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Significance

 The distribution of organisms 
throughout the world has been a 
subject of intense exploration 
since the seminal work of Alfred 
Russel Wallace. The intertwined 
roles among niche specializations, 
physiological and behavioral 
adaptations, phylogenetic history, 
and climate changes through deep 
time are key to understanding 
patterns and processes of 
evolution, as well as predicting 
future responses to change. We 
use the iconic Berothidae to test 
their dynamic interplay with the 
environment over vast spans of 
geological time. Deploying niche 
modeling, paleoclimates, 
phylogeny, and flight 
aerodynamics, we found that 
berothids’ niches have evolved 
alongside improvements in flight 
capability over the course of 170 
My. The result of these changes 
permitted global reorganization of 
their distribution, reflecting the 
aforementioned complex 
interactions.
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The form and change of animal biogeography reflects the long-term interplay between 
organisms and their environment, involving physiological limitation, dispersal capabil-
ity, and adaptive evolution versus plate tectonics, global climatic shifts, and changing 
landscapes. This is especially manifest for lineages with extended geological histories, 
which, therefore, evokes questions as to the associated processes producing such patterns. 
Insects, as the earliest flying animals, have exceptional abilities for expanding their range 
and habitats and to avoid detrimental conditions. They are ideal for exploring historical 
biogeography augmented via adaptation. Here, we employ beaded lacewings as a model 
to explore such patterns and likely processes, particularly given that they differ notably 
from the commonly observed pattern of a latitudinal diversity gradient. Furthermore, 
owing to their good fossil record it can be observed that their distributions varied 
remarkably through time. Ecological niche modeling and evaluation demonstrate their 
niche variation and niche breadth expansion intermittently accompanying global climate 
change. However, different niche relevant variables changed under patterns of either 
phylogenetic conservatism or evolutionary lability. By assessing wing morphological 
disparity and modeling flight aerodynamics, we uncovered a continuous improvement 
of flight efficiency through beaded-lacewing history as well as a Paleogene divergence in 
strategy, which reveals a long-term associated path with the niche variation. Our results 
unveil the adaptive evolution and dispersal history of beaded lacewings through 170 My, 
achieved by dynamic strategies in niche shift and flight adaptation as responses to a 
changing planet.

climate change | biogeography | deep time | niche evolution | flight aerodynamics

 The geographical distribution of terrestrial animals is shaped by the interplay between 
adaptability and dispersal ( 1 ,  2 ). The biogeographic pattern of lineages as well as their 
dispersal routes can be constrained by global or regional environmental variation and 
biological tolerance limits, while, conversely, driven by adaptive changes in physiology or 
improvement of dispersal strength ( 3       – 7 ). At a geochronologic scale, the tectonic history of 
Earth and the historical courses of phylogenetic diversification are backstage forces leading 
to present patterns ( 8       – 12 ). Collectively, biogeographic occurrences result from long-term 
intricate interactions involving numerous varying factors, reflecting the response of organ-
isms to the environment via adaptation in physiology and/or functional morphology.

 Flying animals exhibit typically superior dispersal ability, permitting them to surmount 
geographic barriers or surface obstacles ( 13   – 15 ). Insects, as the first flyers in Earth’s history 
( 16 ,  17 ), have developed more varieties of dispersal means and spread over all continents 
and innumerable habitats during their evolutionary history ( 1 ,  18   – 20 ). Given the vast 
diversity and extensive history of insects, it is no surprise that some of the first explorations 
into the interaction between changing climates and shifting distributions were carried out 
through a study of their fossil record. As early as 1836, the Rev. Frederick Hope highlighted 
the occurrence of insects preserved in amber as keys to reconstructing the paleoclimate of 
Europe, emphasizing that the insects were wholly “extra-European” and demonstrated 
that the global climate must have undergone considerable change ( 21 ). The seminal works 
of Alfred R. Wallace in the Malay Archipelago demonstrated the contribution of insect 
and other animal distributions for discovering complex paleogeographic histories, patterns 
later revealed to derive from geologic changes in elevation, ocean depth, glaciation, as well 
as Earth climate ( 22 ,  23 ). Indeed, insects serve as an ideal model for exploring the intimate 
history of specialization and historical occurrence against the backdrop of phylogeny and 
global climatic evolution. The beaded lacewings (Berothidae) are a family of neuropteran 
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insects, with a comparatively rich fossil history extending back to 
the Jurassic ( 24   – 26 ). Extant beaded lacewings are distributed 
across all modern zoogeographic realms ( 27 ,  28 ), while the extinct 
faunas, although also widely ranged, are greatly distinct from 
extant patterns of distribution ( Fig. 1 ). Furthermore, beaded lace-
wings exhibit a great range of wingspans and divergent wing 
shapes, which is even dramatic among species from different geo-
logical periods. Having experienced the break-up of the supercon-
tinent Pangaea ( 29 ,  30 ) and extensive global climate shifts ( 31 , 
 32 ), beaded lacewings waxed and waned in species diversity and 
extent of distribution, and eventually radiated successfully in com-
paratively modern history. The rhythmic coevolution between 
global environment and beaded lacewings makes them an iconic 
case to test hypotheses regarding insect acclimatization and behav-
ior adaptation through time.        

 Here, we reconstructed the historical biogeography of beaded 
lacewings based on a time-calibrated phylogeny encompassing 
nearly all fossil and extant genera. In addition, by integrating 
datasets of high-resolution paleogeography and climate variables of 
global and regional scales, with assessment of ecological niche var-
iation and flight aerodynamic optimization using interdisciplinary 
analyses, the deep drivers for their dispersal routes over 170 My 
were explored. Our results reveal that the family underwent two 
distinct events of biogeographic dispersal simultaneous with spe-
cies diversification during the Early Cretaceous and late Paleogene–
Neogene. From the perspective of the environment, both events 
accompanied phases of global cooling. Plate tectonics played 
essential roles especially during the Neogene. In terms of biology, 
the first event was mainly associated with the expansion of 

ecological niches while the latter event aligned with enhancement 
and specializations in flight efficiency. The dispersal history of 
beaded lacewings unveils a multifactored coevolving course 
between the physical environment and the insects themselves, 
which constitutes a valuable reference for further exploration into 
the mechanism and dynamics of interactions between Earth sys-
tems and organismal change at the geochronologic scale. 

