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ABSTRACT

Caterpillars are primary consumers that exert strong selective pressures on host plants. Plants, in turn, possess a range of de-
fenses against herbivores. Leaf trichomes, for example, can act mechanically or chemically by damaging the insect's cuticle,
restricting movement, disrupting attachment, or exposing insects to deterrent or toxic compounds. These defenses are especially
challenging for neonate caterpillars, whose small size, soft bodies, and limited physiological capacity increase their vulnerability.
To cope with these challenges, neonates have evolved multiple, non-exclusive strategies to evade or mitigate plant defenses. Here,
we tested whether neonate caterpillars selected specific leaf sites in response to the distribution of non-glandular and glandular
trichomes. We tested this with neonates of the masked birch caterpillar, Drepana arcuata Walker, 1855 (Drepanidae) on paper
birch, Betula papyrifera Marshall (Betulaceae), leaves. We first quantified where neonate caterpillars established their shelter
across leaf surfaces (adaxial vs. abaxial) and regions (base, middle, outer edge, and tip). Our findings showed that neonate es-
tablishment was non-random. Larvae more frequently established on the adaxial surface, even when initially placed abaxially,
and predominantly near the leaf margins (base, outer edge, and tip) rather than in the middle. We then characterized trichome
densities and tested whether they were associated with the distribution of established shelters. Both trichome types were non-
uniformly distributed on paper birch leaves and negatively correlated with the number of established larvae, indicating that
larvae preferentially selected sites with lower trichome densities. We also examined whether established larvae actively avoid
feeding on trichomes. Larvae selectively bypassed glandular trichomes while skeletonizing leaf tissue. These results show that
neonate D. arcuata selectively choose specific sites on leaves and that they avoid both non-glandular and glandular trichomes,
suggesting that variation in leaf trichomes is an important determinant of micro-habitat selection in neonate caterpillars.

1 | Introduction To mitigate the challenges presented by plants, neonate larvae

have evolved a suite of non-mutually exclusive morphological,

Caterpillars exert strong selective pressures on their host plants
(Marquis and Koptur 2022), which in turn mount a range of
defenses, including nutritional, chemical, and mechanical
traits, that can modulate insect performance (Schoonhoven
et al. 2005). Many plant defenses specifically target neonate
(newly hatched) caterpillars, which represent one of the most
vulnerable stages in the Lepidoptera life cycle due to their
small size, poorly sclerotized cuticle, limited physiological ca-
pacity, and low mobility (Zalucki et al. 2002; Kaur et al. 2022).

physiological, and behavioral adaptations. Morphologically,
features such as rigid mandibles, modified tarsi, and sclero-
tized prolegs are reported to enhance feeding efficiency and
locomotion on plant surfaces (Hochuli 2001; Medeiros and
Moreira 2002; Clissold 2007; Medeiros and Boligon 2007;
Chowdhury et al. 2025). Physiologically, early instars possess
detoxification mechanisms that allow them to process, and in
some cases sequester, plant metabolites for defense (Musser
et al. 2002; Li et al. 2002; Lahtinen et al. 2006; Weinhold and
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Baldwin 2011; Jones et al. 2019). Behaviorally, neonates may
reduce exposure to defenses by selectively feeding on less-
defended tissues (Connor and Taverner 1997; Sinclair and
Hughes 2010; Eaton and Karban 2014; Robertson et al. 2015),
actively manipulating plant defenses by “mowing” trichomes
or “sabotaging” leaf veins to disrupt toxic latex or resin flow
(Clarke and Zalucki 2000; Shelomi et al. 2010; Hurley and
Dussourd 2015; Robertson et al. 2015; Dussourd 2017), con-
structing silk mats or scaffolds that facilitate movement across
structurally complex leaf surfaces (Rathcke and Poole 1975;
Young and Moffett 1979) or feeding gregariously to collec-
tively overwhelm defenses (Despland 2019; Qian et al. 2024).
Another behavioral strategy for neonates is the selection of a
specific initial establishment site on the host plant, either in-
dividually or in groups (Fordyce and Agrawal 2001; Watts and
Kariyat 2021a).

Neonate larvae have been reported to select specific initial estab-
lishment sites on host plants; however, the patterns of within-leaf
site selection, such as leaf surface (adaxial vs. abaxial) and posi-
tion (base, middle, outer edge, or tip), vary widely among species
(Casher 1996; Fordyce and Agrawal 2001; Horgan et al. 2007;
Tagawaet al. 2008; Shelomi et al. 2010; Ang et al. 2014; Watanabe
et al. 2018; Watts and Kariyat 2021a; Henault et al. 2022;
Matheson et al. 2025; Tsuji and Ashford 2026). Many potential
non-mutually exclusive factors may explain these patterns. Site
selection may reflect larval preferences for leaf surfaces or re-
gions with reduced epicuticular wax that enhance attachment
and locomotion (Shelomi et al. 2010) or for younger, marginal,
or softer tissues that improve feeding efficiency (Cockfield and
Mahr 1993; Casher 1996; Ang et al. 2014). Other possible site at-
tributes that could influence choice include those that facilitate
shelter construction (Weiss et al. 2003; Yadav and Yack 2018;
Henault et al. 2022), provide favorable microclimatic conditions
(Tsuji and Ashford 2026), or enable rapid escape from predators
(Matheson et al. 2025; Mauduit et al. 2026). Neonates may also
preferentially establish in locations that minimize exposure
to plant defenses, such as trichomes (Kariyat et al. 2018; Kaur
et al. 2022).

