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Abstract Zooplankton diel vertical migration

(DVM) is an ecologically important process, affecting

nutrient transport and trophic interactions. Available

measurements of zooplankton displacement velocity

during the DVM in the field are rare; therefore, it is not

known which factors are key in driving this velocity.

We measured the velocity of the migrating layer at

sunset (upward bulk velocity) and sunrise (downwards

velocity) in summer 2015 and 2016 in a lake using the

backscatter strength (VBS) from an acoustic Doppler

current profiler. We collected time series of temper-

ature, relative change in light intensity chlorophyll-

a concentration and zooplankton concentration. Our

data show that upward velocities increased during the

summer and were not enhanced by food, light intensity

or by VBS, which is a proxy for zooplankton

concentration and size. Upward velocities were

strongly correlated with the water temperature in the

migrating layer, suggesting that temperature could be

a key factor controlling swimming activity. Down-

ward velocities were constant, likely becauseDaphnia

passively sink at sunrise, as suggested by our model of

Daphnia sinking rate. Zooplankton migrations medi-

ate trophic interactions and web food structure in

pelagic ecosystems. An understanding of the potential

environmental determinants of this behaviour is

therefore essential to our knowledge of ecosystem

functioning.

Keywords Chlorophyll-a � Displacement velocity �
ADCP � Turbulence � Daphnia � Volume backscatter

strength � Diel vertical migration

Introduction

Zooplankton diel vertical migration (DVM) is an

ecologically important process, driven by internal and

external drivers, and affecting nutrient transport and

trophic interactions in lakes and oceans (Hays, 2003;

Ringelberg, 2010). In a typical DVM, organisms

migrate from deep and cold waters towards the

warmer surface at sunset, and they descend at sunrise

(Ringelberg, 2010; Williamson et al., 2011).
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Predation, light, food availability, and temperature are

recognised as the main DVM drivers. However,

avoidance of visually hunting juvenile fish and food

requirements are generally considered the most sig-

nificant factors (Ringelberg, 1999; Hays, 2003; Van

Gool & Ringelberg, 2003; Williamson et al., 2011).

According to this reasoning, zooplankton hide during

the daytime in the deep and dark layers of the lake in

response to chemical cues released by fish (kairo-

mones) (Dodson, 1988; Neill, 1990; Loose & Dawid-

owicz, 1994; Lass & Spaak, 2003; Boeing et al., 2003;

Beklioglu et al., 2008; Cohen & Forward, 2009). At

night, when mortality risk from visual predators is

low, zooplankton migrate to surface waters to graze on

abundant phytoplankton. Food availability can modify

migration behaviour as well (Van Gool & Ringelberg,

2003); if a deep chlorophyll maximum is present,

zooplankton may not migrate (Rinke & Petzoldt,

2008). Finally, DVM can still take place in very

transparent and fish-less lakes where zooplankton hide

to prevent damage from surface UV radiation (Wil-

liamson et al., 2011; Tiberti & Iacobuzio, 2013; Leach

et al., 2014).

Several laboratory (Daan & Ringelberg, 1969; Van

Gool & Ringelberg, 1998a, b; Ringelberg, 1999; Van

Gool & Ringelberg, 2003) and field observations

(Ringelberg & Flik, 1994) suggest that the speed at

which zooplankton migrate is influenced by the

drivers affecting the DVM. Variations in this velocity

have been used as a proxy to infer possible reactions

and behavioural changes in zooplankton populations.

This speed has two components: (1) the swimming

velocity (SV), which is the organism’s instantaneous

velocity during a reactive phase (Ringelberg, 2010);

and (2) the displacement velocity (DV), which is the

vertical displacement of the organism divided by the

time taken to perform the movement (Gool &

Ringelberg, 1995). The DV is smaller than SV because

it combines various animal reactions, including latent

periods.

The dependence of the zooplankton SV on the

presence of predators in the water column is species

specific. Beck & Turingan (2007) showed that the

swimming speed of brine shrimp (Artemia franciscana

Kellog, 1906) and two copepod species (Nitokra

lacustris Schmankevitsch, 1875 and Acartia tonsa

Dana, 1849) increased when zooplankton are exposed

to water with larval fish. However, this was not the

case for the rotifer Brachionus rotundiformis

Tschugunoff, 1921. Dodson et al. (1995) hypothesised

instead that Daphnia may adopt a conservative-

swimming behaviour, because faster swimming veloc-

ity would increase predator-prey encounter rates and

therefore predation risk. In their experiment, they did

not observe increases in SV of Daphnia pulex Leydig,

1860 when exposed to Chaoborus-enriched water.

However, Weber & Van Noordwijk (2002) later

showed that the swimming response of Daphnia

galeata Sars, 1864 to info-chemicals can be clone-

specific and that Perca kairomone can positively

affect their speed. Finally, Van Gool & Ringelberg

(1998a, b, 2003) observed that theDaphnia swimming

response to changes in light intensity (S) can be

enhanced by chemical signals from Perca fluviatilis

Linnaeus, 1758 and by food concentration as well.

Field observations, by Ringelberg et al. (1991) and

Ringelberg and Flik (1994), showed instead that the

DV at dusk of Daphnia galeata x hyalina was well

correlated with S measured in the water column at the

time of the migration. The response of the animals was

strongly light-driven but not influenced by food

concentration or water transparency. Moreover, accel-

eration and deceleration in S can also play a role in

determining the Daphnia swimming response (Van

Gool, 1997).

Laboratory observations have shown that organism

swimming speed can also be greatly enhanced upon

exposure to higher water temperatures. Temperature

has a twofold effect. Warmer water enhances the

biological and metabolic activity of organisms,

increasing energy available for locomotion and there-

fore the power available for thrust generation (Bev-

eridge et al., 2010; Moison et al., 2012; Humphries,

2013; Jung et al., 2014). At the same time, a higher

water temperature reduces fluid kinematic viscosity

(m) and drag on zooplankton beating appendages, so

that they can swim faster (Machemer, 1972; Larsen

et al., 2008; Larsen & Riisgård, 2009; Moison et al.,

2012). Since this temperature-dependant behaviour

has never been demonstrated in the field and during the

DVM, it is not known whether this may be relevant

during the vertical ascent.

Turbulence in the environment can also strongly

affect zooplankton motility during the DVM. Organ-

isms usually avoid highly energetic environments if

turbulence negatively affects their behaviour (Visser

& Stips, 2002; Prairie et al., 2012; Saiz et al., 2013;

Wickramarathna, 2016). Some zooplankton species
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are able to maintain their swimming velocity (Micha-

lec et al., 2015) or overcome turbulent eddies (Seuront

et al., 2004; Webster et al., 2015; Wickramarathna,

2016). Finally, zooplankton swimming velocity may

also be size-dependent; larger organisms can propel

themselves faster (Gries et al., 1999; Huntley & Zhou,

2004; Andersen Borg et al., 2012; Wickramarathna

et al., 2014) because of their larger swimming

appendages.

