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Bourne, & Wier, 2008) and the reduced size of the stream sections
remaining between two barriers (Fahrig, 2003; Fuller, Doyle, &
Strayer, 2015).

Stream fragmentation affects the upstream migration of riverine
species (de Leeuw & Winter, 2008; Fuller et al., 2015; Fullerton
et al,, 2010; Radinger et al., 2017), which often results in a decline in
numbers of migratory fish (Aarts et al., 2004; Brown et al., 2013; Guo
et al., 2018; Harris, Kingsford, Peirson, & Baumgartner, 2017; Noble,
Cowyx, Goffaux, & Kestemont, 2007). On a European scale, van
Puijenbroek et al. (2018) demonstrated a dramatic decline in the num-
ber of species that migrate from the sea to the rivers to spawn, with
many rivers being devoid of any migratory fish species. In addition,
other riverine fish species may be affected by fragmentation when
migrating between different habitats up- and downstream during dif-
ferent seasons and life-stages (de Leeuw & Winter, 2008; Lothian
et al,, 2019; Lucas & Baras, 2001; Pollux, Korosi, Verberk, Pollux, &
van der Velde, 2006). Where upstream migration can be mitigated
with fish passages, facilitating safe downstream migration, which is
affected by hydropower turbines and other types of barriers, has been
less studied (Calles, Rivinoja, & Greenberg, 2013). Disrupted migration
is, therefore, a major reason for the decline of riverine fish species
(Brevé et al., 2014; Brown et al., 2013; Guo et al., 2018; Harris
etal, 2017; Noble et al., 2007).

Fragmentation of rivers and streams may also affect the physical
parameters and the habitat quality of the remaining stream sections
both upstream and downstream and results in a discontinuity for
physical and biological characteristics (Birnie-Gauvin et al., 2017;
Mueller, Pander, & Geist, 2011; Stanford & Ward, 2001; Ward &
Stanford, 1983). Downstream effects of dams and weirs include
changes in flow regime, sediment and nutrient transport, and water
temperature (Fuller et al.,, 2015). The most obvious upstream effects
are the loss of flow rate and an increase in depth, which subsequently
leads to sedimentation, decreased dissolved oxygen concentrations,
and changes in water temperature (Birnie-Gauvin et al., 2017,
Petts, 1984; Poff & Hart, 2002). Moreover, in lowland streams the
length of the water body affected by the impoundment tends to be
longer, due to the gentle slope (Birnie-Gauvin et al., 2017). On top of
the adverse effects of fragmentation and habitat deterioration, fresh-
water ecosystems in densely populated and heavily exploited lowland
areas are also impacted by pollution, resulting in poor water quality
(de Baat, Kraak, van der Oost, de Voogt, & Verdonschot, 2019; de
Vries, Kraak, Verdonschot, & Verdonschot, 2019; dos Reis Oliveira,
Kraak, van der Geest, Naranjo, & Verdonschot, 2018; Paul &
Meyer, 2001, Riis & Sand-Jensen, 2001).

In multistressed lowland streams, migratory fish species may thus
be confronted with four alternative scenarios: (1) The stream is acces-
sible and the habitat and water quality are good; (2) The stream is
accessible, but the habitat and water quality are poor; (3) The stream
is inaccessible, but the habitat and water quality are good; (4) The
stream is inaccessible and the habitat and water quality are poor. To
understand the reasons for the presence and absence of species,
to aid effective management and to support restoration efforts, it is
thus of the utmost importance to distinguish the contribution of

stream fragmentation and poor habitat and water quality to the
decline in riverine fish species. The aim of this study was, therefore,
to unravel the combined effects of stream fragmentation and poor
habitat and water quality on lowland stream fish distribution.

To this end, five riverine fish species with different migration
characteristics were selected, inhabiting eight multistressed lowland
streams, suffering from fragmentation, habitat deterioration, and poor
water quality. Monitoring programs of the local water authorities rev-
ealed fish declines in 71% of all stream sections and showed that 40%
of the historical number of species had disappeared. To unravel the
contribution of stream fragmentation and poor habitat and water
quality to lowland stream fish species distribution, the presence of the
species was related to the number of barriers between a specific
stream section and the main river and the length of the stream
section remaining between two barriers. To evaluate if the absence of
fish species could be related to poor habitat and water quality, the
ecological quality ratio (EQR), and stream velocity indices were com-
pared between sites where the fish was present whether the
section was accessible or not and sites where the fish was absent,
although the section was accessible.

