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abstract: The evolution of internal fertilizationhas occurred repeat-
edly and independently across the tree of life. As it has evolved, inter-
nal fertilization has reshaped sexual selection and the covariances
among sexual traits, such as testes size, and gamete traits. But it is un-
clear whether fertilization mode also shows evolutionary associations
with traits other than primary sex traits. Theory predicts that fertiliza-
tion mode and body size should covary, but formal tests with phylo-
genetic control are lacking. We used a phylogenetically controlled ap-
proach to test the covariance between fertilization mode and adult
body size (while accounting for latitude, offspring size, and offspring
developmental mode) among 1,232 species of marine invertebrates
from three phyla. Within all phyla, external fertilizers are consistently
larger than internal fertilizers: the consequences of fertilization mode
extend to traits that are only indirectly related to reproduction. We
suspect that other traits may also coevolve with fertilization mode in
ways that remain unexplored.
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Introduction

The evolution of internal fertilization—from releasing gam-
etes into the external environment to transferring them
internally—was a critical biological innovation with pro-
found consequences for selection (Parker 1970, 1984;
Williams 1975; Shine 1978; Gross and Shine 1981; Parker
and Pizzari 2010). From snails to fishes to frogs, internal fer-
tilization has evolved frequently and independently across
the tree of life, with both ecological and evolutionary conse-
quences (Parker 1970; Franzén 1977; Duellman and Trueb
1986;Wootton and Smith 2014; Kahrl et al. 2021). Fertiliza-
tion mode influences population dynamics: relative to in-
ternal fertilizers, external fertilizers may experience more
variable recruitment (Thorson 1950; Strathmann and
Strathmann 1982) and be more prone to Allee effects
(Levitan et al. 1992; Levitan and Petersen 1995; Levitan
1998). Fertilization mode also modifies the intensity of
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both natural selection and sexual selection: internal fertil-
izers face fierce competition to copulate, and ejaculates
from different males compete to win fertilizations within
the female reproductive tract (Parker 1970, 1984). Mean-
while, external fertilizers face the challenge of achieving
fertilization success at all, which can be limited by access
to too few (sperm limitation) or too many (polyspermy)
sperm (Vogel et al. 1982; Styan 1998; Styan and Butler
2000; Millar and Anderson 2003; Bode and Marshall
2007).
Perhaps unsurprisingly, different fertilizationmodes se-

lect for different suites of reproductive traits. In internal
fertilizers, males tend to have smaller ejaculates, larger
(perhaps more competitive) sperm, and relatively small
testes, while external fertilizers show the opposite patterns
(Franzén 1956, 1970, 1977; Stockley et al. 1996, 1997;
Kahrl et al. 2021). Selection on egg size also differs between
internal fertilizers and external fertilizers: in internal
fertilizers, fertilization success is relatively ensured once
mating has occurred, but in external fertilizers, fertiliza-
tion success is fraught and most eggs can go unfertilized
(e.g., Marshall 2002). The covariance between fertilization
mode and reproductive traits is clear. Whether fertiliza-
tion mode covaries with traits that are not directly related
to reproduction remains unknown, yet there are clear
expectations that fertilization mode should alter selection
on such traits.
Fertilization mode should covary with body size. Exter-

nal fertilizers should be larger than internal fertilizers, a pre-
diction that emerges independently from different models
with different foci, specifically models of resource availabil-
ity/energy budgets (hence, body size; Williams et al. 2005)
and models of sperm limitation (Henshaw et al. 2014).
Henshaw et al. (2014) suggest that sperm limitation se-
verely reduces fertilization success in small external fertilizers
(because sperm quickly dilute when released into the water
column), such that selection should favor larger adult body
sizes in external fertilizers and smaller body sizes in internal
fertilizers. This theory had informal antecedents that made
Chicago. All rights reserved. Published by The University of Chicago Press for
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similar predictions (Strathmann and Strathmann 1982).
Testing these predictions is not straightforward however,
because fertilization mode is often confounded with other
life history traits or phylogeny.
Fishes and amphibians show both internal fertiliza-

