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Abstract:  

More than 60% of all animal species are insects that undergo complete metamorphosis. The key 
innovation of these holometabolous insects is a pupal stage between the larva and adult when 20 
most structures are completely rebuilt. Why this extreme lifestyle evolved is unclear. Here we 
test the hypothesis that a trade-off between growth and differentiation explains the evolution of 
this novelty. Using a comparative approach, we find that holometabolous insects grow much 
faster than hemimetabolous insects. Using a theoretical model, we then show how holometaboly 
evolves under a growth-differentiation trade-off and identify conditions under which such 25 
temporal decoupling of growth and differentiation is favored. Our work supports the notion that 
the holometabolous life history evolved to remove developmental constraints on fast growth, 
primarily under high mortality.  
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Metamorphosis, the life-cycle discontinuity between larval and adult phenotypes, is found in the 
majority of animal taxa (1) and is commonly explained as an adaptation that allows organisms to 
optimize their phenotypes to different habitats or diets (2, 3). More than 60% of all extant animal 
species are insects (4), 80% of which undergo an extreme form of metamorphosis: holometaboly. 
Holometabolous insects are monophyletic (5) and radiated in the Mesozoic (6). In holometabolous 5 
insects, the pupal stage is an evolutionarily novel phenotype interposed between the larval and the 
adult stages. During this phase of development, most of the body is radically reorganized, both 
externally and internally (7–10), building on embryonic tissue that has passed through the larval 
stages in a determined but not differentiated state (11–13). In the pupa, differentiation of adult 
organs takes place as does the replacement of almost all larval organs, leading to the emergence 10 
of a distinct adult life form (8, 9, 14, 15). Holometaboly has fascinated students of natural history 
since Aristotle (10, 16)´, yet the evolution of this extreme form of metamorphosis is puzzling: if 
decoupling different life stages is the key adaptation of metamorphosis (1, 17), simpler forms of 
metamorphosis such as hemimetaboly should suffice. What is then the extra driver for the 
evolution of complete metamorphosis? 15 

One intriguing hypothesis to explain the evolution of complete metamorphosis is that it enables  
the almost complete decoupling of growth and differentiation of adult structures (8, 18). While a 
trade-off between growth and differentiation is widespread in animals and plants (18–21), fast 
growth is selectively favored under many environmental conditions. These include time 
constraints (22), competition for  ephemeral resources (23) and size or stage-specific mortality 20 
risks (24). In holometabolous insects, growth is confined to the larval stage and differentiation of 
adult organs almost entirely to the pupa, hence the growing larva should be mostly released from 
any constraints imposed by a trade-off between growth and differentiation (18). In contrast, in 
hemimetabolous insects, growth and differentiation occur throughout nymphal development, 
meaning that nymphs are almost certainly constrained by a trade-off between growth and 25 
differentiation (20, 25)  

To investigate the hypothesis that decoupling growth and differentiation is the adaptive explanation 
for the evolution of complete metamorphosis, we first employ a comparative analysis to ask if 
holometabolous insects grow faster than hemimetabolous insects. We then implement the trade-
off between growth and differentiation into a mathematical model that demonstrates how the trade-30 
off could result in the evolution of a holometabolous lifecycle. We explore the conditions under 
which the transition from hemi-to holometaboly can arise. 

 

Comparative analysis of growth rates 

For our comparative analysis, we used a database with an entomological/faunistic focus covering 35 
studies that were conducted under comparable conditions (see methods in supplement), to reduce 
variation caused by environmental factors. In total, we obtained data for 33 insect species, 
including 21 hemimetabolous and 12 holometabolous insects (figure 1, figure S1, S2). Our 
results show significantly higher relative growth rates (RGR) in holometabolous compared to 
hemimetabolous insects (RGR = 0.0548; 95% CI = 0.0109, 0.0986; p=0.016; figure 1 and tables 40 
S2, S3). Variance heterogeneity was high (I2 = 96.57%) and differed significantly between 
hemimetabolous and holometabolous insects (Breusch-Pegan test, p<0.0001; see table S4). The 
percentage of variation attributed to the type of metamorphosis (R2) was 20.79% in RGR. Half of 
the variance was explained by phylogeny and the other half was explained by differences among 
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species (table S4). The maximum growth estimates of holometabolous insects were much higher 
than those of hemimetabolous insects (see figure 1 and table S7).  
 