Leaf trichomes play an important role in limiting caterpillar her-
bivory (Kaur et al. 2022). Non-glandular trichomes can physically
damage caterpillars' cuticle (Gilbert 1971; Kariyat et al. 2017,
2018, 2019; Kaur and Kariyat 2020; Chowdhury et al. 2025),
restrict movement, reduce attachment efficiency, and, in
some cases, entrap larvae (Balakrishnan and Kariyat 2026).
Glandular trichomes can chemically deter feeding by increasing
exposure to sticky and/or toxic exudate that has the potential
to trap or cause mortality (Malakar and Tingey 2000; Simmons
et al. 2004; Lahtinen et al. 2004; Hanley et al. 2007; Ambrdsio
et al. 2008; Kariyat et al. 2019). Importantly, trichomes are not
uniformly distributed across a leaf; their density and composi-
tion vary among regions and between adaxial and abaxial sur-
faces (Valkama et al. 2003; Eaton and Karban 2014; Kariyat
et al. 2018; Watts and Kariyat 2021a, 2021b). This spatial het-
erogeneity creates a complex, leaf-scale “defensive landscape”
(or “minefield”) that neonates must navigate successfully to es-
tablish. Although trichome distributions can vary substantially
across leaf surfaces and regions, little is known about whether
neonates actively use this spatial variation when settling on an
establishment site. Consequently, it remains unclear whether

observed establishment patterns reflect active site selection or
stochastic encounters with suitable microhabitats. Herein, we
test whether neonate larvae actively select establishment sites
in relation to trichome distribution using the masked birch cat-
erpillar, Drepana arcuata Walker, 1855 (Drepanidae), on paper
birch, Betula papyrifera Marshall (Betulaceae).

Drepana arcuata occurs throughout northeastern North
America (Rose and Lindquist 1997; Handfield 1999) and de-
velops through five larval instars (Yadav and Yack 2018). Early
instars (I-II) are gregarious, whereas later instars (IV-V) are sol-
itary, with the third instar representing a transitional stage. This
system is particularly well-suited for studying early-instar site
selection for several reasons. First, upon hatching, D. arcuata
neonates disperse individually from the egg mass and actively
search for a suitable site where they initiate feeding and con-
struct a silk shelter (Yadav and Yack 2018). This process involves
skeletonizing the leaf surface, depositing a silk mat, and build-
ing a silk shelter structure (Yadav and Yack 2018). Second, larvae
may establish at different locations on a leaf (Yadav et al. 2017),
suggesting that they might select among sites that differ in their
defensive traits. Third, D. arcuata caterpillars feed primarily
on species within the Betulaceae family, particularly species
within the genus Betula spp. and Alnus spp. (Handfield 1999),
whose leaves bear both glandular and non-glandular trichomes
(Hardin and Bell 1986; Valkama et al. 2003), and in many Betula
species, these trichomes are recognized by uneven distribution
across the leaf (Valkama et al. 2003, 2005; Thitz et al. 2017;
Payamnoor et al. 2019). Given the site preferences exhibited by
early instar D. arcuata caterpillars and the potentially uneven
distribution of trichomes across Betula leaves, we propose that
trichome distribution may be a key factor in mediating site selec-
tion by D. arcuata neonates.

In this study, we investigate whether neonates of the masked
birch caterpillar, D. arcuata, select specific sites to establish an
initial shelter on paper birch (B. papyrifera) leaves in response
to the distribution of non-glandular and glandular trichomes.
Specifically, we: (i) quantify patterns of neonate site selection
and assess whether initial placement on the leaf (i.e., on the
adaxial or abaxial surface) influences the location where larvae
ultimately establish; (ii) characterize the spatial distribution of
glandular and non-glandular trichomes across leaf surfaces and
regions; (iii) evaluate the relationship between site selection and
trichome distribution; and (iv) experimentally test whether neo-
nates avoid trichomes during feeding.

2 | Materials and Methods
2.1 | Insect and Plant

Arched hooktip moths (D. arcuata), adults of the masked birch
caterpillar, 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 light bulbs, ultraviolet lights, and LepiLED (Brehm 2017).
Gravid females were held in glass jars (5L) where they laid
eggs on paper birch cuttings. Eggs were monitored daily, and
neonates were used in experiments within the first 24h after
hatching.
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FIGURE1 | Experimental design and criteria for larval establishment. (A) Birch cutting containing a leaf was inserted into the lid of a water-filled
plastic vial. Vials were placed in mesh-covered insect enclosures, ensuring that leaves did not contact one another or the mesh. (B) On each leaf, a
neonate was placed on either the adaxial (n = 60) or abaxial (n = 20) surface. (C) Spatial classification of leaf regions (base, middle, outer edge, and tip)
used to record establishment sites. (D) Photograph of an entire leaf showing an establishment site (indicated by a black arrow). (E) Detail of a neonate
caterpillar successfully established, defined by the presence of a feeding scar and silk deposition.

Fresh leaves of paper birch (B. papyrifera), a known host plant of
masked birch caterpillars (Handfield 1999), were collected less
than 1h before the start of experiment from five trees at different
sites in Ottawa, Ontario, Canada (Tree 1: 45.38957° N, 75.70149°
W; Tree 2: 45.38367° N, 75.69961° W; Tree 3: 45.38483° N,
75.69703° W; Tree 4: 45.41311° N, 75.67568° W; Tree 5: 45.40533°
N, 75.67083° W). Fully expanded leaves approximately 8-10cm
long and free of previous feeding damage were selected from
each tree and used in the experiments.

2.2 | Site Selection by Neonate Caterpillars on
Paper Birch Leaves

We tested whether D. arcuata neonates select specific sites
on paper birch leaves to establish their shelter and whether
initial placement of the neonate on the leaf influences subse-
quent choice. We used a total of 80 birch cuttings, with each
containing an individual birch leaf (8-10cm in length). Each
birch cutting was inserted into the lid of a water-filled plastic
vial (170mL), and the vial was sealed using reusable adhesive

putty (Staples) to prevent the larva crawling down the twig and
drowning. Vials were placed in four mesh-covered insect cages
(40x40x60cm), ensuring that leaves did not contact one an-
other or the mesh, and preventing larval escape or movement
between leaves (Figure 1A). A neonate was placed at the mid-
point of the leaf, with initial placement differing by leaf surface:
adaxial (n=60) or abaxial (n=20) (Figure 1B). After an interval
of 24h, leaves were inspected to document the number of lar-
vae established, as well as the location where the individual was
established, including which side of the leaf surface (abaxial or
adaxial), and the leaf region (base, middle, outer edge, or tip)
(Figure 1C). A neonate caterpillar was considered “established”
by the presence of a feeding scar and silk deposition (i.e., either
silk mat and/or shelter) (Figure 1D,E). Subsequently, each leaf
was photographed under a stereo microscope (Leica M205C;
Leica Microsystems, Germany) equipped with a camera (Leica
DMC4500; Leica Microsystems, Germany) to document shel-
ter establishment and quantify trichomes at the selected sites.
These data were subsequently analyzed to determine whether
larvae actively avoid glandular trichomes during feeding. To as-
sess site selection, larval preferences were first evaluated across

