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Previous macroecological studies have suggested that larger and darker insects are 
favored in cold environments and that the importance of body size and color for the 
absorption of solar radiation is not limited to diurnal insects. However, whether these 
effects hold true for local communities and are consistent across taxonomic groups 
and sampling years remains unexplored. This study examined the variations in body 
size and color lightness of the two major families of nocturnal moths, Geometridae 
and Noctuidae, along an elevational gradient of 700 m in Southern Germany. An 
assemblage-based analysis was performed using community-weighted means and a 
fourth-corner analysis to test for variations in color and body size among communities 
as a function of elevation. This was followed by a species-level analysis to test whether 
species occurrence and abundance along an elevation gradient were related to these 
traits, after controlling for host plant availability. In both 2007 and 2016, noctuid 
moth assemblages became larger and darker with increasing elevation, whereas geome-
trids showed an opposite trend in terms of color lightness and no clear trend in body 
size. In single species models, the abundance of geometrids, but not of noctuids, was 
driven by habitat availability. In turn, the abundance of dark-colored noctuids, but not 
geometrids increased with elevation. While body size and color lightness affect insect 
physiology and the ability to cope with harsh conditions, divergent trait–environment 
relationships between both families underline that findings of coarse-scale studies are 
not necessarily transferable to finer scales. Local abundance and occurrence of noctuids 
are shaped by morphological traits, whereas that of geometrids are rather shaped by 
local habitat availability, which can modify their trait–environment-relationship. We 
discuss potential explanations such as taxon-specific flight characteristics and the effect 
of microclimatic conditions.
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Introduction

Macrophysiological approaches aim to understand the impor-
tance of trait variation for the distribution and abundance of 
species along environmental gradients (Chown and Gaston 
2016). The key assumption of this conceptional framework 
is that trait–environment interactions scale from individual 
advantages in terms of growth, fecundity or survival, over 
local patterns in abundance and distribution, to larger taxo-
nomic and spatial scales (Gaston et al. 2009). Hence large-
scale patterns in average traits of species assemblages should be 
indicative of a higher physiological performance of individu-
als with certain traits in a given environment (Gaston et al. 
2009). Such inferences provide a powerful starting point 
for improving mechanistic predictions of species responses 
to climate change (Violle  et  al. 2014, Urban  et  al. 2016). 
However, for the sake of identifying generalities, macroeco-
logical approaches necessarily reduce biological detail, that is 
they integrate over local factors that might limit the realized 
niche (McGill 2019), such as habitat availability (Platts et al. 
2019), species interactions (Wiens 2011) or microclimatic 
variation (Hof et al. 2011). Thus, the question is whether the 
trait–environment correlations observed at a macroscale can 
indeed contribute to predictions of the responses of organ-
isms to environmental change at smaller spatial and temporal 
scales (Law et al. 2020).

For highly diverse groups such as insects, trait-based 
generalizations offer a promising tool to overcome the tax-
onomic impediments in studying organismal responses to 
environmental changes (Wong et al. 2019). Most insects are 
ectothermes and thus rely on external heat sources such as 
solar radiation to reach their thermal optimum. Therefore, 
functional traits that influence an insect’s heat budget, par-
ticularly body size and color lightness, are often the focus of 
trait-based approaches (Chown et al. 2004). Large bodies are 
assumed to be advantageous in colder climates because the 
body surface-to-volume ratio decreases with size. This means 
that larger species can raise their body temperature above the 
ambient temperature because of the slower loss of heat gained 
by solar radiation through the body surface (‘heat conserva-
tion hypothesis;’ Stone 1993, Zamora-Camacho et al. 2014). 
Furthermore, ectotherms develop faster in warm regions but 
tend to reach a smaller adult body size than in colder regions 
(‘temperature size rule', Atkinson and Sibly 1997). In addi-
tion to body size, the color lightness of a body surface influ-
ences the absorption of solar radiation. Dark organisms heat 
up faster than their light-colored counterparts at a given level 
of solar irradiance (Watt 1968), ultimately leading to a fit-
ness advantage in colder environments (‘thermal melanism 
hypothesis', Clusella Trullas et al. 2007). Moreover, correla-
tions between temperature and insect color lightness may be 
the product of pleiotropic linkages of color lightness to life 
history, which depends on temperature itself (Umbers et al. 
2013, Clusella-Trullas and Nielsen 2020).

