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Abstract. The dry body weight of adult male Lepidoptera was estimated from thirteen linear measurements
of the wings and body using multivariate regression techniques. A dataset comprising information from 2,645
species was used, significantly increasing sample size with respect to a similar former approach. Based on
the logarithmically transformed values of dry body weight and several linear measurements the best single
predictors for body weight are body length, thorax length and head width, none of which is among the most
popular descriptors of size in this insect order (namely, forewing length and wingspan). The results show that
combinations of several linear measurements lead to the most precise estimates of dry body weight. More
simple models, e.g. based on wing length or wingspan and body length, may provide reasonable but subop-
timal approaches. Variance partitioning of the regression residuals indicated that most of the non-explained
variance is attributable to morphology rather than to phylogeny, so overall the results suggest that the best
models may be stable and liable for prediction except for unusual morphologies. Alternative approaches
such as a taxon-by-taxon approach or ANCOVA-based methods were tested, and the results -and problems
involved- are discussed. The potential relevance of co-linearity is addressed to. Based on a limited number
of species, the author attempted to estimate the female to male weight relation (which happened to be nearly
isometric), as well as the percent water content (38% overall).
The dataset is made available so it can be accessed for any related research on this or related subjects.

Introduction

Body size (or body size at reproduction) is among the key life history traits because of its
many -often intricate- interrelations with other life history traits and with the environment (e.g.
Schmidt-Nielsen 1984; Reiss 1989; Smith and Lyons 2013; for insects, see Chown and Gaston
2010). While the meaning of size is apparently obvious in most standard languages, it represents a
comparative criterion between objects of similar proportions. This ambiguity is directly translated to
the ecological or evolutionary context: body size has no single scientific standard definition. There
are several potential meanings depending on the biological implications investigated (e.g. the vol-
ume or surface area of an individual organism, its height or weight, speed, caloric content, or the en-
ergy required to reach reproductive maturity). Such values are represented by surrogate one-, two- or
three-dimensional variables (length, area, volume or weight) of which, in the Animal Kingdom, body
length (or the combinations of body length and width) or body weight are the most frequent options
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(e.g. Rogers et al. 1976; Blackburn and Gaston 1994; Ganihar 1997; Wardhaugh 2013; Sohlstrom
et al. 2018). Due to the practical problems for estimating the live (fresh) body weight (but see e.g.,
Sohlstrom et al. 2018), dry body weight is generally accepted as a practical estimate of body size
in arthropods (Lister and Garcia 2018; Kinsella et al. 2020). Lepidoptera, one of the hyper-diverse
insect orders (with more than 160,000 described species: Kristensen et al. 2007; van Nieukerken et
al. 2011) provides an interesting basis for ecological and evolutionary studies on insect body size
for many reasons, including those arising from the typical (though not universal) phytophagous
condition of the larvae and the flying requirements of the adults (recent examples include Davies et
al. 2012; Beck et al. 2016; Chazot et al. 2016; Kivela et al. 2020; Owens et al. 2020; Hamilton et al.
2022; Foerster et al. 2024a). Moreover, recent evidence of impacts of global change on terrestrial
ecosystems suggests that changes in biomass may be occurring (e.g., Hallmann et al. 2017; Lister
and Garcia 2018; Harris et al. 2019; Seibold et al. 2019; Bell et al. 2020; Roth et al. 2021; Wagner et
al. 2021; Dalton et al. 2023; Miiller et al. 2024). This makes clear that practical, standardized means
to estimate moth and butterfly body masses are needed (e.g., Kinsella et al. 2020).

The body dimensions (such as body length or width) are seldom reported for the adult Lepidop-
tera in monographs and field guides, where the length of the forewing or the distance between the
apex of the two forewings wings in extended position (wingspan) are most often presented (e.g.
Miller 1991; van Hook et al. 2012; Kinsella et al. 2020 and references therein). The length of the
forewing is, in fact, known to be well correlated with body weight in these insects (Miller 1997)
even if it does not stand for the best linear predictor (Garcia-Barros 2015). The diversity of body
plans in the adults of this insect order occurs not only at high taxonomic levels but also at, or below
the family rank (also long acknowledged, e.g. Janzen 1984; Owens et al. 2020) making evident that
bi- or multivariate approaches may be by far more precise (Foerster et al. 2024b), which imposes a
balance between accuracy and practicality depending on the objectives intended.