 

 5 
 

Figure 1: Differences in growth rates between hemi-and holometabolous insects. Mean relative growth rate 
(MGR, averaged over all immature moults and controlled for developmental times) per day among hemimetabolous- 
and holometabolous insects (RGR = 0.0548; 95% CI = 0.0109, 0.0986; p=0.016). Filled circles with black borders 
indicate mean growth estimates, with error bars depicting 95% confidence. Each circle without a black border 10 
represents the values of a particular insect species (scaled by their precision). Note: RGR is plotted on a log 10 scale. 

 
Modelling how decoupling favors growth  

 
Given that the comparative data showed that holometabolous insects grow faster than 15 
hemimetabolous insects, we next investigated the conditions under which complete 
metamorphosis may have evolved. Specifically, we explored how this unique form of 
metamorphosis including a pupal stage might have been shaped by a trade-off between growth 
and differentiation. To do this, we developed a minimal model of an insect life cycle with a 
growth phase of duration t during which allocation towards differentiation can occur, followed 20 
by a (facultative) phase of pure differentiation, of duration 𝛥 (Figure 2). Both growth and 
differentiation saturate, reflecting the existence of an asymptotic size, LT, and a final state of 
differentiation beyond which further differentiation is impossible.  
 
We found that the holometabolous life cycle (resource allocation towards differentiation absent 25 
during the growth phase𝑟! = 0 and present after the growth phase 𝑟" > 0) evolves at high rates of 
background growth rate, k (Figure 3, 3rd and 4th panels). Increasing k is also associated with a 
declining duration of the growth phase t (Figure 3, 1st panel) (26). Furthermore, the threshold 
value of k for the transition to a holometabolous life cycle declines with increasing mortality 
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(Figure 4), as increasing mortality diminishes returns from investment in the growth phase. 
Qualitative results are invariant to the magnitude of 𝐿# and 𝑣.   
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Figure 2: Schematic of the model. Organisms can adopt a holometabolous (top panel) or hemimetabolous (bottom 
panel) life cycle. In the former, a period of growth in size (accumulation of blue bricks; size at t is defined by 𝐿$ =
𝐿#(1 − 𝑒%('()!)($%+),, is followed by a period of differentiation (accumulation of red bricks, simplified to 𝑟", see 
text). k describes the background growth efficiency realized in the absence of resource allocation,  𝑟" quantifies the 5 
resource allocation towards growth in size, and 𝑣 captures the hypothetical age at which size would be zero 
(required to prevent negative growth). For hemimetabolous life cycles, differentiation can also occur during the 
growth phase (pink bricks, lower row), by allocation of 𝑟! resources. This reduces resources available for the rate of 
growth in size (greyed out bricks, upper row). During the final life phase in a hemimetabolous life cycle, remaining 
resources, 𝑟", can be used to make up remaining differentiation possible,  𝑟"𝑒%)"($%+), noting that for the 10 
holometabolous life cycle, 𝑟!=0, so this reduces to 𝑟". Our model reflects a simplification of the full process of 
differentiation over time, as is captured by the inset red box. With limited data to inform this part of the model, we 
collapsed this down to a single phenomenon of allocation without explicitly encompassing the duration of mortality 
during the phase of differentiation. The total resources pool is constrained such that  𝑟, + 𝑟! + 𝑟" = 1 (schematic, 
bottom right). Growth in size and differentiation are then combined to define fertility, and this is multiplied by 15 
survival during the growth phase to define fitness.  
 
 
 
 20 
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Figure 3: Optimal resource allocation. We numerically identified the duration of the growth phase, t (left panel), 
and allocation towards growth and differentiation during the growth phase (r1 and r2, from which r3 follows; center 
and right panels) that maximizes fitness, R0, across a range of values of k,  the background growth efficiency. To 5 
identify conditions that result in the evolution of a holometabolous life cycle, we contrasted the full optimization 
(solid line) with optimal parameter values for an obligate hemimetabolous life cycle, i.e., where r3=0 (dashed lines). 
While background growth efficiency, k, increases, the optimal duration of the growth phase, t, declines, as 
individuals can reach the asymptotic size faster. Optimal allocation of resources towards the growth rate r1, also 
declines, as allocation towards differentiation during growth r2,  increases. However, for the flexible life cycle (solid 10 
line) this quantity eventually collapses to zero as the growth rate is so high and thus the duration of the growth phase 
is so low, that resources for differentiation are optimally allocated entirely towards the final differentiation phase, r3 
reflecting a transition to a holometabolous life cycle (vertical blue line). For the obligate hemimetabolous life cycle 
(dashed line) the patterns are monotonic along the  x-axis. These results reflect a mortality rate of 𝜇- = 0.01.  
 15 
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Figure 4: Threshold growth rate for the transition to a holometabolous life cycle under increasing mortality. 
As mortality during the growth phase 𝜇-increases, the fitness contribution of the growth phase declines. As a result, 5 
the threshold growth rate k at which a transition to holometabolous life-cycle is expected, declines.  
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in the presence of a trade-off between growth and differentiation, selection for fast growth results 
in the temporal decoupling of growth and differentiation and can result in the evolution of 
holometaboly. This effect is exacerbated under increasing risk of mortality. Taken together our 
findings are highly consistent with the idea that holometaboly enables insects to escape the 
developmental constraints imposed by a trade-off between growth and differentiation.  5 

