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Abstract

Vertical niche partitioning might be one of the main driving forces explaining the high diversity of forest ecosystems.
However, the forest’s vertical dimension has received limited investigation, especially in temperate forests. Thus, our knowl-
edge about how communities are vertically structured remains limited for temperate forest ecosystems. In this study, we
investigated the vertical structuring of an arboreal caterpillar community in a temperate deciduous forest of eastern North
America. Within a 0.2-ha forest stand, all deciduous trees > 5 cm diameter at breast height (DBH) were felled and systemati-
cally searched for caterpillars. Sampled caterpillars were assigned to a specific stratum (i.e. understory, midstory, or canopy)
depending on their vertical position and classified into feeding guild as either exposed feeders or shelter builders (i.e. leaf
rollers, leaf tiers, webbers). In total, 3892 caterpillars representing 215 species of butterflies and moths were collected and
identified. While stratum had no effect on caterpillar density, feeding guild composition changed significantly with shelter-
building caterpillars becoming the dominant guild in the canopy. Species richness and diversity were found to be highest
in the understory and midstory and declined strongly in the canopy. Family and species composition changed significantly
among the strata; understory and canopy showed the lowest similarity. Food web analyses further revealed an increasing
network specialization towards the canopy, caused by an increase in specialization of the caterpillar community. In summary,
our study revealed a pronounced stratification of a temperate forest caterpillar community, unveiling a distinctly different
assemblage of caterpillars dwelling in the canopy stratum.
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Introduction

Forests represent complex and heterogenous habitats (Basset
et al. 2003; Floren and Schmidl 2008; Ulyshen 2011). Their
canopies are often considered as hotspots for arthropods,
especially in tropical regions, where they often harbour
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expected to play a key role in maintaining the high biodiver-
sity found in forest ecosystems. Understanding forests as a
three-dimensional system is thus essential to gaining a com-
prehensive view of the driving forces shaping their diversity
and community structure. For obvious logistical reasons,
the vertical dimension of forests, beyond what can easily
be reached from the ground, has remained poorly studied.

Over the past 3 decades, there has been increasing interest
in canopy research (Lowman 2009; Nakamura et al. 2017;
but see also Basset et al. 2003). However, the ecology of
temperate canopies has received little attention, most likely
due to the general assumption that temperate communities
are less stratified than those in tropical forests (Ulyshen
2011). This would imply that temperate forests reveal a
low species turnover with increasing tree height, and that
per taxon densities of focal taxa are evenly distributed (see
Ulyshen 2011). Nevertheless, recent studies on some insect
groups revealed that temperate forests display pronounced
stratification (e.g. Stireman et al. 2012; Maguire et al. 2014;
Di Giovanni et al. 2015; Weiss et al. 2016; De Smedt et al.
2018; §igut et al. 2018), with differences attributed to
various biotic and abiotic factors including microclimate,
resource availability, forest structure, leaf quality, plant com-
position, and plant seasonality (Basset et al. 2003; Ulyshen
2011; Wardhaugh 2014; Nakamura et al. 2017). Leaves, for
instance, generally experience greater sun exposure in the
canopy leading to decreased foliage quality from a herbi-
vore’s perspective: leaves in the canopy are thicker, tougher,
of lower water content, and show higher concentrations of
secondary metabolites compared to leaves growing in the
shaded understory (Murakami et al. 2005; Ulyshen 2011 and
references therein). Consequently, canopy leaves are physi-
cally and chemically better protected and thus less suitable
for herbivores, negatively affecting herbivore densities, espe-
cially those of generalist species (Ali and Agrawal 2012;
Volf et al. 2015).

The order Lepidoptera represents an ecologically diver-
sified and taxonomically well-known group for studying
changes along environmental gradients (e.g. Summerville
and Crist 2003; Summerville et al. 2004; Pellissier et al.
2012). The order comprises about 157,000 described spe-
cies (Nieukerken et al. 2011) and is one of the largest radia-
tions of phytophagous insects (Menken et al. 2010; Mitter
et al. 2017). In temperate forests, caterpillars can reach high
densities and thus play an essential role in food webs, both
as herbivores and prey or hosts for higher-level consum-
ers. Furthermore, Lepidoptera show a broad range of larval
host—plant specificity (Menken et al. 2010), life histories,
and habitat affinities (Miiller et al. 2011), which makes them
an excellent model group to study vertical stratification of
insect communities in forest ecosystems.

While several studies have investigated the vertical
stratification of adult Lepidoptera (e.g. Beccaloni 1997;
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DeVries and Walla 1999; Schulze et al. 2001; Brehm 2007;
Hacker and Miiller 2008; Ashton et al. 2016; dos Santos
et al. 2017; De Smedt et al. 2018), few studies have docu-
mented the vertical structuring of caterpillar communi-
ties (Le Corff and Marquis 1999; Murakami et al. 2005;
éigut et al. 2018). Studies on caterpillars have three main
advantages. First, because of their limited mobility, larvae
are most likely to be found at or proximate to their feeding
site. Second, the stratum where a larva occurs is likely
to be a reliable indicator of a species’ ‘natural’ vertical
niche used for development. Third, caterpillar commu-
nities allow for investigation of host—plant interactions,
which provide deeper insights into ecosystem functioning
(e.g. how specialization and species richness/diversity are
linked).

Here, we investigate various aspects of how an eastern US
forest caterpillar community was vertically structured with
initial aims to test three hypotheses:

1. We expected the density to decline towards the canopy
due to harsher environmental conditions in upper for-
est strata (Ulyshen 2011) and lower foliage quality
(Murakami et al. 2005). We further expected a domi-
nance shift between exposed feeders and shelter-building
caterpillars. We assumed the latter would become more
prevalent in the upper strata, because shelter builders
are more protected from desiccation, weather extremes,
and many are known to feed on leaves of lower quality
(Barber and Marquis 2011).

2. We expected changes in composition of higher taxo-
nomic levels due to family constrained height prefer-
ences as reported for adult Lepidoptera (e.g. DeVries
and Walla 1999; Brehm 2007; De Smedt et al. 2018).
We further expected species richness and diversity to
be lowest in the canopy (Hirao et al. 2009) and highest
in the midstory due to overlapping Lepidoptera assem-
blages in this stratum (Fermon et al. 2005). Concomi-
tantly, we expected the highest similarities between cat-
erpillar assemblages of neighbouring strata as observed
in adult Lepidoptera (Intachat and Holloway 2000;
Schulze et al. 2001), due to higher overlaps in resource
availability (i.e. host plant spp.) and abiotic conditions.

3. We expected increased specialization of plant—caterpil-
lar networks towards the canopy due to the expected
shift in guild composition. Shelter-building caterpillars
are generally more host specific than exposed feeders
(e.g. Menken et al. 2010). Thus, a proportional increase
of this guild with tree height should result in a concomi-
tant increase in specialization as well.

By sampling all larval Lepidoptera from a patch of decid-
uous Appalachian forest, a dominant forest type in eastern
North America, this study aims to rigorously document the
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extent to which herbivorous insects and their interactions
with host plants are vertically structured in temperate forests.

Materials and methods
Study site

We conducted our sampling in a mixed deciduous forest in
eastern North America, 2.5 km east of Toms Brook (Shenan-
doah County, VA, USA; 38°55' N, 78°25' W; 220 m a.s.L.).
The oak—hickory association of our study site represents one
of the region’s most widespread forest types, and was chosen
to be as similar as possible to the forest at the nearby Smith-
sonian Conservation Biology Institute (SCBI; ~23 km away
in Front Royal, VA), which includes a large forest dynamics
plot of the Forest Global Earth Observatory (ForestGEO;
Anderson-Teixeira et al. 2015) and a core site of the National
Ecological Observatory Network (NEON). The research
site was owned by a timber company and had already been
planned for logging, which allowed us to take advantage
of the scheduled logging process for our sampling. Fifteen
woody tree species were sampled; Quercus spp., Carya spp.,
and Nyssa sylvatica Marshall were the most commonly sam-
pled taxa (Table 1). The tallest trees of the forest reached
heights up to 30 m. At SCBI, precipitation is year-round
(1000 mm of rainfall year—!) and mean annual temperature is
12.9 °C (Anderson-Teixeira et al. 2015). The field work was

Table 1 List of the 15 tree species with information on abundance
(Np), sampled leaf area, its proportional assignment to a certain stra-
tum (US =understory, MS =midstory, CA =canopy), as well as aver-

carried out over two growing seasons, between late April
and end of August in 2016 and 2017.

Sampling design

In 2016, we set up two 0.1-ha plots within the forest avoiding
forest edges, gaps, and roads. The plots were located about
350 m apart. Due to their close proximity, we treated them
as a single forest stand, not as independent replicates.

All deciduous tree individuals with a diameter at breast
height (DBH) > 5 cm were felled during both seasons. When
two or more individuals of a tree species were to be sam-
pled in the same year, we sampled one tree early in season
(spring) and a matched individual late in the season (fall).
One tree was felled and exhaustively sampled for Lepidop-
tera larvae at a time. This design has been used successfully
to assess community structure and trophic interactions of
non-flying herbivorous insects (see Volf et al. 2019).

Folivorous caterpillars (excluding miners) were col-
lected immediately after the felling procedure from leaves,
branches, and stems. For each larva, the exact height (meas-
ured from the tree base) was recorded using a measuring
tape that was fixed to the stem/trunk base. Each caterpillar
was classified into feeding guild as exposed feeder or shelter
builder (i.e. leaf roller, leaf tiers, webber, also known col-
lectively as semi-concealed feeders).

