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Abstract Drepanidae caterpillars exhibit vibratory
communication and variability in social behaviors
within and between species, offering an excellent
opportunity to test hypotheses on the function and
evolution of vibratory communication and social-
ity in juvenile insects using comparative methods.
Critical for conducting such studies is understanding
morphological and behavioral traits across ontogeny.
Here, we examine Falcaria bilineata to identify the
number of developmental stages and their durations,
as well as to characterize and distinguish their mor-
phological and behavioral changes throughout devel-
opment. Seven immature stages were identified: egg,
five larval instars, and pupa, with a development time
of ~45 days from egg to pupation. Five instars were
confirmed by counting head capsules. Head width
showed a geometric increase between instars, consist-
ent with Dyar’s rule, thus confirming its reliability
as an indicator of the instar. Morphological traits in
head capsule shape and tubercles also help to distin-
guish instars. Feeding patterns transitioned from early
instar leaf skeletonization to later instar leaf cutting.
No group formation was observed, suggesting a lack
of sociality. All instars lay silk mats, but no shelters
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were observed. Caterpillars rested in an arched posi-
tion. Notably, all five instars generated vibratory sig-
nals. Fifth instars construct silk cocoons and remain
inside until pupation. Pupae are covered by powdery
white bloom in their cocoons and may emerge in two
weeks or after overwintering. Our findings advance
the understanding of life history and ontogenetic
changes in F. bilineata, laying the groundwork for
comparative studies into the mechanisms of social
behavior and communication in larval insects.
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Introduction

Caterpillars of the two-lined hook tip moth, Falcaria
bilineata (Packard 1864) (Lepidoptera: Drepani-
dae), commonly known as the warty birch caterpil-
lar due to their warty’ appearance in the late instars
(Mosher 1917), are subjects of scientific interest for
a few reasons. First, F. bilineata belongs to the fam-
ily Drepanidae, which encompasses approximately
122 genera and 660 species (Minet and Scoble 1999;
Kristensen et al. 2007; van Nieukerken et al. 2011).
Larvae within this family exhibit intriguing inter-
and intraspecific variability in social behavior (Yack
et al. 2001; Bowen et al. 2008; Scott et al. 2010a,b;
Guedes et al. 2012; Scott and Yack 2012; Yadav et al.
2017; Yadav and Yack 2018). Second, Drepanidae
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caterpillars have been reported to produce vibratory
signaling on plants, which allows them to communi-
cate with each other (Yack et al. 2001; Bowen et al.
2008; Scott et al. 2010a,b; Guedes et al. 2012; Scott
and Yack 2012; Yadav et al. 2017; Yadav and Yack
2018). While vibratory sensing and communication
is widespread among insects (Cocroft and Rodriguez
2005; Turchen et al. 2022; Virant-Doberlet et al.
2023), our understanding of its precise mechanisms
and functions in juveniles remains limited (Yack
2016; Turchen et al. 2022). Third, larvae of many spe-
cies reside on the leaf surface or in open leaf shelters
(Bryner 1999), providing an ideal setting for study-
ing natural behaviors while simultaneously record-
ing vibratory signals. For these reasons, compara-
tive studies on Drepanidae caterpillars, within and
between species, offer unique opportunities to test
hypotheses on the evolution of communication (e.g.,
Scott et al. 2010a) and underlying proximate mecha-
nisms of social behavior (e.g., Yadav et al. 2020,
2022). For example, species such as the warty birch
caterpillar, F. bilineata, that exhibit solitary behavior,
can be compared to social species, such as Drepana
arcuata Walker, 1855 (Lepidoptera: Drepanidae) to
test hypotheses explaining the genetic, sensory, and
behavioral mechanisms of sociality. A crucial prereq-
uisite for such comparative studies involves detailed
documentation of the developmental stages of larvae
(e.g., Yadav and Yack 2018), including their mor-
phological features for instar identification purposes,
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as well as their developmental time, and behavioral
traits. For most Drepanidae species, this information
is lacking. Our study aims to address this gap in the
warty birch caterpillar.

Falcaria bilineata is widely distributed through-
out deciduous woodlands of northeastern and western
North America (Rose and Lindquist 1997; Powell and
Opler 2009), exhibiting two broods per year in some
regions (Handfield 1999). Adults are medium-sized
and recognized by the double lines across the fore-
wings and scalloped wing tips (Fig. 1a). Betula papy-
rifera Marshall (Betulaceae) is frequently reported as
the primary host plant for the larvae (Handfield 1999;
Wagner 2010). While previous reports have provided
brief descriptions of various morphological, behav-
ioral, and life history traits of immature stages (e.g.,
Dyar 1894a,b, 1895; Beutenmuller 1898; Mosher
1917; Daviault 1937, Bowen et al. 2008), these
accounts often lack comprehensive information, with
only one feature or stage described, and sometimes
conflicting data. Notable exceptions with respect to
larval ontogeny and behavior are Dyar (1894b) and
Bowen et al. (2008). Specifically, Dyar (1894b) pro-
vided a more comprehensive study of instar-specific
morphological descriptions of juvenile stages. Bowen
et al. (2008) contributed anecdotal observations of
morphological and behavioral aspects of larvae,
and reported, for the first time, vibratory signaling.
However, the focus was on late (4th and 5th) instars.
Despite these valuable contributions, there remains a
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Fig. 1 Life cycle of Falcaria bilineata: (a) Illustration of the general life cycle stages. (b) Proportion of caterpillar survival over

time, with the duration of each instar color-coded
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need for formal documentation of instar-specific mor-
phological and behavioral traits. Our study aims to
fill critical knowledge gaps by documenting the num-
ber and duration of each immature stage, delineating
morphological criteria for distinguishing between
instars, and through careful documentation of behav-
ior using video and vibratory recordings.

Materials and Methods
Insect Rearing and Plant Material

Adults of two-lined hook tip moths (F. bilineata) were
collected at the Queen’s University Biology Station
(Chaffey’s Lock, ON, Canada, 44.5788° N, 76.3195°
W) between May and June 2023, using a combination
of mercury vapor lights bulbs, ultraviolet lights, and
LepiLED Maxi Switch equipped with four LEDs with
UV radiation emittance (peak at 365 nm), two in the
blue range (peak at 450 nm), one in the green range
(peak at 520 nm), and one cool-white LED (Brehm
2017). Gravid females were held in glass jars (5L)
where they deposited eggs on paper birch cuttings or
brown paper bag clippings. To document the egg-lay-
ing dates and monitor the time of egg development,
females were transferred to new jars every 24 h. Eggs
were collected from jars, transferred to Petri dishes,
and monitored daily until the day of hatching. On
the day of hatching, neonates were used for experi-
ments. Paper birch (B. papyrifera), a known host
plant of the warty birch caterpillar (Handfield 1999),
was the plant species utilized in rearing and experi-
ments. Fresh twig cuttings were gathered daily from
trees near Carleton University, Ottawa, ON, Canada
(45.3896° N, 75.7014° W), and the twig cuttings
were utilized for rearing and in the trials.

