
INTRODUCTION

The construction of leaf shelters by caterpillars is wide-

spread among at least 18 families of Lepidoptera (Scoble,

1992) and can play an important role in an individual’s

survival. Leaf shelters are constructed by rolling, folding

or tying leaves together with silk, or building webs or

tents (Cappuccino, 1993; Lill et al., 2007) and are

believed to provide many benefits, including a favorable

microclimate, protection from natural enemies and dis-

lodgement, and improved food quality (Fukui, 2001). As

such, caterpillars that expend time, energy and material

(silk) constructing their own shelters may be expected to

defend these valuable commodities from intruding con-

and heterospecifics. Caterpillars have been reported to

defend resources using physical aggression, including

striking with the head (e.g., Oecophoridae, Depressaria

pastinacella Duponchel: Berenbaum et al., 1993), biting

(e.g., Noctuidae, Busseola fusca Fuller: Okuda, 1989) and

even killing their opponents (e.g., Pieridae, Anthocharis

cardamines L.: Baker, 1983). In addition to using

physical combat, there is evidence that some species use

vibratory warning signals in the context of territory

defense (see references below).

Vibratory communication through plants is widespread

among insects (Cocroft, 2001; Virant-Doberlet & Cokl,

2004; Cocroft & Rodriguez, 2005; Hill, 2009), and whilst

most research to date has focused on adults, there is

increasing evidence that larvae of holometabolous insects

also communicate using vibrations. In larval Lepidoptera

for example, there is evidence that vibratory signals

facilitate mutualistic relationships with ants (Lycaenidae

and Riodinidae butterfly larvae: DeVries, 1990, 1991;

Pierce et al., 2002) and play a role in resource defense

(Tortricidae, Sparganothis pilleriana Denis & Schif-

fermüller: Russ, 1969; Drepanidae, Drepana arcuata

Walker: Yack et al., 2001, Falcaria bilineata Packard:

Bowen et al., 2008, Oreta rosea Walker: Scott et al.,

2010a; and Gracillariidae, Caloptilia serotinella Ely: Flet-

cher et al., 2006). At present, it is unknown how wide-

spread vibratory-mediated territorial defense is in cater-

pillars. Considering the widespread occurrence and

benefits of building leaf shelters in caterpillars, vibration-

mediated territoriality may be more common than previ-

ously supposed. These vibrations are mostly inaccessible

to humans without specialized recording equipment, and

therefore many vibratory signals may have been over-

looked in the past. Further research is needed to charac-

terize these types of signals and to test their function in

the context of shelter defense in different taxa.

This study focuses on vibrational communication in the

poplar lutestring caterpillar, Tethea or Denis & Schif-

fermüller, which is distributed throughout Europe, Asia

Minor and the Caucasus, across Russia, Siberia and

Eastern Asia to Japan (Riegler, 1999). Previous reports on

this species have shown that eggs are laid singly or in

small groups on the underside of leaves on poplar

(Populus spp.), and that caterpillars build a shelter by

tying two leaves together with silk, remaining concealed

within the shelter during the day and feeding at the edge

of the shelter at night (Theakston, 1866; Newman 1884;

Stokoe et al., 1948; Riegler, 1999). Riegler (1999) noted

that when disturbed, caterpillars shake within their shel-

ters, making a “sifflement” (whistling) or “raclement”

(scraping) noise. In a recent comparative study that

focused on the evolutionary origins of vibratory signals in

the Drepanoidea (Scott et al., 2010b), it was reported that

T. or residents produce vibrations by scraping their man-
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Abstract. Caterpillars of the poplar lutestring moth, Tethea or, construct leaf shelters that they defend against intruding conspecifics

using a combination of vibratory signals and physical aggression. Staged interactions between a resident caterpillar and introduced

conspecific were recorded with a video camera and laser vibrometer. Residents crawl towards the intruder and perform three behav-

iours: lateral hitting, pushing, and mandible scraping. Vibrations caused by mandible scraping result from the caterpillar repeatedly

scraping opened mandibles laterally against the leaf surface in bouts lasting 1.16 ± 0.39 s, with an average of 4 ± 1 scrapes per bout.

