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Abstract

The dispersal of fish larvae in rivers results from water-movement but also from larval
behavior, a factor that has been widely neglected. This study examines the swimming
activity and orientation and associated patterns of movement in larvae of a characteristic
rheophilic species, the nase (Chondrostoma nasus). This study was designed to determine
different, dispersal-relevant types of movement and to quantify their application in different
flow-velocity gradients. Using an experimental approach, | analyzed individual swimming
trajectories of larvae based on their swimming speed as well as their orientation in relation
to the current vector. Furthermore, frequencies of stops and turns as well as displacement
of fish larvae were quantified. Based on these parameters | discriminated distinct types of
movement. In order to simulate conditions of natural habitats of fish larvae, the
experimental flume mesocosm offered characteristic features of shoreline morphology as
well as a velocity gradient. Experiments were carried out at three different velocity scenarios
representing under-, near- and over-critical flow conditions with respect to swimming
abilities of larvae and were conducted at daylight and during the night. Information on
current direction and velocity at any location in the flume was obtained from a 3-D
hydrodynamic numerical model based on Acoustic Doppler Velocimetry (ADV). The
guantification and analysis of larval fish movement revealed that downstream migration is
strongly governed by active behavioral components under all tested flow scenarios. In
contrast, totally passive transport by the current was rare, indicating the high importance of
behavior in the dispersal of early life stages of riverine fish.

Key words

early developmental stages, Chondrostoma nasus, swimming trajectories, orientation,
displacement, dispersal



Zusammenfassung

Die Ausbreitung von Fischlarven in Flissen ist die Folge von Wasserbewegungen wird
aber auch maRgeblich vom Verhalten der Tiere beeinflusst, einem bisher weitgehend
vernachldssigten Faktor. Im Rahmen der vorliegenden Studie erfolgte die Erforschung der
Schwimmaktivitdit und der Orientierung und den sich daraus ergebenden
Bewegungsmustern von  frilhen  Entwicklungsstadien einer  charakteristischen,
stromungsliebenden Fischart, der Nase (Chondrostoma nasus). Hauptziel dieser
Untersuchung war es, die verschiedenen, fiir die Ausbreitung der Fischlarven relevanten
Faktoren unter variablen hydraulischen Bedingungen zu erfassen und zu quantifizieren. Im
Rahmen einer Serie von Experimenten in einer Stromungsrinne wurden Ausbreitungspfade
einzelner Individuen im Hinblick auf ihre Schwimmgeschwindigkeiten und ihrer Orientierung
in Bezug auf Stromungsvektoren, untersucht. Zusatzlich erfolgte die Quantifizierung der
Schwimmaktivitat, die Erfassung der Haufigkeiten von Richtungsanderungen und deren und
Winkel und der Ausbreitungsstrecken der Larven. Anhand dieser Parameter, war die Analyse
und Unterscheidung unterschiedlicher Bewegungsmuster der Fischlarven moglich. Das
Gerinne der verwendeten Stromungsrinne wies typische gewdssermorphologische
Charakteristika von Uferbereichen von Fliegewassern auf, wodurch ein Strémungsgradient
vorhanden war. Bei den Experimenten kamen drei unterschiedliche Strémungs-Szenarien
zur Anwendung, die in Bezug auf die Schwimmleistung der Fischlarven unterkritische,
kritische und Uberkritische Stromungsbedingungen reprasentierten. Die Experimente
wurden bei Tageslicht und auch bei Nacht durchgefiihrt. Um Informationen {iber die exakte
Stromungsrichtung und -geschwindigkeit an jedem beliebigen Punkt der Flierinne zu
erhalten, wurde auf ein 3-D Modell zuriickgegriffenen, welches anhand Ultraschall-Doppler-
Profil-Stromungsmessungen erstellt wurde. Die Erfassung und Quantifizierung der
unterschiedlichen Bewegungsweisen der Jungfische zeigte, dass die flussabwarts gerichtete
Wanderung von Fischlarven unter den getesteten Stromungsbedingungen zu einem grofRen
Anteil von aktiven Verhaltensweisen gepragt ist. Im Gegensatz dazu, trat vollig passive
Verfrachtung von Fischlarven durch die Stromung verhaltnismaRig selten auf.

Schlisselworter

Frihe Entwicklungsstadien, Chondrostoma nasus, Schwimmpfade, Orientierung,
Verfrachtung, Ausbreitung



Introduction

After successful spawning, egg development and hatching, the offspring of many fluvial
fish species are found in the organismic drift downstream of spawning sites. Drift patterns of
freshwater fish larvae are strongly stage- and species specific and may vary between rivers
and years for the same species (Copp & Cellot 1988, Johnston et al. 1995, Reichard & Jurajda
2007). The young of some species also have shown evidence to avoid drift (e.g. Squalius
cephalus, Gobio gobio, Brown & Armstrong 1985, Reichard et al. 2001), whereas others
demonstrate a high tendency to drift. Regarding the species-dependency of drift, a
classification was introduced by Humphries & King (2004). The authors differentiate
between obligate, facultative or non-drifters according to the relation of their abundances in
the drift and simultaneously in retentive habitats (i.e. inshore low-flow zones). Moreover,
larval fish drift in rivers shows distinct seasonal and diurnal patterns. The seasonality of drift
is assumed to be directly correlated with that of reproduction (Brown & Armstrong 1985).
Concerning the diurnal course of drift patterns, peak densities during night have been
reported from the large majority of studied freshwater fish taxa, environments and rivers
(e.g. Pavlov et al., 1978, D'Amours et al., 2001; Johnson & McKenna, 2007). The observed
nocturnality of downstream migration/drift is often assumed to be related to the
illumination level and its influence on drift entrance (Reichard et al., 2002; White & Harvey,
2003). However, rapid transport or migration to and settlement in suitable nursery habitats
are considered essential for survival of early life history stages in numerous riverine fish
species, thereby ultimately affecting further year class-strengths (Pavlov, 1994; Keckeis et. al
1997; Mion et al. 1998). In this context, the phenomenon of larval fish drift in rivers is
regarded as directed migration, during which larvae actively use the flow as a transport
vehicle from spawning sites to downstream nursery habitats (Paviov, 1994; Oesmann, 2003).
At the same time, accidental/catastrophic drift probably acts as a major population sink via
wash-out effects (Bischoff & Wolter, 2001) and likely represents a significant source of
mortality to young fish especially during high floods (Mion et al., 1998). Despite this
ambiguity, a phase of downstream displacement presents an integral part in the life-cycle of
various fluvial fish species (Fuiman & Werner, 2009). Our insights into the spatial and

temporal dynamics of fish larvae in rivers have relied almost exclusively on data generated
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by drift-net and point-abundance sampling (Gallagher & Conner, 1983). These methods, or
combination thereof, enable quantifying larval fish drift and the abundance of settlers
(Lechner et. al., 2014). This enables conclusions to be drawn on spawning activity (by the
time of occurrence), larval production (by means of abundance) and environmental
conditions triggering the drift entrance of fish larvae and larval settlement (e.g. light

intensity, turbidity, current velocity and discharge).

Despite these possibilities and the awareness of the important role of riverine larval
drift as a linkage between spawning grounds and nursery habitats, there is a conspicuous
lack of knowledge regarding relevant aspects of larval behavior associated with this
processes (Reichard & Jurajda, 2007; Pavlov et al.,, 2008). Dispersal of fish larvae in
environments characterized by currents (streams, rivers, estuaries and marine habitats) was
often assumed to be a primary consequence of water movement (Wolter & Sukhodolov,
2008). The suspected dominance of the factor flow led many modelers to make the
“simplifying assumption” by treating larvae as passive particles (Leis, 2007). Nonetheless,
studies have demonstrated that not only the movement of water alone is responsible for
dispersal outcomes in the larvae of fish (Leis, 2007) and invertebrates (Metaxas, 2011). It has
been demonstrated that larval freshwater fish can detect fine-scaled stimuli induced by the
current velocity and actively react to them from early larval stages onwards (Garner 1999,
Stoll & Beeck, 2012). Once in the current, the behavioral mode and associated pattern of
movement (i.e. active, active-passive, passive, sensu Pavlov, 1994) of fish larvae during
downstream movement will ultimately determine their actual swimming trajectory, travel
speed and destination. Knowledge about these features is indispensable when attempting to
fully understand, model or predict dispersal patterns of fish larvae in rivers. Furthermore, a
greater understanding of dispersal processes (i.e. the linkage between spawning and nursery
habitats) will aid future conservation measures (e.g. habitat revitalization) targeting the
growing number of populations of endangered riverine species. This strongly calls for
detailed knowledge on the behavioral features of drift and/or movement with regard to

larval fish dispersal in rivers.