Tracking Individuals across Ontogeny

To determine the number and duration of stages,
individuals were tracked from hatching to pupation
following the methodology outlined by Yadav and
Yack (2018) with some modifications. Birch cut-
tings containing a leaf were inserted into the lids of
water-filled plastic vials, and the bases of the cuttings
where they were inserted into the vial were sealed
using reusable adhesive putty (Staples®). Each cut-
ting with vial was then enclosed within 1.5L plastic

containers (13.8 cm diameterx 13 cm height) lined
with moistened paper towels to maintain humidity
levels. Subsequently, one neonate larva was carefully
transferred to the center of the leaf in a birch cut-
ting. This procedure was replicated for a total of 52
larvae. Neonate larvae were observed hourly during
the first 4 h to document behavioral activities such as
wandering, feeding, and silk deposition. A caterpillar
was considered "established" by the amount of time it
spent in one leaf location and the presence of a feed-
ing scar and silk mat. Once established, the caterpil-
lar’s position on the leaf (base, middle, lateral edge,
or tip) and the side of the leaf (abaxial or adaxial) was
recorded. Daily inspections were conducted to collect
head capsules, capture photographs, monitor feeding
and shelter-building activities, and refresh food sup-
plies. Two representative individuals of each develop-
mental instar with less than 24 h following molting
were preserved in 80% alcohol for further morpho-
logical examination. Data collected from individuals
tracked from hatching to pupation were used to docu-
ment the life cycle of F. bilineata, and to assess each
instar’s survival and duration. Survival of individuals
and median duration of each instar were computed
using the Kaplan—Meier estimators using the ’sur-
vival’ package in R.

Morphology

Morphological features of the head capsule, setae,
and tubercles were observed from live and ethanol-
preserved individuals, using photographs [light and
scanning electron micrographs] and shed head cap-
sules. Live individuals from each stage were exam-
ined within 24 h of molting, and the final larval
instar was examined for an additional time period to
document the pre-pupal stage. In addition to count-
ing the number of shed head capsules by follow-
ing individuals, we also measured the head capsule
width and body length parameters. Shed head cap-
sules were measured across the widest part for each
larval stage following Dyar (1890). As head capsules
were deformed following ecdysis from the last instar,
these measurements were taken directly from pho-
tographs of live larvae. Body length was measured
from the head to the end of the terminal abdominal
segment (A10) in a dorsal view. Head capsule width
and body length measurements across larval instars
served a dual purpose: (1) to confirm if parameters
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follow a predicted rate across instars, and (2) to deter-
mine if they are useful for distinguishing between
larval stages. To achieve this, the natural log of the
head capsule width and body length for each instar
was plotted against the number of instars, and a lin-
ear regression analysis was conducted to assess if lar-
vae followed a regular geometric growth progression
(Dyar 1890).

Photographs were captured using a stereo micro-
scope (Leica M205 C, Leica Microsystems, Ger-
many) equipped with a camera (Leica DMC4500,
Leica Microsystems, Germany), and a Canon camera
coupled with a 24 mm lens (EOS Rebel T6, Canon,
Japan). Measurements and z-stacked images were
acquired using Leica application suite X (LAS X,
version: 3.7.1.21655, Leica Microsystems, Germany).
Scanning electron micrographs (SEM) were gener-
ated by air-drying specimens, mounting on aluminum
stubs with carbon tape, and sputter-coating with
gold—palladium. Specimens were examined using a
Tesca Vega-Il XMU scanning electron microscope
(XMU VPSEM; Czech Republic). Identification and
naming of morphological traits followed the nomen-
clature of Stehr (1987).

Behaviors

Behaviors of F. bilineata caterpillars were systemati-
cally monitored to describe the following traits: resting,
crawling, feeding patterns, silk deposition, vibratory
signaling, frass deposition, and propensity for social
grouping. Two experimental approaches were used.
In the first experimental approach, we recorded estab-
lished individuals using high-definition audio—video
recordings using a camcorder (Canon XAll, Canon
Corp. Japan) with a macro close-up lens (Raynox,
DCR-150, Yoshida Industry Co., Japan) coupled with
a laser-Doppler vibrometer (PVD-100; Polytec, Inc.,
Germany) to record leaf vibrations simultaneously. The
laser was set at a velocity of 20 mm/s; high pass filters
off; low pass filter 20 kHz and the laser beam focused
on reflective tape (5.5 mm diameter) affixed to the
upper (adaxial) leaf surface 2-3 cm from the caterpil-
lar. Undisturbed, established individuals were recorded
for a minimum of 1 h during each larval instar. The
audio—video recordings were conducted in an acous-
tic chamber (model C-14A MR, Eckel Industries Ltd.,
USA) containing two LED pad lights (model LG-
E268C, Ledgo Technology Ltd., China), configured
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with a brightness level of L 050 and a color tempera-
ture of 4800 K. Recordings were always carried out
between 7:00 AM and 6:00 PM at room temperature. A
total of 19 h of video recordings were examined across
all instars, and video files (.mov) were analyzed using
the Behavioral Observation Research Interactive Soft-
ware (BORIS) (Friard and Gamba 2016). Audio files
were extracted from videos (waveform audio, ‘.wav’)
using the software Audacity [version 3.0.2] with the
FFmpeg library (Audacity Team 2024). Audio files
(.wav) were imported to R-software [version 4.3.3] run
in the RStudio interface [version 2023.12.1+402] (R
Core Team 2024; RStudio Team 2024) and waveforms
were generated using the ‘seewave’ package. Graphi-
cal illustrations were produced with Wacom creative
tablet (Intuos S, Tokyo, Japan) using Corel Draw 2021
(Corel, Ottawa, ON, Canada). In addition to conducting
video recordings, each day we observed live specimens
for approximately 10 min per individual, documenting
their behavior through manual notes and photographs
(EOS Rebel T6 coupled with a Canon EF-S 24 mm
STM Lens; Canon, Japan).

A second experiment investigated the potential for
group formation among early instars. The rationale for
focusing on early instars is based on observations in
other Drepanidae species, such as D. arcuata, where
early instars form groups actively, whereas later instars
live solitarily (Yack et al. 2001; Yadav et al. 2017). In
contrast, F. bilineata seems to differ in their potential to
form groups (Bowen et al. 2008), although this has not
been formally tested. The experimental design included
the following: one birch cutting containing three leaves
was placed in a water-filled plastic vial, as described
above. Six early instar (I and II) individuals were ran-
domly selected from rearing jars and positioned on the
center of one of the three leaves, and then allowed to
move freely on the birch cutting. The larvae were moni-
tored at hourly intervals (1, 2, 3, 4, 5, 6, and 7 h) to note
whether group formations occurred. Three experimen-
tal trials were conducted per day over a period of three
days, totaling nine replicas.

