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Summary: Comparisons between plants and sessile modular colonial invertebrates offer interesting parallelisms between
plant and animal body plans after millions of years of divergent evolution. Among these parallelisms might be the exist-
ence and distribution of intraindividual heterogeneity in organ traits, also named subindividual variability. Subindividual
variability is quantitatively important and has many consequences for plant individuals, populations and communities,
and for animal consumers as well. However, could a similar process of subindividual variability occur in sea pens, which
have a modular architecture similar to that of plants? In the literature of marine invertebrates very little is known about
the presence and magnitude of subindividual variability in modular organisms. This study provides for the first time a
quantitative assessment of subindividual variability in sea pens, analysing certain biometric features of reiterated structures
that presumably have some ecological function, and offers an initial comparison of quantitative levels of subindividual
variation between plants and sea pens.
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Variabilidad subindividual en plumas de mar (Octocorallia: Pennatulacea)

Resumen: Las comparaciones entre plantas e invertebrados coloniales modulares sésiles ofrecen interesantes paralelismos
entre los planes corporales de las plantas y los animales, tras millones de afios de evolucién divergente. Entre estos parale-
lismos podria estar la existencia y distribucién de la heterogeneidad intraindividual en los rasgos de los 6rganos, también
denominada variabilidad subindividual. La variabilidad subindividual es importante cuantitativamente y tiene multiples
consecuencias para las plantas individuales, las poblaciones y las comunidades, asi como para los animales consumidores.
Mas, ¢ podria ocurrir un proceso similar de variabilidad subindividual en plumas de mar, que tienen una arquitectura modu-
lar similar a la de las plantas? En la literatura de invertebrados marinos se sabe muy poco sobre la presencia y la magnitud
de la variabilidad subindividual en los organismos modulares. Este estudio proporciona por primera vez una evaluacion
cuantitativa de la variabilidad subindividual en las plumas de mar, analizando ciertas caracteristicas biométricas de estruc-
turas reiteradas que presumiblemente tienen alguna funcion ecoldgica, y ofrece una primera comparacion de los niveles
cuantitativos de variacién subindividual entre las plantas y las plumas de mar.

Palabras clave: variabilidad intracolonial; Pennatulacea; Pennatula; Ptilella; coeficiente de variacidn; varianza; variacion
intra-planta.
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INTRODUCTION

Most morphological-variability studies on corals
have focused on comparing phenotypic characteristics
among populations or species, with comprehensive
reviews of the phenomenon of phenotypic plasticity,
generally ignoring both the existence and quantitative
importance of another type of variability below the in-
dividual level, or subindividual variability (Kim et al.
2004, Borges 2005, Prada et al. 2008). However, as
emphasized by Menezes et al. (2013), the study of in-
tracolony variability in corals deserves more attention
as a possible source of criteria for assessing morpho-
logical interspecific boundaries. Recent investigations
have demonstrated the existence of intracolony genet-
ic variability (IGV) in scleractinian corals, suggesting
that the presence of more than one genotype in a single
colony may offer advantages for the colony, such as
benefits for colony growth, competitive ability, survival
and fitness, all of which might be the natural way to
produce “super corals” (Oury et al. 2020: 5214).

Colonial marine invertebrates such as bryozoans
(Phylum Bryozoa) and cnidarians (Phylum Cnidaria)
(Hickson 1916, Harvell 1984, Key 1990) are considered
modular animals that are amenable to intra- or inter-
colony variability studies (O’Dea and Okamura 2000,
O’Dea 2003, Wejnert and Smith 2008, among others).
However, most studies have focused on intercolony
(populations or species) variability levels (Sanchez and
Lasker 2003, Sanchez et al. 2007, Schweinsberg et al.
2017). Only a few reproductive studies analysing the
sexual content of each autozooid throughout the colony
have offered a close view of the phenotypic variability
that occurs within the colony (Brito et al. 1997, Ore-
jas et al. 2002; Garcia-Cardenas and Lépez-Gonzélez
2022a, b).

Among sessile marine invertebrates, colonial an-
thozoans (Hexacorallia and Octocorallia) have a mod-
ular construction by reiteration of genetically identical
subunits (Sanchez and Lasker 2003, Lasker et al. 2003;
Sénchez et al. 2007). This modularity can be observed
between zones within the colony, between lateral
branches, between polyp leaves and, at the lowest lev-
el, between polyps of the same individual. Function-
al or morphological differences in polyp traits within
the same colony have sometimes been reported (Fos-
ter 1985, Lapid et al. 2004, Finelli et al. 2007, among
others). The clonal origin and functional similarity of
polyps (autozooids), which are mainly responsible for
feeding (resource capture) and reproduction (Williams
et al. 2012), make them ideal structures for studying
the existence of subindividual variability and its con-
sequences on colony fitness. Depending on the direc-
tionality or access to resources, such as food particles,
a differentiation in the physicochemical characteristics
of polyps might be expected within colonies (Orejas et
al. 2002, Finelli et al. 2007). This means that a certain
amount of intracolonial variation in polyp traits might
be advantageous by optimizing resource exploitation
based on a “division of labour” between the different
modules of the colony. But has subindividual variabil-
ity in reiterative morphological traits been proved in