In marine ecology, the importance of larval behavior for dispersal has been recognized

during the past decade (Fiksen et al., 2007; Gallego et al., 2007; Leis, 2007) and the need to
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“break the black-box of behavior” has been realized (Pineda et al., 2007). Fiksen et al. (2007),
argue that the incorporation of behavioral attributes into models represents a “key step

III

forward to improve our understanding of larval survival, growth and dispersal”. Moreover,
basic behavioral features of fish larvae have already been successfully incorporated into
elaborate 3-D models of physical-biological interactions, which have increasingly become an
integral tool for understanding larval fish dynamics in the sea (Gallego et al., 2007). It has
been recognized that certain “long-term” behavioral changes are time-dependent and may
considerably contribute to larval dispersion. These behaviors are associated with factors
such as time of day, water temperature, salinity, food availability or ontogeny and act on
time-scales of hours, days and weeks. Minimal knowledge, however, exists on behavioral
adaptation operating on scales of seconds to minutes which responds to temporary “short-
term” physical and biological triggers (Pineda et al., 2007) or to factors that change rapidly in
space as fish larvae move (e.g. currents, rheogradients). Pineda et al. (2007) argue further
that hypothesis on the contribution of behavior to larval dispersion must be developed and

tested in order to achieve advances in modelling and in understanding transport processes

of early developmental stages.

Essential behavioral aspects with relevance for dispersal outcomes in rivers are
represented by the directional orientation (i.e. posture) and the movement rate (i.e. speed)
of fish larvae in relation to the water flow. These features present integral components of a
complex behavioral reaction caused by the water flow, termed rheoreaction (Pavlov et al.
2011). Additionally, rheoreaction also comprises a motivational component expressed as a
preference to move in a certain direction in relation to the current, i.e. upstream (positive
type of rheoreaction) or downstream (negative type of rheoreaction, Pavlov et al. 2011).
During downstream movement, the orientation in relation to the current vector, and the
relative speed of the fish larva in relation to the flow velocity, were successfully used to
determine if movement/drift was performed actively, passively or in an intermediate style,
termed active-passive (Pavlov et al., 2011). The significance for dispersal outcomes of these
different types of downstream movement arises from the fact that larvae exhibit different

speeds of dispersal depending on the drift mode.



This study provides an individually based, quantitative estimate of all dispersal-
relevant patterns of larval fish movement, reflected as consequences of behavior (i.e.
swimming activity and orientation). The manifestation of distinct movement patterns is
compared among different hydraulic conditions, light levels and larval stages. Considering
known ontogenetic differences among larval stages and reported diurnal differences in larval

behavior, the following hypotheses were put forward:

(1) During larval ontogeny, swimming capacity improves and physiological costs
of active locomotion decrease with growth; accordingly, movement patterns
of older larval stages show higher proportions of active components

compared to younger larvae.

(2) Vice versa, passive transport by the current more often occurs in earlier larval
stages.
(3) Furthermore, active downstream migration occurs more frequently during the

day, whereas passive migration dominates at night.

Additionally, this study focuses on:

(4) Downstream displacement at under-critical, near-critical and over-critical flow
conditions, thereby providing fundamental information for future modelling
of dispersal patterns in a large river.

(5) The number of turns and stops during or between phases of movement. This
is compared among the distinct flow-scenarios described above in order to
assess the steadiness of swimming trajectories.

(6) The vertical position in the water column.

(7) Different larval stages of Chondrostoma nasus (Cyprinidae). This are compared
with regard to their morphometric parameters, contributing to our
knowledge of the species” early development.



Materials & Methods

The species under study

In this study, larvae of the threatened nase (Chondrostoma nasus) were used as a
model organism. This species from the cyprinid family is native to many large to medium-
sized rivers in Central and Eastern Europe. Confined to moderate to fast-flowing waters with
gravel substratum, the nase is a migratory species that spawns from March to May in smaller
tributaries, which it usually does not inhabit during summer (Kottelat and Freyhof, 2007), or
in suitable areas within the rivers” main channel (Spindler, 1988; Keckeis et al., 1996). After
the period of yolk-sac depletion during which larvae exhibit a benthic life style (usually 4 to 7
days post-hatch, Keckeis et al. 1996, Kamler et al. 1998), exogenously feeding larvae and
juveniles are commonly found in the organismic drift downstream spawning sites (Reichard
et al., 2001). Shallow inshore areas serve as important nursery habitats for larvae and early
juveniles, which feed on small invertebrates (Reckendorfer et al., 2001). Larger juveniles and
adults feed mainly on algae and invertebrates, which are scraped off rocks and gravel in fast
current (Kottelat and Freyhof, 2007). Populations declined drastically during the past
decades in many European river systems, most probably due to anthropogenic habitat
degradation (Pendz, 1996). The nase has become an important flagship species for
conservation measures and has a high bio-indicative potential to assess habitat quality,
ecological integrity and connectivity of river systems or sections (Schiemer et al., 2002,

Szabd et al., 2002).

Artificial spawning & rearing of larvae

During their spawning migration, ripe male and female nase were collected by
electrofishing from a tributary of the Danube River east of Vienna, the Schwechat River. An
electrofishing power-generator (Honda®, 8.5 kW), supplying a single ring-shaped anode (30
cm diameter) with four to six amperes and approx. 400 volt direct current was used. The

captured spawners were transported to the lab where they were hand-stripped and
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fertilized promiscuously. Parental fish were then transported back to the Schwechat River
and released alive. Eggs, and later fish larvae, were kept in a 150 | through-flow rearing tank
with constant supply of filtered and well-aerated water at 11.7 +0.7 °C. After the onset of
exogenous feeding, appropriate food - life Artemia salina nauplii (Great Salt Lake Artemia
Cysts, Sanders®) and dry food for freshwater fish larvae (Vipagran Baby, Sera®) - was

provided ad libitum.

The experimental flume & the 3-D hydrodynamic numerical model

An artificial racetrack flume (Fig. 1) was constructed in the Hydraulic Engineering
Laboratory of the University of Natural Resources and Life Sciences, Vienna (Glas et al.,
2012). The oval-shaped flume featured basic properties of natural shoreline configuration of
the main channel of the Danube River: the inner bank showed a slope (22° from horizontal)
in the straight section of the flume, whereas the outer bank was designed vertically to
resemble a cut bank and point-bar situation. Furthermore, this design induced the formation
of a gradient in hydraulic parameters and available water depths (0 to 20 cm). An electric
motor propelled a paddled belt drive which induced a clock-wise flow. A control module
enabled regulating the induced current velocity as desired. A 3-D flow velocity field was
measured in four layers using an Acoustic Doppler Velocimeter (ADV). In total, 1996
measurements were taken at each of the three different flow-scenarios and, together with a
3-D hydrodynamic model, fine scaled 3-D current velocity vectors for any position within the
flume were obtained (for more details see Glas et al., 2012). For spatial reference, we used
an observation grid with squares of 10 x 10 cm and an alphanumeric code, drawn on the

bottom of the flume.
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Rheoreaction and movement patterns in fish larvae
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Fig. 1: (A) Schematic diagram of the flume mesocosm illustrating the dimensions, shape and
functional principle. The cross section along stretch A-A shows the slope (22° from horizontal) of the
inner bank resembling the natural shoreline configuration and inducing the formation of
rheogradients. The functional principle of the belt drive is shown along the cross section B-B (arrow
indicates direction of movement of belt drive and the induced clockwise water flow). Note the
observation grid (10 x 10 cm squares) drawn on the flume floor (Glas et al., 2012). (B) and (C) The
entire body of the flume consists of agglutinated Styrodur®-singles. Photographs taken during the
final stage of flume installation (prior to drawing of observation grid). (D) and (E) show details of the
paddled belt drive. (Photos: H. Keckeis)
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Experimental design & conditions

Flume experiments comprised three different velocity scenarios chosen based on the
known critical current velocity (Vi) of the larvae. V refers to the maximum sustainable
swimming speed according to Flore et al. (2001). Experimental flow scenarios represented
under-critical, near-critical and over-critical mean flow conditions. In every scenario, a
gradient from nearly zero-flow zones to the aforementioned zones with faster flow was
present. We conducted our experiments during daylight (i.e. artificial light in the lab) as well
as in darkness. Larvae were released at two different release points: one was situated in a
shallow (depth = 11 cm) low-flow zone close to the inner bank with an average current
velocity of 2.8, 4.2 and 8.4 cm s, depending on flow scenario. The other release point was

situated in deep water (depth = 20 cm) and faster current velocities of 9.0, 13.1 and 26.3 cm

s, respectively.

Tab. 1 Numbers of conducted experiments (N) at different

flow scenarios during day and night.