Results and Discussion

Biogeography and Niche Shift through Geological History. 
Berothidae have extended distributions, which exhibit a 
pronounced latitudinal conditioned pattern (Fig. 1). Extant beaded 
lacewings mostly occur between 20° and 40° with fewer species 
and individuals in the tropical region and poleward extending to 
50° (Fig. 1 B and D). In contrast, fossil species are mostly recorded 
between 20° and 50°, poleward extending to 71° (Fig. 1 F and H 
and SI Appendix, Fig. S1). Noticeably, extant berothid distributions 
are distinguishable from the more common pattern of a latitudinal 
diversity gradient (33–37), and the same holds for the extinct faunas, 
which implies a unique environmental predilection for the family. 
Besides, fossil deposits reveal a higher latitudinal tendency than is 
observed among extant species. This could result from tectonics and 
consequent paleogeographic shifts (38, 39). However, by converting 
the fossil deposits to paleocoordinates of the corresponding 
stratigraphic age, the paleolatitudinal distribution of fossil species 
is still dissimilar to their extant counterparts (SI Appendix, Fig. S2). 
Knowing that fossil berothids are largely from the Mesozoic, when 
global land surface temperature was significantly higher than at 
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Fig. 1.   Beaded lacewings’ climate niches have shifted in parallel with 170 My of global climate change. (A) ENM of extant berothids. (B) Distribution of extant 
species. (C) ENM of extant berothids projected on paleogeography and paleoclimate at 100 Ma. (D) Absolute latitudinal distribution of extant species. (E) ENM of 
all fossil berothids projected on modern Earth and climate conditions. (F) Distribution of fossil species. (G) ENM of all fossil berothids projected on paleogeography 
and paleoclimate at 100 Ma. (H) Absolute latitudinal distribution of fossil species. The dark green regions in (A, C, E, and G) indicate suitable habitats (P > 0.5); 
light green regions indicate less suitable habitats (0.3 < P < 0.5); gray regions indicate unsuitable areas (P < 0.3). The horizontal axis in (D and H) implies species 
number, and the vertical axis implies absolute latitude bin. Inset image in (A) the extant Trichoma gracilipenne (photo: Yun Li); in (E) the Middle Jurassic Sinosmylites 
rasnitsyni (photo: Qiang Yang).
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present (31, 32), the discrepant patterns of distribution between 
fossil and extant beaded lacewings could be attributable to global 
climate change or alternatively to ecological niche variation of the 
family (40–43).

 By extracting the explicit paleoclimate variables of the fossil 
berothid localities according to their corresponding paleocoordi-
nates as well as modern climate variables of the extant species, we 
modeled their climatic niches and suitable habitats separately for 
the extinct and extant records. The modeled niche conditions were 
mapped on modern and deep-time geography based on respective 
climatic variables. Taking the mid-Cretaceous, 100 Ma, as a rep-
resentative of a deep-time situation, comparison of the niche 
modeling between extinct and extant berothids reveals remarkable 
differences, either on the modern ( Fig. 1 A  and E  ) or Cretaceous 
climate conditions ( Fig. 1 C  and G  ), which suggests that the cli-
matic niches of berothids have changed through time. Considering 
the extended chronologic range of the fossil records, niches of 
Mesozoic-only beaded lacewings were also modeled, which drew 
similar results to the all-fossil models (SI Appendix, Fig. S3 ). The 
analyses reveal that not only did Berothidae disperse distantly over 
the course of their evolutionary history accompanying global cli-
mate change, but also their own niches have varied significantly. 
The models also demonstrate that the niches of extant berothids 
have greater habitable ranges on modern Earth ( Fig. 1A  ), while 
the niches of fossil berothids possess larger habitable ranges on 
the Mesozoic Earth ( Fig. 1G   and SI Appendix, Fig. S3 ) though the 
fossil niches represent a broader chronologic span, which implies 
that the niches of beaded lacewings plausibly have been better 
suited for the global climate of their respective ages. This raises 
questions concerning the explicit process and dominating factors 
of their niche variation and its change.

 We assessed niche breadth (NB) and niche position (NP) of 
Berothidae by incorporating eleven environmental variables 
( Fig. 2  and SI Appendix, Table S1 ). When integrating all fossil 
and extant records, the relevant temperature variables of berothid 
habitat display as main factors affecting their niches ( Fig. 2C  ). 
Though the impact varied with species through geochronologic 
time, implying their specific sensitivity to climate conditions. The 
results show the NPs in different geochronological intervals are 
quite distinct from each other, and therefore have changed inten-
sively through time ( Fig. 2 A  and B  ). Furthermore, their NBs are 
generally broader in deep time, especially in the Mesozoic, relative 
to recent ( Fig. 2B   and SI Appendix, Fig. S4 ). Consequently, the 
changing distribution pattern and the corresponding habitable 
conditions of berothids through geological history reflect com-
plicated causes behind the process of long-term adaptation, 
involving external environmental influence and biological varia-
tion course.          

Global Change Impact and Responses by Berothidae. To evaluate 
the environmental impact on berothids through their evolutionary 
history, we compiled the global climate change data and implemented 
causal inference. First, the driving factors for changes of NB and NP 
were assessed. The results show that NB change could be affected 
by the global driest month precipitation and warmest month 
mean temperature variation, while changing NP could be caused 
by global driest month precipitation and precipitation seasonality 
(SI Appendix, Fig. S5 A–D). Therefore, global climate change not 
only influenced the biogeographic distribution of beaded lacewings, 
but more severely it likely changed their NP and NB. This also 
accounted for the suitable habitat magnifying in varied periods 
given the changing climate (Fig. 1).
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Fig. 2.   Beaded lacewings responded to global change via niche and diversification variation. (A) NPs of all berothid records (dots) and NBs of species divided 
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http://www.pnas.org/lookup/doi/10.1073/pnas.2414549122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414549122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414549122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414549122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414549122#supplementary-materials