In diurnal insects, traits related to the uptake and storage 
of external heat provide a direct mechanistic link to the envi-
ronmental temperature. Although not directly exposed to solar 
radiation during their periods of activity, their nocturnal coun-
terparts nonetheless exhibit distinct spatial patterns in both size 
and color. For instance, the mean color lightness of assemblages 
of geometrid moths was shown to decrease with increasing lati-
tude across Europe (Heidrich et al. 2018) and along elevational 
gradients (local assessments; Xing et al. 2018). Increases in body 
size along elevational gradients have been found in assemblages 
of tropical geometrid and arctiid moths (Brehm et  al. 2019) 
and in assemblages of temperate moths in the Alps (Beck et al. 
2016). These repeated observations linking color lightness and 
body size to thermal gradients in nocturnal insects suggest 
that these relationships are of a more fundamental and general 
nature than merely serving to regulate the uptake and reten-
tion of heat gained by solar radiation (Heidrich  et  al. 2018, 
Brehm et al. 2019, but see the discussion in Beck et al. 2016).

Recent studies also show that the sensitivity of a spe-
cies towards changes in thermal conditions varies among 
families (Bladon  et  al. 2020). The different families within 
Lepidoptera display a variety of ecological adaptations and 
differ in their thermal strategies (Heinrich 2013), which 
could subsequently affect the relationship between func-
tional traits and the environment. For example, some diurnal 
butterflies heat up on warm surfaces through body contact 
(Heinrich 2013). Such additional thermoregulatory mecha-
nisms, which do not rely on color, might explain why not all 
butterfly families have uniform color lightness–temperature 
relationships (Stelbrink  et  al. 2019). Just like their diurnal 
counterparts, moths differ in their flight-performance and 
sensitivity to temperature (Heinrich 2013). Some moths 
such as Sphingidae and Noctuidae shiver to raise their body 
temperatures above the ambient temperature to take off (‘hot 
moths’), while other families rely on low wing load (‘cool 
moths’; Heinrich 2013). Hence, the question arises whether 
the linkage between color lightness and body size to ther-
mal gradients found in macroecological studies are general 
enough to be also observed at smaller scales, where biotic 
factors become more important, but also whether patterns 
found in one family can be transferred to another.

In this study, we used standardized monitoring data for 
the years 2007 and 2016 to investigate the variation of body 
size and color lightness along a local elevational gradient in 
two abundant moth families with distinct thermal strate-
gies: geometrids and noctuids. Our analysis tested for con-
sistency across families and sampling years. Furthermore, we 
assessed whether the traits affect local abundance and the 
habitat occupancy of species of these families after account-
ing for host plant availability as a biotic driver of abundance 
and occupancy (Friess et al. 2017, Pinkert et al. 2020). If a 
larger body and darker color are generally beneficial in colder 
climates, then body size should increase and color lightness 
decrease with increasing elevation.
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Methods

Study area

The study was conducted at the northern and southern parts 
of the Bavarian Forest National Park, in the German part of 
the Bohemian Forest, in southeastern Germany, described in 
detail in Bässler  et  al. (2015). In 2007 and 2016, 27 sites, 
arranged along four transects following an elevational gradi-
ent, were sampled. The elevational gradient ranges from 660 
m to 1368 m a.s.l. Annual temperature ranged from 4.1°C at 
higher elevations to 7.8°C at lower elevations, with 2016 on 
average being 0.2°C colder than 2007 (Supporting informa-
tion). Precipitation ranged from 1119 mm at lower elevations 
to 2212 mm at higher elevations, with 2016 being gener-
ally dryer than 2007 (Supporting information). The National 
Park is dominated by mixed mountain forests of spruce Picea 
abies, European beech Fagus sylvatica and fir Abies alba. At 
lower elevations, F. sylvatica dominates. At elevations > 1150 
m a.s.l., spruce dominates but low proportions of mountain 
ash Sorbus aucuparia and European beech F. sylvatica are pres-
ent as well. At this elevation, canopy cover of some of the 
plots has been substantially decreased by windthrow events 
(Hilmers et al. 2018).

