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Rose -ringed parakeet (Psittacula krameri) and starling (Sturnus
vulgaris) syntopics in a  mediterranean urban park: evidence for

competition in nest-site selection?
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ABSTRACT. Introduced species may compete with indigenous ones, e.g. for space resources, but evidence for 
syntopic cavity-nester birds is limited, at least for Mediterranean urban parks. In this work we report data on 
nest-site habitat use, availability and selection in two species: the introduced rose-ringed parakeet (Psittacula 
krameri) and the autochthonous starling (Sturnus vulgaris) nesting in ornamental tree (Cedrus libanotica) 
patches occurring in an historical urban park (Rome, central Italy). In particular, in our study we hypothesize 
that parakeets negatively affect starling nest-site selection. On 55 trees, we detected 73 available holes for 
nesting (38.4 % of which hosted nests: 9 of rose-ringed parakeet, 16 of starling, 3 of house sparrow). Birds 
utilized for nesting only a limited number (< 20%) of the ornamental trees (all larger than 80 cm in diameter). 
Compared to the total number of available trees, nesting trees had a significantly larger diameter at breast height. 
We observed a shift in the frequency distribution of nest hole height classes between starlings and parakeets 
suggesting competition for nesting sites between these two species. Starlings located their nests significantly 
lower than did rose-ringed parakeets, resulting in a higher specialization for starlings (as measured by the 
Feinsinger index) than for rose-ringed parakeets. The analysis of co-occurrence highlights a spatial segregation 
in nest holes. We argue that these differences in preferred nest height are indicative of parakeet dominance over 
starlings in cavity selection for nesting.

KEY WORDS: height habitat selection, niche overlap, competition, introduced species, central Italy.

IntRoDuCtIon

Introduced species may compete for resources 
with indigenous ones (e.g. nest-holes, food for 
juvenile recruitment; Davis, 2003). Particularly 
in communities where strong interspecific 
competition between native species is lacking, 
exotic and native species often exhibit intense 
competition resulting in the decline of native 
populations (eDelman et al., 2009). However, 
evidence of similarly negative competition 
effects in syntopic birds is limited, at least for 
some species (Bauer & Woog, 2008, 2011). 
This situation is even more striking in a group 
of vertebrates such as the birds, where data 
quality with respect to occurrence, numbers 
and population trends is usually very high 

(eBenharD, 1988, BlackBurn et al., 2009; 
kestenholz et al., 2005). 

Urban parks embedded in anthropized 
landscapes host peculiar ecosystems, biological 
communities and species (reBele, 1994; 
clergeau, 2006). In urban areas wooded patches 
are often composed of ornamental vegetation 
characterized by a high density of large, mature 
trees that have not been subjected to intensive 
coppice management. As a consequence there is 
often high availability of cavities, invertebrates 
and plant food (Falk, 1976; Dorney et al., 
1984; mckinney, 2002), and urban parks may 
therefore host a specific guild of specialized 
species, such as the cavity nesting birds 
(Beissinger & osBorne, 1982, Blair, 2001). 
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Cavity nesting birds, also named “hole-nesting 
birds”, represent a guild of species (such as 
woodpeckers, nuthatches, tits, treecreepers, 
starlings and sparrows) highly dependent on old 
trees or dead wood for nesting, and secondarily, 
for roosting and feeding. This guild can be 
divided into (i) excavators (e.g., woodpeckers), 
species that excavate cavities secondarily used 
by insects, reptiles, birds and mammals, and (ii) 
non-excavators, a large number of species that 
use natural or previously excavated tree holes 
for nesting (martin & li, 1992; martin & 
eaDie, 1999; Blanc & Walters, 2008). The 
occurrence, abundance and richness of cavity-
nesting birds largely depend on the availability 
of suitable nesting cavities and food resources 
linked to mature trees (cramp & perrins, 
1993). 

Cavity-nesting bird guilds include rare and 
specialized species but also generalist and 
synanthropic ones (both urban adapters and 
exploiters). The latter are linked to human-
transformed habitats and often exhibit more 
flexibility in nest site choice (e.g. nesting also 
in buildings; Blair, 2001). Synanthropic 
species may be secondarily adapted to human-
transformed ecosystems (termed ‘adapters’) 
or actively select these environments (termed 
‘exploiters’; see Blair, 2001). Moreover, many 
synanthropic species are not native (e.g. some 
species of parakeets, order Psittaciformes).