tion and external fertilization across species, so assessing
whether fertilization mode covaries with body size in
these groups has intuitive appeal. However, in fishes,
most species that are external fertilizers are also ovipa-
rous (egg laying), and many species that are internal
fertilizers are also viviparous (live bearing; Mank et al.
2005; Wootton and Smith 2014; but see Abe and
Munehara 2009; Muñoz 2010). We have good reason
to expect reproductive mode to also shape body size in-
dependently of fertilization mode (Day and Taylor 1997,
2000), so getting a “clean” test of fertilization mode ef-
fects on body size is difficult in fishes. Fertilization mode
also varies in amphibians, but the transition from exter-
nal to internal fertilization occurred deep in the phylog-
eny such that nearly all anurans (frogs and toads) are ex-
ternal fertilizers and most urodeles (salamanders and
newts) and all caecilians (limbless amphibians) are inter-
nal fertilizers (Halliday and Verrell 1984; Duellman and
Trueb 1986; Charney et al. 2014). As such, there might
be a covariance between body size and fertilization mode
in amphibians, but interpreting such a covariance would
be challenging: if newts are smaller than frogs, is it be-
cause newts are internal fertilizers specifically or simply
because they are newts?
Marine invertebrates provide clearer tests of the co-

variance between body size and fertilization mode. In
some phyla, around half of all species are internal
fertilizers, and fertilization mode has evolved indepen-
dently of reproductive mode many times, even among
congeners (Monro and Marshall 2015; Kahrl et al.
2021). Indeed, a number of studies explore how fertiliza-
tion mode and various other traits covary with each other
in various marine invertebrate groups (Strathmann and
Strathmann 1982; Hendler and Littman 1986; Rouse and
Fitzhugh 1994; Hart et al. 1997; Kupriyanova et al. 2001;
McFadden et al. 2001), but comprehensive, phylogeneti-
cally controlled tests across a wide range of clades are
lacking.
Here, we use a phylogenetically controlled approach to

test the theoretical predictions for how fertilization mode
should covary with body size in 11,200 species of marine
invertebrates, spanning three phyla (annelids, echinoderms,
and mollusks). Because body size sometimes covaries with
offspring size (Neuheimer et al. 2015; Olsson et al. 2016;
Rollinson andRowe 2016; Rollinson et al. 2019) and latitude
(Bergmann 1847; Watt et al. 2010; Rollinson and Rowe
2018; Campbell et al. 2021), we also included these factors
in our analyses.
Methods

Data Collection and Classification
of Life History Traits

We compiled data for adult size, fertilizationmode, and lat-
itude for 1,232 species of marine annelids (330 spp.),
echinoderms (427 spp.), and mollusks (475 spp.), and for
a subset of the species for which it was available, we com-
piled additional data for offspring size (993 spp. total: 239 an-
nelids, 371 echinoderms, and 383 mollusks). Because fer-
tilization mode is sometimes associated with offspring
developmental mode inmarine invertebrates (Strathmann
and Strathmann 1982; Rouse and Fitzhugh 1994; Hart
et al. 1997; Kupriyanova et al. 2001; Monro and Marshall
2015), we also recorded each species’ developmental mode
(aplanktonic, planktonic nonfeeding, or planktonic feed-
ing; sensuMarshall et al. 2012) to test the relative influence
of these two traits on body size. The species in our dataset
came from previously published meta-analyses on various
marine invertebrate life history traits (Marshall et al. 2012;
Monro andMarshall 2015), supplemented with additional
data for adult size from the literature.
Unfortunately, we could not follow a formal preferred

reporting items for systematic reviews and meta-analyses
(PRISMA) approach (Page et al. 2021) because data for
adult size, life history, and latitude are rarely reported in a
single source. Instead, once we determined the fertilization
mode of the species, we then searched formore information
on the adult size, latitude, developmental mode, and off-
spring size for that species. Information was collected from
studies from Google Scholar (https://scholar.google.com/)
based on the following search terms: “[Genus species]” to-
gether with the terms “develop*”, “development* mode”,
“weight”, “size”, “adult size”, “mass”, “adult mass”, “egg*”,
“egg size”, “egg diameter”, “offspring size”, or “latitud*”.
Within those selected articles, we also explored relevant
citations to identify as many studies as possible.
We collected data for adult size (i.e., grams total wet