4 of 12   https://doi.org/10.1073/pnas.2414549122� pnas.org

 The effect of global climate change on niche variation could 
also act on the diversification of the family. To investigate this 
associated process, we conducted time-calibrated phylogenetic 
analyses based on an extensive sampling of fossil and extant genera. 
The analyses recovered Berothidae diverging in the Early Jurassic, 
around 178.7 Ma (SI Appendix, Fig. S6 ). The family diversified 
in the Jurassic and Early Cretaceous, and later during the Cenozoic. 
The two phases of significant radiative evolution respectively cor-
respond to the Late Jurassic–Early Cretaceous Cool Interval and 
Late Cenozoic Icehouse, implying the insects’ predilection for a 
cooler climate ( 31 ,  44 ,  45 ). Derived from the tree, lineage through 
time (LTT) and net diversification rates (NDR) of Berothidae 
show subject to global temperature fluctuation, especially global 
mean annual temperature (G﻿-MAT). Both LTT and NDR are 
significantly correlated with G﻿-MAT, both negatively. Their rapid 
diversification associated with global cooling events combined 
with the negative correlation of LTT and NDR with G﻿-MAT 
jointly indicate the relatively low temperature predilection by 
beaded lacewings, which accounts for the antilatitudinal diversity 
gradient distributing pattern of both fossil and extant species 
( Figs. 1 D  and H   and  2 D –F  ). Additionally, causal inference 
implies that the family NDR could be affected by G﻿-MAT 
(SI Appendix, Fig. S5E﻿ ). Global warmest month mean temperature 
is also found significantly and negatively correlated with LTT, and 
could be a causal factor to both LTT and NDR (SI Appendix, 
Fig. S5 F –I ), which further indicates their intolerance to high 

temperature. Indeed, the extreme high temperature effect has been 
widely reported on insect groups at various levels ( 46 ,  47 ).  

Evolutionary Pathways of Niche Variation. It is evident that global 
changes have notably influenced the history of beaded lacewings 
with regard to both their distribution and their diversity. It is also 
revealed that the lacewings responded to climate change via niche 
shifts, basically by means of physiological adaptation. Conceptually, 
organisms can change their niches via two alternative hypothetical 
pathways, either phylogenetic niche conservatism or evolutionary 
lability (48–50). Accordingly, we investigated the historical 
pattern of niche variation in beaded lacewings concerning their 
adaptation to specific climate factors in a phylogenetic framework. 
By synthesizing ancestral-state reconstruction (ASR), phylogenetic 
signal (PSig), and evolutionary rate (ER), we addressed the niche 
evolution of the family.

 The ASR of NP shows substantial similarities within clades 
( Fig. 3A  ). The states exhibit variation through stages. It reveals a 
significant PSig of considerable strength (λ  = 1.02, P  = 0.0001; 
﻿K  = 0.86, P  = 0.0001). The NP ER indicates a high rate of change 
in the early stage of the family’s evolution, i.e., the Jurassic. 
Subsequently, the rate gradually slowed ( Fig. 3B  ). We further stud-
ied evolutionary traits of the habitat individual climatic factors 
involving all fossil and extant specimen localities. The results indi-
cate that most relevant temperature factors have significant and 
relatively strong PSig, the ERs of which were high in the original 
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phase and generally declined through time, similar to the NP 
( Fig. 3 E  and F   and SI Appendix, Figs. S7–S9 and Table S2 ), which 
is reasonable given that the relevant temperature variables act as 
main factors of their niches ( Fig. 2C  ). Among them, temperature 
seasonality has significant and exceptionally strong PSig, indicating 
evident phylogenetic niche conservatism, which is probably related 
to their seasonal life cycle ( 51   – 53 ) ( Fig. 3E  ; λ  = 1.02, P  = 0.0001; 
﻿K  = 1.38, P  = 0.0001). Conversely, most relevant precipitation 
factors have weaker PSig (significant or nonsignificant), the ERs 
of which did not change extensively (SI Appendix, Fig. S9 and 
Table S2 ). Our results reveal both phylogenetic niche conservatism 
and lability present among the evolutionary pathways concerning 
different relevant climate niche factors, which jointly have shaped 
the biogeographic pattern of beaded lacewings through time. 
Nevertheless, it could have also been regulated by other aspects of 
the insects.          

Dispersal Ability Enhancement by Optimizing Flight Aerody­
namic Efficiency. Beaded lacewings are notable for their distinctly 
divergent wing shapes and great range of wing lengths (WLs), 
which could be correlated with their flight adaptability and 
biogeographic distribution (54, 55). We first investigated the 
evolutionary traits of their forewing length and shape. It shows 
that forewing lengths of beaded lacewings varied significantly 
both in fossil and extant species, ranging from 1.7 to 15 mm. 
According to results of the ASR and PSig, forewing lengths do 
not show conservatism within clades. In general, forewing lengths 
exhibit a trend of elongation (Fig. 3C). The analysis recovered a 
trough around the mid-Cretaceous, but this could be reasonably 
explained by the abundant small-bodied species reported from 
Kachin amber and due to the preservational bias of fossil size in 
amber (25, 56). Similar troughs in this time interval are also found 
in the ER curves because of the discovery of plentiful species from 
a single stratum (57) (Fig. 3 B, E, and F).

 The wing shape of beaded lacewings can be categorized into oval 
and falcate types. Oval-shaped wings are common in the family, 
and especially among fossil taxa. Falcate wings are mainly present 
in two extant lineages and a few fossil species. The ASR also verified 
that the oval-shaped wing is the primary state in the family 
( Fig. 3D  ). By plotting forewing lengths between the two types of 
wing shapes, a significant difference was uncovered. The length 
range of the oval type is larger, possibly due to the fact that they 
are more extensively represented. Nevertheless, most of the 
oval-shaped wings are notably shorter than the falcate wings. The 
falcate wings range from 6.4 to 14.1 mm, the minimum of which 
is still longer than the median and mean of the oval-shaped WLs 
( Fig. 3G  ). We tested the value distribution of climatic and atmos-
pheric factors between habitats of the oval-shaped and falcate 
winged beaded lacewings. The results also find significant differ-
ences between the shape type habitats, involving habitat mean 
annual temperature (H- MAT), annual precipitation, air density, 
air viscosity, and airflow velocity ( Fig. 3H   and SI Appendix, 
Fig. S10 ). However, phylogenetic generalized least squares analyses 
found WL significantly but weakly correlated with wing shape, 
while the environmental factors were nonsignificant. Combined 
with the unconserved evolution of WL, the remarkable differenti-
ation of WL and environmental factors between wing-shape types 
likely resulted from independent adaptation among the lacewings, 
reflecting adaptation to certain flight performances rather than 
shared evolutionary history (SI Appendix, Figs. S11 and S12 ).