Flow- Release-

. . Day Night Total
scenario point

. low 8 9 17
under-critical

fast 10 6 16

L low 9 3 12
near-critical

fast 10 6 16

. low 7 3 10
over-critical

fast 10 0 10

Total 54 27 81

13



Filming & experimental handling

The racetrack flume was filled with fresh water (13.9 + 1.8°C) at the beginning of each
day of experimental work. For each experiment, larvae were captured from the culture-tank
and adapted in an aerated container with the same water; before release, each single larva
was adapted in a transparent acrylic glass cup with a 400 um mesh bottom for a few minutes
in the flume. This procedure should enable adaptation to the temperature as well as
chemical and optical properties of the new surroundings. The inexperienced fish larvae were
released individually from this release cup and filmed with a handheld camcorder (Sony®,
HDR-CX700VE) over a period of 5 minutes. During daylight, the automatic focus function (AF)
was used, whereas in darkness we used the infra-red detectable night-shot function
together with an additional infra-red light source (Sony®, HVL-HIRL) and the manual focus
(the AF did not perform satisfactorily here). Filming during day and night followed the
exactly same procedure: The observer was always positioned in the flume’s eye where it was
possible to move freely in order to keep an adequate distance and angle to the studied fish.
From release onwards, the fish’s path was continuously followed at zoom settings, resulting
in coverage of at least four grid squares simultaneously (to achieve sufficiently detailed
information on behavior and the required resolution to determine the position of the larva).
When visual contact to the observed fish larvae was lost, the experiment was discarded if
the fish could not be redetected immediately (within approx. 30 s). Discarded experiments
were repeated with new, inexperienced larvae. After the filming period, the fish larvae were
anesthesized and killed using a highly overdosed (approx. 0.2%) solution of MS 222 (tricaine
methanesulfonate, Fulka Analytical®). Larvae were individually coded and preserved in 4%
formalin for later morphometric measurement and stage identification. Water temperature
and oxygen saturation was measured to the nearest 0.1° Cand 0.1 mg Lt using an Oximeter

(Oxi 330, WTW®) at the beginning and end of each block of experiments.
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Video analysis & processing

The recorded videos were processed manually using a fast motion and stop procedure
in the software package Adobe® Premiere Pro 5.0/CS5: Via mouse-scrolling, the videos were
replayed at fast motion and stopped every time when a larva passed over a grid line with the
full length of its body. The position was obtained from the observation grid on the flume
floor and noted in a continuous time table with steps of 0.1 seconds. This procedure enabled
determining larval speed relative to stationary landmarks for every observation which,
according to grid size, approximates every 10 cm of traveled distance. In order to assess the
orientation, eight different positions were defined according to angles of -45°, -90°, -135°,
180°, 135°, 90°, 45° and 0° enclosed by the fish’s body axis and the longitudinal gridline in
clockwise (negative values) or counterclockwise (positive values) rotation. The angle of the
fish's body axis enclosed with the 2-D current vector (obtained from the hydrological model)
was then calculated for any point of observation (Fig. 2). Additionally, the water layer used

by the fish larva was noted in terms of bottom, middle and surface third of the water

column.
A E) Fig.2: Schematic representation of the
eight different orientation categories
———="D) in relation to the current vector (black
arrows). The angle of the body axis
180 deg 0 deg enclosed with the current vector is
B) F) given either in positive or negative
\\ %O values for each category. (A) 180
“"\%\ D / degree, (B) 135 degree, (C) 90 degree,
135 degb g 135 deg (D) 45 degree, (E) 0 degree, (F) -135
degree, (G) -90 degree, (H) -45 degree.
C) | G) IQ Note that there are 3 pairs of
«— HI equivalent categories (in terms of
J'T}I angles) which differ only in the
& 90 deg | 90 deg direction: (B) & (F), (C) & (G), (D) & (H).
D) H)
/] N
4 45 deg -45 deg

15



Determined variables & movement patterns

For every individual larvae used in the experiments, the larval stage according to Penaz
(1974) was identified (see Supplement |: Characteristics of larval stages of C. nasus &
comments on their identification, Fig. S1). For each larva, the following morphometric
characters were measured to the nearest 0.01 mm: (A) Total Length (TL) measured from
snout tip to rear margin of caudal fin. (B) Standard Length (SL) from snout tip to end of
notochord. (C) Body Height (H), measured approximately one eye-diameter behind rear
margin of eye, orthogonally to body axis (Supplement I, Fig. S2). In the larvae used in this
study, H represented the greatest dorso-ventral height. Wet weight of each individual was
measured to the nearest 0.01 mg (METLER® MT5 analytical microbalance) after turning the
fish onto folded, standardized paper (Precision Wipes, Kimberley-Clark Professional®) several
times, until adhering formalin-water was removed as completely as possible. All
morphometric length measurements (TL, SL and H) were obtained from standardized
photographs (compare Supplement |, Fig. S1) showing each larva in plane, lateral view (head
left-sided) and at fixed microscope zoom settings (x 7.5), using the imaging software NIS

Elements® 3.0 Inc.

Depending on total length, the maximum sustainable water velocity (hereafter termed
critical velocity; V.i:) was calculated for each larva as Vi = 4.39 + 0.456 * TL, according to
Flore et al. (2001). V. is defined as the current velocity that does not allow the fish larva to

hold its position over ground for longer than 2 minutes.

In order to examine displacement and rheoreaction, the distances covered in upstream
direction were extrapolated to 5 minutes observation time (hereafter termed covered
upstream distance, CUD) and calculated for each individual larva. The same applies to the
distance covered in downstream direction (covered downstream distance, CDD).
Displacement was calculated as CUD minus CDD, vyielding positive values for larvae that
showed net upstream movement or negative values for larvae showing net downstream
translocation over the 5-minute observation period, respectively. The type of rheoreaction
has been defined as the “preference of fish to move in a certain direction in relation to the
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direction of water current” (Pavlov et al., 2011). The positive type represents upstream
movement against the current (CUD > CDD). The neutral type demonstrates resistance to
move: CUD and CDD compensate each other and the displacement is therefore zero, the
individual maintains its position constantly. The negative type of rheoreaction is indicated by
downstream movement (CUD < CDD). In order to achieve a standardized value for the
rheoreaction type, | introduced the rheoreactive quotient (RQ) representing relative net
displacement with values ranging from -1 to 1, irrespective of the covered distance. This

variable consists of a negative and a positive component and was calculated as:

RO — CCD_I_CUD
Q= TCD TCD

where TCD is the total covered distance.

Values of -1 indicate that the larva exclusively shows downstream movement, whereas

values of 1 show exclusively upstream movement.

For larvae that moved downstream or kept position, the proper movement rate
(relative to water flow), Vf (in cm s™) was calculated at any point of observation as the speed
of the fish towards stationary landmarks (Vs, net speed over ground in cm s™!) minus the

current velocity (Vw, in cm s*), according to Pavlov et al. (2011):
Vf=Vs-Vw

This variable can therefore attain any value, either positive (if the fish moves faster
than the surrounding water), negative (fish moves slower than surrounding water) or zero
(fish speed equals flow velocity). Hence, Vf can be regarded as an expression for a fish’s
swimming activity. Both, negative and positive values indicate that propulsive movements
are carried out, the intensity of propulsion being reflected in the magnitude of Vf. Note,
however, that these characteristics of Vf and the computation given above apply for
downstream movement and position holding. In the case of upstream movement, Vf,pstream

can be calculated as:

Vf upstream = (VS + VW) *1
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This procedure will yield values of Vf,pstream Which are negative and smaller than the
current velocity but greater in magnitude. Analogously to Vf, the magnitude of Vf,pstream

reflects the propulsion intensity of the swimming fish larva.

Concerning different patterns of movement, | refer to the terminology of Pavlov
(2008). With regard to the movement direction in relation to the current direction
(upstream, downstream and lateral), Vf, and the orientation of the fish larva to the current
vector, six different patterns of movement were discriminated. The patterns were identified

using an IF function in Excel depending on the characteristics enumerated below:

The active pattern of downstream movement is indicated by directional downstream
movement and fish larvae moving faster than the flow velocity. Here, fish larvae are
orientated with their heads in downstream direction. In this study, movement was therefore

termed active downstream when:
1) The movement direction was downstream in relation to the water current,
2) the orientation ranged between -45°, 0° and 45°, and
3) Vf>1cms™

The passive pattern of downstream movement is characterized by downstream
movement with no propulsive activity and random orientation of larvae relative to the flow
vector. As a result, they move with the same speed as the flow velocity. Movement was thus

designated as passive downstream when:
1) The movement direction was downstream in relation to the water current,
2) any orientation was applied (at random) and
3) Vfranged between-1and1cms® (Vf=0cms™).

Another pattern of downstream movement is characterized by orientation of heads in
upstream direction and slower movement than the flow-velocity. This is achieved by
propulsive movements against the flow. This pattern of downstream movement was termed

active-passive and was designated in the present study when:
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1) The movement direction was downstream in relation to the water current,
2) the orientation ranged between -135°, 180° and 135°
3) Vf<-1cms™

Additionally to those types of downstream movements, one novel type of movement which
is not present in the classification scheme of Pavlov (2008) was introduced in the present

study. Movement was termed traversing when:
1) The movement direction was downstream in relation to the water current,
2) the orientation was -90° or 90° and
3) VF>1cems™
Furthermore, the following patterns of movement were assessed:
Active upstream movement was defined as:
1) The movement direction was upstream in relation to the water current,
2) the orientation ranged between -135°, 180° and 135° and
3) Vfupstream < current velocity * -1.
Active lateral movement is characterized by:
1) The movement direction was perpendicular in relation to the water current,
2) the orientation was -135°, 180°, 135° -90° or 90° an

3) Vf = current velocity * -1.

