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Abstract
1. A popular theoretical model for explaining the evolution of complex life cycles 

(CLCs) was provided by Earl Werner. The theory predicts the size at which an 
individual should switch stages to maximise growth rate relative to mortality 
rate across the life history.

2. Werner's theory assumes that body size does not change during the transition 
from one phase to another (e.g. from larva to adult)— a key assumption that has 
not been tested systematically but could alter the predictions of the model.

3. We quantified how growth rate and mass change across larval stages and met-
amorphosis for 105 species of fish, amphibians, insects, crustaceans and mol-
luscs. Across all taxonomic groups, we found support for Werner's assumption 
that growth rates are maintained or increase around transitions. We found that 
changes in growth and mass were greatest during metamorphosis, and change in 
growth correlated with development time. Importantly, most species either gained 
or lost mass when switching to a new stage— a direct contradiction of Werner's 
assumption. When we explored the consequences of energy loss and gain in a 
numerical model, we found that individuals should switch stages at a larger and 
smaller size, respectively, relative to what Werner's standard theory predicts.

4. Our results suggest that while there is support for Werner's assumption regard-
ing growth rates, mass changes profoundly alter the timing of transitions that 
are predicted to maximise fitness, and therefore the original model omits an im-
portant component that may contribute to the evolution of CLCs. Future studies 
should test for conditions that alter the costs of transitions, so that we can have 
a better understanding of how mass loss or gain affects fitness.
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1  |  INTRODUC TION

Most organisms develop indirectly and must pass through several 
morphologically and/or ecologically distinct phases, collectively 

creating what is known as a complex life cycle (CLC; Werner, 1988; 
Wilbur, 1980). The ontogenetic transition most often associated 
with CLCs is metamorphosis, when an organism reorganises its body 
plan from larva to adult, and can switch habitats or even trophic level 
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(Wilbur, 1980). Some CLC transitions are less extreme than meta-
morphosis— a change in body plan without a change in habitat (e.g. 
larval instars in insects and marine invertebrates) or a shift in habitat 
or resource use without morphological changes (e.g. many fish spe-
cies). However, even mild changes in body plan or habitat can drive 
complex ecological interactions at the population and community 
levels (Werner & Gilliam, 1984; Werner & Anholt, 1993).

Because of their ubiquity and ecological importance, there is wide-
spread interest as to why CLCs evolved. Theory and conceptual hy-
potheses have mostly focused on CLCs evolving to exploit transient 
resources (Claessen & Dieckmann, 2002; Istock, 1967; Jonsson, 2021; 
Slade & Wassersug, 1975; Strathmann, 1985; ten Brink et al., 2019; 
Wilbur, 1980; Wilbur & Collins, 1973) or reduce evolutionary con-
straints (Ebenman, 1992; Moran, 1994). One theory that is founda-
tional and widely cited, but has received little empirical attention, is 
from Werner (1986). Werner (1986, 1988) hypothesised that both mild 
(e.g. larval insects) and extreme (e.g. frog metamorphosis) stage shifts 
during ontogeny occur at a body size that minimises mortality rate (μ) 
relative to growth rate (g) across the life history (i.e. ‘minimise the ratio 
μ/g’). Growth rate is central to the Werner (1988) theory, which as-
sumes that as an individual grows, metabolic demands increase faster 
than consumption rate, so switching body plans is an adaptive, neces-
sary strategy to maintain growth rate throughout ontogeny.

Over the last 35 years since Werner's model was published, 
the μ/g ratio has been adapted for several theoretical models— the 
trade- off between resource acquisition and mortality risk (Werner 
& Anholt, 1993), host transmission of gut- helminth parasites (Ball 
et al., 2008; Parker et al., 2009), seasonal constraints on habitat 
shifts (Rowe & Ludwig, 1991), the trade- off between clutch size 
and offspring size (Sibly et al., 2018) and the evolution of plasticity 
in life- history decisions (English et al., 2016). Werner's theory was 
also used in conceptual models about the origins of marine larvae 
(Nielsen, 1997; Pechenik, 1999; Strathmann, 1993) and carry- over 
effects in insects (Stoks & Cordoba- Aguilar, 2012). Despite its pop-
ularity, direct empirical tests of the assumptions of Werner's model 
are rare. Instead, indirect support for Werner's theory comes from 
studies that show species will adjust the size and age at metamor-
phosis in response to mortality risk (Moore et al., 2018), energy in-
take (Pfennig et al., 1991) or habitat quality (Altwegg & Reyer, 2003).

The few direct tests of Werner's theory in frogs (Garcia et al., 2019; 
Touchon et al., 2015) and fish (Dahlgren & Eggleston, 2000; Werner 
et al., 1983) indicate that species do transition stages to minimise μ/g 
during ontogeny, but no study to our knowledge has considered the 
crucial assumption in his model that there are no mass changes asso-
ciated with switching life- history phases. However, there is evidence 
against the assumption— for example, during metamorphosis, seven ma-
rine invertebrates used between 10% and 65% of their energy reserves 
(Bennett & Marshall, 2005); Drosophila melanogaster pupae consumed 
27% and 35% of their initial carbohydrate and lipid reserves respec-
tively (Merkey et al., 2011); and amphibians lose up to 25% of their dry 
weight (Marian, 1982). There could also be additional costs associated 
with changes in body sizes when switching stages, such as greater mor-
tality risk (Arnold & Wassersug, 1978; Wissinger, 1988) or compromised 

growth rates in the adult stage (Pechenik, 2006). Werner (1986) men-
tions that changes in mass during a transition could alter his model's 
predictions, but comprehensive, systematic estimates of these changes 
are lacking. Here we seek to redress this knowledge gap.

