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THE DEVIL LIES IN DETAILS: NEW INSIGHTS INTO THE BEHAVIOURAL ECOLOGY
OF INTERTIDAL FORAMINIFERA

LAURENT SEURONT"? AND VINCENT M. P. BOUCHET?

ABSTRACT

The motion behaviour of three species of intertidal
foraminifera, Ammonia tepida, Cribroelphidium excavatum
and Haynesina germanica, was investigated continuously in the
laboratory. We first infer the presence of geotactic and
phototactic responses. Significant geotactic responses were
observed for all three species; A. tepida was found to be
negatively geotactic while C. excavatum and H. germanica
showed positive geotaxis. In contrast, no response to light was
ever observed. The detailed nature of motility, investigated in
terms of both geometric and stochastic complexity of their
motion behaviour, was consistently characterised by a strong
inter-specific, inter-individual and intra-individual variability.
Specifically, A. tepida and H. germanica were characterised by
an intensive search behaviour (they explore their environment
slowly with straighter trajectories), while C. excavatum
adopted an extensive search strategy (it moves more rapidly
with more convoluted trajectories). These observations are
discussed in the specific context of the ecology of these species.
We see their responses as adaptive advantages in spatially and
temporally complex environments prone to a range of both
predictable and unpredictable rapid stressors. From a method-
ological point of view, we showed that previous methods used to
infer foraminiferal motion behaviour are likely to have
systematically underestimated their speed and distance trav-
elled by a factor ranging from 2 to 80.

INTRODUCTION

Living benthic foraminifera are an important and
abundant group of the benthic meiofauna. They play
a key role in the trophic web of intertidal mudflats (Degré
et al., 2006). There are about 4000 benthic species, with
hundreds of living individuals being easily found in a few
cubic centimetres of sediment (Schonfeld et al., 2012). They
occur in all types of environments, from tropical to polar,
including temperate ecosystems (Murray, 2006). Most of
the species (except soft-shelled monothalamous ones) can
be preserved in sediment through fossilisation processes,
hence allowing the reconstruction of palaco-environments
(Hayward et al., 2004; Dolven et al., 2013). To correctly
interpret the fossil record, environmental in-situ studies
have focused on the ecology of living species (Alve, 1995;
Murray & Alve, 2000; Mojtahid et al., 2006; Morvan et al.,
2006; Bouchet et al., 2007). Despite an increasing interest in
the study of living benthic foraminifera, there is still an
incomplete knowledge of their biology and ecology.
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To validate in-situ observations, living foraminifera have
been used in the laboratory for nearly a century (e.g., Myers,
1935; Le Calvez, 1938; Jepps, 1942; Arnold, 1953). In contrast,
the understanding of the behavioural ecology of foraminifera
is still in its infancy, despite a fair amount of work related to
their vertical and horizontal rates of movement (Arnold, 1953,
1974; Zmiri et al., 1974; Severin & Erskian, 1981; Severin
et al., 1982; Severin, 1987; Kitazato, 1988; Wetmore, 1988;
Weinberg, 1991; Anderson et al., 1991; Bornmalm et al., 1997;
Manley & Shaw, 1997; Bernhard, 2000; Gross, 2000; Khare &
Nigam, 2000).

Negative geotaxis is by far the most widely reported
behavioural property among foraminifera (Murray, 1963,
1979, 1991; Richter, 1964; Lee et al., 1969; Moodley, 1990),
which has been routinely used to separate them from the
sediment (Lee et al., 1969; Arnold, 1974; Anderson et al.,
1991; Bernhard, 2000). However, the mechanisms used by
epifaunal and infaunal foraminifera to remain at the surface
and within the sediment are still poorly understood and
have barely been quantitatively assessed (Murray, 2006).
Negative and positive geotaxes are mechanisms that
epifaunal and infaunal foraminifera utilize (Moodley,
1990; Bernhard, 2000), sometimes in combination with
positive (Jepps, 1942; Zmiri et al., 1974; Kitazato, 1981;
Lee, 1990; Manley & Shaw, 1997) and negative (Myers,
1943) phototaxis. For instance, Manley & Shaw (1997)
reported a variable geotaxis in Elphidium crispum, but an
overwhelming positive phototaxis. This response to light
allows E. crispum to remain epifaunal, and has been
reported in species that contain endosymbionts (Lee,
1990). This response is hence likely a function of the
presence of algal chloroplasts that are hosted by this species
through ontogeny (Lee & Anderson, 1991; Murray, 1991).