Results

Falcaria bilineata develops through seven distinct
immature stages: eggs, five larval instars, and pupa
(Fig. 1a). Morphological and behavioral traits (where
applicable) for each stage are described below.
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General Comments on Immature Stages and
Ontogeny Tracking

Overall, the developmental time from hatching to
pupation ranged from 34-45 days, with an average
duration of 35.6+3.04 days (Fig. la). To follow
the ontogeny, 52 first instars were initially tracked.
However, not all these individuals were followed
through to pupation, for two reasons. First, high
mortality occurred in early instars (e.g.,~56% of
individuals died in the first instar [N=29/52 indi-
viduals], with additional mortality at subsequent
stages (Fig. 1b)). Second, two representatives per
instar (10 individuals in total) were preserved in
80% ethanol for morphological analysis. Due to
these factors, the number of individuals studied at
each developmental stage declined throughout the
study. Consequently, the maximum sample sizes
available for study for each instar are as follows: 52
first instars, 21 second instars, 16 third instars, 10
fourth instars, 7 fifth instars and 5 pupae. However,
not all these individuals may have been examined
for any particular behavioral or morphological trait.
Further details on mortality per instar and sample
sizes reported for different traits are provided below
for each developmental stage.

Eggs

Females usually lay 2-7 eggs in a non-overlapping
row (Fig. la), aligned along their longest diameter
and often touching each other. Eggs were laid on both
the upper and lower surfaces of leaves, plant twigs,
brown paper bag clippings, and the sides of the glass
jars.

Morphology: Eggs are smooth, polished, flattened,
and oval with diameters ranging from 0.79-0.95 mm
(0.88+0.04 mm; N=28 eggs). The color of ferti-
lized eggs changed from yellow when laid, to orange
(~4 days after hatching), reddish-brown (~7 days
after hatching), and then to black as they neared
hatching. Eggs hatch in approximately 9-11 days at
room temperature (Fig. 1a). Neonates from the same
row hatched at different times, with the exit holes ori-
ented away from adjacent eggs. While synchronous
hatching within the same egg mass was not observed,
all individuals hatched within 24 h following the first
hatching.

Body Plan of F. bilineata Larvae

Falcaria bilineata larvae exhibit a conserved body
plan across five instars. They possess a sclerotized
head with a striated surface texture (Fig. 2a-e) and
six lateral stemmata arranged in a characteristic pat-
tern: five forming a semicircle (stemmata 1-4, and
6), with the fifth being more ventral and posterior to
the antenna, (with the third stemma being the larg-
est; Fig. 3a). The rest of the body consists of 13 seg-
ments—three thoracic (T1-T3) each bearing a seg-
mented leg with terminal claw, and ten abdominal
(A1-A10) segments, four of which (i.e., A3-A6) that
bear thick prolegs with crochets (Fig. 3a-f). Spira-
cles are located on T1 and A1-AS8 (slightly larger on
T1, A7 and AS8). The terminal segment (A10) lacks
prolegs (Fig. 3a-f), which is common in other Lepi-
doptera (Stehr 1987) and forms a suranal plate with
a conical projection (called a “knob” or “process” by
Stehr 1987) covered with spinules in the cuticle, and
two setae emerging from the tip (Fig. 3). All instars
possess on their anal segment a pair of PP1 seta (the
paraproct seta Stehr 1987) that are thickened and
oar-shaped (see Fig. 3g-j). These structures are used
in producing vibrations and have been termed ‘anal
oars’ in this context in this species and other Drepani-
dae (Yack et al. 2001; Bowen et al. 2008; Scott et al.
2010a). The body of both early instars is rusty brown
with white bands, then transitioning to a creamy color
with irregular brown and white patches in later instars
(Figs. la; 4a). The body surface is somewhat rough
with small mound-like projections of the body wall,
frequently bearing a seta (i.e., named “tubercles” by
Stehr 1987). The most prominent setae include two
dorsal (D1, D2) and subdorsal (SD1, SD2) setae, and
three lateral (L1, L2, L3) and subventral (SV1, SV2,
SV3) setae. An illustrative general map of these setae
is presented in Fig. 3a, and details for each instar are
described below.

First Instar

Morphology: Head capsule width ranges from
0.32-0.36 mm (0.35+0.01 mm, N=21 head
capsules) (Fig. 2a, f), and the body length from
1.45-2.56 mm (2.01+0.33 mm, N=21 individu-
als) (Figs. 2g; 3b; 4a). The head capsule is rounded
with a slightly notched dorsal margin at the epicra-
nial suture. The head colors range from dark brown
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Fig. 2 Ontogeny of growth patterns in F. bilineata larvae.
Light micrographs of F. bilineata head capsules at different
instar stages: (a) first instar; (b) second instar; (c) third instar;
(d) fourth instar; (e) fifth instar. Scale bar: 100 pm. Density
plots showing the frequency distribution of head capsule width

to black, with a single faint white transverse band
across the head positioned above the frons (Fig. 2a).
The body is primarily rusty brown with conspicuous
light color bands prominent on dorsal and subdorsal
regions of the thoracic segment T1 and abdominal
segments Al, A4, AS, A7, and A10 (Fig. 3b, 4a). Pro-
legs are brown, slightly lighter in color than the body.
Dorsal setae (D1, D2) of thoracic and abdominal seg-
ments are located in tubercles, except A10. Dorsal
tubercles are very similar in size in all segments. At
the thoracic segment (T1), the pairs of tubercles con-
taining the D1 and D2 setae are located in the pro-
thoracic shield (Fig. 3a-b). Subdorsal setae (SD1 and
SD2) are present on T1-T3, while only SD1 is visible
on abdominal segments. Importantly, during the first
instar, the subdorsal setae are not located in tubercles.
Lateral setae (L1, L2, L3) are present in T1, but L2
and L3 are absent (or not visible) in T2-T3 thoracic
segments. In abdominal segments, only L1 and L2
setae are visible, while L3 is absent or not visible.
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Subventral setae (SV1 and SV2) are present on seg-
ments T1, A8, A9, and A10. Only SV1 is present (or
visible) in T2-A2 segments. In A3-A7, no subventral
setae are visible (Fig. 3a-b). SV3 is lacking in this
instar stage. The conical projection at the end of the
suranal plate is brown with short spinules in the cuti-
cle, and two small setae at its tip (Fig. 3a,g).
Behavioral observations: Neonate (first instar)
larvae exhibit an initial exploratory phase where
they wander across the leaf surface until they locate
a suitable site to establish themselves. Our observa-
tions revealed a strong preference among first-instar
larvae for the leaf tip. Once established at the leaf tip,
a subset of established larvae (N =3 individuals) was
monitored using audio—video recordings for a total
of five hours. They spent an average of 60.13% of
the time resting (~36.08 min h™!), 18% of the time
feeding (~10.80 min h™"), 11.97% of the time crawl-
ing (~7.18 min h™'), 7.48% of the time laying silk
(~4.49 min h™"), and in the remaining 2.42% of the



J Insect Behav (2025) 38:21

Page 7 of 18 21

IV instar

V instar

Fig. 3 Morphology traits in F. bilineata larvae. Body plan
of F. bilineata larvae illustrating the map of setae in thoracic
and abdominal segments (a). Light micrographs of F. bilineata
body showing a lateral view of first (b), second (c), third (d),
fourth (e), and fifth (f) instars. Scale bar: 100 pm. Close-up of

time (~ 1.45 min h™!) they produced occasional point
events, such as signaling (n=402 signals) and frass
disposal (n=2 frass events). Behavioral transitions
were concentrated mainly between Resting — Crawl-
ing — Feeding. Feeding involves skeletonizing the

