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Parasitic worms (helminths) with complex life cycles divide growth and development between successive hosts. Using data from 597

species of acanthocephalans, cestodes, and nematodes with two-host life cycles, we found that helminths with larger intermediate

hosts were more likely to infect larger, endothermic definitive hosts, although some evolutionary shifts in definitive host mass

occurred without changes in intermediate host mass. Life-history theory predicts parasites to shift growth to hosts in which they

can grow rapidly and/or safely. Accordingly, helminth species grew relatively less as larvae and more as adults if they infected

smaller intermediate hosts and/or larger, endothermic definitive hosts. Growing larger than expected in one host, relative to host

mass/endothermy, was not associated with growing less in the other host, implying a lack of cross-host trade-offs. Rather, some

helminth orders had both large larvae and large adults. Within these taxa, however, size at maturity in the definitive host was

unaffected by changes to larval growth, as predicted by optimality models. Parasite life-history strategies were mostly (though not

entirely) consistent with theoretical expectations, suggesting that helminths adaptively divide growth and development between

the multiple hosts in their complex life cycles.

KEY WORDS: Acanthocephala, adaptive decoupling hypothesis, Cestoda, comparative analysis, life-history model, Nematoda.

Animals with complex life cycles occupy different niches as
larvae and adults, and helminths (parasitic worms belonging to
Platyhelminthes, Nematoda, or Acanthocephala) provide a re-
markable example of such ontogenetic niche shifts. Helminths
commonly infect different hosts in succession, exploiting one
or more intermediate hosts as larvae before sexually reproduc-
ing in a definitive, or final, host (Chubb et al. 2010). Trans-
mission is normally trophic, with a prey host being consumed
by the predator next host. In the predator definitive host (DH),
helminths often grow extensively, for example, the sheep tape-
worm (Moniezia and its relatives) first infects an oribatid mite,
then enters sheep DHs as larval cysts less than 0.5 mm in di-
ameter before growing to an adult length of several meters. By
contrast, other helminths, such as the pork tapeworm (7aenia
solium) and diverse acanthocephalans, spend months growing as

larvae in the prey intermediate host (IH); some helminths even
complete all their growth as larvae (Benesh et al. 2013). Parasite
growth can cause host pathology through nutrient theft or tissue
damage. So, what explains the diversity of helminth life-history
strategies?

Life-history strategies of complex life-cycle organisms are
expected to be shaped by the growth and mortality rates of lar-
vae and adults (Werner and Gilliam 1984; Rowe and Ludwig
1991; Day and Rowe 2002). Helminths with two-host life cy-
cles likely experience different conditions in the IH and DH, and
several models explore how they should divide growth and de-
velopment between hosts (Choisy et al. 2003; Parker et al. 2003,
2009; Iwasa and Wada 2006; Ball et al. 2008). These models re-
late fitness to body size (size is commonly proportional to fecun-
dity in helminths; e.g., Skorping et al. 1991; Trouvé et al. 1998).
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Figure 1. (a) Division of helminth growth and development in a two-host life cycle. Parasites grow to an infective size in the intermediate
host (IH) and then to a reproductive size in the definitive host (DH). As helminths generally grow several orders of magnitude from egg to
adult, often exponentially, body size is on a log scale, such that changes represent relative growth (RG). Changes in age between stages
are developmental times (DT). Time spent waiting for transmission to the DH after reaching infectivity in the IH is not shown. In panels
(b) to (d), filled circles and dotted lines represent changes from the baseline expectation. (b) When IHs facilitate faster parasite growth
and/or lower parasite mortality, parasites are predicted to shift growth to the IH and reach larger sizes at infectivity, although this does
not affect size at sexual maturity in the DH. (c) When DHs facilitate faster growth and/or lower mortality, parasites should grow to larger
sizes at sexual maturity and size at infectivity in the IH may be reduced. Table A1 in the Supporting Information summarizes the theory
underlying these predictions. (d) Even with the same IH and DH, some parasite species may grow faster or larger. In theory, faster-than-
expected growth as larvae should not affect growth rate and maturation size as adults (decoupled stages, dotted line). Alternatively,
growth could be a species-level trait (e.g., leading to more and/or faster growth in both hosts relative to expectations; final size in DH
falls in orange-shaded area) or subject to cross-stage trade-offs (e.g., more/faster larval growth results in less/slower adult growth than
expected; teal shaded area).

