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Hermaphroditism, where an individual can reproduce as both male
and female, offers some clear reproductive advantages. Simultaneous
hermaphroditism guarantees that every mature adult can mate with
another—a particular advantage when opportunities to mate are scarce.
Despite this potential benefit, hermaphroditism is relatively rare in animals.
This paradox has long involved an energetics argument: hermaphrodites
require more energy to fuel two reproductive roles instead of only
one, which favours the evolution of separate sexes. However, this
argument has never been tested. Here, we compare resting metabolic
rates between hermaphrodites and gonochores across 536 species of
marine invertebrates, spanning 11 phyla. Our analyses, which control
for body size, environmental temperature, motility and phylogeny,
contradict predictions from classic theory: instead of requiring more
energy than gonochores, hermaphrodites require approximately 27% less
energy on average. These findings overturn a 150-year-old argument that
hermaphroditism is rarer in animals because it is more costly and highlight
the need to reconsider the role of energetics in the evolution of sexual
systems.

1. Introduction

The sole motive for the separation of the sexes which occurs to me, is that ... the
same individual should not have its vital powers taxed ... by producing both pollen
and seeds.

Darwin [1, p. 344]

Simultaneous hermaphroditism, where individuals reproduce as both male
and female, offers some clear reproductive advantages. Hermaphrodites can
mate with any mature conspecific they encounter, doubling the effective
density of compatible partners relative to gonochores—a particular advant-
age in low-density populations [2-4]. Some hermaphrodites can self-fertilize
when mates are particularly rare [5,6] and many optimize their success by
strategically reallocating resources between male and female roles according
to circumstance [7]. Consistent with these benefits, most plants (approx.
95%) are hermaphrodites. In contrast, almost all (approx. 94%) animals are
gonochores [5]. Darwin, who thought deeply about the evolution of hermaph-
roditism in both plants and animals, wrestled with this idea and conclu-
ded that hermaphroditism was likely to be more energetically costly than
gonochorism [1]. The role of energy has remained central to debates about the
evolution of hermaphroditism ever since.

It might indeed be more energetically costly to be a hermaphrodite.
Hermaphrodites must perform two reproductive roles instead of only one,
possibly resulting in higher ‘fixed costs”: the total energy required to both
produce and maintain reproductive structures (e.g. gonads and the tissues
that store and/or transport gametes [8]). It has been argued, therefore, that
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hermaphrodites must expend more of their energy on fixed costs, reducing their reproductive output relative to gonochores and
perhaps hampering the evolution of combined sexes [8-10]. Under this ‘fixed-cost” model, hermaphrodites should have higher
energetic demands than gonochores, all else being equal, because hermaphrodites must pay more maintenance costs for more
reproductive structures (figure 1).

On the other hand, one might also argue that it could be more energy-efficient to be a hermaphrodite. Because hermaphro-
dites produce structures that can serve both male and female functions, they might pay the same fixed costs as gonochores
[7,11,12]. Under this ‘cost-sharing” model, hermaphrodites must expend less energy than gonochores overall because hermaph-
rodites must expend less energy on mate-finding to ensure cross-fertilizations [7] (figure 1).

Overall then, despite the idea that energy demands set the costs and benefits of hermaphroditism stretching back to Darwin,
tests of this idea are lacking. There are also clearly conflicting predictions from more modern theoretical treatments of the
evolution of hermaphroditism [10,13-18]. Yet, remarkably, there have been no systematic attempts to test these predictions
empirically —there has been no synthesis of how metabolic rates differ between hermaphrodites and gonochores despite
150 years of speculation.

Here, we test the components of Darwin’s hypothesis that have been formalized by modern theory: specifically, whether
maintenance costs (e.g. metabolic rates) differ between hermaphrodites and gonochores [8-10]. We address this knowledge
gap by comparing the resting metabolic rates of hermaphrodites and gonochores across 536 species of marine invertebrates,
spanning 11 phyla. Marine invertebrates provide a robust test of the covariance between metabolic rate and reproductive
mode because hermaphroditism has independently evolved repeatedly in this group, even within genera on occasion [19].
We analysed the covariance between metabolic rate (joules per hour, ] h™) and reproductive mode, while taking account of
body size (grams (g), wet weight), environmental temperature (°C) and phylogenetic relatedness among species. Because some
have argued that hermaphroditism in animals may be linked to a sessile lifestyle [2,3,20,21], we also tested whether motility
affects the relationship between metabolic rate and reproductive mode. The logic of our comparative approach leverages the
assumption that, on average (and after accounting for the other factors), no other differences between hermaphrodites and
gonochores exist other than reproductive mode. Hence, any differences in metabolic rate must be associated with the trait of
hermaphroditism.

2. Methods
(a) Metabolic rate data

We compiled interspecific data for resting adult metabolic rate, adult size, environmental temperature, reproductive mode
and motility for 536 species of marine invertebrates (figure 2 and electronic supplementary material, table S1). The species in
our dataset came from previously published meta-analyses on metabolic rate [22,23], supplemented with additional species
yielded from our own searches. For our own searches, we collected metabolic data from studies from Google Scholar (https://
scholar.google.com/) based on the following search terms: ‘[Phylum]” or more common clade terms, e.g. ‘Sponge’, together
with terms ‘metabol®, ‘metabol* rate’, “metabol* scaling’, ‘respir*’ or ‘oxygen consum®. Within those selected studies and
the studies compiled in Brey [22] and White et al. [23], we only included studies that (i) measured adults (cf. eggs, larvae
or juveniles), (ii) reported body size and measurement temperature (if the measurement temperature did not match species’
environmental temperature at the time of collection, then the measurement temperature needed to be within the species” annual
temperature range, with an acclimation time of at least 1 day per 1°C, for the study to be included sensu [22]), and (iii) adhered
to basic assumptions of resting/standard metabolic rates (animals were in a quiescent, post-absorptive and non-reproductive
state). Within all studies, we also explored relevant citations to identify as many studies on metabolic rate as possible. In
many cases, raw data for respiration were extracted from figures using WebPlotDigitizer (https://apps.automeris.io/wpd4/;
RRID:SCR_013996) [24].