Some years ago, the author essayed a multivariate approach to the prediction of male dry body
weight in the Order Lepidoptera (Garcia-Barros, 2015). Although based on a relatively small num-
ber of species the results suggested high reliability overall, though probably some sensitivity in the
case that morphological diversity within clades was underestimated. This could only be solved by
increasing morphological diversity within the taxa already present in the database. Therefore, the
present study represents an extension of that former work after substantially increasing taxonomic
sampling and, within reasonable limits, the intra-taxon variation in morphology. The new dataset
should provide evidence to (1) validate the former results, (2) propose one or several alternative
indexes to estimate dry body weight using only linear measurements and (3) estimate the relative
robustness of the results in terms of the body proportions and phylogenetic position, as this might
illuminate the ways for any further improvement of the results. (4) For practical reasons, research
on lepidopteran allometry and related issues often concentrates on one taxon (typically, a family).
For this reason, I intend to provide -and discuss the merit of- dry body size estimates based on
pre-selected subtaxa (family, superfamily or informal groupings such as ‘micromoths’ or ‘macro-
moths’), both on a taxon-by-taxon basis or from multivariate regression approaches such as those
implemented by other authors (e.g., Kinsella et al. 2020; Weiss and Linde 2022, on carabid bee-
tles). Next, (5) possible short-term solutions to two limitations of the results for ecological studies,
i.e., the restriction of the data to the male sex and the relationship between dry body weight and
fresh (live) body weight. Finally (6), making accessible the set of data used in this study, which
may provide a basis for related research on body size related matters in the moths and butterflies.
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Materials and methods
Specimens

The methods were identical to those described in Garcia-Barros (2015), so I refer to that publi-
cation for further detail. The sample consisted of 5,341 male adults from 2,645 species from any
possible source including commercial dealers. Dry body weight in mg (DBw) was recorded after
drying to constant weight at 70 °C (2472 h). Next, the insects were re-moist and spread, then
digitized together with a metric scale (on dorsal view but also ventrally whenever this was needed
to appreciate the hind wing or to measure head width). For a small number of collection specimens
(pinned and spread) these were photographed first, then detached from the pin and weighed. Only
specimens judged to be in good condition were selected. The insects were labelled and numbered
individually; the largest part of the sample was deposited in the collections of the Madrid Natu-
ral History Museum (Museo Nacional de Ciencias Naturales) except the Tortricidae (Institut Ca-
vanilles de Biodiversitat i Biologia Evolutiva, Valencia, Spain) and a small voucher sample kept at
the author’s Department. Measurements were taken on the digitized images with ImageJ (Rasband
2018). When required, complementary measures were taken under a binocular microscope with a
graded scale or from scale drawings done with a camera lucida.

Identification to species level was not always possible, so in most instances reliable genus-level
identification was judged sufficient for the present approach. Even when a plausible species could
be attributed to such samples, these have been kept as ‘sp.” unless confirmation by an expert or by
reference to the specialized literature was possible.

A small sample of female individuals (361 species, 487 individuals) from species already repre-
sented by males (where at least the dry body weight and the forewing length were measured) was used
to explore the general pattern of sexual size dimorphism of dry body weight. Another subset of field
materials collected in Spanish locations (430 male individuals from 237 species) was used to explore
the relationship between fresh and dry body weight. These individuals were frozen (-20 °C) shortly after
capture, weighted in the laboratory within the next 24 hours and then processed as described above.

Measurements and variable abbreviations

In addition to the Dry Body weight (DBw) thirteen linear measurements (in mm) were taken
from each spread specimen. These are abbreviated using a combination of 1-2 capital letters to
denote the body part measured (H, T, A, FW, HW, W, B respectively for Head, Thorax, Abdomen,
Forewing, Hindwing, Wing and Body) followed by small case characters to indicate the attribute
measured (1 = length, w = width and sp = span, with the latter followed by 1 or 2 to indicate two
alternative to estimate the wingspan). Since the statistical analyses were done on the Log, -trans-
formed values, the abbreviations below (used in the text, tables and figures) refer to the log-trans-
formed arithmetic means of such values for each species:

Hl Log, (head length): the length of the head in dorsal view. Frequently, this does not stand for the real
length of the head, which can only be measured laterally. In extreme cases (e.g., the genus Hyblaea Fa-
bricius) where the head is dorsally occluded by the thorax an arbitrary measure (0.01 mm) was recorded.

Hw  Log, (Head width): where the head width is the distance between the outermost point of the two eyes.

Tl Log, (Thorax length): with the thorax measured dorsally; this estimate is somewhat arbitrary as in
some taxa the thorax extends backwards behind the abdomen to some extent.
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Tw Log, (Thorax width): the distance between the points of insertion of the forewings (not between the mid-
points of the tegulae since these are movable structures covering the wing basis, e.g., Kristensen 2003).

Al Log,,(Abdomen length).

Aw  Log,(Abdomen width): where the width was measured at the midpoint of the abdomen length; again,
this variable may not equally represent the robustness of the abdomen in all Lepidoptera, because the ab-
domen may be sub-cylindrical, dorso-ventrally flattened, or laterally depressed (e.g., in most Pieridae).

FWI  Log, (Forewing length): with the wing measured from its base (see above) to the apex.

FWw Log, (Forewing width): the width of the wing taken at the midpoint of the FWI: axis and perpendicular
to it.

HWI Log, (Hindwing length), the hindwing measured from its base to the most distant part of the wing
edge, whatever its position.

HWw Log, (Hindwing width): like FWw described above.

Wspl (Wingspan 1, Log, transformed): where wingspan is the distance between the two forewing apices in
the spread insect; or, when the forewing maximum length occurs posteriorly to the wing apex, between
the outermost points of the two forewings while these stand in the anterior half of the wing margin.