We propose that these scrapes function in leaf shelter defense against conspecifics for the following reasons: Mandible scrapes are

produced only by residents; they are generated when a resident is approached by an intruder; the rate of scraping increases as the

intruder approaches the shelter; and residents in all trials retain their shelters, with the intruder leaving the leaf within 127.9

± 104.3 s from the beginning of the trial. The function and evolutionary origins of vibration-mediated territoriality in caterpillars are

discussed.
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dibles on the leaf surface when approached by a conspe-

cific. The characteristics of the vibrations and tests of

their function however, were not directly studied. Our

study has two specific goals: the first is to document and

characterize behaviours and associated vibrations that

occur during encounters between shelter residents and

conspecifics. Since any behaviour may produce passive

vibrations (cues), all vibrations produced during encoun-

ters were studied and assessed as signals or cues based on

their characteristics (e.g., redundancy, conspicuousness)

(see Discussion, and Bradbury & Vehrencamp, 1998;

Maynard Smith & Harper, 2003). The second goal was to

test the hypothesis that vibrations function in territorial

behaviour. If vibrations function in territory defense, they

should: (i) be produced primarily by the resident within

the leaf shelter; (ii) be elicited by the approach of an

intruder; (iii) escalate as the intruder approaches; and (iv)

be followed by one contestant leaving the shelter, typi-

cally the intruder.

MATERIAL AND METHODS

Animals

Gravid female Tethea or Denis & Schiffermüller, 1775 (Lepi-

doptera: Drepanidae: Thyatirinae) moths were collected from

the wild at ultraviolet lights from June to August in 2007 and

2009 in Espoo, Finland. Females oviposited on cuttings of Euro-

pean aspen (Populus tremula). Early instars were fed P. tremula

in Finland, and then shipped to Ottawa, Canada (Permit #

P-2007-02390), where late instars were reared on trembling

aspen (P. tremuloides) under a 18L : 6D photoperiod at

21–26°C in an insect rearing facility. Studies were conducted on

late-instar larvae only.

General observations on shelter building and occupation

Behaviours associated with shelter building, mode of feeding,

and shelter occupation, were documented using videography

and photographs. Caterpillars were placed on a sprig of host-

plant with multiple leaves in large glass jars (26 cm tall,

diameter of 15 cm), and behaviours were monitored for 8 h

using a CCD camera and time lapse video recorder, and a Nikon

Digital SLR camera (D80; Tokyo, Japan).

Scanning Electron Microscopy

Mandibles were dissected from alcohol-preserved specimens,

air dried, and mounted on aluminum stubs. Specimens were

sputter-coated with gold-palladium and examined using a

Tescan Vega-II scanning electron micrograph (XMU VPSEM;

Brno, Czech Republic).

Vibration recordings

Behaviours associated with conspecific interactions were

monitored simultaneously with a Sony High Definition Han-

dicam (HDR-HC7; Tokyo, Japan) and remote Sony audio

microphone (ECM-MS907), and a laser-doppler vibrometer

(LDV; Polytec PDV 100; Walbronn, Germany). Vibrations were

measured with the LDV by reflecting the laser beam from a cir-

cular disc of reflective tape (2.0 mm in diameter) positioned on

the leaf within 1 cm of the resident’s leaf shelter. Laser signals

were digitized and recorded onto a Marantz Professional port-

able solid-state recorder (PMD 671; Kanagawa, Japan; 44.1 kHz

sampling rate). LDV and microphone recordings in conjunction

with videotapes were analyzed to determine which vibrations

were associated with different behaviours, and to measure tem-

poral characteristics (durations of signals and signaling bouts,

inter-bout intervals, and number of signals per bout). A bout

was defined as any combination of signals that was preceded or

followed by feeding, walking or at least 1 s of inactivity. Spec-

tral characteristics were measured using LDV recordings only.

Power spectra were generated (15892-point Fourier transform;

Hann window), and dominant frequencies and bandwidths

around the dominant peak (at –3 dB SPL and –10 dB SPL) were

calculated. Amplitudes of vibrations associated with different

behaviours were measured relative to background levels, and

compared between behaviours within recordings using a paired

t-test to help assess whether vibrations were cues or signals. All

signals were analyzed using Raven Bioacoustics Research Pro-

gram (Cornell Laboratory of Ornithology; New York, U.S.A.)

and recordings were conducted in an acoustic chamber (Eckel

Industries, Massachusetts, U.S.A.).