 To address the differences of flight capability driven by WL 
and shape variation, we modeled the insects three-dimensionally 
and evaluated the aerodynamic efficiency by computational fluid 
dynamics (CFD). Considering that flight performance can be 

affected by atmospheric conditions, particularly air density, air 
viscosity, and airflow velocity ( 58 ,  59 ), we collected data for each 
of these features from each fossil and extant species site, and used 
minimal, maximal, and mean values of each atmospheric factor 
for different modeling field settings (SI Appendix, Table S3 ). Using 
the median values of WL of the oval-shaped wing (4.5 mm) and 
falcate wing (9 mm), transient analyses were performed. The anal-
yses show the maximum lift-to-drag ratio over an entire stroke 
cycle varied greatly with airflow velocities, less significantly with 
air densities, and nonsignificantly with air viscosities. For each 
environmental set, falcate wings display exceptionally higher max-
imum lift-to-drag ratio than oval-shaped wings, suggesting 
enhancement of flight aerodynamic efficiency in the falcate wing 
regardless of atmospheric factor variation ( Fig. 4 A –E   and 
﻿SI Appendix, Table S4 ). To clarify whether the aerodynamic dif-
ferences were attributed to wing shape or WL, we added another 
set of modeling with oval-shaped wings of the same length as the 
falcate wings, since the broader range of WLs of the oval shape. 
The results show that long oval-shaped wings are generally equal 
to the falcate wing in maximum lift-to-drag ratio under all atmos-
pheric conditions, and basically even a little higher. The transient 
analyses suggest that among environmental factors, airflow veloc-
ity and air density have negative and positive effects, respectively, 
on flight aerodynamic efficiency, whereas air viscosity acts negli-
gibly. In the magnitude of berothids’ WLs, longer wings have 
prominent advantages in lift-to-drag ratio during flight perfor-
mance, which could be a driving force for wing elongation during 
the evolution of beaded lacewings ( Fig. 3C  ). The significant flight 
enhancement of longer wings also elucidates the niche-variation 
history of berothids. During the earlier stage, beaded lacewings 
with short wings correspond to wide NB and flexibly changing 
NPs, revealing that niche plasticity compensated for flight and 
dispersal deficiency in the face of climate change. After the wings 
generally elongated, with advanced flight capability to track their 
preferred climates, NB correspondingly narrowed, and the NPs 
tended to be consistent ( Figs. 2B   and  3C  ). Specifically, the NPs 
of beaded lacewings show disparate states during the earlier stage, 
exhibiting a rapid ER ( Fig. 3 A  and B  ). In the latter phase, espe-
cially in the Cenozoic, the NP states tend to be convergent, with 
a lower rate of change.        

 To further delve into the effect of wing-shape disparity on flight 
performance, we conducted steady analyses on the oval-shaped and 
falcate wings of same lengths. Under a series of successive angles-of- 
attack from 2° to 36°, the two types of wings have the same lift-to- 
drag ratio for most angles, though similarly, the oval-shaped wings 
show a slightly higher lift-to-drag ratio than the falcate wings 
between 10° and 16°. However, the falcate wings show lower drag 
coefficients especially when the angle-of-attack increases, which 
indicates improved flexibility and energy efficiency for flight during 
long-distance dispersal ( 20 ,  60 ) ( Fig. 4 F –M   and SI Appendix, 
Fig. S13 and Table S5 ). Moreover, considering the distinct climatic 
differentiation between the two wing shape habitats, we tested tem-
perature influence on aerodynamic efficiency between them. Using 
the median value of either wing shape H﻿-MAT, the steady analyses 
were performed for both wing shapes under the series of angles- 
of-attack. The results show consensus with the previous analyses, 
i.e., the falcate wings always show lower drag coefficients and lower 
lift-to-drag ratio than oval-shaped wings at all angles and temper-
ature settings. However, when the temperature decreases, which is 
preferred by the falcate-winged beaded lacewings, their advantages 
of the lower drag coefficients become greater and their disadvantages 
of the lower lift-to-drag ratio reduce ( Fig. 4H   and SI Appendix, 
Fig. S14 and Table S6 ). This implies that the two-sided effects of 
the falcate wings exist in all conditions, but cooler temperature 
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would strengthen their advantages and meanwhile lessen the disad-
vantages, which clarifies the differentiated H﻿-MAT between the 
wing-shape types.

 In general, beaded lacewings evolved longer wings for higher 
lift-to-drag ratio in all possibilities of environmental conditions, 
which reflects an improved aerodynamic efficiency and reveals an 
association with the niche-variation history. During the late phase 
of their evolutionary history, the wings diverged into two shape 
types, either of which performs better in regard to lift-to-drag ratio 
or drag coefficient. These aerodynamic differences can be magni-
fied when local temperature changed, elucidating their environ-
mental discrepancy. The strategy could be interpreted as a trade-off 
of flight capacities in different lineages.  

Dispersion Interacting with Global Changes through Geological 
History. To track the consequences of all the variations through 
the geological history of beaded lacewings, we reconstructed their 
historical biogeography based on the phylogeny and biogeographic 
distribution of all fossil and extant taxa. The analyses uncovered that 
the family diverged in the Palearctic (PA) realm (Fig. 5), and that 
the earliest berothids persisted in the region for nearly 40 My. Along 
with their first phase of diversification (LTT in Fig. 2F), beaded 
lacewings started long-distance dispersal since the Early Cretaceous, 
leading to their first expansions in two directions: invading the 
Oriental (OR) realm for one lineage, and West Gondwana for 

another, including the modern Saharo-Arabian (SA), Afrotropical 
(AT), and Neotropical (NT) realms. During the epoch, the insects 
arrived in the southern hemisphere, as evidenced by the presence 
of fossil genera in Brazil, and separately, the Cenozoic to present 
lineage comprising the extinct Xenoberotha, Microberotha, and the 
extant Speleoberotha. Notably, Xenoberotha pioneeringly obtained 
falcate wings in the early Paleogene. The lowered drag coefficient 
resulting from the wing shape potentially strengthened individuals 
of the genus for long-distance dispersal and consequently established 
a foothold on the American continent.