modular organisms? Absolutely, but not in animals.
Subindividual variability is largely known and wide-
ly studied in plants. Like modular marine organisms,
plants have a modular construction in which reiterated
and clonal structures (such as flowers, seeds, fruits and
leaves) show high levels of intra-plant variability (Her-
rera 2009).

After aeons of divergent evolution, it is difficult
to identify parallelisms between the plant and animal
kingdoms (Darwin 1859, Haeckel 1869). Parallelisms
between the plant and animal body plans, however,
might be most likely to arise in comparisons between
plants and sessile photosynthesizing colonial inverte-
brates (Borges 2005). The search for these parallelisms
has mainly focused on finding related processes or
structures between the two kingdoms that have offered
similar solutions to common problems from such dif-
ferent perspectives (Hallé¢ 1999: 268). The interest in
finding parallelisms between plants and animals lies in
being able to know the consequences of certain nat-
ural processes that are known to occur widely in the
former of the two kingdoms and infer them in the oth-
er (Herrera et al. 2015, 2021, Alonso et al. 2018). It
could also generate many applications, such as increas-
ing knowledge and the predictive capacity of certain
processes, transfer of techniques and analyses, and
the development of new and interesting scientific hy-
potheses. The ecological consequences of modularity
in plants have been widely documented and examined
from different perspectives, one of which emphasizes
the consequences of a distinctive source of phenotypic
variance inherent to this modularity (the “subindivid-
ual component”; Herrera 2009, 2017). An inevitable
consequence of modularity, or multiplicity of modules
within individual plants, is a certain variability in the
features of the copies of the same organ (e.g. leaves,
flowers, fruits and seeds) that occurs in the different
modules within the same individual (Herrera 2009).
Many of the traits that vary within individual plants are
known for their functional nature (e.g. leaf length and
fruit size) and potential effects on the fitness of indi-
viduals (Pérez-Harguindeguy et al. 2013). This implies
that subindividual variation in functional traits offers
the possibility for abiotic environmental conditions
(and animal consumers) to perform certain selection at
the within-plant level (see Herrera 2009 for more de-
tails). Like polyps, plant leaves are reiterated organs
that capture resources (e.g. light and carbon dioxide),
and their phenotypic variation within single individuals
(shape, size, nitrogen content and photosynthetic rates)
usually contributes to the exploitation of different
segments of a gradient of resources at a spatial scale
smaller than the size of the individual (e.g. the verti-
cal light gradient; Herrera 2009). Thus, depending on
the directionality or access to resources such as light or
food particles, the physicochemical characteristics of
leaves are advantageous for optimizing the exploitation
of these resources, which is widely known among bot-
anists and ecologists (Pérez-Harguindeguy et al. 2013,
Herrera 2017).

As stated above, colonial anthozoans share with
higher plants a modular construction by reiteration of
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genetically identical subunits and a sessile adult life
(Hallé 1999, Hughes 2005), but this comparative phe-
notypic perspective has been rarely addressed (Borges
2005). In this hypothetic scenery, could a similar pro-
cess of subindividual variability occur in anthozoans,
which have a modular architecture similar to that of
plants?

An ideal candidate for investigating this possible
plant-animal parallelism is the sea pen (Octocorallia:
Pennatulacea), which is a colonial organism formed
from an initial polyp and subsequently constituted by
multiple individuals or modules (Kiikenthal 1915, Bay-
er 1956, Tixier-Durivault 1965). The clonal origin and
functional similarity of polyps (autozooids) of sea pens
suggest an attractive analogy with plant leaves (Hallé
1999), as in both cases they are structures that capture
resources. Knowledge on intracolonial variation in
pennatulaceans is even scarcer than in other octocor-
als. Their synapomorphies, such as the origin from the
00zooid, the clonal nature of different polyps and their
vertical unbranched growing, make them suitable or
ideal models for a study of subindividual variability in
morphological or functional traits.