With regard to the downwards DVM at sunrise, the

zooplankton velocity may vary greatly depending on

the swimming behaviour adopted by the organism.

Descent can occur by active swimming, when organ-

isms orient downwards, or by passive sinking (Dodson

et al., 1997b; Ringelberg, 2010) with lower velocities

controlled by organism’s buoyancy and gravity. To

date, little is known about which parameters really

affect the choice of a swimming behaviour and

velocity. The only available study is by Ringelberg

& Flik (1994) who reported that Daphnia swim

downwards only when the light stimulus S is high but

this threshold is currently not known. However, no

evidence was provided that the organisms really sank.

Available measurements of zooplankton swimming

velocity during the DVM in the field are rare. The first

estimates of zooplankton DV were made by Ringel-

berg & Flik (1994) using successive net hauls to

measure the zooplankton position in the water column.

This method only offers a coarse resolution of the

organisms position and is time-consuming. More

recent studies by Lorke et al. (2004) and Huber et al.

(2011) instead measured the DV using velocity data

and variations in the backscatter strength signal from

an Acoustic Current Doppler Profiler (ADCP). How-

ever, their objective was not to analyse variations in

time series of the zooplankton DV.

The objectives of this study were (1) to explore and

explain for the first time seasonal variability in the DV

of diel migration in the field; and (2) to understand

which environmental parameters really drive the rate

of zooplankton migration under real field conditions,

when combined DVM drivers act at the same time.

Existing studies compared only the effect of one

parameter at the time on the DV and assessed the

zooplankton behaviour only with light-induced swim-

ming responses. In this study, we continuously

measured the velocity of the migrating layer (bulk

velocity or mean DV) at sunset and sunrise along with

the following DVM drivers measured in the field:

water temperature, turbulence, chlorophyll-a concen-

tration, light conditions, and zooplankton concentra-

tion and size during the DVM.We quantified vup as the

bulk velocity at dusk, when zooplankton actively

swim to reach the surface, and employed a correlative

approach to infer the likely dependence of vup upon

potential DVM drivers. At sunrise, when organisms

usually sink towards the aphotic lake layer, the mean

DV is referred as vdown. This velocity was modelled

and correlated with zooplankton density and size

measured in the laboratory to verify whether organ-

isms sank.

Materials and methods

Field observations

Study site

Measurements were taken in 2015 and 2016 in

Vobster Quay, a shallow man-made lake located in

Radstock, UK. The lake has an average depth of 15 m

and maximum depth of 40 m (see Fig. 1). It has a

simple bathymetry, with very steep shores and a flat

bottom. The lake is oligotrophic, with an average

chlorophyll-a concentration of about 1 lg l-1. During

summer stratification, the surface temperature reaches

a maximum of 21�C, and the bottom temperature is

approximately 9�C. The metalimnion usually extends

from 5 to 17 m. The water transparency is very high,

with an average Secchi depth of 10 m over the

summer. The lake was stocked in August 2004 with a

population of P. fluviatilis and Rutilus rutilus Lin-

naeus, 1758.

Acoustic measurements

Acoustic measurements were employed to track the

position of the zooplankton layer during the DVM

(e.g. Lorke et al., 2004) and to estimate their DV at

sunset and sunrise using the acoustic backscatter

strength. An acoustic Doppler current profiler (ADCP,

Signature 500 kHz by Nortek) was bottom-deployed at

location ‘‘A’’ in Fig. 1. The device was set up to record

the acoustic backscatter strength (BS) from the

vertical beam every 180 s for 90 s with a frequency

of 0.5 Hz. The BS 1 m below the surface and above the
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bottom was removed due to surface reflection and the

ADCP blanking distance. Data were available from 7

July to 27 July 2015, 24 June to 7 July 2016, and 21

July to 19 August 2016.

The BS was then converted to the relative volume

backscatter strength (VBS) to account for any trans-

mission loss of the intensity signal, using the sonar

equation (Deines, 1999):

VBS ¼ BS� Pdbw � Ldbm þ 2 � a � Rþ 20 log10 �R
ð1Þ

where Pdbw is the transmitted power sent in the water,

Ldbm the log10 of the transmit pulse length P ¼ 0:5 m

(Nortek, pers. comm.) and R the slant acoustic range. a
is the acoustic absorption coefficient estimated fol-

lowing Francois (1982) and using the temperature

profiles from the thermistors chain (‘‘T’’ in Fig. 1).

Bulk velocity estimation

The bulk velocity of the migrating layer is defined as

the slope of the zooplankton layer during the DVM.

Fig. 2d shows an example of the migration on 2 July

2016, where the VBS in black depicts the zooplankton

in the water column. When the zooplankton start

swimming upwards after sunset (21:45 local time), a

line can be fit to the migrating layer, whose slope is

constant throughout the ascending phase (red line in

Fig. 2d). This slope is the upward bulk velocity (vup)

and provides the mean DV of the organisms. The bulk

velocity during the reverse DVM is referred as vdown.

To objectively and automatically estimate vup and

vdown from the VBS data, an image-detection algo-

rithm was developed in MATLAB to detect the

acoustic shape of the zooplankton layer and to

estimate its slope. Two input parameters need to be

provided by the user: (1) the box (target area)

containing the layer and delimited by ZWINDOW and

TWINDOW limits (see Fig. 2a); when the DVM begins

and ends and its limits can be immediately identified

from the acoustic image; (2) the VBS range Vrange ¼
½Vmin;Vmax� of the zooplankton in the migrating layer.

This range is characteristic of the zooplankton for that

day and is affected by the organism abundance and

size. Because the VBS always reaches the maximum

in the migrating layer, the algorithm can be controlled

just by adjusting the lower limit Vmin and setting Vmax

to the observed maximum of 85 dB.

Once these two groups of parameters are set, to

detect the layer, the algorithm picks the points in the

target area where Vmin �VBS� 85 dB (see red dots in

Fig. 2b). The acoustic shape then can be identified by

selecting the outer points of the layer (Fig. 2c). A line

can be finally fitted to the red points to estimate vup.

Fig. 2d shows vup;81 ¼ 2.43 mm s-1 for Vmin ¼ 81 dB.

Some of the VBS data, representing isolated

patches of zooplankton or environmental noise within

the target area, had to be manually removed. An

0 25    50 m0

12m

25m
30m

40m

N

A

T

S

Fig. 1 Bathymetry of Vobster Quay. ‘‘S’’ denotes the sampling station where measurements were taken. ‘‘T’’ and ‘‘A’’ indicate the

locations of the thermistor chain and ADCP, respectively
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example is provided in Fig. 2b, where the three blue

patches show dense aggregations of zooplankton with

high VBS not belonging to the migrating layer. These

points would be selected by the algorithm and affect

the velocity computation in the layer.