Sampling

On each plot, light traps were set up one night per month 
from June to August in 2007 and 2016, respectively, dur-
ing nights with optimal weather conditions (excluding 
nights with full moon or rain). The light traps consisted of 
12 V, 15 W superarctinic UV-lights controlled by a twilight-
sensor and operated by a 12 V, 15 Ah battery. The traps 
were emptied the next day and their contents were frozen 
until individuals belonging to Noctuidae, Geometridae, 
Arctiidae, Lymantriidae, Erebidae, Lasiocampidae, Sphingidae, 
Drepanidae, Notodontidae, Nolidae, Hepialidae and Cossidae 
were determined to species level. The overall catch consisted 
of 20 668 individuals of 342 species. The two families used in 
our study comprised 38% and 36% of the species and 51% 
and 26% of the individuals (Geometridae and Noctuidae, 
respectively).

Morphological traits

Recently published information on wing spans (for simplic-
ity hereafter called ‘body size’) was used as a proxy for spe-
cies body size and extracted from Potocký et al. (2018). The 
color lightness of the considered species was estimated by 
scanning color plates in 'The Macrolepidoptera of Germany' 
(Segerer et al. 2011). The color plates consist of photographs 
from museum specimens, which were taken by G. Ronkay 
and G.M. László, who also led the technical realization of 
the book (Acknowledgements in 'The Macrolepidoptera of 
Germany'). G.R., G.M.L. and the publishers are renown 
lepidopterologists, so that we presume that the images repre-
sent the variation of natural coloration of the specimens. The 

plates were scanned at 300 dpi with RGB color space with an 
scanner. Subsequently, the images of the specimens were sep-
arated and their backgrounds removed. The mean gray values 
of all pixels was calculated for each image. If more than one 
image was available per species, their mean gray values (rang-
ing from 0 to 1; absolute black to pure white) were averaged. 
Only images of dorsal viewpoint were selected.

Host plant availability

The effect of host plant availability on the abundance of moth 
species was taken into account by including information on 
the occurrence of larval host plants into the analysis. Host 
plants listed in Pearse and Altermatt (2013) were comple-
mented by those given in Ebert (1994, 1997, 2001, 2003), 
Koch and Heinicke (1996), Ebert and Steiner (1997, 1998), 
Hacker and Müller (2006), and Steiner et al. (2014). If only 
the genus or family of potential host plants was given, all host 
species belonging to this genus and family were considered. 
If one source did not list the species–plant interactions on 
the level of genus or family, but only categorized the species 
as ‘polyphagous’, this source was excluded as long the other 
ones listed the interactions at a finer taxonomic resolution. 
Otherwise, the whole species was excluded from the analysis 
on the species level. It total, this led to the exclusion of ten 
species in the species-level analysis.

The sites’ suitability for a certain species is not solely based 
on the occurrence of larval host plants. Other factors might 
include the sites openness, the occurrence of tree sap or, in 
case of nectar-feeding moths, the occurrence of night-flower-
ing plants. However, adult and larval food plants overlap to 
some extent (Altermatt and Pearse 2011) and preferred habi-
tat openness is often associated with the species’ host plant 
preferences. Naturally, open habitats harbor more herb-and 
grass-feeding moths than closed habitats, in which primar-
ily tree and shrub feeding moths thrive (Supporting infor-
mation). We are thus confident that the occurrence of host 
plants covers the most important aspect of habitat availability.

At all study sites, the scale suggested by Londo (1976) was 
used to estimate the coverage of each plant species within a 
radius of 8 m around the center of the site (~200 m2) at four 
vertical layers (> 15 m; 5–15 m; 1–5 m and < 1 m), once 
in 2006 (used for the moths sampled in 2007) and once in 
2016. The percentages of all layers were averaged per plant 
species, site and year, followed by a logit transformation to 
achieve normality. For each moth species and year, the cover-
age of all potential host plants was summed per site to obtain 
an estimate of host plant availability.

