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The ability of pelagic copepods to remotely detect and encounter potential sexual
partners is a critical issue in zooplankton ecology. In calanoid copepods, mate-
finding behaviour involves either chemical or hydromechanical cues. Here, I first
provide a detailed description of the three-dimensional swimming behaviour of
Eurytemora affinis, males, non-ovigerous females and ovigerous females swimming
freely in the absence of chemical and hydromechanical cues and discuss potential
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reasons for the discrepancies observed in the literature. I further demonstrate that .
affinis males modify their swimming behaviour in response to a diffuse background
of pheromone concentrations, which can be thought of as an adaptation to increase
the encounter rate and follow trail mimics containing female scent. I finally describe
the mate-secking behaviour of E. gffinis and show how males swimming freely in a
three-dimensional environment modify their direction of motion upon encountering
the pheromone trails of females and subsequently follow female trails over distance
and duration of nearly 15 cm and 36 s until they hydromechanically sense the
female and lunge at her. The relevance of these results is discussed in the general
framework of search pattern strategies and the relative contribution of chemical
versus hydromechanical cues in relation to the turbulent nature of the surface ocean.
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CHEMICAL AND HYDROMECHANICAL COMPONENTS OF MATE-SEEKING BEHAVIOUR
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INTRODUCTION

The calanoid copepod Eurytemora affinis (Poppe, 1880)
typically dominates the zooplankton community in the
oligomesohaline zone of most estuaries of the North
Hemisphere, where it is considered as a key species (Lee,
2000; Mouny and Dauvin, 2002; Devreker et al., 2008). A
considerable amount of work has hence been devoted to
E. gffius distribution and abundance (Roddie et al., 1984;
Hough and Naylor, 1992; Andersen and Nielsen, 1997,
Morgan et al., 1997; Kimmerer et al., 1998; Gasparini
et al., 1999; Devreker et al., 2009), physiology (Roddie
et al., 1984; Kimmel and Bradley, 2001), life cycle, post-
embryonic development and reproduction (Ban, 1994;
Andersen and Nielsen, 1997; Koski ¢ al., 1999; Devreker
et al., 2004, 2007, 2009) and phylogeography (Lee, 2000;
Lee et al., 2003, 2007; Winkler ¢ al., 2011). However, in-
formation on E. gffints swimming behaviour is still scarce
and contradictory (Seuront, 2006, 2010a, b, 2012;
Michalec et al., 2010; Souissi e al., 2010) and information
on their mating behaviour limited to the early work of
Katona (Katona, 1973) who showed that males were able
to locate stationary females located up to 20 mm away
and suggested the role of female pheromones in male
mate-finding behaviour.

Several types of mate-finding behaviour involving
either chemoreception or mechanoreception have been
observed in marine copepods to increase the probability
of mate encounter in environments where planktonic
copepod are often located 10%s to 100’s of body lengths
away in a three-dimensional environment. For instance,
Temora longicornis females have been shown to react to
chemical exudates of conspecific males with little hops,
hence increasing encounter probability with potential
mates (van Duren ¢ al., 1998). Active mate-searching be-
haviour 1s, however, essentially exhibited by males.
Typically, males search for chemical cues signalling the
presence and the position of the females. In some species,
such as Calanus marshallae (Tsuda and Miller, 1998),
Centropages  hamatus (Gocetze, 2008), Centropages typicus
(Bageien and Kierboe, 2005a, b; Goetze, 2008), 1 long:-
cornis (Doall et al., 1998; Weissburg et al., 1998; Yen et al.,
1998, 2004; Goetze and Kierboe, 2008; Seuront, 201 1a),
Temora  stylifera  (Goetze and Kierboe, 2008) and
Hesperodiaptomus shoshone (Yen et al., 2011) females leave
a chemical trail in their wake, which males may detect
and follow. Pheromones are also involved in the form
of pheromone clouds in the freshwater copepod

Leptodiaptomus ashlandi (Nihongi et al., 2004) and in the
marine species Pseudocalanus elongatus (Kiorboe et al., 2005)
and Outhona davisae (Kiorboe, 2007). Some freshwater
(Cyclops  scutsfer; Strickler, 1998) and marine copepods
(Acartia tonsa; Doall et al., 2001; Bagoien and Kierboe
2005a, b) also increase their perceptual distance beyond
physical contact via hydromechanical cues to detect and
pursue females. In contrast to hydromechanical signals
that rapidly decay (Yen et al., 1998), pheromone trails can
be followed over many body lengths, and trail following
can occur over distances up to ca. 200 mm (Bagoeien and
Kierboe, 2005a, b). It is hence likely to be the most effect-
ive mate-finding behaviour, hence leading to improved
encounter rates between potential mates, especially at
low population density (Kiorboe ¢t al., 2005).

Chemosensory abilities may be particularly critical for
E. afficis males to locate and track conspecific females as
estuarine waters may be contaminated by a range of
organic and inorganic pollutants (Louchouarn and
Lucotte, 1998; Matthiessen and Law, 2002; Soares ¢t al.,
2008). These pollutants are likely to influence the percep-
tive abilities, hence the swimming behaviour of zooplank-
ton (Faimali et al., 2006; Garaventa et al., 2010; Cailleaud
et al., 2011). This has recently been shown from the escape
reactions of I longicornis and E. affinis in response to
patches contaminated at 0.01, 0.1 and 1% with the
soluble fraction of diesel o1l (Seuront, 2010a, 2012). In this
context, I first provide a detailed description of the swim-
ming behaviour of E. gffinis, i.c. males, non-ovigerous
females and ovigerous females swimming freely in the
absence of chemical and hydromechanical cues. The che-
mosensory abilities of E. gffinis males are assessed through
their behavioural response to (1) estuarine water condi-
tioned with non-ovigerous females and ovigerous females
and (i) chemical trail mimics created by non-ovigerous
and ovigerous females. I finally describe the mate-seeking
behaviour of E. gffiis and show that males use both
chemoreception and mechanoreception to detect and
capture remote and close females, respectively.

METHOD

Eurytemora affinis collection and
acclimation

Eurytemora affinis individuals were collected from the Seine
estuary using a WP2 net (200-pm mesh size) at a
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temperature of 15°C and a salinity of 4 at low tide near
the “Pont de Tancarville” (49°28'26"N, 0°27'47"W),
where previous studies have observed maximum abun-
dance (e.g. Mouny and Dauvin, 2002). Specimens were
gently diluted in 30-L isotherm tanks using  situ estuar-
ine water and transported to the laboratory where adult
males, non-ovigerous females and ovigerous females were
immediately sorted by pipette under a dissecting micro-
scope. Animals were then kept separately in acrated 20-L
aquaria filled with filtered (Whatman GF/C glass—fibre
filters, porosity 0.45 pm) and autoclaved estuarine water
for 24 h at a temperature of 16°C and a salinity of 4
before experimentation.

Behavioural observations

Cue-free swimming behaviour

To assess the innate properties of the swimming behav-
1our of E. affinis, adult males, non-ovigerous females and
ovigerous females were exposed to cue-free estuarine
water in the absence of conspecific. Cue-free estuarine
water was prepared from i situ estuarine water filtered
(Whatman GF/C glass—fibre filters, porosity 0.45 pm)
and subsequently autoclaved. Cue-free estuarine water
was transferred in sterile plastic vials and frozen until the
behavioural experiments took place (Yen ef al., 2011). All
subsequent experiments were conducted on 10 indivi-
duals (males, non-ovigerous females and ovigerous
females). Individuals were only used once, each experi-
ment was replicated five times, and the experiments were
randomized.