As a result, the present contribution provides for
the first time a quantitative assessment of subindivid-
ual variability in sea pens, analysing certain biometric
features of reiterated structures which presumably have
some ecological function. We selected six pennatu-
lacean species, including the type-genus Pennatula and
the recently resurrected genus Ptilella (Garcia-Carde-
nas et al. 2019). The following specific questions will
be addressed: (1) Do congeneric species of sea pens
differ with respect to the quantitative distribution of
population variance within and between colonies in
quantitative polyp traits? (2) If they do, can such differ-
ences be related to contrasting ecological conditions?
(3) Do different genera, such as Ptilella and Pennatu-
la, morphologically similar although phylogenetically
differentiated, differ in the distribution within and be-
tween colonies of population variance in the selected
traits? Finally, a brief but interesting comparison of our
results with the data collected for years in plants will
be made, trying to answer one last question: (4) to what
extent do sea pens and terrestrial plants differ with re-
spect to quantitative levels of subindividual variation?

MATERIALS AND METHODS
Sampling

Most material used in this study formed part of a
previous taxonomical investigation in which Ptilella
and Pennatula were compared (Garcia-Cdrdenas et al.
2019), and complete information about the surveys,
the distribution area of the taxa considered and the
data collected is contained therein. A preliminary anal-
ysis to ensure the existence of variability within and
between colonies at polyp and sclerite measurements
level was carried out using eight colonies of Ptilella
grayi. These colonies were collected from several sur-
veys in the northeast Atlantic during the period 2010-
2014 (see Table 1), with a bathymetry range of 179 to

Subindividual variability in sea pens ¢ 3

Table 1. — Colonies used for the subindividual variability study in
sea pens (see Garcia-Cardenas et al. 2019). Abbreviations: NMS,
National Museum of Scotland; MZB, Museu de Zoologia de
Barcelona; NHM, Natural History Museum in London; BECA,
Biodiversidad y Ecologia Acuatica of the University of Seville.

Species/ colony Registration code Geographic area

Ptilella grayi

Pt.gy-1* NMS.Z.2019.2.1 NE Atlantic
Pt.gy-2* MZB 2018-0761 NE Atlantic
Pt.gy-3* NMS.Z.2019.2.3 NE Atlantic
Pt.gy-4 NMS.Z.2019.2.2 NE Atlantic
Pt.gy-5 MZB 2018-0763 NE Atlantic
Pt.gy-6 BECA OPEN-338 NE Atlantic
Pt.gy-7 NHMUK 2019.1 NE Atlantic
Pt.gy-8 MZB 2018-0762 NE Atlantic

Ptilella grandis
Pt.gd-1 MZB 2018-0759 NE Atlantic
Pt.gd-2 NMS.Z.2019.2.6 NE Atlantic
Pt.gd-3 BECA OPEN-334 NE Atlantic

Ptilella inflata
Pt.in-1 NMS.Z.2019.2.7 SE Atlantic
Pt.in-2 NHMUK 2019.3 SE Atlantic
Pt.in-3 MZB 2018-0760 SE Atlantic

Pennatula rubra

Alboran Sea,

P.rb-1 BECA OPEN-61 .
Mediterranean
Prb-2 BECA OPEN-1g9  ‘lecciras Bay,
Mediterranean
Gulf of Cadiz,
P.rb-3 BECA OPEN-57 NE Atlantic
Pennatula
phosphorea
BECA OPEN-454 .
P.ph-1 (G199) NE Atlantic
BECA OPEN-453
P.ph-2 E Atlanti
p (G88) NE Atlantic
BECA OPEN-206 .
P.ph-3 (G2776) NE Atlantic
Pennatula sp.
BECA OPEN-152 .
P.sp-1 (G122) Antarctica
P.sp-2 BECA OPEN-199 Antarctica
BECA OPEN- .
P.sp-3 198(G84) Antarctica
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261 m depth. All Ptilella grayi colonies were collect-
ed using a demersal fish trawl with both the cod-end
and the full body of the net being thoroughly exam-
ined for specimens after each deployment. Total length
of preserved colonies ranged from 254 to 572 cm (see
Garcia-Cardenas et al. 2019 for more details).

For the subindividual variability analyses of
Ptilella and Pennatula, we selected three colonies of
each of the following species: Ptilella grayi, Ptilel-
la grandis, Ptilella inflata, Pennatula phosphorea,
Pennatula rubra and Pennatula sp. (Table 1). Part of
this material was collected over different geograph-
ical areas during various benthic surveys: Antarcti-
ca (ANT XVII/3, BIOROSS), the northeast Atlantic
(Scotia cruises, INDEMARES Chica), the southeast
Atlantic (BENGUELA VIII) and the Mediterranean
(Bahia de Algeciras project).

