities scattered in the basin.
This could be the reason why the regression analysis showed unimodal trends with higher
or lower peaks for Dist values at approximately 200 km that alter the river continuum
and may be responsible for reducing the capacity of the RCC theory to predict some
functional attributes (e.g., shredder abundances). This section of the basin is characterized
by the presence of intensive agricultural activities and urban centers that are documented
pollution sources threating water quality of Adige river [19,20]. The decreasing trend of
Pielou evenness (J) and Simpson (λ) indices at this longitudinal range showed macrobenthic
communities dominated by few taxa, as commonly observed in agricultural impacted
aquatic ecosystems, e.g., [33,34]. The analysis of biological traits did not identify any other
attribute of these organisms, except from an increase at the medium section of adult aquatic
life habit due to increased abundances of oligochaeta. Nevertheless, nutrients alone may
not properly capture the wide range of effects of agricultural activities on the river network.
In fact, agriculture is also responsible for the runoff of chemical products (e.g., pesticides)
in the middle section of river Adige [20].

The results of both structural and functional features of macrobenthic communities
can be compared with the findings of other studies carried out in the river Adige or other
similar systems. For example, the reliability of Dist to describe taxonomic composition of
macrobenthic communities was also demonstrated by Pollice et al. [18] in the river systems
of Northern Italy (including river Adige basin). The decrease of predator taxa along the
longitudinal gradient of the river Adige network was detected also by Larsen et al. [11],
who also found significant patterns for other functional groups that were not confirmed in
this study.

It also must be mentioned that flow regimes and disturbance history are additional
factors affecting macrobenthic communities. Despite the fact that samplings were carried
out during the summer season, when river discharges reach their maximum levels, pre-
vious extreme low- and high-flow events occurred in the past could strongly influence
macrobenthic communities and ecological processes. At the same time, such extreme events
seem to not exert significant influences on geochemical gradients [35] and therefore on the
river continuum, thus potentially reducing the dependence of macrobenthic communities
on the latter.

The results also demonstrated the complex relations between community structures
and functions. Particularly, the analysis suggested that the decrease of species richness,
and more generally of taxonomic diversity, corresponds to loss in functional richness (i.e.,
the number of biological/functional traits observed), as also found by De Castro-Català
et al. [25], but not in other functional indices. While it is intuitive that a larger number of
taxa delivers a larger range of functions, the loss in species richness does not necessary
implies an uneven distribution of functional attributes, a dimension computed in both
functional evenness (FEve) and Rao quadratic entropy (RaoQ) indices. In fact, RaoQ values
may tend to be negatively correlated with species richness, as described by Botta-Dukat [36].
Moreover, Pakerman’s [37] warnings that functional indices are highly sensitive to trait
measure errors. The attribution of biological/functional traits using literature data may
introduce some errors and omit the capacity of ecological plasticity of some taxa.

As expected, biodiversity levels decreased along the river continuum. Headwater sys-
tems present heterogeneous mosaics of habitats and more pristine conditions that support
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the occurrence of higher biodiversity levels, while lower river sections host more disturbed
communities [33,38,39]. As a consequence, decreasing trends of predators’ abundances
may depict the loss of structural complexities. The analysis of functional feeding groups in
river Adige network does not provide any evidence to support RCC. Local heterogeneity
and disturbances may be the cause of the lack of significant patterns for other feeding
groups, an explanation that may instead be coherent with other theories. Variation in
mobility strategy is an adaptive response to granulometry variations along the contin-
uum in accordance to RCC theory, as demonstrated by the observed decrease of walker
taxa along the longitudinal gradient. Nevertheless, some caveats have to be considered
with respect to these conclusions. Taxonomic identification relies on investigators’ tax-
onomic skills on the different groups. For this reason, the biodiversity that is analyzed
may not exhaustively represent the whole diversity of macrobenthic assemblages nor the
biodiversity that would be found by taxonomists of the different groups. Similarly, the
attribution of functional and biological traits to each taxonomic group may be affected by
the abovementioned limitations.

Overall, in the case of the Adige basin, the results offered evidences that the river
continuum may predict macrobenthic community structures in terms of taxonomic di-
versity, thus confirming the general validity of RCC theory. However, their functional
organization may be driven by a number of factors not considered in RCC, such as local
patchy habitats, disturbances at different scales and surrounding land cover, which could
find a declination in other theories, such as the Riverine Ecosystem Synthesis and the
Network Position Hypothesis. Ecological processes as species sorting and source-sink
dynamics in non-pristine river networks are likely to be a result of combined effects of
other environmental gradients that come along with the longitudinal gradient (e.g., land
use and coverage, hydrological alterations and nutrient pollution) [40,41] that were not
directly captured by the present analysis. The use of geospatial statistics may harbor the
potential to detect such complex relations. However, while demonstrating the validity
of theories used on river continuum, the present analysis suggests that future studies
should consider both structural and functional indicators, as well as a comprehensive set
of biological traits, to capture and describe the complex relations underpinning organisms’
distributions in river networks. Finally, the fact that some sampling sites receive water
from different springs in the same basin does not reduce the significance of the results but,
on the contrary, expands it since it does not consider only the distance from one source but
the distance from multiple sources of the same river.
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