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gz’r‘n“;i' University of Munich, Freising, 1. Spawning substrate quality is a major factor influencing the early ontogeny of
European nase (Chondrostoma nasus), a target species of conservation.
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hypothesized to enhance spawning, development and thus recruitment success of
nase, by improving the substrate quality, and subsequently spawning site use, egg
infiltration and protection of larvae in the interstitial zones before emergence.
These assumptions were tested using a comparative approach by cleaning 50% of
the area of each spawning ground in two Bavarian rivers.

Substrate cleaning resulted in an immediate reduction of ~70% fine sediment

content with improvements still detectable 2 months later. Spawning nase used
the restored areas of spawning grounds preferentially, which was evident in the
number of spawning fish and the significantly higher number of eggs laid.

4. Infiltration of eggs into the interstitial zone was distinctly more successful in the
opened interstices of the cleaned spawning substrate, where they were found
down to a depth of 20 cm. The same was true for larvae, which could be found
down to 30 cm and up to 13 days after hatching. Moreover, higher peaks in the
drift density of emerging larvae from the restored spawning substrate were
detected (2.5 compared with 1.7 larvae m~2 discharge for the River Mangfall and
0.3 compared with 0.03 larvae m~2 for the River Sims).

5. These results clearly indicate that gravel cleaning is a successful short-term resto-
ration tool for nase spawning grounds. It is a quick, cheap and effective method
for the conservation management of nase, which may also be applicable to other
riverine species with a similiar ecology and incubation time, such as Barbus barbus,
Squalius cephalus, Leuciscus leuciscus and Phoxinus phoxinus. This especially holds
true if streams lack internal dynamics and suffer from high loads of fine sediment

and colmation.
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1 | INTRODUCTION

Habitat quality is a major factor in the survival of fish populations
(Lapointe et al., 2013) and its widespread degradation has been identi-
fied as the main cause for the slow recovery of fish fauna in large riv-
ers in Europe (Aarts, Van den Brink, & Nienhius, 2004). This is
primarily evident in the functionality of gravel banks used as spawning
grounds by lithophilic fish species, which is often reduced owing to
fine sediment infiltration from erosion by land use and animal activity
(e.g. livestock, crayfish burrowing; Davies, Biggs, Williams, &
Thompson, 2009) or restricted internal stream sediment dynamics
(Auerswald & Geist, 2018). Excessive amounts of fine sediment intro-
duction into the stream bed cause adverse effects by physically
clogging substrate porosity (Geist & Auerswald, 2007) and through
biogeochemical processes owing to the reduced oxygen supply (Greig,
Sear, & Carling, 2005; Sear et al., 2017), which ultimately affect egg
survival, hatching and the emergence of larvae (Jensen, Steel,
Fullerton, & Pess, 2009; Kemp, Sear, Collins, Naden, & Jones, 2011;
Sternecker & Geist, 2010). Consequently, the reproductive success of
lithophilic fish species is often impaired. Synergistic effects between
fine-sediment ingression and increased temperature explain greater
susceptibilities of spring-spawning species compared with winter
spawners (water temperature-related processes; Sternecker, Denic, &
Geist, 2014).

To date, studies analysing substrate-related effects and stream-
bed restoration success on egg and larval survival have mainly focused
on economically important salmonids (Kondolf, 2000; Phillips, Lantz,
Claire, & Moring, 1975; Pulg, Barlaup, Sternecker, Trepl, &
Unfer, 2013; Soulsby, Youngson, Moir, & Malcolm, 2001; Sternecker,
Cowley, & Geist, 2013). Surprisingly, this topic has rarely been consid-
ered in lithophilic cyprinids, which also comprise species such as nase,
barbel (Barbus barbus L.), chub (Squalius cephalus L.), dace (Leuciscus
leuciscus L.) and common minnow (Phoxinus phoxinus L.), that have
declined in recent decades, especially in Bavaria, Germany (Mueller,
Pander, & Geist, 2018; Pander & Geist, 2018). From this group, the
European nase (subsequently referred to as ‘nase’) is threatened
throughout its entire native distribution area (Penaz, 1996), ranging
from Central Europe north of the Alps to Eastern Europe in the basins
of the Black Sea, southern Baltic Sea and southern North Sea
(Kottelat & Freyhof, 2007). Although Chondrostoma nasus does not
receive any special conservation recognition in the European Habitats
Directive (Council of the European Communities, 1992), five other
species of the genus Chondrostoma are listed in Annex I, requiring
Member States to designate special areas of conservation for impor-
tant sites where these species occur. However, severe declines of
nase have occurred locally, which is evident in Bavaria where nase is
listed as ‘endangered’ according to the Red List (Bohl, Kleisinger, &
Leuner, 2003).

Owing to its complex life cycle, which depends on the availabil-
ity, quality and connectivity of various habitats for the different life
stages, nase populations are threatened by river damming and
channelization and the related consequences of blocked migration