Behavioural response to trail mimics

To assess if E. gffinis follow a chemical trail in the absence
of conspecifics, males were exposed to chemical trail
mimics created by male- and female-conditioned estuar-
ine water. I followed a procedure modified from the very
elegant approach designed by Yen et al. (Yen et al., 2004,
2011) who doubly labelled female-conditioned water
with high-molecular-weight dextran to increase the dif-
ference in the refractive index. This enables the creation
of trail mimics that would be wvisible using Schlieren
optics to determine if the marine and freshwater cope-
pods I longicornis and H. shoshone would follow a chemical
trail in the absence of females. To create male- and
female-conditioned water, non-ovigerous and ovigerous
females were placed separately in beakers containing
control filtered and autoclaved estuarine water, at a
density of 10 animals/L. Males, non-ovigerous females
and ovigerous females were allowed to condition the
water for 24 h. After incubation was completed, condi-
tioned water was transferred to sterile plastic vials and
frozen until the behavioural experiments took place (Yen
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et al., 2011). Trail mimics were subsequently created by
feeding dense estuarine water, i.e. a mixture of estuarine
water and high-molecular-weight dextran (MW of 500
000 at 510 ° g mL " '; Yen et al., 2004), either scent-free
or preconditioned with males, non-ovigerous females
and females tagged with fluorescein into the behavioural
container (a 3.375-L cubic glass chamber, i.e. 15 cm x
15 cm x 15 ¢cm) by an electronic syringe pump via capil-
lary tubes at a very slow rate (ca. 0.02 mL min "), result-
ing in a trail speed of 0.05 mm s~ '. The flow generated is
nearly 50- and 10-fold slower than the swimming speed
of E. affinis non-ovigerous (2.46 + 0.18 mm s~ ') and ovi-
gerous females (0.66 + 0.06 mm s~ Seuront, 2006,
2012), hence expected to minimize the related hydro-
mechanical disturbance. Control trails contained (i) fil-
tered and autoclaved estuarine water and (ii) filtered and
autoclaved male-conditioned estuarine water. Treatment
trails contained (1) filtered and autoclaved estuarine water
conditioned with non-ovigerous females and (ii) filtered
and autoclaved estuarine water conditioned with oviger-
ous females. For each trail-mimic condition, 10 males
were introduced in the experimental container once the
trails were fully developed and reached the bottom of the
container (i.e. 50 min). Each trail-mimic experiment
lasted for 1 h and was replicated five times. The behav-
ioural container, syringes and capillary tubes were rinsed
with acetone and distilled water and allowed to dry
between trials to remove any chemical scent.

Mate-seeking behaviour

To assess if E. affinis males would change their swimming
behaviour in response to male or female scent, males
were first exposed to male- and female-conditioned estu-
arine water. Male- and female-conditioned water was
prepared and stored as described above. Subsequent be-
havioural experiments were conducted on 10 males.
Individuals were only used once, each behavioural ex-
periment was replicated five times and the experiments
conducted on males, non-ovigerous females and oviger-
ous females were randomized.

To ensure that trail-following behaviour was per-
formed by males towards females and that no male—
male or female—female trail following occurred, control
experiments were run using 5 males X 5 males and 5
non-ovigerous females X 5 non-ovigerous females, 5 ovi-
gerous females X 5 ovigerous females and 5 non-
ovigerous females X 5 ovigerous females. No evidence of
mate-secking behaviour was ever found towards the con-
specific of the same sex. Eurytemora affinis mate-seeking be-
subsequently the
swimming behaviour of adult males in the presence of

haviour was assessed  through

either non-ovigerous females or ovigerous females.
Mate-seeking behavioural experiments (i.e. 5 males X 5
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non-ovigerous females and 5 males X 5 ovigerous
females) were replicated 10 times and randomized. As
the sex of the copepods was not obvious from video
recordings for experiments run with males and non-
ovigerous females, when a pair remained together after
contact, the pursuer was assumed to be a male and the
pursued a female (Yen ¢t al., 2011). The prosome length
of E. affius males (0.96 + 0.0l mm; x + SD), non-
(1.09 £+ 0.01 mm)
females (1.11 £+ 0.02 mm) used in the experiments did

ovigerous females and ovigerous
not significantly differ between treatments and replicates
(Kruskal —Wallis test, 2 > 0.05).

Video set-up and behavioural experiments

Prior to each experiment, experimental individuals were
transferred in the experimental filming set-up (a 15 cm X
15 cm x 15 cm glass chamber) filled up with uncontam-
inated seawater and the corresponding treatments and
were allowed to acclimatize for 15 min (Seuront, 2006).
All experimental individuals were used only once, and no
narcosis (lack of motility) was ever observed in any of the
tested individuals. The experimental chamber was rinsed
with acetone and distilled water and allowed to dry
between trials to remove any chemical scent.

The three-dimensional swimming and mate-seeking
behaviours of E. gffinis were observed at a rate of 25
frames s~ using two orthogonally oriented and synchro-
nized infra-red digital cameras (DV Sony DCR-PC120E)
facing the experimental chamber. Six arrays of 72
infra-red-light-emitting diodes connected to a 12-V DC
power supply, provided the only light source from the
bottom of the chamber. The cameras overlooked the ex-
perimental chamber from the side, and the various com-
ponents of the set-up were adjusted so that the copepods
were adequately resolved and in focus. Specifically, to
ensure that the field of view was geometrically uniform
over the volume of observation, a reference grid (i.e. a
3 mm thick 15 cm X 15 cm transparent PVC sheet, with
196 evenly spaced circular dots of 1 mm in diameter) was
placed vertically every centimetre in the experimental
container, and the camera parameters were subsequently
chosen as those minimizing the projection error between
the location of observed and predicted points. This tech-
nique, known as bundle adjustment (Triggs et al., 1999;
Hartley and Zisserman, 2004), is classically used as the
last step of feature-based structure and motion estimate
computer vision algorithms to obtain optimal estimates
(see, for example, Lourakis and Argyros, 2009). The pro-
jection error has been minimized using the non-linear
least-squares Levenberg—Marquardt algorithm used
elsewhere as an optimization procedure to fit the simpli-
fied canonical law to empirical data (Seuront, 2013).
Besides, the resolution of the set-up (ca. 100 pm) allows

CHEMICAL AND HYDROMECHANICAL COMPONENTS OF MATE-SEEKING BEHAVIOUR

the unambiguous assessment of the orientation of the
rostro-caudal body axis.

Each experiment lasted 60 min, after which valid
video clips were selected for analysis. Valid video clips
consisted of pathways in which the animals were swim-
ming freely, at least two body lengths away from any
chamber walls or the surface of the water (Seuront,
2006). All the experiments were conducted at a tempera-
ture of 16°C and a salinity of 6 in the dark and at night
(consistently between 10 p.m. and 2 a.m., as preliminary
experiments did not show any significant change in E.
affinis behaviour over this temporal window; Seuront, un-
published data) to avoid any potential behavioural arte-
fact related to the diel cycle of the copepods (Seuront,
2011b). Selected video clips were captured (DVgate Plus)
as MPEG movies and converted into QuickTime TM
movies (QuickTime Pro), after which the x, y and z coor-
dinates of swimming pathways were automatically
extracted and subsequently combined into a 3D picture
using  LabTrack (DiMedia,
Denmark). The time step was always 0.04 s, and output
sequences of (x, 3 z) coordinates were subsequently used
to characterize the motion behaviour. Note that to work

software Kvistgard,

on statistically consistent swimming paths, paths of
similar durations (55—65 s) were considered for the be-
havioural analyses (Seuront, 2006).

Behavioural analysis

Swimming behaviours

Three kinds of swimming behaviours were considered
for males, non-ovigerous females and ovigerous females:
(i) cruising, in which their rostro-caudal body axes were
aligned with the direction of motion, whether they were
swimming up, down or horizontally, (ii) hovering, in
which copepods typically travel upwards at slow speed in
relatively linear directions with the rostro-caudal body
axis oriented upwards and with frequent horizontal re-
orientation hops (Doall et al., 1998), (iii) breaking [re-
ferred to as “hovering” in Seuront (Seuront, 2006)], in
which they remain motionless, with their rostro-caudal
axes oriented upwards, and (iv) passive sinking, i.e. down-
ward vertical motion, with tail down. Each behavioural
activity was quantified in terms of time allocation per-
centage for each category of organisms.

Swimming speed
The distance 4 (mm) between two points in a 3D space
was computed from the x, y and z coordinates as

d= [(Xz+1 - Xt)Q + ()’z+1 _Jt)Q + (Zt+1 - Zt>2]1/27

where (x, y,, z) and (x,y1, ¥,41, 241) are the positions of a
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copepod at time ¢ and ¢+ 1, respectively. The swimming
speeds over consecutive tracking intervals (i.e. 40 ms)
were subsequently estimated as v =d X _f where f is the
sampling rate of the camera, ie. f= 25 frames sl
Average swimming speeds and their standard deviations
were measured over the duration of each individual track
for males, non-ovigerous females and ovigerous females.