Furthermore, the mean current velocity of the entire swimming trajectory was calculated for
every single experiment. This variable represents the average current velocity (in cm s™)
which each individual larva has experienced and is hereafter termed U,mean. Whenever a
larva held position in one grid square for longer than 10 s, this was designated as a stop. Any
change in orientation in relation to the current vector from one observation grid square to

the next was registered as turn.
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Data analysis

A Kruskal-Wallis-test was used to test for differences of morphological variables (TL, SL,
H and W) between different larval stages. Linear regression was used to analyze the
relationship between TL and W. The measurements of TL, H, W and TL/SL-ratio of single
individuals were used as input variables for a hierarchical cluster analysis using Euclidean
distances and the linkage between groups-method. The grouping of larvae achieved by
cluster analysis was compared with the developmental stages. This procedure seeks to
explore the extent to which larval stages, mainly differentiated by the shape of the
notochord and status in fin development, can be separated by morphometric properties.
CDD and CUD values were both standardized to 5 minutes observation time. Kruskal-Wallis-
tests were used to detect stage- and/or scenario-specific differences in CDD and CUD. To
evaluate potential effects of the release-point on dispersal/movement trajectories, CDD and
CUD values were compared by pairwise Mann-Whitney-U-tests within distinct larval stages
and flow scenarios. A similar procedure was performed to compare of CDD and CUD values
of day and night experiments when the number of conducted experiments per category was
N=3 or higher. Nonlinear regressions were used to describe the relationship between
displacement and Uymean. Frequency distributions of orientation categories were tested
against a random distribution using pairwise G-tests. The random frequency distribution of
orientation was generated by 500 random selections out of the eight possible orientation
categories using the RANDOM function in MS Excel®. To calculate mean Vf values at the
different orientation categories, outliers derived from burst swimming (i.e. Vf values
exceeded Vi) were excluded. To quantify the manifestation of different movement
patterns, | used mean frequencies (in percent) calculated for each larval stage at the
different flow scenarios on the basis of individuals. Consequently, these percentages express
average stage-specific frequencies of the use of distinct movement patterns at the given
flow-scenario. In the active upstream and the lateral movement pattern, percentages refer
to the total number of observed movements (downstream, upstream and lateral
movements together) while percentages of the different downstream movement patterns
refer to the total number only of downstream movements, if not otherwise stated.

Frequencies were arc-sine square root transformed and tested for differences within larval
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stages and flow scenarios using Kruskal-Wallis-tests. Differences between day and night in
the manifestation of different patterns of downstream movement were tested pairwise
using Mann-Whitney-U-tests and arc-sine square root transformed frequency data.
Concerning differences in the use of different water layers, frequencies of the use of the
lower water layer were arc-sine square root transformed and tested pairwise using Mann-
Whitney-U-tests between day and night. The number of turns was standardized to 1 meter
of observed length of the swimming trajectory for each larva. The number of stops was
standardized to 1 minute of observation time. The numbers of turns did not differ with
respect the release-points, thus data from both release-points were pooled for further
analysis. For both frequencies of turns and stops, Mann-Whitney-U-tests were performed to
detect differences between day and night. In case of multiple pairwise comparisons,
obtained significances were Bonferroni corrected by multiplication with the number of
performed tests. Statistical analyses were conducted using PASW Statistics 20.0 (SPSS Inc.®,
Chicago) or calculated in MS Excel®. Figures and regressions were generated using SigmaPlot

12.5 (Systat Software®, San Jose).

Results

Flow velocity gradients

Flow conditions during experiments ranged from nearly zero-flow zones (< 1 cm s7) to
higher current velocities, depending on the flow scenario (Fig. 3). However, patches with
current velocities < 5 cm s™ (clearly under-critical for all tested larval stages) were present in
all three flow scenarios (Fig. 4) and accounted for 5.6, 11.4 and 20.6 % of surface area for the
over-critical, near-critical and the under-critical flow scenario, respectively. At the under-
critical scenario, 98 % of the total area of the flume was characterized by under-critical
current-velocities (< 10 cm s™), when related to the size of the smallest larvae used in this
study. Current velocity in this scenario ranged from 0.1 to 11.0 cm s, averaging 6.3 (¢ 2.1)

cm s™ (Fig. 3 B). At the near-critical flow scenario the area with under-critical current-
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velocities accounted for 39%, whereas the areas with critical and over-critical current
velocities accounted for 50% and 11% of the total area, respectively. The mean current
velocity in this flow-scenario was 9.4 (+ 3.1) cm s’ current velocities ranged from 0.4 to 15.7
cms™ (Fig. 3 C). At the over-critical flow scenario (mean = 18.8 £ 6.2 cm st Fig. 3 D), current

velocities ranged from 0.9 to 31.4 cm s ™. Approx. 85 % of the surface area was distinctly

higher than V;; of the largest larvae (12.3 cm s'l).
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Fig. 3: Cumulative frequencies (A) and frequency distributions (B, C and D) of flow velocities at the
three experimental flow scenarios expressed as percentage based on 1996 ADV measurements per

scenario. The red-shaded area indicates the size-dependent critical current velocity (Vi) of fish
larvae under study.
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Morphometrics & development of fish larvae

The age of the nase larvae used in this study ranged from 23 to 43 days post hatch and

3" and 4™) according to Pefaz (1974).

represented three different larval stages (2"
Hereinafter, these development stages are termed L2, L3 and L4, respectively. Photographs
of larvae in these stages and comments on their identification are given in Supplement |, Fig.
S1. Stage-specific values of all measured morphometric variables are shown in Tab. 2.
Additionally, the calculated critical current velocity is given. Size in terms of total- and
standard length turned out to be a very good discrimination variable between these stages.
These sizes showed only a marginal overlap, which was more noticeable regarding the
variables wet-weight and body height. Significant differences in median values of all

morphometric parameters were observed between the different larval stages (all p<0.001,

Fig. 5).
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Tab. 2: Mean values, standard deviation (SD), minimum (Min) and
maximum (Max) of morphometric variables and body weight for the
three studied larval stages. The number of individuals (N) and the
calculated critical current velocity (Vei, cm st according to Flore et
al. 2001) is given for each stage (L2, L3, L4).

Stage L2 L3 La
N 29 26 26
Mean 12.9 14.7 16.4
Total length (mm) +SD 0.4 0.6 0.5
Min 121 135 15.7
Max 13.6 15.7 17.4
Mean 12.4 14.0 15.2
Standard length (mm) ~ * >0 0.5 0.5 0.4
Min 11.5 13.1 145
Max 13.1 15.0 16.2
Mean 1.5 1.8 21
Body height (mm) +SD 0.1 0.1 0.1
Min 1.4 15 1.9
Max 1.8 2.2 2.4
Mean 7.2 13.2 20.2
Wet weight (mg) +SD 1.1 2.3 2.9
Min 4.5 8.5 15.0
Max 10.3 175 26.1
Mean 10.3 11.1 11.9
- +SD 0.2 0.3 0.2

Vcrit (Cm S 1) )
Min 9.9 10.6 11.6
Max 10.6 115 12.3
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Fig. 5: Relationship between developmental stages and morphometric variables of the studied fish
larvae. (A) Total length, (B) wet weight and (C) body height of different larval stages differed
significantly between larval stages (all p<0.001). (D) Relationship between total length and wet
weight for all investigated larvae. Different larval stages according to Pefidz (1974) are indicated by
colors. Solid line shows significant linear regression (W = -39.575 + 3.628 * TL, r? = 0.93, p<0.001, N =
81). Note logarithmic scale on both axes.

Grouping of larvae by a Hierarchical Cluster Analysis of these morphometric
characteristics coincided well with the estimated larval stages: the overlap was 93% (75 out

of 81 larvae, Fig. 6).
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Fig. 6: Dendrogram of the Hierarchical Cluster Analysis based on total length, wet weight, body
height and the ratio between total and standard length of all fish larvae used in our experiments (N =
81). Three clusters are separated at 15% dissimilarity and single individuals are labeled according to

their larval stage.
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Covered distances, displacement & rheoreaction

Individual larvae exhibited great variability in the extent of upstream and downstream
movements. As a consequence, displacement and rheoreaction were also subject to
considerable individual variation. The CUD values (covered upstream distance in 5 minutes
observation time) of single individuals ranged from 0.1 to 10.7 m, whereas CDD (covered
downstream distance in 5 minutes observation time) ranged from 0.3 to 56.3 m. The release
point showed no significant effect on either CDD or CUD mean values (all p>0.08), thus data
from both release points were pooled for further analysis. The effect of different flow-
scenarios on covered distances was clear: During daytime, mean CDD values were 2 to 12
times higher in the overcritical flow-scenario compared to the under- and the near-critical
scenario for all stages (p<0.001 in L2-larvae, p<0.05 in L3- and L4-larvae). Among larval
stages, no significant differences in mean CDD values in the under-critical (p=0.63) and in the
over-critical flow-scenario (p=0.173) were found, although L2-larvae showed CDD values
which were on average more than 2 times higher compared to those of L3. and L4-larvae.
During daytime, however, L2-larvae showed significant higher mean CDD values at the near-

critical flow-scenario (p<0.05) compared to L3- and L4-larvae.