routes and degraded habitats, especially spawning grounds

(Ovidio & Philippart, 2008; Penaz, 1996). Therefore, nase has
become a target species for conservation in Central European rivers
(Schiemer, Keckeis, & Kamler, 2002). Successful spawning of nase is
divided into four crucial steps. First, spawning grounds need to be
accessible. Nase is known to be a potamodromus species, aggregat-
ing in dense swarms to migrate in spawning runs from rivers to trib-
utaries (De Leeuw & Winter, 2008; Melcher & Schmutz, 2010;
Rakowitz, Berger, Kubecka, & Keckeis, 2008). Consequently, river
damming often hinders the accessibility of functional spawning gro-
unds (Aarts et al., 2004). Second, hydromorphological conditions at
spawning grounds need to meet their spawning habitat require-
ments. Nase prefer shallow riffles with fast currents for egg deposi-
tion (e.g. Melcher & Schmutz, 2010), requiring stable conditions
throughout the period of egg incubation (Hauer, Unfer, Schmutz, &
Habersack, 2007). In addition, these riffles need to be in the
immediate vicinity of pools as, apart from the spawning event itself,
nase show a spatial separation of sexes during the days of
spawning, with females resting in the pools while males maintain
position on the spawning grounds (Pendz, 1996). Third, after
spawning, eggs need to develop successfully on the spawning gro-
unds. Recent findings suggest that most eggs develop under the
gravel surface in the interstitial zone (Duerregger et al., 2018), pro-
viding a protected environment. In contrast, deposition of eggs on
the gravel surface exposes them to predation and uncontrolled drift
(Keckeis, Bauer-Nemschkal, & Kamler, 1996; Persat & Olivier, 1995).
Finally, hatched larvae need to emerge successfully from spawning
gravel, so infiltration of fines into the stream bed during early
ontogeny can reduce emergence success and affect subtle end-
points, such as larval size at emergence (Nagel, Pander, Mueller, &
Geist, 2020).

Measurements to improve spawning success by restoration of
spawning grounds have been widely discussed in the scientific
literature (Taylor et al, 2019) and are used to support fish
populations by many organizations such as local fishing associations
and regulatory authorities. Primary target species mostly comprise
salmonids such as brown trout (Salmo trutta L.; Pulg et al., 2013;
Sternecker, Wild, & Geist, 2013; Zeh & Donni, 1994), European
grayling (Thymallus thymallus L.; Zeh & Donni, 1994) and salmon
(Cramer, 2012; Mih & Bailey, 1981). Implemented and rec-
ommended measures for restoration include cleaning of colmated
gravel, e.g. using an excavator (Pander, Mueller, & Geist, 2015; Pulg
et al., 2013) or jetting lance (Basié, Britton, Rice, & Pledger, 2017)
and addition of gravel of various size classes (e.g. Barlaup,
Gabrielsen, Skoglund, & Wiers, 2008; Cramer, 2012; Pander
et al, 2015) as well as structural improvements of the stream bed
using current (Gore, Crawford, &
Addison, 1998; Gortz, 1998; Pander et al., 2015). To date, little is
known on whether the results from these studies are also applicable

deflectors or boulders

to lithophilic cyprinids. Therefore, there is a great need to extend
knowledge on the interaction of spawning substrate and reproduc-
tion success to those species, as an increasing number of studies,
mainly conducted under laboratory conditions, have demonstrated

the effects of spawning substrate composition on the early life
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stages of these species, e.g. on the interstitial movement (Vilizzi &
Copp, 2013) and emergence timing (Basi¢, Britton, Rice, &
Pledger, 2018) of European barbel, as well as hatching and emer-
gence success of nase (Duerregger et al., 2018; Nagel et al., 2020).
Moreover, as the success of stream-bed restoration in salmonids is
often limited by the short duration of the effects (Mueller, Pander, &
Geist, 2014), these measures may be more effective for cyprinid
species with a shorter egg incubation period. Consequently, the aim
of this study was to test how the restoration of nase spawning
grounds influences (i) the fine sediment content of spawning
substrates, (ii) spawning site use, (iii) infiltration of eggs and larvae
into the interstitial zone and (iv) development and timing of emer-
gence, as measured by the numbers and size of downstream drifting
larvae. Specifically, we hypothesized that restoring the spawning
grounds will result in a reduced fine sediment content in the
spawning substrates, increased habitat use by the spawners and a
greater depth range of eggs and larvae within the interstitial zone
and subsequent differences in their development and timing of
emergence.

Europe

2 | METHODS
2.1 | Studyarea

To test for the effects of substrate cleaning on the reproduction and
recruitment of nase, two spawning areas with well-known
morphology (see Duerregger et al., 2018) in the River Mangfall
(12°6'23.52"" E; 47°50'46.66" N) and the River Sims (12°9'1.02" E;
47°51'4.20" N) - two tributaries of the River Inn in Bavaria
(Germany) - were chosen for investigation (Figure 1). These sites are
among the most important known spawning grounds in the entire
catchment area of the River Inn according to observations on the size
of spawning populations in previous years. The Mangfall has a river
length of 58 km, draining a catchment area of 1,099 km? before it dis-
charges into the River Inn at about 3.3 km downstream of the investi-
gated spawning ground. The mean annual flow of the Mangfall is
17.6 m® s7%, but as the investigated spawning ground is located in a
diverted river section, discharge at this site is relatively stable at
1.5 m® s throughout the year (www.hnd-bayern.de). The Mangfall is
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FIGURE 1 Mapand
photographs of the study area;
grey arrows indicate flow
direction. Note the spawning
nase on the photograph of the
River Mangfall
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assigned as a ‘heavily modified water body’ with a moderate to poor
ecological potential (www.umweltatlas.bayern.de) according to the
European Water Framework Directive (Council of the European
Communities, 2000). The Sims has a river length of 8 km, draining a
catchment area of 94 km?. Directly downstream of the investigated
spawning ground, the Sims meets the River Rohrdorfer Ache before it
also discharges into the River Inn. Mean annual flow of the Sims is at
1.89 m®s?t (www.hnd-bayern.de). The ecological status for the Sims
is assessed as ‘moderate’ (www.umweltatlas.bayern.de). In both rivers,
their hydromorphological dynamics are restricted owing to controlled
discharge by weirs located upstream of the spawning grounds,
resulting in fine sediment (<0.85 mm) contents above 10%.