Swimming path complexity

The complexity of swimming paths during non-mating
and mating sequences was assessed using fractal analysis.
In contrast to standard behavioural metrics such as
turning angle and net-to-gross displacement ratio, fractal
analysis and the related fractal dimension Dy have the de-
sirable properties to be independent of the measurement
scale and to be very sensitive to subtle behavioural
changes that may be undetectable in other behavioural
variables (Coughlin ez al., 1992; Seuront and Leterme,
2007; Seuront and Vincent, 2008; Seuront, 2011a, b,
2012). Fractal analysis has been applied to describe the
complexity of zooplankton and ichthyoplankton swim-
ming paths (Coughlin et al., 1992; Bundy et al., 1993;
Dowling et al., 2000; Seuront et al., 2004a, b, c, d, 2006,
2010c, 2011a, b; Uttieri ez al., 2005, 2007a, 2008; Seuront
and Vincent, 2008; Ziarek ¢t al., 2011; Michalec et al.,
2012). The fractal dimensions of E. gffiiis swimming
paths were estimated using two different, but conceptual-
ly similar, methods to ensure the reliability of fractal di-
mension estimates; see, for example, Hastings and
Sugihara (Hastings and Sugthara, 1993) and Seuront
(Seuront, 2010c¢) for reviews.

The box dimension method relies on the “/ cover” of
the object, i.e. the number of boxes of length / required
to cover the object. A more practical alternative is to
superimpose a regular grid of boxes of length / on the
object and count the number of “occupied” boxes. This
procedure is repeated using different values of /. The
volume occupied by a swimming path is then estimated
using a series of counting boxes spanning a range of
volumes down to some small fraction of the entire
volume. The number of occupied boxes increases with
decreasing box size, leading to the following power—law
relationship:

N(lyocl™, (1)
where /is the box size, M/) the number of boxes occupied
by the swimming path and D), the box fractal dimension.
The fractal dimension Dj, is estimated from the slope of
the linear trend of the log—log plot of M/) versus /. The
mass dimension method counts the number of pixels oc-
cupied by an object in cubes (8 X 8 x §) sampling
windows as No(0). The mass m(6) of occupied pixels is
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then defined as:

(2)

where No(6) and N(6) are the number of occupied pixels
and the total number of pixels within an observation
window of size 8, respectively. These computations are
repeated for various values of §, and the mass dimension

D, 1s defined as:

m(8) = k&’ (3)
where £ is a constant. The fractal dimension D, is esti-
mated from the slope of the linear trend of the log—log
plot of m(d) versus 8. Practically, the mass m(5) can be esti-
mated using cubes of increasing size 6 starting from the
centre of the experimental domain (Seuront, 2010c).
Note that increasing the box size [ [Equation (1)] and 6
[Equation (3)] may result in the exclusion of a greater
proportion of pixels along the periphery of the domain.
Under an assumption of three-dimensional isotropy, this
issue can be circumvented applying a toroidal edge cor-
rection (Seuront, 2010c). However, to avoid potential
biases related to both the anisotropy of the swimming
paths and the initial position of the overlying three-
dimensional grid of orthogonal boxes, for each box size /
and 0, the grid was rotated in 5° increments from a = 0°
to a = 45° in the x—y plane and from 8= 0° to B = 45°
in the x—z plane. The resulting distributions of fractal
dimensions Dy, and D,,, were averaged, and the resulting
dimension Dy, and D,, used to characterize the complex-
ity of a swimming path. In contrast to Michalec et al.
(Michalec et al., 2012), I did not use a correction term in
the determination of the fractal dimensions Dy, and D,, as
none of the scripts used to implement Equations (1)—(3)
returned fractal dimensions that were statistically signifi-
cantly different (P> 0.05) from (i) a dimension of 1 and
2 when respectively run on vectors of random length and
orientation or surfaces of random surface and orientation
and (i1) the expected fractal dimensions of theoretical
fractal objects; here, I used the well-known Koch snow-
flake (D =1.262), the Koch island (D= 1.5), the
Sierpinskin carpet (D = 1.893) and the Sierpinski gasket
[D = 1.585; see, for example, Hastings and Sugihara
(Hastings and Sugihara, 1993) and Seuront (Seuront,
2010c) for further details on those objects].

The appropriate range of scales / [Equation (1)] and 6
[Equation (3)] to include in the regression analyses was
chosen following the R*~SSR criterion (Seuront et al.,
2004a; Seuront, 2010c). Briefly, I consider a regression
window of varying width ranging from a minimum of
five data points (the least number of data points to ensure
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the statistical relevance of a regression analysis) to the
entire data set. The windows are slid along the entire data
set at the smallest available increments, with the whole
procedure iterated n — 4 times, where n is the total
number of available data points. Within each window and
for each width, I estimated the coefficient of determination
(%) and the sum of the squared residuals for the regression.
I subsequently used the values of / [Equation (1)] and &
[Equation (3)], which maximized the coefhicient of deter-
mination and minimized the total sum of the squared resi-
duals to define the scaling range and to estimate the
related dimensions Dy, and D,,,. Note that Dy, and D,,, are
bounded between 1 for a linear swimming path and 2 for
a path so complex that it fills the whole space available.

Mate-seeking behaviour

Behavioural sequences were classified as non-mating and
mating events. Non-mating events correspond to behav-
ioural sequences observed before the initiation of mate
pursuit. Mating events were subcategorized as chemically
and hydromechanically mediated mating events.
Specifically, chemically mediated mating events were
related to the ability of males to detect female pheromone
trails and to travel towards the female following her phero-
mone trail and classified as tracking, contact and capture
events. In unsuccessful tracking events, the male detects
the pheromone trail and initiates a tracking behaviour (i.e.
defined by initiation of “spinning” behaviour, in which the
male’s position oscillated and he appeared to be rotating
around the longitudinal body axis; Doall et al, 1998),
travels directly towards the female following the phero-
mone trail, but loses the trail prior to contact with the
female. In contact events, the male follows the pheromone
trail to the point of mate contact, but fails to capture the
female; and in capture events, the male successfully tracks
a potential mate and captures her. In contrast, in hydro-
mechanically mediated mating events, males directly
lunge at females independently of their pheromone trails,
when they travel in proximity of the females.

Chemically and hydromechanically mediated perceptive
distances

The perceptive abilities of males were assessed using
three chemically mediated perceptive distances 4, 4,
and d,, and two hydromechanically mediated perceptive
distances d), and d), (Fig. 1). The chemically mediated
perceptive distance d,, is the direct linear distance
between the male’s and the female’s trail when the male
initiates a tracking behaviour; 4, is the direct linear dis-
tance between the male and the female at the initiation
of mate pursuit behaviour (Yen et al., 2011) and d,, the
male distance from female track-line during tracking
The hydromechanically mediated perceptive distance d,

CHEMICAL AND HYDROMECHANICAL COMPONENTS OF MATE-SEEKING BEHAVIOUR

was calculated as the linear distance between the male
and the female when the male lunges to catch the female
after trail
(Yen et al., 2011). The hydromechanically mediated per-
ceptive distance dj, corresponds to the distance at which

a male directly lunges at females independently of their

successfully  following her pheromone

pheromone trails.

Mate-seeking behaviour accuracy and efficiency

The accuracy with which males followed female trails
was estimated using the male-to-female displacement
ratio, MFDR = L, /L, where L, is the length of the
male tracking trajectory and Zg the length of the female
trajectory (Doall et al., 1998); MFDR =1 when the
male’s trajectory exactly matches the female’s one,
MFDR <1 characterized males taking short-cuts along
female’s trajectories, and MFDR > 1
males swimming with more frequent turns than females.

characterized

The efficiency of males to detect female pheromone
trail was quantified by the distance d,, (see above), and
the age of the female’s trail upon detection by the male.
The age of the trail at the time of detection was calculated
as the difference between the time when the female was
positioned at the detection point to the time when the
male initiated pursuit from this point. The tracking
time was further estimated as the time elapsed between the
male initiation of pursuit and the attempted capture of the
female.

Finally, the contact and capture efficiencies were
estimated as the contact and capture rates defined by the
number of contact and capture events normalized by
the number of tracking events.

Statistical analyses

Because the behavioural parameters were non-normally
distributed (Kolmogorov—Smirnov test, £ << 0.01), non-
parametric statistics were used throughout this work.
Pairwise comparisons were carried out using the
Wilcoxon—Mann—Whitney U-test (WMW  test here-
after). Multiple comparisons between males and females
were conducted using the Kruskal—Wallis test, and the
Jonckheere test for ordered alternatives (Siegel and
Castellan, 1988) was used to identify distinct groups of
fractal dimensions.