weight of sexually mature individuals), offspring size (i.e.,
egg diameter [mm]), and latitudinal coordinates for collec-
tion sites from the literature, supplementedwith information
from online databases (e.g., World Register of Marine Spe-
cies: http://www.marinespecies.org/; SeaLifeBase: https://
www.sealifebase.ca/). When adult sizes were reported as dry
masses or lengths, we converted to wet weight based on con-
version factors from Brey et al. (2010) and Robinson et al.
(2010). Note that our classification of adult size does not dif-
ferentiate between males and females—such information
was unreported for many species (particularly external
fertilizers) and therefore could not be formally tested here.
Whether the covariance between body size and fertilization
mode differs betweenmales and females is an important av-
enue for future research, and we encourage empiricists to
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report the sex of their study organisms when measuring
body size.
We classified fertilization mode as external if eggs were

reported as being fertilized outside the body of the female
and as internal otherwise. Similar to Monro and Marshall
(2015), our classification scheme relied on the expertise of
empiricists who originally classified the fertilization mode
of each species (e.g., Strathmann 1987 for all three phyla;
Rouse and Pleijel 2006 for annelids). Under this classifica-
tion, sperm casters (i.e., species that release sperm into the
sea but retain eggs internally) as well as species with true
copulation or pseudocopulation were considered internal
fertilizers. Unfortunately, this level of detail is unreported
or unknown for many of the internal fertilizers in our
dataset. However, for a subset of our species for which this
information was known (73 spp. total: 28 annelids, 3 echi-
noderms, and 42 mollusks; table S6), we were able to com-
pare body sizes between copulators and sperm casters (see
the supplemental PDF for further details). Notably, body
size does not differ between these two groups (table S7).
Statistical Analyses

Wecharacterized the covariance between adult size and fer-
tilizationmode (fig. 1) while accounting for the effect of lat-
itude, offspring size, or developmental mode in three sepa-
rate models. For the models that included offspring size or
latitude, we tested patterns in body size both within phyla
and among phyla. For the model that included develop-
mental mode, we could not test patterns within phyla be-
cause some combinations of fertilization mode and devel-
opmental mode are rare in nature and absent in our
dataset (e.g., there are no echinoderms with both internal
fertilization and planktonic feeding development in our
dataset; table 1).
We analyzed our data with phylogenetically controlled

models to account for the influence of species’ shared evolu-
tionary history on patterns in body size (Felsenstein 1985).
Specifically, our models assessed whether there is an associ-
ation between body size and fertilization mode, along with
our other traits of interest, while incorporating the covari-
ation among species due to phylogenetic relatedness into
the models’ error structure (Harvey and Pagel 1991; Rohlf
2001; Ives 2018). Our three models included natural-log-
transformed bodymass as the continuous response variable
and fertilizationmode as a categorical predictor, with devel-
opmental mode (categorical), latitude (continuous), or
natural-log-transformed offspring size (continuous) as ad-
ditional predictors.
We fitted phylogenetic generalized least squares

(PGLS) regressions (Grafen 1989; Martins and Hansen
1997; Garland and Ives 2000; Smaers and Rohlf 2016)
with the gls function in the package ape (ver. 5.6-2;
Paradis and Schliep 2019). We first evaluated the signifi-
cance of model predictors using F-tests, reducing models
in which interactions were not significant (P 1 :05). Next,
we evaluated the significance of regression coefficients
(once the appropriate model had been selected from the
previous step) using Wald tests.
We extracted our phylogeny from the Open Tree of Life

(Hinchliff et al. 2015) with the package rotl (ver. 3.0.14;
Michonneau et al. 2016) and constructed phylogenetic trees
with the package phytools (ver. 1.2-0; Revell 2012). Branch
lengths from the Open Tree of Life are not time calibrated.
Therefore, we used the function congruify.phylo (Eastman
et al. 2013) with the PATHd8 scaling method (Britton et al.
2007) in the package geiger (ver. 2.0.10; Harmon et al. 2008;
Pennell et al. 2014) to time calibrate our tree according to
time data from the TimeTree of Life (Kumar et al. 2022).
This function maps known species’ divergence times from
a reference tree (time calibrated) to a target tree (uncali-
brated) sampled from the same lineage. We then randomly
resolved all polytomies in our time-calibrated tree with the
function multi2di (package ape).
We tested the fit of Brownianmotion (BM; corBrownian),