Entomologia Experimentalis et Applicata, 2026

5190117 SUOLLILIOD 9A11E10 3|ea1dde aU) Aq pouBA0B a1 DI WO ‘3N J0 SN 10} AIRIGIT8UIIUO A3]1M UO (SUOTHIPUGO-PUB-SLLLBILLICO" A |IW ARG PUIIUO//-STY) SUONIPUOD) PUE SWLB | 84} 395 *[9Z02/80/ET] U0 AXeiq 11 8UIIUO AB1IM * AISIAIUN UOBED - UBUDIN | 0PIUGS-] Ad £/ TOL B39/TTTTOT/I0pALC" AB|IW ARG pUIIUO//STY LLOI POpeo|uMmoq ‘0 ‘851 20/ST



all individuals, independent of initial placement, for both leaf
surface and leaf region. We then examined whether initial place-
ment influenced site selection by analyzing leaf surface choice
separately for larvae initially placed on (i) the adaxial surface
and (ii) the abaxial surface. Leaf surface preference was tested
by comparing observed frequencies with a null model assum-
ing random choice (expected frequency=0.5 per surface). Leaf
region preference was assessed using a contingency table com-
paring observed frequencies with a null model of random distri-
bution (expected frequency=0.25 per location), irrespective of
differences in zone size. Deviations from null expectation were
evaluated using a chi-square test of independence implemented
in the gmodels package (Warnes et al. 2024).

2.3 | Spatial Distribution of Trichomes on Paper
Birch Leaves

To assess the distribution of trichomes on B. papyrifera leaves,
sprigs were collected less than 1h before the start of the ex-
periment from the same five trees in Ottawa, Ontario, Canada
(see above for coordinates). From each tree, we sampled three
sprigs bearing multiple leaves at standardized vertical canopy
positions: the lowest branch (low), 1 m above the lowest branch
(mid), and 2m above the lowest branch (top) (Figure 2A), result-
ing in a total of 15 sprigs. Four leaves per sprig were selected (60
leaves total), each measuring approximately 8-10cm from base
to tip and free of visible herbivore damage or other blemishes.
Leaf surfaces were cleared of debris using an electric air pump
(Coleman, Model HB-515 B). From each leaf, four circular discs
(5mm diameter; surface area=19.63 mm? per side) were excised
using a stainless-steel hollow punch (Walfront, Shenzhen Langi
Technology, China) at standardized leaf region positions: base,
middle, outer edge, and tip (Figure 2B), resulting in 240 sam-
ples. Each disc was placed on filter paper in a Petri dish, and
both abaxial and adaxial surfaces were imaged using a Leica
M205C light microscope (Figure 2C). In total, 480 images were
captured, saved as TIFF files, and labeled according to tree
identity (#1-5), vertical canopy position (low, mid, or top), leaf
identity (#1-4), leaf region (base, middle, outer edge, tip), and
leaf surface (abaxial or adaxial). All images were imported into a
Corel DRAW file (Corel, Ottawa, ON) for trichome identification
and quantification.

In Betula spp. leaves, non-glandular trichomes can occur in
multiple forms (e.g., filiform, aduncate, subulate, and acic-
ular), while glandular trichomes are represented by a single
peltate type (Hardin and Bell 1986; Valkama et al. 2003, 2005;
Payamnoor et al. 2019). Here, we quantified only glandular
(peltate) and non-glandular (acicular) trichomes, as these are
the predominant types reported for Betula species (Hardin
and Bell 1986; Valkama et al. 2003). Glandular trichomes were
identified by their circular morphology (~0.1 mm diameter) and
tan-coloration with a bulls-eye pattern (Figure 2D; Figure S1A).
Non-glandular trichomes were identified by their translucent to
white coloration, elongated hair-like form, and a clearly visible
point of insertion on the leaf surface (Figure 2E; Figure S1B). To
minimize edge effects, we only included trichomes with >50%
of their structure within the sampling area. Although both glan-
dular and non-glandular trichomes were easily recognized, their
densities were measured using slightly different procedures.

Glandular trichomes were counted individually and expressed
as the number of trichomes per sampling area (Figure 2D). In
contrast, non-glandular trichomes were sometimes too numer-
ous and overlapping for accurate individual counts. Their den-
sity was therefore quantified using a three-level ordinal scale:
“none,” “low,” and “high.” “None” indicated a complete ab-
sence of trichomes; “low” corresponded to one or a few sparse,
non-overlapping trichomes; and “high” referred to numerous
trichomes that overlapped or formed clusters, making precise
counts impractical (Figure 2E).