When data for metabolic rate were reported as oxygen consumption (97% of species in our dataset), carbon/calorie con-
sumption, or watts (each <1% of species in our dataset), we converted them to joules per individual per hour based on
known conversion factors [22]. Notably, metabolic measurement type did not differ between reproductive modes: for 98% of
gonochores and 96% of hermaphrodites metabolic rates were originally measured as oxygen consumption.

When data for adult size were reported as length, width, diameter, volume or another measure of tissue weight (e.g. carbon
weight, ash-free weight), we converted values to grams of whole-organism wet tissue mass based on known conversion factors
[25,26]. We used whole-organism wet mass because metabolic rate was originally measured on wet, whole organisms, and
because wet mass is a widely accepted size metric for metabolic studies (e.g. [27,28]). However, some exclusively hermaphro-
ditic phyla may also have a relatively high water content (e.g. Ctenophora and Porifera), and some phyla include species with
shells, while others do not. In such cases, similarly sized species with higher water/shell content might have lower metabolic
rates simply because they have less metabolically active tissue, independent of reproductive mode. We therefore compiled
information for the proportion of water/shell content from Brey et al. [25] for all of the species in our dataset to assess the role
of body composition on our results. Notably, the proportion of water/shell content did not covary with any other predictors
of metabolic rate (i.e. hermaphrodites did not differ from gonochores in their body composition) (electronic supplementary
material, table S2), and our qualitative results were unchanged after controlling for water/shell content (electronic supplemen-
tary material, table S3).

As with any compilation of this kind, our dataset probably shares the same biases as broader physiological datasets (sensu
[29]). For example, species from coastal regions in the USA, Europe and Australia are over-represented, while those from
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Figure 1. Fixed-cost and cost-sharing models make opposing predictions about the energy requirements of hermaphrodites and gonochores. The model for fixed
costs predicts that a hermaphrodite (orange sea slug) should have higher energetic demands than a gonochore (blue snail), because hermaphrodites must pay more
to maintain more reproductive machinery (green text and bars). The model for cost-sharing predicts the opposite: hermaphrodites should require less energy than
gonochores overall, because hermaphrodites (1) pay the same amount for reproductive machinery as gonochores by sharing common structures for both male and
female function, but (2) require only half as much energy for mate search because every encounter can be a mating (yellow text, arrows and bars).
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Figure 2. Distribution of species’ body size, reproductive mode and motility. Adult body mass (estimated as natural-log-transformed wet weight, in grams; coloured
bars by phylum) mapped to the phylogeny of species in our dataset. The inner rings represent whether species are gonochoric (blue) or hermaphroditic (orange), and
motile (grey) or sessile (black). Note that in some phyla, hermaphroditism co-occurs with a sessile habit (e.g. Porifera), while in other clades, there is no covariance
between hermaphroditism and motility (e.g. Mollusca), such that across all of our dataset, we are able to disentangle the relative contributions of reproductive mode
and motility in our analyses.

Africa, South America and Antarctica are under-represented. In addition to geographical biases, there can also be taxonomic
bias: to assess this, we compared the proportion of species per phylum in our dataset with those of the World register of
marine species [30]. In our dataset, arthropods, echinoderms and chaetognaths are over-represented, while molluscs and sponges
are under-represented, but most of the phyla deviate by less than +2% from their known species proportions (electronic
supplementary material, figure S1). Furthermore, the species representation in our dataset reflects natural patterns in species
richness: more speciose phyla make up a greater proportion of our dataset (electronic supplementary material, figure S1).
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(b) Classifying reproductive mode and motility

Once we had compiled the data for metabolic rate, adult size and environmental temperature for each species, we then collected
data for their reproductive mode. Most of the information came from book chapters on marine invertebrate reproduction
(various taxa [31]; polychaetes [32,33]; prosobranch gastropods [34]), supplemented with species-specific literature searches via
Google Scholar: e.g. ‘[Genus species]” along with the terms, ‘hermaph®, ‘gonochor*, ‘reproduc*, ‘male’ or ‘female’. Unfortu-
nately, the reproductive modes of many of the species in our dataset are not explicitly mentioned in the literature. In such cases,
we coded reproductive mode based on expert descriptions of species’” reproductive life history [31], or based on clade-specific
patterns (e.g. all known species of chaetognaths [35] and ctenophores [36] are hermaphrodites). Reproductive modes inferred
at the genus or family level may be less certain than those where the entire order, class or phylum has a known reproductive
mode. We therefore reanalysed the data excluding the four species for which reproductive mode was imputed at the genus (n =
3) or family (n = 1) level, and our results were qualitatively unchanged (electronic supplementary material, table S4).

We classified species as hermaphrodites if they are able to reproduce as both male and female in their lifetime, and as
gonochores otherwise. Note that for gonochores, we did not differentiate metabolic rate measurements between males and
females —sex was unreported for most of the species in our dataset. Whether metabolic rates differ between males, females and
hermaphrodites is an important avenue for future research, and we encourage empiricists to report the sex of individuals when
measuring metabolic rate [37]. Under our classification scheme, sequential and simultaneous hermaphrodites were collectively
coded as hermaphrodites. From an energy perspective, transitioning from one sex to the other as a sequential hermaphrodite
may be particularly costly [38]. Therefore, energy requirements might differ not only between sequential hermaphrodites and
gonochores but also between sequential and simultaneous hermaphrodites. Unfortunately, we could not test these predictions
formally owing to the limited representation of sequential hermaphrodites across a comparable range of body size and
temperature [39]. However, our results were qualitatively unchanged when we omitted sequential hermaphrodites from our
analyses (electronic supplementary material, table S5). For now, we are inclined to treat our findings with regard to sequential
hermaphrodites with caution until additional data on metabolic rate in this group can be assembled for a more representative
sample.

Because many phyla in our dataset are represented by only a single reproductive mode (electronic supplementary material,
table S1), we ran an additional analysis to assess the role of single-mode phyla in driving our results: excluding the six phyla
with only a single mode did not affect our results (electronic supplementary material, table S6).

For motility, we coded as motile any species that are able to move as adults—including those with facultative movement (e.g.
scallops, crinoids)—and all others as sessile (e.g. barnacles, sponges, most bivalve molluscs).