CUD values were statistically not significantly different at the under-critical flow
scenario compared to the near- and the over-critical scenario in all stages (p=0.279 in L2,
p=0.258 in L3 and p=0.281). Also within each flow-scenario, larval stages showed very similar
CUD values which did not differ significantly from each other (p=0.515 in under-critical,

p=0.53 in near-critical and p=0.42 in over-critical flow-scenario).

During the night, recorded mean CDD values were similar among flow-scenarios and
stages and ranged from 0.77 to 3.98 m during 5 minutes. No statistical comparison of both,
CDD and CUD values among flow-scenarios and among stages was conducted for the night
experiments because in all stages there was at least one flow-scenario in which the number

of successfully conducted experiments was zero or only one.

Covered distances did not differ drastically between the day and night experiments: At

the under-critical flow scenario, CDD values of L2- and L3-larvae were slightly higher during
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the night, whereas L4-larvae showed slightly higher values during day. Additionally, L4-larvae
also showed slightly higher CDD values during daylight at the near-critical scenario. These
differences, however, were not statistically significant (all p>0.1). CUD values at the under-
critical and the near-critical flow-scenario were also very similar among night and day

experiments and did not show any significant differences (all p>0.1).

Net displacement increased with Uymean, which was shown by highly significant
regressions following negative exponential functions (Fig. 7 A). All larval stages under study
showed similar displacement patterns. In larvae showing clearly under-critical Uiymean
values (< 8 cm s%), displacement was bi-directional (upstream and downstream) and ranged
from -10.50 to 8.26 m 5 min’; no stage-specific pattern could be discerned. Above the
critical velocity, when U;mean exceeded 12 cm st displacement increased exponentially
and was exclusively directed downstream. L2-larvae showed the highest maximum values of
downstream displacement compared to the other two older stages. In larvae with Uymean

values >12 cm s, displacement ranged from -5 to -54.3 m 5 min™.

The rheoreactive quotient (i.e. the “preference” to move upstream or downstream,
Fig. 7 B) of larvae at under-critical flow-conditions (Uymean < 10 cm s™) appeared to be
independent of larval stage. At under-critical Uymean values, negative, positive and neutral
types were observed in all stages and were relatively homogenously distributed with respect
to Uymean. The rheoreactive quotient was clearly negative at highly over-critical Uymean

values > 15 cm s tin all stages.
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Fig. 7: (A) Displacement (in m 5 min™) in relation to mean current velocity of swimming trajectories
(Usmean in cm s) for all larvae. Data points above the horizontal line indicate upstream
displacement, data points below this line downstream displacement. Significant nonlinear
regressions were fitted to describe the relationship between these variables for the different larval
stages: L2 (black solid line) y = -0.053 * e/®3%™¥ 2 = 0.85 p < 0.0001. L3 (gray solid line) y = (4.116 *
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The rheoreactive quotient in relation to U,mean. Positive values indicate that larvae showed a
tendency for upstream, negative values for downstream movement. The size-dependent critical
current velocity (V) of fish larvae is highlighted as red-shaded area and different larval stages are

indicated by symbols and fills.
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Tab.3: Average values (Mean * SD) of CDD and CUD during day and night for the different larval stages and the different flow-
scenarios. Number of conducted experiments is given for day and night (NDay, NNight). Minus (-) indicates no data available or SD
could not be calculated (N = 0 or 1; these cases were omitted for statistical analysis).

Day Night
. CDD CuD CDD CuD
Stage  Scenario
Npay Mean SD Mean SD Nnigne  Mean SD Mean SD
under-critical 7 1.95 +1.46 5.32 12.89 6 3.98 +3.48 2.95 +2.01
L2 near-critical 8 6.74 £3.26 3.16 12.37 3 3.77 +3.72 2.80 +0.41
over-critical 5 25.98 +18.11 3.58 +1.20 0 - - - -
under-critical 6 2.04 +0.93 4.06 12.34 5 2.57 +2.22 2.03 +1.75
L3 near-critical 5 5.02 +7.51 2.18 $1.08 1 0.77 - 2.01 -
over-critical 7 10.46 +10.20 3.32 11.46 2 1.68 +0.05 1.79 +0.38
under-critical 5 2.51 +2.04 4.57 13.50 4 1.87 +1.03 4.07 +1.97
L4 near-critical 6 2.25 +1.27 2.88 $1.01 5 2.19 +2.18 3.55 +2.76
over-critical 5 14.06 +10.56 2.34 +0.45 1 2.25 - 2.90 -
Niotal 54 27




Orientation & deviation of fish speed from water velocity

A unimodal distribution pattern of orientation categories (i.e. angles) with a maximum
at 180° was observed for all larval stages and flow-scenarios, but differences in frequencies
of single categories occurred for different combinations. Key features and vertices of these
patterns are first described here based on the pooled data of all studied larvae and
experimental conditions in the case of upstream and lateral movement: Unsurprisingly, the
frequency distribution of orientation categories was very narrow when larvae were moving
upstream: the orientation category 180° (heads in direct upstream direction) accounted for
62% and the categories 135° and -135° together for 32% of all observations during upstream
movements. The remaining 6% of observations during upstream movement accounted for
orientation categories 90° and -90° together. Likewise, a clear dominance of upstream
orientation during lateral movements (strictly perpendicular to the current vector) was
recorded: the category 180° made up for 32% and the categories 135° and -135° together

accounted for 52% of all observations.

During downstream movement, larvae were also predominantly orientated with their
heads in upstream direction, and orientation patterns were relatively uniform among stages,
flow-scenarios and among day and night experiments. In all larval stages a distinct peak at
the categories 180°, 135° or -135° was noted. At under- and near-critical conditions,
category 180° was dominant in all larval stages and ranged from 19.5 to 36.5% of all
observations (pooled day and night data). At over-critical conditions, the category -135° was
dominant in L2- and L4-larvae, accounting for 24.6 and 29.3% of all observations,
respectively. L3-larvae predominantly (30.5% of all observations) used the category 180°
during over-critical flows, as had been observed at under- and near-critical conditions. In all
stages and flow-scenarios, the categories 0°, 45°, -45°, 90° and -90° were used to a relatively
low extent, each of them generally accounting for < 10% of all observations. As a
consequence, the frequency distributions of orientation categories during downstream
movement of all larval stages differed significantly from a hypothetical random distribution
(all p<0.05, Fig. 8 A-C) at almost all flow-scenarios. The exceptions were L2-larvae at the

under-critical flow-scenario and L3-larvae at the near-critical flow-scenario, in which the
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differences were not significant after Bonferroni correction (p=0.27 and 0.081, respectively).
In L2-larvae, the frequency distribution of orientation categories during the under-critical
scenario was closest to the hypothetical random pattern (which approximated a
homogenous distribution) compared to the patterns in L3- and L4-larvae at this flow-
scenario. The same applied to lesser extent to L3-larvae at the near-critical flow-scenario.

Nonetheless, the characteristic “dome-shaped” pattern was still discernible in both cases.

During downstream movement, means of Vf (deviation of fish speed from current-
velocity) varied distinctly among orientation categories (Fig. 8 D-F): All larval stages showed
negative mean values in case of upstream orientation (categories 180°, 135° and -135°)
during all tested flow-scenarios, and positive values when they were orientated with their
heads in downstream direction (categories 0°, 45° and -45°). For larvae orientated
perpendicularly to the current vector (categories 90° and -90°), the means of Vf were also
positive but closer to zero compared to the other orientation categories. Vf values were
relatively similar among flow-scenarios, especially the near- and the over-critical flow
scenario. In the under-critical flow-scenario, however, the magnitudes of negative Vf values
were subtly lower. Means of Vf at distinct orientation categories were also very similar
between stages. L4-larvae showed slightly higher magnitudes in negative Vf values at all flow
scenarios and also higher positive Vf values at the under-critical flow-scenario compared to
L2- and L3-larvae. When larvae were orientated with their heads in upstream direction,
means of Vf ranged from -2.4 (+2.1) to - 6.5 (+2.7) cm s™. In case of downstream orientation

means of Vfranged from 0.9 (+1.8) to 9.3 (+3.4) cm s faster than the current velocity.
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Fig. 8: (A-C) Frequencies of the different orientation categories of larval trajectories at different flow-scenarios during
downstream movement for all larval stages. Gray line: hypothetical random distribution. Frequency distributions of almost
all larval stages differ significantly from random (all p<0.05) except for L2-larvae at the under-critical (A) and L3-larvae at
the near-critical flow-scenario (B). (D-F) Means of Vf (deviation of fish speed from current velocity) at the different
orientation categories during downstream movement. Burst swimming is omitted here because this figure intends to
illustrate Vf during routine downstream movement.