Then, they predict optimal parasite growth, given the growth and
mortality rates in each host, usually assuming helminths stop
growing at infectivity in the IH host and at sexual maturity in
the DH. In general, higher growth rates and lower mortality rates,
which may be size dependent, favor extended parasite growth in
each host (Ball et al. 2008; Parker et al. 2009).

A schematic outline of helminth size and development in a
two-host life cycle is shown in Figure 1a, whereas Figure 1b,c
shows how changes in growth-to-mortality rate ratios (i.e., how
rapidly and safely parasites can grow in each host) are pre-
dicted to affect life-history strategies. The assumptions and equa-
tions underlying these predictions are laid out in Section A in
the Supporting Information (“Life-history models”), although we
also note that the effect of size- or age-dependent mortality on
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optimal larval growth and development can be more complex
than in Figure 1, depending on the model (Table Al in the
Supporting Information). First, consider worm size. Larval size
at infectivity is increased by higher growth/mortality rate in the
IH (Fig. 1b), whereas adult size at sexual maturity is increased
by higher growth/mortality rate in the DH (Fig. 1c). Size at ma-
turity is independent of the size attained at transmission from the
IH (Fig. 1b) (Benesh et al. 2013). There is also an interaction
between growth in the DH and in the IH (Parker et al. 2009):
the optimal larval size is decreased by high growth/mortality rate
in the DH (Fig. 1c). Developmental times can also depend on
both hosts (Ball et al. 2008). The time needed to reach the size
at maturity in the DH (i.e., prepatent period) can be decreased
by higher growth/mortality rate in the IH and the associated in-
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crease in the larval size at transmission (Fig. 1b). And because
larval size is decreased by high growth/mortality rate in the DH
(Parker et al. 2009), this may reduce development time in the
IH (Fig. 1c).

Parasite growth and mortality rates can be determined by
host size. In larger hosts, parasites might experience more compe-
tition (Lester and Mcvinish 2016) or be targeted by more sophis-
ticated immune responses (Brace et al. 2017). Then again, larger
hosts provide worms with more energy and/or space for growth
(George-Nascimento et al. 2004; Poulin and George-Nascimento
2007; Hechinger 2013), perhaps with lower mortality, because
they generally live longer (McCoy and Gillooly 2008) and may
be able to tolerate large parasites. Accordingly, larger hosts, par-
ticularly endotherms (Poulin et al. 2003; Benesh et al. 2021b; but
see Poulin and Latham 2003), often harbor larger worms, both
within (e.g., Dezfuli et al. 2001; Barber 2005; Benesh 2010) and
across parasite species (Arneberg et al. 1998; Poulin et al. 2003;
Trouvé et al. 2003; Randhawa and Poulin 2009). Worms that
infect large IHs might also infect large DHs, because big prey
are eaten by big predators (Bersier and Kehrli 2008; Brose et al.
2019). A correlation between IH and DH size might explain why
helminths with large larvae commonly have large adults (Poulin
and Latham 2003; Poulin et al. 2003; Benesh and Valtonen 2007,
Benesh et al. 2013). Considering both hosts jointly is essential
for testing life-history predictions (Fig. 1b,c).

Variation in parasite growth and/or survival could partly re-
flect adaptations to efficiently exploit host resources or escape
host defenses. Some adaptations may be useful in multiple hosts,
such as avoiding conserved immune responses like respiratory
burst (Buchmann 2014). Alternatively, there could be perfor-
mance trade-offs between hosts (Gandon 2004; Hammerschmidt
and Kurtz 2005). For example, trematodes (Schistosoma man-
soni) that were experimentally selected for higher growth in the
IH (cercarial production in snails) had reduced fecundity in the
mouse DH (Gower and Webster 2004). Other experiments, how-
ever, have found selection at one parasite life stage (i.e., in the
IH host, or in the DH) to have little impact on the other stage
(Ferguson et al. 2003; Hafer-Hahmann 2019), suggesting traits in
successive hosts are genetically decoupled and can evolve inde-
pendently (Benesh 2016). Such decoupling is likelier on a longer,
macroevolutionary scale, as selection and mutation break down
cross-stage pleiotropy over time (Ebenman 1992; Moran 1994).
Host generalism in helminths provides an example; the diversity
of host species infected at one life stage does not limit the hosts
infected at the next stage (Benesh et al. 2021a). Whether helminth
growth in consecutive hosts is decoupled or constrained by per-
formance trade-offs has not been tested (Fig. 1d).