Similarly, the amount of work published on the motion
behaviour of foraminifera is still very limited (Kitazato,
1988; Weinberg, 1991; Bornmalm et al., 1997; Khare &
Nigam, 2000). To our knowledge, the most extensive study
conducted so far to assess the motion behaviour of
foraminifera is based on 118 measurements of 1-min
interval movement velocity among 22 species (Kitazato,
1988). Average velocities ranged between 8.0 and 82.3 um
min~' and significantly differed among species, with
epifaunal species moving consistently faster than infaunal
ones. Behavioural ecologists are using increasingly
complex quantitative methods (e.g., Seuront, 2010; Viswa-
nathan et al., 2011; Méndez et al., 2013). Most reports of
foraminiferal behaviour are still essentially based, however,
on qualitative statements such as “the movement of
individuals [...] was quite smooth” (Kitazato, 1988,
p. 346) or “they move laterally [...] in meandering patterns
and [...] with predominantly straighter patterns in the
vertical plane” (Bornmalm et al., 1997, p. 175), and
quantitatively limited to mean speed (Kitazato, 1988;
Weinberg, 1991; Bornmalm et al., 1997; Khare & Nigam,
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TaBLE 1. Foraminiferal species considered, their geographic origin, and the number N of individuals considered under each experimental condition
(i.e., Control and Geotaxis experiments) and the subsequent number n of successive (x,y) coordinates used to describe their motion behaviour.

Control Geotaxis
Species Origin N n N n
Ammonia tepida Texel, The Netherlands 23 2760 12 1440
Cribroelphidium excavatum Baie of Authie, France 9 1080 11 1320
Haynesina germanica Bay of Authie, France 12 1440 11 1320

2000). Note that these comments are not criticisms of the
cited studies, as the aforementioned comments are ancillary
to the main point of these papers.

In this context, the objectives of the present work were
two-fold. First, we assess the presence and nature of the
geotactic behaviour of three foraminiferal species charac-
teristic of intertidal temperate ecosystems (Murray, 2006),
that is, Ammonia tepida, Cribroelphidium excavatum and
Haynesina germanica. These species have been specifically
chosen for their different ecological niches: C. excavatum
and H. germanica are respectively infaunal (Thomsen &
Altenbach, 1993) and epifaunal species (Bouchet et al.,
2009), while A. tepida is known as an epifaunal/infaunal
species (Goldstein et al., 1995). There are, however, some
inconsistencies in the literature in the definition of the
microhabitats occupied by these species. For instance,
Richter (1964) reported C. excavatum as epifaunal and
H. germanica as infaunal, while Murray (2006) considered
Ammonia species as strictly infaunal. As behavioural
responses are often the end product of a combination of
intrinsic and extrinsic factors (Pyke, 1984; Bell, 1991), if
foraminifera respond positively (or negatively) to gravity,
the motion could also involve a negative (or positive)
response to light. As such, the potential behavioural
response of C. excavatum, H. germanica and A. tepida to
light was also investigated.

Second, we aim to go beyond standard description of
foraminiferal movement behaviour based on the presence/
absence of any tactic behaviour (e.g., Zmiri et al., 1974;
Manley & Shaw, 1997) and mean speed (e.g., Kitazato,
1988). As such, we specifically focus on the detailed nature
of their motility, in terms of geometric and stochastic
complexity of their motion behaviour, species-specific
variability and specimen-specific variability. This approach
is critical to understanding the ecology of motile organisms,
as the adaptive value of individual variability in motion
behaviour is increasingly acknowledged as a competitive
advantage in temporally and spatially complex landscapes
[see, e.g., Chapperon & Seuront (2011) for a discussion on
this topic].

MATERIALS AND METHODS

SEDIMENT COLLECTION AND STUDY SPECIES

Sediments were collected in two intertidal muddy areas,
the Baie of Authie (50°22'32"N, 1°35’43"E; Pas de Calais,
France) on June 17, 2014 and Texel Island (53°08'17"N,
4°48'07"E; The Netherlands) on June 27, 2014. The
sediment surface was gently scraped off to collect benthic
foraminifera. The sediment was sieved in the laboratory on

the same day using a 63 pm mesh sieve. Prior to individual
collection, the > 63 um fraction was kept in a temperature
controlled room at 22°C overnight.

This study focused on 3 intertidal species, Ammonia
tepida, Haynesina germanica and Cribroelphidium excava-
tum, which typically occur abundantly (up to few thousands
of individuals per cubic centimetre) in European mudflats
(Murray, 2006). Ammonia tepida was found in Texel (The
Netherlands), while C. excavatum and H. germanica were
found in the Bay of Authie, France (Table 1).

EXPERIMENTAL SET-UP AND BEHAVIOURAL OBSERVATIONS

The motion behaviour of A. tepida, C. excavatum and
H. germanica was investigated in Petri dishes (7.5 cm in
diameter) filled with in-situ seawater (S = 32 PSU) to
a height of 5 to 7 mm. All experiments were conducted
under homogenous dim light conditions (light intensity: 450
lux; Light Probe Meter™ 403125, Extech Instruments,
Nashua, USA, and irradiance: 65 umol m~2 s™'; Light
Intensity Recorder MDS-MkV, Alec Electronics Inc.,
Kobe, Japan) provided by a series of fluorescent lamps in
a temperature-controlled room at 22°C, a temperature
representative of the conditions experienced in-situ by these
species at the time of sampling. The A. tepida individuals
were in the size range 300-400 um, while the C. excavatum
and H. germanica specimens were both in the range 150-200
pum. Between 9 and 23 distinct individuals were used in each
experimental treatment (Table 1).

