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Leaf-folding response of a sensitive plant shows
context-dependent behavioral plasticity
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Abstract The fast touch-induced folding of leaves in
sensitive plants may function for deterring herbivores,
but it relies on energetically costly action potentials
and interferes with photosynthesis. Here, we tested
whether the intensity of the folding response in Mimosa
pudica was modulated based on previous experiences,
and whether the modulation was dependent on the
probability of exposure to herbivores or pollinators.
Younger leaves (under higher herbivory risk) reopened
faster with repetitions but showed complete folding at
all trials, which should be more effective as defense,
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but limits light exposure for longer; older leaves
changed from complete to partial folding with trials,
but maintained similar reopening times, which should
decrease loses in photosynthesis but is less effective as
defense. Unlike leaves away from inflorescences,
leaves near inflorescences (i.e. more likely to be
touched by flower visitors, a non-damaging stimulus)
marginally decreased reopening times and shifted from
complete to partial folding, a combination that
decreases to the least the time leaves are light limited.
All leaves showed an increased response when a new
stimulus was presented after the repeated trials,
suggesting that the decrease in response after repeated
stimulation was not caused by mechanism exhaustion.
This study shows habituation-like plasticity in a plant
thigmonastic response that conforms to expectations of
behavioral ecology theory usually applied to animals.

Keywords Seismonastic - Thigmonastic - Mimosa
pudica - Touch-induced movements - Behavioral
plasticity - Habituation

Introduction

Plants defend themselves against herbivores using a
diversity of strategies, including chemical defenses,
physical traits, leaf movements and mutualisms (Coley
and Barone 1996). Besides having constitutive defenses
that anticipate the attack of herbivores, plants also have
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plastic defensive responses that are induced by actual
herbivore attack (Agrawal and Rutter 1998). Plastic
responses to herbivores optimize the defense by reduc-
ing the reproduction and growth costs and increasing
survival benefits (Hamilton et al. 2001). Plastic induced
defenses are known to occur for chemical defenses (e.g.
Agrawal and Rutter 1998; Agrawal and Dubin-Thaler
1999; Metlen et al. 2009), and for biotic defenses
(Christianini and Machado 2004), but the plastic
responses of other defensive mechanisms are poorly
understood, such as thigmonastic movements of leaves
(i.e. movements in response to touch).

The rapid folding of Mimosa leaflets (Fig. 1) is
triggered by a mechanical stimulus and has been
hypothesized to deter herbivore attack for several
reasons: it exposes the spines located below the leaf
raquis (Eisner 1981); the leaf moves when insects land
on it causing them to move away (Pickard 1973); and it
could decrease the visibility of the leaves or make
them look smaller (Braam 2005). Recent evidence
shows that the thigmonastic response of Mimosa
pudica is likely to be directed toward herbivores,

although it has not been unequivocally proven. For
instance, when the leaves suffer mechanical damage or
a strong mechanical stimulus they remain closed for
longer time (Bose 1926; Cahill et al. 2013).

Similar to other anti-herbivore defenses, these rapid
movements are also costly to the plant, because: (1)
the movement relies on the production of energetically
consuming action potentials that spread through the
plant (Fleurat-Lessard et al. 1997; Koller 2011). (2)
This electrical signal temporarily knocks-out the dark
and light phases of the photosynthesis and increases
the release of CO,, not only in the folded leaf, but also
in neighboring leaves that did not fold (Koziolek et al.
2004; Lautner et al. 2013). (3) Once the leaf is folded
and the photosynthetic machinery is active, the leaf
lamina has limited light exposure that could have
effects similar to self-shading (Ackerly and Bazzaz
1995); thus, photosynthesis rates in the responding
leaf are reduced by 40 % (Hoddinott 1977). M. pudica
leaves opened faster after being light limited (Jensen
et al. 2011), which demonstrates the plasticity of
the leaf-closing in response to increased costs in

Fig. 1 Intensity of folding in leaves of M. pudica plants.
a Leaflet (Lfl, white arrow) in one of the four pinnas (P) that
showed b complete folding, where the leaflet is entirely
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photosynthesis. It is unknown how the folding
response is adjusted to other leaf conditions (e.g.
herbivory risk).