To test how mass changes might alter Werner's predictions about 
size at transformation in CLCs, we conducted a phylogenetically con-
trolled comparative analysis including data for 105 species across five 
major taxonomic groups (fish, amphibians, insects, crustaceans and 
molluscs). We address two components of Werner's (1986) theory 
related to growth rate and body size across ontogenetic transitions. 
First, growth rates should either increase or should not change after a 
stage transition, as long as mortality rate either decreases or does not 
change. Because mortality rate data are rare, we only include growth 
rates. However, high mortality rates are reported early in ontogeny 
for the taxonomic groups included (Cushing, 1974; Wilbur, 1980; 
Strathmann, 1985; reviewed by Stoks & Cordoba- Aguilar, 2012), so 
it is a reasonable to assume that mortality rates decrease through-
out ontogeny. Second, Werner's theory assumes there are no costs 
or benefits to transitioning, so body mass should not change from the 
end of the one stage to the beginning of the subsequent stage. We 
found strong evidence in the comparative analysis that Werner's as-
sumption about change in body mass is incorrect, so we then used a 
numerical model to explore how introducing changes (both increases 
and decreases) in mass during a transition alter the predicted timing of 
switching, relative to Werner's original model.

2  |  MATERIAL S AND METHODS

2.1  |  Comparative analysis of larval growth rates

We conducted a systematic search following the guidelines pre-
sented in the ‘Preferred Reporting Items for Systematic Reviews and 
Meta- Analyses’ (PRISMA) statement (Nakagawa et al., 2017; O'Dea 
et al., 2021). On 23 and 24 April 2020, we used the simple search 
string function and the following search strings (Figure S1; Table S1): 

1. “larv* growth” AND weigh* AND fish
2. tadpole* AND growth AND weight* AND metamorph*
3. “larv* growth” OR parasite* AND metamorph* AND stage
4. weigh* AND “marine invertebrate” AND “larv* growth” OR “instar 

growth”

Of the 911 records identified and screened from Web of Science 
Core Collection, all databases, we assessed 173 records for eligibility. 
Additionally, we checked reference lists from the 173 records and 
from Anger (1991), retaining 317 records from 734 screened. Of the 
490 total records checked for eligibility, we included 77 studies in 
the comparative analysis. We included species with CLCs defined by 
Werner (1988) and Werner and Gilliam (1984) as species that experi-
ence an ontogenetic change in an individual's morphology, physiology, 
behaviour or niche. We only retained articles that were conducted 
under controlled laboratory conditions and included (a) species with 
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feeding larvae, (b) data across consecutive, immature stages of devel-
opment from control treatments and (c) a minimum of four data points 
per stage (in order to fit linear, quadratic and exponential models to 
the data). From the 77 studies we retained, we obtained data for 105 
species and 354 stages for the final analysis (Table S2).

For each study, we extracted body mass and time (i.e. age) data 
across stages during development. When available, we used dry mass 
but otherwise used live/fresh mass. We were interested in comparing 
relative patterns of mass change within a species, across taxonomic 
groups, so we did not account for environment (e.g. temperature, sa-
linity, etc.) across species. While absolute growth rates can be sexually 
dimorphic, the duration of the growth period and the timing of stage 
transitions tend to be similar in males and females (Testa et al., 2013). 
Therefore, when males and females were measured separately, we av-
eraged the values. We collected data in the phase before metamorpho-
sis (‘larval phase’) and after metamorphosis (‘adult phase’; adult refers 
to body form or habitat). Because Werner (1988) also applies his theory 
to mild transitions (in contrast to extreme changes in metamorphosis), 
we included species that have multiple stages within the larval phase 
(i.e. fish larval stages, larval insect instars). Therefore, we noted whether 
transitions were from one larval stage to another or whether transitions 
were from the larval phase to the adult phase (i.e. metamorphosis). 
Finally, we recorded the total number larval stages for each species. We 
found that across taxa, and even across studies within taxa, stage defi-
nitions and delineations vary. To stay consistent in our study, we made 
amendments to stage delineations when necessary (Table S3). We also 
found sources to fill in missing information from retained studies (e.g. 
number of larval stages) and also converted body size to weight when 
length was reported (equation Weight = a*Lengthb; details available in 
Table S4). In three amphibian species (Bufo bufo, Rana pipiens and Rana 
sylvatica), the tadpole and juvenile data came from different sources, 
but we ensured both stages were reared under similar temperature 
conditions (±3°C) as well as similar light:dark cycles. A list of the 77 
retained studies, as well as articles used to fill in missing information or 
convert length to weight, is available in the Data Sources section.