2 | MATERIALS AND METHODS

2.1 | Selected fish species

Five more common and well monitored riverine fish species with differ-
ent migration capacities were selected: chub (Leuciscus cephalus Lin-
naeus, 1758), dace (Leuciscus leuciscus Linnaeus, 1758), ide (Leuciscus
idus Linnaeus, 1758), stone loach (Barbatula barbatula Linnaeus, 1758),
and gudgeon (Gobio gobio Linnaeus, 1758). The selected species all pre-
fer clear, oxygen rich flowing streams (Brevé et al., 2014). Chub and
dace migrate upstream to spawn and between different habitats up-
and downstream during different seasons and life-stages (Brevé
et al., 2014; de Leeuw & Winter, 2008; Lothian et al., 2019; Lucas &
Baras, 2001; Pollux et al., 2006), although they can also have non-
migratory populations (Blanchet et al., 2010). Migration of ide may vary
substantially between individuals within a single population, ranging
from only a few km to up to 100 km (Brevé et al,, 2014; de Leeuw &
Winter, 2008; Lucas & Baras, 2001; Winter & Fredrich, 2003). Gudgeon
does not migrate, but does require suitable spawning grounds, leading
to migration from stagnant to running waters (Brevé et al.,, 2014). Stone
loach is a typical lowland stream species that hardly migrates (Brevé
et al,, 2014). The fish distribution data were obtained from the RAVON
database (www.ravon.nl, database retrieved September 2016 that
includes monitoring data of the local water authorities during the years
1990-2014 and monitoring data of volunteers, with a total of 6800
monitoring samples). The data of the years 2005—2014 were used for
this analysis as the possibility for fish to migrate had been restored
before 2005. As most sites were not monitored yearly, the data were
grouped in periods of several years to exclude effects of differences in
monitoring effort. Furthermore, only presence-absence was taken into
account as taxon abundances regularly lacked. The historical
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distribution of fish species was extracted from the national and regional
fish atlases for the period of about 70-100 years ago, long before most
weirs were built (Brouwer, Dorenbosch, van Eekelen, & Spier, 2010; de
Nie, 1996).

The type of barriers, and the type and effectiveness of fish pas-
sages were retrieved from Brevé et al. (2014) and Kroes, Philipsen,
and Wanningen (2018). In 10% of the cases, a weir was fully removed.
The fish passages referred to consisted of pool passes (50%), technical
passes (slot, denil, ladders, lifts, and locks) (24%), vertical slot passes
(4%), and bypasses (12%).

2.2 | Selected lowland streams

We selected eight slow-flowing, low-gradient lowland streams within the
river Meuse catchment in the Netherlands: the Donge, Zandlei, Dommel,
Aa, Raam, Loobeek, Molenbeek, and Sint Jansbeek (Figure 1a). The joint
length of the studied streams was 1039 km and the width varied
between <3 m (37%), 3-8 m (56%), and 8—25 m (6%). The number of
barriers, their actual position, and the presence of fish passages were
obtained from the regional water authorities (Figure 1b).

2.3 | Stream fragmentation

Two measures of stream fragmentation were quantified: the num-
ber of barriers (dams and weirs) between a specific stream
section and the river Meuse and the length of the stream sections
remaining between two barriers. Fish passages are not always
effective and effectivity can differ between fish species (Foulds &
Lucas, 2013). The effectivity was investigated for 26 fish passages
in this study area, thereby 25 were evaluated as effective and
1 was not functioning well (Kroes, Wanningen, van Puijenbroek, &

(@)

Breve, 2015). The effectivity of the fish passages was also demon-
strated by an increase in species distributions from before (1990—
1999) and after (2004—2014) most fish passages were built (S.I. 2).
Therefore, we concluded that most fish species were effective in
this study area. The number of barriers between a specific stream
section and the river Meuse was categorized into five classes: no
barriers (always the case for the section between the river Meuse
and the first barrier), 1 barrier, 2—3 barriers, 4-5 barriers, and > 5
barriers. The length of the stream sections remaining between two
barriers was categorized into five classes: <1.0 km (very strongly
fragmented), 1.0-2.50 km (strongly fragmented), 2.51-5.0 km
(fragmented), 5.01-25.0 km (less fragmented), and > 25.0 km (not
fragmented).

2.4 | Habitat and water quality
We selected the Ecological Quality Ratio (EQR) of macroinvertebrates
and their flow preferences as proxies to express local environmental
conditions, since physicochemical grab sampling provides only a snap-
shot in time and space of habitat and water quality as experienced by
biota (Metcalfe, 1989). In contrast to abiotic grab sampling, these
macroinvertebrate indices integrate hydromorphological and physico-
chemical site characteristics over 6—12 months (Hellawell, 1986;
Sladecek, 1973) and as they are based on the distribution of up to
>2500 species, these indices are very distinctive (Hellawell, 1986;
Sladecek, 1973). Moreover, data were available for the study area at
the highest level of detail, providing the unique possibility to quantify
habitat and water quality at the highest resolution possible at the
scale of the present study, stream stretches of a few km between
barriers.