Besides adjusting the response to previous light
availability, leaves could balance the tradeoff between
photosynthetic costs and defense benefits by discrim-
inating between a damaging and a non-damaging
stimulus. A way to achieve this is by decreasing the
response to a repeated non-damaging stimulus like a
drop of water or fallen leaves, similar to habituation in
animals (Groves and Thompson 1970). Showing
habituation towards a non-damaging stimulus could
increase the plant fitness, because it would reduce the
overall losses in photosynthesis. Habituation has been
demonstrated to occur for the leaf-folding response of
M. pudica plants under artificial conditions, because
leaves tended not to fold after repeated electrical
stimulation (Applewhite 1972; Hoddinott 1977), but
the plasticity of this response has not been demon-
strated in the field. Besides, to discriminate whether
the decrease in the response is not due to the
mechanism being exhausted, the leaves should
respond to a new stimulus after the repeated stimula-
tion (the equivalent to dishabituation tests in animals;
Rankin et al. 2009).

We propose that plasticity in the leaf folding
response of Mimosa plants could occur by regulating:
(1) the intensity of folding, i.e. whether the leaflets fold
partially or completely on the rachis (pers. obs.) and (2)
the time until leaflets return to their original position
(“reopening time”; Bose 1914; Bose and Das 1916;
Bose 1926; Jensen et al. 2011). Therefore, besides
remaining open after repeated stimulation (stop
responding), those two response components occur-
ring during or after leaf-folding could also show a
decreased responsiveness. Leaf-folding responses that
tend towards complete folding and slow reopening
times may result in high anti-herbivory benefits, but
incur higher costs in photosynthesis, whereas partial
folding and fast reopening times have low photosyn-
thetic costs but may incur greater damage by herbi-
vores. Therefore, the balance between costs and
benefits change as plants modulate one or both
components of the response. Ideally, the plant would
start with a response that prioritizes defense over
photosynthesis, and after exposure to a repeated non-
damaging stimulus it would move towards a strategy
with lower costs in photosynthesis (higher herbivory
risk). In contrast, if mechanism exhaustion or depletion

causes the decreased responsiveness, the leaves would
not show the complete response when a new stimulus
follows the repeated stimulation.

We tested whether M. pudica (Fabaceae) plants can
modulate the leaf-folding response after repeated
stimulation with a non-damaging stimulus, and
whether these adjustments varied between leaves with
different herbivory risk (of different ages) and expo-
sure to pollinators (i.e. repeated non-damaging stim-
ulus). Because young leaves are more likely to be
attacked by herbivores than mature leaves (Coley and
Barone 1996; Kursar and Coley 2003; Heard et al.
2005), we predicted that younger leaves would fold
leaflets completely, take longer to reopen, and take
longer to habituate than older leaves. Also, we
expected that leaves growing in the same node of an
inflorescence would fold leaflets partially, reopen
faster and habituate faster than leaves of similar age
located far from flowers, because they are more likely
to be or have being touched by pollinators (pers. obs.).
To assess whether the decrease in the leaf-folding
response was due to the mechanism being depleted, we
performed other experiments where we replaced the
last touch stimulus by a damaging stimulus. If the
plant was habituated we expected to see a stronger
response in the last trial, which would not be possible
if the response mechanism was exhausted.