Control treatments were conducted with the Petri dish
lying horizontally (Fig. 1A), whereas the geotactic-response
treatments were conducted in Petri dishes elevated at one
end to provide a slope of 12% (Fig. 1B), a condition
previously identified as sufficient to elicit a geotactic
response in foraminifera (Manley & Shaw, 1997) and
tardigrades (Beasley, 2001). Prior to each experiment, living
individuals were carefully sorted under a stereomicroscope
with a brush, and immediately transferred in the middle of
the experimental Petri dish (Fig. 1A-C), where they were
allowed to acclimatize for 5 minutes. The motion behaviour
of the specimen was subsequently recorded every 10 min
using a digital camera (Nikon V1 mounted with a Nikkor
10-30 mm lens). Each individual was recorded for 20 hours,
after which the resulting 120 images where assembled as
QuickTime™ movies using Time Lapse Assembler (version
1.5.3). The x and y coordinates were subsequently extracted
and combined into a 2D picture using Labtrack (DiMedia,
Kvistgard, Denmark), and used to characterise motility. All
experiments were conducted under similar tidal and diel
conditions to avoid any behavioural bias that may relate to
endogenous diel and/or tidal rhythms.
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FIGURE 1.  Schematic illustration of the experimental set-up used to
assess the response of the foraminifera Ammonia tepida, Cribroelphi-
dium excavatum and Haynesina germanica to gravity and light. Control
and geotaxis experiments were respectively run with a Petri dish lying
horizontally (A) and tilted with a 12% slope (B). Both experiments
were started with a foraminiferal individual located in the middle of the
experimental Petri dish (A-C). The response to light was assessed
covering the experimental Petri dish with a plastic lid painted in black
except for four evenly-spaced truncated conical perforated sections that
allow light to reach the inner base of the dish. Light-response
experiments were conducted with 16 foraminifera evenly distributed
over the light (black dots) and dark (grey dots) areas, while control
treatments that were set up in an identical manner, but run in
total darkness.

To assess the potential response of foraminifera to light,
a plastic Petri dish lid was painted black except for
four evenly-spaced, truncated conical perforated sections
(Fig. 1D). The truncated conical sections through which
light could pass will be referred to as area Ay, and
represented 50% of the total area; the remaining area of the
petri dish, which prevented the entry of light, will be
referred to as area Ap,. This plastic lid was placed at
1.5 cm from the bottom surface of the base of the
experimental Petri dish containing 16 foraminifera evenly
placed over the areas Ay, and Ap,y. After 24 h, the
relative distribution of specimen in areas A; o, and Apux
were recorded, and compared to the results of control
treatments that were set up in an identical manner, but kept
in total darkness for 24 h.

BEHAVIOURAL ANALYSES

The level of activity of each specimen was estimated as
the percentage of time allocated to motion. Specifically, an
activity index 4; was defined as 4; = 100(Zpath/tmove), Where
Ipath and fyeye are the time taken by a specimen to move
from its start to stop location and the time a specimen was
actually moving along its trajectory, respectively.

The distance D, (mm) travelled between two successive
images was computed from the (x,y) coordinates as

D,= \/(xz—xr+1)2+(yr—yt+l)2s where (x;,y,) and
(X41,V:41) are the position of a specimen at time 7 and ¢ + 1,
respectively. The movement speed v, (mm h™') was sub-
sequently estimated as v, = Df, where fis the sampling rate of
the camera (i.e., f = 6 images per hour).

The direction 0; taken by a specimen between three
successive positions (x,¥,), (X41,V41) and (X.40,V40) Was

estimated as 0;=180—[(180/xn)]0,, where 0,=arccos
[(Dl_z)z+(02_3)2—(1)1_3)2}/[2(1)1_2)(dp)] and where
Di_,, D,_3 and D,_sare the distances between the positions
(x5y) and (X41,Y41); (X5p0) and (Xp2,0042); and (Xp1,0041)
and (x,42,V.42); see Jerde & Visscher (2005) for more details.
Average movement speeds and directions and their
standard deviations were measured over the duration of
each individual track.

The tortuosity of movements was estimated using the net-
to-gross displacement ratio (NGDR) as NGDR = ND/GD.
The net distance travelled by a specimen (ND) is the
shortest distance between the starting and ending point of
the trajectory. The gross distance (GD) travelled (i.e., the
actual distance travelled by a specimen along its trajectory)

Lirack
was estimated as GD= )_ D,. The NGDR provides a mea-

t=1
sure of the relative linearity of motion; low NGDRs imply
more convoluted trajectories than high NGDRs, with the
limit NGDR = 1, corresponding to a linear motion. The
NGDRs were estimated at the smallest available resolution
(1/6 h) for each individual track. We also estimated the net
direction taken by each specimen between the beginning and
the end of its trajectory. Averaged distances (net and gross)
and their standard deviations were estimated for each species
for control and geotaxis experiments. The movement speed
was estimated from the net distance, v,e, for comparison
with the actual speed of the experimental specimens.