We used a compilation of acanthocephalan, cestode, and ne-
matode life cycles to test hypotheses about parasite life-history

strategies. First, we examined whether worms that infected large
IHs were more likely to infect large, endothermic DHs. Sec-
ond, we investigated whether parasite growth and development
changed with host “quality” as predicted by life-history theory
(Fig. 1b,c). Third, we tested whether overperformance in one host
was associated with underperformance in the other host (Fig. 1d).
Our analysis is the first to explore how IH and DH traits together

shape helminth life histories.

Methods

PARASITE LIFE-HISTORY AND HOST TRAITS

Parasite growth and development were obtained from a life-cycle
database for acanthocephalans, cestodes, and nematodes (Benesh
et al. 2017). The database does not include trematodes, whose
life cycles usually include an asexually reproducing larval stage
that is not trophically transmitted. We focused on species with
two-host cycles (which were the most common), so we consid-
ered growth and development at two life stages: first IH and sec-
ond DH. Note that stage refers to the “host in the cycle,” not
ontogenetic stages within hosts (like, e.g., acanthor, acanthella,
cystacanth).

There were 634 species in the life-cycle database with
two-host life cycles, but 16 had cycles that are only partially
known, for example, larvae in the ITH have been reported, but
the DH is not known with certainty. We also excluded some ces-
todes, like Echinococcus spp., that asexually reproduce as larvae
(21 species). In these species, growth in the DH is hard to quan-
tify, because the initial size depends on how many asexual clones
from the larval stage establish infection.

We converted parasite lengths and widths to biovolumes
based on a stage’s shape (e.g., volume of a cylinder for thread-
like worms, an ellipsoid for eggs, or a ribbon for flatworms).
Helminth biovolumes can overestimate mass (Llopis-Belenguer
et al. 2018). Nevertheless, they are reasonable proxies, as our
biovolume estimates scaled closely with masses predicted from
length-mass allometries for cestodes (Benesh et al. 2013), acan-
thocephalans (Benesh et al. 2009), and nematodes (Andrdssy
1956). In the dioecious acanthocephalans and nematodes, we
used female size to calculate adult growth because it deter-
mines fecundity. Total growth in a life stage is the difference
between final size and initial size. Helminths generally grow
several orders of magnitude from egg to adult, often exponen-
tially (Hutchison 1958; Crompton 1972; Halvorsen and Skorping
1982), so instead of total growth, we largely focused on relative
growth, the log fold change in parasite size in a host: In(final
size/initial size).

Developmental times were the days until infectivity
(for IHs) or sexual maturity (for DHs; the prepatent period).

EVOLUTION SEPTEMBER 2022 1973



D. P. BENESH ET AL.

Development is temperature dependent, so we expressed it in
degree days (Trudgill et al. 2005): D x (T — B), where D
is developmental time in days, 7 is the temperature at which
development was observed, and B is a baseline temperature below
which development does not occur (assumed to be 5°C). When
stages had multiple measurements for body size or developmen-
tal time, we calculated averages.

Host masses were obtained from over 130 sources (see Be-
nesh et al. 2021b), some of the most important being Pantheria
(Jones et al. 2009), Fishbase (Froese and Pauly 2022), EltonTraits
(Wilman et al. 2014), EOL (Parr et al. 2014), and a food web
compilation (Brose et al. 2019). We converted dry and ash-free
dry masses to wet mass by assuming body water contents of 70%
and 90%, respectively (Ricciardi and Bourget 1998; Block 2003).
Parasites often infect multiple host species at a given life stage,
so we calculated the average host mass for each stage. We consid-
ered a life stage to infect endotherms if it predominantly infects
mammals or birds.