Methods

Experiments were carried out with Mimosa pudica
plants that grew naturally along the roadside or mixed
between grassland, and they were all exposed to direct
sunlight. We tested the effects of age on the closing
response (thigmonastic movement) of M. pudica
leaves to a repeated non-damaging tactile stimulus
with plants growing at CoopeSilencio, Savegre, Pun-
tarenas, Costa Rica (9° 24’ N, 84° 02’ W) in January
2013, and the effects of presence of a nearby
inflorescence on plants from Guachipelin, Escazu,
San José (9° 57' N, 84° 10’ W), and San Isidro,
Heredia, (10° 00’ N, 84° 02’ W), Costa Rica. As a
follow up experiment, we assessed whether exhaus-
tion of the folding mechanism was responsible for
changes in the response after repeated stimulation, we
also tested whether leaves could respond to a damag-
ing stimulus after a series of repeated non-damaging
stimulus with plants. We compared young and old
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leaves from plants at Estancia Rinc6n del Socorro (28°
32'S,57° 10' W), Estancia La Paz (29° 20’ S, 58° 26/
W), on the margin of Ibera wetlands, Corrientes,
Argentina and Parque Zooldgico at La Habana (23°
06’ N, 82° 23’ W), Cuba; and between leaves with
inflorescence and without inflorescence from the fore
mentioned locations in Costa Rica during March and
June 2013. All experiments were conducted between
8 h and noon. Potential differences between sites are
not relevant for the analyses either because (1) the
analyses were for repeated measures (i.e. dependent
samples) and blocked by plant, or (2) because the
results for the experiment came from a single location.

Leaf stimulation and recorded responses

To elicit the folding response, we dropped a grain of
rice from 3 cm above the second to last (distal end)
leaflet of one of the second pair of pinnas, and
recorded: (1) the degree of folding, observing whether
the leaflet closed totally (when there was no space
between the leaflet lamina and the rachis; Fig. 1a, b) or
partially (when a space was visible between the leaflet
and the rachis; Fig. lc, d); and (2) the time until the
leaflet was open again (hereafter, reopening time). We
let the leaflet recover totally before testing it again, i.e.
when it returned to its initial position (by comparing it
with the neighboring unfolded leaflets in the same
pinna, Fig. 1).

For assessing the effect of age, we tested the leaf
immediately above (“younger leaf”) and below
(“older leaf”) a leaf sharing the node with an
inflorescence. Most of the leaves with inflorescence
were located at the second node from the distal end of
the branch, thus for most plants the younger leaf was
usually located on the tip of the stem, and the older leaf
was in the third node from the apical meristem.

To assess the effect of an inflorescence presence,
we tested leaves that were sharing a node with a
recently open inflorescence (hereafter, “inflorescence
leaf”), and compared them with leaves occurring at
similar node position without inflorescence (hereafter,
“non-inflorescence leaf”), on a different branch of the
same plant.

Initial responses

We looked for initial differences in the leaf folding
response, by comparing the first response (folding
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intensity and reopening times) of the leaflets of 15
pairs of young and old leaves (all from Coopesilencio,
Costa Rica), and of seven pairs of leaves that varied in
the presence of inflorescence (all from Escazd and
Heredia in Costa Rica). We used ANOVA to test
whether the type of leaf (young vs. old, or inflores-
cence vs. non-inflorescence; as fixed factor) had an
effect on the reopening times (response variable), and
included the plant as a block in the model (random
factor). With separate Chi square tests, we tested
whether the presence of an inflorescence or the age of
the leaf affected the proportion of complete versus
partial folding. We expected young leaves to have
longer reopening times and to perform complete
folding more often than older leaves. Also, that
inflorescence leaves will have shorter reopening times
and more partial folding than non-inflorescence
leaves.

Repeated non-damaging stimulus

We repeated six times the touch stimuli with the
falling rice for the young and old leaves on seven
plants, and for inflorescence leaves and non-inflores-
cence leaves on seven plants. To compare reopening
times among trials, we used a linear mixed effects
model of the “ImerTest” R (Bates et al. 2012) package
(Kuznetsova et al. 2013), where reopening time was
the response variable, trial was the repeated factor and
the subject leaf was a random factor (dependent
samples). The sampling site is not relevant for the
analysis because it was a dependent samples design
(i.e., comparison are within-subjects). Tukey post-hoc
tests were performed for statistically significant
models. We performed separate repeated measures
analyses for the four types of leaves. To test whether
the probability of observing a partial or total leaf
folding changed through trials, we performed logistic
regressions, where the intensity of folding was the
binary response variable, the trial was the continuous
variable, and plant was the block (random factor). For
the inflorescence and non-inflorescence plants we
added the node of the leave as a continuous factor to
the logistic model to control for the effect of age. We
expected older leaves to habituate faster to the
repeated stimulus than younger leaves (i.e. reducing
opening times by the sixth trial and changing from
complete to partial folding with trials).
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Repeated non-damaging stimulus with damaging
last stimulus