For every sampled tree, total height, crown height, and
maximum crown width were measured. Furthermore, trees
were stripped of leaves (small trees: 100%; mid-size trees:

age tree height (+SE). Furthermore, caterpillar abundance (N.) and
number of caterpillar species (S¢) sampled from each tree species are
given

Species Family Np Leaf area [m?] UsS MS CA Height [m] Nc Sc
Acer rubrum L. Sapindaceae 8 167 035 047 0.18 13.8 (£2.3) 105 28
Amelanchier arborea (F. MicHX.) FERNALD Rosaceae 4 39 1 - - 7.4 (x£0.7) 40 15
Carya glabra (MILL.) SWEET Juglandaceae 15 272 0.48 0.39 0.13 11.6 (= 1.5) 315 46
Carya tomentosa (Lam.) NUTT. Juglandaceae 25 416 045 047 0.08 13.1 (£1.0) 168 47
Cornus florida L. Cornaceae 2 19 1 - - 5.0(x04) 15 3
Fraxinus americana L. Oleaceae 3 66 0.13 0.81 0.06 18.3(x3.4) 32 11
Nyssa sylvatica MARSHALL Cornaceae 47 572 0.41 0.58 0.01 11.2 (+0.6) 597 52
Ostrya virginiana (MiLL.) K. KocH Betulaceae 5 81 0.87 0.13 - 10.1 (=1.3) 70 20
Prunus avium L. Rosaceae 10 0.19 0.81 - 14.5(x1.2) 31 9
Prunus serotina EHRH. Rosaceae 20 0.04 096 - 18.1 28 7
Quercus alba L. Fagaceae 10 608 0.1 0.57 0.33 19.0 (£2.8) 1194 77
Quercus rubra agg.® Fagaceae 33 1191 0.06 074 02 19.1 (£1.0) 1189 117
Quercus montana WILLD. Fagaceae 1 46 0.04 092 004 21.7 59 16
Sassafras albidum (NutT.) NEES Lauraceae 2 27 0.31 0.69 - 129 (£2.4) 14 5
Ulmus americana L. Ulmaceae 3 53 0.71 029 - 122 (£04) 35 16
Total 161 3587 - - - - 3892 -

*Note that specimens of Quercus rubra L. and Quercus velutina Lam. as well as their hybrids were pooled together as Quercus rubra agg
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50%; large trees: 25%) after finishing the sampling process
the same day. The respective crown fraction which needed to
be defoliated for mid-size and large trees was estimated visu-
ally by at least two persons. Collected leaves were weighed
to estimate the foliage biomass per tree. Additionally, a ran-
dom subset of leaves per tree were weighed, spread over a
white 50 X 50 cm background, and photographed. Depend-
ing on leaf size, two to four such photographs were taken
to measure the leaf area using the software Imagel v1.48
(Schneider et al. 2012). To calculate the total foliage area per
tree, leaf frame values were extrapolated to the whole foliage
biomass This approach allowed for further calculations of
caterpillar densities (individuals per m~? of leaf area).

Vertical stratification

Based on maximum tree heights within the plots (i.e. 30 m),
we divided the forest stand into three strata (‘vertical zones’)
of equal heights, hereafter referred as ‘understory’ (up to
10 m), ‘midstory’ (11-20 m), and ‘canopy’ (21-30 m). As
there is no unified way to define forest strata (for review
see Parker and Brown 2000), this classification, standard-
ized by equal height intervals, was chosen, as it provided
an objective method independent from assumptions about
the vegetation structure to investigate stratification patterns
within the caterpillar community.

Based on the height in which they were found, caterpillars
were assigned to a respective stratum. For some trees, the
crown was spread along two or three strata. Here, the leaf
area was divided and allocated to the corresponding stratum
as well. In these situations, we first calculated the crown
volume (V,n) assuming a crown shape of a spheroid:

4 5
VCrown = gﬂ'a ¢,

where a is the crown horizontal radius (0.5 X maximum
crown width) and ¢ represents crown vertical radius
(0.5 X crown height).

Spheroids are commonly used to study the architecture
of deciduous forests (e.g. Chen et al. 2005; Walcroft et al.
2005). Afterwards, the volume of the upper and/or lower
crown cap (V,,) was calculated using the formula:

na?
VCap = ﬁhz(SC - h),
where £ is the crown cap height (top or bottom part of the
crown reaching into a certain stratum), and a and ¢ are
defined as for crown volume. This allowed us to partition the
crown volume to the respective strata by subtraction of cap
volume(s) from the total crown volume. A detailed script on
volume calculations is presented in Appendix 1 (Figure S1,
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Table S1). Based on the volume proportions, the total foli-
age area of a tree was divided proportionally into the strata.

Species identification

Host plants: All trees were identified to species with the
exception of red oak species (i.e. Quercus rubra L. and
Q. velutina Lam.), which hybridise in our study site. We
treat red oak as a species complex, hereafter referred to as
‘Quercus rubra agg.’. Abundances, attributes, and caterpil-
lar abundances for the 15 sampled tree species are given in
Table 1.

Caterpillars: The sampled caterpillars were morpho-
typed, photographed (Canon EOS 700D; 60 mm macro
lens), and stored in ethanol (96%) to enable later DNA bar-
coding. Only a few individuals were reared to adulthood at
the beginning of our sampling in April and May, 2016.

For species identification and delimitation, we used an
integrative taxonomy approach, drawing from morphologi-
cal characteristics and molecular information (see Schlick-
Steiner et al. 2010).

First, all caterpillar morphospecies found were identified
by CLS and DLW as far as possible using external mor-
phological characteristics and available literature (Wagner
2005; Wagner et al. 1998, 2001, 2011). For those caterpillar
individuals which were successfully reared, morphological
characteristics of the adults were also used for identification.
Specimens which could not be reliably identified were bar-
coded (COI gene fragment; 658 bp) at the Canadian Centre
for DNA Barcoding (CCDB; Guelph, Canada), using their
standard Sanger sequencing protocols (Wilson 2012). The
obtained sequences were cross-referenced with the com-
prehensive barcode library of North American Lepidop-
tera being built by the Agriculture Canada, CCDB, and the
Smithsonian National Museum of Natural History (Washing-
ton, D.C.) (Levesque-Beaudin et al. 2017). In cases where a
definite identification based on the integrative approach was
still not possible, the ‘Barcode Index Number System’ (BIN
system; Ratnasingham and Hebert 2013) was adopted, which
allowed an assignment to a molecular operational taxonomic
unit (M-OTU) in the ‘Barcode of Life Database’ (BOLD)—a
convention increasingly applied in ecological studies dealing
with Lepidoptera (e.g. Kekkonen and Hebert 2014; Delabye
et al. 2018). For simplicity, identified species and M-OTUs
are hereafter called ‘species’ and listed in Table S2. We fol-
lowed Pohl et al. (2016) for taxonomic nomenclature and
family classification.

Preserved caterpillar specimens are deposited at the Insti-
tute of Entomology in Ceské Bud&jovice (Czech Republic).
Reared adults are stored in the collection of the Smithso-
nian National Museum of Natural History (Washington,
DC; USA). COI sequences can be accessed from the public
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BOLD dataset DS-VERTCAT (https://doi.org/10.5883/ds-
vertcat).

Statistical analyses

All statistical analyses were performed using the statistical
software R version 3.4.4 (R Development Core Team 2017).

Density distribution and guild composition

Caterpillar densities (individuals m~2 leaf area) were cal-
culated for each stratum of a given tree (individual). For a
sampled tree individual, only strata with a minimum leaf
area of 1 m? were considered for density analyses to account
for calculation error: 21 out of 266 density values (7.9%)
were excluded. Prior to further analyses, density values were
log,-transformed to meet the assumption of normality.

We developed two linear mixed models (LMMs) to test
for differences in caterpillar densities among strata and
among feeding guilds. As caterpillar densities vary among
tree species (e.g. Nuttle et al. 2011; Farkas and Singer 2013;
éigut et al. 2018), tree individual nested within tree species
were included as random effects in both models.

The first LMM tested for the effect of forest stratum on
overall caterpillar densities. Here, stratum was fitted as a
categorical fixed effect. The P value was estimated using
ANOVA where the model of interest was compared against
the null model.

The second LMM tested for differences among feeding
guild densities within each stratum. Here, the interaction of
guild and stratum was used as a fixed effect. We first tested
if the interaction had a significant effect on densities of indi-
vidual guilds by comparing the model of interest against the
null model using ANOVA. Afterwards, Tukey post hoc tests
were applied to test for dominance shift between the guilds
among the strata using the ‘emmeans’ package (Lenth 2018).

For both LMMs, residuals were checked for normality
(QQ plots, histograms) and homoscedasticity (Levene’s test
for homogeneity of variance; ‘car’ package (Fox and Weis-
berg 2019). Linear mixed models were developed using the
‘Ime4’ package (Bates et al. 2015).

Community composition and species diversity

Proportional composition of the most common caterpillar
families (min. abundance > 250 individuals) among the con-
trasted strata was compared using Chi squared contingency
tests performed on the family-by-strata abundance matrix.
For comparisons of relative abundances within single fami-
lies among the strata, the abundances of each family were
compared with the remaining families in a separate Chi
squared test. For these, P values were adjusted using the

Bonferroni correction to account for the multiple compari-
sons (to reduce risk of type I error).

Sample size-based rarefaction and extrapolation curves
for species richness were calculated for each stratum across
guilds and separately for exposed feeders and shelter build-
ers using the ‘INEXT” package (Chao et al. 2014; Hsieh et al.
2016). A short-range extrapolation (two times the smallest
sample size) was applied. Estimated species richness (S¢p,,)
was calculated based on an asymptotic diversity estimate
using the Chao and Jost (2015) method. Calculated confi-
dence intervals further indicated if estimated species rich-
ness significantly differ among strata (no CI overlap) or
not (CI overlap; see Colwell et al. 2004). Two indices were
calculated to compare the diversity of the caterpillar com-
munities among the strata, Fisher’s @ and Shannon—Wiener
index (H').

Overlap of caterpillar assemblages between strata was
calculated applying the Morisita—Horn similarity index
(Syp)- This index is less sensitive to the presence of rare
species and robust to variations in sample sizes and diversi-
ties (see Wolda 1981; Jost et al. 2011; Beck et al. 2013). We
used the ‘vegan’ package (Oksanen et al. 2018) to calculate
both diversity and similarity indices.

