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INTRODUCTION

Echinoderms are widely known for their ability to
right themselves from an aboral position (Hyman
1955, Reese 1966). This righting behavior usually
involves the coordinated movements of tube feet and
spines (Lawrence 1976a) and is thought to be a sim-
ple neurological reflex (Reese 1966, Binyon 1972).
Historically, the righting response has been exploited
in laboratory studies, particularly with asteroids and
echinoids, as a measure of stress under environmen-

tal change (e.g. Kleitman 1941, Giese & Farmanfar-
maian 1963, Percy 1973, Lawrence 1975, Lares &
McClintock 1991, Böttger et al. 2001, Challener &
McClintock 2013) or as a diagnosis of sea urchin
 disease (e.g. Scheibling & Stephenson 1984). In in -
stances where righting responses are employed, sea
urchins or sea stars are collected and transported to
the laboratory, where they are placed in aquaria or
seawater tables. Several days to weeks are usually
allowed for adjustment to laboratory conditions prior
to measuring righting responses, as a technique to
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ABSTRACT: Righting behavior has been used extensively in laboratory studies of sea urchins as an in-
dicator of stress under various environmental conditions. In situ measurements of the natural righting
response of sea urchins would serve to place such laboratory measurements in an ecological context
as well as potentially validate laboratory control conditions. We investigated the righting response of
the sea urchin Lytechinus variegatus in seagrass and sand bottom habitats of Saint Joseph’s Bay,
Florida. Field-measured righting times (other than the exception mentioned below) in L. variegatus
were similar to those measured in laboratory studies. Moreover, as seen in multiple sea urchin species
in laboratory studies, smaller individuals exhibited significantly shorter righting times than larger in-
dividuals. Importantly, sea urchins lacking covering material (shell material, seagrass blades) that
were placed on open sand patches took significantly longer to right than those with covering material
placed on sand patches. Our field observations indicate the importance of sea urchin size, substrate
type, and the presence or absence of covering materials when making righting measurements in the
laboratory or the field. Our findings also suggest that higher water velocities facilitate righting, as at
higher flows on sand patches, the presence/absence of covering material no longer significantly im-
pacted righting time. These findings are ecologically important as they indicate that, under certain
natural conditions (sand substrate, low availability of covering materials and low water velocities),
L. variegatus that are displaced onto their aboral side are more vulnerable to predation.
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evaluate exposure to a given stressor. Although
adjustment to laboratory settings is necessary to
ensure that animal well-being is optimal and to
 minimize variation between individuals (Schapiro &
Everitt 2006), laboratory conditions often do not
reflect the natural environment and therefore have
the potential to produce experimental results that
vary from those observed in the field. Assessing
righting responses under natural conditions would
permit comparisons with laboratory-based righting
times. Thus, such knowledge has the potential to val-
idate laboratory studies, as well as provide valuable
information on ecologically relevant righting times.
Yet, to our knowledge, righting behavior has never
been measured for any echinoid or asteroid under
natural conditions in the field.

The common regular sea urchin Lytechinus varie-
gatus is distributed throughout the Caribbean and
Gulf of Mexico, occurs primarily in shallow seagrass
habitats (see Watts et al. 2013 for review) and dis-
plays righting behavior: when placed on its aboral
side with its mouth facing upward, the sea urchin will
reorient itself by rotating 180º until its oral surface is
again on the substrate (Kleitman 1941). Smaller
urchins are likely to right more rapidly than larger
urchins as smaller body size in regular sea urchins
has been associated with reduced righting time in
laboratory studies (Percy 1973, Sonnenholzner et al.
2010). Populations of L. variegatus are known to dis-
play polymodal size distributions with discrete year
classes present throughout the year (e.g. Bedding-
field & McClintock 2000) and therefore righting re -
sponses may be expected to vary with size in the field.