Wsp2 Log, (Wingspan 2): where wingspan is one half of the flying insect’s maximum wingspan along a
wingstroke) calculated as: wingspan 2 = forewing length + (0.5-thorax width).

Bl Log, (body length): where the body length is the sum of the head, thorax and abdomen lengths.

Regression

The species means for each variable were calculated as the first step, then Logl0-transformed
and processed through linear regression. This implies that the traditional allometric (power) equation
Y =a(X®), or Log(Y) = Log(a) + b-Log(X) (e.g. Schmidt-Nielsen 1984) was assumed as the basic un-
derlying relationship between the variables. Regression models were double checked with GLM (gen-
eralized linear models) fitting procedures in R (R Core Team 2023), and GRM in Statistica (StatSoft
2004); the latter was used for other standard procedures. Because of the logarithmic transformation of
the data, the results should be identical to those obtained from Linear Models methods. Multicollinearity
in the terms of the regression models was estimated with the variance inflation factor (VIF) (R package
“car”: Fox and Weisberg 2019). Forward stepwise selection was applied if more than one explanatory
variable was entered. Fitting with RMA (Reduced Major Axis) regression, although often applied in
allometric studies after the suggestions by Harvey and Pagel (1991) was discarded as its use has been
criticized by several experts (Hansen and Bartoscek 2012; Kilmer and Rodriguez 2016).

Model validation

The predictive accuracy of the regression models estimated by cross-validation was given pref-
erence to evaluate the models. For that purpose, a subset of 534 species represented by at least
three individuals was chosen as the validation set. Cross-validation was performed using the leave-
one-out procedure (package “boot” in R: Canty et al. 2024). The Cross-validation error (CVE)
measures the success of each model to predict the dry body weights for the selected species after
excluding them from the fitting process.

Phylogenetic information

Comparative methods where phylogenetic relations are accounted for are the standard whenever
evolutionary relationships are the aim (multiple examples during the last three decades after e.g.,
Felsenstein 1985 and Harvey and Pagel 1991). However, this study intends to design predictive
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models and explicitly avoids any evolutionary interpretations, so no comparative method was ad-
opted. This is justified by two reasons: first, controlling’ for phylogenetic effects implies that, de-
pending on the comparative method used, predicting body weight for a given species requires that
the phylogenetic position and the evolutionary distance (branch length) between that species and
the nearest node in the operative phylogenetic tree are specified as a part of the input information.
This is possible under phylogenetic imputation techniques (Swenson 2014; Gendre et al. 2024),
but this falls beyond the scope of this study (see further comments in the discussion). The second
reason is that the concern on the non-independence of the species means due to shared ancestry
(e.g., Ives and Zhu 2006) may be justified or not depending on the data and the purposes of the
researcher; in regression, statistical independence should apply to the error terms of the models
fitted, not to the variables themselves (McNab 2003; Revell 2010; Uyeda et al. 2028). The present
approach relies on the assumption (actually, a not-demonstrated expectation) that the pool of spe-
cies compared covers most of the morphological range of variation at the highest taxonomic level
and, within reasonable limits, within families and genera. From this point of view, phylogenetic
relatedness is assumed as one of several causes behind the correlations observed, and it is accepted
that the regression models selected are reliable only within the range of morphological and phy-
logenetic variation tested (i.e., they provide means for interpolating, not for extrapolating values).

However, phylogenetic information is relevant to this study as a means for estimating the phylo-
genetic signal in the data and, more relevantly, to check the potential causes of error in the models
fitted to determine whether the lack of fit of the results should be attributed to phylogeny or to
morphology (by variance partitioning as detailed below). The balance between these two potential
sources of bias should help to improve the dataset for further work on the subject. This required an
operative tree topology and an estimate of evolutionary distances.

The tree topology was built after the available information on lepidopteran taxonomy, updated
to December 2022. Using the scheme used in Garcia-Barros (2015) as the starting point, available
updated hypotheses at any taxonomic level were incorporated to a single tree topology (Suppl.
material 1: Documentation on phylogeny). The approach was certainly optimistic since, in the
absence of phylogenetic treatment for any taxon, the formal, accepted subtaxa were kept as mono-
phyletic entities. Polytomies were frequent (tree resolution = 68.9%), not only because of the lack
of completely resolved phylogenetic hypotheses for all the families but because of the lack of
specific identification of one part of the species in the data analysed. The tree topology (Suppl. ma-
terial 2: tree topology) was assembled manually with Mesquite (Maddison and Maddison 2023).

Branch lengths (not the tree topology) were derived from the DNA barcode sequences from
BOLD (Barcode of Life Data System: www.boldsystems.org). For 1,430 species with sequences
available, one of the most complete ones was randomly chosen; for 730 species identified only
to genus level, the sequence from a ‘replacement species’ (i.e., a species in the same genus) was
adopted if available. In this way, one nucleotidic sequence was associated to 2,160 of the terminal
taxa (species) (Suppl. material 3: list of species and available BOLD sequences). After aligning the
sequences (MUSCLE: Edgar 2004), a distance matrix was calculated (“dist.dna” in ape: Paradis
and Schliep 2018; default settings), which was later used to estimate branch lengths on the opera-
tive tree topology (with Phytools: Revell 2024).