 We extracted and compiled the climatic niche variable threshold 
of beaded lacewings in each 10-My time bin and mapped them 
on the corresponding paleogeography. Among all of the environ-
mental factors constituting the climatic niche, the habitable 
﻿H- MAT patterns explained their large-scale dispersal in the first 
phase ( Fig. 5E  ). During the initial 40 My, berothids preferred 
cooler weather, while global temperature was high, which resulted 
in the habitable areas for them separately restricted in the midlat-
itudes of the northern and southern hemispheres ( 31 ). Owing to 
the northern hemispheric origin of the family, during this pro-
longed span of time with an intolerable band in the tropical lati-
tudes, the southern hemisphere was unattainable for them. Since 
the Early Cretaceous, their habitable temperature expanded, along 
with the decrease of global temperature, which provided the 
opportunity for them to cross the equator for the first time since 
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their divergence ( Figs. 2 B  and F  ,  3F  , and  5E  ). As a result, genera 
such as Sibelliberotha  reached Arabia, and the common ancestor 
of Araripeberotha  and Caririberotha  arrived in South America dur-
ing the Barremian and Aptian. The first radiative phase ended 

during the Late Cretaceous. Both lineage diversity and dispersal 
events dropped sharply, while the H﻿-MAT mapping unveils that 
the habitable area during this interval contracted severely ( Fig. 5E   
and SI Appendix, Fig. S15 ).
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 Beaded lacewings diversified rapidly and spread across the bio-
geographic realms for the second phase in the Cenozoic. The flight 
capability improvement via wing elongation and wing shape diver-
gent since the latest Cretaceous ( Fig. 3 C  and D  ), in conjunction 
with the second episode of expansion in NB during the Paleogene 
( Fig. 2B  ), provided an impetus for the worldwide dispersal of 
extant beaded lacewings. Since the Paleogene, the collision of India 
with Asia made it possible for them to reach India ( 61   – 63 ). The 
accompanying orogeny of Himalayas also established elevational 
gradients for niche divergence and species diversification ( 64 ). 
Species of Isoscelipteron , Berotha , and Lekrugeria  inhabit the pla-
teau’s eastern and southern margin of elevation around 1,000 m, 
whereas species of Asadeteva  and Nodalla  on the plateau’s west 
reach the elevation of over 3,000 m. Along with species in the 
Rockies and Andes, their high-elevation adaptation contributes 
to the accelerated ER of habitat elevation in the Neogene, associ-
ated with the rapid diversification in this period ( Fig. 2F   and 
﻿SI Appendix, Fig. S9 ). ASR and ER jointly demonstrate that the 
beaded lacewings had adapted high elevation temporarily in the 
Jurassic-Early Cretaceous and early Paleogene (SI Appendix, 
Figs. S7–S9 ). Their multiple and independent alpine exploration 
as well as consistent relatively high latitudinal tendency were likely 
driven by their cooler predilection. During the Miocene, beaded 
lacewings attained the Australian (AU) realm for the first time 
when the plate approached Asia, for which, tectonics set the stage 
once again ( 65 ,  66 ). Collectively, the dispersal frequency shows a 
significantly positive correlation with WL ( Figs. 3C   and  5 A  and 
﻿B  ). The berothids with forewings longer than 6.7 mm show nota-
bly more frequent dispersions (SI Appendix, Fig. S16 ). This further 
indicates the advanced flight efficiency from wing elongation ben-
efited beaded lacewings for dispersal over large-scale geologi-
cal history.

 The evolution and dispersal history of beaded lacewings 
unveils an intricate interaction between Earth environmental 
change and biological adaptation for over 170 My and involving 
multiple factors. Concerning external circumstances, global cli-
mate change had a significant impact on the lineage’s diversity, 
a causal effect on NP and NB variation, and facilitated large-scale 
dispersal during their first radiative phase. Tectonics brought 
about necessary paths for the lacewings to occupy the final two 
available realms in the Cenozoic and shaped the biogeography 
of modern berothids. In regard to beaded lacewings per se, they 
accomplished lineage diversification and geographical dispersal 
by niche expansion in concert with dispersal ability enhance-
ment, in response to a constantly changing Earth with intermit-
tently advantageous or disadvantageous outcomes. The niche 
variation played key roles in their dispersal history, particularly 
in the first phase, by means of durational expansion of NB and 
adjusting relevant niche factors under patterns of phylogenetic 
conservatism and evolutionary lability with regard to different 
variables. This accounts for the early-stage elevated rate of change 
for most relevant niche factors ( Fig. 3 B , E , and F  ). Since the 
late Paleogene, beaded lacewings dispersed rapidly and occupied 
all the zoogeographic realms, which can be attributed to the 
considerably increased lift-to-drag ratio through wing elongation 
and trade-offs between raising lift-to-drag ratio and reducing 
drag coefficient by the divergence of wing shapes co-occurring 
in the Cenozoic. By compiling paleo/modern climate and fossil/
extant species data, synthesizing phylogenetic analyses, niche 
modeling, CFD modeling, and historical biogeographic analyses, 
a dispersal map of beaded lacewings through over 170 My was 
reconstructed, revealing a long-term game between the evolving 
Earth and the organisms’ changing adaptive strategies.   

Materials and Methods

Data Compilation.
Taxa selection. The data matrix consists of 103 morphological characters 
and 53 taxa (Dataset  S6), including 50 genera of Berothidae and three out-
group genera: Nallachius (Dilaridae), Plega (Mantispidae), and Mucroberotha 
(Rhachiberothidae). All operational taxonomic units (OTUs) in the matrix are 
genera. The ingroups include all 25 extant genera of Berothidae. Additionally, 
25 fossil genera were included in the ingroups, encompassing representatives 
from all geological strata with fossil berothid records, which ranges from the 
Middle Jurassic to the Eocene (26). Only genera from a same stratum of ingroups 
but with limited available characters were excluded.