In this study, we focused on two synanthropic 
species that are commonly found in forest patches 
of South-European urban parks. Our first study 
species, the starling (Sturnus vulgaris) (Linnaeus, 
1758), is a species that, over the last decades, has 
become more and more abundant in anthropized 
landscapes across the Southern Mediterranean 
region (BirDliFe international, 2004). This 
contrasts strongly with its status in Northern 
Europe, where it is declining and disappearing 
from urban areas (roBinson et al., 2005; 
mennechez & clergeau, 2006). Secondly, 
we assessed the rose-ringed parakeet (Psittacula 
krameri) (Scopoli, 1769), an introduced species 
(Juniper and parr, 1998) that has established 

self-sustaining (i. e. naturalized) populations 
in many European cities (cassey et al., 2004; 
czaJka et al., 2011, neWson et al., 2011). 
Previous studies have suggested that because 
of a strong overlap in preferred nesting cavities, 
starlings and rose-ringed parakeets are likely 
to compete for tree cavities in the areas where 
they co-occur, although empirical evidence for 
competition between these species is currently 
lacking (struBBe & matthysen, 2007, 
struBBe & matthysen, 2009a, 2010, czaJka 
et al., 2011, neWson et al., 2011). However, 
these studies have been carried out in Northern 
and Central Europe, and information on habitat 
and nesting preferences of these species in the 
Mediterranean area remains rare. 

In this work, we focused on ecological traits 
related to the selection of nest holes of the two 
locally most abundant species: rose-ringed 
parakeet, an introduced species, and starling. 
We tested whether there are differences in 
the height of the cavities that are selected for 
breeding by both species. In particular, since we 
observed localized syntopy (i.e. an occurrence of 
individuals in the same wood patches) between 
these two species, we tested the hypothesis that 
locally, rose-ringed parakeets may negatively 
affect starling nest-site selection.

mAteRIALs AnD methoDs

study area

The study was carried out inside the Villa 
Doria Pamphili (Rome, central Italy), a large 
urban park (about 120 hectares, about 50 m 
a.s.l.) designed as a Site of Nature Conservation 
Interest (SNCI) (‘Habitat’ Directive 92/43/EEC; 
41° 53’ N, 12° 27’ E). This historical urban park, 
embedded in a continuous urbanized matrix, 
was created in the 17th century and represents 
a heterogeneous patchy landscape with wood 
fragments where oaks are dominant tree species 
(Quercus ilex, Q. pubescens, Q. petrae). Wooded 
patches with ornamental tree species (Cedrus 
libanotica, Cupressus sp. and others), open areas, 
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and artificial lakes also occur (Battisti, 1986; 
celesti-grapoW, 1995). Inside the study area, 
we focused the sampling protocol on a small 
wooded patch composed of ornamental trees 
(size area: 0.5 ha; 57 trees: 55 Cedrus libanotica, 
1 Cupressus sp., 1 Platanus orientalis). 

Field methodology

Inside the forest patch, we analysed only data 
of Cedrus libanotica trees (n = 55). For each 
tree, we measured the diameter at breast height 
(DBH, in cm) and the tree height (TH) in size 
classes (0-2 m, >2-4, >4-6, >6-8, >8-10, >10-12, 
>12-14, >14-16) obtaining a mean value of these 
two parameters (MEAN DBH and MEAN TH). 
Each tree was surveyed for cavities potentially 
suitable for cavity-nesting birds (hole nests; see 
BiBBy et al., 2000). Each tree hole discovered 
was assigned to a height class (see above), and 
during the breeding season, we determined 
whether a cavity-nesting bird occupied it or not. 
From March to June 2012, we carried out six 
visits to the study area in the first hours of the 
morning (about 07.00 a.m.), when these species 
are more easily detectable near the hole nests, 
to the late morning (about 11.00 a.m.), when 
foraging activities are more intense (e.g. for 
juvenile recruitment) so allowing the detection 
of hole nests (total research effort: about 24 
hours).  

Data Analysis

First, to test whether rose-ringed parakeet and 
starling nest site choice was neutral with respect 
to the height at which cavities were located or not, 
we calculated the Feinsinger index (Feinsinger 
et al., 1981). We first calculated the frequency 
of available occupied holes for each height 
class, allowing us to obtain the Feinsinger index 
through the following formula (Feinsinger et 
al., 1981):

PS = 1-0,5 Σ  │pi-qi  │

In this index, pi is the proportion of the utilized 
resource (i.e., the frequency of nest holes in 

each tree height class) and qi the proportion of 
the available resource (i.e., the frequency of 
available holes in each tree height class). The 
index varies from 0 (extreme specialist for that 
specific resource) to 1 (extreme generalist).

Second, in order to assess the degree to which 
rose-ringed parakeet and starling nest site choice 
overlaps, we applied a niche overlap index. 
Nesting site niche overlap was obtained through 
the following formula (kreBs 1989):

Oi = Σ (pj1pj2/aj),

where pj1 and pj2 are the relative frequencies, 
respectively, of the species 1 and 2 recorded 
among the habitat type j, and aj is the relative 
frequency of the available habitat type j. The 
index varies from 0 (absence of overlapping) to 
1 (total overlap).