Material processing

During the expeditions, the specimens were sorted,
labelled and fixed in buffered formalin (5% in seawa-
ter). After the fixation period, colonies were preserved
in 70% ethanol. The terminology used here follows
mainly Bayer et al. (1983). The total length of the
colonies was considered from the base of peduncle
to the distal top of the rachis. The rachis was divided
into three zones of roughly similar length, namely the
basal, medial and distal zones, following the method-
ology used in previous studies of octocorals (see for
example Orejas et al. 2002, Soong 2005, Baillon et al.
2014b). The two quantitative morphological traits ana-
lysed were sclerite and polyp lengths. Twenty sclerites
from the upper and lower area of the rachis-peduncle
boundary (10 for each zone) were extracted, measured
and compared. From each rachis zone, five autozoo-
ids were randomly selected, avoiding those located
at the base of the leaf. Comparisons between polyps
were carried out within each zone and between zones
of different colonies. To estimate the measurement
error (ME hereafter), three independent observations
were made on different days. All measurements were
obtained using the ImageJ 1.38x program (Wayne Ras-
band, National Institutes of Health, USA).

Data analyses

The statistical analyses were performed using the R
computing environment v3.5.0. (R Core Team 2018).
The libraries and functions used in each case are spec-
ified below. Subindividual variability in the two traits
examined was estimated using two methods common-
ly used in plant studies: the intracolony coefficient of
variation (CV hereafter) and variance partitioning (for
more details see Herrera 2009). In the first method,
the CV (calculated as the intracolony standard devia-
tion/individual mean) is a relative dispersion measure
that evaluates the proportion of standard deviation (sd)
with respect to the mean (X) and enables a compari-
son of dispersion between different groups or variables
(which may have different measurement units) (Her-
rera 2009, 2017). In order to test differences between

the species and between the interaction of “species per
zone of the colony”, an ANOVA test was applied to the
model. The emmeans 1.4 package was used to calcu-
late the marginal averages (Lenth 2019). The Levene
test (Levene 1960) was used to compare the levels of
variability between species, the type selected being the
Levene median-log test (Schultz 1985). The function
used was leveneTest included in the car package (Fox
and Weisberg 2019), with the option centre = “medi-
an”. Variabilities between species were compared us-
ing “marginal averages”, i.e. the averages of the de-
pendent variable (polyp size) for the different levels of
one or more categorical predictor variables (see Herre-
ra 2009).

The second method for assessing intracolony vari-
ation in quantitative traits consisted of partitioning the
total variance of each trait (VAR ) into its additive
between- (VAR ) and intracolony (VAR , . ) com-
ponents (Herrera 2009). This was carried out using a
full random hierarchical mixed model (see below). One
drawback of variance partitioning is that the within-in-
dividual component of variance may be inflated by ME
unless individual reiterated structures are measured
repeatedly, thus allowing proper estimation (Herrera
2009). In this approach a precise estimation of ME was
performed using repeated measurements from each
specimen in order to dissect true within-individual var-
iance and measurement error. Thanks to the analysis of
repeatability of measurements through the fully nest-
ed random design, the ME component was revealed to
be different for both traits, being significantly low in
Ptilella-Pennatula analyses (0.071%). This means that
most “residual” variance in models is actually attrib-
utable to differences between polyp lengths, i.e. the
within-individual component (see Discussion). As both
methods (CV and VAR _ ) focus on different aspects
of intracolony variability which may or may not be re-
lated (Pearson 1901), they should ideally be used in
combination (Herrera 2009), and this is the approach
followed in the analyses carried out in this study.

The preliminary analysis performed in Pt. grayi to
obtain initial information on the existence and degree
of intracolony variability was based on a full random
hierarchical mixed model. The required packages were
readx] (Wickham and Bryan 2019), dplyr (Wickham
et al. 2019), nlme (Pinheiro et al. 2018) and ape 5.0
(Paradis and Schliep 2018). The following more com-
plete analysis using colonies of Ptilella and Pennat-
ula was based on linear and full random hierarchical
mixed models (Herrera 2009). The required packages
were readxl 1.3.1 (Wickham and Bryan 2019), dplyr
0.8.3 (Wickham et al. 2019), nlme 3.1-137 (Pinheiro et
al. 2018), ape 5.0 (Paradis and Schliep 2018), ggplot2
(Wickham 2016), car (Fox and Weisberg 2019) and
emmeans 1.4 (Lenth 2019).

RESULTS
Variation in Ptilella grayi

The distribution of mean values revealed that the up-
per zone of the rachis-peduncle boundary contained larg-
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er sclerites (200-300 pum) than the lower zone (100-150
pum). In most colonies the mean polyp length increased
from the basal (4-6 mm) to the medial-distal zones of
the rachis (approximately 6-8 mm). For both traits vari-
ances differed within and between colonies, as shown
by differences in interquartile ranges (see Fig. S1). The
CV of sclerite size ranged between 0 and 0.02, while the
CV for polyp size ranged between 0 and 0.25 (Fig. 1).
This indicates that the range of variability of polyp size
was higher than that for sclerite size. The CV behaviour
of polyp size by zone in the different colonies showed
practically antagonistic patterns (e.g. between Pt.gy-1
or Pt.gy-2 and Pt.gy-3, Pt.gy-7 or Pt.gy-8). The colonies
Pt.gy-4 and Pt.gy-6 were similar but differed from the
rest. Regardless of the numerical results, which can be
very marked by Pt.gy-1 and 2 with very high mid-zone
CV, in general no clear patterns were observed using CV.
However, the model confirmed significant differences
for both traits within colonies (p-value <0.001; ANOVA
test), and significant differences between colonies only
in the case of polyp size (p-value =0.184 for sclerites,
p-value <0.001 for polyps; ANOVA test) (see Table S1).
Mean, standard deviation and CV values from each col-
ony are summarized in Table S2.