Because we wanted to compare across species, we could not use 
absolute estimates of growth and mass— therefore, within species, 

we bound masses and ages between zero and one by dividing them 
by the highest mass and age value for that species. Because we were 
interested in mass and growth at points immediately before and 
after a transition, using raw data could introduce significant error, 
so we instead worked with model predictions. With such broad taxa 
in our dataset, we found that growth patterns varied, so we fit lin-
ear, quadratic and exponential models to the relative mass over age 
data for each larval stage and the adult phase within species. We 
then used Akaike information criterion (AIC) to select the most par-
simonious model (Table S4; Akaike, 1978, Quinn & Keough, 2002). In 
cases where the model fit yielded body mass predictions that were 
biologically impossible (e.g. negative values), we fit the next most 
parsimonious model (summary in Table S5). Using the predictions 
from the fitted curves, we calculated derivatives as a measure of 
instantaneous growth rate (Anger, 1991; see Figure S2 for example). 
For our response variable, we found the derivative at the last time 
point of one larval stage and the derivative at the first time point 
in the next larval stage, or the adult phase (Figure 1). Then, we cal-
culated the difference between the two derivatives. If the change 
in growth rate is a positive value, growth rate after transitioning is 
greater than growth rate before, while a negative value indicates 
growth rate before is greatest. As a second response variable, we 
calculated the change in mass— mass after transition to a stage/
phase minus the final mass in the initial larval stage (Figure 1). If the 
change in mass is a positive value, the organism grew during the 
transition, or metamorphosis, and if the change in mass is a negative 
value, the organism lost mass.

It is generally accepted that insects gain little to no mass as adults 
(Nijhout et al., 2006)— hemimetabolous species can grow briefly 
while their integument is soft (Stoks & Cordoba- Aguilar, 2012), and 
there are a few examples in holometabolous (‘complete metamor-
phosis’) species in which adults can feed and moult (Haslett, 1989; 
Jeng et al., 2021). Therefore, we did not have growth rate data for 
the adult phase in insects. We did, however, measure the change in 
mass during metamorphosis— holometabolous larvae reach the max-
imum ontogenetic size in the last instar, known as ‘critical size’, after 
which they begin losing mass until reaching pupation. Therefore, we 

F I G U R E  1  Depiction of how growth rate and mass data were collected in a representative amphibian (a; Rana sylvatica) and insect (b; 
Polyommatus icarus) species. Purple circles indicate a stage within the larval phase— notice there can be multiple stages within the phase (b). 
Green triangles indicate a species is metamorphosing to the adult phase (a). Dark, tangent bars represent the derivative (i.e. growth) of each 
stage, and are labelled as Gbefore and Gafter. Mbefore and Mafter represent mass, and ΔM is the change in mass (Mafter -  Mbefore). Change in growth 
(ΔG) was calculated as Gafter minus Gbefore.
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did not record pupal mass, and instead used critical size and mass at 
emergence to quantify change in mass during metamorphosis. As 
with the other taxonomic groups in our study, we worked with rel-
ative values by first dividing mass and time by the maximum mass 
and time for that species, then we calculated the change in mass as 
described above.

We had 100 species and 343 stages for which we measured both 
change in growth rate and mass. We had an additional 11 metamor-
phic transitions (for two amphibians and nine insects) for which only 
change in mass was available, taking the total number of species in 
the change in mass analyses to 105 (see Table S2 for summary).

Because this study is a comparative analysis, ethical approval 
and site permission were not required.

2.2  |  Numerical model

We found that, in contrast to Werner's assumption, mass changes 
significantly during life- history transitions (see Results). We were 
therefore interested in exploring how these mass changes would af-
fect the predictions of Werner's model. We extended his model in 
a numerical framework (as Werner noted, this model has no closed 
form analytical solution) to explore how mass change during a tran-
sition affects the optimal size at which an individual switches to 
a new phase and explored this effect across a range of mortality 
regimes. First, we will describe and adapt the mathematical details 
from Werner (1988).

Werner models growth for a single phase as the difference be-
tween intake and metabolic rates:

where g is the surplus energy available for growth and M is body 
mass. The constants a and b describe the hypoallometric relation-
ship between body mass, and intake and metabolic rates respec-
tively. The constants h and k depend on environmental conditions 
like temperature, resource availability, activity level, etc. For each 
life- history phase, Equation 1 yields a concave curve describing the 
relationship between growth rate and mass (Figure 2a).

Mortality is the second component of Werner's theory and is 
described by the equation:

where μ is mortality and j and c are constants. In Werner's model, we 
compare the ratio of μ:g in each phase, yielding a convex curve with 
body mass (Figure 2b). For a given combination of environmental 
conditions, the optimal size at which an individual should transition 
from one stage/phase to another is the point at which the μ:g curves 
overlap (Figure 2, dotted lines).

Equations 1 and 2 describe the growth and mortality rates of an 
individual when there is no change in mass during a transition to a 
new stage/phase, an assumption of Werner's theory (Werner, 1986, 

1988). We tested the assumption about mass change in our compar-
ative analysis, and so we wanted to explore how mass loss and mass 
gain during a transition alter size at switching. We used the following 
equation:

where Mn is the mass of the individual after transition to a 
new stage (i.e. the initial mass after switching). The constant e 

(1)g = hMa
− kMb

,

(2)� = jMc
,

(3)Mn = M + eMd
,

F I G U R E  2  Hypothetical predictions from Werner's model 
for two life- history phases. Black dotted lines designate where 
the curves from each phase cross, which is the mass at which an 
individual should switch phases. Panels a and b are predictions from 
the original model from Werner (1986, 1988). Note when mortality 
is included (b), the optimal size at switching is larger compared to 
when only growth rate is included in the model (a). The dashed 
green curve in panel c represents one possible outcome if Werner's 
model incorporates change in mass during transition to a new 
phase— in this example, the new curve shifts to the right and size 
at switching predicted by the new model is larger compared to 
Werner's original model.
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represents the mass coefficient and can be a negative value, rep-
resenting a loss in mass, or a positive value, representing mass 
gain. The constant d, or mass scaling, describes the allometric 
relationship between mass change and body mass. Mass costs 
or gains are incurred after an individual switches to a new phase, 
so Equation 3 is only applied after a transition. When we use Mn 
from Equation 3 in place of M in Equations 1 and 2, we obtain 
a μ:g curve that incorporates mass change during a life- history 
transition (Figure 2c).