Movement patterns

Based on the direction of movement (in terms of upstream, downstream and lateral),
the orientation (angle towards flow direction) and Vf, six different patterns of movement
could be distinguished (Tab. 4). Additionally to those patterns of downstream movement
proposed by Pavlov (2011), a new pattern was found in which larvae showed orientations
roughly perpendicular to the current vector (orientation categories 90° and -90°) and Vf
values > 1 cm s, This pattern is hereafter termed traversing and is characterized by a strong

lateral component.

Mean frequencies of distinct movement patterns calculated for all larvae and flow-
scenarios together were very similar between day and night and differed by less than 7.0% in
all movement patterns; in three out of six movement patterns the differences in frequencies
between day and night were even smaller (< 2.5 %). For this reason, data from day and night

experiments were pooled for further analysis of movement patterns of distinct larval stages.
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Tab. 4: Observed movement patterns and their characteristics. Schematic orientation (i.e. posture) of
fish larvae during each type of movement. Arrows indicate the direction of fish movement (gray
arrows) relative to current vector (black arrows). Arrow lengths represent the resulting fish speed
relative to flow-velocity. Orientation towards the current vector is given in angles (categories of
orientation) enclosed by the fish’s body axis and the current vector (see Materials & Methods, Fig. 2).
Vf was calculated as fish speed towards stationary landmarks minus current velocity. Vf was
estimated with an accuracy of + 1 cm st During active upstream movement Vf,psresm Can be
calculated as fish speed towards stationary landmarks plus current velocity times -1.

. . . L . Vf (deviation of fish
Direction of Orientation in relation
Movement pattern Scheme speed from current
movement to current vector .
velocity)
AR
7 | t
Active upstream ‘ f} upstream -135°, 135°, 180° Vf upstream < VW * -1
fl
Jt" L
Active downstream ‘ .l_{-- downstream -45°, 0°, 45° VFf>1cms™
| 4
M |
. L any orientation possible, 1
Passive downstream | downstream Vf =0cms
| at random
Active-passive 1/ l . . . a
! downstream -135°, 135°, 180 Vf <-1lcms
downstream ¢
| I
. — downstream with . 1
Traversing . S -90°, 90 Vf >1cms
=y lateral component
: /.a:’
Lateral g strictly lateral ~ -90°, -135°, 180°, 135°, 90° Vf =vw *-1
R

In general, active upstream movement accounted for a considerable part of all
observations. Means (+SD) of larval stages ranged from 14.5% (+9.9) in L2-larvae during the
over-critical scenario to 60.3% (+21.5) in L4-larvae at the under-critical scenario. Less
surprisingly, a decreasing trend in frequencies of the active upstream movement pattern
with increasing mean current velocities of flow-scenarios was evident in all stages: Highest

values of the active upstream movement pattern were found at the under-critical scenario
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and lowest values at the over-critical scenario. Intermediate frequencies of active upstream

movement occurred at the near-critical scenario.

In lateral movement, no clear trends were discernible, neither among flow scenarios
within larval stages, nor between stages in the same flow scenarios. However, L2-larvae
tendentially showed slightly lower values in lateral movements than the two older stages: in
L2-larvae, mean frequencies of lateral movement ranged from 10.1% (+8.5) to 18.1%
(£15.3), whereas mean frequencies in L3- and L4-larvae ranged from 17.8% (+15.1) to 27.9%

(£16.7) of all movements.

Concerning patterns of downstream movement (active, active-passive, passive and
traversing), significant differences (all p<0.01) among their frequencies were detected within
all flow-scenarios and larval stages (Fig. 9 D-F). The active-passive pattern was clearly
dominant in all stages during all tested flow-scenarios. Furthermore, the active-passive
pattern was the most frequently observed pattern of all movement patterns (including
active upstream and lateral movement) at the over-critical flow-scenario in all stages. No
strong stage-specific differences in the manifestation of the active-passive pattern were
found. However, the mean frequencies of the active-passive pattern in L2-larvae at the
under- and the over-critical flow-scenario (49.2% (+24.0)) and 48.3% (+5.0) of all
downstream movements, respectively) were slightly lower than in L3- and L4-larvae, whose

mean values ranged from 60.1% (+33.1) to 79.5% (+19.1) of all downstream movements.

In all stages, the passive pattern of downstream movement was manifested in low to
moderate mean frequencies and ranged from 6.9% (+6.0) in L3-larvae at the near-critical
flow-scenario to 19.4% (+15.3) in L2-larvae at the under-critical flow-scenario. In general, L2-
larvae showed slightly higher values in the passive downstream movement pattern
compared to later stages. Concerning flow-scenarios, no trends were evident in the passive

downstream movement pattern.

The newly found pattern traversing was highest in L2-larvae at the over-critical flow-
scenario, where this pattern accounted for 22.6% (+5.0) of all downstream movements. In

other larval stages and flow-scenarios, traversing was rather rare with means ranging from
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3.1% (+5.7) to 6.8% (+11.9) of all downstream movements. No significant trends were

discernible among flow-scenarios.

Frequencies of the active downstream movement pattern were low to moderate and
ranged from 6.6% (+7.3) to 20.4% (+16.2) of downstream movements. As in other movement

patterns, stage- and/or scenario-specific differences could not be observed.

Day and night differences in the manifestation of patterns of downstream movement
were minor (based on pooled data of all larval stages, Fig. 9 G-H). In general, the dominance
of the active-passive pattern was even stronger at night, especially at the near- and over-
critical flow-scenario. Accordingly, mean frequencies of the patterns active downstream,
passive downstream and traversing were slightly lower at night. For most patterns of
downstream movement these differences were not significant (p>0.1). However, the
differences were significant for the active downstream pattern at the near-critical flow-
scenario with 19.0% (+13.8) during day versus 6.2% (+10.4) during night and for the active-
passive pattern at the near-critical flow-scenario with 64.9% (+18.3) during day versus 82.1%
(+25.7) during night (both p<0.05). Furthermore, no traversing occurred at the over-critical
flow-scenario during night, whereas this pattern accounted for 11.3% (+8.8) during day at

the same flow scenario, a significant difference (p<0.05).
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Used water layer

In general, the lower water layer was used more frequently than the middle or upper
water layer (Fig. 10). This applied to almost all larval stages and flow-scenarios. The
exception was the over-critical flow-scenario during day, where all layers were used to a
similar extent by all larval stages. Furthermore, L2-larvae at the near-critical flow-scenario
during day also used all three water layers to a similar extent. At night, however, L3- and L4-
larvae almost exclusively used the lower layer at the over-critical flow-scenario (no data for
L2-larvae). Likewise, at the near-critical flow-scenario, all larval stages almost exclusively
used the lower water layer at night. During day, the mean use frequencies of the lower layer
accounted for only 19.5% (+20.7) in L2-larvae, 54.5% (+31.1) in L3-larvae and 38.6% (+32.8)
in L4-larvae, at the over-critical flow-scenario. At night, the mean use frequencies of the
lower layer in L3- and L4-larvae were, 98.7% (+1.9) and 92.0% (no SD, N=1) at the same flow-
scenario, respectively (no data for L2-larvae). At the near-critical flow scenario, the values of
the lower layer were 96.0% (+3.6), 96.3% (no SD, N=1) and 97.5% (+1.9) for L2-, L3- and L4-
larvae, respectively. The day/night differences in this layer were significant for L2- and L4-
larvae at the near-critical flow-scenario (p<0.05 and p<0.01, respectively; no test for L3-
larvae). At the over-critical flow-scenario the differences were close to significance in L3-
larvae (p=0.056, no data for L2-larvae, no test for L4-larvae). At the under-critical flow-
scenario, values of the lower water-layer ranged from 65.4% (+40.1) in L2-larvae to 77.0%

(£20.7) in L4-larave and were similar between night and day (all p>0.1).
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Turns & stops

The number of turns was strongly dependent on the total length of the observed
swimming trajectory (which is approx. equivalent to the number of observations per
individual). A highly significant linear regression described this relationship: T, = 0.735 +
3.923 * Ly, Where T, is the number of turns and Lz the length of the observed swimming
trajectory in meters (N=80, r’=0.78, p<0.001). For this reason, the number of turns was
standardized for 1 m of observed swimming trajectory to evaluate potential effects of other
variables. Turns m™ ranged from 1.2 to 7.5 among individuals; approx. 60% of all individuals
showed values of 3 to 5 turns m™. The means (+SD) for the different larval stages calculated
for all flow-scenarios together were similar: 3.9 (+1.2) in L2-, 4.2 (¥1.5) in L3- and 3.7 (+1.2)
in L4-larvae. The number of turns m™ within larval stages and flow scenarios were very
similar with respect to the different release-points and did not differ significantly (all p>0.1).
The flow-scenario also showed no discernable effect on the number of turns m™ (Fig. 11).
The mean values of L2- and L3-larvae showed no recognizable tendencies regarding the
different flow-scenarios. In L4-larvae, however, a slightly increasing trend among flow-
scenarios was noted, but this was not significant. In most cases, the number of turns m™*
were slightly higher at night. This difference applied to L4-larvae at the under- and the near-
critical flow-scenario, to L3-larvae at the under- and the over-critical flow-scenario and to L2-
larvae at the under-critical scenario. In contrast, the mean values were marginally higher
during the day for L2- and L3-larvae at the near-critical scenario. In all tested cases,
day/night differences within larval stages and flow-scenarios were not significant in pairwise

comparison (all p>0.05).
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Fig. 11: (A-C) Mean number of turns per meter of swimming trajectory at the different

flow-scenarios for L2-, L3- and L4-larvae. Error bars show standard deviation.