The other approach to quantitatively assessing in-
tracolony variation consisted of partitioning the total
population-level variance of the trait (VAR ) into its
additive between-colony (VAR ) and intracolony
(VAR ... ) components. For the two traits considered,
the variance between colonies was negligible (VAR-
= 2.56e-04 for sclerite size; 6.20e-08 for polyp

between

CVs sclerite size

Pt.gy-4 Pt.gy-1 Pt.gy-2
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a® |0 o—oo

e
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0.010-
0.005-

0.000- . E ; .
Rachis Peduncle Rachis Peduncle

Colony zone

Péduncle
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size). In contrast, variation of residual values was a
substantial source of variation (VAR . .= 1.16e03 for
sclerites; VAR . . =0.92 for polyps; see Table S3). Ex-
pressing variances as percentages of the total (%VAR
) confirmed the negligible variation between colonies
for both traits (VAR <1%) and extensive intracol-
ony variance (VAR . 28% and 49% for sclerites and

polyps, respectively) (Table S3).
Variation in Ptilella and Pennatula species
Coefficient of variation

Comparison of variabilities between colonies of
the six species based on CV values showed differences
both within and between colonies (Figure 2). The CV
for polyp size ranged between 0 and 0.04. There were
significant differences between species and between
zones within the same colony (p-value <0.01; Levene
test) (Table S4). Comparing variabilities between spe-
cies using “marginal averages” revealed a clearer pic-
ture of the distribution of variation within and between
colonies (Figure 3; see also Table S5). Differences be-
tween species in levels of polyp size variability were
statistically significant (p-value <0.001; Levene tests).

Variance partitioning
Variance partitioning of polyp size revealed that
the variance between colonies (VAR = 1.39) was

four times the variance between zones (VAR = = 0.35)

CVs polyp size

Pt.gy-4 Pt.gy-1 Pt.gy-2
0.25 X T
——
0.20 HT
0.1545 Lot
0.10- i i —8—
) = ‘:;:4
0.05 .
0.00- L
Pt.gy-3 Pt.gy-7 Pt.gy-5
0.25-
0.20-
0.15- .
= 0.10- Efﬂ é 1
B oos. T ES T
L]
0.00- . \ '
Pt.gy-8 Pt.gy-6 Basal Medial Distal
0.25
0.20
0.15
0.10
0.05- e
0.00

Basal Medial Distal Basal Medial Distal

Rachis zone

Fig. 1. — Distribution of coefficient of variation (CV) of sclerite and polyp sizes within and between Ptilella grayi colonies. CV= X/sd [X=
mean, sd= standard deviation].
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Fig. 2. — Distribution of coefficient of variation (CV) of polyp size
within and between Ptilella and Pennatula colonies. CV= x/sd [X=

mean, sd= standard deviation].
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and two times the variance between colonies (VAR .
= 0.67) (Table S6). In terms of proportions of the total
(%VAR ), the variance component due to variation be-
tween colonies (VAR, | 57%) was higher than that due
to variation within colonies (VAR . 27 %) (Table S6).
In other words, individuals from different species had a
different distribution of internal variability, regardless of
the generic grouping (p-value <0.001; Levene test).

DISCUSSION

In animals with modular organization such as bry-
ozoans, hydrozoans and anthozoans (Sdnchez et al.
2007), the study of variation between homologous
structures within the same organism is still in its early
stages (Harvell 1984, Key 1990, O’Dea and Okamura
2000, O’Dea 2003, Wejnert and Smith 2008, Schweins-
berg et al. 2017). Traditionally, hierarchical categories
of morphological variation have been the criteria used
to investigate the patterns of variation of modular or-
ganisms such as corals, intracolony variation being gen-
erally neglected in most studies (Menezes et al. 2013).
However, functional or morphological differences in
polyp traits within the same colony have sometimes
been reported (see Foster 1980, 1985, Leuzinger et al.
2003, Ulstrup et al. 2006, among others). This is espe-
cially observed in the differential reproductive contri-
bution of the polyps throughout the entire colony (see
Jackson and Coates 1986, Harrison and Wallace 1990
and Sakai 1998 for hexacorals; Coma et al. 1995, Brito
et al. 1997 and Orejas et al. 2002 for octocorals), and it
is frequently found that the polyps located in the prox-
imal zone of rachis show the lowest reproductive effort
(Garcia-Cardenas and Lopez-Gonzilez 2022a,b).

