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Abstract

Barriers represent one of the largest anthropogenic impacts on the ecological status of
rivers, and they also potentially restrict fishes’ ability to respond to future environmental changes.
Thus, river management aims to restore the longitudinal connectivity of rivers to allow
continuous migration and movement of water, sediments and biota. However, it is often unclear
whether the targeted barriers are also those most relevant for fish species, particularly to track
future habitat shifts caused by environmental change.

In this study, we applied species distribution models and the GIS-based fish dispersal
model FIDIMO to evaluate the impacts of barriers (e.g. weirs and dams) on the dispersal of 17
native fish species in the European River Elbe with a particular focus on climate- and land use-
induced habitat shifts. Specifically, we compared three scenarios of longitudinal connectivity: (i)
current longitudinal connectivity, (ii) connectivity improvements as planned by river managers
for 2021 and (iii) a reference with full longitudinal connectivity.

The models indicated that barriers restricted the movement of two modeled fish species
on average, thus impeding fishes’ abilities to track future habitat shifts. Moreover, the impact of
barriers e.g. on the number of species affected increased downstream. For the River Elbe, our
results suggest that river management has most likely identified the most relevant barriers in
respect to the modeled species and future environmental change. We emphasize that river
management and barrier prioritization must thoroughly consider species-specific movement and
dispersal abilities, as well as the specific spatial arrangement of barriers in the river system in
relation to the spatial distribution of species’ populations and suitable habitats.

Keywords: Barrier prioritization; Climate change; Habitat shift; Longitudinal Connectivity;

River Basin Management; River Elbe;



1 Introduction

Barriers represent one of the largest anthropogenic impacts on river ecosystems, affecting
species’ habitats and habitat connectivity on multiple spatial and temporal scales (Fuller et al.,
2015). These impacts include (i) hydrological modifications and changes to the flow and
sediment regime with associated changes to riverine habitats (e.g. Graf, 2006; Ligon et al., 1995;
Petts and Gurnell, 2005), (i1) the general loss of connectivity of river habitats (e.g. Cote et al.,
2009), (iii) in particular the impediment of ontogenetic migrations (e.g. spawning runs) and
ordinary habitat movements of river fish (e.g. Marschall et al., 2011; Radinger and Wolter, 2015),
and (iv) associated genetic fragmentation of populations (e.g. Gouskov et al., 2016). Thus, to
improve the ecological status of river ecosystems, river management commonly aims to restore
and improve longitudinal connectivity to allow continuous migration and movement of water,
sediments and biota. Correspondingly, the continuity of rivers constitutes an indispensable
element for the assessment of river water bodies according to the European water framework
directive (EU-WFD) (Reyjol et al., 2014). In fact, to be classified as high status, the continuity of
rivers must not be “disturbed by anthropogenic activities and allow[] undisturbed migration of
aquatic organisms and sediment transport” (European Parliament and Council of the European
Union, 2000).

At a global scale, climate and land use change constitute anthropogenic pressures on
freshwater ecosystems (Meyer et al., 1999; Woodward et al., 2010), and these are superimposed
on the local and regional impacts of habitat degradation and barriers to movement (Kail et al.,
2015). These large-scale environmental pressures and their interacting effects will change the
diversity and composition of river fish communities in entire catchments via modification to

their habitats (e.g. Radinger et al., 2016). In particular, climate and land use changes cause



species’ habitats to move in space associated with spatially distributed losses and gains of
suitable habitats. If and how species can track future habitat shifts largely depends on the extent
of these shifts, the species-specific dispersal ability and on barriers to movement that impede
species from reaching newly available habitats (Radinger et al., 2017). Hence, barriers and the
associated loss of river continuity constitute not only an impact for the current ecological status
of river systems, but might also restrict fishes’ ability to respond to future climate and land use
changes (Gibson-Reinemer et al., 2017).

The increasing awareness of the ecological impacts of barriers has led to the development
of management tools to prioritize dams and identify those mostly affecting network connectivity
(Brevé et al., 2014; Kemp and O’Hanley, 2010; O’Hanley et al., 2013; Segurado et al., 2013).
Recent studies emphasized that the location of a barrier within a river system and especially its
location relative to suitable habitats and species occurrences determines its impact on fish
(Kuemmerlen et al., 2016; Musil et al., 2012; Radinger and Wolter, 2015). As a consequence,
current attempts in river management at the catchment scale typically aim for an overall
improvement of river continuity by installing fish migration facilities for specific barriers or by
removing barriers completely. However, it is often unclear whether these targeted barriers are
also those most relevant for fish species, particularly to track future habitat shifts as caused by
environmental change.