Caterpillar—plant interaction networks

Prior to analyses, for each stratum caterpillar species with
less than three individuals per host plant species were
removed to avoid including inaccurate host associations, e.g.
those resulting from straying larvae. Afterwards, quantitative
interaction networks for understory, midstory, and canopy
were created using the R package ‘bipartite’ (Dormann et al.
2008). For specialization comparisons, we chose four quan-
titative network indices that account for interaction frequen-
cies. Quantitative indices are less affected by differences in
sample size and sampling effort, and thus reflect the net-
work structure in a more realistic way than qualitative indi-
ces (BanasSek-Richter et al. 2004; Bliithgen et al. 2006). We
calculated weighted connectance, H,’, weighted generality,
and weighted vulnerability by applying the ‘networklevel’
function implemented in the R package ‘bipartite’ (Dor-
mann et al. 2009) to characterize the interaction networks.
Weighted connectance is the proportion of the possible inter-
actions that is realized and was measured as the proportion
of links weighted by the interaction frequency. H,” describes
the degree of specialization of the whole interaction network
and ranges between 0 (no specialization) and 1 (complete
specialization). This index is robust to differences in network
size and sampling effort (Bliithgen et al. 2006) and thus
allows for direct comparisons among interaction networks of
our defined strata. Weighted generality and weighted vulner-
ability indicate the mean number of host plants a caterpillar
species is feeding on and the mean number of caterpillar
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species feeding on a plant species, respectively. Both indices
are weighted by interaction strength. While H,' is a meas-
ure of specialization which considers both trophic levels,
generality and vulnerability indicate the specialization of a
certain trophic level (resource level: vulnerability; consumer
level: generality). For all calculated network metrics, only
plant species interacting with at least one caterpillar species
were considered.

Additionally, index values of H,', weighted generality and
weighted vulnerability were compared to null model simula-
tions of the respective interaction network. Null model-based
approaches enable better interpretations of network proper-
ties than the observed index values alone (Dormann et al.
2009). We thus generated 999 random networks in each stra-
tum. In each randomization, the interaction network matrix
is reshuffled using the ‘vazaull’ function implemented in
the ‘bipartite’ package (Dormann et al. 2009). These null
models are constrained by connectance and marginal totals
are proportional to the observed ones (Vazquez et al. 2007).
Subsequently, all the network metrics were measured in
these random networks, creating a null distribution for each
index. Standardized effect sizes (Z-scores) and correspond-
ing P values were calculated for each specialization index.
This approach accounts for network size (number of inter-
acting species in both trophic levels) and thus further allows
for comparisons among the interaction networks. Increasing
Z-scores indicate an increase in specialization between the
networks, while decreasing Z-scores indicate that specializa-
tion decreases.

Results

Across both seasons, 161 individual trees from 15 species
(nine families) were felled and caterpillars were collected
from more than 3500 m? of foliage (Table 1). In total, 4118
caterpillars were collected of which 226 individuals (5.5%)
could not be identified or at least assigned to a molecu-
lar operational taxonomic unit (M-OTU) and thus were
excluded from subsequent analyses. The analysed dataset
contained 3892 caterpillar individuals in 215 species repre-
senting 24 families (Table S2). The vast majority of these
caterpillars were found in the midstory (2024 individuals),
whereas only 1039 and 829 individuals were found in the
understory and canopy, respectively. The highest number
of caterpillar species was found in the midstory (167 spp.),
followed by understory (149 spp.), and canopy (86 spp.).

Density distribution and guild composition

Overall caterpillar density (individuals/m” leaf area) was
found to be highest in the canopy (1.56 + SE 0.27), followed
by understory (1.23 +SE 0.15) and midstory (1.03 +SE
0.12). These differences, however, were not significant
df=2, ;(2=4.39, P=0.11; Fig. 1a). Feeding guild densi-
ties differed significantly across strata (df=9, y>*=21.8,
P <0.001; Fig. 1b). In the understory stratum, the density
of exposed feeders was significantly higher than those of
shelter-building caterpillars (df=343.8, r=2.3, P=0.022).
The opposite was found in the canopy, where densities

Fig. 1 Box plots of caterpillar (a) b )
densities per m? of leaf area (b) E Exposed feeders . Shelter builders
observed in the understory 1.0 ° 1.0 o
(US), midstory (MS), and ° * * %
canopy (CA) within a mixed — [ —
deciduous forest in northeastern o °
USA. Densities are presented 0.8 0 — 0.8 _
a across feeding guilds, and b — — 8 i ° ° 8 :
for individual guilds. Asterisks by o
indicate significant differences 356 R °
(*P<0.05, ** P<0.01). (Color > 06 - 0.6 8 o o
. . . . o . .
version of this figure is available = ° ° )
online) NE ° R o .
3 | | s i
E ]
S 0.4+ 0.4 3 3 —
2 : : :
o
£ e
0.2 0.2+
004 — —— — 0.0+ - — — — —
T T T T T T T T
us MS CA us us MS MS CA CA
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of shelter builders were found to be significantly higher
(df=343.8, t=-3.215, P<0.01). By contrast, no differ-
ence among guild densities was observed for the midstory
caterpillar fauna (df=343.8, r=-1.079, P=0.281, Fig. 1b).
Furthermore, densities of shelter-building caterpillars
were significantly higher in the canopy compared to mid-
story (df=407.06, t=—2.676, P=0.021) and understory
(df=462.92, r=—-2.579, P=0.027). Contrary, densities of
exposed feeders were significantly higher in the understory
compared to midstory (df=434.59, r=3.121, P=0.005) and
canopy (df=462.92, t=2.357, P=0.049).

Community composition and species diversity

The most abundant families (together > 83% of all caterpil-
lars) for the whole forest stand as well as for individual strata
were, in alphabetic order, Depressariidae, Erebidae, Geom-
etridae, Noctuidae, Notodontidae, and Tortricidae (Fig. 2).
These families were also the most abundant ones found
at individual strata. Their proportional abundances, how-
ever, changed significantly across the three strata (df=12,
x> =415.3, P<0.001, Fig. 2). The proportion of Depres-
sariidae increased towards the canopy (understory: 19.7%
vs. canopy: 56%), while those of Erebidae, Geometridae,
and Noctuidae decreased (df=2, ;(2 >48.0, P<0.05 for each
family). The proportion of Notodontidae and Tortricidae did
not differ significantly among the strata (df=2, y* <4.52,
P>0.05).
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Fig.2 Proportional family composition of the six most abundant cat-
erpillar taxa separated by understory (US), midstory (MS), and can-
opy (CA)

The most speciose families were Geometridae (36 spp.;
16.5%), Noctuidae (35 spp.; 16.3%), and Tortricidae (32
spp., 14.7%), which collectively accounted for nearly half
(47.9%) of the sampled species. When species with less than
three individuals were removed from analyses, 14 species
(6.4%) were exclusively found in a single stratum (under-
story: 10 spp.; midstory: 4 spp.; no species was exclusively
associated with the canopy; Table S2). Across both feed-
ing guilds, individual-based species accumulation curves
for each stratum revealed significant differences in species
richness between canopy vs. understory and canopy vs. mid-
story, respectively (Fig. 3a, Table S3). Due to overlapping
confidence intervals, no significant difference was observed
between midstory and understory. When estimated sepa-
rately for each feeding guild, this pattern stayed constant for
shelter builders, whereas no significant differences in spe-
cies richness among the strata could be detected for exposed
feeders (Fig. 3b, c). Furthermore, the species accumulation
curves suggested a higher richness of exposed feeding cat-
erpillar species for all three forest strata (Fig. 3b, c). For the
entire community, both Fisher’s a and Shannon diversity
(H’) indices indicated highest diversity in the understory
and midstory (Table S3). Similar patterns were observed
when feeding guilds were analysed separately, although the
diversity decline between midstory and canopy was less pro-
nounced for exposed feeders (Table S3).

Based on Morisita—Horn similarity indices (Syy), the
overlap of caterpillar communities was greater between
understory and midstory (Syy=0.74) followed by midstory
vs. canopy (Syy=0.61). High compositional turnover was
observed between the understory and canopy assemblages
Sy =0.24).

Caterpillar-plant interaction networks

The canopy network comprised only a small subset (3 spp.)
of interacting host—plants, whereas understory and mid-
story networks involved 14 and 12 plant species, respec-
tively (Fig. 4). Furthermore, the caterpillar species richness
(spp.> 2 ind.) was more than twice as high in the understory
network (63 spp.) and midstory network (76 spp.) compared
to that of the canopy (31 spp.).

Weighted connectance was three times higher in the
canopy compared to understory and midstory where it
was found to be equal (Table 2). The network specializa-
tion (H,") values were similar among understory and mid-
story and increased slightly in the canopy. For all strata, the
observed H,' values deviated significantly from null model
distributions and thus revealed a higher specialization than
expected due to random chance. Furthermore, Z-scores
increased towards the canopy indicating an increase in net-
work specialization. Weighted generality decreased with
height and was found to be significantly lower than expected
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Fig.3 Individual-based rarefaction curves (solid lines) and short-
range extrapolation (dashed lines) for a the whole caterpillar com-
munity, b exposed feeders, and ¢ and shelter builders segregated

due to random chance for midstory and canopy. Calculated
effect size deviations from null models (Z-scores) further
revealed that the specialization of the caterpillar community
decreased from canopy towards the understory. Weighted
vulnerability showed only small differences between under-
story and midstory (10.2 vs. 12.3) but dropped strongly in
the canopy (5.2). Nevertheless, for all strata, its values did
not differ from the respective null model distribution.

Discussion

Our study revealed a pronounced vertical stratification of
a temperate forest caterpillar community in terms of guild
composition, species richness, and specialization. While
overall densities did not vary among strata, our study showed
that exposed feeders dominated the understory and shel-
ter builders the canopy. The canopy was further found to
be species poor and of low diversity, while midstory and
understory were speciose and of higher diversity. Caterpillar
assemblages overlapped most among neighbouring strata.
Both network and caterpillar specialization were found to be
highest in the canopy and to decline towards the understory.