Pt. grayi

Pt. grandis

Pt. inflata

P. phosphorea

Pennatula sp.

P. rubra

Polyp length (marginal mean)

Fig. 3. — Plot box result of marginal mean analysis using the emmeans package based on polyp length within and between Ptilella and
Pennatula colonies.
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Some studies have also recognized that intracolony
variation can sometimes exceed interspecific or envi-
ronmental morphological variation (Kaandorp and Kii-
bler 2001: 55, Sanchez and Lasker 2003, Sanchez et al.
2007). The recent study of Oury et al. (2020) demon-
strated the existence of IGV in Pocillopora corals and
suggested that mosaicism is the most important pro-
cess leading to IGV, with some relatively high rates of
chimerism (Oury et al. 2020: 5213). Colonies showing
IGV should theoretically have a better evolutionary
potential than invariable colonies. Multiple genotypes
should provide several basic units upon which selec-
tion may act. One of the possible morphological, eco-
logical and evolutionary implications of this phenome-
non could be intracolony phenotypic variation, as seen
in the present contribution.

Some authors using a methodology mainly based
on mean and standard deviation have shown the exist-
ence of a significant intracolony variation in sea pen
colonies (Edwards and Moore 2008, 2009, Baillon et
al. 2014a,b). Our results are based on two of the most
robust methods for comparing variabilities (Brown and
Forsythe 1974, Van Valen 1978, Conover et al. 1981),
which are largely used in plant variability compari-
sons (Schultz 1983, 1985, Herrera 2009) but have not
been applied previously in corals as far as we know.
However, one limitation of this methodology is that it
requires a suitable estimation of ME (Herrera 2009),
which is commonly not acknowledged (e.g., Sherwood
et al. 2008, Baillon et al. 2016). Without estimation of
ME or its complementary approach, repeatability of
measures, a hidden variation source could be inflating
the actual intracolony variance levels (Herrera 2009).
In our analyses, a certain ME was suspected in the in-
tracolony component for polyps of Ptilella grayi. After
detecting and correcting that ME, we can confirm that
the within-individual variance component (VAR _ )
was clearly higher than the between-colony variance
component (VAR .. >25%; VAR _  <1%), which
demonstrates that the elevated within-individual vari-
ance component found in pennatulacean species is real
and not an artefact derived from measurement prob-
lems offered by the material studied.

Spatial distribution of trait variability

The functional nature of sclerites and polyps is di-
rectly related to the structure, feeding and fitness of the
colony (Hickson 1916, Williams et al. 2012). Howev-
er, as shown here, spatial distribution of variability in
some of their features (e.g. length) was not homogene-
ous along the vertical axis of colony, suggesting a certain
“sectoriality”, as has also been reported in plants (Her-
rera 2009). For example, sclerites of Pt. grayi exhibited
a higher variation above the rachis-peduncle boundary
(mud-water gradient) in the basal portion of the rachis.
Menezes et al. (2013) suggested that the rachis is a high-
er environment pressure zone than the peduncle (buried)
due to competitive contact with surrounding organisms.
In a similar way, Herrera (2009) observed differences in
variability distribution of certain traits in aquatic plants
related to the water-air gradient. In most colonies ana-
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lysed here, the polyp length showed higher variation lev-
els at the medial-distal than the basal zone of the rachis.
Among the factors that may modulate intracolonial var-
iation, some authors have suggested the feeding source,
fecundity investment, continuous burial by sediment or
competitive contact with surrounding organisms (Soong
and Lang 1992, Goffredo et al. 2011, Menezes et al.
2013). This has been suggested for Anthoptilum gran-
diflorum, Balticina finmarchica and Pennatula aculeata
(Baillon et al. 2016). Thus, polyps located in the medi-
al-distal zone of the rachis, far from the substrate, might
be subject to higher environmental stress conditions than
polyps located in the basal zone.

Comparison between subindividual variability of sea
pens and plants

The study of the continuous variation in quantita-
tive features of homologous organs within the same
plant remains relatively unexplored from an ecological
perspective despite being a quintessential plant feature.
However, the few studies that have been carried out have
provided an enormous amount of information and sug-
gested manifold biological and ecological implications
(Herrera 2009, 2017). The study of marine modular or-
ganisms, including sea pens (such as number of features,
individuals and species analysed), is even more limited,
but some noteworthy parallelisms can be inferred when
the distribution of variability is compared.