(c) Statistical analyses

We characterized the covariance between adult metabolic rate and reproductive mode, while accounting for the effect of
motility, body size and environmental temperature. We analysed our data with phylogenetically controlled models to account
for species’ shared evolutionary history on patterns in metabolic rate. Specifically, our model assessed whether there is an
association between metabolic rate and reproductive mode, along with our other traits of interest, while incorporating the
covariation among species due to phylogenetic relatedness in the model residuals [40,41].

We fitted phylogenetic generalized least squares (PGLS) models with maximum likelihood with the function ‘gls” in the
package nlme v. 3.1-168 [42,43]. Our model included natural-log-transformed metabolic rate as the continuous response
variable, along with environmental temperature and natural-log-transformed body mass (both continuous), reproductive mode
(categorical: hermaphrodite or gonochore) and motility (categorical: motile or sessile) as fixed effects, and a phylogenetic
random effect as predictors. We evaluated the significance of model predictors using F-tests, and we estimated the proportion of
residual variation in metabolic rate (conditioned on the fixed effects) explained by the random effect of phylogeny as Pagel’s A
[44,45]. We tested whether reproductive mode differed between sessile and motile species with a Pearson’s x” test.

We extracted phylogenies from the Open Tree of Life [46] with the package rotl v. 3.1.0 [47] and constructed our phylogenetic
tree with the package phytools v. 2.4-4 [48]. We used the function ‘congruify.phylo” [49] with the PATHdS scaling method [50] in
the package geiger v. 2.0.11 [51,52] to time-calibrate the tree according to time data from the TimeTree of Life [53]. This function
maps known species’ divergence times from a reference tree (time-calibrated) to a target tree (uncalibrated) sampled from the
same lineage. We then randomly resolved all polytomies in the time-calibrated tree with the function ‘multi2di’ in the package
ape v. 5.8-1 [54], after which we rescaled all zero-length branches with the function ‘zero.brlen” in the package dispRity v. 1.9
[55].

We tested the fit of Brownian motion (BM; corBrownian), Pagel’s A (PL; corPagel) and Ornstein-Uhlenbeck (OU; corMartins)
models of character evolution for metabolic rate (package ape). First, we compared PL and OU models with BM models with
likelihood ratio tests: for all models, PL and OU models fitted the data better than BM models (electronic supplementary
material, table S7). Next, we compared the PL model with the OU model using the Akaike information criterion (AIC; [56]).
In all cases, the PL model was a better fit than the OU model according to the lowest AIC values and AAIC > 2 (electronic
supplementary material, table S7), so we used models fitted with PL correlation structure for all analyses.

All statistical analyses were completed in RStudio v. 4.5.1 [57]. Figures were created using the packages ggplot2 v. 3.5.2 [58],
ggrepel v. 0.9.6 [59], ggtree v. 3.16.3 [60,61] and ggtreeExtra v. 1.18.0 [62]. All data and code required to reproduce our analyses
and figures are deposited in the Dryad Digital Repository: https://doi.org/10.5061/dryad.j3tx95xt4 [63].
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Figure 3. Hermaphrodites have lower metabolic rates than gonochores across body sizes. Relationship between metabolic rate (in natural-log-transformed (In) joules
per hour) and adult mass (natural-log-transformed wet weight in grams) for gonochores (blue) and hermaphrodites (orange). Points represent raw data for each
species, and the linear fits represent the relationship from phylogenetically controlled regressions. The inset shows the average (+ s.e.) mass-independent metabolic
rate (MI-MR, in joules per hour) across all species.

3. Results

(a) Hermaphrodites have lower metabolic rates

After taking account of body size, environmental temperature and phylogeny, metabolic rates do indeed prove to be associated
with reproductive mode (figure 3 and electronic supplementary material, table S3): on average, metabolic rates of hermaphro-
dites are 27% lower than those of gonochores of equivalent size (reproductive mode: Fy 531 = 5.02, p = 0.03; figure 3 inset). In
other words, for two species of equivalent body mass that differ only in their reproductive mode, the hermaphrodite uses 27%
less energy than the gonochore. When we exclude sequential hermaphrodites, the difference is even stronger: all else being
equal, simultaneous hermaphrodites use 34% less energy than gonochores (reproductive mode: F1 50 = 4.72, p = 0.03; electronic
supplementary material, table S5). Phylogeny explains 43% of the residual variation in metabolic rate (electronic supplementary
material, table S3).

(b) Motility has little effect on metabolic rate

In our dataset, reproductive mode and motility are correlated: sessile species are more likely to be hermaphroditic than motile
species (x? = 35.56, d.f. =1, p < 0.01; electronic supplementary material, figure S2). However, after accounting for reproductive
mode, motility does not affect metabolic rate (motility: F1 531 = 3.35, p = 0.07). The one exception is a specific case, where
excluding sequential hermaphrodites from our analysis reveals that sessile species tend to have slightly higher resting metabolic
rates than motile species (motility: F1 506 = 4.35, p = 0.04; electronic supplementary material, table S5).

4. Discussion

Here, we test the long-standing idea that hermaphrodites are rarer than gonochores because hermaphroditism is more
energetically costly [1,8,9,16-18,64,65]. Instead, we find that, for an equivalent body size, hermaphrodites only use around 75%
as much energy as gonochores on average: it is remarkable that such a large difference has remained unrecognized for so long.
Metabolic rate is a critical trait, affecting everything from the pace of life to the demography of populations [23,66-69] —our
results predict that hermaphrodites should differ from gonochores in every aspect of their life history and ecology in ways that
have not been anticipated but can now be tested.

Our results are exactly the opposite of what we expected, and what is assumed by theory: hermaphrodites, with their dual
sexual roles, have lower metabolic rates than gonochores. What could explain this difference? Our analysis rules out differences
in motility as a driver for two reasons. First, we included motility as a separate factor in our analysis, and it was a relatively
weak predictor of metabolic rate. Second, while our findings confirm the long-standing speculation that sessile species are more
likely to be hermaphrodites, the covariance between motility and metabolic rate is opposite to what we would expect. Motile
species—which are more likely to be gonochores—tend to have lower metabolic rates than sessile species.