To assess whether rose-ringed parakeets and 
starlings significantly differ in nest site choice, 
we compared the frequency distribution of 
nesting cavity heights for the two species using 
a Kolmogorov-Smirnov test. To test whether 
parakeets and starlings prefer trees with different 
average values in DBH, we performed the non 
parametric U Mann-Whitney test for unpaired 
data (Dytham, 2011).

We performed all statistical non parametric 
analyses using SPSS version 13.0 (SPSS Inc., 
2003). We assumed an alpha level of 5% as level 
of significance.

Moreover, we performed a null model analysis 
of species co-occurrence pattern in order to test 
whether the two study birds avoided colonizing 
a tree already occupied by the other species 
(gotelli, 2000). As the co-occurrence measure, 
we used the stone and roBerts’ (1990) 
C-score. The C-score measures the average 
number of “checkerboard units” between 
all possible pairs of species. The number of 
checkerboard units (CU) for each species pair 
is calculated as:  CU = (ri – S)(rj - S), where is 
S is the number of shared sites (sites containing 
both species) and ri and rj are the row totals for 
species i and j. The C-score is the average of 
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all possible checkerboard pairs, calculated for 
species that occur at least once in the matrix. The 
C-Score measures the tendency for species to not 
occur together. The larger the C-score, the less 
the average co-occurrence among species pairs. 
If a community was structured by competition, 
we would expect the C-score to be large relative 
to a randomly assembled community (gotelli 
2000; gotelli & entsimnger 2001). As 
randomization algorithm we used (i) “fixed 
sum” as row constraint and (ii) “equiprobable” 
for column constraint, that is: (i) the observed 
row totals are maintained in the simulation (the 
number of occurrences of each species in the null 
communities is the same as in the original data 
set), and (ii) each column (site) is equally likely 
to be represented (we supposed that all trees are 
equivalent to one another, that is from the species 
perspective, all the trees with holes are equally 
likely to be successfully colonized). With this 
randomization algorithm, in the simulation, 
the occurrences for each species (row sums) 
are distributed randomly among the different 
columns (gotelli & entsimnger 2001). For 
each occurrence, a column is chosen randomly 
and equiprobably, although if a cell already has a 
1 placed in it, another column is randomly chosen 
until an empty site is found. This procedure is 
repeated until all of the occurrences of each 
species are randomly distributed among the 
columns. The analyses of co-occurrence were 
performed by using Ecosim software (gotelli 
& entsimnger 2001).

ResuLts

In the wooded patch, the mean diameter at 
breast height of the Cedrus libanotica trunks 
was 65.05 cm (± 25.06) and the mean tree height 
was 11.87 m (± 2.89). Among the trees, 17 
(30.91 %; n = 55) showed a diameter > 80 cm, 
12 (21.82 %) hosted available holes for nesting, 
and 9 (16.36 %) hosted holes with nests (all with 
a diameter > 80 cm).

In total, we detected 73 available holes for 
nesting. Among them 28 (38.4 %) hosted bird 
nests: 9 of rose-ringed parakeet (32.1 % of 
occupied nests); 16 of starling (57.1 %). We 
also detected 3 hole nests (10.7 %), of house 
sparrow (Passer domesticus) (Linnaeus, 1758), 
a synanthropic species, recently declining 
in density and distribution at the continental 
scale (summer-smith, 2003): these data were 
not included in the following analyses. Forty-
five holes remained empty. Data on mean tree 
diameter and mean tree height of available holes 
and occupied nests for these three species are 
given in in Tables 1 and 2.  

The mean height of starling nests in tree cavities 
was significantly lower when compared to mean 
height of rose-ringed parakeet nests (Z = -2.159, 
p < 0.05, Mann-Whitney U test) and lower than 
the mean of all available holes (Z = -2.873,
p < 0.01, Mann-Whitney U test), while nests 
of rose-ringed parakeet were not significantly 

Categories N MEAN DBH (s.d.) MEAN TH (s.d.)
All trees 55 65.05 (25.06) 11.87 (2.90)
With available holes 10 97.79 (11.89) 14.50 (1.51)
With nest holes 9 94.78 (8.34) 14.33 (1.73)
With rose-ringed parakeet holes 4 94.5 (7.93) 14.50 (1.00)
With starling holes 7 94.36 (8.14) 14.43 (1.90)

TABLE 1

Mean diameter (and standard deviation, s.d.) at breast height (MEAN DBH, in cm) and mean tree height (MEAN 
TH; and standard deviation, s.d.) both for all Cedrus libanotica trees and for trees occupied by the two cavity 
nesters studied: rose-ringed parakeet (Psittacula krameri) and starling (Sturnus vulgaris).
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different when compared to the mean height of 
all available holes (Z = 0.175, p = 0.845).