RESULTS

Eurytemora affinis swimming behaviour
in cue-free estuarine water

A total of 55, 47 and 45 swimming paths were, respect-
vely, observed for E. gffinis males, non-ovigerous females
and ovigerous females.
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Fig. 1. Illustration of the chemically mediated perceptive distances d,, and d,, and the hydromechanically mediated perceptive distances @}, and dj,
using two distinct schematical temporal sequences (A—D and E—H). The chemically mediated perceptive distance 4,, is estimated as the direct
distance between the male and the female’s trail when the male initiates a tracking behaviour (A and E), wheras 4,, is the direct linear distance
between a male (black) and a female (grey) at the initiation of mate pursuit behaviour (B and F). The hydromechanically mediated perceptive
distance dj, is the linear distance between the male and the female when the male lunges to catch the female after successfully following her
pheromone trail (D and H). The hydromechanically mediated perceptive distance d), is the distance at which a male directly lunges at females

independently of their pheromone trails (G).

Males and non-ovigerous females exhibited relatively
comparable curvilinear swimming paths developed simi-
larly in the vertical and horizontal planes (Iig. 2a and b).
In contrast, ovigerous females exhibited rectilinear trajec-
tories mainly restricted to the vertical plane and charac-
terized by an alternation between hovering and sinking
bouts (Fig. 2c). The time allocated to distinct behaviours
(Fig. 3a) and swimming speed (Fig. 4a) also differs
between sexes; in particular, ovigerous females are behav-
iourally very distinct from both males and non-ovigerous
females.

Eurytemora  affinis males and non-ovigerous females
spend the vast majority of their time (respectively, 77.2
and 75.6%) cruising (Fig. 3a); note that hovering was not
observed in males. FEurytemora qffinis non-ovigerous
females were observed both cruising (75.6%) and hover-
ing (6.5%), depending on their swimming velocity. At

speeds slower than 1 mm s~ ', non-ovigerous females
were hovering, typically travelling upwards in relatively
linear directions with the rostro-caudal body axis
oriented upwards, and with frequent horizontal reorien-
tation hops. In contrast, at higher speeds (> 1 mms™ '),
they were observed cruising in more convoluted path-
ways, with their rostro-caudal body axes aligned with the
direction of motion, whether they were swimming
upwards, downwards or horizontally. Ovigerous females
spent most of their time breaking (40%) and passively
sinking (35%; Fig. 3a) and, when active, were observed
cruising (11.8%) and hovering (13.3%) at low speed at
velocities ranging between 0.47 and 0.58 mms ™'
(Fig. 4a). Males and non-ovigerous females did not
exhibit any significant differences in their behavioural
time allocation (Fig. 3a). They spend, however, signifi-
cantly more time swimming and less time breaking and
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Fig. 2. Representative three-dimensional trajectories of . affinis males
(A), non-ovigerous females (B) and ovigerous females (C). Each
trajectory has been plotted in a standardized volume of 15cm x
15 cm x 15 em.

sinking than ovigerous females (Fig. 3a). Both males
250+ 0.1l mms™'; %+ SD)
females (2.41 + 0.08 mm s~ ') do not swim at significant-
ly different speed (P > 0.05), but both swim significantly
(P<<0.05) (1.21 +

and non-ovigerous

faster than ovigerous females
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Fig. 3. Iraction of time allocated by E. gffinis males (M), non-ovigerous
females (NOYF) and ovigerous females (OF) to cruising (black), hovering
(dark grey), sinking (light grey) and breaking (white) in GF/C filtered
and autoclaved estuarine water (top) and by E. gffinis males swimming
freely in GF/C filtered and autoclaved estuarine water conditioned with
males [M(M)], non-ovigerous females [M(NOYF)] and ovigerous females
[M(OF)] (bottom). Error bars are standard deviations.

0.06 mms~'; Fig. 4a). Non-ovigerous and ovigerous
hovering speeds do not significantly differ (P> 0.05;
Fig. 4a). Sinking speed did not significantly differ (P>
0.05) between males (0.55 £+ 0.10 mm s~!) and non-
ovigerous females (0.61 4 0.15 mm s~ "), but they both
sink significantly (P <<0.05) slower than ovigerous
females (0.91 + 0.13 mm s~ '; Fig. 4a).

The fractal dimensions Dy, and D,,, estimated from the
swimming paths of E. gffinis males, non-ovigerous females
and ovigerous females were not significantly different
(P> 0.05). This is in agreement with the theoretical for-
mulation Dy, = D,,, derived from Equations (1) and (3);
see Seuront (2010c¢) for further details. The fractal dimen-
sion D defined as D = (D, + Dy,)/2 was hence used
hereafter to characterize the complexity of E. gffinis swim-
ming trajectories. The fractal dimensions of male swim-
ming trajectories (D= 1.39 + 0.03) were significantly
higher (P < 0.05) than those observed for non-ovigerous
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Fig. 4. (Top) Cruising speed (black), hovering speed (grey) and sinking
speed (white) of E. gffinis males (M), non-ovigerous females (NOF) and
ovigerous females (OF) in GF/C filtered and autoclaved estuarine
water. (Bottom) Cruising speed (black) and sinking speed (white) of £.
affinis males freely swimming in GF/C filtered and autoclaved estuarine
water conditioned with males [M(M)], non-ovigerous females
[M(NOF)] and ovigerous females [M(OF)]. Error bars are the standard

deviations.

females (D=1.27 +0.03) and females

(D=1.11 + 0.02; Fig. 5a).

ovigerous

Trail mimics and E. affinis swimming
behaviour

Eurytemora affinis males follow a trail mimic that contains
the scent of females conspecific, either non-ovigerous or
ovigerous females. Specifically, upon encountering trail
mimics conditioned with either non-ovigerous or oviger-
ous females, males followed the trail, respectively, 84.6
and 81.3% of the time (Table I). In contrast, unscented
control trails and trail mimics conditioned with males
were followed 9.3 and 9.4% of the time (Table I). Males
followed unscented control trails and male trail mimics
only over very short distances, i.c. 1.8-3.1 and 2.2—
3.5 mm, respectively. In contrast, the trail mimics condi-
tioned by non-ovigerous and ovigerous females were
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Fig. 5. Fractal dimension D estimated from (A) E. gffinis males (M),
non-ovigerous females (NOF) and ovigerous females (OF) recorded
swimming freely in GF/C filtered and autoclaved estuarine water and
from (B) males swimming freely in GF/C filtered and autoclaved
estuarine water conditioned with males [M(M)], non-ovigerous females
[M(NOF)] and ovigerous females [M(OF)]. Error bars are the standard

deviations.

Table I: “Trarl-mumic preference in E. affinis
males  (standard ~ deviations are gwen in
parenthests)

Trail following

v
(mms™")

Condition Encounters N (%) d(mm)

Control 43 4(9.3) 1.8-3.1 2.49(0.08)

Male-conditioned 32 3(9.4) 2.2-35  2.53(0.08)

Non-ovigerous 52 44 (84.6) 5.3-12.1 3.75(0.09)
female-conditioned

Ovigerous 52 26(81.3) 4.7-88  3.22(0.11)

female-conditioned

followed over much longer distances (Table I). Significant
differences were found between the swimming speed of
males following unscented control trails, trail mimics
and

conditioned by males, non-ovigerous females
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ovigerous females (P << 0.01). Specifically, the speed of
the three males who followed unscented control trails
(2.49 + 0.08 mm s~ '; Table I) and trail mimics condi-
tioned with males (2.53 + 0.08 mm sfl; Table I) was not
significantly faster than when males swam in cue-free es-
tuarine water (i.e. 2.50 + 0.11 mm s_l; Fig. 4a). In con-
trast, males following female-conditioned trails were
significantly faster than when observed in cue-free estuar-
ine water (P> 0.05); males following non-ovigerous
female trail mimics were significantly faster (3.75 +
0.09 mm s~ ') than those following ovigerous females trail
mimics (3.22 + 0.11 mms ™).

Eurytemora affinis swimming behaviour
in male- and female-conditioned
estuarine water

A total of 74, 66 and 79 swimming paths were observed
for E. gffinis males when, respectively, exposed to estuar-
ine water conditioned with males, non-ovigerous females
and ovigerous females.