Conspecific encounters

To study how vibrations are associated with conspecific inter-

actions, and to test the hypothesis that signals function in territo-

rial defense, 11 encounters were staged between a resident and

an introduced conspecific. A late-instar larva was selected at

random from 2 broods of wild-caught females and matched with

another larva of approximately the same size. Residents were

allowed to construct a shelter overnight on leaves on P. tremu-

loides and intruders were isolated in a container with bare twigs

for at least 30 min prior to the trial. Trials were videotaped from

1 min before the intruder was introduced to the leaf twig until 1

min after one contestant left the leaf (i.e., when one contestant

“won” the encounter). All trials were recorded using a Sony

High Definition Handicam (HDR-HC7) and a remote Sony

audio microphone (ECM-MS907) placed 1–2 cm behind the

leaf. A subset of trials was also recorded with the LDV as

described above.

Videotapes were analyzed to measure the durations and out-

comes of contests, and to monitor changes in behaviour rates in
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Fig. 1. Photographs of a Tethea or late-instar larva. (a) – larva in a typical U-shaped resting position (scale bar = 3 mm); (b) –

larva (arrow) in a leaf shelter constructed between two leaves of Populus tremuloides (scale bar = 1 cm); (c) – evidence of feeding

on the edge of the leaf shelter (scale bar = 1 cm).



both residents and intruders throughout each trial. Trial dura-

tions were measured from the moment the intruder’s head

crossed the leaf-petiole junction to when one of the caterpillars

crossed that junction while exiting the leaf. To determine how

signaling and other territorial behaviours changed with respect

to distance between individuals, rates were measured at four

stages of intruder approach – on twig (when the intruder is on

the twig and has not yet passed the junction of the petiole), far

(when the head of the intruder passed the junction of the

petiole), mid (the mid-way point between the far and close dis-

tances) and close (the point when the intruder first made contact

with the resident). Rates were measured by counting the number

of behaviours over a 20-s period from the beginning of the stage

and calculated as the number of events per 5 s. Grand means of

rates for each behaviour type at each stage were calculated and

compared using a Kruskal-Wallis one-way analysis of variance.

Post hoc analyses were performed using pair wise Wilcoxon

Rank Sum Tests.

RESULTS

Shelter construction and occupation

General observations were made on late instar larvae

placed in glass containers with 2–3 sprigs of Populus sp.,

each with multiple leaves. Caterpillars constructed shel-

ters by pulling together the broad surfaces of two adjacent

leaves with silk, and fastening them together using 4–10

anchor points. In some instances the caterpillar used the

side of the container to attach the leaf, which provided a

window to observe the caterpillar’s behaviour. The inner

surface of one of the leaves was covered with a mat of

silk (Fig. 1a) upon which the caterpillar rested. Caterpil-

lars rested inside their shelters in a U-shaped position,

and exited the leaf shelter from one opening to feed at the

edge of one or both of the leaves forming the shelter (Fig.

1b, c).
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Fig. 2. Vibration signals and cues of Tethea or larvae during

the course of a conspecific encounter. (a) – video frames illus-

trating the typical stages of an encounter: (1) intruder enters the

leaf, (2) mid-point between the resident and intruder, (3) resi-

dent crawls towards the intruder and pushes intruder out of the

shelter, (4) intruder leaves the leaf; (b) – vibration signals and

cues produced by the resident in a single encounter, showing the

disturbance caused by placing the intruder on the twig, intruder

crawling and resident signaling; (c) – mean (+ SD) signaling

and behavioural rates of residents at four distance categories of

intruder approach (ON TWIG, FAR, MID, CLOSE). Capital let-

ters (mandible scraping), lower-case letters (crawling) and

Greek letters (pushing) show significant differences between

distance categories within each signal type.

Fig. 3. Mandible scraping movements and structures in

Tethea or larvae. (a) – superimposed images from a video clip

illustrating the mandible scraping movement in a resident posi-

tioned at the entrance to its leaf shelter, arrow shows direction

of movement (scale bar = 5 mm); (b) – anterior view of a late-

instar head showing the location of the mandibles (arrow; scale

bar = 0.5 mm); (c, d) – scanning electron micrograph of the left

(c) (lateral view; scale bar = 200 µm) and right (d) mandibles

(ventral view; scale bar = 200 µm).