To test whether the closing/reopening mechanism had
being exhausted, we did another set of experiments
with series of six repetitions of the non-damaging
touch stimulus (falling rice), and we added a final
seventh damaging stimulus were we cut with scissors
the tip of the leaflet. We measured reopening times and
intensity of folding at all seven trials, and analyzed the
data as described for the series of non-damaging
stimulus. If the folding mechanism was depleted, in
the seventh trial we expected leaves to show similar or
weaker responses than in previous trials.

Results
Initial responses

At the first stimulation by the touch of the falling
grain of rice, all leaves showed similar leaf-folding
responses. Younger and older leaves reopened at
similar times (mean £ SE; young 270.46 £ 26.33 s;
older 214.1 £ 20.8s; Fy o, = 1.11, P =0.31), as
well as inflorescence leaves and non-inflorescence
leaves (F1; = 1.10, P = 0.31; mean £ SE inflores-
289.8 + 46.6, non-inflorescence: 236.9 &+
18.4). The proportion of complete leaf folding was
similar between younger leaves (9 out of 15) and older
leaves (8 out of 15; y> = 0.13, d.f. = 1, P = 0.71),
and between inflorescence (4 out of 7) and non-

cence:

Fig. 2 Reopening times of
leaflets on a younger leaves
(n = 7), and b older leaves
(n = 7) that partially
(circles) or completely
(triangles) folded after
repeated non-damaging
stimulus. Means (dark
rhomboid) and standard
errors (error bars) are shown
for each trial
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Repeated non-damaging stimulus

When exposed six times to a non-damaging stimulus (rice
grain falling onto leaf), younger leaves decreased the
reopening times by about 100 s (Fig. 2a; t = —3.17,
P = 0.003, n = 7). By the sixth trial, leaflets in younger
leaves were opening 1.5 times faster than during the first
trial (Tukey post hoc test, P < 0.05). In contrast,
reopening times did not change during a trial series for
older leaves (Fig. 2b; t = —1.075, P = 0.30, n = 7).
The intensity of folding in younger leaves did not vary
through trials (Fig. 3a; logistic regression Z = —0.41,
P = 0.63). Conversely, older leaves switched from
complete to partial folding as more trials were performed
(Fig. 3b; logistic regression, Z = —1.97, P = 0.04).

Reopening times of leaves with inflorescence mar-
ginally decreased during a trial series (t = —1.75,
P =0.09, n =7; Fig. 4c, trials one to six). Con-
versely, reopening times remained unchanged after
repeated stimulation in nodes lacking inflorescence
(t=—0.7,P = 0.49,n = 7; Fig. 4d, trials one to six).
Inflorescence leaves also changed from complete to
partial folding through trials (Z = —2.10, P = 0.03;
proportion of complete folding from first to sixth trial:
0.5,0.33,0,0,0.16, 0), while non-inflorescence leaves
responded mostly with partial folding, and the response
was constant through trials (Z = —1.45, P = 0.14;
proportion of complete folding from first to sixth trial:
0.33,0.16, 0, 0, 0.16, 0).
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Fig. 3 Number of leaflets that closed partially (y = 0) or
completely (y = 1), after being touched by a non-damaging
stimulus in repeated trials. The size of the circle is proportional
to the number of cases (smallest circle is 1 case), and total counts
are shown at the right. a Younger leaves responded mostly with

Fig. 4 Reopening time of
a younger leaves (n = 5)
and b older leaves (n = 5),
¢ inflorescence leaves