Density distribution and guild composition

Our study revealed that stratification had no effect on cater-
pillar densities. This is contrary to our hypothesis and many
studies on herbivorous insects which reported unequal ver-
tical density distributions in forest ecosystems (e.g. Basset
2001; Ribeiro and Basset 2007; gigut et al. 2018; for review
see Ulyshen 2011). Previous studies have mainly attributed
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into understory, midstory, and canopy stratum. Shaded areas repre-
sent+95% confidence intervals. (Color version of this figure is avail-
able online)

vertical changes to variations in leaf quality (Murakami et al.
2005; Ribeiro and Basset 2007) or predation (§igut et al.
2018). Our findings, by contrast, indicate that vertical differ-
ences in caterpillar abundances are mainly driven by avail-
able foliage. One explanation for this finding could be that
factors affecting caterpillar density vary more within than
among the defined strata. Leaf quality, for instance, displays
significant intra- and interspecific variations among tree
individuals, which strongly influences the density of associ-
ated insect herbivores and their performance (Hemming and
Lindroth 1995; Lill and Marquis 2001; Summerville et al.
2003; Murakami et al. 2005; Barber and Marquis 2011). In
temperate regions, leaf quality also changes considerably
over the course of the growing season (Schultz et al. 1982;
Hunter and Lechowicz 1992; Zehnder et al. 2009). There-
fore, seasonal as well as inter- and intraspecific variations in
leaf quality could commonly override vertical stratification
patterns in caterpillar density in temperate forests. A simi-
lar result was obtained in a study by Le Corff and Marquis
(1999), who also found no difference in caterpillar densi-
ties between understory (< 2.5 m) and canopy (15-20 m) in
two oak species of a temperate forest in USA. However, as
caterpillar densities differ among tree species (Nuttle et al.
2011; Farkas and Singer 2013; §igut et al. 2018), vertical
density distributions might change considerably among for-
est ecosystems, depending on plant species composition and
particularly on the subset of trees that compose each stra-
tum. Significant changes in caterpillar density patterns might
therefore also occur among different successional stages of
a forest. For instance, caterpillar species feeding primarily
on trees forming the canopy of mature forests might be more
abundant in lower strata during forest succession.
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Fig.4 Quantitative host plant—caterpillar interaction networks for
understory a understory, b midstory, and ¢ canopy of a deciduous
forest in eastern USA. Each bar represents either a caterpillar species
(upper bars), or a plant species (lower bars; taxa indicated by abbrevi-
ated name). Widths of upper bars indicate relative caterpillar abun-
dances, while lower bar widths indicate relative plant abundances
measured as m? leaf area. Linkage width indicates relative interaction
frequency of the upper and lower trophic levels

On the guild level, we found dominance shifts among
the strata, in accordance with our initial hypotheses. While
shelter-building caterpillars revealed higher densities in the
canopy, exposed feeders dominated the understory. Similar
stratification patterns were observed in two oak species by

Le Corff and Marquis (1999). They also found that the rela-
tive abundance of external feeders was lower in the canopy
than in the understory, compared to those of shelter-building
species. The observed decline in exposed feeders at higher
strata is most likely due to desiccating and changing weather
conditions, which become harsher towards the canopy (Uly-
shen 2011; Nakamura et al. 2017). In such environments,
a shelter-forming life style is advantageous, as it prevents
larvae from dropping down (during storm events or heavy
rainfalls), and desiccation (Greeney et al. 2012), and thus
reduces mortality. Another explanation for vertical changes
in feeding guild composition could be predation risk. For
instance, studies from Costa Rica (Gentry and Dyer 2002)
and Papua New Guinea (Hrcek et al. 2013) indicate that
shelter-building caterpillars experience a higher preda-
tion pressure by parasitoids compared to exposed feeders.
Exposed feeders, by contrast, are more easily predated
by visual hunters, especially foraging birds (Holmes and
Schultz 1988). To reduce guild-specific predator groups,
shelter builders and externally feeding Lepidoptera might
seek out enemy-reduced niche space in different strata. Most
likely both the vertical climate gradient as well as predator
avoidance strategy influence the stratification patterns of
caterpillar feeding guilds.

Our sampling method could have biased our findings on
feeding guild distributions, e.g. caterpillars could have been
dislodged during the felling process. Such a risk might have
been more pronounced for the upper parts of larger trees
and primarily affect external feeders (especially those that
thrash upon disturbance). Shelter-building caterpillars, by
contrast, tend to retreat into their shelters upon disturbance.
However, given that we found few caterpillars on the ground
during the sampling process and the distinct proportional
differences in guild composition among the strata strongly
suggest that our results are not artifactual.

Community composition and species diversity

According to our expectations, lepidopteran family and
species composition changed significantly along the verti-
cal gradient with the lowest overlap among the most distant
strata (i.e. understory vs. canopy). This reaffirms previous
reports of species- and family-specific height preferences
for Lepidoptera in forest ecosystems (e.g. Brehm 2007;
Hirao et al. 2009; De Smedt et al. 2018). Taxon-specific
height preferences in insects can be driven by morphologi-
cal traits such as body size (Schulze et al. 2001; Grimbacher
and Stork 2007; Graga et al. 2017) as well as by natural
history traits such as feeding guild or place and stage of
hibernation (Brown et al. 1997; Di Giovanni et al. 2015). In
Lepidoptera, body size and feeding guild are strongly linked
(Holmes and Schultz 1988), and often phylogenetically con-
served (Menken et al. 2010; Regier et al. 2012, 2015). Our

@ Springer



510 Oecologia (2020) 192:501-514

Table 2 Network metrics for

; . . Network metric Understory Midstory Canopy

caterpillar—host plant interaction

networks of three equally sized Obs. Zscore Pvalue Obs. Zscore Pvalue Obs. Zscore P value

strata of a mixed deciduous

forest in eastern USA Host richness 14 - - 12 - - 3 — -
Caterpillar richness 63 - - 76 - - 31 - -
Connectance 0.12 - - 0.12 - - 0.39 - -
H,) 0.64 520 0.002** 0.65  7.47 0.002** 0.71 9.57 0.002%#*
Generality 268 —1.14 0254 208 —-272 0016* 131 —-4.18 0.010*%
Vulnerability 10.24 -0.60 0.578 12.33  0.88 0.400 520 0.31 0.736

Based on comparisons with null models, which are constrained by connectance, Z-scores and respective P
values are reported for weighted generality, weighted vulnerability and H,'

Significance codes: P <0.001 “***’; P<0.01 “**’; P<0.05 ‘*’; n.s. ©

study suggests that families of small-sized, shelter-building
species dominate the upper strata (e.g. Depressariidae and
Tortricidae). While, families representing primarily mid-
sized or large species, and whose caterpillars are exposed
feeders, are commonly more prevalent in the understory
(e.g. Geometridae, Erebidae, and Noctuidae). Higher con-
centrations of small-sized insects in the canopy have been
also reported from several tropical forest ecosystems (see
Wardhaugh 2014).

Both species richness and diversity were highest in the
two lower strata and declined steeply in the canopy. Thus,
our findings confirmed the hypothesis of lowest richness and
diversity in the canopy, while the expectation of heightened
diversity in the midstory (i.e. a mid-domain effect) was not
supported. The lack of any species associated uniquely to
the canopy was unexpected. This indicates that understory
and midstory are more important in maintaining caterpillar
species richness in temperate forests. This is in line with the
findings of Hacker and Miiller (2008) and Hirao et al. (2009)
on adult Lepidoptera who also pointed out the importance of
lower strata in maintaining diversity for deciduous temper-
ate forests in Germany and Japan, respectively. By contrast,
De Smedt et al. (2018) found the canopy to be a key habitat
for adult macro-moths in Belgium, which agrees with sev-
eral studies on butterflies and moths from the tropics (e.g.
Brehm 2007; Fordyce and DeVries 2016; dos Santos et al.
2017). However, these studies focused on adults, and thus
included taxa which are not associated with forest habitats
and/or whose caterpillars are not tree-dwelling. Although
Beccaloni (1997; Great Britain, Ecuador, Costa Rica) and
Brehm (2007; Costa Rica) found patterns indicating that
flight height of butterflies and moths is linked to the heights
of their respective host—plant growth forms, strata prefer-
ences of adults and their immature stages do not necessarily
overlap (Schulze et al. 2001; Basset et al. 2003). Due to
their mobility, adult lepidopterans can be found in forest
strata which do not serve as habitat for the immature stages
(e.g. during dispersal, ‘hilltopping’, or flights to locate food
resources or mating partners). Thus, studies dealing with
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Lepidoptera adults would be expected to yield different
findings.

Many tree species in our forest plot did not reach the can-
opy or were represented by a negligible amount of foliage,
while the understory and midstory strata harboured nearly
all tree taxa. Most caterpillar species, especially dietary spe-
cialists, are therefore restricted to the lower strata by default.
This would explain much of the high species overlap among
understory and midstory and further supports the assump-
tion that resource availability (=host plant richness) is a
main driver for spatial distribution patterns in Appalachian
and presumably other forest canopies (Wardhaugh 2014).

Besides host plant richness, the feeding guild also affects
species richness. Families of primarily exposed feeders gen-
erally tend to be more diverse (Menken et al. 2010) and that
is supported by our richness and diversity estimates at the
guild level as well. Thus, the low caterpillar richness in the
canopy most likely results also from the high fraction of
caterpillars representing a shelter-forming behaviour. This
effect is further strengthened by the high dominance of one
shelter-building depressariid species (Psilocorsis reflexella
Clemens, 1860), which accounts for nearly half (47.4%) of
all the recovered individuals in the canopy samples.