The tests incorporating phylogenetic information were restricted to the subset of species for
which branch length estimates were available. For variance partitions (see below) the residu-
als from that subset of species were extracted from the models fitted to the whole data set. The
phylogenetic signal in each of the variables (dry body weight and the linear measurements) was
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estimated using Pagel’s lambda (Pagel 1999; Freckleton et al. 2002; Miinkemiiller et al. 2012;
Molina-Venegas and Rodriguez 2017) using the R package “phylosignal” (Keck et al. 2016), after
ultrametrizing the tree (function “chronos” in ape: Paradis and Schliep 2018).

Variance partitioning was used to estimate the fraction of the variation not accounted for by the
models which is attributable to either morphology or to phylogeny (following the ideas by Foerster et
al. 2024b: phylogeny vs. body plan). The residuals from each of the regression models (the problem
variable) were analysed in terms of two sets of variables designed to summarize the information on
morphology and phylogeny. The method of variance partitioning (Legendre and Legendre 2012) was
selected as the most effective to estimate the two types of effects with the same procedure. Morphology
was not represented by the original explanatory variables but by the residuals of their linear regression
on dry body weight (DBw), since DBw itself was the dependent variable in all the models. In other
words, the ‘predictors’ for this test can be interpreted as proportions, i.e., the values of the predictor
variables relative to the dry body weight, and linearly independent from it. These were submitted to
a principal components analysis (PCA based in the covariances) from which ten orthogonal factors
were extracted (100% quality of representation) and subsequently used to represent the morphological
proportions, relative to body weight. Phylogeny was represented by a series of factors (2161) extracted
from the tree topology with branch lengths, processed by Principal Coordinate Analysis (PCoA, a meth-
od suited for Euclidean distances: Legendre and Legendre 2012) as implemented in the package “ape”
in the R environment (Paradis and Schliep 2018; R Core Team 2023). Of these, those with significant
effects on any of the model’s residuals effects (selected through backwards regression) were adopted for
the variance partitions analysis (following Desdevises et al. 2003 and Legendre and Legendre 2012),
which was performed using “varpart” (in the R package vegan: Oksanen 2024).

Two types of taxon-by-taxon prediction of DBw were essayed using the family level as a start-
ing point (the members of families represented by less than two species were clustered into the
most closely related taxon of the same level). First, individual regressions for each family were
calculated (with FWI1, Wspl and Wsp2 as predictors). The differences between the family slopes
were tested by means of ANCOVA analysis, and a T-test was used to compare the intercepts. For
the main superfamilies, the phylogenetically closest families were combined when their slopes
and intercepts were not significantly different. This procedure was repeated until the superfamily
groups of at least 40 species were obtained. In addition, several arbitrary assemblages of potential-
ly practical use (such as e.g., macromoths or micromoths) were evaluated. Second, an ANCOVA
approach (such as that used by Weiss and Linde 2022) allowed for simultaneous testing of differ-
ences among the family intercepts and slopes (by reference to the common, shared intercept and
slope). In this method family-level coefficients are assigned to the intercepts and slopes of each
family. This procedure started with all the variables in model 2 (described below). Through a man-
ually driven backwards selection process, the variables were retained only when a significant effect
of the variable itself (not only the interactive term) was detected; then the interactions between the
taxonomic code and the explanatory variable were checked and the families with no significant
effects were merged to a common pooled ‘Lepidoptera’.

Build in yourself methods

Finally, a regression model based on the factors extracted from a PCA analysis of the morpho-
logical variables and phylogenetic information was performed. 10 PCA factors were extracted
from the complete set of variables (99.9% quality representation), which were combined with the
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2161 PCoA factors outlining the phylogenetic relations (described above for the variance partitions
protocol). The non-significant factors were excluded from the model along a manually driven
backwards selection process until a final solution was selected. This method has the advantage
that the factors are linearly independent from each other so co-linearity is avoided, though it has
practical drawbacks (addressed to in the see discussion).

Data resources

The data underpinning the analysis reported in this paper are deposited in the Dryad Data
Repository at https://doi.org/10.5061/dryad.bk3j9kdnw.

Results

The lowest range of body weights did not differ from that presented previously (Garcia-Barros
2015) with some Nepticulidae and Heliozelidae as the smallest and lightest species (0.04—0.05
mg). From the results below, the weight of the reputedly smallest known Nepticulidae or Gracilla-
riiddae with forewing lengths of 1.2—1.3 mm (see Stonis et al. 2021) would be expected to be in the
range 0.017-0.020 mg. The upper limits of body weight are of course occupied by large bomby-
coids and the hawk moths (Bombycoidea and Sphingidae), but in this sample these were exceeded
by the dry weight of some tropical Cossidae like Xyleutes persona (Le Guillou, 1841) with DBw
above three grams (3000 mg). On this basis the male dry body weight of known Lepidoptera cov-
ers five orders of magnitude, three in the case of the forewing length. Almost certainly, this range
is underestimated since the male dry weight of the large Asuatralian Cossidae Endoxyla cinereus
(Tepper, 1890) should at least duplicate that weight (the female fresh weight of this species reaches
30 grams: Beccaloni 2010; also see Thurman 2022).