Fossil ages were used for estimating divergence times in Bayesian tip-dating 
analyses, referring to the lower and upper boundaries of the fossil yielding strati-
graphic ages. The chronological constraints of fossil taxa were derived from the 
original literature and referred to the database Lacewing Digital Library (26) (LDL: 
https://lacewing.tamu.edu).
Morphological characters and molecular sequences in the matrix. Totally 103 
morphological characters of adult berothids were collected from the head, thoraces, 
legs, wings, abdomen, and genitals. Characters were coded from the original liter-
ature, photos, and examination of type specimens. All character states were treated 
as discrete and unordered. Taxa were coded as polymorphic when a taxon has more 
than one state. Unknown character state is coded as “?,” and inapplicable character is 
coded as “−.” Most of the genera were coded according to the holotypes. When some 
characters are not preserved in the holotype, the matrix refers to other specimens or 
species in the same genus. Sequences of four genes (16S, 18S, CO1, and CAD) for spe-
cies of nine extant genera (Berotha, Isoscelipteron, Lomamyia, Naizema, Ormiscocerus, 
Podallea, Quasispermophorella, Spiroberotha, and Stenobiella) of Berothidae and 
three outgroups (Mucroberotha, Plega, and Nallachius) were retrieved from GenBank 
(Dataset S8). The sequences were aligned using MEGA X (67). The morphological 
and molecular matrices were coded and concatenated in Mesquite ver. 3.70 (68).
Distribution data of fossil and extant species. The distribution data of fos-
sil and extant species of Berothidae were compiled from databases, including 
Fossilworks (http://www.fossilworks.org), LDL (26) (https://lacewing.tamu.edu), 
and literature (27, 28, 69, 70). The fossil data were subsequently processed based 
on the modern coordinates and stratigraphic ages of each fossil deposit. Using 
the R package “rgplates,” the fossil species distribution data were converted to 
the paleocoordinates of their corresponding time (71, 72).
Paleo- and modern climate variables. The environmental variables were selected 
based on the rationale of i. the environmental variables that may influence or 
restrict the terrestrial biogeography, and ii. the compatibility of the available data 
in modern and deep time. Eventually, eleven variables were used in this research 
(SI Appendix, Table S1). The global modern environmental raw data were collected 
from the database WorldClim (73) (https://worldclim.org) at 0.167° × 0.167° res-
olution. For the unavailable variables in the database, they were calculated using 
netCDF Operators according to criteria in ref. 74. The global paleoenvironmental 
data were extracted for every 10-My interval from literature (32, 75), then processed 
and applied at 1° × 1° resolution in latitude and longitude (Global background 
variables in SI Appendix, Table S1). Then the global mean values were calculated 
for each 10-My interval. The global mean MAT was derived from ref. 31, which 
provides data of finer time scale.

The environmental data of each individual specimen locality were extracted 
according to their (paleo)coordinates of corresponding time (berothid habitat 
variables in SI Appendix, Table S1). In total, data were compiled from 67 fossil 
and 1,136 extant recorded specimens covering all the valid berothid species.

Ecological Niche Modeling (ENM) for Extant and Fossil Berothids.
Data processing. Eleven (paleo)environmental variables of all fossil and extant 
berothid specimen localities were collected for ENM. First, the correlations among 
environmental variables were tested using the Pearson correlation coefficient to 
avoid overfitting in the modeling (SI Appendix, Table S7). The high correlated 
variables were grouped for ensuing selection. Next, principal component anal-
ysis (PCA) was performed on all variables. According to the contributions of the 
variables to the principal components, the most contributable variable in each 
high correlated group was selected for the subsequent modeling. After screened, 
six environmental variables were used in the modeling (SI Appendix, Table S8).
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The fossil and extant specimens were divided into two datasets for separately 
modeling, in order to compare their niche difference or similarity. Considering the 
numerous and densely distributed extant specimens and the possibly consequent 
overfitting geographically, the data were screened on the basis of 6-km buffer.
Hyperparameters optimization. The hyperparameters were pretested and selected 
using the R package “ENMeval” before the modeling (76). According to the results 
(SI Appendix, Figs. S17 and S19), we used all linear features for modeling of the 
fossil sets and autofeatures for the extant set. Besides, random seeds were set as 
20% for the random test, and the regularization multiplier was set as 1.5.
Ecological niche modeling. The modeling was performed using MaxEnt sepa-
rately for i. all fossils, ii. Mesozoic-only fossils, and iii. extant specimen datasets 
(77). Each set was repeated ten times and the averages were used as the final 
results. The models were evaluated by AUC (area under curve of receiver operating 
characteristic) (SI Appendix, Figs. S18 and S20). Since the fossil species were from 
different geologic times, the environmental variables of each fossil specimen were 
extracted according to its geochronologic time and paleocoordinates. Then, the 
exact environmental data of each fossil were projected to replace the correspond-
ing paleocoordinates on the paleoclimate and paleogeographic map at 100 Ma as 
a representative in the deep time. The same procedure was applied to the modern 
climate and geographic map. So, the fossil dataset was modeled independently 
on the global circumstances at 100 Ma and the present. For comparison, the 
modeled niches of extant species based on the modern Earth was projected on 
the paleoclimate and paleogeographic map at 100 Ma too.

Phylogenetic Analyses.
Phylogenetic analyses and divergence time calibration. Bayesian tip-dating 
analyses were performed to assess the phylogenetic relationships among genera 
of Berothidae by MrBayes 3.2.7 (78). The fossilized birth–death process (FBD) was 
used as a prior for the time tree (79). The tree age prior for the FBD process was 
assigned an offsetgamma prior with mean age of 165.9 Ma and minimal age of 
163.5 Ma, derived from the oldest fossil berothid species of Sinosmylites (24, 80). 
The uncorrelated independent gamma rates (IGR) clock model (81) combined with 
the gamma-distributed rate model were selected by stepping-stone sampling and 
estimating marginal likelihoods. Two simultaneous, completely independent runs 
were executed in Markov chain Monte Carlo, with four chains (three heated chains 
and one cold chain with temperature 0.04) per run for 80 million generations and 
sampled every 2,000 generations. Two runs converged when the average SD of 
split frequencies is less than 0.005. The first 25% of samples were discarded as 
burn-in. The remaining samples from the two runs were combined. Parsimony 
analyses were conducted using TNT ver. 1.6 (82). All characters were treated as 
unordered and equally weighted. Bootstrap support values were calculated from 
1,000 heuristic search (TBR) pseudoreplicates of resampled datasets.
Diversification and ER. Based on the time-calibrated phylogeny, LTT plot was 
obtained utilizing the R package “phytools” (83). NDR, speciation rate, extinc-
tion rate of the family, and ER of morphological traits and niche variables were 
estimated using BAMM v2.6 (84) (SI Appendix, Fig. S21). The prior parameters 
used in the analyses were evaluated using the R package “BAMMtools” (85). 
Each analysis utilized four reversible Markov chains and ran for over 2 million 
iterations, outputting every 2,000 generations. The outputs were subsequently 
analyzed using BAMMtools to burn in the first 20% of the samples and evaluate 
convergent by referring to effective sample size threshold of 200.
ASR. ASR for continuous trait data was analyzed using R phytools (83), and for 
discrete trait data using R “MBASR” (86). The continuous traits include the mor-
phological forewing length, and the niche variables, i.e., NP, H-MAT, habitat tem-
perature seasonality (H-TS), H-MAP, H-WMP, H-DMP, H-PS, H-EQ, H-CI, H-WMT, 
H-CMT, H-EL. The discrete data contain one morphological trait, the wing shape.

