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Spatiotemporal structure of
foraging and path integration
errors by fiddler crabs,
Leptuca pugilator

Ruma Chatterji* and John E. Layne*

Department of Biological Sciences, University of Cincinnati, Cincinnati, OH, United States

Path integration is the navigational process by which animals construct a memory of
a previous location by continuously measuring and summing their movements to
form a single home vector pointing to the starting location. It is intrinsically error
prone, subject to random errors and, potentially, to systematic errors in either
measurement or the summing algorithm. Both types of errors lead to an incorrect
vector memory and thus to an error in homing. Because the errors are incurred
when animals move, they are theoretically predictable from the movements. We
analyzed the behavior of fiddler crabs (Leptuca pugilator) as they performed foraging
excursions followed by homing with varying degrees of error. From video recordings
we measured body orientations and locations and computed these spatiotemporal
path characteristics: duration, distance, turns, bearing and arc sector. These were
analyzed for their effect on, separately, the magnitude, and the direction, of crabs’
homing error. The magnitude of the homing error was predicted by arc sector,
Abearing and path length, and several interactions. The direction of the homing error
was predicted by interactions including arc sector x Abearing, arc sector x turns, and
Abearing x turns. Covariance among these factors results in a path that traces a large
arc while maintaining body orientation toward the burrow direction and leads to an
error with the same clockwise/counterclockwise sign as the arc and the body turns.
These results place L. pugilator's path integration mechanism among others with
known systematic errors.
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Introduction

Spatial navigation is the integration of sensory information to orient and move from
one place to another (Halliday and Slater, 1983; Schone, 1984; Papi, 1992). Many animals
across a wide range of taxa use a spatial navigation strategy called path integration
(Mittelstaedt and Mittelstaedt, 1980; Etienne and Jeffery, 2004). First postulated by Charles
Darwin, the idea was that, like sailors’ dead reckoning, animals could also use distance and
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direction measurements to locate home from any point on their
journey (Darwin, 1873). This was later formally defined by
Mittelstaedt and Mittelstaedt (1980) as path integration whereby
animals construct a memory of a previously visited location by
measuring body rotations and translations and storing this
information in memory (Mittelstaedt and Mittelstaedt, 1980).
Each new movement is added to the existing vector to create a
single, continuously updated memory-stored vector, called the
home vector. This allows the animal a straight return home after
a sinuous trip. It is a highly useful navigation mechanism as animals
can explore new terrain, not requiring previous knowledge of the
landscape and, in theory, travel distances without becoming lost.
Path integration appears to be universal among animals that have a
spatially restricted home or central reference point, including
insects (von Frisch, 1967; Wehner and Wehner, 1986; Beugnon
and Campan, 1989), arachnids (Mittelstaedt, 1985), crustaceans
(Altevogt and Hagen, 1964; Hoffmann, 1984; Zeil, 1998; Layne et al.,
2003a, 2003b; Cheng, 2012), birds (Mittelstaedt and Mittelstaedt,
1982; von Saint Paul, 1982; Wiltschko and Wiltschko, 1982), and
mammals [(Mittelstaedt and Mittelstaedt, 1980); reviewed in
(Etienne and Jeffery, 2004)], including humans (Loomis
et al., 1993).

While obviously useful, path integration is also inherently error
prone. Errors can arise in the accuracy with which directions and
distances are measured, and in the precision of the algorithm for
adding new vectors to the current home vector (Etienne et al,
2004). There inevitably will be random estimation errors, but also
potentially systematic errors (Benhamou et al., 1990). Because both
types of errors are incurred when animals move, they are
theoretically predictable from those movements. In this study, we
examined the homing errors made by a well-known path integrator,
the Atlantic Sand Fiddler Crab, Leptuca pugilator (Bosc, 1802).
These are central-place foragers that, at low tide, leave their burrows
in the sand to go on short-range excursions to perform activities
such as foraging and courtship (Crane, 1975; Zeil and Layne, 2002).
They appear to do this using exclusively idiothetic (self-motion)
cues (Layne et al., 2003b). The shapes of the crabs’ paths during
these excursions range from straight out-and-back to arcs
subtending over 180° relative to the burrow. A unique aspect of
these excursions is that the crabs tend to align their transverse body
axis approximately with their burrow direction throughout, even if
an object comes between them (Land and Layne, 1995; Zeil, 1998;
Layne et al, 2003a). Though the body thus indicates a general
notion of the home direction, it is often out of alignment to a
significant degree. Crabs still accurately return home, so the home
vector cannot be strictly identical to the body axis. Instead, the crabs
know the amount by which their body is out of alignment, and
monitor this angle constantly, and it is that which monitors this
angle that forms the crabs’ directional reference. It has been
proposed that this directional reference is provided by the
optokinetic system, and that the eyes better indicate the home
vector direction than does the body axis (Chatterji and Layne,
2023). According to this theory, if the eyes are well stabilized the
crab will maintain a more accurate home vector than if they are not,
i.e., if the eyes “drift” then the home vector will also drift. Fiddler
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crabs have a robust optokinetic system that stabilizes the eyes
against body rotations (Nalbach and Nalbach, 1987; Layne et al.,
1997; Land, 2019), and movements that tax the optokinetic system
are more likely to produce drift and thus errors in homing. A major
portion of these errors may not be random but, rather, directionally
biased according to the demands placed on the optokinetic system
by the shape of the foraging path.