Because the choice of Vmin can be arbitrary, the

algorithm was run by changing Vmin from 75 dB,

which was the lowest observed value, to Vmin ¼
Vmax ¼ 85 dB, generating 11 different layer detection

and fitting results. Two examples are shown in Fig. 3

for Vmin ¼ 75 dB and Vmin ¼ 85 dB. Each image can

be then inspected manually to remove spurious results

and bad fits, when at least one of the following

conditions are met: (1) the algorithm selects points

within the target area but outside the layer; this occurs

when Vmin is too low, such as the case in Fig. 3a; (2)

the fitted line cuts across the migrating layer rather

than following its centroid; this condition is met when

Vmin is too low or high. When Vmin ¼ 85 dB (Fig. 3b),

too few points, which lack alignment with the centre of

the target layer, were picked to correctly estimate the

slope.

After excluding the fits that meet the rejection

criteria previously defined, the velocity of the

accepted fits can be bootstrapped to estimate the mean

bulk velocity vup and its 95% confidence interval. For

example, by choosing Vmin from 78 to 83 dB for the 2

July migration, vup ¼ 2:57� 0:1 mm s-1 (Fig. 3c).

This procedure was applied for both 2015 and 2016,

producing a time series of sunset migration velocities

vup and sunrise velocities vdown (Fig. 4). The ‘‘Elec-

tronic Supplementary Material’’ document reports in

detail the results of the layer detection algorithm for

each analysed day (Online Resources 1–7).

Fig. 2 Schematic of how the algorithm computes the bulk

velocity. The four panels show the DVM captured by the ADCP

on 02/07/16. The greyscale shading is the VBS and shows the

position of the zooplankton in the water column as a function of

the time. a Shows the green box delimited by ZWINDOW and

TWINDOW and used by the model to detect the migrating layer.

Red dots in (b) show the zooplankton layer where 81 dB

�VBS� 85 dB. Blue shapes delimit isolated zooplankton

patches removed from the algorithm. The red patch in (c)
highlights the layer identified by the algorithm. Zs, lower, Zs, upper,

Ze, lower and Ze, upper provide the upper and lower position of the

layer when the DVM begins and ends. d Shows the resulting

slope of the layer and the bulk velocity vup;81 for Vmin ¼ 81 dB
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Fig. 3 Algorithm results with two other values of Vmin. a Shows
the case with a low value, where almost all the points in the

target area are selected. When Vmin is too high as in (b), the

resulting slope is off. In both cases, the slope is marked as

invalid. c Depicts the final result of vup via bootstrapping
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Fig. 4 Time series of bulk velocity vup at sunset (grey dots,

positive values) and vdown at sunrise (grey triangles, negative

values) in 2015 and 2016. Error bars show the 95% confidence

interval from the bootstrap method of the valid fittings of vup and

vdown. Some error bars are not visible because the interval is too

small. The black dashed lines show instead the trend lines fitted

to the points
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Temperature measurements

The vertical temperature stratification was assessed

with a thermistor chain deployed in location ‘‘T’’

(Fig. 1). The chain consisted of 10 RBR thermistors

(Solo T, RBR Ltd.) with a temperature accuracy of

� 0:002�C and 5 Hobo loggers (TidbiT v2, Onset

Computer) with an accuracy of � 0:2�C. Data were

sampled every 5min. Data were available from June to

October 2015 and from May until mid-August 2016

(Fig. 5). The mean temperature that the zooplankton

experienced during the ascent phase of the DVM can

be obtained by overlapping the thermistor chain data

with the position and timing of the zooplankton

acoustic shape for each migration date (Fig. 6).

Turbulence estimation

To assess the effect of turbulence on zooplankton

swimming velocity, profiles of temperature fluctua-

tions were acquired at location ‘‘S’’ (Fig. 1) with a

Self-Contained Autonomous MicroProfiler (SCAMP),

a temperature microstructure profiler, following the

sampling procedure in Simoncelli et al. (2018). After

splitting each profile into 256-point (25 cm) segments,

turbulence was assessed in terms of turbulent kinetic

energy (TKE) dissipation rates e. Dissipation rates

were estimated for each segment using the theoretical

spectrum proposed by Batchelor (1959):

SBðkÞ ¼
ffiffiffi

q

2

r

vT
kBDT

a e�a2=2� a
Z �1

a
e�x2=2dx

� �

ð2Þ

where q ¼ 3:4 is a universal constant (Ruddick et al.,

2000), kB ¼ ðe=mD2
TÞ

1=4
the Batchelor wavenumber, k

the wavenumber and a ¼ kk�1
B

ffiffiffiffiffi

2q
p

. By fitting the

observed spectrum Sobs to SBðkÞ, it was possible to

estimate kB and then e. Bad fits, that provided invalid e,
were rejected and removed using the statistical criteria

proposed by Ruddick et al. (2000).

On each date, an average of six turbulence profiles

were acquired to ensure a statistically reliable estima-

tion of e. Profiles were then time-averaged to obtain

Fig. 5 Contour plot of

temperature in 2015 (panel

above) and 2016 (panel

below) from the thermistor

chain
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one profile per sampling date. Profiles from 17

September 2015 and 9 June 2016 were not processed

because the SCAMP thermistors provided unreliable

data.

The daily-averaged profiles of e are reported as

‘‘Online Resources 8’’ in the ‘‘Electronic Supplemen-

tary Material’’. Profiles were then depth-averaged

throughout the whole water column to obtain the time

series of the dissipation rates of TKE (Fig. 7). Data

from the profiles were not averaged based on the

zooplankton position because turbulence data were

not always available on the same days as the acoustic

measurements (see black dots vs. green areas in

Fig. 7).

Chlorophyll-a concentration

Chlorophyll-a concentration profiles were acquired at

sampling station ‘‘S’’ (Fig. 1). Data were collected

from approximately 0.5 m from the lake surface with a

depth resolution of 2mm between 5 h and 5min before

dusk. Chlorophyll-a was sampled five times in July–

August 2015 and ten times between May and August

2016 (see black triangles in Fig. 8). At least five

profiles were sampled on each date.

Profiles were acquired using a fluorometer mounted

on the SCAMP and manufactured by PME. The sensor

excites the water with a blue L.E.D. emitter at 455 nm

in a glass tube to avoid interference with ambient

lighting. It then measures the voltage from the light

emitted from the chlorophyll with a photo-diode. On

each date, voltage profiles were binned every 30 cm

and time-averaged to obtain one profile. Voltage data

were finally converted to chlorophyll-a concentration

using a linear calibration curve provided in Online

Appendix A.