We believe there are at least two non-mutually exclusive possible explanations for why hermaphrodites have lower
metabolic rates. First, hermaphrodites are expected to expend less energy on securing fertilizations because the effective density
of compatible mates is double that of gonochores [2,3,70]. Assuming that lower resting metabolic rates also reflect lower active
or field metabolic rates, hermaphrodites may have lower metabolic rates than gonochores overall because hermaphrodites are
required to expend less energy to find mates.
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Second, the covariance between hermaphroditism and metabolic rate could be the outcome of selection on each trait n
independently. Hermaphroditism has long been argued to be associated with low population densities. Going back to at
least Meyer [71], authors have argued that hermaphroditism might be favoured when the chances of encountering mates are
low because it doubles the number of encounters that can result in cross-fertilization [4,17,20]. Low population densities are
often found in unproductive, low-resource environments. It could be that the metabolic signal we detect in hermaphrodites
is due to hermaphrodites being especially likely to live in low-resource environments. Under this view, lower metabolic rates
in hermaphrodites are the outcome of selection on two traits separately, but this leads to a covariance between the two:
low-resource environments select for lower metabolic rates and also for hermaphroditism; hence, those species that have
lower metabolic rates are also more likely to be hermaphrodites [23]. Exploring whether resource availability differs between
hermaphrodites and gonochores is an important next step: studies in molluscs certainly suggest that such differences are
possible (e.g. [72]).

Regardless of the factors leading to the difference in metabolic rate between hermaphrodites and gonochores, metabolic
theory predicts that—under equivalent resource conditions—these differences will have demographic consequences. Because
metabolic rates covary with energy demands and energy use, theory predicts that metabolic rates should be positively
correlated with population growth rates and negatively correlated with population-carrying capacities [67,68,73,74]. Thus,
for a given amount of resources, our results predict that hermaphroditic populations should grow more slowly but achieve
higher densities than gonochoric populations. Mass-independent metabolic rate is also thought to be negatively correlated
with generation time and lifespan [75,76] —hermaphrodites should therefore, ceteris paribus, live longer than gonochores. These
predictions await testing, but, regardless, our results suggest that any given hermaphrodite will have much lower energy
demands than a gonochoric species of equivalent size. For example, the gonochoric snail Gibbula umbilicalis must consume 0.87
] of energy per hour to meet its metabolic maintenance demands, while the similarly sized hermaphroditic sea slug Cadlina
laevis requires 77% less energy (0.20 J h™") [77]. For now, it seems likely that these differences in metabolic rates will affect
many different life-history traits and they suggest that hermaphrodites and gonochores will play very different trophic roles in
ecosystems. For example, food chains with hermaphrodites should be more efficient (i.e. less energy is lost owing to respiration)

077707 <267 § 205y 70l qdsy/jewnof/BioBuysyqndiiaposiefos

than those of gonochores because maintenance metabolic rate will ‘waste’ less energy at each trophic level [78]. Furthermore,
higher metabolic rates in gonochores should demand more foraging activity [79], which may entail greater risk of predation,
relative to hermaphrodites [80]. All of these predictions require testing, but these marked differences in metabolic rate between
reproductive modes strongly suggest that other traits are likely also to differ in predictable ways.

An important next step will be to determine whether the covariance between reproductive mode and metabolic rate extends
beyond invertebrates. We focused on marine invertebrates because they are well studied with regard to metabolic rates and
show substantial variation in reproductive mode. Both fish and plants also exhibit simultaneous hermaphroditism, but in the
former group, hermaphroditism is relatively rare [81], and in the latter group, whole-organism metabolic rate is relatively less
well studied [82-84]. We therefore urge more exploration in both groups, focusing on measuring metabolic rate in hermaphro-
ditic fishes specifically and compiling more metabolic data on plants more generally. For now, it seems that Darwin’s famous
speculation about the energy dynamics of gonochores and hermaphrodites has been refuted, but we eagerly await data from
these other clades.

Our findings challenge a long-standing assumption about the energetic costs of reproductive modes: hermaphrodites
have significantly lower resting metabolic rates than gonochores. The finding is robust to possible effects of phylogeny,
body size, temperature and motility, and we suspect that it is driven by ecological differences between hermaphrodites
and gonochores. Determining how the energy availability of habitats varies between hermaphrodites and gonochores is an
important next step towards understanding the relative influence of ecology and reproductive mode on resting metabolic
rate. Furthermore, although we focused on whole-organism metabolic rates, future work that quantifies the energetic costs of
reproductive structures themselves [85] —and how energy allocated to these structures may differ between hermaphrodites and
gonochores—would provide a more complete exploration of Darwin’s hypothesis about the energy dynamics of reproductive
modes.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. All data and code required to reproduce our analyses and figures are deposited in the Dryad Digital Repository [63].
Supplementary material is available online [86].
Declaration of Al use. We have not used Al-assisted technologies in creating this article.
Authors’ contributions. G.C.J.: conceptualization, data curation, formal analysis, methodology, visualization, writing —original draft, writing—review
and editing; D.J.M.: conceptualization, supervision, writing—review and editing.

Both authors gave final approval for publication and agreed to be held accountable for the work performed herein.
Conflict of interests. We declare we have no competing interests.
Funding. G.CJ. was partially funded by a Postgraduate Publication Award from Monash University’s Graduate Research Office.
Acknowledgements. We sincerely thank Thomas Brey, John McNamara, Jeff Drazen, Thomas Kierboe, Félix Leiva, Levi Lewis, Samuel Faria and
Nelly Tremblay for generously sharing their raw data for metabolic rate. We are also very grateful to Deborah Charlesworth and Michael
Jennions for reviewing earlier drafts of the manuscript and providing helpful feedback. The manuscript benefited greatly from the constructive
comments from two anonymous reviewers. We thank Craig White, Monique van Dorssen, James Farrands, Shiho Ozeki and the members of the
Marine Evolutionary Ecology Group for thoughtful discussions, which greatly improved this manuscript. Finally, we thank the interlibrary loan
team and library staff at Monash University for helping us access older literature. Open access publishing was facilitated by Monash University,
as part of the Wiley-Monash University agreement via the Council of Australian University Librarians.