When the levels of subindividual variability of reit-
erated structures obtained here for Pfilella and Pennat-
ula colonies are compared with the subindividual vari-
ability reported for certain plant organs (Figure 4), we
can see that polyps (more intracolonially variable than
sclerites) show lower levels of variability than leaves
(fruits or seeds) but comparable levels to flowers (Fig.
4). Like polyps, flowers are the organ responsible for
reproduction (perhaps the burden of reproduction may
be exerting more influence on the distribution of varia-
bility levels of polyps than the capture of resources). In
any case, in both reiterated structures (flowers and pol-
yps), there is an important source of variability that must
be considered. What might this parallelism involve for
pennatulaceans from an ecological point of view? The
similar organization of phenotypic variation in pennatu-
laceans to that observed in plants supports the hypothe-
sis that subindividual variability is an emergent property
of individual organisms caused by their modular con-
struction and the reiteration of homologous structures
with the same function (leaves, fruits, flowers or seeds
in plants, sclerites or polyps in sea pens), regardless of
their evolutionary origin. Parallelisms like this between
plants and animals allow us to determine the conse-
quences of certain natural processes that are known to
occur in one of the two kingdoms and infer them in the
other (Herrera et al. 2015, Alonso et al. 2018). Following
this idea, the influence exerted by the associated fauna
(e.g. animal consumers) in the organization of within-in-
dividual variance in plants (Herrera 2009), could have
similar effects between predators and sea pens (Clippele
et al. 2015), opening a new field of study. For example,
it has been suggested that subindividual variability in
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some functional traits of leaves may be advantageous
to individuals by enhancing whole-plant photosynthetic
performance and optimizing the exploitation of environ-
mental variation (Osada et al. 2014, Herrera 2017). It is
known that some animal consumers have the opportu-
nity to discriminate between not only individual plants
but also the multiplicity of non-identical organs borne by
each of them, affected by the distribution of variability
of reward offered by plants (Herrera 2009, 2017). In the
same way, subindividual variability of polyp traits could
be related to the optimization of resource exploitation
via “division of labour” within the individual (Sides et
al. 2014, Siefert et al. 2015). In this hypothetical case,
sea pen predators (such as Tritonia sp. on Pteroeides sp.
in Duncan 1998, Garcia-Matucheski and Munian 2011;
or Armina sp. on Veretillum cynomorium or Ptilosar-
cus guerneyi in Birkeland 1974, Jones et al. 2000, Bu-
hl-Mortensen et al. 2010, among others) would exert a
certain discrimination between colonies and could like-
wise be influenced by levels of subindividual variation,
an interesting hypothesis that could be tested by future
studies on pennatulaceans. Perhaps in this hypothetical
scenario, following the parallelism with plants, the term
heterozooidy (analogous to the term heterophylly, see
Herrera 2009) may be considered appropriate to refer to
this subindividual variation within the same zooid type.

CONCLUSIONS

In summary, though our results must be taken with
caution, the parallelism found between pennatulaceans
and plants promotes a multitude of biological questions.
On this point, we can offer answers to the questions list-
ed in the Introduction:

(1) Congeneric species of sea pens (Pt. grandis, Pt.
grayi and Pt. inflata) differed with respect to the quan-
titative distribution of population variance within and
between colonies in quantitative polyp traits. However,
(2) additional factors such as contrasting environmen-
tal conditions between the collecting areas could offset
and conceal the effect of this distribution. (3) In a similar
way, species from Ptilella and Pennatula, similar mor-
phologically although phylogenetically differentiated,
showed differences in distribution within and between
colonies of population variance, but not related to tax-
onomic grouping at genus level. Finally, (4) this study
suggests, as a parallelism between plant and animals,
that the organization of phenotypic variation in pennat-
ulaceans is quite similar to that observed in terrestrial
plants.

This study therefore serves as a first step towards
future studies that improve our knowledge of possible
ecological implications and generate more suitable cri-
teria for the delimitation of interspecific morphological
limits, more efficient experimental designs, and new and
interesting biological hypotheses that have already been
formulated and discussed in plants but are unknown in
sea pens and other marine modular colonial organisms.
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Fig. S1. — Distribution of mean ()_() and variance components of sclerites and polyps within and between Ptilella grayi colonies.
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Table S1. - Results of ANOVA test applied to the model based on the CV of sclerite and polyp sizes for the eight colonies of Ptilella grayi.
Sum sq., sum of squares; Gf, degrees of freedom. Code Signif.: ***=<0.001.

Sclerites Polyps
ANOVA Sum sq. Gf F value Pr (>F) Signif. Sum sq. Gf F value Pr >F) Signif.
Colonies 60937 7 6.9474 3.97e-07 ek 27.459 7 4.6625 1.57e-04 e
Zones 378639 1 302.1793 <2.2e-16 ek 37.303 2 22.1693 1.21e-8 ek
Colony: zones 12837 7 1.4635 0.184 53.277 14 4.5233 3.40e-06 i
Residuals 180436 144 80.766 96

Table S2. — Coefficient of variation of Ptilella grayi colonies. X, mean; sd, standard deviation; CV, coefficient of variation. Based on 360
observations.