100un

the abdominal segment (A10) highlighting the suranal plate
and the location of the anal oar (PP1 setae) in early (g) and
later (h) instars. Scanning electron micrographs of F. bilineata
anal-oar (PP1 setae) in early (i) and later (j) instars. Scale bar:
10 pm

leaf by consuming the area between veins and tri-
chomes (Fig. 4c). Larvae tend to feed away from the
leaf tip (~1 cm from the extreme leaf tip), leaving
the tip unconsumed (Fig. 4c). The feeding scar tends
to extend in the opposite direction from the leaf tip,
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Fig. 4 Photographs of F. bilineata showing a close-up view of
the caterpillar on its natural substrate (a), along with character-
istic behaviors of resting (b) and feeding (c). Waveforms (five
seconds) at the bottom show vibrational signals generated by

progressing laterally across the scars. Larvae also lay
silk on the leaf surface. This process involves repeti-
tive back-and-forth movements of the anterior body,
with a silk thread emerging near the mouth from silk-
producing glands. Each movement lays down another
strand, gradually forming a silk mat on the leaf sur-
face. Neonates frequently lay silk at the tip (as a silk
mat) and edges of the leaf but do not construct tents
or shelters. Notably, first-instar larvae exhibit a pref-
erence for resting at the leaf tip (Fig. 4b). During rest,
larvae maintain a characteristic posture, with their
anterior (Head, T1-A2) and terminal abdominal seg-
ments (A7-A10) held up at a~45-degree angle, sup-
ported by their abdominal prolegs (A3-A6) on the silk
mat (Fig. 4b). While resting, larvae deposit frass away
from the leaf by turning the anal part outward towards
the leaf edge and dropping frass away from the edge.
If frass drops on the leaf, the caterpillar removes it by
flicking it over the edge with its terminal abdomen or
picking it up in their mandibles, walking to the edge,
and dropping it. Larvae also generate rapid head and
body movements, creating leaf vibrations with a high
signal-to-noise ratio (Fig. 4d). Signaling in solitary
established individuals occurs 1.46 events per minute
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rapid head and body movements (d). Each column represents
an instar (I-V), with early instars on the left and later instars on
the right

and primarily happens at the leaf tip (75% of cases;
n=302/402 events; N=3 individuals). However,
it can also occur at the feeding scar (12% of cases
n=48/402 events; N=3 individuals) or leaf edge
(13% of cases; n=52/402 events; N=3 individuals).
Crawling is primarily observed when the larvae move
between the leaf tip and their feeding site, or along
the leaf edge while laying down silk.

Development time: Of the 52 individuals hatched
from eggs, 29 died during the first instar and 2 were
preserved, resulting in 21 progressing to the second
instar. The duration of the first instar is 5-9 days
with an average of 6.57+0.98 days (N=21 individu-
als) (Fig. 1b). The molting process occurs at the leaf
tip, commonly where silk is present (95.24% N=20
individuals).

Second Instar

Morphology: Head capsule width ranges from
0.60-0.65 mm (0.62+0.02 mm, N=19 head
capsules) (Fig. 2b, f), and the body length from
3.94-4.20 mm (4.13+0.08 mm, N=19 individuals)
(Figs. 2g; 3c; 4a). The head capsule becomes bilobed
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with the notched dorsal margin at the epicranial
suture more pronounced in comparison with the first
instar. The head color is dark brown, but the white
transverse band above the frons is more pronounced
in comparison with the first instar (Fig. 2b). The body
color is lighter rusty brown compared with the first
instar, and the light color bands follow the same pat-
tern as the first instar. Prolegs are dark brown, slightly
darker than the body. Dorsal setae (D1, D2) of tho-
racic and abdominal segments are located in tuber-
cles, except A10. Prominent dorsal tubercles are pre-
sent in the first three thoracic segments (T1-T3) and
specific abdominal segments (A2, A3, A8, and A9)
(Fig. 3a,c). Subdorsal setae (SD1 and SD2) are pre-
sent on both thoracic and abdominal segments, except
A9 where SD2 is absent. On the thoracic segments,
the subdorsal setae are present in tubercle projections,
while on the abdominal segments, they are simple
setae. Lateral setae (L1 and L2) are present in the tho-
racic and abdominal segments, but L3 is absent (or
not visible) in segments T2-T3 and shortened in the
abdominal segments. Subventral setae (SVI1, SV2,
and SV3) are present in the thoracic and abdominal
segments (Fig. 3a,c). The conical projection at the
end of the suranal plate is more prominent than in the
first instar. This projection is light brown at the base
with spinules in the cuticle transitioning to black near
the tip where two small setae are present (Figs. 3c;
4a).

Behavioral observations: Following the molt from
the first instar, larvae consume their exoskeleton
in>90% of the cases, while the head capsule is often
on the leaf surface or the floor of the plastic rearing
container. Behavioral patterns are quite similar to
those observed in the first instar. Larvae (N=4 indi-
viduals) were monitored using audio—video record-
ings for a total of five hours. They spend on average
55.01% of the time resting (~33.01 min h™'), 37.33%
of the time feeding (~22.40 min h™'), 5.45% of the
time crawling (~3.27 min h™"), 0.41% of the time lay-
ing silk (~0.25 min h™') and in the remaining 1.80%
of the time (~1.08 min h™') they produce occasional
point events, such as signaling (n=256 signals; N=4
individuals) and frass disposal (n=14 frass events;
N =4 individuals). Feeding behavior and resting pos-
ture observed in the first instar are also seen in the
second instar (Fig. 4b,c). Larvae continue extending
the same first instar feeding scar by skeletonizing the
leaf and depositing silk on the leaf surface and edges

(Fig. 4c). Signaling in solitary established individuals
occurs 0.80 events per minute (Fig. 4d) and primar-
ily at the extreme leaf tip (67% of cases; n=171/256
events; N=4 individuals) and feeding scar (33% of
cases; n=_385/256 events; N=4 individuals). Crawling
is primarily observed when the larvae move between
the leaf tip and their feeding site.

Development time: Of the 21 individuals that
reached the second instar, 2 were preserved and
3 died, resulting in 16 individuals progressing to
the third instar. The duration of the second instar is
5-8 days with an average developmental time of
6.13+0.81 days (N=16 individuals) (Fig. 1b). The
molting process occurs at the leaf tip, commonly
where silk is present (100%; N =16 individuals).