We explored the model numerically by using the range of pa-
rameter values in Table 1. Because we modelled two consecutive 
phases, when appropriate, we denoted parameters with the sub-
scripts 1 and 2 for the phase before and after transition respectively. 
The scaling exponents a, b and c (for intake, metabolic and mortality 
rates respectively), were chosen based on Werner's (1988) assump-
tions and some empirical data (Werner & Gilliam, 1984). For intake 
rate, a1 < a2 based on empirical evidence that switching phases in-
creases size- specific feeding (Werner & Gilliam, 1984). Overall, in-
take rate has a shallower scaling with body mass compared to scaling 
for metabolic rate— the metabolic exponent b is on average 0.75, so 
a <0.75 (reviewed by Werner, 1988). Data on mortality rates are rare 
and likely dependent on environment, but generally, mortality for a 
single environment is modelled as a decreasing hypoallometric rela-
tionship with body size, so −1 < c < 0.

The coefficients for intake and metabolic rates (h and k respec-
tively) are generic and reflect that intake rate likely increases after 
switching to a new environment (Werner, 1988). For mortality, we 
wanted to evaluate how different levels and timings of mortality 

affected size at switching— we had three levels of mortality (high, me-
dium and low), across two scenarios— one where mortality was high-
est in the first life- history stage/phase and the other when mortality 
was highest in the second life- history stage/phase. Finally, we also 
had a scenario where mortality was equal across both life- history 
stages/phases— together these yielded seven unique combinations.

To explore how mass costs and gains during a transition affect 
size at switching, we used mass coefficient (e) values that resulted in 
a range of mass changes, from losing one- half of body mass during a 
transition to gaining 10% of mass during a transition. We used this 
range because it represents the range of mass changes that we ob-
served in our comparative analysis. The final component of the model 
we were interested in exploring is how mass costs and gains scale 
with body mass. For the mass scaling value in Equation 3, we mod-
elled the mass coefficient scaling isometrically with body size (d = 1), 
meaning all individuals, regardless of size, lose or gain the same per-
centage of body mass when they switch stages/phases. We also mod-
elled the mass coefficient scaling hypoallometrically with body mass 
(d = 0.5, 0.8), meaning larger individuals lose proportionally less mass 
relative to smaller individuals (Pettersen et al., 2017, 2019).

We plotted the model's predictions for size at transition relative 
to the mass coefficient, across the described mortality and energy 
scaling scenarios. Because the absolute values of the model's out-
put are determined by the values of the parameters, we calculated 
relative size at switching as the per cent relative difference of the 
new model's predictions from the predictions of Werner's original 
theory. For example, a 0% relative switching size represents no de-
viation from Werner's predictions, while a relative size at switching 
of 100% represents a 100% increase, or doubling, in switching size 
predicted by the new model relative to Werner's original theory. We 
therefore show the proportional change in body size based on the 
modified model's predictions relative to the predictions in Werner's 
original theory.

2.3  |  Statistical analysis

To assess how growth rate and mass change during development, 
we conducted a phylogenetically controlled analysis in the R v4.0.2. 
We accounted for phylogenetic non- independence by constructing a 
phylogenetic tree using the Open Tree of Life v3.0.11 and the rotl 
(Michonneau et al., 2016), ape (Paradis & Schliep, 2019) and phytools 
(Revell, 2012) packages. A relatedness matrix was included as a ran-
dom effect in linear mixed models using the phyr (Li et al., 2020) pack-
age. The phylogenetic linear mixed model includes the random effect 
‘phylogeny’ (i.e. relatedness matrix) that accounts for variance associ-
ated with shared evolutionary history among species. The model also 
includes the non- phylogenetic random effect ‘species’ that accounts 
for repeated measures within a species. We had two types of repeated 
measures in our data— for a single species, we could have data for mul-
tiple larval stages or data for both the larval and adult phases.

We were interested in testing two hypotheses related to Werner's 
assumptions: (a) growth rate is either maintained or increases after 

TA B L E  1  Parameters used in numerical model testing Werner's 
theory of optimal size at transition in complex life cycles. 
Parameters e, d and Mn are parameters that were not included in 
Werner's original model, but are incorporated here to test how 
change in mass during transitions to a new life- history stage or 
phase might alter the optimal size at switching.

