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caliculata, O. crenata; Fig. 1, Table S1). All specimens were 
sampled during low tide, and were predominantly found on 
brown algae (e.g. Sargassum sp., Carpophyllum sp.).

Patterns of genetic variation

Nuclear and mitochondrial DNA sequence data were 
obtained from samples of the three species included in this 
study and used to infer spatial patterns of genetic variation. 
Part of these data was derived from a previous study with 
the genus Orthopyxis (Cunha et al. 2015), with the addi-
tion of several new population samples (Table S1). DNA 
was extracted from each colony (specimen) previously fixed 
in alcohol 90–100% using Agencourt DNAdvance extrac-
tion kit (Beckman Coulter, Beverly, USA), in accordance 
with the manufacture’s protocol. Portions of the genes 
16S (~ 610 bp) and COI (~ 650 bp), and the complete ITS 
(~ 700 bp including ITS1, 5.8 s and ITS2) were amplified 
and sequenced following protocols previously applied to the 
group (Cunha et al. 2015, 2017). Sequencing was carried out 
on an ABI 3730 DNA Analyzer (Applied Biosystems, Foster 
City, CA, USA), and both strands were sequenced for most 
of the samples.

Sequences were assembled and edited using Geneious 
v7.1 (Biomatters, Auckland, New Zealand), and aligned 

with MAFFT (Katoh et al. 2002). We confirmed from skim 
sequencing of genomic DNA from three individuals that var-
iation in ITS exists within individuals despite concerted evo-
lution of this multicopy marker. As a result, two sequence 
variants were identified in several individual ITS amplicons. 
The sequence variants within an individual differed by two 
or eight nucleotide substitutions (within samples of O. cre-
nata and O. caliculata; Table S2 in Online Resource 2). 
As we obtained genomic data for individuals of only these 
two species, variant sites in the ITS alignments of the spe-
cies O. sargassicola were coded as ambiguous. TCS net-
works (Clement et al. 2002) for the combined mitochondrial 
(16S + COI) and nuclear (ITS1 + ITS2) markers of each spe-
cies were generated using PopART (Leigh and Bryant 2015). 
Summary statistics was performed with the packages apex 
v1.0.4 (Schliep et al. 2020), pegas v1.0–1 (Paradis 2010), 
and mmod v1.3.3 (Winter 2012) in R v4.1.0 (R Core Team 
2021). For these analyses, all gaps and ambiguous sites 
were removed from the alignments when present (on aver-
age, 19% was removed in 16S + COI alignments and 10% in 
ITS1 + ITS2, see Table 1). For each species, the number of 
haplotypes, haplotype and nucleotide diversity,  R2 Neutrality 
Test (Ramos-Onsins and Rozas 2002), uncorrected p dis-
tances, as well as global (across loci) standardised fixation 
(Φ’st, Meirmans 2006) and diversity (D, Jost 2008) indices 

Fig. 1  Sampling sites on the coast of Brazil and New Zealand of 
populations of three hydroid species of the genus Orthopyxis ana-
lysed in this study. Different colours indicate different populations 

in accordance with Fig.  4. Population’s acronyms (states in Brazil): 
CE—Ceará, AL—Alagoas, ES—Espírito Santo, RJ—Rio de Janeiro, 
SP—São Paulo, PR—Paraná, SC—Santa Catarina
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were calculated. Finally, patterns of isolation by distance 
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Fig. 2  Representative individuals from the lineages of Orthopyxis 
analysed in this study, with landmark configuration used in geometric 
morphometrics analyses. a O. caliculata-lineage-II, MZUSP 2554, 
specimen from Santa Catarina, Brazil; b O. caliculata-lineage-I, 
NIWA145063, specimen from New Zealand. Numbers in white and 
grey circles in (a) indicate fixed landmarks and semi-landmarks, 
respectively; c O. crenata-lineage-III, MZUSP 8673, specimen 

from Alagoas, northern Brazil; d O. crenata-lineage-II, MZUSP 
2584, specimen from Paraná, southern Brazil; e O. crenata-lineage-
I, NIWA145076, specimen from New Zealand; f-i O. sargassicola, 
f specimen from Espírito Santo, southern Brazil (MZUSP 2620), g 
specimen from Santa Catarina, southern Brazil (MZUSP 8691), 
h-i) specimens from São Paulo, southern Brazil, h MZUSP 2602, i 
MZUSP 8686. All scales 100 µm
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one in southern Brazil (Rio de Janeiro, São Paulo, Paraná, 
Santa Catarina; O. crenata-lineage-II) and one lineage in 
northern Brazil (Alagoas, Ceará; O. crenata
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Morphological variation