IMPUTATION OF MISSING DATA

The analysis included 597 species. Most had an estimate for DH
mass (98%), but fewer had IH masses (64%). Growth and devel-
opmental times were available for 35% and 20% of larval and
adult stages, respectively. Just 81 (14%) species had no miss-
ing data, although most (82%) had a growth or developmental
time estimate for one life stage. To make full use of the data and
limit potential biases, we imputed missing host and parasite traits
(Nakagawa and Freckleton 2008). The imputation procedure was
described previously (Benesh et al. 2021b), so we only present it
briefly.

We fitted Bayesian multivariate mixed models with taxo-
nomic random effects (Hadfield and Nakagawa 2010). Taxonomy
is a strong predictor of host body masses and parasite life history
and is therefore useful in imputation (Penone et al. 2014). Fur-
ther, multivariate models account for the correlations among re-
sponse variables. We fitted separate models to impute host masses
and parasite traits (body length, width, development time, and
temperature at each life stage). Host and parasite traits were
not used to impute each other because propagule stages (free
eggs or larvae) lack associated host traits. A large dataset of an-
imal body sizes (n = 71,443) was used to impute the missing
masses for hosts in the life-cycle database. The models’ posterior
distributions were randomly sampled to generate 100 imputed
datasets (Van Buuren 2018). Models predicted observed data well
and made plausible predictions for cases with missing data (see
Supporting Information A in Benesh et al. 2021b).

Results were comparable with and without imputation.
Analyses with imputation are presumably less biased, so we
present them in the main text, whereas the unimputed results are
in Section D in the Supporting Information.
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ANALYSES

We tested hypotheses with multivariate mixed models (MCM-
Cglmm R package; Hadfield 2010). Multivariate models include
covariance between response variables, and can therefore test
hypotheses about correlations, before and after controlling for
other effects. To account for shared ancestry, we acquired parasite
taxonomies from the Open Tree Taxonomy (Rees and Cranston
2017) and included taxonomic levels in the mixed models as
nested random effects (Hadfield and Nakagawa 2010). Explained
variance was estimated according to Nakagawa and Schielzeth
(2013).

HOST QUALITY: BIG IH, BIG DH?
Big predators usually consume big prey, so parasites with large
IHs likely have large DHs. We fitted models with IH and DH
masses as response variables, before and after adding parasite
taxonomy as random effects. We also modeled taxonomic covari-
ances to assess whether worm taxa with large IHs also have large
DHs. To evaluate taxonomic covariance, we started with a model
including parasite phylum and class, then we sequentially added
order, family, and genus (root to tip), examining the variance and
covariance in host masses at each step. Also, because the three
helminth groups in our data (acanthocephalans, cestodes, and ne-
matodes) evolved complex life cycles independently, we checked
whether they differed in average host masses by moving parasite
phylum out of the random effects and into the fixed effects.
Parasites grow larger in endothermic hosts (Benesh et al.
2021b), so we tested whether parasites with larger [Hs were more
likely to be transmitted to endotherms. We fitted a logistic regres-
sion with DH endothermy as response variable and IH mass as
predictor.

PARASITE LIFE-HISTORY STRATEGIES: DIVISION OF
GROWTH AND DEVELOPMENT WITH SHIFTS IN HOST
QUALITY

We fitted taxonomic models with six parasite traits as response
variables: relative growth in IH and DH, developmental time in
IH and DH, and size and age at maturity (Fig. 1a). We modeled
relative growth, but absolute body size likely determines infec-
tivity (Froelick et al. 2021) or fecundity (Skorping et al. 1991;
Trouvé et al. 1998). Absolute growth can be inferred from the
models. Absolute and relative growths in the IH are nearly equiv-
alent; both are essentially determined by final larval size, because
propagules tend to be consistently small across species. Similarly,
adult size is generally much larger than larval size, so absolute
growth in the DH is approximated by size at maturity. To explore
how parasite life-history strategies change with host quality, we
added host traits as fixed effects (IH mass, DH mass, and DH en-
dothermy), and we checked their interactions. Finally, we moved
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helminth group (acanthocephalan, cestode, nematode) from the
random to the fixed effects.

LARVAL VERSUS ADULT LIFE-HISTORY STRATEGIES:
TRADE-OFFS?