2.2 | Abiotic measurements

Hydromorphological conditions in the spawning grounds were charac-
terized by measuring water depth (cm) and current velocity (m s™%)
10 cm above the substrate and 10 cm below the water surface in
close proximity to each spawning box (see Section 2.5) on the day of
installation. Importantly, no significant differences in the restored and
the untreated site of each spawning ground were detected (Table 1).
At the same points redox potential (mV) at 10 cm substrate depth was
measured in situ, as described by Geist and Auerswald (2007) 6 days
after the first spawning event using a hand-held pH 3110 meter
(WTW, Weilheim, Germany). Measurements were also made of
oxygen concentration (mg L™1), pH, electric conductance (uS cm™)
(with a hand-held Multi 3430; WTW, Weilheim, Germany) as well
as turbidity (NTU) (using a hand-held PhotoFlex Turb equipment;
WTW, Weilheim, Germany) each time drift nets were placed.
Temperature was measured hourly using data loggers in each river
(Lascar Electronics Ltd; www.lascarelectronics.com). These data were
used to calculate degree-days (dd), by multiplying the mean daily

water temperature with the days of incubation.

TABLE 1 Abiotic parameters of the investigated spawning grounds

2.3 | Fine sediment content of spawning substrate

Initial substrate quality was assessed with three freeze-cores at each
site before restoration. At this time, fine sediment content (<0.85 mm)
of spawning substrates was similar in both halves of the spawning
grounds in the River Mangfall (treatment site, 12.2 + 2.7%; control
site, 10.9 + 1.0%) and in the River Sims (treatment site, 10.1 + 1.0%,;
control site, 9.2 + 1.3%). Another three freeze-cores at each site were
taken 1 day after the restoration to account for changes in the sub-
strate composition related to restoration. Subsequently, this sampling
procedure was repeated ~40 and ~60 days after the restoration. Sed-
iment samples from freeze-cores were wet-sieved in the fractions of
>20-63, >6.3-20, >2.0-6.3, >0.85-2.0 and <0.85 mm using an elec-
tronic sieving-tower (Fritsch, Idar-Oberstein, Germany). Afterwards,
discrete fractions were dried and weighed to determine percentages

by mass.

2.4 | Restoration of spawning grounds

Substrate restoration took place at the beginning of March, 5 weeks
before the expected spawning runs of nase (Figure 2), as other studies
showed that gravel cleaning is only effective for short periods if
streams transport high loads of fine sediment (Meyer,
Niepagenkemper, Molls, & Spaenhoff, 2008; Pander et al., 2015).
Spawning grounds were divided lengthways into two parts of equal
size, in which only one part was randomly selected for restoration
while the other was left untreated to serve as a reference for naturally
occurring conditions (Figure 3). This resulted in four investigated sites
in total: Mangfall restored, Mangfall untreated, Sims restored and
Sims untreated. Subsequently, the substrate of one half of each
spawning ground was loosened and cleaned down to a depth of
50 cm by an excavator following the approach of Pulg et al. (2013)
and Sternecker, Wild, and Geist (2013).

Mangfall Sims

Restored Untreated Restored Untreated
Flow velocity surface (m s™%) 1.0+0.22 0.9 +0.3° 1.0+0.1° 0.9 £0.1°
Flow velocity stream bed (m s™%) 1.0+0.12 1.0+0.3? 0.5+0.1° 0.5 +0.1°
Water depth (cm) 30.2+3.4° 27.9 +3.42 47.1+52° 429 +34°
Redox potential interstitial (mV) 473 + 24% 478 + 16° 467 + 10 447 + 19°
O, (mg L™ 112 +1.0° 10.1 +1.0°
pH 8.6 +0.2° 8.8 +0.2°
Electric conductance (uS cm™h 485 + 43 453 + 30P
Water temperature (°C) 13.3 +3.0? 13.7 +3.2°
Turbidity (NTU) 1.7 £0.6% 6.9 +2.4°

Note: Values are given as means + SD. Lower case letters indicate statistical differences between the restored and untreated sites of the spawning grounds
in both rivers (regarding flow velocity, water depth and interstitial redox) and the water physico-chemistry of the two investigated rivers respectively.
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FIGURE 2 An example of the timeline of the experimental setup in the River Mangfall

FIGURE 3 Schematic overview of the
experimental setup on investigated
spawning grounds (a). The grey part refers
to the untreated site and the white part
to the restored one. Squares show the
positioning of the spawning boxes (b);

(a)

trapeze-shaped symbols show the
position of the drift nets (c and d).
Dimensions are given in millimetres. Grey
arrows indicate flow direction

2.5 | Spawning site use

To evaluate substrate-related preferences in the use of spawning sites
visual observations were conducted on the days of spawning counting
the numbers of spawners per area. In addition, to quantify the
number of eggs deposited immediately after spawning, as well as to
estimate the decrease in the number of eggs at nase spawning
grounds over incubation time, plastic boxes (‘spawning boxes’;
16.5 cm x 14.5 cm x 8.5 cm, ROTHO clear boxes, ROTHO Kunststoff
AG, Wiirenlingen, Switzerland) were used (Figure 3). Spawning boxes

were comparable with those used in Duerregger et al. (2018), but of

smaller size to limit the disturbance of the interstitial to a minimum.
One week before the expected spawning event, determined by gath-
ering nase in further downstream areas, nine spawning boxes were
equally distributed in each half of the spawning grounds, resulting in a
total of 36 spawning boxes (Figures 2 and 3). Spawning boxes were
retrieved every 5-7 days after spawning by randomly removing three
boxes from the restored site in the spawning grounds and three boxes
with corresponding positions from the untreated sites (Figure 2). Lar-
vae had already started hatching by the scheduled date for the third
retrieving interval, which is why only six out of nine boxes were

assessed per treatment and river.
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2.6 | Infiltration of eggs and larvae into the
interstitial zone

To quantify the horizontal distribution of eggs in the interstitial
zone, three 30 cm deep freeze-cores equally distributed from down-
stream to upstream in each half of the spawning grounds were
taken 6 days after spawning. Subsequently, freeze-cores were def-
rosted in layers of 10 cm and separately checked for eggs. The same
method was applied 26 days after the first spawning event to check
for remaining larvae in the interstitial zone. Sediment samples from
freeze-cores were also used to evaluate changes in the substrate
composition.