Third Instar

Morphology: Head capsule width ranges from
0.90-1.08 mm (1.02+0.07 mm, N=14 head
capsules) (Fig. 2c, f), and the body length from
3.90-8.50 mm (6.30+1.32 mm, N=14 individuals)
(Figs. 2g; 3d; 4a). The head capsule is bilobed with
the notched dorsal margin at the epicranial suture, as
in the second instar. The head is yellowish in color
with one white transverse band above the frons (as
in the first and second instar) and an additional (i.e.,
not present in the first and second instar) white band
appearing across the frons. Stemmata are surrounded
by brown-black markings (Fig. 2c). The body color is
yellowish-brown and light-colored dorsal bands fol-
low the pattern of earlier instars (Fig. 3d, 4a). Prolegs
are light brown following the same body color. Dor-
sal (D1, D2) and subdorsal setae (SD1, SD2) occur
in tubercle projections in the thoracic and abdominal
segments, except A10. Dorsal tubercles on T1-T3 and
A8 are particularly conspicuous (Fig. 3a,d; 4a). Addi-
tionally, all body segments display lateral (L1, L2,
L3) and subventral (SV1, SV2, SV3) setae, with the
third lateral setae (L3) being generally shorter. The
conical projection on the terminal segment is more
prominent than in the second instar, brown with spi-
nules in the cuticle, and two setae at its tip (Fig. 3d;
4a).

Behavioral observations: Following the molt from
the second instar, larvae consume their exoskeleton
in>80% of the cases, while the head capsule is often
on the leaf surface or the floor of the plastic rearing
container. Third instar larvae (N =3 individuals) were
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monitored using audio—video recordings for a total
of five hours. They spent on average 62.83% of the
time resting (~37.70 min h™'), 29.33% of the time
feeding (~17.6 min h™'), 6.13% of the time crawling
(~3.68 min h™"), and in the remaining 1.71% of the
time (~1.03 min h™!) they produced occasional point
events, such as signaling (n=162 signals; N=3 indi-
viduals) and frass disposal (n=18 frass events; N=3
individuals). Third instar larvae continue to feed by
skeletonizing the leaf tissue but then transition to
cutting the leaf edges (Fig. 4c). Additionally, third
instar larvae move away from the tip. At this point,
they no longer skeletonize the leaf and begin cutting
it from the edge. After eating the entire leaf, or the
leaf becomes dry, the larva moves to a new leaf and
lays down a mat of silk on the upper leaf surface typi-
cally at the lateral part of the leaf near the feeding
site rather than specifically at the leaf tip (Fig. 4c).
Interestingly, they clip out the non-eaten parts such as
the veins and petiole. The resting posture is similar
to earlier instars, but the location of resting may be
anywhere on the leaf, not just the tip as for previous
instars (Fig. 4b). Signaling occurs at a rate of 0.52
events/minute and is primarily concentrated at the
lateral part of the leaf (55% cases; n=89/162; N=3
individuals) and tip (41% cases; n=66/162; N=3
individuals) on the silk mat and a lower proportion
of signals are observed near where the feeding occurs
(4% of cases; n=7/162; N=3 individuals) (Fig. 4d).

Development time: Of the 16 individuals that
reached the third instar, 2 were preserved and 4 died,
resulting in 10 individuals progressing to the fourth
instar. The duration of the third instar is 4-9 days with
an average developmental time of 6.40+1.71 days
(N=10 individuals) (Fig. 1b). The molting process
occurs at the lateral part of the leaf, commonly where
silk is present (100%; N =10 individuals).

Fourth Instar

Morphology: Head capsule width ranges from
1.46-1.63 mm (1.56+0.07, N=8 head -cap-
sules) (Fig. 2d, f), and the body length from
9.21-13.91 mm (12.21 +1.60 mm, N=8 individu-
als) (Figs. 2g; 3e; 4a). Head capsule is bilobed with
the notched dorsal margin at the epicranial suture,
as in the second and third instar. The head is yel-
lowish in color with two white transverse bands,
and the stemmata are surrounded by brown-black
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markings similar to the third instar (Fig. 2d). Body
color and light color bands remain in the same pat-
tern as the third instar (Figs. 3e; 4a). Prolegs are
pale brown, distinguishing them from the yellow-
ish-brown in the body color. Dorsal (D1, D2) and
subdorsal (SD1, SD2) setae occur in tubercle pro-
jections in the thoracic and abdominal segments,
except A10. Dorsal tubercles on T1-T3 and A8 are
particularly conspicuous. Additionally, all body
segments display lateral (L1, L2, L3) and subventral
(SV1, SV2, SV3) setae, with the third lateral setae
(L3) being generally shorter. The conical projection
is more prominent than in the third instar, being
light brown with spinules in the cuticle, and has two
setae at its tip (Figs. 3a, d; 4a).

Behavioral observations: Following the molt from
the third instar, larvae consume their exoskeleton in
80% of the cases, while the head capsule is often on
the leaf surface or the floor of the plastic rearing con-
tainer. Fourth instar larvae (N=4 individuals) were
monitored using audio—video recordings for a total
of three hours. They alternated primarily between
resting (55.52% of the time; [~33.31 min h™!]) and
feeding (43.27% of the time [~25.96 min h~™']) with
lower proportions of the time spent crawling (0.85%
of the time [~0.51 min h™']) mainly between the
silk mat and the feeding location. In the remaining
0.36% of the time (~0.22 min h™') they produced
occasional point events, such as signaling (n=11
signals; N=4 individuals) and disposing of frass
(n=14 frass events; N=4 individuals). Larvae lay a
silk mat on the leaf surface as do third instars. Like
late third instars, fourth instars feed by cutting the
leaf (Fig. 4c). Once the leaf is consumed, or becomes
dry, a larva wanders in search of a new fresh leaf.
The resting posture remains as in the earlier instars
(Fig. 4b). Resting occurs most of the time on the silk
mat deposited in the intact leaf area at the lateral part
of the leaf near where the feeding occurs (Fig. 4b).
Signaling is also observed in the fourth instar, occur-
ring at a rate of 0.056 events per minute and predomi-
nantly at the lateral part of the leaf (100% of cases;
n=11 events; N=4 individuals) (Fig. 4d).

Development time: Of the 10 individuals that
reached the fourth instar, 2 were preserved and 1
died, resulting in 7 individuals progressing to the fifth
instar. Duration of the fourth instar is 6-9 days with
an average developmental time of 7.00+1.15 days
(N=7 individuals) (Fig. 1b). The molting process
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occurs at the lateral part of the leaf, commonly where
silk is present (100%; N =7 individuals).

Fifth Instar

Morphology: Head capsule width ranges from
2.02-2.11 mm (2.06+0.03 mm, N=35 head cap-
sules) (Fig. 2e, f), and the body length from
11.94-13.76 mm (12.76+0.83 mm, N=5 individu-
als) (Figs. 2g; 3f, 4a). The head capsule is bilobed
with the notched dorsal margin at the epicranial
suture, as in the second, third, and fourth instars.
The head remains yellowish in color with stemmata
surrounded by brown-black markings similar to the
third and fourth instars, but the two white transverse
bands are fainter (Fig. 2e). The body color is a lighter
yellowish-brown compared to the third and fourth
instars, and the light color bands follow the same pat-
tern as the earliest instars (Figs. 3e; 4a). Prolegs are
pale brown close to white, distinguishing them from
the yellowish-brown marks in the body color. Dorsal
(D1, D2) and subdorsal (SD1, SD2) setae are found
in tubercle projections in the thoracic and abdominal
segments, except A10. Dorsal tubercles on T2-T3,
and A8 are particularly conspicuous and reddish-
brown in color. In the T2 and T3 segments the dor-
sal tubercles seem to be merged forming a horn-like
protrusion in each segment. Furthermore, all body
segments display lateral (L1, L2, L3) and subventral
(SV1, SV2, SV3) setae, with the third lateral setae
(L3) being generally shorter. The conical projection is
more prominent than in the fourth instar, light brown
with spinules in the cuticle, and two setae at its tip
(Figs. 3a, f; 4a). Prepupal larvae become enlarged,
with the head capsule noticeably narrower than the
body, and the reddish-brown color in the tubercles
becoming more evident.