Generally, weirs and dams are the two major types of barriers in the River Elbe (Fig. 1).
Weirs are barriers creating impoundments upstream, are typically of smaller size and lower
height compared to dams and are often characterized by overflowing water e.g. via a spillway.
Numerous weirs in the River Elbe have been built for hydropower use or as small-scale

watermills. In contrast, dams are barriers typically creating large reservoirs holding back



significant amounts of water and which commonly serve multiple purposes such as generation of

hydropower, flow and flood control, irrigation or drinking water supply.

Figure 1. Examples of different types of barriers in the River Elbe network: (A) small weir Frantiskov in
the upper River Vltava, equipped with a non-functional fish pass. (B) small dam Cerné jezero in the River
Uhlava, no fish pass. (C) large Orlik dam in the River Vltava, highest dam (91 m) in the Czech Republic,
no fish pass. (D) weir Cenkov in the River Litavka, no fish pass. (E) weir in the river branch Alte Elbe at

Magdeburg. (F) weir in the River Havel at Bahnitz, equipped with a fish pass.

This study aimed to evaluate the impacts of barriers (e.g. weirs and dams) on the



dispersal of 17 native fish species in the European River Elbe. We applied the novel GIS-based
fish dispersal model FIDIMO (Radinger et al., 2014) to (i) investigate which barriers potentially
impede species-specific dispersal movements in the River Elbe and to which extent, (ii) assess
the effects of planned improvements of longitudinal connectivity (i.e. barrier passability) on river
fish dispersal and to (iii) assess the relevance of barriers for fish to track predicted shifts of
suitable habitats between current and future climate and land use conditions. Specifically, we
compared three scenarios of longitudinal connectivity in the River Elbe: (i) current longitudinal
connectivity, (i1) connectivity for 2021 as planned by river managers and (iii) a reference
scenario with full longitudinal connectivity.

It was hypothesized that restoring longitudinal connectivity for fish will significantly
improve fish dispersal, but there might be a threshold whereupon further barrier removal will not
substantially add measurable ecological improvements for fish populations. It was assumed that
river management plans have properly identified and addressed the most relevant barriers within
the River Elbe system. Modeling should aid river management by informing efforts to restore

longitudinal connectivity and to increase its ecological efficiency.

2 Methods and Materials

The applied model framework comprised three principal steps: First, we modeled and
projected current and future suitable habitats (i.e. species distribution patterns) of 17 fish species
in the River Elbe network. Second, we applied a fish dispersal model to assess whether and to
which extent the shifts of future habitats can be tracked by species-specific dispersal abilities,
while considering different scenarios of longitudinal connectivity (i.e. barriers to movement).

Third, we identified those barriers in the River Elbe that constitute the greatest impact on the



modeled fish species.

2.1 Models of current and future fish distributions in the River Elbe

First, we calculated so-called species distribution models (SDM)), i.e. statistical
relationship between habitat parameters (climate, land use, etc.) and the occurrence of a species,
for 17 fishes in the European River Elbe and its tributaries (Fig. 2, 148 250 km?; bounding box N:

54°05'26"N, S: 48°19'25"7N, W: 9°05'55"E, E: 17°26'51"E).
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Figure 2. Overview of the River Elbe system and currently impassable barriers. Open circles refer to
barriers planned to become passable by 2021 (n=144); Filled circles refer to barriers that will remain

impassable after 2021 (n=455). Barriers which are already partly or fully passable (n=256) are not

displayed.



The fish data in the River Elbe and its major tributaries comprised of 1762 samplings
collected between 1990 and 2014. Fish abundances were mostly obtained by standard monitoring
electro fishing, except for the main stem of the Elbe that has been partly sampled with other
methods (e.g. stow nets, drift nets and gillnets). For the analysis, the fish sampling data were
transformed into presence/absence data and spatially and temporally pooled to ensure a
minimum distance of 2500 m between the pooled sites (n=122). For all further analysis of barrier
effects, only 17 native, non-migratory species with good average SDM model quality (area under
curve, AUC>0.8) were considered (Radinger et al., 2017). The predictor variables for the current
environmental conditions were (i) five stream topological variables (stream slope, stream order
etc.), (i1) 19 bioclimatic variables for actual climate scenarios (IPCC5), and (iii) 12 land use
variables for current conditions (CORINE) (Table S1 in the supplementary material). For each
species, we built 10 boosted regression tree models (BRT, Elith and Leathwick, 2013) using 80%
of the sites for model fitting and 20% for model validation. For each BRT model replicate, we
applied a stepwise selection of relevant predictor variables based on model-internal cross-
validation (Hijmans et al., 2014). The probability maps gained from the 10 model replicates were
then averaged into a single consensus probability map for each species using the models” AUC
quality (Area under the receiver-operator curve) as a weighing factor (Marmion et al., 2009).
Each species-specific consensus probability map was transformed into a presence/absence map
using a threshold that maximizes the sum of sensitivity (true positive rate) and specificity (true
negative rate) (Liu et al., 2005). Further details on the SDM modelling procedure and specific
model settings are provided in Radinger et al. (2016). The SDM modeling steps allowed to