(n = 6), and d non-
inflorescence leaves

(n = 6), touched six times
with a non-damaging
stimulus, followed by a
seventh damaging touch
stimulus (cut with scissors).
Circles represent partial
folds while triangles
represent complete folds.
Means (dark rhomboid) and
standard errors (error bars)
are shown for each trial
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Repeated non-damaging stimulus with a damaging
last stimulus

We observed an increase in the reopening time in the
last stimulation (damaging stimulus) preceded by six
repeated non-damaging stimulus in both younger
leaves (Fig. 4a; t = 3.2, P = 0.002; Tukey post-hoc
test, last stimulus vs. all other stimulations: all
P < 0.001), and older leaves (Fig. 4b, t = 2.38,
P = 0.02, Tukey post-hoc test last trial vs. all other
trials P < 0.015). All younger and older leaves made
complete folding after the last damaging stimulus,
even when they were responding with partial folding
in previous trials with the non-damaging stimulus
(proportion of complete folding from first to seventh
trial, younger leaves: 1, 0.80, 0.6, 0.6, 0.4, 0.4, 1; older
leaves: 0.4, 0.8, 0.4, 0.6, 0.4, 0.6, 1).

The damaging stimulus had a similar effect for the
plants where we tested the effect of inflorescence:
reopening times at the last trial were three to four times
slower than in previous trials in inflorescence-node
leaves (Fig. 4c; t = 3.73, P < 0.0001, n = 6; Tukey
post hoc test last trial vs. all previous trials P < 0.001)
and in non-inflorescence leaves (Fig. 4d; ¢t = 4.30,
P < 0.0001, n = 6; Tukey post hoc test last trial vs. all
previous trials P < 0.001). All inflorescence and non-
inflorescence leaves folded completely after being cut,
even if they were partially folding in the touch-
stimulus trials.

Discussion

Responses towards herbivory that are energetically
costly often compromise investments in plant growth
and reproduction (Strauss et al. 2002). In Mimosa
pudica plants, the leaf folding response should be
under strong selective pressure to reduce the costs in
photosynthesis, and increase the benefits of reducing
herbivory. Here, we found that repeated stimulation of
the leaves with a non-damaging stimulus causes a
decrease in the leaf-folding response, in a way that
resembles habituation processes of animals. The
modification of the response was not the same for
all leaves, and the observed habituation concurred
with predictions of a tradeoff between defense and
photosynthesis.

One of the two components of the leaf folding
behavior (folding intensity or reopening time) usually

changed with repetitions, except for inflorescence-
leaves where the two components changed. Younger
leaves are more likely to be touched by herbivores,
because younger leaves suffer a higher risk of
herbivory in tropical forests, and because they are
less tough and more palatable for herbivorous than
older leaves (Coley and Barone 1996; Heard et al.
2005). Accordingly, when exposed to repeated non-
damaging stimulus, younger leaves reduced reopening
times through trials, but consistently folded the leaves
completely. Therefore, at all trials young leaves made
a full display of the spines, reduced leaf visibility and
the movement would have scared potential herbivores
(Pickard 1973; Eisner 1981; Braam 2005), while the
cost of photosynthesis was reduced trough a series of
trials by shortening reopening times. Conversely,
older leaves changed from making complete folding
to partial folding while keeping similar reopening
times, i.e. they were not making the full defensive
display after several trials, and their response had
reduced photosynthesis costs because the leaf lamina
was not entirely folded. Previous experiences of older
leaves may account for them responding differently
than younger leaves, as it is known that plants can
modulate their behavior according to past events
(Karban 2008; Cahill et al. 2013). Thus, older leaves
may have the experience to quickly distinguish
between a damaging and a non-damaging stimulus,
but this idea remains to be tested.

An alternative explanation to the observed differ-
ences between younger and older leaves is that the
differences in responses are due to tissue age. This
interpretation does not agree with our data, because
the initial responses of the leaves (at the first trial)
should have been already different between young and
old leaves, and they were not; what is different is how
the reopening times or degree of folding changed
through repeated trials. Also, in the experiments where
we added a damaging last stimulus both young and old
leaves showed responses that were similar to the first
trial, and similar between them. Similarly, if only
maturity of the tissue was important in determining
how the leaves change the response through repeti-
tions, then the leaves with inflorescence and leaves of
similar age without inflorescence should have shown
similar patterns through trials, and they did not.