STATISTICAL ANALYSES

As the distribution of the estimated parameters (activity
index, net and instantaneous distance, swimming speed and
NGDR) were non-normally distributed (Kolmogorov—
Smirnov test, p < 0.01), non-parametric statistics were
used throughout this work. Specifically, the behavioural
properties observed between control and geotactic experi-
ments (distance, speed and NGDR) were compared using
the Wilcoxon-Mann-Whitney U-test (Siegel & Castellan,
1988). Multiple comparisons between species were con-
ducted using the Kruskal-Wallis test (KW test hereafter),
and the Jonckheere test for ordered alternatives (J test
hereafter; Siegel & Castellan, 1988) was used to identify
distinct groups of measurements. The distributions of the
distances (D,) were tested for uniformity with the Kolmo-
gorov—Smirnov test. The autocorrelation functions (ACF)
and the Box-Ljung statistic were used to test for
autocorrelation in the successive distances displaced for
all lags up to seven moves (Turchin, 1998). The non-
parametric Watson’s U? test was used to test for differences
in the successive directions (6;) and the net direction
between control and geotaxis experiments. The distribu-
tions of directions 6; in control and geotaxis experiments
were also compared to a normal distribution using the
Kolmogorov-Smirnov test, and to a uniform distribution
using both the Kolmogorov-Smirnov and the Watson’s U?
tests (Zar, 2009). Finally, the probability of choosing the
light and dark areas (A4, and A4p,) in the control and
phototaxis experiment was assessed using a x> goodness of
fit (Zar, 2009). Correlation between variables was in-
vestigated using Kendall’s coefficient of rank correlation
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FIGURE 2. Illustration of the archetypical geometric (A, E) and stochastic (B-D, F-H) behavioural properties of three foraminiferal specimens
(here Ammonia tepida) observed in control (A-D) and geotaxis (F-H) experiment, conducted in circular experimental arenas 7.5 cm in diameter.
Distinct individuals were used in control and geotaxis experiments. Each colour code corresponds to the same A. fepida specimen in both (A) and (E),
and the colour codes used for the three trajectories shown in (A, E) matches those used in (B-D) and (F-H).

(r). Kendall’s coefficient of correlation was used in
preference to Spearman’s coefficient of correlation (p),
because Spearman’s p gives greater weight to pairs of ranks
that are further apart, while Kendall’s ¢ weights each
disagreement in rank equally (Sokal & Rolf, 1995).

RESULTS

THE BEHAVIOUR OF INTERTIDAL FORAMINIFERA:
QUALITATIVE OBSERVATIONS

The motion behaviour of the three species of foraminif-
era considered in this work, Ammonia tepida, Cribroelphi-
dium excavatum and Haynesina germanica, was consistently
characterised in both control and geotaxis experiments by
a strong inter-individual variability in the complexity of the

trajectories followed by distinct individuals, and strong
fluctuations in the temporal dynamics of their successive
movements along the aforementioned trajectories (Fig. 2).
Specifically, 4. tepida, C. excavatum and H. germanica
exhibited trajectories with highly variable levels of geo-
metric complexity in both control and geotaxis experiments
(Fig. 2A, E). Over the same period of time, the geometric
complexity of foraminiferal motion behaviour hence ranges
from highly meandering trajectories confined in a limited
area of the experimental containers to far reaching
trajectories leading to a more extensive exploration of the
available space (Fig. 2A, E). In contrast, the velocity v, of
specimens along their trajectories are consistently charac-
terised by a very high variability, independent of both the
complexity of the trajectory and the treatment considered
(Fig. 2B-D, F-H).
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THE RESPONSE OF INTERTIDAL FORAMINIFERA TO GRAVITY

No significant differences (p > 0.05) were found in the
net distances travelled by A. tepida, C. excavatum and
H. germanica over the course of our 20 h experiments in
both control and geotaxis experiments. Their directions
were significantly uniform in control experiments (p >
0.05), and significantly non-uniform (p < 0.05) in geotaxis
experiments, where they exhibited clear directionality as
a response to gravity. Specifically, A. tepida exhibited
a significant negative geotaxis (Fig. 3A). In contrast, both
C. excavatum and H. germanica exhibited a significant
positive geotaxis (Fig. 3B, C). The orientation angles0; did
not significantly differ between species and experiments
(U? test, p > 0.05) and were consistently best fitted by
a uniform distribution.

The activity level of A4. tepida and C. excavatum were
significantly (p < 0.05) lower in the geotaxis experiment
than in the control experiment, while H. germanica were
significantly more active in the geotaxis experiment ( U-test,
p <0.05, Fig. 4A). The activity level significantly differed
between the three species in both control and geotaxis
experiments (KW test, p < 0.05). In control and geotaxis
experiments, the activity of 4. tepida and C. excavatum did
not significantly differ (J test, p > 0.05). Ammonia tepida
and C. excavatum were, however, both more active than
H. germanica in control and both less active than H.
germanica in geotaxis experiments, respectively (J test,
p < 0.05).