Analyzing the frequency distribution of data, 
we corroborate the previous results. In particular, 
we observed a shift between the frequency distri-
bution of height classes of nest holes between 
rose-ringed parakeet and starling (Fig. 1). The 

frequency distribution of total available holes 
was not significantly different from the frequency 
distribution of rose-ringed parakeet (Z = 0.349, 
p = 1), i. e. parakeets used nest sites according 
to availability, while our results show a trend 
towards a significant difference between starling 
nests and total available holes (Z = 1.278, p = 
0.076, Kolmogorov-Smirnov two sample test), 

TABLE 2

Number of available and occupied hole nests, their density (D; in nests/ha) in Cedrus libanotica patch and mean 
nest height (MEAN NEST NH; in m, and standard deviation, s.d.) for the two cavity nesters studied: rose-ringed 
parakeet (Psittacula krameri) and starling (Sturnus vulgaris). (*) included three nests of house sparrow (Passer 
domesticus).

 N D MEAN NEST NH (s.d.)
All available holes 73 146 7.82 (2.97)
Rose-ringed parakeet hole nests 9 18 8.17 (2.83)
Starling hole nests 16 32 5.38 (2.80)
total hole nests (*) 28 56 6.66 (3.06)

Fig. 1. – Available (in white) and occupied holes (nests) subdivided for categories (grey: rose-ringed parakeet, 
Psittacula krameri; black: starling, Sturnus vulgaris). 
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i.e. starlings showed a preference. In starlings 
we observed a higher frequency of nest holes 
at lower height classes whereas the frequency 
distribution of total available holes was lower, i. 
e. nesting cavities of starlings were significantly 
lower than parakeet nests (Fig. 1).

The Feinsinger index showed a higher value 
in rose-ringed parakeet (0.659) when compared 
to starling (0.581), indicating that parakeets are 
more generalists than starlings in regard to nest 
site choice. Niche overlap index between these 
two species was 0.625.

The analysis of co-occurrence performed on 
the distribution of the 19 trees colonized by at 
least one species and with at least one empty 
hole available to be colonized, showed that the 
two species were spatially segregated (observed 
C-score index = 60.00; mean of simulated indices 
= 20.25; Variance of simulated indices = 102.25; 
p(obs≥exp) = 0.002).

DIsCussIon

In this study, we assessed nest site choice of two 
synanthropic cavity-nesters, the (native) starling 
and the (introduced) rose-ringed parakeet. These 
two species are often considered to be urban 
exploiters, i.e. belonging to a guild of species 
commonly found in urban parks and suburban 
landscapes, and are adapted to edge habitats, 
human dwellings and small-sized forest patches 
occurring in urban parks (aDams, 1994; Blair, 
2001).

Parakeets and starlings reached high breeding 
densities in our study area (18 and 32 nests/ha, 
respectively), and this is probably due to plentiful 
availability of large trees (Cedrus libanotic) with 
many holes (146 tree holes/ha). In this urban 
park, only ornamental and allochthonous trees 
showed a mean diameter at breast height larger 
than 80 cm, since trees belonging to the natural 
vegetation (mainly oaks, Quercus spp.) rarely 
have a diameter greater than 50 cm (Battisti, 
1986). The occurrence of large trees in historical 

urban parks has been highlighted as an important 
feature to allow the breeding of hole-nesting 
birds (hinsley et al., 1995; Mikusiňski et al., 
2001). In our study, the detected synanthropic 
hole-nesting birds utilized only a limited number 
of trees (< 20%), with a significantly larger mean 
diameter when compared to the total number 
of available trees. Thus, our results show that 
ornamental allochthonous tree species can have 
a high ecological value for urban hole-nesting 
birds, many of them species of high ecological 
interest and conservation concern due to their 
sensitivity to coppice management, forest 
fragmentation, isolation and degradation (e.g. 
cieslak, 1985; helle, 1985; opDam et al., 
1985; matthysen et al., 1995; Bellamy et al., 
1996; zangheri et al., 2013).

The starling is one of the most common 
secondary cavity-nesters in Europe, breeding in 
central Italy from 1970s (angelici & pazienti, 
1985) and nowadays occurs almost throughout 
the whole country (cecere et al., 2005). For 
this species, a significant correlation between 
cavity availability and species abundance has 
been reported (struBBe & matthysen, 2007). 
This species is known to compete with other 
cavity nesters for nest-site (e.g. woodpeckers: 
ingolD, 1994). When introduced, starling is 
also considered an aggressive secondary cavity 
nester (pell & tiDemann, 1997; koenig, 2003; 
martin et al., 2004).