project the distribution patterns for each of the 17 species for the entire River Elbe catchment and



to identify edge populations. Edge populations, i.e. the outermost cells at the limits of a species’
current distribution range, are particularly relevant as starting points (source populations) for
species dispersal, i.e. for tracking shifts of suitable habitats (Kiihn et al., 2013).

To identify and project future suitable habitats, we applied two alternative predictor
variable sets of environmental change that combine scenarios of moderate and severe future
climate and land use change until 2050. For moderate and severe future climate conditions, we
selected 19 bioclimatic variables (source: worldclim.org) obtained from a downscaled global
circulation model (MPI-ESM LR, Max-Planck Institute Earth System Model, Giorgetta et al.,
2013) for the IPCC-scenarios RCP2.6 (moderate) and RCP8.5 (severe) (Moss et al., 2010).
These moderate and severe climate models project average annual temperature increases of
1.3°C (RCP2.6) and 2.2°C (RCP8&.5), respectively, for the River Elbe catchment by 2050
(Radinger et al., 2017). For future land use conditions by 2050, we considered downscaled
projections for a moderate scenario (“business-as-might-be-usual”, BAMBU), assuming
continuation of current socio-economic and policy strategies with intermediate changes in land
use, and a severe scenario (“Growth Applied Strategy”, GRAS) implying economic growth with
maximum changes in land use (Dendoncker et al., 2007, 2006; Spangenberg et al., 2012). For the
moderate environmental change scenario, we combined moderate changes in climate (RCP2.6)
with moderate changes in future land use (BAMBU). For the severe environmental change
scenario, we combined severe changes in climate (RCP8.5) with severe changes in future land

use (GRAS).

2.2  Modeling fish dispersal under consideration of barriers to movement

To assess the potential effects of barriers on the species-specific abilities of fish to
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compensate for predicted range shifts, we applied the open source GIS-based fish dispersal
model FIDIMO (Radinger et al., 2014). FIDIMO calculates fish dispersal as leptokurtic diffusion
from starting points (here the edge populations at the limits of a species’ current distribution),

described by a double-normal probability density function (i.e. dispersal kernel, Fig. 3):
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where x is the distance from the edge-population, o, 1S the mean movement distance of

the stationary component of the population, Gmep is the mean movement distance of the mobile
component and p is the share of the stationary component of the total population. The mean
movement distances of the stationary (o) and the mobile components (Gmop) are obtained from
a multiple regression model (Radinger and Wolter, 2014) for each species. The share of the
stationary component p was set to the commonly observed mean value of 0.67 (Radinger and
Wolter, 2014). The dispersal model was calculated for each species separately in a loop of 3 x 5
years = 15 model years. In addition to the initial edge populations for the first model run, we also
set those grid cells projected to become occupied after a dispersal model run as source points for

the subsequent dispersal model run.
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Figure 3. Conceptual model of how species dispersal might compensate for projected future habitat
shifts/gains while explicitly accounting for barriers to movement (A). Species dispersal is modeled based
on species-specific leptokurtic dispersal kernels and edge populations as source populations (B). Barrier
effects reflect the impact of a barrier on dispersal i.e. the height at which the dispersal kernel gets

truncated (C).

Barriers are considered in the dispersal model by restricting fish from moving upstream
(Radinger et al., 2014), i.e. the dispersal kernel gets truncated at a barrier (Fig. 3). For the
modeled River Elbe network, we collated a dataset of 855 barriers (Fig. 1 and Fig. 2) and
estimates of their current and planned future passability in upstream direction. Barrier data and
basic estimates of barrier passability were made available by the River Basin Community Elbe
(FGG Elbe) and the Czech University of Life Sciences in Prague (CULS). We distinguished
between three scenarios of longitudinal connectivity: First, we modeled a reference scenario of
full longitudinal connectivity (B:.r) with all barriers considered as fully passable in both
directions. Second, we modeled a present scenario (Bprs) where all barriers currently assessed as
at least partly passable, e.g. with an installed fish pass were considered passable (passability rate
=1, n =256) and all other barriers were considered impassable (passability rate = 0, n = 599).
Thus, By represents a best-case scenario of current longitudinal connectivity. Third, we
modeled a best-case scenario of future longitudinal connectivity (Bg,) as targeted in river
management plans for the year 2021. Here, all barriers already assessed as (partly) passable or
planned to become passable as part of future reconstruction measures (e.g. barrier removal,
installation of fish passes) were assigned a passability rate = 1 (n = 400); all barriers considered