The number of stops was standardized to one minute of observation time (Fig. 12).

Stops min™ ranged from O to approx. 2 in individuals. No stops were recorded in 12 out of 81

individuals (14.8% of total), i.e. they moved continuously. Movement without stops occurred

in all larval stages, at all flow-scenarios and by day and night. Mean values of stops for

different stages were 0.72 (+0.57), 0.93 (+0.64) and 0.87 (+0.60) for L2, L3 and L4,

respectively. Numbers of stops were similar irrespective of release-point (all p>0.1).

In

almost all stages and flow-scenarios, means of stops min™ tended to be higher during the

night. These differences, however, were not significant within stages and flow scenarios (all

p>0.1).
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scenarios for L2-, L3- and L4-larvae. Error bars show standard deviation.

42



Discussion

Flow velocity gradients

The three different flow-scenarios used in this study, were representative for flow
conditions in natural habitats of the nase. The entire area of the flume at the under-critical
and approx. 50% of the flume area at the near-critical flow-scenario provided current
velocities equal to those found in appropriate nursery habitats in the wild (i.e. current
velocities < 12 cm s, Keckeis et al., 1997), and the current conditions at the over-critical
flow-scenario were similar to those found at sites where larval nase were sampled via drift-

nets in the Danube River (Lechner, pers. communication).

Morphometrics & development

The morphometric measurements, length-weight relationships and ontogenesis of the
larvae used in the experiments were typical and in accordance to published literature on the
species early development (compare e.g. Penldz 1974, Flore and Keckeis 1998, Flore et al.
2001, Lechner et. al 2014). These findings indicate that the rearing process was successful in
terms of producing vital and healthy larvae. Concerning fin development in L4-larvae, we
noticed that anlagen of ventral fins were present in only 5 out of 26 individuals. According to
the literature used for stage identification (Penaz 1974), the origin of ventral fins is a
characteristic feature of the fourth larval stage. Thus, we assume that most L4-larvae used in
our experiments represented early individuals of this stage (valid identification of the L4-
stage was based on completed differentiation of caudal fin with typical dorsal tubercle). The
grouping of larvae by Hierarchical Cluster analysis coincided strongly with the classification
based on developmental stages (i.e. similarity approx. 93%). This finding demonstrates that
larval stages presented convenient operational units with respect to morphometrics (i.e.

size, shape, proportions).
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Covered distances, displacement & rheoreaction

Upstream movement accounted for more than 50% of total longitudinal movement in
approx. 70% of tested larvae at under-critical flow conditions. So far, very few studies have
detected upstream movement of larvae in rivers. Schludermann et al. (2012) documented
upstream movement of larval nase in a mark-recapture study along a shoreline nursery
habitat of the Danube River. Lechner et al. (2014) recaptured marked L4-larvae up to 150 m
upstream of a release-point on the 5t day after release. In the study of Schludermann et al.
(2012), a very small proportion of released larvae remained in the study reach; these were
classified as “retained”. Out of those, however, the vast majority (22 out of 24 larvae) were
found upstream of the release-point. They were significantly larger than larvae of the same
release event which were captured in drift nets. The results of the present laboratory study
do not support this finding: larvae with positive rheoreactive quotient (i.e. net upstream
displacement) were almost identical in size to those with negative rheoreactive quotient (i.e.
net downstream displacement). The present study suggests that fish larvae use zero and
low-flow zones along the shoreline as corridors for upstream migration to a hitherto
unknown large extent. Larval riverine fish thereby possibly compensate for accidental drift
and/or exploit profitable nursery habitats upstream. From this perspective, the continuity of
corridors along river shorelines which enable upstream movement is very important and

potentially strongly promotes recruitment.

Downstream displacement increased drastically at over-critical flow conditions. This
finding was expected because such flow conditions prohibit fish larvae from holding their
position for longer than 2 minutes per definition (Kaufmann, 1990; Flore et al., 2001).
However, compared to the displacement of a passive particle, the displacement of fish
larvae was markedly lower: The highest downstream displacement in 5 minutes observation
time was approx. 54 m at an average current velocity (Uymean) of 21.2 cm s*: a passive
particle would have reached a distance of approx. 64 m in 5 minutes at this flow-velocity. In
other individuals with similar Uymean values, downstream displacement was even lower
(i.e. did not exceed 30 m in 5 minutes). These findings are in accordance to published

literature: Schludermann et al. (2012) estimated that released larvae would have passed
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through the study reach of 200 m length after approx. 6 minutes if they would have drifted
totally passive. Instead, larvae were captured for up to 120 minutes after release and the

authors therefore concluded that larval movement was not entirely passive.

The present study was unable to detect significant differences in covered downstream
distances (CDD) between day and night. These results were not expected, considering the
known nocturnal peak of drift in most studied species (D'Amours et al.,, 2001; Johnson &
McKenna, 2007) including nase (e.g. Keckeis et al. 1997; Reichard et al., 2001). Potentially,
other environmental factors in rivers act beyond to the level of illumination to promote the
extent of nocturnal downstream movement. These were absent in the experimental flume
and might include predator-prey interactions, schooling effects or higher turbulences in
natural systems. Note, however, that the number of successfully conducted experiments

was markedly higher during the day, especially at the over-critical flow-scenario.

Pavlov et al. (2011) distinguished between the positive, the neutral and the negative
type of rheoreaction with respect to the preferred direction of movement in relation to the
water current direction. This classification scheme can be extended because phases of
upstream movement and downstream movement can alternate within seconds to minutes.
This pattern is reflected in the presented rheoreactive quotient. At under-critical flow
conditions, the rheoreactive quotient was relatively homogeneously distributed between -
0.92 and 0.80. This finding shows that the preference to move either upstream or
downstream is subject to large individual variation. Nonetheless, the mean rheoreactive
guotients of L4-larvae were slightly higher than those of L2- and L3-larvae (0.33 in L4 versus
0.20 and 0.07 in L2 and L3, respectively), implying a higher tendency for upstream
movement of older stages in under-critical flow conditions. These differences potentially
reflect increased swimming abilities of larger larvae and lower physiological costs. The
findings are partly supported by published literature. Lechner et al. (2014) released marked
L2- and L4-larvae simultaneously. On the 5th day after release, only L4-larvae were detected

upstream of the release-point while L2-larvae were exclusively recaptured downstream.
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Orientation & deviation of fish speed from water velocity

The observed dominance of larval orientation in upstream direction is clearly related
to a high proportion of upstream movement, the high frequency of using the active-passive
pattern during downstream movement, and the association of lateral movement with
orientation in upstream direction. Very few studies have focused on the orientation of
riverine larvae. In this study, larvae were clearly not randomly orientated during
downstream movement. Pavlov et al. (2011) reported that in a laboratory study using
juvenile roach (Rutilus rutilus), carp (Cyprinus carpio), bream (Abramis brama) and perch
(Perca fluviatilis), all investigated fish showed orientation patterns that differed significantly
from random distribution during downstream movement. That study was, however,
performed with juvenile fish, and the authors reported that prior studies conducted with
larvae revealed that those stages are randomly orientated during downstream movement in

the dark.

Larvae showed Vf values that clearly deviated from zero in almost all cases. This finding
demonstrates that active propulsive movements were executed in most observations and,
consequently, passive translocation by the current was rare. Similar results were reported by
Pavlov et al. (2011), who detected significant differences between fish speed and water
current velocity in juveniles of the species mentioned above. For juveniles orientated with
their heads downstream, Pavlov et al. (2011) measured Vf values up to 4.8 cm st (upto 12.6
cm s in starved roach), which is similar to the values detected in the present study (means:

0.9 (+1.8) t0 9.3 (+3.4) cm s™).