We examined the covariance between parasite life-history traits
before and after accounting for parasite group, host masses, and
endothermy. For instance, growth and developmental time are
expected to be correlated, but if this is caused by prolonged
growth in bigger hosts, then the correlation may disappear af-
ter accounting for host mass. Correlations can also be driven by
taxonomy, as, all else equal, some taxa grow and develop longer
than others. To evaluate taxonomic correlations, we started with
a model including parasite phylum and class, and then we se-
quentially added lower taxonomic levels: orders, then families,
and finally genera (root to tip). This quantifies taxon-level co-
variance after accounting for higher level taxonomy, for exam-
ple, whether families that have large larvae for their order/class
also have large adults. An example of how trait correlations
were deconstructed is shown in Figure C1 in the Supporting
Information.

We examined whether covariances between larval and adult
traits supported optimality models or hinted at cross-stage trade-
offs. Some correlations are expected under both scenarios. For
example, short larval development may be associated with pro-
longed adult development, either because infecting high-quality
DHs favors spending less time in the IH (Fig. 1b,c) or because

rapid larval development is traded off against slower adult devel-
opment (Fig. 1d). Other cross-stage correlations, however, should
distinguish optimality and trade-off scenarios. For example, lar-
val growth is not predicted to alter the optimal adult reproductive
size (Fig. 1b), such that a given increase in larval growth should
result in an equal decrease in adult growth, that is, a slope of
—1 in a regression of relative growth in IH versus DH. A slope
less than —1 would indicate that adult growth decreases more
than expected with additional larval growth, that is, a trade-off
(Fig. 1d).

Results

HOST QUALITY: LARGE IHs ARE ASSOCIATED WITH
LARGE, ENDOTHERMIC DHs

Helminths with large IHs tended to infect larger DHs; a doubling
of IH mass was associated with an 8% (95% CI: 4-11) increase
in DH mass (Fig. 2a). A doubling of IH mass also increased the
odds of infecting an endotherm DH 88% (40-252), 5% (0-10),
and 23% (16-31) in acanthocephalans, cestodes, and nematodes,
respectively (logistic regression, P < 0.001; Fig. 2d).

IH and DH masses ranged over 11 and six orders of magni-
tude. Host masses did not differ across the three helminth groups
(likelihood ratio test adding parasite phylum to fixed effects,
P > 0.08), but they did vary at other taxonomic levels. Para-
site taxonomy explained more of the variation in IH mass than
in DH mass (88% vs. 64%). Parasite order combined with family
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explained 79% of the variation in IH mass versus 38% for DH
mass, whereas 62% of the variation in DH mass was among and
within genera versus 21% for IH mass (Fig. 2b). Consequently,
IH and DH mass were correlated at the order and family level, but
genus-level shifts in DH mass were not associated with changes
in IH mass (Fig. 2c¢).

PARASITE LIFE-HISTORY STRATEGIES: ADAPTIVE
DIVISION OF GROWTH BETWEEN HOSTS

Parasites with two-host life cycles amassed nearly all their total
biovolume in the DH (99% [94%—-99%] in average-sized hosts;
Fig. B1 in the Supporting Information). Relative growth, how-
ever, was more evenly split (46% [36%—57%] in the DH); an av-
erage helminth grew 384-fold (75-1585) in the DH and 1000-fold
(103-10,393) in the IH. But this varied among parasite groups,
with acanthocephalans growing relatively more in the IH and ne-
matodes more in the DH (Fig. B1 in the Supporting Informa-
tion). Although the CIs were wide, an average helminth devel-
oped longer in its DH than its IH (57 [26-122] vs. 33 [14-78]
days at 20°C) with slightly slower relative growth (0.17 [0.06—
0.43] vs. 0.24 [0.09-0.62]; Fig. B2 in the Supporting Informa-
tion), because relative growth rates slowed with size and age

1976 EVOLUTION SEPTEMBER 2022

(i.e., it takes helminths longer to grow from 1 to 10 mg than from
0.1 to 1 mg; Fig. B4 in the Supporting Information).