Pagel’s l (PL; corPagel), and Ornstein-Uhlenbeck (OU;
corMartins) models of character evolution for body size
(package ape). First, we compared PL and OU models with
Figure 1: Adult body mass (black bars; estimated as natural-log-
transformed wet weight [g]) mapped to the phylogeny of species in
our dataset. Colored circles at the tips of the tree indicate whether the
species is an internal fertilizer (gray) or external fertilizer (black). Data
were available for three phyla: Annelida (n p 330), Echinodermata
(n p 427), and Mollusca (n p 475).
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BMmodels with likelihood ratio tests: for all models, PL and
OU models fit the data better than BM models (table S1).
Next, we compared the PL model with the OU model using
Akaike information criterion (AIC; Akaike 1978; Quinn and
Keough 2002). In all cases, the PLmodel was a better fit than
theOUmodel according to lowestAICvalues andDAIC 1 2
(table S1), sowe usedmodels fittedwith PL correlation struc-
ture for all analyses.
We ran an additional model to compare body sizes

between congeners that differ in their fertilization mode
within each phylum (table S4). Unlike the PGLS models
mentioned above, we used a linear mixed effects model
(lmer function in package lme4 ver. 1.1–31; Bates et al.
2015) with natural-log-transformed body mass as the re-
sponse variable, fertilization mode as a fixed categorical
predictor, and species nested within genus as a random
effect. We evaluated the overall significance of fertiliza-
tion mode with analysis of deviance tests based on x2

distributions with the package car (ver. 3.1-1; Fox and
Weisberg 2019) and the significance of regression coef-
ficients based on t-tests with Satterthwaite’s (1941, 1946)
method.
We completed all analyses in RStudio (ver. 4.2.2; RStudio

Team 2022). Figures were created using the packages
ggplot2 (ver. 3.3.5; Wickham 2016), ggtree (ver. 3.6.2; Yu
et al. 2017; Yu 2022), and ggtreeExtra (ver. 1.8.1; Xu et al.
2021).
Results

Fertilization Mode and Latitude versus Body Size

In all three phyla, external fertilizers are larger than in-
ternal fertilizers (fertilization: F1, 1,229 p 98:13, P ! :01;
fig. 2). These patterns are most pronounced in annelids,
followed by echinoderms, then mollusks, where external
fertilizers are 12.2, 5.8, and 5.4 times larger than internal
fertilizers, respectively (tables S2, S3). Latitude does not
covary with body size at all (table S2).
Our findings suggest that two congeners that are identi-

cal in their life histories (e.g., offspring size, developmental
mode) but differ in their fertilization mode can have vastly
different body sizes. In our dataset, there are 25 genera that
contain both internally fertilizing species and externally fer-
tilizing species (table S4). Within these genera, external
fertilizers are 3.7 and 5.5 times larger than internal fertilizers
Table 1: Species records used in this study, organized by phylum and life history traits
Phylum, fertilization mode
 Offspring size (n p 993)
Developmental mode (n p 1,232)
Aplanktonic
 Planktonic nonfeeding
 Planktonic feeding
Annelida:

Internal
 104
 25
 102
 31

External
 135
 4
 87
 81
Echinodermata:

Internal
 31
 30
 6
 . . .

External
 340
 28
 147
 216
Mollusca:

Internal
 309
 71
 48
 232

External
 74
 1
 48
 75
Figure 2: Distribution of adult sizes (estimated as natural-log-
transformed [LN] wet weight [g]) according to fertilization mode for
three phyla. Dark gray and light gray points represent data for individ-
ual species, and black points represent outliers. Note that scales differ
among panels.
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in annelids and echinoderms, respectively, but the opposite
is true in mollusks—internal fertilizers are 2.8 times larger
than external fertilizers (table S5). These patterns are consis-
tent with our overall results for the phyla for which we had
higher replication (annelids and echinoderms) but not for
mollusks, where the result is based on two genera and five
species. Therefore, we are inclined to treat our result in re-
gard to within-genus patterns in mollusks with caution until
additional data on body sizes in this group can be assembled
for a more representative sample.
Fertilization Mode and Offspring Size versus Adult Size