Trichome distributions were analyzed in relation to vertical
canopy position (low, mid, top), leaf surface (abaxial, adaxial),
and leaf region (base, middle, lateral, tip) for both glandular and
non-glandular trichomes; however, as the two trichome types
differed in data structure, they were analyzed using separate
statistical approaches. Glandular trichome density (i.e., num-
ber of trichomes per millimeter square) data were square-root
transformed and analyzed using linear mixed-effects models
using the Ime4 package (Bates et al. 2015). Vertical canopy po-
sition, leaf side, and leaf location were included as fixed effects,
along with their interactions. To account for the hierarchical
sampling design and avoid pseudo-replication, we included
tree identity, vertical canopy position within the tree, and leaf
identity as nested random effects. Vertical canopy position was
therefore included as a fixed effect to test its association with
trichome density, while its inclusion in the random-effects struc-
ture accounted for the hierarchical sampling of leaves within
trees. An initial full model including all interaction terms was
fitted. Model assumptions were evaluated by inspecting resid-
ual diagnostics using the DHARMa package (Hartig 2024).
Non-significant higher-order interactions and highly correlated
terms were subsequently removed to obtain a parsimonious
final model. The significance of fixed effects was assessed using
Type III ANOVA, and contrasts were made using the emmeans
package (Lenth 2025). Non-glandular trichome density, treated
as an ordinal response variable (none <low <high), was ana-
lyzed using cumulative link models (CLMs) implemented in
the ordinal package (Christensen 2025). Vertical canopy posi-
tion, leaf surface, and leaf location were included as explana-
tory variables. Models were fitted using a logit link function.
Observations were summarized by trichome category for each
combination of vertical canopy position, leaf surface, and leaf
location, and weighted by the number of leaves represented in
each group. The significance of predictors was assessed using
Type I ANOVA with Wald chi-square tests. All analyses were
conducted in R software (v. 4.5.1) using the RStudio interface (R
Core Team 2025; RStudio Team 2025).

2.4 | Do Neonate Caterpillars Avoid Trichomes?

To assess whether neonate D. arcuata avoid trichomes, we used
two complementary approaches: (i) an analysis of the relation-
ship between natural variation in trichome distribution and lar-
val establishment patterns, and (ii) an experimental comparison
of trichome density in consumed versus adjacent leaf tissue.

The first approach was to assess the relationship between tri-
chomedistribution and neonate leaflocation choice. Thisanalysis
combined data from the two previously described experiments.

4
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FIGURE2 | Leafsamplingand trichome characterization on leaves. (A) Five paper birch trees were used in the experiment. From each tree, three
sprigs bearing multiple leaves were sampled using tree clippers at standardized vertical positions: Lowest branch (low), 1 m above the lowest branch

(mid), and 2m above the lowest branch (top). From each sprig, four leaves were selected. (B) From each leaf, four circular discs were excised using

a hollow punch at standardized positions: Base, middle, outer edge, and tip. (C) Both abaxial and adaxial surfaces of each disc were imaged using a
Leica M205C light microscope. (D) Glandular trichomes were counted individually, and their density was calculated in relation to the total disc area.
(E) Non-glandular trichomes were quantified using an ordinal categorical scale with three levels: “none,” “low,” and “high.”

First, we assessed the correlation between caterpillar establish-
ment and trichome density. For each combination of leaf sur-
face (abaxial, adaxial) and regions (base, middle, outer edge,
and tip), we quantified: (i) the number of established neonates
from the site selection experiment, (ii) mean glandular trichome
density, and (iii) the proportion of non-glandular trichomes
within three ordinal categories (none, low, and high), with the
latter two measures obtained from the spatial distribution of tri-
chomes experiment. We then used Spearman’s rank correlations
to evaluate the associations between neonate establishment
and these trichome variables, using corrplot package (Wei and
Simko 2024). Second, we characterized the spatial distribution

of caterpillar establishment sites in relation to trichome traits
using Principal Component Analysis (PCA). Each observation
corresponds to a recorded establishment site. For each establish-
ment site, we assigned the mean glandular trichome density and
non-glandular trichome category for the corresponding combi-
nation of leaf surface (adaxial or abaxial) and region (base, mid-
dle, outer edge, or tip), based on measurements from the spatial
distribution of the trichome experiment. PCA was performed on
standardized variables to reduce dimensionality and summarize
the major axes of variation, using FactoMineR and FactoExtra
package (Lé et al. 2008; Kassambara and Mundt 2020). Loadings
for trichome traits were overlaid as vectors to aid interpretation
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FIGURE 3 | Spatial site selection patterns by neonate caterpillars on paper birch leaves. (A) Proportion of neonates established on the adaxial
(dark green) versus abaxial (light green) leaf surface and leaf regions (base, middle, outer edge, tip), independent of which surface the neonates were
initially placed. Neonates showed an overall preference for the adaxial surface. Region-specific patterns indicate a significant adaxial bias at the base
and middle, but not at the outer edge or tip. (B) Proportion of neonates established on abaxial versus adaxial surfaces for larvae initially placed on (i)

the abaxial surface and (ii) the adaxial surface. In both scenarios, neonates preferentially established on the adaxial surface, indicating consistent

surface preference independent of starting position. y? statistics, degrees of freedom, p-values, and sample sizes (n) are shown below each compari-

son. Asterisks denote significance levels (**p <0.01; ***p <0.001; ns, non-significant).

of the principal components. Confidence ellipses were used to
visualize clustering patterns associated with leaf surfaces and
regions. To test for significant differences between leaf surfaces
and regions, we performed a PERMANOVA (999 permutations)
followed by a test of multivariate dispersion (betadisper) using
the vegan package (Oksanen et al. 2025), based on Euclidean
distances.

The second approach tested whether neonates actively avoid
glandular trichomes during feeding. We did this by comparing
images (n=21 samples) of larvae established on paper birch (B.
papyrifera) with adjacent regions of the leaf. Because feeding
locations were unpredictable, pre-feeding comparisons were
not feasible; therefore, we employed a paired-site approach. For
each sample, we selected two adjacent areas (1.66X1.66mm)
within the shelter: one containing a feeding scar (consumed
area) and one intact area serving as the control (non-consumed
area). Within each area, we counted glandular trichomes to cal-
culate trichome density. We then compared trichome densities
between consumed and intact areas using a paired t-test, using
the stats package. We assumed that similar trichome densities
between areas would indicate that larvae feed around trichomes
(i.e., avoidance), whereas lower trichome densities in consumed
areas would suggest consumption of trichomes.

3 | Results

3.1 | Site Selection by Neonate Caterpillars on
Paper Birch Leaves

In this experiment, we tested whether D. arcuata neonates select
specific sites on paper birch leaves to establish their shelter and
whether the initial placement of the neonate on the adaxial or

abaxial leaf surface influences subsequent choice. Of the origi-
nal 80, 71 neonates successfully established on a leaf and were
thus included in our analysis. The remaining nine neonates did
not construct shelters and were found wandering or dead; there-
fore, they were excluded from the analysis.