Caterpillar-plant interaction networks

A few studies have focused on vertical stratification of
antagonistic food webs, primarily between various guilds
of herbivorous insects and their associated parasitoids (e.g.
Paniagua et al. 2009; Morris et al. 2015; Chaij et al. 2016;
éigut et al. 2018). This is, to our knowledge, the first study
addressing specialization patterns of insect herbivore—plant
networks along a vertical forest gradient.

In our study, the canopy network was distinctly smaller
than those of the lower strata. The higher connectance in the
canopy thus probably results from the smaller network size
and does not indicate higher redundancy (see Jordano 1987;
Olesen and Jordano 2002; Pellissier et al. 2018). Accord-
ing to our prediction, specialization matrices increased
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towards the canopy. The caterpillar—plant network metrics
revealed an increasing network specialization (H,") towards
the canopy, and a concomitant increasing specialization of
the caterpillar community. As we found no significant dif-
ference for vulnerability from our null models, the increased
H,' towards the canopy probably reflects the decreasing
proportion of dietary generalists across the strata. The high
specialization of the caterpillar community in the canopy
likely results from the increased fraction of shelter build-
ers in this stratum. This guild generally displays a higher
degree of specialization compared to exposed feeders (Pow-
ell 1980; Menken et al. 2010). Thus, their greater presence
in the canopy might significantly contribute to the higher
specialization seen there. The distinctly lower plant richness
in the canopy stratum is probably another driving force of
the vertical specialization pattern. Here, caterpillars can only
interact with a small subset of tree species, whereas they are
able to interact with more species at lower strata.

Our results are in line with Paniagua et al. (2009) who
found a higher specialization of gall-maker parasitoids in
the canopy of a dry forest in Panama. However, most other
studies on antagonistic food webs observed no distinct dif-
ferences in specialization among forest strata (Morris et al.
2015; Chaij et al. 2016; éigut et al. 2018).

Conclusion

Our study shows pronounced vertical stratification of
immature insect herbivores in temperate forest ecosystems.
While caterpillar density did not vary with height, vertical
stratification patterns of guild structure, species richness,
composition, and specialization differed significantly across
strata and were closely linked. We showed that natural his-
tory traits, such as feeding guild, can play a crucial role
in structuring caterpillar assemblages and their host—plant
interactions along vertical forest gradients. Understory and
midstory strata had greater species richness and diversity
than the canopy stratum underpinning their importance for
an approbate conservation management of temperate for-
ests. The higher incidence of exposed feeders in lower strata
would make them further a more productive foraging habitat
for visually hunting predators such as foliage-gleaning birds.

This, to our knowledge, is the first study examining
vertical trends in plant—caterpillar networks of a complete
arboreal community of folivorous caterpillars. To a degree,
increased specialization in the canopy was a consequence of
the reduced host—plant richness of this stratum, and to what
extent this phenomenon structures other temperate and tropi-
cal forest canopies is worthy of additional study. Therefore,
our findings provide an essential baseline for further inves-
tigation, and will allow spatial and temporal comparisons to

other plant—insect associations, especially those examining
the vertical stratification of the world’s forests.

Acknowledgements We sincerely thank E.B. Gonzalez-Akre for field
assistance, organizational support and leaf area calculations. We further
thank the staff, interns, and volunteers of the Smithsonian Conservation
Biology Institute (Front Royal, Virginia, USA) and the Biology Centre
of the Czech Academy of Sciences (Ceské Bud&jovice, Czech Repub-
lic) who helped us during the field work, especially G. Carscallen, M.E.
Losada, and G. Nichols for their additional assistance in processing the
caterpillar samples. Many thanks to J. Rhodes for facilitating the field
work on his property. The Canadian Center for DNA Barcoding, Uni-
versity of Guelph, carried out the COI sequencing and associated bio-
infomatics. J. Brown, D. Davis, R. Robbins, and N. Silverson (Smith-
sonian), P. Goldstein (US Department of Agriculture), and M. Epstein
(California Department of Food and Agriculture) provided assistance
in identifications. We also thank the anonymous reviewer and the edi-
tors for their valuable comments helping to improve the manuscript.
This study was funded by the European Research Council (Project
No. 669609 to VN). CLS was supported by grant GAJU 038/2019/P
provided by University of South Bohemia. GPAL was supported by
the Czech funding agency (GACR 19-15645Y). MV was supported
by Alexander von Humboldt Foundation and the Federal Ministry for
Education and Research (Ref.3.3-CZE-1192673-HFST-P).

Author contribution statement VN, SEM, KJAT, and MV established
the project. MV, VN, GPAL, and CLS designed the sampling proto-
cols and the experimental approach. GPAL, CLS, and MV lead the
field work. CLS, DLW, SEM, and MV processed the data. CLS and
LRJ analysed the data. CLS wrote the first draft of the manuscript; all
authors discussed the results and significantly contributed in writing
the manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

Ali JG, Agrawal AA (2012) Specialist versus generalist insect herbi-
vores and plant defense. Trends Plant Sci 17:293-302. https://doi.
org/10.1016/j.tplants.2012.02.006

Anderson-Teixeira KJ, Davies SJ, Bennett AC, Gonzalez-Akre
EB, Muller-Landau HC, Wright SJ, Abu Salim K, Almeyda
Zambrano AM, Alonso A, Baltzer JL, Basset Y, Bourg NA,
Broadbent EN, Brockelman WY, Bunyavejchewin S, Burslem
DFRP, Butt N, Cao M, Cardenas D, Chuyong GB, Clay K,
Cordell S, Dattaraja HS, Deng X, Detto M, Du X, Duque A,
Erikson DL, Ewango CEN, Fischer GA, Fletcher C, Foster RB,
Giardina CP, Gilbert GS, Gunatilleke N, Gunatilleke S, Hao
Z, Hargrove WW, Hart TB, Hau BCH, He F, Hoffman FM,
Howe RW, Hubbell SP, Inman-Narahari FM, Jansen PA, Jiang
M, Johnson DJ, Kanzaki M, Kassim AR, Kenfack D, Kibet S,
Kinnaird MF, Korte L, Kral K, Kumar J, Larson AJ, Li Y, Li X,
Liu S, Lum SKY, Lutz JA, Ma K, Maddalena DM, Makana JR,
Malhi Y, Marthews T, Mat Serudin R, Mcmahon SM, McShea
WI, Memiaghe HR, Mi X, Mizuno T, Morecroft M, Myers JA,
Novotny V, de Oliveira AA, Ong PS, Orwig DA, Ostertag R,
den Ouden J, Parker GG, Phillips RP, Sack L, Sainge MN, Sang
W, Sri-ngernyuang K, Sukumar R, Sun IF, Sungpalee W, Suresh
HS, Tan S, Thomas SC, Thomas DW, Thompson J, Turner BL,

@ Springer


https://doi.org/10.1016/j.tplants.2012.02.006
https://doi.org/10.1016/j.tplants.2012.02.006

512

Oecologia (2020) 192:501-514

Uriarte M, Valencia R, Vallejo MI, Vicentini A, Vrska T, Wang
X, Wang X, Weiblen G, Wolf A, Xu H, Yap S, Zimmerman
J (2015) CTFS-ForestGEO: a worldwide network monitoring
forests in an era of global change. Glob Chang Biol 21:528-549.
https://doi.org/10.1111/gcb.12712

Ashton LA, Nakamura A, Basset Y, Burwell CJ, Cao M, Eastwood
R, Odell E, de Oliveira ED, Hurley K, Katabuchi M, Maunsell
S, McBroom J, Schmidl J, Sun Z, Tang Y, Whitaker T, Laidlaw
MJ, McDonald WIJF, Kitching RL (2016) Vertical stratification
of moths across elevation and latitude. J Biogr 43:59-69. https://
doi.org/10.1111/jbi.12616

Banasek-Richter C, Cattin M-F, Bersier L-F (2004) Sampling effects
and the robustness of quantitative and qualitative food-web
descriptors. J Theor Biol 226:23-32. https://doi.org/10.1016/
$50022-5193(03)00305-9

Barber NA, Marquis RJ (2011) Leaf quality, predators and stochastic
processes in the assembly of a diverse herbivore community. Ecol-
ogy 92:699-708. https://doi.org/10.1890/10-0125.1

Basset Y (2001) Invertebrates in the canopy of tropical rain forests -
how much do we really know? Plant Ecol 153:87-107. https://doi.
org/10.1023/A:1017581406101

Basset Y, Hammond PM, Barrios H, Holloway JD, Miller SE (2003)
Vertical stratification of arthropod assemblages. In: Basset Y,
Novotny V, Miller SE, Kitching RL (eds) Arthropods of tropical
forests: spatio-temporal dynamics and resource use in the canopy,
Ist edn. Cambridge University Press, Cambridge, pp 17-27

Bates D, Michler M, Bolker BM, Walker SC (2015) Fitting linear
mixed-effects models using Ime4. J Stat Softw 67:1-48. https://
doi.org/10.18637/jss.v067.101

Beccaloni GW (1997) Vertical stratification of ithomiine butterfly
(Nymphalidae: Ithomiinae) mimicry complexes: the relationship
between adult flight height and larval host—plant height. Biol J
Linn Soc 62:313-341. https://doi.org/10.1006/bijl.1997.0165

Beck J, Holloway JD, Schwanghart W (2013) Undersampling and the
measurement of beta diversity. Methods Ecol Evol 4:370-382.
https://doi.org/10.1111/2041-210x.12023

Bliithgen N, Menzel F, Bliithgen N (2006) Measuring specialization
in species interaction networks. BMC Ecol 6:1-12. https://doi.
org/10.1186/1472-6785-6-9

Brehm G (2007) Contrasting patterns of vertical stratification in two
moth families in a Costa Rican lowland rain forest. Basic Appl
Ecol 8:44-54. https://doi.org/10.1016/j.baae.2006.02.002

Brown JL, Vargo S, Connor EF, Nuckols MS (1997) Causes of
vertical stratification in the density of Cameraria hama-
dryadella. Ecol Entomol 22:16-25. https://doi.org/10.104
6/j.1365-2311.1997.00046.x