Adult size increases with offspring size over and above the
effects of fertilization mode (offspring size: F1, 990 p 6:06,
P p :01; fig. 3), but patterns in mollusks are stronger than
those in the other two phyla (tables S2, S3).
Fertilization Mode and Developmental
Mode versus Adult Size

Developmental mode affects the strength of the relation-
ship between fertilization mode and body size (fertiliza-
tion# development: F2, 1,226 p 3:63, P p :03; fig. 4). In
all developmental modes, external fertilizers are still larger
than internal fertilizers, but this effect is greatest in planktonic
nonfeeding developers, least in aplanktonic developers, and
intermediate in planktonic feeding developers (fig. 4). Rel-
ative to internal fertilizers, external fertilizers are 9.6, 8.4,
and 2.3 times larger than internal fertilizers for species with
planktonic nonfeeding, planktonic feeding, and aplanktonic
development, respectively (tables S2, S3).
Summary

Fertilization mode covaries strongly and consistently
with adult body size—external fertilizers are larger than
internal fertilizers. Adult size increases with offspring
size, but patterns in mollusks are stronger than those
in the other two phyla. Developmental mode influences
the strength of the relationship between fertilization
mode and body size—external fertilizers are much larger
than internal fertilizers in species with planktonic off-
spring development relative to species with aplanktonic
development.
Discussion

Within three phyla (two protostomes and one deutero-
stome), we observe strong and consistent associations
between body size and fertilization mode: external
fertilizers are larger than internal fertilizers. This finding
suggests that the association between fertilization mode
Figure 3: Relationship between adult size (estimated as natural-log-transformed [LN] wet weight [g]) and offspring size (estimated as natural-
log-transformed egg diameter) for three phyla. Points represent raw data for each species, and the linear fit represents the significant relationship
from phylogenetically controlled regressions in mollusks.
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and body size is fundamental and ubiquitous, broaden-
ing our view of the relationship between fertilization
mode and an organism’s biology more generally. For ex-
ample, because body size is such a fundamental feature
of an organism, our results allow us to predict how fer-
tilization mode should covary with other well-known
correlates of size.
Consequences of Fertilization Mode for Other Traits

Variation in body size drives widespread and repeated
patterns across the tree of life (Peters 1983; Reiss 1989;
Calder 1996; Hatton et al. 2019; Marshall et al. 2021). Rel-
ative to smaller organisms, larger organisms have lower
population growth rates (Fenchel 1974; Blueweiss et al.
1978; Savage et al. 2004), lower carrying capacities (Damuth
1981), longer life spans (Speakman 2005), and increased fe-
cundity (Honěk 1993; Visman et al. 1996; Barneche et al.
2018). The association between fertilizationmode and body
size therefore implies that fertilization mode also covaries
with these other traits, such that we should be able to pre-
dict much of a species’ life history and ecology on the basis
of its fertilization mode alone. For example, within any one
clade, we would expect a species with external fertilization
(and thus a larger body size) to also have a lower population
growth rate, lower carrying capacity, and higher fecundity
than a congeneric internal fertilizer.
Life historymodels predict that fertilizationmode should

vary with resource state (Williams et al. 2005). Accordingly,
we find that fertilizationmode covaries with resource avail-
ability (i.e., body size), but resource availability is only one
component of resource state—rates of resource use (i.e.,
metabolic rate) also determine resource state (White et al.
2022). It will therefore be interesting to determine whether
metabolic rate (controlling for body size) also covaries with
fertilization mode.
Correlation Does Not Equal Causation But . . .

It is tempting to think that one trait might be driving the
evolution of the other, but correlational approaches such
as ours cannot determine evolutionary chains of causality.
Although the patterns we observed are consistent with the-
ory (Henshaw et al. 2014), the ultimate drivers of body size
are unclear.We suspect that Henshaw et al.’s (2014) argued
sequence of events is likely, that a reduction in body size
precedes the evolution of internal fertilization via the fol-
lowing steps: (1) a reduction in body size results in smaller
testes (and thus lower sperm production), leading to sperm
limitation; (2) sperm limitation favors the production of
larger eggs, which are larger targets for sperm; (3) produc-
tion of larger eggs (and thus fewer of them) favors the reten-
tion of eggs to increase fertilization success and egg survival;
and (4) egg retention favors the development of anatomy
and sperm traits required for internal fertilization. Such a
scenario remains speculative however, and we remain open
to alternative explanations.
Implications for Latitude, Offspring Size,
and Developmental Mode