Neonate caterpillars exhibited a non-random site selection
on paper birch leaves, showing a preference for the adaxial
leaf surface and the margins of leaves. The likelihood of lar-
vae establishing on the adaxial versus abaxial leaf surface
differed significantly from random expectation (y?>=12.67;
df=1; p=0.0003; Figure 3A), with larvae establishing more
frequently on the adaxial surface over the abaxial surface.
Similarly, the probability of establishing on any of the four
scored leaf regions is different from that expected by chance
(x*=8.67; df=3; p=0.034; Figure 3A). Larvae dispropor-
tionately established at the leaf base (32.4%; n=23/71), outer
edge (28.2%; n=20/71), and tip (31%; n=22/71), whereas the
middle region was used substantially less (8.4%; n=6/71)
(Figure 3A). Caterpillars that had established on the base of
the leaf were found more frequently on the adaxial surface.
All caterpillars established in the middle of the leaf were on
the adaxial surface. No difference between leaf surfaces was
observed for individuals establishing at the outer edge or tip
(Figure 3A). Initial placement of the neonate on either the
adaxial or abaxial leaf surface did not influence final sur-
face selection. Larvae initially placed on the abaxial surface
often moved to the adaxial surface (y*=9.60; df=1; p=0.001;
Figure 3B), whereas those initially placed on the adaxial
surface generally remained there (y?=5.16; df=1; p=0.023;
Figure 3B). This asymmetry indicates that larvae do not pas-
sively retain their initial position, but instead actively move
to preferred sites. These findings demonstrate that neonate
D. arcuata caterpillars select specific leaf surfaces and regions,

Entomologia Experimentalis et Applicata, 2026

95UB017 SUOWIWOD SAEa.D 3|dedldde aupy Aq peusenob ase sejolie VO ‘85N JO Sa|nl 10y Al 8U1UO AB]IAR LD (SUOTIPUOD-PUR-SLLIBI WO A8 | 1M ARe.d1jBul[UOy/SdLy) SUORIPUOD Pue SWie | au 88S *[9202/80/ST] Uo AkeidiTauluo A(IM * AISIBAIUN Lo |eD - UsLoin | opreuos™ Aq 22T0L e TTTT 0T/I0p/W0D A8 M ARIq 1 pul|uo//Sciy Wo.j pepeojumod ‘0 ‘8S/0/ST



(A) (B)

10.00- F =2.39; df. = 2; P=0.095 10.00

ns

.
[9)]
=]

7.50

o
o
S

5.00+

N
[
e

2.501

Glandular trichomes density (#/mm°)
Glandular trichomes density (#/mm?)

F =484.48; df. = 1, P < 0.001

(C)

F =8.90; df.= 3; P <0.001
10.004

750{ P o L &
o
Q
°le
5.00- ol
£

2.504

8%3“’3%'3

Glandular trichomes density (#/mm°)

0.00 0.00 0.00
Base Middle Top Abaxial Adaxial Base Middle Outer edge Tip
10.00+ F = 6:68; df.= 3; P <0.001
E
g *kk *kk *kk *kk
* — — — —
2 7.501
g )
Q ° °
k-]
» 8 °
QE) o]
o 5.004 3
<=
2
=
‘_hv Q ) o°
=] °
2 250 R A 5 %
5 o °
(]
e olo
=
0.00

Abaxial Adaxial
Base Middle

Abaxial Adaxial

Abaxial Adaxial Abaxial Adaxial
Outer edge Tip
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surface and region.

favoring the adaxial surface and marginal areas on the leaf
(base, outer edge, and tip) over the abaxial surface and middle
regions. In addition, the observed relocation from abaxial to
adaxial surfaces provides further support that site selection is
an active selection process rather than a consequence of initial
placement.

3.2 | Spatial Distribution of Trichomes on Paper
Birch Leaves

Glandular and non-glandular trichomes were non-uniformly
distributed on paper birch leaves. Trichome distribution was
strongly influenced by the interaction between leaf surface and
specific leaf regions.

3.2.1 | Glandular Trichomes Distribution

The glandular trichomes observed with both light microscopy
and scanning electron microscopy were consistent with de-
scriptions of peltate trichomes, with a round head measuring
70-100um in diameter (Hardin and Bell 1986) (Figure S1A).
Glandular trichome density did not differ significantly among
leaves collected from different vertical canopy positions on birch
trees (low, mid, or top) (F=2.39; df=2; p=0.095; Figure 4A). In
contrast, trichomes were markedly more abundant on the abax-
ial surface than the adaxial surface (F=484.48; df=1; p<0.001;
Figure 4B). Trichome density also varied significantly among
leaf regions (F=8.90; df=3; p<0.001; Figure 4C), with the base
exhibiting significantly lower density than the middle, outer
edge, and tip (Figure 4C). Importantly, a significant interaction
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referred to numerous trichomes that overlapped or formed clusters, making precise counts impractical.

was observed between leaf surface and leaf region (F=6.68;
df=3; p<0.001; Figure 4D). The abaxial surface exhibited con-
sistently high trichome densities across all leaf regions (>2.50
glandular trichome/mm?), whereas the adaxial surface exhib-
ited low trichome densities across all leaf regions (<0.90 glan-
dular trichome/mm?). This indicates that regional variation in
glandular trichomes is driven primarily by patterns on the abax-
ial surface (Figure 4D).