Other factors that may influence the righting
response in L. variegatus include substrate type and
presence/absence of covering material. In Saint
Joseph’s Bay, Florida, densities of L. variegatus are
relatively higher in seagrass (Thalassia testudinum)
patches in comparison to sand patches, yet indi -
viduals have been observed on sand patches (e.g. 8
individuals m−2), especially in winter months when
less seagrass is present (Beddingfield & McClintock
2000). L. variegatus has greater clinging power (ad -
herence to an experimental substrate) on a smooth
surface versus a rough surface (Sharp & Gray 1962).
Whether seagrass blades may function as smooth
surfaces and sand particles as a rough surface is not
known, nor is the righting response of L. variegatus
in either seagrass beds or sand patches. Finally, L.
variegatus is well known for its covering behavior,
holding materials such as small shells, pebbles, and
seagrass blades on its aboral surface (Field 1892,
Amato et al. 2008). As both the spines and tube

feet facilitate the righting response in sea urchins
(Lawrence 1976b), it is possible that the presence of
covering material interferes with the ability to right,
yet to date it is unknown whether this is the case.

The purpose of the present study was to conduct
the first analysis of righting behavior in a common
sea urchin in its natural benthic environment. For
both small and large individuals, we measured the
time required to right on the same substrate (sea-
grass), each with and without covering material, to
evaluate the potential effect of size and presence/
absence of covering material on in situ righting times.
We then took large individuals (to eliminate size as a
factor), with and without covering material, and
measured the time require to right on 2 natural sub-
strates (sand and seagrass), to evaluate the potential
effect of substrate type and presence/absence of cov-
ering material on in situ righting times.

MATERIALS AND METHODS

Field observations were carried out in May 2014
and 2015 during daylight hours in Eagle Harbor, a
small bay located within Saint Joseph’s Bay State
Park, Florida (29° 46’ N, 85° 22’ W) where densities of
Lytechinus variegatus as high as 35 m−2 have been
recorded (Beddingfield & McClintock 2000). All ex -
periments were carried out during daylight in shal-
low (<2 m depth) water where researchers were able
to stand and/or kneel while handling and observ -
ing sea urchins. Individual sea urchins were hand-
collected and righting measurements were made
within the same seagrass beds from which urchins
were  collected or immediately adjacent to seagrass
beds where urchins were collected for sand-patch
treatments. Urchins were maintained under water at
all times in order to minimize air exposure, with the
exception of a period of less than 30 s such that digi-
tal images could be taken (see below). In treatments
where covering material was removed, this was care-
fully cleaned from the test under water by hand in an
effort to minimize any tube foot damage. Righting
behavior measurements were made by gently plac-
ing sea urchins onto their aboral side and recording
the length of time required for an individual to lift its
oral surface to attain a 90º angle with the substrate
(Percy 1973). Size measurements (diameter) of each
individual were made by taking a digital image of
each urchin adjacent a ruler and then later using
Image J software (Schneider et al. 2012).

In studies conducted in 2014, ambient seawater
temperature was measured using a YSI 85 meter
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(YSI) and salinity was measured using a Vital Sine™
SR6 salinity refractometer. In 2015, ambient seawater
temperature, dissolved oxygen, and salinity were
measured using a YSI Professional Plus multipara-
meter water quality meter (YSI). Measurements were
made at the beginning and end of each set of righting
observations.

Effects of body size and presence of covering
materials on righting

In 2014, we employed a 2 × 2 factorial design to as-
sess whether body size (test diameter) and the pres-
ence/ absence of covering material impacted righting
times in small and large L. variegatus in seagrass
beds. A total of 53 small sea urchins (diameter 1.67 ±
0.04 cm, mean ± 1 SE) carrying covering material
were hand-collected haphazardly from a seagrass
bed. For 26 of the individuals, covering material was
left in place, while it was completely removed from
the remaining 27 individuals. A similar regime was
carried out for 60 large sea urchins (diameter 4.07 ±
0.05 cm), with 30 sea urchins left with their covering
material attached and 30 individuals with it removed.
Each measurement involved turning an individual
gently by hand on to its aboral side in a seagrass bed
and measuring the time to right (see above).