No significant differences (P> 0.05) were found
between the control conditions (i.e. males swimming in
GF/C filtered and autoclaved estuarine water) and treat-
ments (estuarine water conditioned with males, non-
ovigerous females and ovigerous females) neither in the
proportion of time E. gffinis males spent swimming,
breaking and sinking (Fig. 3b) nor in their cruising and
sinking speed (Fig. 4b). In contrast, the fractal dimension
of the swimming trajectories of males swimming in
control estuarine water (D = 1.39 + 0.03) did not signifi-
cantly differ from the dimension estimated in male-
conditioned estuarine water (D = 1.37 4+ 0.04), but were
significantly smaller (P<<0.05) than D = 1.48 + 0.04

Table II: Behavioural properties of adult males
L. affias  during  tracking  of  conspecific
nonovigerous and ovigerous females

Non-ovigerous females Ovigerous females

[N (%) [N (%)
Tracking events 52 43
Correct direction 38(73.1) 43 (100.0)
Incorrect direction 8 (15.4) 0(0.0)
Back-tracking 3(37.5) —
Contact 38(73.1) 33(76.7)
No contact 14 (26.9) 10 (23.3)
Trail lost® 5(35.7) 10 (100.0)
Female escape® 9(64.3) 0(0.0)
Successful capture® 29 (76.3) 0(0.0)
Unsuccessful 9(23.7) 33(100.0)
capture®

®Percentage estimated as a function of the number of tracking events that
did not lead to a mate contact (N = 14).

PPercentage estimated as a function of the number of tracking events that
led to an actual mate contact (N = 38).

CHEMICAL AND HYDROMECHANICAL COMPONENTS OF MATE-SEEKING BEHAVIOUR

and D = 1.45 4 0.04 in estuarine water conditioned with

non-ovigerous females, respectively

(Fig, 5b).

and ovigerous

Eurytemora affinis mate-seeking behaviour

A total of 123 and 87 swimming paths were, respectively,
observed for E. gffinis non-ovigerous females and oviger-
ous females, and 196 swimming paths for adult males, in-
cluding 111 non-mating behavioural sequences and 85
52 involving non-

mating behavioural sequences,

ovigerous females and 33 involving ovigerous females

(Table II).

Mate-seeking behaviour

No significant differences were found in the swimming
velocities of males tracking cruising and hovering non-
ovigerous females (WMW U-test, P> 0.05); males were
never observed tracking sinking non-ovigerous females
(Table III). Similarly, no significant differences were
found in the swimming velocities of males tracking hover-
ing, cruising and sinking ovigerous females (P> 0.05).
Males tracking ovigerous females swam significantly
faster than males tracking non-ovigerous females (P <<
0.05). Male velocity was significantly higher (P << 0.01)
during the mate chase than before for males tracking
either non-ovigerous or ovigerous females (Table III).
Males exhibited a final lunge towards the females, for
male—female distances in the range of 1.2—2.3 mm for
non-ovigerous females and 1.0—1.9 mm for ovigerous
females (Table III). Some of them decelerated during
120—160 ms before lunging towards the females at high
velocities, 1.e. 35.2—88.5 mm s~!. In 6 instances of 33

Table I1I: Chemically mediated (), and d), )
and hydromechanically mediated d, , d,, and dC;
detection distances and trail-following behaviour
i E. affims  males  tracking  conspecific

non-ovigerous females and ovigerous females

Non-ovigerous females Ovigerous females

Trail age (s) 2.5-22.3 3.0-12.1
MFDR 1.12(0.03) 1.31(0.04)
dgq (mm) 2.8-3.3 1.7-2.4
dez (Mm) 6.8-55.5 3.3-19.5
des (mm) 13-24 1.1-1.8
a1 (Mmm) 1.2-23 1.0-1.9
aho(mm) 1.1-25 0.6-1.2
Tracking distance (mm) 19.7-147.5 12.7-45.3
Tracking time (s) 5.1-35.7 3.8-13.7
Tracking speed (mm s ™)

Cruising female 3.51(0.12) 3.77 (0.15)

Hovering female 3.45(0.09) 3.80(0.11)

Sinking female — 3.82(0.17)
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contacts with non-ovigerous females (15.8%), males
lunged directly at females without prior deceleration; this
behaviour was only observed for males chasing hovering
females. In all the instances (33) of contacts with oviger-
ous females, males lunged directly at hovering and
sinking females without deceleration. Lunge duration
lasted for a maximum of 120 ms before contact with the
female. In only a limited number of observations were
males observed to lunge directly at females without prior
trail following from distances dj, (Table III) in the range
of 1.1-2.5 mm for non-ovigerous females (N = 11) and
0.6-1.2 mm for ovigerous females (V= 8). This may
suggest that the reduced swimming activity of ovigerous
females, together with their slower, smoother motion,
may decrease their hydromechanical conspicuousness to
males, hence predators.

Over the 52 observed tracking events with non-
ovigerous females, 38 (73.1%) led to a mate contact and
29 (55.8.3%) to a successful capture (Table II; Fig. 6).
Note that all the tracking events that led to a mate
contact were initiated in the correct direction. Over the
38 tracking events that led to a mate contact, 29 (76.3%)
led to a successful capture, in which male—female pairs
immediately stopped swimming and sank to the bottom
of the vessel (Fig. 6). Note that successful capture events
involve tracking female trails of both different length and
complexity (Table III, Fig. 6). In unsuccessful capture
events (23.7%), the females consistently escaped from the
males’ final lunge upon contact at a velocity ranging from
47.1 to 61.3mms '. Over the 14 tracking events that
did not lead to a mate contact (26.9%), two groups of
males were identified. Nine males successfully tracked
the females, but the females escaped during the male
lunge (i.e. before the contact actually took place) at a vel-
ocity ranging from 55.3 to 65.9 mm s~ ', suggesting that
females had hydromechanically sensed the male ap-
proach. Among the other five males, three males (60%)
tracked the female pheromone trails in the incorrect dir-
ection, then exhibited a back-tracking behaviour, and
two males (40%) tracked the female pheromone trails in
the correct direction. However, all of them lost the trail
after hops performed by females, suggesting that hover-
ing females may leave interruptions in their trails. As
observed for T longicornis (Doall et al., 1998), upon the loss
of the trails, males exhibited a signal-scanning behaviour
with an increase in swimming speed in the range of
35.3-48.3 mms” .

All the tracking events observed with ovigerous
females (43) were initiated in the correct direction, 33
(76.7%) led to a mate contact and 10 led to loss of the
trail after hops performed by females (Table II). None of
the 33 contacts led to a capture, with ovigerous females
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consistently escaping upon contact with the male at a

velocity ranging from 33.2 to 55.4 mm s~ .

Chemically and hydromechanically mediated perceptive
distances

The distance 4, at which E. gffinis males detected phero-
mone trails within 2.8—3.3 mm of the track line of non-
ovigerous females and within 1.7-2.4 mm of the track
line of ovigerous females. The direct linear distance d,,
between the male and the female at the mitiation of mate
pursuit behaviour ranged from 6.8 to 55.5 mm for non-

Fig. 6. Two-dimensional illustrations of the mate-seeking behaviour of
males E. gffinis males following the trail of conspecific non-ovigerous
females. The tracks of the females are shown in grey, and the tracks of
the males in black, where the black dots represent positions plotted
every 0.5 s. The grey arrows indicate the direction of motion, and the
black arrows the locations where the male encounters the female trail
(Enc) and successfully capture the female (Cap).
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ovigerous females and from 3.3 to 19.5 mm for ovigerous
females (Table III). Males followed the trails of non-
ovigerous and ovigerous females within 1.1-2.5 mm and
0.6 and 1.2 mm of the females track line (Table III). The
hydromechanically mediated distances dj, ranged from
1.2 to 2.3 mm and from 1.0 to 1.9 mm for males lunging
at non-ovigerous and ovigerous females, respectively
(Table III). The hydromechanically mediated distances
dy, ranged from 1.1 to 2.5 mm for males lunging at non-
ovigerous females (V= 11) and 0.6 to 1.2 mm for males
lunging at ovigerous females (N = 8; Table III).

Mate-seeking behaviour accuracy and efficiency

Eurytemora affinis males were more efficient in remotely
detecting the trails of non-ovigerous females
(d, = 2.95 £ 0.03mm; x + SD) than those of ovigerous
females (4, = 1.91 + 0.04mm). The accuracy with
which they followed ovigerous females (MFDR =
1.31 £ 0.04) was significantly lower (P<<0.05) than
when following non-ovigerous females (MFDR =
1.12 4 0.03). Males followed the trails of non-ovigerous
females up to 22.3 s old over total tracking distances and
tracking times up to 147.5 mm and 35.7 s, respectively;
the trails of ovigerous females up to 12.1 s old were fol-
lowed over total tracking distances and times of up to
45.3 mm and 13.7 s (Table III).