Statistical analysis

To investigate whether body size and color lightness influ-
ence the community composition and abundance of species 
along an elevational gradient, we performed three types of 
analyses. First, to enable comparisons between our results 
and those of previous large-scale studies, patterns in body 
size and color lightness of assemblages were investigated. For 
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geometrid and for noctuid species, community-weighted 
means (cwm) of body size and color lightness were calculated 
based on the species abundances at each site in 2007 and in 
2016. The relationship between community-weighted means 
and elevation was assessed using linear models. We wanted to 
test whether the community weighted means of each family 
and year combination showed significant clines along eleva-
tion. We thus estimated group-specific slopes of the unique 
combinations by including elevation in interaction with year 
and family, but not as main effect. Assuming, that the com-
munity weighted means could generally differ between the 
years and families, respectively, both factors were included as 
main effects to allow for different intercepts between the fac-
tor levels. Prior to analysis, elevation was centered to estimate 
the average values for the grouping factors:

Model 1: cwm family year family year elevation~ + + : :

In a second step, we evaluated whether the family-specific 
slopes change significantly between sampling years. Thus, we 
also included the interaction-term of family and elevation 
which now estimates the slope observed in 2007 for geome-
trids and noctuids, respectively, and then tests for differences 
to 2016 for each family:

Model 2 cwm family year family elevation
year family elevat

: :
: :
~ + +

+ iion

Finally, we evaluated whether the slopes differ between both 
families across both years. Thus, we included the interaction 
between elevation and the factor family together with the 
respective main effects. Year was included as a fixed effect to 
account for general differences between the year, but not in 
the interaction term:

Model 3 cwm family year elevation family elevation: :~ + + +

See the Supporting information for the model with all inter-
actions and main effects.

One of the shortcomings of assemblage approaches is that 
only trait averages and not trait variations among co-occurring 
species are taken into account (Peres-Neto et al. 2017). This 
underrates the total variance and can lead to an overestima-
tion of the correlation, in studies using community-weighted 
means (Peres-Neto  et  al. 2017). Furthermore, community-
weighted means do not provide information whether species 
distributions along an environmental gradient are causally 
linked to species traits (Peres-Neto  et  al. 2017). Thus, we 
used also a fourth-corner analysis, as implemented in the 
ade4 package (Dray and Dufour 2007). The fourth-corner 
approach allows direct testing of the interactions between 
the distribution of environmental variables p along the sites 
n and the traits q of the species m by connecting them via 
the species per site matrix, n × m (Peres-Neto et al. 2017, ter 
Braak 2017). In this study, the analysis was conducted using 

the species–site (n × m) matrices for both moth families in 
both years, a table of the elevation per site (n × p) and a table 
of the trait value per species (m × q). The fourth-corner statis-
tic measures the link between these matrices and thus allows 
inferences about an unknown ‘fourth corner,’ which is the 
trait–environment interaction matrix p × q (ter Braak 2017). 
This link, p × q, is determined as a Pearson correlation coef-
ficient, with its significance assessed by bootstrapping. Here, 
both site and species values were permuted (default setting of 
the ‘fourthcorner’ function) 999 times and the two outputs 
were combined, as other procedures are prone to inflated type 
I statistical errors (ter Braak 2017). We performed the fourth 
corner analysis for each family and year combination.

As a third approach, the occurrence and abundance of spe-
cies were modeled using generalized linear mixed models as 
implemented in the glmmTMB package (Brooks et al. 2017). 
We included only species occurring in more than three plots 
per year and for which information about their preferred host 
plant is available, resulting in 60 species which had adequate 
occurrences. The interaction of elevation with each of the two 
traits as predictor variables was used to assess whether body 
size and color lightness influence the abundance of species 
along an elevational gradient. As variations in abundance 
along elevational gradients can be hump- or U-shaped (Choi 
and An 2013), the independent effect of elevation on spe-
cies abundance was modeled using a general additive model, 
as implemented in the mgcv-package ver. 1.8 (Wood 2017, 
Supporting information). This allowed a visual determination 
of non-linear patterns. Since no clear hump- or U-shaped 
pattern was evident (Supporting information), only the linear 
term of elevation was included. Family and year were added 
both as fixed and as interaction terms to obtain group-wise 
estimates, and host plant availability was included as a fixed 
factor. The models also contained a random factor of the 
species identity. Prior to the analysis, all independent vari-
ables were centered. A negative-binomial error distribution 
(quadratic parametrization) with truncated zero inflation 
was used to model both the likelihood of occurrence and the 
effect on abundance.