No significant differences in speed v, were found
between control and geotaxis treatments in any of the
three species (U-test, p > 0.05, Fig. 4B), and successive
distances displaced were positively autocorrelated (p <
0.05). Significant differences were found, however,
between species in both control and geotaxis experiments
(KW test, p < 0.05). Ammonia tepida and H. germanica
did not move at significantly different rates (J test, p >
0.05), but were consistently slower than C. excavatum (J
test, p < 0.05). The movement speed (v,) was consistently
significantly higher than v, (the speed estimated from
the net distance travelled by each individual foraminifera
over the course of the behavioural experiments; p < 0.05,
Fig. 5). The speed ratios v,/v,. were then consistently
greater than 1 for A4. tepida (control: 1.6-16.6, geotaxis:
1.7-9.1), C. excavatum (control: 3.6-22.1, geotaxis: 3.4—
83) and H. germanica (control: 1.5-52.9, geotaxis:
1.8-7.0).

The tortuosity of their trajectory was highly variable, and
no significant differences were found in NGDRs between
control and geotaxis experiments for all species (U-test, p >
0.05, Fig. 4C). Significant differences were found between
the NGDRs of the three species in control and geotaxis
experiments (KW test, p < 0.05). Specifically, the NGDRs
of A. tepida and H. germanica could not be statistically
distinguished from each other in both control and geotaxis
treatments (J test, p > 0.05), and were significantly higher
than in C. excavatum, which moved along less tortuous
trajectories (J test, p < 0.05).

No significant correlation was found between any of the
behavioural parameters (p > 0.05), except a significant
negative correlation (p < 0.05) between the speed of

I w

I O

FIGURE 3. Net distance and direction travelled over 20 hours by
Ammonia tepida (A), Cribroelphidium excavatum (B) and Haynesina
germanica (C) in control (black) and geotaxis (grey) experiments in
circular experimental arenas 7.5 cm in diameter. The angle of incline of
the experimental arena in the geotaxis experiment has been set with
a 12% slope.

movement v, and NGDR in C. excavatum in the control
treatment, and a significant positive correlation was found
between the speeds v, and v, (p < 0.05) in H. germanica in
both control and geotaxis treatments (Fig. 5E, F). In
contrast, the ratio v/v,e was consistently significantly
negatively correlated to NGDR (p < 0.095).
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FIGURE 4. Behavioural properties [activity index, A;, (%); actual
speed, v (mm h™') and NGDR] of Ammonia tepida, Cribroelphidium
excavatum and Haynesina germanica estimated from 10-min resolution
tracking of specimens in control (white bars) and geotaxis (black bars)
experiments. The error bars are standard deviations.

THE RESPONSE OF INTERTIDAL FORAMINIFERA TO LIGHT

In both control (dark) and phototaxis experiments, no
significant differences (y* test, p > 0.05) were observed in
the relative frequency of occurrence of foraminifera in light
and dark areas (Table 2), suggesting the absence of any
phototactic response of A. tepida, C. excavatum and
H. germanica.

DISCUSSION

SPECIES-SPECIFIC RESPONSE TO GRAVITY

Our results unambiguously show a negative geotaxis in
A. tepida (Fig. 3A), while C. excavatum and H. germanica
were positively geotactic (Fig. 3B, C). These experimental

observations confirm some and contradict other previous
conclusions essentially based on the distribution of living
specimens of these species (Murray, 2006).

Specifically, our results are in agreement with previous
work that identified C. excavatum as an infaunal species
(e.g., Thomsen & Altenbach, 1993; Bouchet et al., 2007),
and specifies previous work suggesting that C. excavatum
can be considered as both an epifaunal and infaunal species
(Moodley, 1990; Bouchet et al., 2009). Our results,
however, do not support early work suggesting that
C. excavatum is an epifaunal species (Richter, 1964). The
positive geotactic behaviour observed in this study provides
a strong support to its infaunal habitat.

Previous work suggested that A. tepida can be considered
as both an epifaunal and infaunal species (e.g., Goldstein et
al., 1995; Bouchet et al., 2009); the negative geotaxis
reported here suggests A. tepida is epifaunal rather than
infaunal, an observation consistent with the ability of
Ammonia beccarii to crawl up through 1 cm of sediment
(Lee et al., 1969). This is also consistent with our
observations of A. tepida found on the sediment surface
after spending a night at the experimental temperature.
Previous observations of A. tepida deep into the sediment
may indicate passive transport by macrofauna bioturbating
activities as suggested in previous work (Moodley, 1990;
Bouchet et al., 2009).