2.7 | Development and timing of emergence

To evaluate the number of eggs that were not capable of entering
the interstices of the stream bed, drift nets located downstream and
upstream of each half of the spawning grounds were used, the latter
to check for potential bias from spawning activity upstream of the
investigated sites (Figure 3). Sampling devices were constructed
using rectangular aluminium frames for the mouth (30 x 24 cm) and
tear-proof polyester (mesh size ~800 pm) for the nets. The same
method was applied to measure the timing of emerging larvae after
spawning. To determine the amount of water filtered by every sam-
pling device, flow velocity was measured six times in each frame
(three at the upper end and three at the lower end) using an elec-
tromagnetic flow meter (Ott MF pro, Ott, Kempten, Germany) each
time drift nets were set. Drift-net sampling started the day on which
nase arrived at the spawning grounds and was continued on the fol-
lowing days for 1 h each day in the period from 12.00 to 17.00
(Figure 2). Two days after the first hatched larvae were caught,
drift-net sampling was additionally conducted in the hour between
dusk and darkness (20:30-21:30) to check for light-dependent
emergence patterns of larvae, as results of Persat and Olivier (1995)
demonstrated that drift of nase larvae under experimental condi-
tions is highest in the 2 h after dusk. This sampling schedule was
maintained for 1 week and then changed back to only daylight sam-
pling for one more week (Figure 2). Collected larvae were then pre-
served in 96% ethanol to determine total length (0.1 mm) of all
morphologically intact larvae using a stereo-microscope Olympus
SZX10 (Olympus Deutschland GmbH, Hamburg, Germany) with a
magnification of 6.3 and the cellSens-Software (Olympus Corpora-

tion; www.olympus-lifescience.com).

2.8 | Data analysis

To compare abiotic conditions on spawning grounds, Shapiro-Wilk
and Levene tests were applied to check for normal distribution and
homogeneity of variances prior to statistical significance tests.
Where the analysed data did not follow a normal distribution or

homogeneity of variances, differences were tested with unpaired

two-sample Wilcoxon tests (Wilcoxon rank sum test) for the com-
parison of two groups and with Kruskal-Wallis tests and post-hoc
Mann-Whitney U tests for the comparison of more than two
groups. As the data structure of the interstitial redox potential
followed a normal distribution, significant differences were tested
with ANOVA and post-hoc Tukey tests.

To quantify the fine sediment content of spawning substrate,
cumulative texture lines were computed. In addition, arithmetic
means (+ standard deviation) were calculated for the fine sediment
content of each investigated site at each date of sampling. Prefer-
ences in spawning-site use were tested with each spatially indepen-
dent spawning box as a replicate (Table S1). As these data did not
follow a normal distribution and homogeneity of variances, differ-
ences in the egg count were tested for each river separately with
Kruskal-Wallis tests. To assess the infiltration of eggs and larvae
into the interstitial zone, the numbers of eggs and larvae in each
substrate horizon are presented as arithmetic means (+ standard
deviation). This holds true for all values given in this study unless
stated otherwise.

Drift densities (number of eggs or larvae caught in 1 m? of filtered
water) were calculated separately for each drift sampling device. In
some drift samples from the River Sims, nase eggs and larvae were
also found in the reference nets located upstream of the spawning
ground. In this case, drift densities from reference nets were sub-
tracted from drift densities downstream of the investigated spawning
ground. Differences in the density of drifting eggs and larvae were
tested for each river separately using linear mixed effect models
(LMMs) with the function ‘Imer’ in the package ‘Ime4’ in R (R Core
Team, 2017). First, the response variable ‘egg drift density’ was linked
to the fixed factor ‘treatment’ only. Second, to account also for
daylight-depending patterns in the emergence of larvae, the response
variable ‘larval drift density’ was linked to fixed factors ‘treatment’ and
‘daylight’ (day or night sampling). In all models sampling date (days
after first spawning for eggs, days after first hatching for larvae) was
set as a random effect to account for temporal correlation between
measurements.

Linear mixed effect models were also used to test for significant
effects of treatment, river and daylight on the size of emerging larvae,
as model assumptions regarding normal distribution of model residuals
and homogeneity of variances were met (Table S1). To account also
for the interaction effects of treatment and river a second model was
computed, in which the response variable ‘larval length at emergence’
was additionally linked to the interaction terms of these predictors.
For both models, sampling date (days after first hatching) was set as a
random effect. Model fit was assessed using standard graphical valida-
tion for LMMs in R (Zuur, leno, Walker, Saveliev, & Smith, 2009). The
significance of effects was tested using a Wald 42 test in the R ‘car’
package (Fox & Weisberg, 2011).