3.2.2 | Non-Glandular Trichome Distribution
The non-glandular trichomes were found to be consistent with

descriptions of acicular trichomes; 0.5-2mm in length, and with
“pilose” appearance (Hardin and Bell 1986). Non-glandular

trichomes were recognized based on their white or translucent
color, hair-like shape, and a visible origin on the leaf surface
(Figure S1B). Non-glandular trichome density varied signifi-
cantly according to the vertical position within the tree can-
opy (¥*=11.28; df=2; p<0.01; Figure 5A). While low- and
mid-canopy leaves showed similar proportions of density cate-
gories, top-canopy leaves exhibited a shift toward a higher rep-
resentation of both low- and high-density trichome categories
(Figure 5A). Non-glandular trichome composition also differed
strongly between leaf surfaces (¥?=112.46; df=1; p<0.001;
Figure 5B). The abaxial surface was dominated by low- and
high-density trichome categories, whereas the adaxial surface
consisted primarily of low- or no-density (none) trichome catego-
ries, with high-density trichomes nearly absent. Significant vari-
ation was also observed among leaf regions (y*=107.12, df=3,
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between consumed and intact areas (paired t-test; ns, not significant), suggesting that larvae feed selectively around glandular trichomes.

p<0.001; Figure 5C). The leaf base had the highest proportion
of high-density trichomes, which progressively declined toward
the middle, outer edge, and tip, with increasing prevalence of
low- and no-density categories, particularly at the outer edge
(Figure 5C). Importantly, a significant interaction was detected
between leaf surface and leaf region (y>=27.98; df=3; p<0.001;
Figure 5D). On the abaxial surface, high-density trichomes were
predominantly observed at the base, with over 90% of samples
classified in this category (Figure 5D). This proportion declined
markedly toward the middle, outer edge, and tip regions, where
fewer than 30% of samples exhibited high-density trichomes.
In these regions, no- and low-density trichome categories were
more prevalent. In contrast, on the adaxial surface, high-density
trichomes were restricted to the base and middle regions, oc-
curring in less than 10% of samples, and were completely ab-
sent from the outer edge and tip. These latter regions were
instead dominated by no- and low-density trichome categories
(Figure 5D).

3.3 | Do Neonate Caterpillars Avoid Trichomes?

By integrating results across experiments, we evaluated how cat-
erpillar establishment relates to the spatial distribution of glan-
dular and non-glandular trichomes. Overall, the patterns of site
selection closely paralleled the spatial distribution of trichomes
across leaf surfaces and regions. Neonate D. arcuata caterpillars
preferentially established on the adaxial surface and at mar-
ginal regions of the leaf (base, outer edge, and tip), which cor-
respond to areas characterized by lower trichome densities. In
contrast, the abaxial surface, consistently bearing high densities

of both glandular and non-glandular trichomes, was compara-
tively underutilized. Spearman correlation analyses supported
these patterns. Establishment frequency was negatively associ-
ated with glandular trichome density (r=—-0.18) and with both
low (r=-0.20) and high (r=-0.41) densities of non-glandular
trichomes. However, it shows a strong positive association with
the absence of non-glandular trichomes (r=0.79). These results
indicate that neonates disproportionately occupy leaf areas with
reduced trichome density, providing convergent evidence for tri-
chome avoidance during initial establishment.

Principal Component Analysis further clarified these rela-
tionships. The first two principal components explained a
substantial proportion of the variation in trichome traits (PC1:
47.9%; PC2: 36.5%), explaining 84.4% of the total variation
(Figure 6A). PC1 primarily reflected a gradient in glandu-
lar trichome abundance, separating sites with high glandu-
lar densities (positive scores) from those with low glandular
trichomes (negative scores). PC2 captured variation in non-
glandular trichome density, distinguishing between areas of
high and low non-glandular trichome coverage. Caterpillar es-
tablishment sites (numbered points) were broadly distributed
across the ordination space but exhibited clear structure rela-
tive to these gradients. Most establishment locations clustered
toward regions associated with reduced trichome density, par-
ticularly along the negative axis of PC1. In contrast, areas char-
acterized by high glandular trichome density formed a distinct
cluster that was relatively sparsely occupied, indicating avoid-
ance rather than preference. Variation along PC2 suggests that
non-glandular trichomes influence establishment in a more
nuanced manner. While some caterpillars occurred in areas
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with low non-glandular trichome densities, sites with very
high densities were consistently avoided. The distribution of
leaf positions (base, middle, outer edge, and tip; adaxial vs.
abaxial surfaces) across the ordination further indicates that
caterpillar establishment is shaped by the combined effects of
leaf region and trichome structure. PERMANOVA also con-
firmed that the multivariate composition of establishment
sites differed significantly between leaf surfaces (F=43.104,
df=1; p<0.001; R>=0.38) and leaf regions (F=9.139, df=3;
p<0.001; R?=0.29). Overall, both correlation analyses and
multivariate ordination converge on the same conclusion:
neonate caterpillars preferentially establish in microhabitats
with reduced trichome density, supporting the hypothesis of
trichome avoidance during initial establishment.

Despite this clear bias toward low-trichome microhabitats, lar-
vae were occasionally established in regions bearing glandular
trichomes. To determine whether trichomes are avoided during
feeding, we compared glandular trichome densities between
consumed tissue and adjacent intact areas. These comparisons
revealed no significant difference in glandular trichome den-
sity (paired t-test: t=1.79; df=20; p=0.08), indicating that lar-
vae feed selectively around glandular trichomes, leaving these
structures intact (Figure 6B). These findings, collectively, sug-
gest that trichome avoidance operates across multiple scales: ata
coarse scale through preferential establishment in low-trichome
microhabitats, and at a finer scale through selective feeding
within occupied areas.

4 | Discussion

In this study, we investigated whether neonate D. arcuata cat-
erpillars establish on particular regions of birch leaves to avoid
leaf trichomes. Specifically, we assessed where larvae establish
on leaves, quantified the distribution of trichomes on leaves,
and then evaluated whether neonates avoid leaf trichomes. Our
results support the hypothesis that neonates actively avoid tri-
chomes on leaves.

4.1 | Where Do the Neonate Caterpillars Establish?

Our results show that neonate D. arcuata caterpillars do not
establish randomly on paper birch leaves. Rather, there were
two key observations: first, they consistently established on the
adaxial leaf surface, and second, they established on the mar-
ginal regions of the leaf, including the base, outer edge, and tip.
We proposed that establishment site selection is an active choice
rather than passive settlements for a few reasons: first, although
all individuals were initially placed at the middle of the leaf,
they subsequently moved to marginal regions before establish-
ing. Second, individuals initially placed on the abaxial surface
frequently relocated to the adaxial surface before establishment.
In addition, previous studies have shown that females lay eggs
randomly on leaves and twigs, and that neonates do not remain
at their hatching sites (Yadav and Yack 2018), making a “mother
knows best” explanation unlikely.