Effects of presence of covering materials and
substrate type on righting

In a second 2 × 2 factorial design, we tested
whether the presence/absence of covering material
and substrate type (seagrass or sand patch) influ-
enced the time required to right in large L. variega-
tus. The 60 large sea urchins collected above were
used in this experiment. Covering material was left
in place on 30 individuals and completely removed
from the remaining 30 individuals prior to measur-
ing righting times within a seagrass bed. The same
methodology was employed with 40 additional large
individuals with righting times measured for 20 with
covering material and 20 without covering material,
but righting times were measured on an open sand
patch rather than within a seagrass bed.

Water current measurements and righting

In order to evaluate whether in situ currents might
impact righting times in large L. variegatus with and

without covering material and on sand or seagrass
patches, we repeated the above experiment in 2015
and at the same time measured in situ currents. We
again employed a 2 × 2 factorial design to examine 4
sea urchin treatments: (1) presence of covering mate-
rial (mean test diameter 3.60 ± 0.17 cm, n = 15) and
a substrate of seagrass, (2) absence of covering mate-
rial (mean test diameter 3.49 ± 0.21 cm, n = 15) and a
substrate of seagrass, (3) presence of covering mate-
rial (mean test diameter 3.70 ± 0.20 cm, n = 15) and
a substrate of sand, and (4) absence of covering mate-
rial (mean test diameter 3.66 ± 0.17 cm, n = 15) and a
substrate of sand. Linear water velocities were ap -
proximated using a Geopacks MFP51 stream flow -
meter that was placed within 0.1 m of the sea urchin
being observed and recorded throughout righting.
Experiments were carried out in May 2015 during
daylight over a 2 d period with a different substrate
being tested each day.

Statistical analysis

Transformation of data was performed when as -
sumptions of normality (Shapiro Wilk test) were not
met. For the 2014 2 × 2 factorial experiments on the
potential impacts of size and covering material, a 2-
way fixed effects ANOVA (following the methods of
Conover & Iman 1981) was performed where rank-
transformed time-to-right was the dependent variable
and size (2 categories) and covering material (present/
absent) were  independent variables. For the 2014 2 ×
2 factorial ex periments on the effects of covering ma-
terial and substrate (for same-sized sea urchins), a 2-
way fixed effects ANOVA was performed where
rank-transformed time-to-right was the dependent
variable and covering material and substrate (each
with 2 categories) were the  in de pen dent variables. A
nonparametric Spearman’s correlation analysis was
used in order to determine that size was not signifi-
cantly correlated with righting times and did not need
to be included in the 2 × 2 factorial experiment on cov-
ering material and substrate effects.

For the 2015 experiment carried out over 2 d, right-
ing response times were first compared using a non-
parametric 2-sample t-test (Mann-Whitney) in order
to determine whether day affected righting times.
Water velocities measured on each day were com-
pared using a Mann-Whitney rank sum test and
were found to be significantly different; therefore,
we could not compare righting times collected on
 different days as a different substrate was tested on
each day (seagrass on Day 1, sand patch on Day 2).
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To determine if the presence of covering material
affected righting times on sand patches (all data that
was measured on Day 2), a nonparametric Spear-
man’s correlation analysis was used in order to deter-
mine that size and water velocity were not signifi-
cantly correlated with righting times. Therefore size
and water ve locity did not need to be included in the
statistical analysis and a 1-way fixed effects ANOVA
was performed on rank transformed time-to-right
with covering material (presence/ absence) as the cat-
egorical independent variable.

Statistical analyses were performed using Micro soft
Excel 2010, SigmaPlot 12.0, and IBM SPSS  Statistics 23.