Conspecific trials

Staged interactions between a resident and intruder

began with the resident either resting in its shelter, or

feeding at the shelter edge. When the intruder was applied

to the leaf twig with a paintbrush, a large amplitude dis-

turbance was detected by the laser vibrometer but this did

not affect the resident’s behaviour (Fig. 2a, b). As the

intruder approached the shelter, vibrations caused by

crawling movements were detected by the laser. Resi-

dents did not respond until the intruder crossed the leaf-

petiole junction. The general response of a resident was to

initially retreat into the shelter (if it had been feeding at

the leaf edge), and then to begin scraping its mandibles on

the leaf surface within the shelter (Figs 2, 3a). Mandible

scraping by residents began at a latency of 50.2 ± 33.1 s

(n = 11) from the beginning of the trial (when the

intruder’s head crossed the petiole), at a mean distance of

2.4 ± 5.0 cm (n = 11) from the head of the intruder. Resi-

dents also exhibited physically aggressive behaviours

during encounters, including crawling towards the

intruder and pushing or laterally hitting the intruder with

the head. Biting by the resident was observed during con-

specific encounters, but was not quantified because it was

difficult to verify when larvae were concealed between

leaves. Intruders sought out the leaf opening and

attempted to enter the shelter. However, intruders were

not observed to mandible scrape or push. Trials lasted

127.9 ± 104.3 s (mean ± SD, n = 11) and in all trials the

intruder left the leaf (i.e., the resident is assumed to have

“won” the trial). When two caterpillars encountered each

other on a leaf without a shelter, no signaling or physi-

cally aggressive behaviours were observed. The fol-

lowing sections focus first on the vibrations and their

associated behaviours recorded during formal trials, and

then on the rates of behaviours recorded during different

stages of the encounter.

Vibration characteristics and mechanisms

Mandible scraping involves a movement of the head,

thorax and first two abdominal segments in a lateral arc

while scraping the opened mandibles across the leaf sur-

face (Fig. 3). Mandibles have four rounded distal teeth on

the incisor area and a ridged oral surface (Fig. 3). The

mean ± SD duration of a single scrape is 136.7 ± 50.8 ms

(range = 43.0–260.0 ms, n = 40 (5 signals each from 8

individuals). Mandible scrapes typically occur in bouts of

4 ± 1 scrapes (range = 1–14, n = 48 bouts from 11 indi-

viduals) with each bout lasting on average 1.18 ± 0.38 s

(range = 0.10–4.07 s, n = 48 bouts from 11 individuals).

Time intervals between bouts range from 1.03 to 32.0 s

(mean ± SD = 5.24 ± 3.23 s, n = 45 intervals from 11

individuals). The amplitude of a single mandible scrape is

on average 21.6 ± 12.3 times the baseline (n = 25 signals

from 5 individuals). Mandible scrapes have a dominant

peak at 7.16 ± 2.49 Hz, with bandwidths of 4.8 ± 0.3 Hz

at –3 dB and 9.4 ± 1.9 at –10 dB (n = 25 scrapes from 5

individuals).

Other vibrations associated with encounters included

those produced by crawling (Fig. 4) and pushing. For-

ward crawling involves a wave of longitudinal contrac-

tions that begins at the posterior end of the caterpillar and

travels to the anterior end. The mean ± SD duration of a

single crawl is 1.4 ± 0.53 s (n = 7). The amplitude of a

single crawl is on average 6.6 ± 5.2 times the baseline (n

= 25 crawling vibrations from 5 individuals). Crawling

vibrations have a dominant peak at 12.3 ± 8.4 Hz, with

bandwidths of 5.1 ± 0.9 Hz at –3 dB and 12.2 ± 3.6 Hz at

–10 dB (n = 5). Pushing is a variation of crawling, where

the head of a resident makes physical contact with

another caterpillar; therefore the temporal and spectral

characters were the same for both behaviours.

Mandible scraping vibrations had a significantly higher

signal to noise ratio than crawling (paired t-test, t = 3.84,

P = 0.018, DF = 4). Mandible scraping was also more

repetitive than crawling or pushing, being produced in

bouts that were repeated throughout the encounter.

Rate changes of behaviours during encounters

Resident behaviours observed during trials included

mandible scraping, crawling, pushing and lateral hitting.