For further analyses, the reconstructed values on the ancestral nodes were 
extracted for all the niche variables. We divided the entire time interval into 
10-My bins and calculated the maximum and minimum values of each niche 
variable for the bin as the ecological threshold. Using the thresholds and paleo-
climate data, the potential suitable area through time bin series according to each 
niche variable was projected on the paleogeographic map of corresponding age 
(SI Appendix, Figs. S15, S22, and S23). Besides, the mean value of branch portion 
in each time bin was calculated using Matlab script for further niche analyses.
PSig and evolution model. Pagel’s λ and Blomberg’s K were both used to detect 
PSig, using the R package “phylosignal” (87–89). Subsequently, we utilized the 
R package “geiger” to assess models of evolution for all of the morphological 

and niche traits (90). The testing models include white-noise (nonphylogenetic) 
model (WN), Brownian motion model (BM), rate trend model (RT), mean trend 
model (MT), delta model (DT), lambda model (LB), kappa model (KP), Early-
burst model (EB), and Ornstein–Uhlenbeck model (OU).

Historical Biogeography.
Criterion and parameter settings. For the realm division and definition, we 
primarily referred to the world zoogeographic regions in ref. 91. But concerning 
the plate tectonics over a 170-My geological history, modifications were made to 
better depict the adjacency and separation of terranes through the periods. The 
Sino-Japanese was unified within PA, Oceanian unified within AU, Panamanian 
unified within NT, Madagascan unified within AT. The Indian (IN) was separated 
from OR. Margins of the SA and IN were modified too. In our final division sce-
nario, eight biogeographic realms are identified. They are the PA, OR, IN, SA, AT, 
AU, Nearctic (NA), NT (SI Appendix, Fig. S24).

A time-stratified model was set where the spatial relationships and disper-
sion multiplier were variable over different periods according to paleogeographic 
maps in ref. 38. Regarding the dispersal multipliers, when two plates were adja-
cent to each other, the dispersal multipliers between them were set as 0.75. If a 
geographic barrier exists(ed) between two regions, then the dispersal multipliers 
between them were set as 0.5. If two or more geographic barriers or other terranes 
exist(ed) between two regions, then the dispersal multipliers between them were 
set as 0.000001 (Dataset S10).
Historical biogeography analyses and dispersal frequencies estimation. 
The maximum likelihood estimations of ancestral area of the inner nodes in 
Berothidae phylogeny were assessed using the R package “BioGeoBEARS” 
(92, 93). Initially, all models were tested, including the LAGRANGE Dispersal-
Extinction-Cladogenesis (DEC) model (94), the Dispersal-Vicariance Analysis like 
(DIVALIKE) model (95), BAYAREALIKE model (96), and their respective derivative 
founder-event jump dispersal (+j) models (founder-event speciation).

Besides the model evaluating process by the package, we also referred to 
the reconstructed habitable areas in the deep time from the preceding analyses. 
Combining the AICc value and niche verification, the DIVALIKE model was selected 
for the final estimating analyses. Using the best-fitting model, 200 Biogeographic 
Stochastic Mappings (BSM) were performed, which calculated the biogeograph-
ical dispersal events and the corresponding percentages. The dispersal events 
were estimated for the entire family.

The number of dispersal events per My from the biogeographic analysis was 
extracted. The average WL for each 1-My time bin was derived from the ASR 
result. Spearman correlation coefficient between dispersal events per My and 
WL was calculated. Afterward, the dispersal event data were divided into two 
categories: i. the more frequent dispersal group valued 1 for bins with dispersal 
events exceeding the mean value, and ii. the less frequent dispersal groups val-
ued 0 for bins with dispersal events less than the mean value. A hidden Markov 
model was constructed by integrating the categorized dispersal data and WL data, 
employing the R package “HMM” (97). Logistic regression was then performed in 
the R package “ggplot2” (98) using 10,000 iterations generated by the hidden 
Markov model. For both raw data and hidden Markov model simulated data, 
kernel density estimations were conducted to model their probability distribution.

NB and NP. The NB and NP were assessed using Outlying Mean Index analyses 
by the R package “ade4” (99, 100). Two datasets are used for the analyses. One is 
the environmental data of different periods, and another one is the abundance 
of berothids in the corresponding period and site. We proceeded with two sets of 
experiments according to different age division schemes. In the first scheme, all 
the environmental conditions of fossil and extant species were compiled, and then 
divided into five geochronological intervals (SI Appendix, Table S9). For the other 
one, we extracted and supplemented the environmental variables from all the inner 
nodes according to the results of ASR. Most environmental variables were divided 
into time bins of 10 My, except the period from 105 to 65 Ma. The time bins in this 
period were divided for every 20 My owing to limited records and data during this 
interval. Totally, there were 16 bins in the second scheme (SI Appendix, Table S10).

Causal Inference. Convergent Cross-mapping analyses were performed to infer 
the causality between the global climate changes and biological variation involv-
ing NB, NP, LTT, and NDR (101) (SI Appendix, Figs. S25 and S26). The analyses 
were conducted using the Python package “causal_ccm” (102). Two opposite 
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causal directions between the climatic and biological variables of each set were 
tested in the analysis. The results were evaluated by comparing the prediction 
skills through test length and P-values between the two directions. Thus, only 
the direction with mostly higher prediction skill as well as lower and significant 
P-value indicates the significant and more probable causality direction between 
the two variables, while the other or both direction(s) are denied.