On the logarithmically transformed values all the linear measurements were highly correlated
with dry body weight (R > 0.97) and showed a clear phylogenetic structure, with lambda values
close to 1.0 (Table 1). The slopes of the lines (the exponents in the traditional allometric equation)
varied between 1.92 and 2.96, as expected from length / volume relations from the allometric
equation. Bivariate correlations with DBw exceeded 0.9 except for FWw, HWI, HWw (R > 0.8)
and, remarkably, the head length (HI, R = 0.77). The covariation between the variables (correlation
matrix in Suppl. material 4: table S1) suggests three groups of them (Fig. 1): (1) the best single
linear predictors of body size (T1 followed by Bl and Hw, all R > 0.98), (2) the wing metrics and (3)
the body width measures. The comparatively low correlations of HI with the remaining variables
probably reflect the low accuracy of this measurement (see methods).

Among the formerly published models, the closest one to those presented in Table 2 (i.e., based
on linear measurements and not wing areas) was Garcia-Barros 2015: supplementary material 6
(Model 4, R?, g = 0.979 from 375 species). This model worked remarkably well with the present
data set (R = 0.989, adjusted R? =0.979).

Eight alternative multivariate models were fitted, reflecting choices that would be expected to
be preferred most often depending e.g., on the type of information available to predict DBw. Re-
dundant combinations of composed measures with their components were avoided (e.g., Bl and
HI, Tl and Al or Wingspan with FW1 and Tw). The statistics and coefficients are summarized in
Table 2. Model 1 was obtained by stepwise selection of all the variables. HI was ignored in the
remaining models (e.g., Model 2: Fig. 2). In Model 3 Bl replaced (HI, Tl and Al). Models 6 and 7
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Table 1. Phylogenetic signal for each of the variables in the study (Lambda), and summary results of the
bivariate regression models of Log (Dry body weight) (DBw) on each of the predictor variables, all values
Log,, transformed. Intercept, coefficient and adjusted R* of each model, together with the cross-validation
error (CVE) and the ‘pure’ and shared explanation of the residuals attributable to morphology (Res.: morph.),
phylogeny (Res.: phylo.) and shared by morphology and phylogeny (Res.: shared) (R? values). For the first
four columns, all but one of the values (intercept for the Tw regression) were significant at the level P> 0.001.

Variable Lambda Intercept Coefficient R? CVE  Res.: morph. Res.: phylo. Res.: shared
DBw 0.998 - - - - - - -
Hl 0.965 1.418 2.311 0.599 0.259 0.031 0.015 0.008
Hw 0.997 0.250 2.928 0.916 0.053 0.329 0.017 0.055
Tl 0.999 -0.434 2.708 0.948 0.033 0.042 0.001 0.008
Tw 0.984 -0.016m 2.864 0.910 0.058 0.077 0.004 0.009
Al 0.986 -1.055 2.695 0.881 0.077 0.097 0.007 0.015
Aw 0.985 0.657 2.381 0.867 0.086 0.107 0.009 0.017
FWI 0.999 -2.053 2.727 0.862 0.089 0.106 0.009 0.023
FWw 0.998 -0.340 1.953 0.780 0.142 0.172 0.024 0.025
HWI 0.985 -1.728 2.714 0.782 0.140 0.166 0.022 0.031
HWw 0.984 -0.732 2.238 0.763 0.153 0.183 0.026 0.028
Bl 0.998 -1.832 2.823 0.929 0.046 0.059 0.002 0.010
Wspl 0.985 -3.211 2.962 0.889 0.072 0.087 0.007 0.017
Wsp2 0.987 -3.078 2.729 0.885 0.074 0.089 0.006 0.019

0.8 0.9 10 r
1 1 1 L L 1 1 1 L 1 1 ]
DBw
_I_E Tl
Hw
Al
Bl
FWI
Wsp2
Wsp1
—— HWI
I
HWw
—— Tw
Aw
HI

Figure 1. Patterns of covariation between all the variables in the study included dry body weight (DBW) as illus-
trated by a cluster based in the square correlation (r) matrix of their log-transformed values (UPGMA method).

were restricted to FWI and the thorax measures. The combinations of wingspan and body length
were represented in models 4 and 5. Model 8 was fitted using FWI1 as the primary explanatory vari-
able, and the residuals of the remaining variables on FWI as additional predictors; the coefficients
and fitting statistics were recalculated by reference to the original variables. This presented the
advantage of a high linear independence of the variables in the regression.
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Figure 2. Relationship between the Log, -transformed species mean dry body weights (DBW) and one of the
most widely used descriptors of body size in the Lepidoptera, forewing length (FW1), and with the predicted
values from multivariate model 2 (details in Tables 1, 2). Notice Log-scale in both axes.

All the alternatives proved high fit (adjusted R* above 0.93) with models 1, 2 and 8 rendering
the best predictive performance (lowest cross validation errors).