Chaij J, Devoto M, Oleiro M, Chaneton EJ, Mazia N (2016) Complex-
ity of leaf miner—parasitoid food webs declines with canopy height
in Patagonian beech forests. Ecol Entomol 41:599-610. https://
doi.org/10.1111/een.12332

Chao A, Jost L (2015) Estimating diversity and entropy profiles via
discovery rates of new species. Methods Ecol Evol 6:873-882.
https://doi.org/10.1111/2041-210X.12349

Chao A, Colwell RK, Gotelli NJ, Hsieh TC, Sander EL, Ma KH,
Colwell RK, Ellison AM (2014) Rarefaction and extrapolation
with Hill numbers: a framework for sampling and estimation in
species diversity studies. Ecol Monogr 84:45-67. https://doi.
org/10.1890/13-0133.1

Chen JM, Menges CH, Leblanc SG (2005) Global mapping of foliage
clumping index using multi-angular satellite data. Remote Sens
Environ 97:447-457. https://doi.org/10.1016/j.rse.2005.05.003

Colwell RK, Mao CX, Chang J (2004) Interpolating, extrapolating, and
comparing incidence-based species accumulation curves. Ecology
85:2717-27217. https://doi.org/10.1890/03-0557

De Smedt P, Vangansbeke P, Bracke R, Schauwvliege W, Willems
L, Mertens J, Verheyen K (2018) Vertical stratification of moth

@ Springer

communities in a deciduous forest in Belgium. Insect Conserv
Diver. https://doi.org/10.1111/icad.12320

Delabye S, Rougerie R, Bayendi S, Andeime-Eyene M, Zakharov
EV, deWaard JR, Hebert PDN, Kamgang R, Le Gall P, Lopez-
Vaamonde C, Mavoungou J-F, Moussavou G, Moulin N, Oslilsly
R, Rahola N, Sebag D, Decaéns T (2018) Characterization and
comparison of poorly known moth communities through DNA
barcoding in two Afrotropical environments in Gabon. Genome.
https://doi.org/10.1139/gen-2018-0063

DeVries PJ, Walla TR (1999) Species diversity in spatial and tem-
poral dimensions of fruit-feeding butterflies from two Ecua-
dorian rainforests. Biol J Linn Soc 68:333-353. https://doi.
org/10.1111/5.1095-8312.1999.tb01175.x

Di Giovanni F, Cerretti P, Mason F, Minari E, Marini L (2015) Verti-
cal stratification of ichneumonid wasp communities: the effects
of forest structure and life-history traits. Insect Sci 22:688-699.
https://doi.org/10.1111/1744-7917.12153

Dormann CF, Gruber B, Friind J (2008) Introducing the bipartite pack-
age: analysing ecological networks. R News 8(2):8—11

Dormann CF, Friind J, Bliithgen N, Gruber B (2009) Indices graphs and
null models: analyzing bipartite ecological networks. Open Ecol J
2:7-24. https://doi.org/10.2174/1874213000902010007

dos Santos JP, Iserhard CA, Carreira JYO, Freitas AVL (2017) Moni-
toring fruit-feeding butterfly assemblages in two vertical strata
in seasonal Atlantic Forest: temporal species turnover is lower
in the canopy. J Trop Ecol 33:345-355. https://doi.org/10.1017/
S0266467417000323

Farkas TE, Singer MS (2013) Can caterpillar density or host-plant
quality explain host-plant-related parasitism of a generalist for-
est caterpillar assemblage? Oecologia 173:971-983. https://doi.
org/10.1007/300442-013-2658-z

Fermon H, Waltert M, Vane-Wright RI, Miihlenberg M (2005) For-
est use and vertical stratification in fruit-feeding butterflies of
Sulawesi, Indonesia: impacts for conservation. Biodivers Conserv
14:333-350. https://doi.org/10.1007/s10531-004-5354-9

Floren A, Schmidl J (2008) Canopy arthropod research in Europe.
Basic and applied studies from the high frontier, 1st edn. Bioform
Entomology,Nuremberg.

Fordyce JA, DeVries PJ (2016) A tale of two communities: neotropical
butterfly assemblages show higher beta diversity in the canopy
compared to the understory. Oecologia 181:235-243. https://doi.
org/10.1007/500442-016-3562-0

Fox J, Weisberg S (2019) An R companion to applied regression, 3rd
edn. Sage, Thousand Oaks

Gentry GL, Dyer LA (2002) On the conditional nature of neo-
tropical caterpillar defenses against their natural enemies.
Ecology 83:3108-3119. https://doi.org/10.1890/0012-
9658(2002)083%5b3108:0TCNON%5d2.0.CO;2

Graga MB, Pequeno PACL, Franklin E, Morais JW (2017) Coevolu-
tion between flight morphology, vertical stratification and sexual
dimorphism: what can we learn from tropical butterflies? J Evol
Biol 30:1862-1871. https://doi.org/10.1111/jeb.13145

Greeney HF, Dyer LA, Smilanich AM (2012) Feeding by lepidopteran
larvae is dangerous: a review of caterpillars’ chemical, physio-
logical, morphological and behavioral defenses against natural
enemies. Invert Surv J 9:7-34. http://www.isj.unimo.it/index.php/
ISJ/article/view/256

Grimbacher PS, Stork NE (2007) Vertical stratification of feeding
guilds and body size in beetle assemblages from an Australian
tropical rainforest. Austral Ecol 32:77-85. https://doi.org/10.111
1/§.1442-9993.2007.01735.x

Hacker H, Miiller J (2008) Stratification of ‘macro-Lepidoptera’
(Insecta) in northern Bavarian forest stands dominated by dif-
ferent tree species. In: Floren A, Schmidl J (eds) Canopy arthro-
pod research in Europe. Basic and applied studies from the high
frontier, 1st edn. Bioform Entomology, Nuremberg, pp 355-382


https://doi.org/10.1111/gcb.12712
https://doi.org/10.1111/jbi.12616
https://doi.org/10.1111/jbi.12616
https://doi.org/10.1016/S0022-5193(03)00305-9
https://doi.org/10.1016/S0022-5193(03)00305-9
https://doi.org/10.1890/10-0125.1
https://doi.org/10.1023/A:1017581406101
https://doi.org/10.1023/A:1017581406101
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1006/bijl.1997.0165
https://doi.org/10.1111/2041-210x.12023
https://doi.org/10.1186/1472-6785-6-9
https://doi.org/10.1186/1472-6785-6-9
https://doi.org/10.1016/j.baae.2006.02.002
https://doi.org/10.1046/j.1365-2311.1997.00046.x
https://doi.org/10.1046/j.1365-2311.1997.00046.x
https://doi.org/10.1111/een.12332
https://doi.org/10.1111/een.12332
https://doi.org/10.1111/2041-210X.12349
https://doi.org/10.1890/13-0133.1
https://doi.org/10.1890/13-0133.1
https://doi.org/10.1016/j.rse.2005.05.003
https://doi.org/10.1890/03-0557
https://doi.org/10.1111/icad.12320
https://doi.org/10.1139/gen-2018-0063
https://doi.org/10.1111/j.1095-8312.1999.tb01175.x
https://doi.org/10.1111/j.1095-8312.1999.tb01175.x
https://doi.org/10.1111/1744-7917.12153
https://doi.org/10.2174/1874213000902010007
https://doi.org/10.1017/S0266467417000323
https://doi.org/10.1017/S0266467417000323
https://doi.org/10.1007/s00442-013-2658-z
https://doi.org/10.1007/s00442-013-2658-z
https://doi.org/10.1007/s10531-004-5354-9
https://doi.org/10.1007/s00442-016-3562-0
https://doi.org/10.1007/s00442-016-3562-0
https://doi.org/10.1890/0012-9658(2002)083%5b3108:OTCNON%5d2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5b3108:OTCNON%5d2.0.CO;2
https://doi.org/10.1111/jeb.13145
http://www.isj.unimo.it/index.php/ISJ/article/view/256
http://www.isj.unimo.it/index.php/ISJ/article/view/256
https://doi.org/10.1111/j.1442-9993.2007.01735.x
https://doi.org/10.1111/j.1442-9993.2007.01735.x

Oecologia (2020) 192:501-514

513

Hemming JDC, Lindroth RL (1995) Intraspecific variation in aspen
phytochemistry: effects on performance of gypsy moths and
forest tent caterpillars. Oecologia 103:79-88. https://doi.
org/10.1007/BF00328428

Hirao T, Murakami M, Kashizaki A (2009) Importance of the under-
story stratum to entomofaunal diversity in a temperate decidu-
ous forest. Ecol Res 24:263-272. https://doi.org/10.1007/s1128
4-008-0502-4

Holmes RT, Schultz JC (1988) Food availability for forest birds:
effects of prey distribution and abundance on bird foraging. Can
J Zool 66:720-728. https://doi.org/10.1139/288-107

Hrcek J, Miller SE, Whitfield JB, Shima H, Novotny V (2013) Para-
sitism rate parasitoid community composition and host specific-
ity on exposed and semi-concealed caterpillars from a tropical
rainforest. Oecologia 173:521-532. https://doi.org/10.1007/
s00442-013-2619-6

Hsieh TC, Ma KH, Chao A (2016) iNEXT: an R package for
rarefaction and extrapolation of species diversity (Hill
numbers). Methods Ecol Evol 7:1451-1456. https://doi.
org/10.1111/2041-210X.12613

Hunter AF, Lechowicz MJ (1992) Foliage quality changes during
canopy development of some northern hardwood trees. Oeco-
logia 89:316-323. https://doi.org/10.1007/BF00317408

Intachat J, Holloway JD (2000) Is there stratification in diversity
or preferred flight height of geometroid moths in Malaysian
lowland tropical forest? Biodivers Conserv 9:1417-1439. https
://doi.org/10.1023/A:1008926814229