Differing from starlings, the rose-ringed 
parakeet is an allochthonous species, widely 
introduced in urban areas in Italy since the 
1980s (spanò & truFFi, 1986; mori et al., 
2013; for Rome: angelici, 1984; Brunelli et 
al., 2011). Although some studies on parakeet 
nesting behaviour and habitat choice have been 
conducted in Northern Europe (e. g. czaiJka 
et al., 2011), such information is still lacking 
from Mediterranean areas. In Northern Europe, 
starlings are considered to be vulnerable to 
competition with rose-ringed parakeets (struBBe 
& matthysen, 2007, 2009a, 2009b, struBBe at 
al., 2010). However, struBBe and matthysen 
(2007), Braun et al. (2009) and czaiJka et 

http://onlinelibrary.wiley.com/doi/10.1111/j.1474-919X.2010.01085.x/full#b28
http://onlinelibrary.wiley.com/doi/10.1111/j.1474-919X.2010.01085.x/full#b28
http://onlinelibrary.wiley.com/doi/10.1111/j.1474-919X.2010.01085.x/full#b5
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al. (2011) found a niche separation in regard to 
tree size and tree species between the nests of 
parakeets and starlings in German and Belgian 
city parks, suggesting that differing nesting site 
preferences may reduce competition between 
these species. Our data, obtained from a single 
ornamental tree species (Cedrus libanotica), 
suggest that in our study area, parakeets and 
starlings may compete for nesting cavities as 
the starling shows a higher specialization in 
nest height selection, breeding at lower heights 
than rose-ringed parakeets. Also, we observed 
a partial niche overlap in nest choice between 
these two species, suggesting a moderate inter-
specific competition. As the height at which 
cavities are located may be related to predation 
risk (nilsson, 1984), our data suggest that 
parakeet competition may force starlings to 
breed in lower, and thus less-safe cavities. 

Our evidence for possible competition between 
these two species when occurring in syntopy is 
further supported by the results of statistical 
analysis for co-occurrence. It is possible, 
however, that our data may be affected by a 
local effect (the detection of competition among 
bird species is largely affected by the scale of 
investigation; Bennett, 1990). Therefore, it 
is possible that geographical and ecological 
contexts and circumstances are of great 
importance to predict whether a certain species 
may be affected by competition (koenig 2003). 
For example, studying the competition between 
nutchatch (Sitta europaea) and rose-ringed 
parakeet, neWson et al. (2011) suggested the 
possibility that competitive exclusion occurred 
at a minority of sites where availability of nest 
cavities was limited. 

We propose that further research should be 
carried out because in our study direct competition 
(e.g. aggressive interactions) between these two 
species has not yet been observed, nor is it clear 
whether the pattern in nest site choice found here 
actually influences the starling’s reproductive 
success (kerpez & smith, 1990; pell & 
tiDemann, 1997; struBBe & matthysen, 
2007). 

Our data also suggest that rose-ringed parakeet 
may be included in a proposed ‘grey list’ of non-
native species (essl et al., 2008), i.e. a list that 
includes those introduced species for which there 
is evidence that native bird populations may be 
affected by their presence, but for which more 
research seems necessary to decide whether the 
increase and spread of this species may warrant 
further conservation actions (Bauer & Woog, 
2011). 

Finally, the present study could also provide 
evidence that an exotic ornamental tree such as 
Cedrus libanotica to some extent favours the 
success of introduced bird species, because the 
rose-ringed parakeets do not nest on buildings 
(contrarily to native starlings and sparrows). 
This fact suggests suitable future conservation 
actions to control parakeet populations through 
the management of this exotic ornamental tree.
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A case of partial albinism in the yellow-belly flounder, Rhombosolea 
leporina Günther, 1862 (pleuronectiformes: pleuronectidae) collected 

from manukau harbour, Auckland, new Zealand

Laith A. Jawad

Manukau, Auckland, New Zealand, e-mail: laith_jawad@hotmail.com

ABSTRACT. A partial albino specimen of Rhombosolea leporina with a total length of 295 mm was collected 
from Manukau Harbour, south of Auckland City, New Zealand. This is the first record of abnormal pigmentation 
in the wild yellow-belly flounder from New Zealand waters. The specimen is patterned with a white blotch on 
the caudal peduncle area of the ocular side. Causes for such colour aberration are discussed.

KEY WORDS: Abnormality, flatfish, vertebral deformity, albino specimen

IntRoDuCtIon

The yellow-belly flounder, Rhombosolea 
leporina is a right-sided eye flounder endemic to 
New Zealand. The adults occur at depths of 30-
40 metres, where the water is brackish and very 
turbid (Francis, 2012). It is a commercially 
valuable species, with one kilogram worth over 
NZ$20 (17.3 US$).

The peculiar colouration of this species has 
attracted the attention of biologists for a long 
time. The colouration pattern is considered 
as a tool to avoid predators, catch prey, and 
for conspecific communication (mills & 
patterson, 2009). There are three basic types of 
colour abnormalities in fishes: ambicolouration, 
albinism, and xanthochroism. Ambicolouration 
is an excess of pigmentation on the blind side 
of flatfish. Xanthochroism is a rare condition 
in which the melanophores are missing, though 
other pigments are present, typically producing a 
golden-orange colour (colman, 1972).