Behavioral observations: Following the molt from
the fourth instar, larvae consume their exoskeleton
in>80% of the cases, while the head capsule is often
on the leaf surface or the floor of the plastic rearing
container. Fifth-instar larvae (N =2 individuals) were
monitored using audio—video recordings for a total of
one hour. They allocated their time primarily to rest-
ing (36.83% of the time; [~22.10 min h™!]), feeding
(34.04% of the time [~20.43 min h™!]), and crawling
(27.74% of the time [~ 16.65 min h_l]). In the remain-
ing 1.39% of the time (~0.83 min h™!) they produced
occasional point events, such as signaling (n=10

signals; N=2 individuals) and frass disposal (n=2
frass events; N=2 individuals). Larvae lay a few
strands of silk near feeding locations on the leaf sur-
face, replicating the behavior of fourth instars. Like
the late third and fourth instars, the fifth also feeds by
cutting the leaf and clipping out the non-eaten parts
such as the veins and petiole. Once the entire leaf
is consumed, or becomes dry, the larvae wander in
search of a new fresh leaf. Usually, they rest in their
consistent position with the head and terminal abdom-
inal segments held up, as in the previous instars, and
most of the time on the silk near the feeding site, but
also on the twig, or branch (Fig. 4b). Prior to pupa-
tion, caterpillars cease feeding and search for a suit-
able pupation site. Upon finding an appropriate loca-
tion at the leaf, the larva spins silk strands using thick
brown silk to partially fold the leaves together. Next,
it constructs a thin, silk yellowish cocoon around
itself, often attaching it to the leaf’s underside. The
leaf curls partially over the cocoon, providing some
concealment or protection. The caterpillar remains
inside the cocoon for 1-2 days, which is considered
the pre-pupal stage. The molting process occurred
inside the cocoon (100%; N=35 individuals). Typi-
cally, the head capsule of the fifth instar and residues
of their exoskeleton remained attached to the poste-
rior end of the pupa.

Development time: Of the 7 individuals that
reached the fifth instar, 2 were preserved and no mor-
tality was recorded, resulting in 5 individuals pro-
gressing to the pupa stage. Duration of the fifth instar
is 6-9 days with an average developmental time of
8.00+1.22 days (N =5 individuals). The duration of
the pre-pupa ranges from 1-2 days. If pre-pupal time
is considered within the fifth instar the duration of
the fifth instar ranges from 8—11 days with an average
developmental time of 9.60+1.14 days (N=5 indi-
viduals) (Fig. 1b).

Pupa

Morphology: Length: 11.93-13.31 mm (12.78 +0.51,
N=5 individuals) (Fig. 1a). The pupa has a protec-
tive outer silk cocoon around it. Initially, the pupa is
a cream color but turns dark brown after a day and
becomes covered with a white bloom. Similarly, the
cocoon transitions from yellowish to brown over a
few days.
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Development time: The pupal stage is about
two weeks when at room temperature but can also
overwinter.

Comparisons between sizes of Larval Instars

Head capsule width and body length were meas-
ured throughout larval development, from hatching
to pupation. Five head capsules were collected from
each of the 5 individuals that were followed through
ontogeny. The distribution of head capsule widths
revealed five distinct peaks (Fig. 2f), confirming that
there are five larval instars. This was further con-
firmed by linear regression analysis, which showed a
strong positive geometric growth relationship across
instars (F65=3747; P<0.001; R?>=0.983; Fig. 2h),
and indicating that head capsule width is a reliable
indicator of the instar stage. Body length measure-
ments were also taken within 24 h of molting for each
instar. While linear regression again indicated growth
across instars (F1,65=573.86; P<0.001; R>=0.896;
Fig. 2h), there was greater overlap in body lengths
between instars compared to head capsule widths
(Fig. 2g). This suggests that body length is less reli-
able for distinguishing between instars in F. bilineata.

Early Instar Grouping Formation

We investigated experimentally whether early instar
(I and II) caterpillars exhibit social tendencies. Our
hypothesis was that if early instar caterpillars form
groups, they would preferentially locate and stay near
other individuals on the same leaf. Nine experimen-
tal replicates were conducted, each beginning with
6 early instars (54 individuals in total). However, no
group formation was observed at any of the obser-
vation points throughout the experiment. Within the
first hour, all six larvae (per trial, each involving 3
leaves) typically dispersed across the original leaf
where they were placed. Throughout the remaining
observation period (7 h in total), the median num-
ber of caterpillars per leaf was two. It’s important to
note that even when two caterpillars were on a single
leaf, they did not represent a group, as they occupied
different regions of the same leaf. Collectively these
results indicate that early instar F. bilineata do not
exhibit grouping behavior.
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Discussion

In this study, we document the ontogeny of the warty
birch caterpillar, F. bilineata, a member of the Drepa-
nidae family. This family is notable for its variation
in larval social behavior, territoriality, and vibratory
signaling, both within and between species (see Yack
et al. 2001; Bowen et al. 2008; Scott et al. 2010a;
Yadav et al. 2017, 2020), offering an excellent oppor-
tunity to test hypotheses regarding the mechanisms
and evolution of insect sociality using comparative
methods. To carry out such comparative studies, it is
important to characterize the phenotypes (morphol-
ogy and behavior) of each species. Therefore, the
primary objectives of this study were to describe the
immature stages of F. bilineata, distinguish larval
instars, and document the morphological and behav-
ioral changes that occur throughout its development.

Eggs

Falcaria bilineata adults laid their eggs in non-over-
lapping rows, aligned with their longest diameter and
often touching each other. Eggs change color during
development, and the neonates hatch asynchronously
through exit holes oriented away from adjacent eggs.
Interestingly, similar traits have been observed in
other Drepanidae that share the same ecological
niches, such as D. arcuata (Yadav and Yack 2018).
The close proximity of eggs may reduce the exposed
surface area, minimizing desiccation risk (Stamp
1980). The observed color changes might function as
crypsis, aposematic, and/or photoprotection against
ultraviolet radiation (Guerra-Grenier 2019). The
orientation of the exit holes may help reduce injury
to the neonates and damage to adjacent eggs, while
asynchronous hatching may minimize intraspecific
competition among newly emerged larvae (Takata
et al. 2013; Szasz et al. 2024). At present, these
hypotheses in Drepanidae remain untested but would
be interesting to explore.