DISCUSSION

Cue-free swimming behaviour in E. affinis

Both the fraction of time allocated to different behaviour
(cruising, hovering, breaking and sinking), and swimming
and sinking speeds obtained in control experiments for
E. gffiis males, non-ovigerous females and ovigerous
females are in the range of values previously reported for
this species (Seuront, 2006, 2010c, 2012; Michalec et al.,
2010; Bradley et al., 2013). Differences exist, however,
between the swimming and sinking speeds reported in
the literature (Table IV). As discussed elsewhere (Souissi
et al., 2010; Seuront, 2010b; Dur et al., 2011a), these are
likely to be the result of differences in rearing, acclima-
tion and experimental conditions (Table IV). These dis-
crepancies may, however, also come from author-related
differences in the definition of a given behaviour. For in-
stance, to my knowledge, this work is the first to separate
the “swimming” behaviour of E. gffinis into its “cruising”
and “hovering” components; hence, the cruising speed
reported here may differ from others. Similarly, despite
the implicit definition of “passive sinking”, i.e. passive
downward vertical motion, with tail down (see, for
example, Tiselius and Johnson, 1990), some authors
defined sinking speed as “a swimming speed between 1

CHEMICAL AND HYDROMECHANICAL COMPONENTS OF MATE-SEEKING BEHAVIOUR

and 8 mm/sec and a direction straight towards the
bottom, when the copepod is not swimming but sinks
slowly due to the influence of gravity” (Michalec et al.,
2010; Cailleaud et al., 2011). Note that for sinking veloci-
ties of copepods of similar size to range between 1 and
8mms ' as reported in Michalec ¢t al. (Michalec ¢ al.,
2010) and Cailleaud et al. (Cailleaud et al., 2011), their
density needs to vary by a factor of 8 or to violate the
Stokes law, which would both be unprecedented in the
zooplankton literature. It is much more likely that these
very variable and high sinking speeds might, in turn,
come from the confusion between “cruising” and
“sinking” occurring when swimming behaviour is quan-
tified based only on a two-dimensional projection of an
intrinsically  three-dimensional swimming behaviour
(Dur et al., 2011a) and/or when the resolution of the
video systems used are not sufficient to distinguish indivi-
duals actually passively sinking with their tail down from
individuals actively swimming downwards (Seuront,

2012).

Cue-free versus pheromone-driven
swimming behaviour in E. affinis

No significant differences were found between the
control conditions (i.e. males swimming in GF/C filtered
and autoclaved estuarine water) and both treatments (es-
tuarine water conditioned with non-ovigerous and ovi-
gerous females) neither in the proportion of time E. gffinis
males spent swimming, breaking and sinking (Fig. 3b)
nor in their cruising and sinking speed (Fig. 4b). This
agrees with observations conducted on males of the
brackish copepod Pseudodiaptomus annandaler, who did not
exhibit any significant change in their swimming speed
between brackish water and female-conditioned brackish
water (Dur e/ al., 2011b). This contrasts, however, with
observations conducted on males of the freshwater cala-
noid Diaptomus leptopus and the marine pelagic copepod
O. davisae who increased their swimming speed as a re-
sponse to water conditioned with gravid females (Van
Leeuwen and Maly, 1991) and to water conditioned with
either virgin or mated females (Heuschele and Kiorboe,
2012). My observations may hence suggest a lack of che-
mosensory abilities in E. gffiis males, at least towards
conspecific pheromones as they have been recently
shown to be extremely sensitive to (i) hydrocarbon
concentrations orders of magnitude below lethal concen-
trations (Seuront, 2010a, 2012) and (1) sublethal concen-
trations of nonylphenols (Cailleaud et al., 2011). However,
the fractal dimension of the swimming trajectories of
E. affiis males significantly increased from D = 1.39 +
0.03 in control estuarine water to D = 1.48 4+ 0.04 and
D =1.4540.02 in estuarine water conditioned with
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Table 1V: Literature review of the swimming and sinking speeds reported in the literature for E. affinis,
together with the corresponding experimental conditions

Swimming speed Sinking speed

(mms™) (mms™')?

M NOF  OF M NOF  OF 2D/3D  Salinity ~ Temperature (°C)  Density (ind. L™")  Tank (cm®)
Present study® 250 240 120 055 061 091 3D 4 16 3 15 x 15 x 15
Seuront (2006) 110 111 031 045 046 080 2D 0 15 25 20 x 20 x 5

112 115 038 043 045 079 2.5

121 118 040 049 049 079 5

138 140 045 046 047 077 10

169 162 050 047 046 079 15

246 237 066 046 046 0.80 25

330 327 076 045 046 079 35
Woodson et al. (2007) 2.81-4.87° — — — — 2D 26 12 2¢ 100 x 30 x 30
Bradley et al. (2013) 320 267 — 219 172 — 3D 22 20-23 82-164 6 x45x45
Michalec etal. (2010)° 334 174 247 1-8 1-8 1-8 2D 0.5 20 66 5x5x6

284 237 297 1-8 1-8 1-8 5

250 203 230 1-8 1-8 1-8 15

187 187 212 1-8 1-8 1-8 25
Cailleaud et al. (2011) 402 165 — -8 1-8 1-8 2D 15 15 46 8.5 x85x3
Dur et al. (2011a, b)’ 177 — — — — — 2D 25 23-25 40 5x5x5

169 — — — — — 25 19-22 80 5x5x5

1.00 — — — — — 25 20-23 120 5x5x5

162 — — — — — 25 19-21 160 5x5x5

154 — — — — — 25 20-23 40 10 x 10 x 10

138 — — — — — 25 19-21 40 15 x 156 x 15
Seuront (2012) 230 180 — 050 060 — 3D 4 15 9 15 x 156 x 15

®As the definition of sinking varies in the literature, it is stressed that it has been defined following its original definition (see, for example, Tiselius and
Johnson, 1990), i.e. passive downward vertical motion, with tail down, in the present study, Seuront (2006) and Bradley et al. (2013). In contrast,
Michalec et al. (2010) and Cailleaud et al. (2011) ambiguously defined sinking speed as “a swimming speed between 1 and 8 mm s~ ' and a direction
straight towards the bottom, when the copepod is not swimming but sinks slowly due to the influence of gravity”.

PNote that in the present work, swimming behaviour was split between cruising and hovering behaviours where copepods, respectively, swim with their
rostro-caudal body axes aligned with the direction of motion, whether they were swimming up, down or horizontally, and swim upwards at slow speed in
relatively linear directions with the rostro-caudal body axis oriented upwards and with frequent horizontal reorientation hops. None of the other studies
reported here.

°All behavioural experiments were conducted on mixed-sex copepods.

9Behavioural experiments were conducted ina 100 x 30 x 30 cm® with 28—41 individuals, but behavioural observations were limited to a 10 cm x 10 cm
observation window copepods were aggregated using a fiberoptic light source, resulting in 0-10 copepods being typically present in the observation
window, with a mode of ca. 2.

°Swimming speed was graphically estimated from their Fig. 1.

fSwimming speed was graphically estimated from their Fig. 1a.

non-ovigerous and ovigerous females, respectively evidence (Humphries e al., 2010, 2012; Sims et al., 2011)
(Fig. 5b). This shows that E. gffinis males perceive, and  that extensive search strategies (i.e. low fractal dimension)
react to, the dilute smell of non-ovigerous and ovigerous are better than intensive ones (i.e. high fractal dimension)
females through a modification of the geometric com- when resources are scarce; see also Seuront and
plexity of their swimming patterns. The presence of the Lagadeuc (Seuront and Lagadeuc, 2001) for a discussion
scent of conspecific females (either non-ovigerous or ovi-  1in a plankton ecology context. This is consistent with the
gerous) induces a modification in the search behaviour of  observed fractal dimensions of E. gffinis males that are sig-
E. affius males. This confirms early suggestions that nificantly smaller in the absence of chemical cues. This
males can modify their motion behaviour as a response  can also be thought of as an adaptive strategy to increase
to female pheromones (Katona, 1973). Specifically, it is  the encounter rates as male—female encounter rate £, 1s
shown here that E. gffinis males are able to modify their a function of the fractal dimension D of the male swim-
swimming behaviour in response to a diffuse background — ming trajectory defined as
of pheromone concentrations.