The following describes how the rates of these behaviours

change at four stages of the encounter (on twig, far, mid

and close) (Fig. 2c). The rate of mandible scraping

increased significantly as the intruder approached, from

“on twig” to “mid” stages (Wilcoxon Rank Sums, Z =

2.72, P = 0.0065, n = 11) and from “far” to “close” (Wil-

coxon Rank Sums, Z = 2.31, P = 0.021). Resident

crawling increased significantly from “on twig” to “mid”

stages (Wilcoxon Rank Sums, Z = 2.72, P = 0.0065, n =

11), from “far” to “mid” (Wilcoxon Rank Sums, Z = 2.31,

P = 0.019, n = 11), and from “mid” to “close” (Wilcoxon
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Fig. 4. Vibrations produced by Tethea or larvae during con-

specific encounters. (a) – oscillogram illustrating a series of

bouts produced by a leaf-shelter resident when approached by a

conspecific intruder; (b) – segment expanded from (a) to show

crawling vibrations (Cr; left) and a single bout comprising a

series of six mandible scrapes (MS; right), with corresponding

spectrogram; (c) – power spectra of a representative mandible

scrape (MS), and crawling vibration (Cr).



Rank Sums, Z = 2.36, P = 0.018, n = 11). Rates of

pushing also escalated as the intruder approached,

increasing significantly at the “close” stage (Wilcoxon

Rank Sums, Z = –4.21, P < 0.001, n = 11). Lateral head

hitting did not vary significantly across stages (Kruskal-

Wallis Test, H = 6.14, P > 0.05, n = 11).

DISCUSSION

During conspecific interactions leaf vibrations were

associated with behaviours of the resident (mandible

scraping, pushing, crawling) and a conspecific intruder

(crawling). We propose that mandible scraping vibrations

by the resident are territorial signals, while vibrations pro-

duced by crawling and pushing are passive cues. We dis-

cuss (1) the difference between signals and cues; (2)

support for the hypothesis that mandible scraping func-

tions in territorial encounters; and (3) the evolutionary

origins of these vibratory communication signals in cater-

pillars.

When is a vibration a signal or a cue?

A communication signal can be defined as any act or

structure that changes the behaviour of another organism,

has evolved for that purpose, and is effective because the

receiver’s response has also evolved (Bradbury &

Vehrencamp, 1998; Maynard Smith & Harper, 2003). A

cue on the other hand is described as a feature, animate or

inanimate, that can be exploited by a receiver as a guide

to future action (Hasson, 1994) but has not evolved for

communication (Galef & Giraldeau, 2001). Signals differ

from cues by their increased conspicuousness (e.g.,

higher signal-to-noise ratio), redundancy (e.g., repetition

of signals), and stereotypy (e.g., have a stereotypical

duration) (Bradbury & Vehrencamp, 1998; Maynard

Smith & Harper, 2003), all features that aid in the detec-

tion and recognition of the signal by the receiver. Based

on these criteria, the vibrations produced by mandible

scraping in T. or should be considered signals, as they

have a significantly higher signal-to-noise ratio (con-

spicuousness) than crawling and pushing vibrations, are

highly repetitive and are produced in repetitive bouts

(redundancy). Mandible scrapes also have a wider band-

width compared to background and crawling vibrations,

with energy up to 500 Hz at –30 dB. It is proposed that

receivers of plant-borne vibrations are attentive to fre-

quencies above the low frequency vibrations generated by

background noise sources (e.g., wind and rain) that are

typically below 100 Hz (Barth et al., 1988; Caldwell et

al., 2009). Thus, excitement of large amplitude and high

frequency leaf vibrations by mandible scraping would

render the signal more conspicuous.

Although we cannot determine from our experiments

the cues used by the resident to detect the intruder, we

propose that the resident detects the crawling vibrations

of the approaching intruder because (i) the resident

responded before it could see the intruder, and (ii)

crawling vibrations produced by the intruder were always

detectable by the laser when the resident responded.

Do mandible scrapes function in territorial

behaviour?

Our results support the hypothesis that mandible

scraping functions in territorial defense of leaf shelters.

Support for this hypothesis comes from the following

lines of evidence. First, mandible scraping was produced

by residents of leaf shelters in all experimental trials, and

intruders were never observed to signal. Second, caterpil-

lars were never observed to signal while wandering on a

leaf, even when encountered by a conspecific. This

restriction of signaling or aggression to the confines of a

territory is a common characteristic of territorial conflicts

(Huntingford & Turner, 1987). Third, signals are elicited

by the intruder’s approach. Mandible scraping was never

observed before trials, while the resident was alone on the

leaf, and only occurred when the intruder approached.