Malpigmentation is the typical anomaly of 
flatfishes. It is characterized by either a deficiency 
of pigment cells on portions of the ocular side 
(albinism, pesudoalbinism, or hypomelanism), 
or the presence of dark pigmentation on the 
normally light-coloured bellyside of the fish, also 
called ambicoloration (Bolker & hill, 2000).

Colour abnormalities are well documented for 
flatfish (e.g., Díaz De astarloa, 1995; Bolker 
& hill, 2000; chaves et al., 2002; Purchase 
et al., 2002; macieira et al., 2006), while 
abnormal pigmentation in other fish groups is 
rare (hernánDez & sinovcic, 1987; JaWaD et 
al., 2007, 2013; JaWaD & al-kharusi, 2013).

Flounders are famous for their ability to match 
their background by changing their ocular-side 
pigmentation. Such alterations are based on rapid 
changes in the morphology of melanophores, 
specifically in the distribution of pigment-
containing melanosomes within the cytoplasm 
(Burton, sugimoto & oshima 2002). In 
addition to this cause of changes, flounder 
pigmentation also changes during ontogeny, 
beginning during larval development and then, 
noticeably, at metamorphosis (sugimoto & 
oshima, 2002).

In New Zealand, JaWaD et al. (2007) is the 
only published work on alteration of colouration 
of fishes other than flatfish, while archey 
(1924) and colman (1972) represent the only 
work on flatfishes. archey (1924) reported 
on a xanthochroic specimen of the yellow-
belly flounder R. leporina and colman (1972) 
examined partial and complete albinism cases in 
R. plebeia obtained from Wellington and Firth 
of Thames waters, respectively. In the present 
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study, a report on partial albinism in the yellow-
belly flounder R. leporina is presented.

mAteRIAL AnD methoDs

On 10th October 2013, an abnormally-
pigmented specimen of Rhombosolea leporina 
with a total length of 295 mm was obtained 
from a commercial catch in Auckland City. This 
specimen originated from Manukau Harbour, 
south of Auckland City, and was caught with a 

set net. In addition, normal specimens of 280 
mm total length were obtained from the same 
catch and used for comparisons. Total length was 
measured to the nearest 1 mm and the specimens 
photographed. Counts and measurements were 
made on both the miscoloured and normal 
specimens. All specimens were kept frozen and 
later radiographed, fixed in 10% formaldehyde 
solution and stored in 70% ethanol and deposited 
in the fish collection of Auckland War Memorial 
Museum (AIM MA33573).

Fig. 1. – Normal specimen of Rhombosolea leporine, 280 mm total length.

Fig. 2. – Abnormal specimen of Rhombosolea leporine, 295 mm total length.



ResuLts

The normal colouration of this species (Fig. 
1) is green to olive above and cream-yellow 
below with numerous small black spots (< 1 mm 
in diameter) (Francis, 2012). The edge of the 
dorsal fin rays is creamy –yellow. The pectoral 
fin is slightly darker than the body. The blind side 
of the miscoloured specimen (Fig. 2) exhibits 
the normal colouration. The caudal peduncle and 
the caudal fin are the areas that display partial 
albinism. The white patch starts from the end of 
the anal fin and goes up and forward reaching 
the last few dorsal fin rays, and extends to the 
caudal fin, covering the whole area of the caudal 

peduncle and the base of the caudal fin. A faint 
brown triangular blotch with an area of 33 mm2 
is found at the posterior dorsal end of the caudal 
peduncle area. The caudal fin rays appeared to 
be less dark than the anterior part of body with 
the dark colour being paler towards the posterior 
end of the caudal fin. The area from the posterior 
edge of the operculum to the line passing through 
the deepest point of the body, and from the base 
of the dorsal fin to the ventral edge of the anal fin 
had a faint brown colouration. The edge of the 
pectoral fin appeared darker than the fin itself. 
The dorsal edges of the dorsal fin rays are black. 
No other external deformations are seen in the 
colour or in the fish body structure.

Partial albinism in Rhombosolea leporina from New Zealand 17

Fig. 3. – Radiograph of a normal specimen of Rhombosolea leporine, 295 mm total length.

Fig. 4. – Radiograph of the abnormal specimen of Rhombosolea leporine, 295 mm total length.
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From examination of the radiographs of the 
normal specimen (Fig. 3) and that of the abnormal 
specimen (Fig. 4), it is clear that in the abnormal 
specimen the ultimate and penultimate vertebrae 
are fused together and the anterior part of the 
centre of the ultimate vertebra is missing. Other 
osteological features of the skeleton appear to be 
normal.