More generally, the changes observed in E. gffinis male B o< MDD, (4)
swimming behaviour in response to the scent of conspe-
cific females are consistent with theoretical models where M} is the female density (Uttieri et al., 2007b). Tt is
(Viswanathan et al., 1999, 2008, 2011) and empirical straightforward from Equation (4) that the observed
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increased in the fractal dimension of male trajectories
between control estuarine water and estuarine water con-
ditioned with either non-ovigerous or ovigerous females
leads to the increased mate encounter rate. Note that
Equation (4) has also been found for predatory copepods
foraging in patchy food distributions (Cianelli et al.,
2009), suggesting its applicability to both mating and
predatory interactions, hence its generality. Recent results
(Heuschele and Kierboe, 2012) indicate that O. davisae
males increase both their speed and directional persist-
ence in water conditioned by virgin females. As this leads
to a higher net distance travelled by males, this behaviour
has been interpreted as a strategy to increase the chance
to encounter a female, but also a predator (Heuschele
and Kiorboe, 2012). In contrast, the development of a
search intensive behaviour (i.e. high fractal dimension,
hence low directional persistence) observed here for in .
affinis males in water conditioned by non-ovigerous and
ovigerous females may be a way to decrease their hydro-
mechanical conspicuousness for predator, while optimiz-
ing encounter rates in an environment carrying female
cues. Both O. davisae and E. gffinis are egg-carrying species
that occur at relatively high density in estuarine environ-
ments, i.e. up to 500 ind. ™" (Uye and Sano, 1995) and
250 ind. L™ (Devreker et al., 2010). However, their
feeding modes are fundamentally different and may
account for the observed fundamental differences in their
mate-searching strategies. In contrast to E. gffiuis, O.
davisae is an ambush feeder; hence, males have to sacrifice
feeding when searching for females (Kiorboe, 2007). The
subsequent reduced feeding rate and the elevated risk of
encountering predators related to their mate-search strat-
egy may explain the much higher mortality of males than
females and the subsequent strongly female-biased adult
sex ratios in field populations of this species (Kiorboe,
2007). This 1s, however, not the case for E. gffinis, who
typically exhibit a male-biased sex ratio (Devreker e al.,
2010). This suggests that the strong and weak direction
persistence,  respectively, reported for 0.  davisae
(Heuschele and Kioerboe, 2012) and E. gffinis (present
work) are likely to bias predation pressure towards O.
davisae males. The ability to distinguish between mated
and non-mated females may save the males spermoto-
phores and several hours per day of dangerous and ener-
getically expensive fast female tracking (Kierboe, 2007,
Heuschele and Kierboe, 2012) may be a selective advan-
tage for an ambush feeder such as O. daisae. However,
this ability is not as crucial for filter feeders such as E.
affinis, who do not face the same constraints and hence
develop distinct mate-searching strategies. It is also
stressed that both E. gffinis (present work) and O. davisae
(Heuschele and Kierboe, 2012) do not change their

swimming behaviour in male-conditioned water,
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suggesting that both species have enough chemosensory
abilities to distinguish male from female scent. This con-
trasts with observations conducted on 7 longicornis (Yen
and Lasley, 2010). This suggests a fundamental difference
in the mating tactics and the use of spermatophores
between different families of copepods, but also within
the same family. While the resolution of this specific issue
goes well beyond the objectives of the present study,
further work is needed to unambiguously assess the evo-
lutionary advantages of mate-searching strategies at play
in copepods with fundamental species-specific intrinsic
feeding strategies and motion behaviours. More general-
ly, the properties of a search pattern (e.g. speed, direction-
ality, space-filling) determine the success of a moving
organism as a predator as widely exemplified for top pre-
dators such as sharks and seabirds (e.g. Humphries ez al.,
2010, 2012; Sims et al., 2011) and, in turn, the related po-
tential susceptibility to predation as a moving target. This
may also suggest that theoretical models showing that ex-
tensive search strategies are better than intensive ones
when resources are scarce (Viswanathan e/ al., 1999,
2008, 2011) may not be as general as previously thought
and might need to consider explicitly not only the search
patterns of predators and the density and distribution of
prey, but the actual motion pattern of the prey (or poten-
tial mate); see, for example, Visser and Kierboe (Visser
and Kioerboe, 2006) and Reynolds (Reynolds, 2006).

On the relevance of fractal analysis in
copepod behavioural studies

These results confirm the strength of fractal analysis in
detecting subtle differences in motion patterns that may
be wundetectable in standard behavioural variables
(Coughlin ¢ al., 1992; Seuront and Leterme, 2007,
Seuront and Vincent, 2008; Seuront, 2010c, 2011b,
2012). This also demonstrates that a visual assessment of
copepod trajectories may potentially lead to spurious
conclusions. For instance, the differences in the complex-
ity of E. gffinis male and female swimming paths are visu-
ally far from trivial (Fig. 2), especially when comparing
males (Fig. 2a) and non-ovigerous females (Fig. 2b). A
qualitative visual assessment could have then legitimately,
but erroneously (as the fractal dimensions of male swim-
ming trajectories were significantly higher than those
observed for non-ovigerous female; Fig. 5a), led to con-
clude to the absence of difference in the complexity of
male and non-ovigerous female swimming paths. Results
based on visual comparisons of swimming paths should
hence be considered with extreme caution; for instance,
a recent study assessing behavioural changes in males
P annandalet observed in brackish water and female-
conditioned brackish water states that “the free motility
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patterns of males, visually identified, did not differ
between the two water conditions” (Dur e/ al., 2011D).
They did not, however, provide any objective quantifica-
tion of the observed motlity patterns. In a subsequent
study of the effects of salinity on the swimming behaviour
of P annandalei, Michalec et al. (Michalec et al., 2012) de-
scribe the trajectories of males, ovigerous females and
non-ovigerous females that are unambiguously visually
distinct (see their Figure 7), as being “predominantly rec-
tilinear”, “more convoluted” and “more tortuous”
(hence implicitly fulfilling different degrees of space-
filling). It may, however, be surprising, to both the
fractal-oriented and fractal-naive readers, that the space-
filling properties of these trajectories were characterized
by non-significantly different fractal dimensions. Note,
however, that the above-mentioned visual comparison is
quite ancillary to the main point of the papers men-
tioned, and any criticisms implied by the previous state-
ments do not detract from the central point of their work.

In addition, the fractal dimensions reported in
Michalec et al. (Michalec et al., 2012) often fall outside the
theoretical range 1 <D <2 expected for a swimming
trajectory under each of the experimental conditions they
have considered (see their Figure 8). Note that a few
other studies report fractal dimensions falling outside the
range 1 <D <2 1e. D <1 (Dowling et al., 2000) and
D > 2 (Coughlin et al., 1992; Shimizu et al., 2002). In the
absence of both a detailed procedure related to the way
these fractal analyses were conducted and a discussion of
the observed discrepancy between empirical estimates
and their theoretical bounds, this suggests potential flaws
in their approach. These flaws are difficult to unambigu-
ously assess, but may stem from a range of factors that are
both extrinsic and intrinsic to fractal analysis such as the
potential anisotropy and the different length of the ana-
lysed trajectories, and the goodness-of-fit used to charac-
terize the range of scale over which the scaling properties
of the trajectories (hence their fractal dimensions) are esti-
mated; see, for example, Seuront (Seuront, 2010c¢) for a
detailed discussion on the subject.