Distribution of larval length over time was visualized in weighted
scatter plots using the function ‘geom_count’ from the package
‘ggplot2’ in R (R Core Team, 2017). All statistical analyses were per-
formed using R (version 3.5.1, R Core Team, 2017). Significance levels

were set to P < 0.05 for all statistical analysis.
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3 | RESULTS
3.1 | Fine sediment content of spawning substrate

Freeze-core samples taken before and one day after the restoration
revealed an immediate reduction of fines (<0.85 mm) from
12.2 (£ 2.6)% (w/w) to 3.6 (£ 1.6)% in the River Mangfall (Figure 4a,c)
and from 10.1 (+ 1.0)% to 2.7 (+ 0.6)% in the River Sims (Figure 4b, d).
Freeze-core samples taken ~40 days after gravel cleaning showed a
further decline of fines in the River Sims (2.1 + 0.6%; Figure 4b), possi-
bly owing to self-cleaning effects of the loose gravel, which has previ-
ously been reported in a study by Sternecker, Wild, and Geist (2013)
analysing the effects of substrate restoration on spawning grounds of
brown trout. Freeze-cores taken another 20 days later indicated that
the substrate cleaning was still effective, as only marginal increases in
fine sediment content (Mangfall, 5.1 + 2.1%; Sims, 2.4 + 0.3%) could
be detected (Figure 4c, d).

3.2 | Spawning site use

In the River Mangfall, spawning of nase occurred on 6 and 8 April

2018. When spawning began, the water temperature was at 10.3°C

-1

and discharge at 1.5 m® s~! (www.hnd-bayern.de; Water Authority

Rosenheim, pers. comm., May 2018). In the River Sims, spawning

occurred on 9 and 10 April 2018, at a water temperature of 11.3°C
and a discharge of 1.47 m® st (www.hnd-bayern.de).

Visual observations in the River Mangfall (conducted on 8 April
2018) recorded 281 spawning nase on the spawning ground, from
which 148 individuals (53%) were counted within the restored site
(density = 2.4 fish m~2) and 133 within the untreated one (density = 2.1
fish m~2). This observation was much more pronounced in the River
Sims, where visual observations (conducted on 9 April 2018) counted
180 spawning nase, of which 160 (89%) were within the restored site
(density = 3.3 fish m™2), and only 20 within the untreated one
(density = 0.4 fish m~2). The observed visual effect on spawning site
use was also evident in the number of deposited eggs in the spawning
boxes, which was significantly higher at the restored sites compared
with the untreated sites in both the River Mangfall (Kruskal-Wallis
test: ;(2 = 5.77; d.f. = 1; P < 0.05) and the River Sims (Kruskal-Wallis
test: ;(2 = 6.56; d.f. = 1; P < 0.05; Figure 5). In the River Mangfall, the
number of eggs deposited at the restored site of the spawning ground
was seven times higher (1,354 + 1,394) compared with eggs deposited
at the untreated site (262 + 185). In the River Sims, this difference
was even greater (restored 725 + 811, untreated 38 + 44). Combining
the numbers of eggs deposited across sites and rivers, the mean num-
ber of eggs was twice as high in the first retrieval event (806 + 1,249)
compared with the second (383 + 420), which occurred 6 days later;
however, this difference was not statistically significant (Kruskal-
Wallis test: 2 = 0.003; d.f. = 1; P = 0.95).
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FIGURE 4 Direct effects of gravel cleaning on substrate composition in (a) the River Mangfall and (b) the River Sims (n = 3 each per river and
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3.3 | Infiltration of eggs and larvae into the
interstitial zone

Egg counts from freeze-core samples taken in the River Mangfall
6 days after spawning resulted in great differences between the
restored (147 + 121) and the untreated site (4 + 1). The same was
demonstrated for the River Sims (restored 28 + 7, untreated 1 + 1). In
both rivers, eggs were detected down to a depth of 20 cm in the sub-
strate, almost exclusively at the restored sites (Table 2). At the
untreated site, only one egg in the River Mangfall was detected
deeper than 10 cm in the substrate. Freeze-cores taken 26 days after
spawning revealed no remaining eggs, but larvae down to 30 cm in
the substrate (Table 3). Comparable with egg counts in the River
Mangfall, the substrate layers of the restored site of this spawning
ground contained most larvae (39 + 31) whereas only a few (7 + 4) were
detected in substrate layers of the untreated site. In the River Sims,

only four larvae were found, all in freeze-cores from the restored site.

Drifting eggs were found downstream of all investigated sites,
indicating that not all eggs were capable of infiltrating into the inter-
stices of the stream bed or attaching to the substrate surface. Egg
drift was highest during the days of spawning and declined consis-
tently afterwards (Figure 6a, c). In the River Mangfall, the mean den-
sity (mean of the restored and untreated site) of drifting eggs was
0.61 + 0.45 eggs m~ on the first day of spawning (6 April 2018) and
increased to the overall peak of 4.86 + 1.54 eggs m™> on the second
day of spawning (8 April 2018; Figure 6a). The last eggs were found
189 dd after the first day of spawning. Egg drift densities from the
restored site were significantly higher compared with the untreated
site (,yz(l) = 5.98; P < 0.05). Mean drift density in the River Sims was
3.63 + 3.55 eggs m~2 on the first day of spawning (9 April 2018).
Comparable with the River Mangfall, the overall peak was reached on
the second day of spawning (10 April 2018) with 9.57 + 3.13 eggs
m~3 (Figure 6c). At this time, the total numbers drifting downstream

were estimated to be 50,000 eggs per hour. The last eggs were
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TABLE 2 Vertical distribution of eggs in freeze-cores (FC) taken 6 days after first spawning

Mangfall Sims
Horizon (cm) Restored Untreated Restored Untreated
0-10 91 17 213 7 2 3 23 21 14 0 0 3
>10-20 22 2 96 0 1 0 14 5 7 0 0 0
>20-30 0 0 0 0 0 0 0 0 0 0 0 0
FC weight (g) 1,828 3,480 3,004 4,566 1,960 2,381 5,045 2,161 2,666 3,913 3,448 3,492

TABLE 3 Vertical distribution of larvae in freeze-cores (FC) taken 26 days after first spawning

Mangfall Sims
Horizon (cm) Restored Untreated Restored Untreated
0-10 6 19 48 7 10 1 3 0 0 0 0 0
>10-20 0 10 23 0 2 2 0 0 0 0 0 0
>20-30 0 2 9 0 0 0 0 0 1 0 0 0
FC weight (g) 5,045 2,161 2,666 3,913 3,448 3,492 2,742 4,314 2,107 2,971 4,055 2,895
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detected 159 dd after the first day of spawning (6 April 2018). No sta-
tistical differences could be detected, although egg drift densities
from the restored site in the River Sims exceeded those from the

untreated site in every sample (;(2(1) =3.37; P = 0.07).