Potential food availability during the DVM was

estimated by vertically averaging the chlorophyll-

a concentration from the available chlorophyll-a pro-

files (Fig. 9). Since chlorophyll-a concentration was

not available for all the dates with the acoustic

measurements (green areas in Fig. 9), a linear inter-

polation was used to estimate missing chlorophyll

concentration data between the available observations

(red line in Fig. 9). This is the final time series used in

subsequent correlations.
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Fig. 6 Mean temperature in the migrating layer (thick line) and its 95% confidence interval (shaded area)
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Fig. 8 Contour plot of

chlorophyll-a concentration

profiles collected in the lake

in 2015 and 2016. The

colour-bar on the right

shows the measured

concentration, while the

black triangles indicate the

time when vertical profiles

were collected with the

SCAMP fluorometer. The

green lines show the periods

when the acoustic

measurements were taken
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Underwater light conditions

To characterise the underwater light conditions,

surface solar radiation I0 was measured with a

frequency of 5 minutes by a meteorological station

located in Kilmersdon (Radstock, UK), 2 km from the

site. Data were available for the studied period with

the exception of 4 July 2016. Photosynthetically active

radiation (PAR) profiles IPAR were also collected at the

same time as chlorophyll-a concentration profiles. The

PAR was measured with a Li-Cor LT-192SA under-

water radiation sensor mounted facing upwards on the

SCAMP. On each sampling date, IPAR profiles were

filtered with a moving average filter to remove noise

and then binned and time-averaged to obtain a mean

PAR profile IPAR (Fig. 10). Profiles collected on 16

July 2016 were discarded because no valid data were

recorded. A 20-cm Secchi disc was employed to

measure the Secchi depth zSD in June–July 2015 and

April–August 2016 (Fig. 11).

The light extinction coefficient K was then esti-

mated from PAR (KPAR) and Secchi disc data (KSD).

The IPAR profiles were fitted the Lambert-Beer equa-

tion to estimate KPAR (Armengol et al., 2003):

IPAR ¼ IPAR;0 � e�KPAR�z ð3Þ

where IPAR;0 is the surface PAR (Fig. 12, black

circles). The ambient attenuation coefficient KSD was

determined from the Secchi disc depth zSD (Fig. 12,

empty triangles) using the following empirical rela-

tionship (Armengol et al., 2003):

KSD ¼ 1:7=zSD ð4Þ

Finally, the underwater light conditions at the depth

where the zooplankton started the DVM can be

described in terms of relative change in light intensity

S (Ringelberg & Flik, 1994). This quantity can be

estimated by using the definition provided by Ringel-

berg (1999) and assuming that the light intensity I in

the water column decayed exponentially with the

depth z:

S ¼ d ln IðtÞ
dt

¼ d ln I0ðtÞ
dt

� dKðtÞ
dt

� z ð5Þ

where t is the time, I0 the surface solar radiation and K

the light extinction coefficient. If K is time-indepen-

dent, S is depth-independent and reduced to:

S ¼ d ln I0ðtÞ
dt

ð6Þ

By employing a linear correlation to the time series of

the natural log of the solar radiation (ln I0ðtÞ) during
the DVM, a slope can be estimated that provides the

mean value of S (Fig. 13).

Zooplankton concentration

Zooplankton samples were also collected to charac-

terise the zooplankton population density and vertical
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distribution. A conical net (Hydro-Bios) mounted on a

stainless-steel hoop with a cowl cone

(mesh ¼ 100 lm; diameter d ¼ 100 mm, length

approximately 50 cm) was used for this purpose. The

water column was sampled at location ‘‘S’’ (Fig. 1)

before the DVM, by towing the net through

consecutive layers of thickness h ¼ 3 m. Three sam-

ples (n ¼ 3) were collected and pooled for each

stratum. Samples were then stored in a 70% ethanol

solution to fix and preserve the organisms and prevent

decomposition (Black & Dodson, 2003). Four tows

were acquired in June–July 2015 and 10 tows from
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May to August 2016. Zooplankton were enumerated

by counting the organisms under a dissecting micro-

scope in three replicate sub-samples of each sample.

Four zooplankton groups were distinguished:Daphnia

spp., adult and copepodite-stage copepods, small

Cladocera and copepod nauplii. The concentration of

each group was then estimated by dividing the

abundance by the filtered water volume V ¼ p=4 � d2 �
h=n (Fig 14). The complete profiles of zooplankton

concentration are reported in the ‘‘Electronic Supple-

mentary Material’’ as ‘‘Online Resources 9 and 10’’.

Net tows do not, however, allow estimation of

zooplankton concentration within the migrating layer

and during the DVM with adequate time and vertical

resolution. The VBS can be used to provide suitably

resolved data on zooplankton concentration and size

(Sutor et al., 2005; Record & de Young, 2006;

Hembre & Megard, 2003; Huber et al., 2011; Barth

et al., 2014; Inoue et al., 2016) and was available

during the DVM. For each migration dates, the VBS

was depth-averaged within the zooplankton layer to

provide the mean zooplankton concentration during

the vertical ascent (Fig. 15).
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Zooplankton position

The VBS data can be further used to extract more

information about the zooplankton behaviour in

relation to the DVM. The acoustic shape (Fig. 2c)

from the image-processing algorithm also provides the

zooplankton position in the water column prior the

DVM and when the migration ends. By taking the

average of the upper and lower limits of the shape

when the DVM begins (Zs, lower and Zs, upper), it is

possible to infer the average depth range within which

the organisms were found before moving (Fig. 16,

black dots). By repeating the same operation when the

DVM stops, the two depths Ze, lower and Ze, upper once

averaged provide the mean location where the organ-

isms completed the migration and started spreading

out near the surface (Fig. 16, empty dots).

Modelling of vdown

The zooplankton sinking velocity Usink was modelled

with Stokes-like equations and by using organism size

and density measured from laboratory experiments.

The estimated value of Usink can then be compared to

the downwards velocity vdown to independently verify

if zooplankton sank during the descending phase of the

DVM.We limited our attention toDaphnia because its

hydrodynamics can be easily described by mathemat-

ical models, in contrast to other migrating genera. No

data exist on the rate of sinking of live copepods.

Moreover, they sink frequently with the body orien-

tated in a horizontal or oblique position (Paffenhöfer

& Mazzocchi, 2002) and that angle is not known.