impassable in 2021 were assigned a passability rate = 0 (n = 455).
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The output of the fish dispersal model for a given species and scenario of longitudinal
connectivity is a raster map indicating the dispersal probability of each raster grid cell getting

reached after the modeled time frame (3x5=15 years).

2.3 Analysis of barrier effects

To evaluate barrier effects on species dispersal, we (i) counted the number of species
affected by each barrier and (ii) assessed the average impact of each barrier on dispersal across
species (i.e. “barrier effect”). Therefore, for all 17 modeled species, we subtracted the raster
output map of the dispersal model considering full longitudinal connectivity (By.f) from the
output map considering currently impassable barriers (Bpres). Subsequently, we extracted the
difference between both scenario maps for the raster cell directly upstream a barrier as an
estimate of the barrier effect on a specific species. Thus, the barrier effect reflects at which
height the dispersal kernel gets truncated, which depends on the shape of the species-specific
dispersal kernel and the distance between the source population and the barrier (Fig. 3).
Calculating the average effect of a barrier across all modeled species allowed us to obtain a
single measure of the average impact of a specific barrier on fish dispersal. In addition, we
extracted the Strahler stream order (Strahler, 1957) of each barrier from the model river network
as a descriptor of its longitudinal position. Here, we refer to 1* order streams as headwater
reaches and >4" order streams as downstream reaches. Spearman rank correlations were used to
analyze the relationships (i) between the number of species affected by a barrier and a barrier’s
longitudinal position and (ii) between the average impact of a barrier on fish dispersal and the
longitudinal position.

To assess the impacts of barriers in regard to climate and land use induced habitat shifts,
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we counted the number of cells that (i) are projected newly available habitats for future
environmental conditions and (ii) concurrently show a dispersal probability > 0 for a given
scenario of longitudinal connectivity. We determined species-specific dispersal compensation
Haispersal:gain by calculating the proportion of cells of newly available habitat that can get reached
by dispersal for each species (Radinger et al., 2017). Friedman tests combined with Nemenyi
post-hoc tests were used to test for differences in Haispersat:gain between the three scenarios of

longitudinal connectivity.

All spatial analysis were carried out in GRASS GIS (version 7.1svn, GRASS
Development Team, 2012) using its standard functionalities and the r.stream toolset (Jasiewicz
and Metz, 2011) for extracting stream order and r.fidimo (Radinger et al., 2014) for modeling
fish dispersal. All statistical analysis were conducted in R (version 3.2.5, R Development Core
Team, 2016) using the gbm functions from the packages dismo (version 1.0-5, Hijmans et al.,
2014) for BRT model building, raster (version 2.3-0, Hijmans, 2014) and rgdal (version 0.9-1,
Bivand et al., 2014) for handling spatial data in R, PMCMR (version 4.1, Pohlert, 2014) for
calculating Nemenyi post-hoc tests and vioplot (version 0.2, Adler, 2005) for generating violin

plots. QGIS (QGIS Development Team, 2009) was used to visualize spatial data and results.

3 Results

A total of 855 barriers to movement (e.g. weirs, dams) were located in the main network
of River Elbe and its major tributaries (Fig. 2). 256 of these barriers have already been assessed
as partly or fully passable (e.g. equipped with a fish passage facility) by local river managers.

Planned measures of longitudinal continuity in response to the EU-WFD will make another 144
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barriers passable by 2021, leaving 455 barriers still impassable after 2021. The total number of
currently impassable barriers was significantly negatively correlated with stream order
(Spearman rank correlation, Spearman 6=-1, p<0.05), with the highest number in headwater
streams (1* order streams; n=377) and lowest number in downstream reaches of the River Elbe
network (4th order streams; n=16). No barriers are located in the most downstream parts of the
River Elbe main stem.