Fourth, mandible scraping increased in rate as the intruder

approached the resident. Gradation in signaling rate and

an increase in levels of physical aggression as the intruder

approaches the resident may act to express changes in the

motivational state of the resident, and is a common fea-

ture of protracted territorial encounters (Brown, 1975;

Baker, 1983; Maynard Smith & Harper, 2003). Enquist et

al. (1990) also argue that contests should begin with less

costly but less informative acts that progress to more

costly acts as the risk of threat increases. Thus, in T. or,

when the intruder is at a far distance, it poses little threat

and the resident begins with low cost signaling (lower

rates) to reserve energy and avoid attracting predators. As

the intruder approaches, the risk increases, and the resi-

dent uses more costly signals (increased rates). Higher

signal repetition rates as the intruder approaches may also

act to ensure the intruder receives the message by

increasing the redundancy of the signal. Finally, resident

signaling is followed by the intruder leaving shelter. Resi-

dents retained their shelters in all trials, and the intruder

abandoned the occupied leaf in a short amount of time,

which is often the case in pair wise contests over an indi-

visible resource where there exists an asymmetry in own-

ership (Baker, 1983; Maynard Smith & Harper, 2003).

Why would a caterpillar be territorial against conspecif-

ics? Like many other caterpillars, T. or invests in building

a leaf shelter, which provides a more stable microclimate,

protection from predators and displacement, and

enhanced quality of food (Fukui, 2001). Shelters are also

costly, requiring time, energy and material to build (Rug-

giero & Merchant, 1986; Fitzgerald et al., 1991; Beren-

baum et al., 1993; Cappuccino, 1993; Fitzgerald & Clark,

1994). Many caterpillars have evolved ways to maintain

the use of their shelters while minimizing their costs, such

as using empty shelters, attempting take over of occupied

shelters, or by sharing them with con- and heterospecifics

(Berenbaum et al., 1993; Cappuccino, 1993; Lill et al.,

2007). Shelter sharing, however, often has associated

costs and is not always favourable (Cappuccino, 1993;

Lill et al., 2007). It is proposed that some caterpillars pro-

tect their energetic and time investments by defending

their shelters from others using vibratory signals. There

have been detailed reports of vibration-mediated territo-
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rial signals in 5 species from various families, including

the Gracillariidae, Tortricidae and Drepanidae (Russ,

1969; Yack et al., 2001; Fletcher et al., 2006; Bowen et

al., 2008; Scott et al., 2010a). The behaviour we have

reported in this study is consistent with the behaviours

observed in these other species. While further studies

should examine whether T. or also responds to heterospe-

cifics and if intruders ever take over shelters from resi-

dents, our current results support the hypothesis that

signals are used to advertise territory ownership.

Evolutionary origins of vibratory territorial signals

In some lepidopteran larvae defense of leaf shelters

involves mainly physical aggression, and in some cases

this can escalate to serious injury or death of one of the

contestants (Weyh & Maschwitz, 1982; Okuda, 1989;

Baker, 1983; Berenbaum et al., 1993). Territorial behav-

iour in T. or therefore could represent an intermediate

form between species that use only physical aggression,

and those using only ritualized aggression (i.e.,

signaling). Tethea or begins the encounter by signaling,

but then changes to physical aggression as the intruder

approaches. Although not observed in our study, this

escalation to physical aggression has been observed in T.

or, where the lack of suitable shelter sites in large popula-

tions has caused these larvae to resort to biting and killing

one another (I. Hasenfuss, pers. comm.). Interestingly, it

has recently been proposed that movements and vibratory

cues associated with physically aggressive behaviours are

evolutionary precursors to vibratory communication sig-

nals in caterpillars. Scott et al. (2010b) show that a highly

ritualized signal (anal scraping) of some species derives

from crawling towards an intruder of behaviourally less

derived species such as T. or. Based on similarity of

movement patterns, we propose that mandible scraping

signals are derived from vibratory cues associated with

physical aggression, such as lateral head hitting. Studies

are currently underway to test this hypothesis.
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