Daphnia sink instead mostly vertically (Dodson et al.,

1995).
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copepod nauplii, from the net tows. The green areas show the

time period when the acoustic measurements are available
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Model

If zooplankton passively descend during the DVM,

Usink depends only on gravity, fluid characteristics and

individual size and shape (Ringelberg & Flik, 1994;

Kirillin et al., 2012). Moreover, assuming that zoo-

plankton individuals do not interfere with each other

while sinking, Usink can be approximated by using the

average sinking rate of a single organism. The sinking

rate Usink;s of a spherical Daphnia, as a function of the

water temperature T, can be found by balancing the

Stokes drag force exerted by the fluid (F ¼ 6plRUs)

with the body buoyancy (B ¼ Vg qd � qwð Þ=qw):

Usink;sðTÞ ¼
2

9
R2g

qd � qwðTÞ
lðTÞ ð7Þ

where V is the animal volume, R the body radius, g the

gravitational acceleration, qd theDaphnia density, and
qwðTÞ and lðTÞ the water density and dynamic

viscosity, respectively. However, Daphnia are not

spherical and Eq. 7 was thus improved by assuming

that Daphnia are an ellipsoid with width w ¼ 2ae and

length l ¼ 2be (Fig. 17b). The new body drag is:

Fd;c ¼ F � Ke with

Ke ¼
4

3
� b2e � 1

2�b2e�1
ffiffiffiffiffiffiffiffiffi

b2e�1Þ
p � ln be þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi

b2e � 1

q

� �

� be

ð8Þ

where be ¼ be=ae. The new mean velocity is:

Usink;eðTÞ ¼
UsðTÞ
be � Ke

ð9Þ

Accounting for the additional drag from the antenna,

the two appendages can bemodelled as two cylindrical

needles with dimensions ac and bc (Fig. 17b). The new

equation is:

UsinkðTÞ ¼
2

3
� g � qd � qwðTÞ

lðTÞ � 2 � a
2
c � bc þ a2e � be

4�bc
ln 2�bcð Þ þ 3 � ae � Ke

ð10Þ

where and bc ¼ bc=ac.

Daphnia size

In order to parametrize the above model, morphome-

tric data on twenty specimens were measured under a

Leica M205C dissecting microscope. The measured

(a) (b)
ae

be

ac

bc

Fd,c Fd,cFd,e

B

(c)w=2ae

l=2be

ac

bc

Fig. 17 Daphnia are modelled using an ellipsoid for the body

and two cylinders for the antennae (a). The new model (b)
balances the buoyancy B with the additional drag (Fd;c and Fd;e)

accounting for the body lengths ae, be, ac and bc. c Shows the

measured lengths ofDaphnia under themicroscope. l is the body

length, w its width. The length of the second set of antennae is bc
while its width ac
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lengths (Fig. 17c) are: be is half the body length l and

ae half the body width. The arm length is bc and its

width ac.

Daphnia density

The density of Daphnia carcasses qd was assessed

using the density gradient method proposed in Kirillin

et al. (2012). Nine different fluid densities were

created in different cylinders by mixing freshwater

with different volumes of sodium chloride solute (1 g

ml-1). The cylinder densities were verified with a

portable densimeter (DMA 35 by Anton Paar) after the

water reached the equilibrium with room temperature.

Twenty specimens were then individually tested.

Each organism was gently injected and moved from

the cylinder with the lowest density (qw ¼ 1000 kg

m-3) to the one with the highest density (qw ¼ 1050

kg m-3) until the cylinder where the animal reached

the neutral buoyancy was found. When the organism

stops sinking, it can be assumed that the carcass has a

density between the fluid density of the cylinder where

it floats and the previous cylinder where it sank. The

results are reported in Fig. 18.

Results

Field observations

Bulk velocity

In 2015 the velocity at sunset ranged from a minimum

of 2.23 mm s-1 on 12 July to a maximum of 3.55 mm

s-1 on 22 July (Fig. 4, upper panel). In 2016 the time

series of vup showed similar values with a lowest of 2

mm s-1 at the beginning of June and amaximum of 4.5

mm s-1 in mid-August (Fig. 4, lower panel). Both

time series showed a positive increasing trend over

time. In contrast, the bulk velocity at sunrise showed a

weak trend over time with a mean of 1.78 ± 0.08 mm

s-1 in 2015 and 1.71 ± 0.1 mm s-1 in the following

year.

Temperature measurements

The daily average temperature (Fig. 5) showed that

the lake was already stratified in June 2015 and the

epilimnion started to deepen at the end of the same

month. In 2016 the water temperature varied little with

depth in early May and stratification began to form in

mid-May. During the summer months, the water

temperature reached 20�C.
The mean temperature of the migrating layer during

the ascent phase (Fig. 6) showed a seasonally increas-

ing trend in both years. There was also short-term

temperature variability due to changing weather

conditions. Finally, the 95% confidence interval

(shaded area) is small with an average of 0.34�C in

2015 and 0.37�C in 2016. This indicates that temper-

ature variations experienced by zooplankton during

the DVM were little.

Dissipation rates of TKE

The mean dissipation rate in 2015 (Fig. 7a) was 10�8

W kg-1, while turbulence was lower in 2016 with an

average of 10�9 W kg-1 (Fig. 7b). The data also show

that there is no systematic trend over time in the mean

dissipation level in the water column.
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Fig. 18 Frequency distribution of the density of individual

Daphnia specimens (n ¼ 20). The red line is the sample mean

and the horizontal error bar its 95% confidence interval
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Chlorophyll-a concentration

The concentration of chlorophyll-a was very low for

both years (Fig. 8). In 2015 the concentration in the

water column peaked at 2.5 lg l-1 near the lake

bottom at the end of June. In 2016 the concentration

showed a maximum at the beginning of the time series

(early May) and it reached a deep maximum of 5 lg
l-1 in July below 10 m. The time series of depth-

averaged chlorophyll-a concentration (Fig. 9) showed

little evidence of a temporal trend throughout the study

period.

Underwater light conditions

PAR profiles (Fig. 10) showed a linear trend on a

semi-logarithmic scale, with the exception of the data

above 1 m, indicating an exponential decay with depth

of the ambient light in the water column. Some profiles

provided IPAR\50 W m-2 because they were col-

lected near dusk. The Secchi disc depths (Fig. 11)

showed a mean depth of 10.4 ± 2 m in 2015 with a

decreasing trend after the beginning of July despite a

constant and low chlorophyll concentration in the

water column (Fig. 8). In 2016 zSD was on average

10.1 ± 1 m and never fell below 8 m.

The time series of KPAR and KSD showed a good

agreement (Fig. 12). The coefficient K showed a

positive trend in 2015, with a mean value of 0.19 ±

0.03 m-1, and stationary conditions in 2016 with a

mean of 0.18± 0.01 m-1. It never exceeded 0.22 m-1,

with the exception of KSD at the end of July.

Since KPAR and KSD were time-independent, the

relative change in light intensity S has been estimated

from Eq. 6. The result (Fig. 13) shows that S was

always negative and in most of the cases was within

the range S ¼ ½�0:1;�0:04� min-1, suggested for

inducing phototactic behaviour in Daphnia (Ringel-

berg, 2010).