Correspondingly, the density of currently impassable barriers was highest in headwater
streams (0.14 barriers per river kilometer) and significantly decreased downstream (Spearman
o=-1, p<0.05). The absolute number of barriers planned to be passable by 2021 (i.e. for the Bgy
scenario) significantly decreased downstream (Spearman 6=-1, p<0.05). In contrast, the relative
number of barriers planned to be passable by 2021 compared to the number of currently
impassable barriers increased downstream (Spearman o=1, p<0.1). For example, in the 1* order
streams, only 20% of the barriers will become passable by 2021, while 69% of the currently
impassable barriers are planned to become passable in 4™ order streams.

The fish dispersal model revealed that each of the currently impassable barriers (Bpres
scenario) restricts the movement of two fish species on average (median across 17 modeled
species, interquartile range IQR = 2, Fig. 4). The median number of species affected by a single
barrier was significantly positively related with stream order (Spearman 6=0.26, p<0.001, Fig. 5)

and increased from 1 to 2.75 species in the downstream direction.
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Figure 4. Effects of current barriers on the dispersal of 17 modeled fish species in the River Elbe. Each
point refers to a single barrier. Color intensity indicates the number of species affected by a specific
barrier (light-dark: 0-12 species). Symbol sizes indicate the average impact of a barrier on the dispersal
(i.e. barrier effect) across all affected species as assessed by the dispersal model FIDIMO (i.e. barriers

closely related to source populations of many species are larger and darker).
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within 1.5 times the interquartile range from the quartiles.

The average impact of a barrier on fish dispersal — i.e. “barrier effect” — a metric to which
degree barriers truncate the species-specific dispersal kernels — ranged between 0 and 0.33

(median = 0.0003, Fig. 5). Analogous to the number of species affected by a barrier, the average
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impact of a specific barrier on fish dispersal across species also significantly increased in
downstream (Spearman 6=0.29, p<0.001).

In 1* order streams, approximately 65% of the barriers restricted >1 species in the Bpres
scenario. This share showed a decreasing, although not significant downstream trend (Spearman
0=-0.8, p=0.33, Fig. 6). The lowest value was observed in 3" order streams, where only 33% of
the barriers restricted >1 species. In contrast, the share of barriers that restricted >3 species
ranged between 11% and 29% and was not correlated with the longitudinal position of a barrier
(Spearman 06=0.4, p=0.75, Fig. 6). Barriers that potentially impeded many species (>5) were only

located in 1% and 2" order streams (Fig. 5 and Fig. 6).
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connectivity (Byes = present scenario with 599 impassable barriers, filled symbols; B, = future scenario
as planned for 2021, open symbols) along the longitudinal gradient from upstream (stream order 1) to

downstream (stream order 4).

For the longitudinal connectivity scenario By (i.e. considering barriers passability as
planned for 2021), the share of barriers that impeded the dispersal of species was reduced (Fig.
6). Here, the most dramatic improvements were detected for the downstream reaches of the River
Elbe network (e.g. 4™ order streams), where the share of barriers that restricted >1 species
dropped from initially 57% in the B,s scenario to 18% in the By, scenario.

The predicted habitat gains that can be reached by dispersal (Hgispersal:gain) Within 15 years
varied strongly among the 17 modeled species and between the two scenarios of environmental
change, and were particularly affected by the respective scenario of longitudinal connectivity.
For a scenario of full longitudinal connectivity (B..f) and moderate environmental change, the
median Hgispersal:gain across all species was 0.50 (IQR=0.52), while for the current scenario of
longitudinal connectivity (Byrs) and severe environmental change, the median Hagispersal:gain Was
0.35 (IQR=0.4). Overall, Hgispersal:gain Was significantly different among the different scenarios of
longitudinal connectivity for the moderate (Friedman test, y°=21.81, df=2, p<0.001) and the
severe future conditions (*=25.48, df=2, p<0.001). In particular, Haispersal:gain Was significantly
different between By.r and By for the moderate (difference in Hgispersat:gain = 0.030, p<0.001, Fig.
7) and severe future conditions (difference in Hgispersal:gain = 0.034, p<0.001) and between By, and
Byres for the severe conditions only (difference in Haispersat:gain = 0.014, p<0.05) as indicated by
pairwise Nemenyi post-hoc tests. All other pairwise comparisons of Hgispersat:gain between the

scenarios of longitudinal connectivity were not significant (p>0.1).
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4 Discussion

In this study, we assessed the effects of river management related to the restoration of
longitudinal connectivity (i.e. barrier passability) on fish species dispersal and evaluated the
impacts of barriers on the dispersal of 17 native fish species in the European River Elbe in light
of future climate and land use-induced species range shifts.