Drepana arcuata neonates showed a strong preference to es-
tablish on the adaxial surface of the leaf, and this is consistent

with other drepanid species feeding on paper birch (Matheson
et al. 2025; Turchen and Yack 2025) as well as a few other
species of neonate caterpillars (Weiss et al. 2003; Ambrdsio
et al. 2008; Rodrigues et al. 2019; Henault et al. 2022). This
pattern, however, contrasts with the more commonly observed
behavior in neonates, which typically remain and feed on the
abaxial (underside) surface of leaves, where exposure to pred-
ators, parasitoids, sunlight, and wind is often reduced (Horgan
et al. 2007; Tagawa et al. 2008; Watanabe et al. 2018; Watts and
Kariyat 2021a; Tsuji and Ashford 2026). While less common, es-
tablishment on the upper leaf surface may confer several advan-
tages, including improved thermal conditions that can enhance
development and metabolic activity (Wang et al. 2025), easier
feeding initiation due to lower trichome density and softer leaf
tissues (Hochuli 2001; Kariyat et al. 2017, 2018), reduced patho-
gen exposure associated with a drier microclimate, and potential
behavioral benefits such as establishment of vibratory territories
(Matheson et al. 2025).

Drepana arcuata neonates also showed a preference for mar-
ginal leaf regions, consistent with the observations of Yadav and
Yack (2018), who report that approximately 85% of first-instar
shelters were constructed along leaf margins. Similar marginal
preferences have been observed in other Drepanidae species,
such as Oreta rosea Walker 1855, and Falcaria bilineata (Packard
1864), although these species do not construct leaf shelters (Scott
et al. 2010; Turchen and Yack 2025). Preference for leaf mar-
gins has likewise been reported in other neonate caterpillar
species (Weiss et al. 2003; Greeney and Warren 2009; Henault
et al. 2022). Establishment on leaf edges may offer multiple, non-
mutually exclusive benefits for neonates. First, leaf edges may
facilitate shelter construction through folding, rolling, or silk-
mediated attachment (Weiss et al. 2003; Lill and Marquis 2007;
Yadav and Yack 2018; Henault et al. 2022). Second, marginal
tissues are often thinner, mechanically softer, and less structur-
ally defended, potentially reducing the energetic and mechan-
ical costs of initial feeding (Casher 1996). Third, positioning
along leaf edges may improve escape routes during encoun-
ters with predators, parasitoids, or competitors, thereby reduc-
ing mortality risk during this vulnerable life stage (Sugiura
and Yamazaki 2006; Tagawa et al. 2008; Matheson et al. 2025;
Mauduit et al. 2026). Although there may be many reasons for
site selection, our study specifically examined the potential role
of trichomes in mediating these preferences.

4.2 | Where Are the Trichomes?

We identified two trichome types on paper birch leaves: glan-
dular peltate trichomes and non-glandular acicular trichomes
(Figure S1). These were classified based on morphological sim-
ilarities with those previously described (Hardin and Bell 1986;
Valkama et al. 2003, 2004). Glandular trichomes are commonly
associated with chemical defense, often producing or storing
sticky, deterrent, or toxic compounds that can interfere with
herbivore movement and feeding (Simmons et al. 2004; Hanley
et al. 2007; Farmer 2014; Kaur et al. 2022). In Betula spp., spe-
cifically, glandular trichomes are particularly well-suited for the
secretion and retention of defensive compounds at the leaf sur-
face, mainly flavonoid aglycones and other defensive metabo-
lites (Hardin and Bell 1986; Valkama et al. 2003, 2005; Lahtinen
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et al. 2004). In contrast, non-glandular trichomes typically func-
tion as mechanical defenses (Levin 1973; Hardin and Bell 1986;
Farmer 2014; Kaur et al. 2022). Their hair-like structure im-
poses mechanical constraints by impeding movement, reduc-
ing attachment efficiency, and obstructing access to epidermal
tissues; effects that may be especially pronounced for small-
bodied neonates (Gilbert 1971; Kariyat et al. 2017, 2018, 2019;
Kaur and Kariyat 2020; Chowdhury et al. 2025; Balakrishnan
and Kariyat 2026).

Our results showed that both trichome types were distrib-
uted highly unevenly across the leaf in paper birch. The abax-
ial surface had more glandular and non-glandular trichomes
(Figures 4B and 5B), a result consistent with those reported in
other Betula species (Valkama et al. 2003, 2004; Payamnoor
et al. 2019; Matsuki et al. 2021). Trichome distribution was also
heterogeneous on different leaf regions, although this distribu-
tion varied depending on the type of trichome (Figures 4C and
5C). Glandular trichomes were less abundant at the base of the
leaf but did not differ on the margins, whereas non-glandular
trichomes showed the highest densities at the leaf base com-
pared to the leaf margins. This within-leaf heterogeneity in tri-
chome distribution may arise from multiple interacting factors.
In Betula species for example, trichomes may differ substantially
among genotypes (Ashton et al. 1998; Pyakurel and Wang 2013),
under varying environmental conditions such as elevated CO,
exposure, water limitation and temperature stress (Li et al. 1996;
Prozherina et al. 2003; Riikonen et al. 2010; Thitz et al. 2017),
across seasons (Hardin and Bell 1986; Prozherina et al. 2003), or
even following prior defoliation (Rautio et al. 2002; Prozherina
et al. 2003; Matsuki et al. 2021). These results suggest that birch
leaves possess a multifaceted defense system combining both
chemical and mechanical components. Such within-leaf hetero-
geneity is consistent with plant defense theory, which predicts
non-uniform allocation of defenses according to tissue value,
vulnerability, and developmental constraints (Levin 1973;
Schoonhoven et al. 2005; War et al. 2012; Wang et al. 2021; Watts
and Kariyat 2021b; Kaur et al. 2022). This fine-scale heterogene-
ity creates a mosaic of microhabitats, even within a single leaf;
for neonate caterpillars, such variation in leaf surface defenses
may mediate movement patterns, feeding-site selection, and ul-
timately, survival.