Movement patterns

Concerning types of downstream movements, the active-passive type was
overwhelmingly dominant in all tested flow scenarios. This pattern was evident during
under-, near- and over-critical flow conditions as well as in all larval stages, both during day
and night. Previously, it was assumed that the active-passive pattern of downstream

movement mainly reflects inhibition of swimming abilities due to starvation or lower water
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temperature (Pavlov et al. 2008). In our experiments, flume water temperatures equaled
those in the rearing tank and were near the physiological optimal temperature of the species
(Kamler and Keckeis, 2000). Additionally, larvae in the rearing tanks were fed ad libitum
throughout the study period. | therefore conclude that starvation and/or a decrease in water
temperature do not underlie the observed dominance of the active-passive pattern. Pavlov
et al. argued later (2011) that active-passive movement might be a manifestation of
rheoreaction and not merely reflect inhibited locomotive activity in juveniles of different
eurytopic cyprinid species. The authors analyzed patterns of downstream movement in
juvenile carp (Cyprinus carpio), bream (Abramis brama) and roach (Rutilus rutilus) and found
that the proportion of specimens using the active-passive type was highest in bream (50.0 %)
and roach (36.8 %) and relatively low in carp (18.6%). Evidence for the occurrence of the
active-passive type of downstream movement at over-critical flows has also been reported
in larvae of an oyster reef gobiid, Gobiosoma bosc (Breitenburg et al. 1994). Moving
downstream active-passively possibly provides several benefits to fish larvae. These benefits
could be associated with greater skills in sensing, orientating and maneuvering, thereby
favoring successful settlement in appropriate habitats, prey capture and predator avoidance.
For example, Pavlov et al. (2011) discovered that juveniles had a greater chance to enter
micro eddy-zones when they were moving downstream with head in upstream direction.
Moreover, reducing downstream displacement in over-critical currents (e.g. during
accidental drift in case of floods) seems to provide a reasonable strategy and would reflect
evolutionary adaption to life in fast-running waters. Pavlov et al. (2008) suggested the
passive form of downstream movement to be typical for early larvae and to be in general
higher at night and/or highly turbid conditions. In the present study, the use of the passive
pattern was slightly higher in L2-larvae than in L3- and L4-larvae. This finding partly supports
both the thesis of Pavlov et al. (2008) and the hypothesis posed in the present study. The
swimming style in many cyprinids (including C. nasus) is known to shift from anguilliform
(flexion of the whole body) in early larvae to subcarangiform (single tail flicks alternating
with gliding phases) in later larval stages (Kaufmann 1990, Flore et al. 2001). Speculatively,
these differences would reasonably explain shifts in the preference for different movement
patterns. Nevertheless, the differences between L2-larvae and older stages detected in this

study were relatively low. Concerning diurnal effects, day/night differences in the
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manifestation of the passive movement pattern were marginal and statistically not
significant. Instead, the dominance of the active-passive pattern was even more pronounced
during night. The newly described movement pattern (traversing) occurred in almost all
larval stages and flow-scenarios, but in a low percentage of all observed movement patterns.
The only exception were L2-larvae at the over-critical flow-scenario where traversing
accounted for 22.6% (+5.0) of all downstream movements. Traversing was indicated by
strong propulsive activity (clearly positive values of Vf) and orientation perpendicular to the
current. Based on these characteristics, traversing could be an effect of spontaneous burst
swimming and/or represents a brief attempt to scan the surroundings in lateral direction,
e.g. in order to approach favorable or escape unfavorable zones. Pavlov et al. (2011)
described that juvenile carp, bream and roach were sometimes orientated such that “the
axis of the fish body was perpendicular to the vector of current and the head was always
directed to the same stationary landmark”. Proportions of this type of orientation accounted
for 13.6, 0.0 and 15.8% of individuals of the species mentioned above, respectively.
However, the combination of active swimming and perpendicular orientation towards the
current vector has not yet been designated as a specific movement pattern in itself. The
manifestation of the active downstream movement was low to moderate in the present
study. This finding suggests differences between larvae and juveniles: Pavlov et al. (2011)
discovered relatively high proportions (47.4 to 64.4%) of juvenile cyprinids moving
downstream in the active form and assumed that the manifestation of active downstream
movement depends on the motivational state of the individuals. The dissimilarity in findings
of the two studies implies that active downstream movement is more typical for juveniles

than for larvae, possibly related to lower swimming capabilities.

Used water layer

The vertical position of fish larvae in the water column and associated effects on
dispersal have been extensively studied in marine and estuarine environments (e.g. by
Frotier & Legett, 1983; Leis, 1986; Leis, 1991) but have received comparatively little

attention in freshwater lakes and rivers (e.g. Oesmann, 2003; Pavlov et al., 1995). These
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studies have, however, focused on vertical distribution of larvae at large scale i.e. the entire
water column of large rivers. The present study detected significant diurnal differences in
the use of different water layers at a much smaller scale i.e. over a maximum depth of 20
cm. Significant differences in the use of the three water layers (upper, middle and lower)
were detected between day and night at the near-critical flow-scenario. In general, at night,
larvae preferred the lower water layer at the over-critical flow-scenario, whereas the
distribution was more homogeneously during the day. Pavlov et al. (2000) studied the
vertical distribution of juvenile cyprinids (Leuciscus leuciscus and L. idus) under different
illumination regimes and found that fish were more evenly distributed in the water column
in the dark, while they mainly (51.6% of individuals) used the upper layer (0-1 mina 6 m
deep aquarium) during uniform illumination. Note, however, that these experiments were
conducted with a much greater maximum depth and in lentic conditions. Nevertheless,

differences in the vertical position of larval and juvenile cyprinids seem possible.

Turns & stops

The number of turns appeared to be independent of larval stage or day and night.
Concerning the different flow-scenarios, a slightly increasing (non-significant) trend with
mean current velocities was observed only in L4-larvae. This increase could be related to
higher turbulence and the need for larvae to re-orientate themselves in order to maintain

their preferred swimming trajectories or movement patterns.

Stops were slightly reduced at the over-critical flow-scenario. This result was expected
because position holding would mean high energetic costs under such conditions. Fish would
be unable to hold their position for more than 2 minutes when experiencing over-critical
flows, by definition (Flore et al. 2001, Kaufmann 1990). Nonetheless, the decreasing trend in
the number of stops was not significant, potentially reated to the presence of low-flowing

zones even at the over-critical flow-scenario.
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Conclusions

Knowledge about different patterns of downstream movement, and the relevant
behavioral features associated with them, has significant implications for modelling the
dispersion of fish larvae in running waters. The relevance involves different dispersal
velocities of fish moving downstream in relation to current velocity. This study is the first
attempt to investigate different patterns of movement in larvae of a rheophilic cyprinid
species. The results underline that nase larvae must not be regarded as passive particles
when attempting to understand, model or predict their dispersal patterns. Instead, early
stages apparently possess active behavioral components governing downstream transport
and actively move upstream at low-flow conditions, i.e. in velocity gradients. By applying the
active-passive type of downstream movement, they actively decrease downstream
displacement and probably obtain further benefits. These advantages could include a
greater chance to detect and access suitable nursery habitats and/or enhanced skills in
maneuvering, which might facilitate prey capture and predator avoidance. Future research
should examine the ecological reasons and consequences of this behavior. This would
involve exploring dispersal-relevant behavioral features and subsequent movement patterns
in larvae of other freshwater species and the ecological advantages associated with these
patterns, thereby further contributing to our understanding of the dynamics and

recruitment of riverine fish populations.
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Supplement I

Characteristics of larval stages in C. nasus & comments on their identification

L2-larvae are characterized by a fully depleted yolk sac (start of exclusively exogenous
feeding) and a filled anterior chamber of the swim bladder. Beside large remnants of the
embryonic fin fold, these larvae possess differentiated pectoral fins. In L4-larvae, fin
development is characterized by a successive reduction of the embryonic fin fold and
formation of fin rays (lepidotrichia) in the dorsal and anal fin. Additionally, the posterior
chamber of the swim bladder is filled. Anlagen of ventral fins appear during the L4-stage.
According to Penidz (2001) these features can also be applied to any other species of
Cyprinidae. Further important characteristics, most applicable for stage identification, are

provided in the explanatory text to Fig. S1.
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Rheoreaction and movement patterns in fish larvae

Fig. S1: Different larval stages (according to Penaz 1974) of Chondrostoma nasus used in this study
and hints on the most important features for their identification: (A) L2-larva (TL = 11.6 mm). Note
especially the asymmetrical caudal fin and slightly up-curved notochord. (B) Typical L3-larva (TL =
13.6 mm) showing advanced growth of lepidotrichia in caudal fin nearly reaching the margin of the
fin and more up-curved notochord compared to L2-larvae. (C) L4-larva (TL = 16.2 mm) characterized
by completed differentiation of the (nearly homocercal) caudal fin and growth of lepidotrichia in
dorsal and anal fin which begin to separate in the embryonic fin fold.
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Fig. S2: Schematic representation of the morphometric measurements. (A) Total length, (B) standard
length and (C) body height measured approx. one eye-diameter behind the eye. (Scheme modified
from Makeyeva et al. 2011)
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