RESULTS

Effects of body size and presence of covering
materials on righting

In our 2014 experiment examining the potential
impact of body size and the presence or absence of
covering material on righting in Lytechinus variega-
tus within a patch of seagrass, we detected no signif-
icant interaction effect between body size and cover-
ing on righting (Fig. 1, 2-way ANOVA, p = 0.063, df =
1, 112). However, while the presence or absence of
covering material did not affect righting times (p =
0.441, df = 1, 112), body size had a significant effect
(p < 0.001, df = 1, 112). Large sea urchins took signif-
icantly more time to right than did small individuals
(mean ± SE righting time for large sea urchins 94.1 ±
9.7 s; small sea urchins 39.64 ± 3.4 s). Moreover, there
was considerably more variation in righting times for
large than for small sea urchins (Fig. 2).

Effects of presence of covering materials and
substrate type on righting

In our 2014 experiment examining the potential
impact of covering material and substrate type on
righting in large L. variegatus, we found no signifi-
cant correlation between body size and righting time,
indicating that the size of sea urchins in these exper-
iments did not affect righting times (Spearman’s cor-
relation coefficient analysis, p > 0.254 for all 4 treat-
ments). We detected a significant interaction effect
between presence/absence of covering material and
substrate type (2-way ANOVA, p < 0.001, df = 1, 99).
On sand patches, sea urchins that lacked covering
material required a significantly longer period of
time to right than did sea urchins with covering mate-

rial on sand patches, or sea urchins with or without
covering material in seagrass patches, despite having
similar test diameters (Fig. 3A). Mean ± SE righting
times for those individuals lacking covering material
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Fig. 2. Sea urchin Lytechinus variegatus size versus righting
response in seagrass beds from experiments performed in 

2014
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Fig. 1. Experiments in 2014 on a seagrass bed comparing sea
urchin Lytechinus variegatus size and presence/absence of
covering material (‘cover’). Mean ± SE (A) diameter and (B)
righting time for big (n = 30 in each treatment) and small sea
urchins with (n = 26) and without cover (n = 27). Righting
times between size classes were significantly  different (p < 

0.001) by 2-way ANOVA with a Tukey post-hoc test
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within a seagrass patch were 5 times shorter than for
sea urchins lacking covering material on a sand patch
(93.88 ± 11.94 vs. 469.85 ± 36.34 s).

Water current measurements and righting

In our 2015 experiment, righting response times on
the 2 days were not significantly different (Mann-
Whitney, p = 0.119); however, water velocities on the
2 days were significantly different (Mann-Whiney,
p < 0.001) and therefore we were unable to combine
the data as different substrates were tested on differ-
ent days. On the first day, when experiments were
performed in seagrass patches (with both presence
and absence of covering material), there was little
wind and our measured flow velocities averaged 0 m
s−1 at the seafloor adjacent to sea urchins. On the sec-

ond day, sea surface winds were notably stronger
and flow velocities measured averaged 0.6 m s−1 ad-
jacent to sea urchins. On this day, the righting times
of sea urchins were tested on sand substrate and, in
contrast to our 2014 experiment, the   presence/
absence of covering material did not significantly af-
fect righting times (Fig. 3B, 1-way ANOVA, p =
0.638). The majority of individuals (80%) were ob-
served to be assisted in righting by the strong wave
action, with  wave-generated currents physically flip-
ping over sea urchins, rather than the sea urchins
righting themselves. This passive wave-  generated
righting happened regardless of the presence/ ab -
sence of sea urchin covering material. Although flow
velocities were not measured during the experiments
we conducted in 2014, these experiments were car-
ried out at slack tide with no visible wave action and
little wind, indicating low flow conditions.

DISCUSSION

The objective of the present study was to conduct
in situ field observations of righting behavior in
Lytechinus variegatus, including evaluations of the
prospective impacts of body size (large versus small
test diameter), covering material (presence versus
ab sence of covering material), and substrate type
(seagrass bed  versus sand patch), in order to com-
pare previous  laboratory righting response times
with righting times under natural conditions.