Despite classic expectations that latitude, offspring size, and
developmental mode should covary with body size, the in-
fluence of these predictors is far less consistent and far
Figure 4: Distribution of adult sizes (estimated as natural-log-transformed [LN] wet weight [g]) according to fertilization mode and develop-
mental mode for all three phyla combined. Dark gray and light gray points represent data for individual species, and black points represent
outliers. The outlying points for small (LN 215 to 210 g) aplanktonic developers are all species of annelids, which are generally smaller than
the echinoderms and mollusks in our dataset.
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weaker than that of fertilization mode. Nevertheless, our
findings are congruent with other studies of interspecific
patterns in ectotherm body size: we found no covariance be-
tween body size and latitude (Hawkins and Lawton 1995;
Porter and Hawkins 2001; Berke et al. 2013; Moss et al.
2016; but see Olalla-Tárraga and Rodríguez 2007; Womack
and Bell 2020; Bansal and Thaker 2021; Campbell et al.
2021), a positive covariance between body size and offspring
size (Neuheimer et al. 2015; Rollinson and Rowe 2015, 2016;
Olsson et al. 2016; Rollinson et al. 2019; but see Visman et al.
1996), and a tendency for species with aplanktonic/direct
development to have smaller body sizes than species with
larval development (Strathmann and Strathmann 1982;
Chaffee and Lindberg 1986; Hendler and Littman 1986;
McHugh 1993; Rouse and Fitzhugh 1994; Giangrande
1997; Webb et al. 2009; Womack and Bell 2020). It will be
interesting to seewhether the patternswe observe here apply
more generally to other taxa. For example, marine rock-
fishes (Scorpaenidae) include species with all combinations
of spawning and fertilization modes (Haldorson and Love
1991; Muñoz 2010), so unlike other fishes, a “clean” test
of how fertilization mode covaries with body size seems
possible in this group.
Limitations of Database

Aswith any compilation of this kind, there are limitations in
our dataset (see also Marshall et al. 2012; Monro and Mar-
shall 2015). For instance, relative to coastal regions in the
global south (particularly Africa and South America), spe-
cies from the United States, Europe, and Australia are over-
represented in our dataset. Taxonomically, a large portion
(40%) of the mollusks in our dataset are sea slugs (which
combine exclusively internal fertilization, small body size,
and small offspring size), with relatively few (19%) bivalves,
so although the patterns we observe in mollusks are largely
consistent with the other two phyla, they may not represent
mollusks more generally. However, we would expect these
types of taxonomic biases to be minimized by our phyloge-
netic analyses.
We did not differentiate body size measurements be-

tween adult males and females because this level of detail
was rarely reported in the literature. Consequently, if there
is sexual size dimorphism in any of these lineages, nonran-
dom sampling of body sizes for males versus females could
add variation to our dataset and analyses. Nevertheless, that
we find consistent patterns regardless of this distinction sug-
gests that the covariance between body size and fertilization
mode is strong and unbiased in our dataset. Whether sexual
size dimorphism affects our results is unclear—more de-
tailed information on the sex of study organisms is needed
to answer this question.
Conclusions

Using a phylogenetically controlled approach, we tested
whether fertilization mode covaries with adult body size
across three phyla. Our findings support theoretical pre-
dictions (Henshaw et al. 2014) and long-standing hypoth-
eses (Strathmann and Strathmann 1982; Hendler and
Littman 1986; Rouse and Fitzhugh 1994; Hart et al. 1997;
Kupriyanova et al. 2001; McFadden et al. 2001) that external
fertilizers should be larger than internal fertilizers. Overall,
our results broaden our understanding of how the covari-
ance between fertilization mode and body size shapes the
biology of organisms and suggest that the ecological and
evolutionary consequences of this covariance may be more
profound than has been appreciated previously.
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“The most simply beautiful of all fresh-water fishes is the green-sided darter (Diplesium blennioides; [figured is] a species of this genus). He
is not, like the Pœcilichthys, an animated rainbow, but has the beauty of green grass, wild violets, or a log covered with green moss.” From
“Johnny Darters” by D. S. Jordan and H. E. Copeland (The American Naturalist, 1876, 10:335–341).