Regarding the ‘taxon-by-taxon approach’ the explanation of DBw in terms of FW1, WS1 and WS2
were acceptable (R?>0.73, P < 0.001), on average respectively 0.83, 0.84 and 0.85 (Suppl. material
4: table S2). Detailed comparisons between closely related families proved useful sometimes (as for
the Papilionoidea, Fig. 3). Most often than not, significantly different slopes or intercepts between
sister groups precluded phylogeny-oriented clustering, while it was clear that moderately distant fam-
ilies might have been combined. The ANCOVA approach initially had high fitting, but with most of
the interactions being non-significant. Only four to nine taxa remained after dropping the non-sig-
nificant contributions, with the performance of the model not exceeding that of the former alterna-
tives. Depending on whether FWI (model R* = 0.87) or Wspl (model R? = 0.91) were the variables
retained, the taxa with significant coefficients included the Gelechioidea, Pyraloidea (or the family
Pyralidae), Tineoidea (or just the Tineidae) and the Yponomeutoidea (Suppl. material 4: table S3).
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Table 2. Summary of the results of the multivariate linear regression models of Log, (dry body weight),
DBW, on different subsets of the potential explanatory variables, based on the Logl0-transformed values
(all the values reported for the intercepts, coefficients, model R?, F tests and AIC scores were significant,
P <0.001). The four lower rows contain the cross-validation errors and the explanation of the model residuals
attributable to morphology alone, phylogeny alone, and to the shared effects of morphology and phylogeny
(Resids., respectively: morph., phylo., shared).

Parameters Model1 Model2 Model3 Model4 ModelS Model6 Model7 Model 8
Intercept -0.5206 -0.4474 -0.6883 -2.2383 -2.1903 -1.0617 -0.7148 -0.5329
Hl -0.1107 - - - - - - -
Hw 0.1994 0.0847 0.4516 - - - - -
Tl 1.1379 1.1281 - - - - 1.1757 1.2221
Tw 0.4584 0.5020 0.7435 - - 1.7776 1.1910 0.5139
Al 0.2802 0.2738 - - - - - 0.2450
Aw 0.5111 0.5275 0.5067 - - - - 0.5200
FW1 0.2859 0.2454 0.3828 - - 1.2586 0.5829 0.3760
FWw 0.0858 0.0992 - - - - - -
Bl - - 0.6431 2.1421 2.1751 - - -
Wspl - - - 0.7630 - - - -
‘Wsp2 - - - - 0.6873 - - -

Model statistics
R, 0.980 0.980 0.974 0.935 0.933 0.963 0.974 0.979
F 16242.6 18250.5 16499.9 18794.3 18716.6  34146.0  33640.9  25246.2
AIC -4002.8 -3959.7 -3300.8 -849.94 -839.68 -2352.1 -3353.6 -3847.6
CVE 0.0129 0.0131 0.0168 0.0425 0.0427 0.0241 0.0165 0.0137
Minimum VIF 4.04 11.83 10.50 11.86 11.36 3.49 6.73 1.00
Min. VIF variable HI Al Aw Wspl Wsp2 FwW1 Tw FW1
Resids., R?: morph. 0.017 0.017 0.022 0.052 0.054 0.033 0.023 0.020
Resids., R*: phylo. <0.001 <0.001 <0.001 0.002 0.002 0.001 <0.001 <0.001
Resids., R?: shared 0.002 0.003 0.004 0.011 0.011 0.004 0.003 0.001

As shown in Table 2 (and Suppl. material 4: table S3 for the ANCOVA-type approaches) the variance
inflation factor (VIF) was high whenever more than one variable was included in the models, except
in Model 8. With no exception, the regression residuals primarily reflected differences in the body plan
(morphology) and to a lesser extent (by a 10-fold proportion) a shared effect of morphology and phy-
logeny, while the ‘pure’ effect of phylogeny was virtually negligible. Cross-validation testing (CVE) on
the 534 species represented by at least three individuals largely parallelled the R? values.

The models based in the linearly independent factors representing morphology and phylogeny
were slightly superior to any of the alternatives in Table 2: adjusted R? = 0.982, F )7 2009 = 4218 (P
>0.001), CVE =0.012 and VIF values in the range 1.01-1.13. Using only the components derived
from morphology would still render reliable results (R? = 0.981). The details of this model are not
presented in length as it cannot be applied for predicting body weights for species not represented
in the data set (see discussion).

Regarding fresh (live) body weight, on average and on the non-logarithmically transformed val-
ues the water content was slightly below 40% (38.64%, s.d.= 7.11, Fig. 4). Through regression on
the log-transformed values, the slope for the female sex (n = 53) differed slightly but significantly
from that of the males (F = 7.25, P = 0.008). Accordingly, fresh body weight was estimated as a
function of BDw only from the male data, as: Log, (fresh body weight) = 0.4829 +0.9841-Log, (dry
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Figure 3. The butterflies (Papilionoidea) as an example of the potential problems involved in pre-selected
taxon-specific approaches the prediction of body weight (Log, -transformed, DBw) from forewing length
(Log, -transformed, FWI). Although three families (Lycaenidae, Riodinidae and Nymphalidae) were found to
be homogeneous for the slope and intercept of the linear relationship, these and the three remaining families dif-
fered significantly from each other in the intercept, the slope, or both. Notice the logarithmic scale in both axes.
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Figure 4. Fresh body weight as predicted by the Log10-transformed dry body weight values (DBW) of males
and females from 237 species. The overall relationship was significant (adjusted R? = 0.985, p < 0.001) with
a slope close to isometry: Log, (Fresh body weight) = 0.428 +0.992(Log,,[DBW). The difference between the
slope of the two sexes was small, but significant (details in the text). Notice the logarithmic scale in both axes.

body weight), R? = 0.987, P < 0.001 (n = 183 species). From this equation, the dry body weight
accounts for 38.02% of the live weight for the male sex.