Our results showed that the current total number and the density of impassable barriers in
the River Elbe and its tributaries decrease with stream order, i.e. fewer barriers are located in
downstream compared to headwater streams. In particular, the upper and middle River Elbe
catchment upstream the confluence of the River Saale (Fig. 2) is considered to have one of the
highest densities of barriers (in particular dams) of all European catchments. Presently, about
300 large reservoirs with a total storage volume of over four Billion cubic meters are located in
the River Elbe (Simon, 2005). We acknowledge that the condition of a barrier, its position within
the river network and the provision of fish protection and migration facilities, rather than the
barrier type and its absolute height, determine the effects on river fragmentation. For example,
even low-head barriers can substantially influence river fish assemblages (Holcomb et al., 2016),
especially barriers with heights or flow velocities exceeding a species’ jumping or swimming
capacity. Consequently, we did not distinguish between large and small barrier, but considered
an estimate of passability for fish of each barrier based on installed fish migration facilities and
judgments by experts/river managers. We further admit that the passage efficiency of barriers
and fish migration facilities does not only depend on technical properties (e.g., slot width, height
difference, flow velocity, attraction flow), but markedly varies with species, life-stage and
hydrological/climatological conditions (Bourne et al., 2011; Kemp and O’Hanley, 2010;

Prchalova et al., 2011). Unfortunately, the lack of appropriate data did not allow for a more
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differentiated consideration of barrier passability rates here.

Interestingly, the River Elbe main stem does not contain any barrier between the weir
Geesthacht (Germany, downstream boundary of the model catchment) and the weir Sttekov
(Czech Republic) which is the first, though partially passable barrier located more than 600 km
upstream (Prchalova et al., 2011). Therefore, planning to improve longitudinal connectivity
focuses primarily on tributaries and lower-order headwater streams. The absolute number of
barriers planned to be made passable decreased downstream. This correlates with the manifold
higher number of barriers in the headwater sections (compare Fig. 2). However, our results
revealed that only about 20% of the barriers in these upstream reaches will become passable by
2021, whereas 69% of the currently impassable barriers will become passable in the downstream
reaches of the River Elbe network.

The results of the fish dispersal model revealed that barriers restrict on average the
movement of two modeled fish species in the River Elbe network, thereby impeding fishes’
capabilities to track future habitat shifts induced by climate and land use change. Moreover, the
models indicated that more than one third of the currently impassable barriers in the River Elbe
(scenario Byy) are considered to block at least one species. These findings presented here might
be considered as conservative estimates, since we only modeled the larger-scale dispersal of 17
(non-migratory) species based on modeled distributions of their occurrence. We did not
investigate impacts of barriers on smaller-scale movements or species abundances in close
vicinity to a barrier. Similar to our findings, in the eastern Lake Ontario catchments, fish passage
models of migratory species indicated that all fish are likely to be blocked by at least one barrier,
and that every barrier blocks at least one migratory species (Meixler et al., 2009). In our study,

we did not consider diadromous fishes, i.e. species that depend on unrestricted longitudinal
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connectivity between the sea and rivers or vice versa. Accordingly, Wolter (2015) emphasized
the particular importance of restoring longitudinal connectivity to the upper headwaters for
successful rehabilitation of Atlantic Salmon (Salmo salar), a migratory species in the River Elbe.
Moreover, this underlines that improving longitudinal connectivity is indispensable for fish to
cope with future environmental change (Radinger et al., 2017). Detailed quantitative assessments
of the ecological effects of riverine connectivity are important to manage the impacts of habitat
fragmentation and to develop effective conservation measures (Rolls et al., 2013).

Our modeling results further revealed that the average number of species impacted by
barriers as well as the average impact of a specific barrier on the dispersal of a single species
increases in downstream direction with largest impacts in the most downstream part the of River
Elbe catchment. This is in agreement with previous studies showing that main stem dams have
larger impacts on connectivity and fish passage than smaller dams within tributaries (e.g.
O’Hanley et al., 2013). These findings are explained by typically higher numbers of species in
high-order lowland rivers compared to low order streams (e.g. Fieseler and Wolter, 2006;
Jungwirth et al., 2003) and by typically larger-bodied and potamodromous species therein
showing larger dispersal distances (Radinger and Wolter, 2014). Despite the detected
longitudinal gradient of barrier impact, we also note that barriers in headwater streams might
constitute large biotic impacts, especially if they restrict the movement of endangered species or
affect species interactions (e.g. affiliate species: fish vs. molluscs).