3.4 | Timing of emergence

The timing pattern of emergence was different between the two riv-
ers, but similar trends were observed when comparing the restored
and the untreated sites. In the River Mangfall, larval drift started at
160 dd with a few individual larvae (0.07 + 0.07 larvae m~3) and
remained at a comparably low level until numbers began to increase
distinctly after 250 dd (1.57 + 0.91 larvae m™3). The overall peak was
reached 12 days after the record of the first hatched larvae at 276 dd
with a density of 1.96 + 0.26 larvae m™ drifting downstream from
the spawning ground (Figure 6b). At this time, the total numbers
drifting downstream were estimated to be 10,500 larvae per hour.
Subsequently, numbers began to decrease until the termination of the
field observations on 7 May 2018. Densities of drifting larvae from
the restored site were higher in almost every sample, although no sig-
influence of the factor treatment could be detected
(r*1) = 2.30; P = 0.08). Larvae in the River Sims were first recorded
after 159 dd (0.06 + 0.06 larvae m~3). Contrary to the River Mangfall,
the overall peak was already reached 2 days later at 194 dd with a
mean density of 0.16 + 0.16 drifting larvae m~ (Figure 6d). In the fol-

lowing days only a few individual larvae were caught. Drift densities

nificant

(a) Mangfall

from the restored site were significantly higher compared with the
untreated site (%) = 14.62; P < 0.001).

Although drift densities during daylight (Mangfall,
0.60 + 0.76; Sims, 0.06 + 0.06) exceeded those during darkness in
both rivers (Mangfall, 0.28 + 0.30; Sims, 0.06 + 0.05), no significant
differences could be detected (Mangfall, ;(2(1) = 3.61; P = 0.06; Sims,
%1 =0.04; P =0.84).

larval

3.5 | Larval size at emergence

From a total of 3,139 larvae caught, 1,699 were morphologically
intact and used for determination of total length. In the River
Mangfall, 1,090 larvae (day 724; night 366) were measured from the
treated site compared with 443 from the untreated site (day 311;
night 132). From the treated site in the River Sims, 136 larvae were
measured (day 110; night 26) compared with 30 from the untreated
site (day 18; night 12). In all larvae measured, total length ranged
between 7.2 and 15.0 mm. Larval length was significantly influenced
by the factor daylight (%1, = 16.65; P < 0.001), whereas treatment
and river only showed a significant effect in the interaction term of
these factors (;(2(1) =4.03; P < 0.05). Only marginal differences in larval
length were detected between the treated and untreated site, in the
River Mangfall (restored, 11.1 + 1.4; untreated, 10.9 + 1.3), as well as
the River Sims (restored, 10.0 + 1.3; untreated, 9.9 + 1.0). At all sites,
larval length increased over time (Figure 7) and was higher during the
night (11.1 + 1.2) compared with daylight sampling (10.7 + 1.4). In
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FIGURE 6 Drift densities of eggs (6a, c) and larvae (6b, d) from spawning grounds in the River Mangfall and the River Sims. Solid lines and
filled dots indicate drift densities of organisms caught downstream of the untreated sites; dashed lines and circles indicate those caught
downstream of the restored sites. Black triangles indicate spawning events, black stars show the catch of first larvae
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addition, larval length was greater in the River Mangfall (11.0 £ 1.4)
compared with the River Sims (9.9 + 1.3).

4 | DISCUSSION

The results of this experimental restoration clearly indicate that
cleaning of spawning gravel affects all crucial steps of the reproduc-
tion and recruitment success of nase as evident from increased use of
spawning sites and numbers of eggs released as well as deeper infil-
tration of eggs and greater shelter of larvae in the interstitial zone, all

resulting in greater larval recruitment.

4.1 | Effects on nase spawning site use

In both rivers investigated, significantly higher numbers of eggs were
found in restored parts of the spawning grounds, suggesting that the
improved substrate quality, as indicated by the results of freeze-core
samples, is a major factor influencing spawning habitat use. This inter-
pretation is also supported by the number of spawning nase counted
in the respective halves of spawning grounds, which was up to eight
times higher in the restored parts. Although the number of nase coun-
ted in the spawning ground of the River Mangfall was only slightly
higher in the restored site, the significantly higher numbers of eggs
laid indicate that this site was preferred for egg release. The impor-
tance of substrate quality in spawning ground use has been demon-
strated previously for salmonid species, e.g. with evidence of coho

salmon (Oncorhynchus kisutch W.) spawning on substrates with certain
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gravel-pebble ratios (Mull & Wilzbach, 2007), as well as brook trout
(Salvelinus fontinalis M.) preferring spawning substrate with reduced
fine sediment content (Bernier-Bourgault & Magnan, 2002). Spawning
sites of nase are commonly characterized by shallow, fast-flowing rif-
fles with a high proportion of gravel and pebbles (Keckeis, 2001;
Melcher & Schmutz, 2010), yet the results of this study indicate that
other substrate-related parameters, such as colmation or bulk-density,
might also influence spawning site acceptance at the microhabitat
level. It is conceivable that males check for substrate quality before
spawning events by breaking up the gravel with their tails, which has
been described by Ahnelt and Keckeis (1994) as a pre-spawning prep-
aration in nase. Zoogeomorphic effects of spawning activity have also
been reported for another lithophilic cyprinid, the European barbel
(Gutmann Roberts, Basi¢, Britton, Rice, & Pledger, 2020). This clearly
demonstrates the value that assessing microhabitat use may have for
future river management and restoration projects, as shown by
Santos, Rivaes, Boavida, and Branco (2018).