For the 362 species with weight data from the two sexes (Fig. 5), sexual dimorphism was described
by the equation DBw = 0.1574 + 0.9770(DBw _ ), R* | g = 0.953, P <0.001. This suggests a
nearly isometric relationship between the body mass of the two sexes, which was not expected.

male



176 Garcia-Barros: Estimating dry body weight for adult Lepidoptera

..
1500 .
i .
| L]
- 500 - . — t.'
u

3 g
g 200 . X .-
@ i
Q2
ga 50 | . -l#ﬁ
b= *}
S " i‘
P-4 LL N
g .r-'l‘i

5 - "-
> .J'-
3 v
) - l": L
= i - =" .
a s s

0.5 L]
.
.
.
0.1 o
T T T T T T T TT T T T
0.1 05 5 50 200 500 1500

Dry body weight (mg, males)

Figure 5. Male dry body weight as a predictor of the female dry body weight, from a sample of 362 species.
Overall, on the log-transformed values the female dry body weight can be approached as female DBW =0.1574
+0.9770(male BDW) (adjusted R? =0.953, P <0.0001). Notice the logarithmic scale in both axes.

Discussion

The interpretation of the results allows for two opposed perspectives — both realistic — a pes-
simistic and an optimistic one.

As far as body weight prediction is concerned, the pessimistic point of view derives from
the putatively low taxonomic and geographic representativity of the species used (hardly more
than 2% of the described species of Lepidoptera: Kristensen et al. 2007; van Nieukerken et
al. 2011), the small sample size (most often 1-3 individuals per species), the scarcity of data
from the female sex and the frequently rough taxonomic identification. The amount of statis-
tical error imposed by these shortfalls may exceed that caused by the technical details of the
analytical methods adopted (Hansen and Bartoszek 2012). Moreover (as stated by Foerster et
al. 2024b) the weights recorded here probably differ from the weight on emergence and this
may partly obscure the life historical interpretation of the data.

Missing information from one part of the species is a recurrent problem in interspecific compar-
ative studies (Nakagawa and Freckleton 2008; Penone et al. 2014). However, unlike for e.g., plants
and the vertebrate animal taxa, the problem with hyper-diverse taxa such as the Lepidoptera is not
one on interpolating the missing values for one part of the species but on the need to extrapolate
them from a minority of species. Phylogenetic imputation (Young et al. 2014; Molina-Venegas et
al. 2018) is an alternative to be explored, especially because such methods might render acceptable
results if additional correlated variables (e.g. the body dimensions) can be coded for (Penone et
al. 2014; Debastiani et al. 2021). However, while the broad lines of Lepidopteran phylogeny are
progressively being fixed (e.g., Mayer et al. 2012; Heikkil4 et al. 2015; Kawahara et al. 2019; other
references and discussion in Rota et al. 2022), a comprehensive reference phylogenetic scheme
may take years to come. Of course, some taxa in specific geographic regions are exceptions, such
as the European Papilionoidea (Wiemers et al. 2020).
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However, an optimistic interpretation is straightforward from the results. First, a seven-fold
increase of sample size in comparison to Garcia-Barros (2015) (375 to 2645 species) raised the
fit of the best regression model by merely 1%. This, together with the low pure contribution of
phylogeny in the non-explained variances, suggests that the variation of the broad lepidopteran
morphology across taxa is redundant enough for dry body weight to be predicted with reason-
able accuracy on a multivariate basis. Yet one or two variables cannot cover the morphological
heterogeneity of the Lepidoptera so a multivariate model will generally perform better. This
may impose costs in terms of collinearity, which in fact holds for any model with more than one
predictor. A VIF value above 4-10 is generally identified as excessive (depending on authors:
Neter et al. 1983; Legendre and Legendre 2012 and references therein). From this point of view
only model 8 (Table 2) would be safe. The main risk of collinearity in the predictor variables is
‘overprediction’, meaning that unusual morphologies (body plans not covered by the dataset)
would lead to inaccurately predicted body weights. This would represent a lesser concern under
the assumption that the main morphological gradients were covered by the dataset. Howev-
er, caution is required whenever any such unusual shaped species is involved. Alternatively,
co-linearity may be avoided by a model constructed with the PCA factors derived from all the
potential independent variables. Unfortunately, predictions from this model are possible only
if the measurements of the candidate species are added to the data table before the PCA factors
are extracted. After fitting the regression model (on the species with known DBw) the values
can be interpolated for the problem species. The same holds for phylogenetic relations, the
species to be predicted must be given a position and a branch length in the reference phylogeny
before the PCoA factors describing phylogeny are extracted from the tree. All this makes these
methods far less convenient for prediction than a ready to use equation (however, the PCoA
alternative is feasible using the dataset provided in this study).