Larval morphology

Five larval instars of F. bilineata were confirmed
by following the ontogeny of isolated individuals
and counting their shed head capsules. This was
confirmed using Dyar’s rule (Dyar 1890), which
predicts that larval head size remains relatively
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constant within each instar and follows a regular
geometric progression across successive stages.
Head capsule widths in F. bilineata showed a strong
positive geometric growth pattern across instars and
were closely aligned with previous reports (Dyar
1894a, b). Body length also increased significantly
across development; however, it was less reliable
for distinguishing instars due to overlaps in body
length between instars. Thus, head capsule width
in F. bilineata is a reliable method for identifying
larval instars, as is done in various insects (e.g., Iri-
garay et al. 2006; Barrionuevo and San Blas 2016),
including Drepanidae caterpillars (e.g., Yadav and
Yack 2018).

Subtle morphological traits also help distinguish
F. bilineata instars. As larvae grow, the shape of
the head transitions from rounded in the first instar
to bilobed, with a pronounced epicranial notch from
the second instar onward. The head color changes
from dark brown to yellowish, and the head banding
pattern changes from a single white band above the
frons to two bands, with the addition of a band cross-
ing the frons and brown-black markings surround-
ing the stemmata. Similarly, the body color changes
from rusty brown to yellowish brown, and the pro-
legs lighten from brown to pale brown close to white,
with the most noticeable transition in the third instar.
These changes in coloration and morphology align
with earlier reports for F. bilineata (e.g., Dyar 1894a;
Beutenmuller 1898). However, it is important to
acknowledge that color assessments can be subjective
and influenced by external factors, such as leaf color
during larval rearing (LM Turchen, personal observa-
tion). Thus, caution is advised when using coloration
to distinguish between instars. The transition from
dark brown in early instars to yellowish brown in later
instars may increase crypticity, while the lighter color
of the prolegs may enhance countershading, allowing
larvae to blend more effectively into their environ-
ment and avoid predation. Additionally, these color
changes could potentially support thermoregulatory
functions, as lighter tones might reflect solar radia-
tion, helping larvae maintain optimal body tempera-
tures. This could be especially relevant for F. biline-
ata, which reside on the leaf surface without shelter
protection. Although these functions are speculative
for F. bilineata, they are consistent with functions
of color variation in other caterpillar species (e.g.,
Solensky and Larkin 2003; Rowland et al. 2008;

Rowland 2009; Wagner and Hoyt 2022; Robinson
et al. 2023), warranting further investigation.

Setae and tubercles also exhibit ontogenetic
changes in their presence and prominence across
larval instars. Dorsal setac were consistently present
in all segments and located on tubercles in the tho-
racic and abdominal segments (except A10) across
all instars. As the larvae grow, notable changes occur
in the prominence of dorsal tubercles, particularly in
the second, third, and fifth instars. Subdorsal setae
exhibit changes in relation to their presence and asso-
ciation with tubercles across the thoracic and abdomi-
nal segments during the early instars (I-II). From the
third instar onward, subdorsal setac were consistently
present in all thoracic and abdominal segments and
located on tubercles. Lateral and subventral setae also
exhibit notable changes in presence across thoracic
and abdominal segments in early instars (I-II), but
from the third instar, they are present in all segments,
although they were never associated with tubercles.
Specific functions of the tubercles in F. bilineata
are not known; however, in other lepidopteran spe-
cies, tubercles can be equipped with spines, hairs, or
glands that release irritating chemicals to deter preda-
tors (Battisti et al. 2011; Caro and Ruxton 2019).
There is currently no evidence suggesting that the
tubercles of F. bilineata produce urticant substances.
However, their prominent appearance, reddish-brown
coloration, and horn-like morphology may serve as
visual signals, possibly functioning in aposematic
mimicry to convey an impression of danger to poten-
tial predators, thus reducing the likelihood of attack.
Tubercles and setae have also been investigated as
potential sensory structures for detecting mechanical
and acoustic stimuli in other caterpillar species (Tautz
1977; 1978; Taylor and Yack 2019). However, to date,
there is no evidence supporting a sensory function for
tubercles. In contrast, certain setae have been identi-
fied as vibroacoustic receptors in caterpillars (Tautz
1977; 1978; Taylor and Yack 2019). Although these
possibilities have not been tested for F. bilineata, they
present interesting avenues for further study.

Larval behavior
Behavioral patterns of established F. bilineata lar-
vae were monitored across all instars, focusing par-

ticularly on resting, crawling, feeding, silk deposi-
tion, frass manipulation, and vibratory signaling. An
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experiment was also conducted to assess the tendency
of early instars (I-II) to form social groups. Overall,
time budgets revealed that established caterpillars
spent most of their time resting, feeding, crawling,
and laying silk, with frass manipulation and vibra-
tory signaling occurring less frequently. Some behav-
iors were observed to change across instars. Detailed
observations of each behavior are discussed below.
Resting was the most frequent larval activity,
occupying 37-62% of the total time recorded in each
instar (~22—37 min h7™"). It is important to note
that larval activity was observed between 7:00 AM
and 6:00 PM, which may have resulted in an over-
representation of resting behavior, as many caterpil-
lars exhibit increased activity at night (e.g., feeding
activities; Suszczynska et al. 2017)—periods not cov-
ered in this study. Despite this limitation, our results
showed that larvae from the first to fourth instars con-
sistently spent more than 55% of their time resting
(>33 min. h™!), while those in the fifth instar rested
only 36% of the time (~22 min h™!) and engaged in
other activities (e.g., crawling). Early instars (I-II)
typically rested at the extreme leaf tip, often on silk
mats, whereas from the third instar onward, rest-
ing locations became more variable but remained
closely associated with silk mats. Notably, all instars
assumed a “dragon-like” posture during resting, with
their anterior and terminal abdominal segments held
at approximately a 45-degree angle—a posture also
described as “dragonesque” (Wagner 2010). We sus-
pect that this distinctive posture, combined with the
selection of resting sites, may enhance camouflage
in F. bilineata larvae. Camouflage in caterpillars is a
well-documented anti-predator defense strategy, often
involving background matching and specific body
orientations (Stevens and Ruxton 2019). Examples
include caterpillars that mimic bird droppings (Suzuki
and Sakurai 2015) or adopt twig-like postures (Row-
land et al. 2020) to avoid predation. Further research
is needed to confirm whether the"dragon-like"posture
in F. bilineata larvae serves a similar function.
Feeding was the second most frequent activ-
ity, occupying 18-43% of the total time recorded in
each instar (~ 11-26 min-h™!). Our findings showed a
clear ontogenetic change in feeding style in F. biline-
ata from skeletonizing in early instars (I-II) to cut-
ting in late instars (III-V). This change in feeding
pattern aligns with documented changes in several
Lepidoptera species (Hochuli 2001), including other
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Drepanidae species, such as D. arcuata (Yadav and
Yack 2018). Such behavioral change likely reflects
a combination of non-exclusive morphological and
physiological factors. For instance, as caterpillars
grow, small mandibles are replaced by larger, more
robust ones that are better suited to cutting (Dockter
1993; Hochuli 2001). Additionally, changes in nutri-
tional needs may influence this transition, with early
instars targeting nutrient-rich soft tissues while later
instars consume larger portions of the leaf for broader
nutritional gains (Hochuli 2001). Early instars may
also be more vulnerable to plant defenses and benefit
from a more selective feeding strategy, targeting areas
between veins and trichomes to avoid triggering plant
defenses, while later instars may be more tolerant to
defenses and consume whole leaves (e.g., Kariyat
et al. 2018).