To test this idea that the structure of foraging paths can predict
the type of errors they produce, we analyzed the spatiotemporal
structure of fiddler crabs’ foraging excursions. Specifically, we
investigated the following path characteristics: length, duration,
arc sector, change in crabs’ bearing relative to the burrow, and
body turns. We found that, not only can the presence and
magnitude of homing errors be predicted, but the shape of the
paths can predict the direction in which these errors occur.

Materials and methods

Experiments were conducted on the fiddler crab Leptuca
pugilator at the University of Cincinnati, from fall of 2019
through spring of 2023 using animals imported from Beaufort,
NC or purchased from livebrineshrimp.com (Oak Hill, FL, USA).

Laboratory setup and experimental design

The main tank was a 1.5-meter diameter stainless steel tank
filled to ~25 cm with sand from North Carolina sandflats, a natural
habitat of L. pugilator. A pseudo-tidal rhythm of brackish water
created with Instant Ocean salt (salinity of 25 ppt as measured by a
refractometer) was pumped in and out of the arena every ~6.2
hours, and the lab temperature was maintained at 26°C. To simulate
circadian rhythms, a 12:12 hour day/night ratio was implemented.
Fidder crabs were fed once every other day with crushed fish flakes
(Tetra Cichlid Diet).

To track foraging excursions the left and right fronto-lateral tips of
the carapace were marked with white reflective paint. Two to six
painted animals were placed into the experimental arena, of which only
one or two actively foraged at a time, while the others were
underground. The arena consisted of a four-sided box (60 cm x 40
cm x 10 cm) constructed on top of the sand in the main tank, the walls
of which were made of Sintra®. Vertical black and white stripes
alternating with a spatial period of ~10 cm created visual contrast in
the surround. Fiddler crabs were acclimated to the experimental arena
for several hours, and acclimation was considered adequate when crabs
exhibited natural behaviors such as making their own burrows,
participating in courtship and burrow defense, and embarking on
foraging excursions. Acclimated crabs making foraging excursions at
pseudo low tide were continuously recorded with a Sony HDR-HC1
camcorder during both day and night (infrared nighttime illumination
was achieved using the “night-shot” mode in the camera setting). Both
sexes were used indiscriminately, with the exception of gravid females,
and only adult fiddler crabs (with a minimum size of 1 cm carapace
width) were used in this study.
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Data analysis

Foraging excursions (n=70) were digitized using custom
MATLAB code (Layne, 2023). Each excursion was clicked by
hand at 10-frame intervals (three times per second). On every
10" frame the painted left and right fronto-lateral points of the
carapace were clicked and the x-y data thus acquired were used to
compute the path characteristics used to model homing error.

The section of the path within two body lengths of the burrow
was trimmed to avoid computing spuriously large angles, and because
crabs are often able to see the burrow entrance from that distance
making path integration superfluous. The path characteristics used to
model homing error were computed using the portion of the path
between this (trimmed) departure from the burrow and the point at
which the crabs clearly began homing. This homing point was
identified by the cessation of feeding and a more-or-less straight
journey of approximately the correct distance to the burrow and
ending either at the burrow or in an abrupt, large-angle change in
direction, the beginning of the search for the burrow entrance.

In order to compare spatial characteristics between natural
paths all of them were resampled to a uniform step length. This
was done by computing the center of the crab’s carapace as the
midpoint between the two clicked lateral points, and computing the
cumulative distance traveled as the cumulative sum of the distances
between successive center points. Plotting the body center x- and y-
coordinates (ordinate) against cumulative distance traveled
(abscissa), the latter of which increases monotonically, the body
center x- and y-coordinates were resampled at regular distance
intervals (0.05 body width) by linear interpolation. The length of the
path was then recalculated from the new x-y coordinates, and this
was always shorter than the original length due to the smoothing of
digitizing noise. The resampling process was repeated until a new,
re-calculated path length decreased less than 0.5 body width
compared to path length from the previous resampling iteration.