Parameter Description Value

g Growth rate Deterministic

μ Mortality rate Deterministic

M Body mass Range 1– 2,000

h Environmental constant for intake 
rate

h1 = 2; h2 = 1.5

a Intake rate scaling exponent a1 = 0.66; a2 = 0.7

k Environmental constant for 
metabolic rate

1

b Metabolic rate scaling exponent 0.75

j Environmental constant for 
mortality rate

2, 2.25, 2.5, 2.75

c Mortality rate scaling exponent −0.66

e Mass coefficient Range −0.5 to +0.1

d Mass scaling exponent 0.5, 0.8 1

Mn New mass when mass change is 
incorporated

Deterministic
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transition to a new stage/phase, and (b) the change in mass from 
the end of one stage/phase to the start of the next is zero. We also 
hypothesised that changes in growth and mass are greatest during 
metamorphosis (‘adult’), compared to a transition between larval 
stages (‘larval’; Werner, 1988). Using all 105 species, we included the 
predictor ‘phase’ (fixed, two levels: ‘larval’ and ‘adult’), and the random 
effects ‘species’ and ‘phylogeny’. We used likelihood ratio tests to as-
sess significance of ‘phase’ and used the phylogenetic linear model 
output to report estimates for each level with ‘larval’ modelled as the 
intercept. We have reported ‘larval’ (i.e. intercept) estimates as well 
as estimates for the level ‘adult’— ‘larval’ is significant when different 
from zero, while significance of ‘adult’ means there is a difference 
between the two phases. When an estimate for change in growth is 
equal to or greater than zero, we find support for Werner's assump-
tion. For change in mass, we do not support Werner's assumption if 
an estimate is significantly different from zero.

We also tested Werner's assumptions within each taxonomic 
group. For fish and crustaceans that have both larval transitions and 
metamorphosis, we used the statistical methods described above 
for models that included all species. For the change in mass analysis 
in insects, we also used the methods described above. For the re-
maining analyses in insects, amphibians and molluscs, for which we 
could not test the effect of ‘phase’, we tested whether the intercept 
was significantly different from zero.

There were two tests in which the model would not converge 
due to overfitting— the model testing change in growth across all 
species and the same model testing within crustaceans. For those 
two models, we removed the random effect ‘phylogeny’ but still in-
cluded the random effect ‘species’.

For species that have more than two stages within the larval 
phase, we were interested in whether the magnitude of our re-
sponse variables changed across stages (i.e. development time). The 
only species in our study with greater than two larval stages were 
crustaceans and insects. To make stage relative for each species, 
we divided the stage number by the total number of stages. In the 
model, we included the random effects ‘species’ and ‘phylogeny’ and 
‘stage’ as a fixed, continuous predictor.

3  |  RESULTS

3.1  |  Comparative analysis of larval growth rates

Across all taxonomic groups, changes in growth rates were similar 
across different life- history phases (i.e. larval vs. adult; χ2 = 1.204, 
p = 0.273), but for mass, there were greater changes during meta-
morphosis than transitions between larval stages (χ2 = 26.404, 
p < 0.001). Growth rates were either increased or were maintained 
after transition to a new stage (Table 2). However, when each major 
taxonomic group was explored specifically, this simple pattern be-
came more complicated.

For insects and crustaceans, growth rates increased across the 
entire larval phase (Figure 3a; Table 2). [Correction added on 21 June 

2022, after first online publication: 'Fishes, insects, molluscs and crus-
taceans' changed to 'insects and crustaceans'.] Changes in growth after 
metamorphosis was consistently greater than changes in growth during 
larval stages for fish (χ2 = 14.687, p < 0.001), but there was no effect 
of phase in crustaceans (χ2 = 0.709, p = 0.4). Overall, growth rate was 
greater after switching, except in amphibians, molluscs and larval fish 
in which growth rate did not change (Table 2). [Correction added on 21 
June 2022, after first online publication: 'amphibians and molluscs' has 
been changed to 'amphibians, molluscs and larval fish' and 'after switch-
ing to the adult phase' has been deleted.]

Amphibians, crustaceans and insects lost mass during meta-
morphosis (Figure 3b; Table 3). On average, amphibians lost 28%, 
insects 32% and crustaceans 8% of their mass. However, insects 
and fish switching to a new larval stage exhibited no change in mass. 
[Correction added on 21 June 2022, after first online publication: 
'molluscs' changed to 'fish'.] In contrast, crustaceans and molluscs 
gained mass during their transition to a new larval stage (Table 3), 
and fish gained even more mass during metamorphosis (χ2 = 7.275, 
p = 0.007). [Correction added on 21 June 2022, after first online 
publication: 'fish' changed to 'molluscs'.] The effect of phase was 
also significant in insects (χ2 = 184.064, p < 0.001) and crustaceans 
(χ2 = 9.712, p = 0.002).

For species that transition between multiple larval stages, we 
found a significant positive correlation between relative ontogenetic 
stage (i.e. development time) and the relative change in growth rate 
after switching in both insects (Figure 4a; Estimate ± SE: 3.17 ± 0.421, 
Z = 7.535, p < 0.001) and crustaceans (Figure 4a; Estimate ± SE: 
5.094 ± 1.086, Z = 4.692, p < 0.001). However, we found no rela-
tionship between change in mass and ontogenetic stage in either 
group— insects (Figure 4b; Estimate ± SE: −0.021 ± 0.013, Z = −1.635, 
p = 0.102) and crustaceans (Figure 4b; Estimate ± SE: 0.017 ± 0.036, 
Z = 0.467, p = 0.641).

TA B L E  2  Summary of linear mixed model results assessing the 
change in growth (Δgrowth) during transitions within the larval 
phase (i.e. from one larval stage to another) and to the adult phase 
(i.e. metamorphosis) across taxonomic groups.