Jordano P (1987) Patterns of mutualistic interactions in pollination
and seed dispersal: connectance dependence and coevolution.
Am Nat 129:657-677. https://doi.org/10.1086/284665

Jost L, Chao A, Chazdon RL (2011) Compositional similarity and
(beta) diversity. In: Magurran AE, McGill BJ (eds) Biological
diversity. Frontiers in measurement and assessment, 1st edn.
Oxford University Press, Oxford, pp 66-84

Kekkonen M, Hebert PDN (2014) DNA barcode-based deline-
ation of putative species: efficient start for taxonomic
workflows. Mol Ecol Resour 14:706-715. https://doi.
org/10.1111/1755-0998.12233

Le Corff J, Marquis RJ (1999) Differences between understory and
canopy in herbivore community composition and leaf quality for
two oak species in Missouri. Ecol Entomol 24:46-58. https://doi.
org/10.1046/.1365-2311.1999.00174.x

Lenth R (2018) Emmeans: estimated marginal means, aka least-squares
Means. R package version 1.2.2. https://CRAN.R-project.org/
package=emmeans

Levesque-Beaudin V, Rosati ME, Silverson N, Warne CP, Brown A,
Telfer AC, Sobel CN, Miskie RN, Miller ME, Sones JE, Miller
SE, de Waard JR (2017) Museum harvesting in major natural
history collections. Genome 60:962. https://doi.org/10.1139/
gen-2017-0178

Lill JT, Marquis RJ (2001) The effects of leaf quality on herbivore per-
formance and attack from natural enemies. Oecologia 126:418—
428. https://doi.org/10.1007/s004420000557

Lowman MD (2009) Canopy research in the twenty-first century: a
review of arboreal ecology. Trop Ecol 50:125-136

Maguire DY, Robert K, Brochu K, Larrivée M, Buddle CM, Wheeler
TA (2014) Vertical stratification of beetles (Coleoptera) and flies
(Diptera) in temperate forest canopies. Environ Entomol 43:9-17.
https://doi.org/10.1603/EN13056

Menken SBJ, Boomsma JJ, van Nieukerken EJ (2010) Large-
scale evolutionary patterns of host plant associations in the
Lepidoptera. Evolution 64:1098-1119. https://doi.org/10.111
1/j.1558-5646.2009.00889.x

Mitter C, Davis RD, Cummings MP (2017) Phylogeny and evolu-
tion of Lepidoptera. Annu Rev Entomol 62:265-283. https://doi.
org/10.1146/annurev-ento-031616-035125

Morris RJ, Sinclair FH, Burwell CJ (2015) Food web structure changes
with elevation but not rainforest stratum. Ecography 38:792-802.
https://doi.org/10.1111/ecog.01078

Miiller J, Stadler J, Jarzabek-Miiller A, Hacker H, ter Braak C, Brandl
R (2011) The predictability of phytophagous insect communities:
host specialists as habitat specialists. PLoS One 6:1-10. https://
doi.org/10.1371/journal.pone.0025986

Murakami M, Yoshida K, Hara H (2005) Spatio—temporal variation
in Lepidopteran larval assemblages associated with oak Quercus
crispula: the importance of leaf quality. Ecol Entomol 30:521-
531. https://doi.org/10.1111/j.0307-6946.2005.00724.x

Nakamura A, Kitching RL, Cao M, Creedy TJ, Fayle TM, Freiberg
M, Hewitt CN, Itioka T, Koh LP, Ma K, Malhi Y, Mitchell A,
Novotny V, Ozanne CMP, Song L, Wang H, Ashton LA (2017)
Forests and their canopies: achievements and horizons in canopy
science. Trends Ecol Evol 32:438-451. https://doi.org/10.1016/j.
tree.2017.02.020

Nuttle T, Yerger EH, Stoleson SH, Ristau TE (2011) Legacy of top-
down herbivore pressure ricochets back up multiple trophic levels
in forest canopies over 30 years. Ecosphere 2:1-11. https://doi.
org/10.1890/ES10-00108.1

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn
D, Minchin PR, O’Hara RB, Simpson GL, Solymos P, Stevens
MHH, Szoecs E, Wagner H (2018) Vegan: community ecology
package. R package version 2.4-6. https://CRAN.R-project.org/
package=vegan

Olesen JM, Jordano P (2002) Geographic patterns in plant—pol-
linator mutualistic networks. Ecology 83:2416-2424. https
://doi.org/10.1890/0012-9658(2002)083%5b2416:GPIPP
M%5d2.0.CO;2

Paniagua MR, Medianero E, Lewis OT (2009) Structure and vertical
stratification of plant galler-parasitoid food webs in two tropi-
cal forests. Ecol Entomol 34:310-320. https://doi.org/10.111
1/§.1365-2311.2008.01079.x

Parker GG, Brown MJ (2000) Forest canopy stratification—is it useful?
Am Nat 155:473-484. https://doi.org/10.1086/303340

Pellissier L, Fiedler K, Ndribe C, Dubuis A, Pradervand JN, Guisan A,
Rasmann S (2012) Shifts in species richness, herbivore speciali-
zation, and plant resistance along elevation gradients. Ecol Evol
2:1818-1825. https://doi.org/10.1002/ece3.296

Pellissier L, Albouy C, Bascompte J, Farwig N, Graham C, Loreau
M, Maglianesi MA, Melian CJ, Pitteloud C, Roslin T, Rohr R,
Saavedra S, Thuiller W, Woodward G, Zimmermann NE, Gravel
D (2018) Comparing species interaction networks along environ-
mental gradients. Biol Rev 93:785-800. https://doi.org/10.1111/
brv.12366

Pohl GR, Patterson B, Pelham JP (2016) Annotated taxonomic check-
list of the Lepidoptera of North America, North of Mexico, 766
pp- Working paper published online by the authors at Research-
Gate.net

Powell JA (1980) Evolution of larval food preferences in microlepi-
doptera. Annu Rev Entomol 25:133-159. https://doi.org/10.1146/
annurev.en.25.010180.001025

R Development Core Team (2017) R: a language and environment
for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. http://www.R-project.org

Ratnasingham S, Hebert PDN (2013) A DNA-based registry for all
animal species: the barcode index number (BIN) system. PLoS
One 8:¢66213. https://doi.org/10.1371/journal.pone.0066213

Regier JC, Brown JW, Mitter C, Baixeras J, Cho S, Cummings MP,
Zwick A (2012) A molecular phylogeny for the leaf-roller moths
(Lepidoptera: Tortricidae) and its implications for classifica-
tion and life history evolution. PLoS One 7:e35574. https://doi.
org/10.1371/journal.pone.0035574

Regier JC, Mitter C, Kristensen NP, Davis DR, van Nieukerken
EJ, Rota J, Simonsen TJ, Mitter KT, Kawahara AY, Yen S-H,

@ Springer


https://doi.org/10.1007/BF00328428
https://doi.org/10.1007/BF00328428
https://doi.org/10.1007/s11284-008-0502-4
https://doi.org/10.1007/s11284-008-0502-4
https://doi.org/10.1139/z88-107
https://doi.org/10.1007/s00442-013-2619-6
https://doi.org/10.1007/s00442-013-2619-6
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1007/BF00317408
https://doi.org/10.1023/A:1008926814229
https://doi.org/10.1023/A:1008926814229
https://doi.org/10.1086/284665
https://doi.org/10.1111/1755-0998.12233
https://doi.org/10.1111/1755-0998.12233
https://doi.org/10.1046/j.1365-2311.1999.00174.x
https://doi.org/10.1046/j.1365-2311.1999.00174.x
https://CRAN.R-project.org/package%3demmeans
https://CRAN.R-project.org/package%3demmeans
https://doi.org/10.1139/gen-2017-0178
https://doi.org/10.1139/gen-2017-0178
https://doi.org/10.1007/s004420000557
https://doi.org/10.1603/EN13056
https://doi.org/10.1111/j.1558-5646.2009.00889.x
https://doi.org/10.1111/j.1558-5646.2009.00889.x
https://doi.org/10.1146/annurev-ento-031616-035125
https://doi.org/10.1146/annurev-ento-031616-035125
https://doi.org/10.1111/ecog.01078
https://doi.org/10.1371/journal.pone.0025986
https://doi.org/10.1371/journal.pone.0025986
https://doi.org/10.1111/j.0307-6946.2005.00724.x
https://doi.org/10.1016/j.tree.2017.02.020
https://doi.org/10.1016/j.tree.2017.02.020
https://doi.org/10.1890/ES10-00108.1
https://doi.org/10.1890/ES10-00108.1
https://CRAN.R-project.org/package%3dvegan
https://CRAN.R-project.org/package%3dvegan
https://doi.org/10.1890/0012-9658(2002)083%5b2416:GPIPPM%5d2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5b2416:GPIPPM%5d2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5b2416:GPIPPM%5d2.0.CO;2
https://doi.org/10.1111/j.1365-2311.2008.01079.x
https://doi.org/10.1111/j.1365-2311.2008.01079.x
https://doi.org/10.1086/303340
https://doi.org/10.1002/ece3.296
https://doi.org/10.1111/brv.12366
https://doi.org/10.1111/brv.12366
https://doi.org/10.1146/annurev.en.25.010180.001025
https://doi.org/10.1146/annurev.en.25.010180.001025
http://www.R-project.org
https://doi.org/10.1371/journal.pone.0066213
https://doi.org/10.1371/journal.pone.0035574
https://doi.org/10.1371/journal.pone.0035574

514

Oecologia (2020) 192:501-514

Cummings MP, Zwick A (2015) A molecular phylogeny for the
oldest (nonditrysian) lineages of extant Lepidoptera with implica-
tions for classification, comparative morphology and life-history
evolution. Syst Entomol 40:671-704. https://doi.org/10.1111/
syen.12129

Ribeiro SP, Basset Y (2007) Gall-forming and free-feeding herbivory
along vertical gradients in a lowland tropical rainforest: the impor-
tance of leaf sclerophylly. Ecography 30:663—-672. https://doi.org
/10.1111/5.2007.0906-7590.05083.x