Because we wanted to test whether patterns are consistent 
between sampling events, this analysis was initially conducted 
for the sites which were equally sampled three times in both 
years (‘balanced data set’). However, an additional 15 sites 
located between the National Park and the Danube River 
were also sampled in 2016 to elongate the gradient to 297 m 
a.s.l. (Fig. 1). These expanded the range of temperature and 
precipitation covered to 10.36°C and 908 mm, respectively 
and added 27 new geometrid moth species and 24 noctuid 
moth species to the data. Subsequently, we made use of these 
additional data to compare the effect of analysing short ver-
sus long environmental gradients (‘full data set’). We repeated 
the community weighted mean analysis, the fourth corner 
analysis and the species-level analysis for the long elevational 
gradient sampled in 2016 only, thus excluding year as factor. 
All species sampled in 2016 were included in the community 
weighted mean analysis and the fourth corner analysis. In the 
species-level model, however, we included only those species 
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already used in the analysis of the balanced data to increase 
comparability between both data sets.

The statistical analyses can be reproduced via the 
R-Script at <https://github.com/Friessn/Ecography_ 
Moths_Elevation>.

Results

In 2007, Geometridae were represented by 4718 individuals 
of 87 species and Noctuidae by 2424 individuals of 77 spe-
cies. In 2016, Geometridae were represented by 5724 indi-
viduals of 116 species and Noctuidae by 3006 individuals 
of 112 species, respectively (full gradient). From those, 4083 
individuals 83 species of Geometridae and 2168 individuals 
of 73 species of Noctuidae were included in the community 
weighted mean and fourth corner analysis of balanced data.

The wing spans of the considered species ranged from 16 
mm (Eupithecia tenuiata, Geometridae) to 55 mm (Eurois 
occulta, Noctuidae) with a mean ± standard deviation of 
31.76 ± 8.17 mm. The wing spans of geometrid moth species 
were on average 8.5 mm smaller than those of noctuid moth 
species (Welch two sample t-test: t = −9.60, df = 248.47,  
p < 0.001; Fig. 2A). Color lightness values ranged from 0.34 
(Noctua janthina, Noctuidae) to 0.82 (Scopula immutata, 
Geometridae), with a mean of 0.54 ± 0.10. Geometrid moth 
species were on average 0.14 gray values lighter in color than 
noctuid species (t = 14.55, df = 247.51, p < 0.001, Fig. 2B). 
Geometrid moth assemblages in 2007 and 2016 did not dif-
fer with respect to body size (t = 1.33, p = 0.188) or color 
lightness (t = −0.570, p = 0.571). The mean body size of 
noctuid assemblages did not differ between the two years 
(t = 0.73, p = 0.464), but these moths were on average lighter 
in 2016 than in 2007 (t-test, t = −2.567, p = 0.013, Fig. 3).

With increasing elevation, the mean body size of geo-
metrid assemblages did not change clearly, but the moths 
became lighter colored, with a significantly less steep slope 
in 2016 (Table 1). By contrast, noctuid assemblages at higher 
elevations were on average larger and darker. These trends 
were consistent across the two sampling years (Table 1, 
Fig. 3). The results of the fourth-corner analysis were similar 
to those of the assemblage approach in the case of noctuid 
moths, as both showed an increase in body size (r = 0.36 in 
2007, r = 0.35 in 2016) and a decrease in color lightness with 
elevation (r = −0.36 in 2007, r = −0.29 in 2016, Table 2). In 
geometrid moths, neither the relationship between body size 
and elevation nor that between color lightness and elevation 
was significant (Table 2).