DIsCussIon

DaWson (1967) suggested that partial albinism 
occurrs as a result of a wound or the effects of 
adverse environmental factors. It was not clear 
whether the occurrence of abnormal pigmentation 
in the present specimen was caused by bites 
received from other fish. There were no visible 
signs of injuries that might cause such anomaly.

Abnormal pigmentation is frequently 
accompanied by morphological variation and 
vertebral deformities (Díaz De astarloa, 
1998). No noticeable variation in morphological 
or meristic characteristics was found in the 
abnormal specimen of R. leporine, but a slight 
vertebral fusion of the ultimate and penultimate 
vertebrae was noticed. 

The incomplete pigmentation of flatfishes is 
almost always associated with head or vertebral 
anomalies or some other variation in the 
morphology of the specimens, such as migration 
of the eye, scales and associated structures (Díaz 
De astarloa, 1995, 1998).

Pigmentation anomalies can occur on both 
sides of the body. Hypomelanosis results in white 
patches or areas devoid of normal pigmentation 
on the ocular side of the body (venizelos & 
Benetti, 1999). Such aberrations in flatfishes 
may occur during metamorphosis and when 
the eye migrates to the other side of the head 
(Gartner, 1986), depending upon the asymmetry 
of organizational environments that potentially 
regulate latent chromatophore precursor survival, 
proliferation and differentiation (Hamre et al. 
2007; Bolker & hill, 2000). Such regulatory 

asymmetry may be due to differences in the 
expression and distribution of secretory proteins 
involved in the precursor differentiation into 
mature chromatophores (YamaDa et al., 2010). 
Accordingly, the partially un-pigmented ocular 
side could be due to abnormalities in the 
asymmetry of the regulatory system (Barton, 
2010). This has not yet been studied for wild 
fish in general and in the flatfish species of New 
Zealand in particular. Thus, further experimental 
research is needed to test this hypothesis.

ConCLusIons

The partial albino case in a specimen of 
Rhombosolea leporina obtained from Manikau 
Harbour, south of Auckland City, New Zealand is 
considered to be the first reported case of its kind 
in New Zealand. The pattern of body coloration 
is similar to the partial albinism occurring in 
other fish species sporting parts of the body 
completely devoid of chromatophores. Possible 
causes for such colour aberration are discussed 
and include abnormalities in the asymmetry of 
the regulatory system of the chromatophores. 

ACknoWLeDGements

My sincere thanks are due to the Auckland 
War Memorial Museum, Natural Science, for 
depositing the abnormal specimen in their 
collection, to the radiology team at Green Lane 
Hospital, Auckland and in particular to Kathryn 
Bush for doing the x-ray of the normal and 
abnormal specimens of fish, to Daniel Pauly, 
Fisheries Centre, University of British Columbia, 
Canada for reading the manuscript and finally to 
my daughter, Warda Jawad, for photographing 
the specimens. 

ReFeRenCes

archey G, 1924. An abnormally coloured specimen 
of the yellowbelly (Rhombosolea millari Waite). 
N.Z. J. Sci. Tech. 6: 342.

Laith Jawad



19Partial albinism in Rhombosolea leporina from New Zealand

Barton D, 2010. Flatfish (Pleuronectiformes) 
chromatic biology. Rev. Fish Biol. Fish. 20: 31-46.

Bolker J & hill CR, 2000. Pigmentation 
development in hatchery-reared flatfishes. J. Fish 
Biol. 56: 1029–1052.

Burton D, 2002. The physiology of flatfish 
chromatophores. Microsc. Res. Tech. 58: 481–487.

chaves pt, gomes i D, Ferreira ea, aguiar kD 
& sirigate P, 2002. Ambicoloration in the flatfish 
Symphurus tessellatus (Cynoglossidae) from 
southern Brazil. Acta Biol. Parana., Curitiba, 31 
(1-4): 59-63.

colman JA, 1972. Abnormal pigmentation in the 
sand flounder. N. Z. J. Mar. fresh. Res. 6: 208-213.

DaWson CE, 1967. Three new records of partial 
albinism in American Heterosomata. Trans. Amer. 
Fish. Soc. 96: 400-4.

Díaz De astarloa JM, 1995. Ambicoloration in 
two flounders, Paralichthys patagonicus and 
Xystreuris rasile. J. Fish Biol. 47: 168-170.

Díaz De astarloa JM, 1998. An ambicolorate 
flounder Paralichthys isosceles (Pleuronecti-
formes: Paralichthyidae), collected off Península 
Valdez (Argentina). Cybium 22: 187-191.