Foraging paths were normalized to the clockwise direction.
Because crabs venture away from their burrow by moving laterally,
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they face either clockwise or counterclockwise on a radius connecting
them to their burrow entrance. Those facing counterclockwise had
their paths flipped around the y-axis by multiplying their x-
coordinates by -1 (with the burrow at x = 0, y = 0).

The body orientation of the crabs was computed using the
original, non-resampled data, from the slope of the line connecting
the two carapace points. It is an angle relative to a coordinate system
established by the video frame (see Figure 1 inset). Body orientation
was then subject to the same resampling procedure as body location
(above). The path characteristic Turns is this vector of values
differentiated (clockwise negative, counterclockwise positive)
and summed.

The bearing of the crabs was computed using the resampled
body center points, from the slope of the line connecting the body
center with the burrow (see Figure 1 inset); like body orientation it
is an angle in frame-based coordinates. The path characteristic
ABearing is this vector of values differentiated and summed, as with
body Turns.

The path characteristic Arc sector is the angle subtending the
counterclockwise-most to the clockwise-most bearing of the crabs’
path, and is assigned a direction (clockwise negative,
counterclockwise positive) according to which of these occurs
earlier in the foraging excursion (see Figure 1).

We conducted a stepwise multiple linear regression analysis
with interactions on the relationship between homing errors and
the magnitudes and directions of path characteristics. To determine
the overall significance of the multiple linear regression, an
ANOVA test was conducted using a significance alpha value of
0.05. Data analysis was conducted using the Data Analysis ToolPak
in Excel (Version 2402).

Results

We recorded 70 foraging excursions that ended with homing
error magnitudes from 0° to ~55° (Figures 1, 2). From these we
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FIGURE 1

Example path illustrating the transverse body axis of the crab with the arrow pointing toward the ‘homeward’ side and defining the angular path
characteristics. Top right inset: definition of “bearing” and “body orientation” angles. Bottom left inset: a histogram of the homing errors from the 70

foraging excursions. See Supplementary Material for video.
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computed the following spatiotemporal characteristics: arc sector,
Abearing, turns, path length and path time. We created a multiple
regression model of the relationship between the absolute
magnitude of these characteristics and the absolute magnitude of
the crabs’ homing errors. This model showed that arc sector
(p<0.0001), Abearing (p<0.0001), and path length (p=0.0002)
were all significant predictors of homing error magnitude. In
addition, interactions between several characteristics had
significant predictive effect: arc sector x Abearing (p=0.005), arc
sector x path time (p=0.020), Abearing x turns (p<0.0001), Abearing
x path time (p=0.044), turns x path length (p<0.0001) (Figure 3A
and Table 1).

We created a second multiple regression model to determine
which (signed) spatiotemporal characteristics predicted the
magnitude and direction of the crabs’ homing error. For this, the
homing error and those characteristics that are angular in nature all
had a clockwise = negative, counterclockwise = positive convention.
We found evidence of a systematic error, in that interactions
between several characteristics had significant predictive effect:
arc sector x Abearing (p=0.002), arc sector x turns (p=0.013),

10.3389/fmars.2024.1406753

Abearing x turns (p=0.049), Abearing x path length (p=0.030),
and turns x time (p<0.0001) (Figure 3B and Table 1).

Discussion

In path integration animals measure their translations and
rotations and continuously sum these to form a single memory-
stored home vector (Mittelstaedt and Mittelstaedt, 1980). As with
any biological mechanism path integration is not perfect, and is
inherently error prone, especially if the sensory information used
for the measurements is idiothetic (Benhamou et al., 1990), as is the
case for the study species, Leptuca pugilator (Layne et al., 2003b).
These errors can be random which is demonstrated by an arbitrary
scatter in homing errors (Benhamou et al, 1990; Maurer and
Seguinot, 1995; Seguinot et al., 1998). The errors can also be
systematic in nature and can accrue in a directional pattern. Such
errors can arise where there is a consistent under or overestimation
of translation or rotations and are demonstrated by consistent
homing error directions (Sommer and Wehner, 2004).
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Four examples of digitized foraging excursions. Table in each panel (A-D) lists the magnitude and direction of the spatiotemporal characteristics.
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In this study, we analyzed the natural foraging excursions of L.
pugilator to determine the degree to which homing errors are random
or systematic. Using the body locations and orientations of the crab,
we analyzed a variety of path characteristics: arc sector, path length
and duration, body turns and changes in the bearing of the animal
relative to the burrow. These characteristics and associated body
movements comprise the size and shape of the paths and they are
causative of the errors that are produced. As such, the homing errors
incurred can be predicted by the structure of the path.