The second condition that we expected to affect the
leaf-folding response was the presence of a nearby
inflorescence, because it exposes the leaf to the
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movement of pollinators or flower visitors (i.e.
repeated non-damaging stimulus). We found that
inflorescence leaves were the only leaves that reduced
both reopening time and intensity of folding through
trials. Plants are known to modify their defenses after a
previous attack, hence the defense during a second
exposure is faster and more effective than during the
first exposure (Conrath et al. 2006; Karban 2008).
Plants could also modify their defense towards a non-
damaging stimulus and reduce the intensity of the
defensive response on subsequent exposures. We
observed that flower visitors constantly touched the
leaves in the vicinities of the inflorescence. The
inflorescences of M. pudica and closely related species
typically last for one day (pers. obs., Janzen 1991),
and a quick habituation of the nearby leaves to non-
damaging stimulus would reduce the energetic costs of
the leaf-folding response. Despite that we performed
the experiments early in the morning, we do not
discard that the leaves tested near inflorescences could
had been touched by pollinators before we performed
our experiments, which could explain why half of the
leaves were already showing partial instead of com-
plete leaflet folding. An alternative explanation to the
quick habituation in the leaf-folding response of
inflorescence leaves, could be that the touch-induced
movement interferes with pollination. Other plants are
known to modify the defenses to prevent interference
with pollination. For example, ant-defended swollen-
thorn acacias have substances in their inflorescences
that repel patrolling workers (Ghazoul 2001; Raine
et al. 2002). However, we are missing a lot of natural
history information of M. pudica, including its poll-
inators, which makes difficult to assess this hypoth-
esis. During our experiments, we observed that several
flower visitors touched nearby leaves and continued
with their visit after those leaves had folded. Yet
another explanation for the quick habituation of
inflorescence leaves, is that the influx of sugars going
to the flower modifies the molecular environment in
the node shared with the leaf, interfering with the
ability of the leaf to show the response. The seismo-
nastic response of the M. pudica leaves depends on
action potentials and could be transmitted by the
phloem (Fromm 1991; Fromm and Lautner 2006).
However, in other plant species, nectar in the flowers
comes from the degradation of accumulated starch,
which would not alter the phloem or xylem fluxes
(Peng et al. 2004). Further studies of the molecular
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signals between leaves and inflorescences in M.
pudica may help explain how the presence of a flower
could affect or be affected by the folding-response
action potentials of the nearby leaf.

The reduction in the leaf-folding response after
repeated stimulation could also be caused by depletion
or fatigue of the response mechanism (Groves and
Thompson 1970; Rankin et al. 2009). However, our
data demonstrates that the mechanism has not been
depleted, because when we made a damaging last
stimulus after the consecutive non-damaging stimulus,
all leaves were able to completely fold and showed
slower reopening times.

Plants have been long studied to understand how
they adjust their defenses after herbivory has hap-
pened. M. pudica plants present a unique opportunity
to test how the plants modify a defensive response
toward a non-damaging stimulus under the risk of
been predated. The modularity (repeated subunits) of
the plant and plasticity of behaviors adjusted to local
conditions are critical for the overall fitness of the
plant (de Kroon et al. 2005). Hence the importance of
assessing under natural conditions the responses of
leaves on the same plant that are exposed to different
contexts (Karban 2008; Trewavas 2009). Here, we
demonstrated that M. pudica leaves that at first
stimulation showed similar leaf-folding responses,
can show very different adjustments in subsequent
exposures to non-damaging stimulus; the observed
behavioral plasticity is unlikely to be caused by
mechanism depletion, because all leaves were able to
show a response similar to that in the first trial after
changing the stimuli. Further research should focus on
detailed studies of the natural history of M. pudica and
the underlying mechanisms mediating plasticity of the
leaf-folding response.
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