Host traits had significant associations with both larval and
adult life history (R, in Table 1). The trends were rather consis-
tent in acanthocephalans, cestodes, and nematodes, because al-
lowing parasite group by host trait interactions only accounted
for an additional 0%—2% of the total trait variance (R%. in
Table 1). However, parasite growth and development varied
among lower level taxa, particularly families (Fig. C3 in the
Supporting Information), both before and after accounting for
host traits (Table 1). Parasite families characterized by high/low
growth and long/short development are given in Tables C1-C3 in
the Supporting Information.

Bigger IHs were associated with more larval growth and de-
velopment (Fig. 3a,b) and relatively less adult growth (Fig. 3c).
IH mass did not clearly affect prepatent periods (Fig. 3d) or size
at maturity (Fig. 3e), although prolonged larval development in
larger IHs slightly increased age at maturity (Fig. 3f). Species
with bigger DHs did not grow less as larvae (Fig. 4a,b), but
they grew slightly more as adults (Fig. 4c,d). A doubling of DH
mass was associated with a 17% (11-23) and 3% (2—4) increase

in helminth size and age at maturity, respectively (Fig. 4e.f).
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Relative growth rates, as both larvae and adults, did not vary with
host mass (Fig. B2 in the Supporting Information).

Helminths with an endotherm DH grew more as adults
(1386-fold [243-5672] vs. 105-fold [21-493]; Fig. 4c), ma-
turing at larger sizes, at least in acanthocephalans and nema-
todes (Fig. 4e). They also grew less as larvae compared to
those with an ectotherm DH (517-fold [55-5869] vs. 2149-fold
[245-22,905] for average-sized hosts), particularly in larger IHs
(Fig. 3a).

In summary, trends in Figures 3 and 4 were qualitatively
consistent with theoretical expectations—parasites with smaller
IHs and larger endothermic DHs grew less as larvae and more as
adults—with two exceptions (Table 2). First, better conditions in
the IH did not reduce prepatent periods in the DH (Fig. 3d). Sec-
ond, better conditions in the DH did not decrease developmental
times in the IH (Fig. 4b), nor were larger DHs associated with
reduced larval growth (Fig. 4a).

LARVAL VERSUS ADULT LIFE-HISTORY STRATEGIES:
NO CROSS-STAGE TRADE-OFFS

The correlation between larval growth and developmental time
weakened from 0.60 to 0.41 after including host traits in the
model, suggesting some parasites grow larger and longer because
they infect bigger IHs (Fig. 5a). By contrast, the same correlation

at the adult stage strengthened, suggesting that the parasites that
grow more, relative to the size/endothermy of their DH, also have
longer prepatent periods (Fig. 5b). Even after accounting for host
traits, some parasite taxa grew more/less than expected. Larval
growth and development covaried mainly among orders and fam-
ilies (Fig. 5a). Adult growth and development covaried among
families too, but there was also significant covariance among gen-
era (Fig. 5b).

Across life stages, more larval growth and development was
associated with less adult growth (Fig. 6a,b) but larger sizes at
maturity (Fig. 6e,f), implying adult growth decreased dispropor-
tionately with larval growth (Fig. 6a). The slopes were —0.65
(—0.71 to —0.59) and —0.66 (—0.74 to —0.58) before and af-
ter accounting for host traits, implying that a doubling of larval
growth decreased adult growth by ~37% instead of a proportion-
ate 50%. Slopes were closer to —1 after accounting for parasite
order (family-level: —0.71 [—0.95 to —0.47]; genus-level: —0.88
[—1.18 to —0.60]; Fig. C5 in the Supporting Information), in-
dicating that some orders grow extensively as both larvae and
adults, but within those taxa, additional larval growth decreases
adult growth roughly proportionately. Consequently, there were
no clear correlations between larval growth/development and
maturation size after controlling for host traits and higher tax-
onomy (Fig. 6e,f). Prolonged larval growth and development did
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not reduce prepatent periods (Fig. 6¢,d) and was associated with
slower adult growth (Fig. B3 in the Supporting Information), be-
cause growth rates generally decreased in bigger, older parasites
(Fig. B4 in the Supporting Information).