The present study indicates that the presence or
absence of covering material (shell pieces, seagrass
blades) in seagrass beds did not affect righting re -
sponse times in any of the size classes of the sea
urchin L. variegatus. Therefore, the physical distur-
bance of removing the covering material did not
affect the urchins’ ability to right, nor did the cover-
ing material itself obstruct it. However, when com-
paring between sea urchin size classes, smaller in -
dividuals (mean 1.67 cm diameter) righted 3 times
faster than larger urchins (mean 4.07 cm diameter),
regardless of the presence or absence of covering
materials, when placed on seagrass substrates.

In terms of the impact of body size, our results are
similar to righting measurements in laboratory  studies
carried out with other echinoids (Percy 1973, Sonnen -
holzner et al. 2010). For example, Percy (1973) noted
in preliminary studies that righting time increased
(lower activity coefficients) with increasing size
(weight) in the sea urchin Strongylocentrotus droe-
bachiensis, and Sonnenholzner et al. (2010) ob served
that large individuals of the sea urchin S. purpuratus
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Fig. 3. Experiments in 2014 and 2015 in large sea urchins
Lytechinus variegatus comparing substrate type and pres-
ence/absence of covering material (‘cover’). (A) Mean ± SE
righting time for large sea urchins with/without cover in sea-
grass beds (n = 30 in each treatment) or sand patches (n = 20
in each treatment) in 2014. *Significantly different by 2-way
ANOVA as there was a significant interaction (p < 0.001) be-
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SE righting time for large sea urchins on sand with/without
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had significantly longer righting times (lower activity
coefficients) than those measured in small individu-
als. The reason(s) for size-based differences in the
time required to right may reflect a simple physical
relationship between the changes in surface area to
volume ratio as individuals increase in size. Small
individuals of a given species are generally able to
generate greater forces relative to their body mass
(Weihs 1977, Schmidt-Nielsen & Duke 1984). This is
because the cross-sectional area of muscle is squared
while body mass is cubed as an individual increases
in size. Thus, the larger an individual, the more mass
per cross-sectional area of muscle the individual has
to move. The ratio of spine length: urchin diameter
may also change as sea urchins grow. In the present
study, spine length: urchin diameter was significantly
negatively correlated with size (Spearman’s rank cor-
relation, p < 0.0001, n = 288, data not shown), indica-
ting that larger urchins have smaller spines and
therefore sea urchins with longer spines may be
more efficient at righting. It is also relevant that
larger individuals exhibited significantly more varia-
tion in the time required to right than did small indi-
viduals. These observations highlight the importance
of using consistent body sizes when measuring right-
ing time as an indicator of stress to a given environ-
mental factor. Moreover, small individuals offer the
advantage of significantly reducing time spent carry-
ing out righting measurements, as well as an inher-
ent reduction in the variability of measurements.

In the present study, times required to right on sand
were significantly reduced when covering material
was present as opposed to when covering material
was absent in 2014, yet not significantly different in
2015. Righting times of sea urchins on sand without
covering material in 2014 averaged 469.9 ± 36.3 s ver-
sus 23.3 ± 6.7 s in 2015. Although no water velocities
were measured in 2014, water velocities measured in
2015 (average of 0.6 ± 0.2 m s−1) were qualitatively
noted as being of higher flow relative to the water
currents observed in 2014. In 2015, urchins on sand
were observed to right more quickly in situ with
‘wave assists’ regardless of whether covering material
was present or not. In a separate, preliminary ex -
periment simulating no flow conditions, where sea
urchins without covering material were placed indi-
vidually on sand in an aquarium along the shoreline
(average diameter 4.4 ± 0.2 cm, n = 10), mean righting
time was 562.5 ± 25.7 s (data not shown). Therefore,
covering material appears to play a significant role in
fa cilitating the righting process under low flow, while
at high flows the force of wind-generated currents
 facilitates rapid righting in L. variegatus.