Geometrid moths were more abundant (2007 only) and 
more likely to occur at sites with high host plant availability 
in both 2007 and 2016. Host plant availability had no signif-
icant effect on occurrence nor abundance of noctuid moths. 
In contrast, the distribution of noctuid moths along eleva-
tion was affected by color lightness in both years. Specifically, 
light-colored noctuid moths had a steeper decline in abun-
dance with increasing elevation, whereas the distribution 

Figure 1. Map of the sampling locations. The borders of the National 
park are shown in green. Gray shading revers to the elevation, with 
light-shaded areas indicating low elevations, dark-shaded areas indi-
cating high elevations. Triangular markings show the sites sampled 
in 2016 only, point markings represent the sites sampled in both 
2016 and 2007.

Figure 2. Histograms of (A) wing span and (B) color lightness of moth species of the two families investigated in this study: Geometridae 
(blue) and Noctuidae (orange). Color lightness (mean RGB) ranges from 0 (black) to 1 (white). Dashed lines represent the mean values.
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of geometrid moths was not affected. Large bodied noctuid 
moths were more likely to occur at high elevation in 2016 
(Table 3).

The inclusion of additional study sites in lower elevation 
that were only sampled in 2016 reversed the relationship 
between community weighted means of geometrid moths 
and elevation in that year, showing now a significant decline 
in average color lightness and an increase in body size. For 
noctuid moths, signs did not change but the effect of ele-
vation on average color lightness became non-significant 
(Supporting information). These trends were also apparent 
in the fourth-corner analysis. Again, signs of the relationships 
between traits and elevation changed in geometrid moths, 
though the effect was not significant, whereas in noctuid 
moths, trends became non-significant (Supporting informa-
tion). For the 60 species used in the species-level analysis, 
expanding the covered gradient only led to slight changes; 
the effect of color lightness on the abundance along elevation 

became non-significant for noctuid moths (Supporting 
information).

Discussion

Strength and direction of the clines in body size and color 
lightness along elevation were inconsistent among moth fami-
lies. The predicted pattern, darker coloration and larger body 
size in colder environments, which is often observed in mac-
roecological studies of several diurnal ectothermic insect taxa 
(body size: Shelomi and Zeuss 2017, Zeuss et al. 2017; color 
lightness: Zeuss et al. 2014, Bishop et al. 2016, Pinkert et al. 
2017, Stelbrink et al. 2019), occurred only in noctuid moths. 
In geometrid moths these trait–environment relationships were 
either non-significant (body size) or the opposite of what has 
been documented by previous large-scale studies on this family 
(Heidrich et al. 2018, Xing et al. 2018, Brehm et al. 2019).

Figure 3. Scatterplots of the relationships of abundance-weighted community trait means of the (A) body size and (B) color lightness of 
assemblages of geometrid (blue) and noctuid (orange) species with increasing elevation above sea level. The mean values are shown in the 
plots on the right. Dotted regression lines and circles indicate the results for 2007, and solid regression lines and triangles the results for 
2016. Species trait values in the assemblage were weighted according to species abundances. Note that for species of the family Geometridae 
the relationship between mean body size and elevation was non-significant in both years (gray lines).
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The results of the species-level model indicated no relation-
ships between body size or color lightness and the distribu-
tion of geometrid moths. Instead, occurrence and abundance 
of geometrid moths are positively associated with host plant 
availability. Previous studies have shown that host plant avail-
ability has strong effects on the distribution and abundance 
of herbivorous insects (Friess  et  al. 2017), but our results 
indicate that the strength of this effect differs between the 
two considered families. Like other biotic factors, the relative 
importance of host plant availability tends to increase with 
decreasing scale (Schweiger and Beierkuhnlein 2016a). For 
example, across an elongated thermal gradient (Supporting 
information) – and thus an increased probability that the 
ends of the climatic niche of geometrid moths will be covered 
– patterns in average body size and color lightness follow the 
expectations. However, it is unclear why, on the local scale, 
host plant availability more strongly impacts geometrid than 
noctuid moths.