Group Estimate ± SE Z- score p- value

All groups— Larval 0.832 ± 0.099 8.372 <0.001

All groups— Adult 0.477 ± 0.322 −1.104 0.27

Fish— Larval 0.089 ± 0.122 0.731 0.465

Fish— Adult 0.538 ± 0.086 5.225 <0.001

Amphibians −0.861 ± 0.554 −1.554 0.12

Crustaceans— Larval 1.632 ± 0.244 6.696 <0.001

Crustaceans— Adult 2.61 ± 1.156 0.846 0.398

Insects 0.779 ± 0.111 7.015 <0.001

Molluscs 0.068 ± 0.085 0.796 0.426

Note: ΔGrowth represents the growth after a transition to a new 
stage, or to the adult phase, minus the growth before the transition. 
‘All groups’ indicates the analysis with all taxa included. ‘Phase’ was 
included as a fixed, categorical predictor (two levels: ‘larval’ and 
‘adult’) in taxa with both types of transitions. ‘Larval’ was modelled as 
the intercept. Significant p- values of <0.05 are bolded and indicate 
significant differences from zero.
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3.2  |  Werner updated: Modelling the effects of 
mass changes at transition

3.2.1  |  Effect of change in mass

Our model predicts that when life- history transitions involve 
mass loss, organisms should delay switching to a larger size rela-
tive to what Werner's original model predicts, where transitions 
involve no mass change (Figure 5). Conversely, when transitions 
involve mass gains, organisms should transition relatively sooner, 

at a smaller size than Werner's original model predicted (Figure 5). 
The effects of mass changes during transitions are predicted to 
be greatest when the scaling of mass change to body size is iso-
metric (exponent = 1; Figures 5a,d). When the scaling of mass 
change is less than one, mass changes have weaker effects on 
the relative timing of transitions (Figure 5b– c, e– f). These find-
ings were qualitatively consistent across all mortality regimes, 
but the effects were greatest when mortality was higher in the 
initial phase (Figure 5).

3.2.2  |  Effect of mortality

Werner's model assumes no change in mass during a transition, so 
when mass change is zero, our model recovers the original predic-
tions in response to different mortality scenarios. Accordingly, when 
mortality risk is greater in the first phase relative to the second phase, 
individuals will transition at a smaller size, compared to if mortality 
risk is the same in both phases (Figure 5a). We find that mortality 
risk interacts with mass changes at transition, demonstrated by the 
different slopes across mortality scenarios (e.g. Figure 5a)— the great-
est deviations from Werner's original predictions (the steepest slope) 
occur when μ1 >>> μ2.

3.2.3  |  Effect of mass scaling

While the general patterns we found of how change in mass affects 
size at switching were similar regardless of the scaling exponent 
we used (Figure 5a– c), scaling did affect our results qualitatively 
(Figure 5b,c). When mass change scales hypoallometrically with 
body mass (i.e. when the scaling is 0.5 or 0.8), mass changes (Mn) 
are proportionally lower for larger individuals and the predicted 

F I G U R E  3  Change in mean ± SE (a) growth rate (Δgrowth) and (b) body mass (Δmass) through stage/phase transitions, extracted from 
105 species and 354 stages of fish (n = 32), amphibians (n = 7), crustaceans (n = 16), insects (n = 46) and molluscs (n = 4). Colour reflects 
whether the transition was during the larval phase (‘larval’) or from a larval to the adult phase (‘adult’). Positive Δgrowth values mean growth 
rate after the transition was greater than that before, while positive Δmass values indicate individuals gained mass when switching to a new 
stage or phase.

TA B L E  3  Summary of linear mixed model results assessing the 
change in mass (Δmass) during transitions within the larval phase 
(i.e. from one larval stage to another) and to the adult phase (i.e. 
metamorphosis) across taxonomic groups.

Group Estimate ± SE Z- score p- value

All groups— Larval 0.021 ± 0.060 0.349 0.727

All groups— Adult −0.097 ± 0.022 −5.407 <0.001

Fish— Larval 0.013 ± 0.016 0.786 0.432

Fish— Adult 0.089 ± 0.027 2.861 0.004

Amphibians −0.269 ± 0.119 −2.253 0.024

Crustaceans— Larval 0.032 ± 0.01 3.274 0.001

Crustaceans— Adult −0.083 ± 0.035 −3.309 <0.001

Insects— Larval 0.019 ± 0.044 0.442 0.659

Insects— Adult −0.331 ± 0.019 −18.63 <0.001

Molluscs 0.094 ± 0.044 2.134 0.033

Note: ΔMass represents the mass after a transition to a new stage, or 
to the adult phase, minus the mass before the transition. ‘All groups’ 
indicates the analysis with all taxa included. ‘Phase’ was included as 
a fixed, categorical predictor (two levels: ‘larval’ and ‘adult’) in taxa 
with both types of transitions. ‘Larval’ was modelled as the intercept. 
Significant p- values of <0.05 are bolded and indicate significant 
differences from zero.
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optimal size at which transitions occur are therefore slightly closer 
to Werner's original predictions compared to when scaling is 1.

There is also an interaction between mortality scenario, mass 
change and mass scaling in that there is a stronger covariance be-
tween magnitude of mass change and predicted optimal switching 
size when mortality risk is greater in phase 1, and the covariance is 
strongest when the scaling exponent is 1 (see steep slopes Figure 5a).