1978 EVOLUTION SEPTEMBER 2022

In summary, rapid or prolonged growth in one host was not
traded off with that in the other host (Table 3). Rather, parasite
orders characterized by long larval growth and development

tended to grow proportionally more than expected as adults and
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Multivariate mixed models (Gaussian errors, identity link) examining parasite relative growth (RG) and developmental time (DT) in intermediate hosts (IH) and definitive

hosts (DH) for 597 parasite species with two-host life cycles.

Table 1.

Developmental Time

Growth

Age at Maturity (n = 105)

DT IH DT DH

Size at Maturity (n = 494)

RG DH

(n=1379)

RG IH (n = 364)

(n=167)

(n=277)

R?.

R?, R%, R?. R%,

R%,

R,

R, R, R, R,

R%,

Model

0.87
0.89
0.89
0.89

0.88
0.89
0.89
0.90

0.87
0.87
0.87
0.87

0.67
0.71
0.71
0.75

0.64
0.64
0.64
0.65

0.85
0.84
0.84
0.86

Taxonomic random effects

+ host traits

0.07
0.07
0.24

0.06
0.06
0.27

0.06
0.09
0.28

0.06
0.07
0.34

0.19
0.22
0.34

0.09
0.10
0.44

+ host traits interactions

+ host traits x parasite group

Note: The initial model included parasite taxonomy as nested random effects. Then, we added host traits (IH mass, DH mass, and DH endothermy) and their interactions. Finally, we tested whether the

effects of host traits were consistent across parasite groups (acanthocephalans, cestodes, and nematodes). Marginal R? (R?,,) represents the variation explained by fixed effects, while conditional R? (R?.)

represents that explained by random and fixed effects combined. The difference between R?. and R?, is the variation attributed to parasite taxonomy.

achieved larger sizes at maturity, implying some taxa grow large
in both their hosts. On the other hand, within those taxa, the fam-
ilies and genera characterized by larger larvae did not have larger
adults, which is consistent with optimality models.

Discussion

Life-history theory predicts that complex life-cycle parasites
should shift growth and development to hosts where they have
better survival and/or faster growth (Ball et al. 2008; Parker
et al. 2009), like large endotherms (Poulin et al. 2003; Poulin
and George-Nascimento 2007; Benesh et al. 2021b). Helminths
with large IHs grew relatively more as larvae and less as adults,
whereas helminths with large and/or endothermic DHs grew rel-
atively less as larvae (when the DH was an endotherm) and
more as adults, achieving larger sizes at maturity. Moreover,
species that grew larger than expected as larvae did not grow
less than expected as adults (or vice versa). Overall, results
were consistent with parasites shifting growth from relatively
“poor” to “good” hosts (i.e., those with better growth/mortality
ratios).

The IHs in two-host life cycles spanned 11 orders of magni-
tude in body mass. Much of this diversity arose long ago, among
parasite orders and families. Parasite lineages exploiting larger
IHs also infected larger, endothermic DHs, which was expected
because large endotherms tend to consume larger prey (Brose
et al. 2019). However, prey usually have multiple predators
(Digel et al. 2011), so a given IH could transmit parasites to
various DHs (Park 2019; Benesh et al. 2021a). This may ex-
plain shifts in DH mass among genera that occurred without
corresponding changes in IH mass. The apparent conservatism
of IHs compared to DHs could reflect nonadaptive (e.g., ge-
netic or developmental constraints) or adaptive processes (e.g.,
selection against switching IH or for switching DH species).
In any case, this seems to affect parasite life-history strategies,
as larval growth varied at deeper taxonomic levels than adult
growth.

Larger hosts have longer average life spans (McCoy and
Gillooly 2008) and higher metabolism (especially endotherms;
Brown et al. 2004), which presumably favors parasite growth
by reducing mortality and/or increasing growth rates (Parker
et al. 2009). Helminths, on average, completed 99% of their total
growth in the DH, in which they achieve faster absolute growth
rates. But relative growth rates were comparable in IHs and DHs
and did not increase with host mass. Relative growth rates were
also similar in ecto- and endotherms after adjusting for temper-
ature. Unadjusted growth rates, however, are slightly higher in
endotherms (Benesh et al. 2021b), which probably favors the
larger sizes at maturity observed in acanthocephalans and nema-
todes infecting endothermic DHs. Nevertheless, increased para-
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site growth in larger hosts largely stemmed from longer devel-
opment, not faster growth. The costs of protracted development
depend on mortality, so perhaps parasite mortality decreases with
host mass, despite heightened competition among parasites in
larger hosts (Poulin and George-Nascimento 2007; Lester and
Mcvinish 2016) and/or better immune responses (Brace et al.
2017). Even in similar-sized hosts, some parasite taxa grew larger
than others (including groups with human- [Taeniidae, Dracun-
culidae] and livestock-infecting [Anoplocephalidae, Stephanu-
rus] species), raising the possibility that these taxa have lower
mortality rates.