In contrast, C. excavatum and H. germanica specimens
remained within the sediment layer, in accordance with
their observed positive geotactic behaviour (Fig. 3B, C).
Note that the increased levels of activity and lower NGDR
observed in both C. excavatum and A. tepida in control
treatments (Fig. 3A, C) are consistent with an increasing
searching activity (i.e., more intensive search) in the absence
of any stressor (here gravity). In contrast, the higher
NGDRs observed during the geotaxis experiment are
indicative of more extensive foraging behaviour consistent
with the less complex trajectories and more extensive
foraging behaviour exhibited by stressed organisms; see
Seuront (2011a, b, 2015) for a detailed discussion on this
topic in the context of copepod behavioural ecology. It is
also possible that the observed behavioural changes are
a form of expeditious adaptive response rather than
a generalized stress response. It is, however, far beyond
the scope of this study to delve deeply into the disentangling
of adaptive behaviour to a stimulus and stress response that
is generally related to parasitism, aging, disease or the
presence of toxicants, for example (see Seuront, 2015 and
references within).

Finally, H. germanica, previously reported as epifaunal
(e.g., Bouchet et al., 2009), exhibited a positive geotaxis,
which suggests an active avoidance of surface sediment.
This result is supported by the significant increase in the
level of activity exhibited by H. germanica in the geotaxis
experiment (Fig. 4A). However, the lack of changes in the
geometric complexity in the movement of H. germanica
between control and geotaxis treatments (Fig. 4C) may
indicate that the observed positive geotaxis is not stress
related, hence a more natural behaviour than the positive
and negative geotaxis respectively observed in C. excavatum
and A. tepida.
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FIGURE 5.

The actual speed v, [of Ammonia tepida (A, B), Cribroelphidium excavatum (C, D) and Haynesina germanica (E, F)] estimated from

10-min resolution tracking of specimens as a function of the net speed v, (i.€., the apparent speed estimated from the net distance travelled) under
control conditions (A, C, E) and in geotaxis experiments (B, D, F).The error bars are standard deviations, and the dashed lines the first bissectrix

(i-€.y Vnet = Vo).

The provision of a definite mechanistic explanation for
the observed geotactic properties of A. tepida, C. excavatum
and H. germanica would be, at best, highly speculative
considering the current lack of knowledge on the beha-
vioural ecology of this species. Note, however, that this
study was carried out directly on the glass surface of Petri
dishes. This fact warrants the need for further work to be
conducted on the surface of actual sediment representative
of in-situ conditions. However, our aforementioned obser-
vation on A. tepida specimens migrating upward through

TABLE 2.

the sedimentary column is supportive of our experimental
set-up.

The geotactic behaviour observed in H. germanica and
C. excavatum may be considered a behavioural adaptation
related to an optimal positioning in the sediment. Vertical
migration has been reported in foraminifera as a response
to food, oxygen and temperature (Alve & Bernhard, 1995;
Gross, 2000; Duijnstee et al., 2003; Geslin et al., 2004;
Nomaki et al., 2005). Note that Haynesina and Cribroel-
phidium are two of at least eight different foraminiferal

Relative frequency of occurrence of foraminiferal individuals in areas of the experimental Petri dish, which allow and prevent light to pass

(A ign and A p,,i, respectively) in control experiments conducted in the dark for 24 h and in phototaxis experiments conducted for 24 h under condi-
tions of dim light (150 lux) for 24 hours. The level of statistical significance of the y* goodness of fit was fixed at p = 0.05; ns: non-significant.

Control Phototaxis
ALight Apark Va AlLighi Apark e
A. tepida (n = 16) 7 9 ns 8 8 ns
C. excavatum (n = 16) 11 5 ns 6 10 ns
H. germanica (n = 16) 8 8 ns 9 7 ns
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genera known to perform kleptoplastidy (Bernhard &
Bowser, 1999); a process also referred to as chloroplast
husbandry or sequestration that was first described in
sacoglossa molluscs (Kawaguti & Yamasu, 1965), and
subsequently found to occur in a range of protists including
dinoflagellates (Lewitus et al., 1999; Eriksen et al., 2002;
Takashita et al., 2002), ciliates (Dolan, 1992; Stoecker et al.,
2009) and foraminifera (e.g., Lopez, 1979; Bernhard &
Bowser, 1999). Specifically, kleptoplastidy has been widely
reported for H. germanica (e.g., Lopez, 1979; Goldstein
et al., 2004) and C. excavatum (Lopez, 1979; Pillet et al.,
2011). As such, an analogy could be drawn between
kleptoplastic species and the vertical migration observed
in microphytobenthic cells moving upwards to the surface
when the sediment is exposed at low tide and migrating
downwards before it is flooded (Consalvey et al., 2004). In
this context, the observed positive geotaxis may also be an
indication of a downward migration triggered in our
experimental setup by the immersion of the studied
specimens. However, resolution of this specific issue is far
beyond the scope of the present work and further work is
critically needed to assess the interplay between kleptoplas-
tidy and vertical foraminiferal behaviour.