Potential effects of differing flight energetics

The relative importance of host plant availability can be mod-
ified by an organism’s mobility, as a low mobility is associated 

with a strong relationship between the host plant and organ-
ismal abundance (Curtis et al. 2015). Geometrid moths have 
a low wing load, which reduces their energetic costs for flying 
(Utrio 1995). However, this energetically cheap flight comes 
at the cost of a poor flight performance, so that the occur-
rence and abundance of geometrid moths might depend on 
resource availability. Noctuid moths, however, have a sig-
nificantly higher wing load and wing beat frequency (Casey 
and Joos 1983) and may thus be less dependent on local 
host plant availability. Nonetheless, they need to shiver to 
raise their body temperatures above the ambient temperature 
(Heinrich 2013) to take off (‘hot moths’, Utrio 1995). This 
pre-flight warm up together with the high wing load is ener-
getically costly, especially if ambient temperatures are low 
(Casey and Joos 1983). Larger body sizes reduce the loss of 
body temperature and may therefore benefit noctuid moths.

In addition, pleiotropic linkages between body size 
and color lightness (Schweiger and Beierkuhnlein 2016b, 
San-Jose and Roulin 2018) could also lead to darker noc-
tuid moth assemblages at high elevations. Although tem-
perature had the highest independent effect on community 
weighted means from all environmental variables covarying 
with elevation (Supporting information), other factors than 

Table 1. Results of linear regression modeling of community-weighted means of body size and color lightness against elevation (centered) 
for two moth families, Geometridae and Noctuidae, and the sampling years 2007 and 2016. Full estimates and statistical summary are given 
for model 1, which estimated slopes for each family × year combination, after including year and family as fixed factors. Note, that the 
p-values of the slope estimates thus indicate whether the slope itself is significantly different from zero. Whether the slope differs signifi-
cantly between the sampling years (family-specific, Δyear, model 2) and between the families (Δfamily, model 3) is indicated by t- and 
p-values given at the right-hand-side of the table. Estimates (Est) and the corresponding standard errors (SE) indicate a response to changes 
per 100 m. Significant effects are shown in bold.

Model 1 Model 2 Model 3 

Est SE t-value Pr(>|t|) ΔYear ΔFamily

Wing span
Balanced data Intercept 33.9 0.50 67.9 < 0.001

FamilyNoc 4.61 0.58 8.00 < 0.001
Year2016 −0.98 0.58 −1.70 0.092
Geo:2007:elevation −0.48 0.27 −1.76 0.079 t = 1.08, p = 0.28 t = 5.16, p < 0.001
Geo:2016:elevation −0.06 0.27 −0.24 0.813
Noc:2007:elevation 1.15 0.27 4.25 < 0.001 t = −0.15, p = 0.88
Noc:2016:elevation 1.09 0.27 4.03 < 0.001

meanRGB
Balanced data Intercept 0.572 0.004 145.5 < 0.001

FamilyNoc −0.102 0.005 −22.50 < 0.001
Year2016 0.009 0.005 2.114 0.036
Geo:2007:elevation 0.008 0.002 3.707 < 0.001 t = −2.12, p = 0.03 t = −5.02, p < 0.001
Geo:2016:elevation 0.002 0.002 0.703 0.483
Noc:2007:elevation −0.005 0.002 −2.372 0.020 t = −0.73, p = 0.47
Noc:2016:elevation −0.007 0.002 −3.403 < 0.001

Table 2. Results of the fourth-corner analysis of Geometridae and Noctuidae for both 2007 and 2016. R is the Pearson correlation between 
single traits and elevation. The significance of the fourth-corner statistic was determined via permutations of site and species values based 
on 9999 permutations. Significant effects are shown in bold.