Further support for the idea that a growth-differentiation trade-off selects for decoupling is 
provided by species that forego metamorphosis at least partially and obtain high growth rates. This 
for example applies to the neotenic Larvaceans, a group of  tunicates, which have one of the fastest 
growth rates of all animals (29). Similar results have also been reported in salamanders where 
paedomorphic individuals, individuals that forego metamorphosis, enjoy an advantage under good 10 
growth conditions (30). Within the holometabolous insects a paedomorphic life style evolved 
independently a few times (31), for example in the parasitic Strepsiptera. Here females forego the 
pupal stage and attain a much higher mass at sexual maturity than fully differentiated males, 
without having a much longer development time. In all of these species, fast growth is achieved 
by reducing differentiation into adult forms except for the reproductive organs. As the ancestral 15 
state of insects is winged to allow for adult dispersal, simply reducing differentiation of adult 
structures such as the wings seems not viable in most ecological situations. The Strepsiptera 
mentioned above for example are endoparasites of winged insects (e.g. wasps), so dispersal for 
female strepsipterans is available.  

Foregoing differentiation almost completely during growth in the holometabolous insects seems 20 
to have been enabled by a prolonged embryonic stage that forms the larval stage in holometabolous 
insects (32). Berlese proposed this extension of the embryonic stage in 1913 (33). From this 
statement it follows that the pupa is homologous to the nymph of hemimetabolous insects. This 
view is strongly supported by recent work on the main transcription factors Chinmo, Broad and 
E93, which together determine the developmental transitions from larva to pupa to adult (34–37), 25 
though alternative views exist, namely that the pupa is homologous to the last nymphal instar (34, 
38). Our results do not make a statement about the developmental pathways that result in a larval 
and pupal stage of holometabolous insects, but rather identify how selection can result in 
decoupling growth and differentiation. Bringing together the developmental and the adaptive 
evolution perspective on complete metamorphosis will be an important future challenge. This 30 
should allow for understanding genetic changes and their order that were required to result in this 
key innovation of the pupa (39).  It is worth noting that complete metamorphosis in the 
holometabolous insects happens when growth has ceased. In most other taxa, most growth takes 
place in the adult phenotype. 

Selection for decoupling growth and differentiation does  not  exclude a role for existing (albeit 35 
rare (10)) alternate adaptive explanations for the evolution of complete metamorphosis (8, 40, 41). 
(a) Hinton proposed that the pupal stage would allow for larval stages without wing pads (42), 
which would be beneficial in burrowing insects, or also for life under bark (43). However, a 
phylogenetic reconstruction concludes that the ancestral holometabolan larva was neither 
burrowing nor living in crevices (44). (b) Wigglesworth in 1954 suggested that genetic 40 
independence between the larval and adult stages could be facilitated by the pupal stage (45)(46, 
47). The literature on genetic correlations between larval and adult holometabolous insects is 
relatively limited, and shows varied patterns (while in fruit flies heat resistance is decoupled (47) 
between larvae and adults, antimicrobial peptide expression is not (46)) leaving this an open 
question. A final recent hypothesis is that as complete metamorphosis entails the renewal of the 45 
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gut, it  enables organisms to exchange their gut microbiota when they change habitat and/or diet 
(40, 41), providing an additional adaptive benefit.  

How complete metamorphosis is related to the evolutionary success of the holometabolous insects, 
measured in terms of both species richness and habitat dominance, is poorly understood (8, 48). 
One explanation is that once complete metamorphosis had evolved, the resulting higher modularity 5 
would enable higher evolvability, as for example shown by the high diversity of mouthparts in 
holometabolous insects (49). If, as we propose here, the decoupling of growth and differentiation 
has been the main driver for the evolution of complete metamorphosis, then any ecological 
situation where fast growth is beneficial would give holometabolous insects a significant 
competitive advantage over other organisms that display alternative forms of metamorphosis or no 10 
metamorphosis at all. The breaking of constraints on growth almost certainly provides an added 
evolutionary benefit to the other potential advantages provided by biphasic metamorphic life 
cycles. 
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