ON THE LACK OF RESPONSE TO LIGHT OF
INTERTIDAL FORAMINIFERA

The assessment of the role of phototaxis in the biology
and ecology of benthic foraminifera found its root in the
mid-twentieth century (Jepps, 1942; Myers, 1943). This
early work reported both positive (Jepps, 1942) and
negative (Myers, 1943) phototaxis. The handful of pub-
lished papers that followed essentially report positive
phototaxis (Zmiri et al., 1974; Kitazato, 1981; Lee, 1990;
Manley & Shaw, 1997). For instance, Zmiri et al. (1974)
only reported positive phototaxis in Amphistegina radiata
under conditions of high light intensities (i.e., in the range
10"-10" photons cm ™2 s '), and Manley & Shaw (1997)
found significant positive phototaxis in all size-classes (i.e.,
250-355 um and 500-1000 pm) but did not quantify the
light intensity generated by “the fluorescent tube hung 20
cm above the specimens” (p. 962). Positive phototaxis has
been claimed to be a behavioural strategy that allow species
that contain endosymbionts to remain epifaunal (Lee,
1990); see also Sinutok et al. (2013) for discussion of more
complex phototactic behaviour in Marginopora vertebralis.

Note that the absence of any phototactic response
observed in the present work, even in Kkleptoplastic
H. germanica and C. excavatum, is consistent with the
insignificant light available at the surface of the sediment in
tidally mixed estuarine waters (Spilmont et al., 2009), where
A. tepida, C. excavatum and H. germanica abound and were
sampled. As such, our results suggest that vertical migra-
tions of foraminifera are unlikely to be driven by light, in
contrast to microphytobenthos [i.e., microphytobenthic
cells migrate upward at low tide, but only when low tides
occur during the day; Consalvey et al. (2004)], hence the
role of phototaxis in the biology and ecology of intertidal
foraminifera may be negligible. It is finally stressed that if
the intensity of ambient light used in our experiments is
compatible with the values reported at the sediment surface

in shallow coastal waters (e.g., Meyercordt & Meyer-Reil,
1999), we were not able to measure the amount of light
actually reaching the surface of the experimental Petri dish.
Further work may hence be needed to assess the presence of
light intensity thresholds that may activate/deactivate
phototaxis in foraminifera.

SPECIES-SPECIFIC BEHAVIOURAL PROPERTIES

The behavioural responses revealed by continuous
assessment of A. tepida, C. excavatum and H. germanica
movements were clearly species-specific, and significantly
differed even between the two species, C. excavatum and
H. germanica, exhibiting similar geotactic responses
(Fig. 4). This result indicates that the processes driving
the observed motility pattern continue to operate in the
absence of sensory cues, hence involving the presence of an
innate determinant to motion behaviour (Chapperon &
Seuront, 2011; Seuront & Stanley, 2014). To our knowl-
edge, this issue has yet to be investigated in foraminiferal
behavioural ecology; innate sources of information are
nevertheless known to be genetically determined and/or
transferred through heredity, or derived from exogenous
sources (Bell, 1991). As a consequence, the observed
species-specific behavioural responses indicate that each
species may have its own behavioural repertoire, which here
specifically relates to the range of behavioural levels of
activity, movement speed and trajectory complexity
(Fig. 4).

The lower speed and higher NGDRs of A. tepida and
H. germanica, for example, imply they explore their
environment slowly and extensively with straighter trajec-
tories. In contrast, C. excavatum individuals explore the
environment more rapidly and intensively with more
convoluted trajectories. These behavioural strategies are
consistent with an optimal foraging strategy: an intensive
(area restricted) search strategy (Pyke, 1984) and extensive
search strategy (or transecting; Bell, 1991) are respectively
optimal under conditions of high food concentration and
spatially-localised food patches.

Note that the aforementioned behaviours have been
recently reformulated under the popular Lévy flight
foraging hypothesis, which has been used to explain the
strategies of organisms searching for food, and predicts that
predators should adopt Lévy search strategies (i.e., clusters
of many small moves interspersed between longer moves, or
relocation jumps, between them) for locating sparsely and
randomly distributed prey and Brownian movement where
prey is abundant (Viswanathan et al., 1999). The movement
patterns we observed in the absence of cues are hence likely
to be the result of natural selection of the search strategy
that is best adapted to the ecological niche of each species.

The aforementioned search strategies are consistent with
what is known of the trophic ecology of the three species
used in this study. Specifically, H. germanica and A. tepida
are both herbivorous, feeding on benthic diatoms (Ward
et al., 2003; Pascal et al., 2008). In addition, A. tepida has
recently been shown to behave as a carnivore in laboratory
experiments (Dupuy et al., 2010). The ability of this species
to switch feeding modes in its natural environment is
still unknown. Since microphytobenthos microscale (i.e.,
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centimetre-scale) distribution is extremely patchy (Seuront
& Spilmont, 2002; Seuront & Leterme, 2006; Seuront, 2010;
Spilmont et al., 2011), both species would benefit from the
extensive search strategy to optimize their likelihood to
locate food patches. In contrast, C. excavatum feed both on
benthic diatoms (Lopez, 1979) and metazoans (Murray,
2006). The lack of clear overlap in the microscale
distribution of meiofauna and microphytobenthos (Blan-
chard, 1990) suggests that omnivorous species such as
C. excavatum may experience a more homogenous distri-
bution of food items through a continuum of meiofaunal
and microphytobenthos patches, which consumption would
hence benefit from an intensive search strategy.