We found evidence that homing errors incurred by L. pugilator
during path integration are both random and systematic in nature.
We first analyzed the relationship between the absolute magnitude
of the above-mentioned path characteristics and the absolute
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magnitude of homing errors (which ranged from 0° to ~55°).
Homing errors analyzed this way will include those arising from
both random and systematic measurement errors. The results show
a strong relationship between the magnitudes of the error and
several path characteristics. For example, the longer the path and
the larger the arc sector, the larger the homing error incurred. To
determine what portion of these errors were specifically systematic
we ran a second test, maintaining the signed direction of the path
characteristics and homing errors, and this revealed several positive
correlations. For example, there was a significant relationship
between homing error and the interaction between arc sector and
body turns. Thus, if the path consisted of a large, circumferential arc
in the clockwise (negative, by our convention) direction, the
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TABLE 1 Results of two multiple linear regression models (magnitude and direction): path characteristics as predictors of homing error.

MAGNITUDE DIRECTION
df Significance F df Significance F

Regression 10 8E-08 10 2E-07
Residual 59 59

Total 69 69

Coefficients P-value Coefficients P-value

Intercept -4.066 0.355 0.543 0.893
Arc Sector (deg) 0.694 0.000 0.146 0.062
ABearing(deg) -0.417 0.000 -0.196 0.206
Turns (deg) 0.027 0.402 -0.129 0.274
Path length (body widths) 0.504 0.000 0.037 0.749
Path time (seconds) -0.014 0.370 -0.003 0.608
Arc Sector x ABearing -0.004 0.005 -0.005 0.002
Arc Sector x Path Time -0.001 0.020 - -
ABearing x Turns 0.001 0.000 -0.005 0.049
ABearing x Path Time 0.001 0.044 - -
Turns x Path Length -0.002 0.000 - -
Arc Sector x Turns - 0.008 0.013
ABearing x Path Length - 0.006 0.030
Turns x Path time - 0.001 0.000

homing error direction was also negative. Such errors generated in a
direction-dependent way persist if clockwise and counterclockwise
turns are not balanced (Miiller and Wehner, 1988; Seguinot et al.,
1993), as they are not when forming an arc.

This trend has been observed in other animals, such as in
desert ants, where systematic errors generated during the
outbound path resulted in a homing error that reflected the
cumulative sum of the turn angles (Miiller and Wehner, 1988).
Systematic homing errors have also been observed from as early as
1957 in honeybees (Bisetzky, 1957) and are present in a wide range
of taxa, from hamsters (Seguinot et al., 1993), spiders (Goerner,
1958), dogs and humans [ (Seguinot et al., 1998); reviewed in
(Etienne and Jeffery, 2004)]. The errors indicated in all these cases
are strikingly similar in that they are all “inward”, that is, they
have the same sign as the cumulative turns in the path. This
consistency throughout such a wide variety of taxa suggests that
the algorithm for path integration has evolved in a similar manner
among different groups (Etienne and Jeffery, 2004). Our results
place L. pugilator among the disparate taxa exhibiting this type of
systematic error, though very few of these have been examined for
path-related sources of error. One exception is the desert ant
(Cataglyphis bicolor), in which it has been demonstrated that
cumulative turns and longer distances during foraging excursions
predict error directions and wider search patterns, respectively,
when returning home (Wehner and Wehner, 1986; Miiller and
Wehner, 1988; Merkle et al., 2006). Similarly, in humans,
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increasing distance (Stangl et al,, 2020) and unbalanced turns
account for systematic biases (Qi and Mou, 2023).

The systematic errors and their apparent path-related causes
shown here are consistent with our theory of how this fiddler crab
retains the direction of its home vector. While L. pugilator moves
circumferentially around the burrow, the direction of home relative
to its body orientation can be read out from, and is possibly
maintained by, the neural-behavioral mechanism controlling eye
stability, the optokinetic system (Chatterji and Layne, 2023). As this
system rotates the eyes to counter body rotations, the horizontal
eye-body angle becomes the basis of the crabs’ directional reference
for the home vector. If the optokinetic system functions efficiently,
the only eye movements are saccadic updates of their orientation as
the crab moves around an arc, and these are accounted for by the
path integrator. However, if the eyes “drift” then the directional
reference will also drift, thereby leading to an error in homing. The
crabs’ tendency to align their body with the burrow direction as they
form an arc necessitates body rotations in one direction. This
behavior places demands on the optokinetic system in a
directionally biased way, and this can lead to directionally biased
drift. One might even speculate that maintaining the eye-burrow
relationship is the reason the crabs align with the burrow in the first
place. Overall, our research shows that much of the error that L.
pugilator incurs during path integration is systematic in nature and
is consistent with the idea that their optokinetic system function
ultimately determines the animals’ homing success.
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