4.3 | Do Neonate Caterpillars Avoid Trichomes?

Our results indicate that neonates respond behaviorally to the
presence of leaf trichomes when selecting microhabitats. During
initial establishment, larvae consistently choose microhabitats
with fewer trichomes. The positive correlation between estab-
lishment frequency and absence of non-glandular trichomes,
along with negative associations with glandular and high-
density non-glandular trichomes, strongly suggests that larvae
actively avoid heavily defended areas during initial site selec-
tion. Principal component analysis further supports this inter-
pretation, showing that most establishment sites clustered in
regions with low trichome density. While both trichome types
are associated with the avoidance of the abaxial surface during
initial establishment, non-glandular trichomes appear to exert
the most pronounced effect. This is particularly notable because
they are rare on the adaxial surface, which is frequently selected

by neonate caterpillars, whereas glandular trichomes still occur
there at low densities. This pattern is consistent with previous
studies showing that non-glandular trichomes are particularly
effective at preventing feeding initiation by first- and second-
instar caterpillars (Kariyat et al. 2018). Although glandular
trichomes are often considered chemically deterrent (Lahtinen
et al. 2004, 2006), dense non-glandular trichomes may impose a
more immediate mechanical barrier to neonates, whose limited
mobility and small body size make physical obstruction partic-
ularly costly (Kariyat et al. 2017, 2018; Kaur and Kariyat 2020;
Balakrishnan and Kariyat 2026). Importantly, this avoidance be-
havior persisted beyond initial establishment. Larvae were not
entirely excluded from tissues containing glandular trichomes;
instead, they selectively fed around these structures, often leav-
ing them intact. These results suggest that neonates continue to
respond behaviorally to plant defenses after settlement and are
capable of fine-scale adjustments during feeding. More broadly,
our findings align with the diverse strategies herbivorous in-
sects employ to cope with host-plant defenses (Karban and
Agrawal 2002). Neonate caterpillars have been shown to avoid
trichome contact (Kaur et al. 2022; Chowdhury et al. 2025), selec-
tively feed on less-defended tissues (Connor and Taverner 1997;
Sinclair and Hughes 2010; Eaton and Karban 2014; Robertson
etal. 2015), and actively manipulate plant defenses (Rathcke and
Poole 1975; Young and Moffett 1979; Hulley 1988; Clarke and
Zalucki 2000; Musser et al. 2002; Shelomi et al. 2010; Weinhold
and Baldwin 2011; Robertson et al. 2015; Dussourd 2017; Kaur
and Kariyat 2020). In some systems, larvae also engage in co-
operative feeding that helps overwhelm localized defenses
(Fordyce and Agrawal 2001; Campbell and Stastny 2015;
Despland 2019). Our results expand this framework by showing
that, for D. arcuata neonates, a single leaf constitutes a complex
defensive landscape and that newly hatched larvae exhibit so-
phisticated behavioral responses to cope with defensive hetero-
geneity at small scales.

Although our findings support a role for trichomes in mediat-
ing establishment behavior, alternative explanations should
also be considered. For instance, trichomes may covary with
other important leaf traits, including surface toughness, cuticle
thickness, vein arrangement, epicuticular waxes, moisture con-
tent, nutritional quality, leaf age, and local microclimatic con-
ditions, which may differ systematically between leaf surfaces
and regions (Wilkens et al. 1996; Casher 1996; Eigenbrode and
Pillai 1998; Kawasaki et al. 2009; Malishev and Sanson 2015;
Kaur et al. 2022). Consequently, the observed behavioral pattern
in neonate establishment may reflect responses to an integrated
suite of structural and chemical cues rather than trichomes
alone. Also, behavioral avoidance of trichomes is unlikely to
be absolute, and may instead involve a trade-off. Under condi-
tions of limited resource availability, poor host conditions, or
dispersal constraints immediately after hatching, larvae may
be forced to accept suboptimal sites despite the potential costs
associated with trichomes. This interpretation is supported
by observations that establishment can still occur in regions
with high trichome density, where negative effects on neo-
nate performance have previously been documented (Horgan
et al. 2007; Kariyat et al. 2019). Thus, a caterpillar's behavioral
preference for particular leaf regions may also reflect multi-
ple, non-mutually exclusive benefits, including facilitation of
shelter construction, reduced mechanical costs of feeding, and
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improved escape opportunities from predators or parasitoids, as
discussed previously.

5 | Conclusions

Our study demonstrates that neonate D. arcuata caterpillars
exhibit selective establishment behavior on paper birch leaves
that corresponds with the spatial distribution of leaf trichomes.
Neonates preferentially occupy the adaxial surface and mar-
ginal regions, where trichome densities are lower, while avoid-
ing heavily defended microhabitats. Selective feeding around
glandular trichomes indicates that this avoidance strategy ex-
tends beyond initial establishment and continues during feed-
ing. More broadly, our findings support the view that leaves
function as complex landscapes for neonate caterpillars and
such fine-scale variation can mediate neonate site-selection
behavior. To further explore the proximate and ultimate expla-
nations of microhabitat site selection, future studies might ex-
perimentally manipulate trichome density, identify the sensory
mechanisms by which neonates detect and respond to localized
microhabitat differences in leaf surface (England et al. 2026),
and assess whether the observed site-selection behavior confers
measurable fitness benefits, such as increased survival, faster
development, or improved feeding efficiency.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Leaf surface micrography
illustrating glandular and non-glandular trichomes in Betula papyr-
ifera. (A) Glandular trichomes on adaxial (top row) and abaxial (bot-
tom row) leaf surfaces, shown using light microscopy (left panels) and
scanning electron microscopy (SEM; right panels). (B) Non-glandular
trichomes on adaxial (top row) and abaxial (bottom row) leaf surfaces,
shown using light microscopy (left panels) and scanning electron mi-
croscopy (SEM; right panels).
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