Zooplankton concentration

The time series of the zooplankton vertical concen-

tration in 2015 (Fig. 14a) showed that Daphnia was

dominant, accounting for up to 80% of the mean

concentration in the water column in June. The

concentration remained almost constant until the end

of the same month and then it started decreasing

reaching a minimum of 7 org. l-1 in July. The

concentration of adult, copepodite and naupliar stages

of copepods was very small in June (� 5 org. l-1), but

in mid-July they became as abundant as Daphnia with

an average density of up 10 org l-1. The maximum

concentration of zooplankton (Fig. 14c) followed the

same trend with a peak of 35 org. l-1 ofDaphnia at the

end of June and a maximum of 20 org. l-1 of copepods

(including nauplii).

Data in 2016 displayed a more complete picture of

the zooplankton density dynamics. From late April

until June, copepods dominated with an average

concentration of 27 org. l-1 (Fig. 14b). The Daphnia

population increased throughout May peaking at 25

org. l-1 in July. The density of small cladocera

remained very low and negligible with respect to the

other species. For the remainder of the summer the

total zooplankton abundance decreased, until the end

of August where a maximum of 5 org. l-1 of Daphnia

and 11 org. l-1 of copepods were observed. The

maximum abundance in 2016 (Fig. 14d) was very

similar in magnitude to that observed in 2015 with the

exception of copepod nauplii whose abundance

reached 42 org. l-1 in late May. The concentration

declined quickly with a minimum of 12 org. l-1 at the

end of the time series.

The trend in the VBS of the migrating layer at the

time of the migration in 2016 (Fig. 15) is similar to

that observed in the time series of the zooplankton

concentration from net tows (Fig. 14c, d): VBS peaks

at 81.5dB at the beginning of July and at 80 dB at the

end of the same month. In 2015 the observations

period of the VBS is too short to be compared with the

zooplankton concentration. Local variations in VBS

can also be observed which were driven by daily

variations of zooplankton concentration and thickness

of the migrating layer.

Zooplankton position

Prior to migration, zooplankton (Fig. 16) were found

at an average depth of 12.2 m in both years with a 95%

confidence interval CI95 ¼ ½11:8; 12:6�m in 2015 and

CI95 ¼ ½11:9; 12:4� m in 2016. The depth where they

stopped migrating was 5 m with CI95 ¼ ½4:7; 5:5�m in

2015 and CI95 ¼ ½4:5; 5:3� m in 2016.
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Correlation between vup and potential drivers

To investigate potential drivers of the observed

variability in vup, the upward bulk velocity was

linearly correlated with the temperature (Fig. 6),

chlorophyll-a concentration (Fig. 9), the light condi-

tions during the DVM (Fig. 13) and the VBS as a

proxy for the in situ concentration and size (Fig. 15).

The dissipation rates e (Fig. 7) were not used in the

correlation, as turbulence values could not be inter-

polated because of their patchy and unsteady nature.

Prior to further analysis, we removed one sampling

date due to the absence of data on S in 2016.

The predictors to be included in the multiple linear

regression model were tested to assess any possible

multicollinearity. The correlation matrix of the vari-

ables (Table 1) shows that the VBS was negatively

correlated with the temperature T (RVBS;T ¼ � 0:645)

and weakly related to the chlorophyll-a concentration

(RVBS;Chl ¼ � 0:375). Chlorophyll concentration was

also correlated with the light availability with

RS;Chl ¼ 0:649. However, the variance inflation factor

(VIF) index for each of the predictors (Table 2) shows

that the collinearity among the three variables was

weak and unimportant (VIFVBS ¼ 2:532, VBSChl ¼
2:123 and VIFS ¼ 2:123\5). Variations in the

chlorophyll-a concentration were in reality very small,

and any small interdependence was likely a numeric

artefact.

Amodel fitting dataset was created from the data by

extracting 46 random observations (about 80% of the

original sample). The remaining 12 observations

constituted the validation dataset that was later used

to validate the prediction of the fitted model. A

multiple linear regression was applied to the 46

observations with a significance level a ¼ 0:01. The

model results indicated that there was no significant

statistical correlation between vup and the relative

change in light intensity S (F statistic ¼ �0:927, p

value ¼ 0:358), the food availability (chlorophyll-a)

concentration (F ¼ � 0:2420, P ¼ 0:810), and VBS

(F ¼ � 2:0328, P ¼ 0:0482). The upward velocity

was, instead, significantly correlated with changes in

temperature T (F ¼ 4:933 and P ¼ 1:26� 10�5). The

linear regression model was further simplified by

excluding the other predictors, and the result is

reported in Fig. 19a with P ¼ 2� 10�12 and a coef-

ficient of determination R2 ¼ 0:66. The final regres-

sion model also predicted the observations from the

validation dataset reasonably well (Fig. 19b) with P ¼
1� 10�4 and R2 ¼ 0:79.

Modelling of vdown

The parameters employed in Eqs. 7–10 are reported in

Fig. 18 and Table 3 for the Daphnia density qd and

sizes, respectively. The mean density of a single

Daphnia was 1019.2 kg m-3 (red line) with CI95 ¼
½1016:8; 1022:5� kg m-3 (black error bar). The

organism’s mean body length l was 0.886 mm, while

its width w was 0.378 mm, with be ¼ 2:34, clearly

indicating a deviation from the spheric shape. The

antenna length bc was 0.425 mm and its width ac ¼
0:039 mm. The dependence of the Daphnia sinking

rate on the water temperature T changes according to

the equation used to model the organism body shape

(see Fig. 20). The model for Usink;s consistently

provides larger sinking rates with respect to the other

two models with large variations as the water temper-

ature T increases. The difference between Usink;e and

Usink is about 0.5 mm s-1, however, Usink;e slightly

diverges from Usink for warmer temperatures.

Discussion

We used for the first time acoustic measurements to

quantify the time series of zooplankton displacement

velocity during the DVM in an oligotrophic lake.

Based upon environmental measurements, and inde-

pendent physical calculations and modelling, we

Table 1 Correlation matrix for the volume backscatter strength

(VBS), temperature (T), chlorophyll concentration (Chl) and

relative change in light intensity (S)

VBS T Chl S

VBS 1

T - 0.645 1

Chl - 0.376 - 0.076 1

S - 0.088 - 0.364 0.649 1

Table 2 Variance inflation factor (VIF) for the predictors

VIFVBS VIFT VIFChl VIFS

2.532 2.513 2.135 2.123

123

160 Hydrobiologia (2019) 829:143–166



12 14 16 18 20

T (C)

0

1

2

3

4

5

O
bs

er
ve

d 
v up

 (m
m

 s
-1

)

0 1 2 3 4 5

Predicted vup (mm s-1)

0

1

2

3

4

5

R2 = 0.66
 p  = 2  10-12

vup = -3.227 + 0.386  T

(a)
R2 = 0.79
 p  = 1  10-4

(b)