Echinoid covering behavior is considered to be a
reflexive response (Lawrence 1976a, Pawson &
 Pawson 2013 and references within), yet there are
likely both abiotic and biotic factors involved (Ver-
ling et al. 2004, Dumont et al. 2007, Chen & Soong
2010, Pawson & Pawson 2013). Previous in situ stud-
ies on several species of shallow-water sea urchins
have reported that the extent of covering material
is positively associated with higher degrees of wave
action, suggesting that sea urchins are capable of
detecting high flow and adding additional covering
materials to serve as ballast to prevent dislodgement
of the individual from the substratum (James 2000,
Dumont et al. 2007). Both tube feet and spines are
involved in the righting response in L. variegatus
(Lawrence 1976b). When spines are clipped off at
the base, spineless L. variegatus are still able to right
themselves, yet righting response times (expressed
as activity coefficients: 1000 / righting time in s,
Percy 1973) are significantly reduced (Lawrence
1976b). The tube feet of many regular echinoids end
in flat, terminal discs that are adhesive in nature and
specialized for locomotion or maintaining position
(Santos et al. 2009). The degree to which the spines
versus the tube feet contribute to righting behavior is
unknown, but the number and strength of the tube
feet, as well as the length of the spines, are likely
to have an important impact on righting time (Law -
rence 1976b). L. variegatus has greater clinging
power (adherence to an experimental substrate) on
a smooth surface versus a rough surface (Sharp &
Gray 1962). Therefore, we hypothesize that covering
materials held on the aboral test are released and
then provide a solid surface for spines to push against
and tube feet to attach to the surface and contract,
thus assisting in righting. In the present study, indi-
viduals lacking covering material in sand patches
were often incapable of righting within a 10 min
period, suggesting that fine-grained sediments may
not provide enough of a stable surface for righting
forces (e.g. pushing or pulling against). These forces
can be more effectively applied against a larger sur-
face such as a rock or shell, or a surface that is
attached to the sediment such as blades of the sea-
grass Thalassia testudinum. Indeed, in a separate
preliminary experiment where we placed urchins
in an aquarium in order to remove water velocity as
a variable, we observed urchins making repeated
righting attempts where an individual would achieve
a 30 to 45° angle relative to the sand surface and then
collapse back onto their aboral test surface, appar-
ently unable to maintain contact with the sand grains
long enough to exert sufficient ‘push’ or ‘pull’ to
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achieve the 90° angle necessary to right. Overall, we
found that, with the notable exception of righting
experiments carried out with a sand substrate and
lack of available covering materials, mean righting
times for L. variegatus in all experimental and control
treatments were ≤2 min (or an activity coefficient
≥15). These field-based righting times measured in
the present study are  similar to righting times for L.
variegatus observed in control treatments under lab-
oratory conditions (Kleit man 1941, Lawrence 1975,
Böttger et al. 2001) and therefore validate the ecolog-
ical relevance of laboratory righting measurements.

The greatly reduced capacity to right on soft bot-
tom habitats has significant implications for L. varie-
gatus, particularly as this relates to increased risk of
predation. L. variegatus is predominantly found in
locations characterized by little wave activity (Sharp
& Gray 1962, Watts et al. 2013) and has been ob -
served to aggregate on sand flats of Saint Joseph’s
Bay, FL in winter months when the blades of T. tes-
tudinum are absent or significantly reduced in length
(Beddingfield & McClintock 2000). Populations have
also been observed living on sand substrates in
deeper offshore waters along the Florida gulf-coast
shelf (Hill & Lawrence 2003). Therefore, the results
of the present study indicate that populations of L.
variegatus may be more vulnerable to predation
when displaced onto their aboral side in sandy areas
that contain little covering material.
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