This study goes beyond most previous studies that detected limitations of fishes’ abilities
to track future climate change (e.g. Comte and Grenouillet, 2013) by explicitly evaluating the
restrictions caused by human-induced migration barriers within the river network. This is highly

relevant, because our results indicated that the movement of fish species to compensate for
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climate and land use induced habitat shifts (Hgispersal:gain) Was significantly impacted by existing
barriers compared to a scenario of full longitudinal connectivity (Fig. 7), irrespective of the
global change scenario considered. Correspondingly, another recent study on climate-induced
habitat shifts of river fishes by Gibson-Reinemer et al. (2017) revealed that both natural barriers
(i.e. stream slopes) as well as anthropogenic barriers might limit species’ abilities to track
warming climates. Moreover, managing riverine connectivity is also relevant as the frequency of
hydrologic extreme events (e.g. droughts and floods) is projected to increase (IPCC, 2013;
Stewart et al., 2015) and the longitudinal stream length between two barriers will have a strong
influence on species persistence (Perkin et al., 2015). Correspondingly, investigating the
response of butterfly species to climate change, Oliver et al. (2015) showed that a decrease of
habitat fragmentations is associated with faster population recovery, in particular after extreme
events.

Our results further showed that the improved longitudinal connectivity planned to be
achieved by 2021 will allow for fishes’ movements to track habitat shifts that do not significantly
differ from the full longitudinal connectivity scenario. This finding has major management
implications. Firstly, it suggests that the river basin management plan for the River Elbe properly
identified and addressed a majority of relevant barriers, at least for the modeled species and in
the context of the considered scenarios of future environmental change. Here, the greatest
positive effects of planned improvements to connectivity can be expected especially for higher
order streams (Fig. 6).

Secondly, it indicates that additional migration facilities beyond the state planned for
2021 might not immediately lead to further improvements of the status of the fish community

based on the distributional range and dispersal abilities of the species. This is also because
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connectivity cannot compensate for the habitat losses e.g. due to the barriers’ impoundments
(higher water depth, lower flow velocities, and increased sedimentation), especially for
rheophilic fishes in lowland streams (Birnie-Gauvin et al., 2017). Therefore, we emphasize that
restored longitudinal connectivity will not necessarily result in quantifiable biotic improvements,
in particular if no new or essential habitats become available for the species, or if connectivity
measures are not accompanied by habitat enhancements (Diebel et al., 2010; Radinger and
Wolter, 2015). Correspondingly, for the River Elbe catchment, morphological alterations and
changes to the flow regime have been identified as one of the major threats contributing that 91%
of the reported river water bodies presently fail to reach the good ecological status or good
ecological potential (IKSE, 2015).

Thirdly, to improve the ecological status of river fishes, our results suggest a need for
barrier prioritization where it is most important to address first those that cause fragmentations of
key habitats for a specific species. Therefore, the presented modeling framework and the applied
spatially-explicit fish dispersal model FIDIMO (Radinger et al., 2014) could effectively provide
further assistance to identify those barriers that have greatest impact on fish populations and to
assess intended river connectivity measures. This is particularly important to river management
as rivers provide multiple ecosystem services with partly conflicting interests (e.g. hydropower
production, water supply, shipping, recreation, flood control), which requires cost- and resource
efficient approaches to prioritize barriers and to reach environmental/ecological targets.

For example, if all specific continuity improvements will be implemented in the River
Elbe as planned by 2021, the share of barriers that impede species dispersal will be clearly
reduced (Fig. 6). The greatest improvements should be seen in downstream reaches. For the

latter, the share of barriers that restrict >1 species is projected to drop from currently over 57% to
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18% in the scenario of future longitudinal connectivity. However, depending on the severity of
future environmental change the projected shifts of species’ habitats might be rather distinct.
Consequently, for severe environmental changes, even the planned improvements to river
connectivity might not necessarily lead to positive species responses, as species are limited by
their own dispersal abilities to track the marked habitat shifts. In particular smaller-bodied,
weaker dispersing species are least able to track future environmental change while larger-bodied
species are particularly restricted by barriers to movement (Radinger et al., 2017). Accordingly,
the dispersal of larger-bodied species (e.g. Silurus glanis) is likely more often restricted by
barriers than the dispersal of smaller-bodied species (e.g. Romanogobio belingii, Gymnocephalus
cernuus, Barbatula barbatula). However, we also note that network connectivity might foster the
spread of invasive species, e.g. as shown for the Great Lakes region (Melles et al., 2015).

In the last decade, several concepts and methods have emerged to provide guidance for
improving river continuity and barrier prioritization (Kemp and O’Hanley, 2010; McKay et al.,
2016; O’Hanley, 2011; O’Hanley et al., 2013; Segurado et al., 2013). A previous study in three
European catchments (including the River Elbe catchment) showed that the density of barriers,
the length of non-fragmented river reaches and the spatial distribution of barriers is strongly
related to the ecological status of river fishes (Musil et al., 2012). Similarly, we emphasize that
successful river management should target for prioritizing concepts for barriers that strongly
consider the specific spatial arrangement of barriers in relation to the location of species’
populations and suitable habitats.