4  |  DISCUSSION

Werner's theory on the drivers of CLCs proposes that stage tran-
sitions maximise growth rate relative to mortality rate across the 
life history (Werner, 1986; Werner, 1988). Here, we test two key 
components of his theory: (a) that after transitioning to a new stage 
(within the larval phase) or phase (from the larval phase to the adult 
phase) growth rate is equal to or greater than growth rate before the 
transition, and (b) body mass does not change when an individual un-
dergoes a switch to a new life- history stage or phase. Across all taxa, 
we found support for the assumption about growth rate— growth 
rates were lower or the same at the end of a life- history stage rel-
ative to the start of the next. We note that for change in growth 
rate, the estimate for amphibians was negative but not significant— 
with our low power (n = 5) it is difficult to draw conclusions about 
whether amphibians violate Werner's predictions about growth rate, 
but point out that Werner's theory may not apply to the group the 
model was originally based on. However, we also identify a critical 
gap in Werner's theory regarding how size changes during a tran-
sition from one stage to another— some groups lost mass, others 
gained mass and some experienced no change in mass. Our results 
suggest that by ignoring mass dynamics during stage transitions, 
Werner's original model is likely to misestimate the optimal size at 
switching for most taxa.

We find that metamorphosis in amphibians and insects is par-
ticularly costly, with mass reductions of 28% and 32% on average, 
respectively. Interestingly, Werner's original theory was mostly fo-
cused on amphibians, and he acknowledged that mass costs during 
metamorphosis may alter his predictions about size at transforma-
tion (Werner, 1986). We also found that mass change tended to be 
negative for crustaceans during metamorphosis, but because we 
have so few species (n = 2), we do not draw inference from these 
data. Further, transitions in larval insects and larval fish had no 
change in mass overall. Our data show that costs associated with 
changing life- history stages nullify the benefits of increased mass 
gain after the transition for extended periods. For example, the frog 
Bufo melanostictus loses ~37% of its mass during metamorphosis, 
and it took 8 days of adult feeding to regain it. Similarly, the moth 
Calospilos sylvata lost ~34% of its body weight in the last moult, and 
it was regained in ~1.5 days, 11% of the final instar. Assuming an 
equal mortality rate across stages, individuals likely mitigate mass 
costs by transitioning at larger sizes than what Werner's theory pre-
dicts. In other words, Werner's model underestimates the costs of 
life- history transitions and so overestimates their benefits, in arthro-
pods and amphibians in particular.

A limitation to our study is that we did not include mortality rate 
data. Therefore, our growth rate results only support Werner's the-
ory if mortality risk is either equal across life- history stages, or lower 
in later stages. Mortality rates are difficult to quantify, particularly 
under field conditions, but high mortality rates are reported for larval 
stages of amphibians (Wilbur, 1980) and insects (reviewed by Stoks 
& Cordoba- Aguilar, 2012), including during metamorphosis (Arnold 
& Wassersug, 1978; Wissinger, 1988). Further, there could be inter-
actions between mortality risk and the mass costs we describe in 
our results— tadpoles that speed up metamorphosis when exposed 
to predators lose more mass (van Buskirk & Saxer, 2001; Walsh 
et al., 2008). Therefore, we expect juvenile and adult mortality rates 

F I G U R E  4  Changes in (a) growth rate (Δgrowth) and (b) body mass (Δmass) against relative larval stage number in crustaceans (orange 
circles) and insects (blue triangles). Only species with >2 larval stages were included (crustaceans: n = 12, insects: n = 43). Stage was 
positively correlated with Δgrowth for both insects (Estimate ± SE: 3.17 ± 0.421, Z = 7.535, p < 0.001) and crustaceans (Estimate ± SE: 
5.094 ± 1.086, Z = 4.692, p < 0.001). There was no relationship between stage and Δmass in insects (Estimate ± SE: −0.021 ± 0.013, 
Z = −1.635, p = 0.102) or crustaceans (Estimate ± SE: 0.017 ± 0.036, Z = 0.467, p = 0.641).
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are much lower compared to those for larvae, which would offset 
the high risk and mass costs associated with larval stages and life- 
history transition. Thus, if mortality risk is greater in juvenile and 
adult stages, our results that growth rates are maintained or increase 
after switching to a new stage supports Werner's theory.

Not all taxa in our study lost mass when switching stages or 
phases— molluscs, larval crustaceans and fish going through meta-
morphosis increased body mass by up to 10%, which is consistent with 
qualitative models in the literature (Anger, 1991; Geffen et al., 2007; 
Strathmann, 1985). Overall, mass increase when switching stages 
may be indicative of more subtle life- history transitions driven by 
changes in resource or habitat use. Fish, for example, can switch 
from being carnivores to herbivores (Stoner & Livingston, 1984) or 
switch from protected to open habitats (Werner et al., 1983) during 
ontogeny, which may not be as energetically costly and instead sup-
port continuous growth. We expect growing during transition to a 

new stage is important for limiting time at small, vulnerable sizes 
(reviewed by Werner & Gilliam, 1984), because mortality rates are 
high for both larval fish (Cushing, 1974) and marine invertebrates 
(Strathmann, 1985). While mortality rates can be high in juveniles 
as well (Biek et al., 2002; Gosselin & Qian, 1997), the risk of advec-
tion from settlement habitats may outweigh juvenile mortality rates 
(Roughgarden et al., 1988). For groups with high mortality rates in 
early ontogeny, it would be beneficial to switch stages at the small-
est size possible. Further, if individuals incur no cost of switching 
at small sizes and instead continue to grow during their transition, 
Werner's model is overestimating the size at transformation.