Sclerites Polyps
Prilella Rachis Peduncle Basal Medial Distal
grayi X sd X sd X sd X sd X sd
Ccv cv cv cv cv
colony  (um)  (um) (um)  (um) (mm)  (mm) (mm)  (mm) (mm)  (mm)

Ptgy-1 23857 5227 0219 146.72 3240 0.216 6.29 1.67 0.265 4.68 0.81 0.172 6.61 0.88  0.133
Ptgy-2 269.27 62.05 0.230 15132 1578 0.104 5.08 0.86 0.169 572 1.06 0.186 6.49 1.19  0.184
Ptgy-3 21535 4358 0.202 11663 1723 0.148 516 069 0.134 597 097 0.163 8.46 0.84  0.099
Ptgy-4 23030 3271 0.142 129.18 1843 0.143 476 046 0.096 458 0.60 0.132 575 0.87  0.151
Pt.gy-5 24725 43.61 0.176 130.12 20.18 0.155 543 127 0.234 5.67 091 0.160 5.72 0.68  0.119
Ptgy-6 215.08 38.06 0.177 120.68 21.01 0.174 452 095 0211 723 1.03 0.142 6.58 0.65  0.099
Ptgy-7 187.07 32.14 0.172 130.76 9.89 0.076 595 186 0313 486 0.56 0.116 7.22 092  0.127

Pt.gy-8 266.62 35.16 0.132 16575 2520 0.152 4.17 1.07 0.256 5.85 0.55 0.095 5.16 0.49  0.096

Table S3. — Summary of the results of the analyses of sclerite and polyp sizes using a full random hierarchical mixed model (Ime); Ime, result
of the Ime analysis; VAR, variance; ape, result of the ape analysis; %VAR _ , total variance (%). ME, measurement error. Based on 360

observations.
Sclerite Polyp
VAR, VAR VAR, VAR, .. VAR VAR,
Ime VAR 2.56e-04 2.97¢03 1.16e03 6.20e-08 0.9604 0.9216
Ime intervals 9.14e-34 - 3.06e+29  37.97- 78.40
Within Std Error 32.04 - 36.44

ape 6.75¢-08 0.718 0.281 3.25e-08 0.506 0.493
%VAR | <1% 71% 28% <1% 50% 49%
ME 0.04% 16%
Repeatability 99% 84%

Table S4. — Levene test applied to the Ime model based on the CV for polyp size in Ptilella and Pennatula colonies. Sum sq., sum of squares;
Gf, degrees of freedom. Code Signif. : ¥**=<0.001; **=<0.01.

Levene Sum sq. Gf F value Pr >F) Signif.
Species 338.99 5 64.0906 <2.2e-16 ek
Zones 13.13 2 6.2073 0.0023 w%
Species: zones 17.65 10 1.6680 0.088
Residuals 266.58 252

SCI. MAR. 87(2), June 2023, e063. ISSN-L 0214-8358 https://doi.org/10.3989/scimar.05260.063


https://doi.org/10.3989/scimar.05260.063

Subindividual variability in sea pens ¢ 13

Table S5. — Results of the emmean analysis in Ptilella and Pennatula colonies. Confidence level used 0.95. Standard error = 0.266, degrees
of freedom= 252.

Species Zone Basal Medial Distal
emmean 5.25 5.10 6.22
Ptilella grayi Lower limit 4.73 4.58 5.69
Upper limit 5.78 5.62 6.74
emmean 3.04 3.69 3.70
Ptilella grandis Lower limit 2.52 3.17 3.18
Upper limit 3.56 4.22 4.22
emmean 2.92 3.24 4.22
Ptilella inflata Lower limit 2.40 2.72 3.70
Upper limit 3.44 3.77 4.75
emmean 2.49 2.65 2.73
Pennatula phosphorea Lower limit 1.96 2.12 2.21
Upper limit 3.01 3.17 3.26
emmean 2.87 3.10 3.09
Pennatula sp. Lower limit 2.34 2.58 2.57
Upper limit 3.39 3.62 3.62
emmean 1.90 2.03 1.73
Pennatula rubra Lower limit 1.38 1.51 1.21
Upper limit 2.43 2.55 2.25

Table S6. — Result of the mixed effects linear model in Ptilella and Pennatula species; ape, result of ape analysis; ME, Measurement error.
Based on 540 observations. Approx. 95% confidence intervals.

Polyp size VAR VAR VAR

between zone within
Variance 1.39 0.35 0.67
ape 0.5774 0.1455 0.2769
%VAR 57% 14% 27%
ME <1% (0.00071)
Repeatability ~99%
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