4.2 | Effects on the infiltration of eggs and larvae in
the interstitial zone

Higher numbers of eggs and larvae were also found in the interstitial
zone of the restored sites in both rivers, indicating that loosened and
cleaned spawning substrate provides important interstices for both
developmental stages. This confirms recent findings from Duerregger
et al. (2018) that post-spawning eggs seep down into the interstitial
zone and post-hatching larvae retreat to greater depths. The impor-

tance of a loose and porous interstitial for the early ontogeny of nase
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FIGURE 7 Weighted scatter plots showing the size of larvae caught while drifting downstream from the restored (MR) and untreated
(MU) spawning ground in the River Mangfall and the restored (SR) and untreated (SU) spawning ground in the River Sims
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becomes evident in the reduced risk of predation and uncontrolled
drift of eggs and larvae developing in sheltered interstices in the
gravel bed. In contrast, these risks are elevated for eggs directly
exposed on the gravel surface (Keckeis et al., 1996; Persat &
Olivier, 1995). Spawning ground restoration by gravel cleaning clearly
supports the egg and larval infiltration mechanism, as indicated by the
higher number of eggs and larvae in deep interstitial layers of up to
20 and 30 cm, respectively, which were found almost exclusively in
the restored halves of spawning grounds. As studies on European bar-
bel and common minnow show that eggs of these species can also be
found in substrate layers down to 20 cm (barbel: Pinder, Clough,
Morris, & Fletcher, 2009) and 30 cm, respectively (common minnow:
Bless, 1996), it is likely that the benefits of gravel cleaning observed in
this study might be transferable to other species with a similar ecol-
ogy and incubation time, such as barbel, chub, dace and common
minnow.

However, while gravel cleaning might be a good choice for spe-
cies with a short incubation phase, this is still only a temporary solu-
tion (Mueller et al., 2014). In contrast, it is highly doubtful that single
instream measures provide a sufficient conservation tool for aquatic
biota that depend on a loose and well-oxygenated stream bed for a
much longer period of time, such as freshwater pearl mussels
(Denic & Geist, 2015). For these species sufficient habitat conditions
can only by established when integrative catchment concepts, com-
prising management of land use and flow dynamics, are developed
(Denic & Geist, 2015).

Generally, nase eggs are characterized by a cover of adhesive villi
on the zona radiata externa (Patzner, Weidinger, & Riehl, 2006),
supporting egg adhesive ability even in fast-flowing areas of spawning
grounds. However, not all eggs are capable of remaining on spawning
grounds, as high densities of suspended eggs drifting downstream
were found during the days of spawning, exceeding those reported by
Hofer and Kirchhofer (1996), in which the mean density of drifting
eggs peaked at 3.17 eggs m~3. Peaks in the drift of eggs were higher
from the restored sites of spawning grounds, which can be explained
by the significantly higher number of eggs laid on these sites.

In a study on egg populations of dace, another lithophilic cyprinid
with a similar egg attachment mechanism (Petz-Glechner, Patzner, &
Riehl, 1998), the number of downstream drifting eggs directly linked
to the initial egg population was estimated to be 2% in the wild
(Mills, 1981). Species-specific differences in the density and length of
adhesive Vvilli have already been reported (Riehl & Patzner, 1998);
however, it remains unclear whether there are also intraspecific differ-
ences, as previously demonstrated by Keckeis, Bauer-Nemeschkal,
Menshutkin, Nemeschkal, and Kamler (2000), for egg size of nase, or
effects of water chemistry on the attachment mechanism that might
explain differences in the adhesiveness of eggs between the two riv-
ers investigated. Moreover, it remains to be tested whether eggs
drifting from spawning grounds can settle and develop elsewhere, or
whether they are completely lost to the population. The latter seems
likely in cases where streams transport high loads of fines, as
observed by Nagel et al. (2020), where even 10% fine sediment con-

tent in the incubation substrate (<0.85 mm) caused elevated mortality

of nase eggs. However, drifting eggs can also contribute indirectly to
the recruitment success by distracting predators from eggs developing
in more favourable conditions on spawning grounds. In any case, our
findings highlight the importance of a loose and porous interstitial on
spawning grounds, as the chances of a successful development of
eggs with a reduced adhesive ability is elevated if the stream bed pro-

vides sufficient porous space for egg infiltration.

4.3 | Development success and timing of emergence
In both rivers, larval emergence was distinctly higher from the
restored sites of spawning grounds, which can be linked to the pre-
ferred use of these sites by spawning nase. Subsequently, higher num-
bers of eggs laid develop in a greater interstitial space, which results
in higher numbers of emerging larvae. It seems likely that the
observed effects are not only a matter of a higher number of eggs laid,
but also a result of more favourable conditions for the early ontogeny
of nase, as the hatching rate of nase larvae increases with reduced
fine sediment content in the incubation substrate (Nagel et al., 2020).
However, the variability in the development success between the two
rivers was high, with a peak density of larvae emerging in the River
Mangfall 12 times higher than in the River Sims. We assume that this
could be related to several factors such as substrate composition or
compaction, differences in water chemistry or biological causes such
as a reduced egg adhesive ability of the Sims population, as indicated
by the high densities of downstream drifting eggs and consequently
lower numbers of eggs remaining on the spawning ground. As larval
emergence in the River Sims was almost exclusively observed at the
restored site, it is possible that this population has fundamental prob-
lems in recruitment success under naturally occurring conditions that
might threaten its survival. In the River Mangfall, emergence activity
was detected from the record of the first larvae until the end of the
investigation, but the peak of emergence was observed 155 dd after
the first record of hatching. This suggests that post-hatching nase lar-
vae use the interstitial zone as a sheltered habitat for further develop-
ment and emerge several days after hatching, which is consistent with
findings from a laboratory experiment, in which the time of hatching
and emergence in nase larvae differed by up to 156 dd (Nagel
et al., 2020).