CFD Modeling.
Data compilation and statistical analyses. Atmospheric variables of all the 
extant berothid individual localities were collected from the database WorldClim 
(73) (https://worldclim.org) and further processed for testing their influences on 
flight aerodynamic efficiency in the subsequent analyses. The air density ( � ) is 
calculated according to Dalton’s law of partial pressure (103) (Formula 1), and the 
air viscosity ( � ) is calculated by Sutherland’s law (104) (Formula 2), as follows:

� =
P

Rg,dT

[

1−
Rg,dPv

P

(

1

Rg,d
−

1

Rg,v

)]

,

� = �ref

(

T

Tref

)3∕2

⋅

Tref + S

T + S
,

where P is the atmospheric pressure; Pv refers to the partial pressure of water 
vapor, reflecting the moisture content of the air; T is the absolute temperature; 
Rg,v is the gas constant for water vapor, taken as 461.5 J/(kg·K); and Rg,d is the gas 
constant for dry air, taken as 287.1 J/(kg·K). In addition, Tref is a reference tem-
perature; μref is the viscosity at the reference temperature Tref; S is the Sutherland 
temperature, taken as 110.4 K.

The forewing lengths, the atmospheric variables, and relevant niche climate 
factors of all berothid species and individual localities were compiled and com-
puted. The forewing lengths of falcate wings ranged from 6.4 to 14.1 mm. In 
contrast, the oval-shaped wings ranged from 1.7 to 15 mm, but mostly in short 
length. The data of forewing lengths, the atmospheric variables, and relevant 
niche climate factors between two shape types were tested for independent 
conditions by Welch’s t test and Mann–Whitney test. The correlations of habitat 
environmental variables with WL/shape were analyzed using phylogenetic gen-
eralized least squares analysis with the R package “caper” (105).
Three-dimensional models establishment. One species of each wing-shape 
type was selected for modeling, i.e., the falcate Isoscelipteron pectinatum and 
the oval-shaped Iceloberotha simulatrix. 3D models were created using Blender  
(v. 3.6) and further processed in Ansys SpaceClaim for the subsequent CFD anal-
yses. We utilized the Meshing component in Ansys Workbench to implement 
mesh generation, and performed the final simulations in Fluent (v. 2022 R1).

The field domain settings in the CFD modeling were based on the berothid 
habitat environmental conditions, involving airflow velocity (v), air density (ρ), 
and viscosity (μ). After calculated and compiled these three atmospheric variables 
of all extant berothid individual specimen records, we derived the maximum, 
minimum, and mean values of each variable in the dataset (SI Appendix, Fig. S27 
and Table  S11). In the transient analyses, six sets of field domain conditions 
were constructed using the maximum or minimum value of one of the variables 
combined with the mean value of the remaining variables, which signified the 
extremum of each variable (SI Appendix, Table S3). In the ensuing steady analyses, 
the field domain conditions were set as the mean values of airflow velocity, air 
viscosity, and the minimum value of air density for a relatively adverse circum-
stance. Additionally, for testing temperature influence on aerodynamic efficiency 
between wing shapes, the median value of H-MAT of each wing shape habitats 
as well as the atmospheric variables of the corresponding habitat were used to 
perform steady analyses for each wing shape.
Fluent setup. The airflow velocity of each domain was set at the inlet boundary, 
which is anterior to the insect. The turbulence intensity at the inlet boundary was 
set as 5% and a zero-pressure at the outlet boundary, which is posterior to the 
insect. The default settings of the physical model SST k-� were used uniformly for 

all simulations, with the effects of gravity considered. During the modeling, the 
pressure-based solver and coupled algorithm were used to solve the Reynolds-
averaged Navier–Stokes equations, till the residual reaching convergence. In the 
transient analyses, the Bounded second-order implicit formulation was applied 
and the Flow Courant Number was set to 200. The pseudotime method was used 
in steady analyses. The lift coefficient and drag coefficient were monitored during 
the analyses. For each steady simulation and each time step in the transient 
analyses, the computation converged when residuals reduced to less than 0.001. 
In the analyses for temperature impact, the absolute criteria for residuals were 
set to 1e-06.
Transient analyses. In the transient analyses, CFD simulations of berothid with each 
wing shape/length were performed in six flow field conditions. The computational 
domain is composed of a cube with length of each side as 100 mm. For oval-shaped 
wing of 4.5 mm long, the side length of the domain cube is 50 mm instead. The 
field model was meshed using an overset mesh approach in Ansys-Meshing. The 
component domains were constructed by applying Boolean operations. By resiz-
ing the global and local dimensions and capturing the curvature and proximity, 
the model was meshed until reaching quality criterion, which is justified by the 
minimum orthogonal quality greater than 0.2 and no orphan meshes present. 
During the modeling, the wing vibration frequency was 20 Hz and the flapping 
angle amplitude was 120°, referring to the observation data of lacewings and other 
insects (106, 107). The maximum lift-to-drag ratio (L/Dmax) over an entire stroke cycle 
of each simulation was extracted and used to compare the flight efficiency among 
wing shapes and lengths under different environmental conditions. The median 
values of the forewing lengths of either wing shape were used in the simulation  
(9 mm for falcate wing, 4.5 mm for oval-shaped wing). Afterward, oval-shaped wing 
of 9 mm long was also simulated for comparison.
Steady analyses. In the steady analyses, the fluid domain was established in 
SpaceClaim by constructing a shell for each case of modeling with a default cushion 
of 200%. The size of cubic domain is approximately 45 × 40 × 36 mm3. By adjusting 
the mesh sizes and capturing the curvature and proximity in Ansys-Meshing, the 
model was meshed until reaching quality criterion, which is justified by the mini-
mum orthogonal quality greater than 0.2. The lift coefficient (Cl), drag coefficient (Cd), 
and lift-to-drag ratio (L/D) of the two wing shapes were calculated for comparison. 
Both types of wings were of the same length in 9 mm, at wing angles-of-attack (α) of 
2°, 4°, 6°, 8°, 10°, 12°, 16°, 20°, 24°, 30°, and 36°. In the steady analyses, the wings 
are assumed to be rigid flat plates and their aerodynamic effects are considered as 
symmetric. Therefore, only one wing was simulated in the analyses.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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