Schlick-Steiner BC, Steiner FM, Seifert B, Stauffer C, Christian E,
Crozier RH (2010) Integrative taxonomy: a multisource approach
to exploring biodiversity. Annu Rev Entomol 55:421-438. https
://doi.org/10.1146/annurev-ento-112408-085432

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH image to Image]:
25 years of image analyses. Nat Methods 9:671-675. https://doi.
org/10.1038/nmeth.2089

Schultz JC, Nothnagle PJ, Baldwin IT (1982) Seasonal and individual
variation in leaf quality of two northern hardwoods tree species.
Am J Bot 69:753-759. https://doi.org/10.2307/2442965

Schulze CH, Linsenmair KE, Fiedler K (2001) Understorey versus
canopy: patterns of vertical stratification and diversity among
Lepidoptera in a Bornean rain forest. Plant Ecol 153:133-152.
https://doi.org/10.1023/A:1017589711553

§igut M, éigutové H, éipoﬁ J, Pyszko P, Kotaskova N, Drozd P (2018)
Vertical canopy gradient shaping the stratification of leafchewer—
parasitoid interactions in a temperate forest. Ecol Evol 8:7297-
7311. https://doi.org/10.1002/ece3.4194

Stireman JO, Cerretti P, Whitmore D, Hardersen S, Gianelle D (2012)
Composition and stratification of a tachinid (Diptera: Tachi-
nidae) parasitoid community in a European temperate plain
forest. Insect Conserv Div 5:346-357. https://doi.org/10.111
1/j.1752-4598.2011.00168.x

Summerville KS, Crist TO (2003) Determinants of lepidopteran com-
munity composition and species diversity in eastern deciduous
forests: roles of season, eco-region and patch size. Oikos 100:134—
148. https://doi.org/10.1034/j.1600-0706.2003.11992.x

Summerville KS, Crist TO, Kahn JK, Gering JG (2003) Community
structure of arboreal caterpillars within and among four tree spe-
cies of the eastern deciduous forest. Ecol Entomol 28:747-757.
https://doi.org/10.1111/j.1365-2311.2003.00561.x

Summerville KS, Ritter LM, Crist TO (2004) Forest moth taxa as indi-
cators of lepidopteran richness and habitat disturbance: a prelimi-
nary assessment. Biol Conserv 116:9-18. https://doi.org/10.1016/
S0006-3207(03)00168-X

Ulyshen MD (2011) Arthropod vertical stratification in temper-
ate deciduous forests: implications for conservation-oriented
management. Forest Ecol Manag 261:1479-1489. https://doi.
org/10.1016/j.foreco.2011.01.033

van Nieukerken EJ, Kaila L, Kitching 1J, Kristensen NP, Lees DC,
Minet J, Mitter C, Mutanen M, Regier JC, Simonsen TJ, Wahl-
berg N, Yen SH, Zahiri R, Adamski D, Baixeras J, Bartsch D,
Bengtsson BA, Brown JW, Bucheli SR, Davis DR, De Prins J, De
Prins W, Epstein ME, Gentili-Poole P, Gielis C, Hattenschwiler P,
Hausmann A, Holloway JD, Kallies A, Karsholt O, Kawahara AY,
Koster S, Kozlov MV, Lafontaine JD, Lamas G, Landry J-F, Lee
S, Nuss M, Park KT, Penz C, Rota J, Schintlmeister A, Schmidt
BC, Sohn JC, Solis MA, Tarmann GM, Warren AD, Weller S,
Yakovlev RV, Zolotuhin VV, Zwick A (2011) Order Lepidoptera

@ Springer

Linnaeus, 1758. In Zhang, Z.-Q. (ed.) Animal biodiversity: an
outline of higher-level classification and survey of taxonomic
richness. Zootaxa 3148:212-221. https://doi.org/10.11646/zoota
xa.3148.1.41

Véazquez DP, Melian CJ, Williams NM, Bliithgen N, Krasnov BR,
Poulin R (2007) Species abundance and asymmetric interaction
strength in ecological networks. Oikos 116:1120-1127. https://
doi.org/10.1111/5.0030-1299.2007.15828.x

Volf M, Hrcek J, Julkunen-Tiitto R, Novotny V (2015) To each its
own: differential response of specialist and generalist herbivores
to plant defence in willows. J] Anim Ecol 84:1123-1132. https://
doi.org/10.1111/1365-2656.12349

Volf M, Klimes P, Lamarre GPA, Redmond CM, Seifert CL, Abe T,
Auga J, Anderson-Teixeira K, Basset Y, Beckett S, Butterill PT,
Drozd P, Gonzalez-Akre E, Kaman O, Kamata N, Laird-Hop-
kins B, Libra M, Manumbor M, Miller SE, Molem K, Mottl O,
Murakami M, Nakaji T, Plowman NS, Pyszko P, §igut M, §ipo§
J, Tropek R, Weiblen GD, Novotny V (2019) Quantitative assess-
ment of plant-arthropod interactions in forest canopies: a plot-
based approach. PLoS One 14:¢0222119. https://doi.org/10.1371/
journal.pone.0222119

Wagner DL (2005) Caterpillars of eastern North America: a guide to
identification and natural history, 1st edn. Princeton University
Press, Princeton

Wagner DL, Giles V, Reardon RC, McManus ML (1998) Caterpillars
of eastern forests, 1st edn. United States Department of Agricul-
ture, Morgantown

Wagner DL, Ferguson DC, McCabe TL, Reardon RC (2001)
Geometroid caterpillars of northeastern and Appalachian forests,
Ist edn. United States Department of Agriculture, Morgantown

Wagner DL, Schweitzer DF, Sullivan JB, Reardon RC (2011) Owlet
caterpillars of eastern North America, 1st edn. Princeton Univer-
sity Press, Princeton

Walcroft AS, Brown KJ, Schuster WSF, Tissue DT, Turnbull MH,
Griffin KL, Whitehead D (2005) Radiative transfer and carbon
assimilation in relation to canopy architecture, foliage area dis-
tribution and clumping in a mature temperate rainforest canopy
in New Zealand. Agr Forest Meteorol 135:326-339. https://doi.
org/10.1016/j.agrformet.2005.12.010

Wardhaugh CW (2014) The spatial and temporal distributions of
arthropods in forest canopies: uniting disparate patterns with
hypotheses for specialisation. Biol Rev 89:1021-1041. https://
doi.org/10.1111/brv.12094

Weiss M, Prochazka J, Schlaghamersky J, Cizek L (2016) Fine-Scale
vertical stratification and guild composition of saproxylic bee-
tles in lowland and montane forests: similar patterns despite low
faunal overlap. PLoS One 11:1-18. https://doi.org/10.1371/journ
al.pone.0149506

Wilson JJ (2012) DNA barcodes for insects. In: Kress WJ, Erickson
DL (eds) DNA barcodes: methods and protocols. Springer, New
York, pp 17-46. https://doi.org/10.1007/978-1-61779-591-6_3

Wolda H (1981) Similarity indices, sample size and diversity. Oecolo-
gia 50:296-302. https://doi.org/10.1007/BF00344966

Zehnder CB, Stodola KW, Joyce BL, Egetter D, Cooper RJ, Hunter MD
(2009) Elevational and seasonal variation in the foliar quality and
arthropod community of Acer pensylvanicum. Environ Entomol
38:1161-1167. https://doi.org/10.1603/022.038.0424


https://doi.org/10.1111/syen.12129
https://doi.org/10.1111/syen.12129
https://doi.org/10.1111/j.2007.0906-7590.05083.x
https://doi.org/10.1111/j.2007.0906-7590.05083.x
https://doi.org/10.1146/annurev-ento-112408-085432
https://doi.org/10.1146/annurev-ento-112408-085432
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.2307/2442965
https://doi.org/10.1023/A:1017589711553
https://doi.org/10.1002/ece3.4194
https://doi.org/10.1111/j.1752-4598.2011.00168.x
https://doi.org/10.1111/j.1752-4598.2011.00168.x
https://doi.org/10.1034/j.1600-0706.2003.11992.x
https://doi.org/10.1111/j.1365-2311.2003.00561.x
https://doi.org/10.1016/S0006-3207(03)00168-X
https://doi.org/10.1016/S0006-3207(03)00168-X
https://doi.org/10.1016/j.foreco.2011.01.033
https://doi.org/10.1016/j.foreco.2011.01.033
https://doi.org/10.11646/zootaxa.3148.1.41
https://doi.org/10.11646/zootaxa.3148.1.41
https://doi.org/10.1111/j.0030-1299.2007.15828.x
https://doi.org/10.1111/j.0030-1299.2007.15828.x
https://doi.org/10.1111/1365-2656.12349
https://doi.org/10.1111/1365-2656.12349
https://doi.org/10.1371/journal.pone.0222119
https://doi.org/10.1371/journal.pone.0222119
https://doi.org/10.1016/j.agrformet.2005.12.010
https://doi.org/10.1016/j.agrformet.2005.12.010
https://doi.org/10.1111/brv.12094
https://doi.org/10.1111/brv.12094
https://doi.org/10.1371/journal.pone.0149506
https://doi.org/10.1371/journal.pone.0149506
https://doi.org/10.1007/978-1-61779-591-6_3
https://doi.org/10.1007/BF00344966
https://doi.org/10.1603/022.038.0424

	Vertical stratification of a temperate forest caterpillar community in eastern North America
	Abstract
	Introduction
	Materials and methods
	Study site
	Sampling design
	Vertical stratification
	Species identification
	Statistical analyses
	Density distribution and guild composition
	Community composition and species diversity
	Caterpillar–plant interaction networks


	Results
	Density distribution and guild composition
	Community composition and species diversity
	Caterpillar–plant interaction networks

	Discussion
	Density distribution and guild composition
	Community composition and species diversity
	Caterpillar–plant interaction networks

	Conclusion
	Acknowledgements 
	References