The differences observed in the present work between
the fractal dimensions of the swimming trajectories of .
affimis males (D = 1.39 4+ 0.03), non-ovigerous females
(D=1.27 4+ 0.03) and ovigerous females (D=1.11 +
0.02) are consistent with the results obtained from (i) E.
affimis males (D= 1.35 4+ 0.01), non-ovigerous females
(D=1.32 £ 0.01) and ovigerous females (D =1.12 +
0.01) in GF/C filtered estuarine water at a salinity of 25
(Seuront, 2006), (i1) E. affinis males (D = 1.43 + 0.08) and
non-ovigerous females (D= 1.31 + 0.08) in GF/C fil-
tered estuarine water at a salinity 5 (Seuront, 2012) and
(1) I longicornis swimming paths observed in GF/C fil-
tered coastal waters (1.e. D= 1.32 + 0.02 for males and
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D=1.27 4+ 0.02 for females; Seuront, 2011a). In con-
trast, the swimming paths of Oncaca venusta males and
females were characterized by non-significantly different
fractal dimensions, i.e. D= 1.14 + 0.06 for males and
D=1.1540.06 for females, when investigated in
natural seawater (Seuront e/ al., 2004d). The differences
reported above between 7. longicornis and E. affinis, and O.
venusta may, however, be due to the presence and the
absence of cues in their respective experimental set-ups.
In the absence of cues, the different fractal dimensions
estimated from male and female swimming paths in both
T longicornis and E. gffinis may be related to intrinsic (i.c.
innate) differences in male and female search strategies.
Male fractal dimensions are significantly higher than
female ones; hence, males are engaged in more intensive
search strategies than females, which is consistent with
the reported behaviour of males in the presence of
female cues (e.g. Doall et al., 1998; Nihongi et al., 2004;
Bagoien and Kiarboe, 2005a, b; Goetze, 2008; Goetze
and Kioerboe, 2008; Yen et al., 2011; Seuront, 201 1a). The
similar complexity of the swimming paths of O. venusta
males and females in natural seawater may be related to
a common, hence sex-independent, adaptive behavioural
strategy developed in response to the range of chemical
cues (from, for example, prey, conspecifics and predators)
that are likely to be present in their experimental contain-
ers. Note that the fractal dimensions of I longicornis adult
females observed in natural seawater range between D =
1.18 + 0.04 and D = 1.82 £+ 0.05, depending on the
nature and abundance of the phytoplankton community
and seawater viscosity (Seuront and Vincent, 2008).
More generally, the fractal dimensions estimated from
E. affinis female swimming paths observed in control estu-
arine water are in the range of values observed for
females of different calanoid species investigated using
the same experimental protocol as the present work, 1.c.
D=1.2540.02 for Acartia clausi, D = 1.37 + 0.03 for
C. ypreus, D = 1.27 + 0.02 for Pseudocalanus elongatus, D =
1.42 + 0.03 for Paracalanus parvous and D = 1.25 + 0.03
for T longicornis (Seuront, 2011b).

Trail-following behaviour in E. affinis

In addition to the observation that males of the estuarine
copepod species E. gffinis are able to modify their swim-
ming behaviour in response to a diffuse background of
pheromone concentrations, the present work shows that
they follow trail mimics containing female scent (Table I).
This demonstrates that a chemical signal can guide E.
affimis males to conspecific females. This confirms early
suggestion that male FE. gffinis can use pheromones to
detect females (Katona, 1973). This is confirmed and
generalized by subsequent

observations of males
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swimming freely in a three-dimensional environment,
who modify their direction of motion upon encountering
the pheromone trails of females. Female trails up to 22 s
old can be detected and followed over distances and
durations of up to nearly 15 cm and 36 s, respectively.
These observations indicate that males follow trail
mimics in a manner similar to how they follow female
copepods.

Eurytemora  affiis males follow the trails of non-
ovigerous and ovigerous females to the point of mate
contact with very similar efficiencies (Table II). Their ac-
curacy and efficiency to detect and subsequently follow
pheromone trails are, however, consistently higher for
non-ovigerous females (Table III). This suggests that
males are more sensitive to the pheromone released by
non-ovigerous females or that ovigerous females release
less pheromones than non-ovigerous ones. This is consist-
ent with previous studies suggesting that (i) pheromone
attraction in copepods may stop after copulation
(Lonsdale et al., 1998), (i) the placement of a spermato-
phore may prevent the release of pheromones through
the genital opening (Vigoni e al., 1999), in several cope-
pods species the placement of the spermatophore sealed
the genital atrium with a “mating plug” which can stay in
place even after the spermatophore is removed
(Anstensrud, 1990; Corni ¢l al., 2001; Barthélémy et al.,
2003), and (u1) males are able to distinguish between
virgin and inseminated females (Uchima and Murano,
1988; Lazzaretto et al., 1993) through the detection of
changes in the chemical composition of the female cues
(Watras, 1983; Heuschele and Kierboe, 2012). Note that
the identification of the female mating status is also
mediated by contact pheromones (Ting et al., 2000),
which may explain why no capture was ever observed
when males successfully tracked ovigerous females. The
absence of escape bchaviour exhibited by ovigerous
females before mate contact may also suggest that in con-
trast to non-ovigerous females, ovigerous females do not
have remote hydromechanical sensing abilities, but rely
instead on surface sensors that may involve either chemo-
reception or mechanoreception (Frey et al., 1998; Kelly
et al., 1998). Alternatively ovigerous females may not
escape from males before contact to minimize useless
energy expenditure, which interestingly implies that they
have the ability to remotely differentiate the hydromech-
anical signature of a conspecific male from that of a po-
tential predator.

The chemical trail-following behaviour described here
for E. gffinis is similar to the behaviour observed in other
calanoid copepods such as 7 longicornis (Doall et al., 1998;
Goetze and Kierboe, 2008; Seuront, 2011a), T stylifera
(Goetze and Kierboe, 2008), C. typicus (Bagoien and
Kiorboe, 2005a, b) and C. hamatus (Goetze, 2008).
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However, the tracking distance and trail residence time
strongly vary between species and studies. For instance,
Doall ¢t al. (Doall et al., 1998) and Goetze and Kierboe
(Goetze and Kiorboe, 2008) reported males tracking
females over distances of ca. 130 and 61 mm for up to
5.5 and 2.2 s, respectively. Temora stylifera males tracked
female trails over 90.6 mm for 9.7s (Goetze and
Kiorboe, 2008). Similarly, C. typicus (Bagoien and
Kioerboe, 2005a, b) and C. hamatus (Goetze, 2008) tracked
the pheromone trails of conspecific females over distances
of 170 and 41.4 mm for 5.7 and 9.65s. In the present
work, E. gffinis males performed similarly, detecting
pheromone trails up to 22.3 s old and tracking them up
to 147.5 mm for 35.7 s (Table III).

Chemical versus hydromechanical cues
in E. affinis mate detection

This work shows that male E. gffinis can (1) react to back-
ground pheromone concentration and subsequently
modify their swimming behaviour to optimize male—
female encounter rates and (i) use chemical trails to
detect and track females. However, the male behaviour
just before the final lunge and female capture suggests
that hydromechanical cues are also used during the final
phase of mate tracking. This is consistent with the similar-
ity between the hydromechanically mediated distances
dy, and dj, observed for males lunging at both non-
ovigerous and ovigerous females (Table III) and suggests
that E. gffinis males hydromechanically detect females at
similar distances whether they are trail-following them or
swimming independently of the female pheromone trails.
Note that E. affinis males follow unscented control trails
and trail mimics conditioned with males at similar rates
(9.3 and 9.4%; Table I), but never followed actual male
trails and did not exhibit any behavioural changes in
male-conditioned estuarine water. This suggests that in
the trail-mimic experiment, males encountering unscent-
ed control trails and male-conditioned trail mimics likely
reacted to the density difference present in the trail rather
than to the actual scent of the trail. This is consistent with
the responsiveness of a range of copepod species, includ-
ing E. affinis, to physical gradients (Woodson et al., 2005,
2007, 2008). Note that the hydromechanically mediated
distances dj, and d, are significantly smaller than the
chemically mediated distances d,, and d,,, typically 2- to
10-fold smaller (Table III). This indicates that the contri-
bution of hydromechanical cues to the remote detection
of female copepods may be relatively limited compared
with the role played by chemoreception through phero-
mone trail tracking and limited to the final stage of a suc-
cessful trail following and to the opportunistic encounter
of a female. Further work is nevertheless needed on a
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range of copepod species to assess the relevance of the
relative contribution of chemical and hydromechanical
cues in determining mating encounters in the ocean.

CONCLUSIONS

This work shows that the estuarine copepod E. affinis
relies on both chemical and hydromechanical cues to
detect, track and eventually capture conspecific females.
However, the surface ocean is mainly turbulent (Peters
and Marrasé, 2002), and turbulence typically stretches,
twists and breaks chemical trails (Visser and Jackson,
2004). Chemical trails start to erode for turbulent inten-
sities above a critical dissipation rate of 10”7 m?s™°
(Kigrboe et al., 2005) leading to more diffuse pheromone
distributions. In coastal and estuarine waters where cope-
pods flourish, turbulence intensities are typically in the
range 107107 *m?s™° (Peters and Marrasé, 2002;
Securont, 2005) so pheromone trails are homogenized by
turbulent diffusion and trail following is unlikely. As a
consequence, the hydromechanically mediated distances
reported in the present work, the ability of calanoid cope-
pods to detect strain rates of 0.05-0.5s ' (Fields and
Weissburg, 2005; Woodson et al., 2005), combined with
the observed behavioural responses to a diffuse back-
ground of pheromone concentrations, might be a much
more fundamental adaptation to mate finding than track-
ing the pheromone trail.
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