Downloaded from http://royalsocietypublishing.org/rspb/article-pdf/doi/10.1098/rspb.2025.2276/4415718/rspb.2025.2276.pdf
by guest
on 11 December 2025



References

20.

21.
22.
23.
24,
25.

26.
27.

28.

29.

30.
3.
32

33.
34.

35.

36.

37.
38.

39.
40.
41.
42.
43.
44,
45.

Darwin C. 1877 The different forms of flowers on plants of the same species. London, UK: John Murray. (doi:10.1017/CB09780511731419)

Tomlinson J. 1966 The advantages of hermaphroditism and parthenogenesis. J. Theor. Biol. 11, 54-58. (doi:10.1016/0022-5193(66)90038-5)

Ghiselin MT. 1969 The evolution of hermaphroditism among animals. Q. Rev. Biol. 44, 189-208. (doi:10.1086/406066)

Baker HG. 1955 Self-compatibility and establishment after ‘long-distance’ dispersal. Evolution 9, 347—349. (doi:10.1111/j.1558-5646.1955.th01544.x)

Jarne P, Auld JR. 2006 Animals mix it up too: the distribution of self-fertilization among hermaphroditic animals. Evolution 60, 1816—-1824. (doi:10.1111/j.0014-3820.2006.
th00525.x)

Jarne P, Charlesworth D. 1993 The evolution of the selfing rate in functionally hermaphrodite plants and animals. Annu. Rev. Ecol. Syst. 24, 441-466. (doi:10.1146/annurev.es.24.
110193.002301)

Charnov EL, Bull JJ, Maynard Smith J. 1976 Why be an hermaphrodite? Nature 263, 125-126. (doi:10.1038/263125a0)

Heath DJ. 1977 Simultaneous hermaphroditism; cost and benefit. J. Theor. Biol. 64, 363-373. (doi:10.1016/0022-5193(77)90363-0)

Charlesworth D, Charlesworth B. 1981 Allocation of resources to male and female functions in hermaphrodites. Biol. J. Linn. Soc. 15, 57-74. (doi:10.1111/.1095-8312.1981.
th00748.x)

Charnov EL. 1979 Simultaneous hermaphroditism and sexual selection. Proc. Nat! Acad. Sci. USA 76, 2480—2484. (doi:10.1073/pnas.76.5.2480)

Baker HG, Hurd Jr PD. 1968 Intrafloral ecology. Annu. Rev. Entomol. 13, 385—414. (doi:10.1146/annurev.en.13.010168.002125)

Lloyd DG. 1982 Selection of combined versus separate sexes in seed plants. Am. Nat. 120, 571-585. (doi:10.1086/284014)

Leonard JL. 2005 Bateman's principle and simultaneous hermaphrodites: a paradox. Integr. Comp. Biol. 45, 856—873. (doi:10.1093/ich/45.5.856)

Williams GC. 1975 Sex and evolution. Princeton, NJ: Princeton University Press.

Fischer EA. 1984 Local mate competition and sex allocation in simultaneous hermaphrodites. Am. Nat. 124, 590-596. (doi:10.1086/284298)

Scharer L. 2009 Tests of sex allocation theory in simultaneously hermaphroditic animals. Evolution 63, 1377-1405. (doi:10.1111/}.1558-5646.2009.00669.x)

Puurtinen M, Kaitala V. 2002 Mate-search efficiency can determine the evolution of separate sexes and the stability of hermaphroditism in animals. Am. Nat. 160, 645-660. (doi:
10.1086/342821)

lyer P, Roughgarden J. 2008 Dioecy as a specialization promoting sperm delivery. Evol. Ecol. Res. 10, 867-892.

Prevedelli D, N'Siala GM, Simonini R. 2006 Gonochorism vs. hermaphroditism: relationship between life history and fitness in three species of Ophryotrocha (Polychaeta:
Dorvilleidae) with different forms of sexuality. J. Anim. Ecol. 75, 203-212. (doi:10.1111/j.1365-2656.2006.01040.x)

Eppley SM, Jesson LK. 2008 Moving to mate: the evolution of separate and combined sexes in multicellular organisms. J. Evol. Biol. 21, 727-736. (doi:10.1111/].1420-9101.2008.
01524.x)

Altenburg E. 1934 A theory of hermaphroditism. Am. Nat. 68, 88—91. (doi:10.1086/280526)

Brey T. 2010 An empirical model for estimating aquatic invertebrate respiration. Methods Ecol. Evol. 1,92-101. (doi:10.1111/j.2041-210x.2009.00008.x)

White CR, Alton LA, Bywater CL, Lombardi EJ, Marshall DJ. 2022 Metabolic scaling is the product of life-history optimization. Science 377, 834-839. (doi:10.1126/science.abm7649)
Rohatgi A. 2024 Webplotdigitizer: version 4.8. See https://apps.automeris.io/wpd4/.

Brey T, Miiller-Wiegmann , Zittier ZMC, Hagen W. 2010 Body composition in aquatic organisms — a global data bank of relationships between mass, elemental composition and
energy content. J. Sea Res. 64, 334-340. (doi:10.1016/j.seares.2010.05.002)

Robinson LA et al. 2010 Length—weight relationships of 216 North Sea benthic invertebrates and fish. J. Mar. Biol. Assoc. UK 90, 95—104. (doi:10.1017/50025315409991408)
Webster SK. 1975 Oxygen consumption in echinoderms from several geographical locations, with particular reference to the Echinoidea. Biol. Bull. 148, 157—164. (doi:10.2307/
1540656)

Thuesen EV, Childress JJ. 1994 Oxygen consumption rates and metabolic enzyme activities of oceanic California medusae in relation to body size and habitat depth. Biol. Bull. 187,
84-98. (doi:10.2307/1542168)

White (R, Marshall DJ, Chown SL, Clusella-Trullas S, Portugal SJ, Franklin CE, Seebacher F. 2021 Geographical bias in physiological data limits predictions of global change impacts.
Funct. Ecol. 35, 1572-1578. (doi:10.1111/1365-2435.13807)

Ahyong S et al. 2025 World register of marine species. Ostend, Belgium: The Flanders Marine Institute (VLIZ). See https://www.marinespecies.org (accessed 14 July 2025).
Strathmann MF. 1987 Reproduction and development of marine invertebrates of the northern Pacific coast. Seattle, WA: University of Washington Press.