When we explored the effects of mortality and mass change on 
size at switching using the numerical model, we found that when a 
cost is associated with a transition, individuals switch at a larger size. 
Likewise, when mortality risk is greater in the juvenile/adult phase, 
individuals should delay transitioning to a larger size. The degree to 

F I G U R E  5  Numerical model predictions for optimal size at switching when mass change is incorporated in theory from Werner (1986, 
1988). Colours and line types correspond with mortality scenarios where μ1 is mortality rate in stage/phase 1 and μ2 is mortality rate in 
stage/phase 2. The relative difference in mortality levels between the two stages/phases are indicated by arrows (>>>). Panels a– c show the 
predicted optimal size at switching over a range of change in mass values. Negative changes in mass means individuals will lose mass during 
a transition to a new phase, while positive means individuals will gain mass. The scaling describes how mass change scales with body mass 
(0.5, 0.8, 1). Werner's theory assumes no change in mass during transition, so panels d–f show how the predicted optimal size at switching 
when mass changes are incorporated differs from the original model. [Correction added on 21 June 2022, after first online publication: 
Panels d and e changed to panels d–f.] Positive per cent change in relative size at switching indicates the new model predicts a larger size 
at transition compared to Werner's model, while negative per cent changes means the new model predicts a smaller size at transition. The 
insets in e and f show the same relationships on different y- axis scales. [Correction added on 21 June 2022, after first online publication: 
Figure 5 has been updated to fix some errors.  Scale information for part c has been changed to 0.5.]
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which size at switching differed from Werner's theory depended 
on mortality scenario and mass scaling— greatest deviations from 
Werner's theory were seen when μ1 >>> μ2 and mass scaling was iso-
metric (i.e. all individuals lose or gain the same percentage of body 
mass regardless of size). For example, when scaling is isometric and 
the cost to transition is losing 50% of body mass, Werner's theory un-
derestimates the optimal size at switching by 120%. Similarly, when 
individuals can gain up to 10% of their body mass during a transition 
to a new stage, size at switching is overestimated by 41%. When scal-
ing was hypoallometric, we saw similar patterns, but the relationship 
between mass change and size at switching was shallower. We based 
our hypoallometric scaling estimates (0.5, 0.8) on the few examples 
that were available (Pettersen et al., 2017, 2019)— given the impor-
tance of the scaling parameter that was used, we suggest more studies 
estimate the relationship between body mass and the change in mass 
during a transition to a new stage (see Equation 3 for parameters).

In crustaceans and insects, we found the relative change in mass 
between larval instars did not correlate with ontogenetic time— a sur-
prising result because we expected larger individuals late in ontogeny 
to experience greater mass change. One possible explanation for our 
result is that individuals continue feeding during moulting, and that 
they do so in proportion to their body mass— in crustaceans, the per 
cent of mass lost in exuvia increases across instars. However, larvae 
also rely on energetic reserves during moulting (known as ‘second-
ary lecithotrophy’; Anger, 1991), likely countering mass lost in exuvia 
and promoting tissue growth (Table 3). For insects, feeding and growth 
completely stop during moulting (Sehnal, 1985). However, moulting 
occurs before the theoretical threshold (Kivelä et al., 2020; Nijhout 
et al., 2006), indicating that perhaps insect larvae also moult at a mass 
that offsets the mass lost in exuvia.

More broadly, the difference between insects, which had no change 
in mass during transition in the larval phase, and crustaceans, which 
grew during transitions to new instars, could be related to relative costs 
of moulting. Crustacean larvae will increase the number of instars in 
favourable environments (Broad, 1957; Costlow et al., 1962; Criel & 
Macre, 2002), while for insects instar number is only increased when 
conditions are poor (Esperk et al., 2007; Kivelä et al., 2020). For ho-
lometabolous (i.e. ‘complete metamorphosis’) insects, adding another 
instar may only take place if it is essential for reaching the size required 
to pupate and metamorphose (Kivelä et al., 2020). If the relative costs 
of moulting are lower for crustaceans, then existing mechanistic models 
of growth that apply to insects seem less applicable to crustaceans.

For insects, we were unable to test the change in growth rate 
from the larval to adult phase. For holometabolous insects, which ac-
counted for all but two of our species, larvae are thought to be special-
ised for feeding and growth, and adults for reproduction and dispersal, 
meaning metamorphosis evolved to compartmentalise development 
(Hinton, 1948). However, in some groups at least (Diptera, Coleoptera 
and Hymenoptera) adults can increase mass through the addition of 
new muscle fibres and thickening of the cuticle (Schlein, 1967). As 
such, metamorphic transitions in insects could still apply to Werner's 
theory— future studies should measure adult mass gains so that we can 
test the metamorphic transition in insects using Werner's framework.

We found support for Werner's assumption that switching life- 
history stages is correlated with changes in growth rates, but highlight 
a critical gap in his assumption that there are no changes in size. The 
next step in testing Werner's theory is to estimate mortality rates 
in the field, including estimates during transitions to a new stage, as 
they could be higher (Arnold & Wassersug, 1978; Wissinger, 1988). 
Additionally, to understand the effects of mass change on size at transi-
tion, we need to determine whether mass change scales with body size 
hypoallometrically in other species. Empirical evidence suggests tem-
perature is a major factor in rates of growth and differentiation (e.g. in 
tadpoles; Smith- Gill & Berven, 1979), and tests in non- feeding offspring 
show that relative costs of development decrease with increased body 
size (Pettersen et al., 2017) and temperature (Pettersen et al., 2019). 
By testing for conditions that might alter costs of transitions, we will 
have a more unifying perspective of how the mass losses or gains alter 
Werner's predictions about size at transformation and help us to un-
derstand the drivers of the evolution of CLCs.
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