Although this study focused on the impacts of barriers on fish passage, we acknowledge
that barriers have several other impacts on riverine ecosystems and also other biota

(macroinvertebrates, plants etc.). These effects are considered to be generally underestimated
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because of time lags and the difficulty to detect a single, simple signal of longitudinal
fragmentation that applies to all systems, species and barriers (Fuller et al., 2015). In addition to
limited fish passage, barriers modify natural riverine habitats by creating sections of
impoundment or residual flow — so-called edge habitats which environmental conditions are
influenced by the presence of a barrier (Fuller et al., 2015). As mentioned above, also Birnie-
Gauvin et al. (2017) raised the additional consequences of barriers and emphasized that
especially rheophilic fishes in lowland streams are affected by alteration of riverine habitats due
to impoundments as this species group depends on fast-flowing water for reproduction and early
juvenile development. Moreover, barriers alter the sediment regimes of rivers by increasing
water depths and decreasing flow velocity in impounded sections, which leads to increased rates
of sedimentation. For example, in the River Elbe catchment, the large number of barriers in
combination with an overall deficit of sediments is considered a major cause for the reduced
sediment transport (IKSE, 2015), which in turn negatively affects multiple other
hydromorphological parameters and leads to the incision of the river channel and a decoupling of
the river-floodplain ecosystem (Opperman et al., 2017). Thus, while installing fish migration
facilities primarily fosters fish passage, the total removal of barriers could constitute a more
holistic management practice to restore longitudinal continuity that also promotes associated
hydromorphological processes (e.g. hydromorphological variability, sediment transport).
Correspondingly, the number of barrier removals is increasing, though mostly in the U.S.
(Stanley and Doyle, 2003). These barrier removals mostly target obsolete and/or smaller
obstacles as these commonly contribute relatively little to energy production but might cause
disproportionately adverse effects on river ecosystems (Stanley and Doyle, 2003).

In summary, our results have several major implications for river management and the
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restoration of longitudinal connectivity: Firstly, beside their impact on riverine habitats, weirs
and dams restrict the movement of riverine fishes and thus their abilities to track future habitat
shifts caused by climate and land use change. Secondly, successful improvement of river fish
populations requires the prioritization of restoring longitudinal continuity where it is most
important to address first those barriers that cause fragmentations of key habitats for a specific
species. For the River Elbe, our results suggest that the river basin management plan has most
likely identified and addressed the most relevant barriers in respect of the modeled species and
the predicted future environmental changes. Thirdly, we emphasize that river management and
barrier prioritization must thoroughly consider species-specific movement and dispersal abilities
as well as the specific spatial arrangement of barriers in relation to the spatial distribution of
species’ populations and suitable habitats within a river system. For further improvements of the
distribution or status of the fish assemblage, efforts in improving longitudinal connectivity need

to be accompanied by significant improvements of species habitats.
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8 Tables

Table 1. The 17 modeled fish species in the River Elbe network. L is the common species-

specific body length (Froese and Pauly, 2016) as used in the fish dispersal model.

Species Name Scientific Name Family L [mm]
Common bream Abramis brama Cyprindae 250
Bleak Alburnus alburnus Cyprindae 150
Asp Aspius aspius Cyprindae 550
Stone loach Barbatula barbatula Nemacheilidae 120
White bream Blicca bjoerkna Cyprindae 200
Bullhead Cottus gobio Cottidae 100
Northern pike Esox lucius Esocidae 400
Ruffe Gymnocephalus cernuus Percidae 120
Ide Leuciscus idus Cyprindae 300
Burbot Lota lota Lotidae 400
European perch Perca fluviatilis Percidae 250
River gudgeon Romanogobio belingii Cyprindae 100
Roach Rutilus rutilus Cyprindae 250
Brown trout Salmo trutta fario Salmonidae 200
Pikeperch Sander lucioperca Percidae 500
European catfish  Silurus glanis Siluridae 1500
Chub Squalius cephalus Cyprindae 300
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Table 2. The number of passable, impassable and planned passable barriers in the modeled River

Elbe network across Strahler stream order.

Stream order 1 2 3 4 5
Currently passable 84 101 59 12 0
Planned passable by 2021 74 38 21 11 0
Impassable by 2021 303 130 17 5 0
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