Geometridae Noctuidae
2007 2016 2007 2016

R p-value R p-value R p-value R p-value

Elevation × Body size −0.065 0.671 0.056 0.561 0.363 0.023 0.347 0.013
Elevation × Color 

lightness
0.120 0.455 −0.004 0.957 −0.360 0.017 −0.287 0.044
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temperature may instead lead to the observed clines along 
an elevation. Elevation could filter towards more robust and 
long-living species, usually associated with larger body size 
(Beck  et  al. 2016), which could also affect color lightness, 
given that melanin production is linked to several life history 
traits (Clusella-Trullas and Nielsen 2020). The differences in 
the two families with respect to their life histories, with most 
noctuid moths overwintering in the larval stage, whereas 
geometrid moths overwinter as pupae (Supporting informa-
tion), could thus add to the difference in the observed trait 
patterns. In addition, differences in respect to ecology could 
play a role; first, noctuid moths have a higher share of spe-
cies preferring open habitats, while in geometrid moths only 
a fraction can be found outside the woodland (Supporting 
information). Though woodland and open habitat species do 
not show significant differences in color lightness and body 
size within the families, the investment in traits related to 
robustness might have enabled noctuid moths to forage in the 
open, unsheltered habitat found at higher elevations. Adult 
noctuid moths forage on a higher number of nectar plants 
than geometrid moths (Supporting information), which 
could decrease the relative importance of larval host plants as 
a biotic factor for occurrence and abundance. However more 
rigorous conclusions of the mechanisms underlying body size 
and color lightness variation in insects and the effect of those 
variations on species distributions, are hampered by a lack of 
life-history and ecological data as well as abundance data over 
longer times and higher temporal resolution (Clusella-Trullas 
and Nielsen 2020).

Limitations and potential extensions of the study

While we had a lower spatial grain in comparison to mac-
roecological studies, the taxonomic unit mostly remained 
unchanged, such that intraspecific variations in color light-
ness and body size could not be considered in our analysis. 
Nevertheless, it is a premise of trait-based ecological stud-
ies that trait–environment relationships can be scaled up 
from the individual to the ecosystem (Enquist et al. 2015). 
Consequently, the use of mean values from the literature may 
lower the power of predictions, especially if turnover between 
species is low (Yang  et  al. 2018). For instance, Xing  et  al. 
(2016) found support for the thermal melanism hypothesis 
at the individual level but not at the species level. Hence, 
future studies on smaller scales should, whenever possible, 
include intraspecific variations to improve the power of their 
predictions. Advancements in the field of digital image pro-
cessing via deep learning algorithms may facilitate the genera-
tion of data from local collections (Wu et al. 2019).

The use of elevation as a proxy for a thermal gradient has 
its shortcomings, as not only do other environmental fac-
tors covary, but the decrease in temperature along the eleva-
tion gradient is also not necessarily uniform. Sinks of cold 
air occurring within the mixed montane zone (800–900 m 
a.s.l.) can strongly favor the occurrence of cold-adapted spe-
cies (Bässler et al. 2010) and in the case of geometrid moths 
may be responsible for the low average community-weighted Ta
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means of color lightness within the respective elevational 
range. If cold-air sinks are at the lower border of the eleva-
tional gradient and the elevational gradient is not long 
enough to compensate for their presence, the result may ulti-
mately be a change in the sign of the slope of trait–elevation 
clines. This again points to the importance of microclimate in 
assessing trait–environment relationships (Hof et al. 2011). 
Hence, experimental studies that additionally control for 
microclimate would help gaining insights into the effect of 
color lightness and body size on the performance of species.

Conclusion

Our study showed that color lightness and body size affect the 
physiology and shape the occurrence and abundance of noc-
tuid moths along elevation. However, the lack of such patterns 
in geometrid moths shows that such trait–environment rela-
tionships are inconsistent and underline that coarse-scale pat-
terns are not necessarily transferable to smaller scales, where 
local environmental factors such as the host plant availability 
can modify occurrence and abundance patterns. The strength 
of this modification is likely to be based on taxon-specific 
flight capacities, though also other factors, such as thermo-
regulatory propensities and life history, might play a role. 
Thus, one should be careful to not overestimate the relative 
importance of single functional traits on the performance of 
species on small regional scales. Rather, our study shows the 
importance of validating macroecological patterns on local 
environmental gradients, incorporating abundance data into 
the analysis whenever possible. A good database on which 
gradients and for which taxonomic groups macroecological 
patterns are valid will significantly deepen our understanding 
of macrophysiological processes in the future. Such an under-
standing will allow us to make reliable predictions about how 
target species will respond to environmental change.
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