For helminths with two-host life cycles, growth is shaped not
only by conditions in their current host but also by those in their
other host. For example, parasites with ectotherm DHs grew more
in IHs, particularly in larger IHs that may be able to tolerate larger
parasites (Benesh 2011; Weinersmith et al. 2014). Then again,
parasites with larger DHs did not reduce larval growth, perhaps
because small larvae ingested by big DHs have lower establish-
ment rates (Poulin 2010; Froelick et al. 2021). This was one of
the few trends deviating from theoretical expectations. Another
was that more larval growth and development in larger IHs did
not shorten prepatent periods in DHs. This partly reflects larger,
older larvae growing slower in the DH because relative growth
rate decelerated with size and age. Despite slower growth, de-
layed reproduction could still be favored if larger larvae have
higher survival in the DH (Gemmill et al. 1999). Larger, more
developed larvae often have higher survival in the next host in
intraspecific experiments (Rosen and Dick 1983; Tierney and
Crompton 1992; Benesh and Hafer 2012; but see Keymer 1981;
Janwan et al. 2011; Benesh 2019), but they tend to mature ear-
lier (Mead and Olsen 1971; Rietschel 1973; Stigge and Bolek
2015) and grow to an expected adult size (Steinauer and Nickol
2003), suggesting the boost in viability from larval growth is not
sufficient to favor delayed reproduction. Whether the extensive
interspecific variation in larval size is positively associated with
survival in the DH is unknown (i.e., in the notation from Section
A in the Supporting Information, whether p; decreases with Wy),
but if it is, then helminth species with the biggest larvae would be
expected to delay maturation until reaching a larger, more fecund
size.

Species with larger larvae matured as slightly larger adults
(Poulin and Latham 2003; Poulin et al. 2003; Benesh and Val-
tonen 2007; Benesh et al. 2013), partly because species with
large THs often have large, endothermic DHs, but also because
some parasite taxa, particularly orders, just have large body sizes.
Order-level differences may suggest that some parasite lineages
have adaptations that facilitate growth and survival in both the
IH and the DH, or, alternatively, that lineages long ago estab-
lished a “bauplan” with larger sizes across all life stages. Within
orders, however, parasite families and genera with larger larvae
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did not mature at bigger-than-expected sizes and, accordingly,
adult growth decreased about proportionately with larval growth.
This is consistent with optimality models, and inconsistent with
cross-stage growth trade-offs (Gandon 2004; Gower and Web-
ster 2004), suggesting a degree of decoupling between larvae and
adults. This dovetails with the independence of thermal sensi-
tivities (Morley 2012; Phillips et al. 2022) and host specificity
across parasite life stages (Benesh et al. 2021a), as well as the
genetic decoupling observed in some selection experiments with
helminths (Hafer-Hahmann 2019). More broadly, evolutionary
decoupling between life stages may be common in complex life-
cycle organisms, including marine invertebrates (Aguirre et al.
2014), insects (Herrig et al. 2021), and amphibians (Goedert and
Calsbeek 2019; Fabre et al. 2020).

Parasites with complex life cycles are expected to spend
more time in the hosts in which they can grow large, fast, and/or
safely. Accordingly, helminths with two-host cycles grew rela-
tively less as larvae and more as adults when they infected smaller
IHs and larger, endothermic DHs. Moreover, helminths that grew
more than expected in the IH did not grow less than expected in
the DH. Rather, some lineages were characterized by large sizes
as both larvae and adults. Within these taxa, however, size at sex-
ual maturity was unrelated to larval growth, as predicted by life-
history models. Most (but not all) trends were consistent with
optimality models, suggesting that helminths adaptively divide
growth and development between hosts.
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