A taxon-specific approach (e.g., predictions for one single family or superfamily using only FWI
or Wingspan) may eventually be justified for practical reasons despite the generally suboptimal
results. Such approach implicitly assumes a high degree of phylogenetic conservatism within the
taxon studied, which may or may not be the case. As found in the Papilionoidea, there is a risk
that the weights of part of the species are systematically overestimated or underestimated. The
low weight of phylogenetic structure in the regression residuals suggests that species clustering
on morphological grounds rather than on taxonomic ones might by far be preferable. This applies
equally to the ANCOVA-like approaches where the initial results are of high fit overall, but with
many non-significant terms which ultimately lead to comparatively poor results.

In summary, the most complex regression models (based in five to seven body measurements)
predicted dry body weight most accurately. The author would suggest that models 2 and 8 (in
Table 2) are given preference. Estimates from a smaller number of variables (FWI, Wspl, Wsp2
or combinations of these with Bl) should generally represent suboptimal solutions but may still
be acceptable (as suggested by Foerster et al. 2024b) while it is acknowledged that high R? scores
from this and similar datasets are not surprising given the wide range in body sizes and the possible
underlying functional constraints on the body proportions. In any case, given the small sample size
for each species in the dataset used, the species means should be interpreted as rough approaches of
the true values. For similar reasons, ideally, reliable predictions for a species should not be done on
the data from a single specimen but on the average from a) the measures from several individuals
or b) the average of the individual predictions for those specimens.



178 Garcia-Barros: Estimating dry body weight for adult Lepidoptera

It is not the author’s intention to negate the utility of traditional size standards used for the Lep-
idoptera such as wingspan and forewing length. As shown by the results these measures retain a
good correlation with body weight and may represent the only metric available for most species,
besides their interest as descriptive standards or as the basis for the study of e.g. intra-specific vari-
ation of moth and butterfly body size.

The fact that only male insects were analysed imposes severe limitations for implementation of
the present results in field studies. In addition to the differences between live insects and preserved
ones due to tissue contraction after desiccation (Van Hook et al. 2012), the female body weights or
the fresh body weight may eventually be interesting. These shortfalls can tentatively be overcome
by correcting the predicted body masses for female weight (to average the male and female values),
and by estimating fresh body weights from the results described above. However, while the female
to male body size relationship was clear-cut in the results, there is ample evidence that such rela-
tionship is not uniform across all the moth and butterfly families (Stilwell et al. 2009; Allen et al.
2011; Teder 2014). The available sample points out an approximate 38% water content, which falls
within the typical range for adult insects (e.g., Hutchinson et al. 1997; Barker et al. 1998). Again,
there is no reason to believe that this proportion is constant across all taxa. It is worth noting that
the range of sizes used for those comparisons is markedly shorter than that of the general sample.

Incidentally, significant between-taxa differences (such as those within the Papilionoidea already
mentioned, and probably other groups) may reflect differences in the broad body plans with eco-
logical, life-historical or biomechanical implications which deserve further attention. On similar
grounds, the bivariate slopes (form the regressions of dry body weight on the individual variables)
revealed allometric slopes within the range 2.0-3.0, where 3.0 represents isometry. Interestingly, the
steepest slopes (2.8-3.0) are among those involving body measurements explicitly (thorax width, to-
tal body length) or implicitly (such as wingspan 1) together with head width (as already documented
by Garcia-Barros 2015). Wing length values scale to dry body weight with slopes of ca. 2.7 while
wing widths do so with lower values (1.9-2.2), so overall one might envisage a pattern of progres-
sive wing narrowing along the positive gradient of body size, probably encompassed by compara-
tively higher wing loadings. While suggestive, these observations require corroboration from further
research done under comparative methods to incorporate the effect of phylogenetic relatedness.

To conclude, the dry body weight of male Lepidoptera can be predicted with reasonable re-
liability from a combination of linear measures not difficult to obtain. Rough estimates of the
live weight or of the average male-female dry weight may be possible at the cost of accuracy.
For decades, work devoted to the estimation of body weight in insects has relied in the objective
of finding reference equations whose results could be used for extrapolation to other species (to
quote some examples: Rogers et al. 1976; Sage 1982; Ganihar 1997; Benke et al. 1999; Sohl-
strom et al. 2018). While a single reference model (e.g. at the family or order levels) would of
course represent a useful tool for standardizing results, the present facilities for statistical com-
puting combined with the widespread tendency to make the research data available lead to new
alternatives such as the ad-hoc assemblage of data sets for specific uses. Facing the urgency of
detecting and understanding the possible effects of Global Change there is a renewed interest in
collecting and compiling life history data under reasonable quality standards (Keller et al. 2022).
Needless to say—and as argued in the introduction—the body size of moths and butterflies de-
serves a role in this research program, therefore the explicit publication of more data on this subject
(e.g., Kinsella et al. 2020) should be encouraged.
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