Geometric morphometric analysis indicated that size and 
shape variation is better explained by the different genetic 
lineages than sampling location in O. caliculata. Individu-
als from the population of Santa Catarina in Brazil, cor-
responding to O. caliculata-lineage-I (haplotypes H11 and 
ITS sequences A4, Fig. 4a-b), were smaller when compared 
to remaining individuals (F = 5.121, P = 0.008; Fig. 5a, 
Table 2). Similarly, shape is also different among genetic 
lineages (F = 3.305, P = 0.001; Fig. 5b, Table 2). The CVA 
with haplotypes as the grouping variable had an overall clas-
sification accuracy of 84.42% and showed that specimens 
of O. caliculata-lineage-II (haplotype group H1-10; ITS 
A1-2) have a thicker hydrothecal wall (Fig. 5b, compare 
with Fig. 2a-b). 

Considering the species O. crenata, geometric mor-
phometric data showed that specimens from Brazil (O. 
crenata-lineage-II and III) are smaller than specimens from 
New Zealand (O. crenata-lineage-I; F = 64.712, P = 0.001; 
Fig. 5c, Table 2), and that shape variation can be explained 
by geographic origins (which are concordant with genetic 
lineages). The shape of the hydrotheca in our population 
sample of O. crenata-lineage-III (from northern Brazil) 
differed significantly from the O. crenata-lineage-I and II 
(sampled from southern Brazil and New Zealand; F = 6.951, 
P = 0.001; Table 2). The CVA using the same grouping has 
an overall classification accuracy of 95.45% and shows that 
the shape of the hydrothecae vary from more campanulate in 
the populations of New Zealand and southern Brazil to more 
cylindrical in populations from northern Brazil (Fig. 5d, also 
see Fig. 2c-e).

Although no differences in size were observed among 
population samples of O. sargassicola (F = 1.676, P = 0.158; 
Fig. 5e, Table 2), they show differences in shape (CVA 
overall classification accuracy = 77.42%), with populations 
from Espírito Santo (ES) having a thicker perisarc and more 
campanulate hydrothecae when compared to populations of 
Rio de Janeiro and Santa Catarina (SC), which have thin-
ner perisarc and more cylindrical hydrothecae (F = 3.5252, 
P = 0.001; Fig. 5f, Table 2). The wide morphological vari-
ation among the population samples of São Paulo probably 
explains the lack of significant differences when compared to 
populations of ES and SC in pairwise post hoc tests (Fig. 5f, 
compare with Fig. 2f-i).

Association between environmental 
and morphological data

Our sampling of Orthopyxis covered more than 2000 kms 
of the Brazilian coast and included sites in New Zealand, 
therefore considerable variation in environmental condi-
tions was detected among sampling locations (Fig.  1). 

Partial least squares analysis revealed significant covariation 
between morphology and environmental variables (O. cali-
culata: r-PLS = 0.518, P = 0.001; O. crenata: r-PLS = 0.502, 
P = 0.001; O. sargassicola: r-PLS = 0.528, P = 0.001), but 
Variable Importance in the Projection (VIP) scores suggest 
that those covariations are carried by different environmental 
variables in each species (Fig. 6). For instance, while salin-
ity showed an important contribution to the observed shape 
differences in all species, bathymetry was more important 
for O. caliculata, temperature for O. crenata, and current 
velocity for O. sargassicola. In fact, locations within São 
Paulo showed clear environmental differences, which cor-
related with the differences observed in perisarc thickness of 
population samples of O. sargassicola (Figs. 5f, 6c).