Schroeder PC, Hermans 0. 1975 Annelida: Polychaeta. In Reproduction of marine invertebrates (eds AC Giese, JS Pearse), pp. 1-213, vol. 3. New York, NY: Academic Press. (doi:10.
1016/B978-0-12-282503-3.50007-9)

Ruppert EE, Fox RS, Barnes RD. 2004 Invertebrate zoology - a functional evolutionary approach, 7th edn. Belmont, CA: Brooks/Cole - Thomson Learning.

Webber HH. 1977 Gastropoda: Prosobranchia. In Reproduction of marine invertebrates: molluscs: gastropods and cephalopods (eds AC Giese, JS Pearse), pp. 1-97, vol. 4. New York, NY:
Academic Press. (doi:10.1016/B978-0-12-282504-0.50007-X)

Alvarifio A. 1983 Chaetognatha. In Reproduction of invertebrates: oogenesis, ovoposition, and oosorption (eds KG Adiyodi, RG Adiyodi), pp. 585-610, vol. 1. New York, NY: John Wiley
& Sons. (doi:10.1515/9783110489279-007)

Pianka HD. 1974 Ctenophora. In Reproduction of marine invertebrates: acoelomate and pseudocoelomate metazoans (eds AC Giese, JS Pearse), pp. 201-265, vol. 1. New York, NY:
Academic Press. (doi:10.1016/B978-0-12-282501-9.50009-0)

Somjee U, Shankar A, Falk JJ. 2022 Can sex-specific metabolic rates provide insight into patterns of metabolic scaling? Integr. Comp. Biol. 62, 1460—1470. (doi:10.1093/icb/icac135)
Warner RR. 1978 The evolution of hermaphroditism and unisexuality in aquatic and terrestrial vertebrates. In Contrasts in behavior: adaptations in the aquatic and terrestrial
environments (eds ES Reese, FJ Lighter), pp. 77-101. New York, NY: John Wiley & Sons.

Marshall DJ. 2024 Principles of experimental design for ecology and evolution. Ecol. Lett. 27, e14400. (doi:10.1111/ele.14400)

Harvey PH, Pagel MD. 1991 The comparative method in evolutionary biology. Oxford, UK: Oxford University Press.

Ives AR. 2018 Mixed and phylogenetic models: a conceptual introduction to correlated data. Victoria, Canada: Lean Publishing. See https://leanpub.com/correlateddata.

Pinheiro JC, Bates DM, R Core Team. 2025 nlme: Linear and nonlinear mixed effects models. See https://doi.org/10.32614/CRAN.package.nlme.

Pinheiro JC, Bates DM. 2000 Mixed-effects models in S and S-PLUS. New York, NY: Springer. (doi:10.1007/b98882)

Pearse WD, Davies T, Wolkovich EM. 2025 How to define, use, and interpret Pagel’s A (lambda) in ecology and evolution. Glob. Ecol. Biogeagr. 34, €70012. (doi:10.1111/geb.70012)
Pagel M. 1999 Inferring the historical patterns of biological evolution. Nature 401, 877—884. (doi:10.1038/44766)

Downloaded from http://royalsocietypublishing.org/rspb/article-pdf/doi/10.1098/rspb.2025.2276/4415718/rspb.2025.2276.pdf

by guest

on 11 December 2025

0775707 1267 9054 0ig  qdsyjeumol Buobunsigndiaposiefor |


http://dx.doi.org/10.1017/CBO9780511731419
http://dx.doi.org/10.1016/0022-5193(66)90038-5
http://dx.doi.org/10.1086/406066
http://dx.doi.org/10.1111/j.1558-5646.1955.tb01544.x
http://dx.doi.org/10.1111/j.0014-3820.2006.tb00525.x
http://dx.doi.org/10.1111/j.0014-3820.2006.tb00525.x
http://dx.doi.org/10.1146/annurev.es.24.110193.002301
http://dx.doi.org/10.1146/annurev.es.24.110193.002301
http://dx.doi.org/10.1038/263125a0
http://dx.doi.org/10.1016/0022-5193(77)90363-0
http://dx.doi.org/10.1111/j.1095-8312.1981.tb00748.x
http://dx.doi.org/10.1111/j.1095-8312.1981.tb00748.x
http://dx.doi.org/10.1073/pnas.76.5.2480
http://dx.doi.org/10.1146/annurev.en.13.010168.002125
http://dx.doi.org/10.1086/284014
http://dx.doi.org/10.1093/icb/45.5.856
http://dx.doi.org/10.1086/284298
http://dx.doi.org/10.1111/j.1558-5646.2009.00669.x
http://dx.doi.org/10.1086/342821
http://dx.doi.org/10.1111/j.1365-2656.2006.01040.x
http://dx.doi.org/10.1111/j.1420-9101.2008.01524.x
http://dx.doi.org/10.1111/j.1420-9101.2008.01524.x
http://dx.doi.org/10.1086/280526
http://dx.doi.org/10.1111/j.2041-210x.2009.00008.x
http://dx.doi.org/10.1126/science.abm7649
https://apps.automeris.io/wpd4/
http://dx.doi.org/10.1016/j.seares.2010.05.002
http://dx.doi.org/10.1017/S0025315409991408
http://dx.doi.org/10.2307/1540656
http://dx.doi.org/10.2307/1540656
http://dx.doi.org/10.2307/1542168
http://dx.doi.org/10.1111/1365-2435.13807
https://www.marinespecies.org
http://dx.doi.org/10.1016/B978-0-12-282503-3.50007-9
http://dx.doi.org/10.1016/B978-0-12-282503-3.50007-9
http://dx.doi.org/10.1016/B978-0-12-282504-0.50007-X
http://dx.doi.org/10.1515/9783110489279-007
http://dx.doi.org/10.1016/B978-0-12-282501-9.50009-0
http://dx.doi.org/10.1093/icb/icac135
http://dx.doi.org/10.1111/ele.14400
https://leanpub.com/correlateddata
https://doi.org/10.32614/CRAN.package.nlme
http://dx.doi.org/10.1007/b98882
http://dx.doi.org/10.1111/geb.70012
http://dx.doi.org/10.1038/44766

46.
47.
48.
49.
50.
51.
52.