Generally, nase larvae are described as negatively phototactic
(Penaz, 1974). However, contrary to findings of Hofer and
Kirchhofer (1996) in the wild and results from Persat and
Olivier (1995) under experimental conditions, a shift to increasing drift
activity of nase larvae during darkness in both rivers was not
observed. Taking into account the high emergence success in the
River Mangfall (derived by the high numbers of drifting larvae and
findings of Duerregger et al., 2018), we assume that the main driver
of dispersal in this spawning ground can be related to the reaction of
larvae to population density effects after hatching (Lechner, Keckeis, &
Humphries, 2016). The aggregation of eggs and larvae on spawning
grounds can attract predators, such as chub - which were observed

on spawning grounds after spawning of nase - waterfowl and
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macroinvertebrates (Keckeis et al., 1996; Persat & Olivier, 1995). A
dispersal movement from spawning grounds can reduce these risks
as well as the competition for space (Copp, Faulkner, Doherty,
Watkins, & Majecki, 2002).

This interpretation is also supported by a study on brown trout
(Daufresne, Capra, & Gaudin, 2005) that demonstrated that down-
stream drift was reduced following displacement of 80% of the
hatched fry. Moreover, the observed size difference in nase larvae
drifting during daylight compared with those drifting during darkness
suggests that daylight larval drift is mainly composed of small
hatched embryos of eggs attached to the stream bed. Larvae are
probably flushed away by the current immediately after hatching
(passive drift entry) in contrast to larger individuals actively emerg-
ing from the substrate during the night (active drift entry). In addi-
tion, it remains unclear whether the observed size difference of
larvae between the rivers investigated is a result of the time when
larvae were caught in relation to the date of hatching or an
inherited phenomenon caused by differing genetic constitution of
the spawning populations. The latter seems unlikely, as there are no
migration barriers between the spawning grounds in the River Sims
and the River Mangfall, and Wetjen, Hubner, Seehausen, and
Schulz (2020) very recently detected only limited geographical dif-
ferences in the genetic structure of nase poulations in Germany,
where migration between populations was not interrupted. In con-
trast, a time-related effect seems more likely, as larval emergence in
the River Sims stopped ~7 days earlier compared with the River
Mangfall and a linear increase in growth of nase larvae following
Keckeis, &

Nemeschkal, 2009). Effects of greater larval sizes from the restored

hatching is well described (Schludermann,
parts of spawning grounds were not observed in the present study;
however, the effects of smaller larval sizes with increasing amounts
of fines in the incubation substrate were found in studies under
experimental conditions for nase (Nagel et al., 2020) and for salmo-

nids likewise (Sternecker & Geist, 2010).

4.4 | Conservation implications

Identifying life-stage specific deficiencies in habitat quality is one of
the most crucial steps in developing sound conservation plans
(Geist, 2011; Pander & Geist, 2013), yet knowledge of the autecologi-
cal requirements of threatened European freshwater fish species is
still not sufficient (Smialek et al., 2019). The results of this study reveal
that spawning ground restoration for nase clearly supports the repro-
duction and recruitment success of this species, by reducing the
amount of fines in the spawning substrates and thereby increasing the
porosity of the stream bed. Consequently, the improved substrate
quality results in a preferred use of the restored site, which is evident
in the higher numbers of spawning nase and eggs laid on the
spawning grounds. Considering subsequent development stages, the
restoration-induced increase in stream-bed porosity leads to higher
numbers of eggs and larvae infiltrating the interstitial zone, where lar-

vae can successfully use the interstices as shelter, increasing

emergence success and size at emergence. Other studies have
observed only short-term effects of spawning substrate restoration
and raise doubt concerning the effectiveness of this measure for spe-
cies with a relatively long interstitial phase such as salmonids or fresh-
water pearl mussels (Mueller et al., 2014; Pander et al., 2015). In
contrast to those species, the predictability and synchrony of nase
spawning runs in concert with a relatively short interstitial phase of
less than 1 month, allowing a high accuracy in the timing of spawning
ground restoration and therefore greater restoration success. It is
therefore important to consider spawning ground restoration as a
quick, cheap and effective tool for the restoration and conservation
management of nase and other species with a similar ecology and
incubation time, such as barbel, chub, dace and common minnow. This
holds especially true if streams lack internal dynamics and transport
high fine-sediment loads. It is essential, however, to consider the spa-
tial and temporal restriction of gravel cleaning effects as well as possi-
ble adverse consequences that may occur in downstream areas as a
result of fine sediment wash-out when implementing this measure
(Pander et al., 2015). The extent of both depends on the individual
geomorphology, flow dynamics and fine-sediment loads and is there-
fore highly river- and site-specific (Pander et al., 2015). Consequently,
long-term improvements for stream bed-dependent aquatic biota can
only be achieved if all causes of fine-sediment clogging in the stream
bed are addressed. This includes the reduction of fine-sediment loads
from catchment-dependent land use as well as restricted gravel
relocation caused by structural instream modifications (Geist &
Hawkins, 2016). Rethinking common land-use practices, as well as re-
establishing natural flow dynamics, is therefore crucial to support a
self-sustaining process of reducing sediment input on the one hand

and sediment mobilization and relocation on the other.
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