INTER-INDIVIDUAL VARIABILITY IN FORAMINIFERAL
MOTION BEHAVIOUR

Besides the inter-specific variability discussed above,
the motion behaviour of A. tepida, C. excavatum and
H. germanica was consistently unambiguously characterised
by a strong inter-individual variability (Figs. 2 and 5); in
particular, each individual used very distinct repertoires of
trajectory complexity under the same experimental condi-
tions (Fig. 2A, E). This variability cannot be related to
abiotic (i.e., temperature, salinity) or biotic (i.e., food
quality and quantity, competition, predation) parameters
since our experiments were conducted in the absence of any
cues, and in controlled conditions of temperature and
salinity. Also note that our experiments were conducted
under similar tidal and diel conditions to avoid any bias
that may relate to endogenous diel and/or tidal rhythms.
The observed variability hence reveals the presence of
innate variability in the motion behaviour that may relate
to different phenotypes, and be thought of as an
evolutionary adaptation to fluctuating environmental con-
ditions to increase the chances of species persistence
throughout a period of changes. Note that innate beha-
vioural properties may be altered by the history of each
individual considered, as individuals may gather distinct
information directly from the same environment (e.g.,
Keppel & Scrosati, 2004). Limited information is available
on the potential role of inter-individual behavioural
variability in invertebrates in general — see Seuront et al.
(2004) and Chapperon & Seuront (2011) for discussions on
the ecological and evolutionary relevance of behavioural
variability of copepods and intertidal gastropods — and to
our knowledge this issue has yet to be introduced in
foraminiferal research.

INTRA-INDIVIDUAL VARIABILITY IN FORAMINIFERAL
MOTION BEHAVIOUR

All the studied 4. tepida, C. excavatum and H. germanica
specimens consistently used a diverse repertoire of move-
ment speed and tortuosity (Figs. 2 and 5), within the species
repertoire discussed above (Fig. 4). However, as previously
reported for intertidal gastropods (Chapperon & Seuront,
2011), the extent to which the repertoire was used was not
significantly different between individuals of the three
species (Fig. 2). Note that this behavioural flexibility
occurred at the smallest time scales considered in the
present work (i.e., 10 min), hence suggesting an ability to

respond to short-term environmental changes. This beha-
vioural property is likely to be adaptive in environments
such as tidal flats, which are constrained both spatially and
temporally by a range of rapidly changing environmental
stressors, either predictable (e.g., tide, light) or unpredict-
able (e.g., weather conditions, predation, resource distribu-
tion and abundance). Note that a strong behavioural
flexibility is also a strong competitive advantage for known
omnivorous species such as C. excavatum, but also for
species that may have the ability to switch feeding modes
such as A. tepida (Dupuy et al., 2010).

METHODOLOGICAL CONSIDERATIONS: THE QUESTION
OF SCALE

Previous assessments of foraminiferal behaviour were
typically based on movement speed estimated from the net
distance travelled (e.g., Kitazato, 1988). We showed,
however, that estimating foraminiferal speed based on net
displacements may lead to systematic and dramatic under-
estimations of the actual speed by a factor ranging from
1.6-17 in A. tepida, 3.4-83 in C. excavatum, and 1.5-53 in
H. germanica (see Fig. 5). This is a serious issue as
movement speed is a key input parameter in models dealing
with processes such as energy budget, predator-prey and
mating encounters (see e.g., Seuront & Stanley (2014) for
a discussion on the effect of misestimating movement speed
in mating encounter rates in pelagic copepods). In the
aforementioned study, Kitazato (1988) showed that benthic
foraminifera would move nearly five times faster on a glass
surface compared to sediment surface since glass surface
offers less resistance than sediment (see Kitazato, 1988 and
Khare & Nigam, 2000 for further discussions on the topic).
Still, our results show that movement speed estimated from
the net distance travelled — as done in previous foraminif-
eral behaviour studies (e.g., Kitazato, 1988) — may be
underestimated to up to a factor of 83. We thus suggest that
the future of foraminiferal behavioural research may lie in
a greater and more systematic focus on the detailed
behavioural properties of these organisms to enhance our
understanding of the processes at play in shaping forami-
niferal ecology.

CONCLUSIONS

Our work shows that quantitative investigations of the
geotactic and phototactic properties of foraminifera, as well
as the details of the motion behaviour investigated on the
basis of continuous observations, may provide valuable
insights into our understanding of (i) the definition of their
actual ecological niches that have been traditionally
assessed through their vertical position in the sediment,
(ii) their ability to respond to environmental fluctuations,
and (iii) their contribution to intertidal ecosystems in terms
of matter and energy fluxes that are essentially mediated by
their movement behaviour. In particular, we showed that
traditional approaches to the study of foraminiferal motion
behaviour have systematically under-estimated their speed,
which is likely to have critical consequences as it controls
their energy expenditure and their ability to locate food,
while avoiding predators. Beyond the biological and
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ecological importance of the reported behavioural proper-
ties, our results more generally suggest that our journey to
understand foraminiferal ecosystems from a bottom-up
approach is still at a very early stage.
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