53.

54.
55.
56.
57.
58.
59.

60.

61.
62.
63.
64.
65.

66.
67.
68.
69.

70.
7.
72.
73.

74.
75.
76.
7.

78.
79.

80.

81.

82.
83.

84.
85.
86.

Hinchliff C. 2015 Synthesis of phylogeny and taxonomy into a comprehensive tree of life. Proc. Natl Acad. Sci. USA 112, 12764—12769. (doi:10.1101/012260)

Michonneau F, Brown JW, Winter DJ. 2016 rotl: An R package to interact with the Open Tree of Life data. Methods Ecol. Evol. 7, 1476-1481. (doi:10.1111/2041-210x.12593)

Revell LJ. 2012 phytools: An R package for phylogenetic comparative biology (and other things). Methods Ecol. Fvol. 3, 217-223. (doi:10.1111/}.2041-210x.2011.00169.x)

Eastman JM, Harmon LJ, Tank DC. 2013 Congruification: support for time scaling large phylogenetic trees. Methods Ecol. Evol. 4, 688—691. (doi:10.1111/2041-210x.12051)

Britton T, Anderson CL, Jacquet D, Lundqvist S, Bremer K. 2007 Estimating divergence times in large phylogenetic trees. Syst. Biol. 56, 741-752. (doi:10.1080/10635150701613783)
Harmon LJ, Weir JT, Brock CD, Glor RE, Challenger W. 2008 GEIGER: investigating evolutionary radiations. Bioinformatics 24, 129—131. (doi:10.1093/bioinformatics/btm538)

Pennell MW, Eastman JM, Slater GJ, Brown JW, Uyeda JC, FitzJohn RG, Alfaro ME, Harmon LJ. 2014 geiger v2.0: An expanded suite of methods for fitting macroevolutionary models
to phylogenetic trees. Bioinformatics 30, 2216—2218. (doi:10.1093/bioinformatics/btu181)

Kumar S, Suleski M, Craig JM, Kasprowicz AE, Sanderford M, Li M, Stecher G, Hedges SB. 2022 TimeTree 5: an expanded resource for species divergence times. Mol. Biol. Evol. 39,
msac174. (doi:10.1093/molbev/msac174)

Paradis E, Schliep K. 2019 ape 5.0: An environment for modern phylogenetics and evolutionary analyses in R. Bioinformatics 35, 526—528. (doi:10.1093/bioinformatics/bty633)
Guillerme T. 2018 dispRity: a modular R package for measuring disparity. Methods Ecol. Evol. 9, 1755-1763. (doi:10.1111/2041-210x.13022)

Quinn GP, Keough MJ. 2002 Experimental design and data analysis for biologists. Cambridge, UK: Cambridge University Press. (doi:10.1017/ch09780511806384)

R Core Team 2025 R: a language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing. See https://www.R-project.org/.

Wickham H. 2016 ggplot2: Elegant graphics for data analysis. New York, NY: Springer. See https://ggplot2.tidyverse.org.

Slowikowski K. 2024 ggrepel: Automatically position non-overlapping text labels with ggplot2’. (doi:10.32614/CRAN.package.ggrepel). See https://CRAN.R-project.org/package=
ggrepel.

Yu G, Smith DK, Zhu H, Guan Y, Lam TT. 2017 ggtree: An R package for visualization and annotation of phylogenetic trees with their covariates and other associated data. Methods
Ecol. Evol. 8, 28-36. (doi:10.1111/2041-210x.12628)

Yu G. 2022 Data integration, manipulation and visualization of phylogenetic trees, pp. 73—-96. Boca Raton, FL: Chapman and Hall/CRC. (doi:10.1201/9781003279242-4)

XuS et al. 2021 ggtreeExtra: compact visualization of richly annotated phylogenetic data. Mol. Biol. Evol. 38, 4039-4042. (doi:10.1093/molbev/msab166)

Jarvis GC, Marshall DJ. 2025 Data from: Hermaphrodites have lower metabolic rates than gonochores. Dryad Digital Repository. (doi:10.5061/dryad.j3tx95xt4)

Charnov EL. 1982 The theory of sex allocation. Princeton, NJ: Princeton University Press.

Michiels NK, Crowley PH, Anthes N. 2009 Accessory male investment can undermine the evolutionary stability of simultaneous hermaphroditism. Biol. Lett. 5, 709-712. (doi:10.
1098/rsh1.2009.0280)

Glazier DS. 2015 Is metabolic rate a universal ‘pacemaker’ for biological processes? Biol. Rev. 90, 377—407. (doi:10.1111/brv.12115)

Damuth J. 1981 Population density and body size in mammals. Nature 290, 699—700. (doi:10.1038/290699a0)

Brown JH, Gillooly JF, Allen AP, Savage VM, West GB. 2004 Toward a metabolic theory of ecology. Ecology 85, 1771-1789. (doi:10.1890/03-9000)

Koztowski J, Konarzewski M, Czarnoleski M. 2020 Coevolution of body size and metabolic rate in vertebrates: a life-history perspective. Biol. Rev. 95, 1393—1417. (doi:10.1111/brv.
12615)

Murray J. 1964 Multiple mating and effective population size in Cepaea nemoralis. Evolution 18, 283—291. (doi:10.1111/j.1558-5646.1964.tb016071.x)

Meyer E. 1888 Studien iiber kdrperbau der anneliden (Studies on the body structure of annelids). Mitt. Zool. Stn Neapel 8, 462—-662.