Discussion

The three species of Orthopyxis included in this study 
share common life history traits, are traditionally consid-
ered widespread and co-occur in the southwestern Atlantic 
Ocean (Cornelius 1982; Cunha et al. 2015; Oliveira et al. 
2016). However, our analyses revealed they have important 
differences in genetic and morphological patterns. While the 
species O. sargassicola showed low genetic diversity and no 
geographical structure nor isolation by distance, the speci-
mens identified as O. caliculata and O. crenata showed high 
genetic differentiation suggesting the occurrence of cryptic 
speciation within these nominal species. Within O. calicu-
lata this divergence was not restricted to allopatric popula-
tions separated by large geographic distances, but was also 
observed among sympatric population samples in Brazil. We 
detected contrasting genetic patterns among these three taxa 
despite all sharing an absence of a long-lived medusa stage. 
This observation suggests that their presumed limited disper-
sal is not the sole factor determining the levels of population 
connectivity within these hydroid lineages.

Spatial patterns of genetic variation

All three species of Orthopyxis studied here are known 
to release a reduced medusa (medusoid) during their life 
cycle (Hirohito 1969; Cornelius 1982, 1995; Migotto 1996), 
but there are reports of this medusoid being facultatively 
retained in some species (Cornelius 1982, 1995; Llobet 
et  al. 1991). The reduced medusa does not have manu-
brium, mouth, or tentacles, and it is liberated with fully 
developed gonads (Russel 1953; Hirohito 1969; Migotto 
1996). Although medusoids have been reported to live in 
the plankton for up to a few days, spawning occurs con-
comitantly or shortly after release (Russel 1953; Cornelius 
1982; Migotto 1996), presumably constraining long-distance 
dispersal. In addition, planula larvae liberated directly from 
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hydroid colonies also have limited dispersal, usually set-
tling close to the mother colony, pending on the availabil-
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of dispersal for species of the genus Orthopyxis. Ensuring 
all cryptic lineages within these taxa are incorporated into 
sampling design will be necessary for further investigating 
their spatial genetic patterns and dispersal routes.

Morphological and environmental variation

Our sampling of Orthopyxis
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that phenotypic differences were at least partially explained 
by variation in environmental conditions. As expected, 
water temperature was one of the most important variables 
responsible for the covariation patterns shown by line-
ages within O. crenata and could explain the larger size 
of New Zealand specimens, which occur in colder water 
when compared to Brazil. Temperature has been shown to 
influence energy allocation to either growth or reproduc-
tion in hydroids (Ralph and Thomson 1968), with colonies 
found in cooler temperatures usually being taller and having 
longer hydrothecae in several campanulariid species (e.g. 
Ralph 1956; Ralph and Thomson 1968; Naumov 1969). 
However, this pattern is not entirely consistent among ben-
thic hydroids, with colony size generally decreasing with 
depth probably as a result of the interaction between lower 
temperatures, reduced growth rates and less availability of 
food (Fernandez et al. 2020). Nevertheless, these evidences 
attest to the importance of temperature as an environmen-
tal input triggering morphological variation among hydroid 
populations.

Unexpectedly, size variation was not observed among 
samples from Brazil and New Zealand of O. caliculata. 
Instead, covariation patterns in O. caliculata were related 
to differences in perisarc thickness and best explained by 
variations in bathymetry and salinity (Fig. 6a). Similarly, 
samples of O. crenata from northern and southern Brazil 
were not differentiated by size differences but variations in 
shape of the hydrothecal wall (campanulate or cylindrical, 
Fig. 6b). In fact, both O. caliculata and O. crenata showed 
differences in shape and size among genetic lineages, fur-
ther suggesting that we might be looking at interspecific, not 
intraspecific variation. Despite the significant associations 
between environmental variables and morphometric varia-
tion we did not detect convergent shapes among sympatric 
lineages, and the signal of isolation by distance within O. 
crenata is compatible with morphological divergence due to 
drift. Importantly, the possibility that lineages within cur-
rently defined species might represent cryptic reproductively 
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a marked subdivision among a clade with specimens from 
Brazil and another clade with specimens from Argentina 
and New Zealand. Our analysis, using a linked but more 
variable nuclear marker (ITS) failed to recover O. cre-
nata

https://doi.org/10.1007/s00227-022-04088-x
https://doi.org/10.1007/s00227-021-03891-2
https://doi.org/10.1007/s00227-021-03891-2
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