Fig. 19 a Shows the correlation between T and the observed

upward velocity. The grey line represents the fitted model to the

regression dataset whose equation is reported in the bottom right

corner. The upper left corner displays the coefficient of

determination R2 and the P value of the regression. b Shows

the relation between the observed vup from the validation dataset

and the prediction from the regression model (dots). The dashed

line is the 1:1 relationship

Table 3 Body sizes (see

Fig. 17c) measured for

Daphnia

The last two rows report the

mean and the 95%

confidence interval CI95 via

bootstrapping

Specimen # be (mm) ae (mm) bc (mm) ac (mm)

1 0.406 0.217 0.624 0.029

2 0.421 0.218 0.492 0.050

3 0.415 0.221 0.404 0.044

4 0.326 0.129 0.226 0.028

5 0.479 0.153 0.422 0.038

6 0.448 0.230 0.439 0.028

7 0.477 0.203 0.473 0.051

8 0.518 0.170 0.342 0.044

9 0.490 0.151 0.381 0.034

10 0.422 0.234 0.360 0.052

11 0.342 0.116 0.425 0.033

12 0.499 0.207 0.421 0.034

13 0.518 0.170 0.342 0.044

14 0.490 0.151 0.381 0.034

15 0.422 0.234 0.360 0.052

16 0.342 0.116 0.425 0.033

17 0.499 0.207 0.421 0.034

18 0.491 0.172 0.573 0.046

19 0.462 0.202 0.606 0.045

20 0.384 0.265 0.384 0.027

Mean 0.443 0.189 0.425 0.039

CI95 0.419, 0.476 0.164, 0.201 0.390, 0.466 0.035, 0.043
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aimed to infer the environmental drivers that might

influence the rate of zooplankton migration in the

field.

Upward bulk velocity

In our correlation model, we hypothesised that vup may

depend on temperature, zooplankton density, food

availability and light intensity. Because of lack of

sufficient data, fish abundance and turbulence were not

included in the correlation analysis. The effect of

temperature on zooplankton swimming velocity has

been demonstrated by laboratory studies of single

swimming organisms (Ringelberg, 2010). When tem-

perature increases, zooplankton metabolic activity

rates change (Heinle, 1969; Gorski & Dodson, 1996;

Beveridge et al., 2010), and they can also swim faster

because of the reduced drag exerted on their swim-

ming appendages (Larsen & Riisgård, 2009). Tem-

perature may also enhance phototactic response in

Daphnia (Van Gool & Ringelberg, 2003); however,

this was not observed in our results. A stepwise linear

regression, with pairwise interactions of all DVM

drivers, showed that the interactive effect of S and T on

DV was not significant (F ¼ 1:0672, P ¼ 0:307).

In principle, if zooplankton are present at very high

population densities while migrating, organisms

would have to reduce the velocity they can swim at

to avoid encounters with other animals (i.e., the

surrounding space for moving would be limited). The

instantaneous speed and the resulting bulk velocity

would be smaller. In the opposite scenario, with a low

abundance within the migrating layer, organisms

would be free to swim unobstructed, reaching the

maximum thrust they can propel at, resulting in a

higher bulk velocity. Our dataset showed, however,

that the VBS was weakly correlated with vup probably

because the zooplankton concentration was not high

enough to yield such swimming behaviour. This effect

might have been appreciable if measurements had

been available also during the peak in zooplankton

abundance in June (Fig. 14c, d). The lack of other

studies in the literature precludes us from corroborat-

ing this hypothesis.

Food availability can both positively and negatively

affect Daphnia migration velocity depending on

environmental conditions and genetic differences

(Dodson et al., 1997a). Our analysis, however, did

not provide evidence of this effect because of the

stationary chlorophyll-a concentration during the

period over which the migration velocities changed.

Surprisingly, the bulk velocity was not affected by

the average change in light intensity. Changes in light

intensity have been shown to influence zooplankton

displacement velocity at the scale of a single DVM

(Ringelberg et al., 1991; Ringelberg & Flik, 1994).

However, this relationship was not observed at a

multiple-DVM scale, in our study. It is likely that this

is due to among-study differences in field conditions,

and in the impact of additional drivers and mediators

of migratory behaviour.

The lack of data on fish abundance and kairomone

concentrations did not allow direct inclusion of

predation pressure in our analyses. However, some

speculation can be made about its possible effect.

While we observed an increasing near-linear temporal

trend in vup, predation often has a seasonal peak

coinciding with the time at which larval fish hatch and

begin actively feeding upon zooplankton; this leads to

a stronger zooplankton response to light within that

specific period (Van Gool & Ringelberg, 2003). The
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Fig. 20 Average sinking rates of Daphnia as a function of the

temperature T. Orange line shows the mean velocity with the

organism modelled as a spherical body (Eq. 7) with R ¼ bE ¼
0:433 mm and qd ¼ 1019:2 kg m-3; the green line as an ellipse

(Eq. 9) with size ae and be without antennae; and the blue line

with the newmodel (Eq. 10) with the mean values of ac ¼ 0:425
mm and bc ¼ 0:039 mm. The shaded areas show the 95%

confidence intervals calculated using the interval limits CI 95 for

ae, be, ac, bc and qd in Table 3. The grey box represents the

observed range of the downwards velocity (vdown) in the field
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zooplankton layer depth prior the DVM (black dots in

Fig. 16) suggests that the organisms did not change

their daytime vertical position during the observation

period and that they resided on average at the same

depth in both years. If a strong predation pressure had

occurred over a specific time period, a repositioning of

the population towards deeper layers in the daytime

would have been expected during this period (Dodson,

1990; Leach et al., 2014). However, the near-constant

migration amplitude suggests that visual predation

pressure was present and consistent throughout the

whole study period, and thus a sudden increase in that

pressure appears unlikely.

Turbulence was not included in our model either.

Available measurements could not be interpolated to

fill the gaps of missing observations. However, e was
constant and very low (Fig. 7), approaching the

background dissipation level. The lack of a clear

temporal trend in turbulence suggest that this could not

be an important driver of the observed trend in

zooplankton migration velocity.

The correlation model showed that temperature was

a primary factor in controlling migration speed in the

field with respect to the other DVM drivers. Because

zooplankton swim in a low Reynolds number envi-

ronment, temperature-dependent viscosity is a crucial

mediator of their motility. Assuming that the viscosity

mainly controls the organism swimming response

(Larsen & Riisgård, 2009), our dataset showed that a

viscosity variation of 13% (from m ¼ 1:8� 10�6 m2

s-1 at the start of the dataset to m ¼ 1:1� 10�6 m2 s-1

in August) led to an increase in velocity of about 61%.

The same variation was observed by Larsen et al.

(2008) in the laboratory, but over a wider viscosity

range (about 36%) for the instantaneous velocity of the

copepod Acartia tonsa Dana, 1849. Moison et al.

(2012) found instead an increase of 29% in the speed

of Temora longicornis Müller O.F., 1785 for a

viscosity variation of 15%. Because we were dealing

with a mean velocity during the migration and no

further studies were available, it was not possible to

make any direct comparisons with other experiments.