The EQR-score based on macroinvertebrate community composi-
tion reflected the water quality of each stream section. The EQR is

(b)

FIGURE 1  Study area showing
the tributaries Donge (1), Zandlei (2),
Dommel (3), Aa (4), Raam (5),

Loobeek, Molenbeek and Sint The Netherlands

Jansbeek (6) of the river Meuse Study area
(a) and current location of barriers [ catchment border
with (n = 458) and without (n = 123) - Main rivers

fish passage (b) [Color figure can be
viewed at wileyonlinelibrary.com]

Weirs

o Weirs with fish passage

® Weirs without fish passage
[ catchment border
Analysed streams
River Meuse
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defined as the ratio between the water type specific reference and
the observed presence of macroinvertebrates (van der Molen, Pot,
Evers, & van Nieuwerburgh, 2012) and ranges between O (very bad) and
1 (very good). The stream velocity index based on macroinvertebrate
flow preferences reflected the habitat quality of each section. The stream
velocity index was calculated using the stream velocity preference of
macroinvertebrate species, classified as: 1 (still), 2 (very slow), 3 (slow),
4 moderate), and 5 (fast) (Verberk, Verdonschot, van Haaren, & van
Maanen, 2015). The macroinvertebrate data were obtained from the
monitoring programs of the local water authorities during the years
2005-2014 in which each third year a site was sampled from site that
showed little changes over time. Furthermore, macroinvertebrate sam-
pling sites and fish monitoring sites were considered comparable when
located within 2 km from each other within physically comparable stream
sections.

25 | Statistical analysis

To test whether there was a relationship between the EQR and
stream section length (10 log transformed) and between stream veloc-
ity and stream section length, linear regressions were performed in
TIBCO Spotfire S+® 8.2 for Windows. To evaluate if the absence of
fish species could be related to poor habitat and water quality, the
EQR and stream velocity indices were tested for significant differ-
ences between the categories “the fish species is present whether the
section is accessible from the river Meuse or not” and “the fish spe-
cies is absent, although the section is accessible from the Meuse”,
using a non-parametric test (Wilcoxon rank-sum test with Splus using
TIBCO Spotfire S+® 82 for Windows). The last category was
restricted to those stream sections where the species occurred based
on its historical distribution.

(@)

3 | RESULTS

3.1 | Stream fragmentation

In total, 458 barriers occurred in the studied streams, of which
123 are now equipped with some type of fish passage. 79% of the
1039 km stream length was disconnected from the river Meuse by
one or more barriers and 34% by more than 5 barriers (Figure 2a,
Table 1). As most fish passages were constructed between 1990 and
2004 (Kroes et al., 2018), the related weirs were labeled inaccessible
before 1990, and partly accessible in the period 2005-2014. In gen-
eral, most disconnected stream sections were short, with an average
stream section length less than 5 km. 28% of all stream sections was
even shorter than 2.5 km (Figure 2b).

3.2 | Habitat and water quality

The EQR index indicated that the vast majority of the sites (91%) were
characterized by a bad, poor or moderate water quality, while only 7%
of sites scored a good water quality and only 2% a very good water
quality (Figure 3a). All study sites were characterized by slow (0.1—
0.15 m/s) to very slow (0.05-0.09 m/s) flowing waters, with only
3 sites (3%) having a moderate (0.16-0.25 m/s) stream velocity
(Figure 3b).

Both the EQR and the stream velocity index increased with
increasing stream section length (Figure 4). The EQR and the stream
velocity index were not significantly related to the number of barriers.

Exploring the species-specific responses to stream fragmentation
showed that chub and dace were present in only half of the number
of stream sections upstream of the most downstream barrier and
were hardly observed upstream of two or more barriers (Figure 5a,

Number of weirs

0 25-160
1 5-25
2;3 —25-5
4;5 1-25
>5 <1

Length of stream sections (km)

FIGURE 2  Number of barriers
between a specific stream

section and the river Meuse (a) and
the length of stream sections in
between two barriers without a fish
passage (b) [Color figure can be
viewed at wileyonlinelibrary.com]
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TABLE 1  Number of stream sections monitored in the period 2005-2015, categorized by length classes and by number of weirs

Number of weirs

Length classes (km) Number of stream sections
> 25 4(28
5-25 37 (34
25-5 31(1

(
(
(

o

1-25 117 (18

)
)
)
)
<1 253 (10)

Total 442 (100)

Note: Between brackets, the percentage of the length of the stream sections compared to the total length of all analyzed streams (1039 km) is given.

FIGURE 3 Habitat quality
expressed as ecological quality ratio
(EQR) based on macroinvertebrate
community composition (a) and
stream velocity index (b) [Color figure
can be viewed at
wileyonlinelibrary.com]

FIGURE 4  Relationship between
the EQR and the section length

(a) and the stream velocity index and
the section length (b). The regression
models were EQR = 0.1329 * log
(section length) + 0.2979,

(R2 =0.21, p-value = 3.25e*10-6);
stream velocity index = 0.3354 * log
(section length) + 1.8331

(R2 =0.17, p-value = 3.299*10-6),
respectively. Types of trend lines
were logarithmic, section length in m

Table 2, Supplementary Information). In contrast, the distribution of of barriers compared to sections without barriers. The shorter the
stone loach and gudgeon was hardly reduced by upstream barriers. stream section, the fewer fish were present (Figure 5b). Chub and
Ide showed an intermediate response with a lower presence upstream dace were hardly observed upstream of the downstream-most barrier
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