Crawling was also a common larval activity,
particularly associated with short-distance move-
ments between resting and feeding sites, occupy-
ing 1-27% of the total time recorded in each instar
(~1-16 min h™"). This behavior varied across devel-
opmental stages. Moderate crawling activity was
observed in first instar larvae (7.18 min-h™!), primar-
ily due to extra activity in silk deposition along leaf
edges, and in fifth instars (16.65 min-h_l), likely due
to the increase of energy demands that require addi-
tional foraging. In contrast, the second, third, and
fourth instars were relatively stationary (<3 min-h™"),
moving between resting and feeding locations. We
suspect that the low mobility of F. bilineata larvae
across instars may help avoid detection by predators,
as excessive movement can increase visibility and
the likelihood of encounters with natural enemies.
Additionally, this behavior may also optimize silk
mat investment, as frequent relocation would incur
the energetic cost of repeatedly rebuilding these
structures.

Silk deposition was recorded in first instars
(~4.49 min h™') and second instars (~0.25 min h™')
during video recordings; however, no direct silk dep-
osition activity was observed during the recording
periods of third to fifth instars, likely because these
instars had already completed their silk deposition
before the recordings began. Despite this, silk deposi-
tion was confirmed to occur across all instars as docu-
mented through observations and photographs. Our
results showed that early instars (I-II instars) primar-
ily laid silk mats at the extreme tip of the leaf, with
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additional strands laid at the tip edges. In contrast,
later instars (III-V instars) concentrated their silk mats
at the lateral edges of leaves near their feeding loca-
tions. Notably, no shelter construction was observed
in any instar. Silk in Lepidoptera is known to serve
multiple functions. For example, many -caterpillar
species construct silk mats on the leaf surface, which
helps reduce the likelihood of dislodgement (Scoble
1992; Loeffler 1996). These silk mats may also serve
to mitigate plant defenses, such as trichomes, which
present significant challenges to soft-bodied insects
(Zalucki et al. 2002; Kariyat et al. 2018). Evidence
suggests that silk mats enable larvae to feed efficiently
on leaves with high trichome density (Rathcke and
Poole 1975; Despland 2019) and provide protection
by allowing larvae to grip the silk when threatened by
predators (Despland and Le Huu 2007; McClure and
Despland 2011). Additionally, silk is also associated
with escape behavior, such as lifeline hanging, where
caterpillars jump off the leaf tip but remain attached
by a silk thread (Brackenbury 1996; Sugiura and
Yamazaki 2006). This behavior is common in free-
living species (Sugiura and Yamazaki 2006) and may
serve as an alternative to constructing protective silk
shelters. The presence of silk mats in all instars war-
rants further investigation.

Frass disposal behavior was consistent across
instars of F. bilineata, with larvae actively removing
or depositing frass away from the leaf surface. Spe-
cific functions of manipulating frass by F. bilineata
are not known; however, we suspect that by remov-
ing frass, the larvae may reduce the likelihood of
detection by parasitoids or predators and/or minimize
the risk of disease by pathogens, which in the last
instance could contribute to a healthier microenviron-
ment, enhancing survival (e.g., Weiss 2003; 2006).

Our study confirmed the presence of vibratory
signaling across all larval instars of F. bilineata. All
instars also possessed anal oar setac (PP1 setae) that
have been reported to generate anal scraping signals
in other Drepanidae species (Yack et al. 2001; Scott
et al. 2010a). The PP1 setae that have been modi-
fied for signaling in Drepanidae vary in morphology
between species (see Nakajima 1970, 1972; Scott
2012) and in future studies it would be interesting to
examine the relationship between PP1 morphology
and vibration characteristics and transmission across
different host plants. However, this was beyond the
scope of our study. Also, while assessing the function

of signaling was not within the scope of this study,
we propose possible functions. Research on other
Drepanidae, such as D. arcuata, has suggested that
vibratory signals in early instars function for recruit-
ment and group formation (Yadav et al. 2017) and in
later instars to mediate territorial encounters (Yack
et al. 2001; Guedes et al. 2012). In F. bilineata, vibra-
tory signaling has been reported to function in terri-
torial displays during conspecific encounters in later
instars (Bowen et al. 2008). Our experiment which
involved placing early instar larvae on the same leaf
revealed no evidence of group formation. Instead, all
larvae dispersed within the first hour, suggesting a
lack of social aggregation. Thus, the hypothesis that
early instars use vibratory signals for recruitment is
unlikely in F. bilineata. Our results show that iso-
lated, early instar larvae produced vibratory signals
sporadically. One hypothesis explaining this behav-
ior is that larvae signal to advertise their presence to
conspecifics (i.e. territorial signaling). Alternatively,
vibrations could mimic predators, such as those pro-
duced by territorial displays of some spiders (Elias
et al. 2003; 2008). We recently tested the first hypoth-
esis, investigating whether larvae use vibratory sig-
nals to advertise their presence to conspecifics. Our
findings provided strong evidence supporting territo-
rial displays involving vibroacoustic signaling in neo-
nates (Matheson et al. 2025). In contrast, the potential
role of these vibrations in predator mimicry remains
an intriguing but untested possibility, warranting fur-
ther investigation.

Pupae

The pupae of F. bilineata are encased in a brown
silk cocoon and covered by a powdery white bloom,
a feature also noted by Dyar (1894a). These features
distinguish F. bilineata from other Drepanidae spe-
cies, such as D. arcuata (e.g., Yadav and Yack 2018).
While the role of silk cocoons in various Lepidoptera
species is well-documented, particularly regarding
their functions in predator defense, thermal insula-
tion, and camouflage (Lyons and Cartar 1996; Danks
2004; Chen et al. 2013), the white powdery bloom,
has an unclear function. Proposed functions in dif-
ferent insect orders for cuticular ’bloom’ include
anti-fungal activity and desiccation resistance (Had-
ley 1986), but future research is needed to test these
hypotheses in F. bilineata pupae.
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Conclusion

Our study presents a comprehensive analysis of the
morphological and behavioral changes across the
ontogeny of F. bilineata. We described seven distinct
immature stages, focusing primarily on five larval
instars, and provided specific traits for their differen-
tiation based on body length, head capsule width, and
other morphological features. We documented behav-
ioral patterns across larval instars, including resting,
crawling, feeding, silk deposition, frass manipulation,
and vibratory signaling. Furthermore, we experimen-
tally confirmed that early instars do not form groups.
These findings offer novel insights into the devel-
opment and behavior of F. bilineata, enhancing our
understanding of this species and laying a baseline for
future research on Drepanidae as models for studying
the evolution and mechanisms of vibratory communi-
cation and sociality.
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