Downwards bulk velocity

The velocity Usink (blue line in Fig. 20) from our new

model matched the observed range of vdown in the field

(grey box) within the 95% confidence interval (blue

shaded area). Our analysis also indicates that spherical

models are not suitable for reproducing Daphnia

sinking rates; Usink;s (orange line) consistently pro-

vided velocities above the falling rates reported in the

literature for narcotised animals (Hutchinson, 1967;

Gorski & Dodson, 1996; Ringelberg & Flik, 1994;

Dore et al., 2009), because the genus is not sphere-

shaped. Moreover, Usink;e (green line) still overesti-

mated the observed velocity (grey box), because

accounting for additional drag from the Daphnia

antenna is important when modelling sinking rates

(Gorski & Dodson, 1996; Dore et al., 2009). The good

agreement between Usink and the field data strongly

indicates that organisms sank during the DVM

because organism’s buoyancy and gravity are the

only governing parameters of the reverse migration

(Ringelberg & Flik, 1994). Since vdown shows no trend

over time (Fig. 4, negative values), no correlation

exists between this velocity and any DVM drivers in

the field. The only available study for Daphnia by

Ringelberg & Flik (1994) suggests that the genus

actively swims only when the light stimulus S is high.

According to the meteorological station measure-

ments, zooplankton started migrating several minutes

before sunrise when the solar radiation was still zero.

This may suggest that S was not a causal factor for

active downwards DVM (Ringelberg & Flik, 1994).

However, the distance of the station from the study site

might have prevented us from measuring small light

changes that could have initiated the DVM.

Our model also shows that the velocity changed

very little with the temperature, as seen in Kirillin

et al. (2012). This explains why vdown was constant

during the observations and did not correlate with

T. Results from the literature cannot be directly

compared with our model and observations because

organisms have different lengths or density (i.e. eggs

in brood chamber), and experiments were performed

under different conditions of T.

Since Daphnia always sank during the observa-

tional period, our results indicate that these zooplank-

ton may favour passive sinking over active swimming

during the reverse DVM to preserve energy and avoid

generating hydrodynamic disturbances detectable by

predators.
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Conclusions

In this study, we assessed the mean displacement

velocity of zooplankton from the slope of the

zooplankton layer during the DVM at sunset and

sunrise. This velocity can be used to infer possible

changes in zooplankton behaviour during the DVM

due to the external and internal drivers. The upward

bulk velocity vup increased over time and was strongly

correlated with the water temperature. Based upon our

analysis, chlorophyll concentration, relative change of

light intensity and zooplankton concentration and size

during the DVMdid not seem to play an important role

in affecting vup. This suggests that temperature may be

a key mechanical factor controlling swimming activ-

ity. Temperature can increase metabolic rates, and

zooplankton require less effort to propel themselves in

a less viscous fluid. The relationship between temper-

ature and velocity has, so far, only been demonstrated

under greatly simplified conditions in laboratory

experiments (Larsen & Riisgård, 2009). We demon-

strate, for the first time, the potential for the same

effect to be significant in the field. In the field, it is not,

however, possible to separate the direct effect of the

temperature (physiological effect) and the indirect

impact of viscosity (mechanical effect). Our correla-

tion did not account for any effect due to predation

pressure. However, because we did not observe

changes in the zooplankton daytime-depth or migra-

tion amplitude during the two years, we hypothesise

that the intensity of visual predation was consistent

throughout our study period and could not explain the

changes in migration velocity that occurred. Although

predation pressure may be important in determining

whether migration happens at all, temperature may be

more important in governing migration velocity, when

this behaviour does occur. The velocity at sunrise

vdown was instead constant. The lack of variation in

vdown was likely because Daphnia passively sank

instead of swimming during the reverse migration.

Our new model of the Daphnia sinking rate confirmed

that buoyancy and gravity were the governing param-

eters of the reverse migration.

Understanding behaviour and responses of diel

migrators to exogenous conditions is essential to

knowledge of ecosystem functioning. Zooplankton

experience varying temperatures in lakes due to short-

term meteorological forcing and seasonality or as a

function of the water depth. Varying temperature

affects zooplankton metabolism, potentially impact-

ing patterns in excretion and faecal pellet production

throughout the water column and altering biogeo-

chemical fluxes of nutrients and carbon. According to

our analyses, changes in water temperature and thus

viscosity over time impact upward migration velocity

and by extension escape velocities from predators: in

warmer and less viscous waters, organisms can escape

faster and more efficiently, therefore reducing their

predation risk. The alteration of predation patterns via

this mechanism can indirectly influence trophic inter-

actions and energy flows in lake food webs. Finally,

understanding zooplankton behaviour during the

reverse migration is equally significant. Organisms

may favour passive sinking over active swimming to

conserve energy and avoid hydrodynamic distur-

bances that would be detectable by predators.
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Gries, T., K. Jöhnk, D. Fields & J. R. Strickler, 1999. Size and

structure of ’footprints’ produced by Daphnia: impact of

animal size and density gradients. Journal of Plankton

Research 21: 509–523.

Hays, G. C., 2003. A review of the adaptive significance and

ecosystem consequences of zooplankton diel vertical

migrations. Hydrobiologia 503: 163–170.

Heinle, D. R., 1969. Temperature and zooplankton. Chesapeake

Science 10: 186–209.

Hembre, L. K. & R. O. Megard, 2003. Seasonal and diel

patchiness of a Daphnia population: an acoustic analysis.

Limnology Oceanography 48: 2221–2233.

Huber, A. M. R., F. Peeters & A. Lorke, 2011. Active and

passive vertical motion of zooplankton in a lake. Limnol-

ogy Oceanography 56: 695–706.

Humphries, S., 2013. A physical explanation of the temperature

dependence of physiological processes mediated by cilia

and flagella. Proceedings of the National Academy of

Sciences of the United States of America 36:

14693–14698.

Huntley, M. E. & M. Zhou, 2004. Influence of animals on tur-

bulence in the sea. Marine Ecology Progress Series 273:

65–79.

Hutchinson, G. E., 1967. A treatise on limnology. Wiley,

Hoboken.

Inoue, R., M. Kitamura & T. Fujiki, 2016. Diel vertical migra-

tion of zooplankton at the S1 biogeochemical mooring

revealed from acoustic backscattering strength. Journal of

Geophysical Research 121: 1031–1050.

Jung, I., T. Powers & J. Valles Jr., 2014. Evidence for two

extremes of ciliary motor response in a single swimming

microorganism. Biophysical Journal 106: 1.

Kirillin, G., H. P. Grossart & K. W. Tang, 2012. Modelling

sinking rate of zooplankton carcasses: Effects of stratifi-

cation andmixing. Limnology Oceanography 57: 881–894.
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