McClain CR, Filler R, Auld JR. 2014 Does energy availability predict gastropod reproductive strategies? Proc. R. Soc. B 281, 20140400. (doi:10.1098/rsph.2014.0400)

Damuth J. 1987 Interspecific allometry of population density in mammals and other animals: the independence of body mass and population energy-use. Biol. J. Linn. Soc. 31, 193—-
246. (doi:10.1111/j.1095-8312.1987.th01990.x)

Hatton 1A, Dobson AP, Storch D, Galbraith ED, Loreau M. 2019 Linking scaling laws across eukaryotes. Proc. Natl Acad. Sci. USA 116, 21616—-21622. (doi:10.1073/pnas.1900492116)
Speakman JR. 2005 Body size, energy metabolism and lifespan. J. Exp. Biol. 208, 1717-1730. (doi:10.1242/jeb.01556)

Savage VM, Gillooly JF, Brown JH, West GB, Charnov EL. 2004 Effects of body size and temperature on population growth. Am. Nat. 163, 429—441. (doi:10.1086/381872)

Marsden ID, Shumway SE, Padilla DK. 2012 Does size matter? The effects of body size and declining oxygen tension on oxygen uptake in gastropods. J. Mar. Biol. Assoc. UK 92, 1603—
1617. (doi:10.1017/50025315411001512)

Lindeman RL. 1942 The trophic-dynamic aspect of ecology. Ecology 23, 399-417. (doi:10.2307/1930126)

Schuster L, Cameron H, White CR, Marshall DJ. 2021 Metabolism drives demography in an experimental field test. Proc. Natl Acad. Sci. USA 118, €2104942118. (doi:10.1073/pnas.
2104942118)

Houston Al, Mcnamara JM, Hutchinson JMC. 1993 General results concerning the trade-off between gaining energy and avoiding predation. Phil. Trans. R. Soc. Lond. B 341, 375—
397. (doi:10.1098/rsth.1993.0123)

Pla S, Maynou F, Piferrer F. 2021 Hermaphroditism in fish: incidence, distribution and associations with abiotic environmental factors. Rev. Fish Biol. Fish. 31, 935-955. (doi:10.
1007/511160-021-09681-9)

Niklas KJ. 2004 Plant allometry: the scaling of form and process. Chicago, IL: University of Chicago Press.

Price CA, Gilooly JF, Allen AP, Weitz JS, Niklas KJ. 2010 The metabolic theory of ecology: prospects and challenges for plant biology. New Phytol. 188, 696—710. (doi:10.1111/].1469-
8137.2010.03442.x)

Mori S et al. 2010 Mixed-power scaling of whole-plant respiration from seedlings to giant trees. Proc. Natl Acad. Sci. USA 107, 1447-1451. (doi:10.1073/pnas.0902554107)

Ginther SC, Cameron H, White (R, Marshall DJ. 2024 Metabolic loads and the costs of metazoan reproduction. Science 384, 763—767. (doi:10.1126/science.adk6772)

Jarvis GC, Marshall DJ. 2025 Supplementary material from: Hermaphrodites have lower metabolic rates than gonochores. Figshare. (doi:10.6084/m9.figshare.c.8142787)

Downloaded from http://royalsocietypublishing.org/rspb/article-pdf/doi/10.1098/rspb.2025.2276/4415718/rspb.2025.2276.pdf

by guest

on 11 December 2025

9775707 1267 9054 20ig  qdsyjeumol Buobunsigndiaosiefor


http://dx.doi.org/10.1101/012260
http://dx.doi.org/10.1111/2041-210x.12593
http://dx.doi.org/10.1111/j.2041-210x.2011.00169.x
http://dx.doi.org/10.1111/2041-210x.12051
http://dx.doi.org/10.1080/10635150701613783
http://dx.doi.org/10.1093/bioinformatics/btm538
http://dx.doi.org/10.1093/bioinformatics/btu181
http://dx.doi.org/10.1093/molbev/msac174
http://dx.doi.org/10.1093/bioinformatics/bty633
http://dx.doi.org/10.1111/2041-210x.13022
http://dx.doi.org/10.1017/cbo9780511806384
https://www.R-project.org/
https://ggplot2.tidyverse.org
http://dx.doi.org/10.32614/CRAN.package.ggrepel
https://CRAN.R-project.org/package=ggrepel
https://CRAN.R-project.org/package=ggrepel
http://dx.doi.org/10.1111/2041-210x.12628
http://dx.doi.org/10.1201/9781003279242-4
http://dx.doi.org/10.1093/molbev/msab166
http://dx.doi.org/10.5061/dryad.j3tx95xt4
http://dx.doi.org/10.1098/rsbl.2009.0280
http://dx.doi.org/10.1098/rsbl.2009.0280
http://dx.doi.org/10.1111/brv.12115
http://dx.doi.org/10.1038/290699a0
http://dx.doi.org/10.1890/03-9000
http://dx.doi.org/10.1111/brv.12615
http://dx.doi.org/10.1111/brv.12615
http://dx.doi.org/10.1111/j.1558-5646.1964.tb01601.x
http://dx.doi.org/10.1098/rspb.2014.0400
http://dx.doi.org/10.1111/j.1095-8312.1987.tb01990.x
http://dx.doi.org/10.1073/pnas.1900492116
http://dx.doi.org/10.1242/jeb.01556
http://dx.doi.org/10.1086/381872
http://dx.doi.org/10.1017/S0025315411001512
http://dx.doi.org/10.2307/1930126
http://dx.doi.org/10.1073/pnas.2104942118
http://dx.doi.org/10.1073/pnas.2104942118
http://dx.doi.org/10.1098/rstb.1993.0123
http://dx.doi.org/10.1007/s11160-021-09681-9
http://dx.doi.org/10.1007/s11160-021-09681-9
http://dx.doi.org/10.1111/j.1469-8137.2010.03442.x
http://dx.doi.org/10.1111/j.1469-8137.2010.03442.x
http://dx.doi.org/10.1073/pnas.0902554107
http://dx.doi.org/10.1126/science.adk6772
http://dx.doi.org/10.6084/m9.figshare.c.8142787

	Hermaphrodites have lower metabolic rates than gonochores
	1. Introduction
	2. Methods
	(a) Metabolic rate data
	(b) Classifying reproductive mode and motility
	(c) Statistical analyses

	3. Results
	(a) Hermaphrodites have lower metabolic rates
	(b) Motility has little effect on metabolic rate

	4. Discussion