Francis M, 2012. Coastal fishes of New Zealand. 
Craig Potton Publishing, New Zealand.

gartner JV, 1986. Observations on anomalous 
conditions in some flatfishes (Pisces: 
Pleuronectiformes), with a new record of partial 
albinism. Environ. Biol. Fish. 17: 141–152.

hamre k, holen e & moren M, 2007. 
Pigmentation and eye migration in Atlantic 
halibut (Hippoglossus hippoglossus L) larvae: 
new findings and hypothesis. Aquacult. Nutr. 13: 
65–80.

hernánDez va & sinovcic G, 1987. A note on a 
partial albino specimen of the species Liza (Liza) 
ramada (Risso, 1826) caught from the middle 
Adriatic. Institut Za Oceanog. Ribarstvo 68: 1-4.

JaWaD LA, 2013. A reported case of malpigmentation 
in the spangled emperor Lethrinus nebulosus 
(Forsskål, 1775) collected from the Arabian Sea 
Coasts of Oman. Thalassia Salentina 35: 29-35

JaWaD la & al-kharusi LH, 2013. A reported case 
of abnormal pigmentation in the Epaulet grouper 
Epinephelus stoliczkae (Day, 1875) collected 
from the Sea of Oman. Anales Biología 35: 41-44.

JaWaD la, ahyong st & hosie A, 2007. 
Malformation of the lateral line and ambico-
louration in the triplefin Grahamina capito 
(Jenyns, 1842) (Pisces: Tripterygiidae) from New 
Zealand. Ann. Mus. Civ. Stor. Nat. Ferrara 9/10: 
89- 97.

maciera rm, Joyeux J.-c & pereira CL, 2006. 
Ambicolouration and morphological aberration 
in the sole Achirus declivis (Pleuronectiformes: 
Achiridae) and two other cases of colour abnor-
malities in a chrid soles from south eastern Brazil. 
Neot. Ichthyol. 4: 287-290.

mills mg & patterson LB, L.B. 2009. Not just 
black and white: pigment pattern development 
and evolution in vertebrates. Seminars in Cell and 
Developmental Biology 20: 72–81.

purchase cF, Boyce Dl & BroWn JA, 2002. 
Occurrence of hypomelanization in cultured 
yellowtail flounder Limanda ferruginea. Aquacult. 
Res. 33: 1191-1193.

sugimoto m & oshima N, 2002. Introduction: 
biology of pigment cells in fish. Microsc. Res. 
Tech. 58: 433–434.

venizelos a & Benetti DD, 1999. Pigment 
abnormalities in flatfish. Aquacult. 176: 181-188.

yamaD y, okauchi m & araki K, 2010. Origin 
of adult-type pigment cells forming asymmetric 
pigment patter in Japanese flounder (Paralichthys 
olivaceus). Dev. Dyn. 239: 3147–3162.

Received: January 8th, 2014

Accepted: May 16th, 2014

Branch editor: Marleen de Troch



Belg. J. Zool., 144(1) : 20-40 January 2014

soft tissue discrimination with contrast agents
using micro-Ct scanning 

emilie Descamps 1, Alicja sochacka 1, Barbara De kegel 1, Denis Van Loo 2, 3, Luc 
Van hoorebeke 2 & Dominique Adriaens 1,*

1  Research Group Evolutionary Morphology of Vertebrates, Ghent University, K.L. Ledeganckstraat 35, 9000 Gent, Belgium
2  UGCT, Department of Physics and Astronomy, Ghent University, Proeftuinstraat 86, 9000 Gent, Belgium
3  Department of Soil Management, Ghent University, Coupure Links 653, 9000 Gent, Belgium
* Corresponding author: dominique.adriaens@ugent.be

ABSTRACT. The use of high resolution, three-dimensional visualization has been receiving growing interest 
within life sciences, with non-invasive imaging tools becoming more readily accessible. Although initially 
useful for visualizing mineralized tissues, recent developments are promising  for studying soft tissues as well. 
Especially for micro-CT scanning, several X-ray contrast enhancers are performant in sufficiently contrasting 
soft tissue organ systems by a different attenuation strength of X-rays. Overall visualization of soft tissue organs 
has proven to be possible, although the tissue-specific capacities of these enhancers remain unclear. In this 
study, we tested several contrast agents for their usefulness to discriminate between tissue types and organs, 
using three model organisms (mouse, zebrafish and Xenopus). Specimens were stained with osmium tetroxide 
(OsO4), phosphomolybdic acid (PMA) and phosphotungstic acid (PTA), and were scanned using high resolution 
microtomography. The contrasting potentials between tissue types and organs are described based on volume 
renderings and virtual sections. In general, PTA and PMA appeared to allow better discrimination. Especially 
epithelial structures, cell-dense brain regions, liver, lung and blood could be easily distinguished. The PMA 
yielded the best results, allowing  discrimination even at the level of cell layers. Our results show that those 
staining techniques combined with micro-CT imaging have good potential for use in future research in life 
sciences.

KEY WORDS: 3D visualization, micro-CT scanning, soft tissue, contrast agents, vertebrates

IntRoDuCtIon

Light microscopic histology is commonly 
used to analyze the organization and internal 
structure of biological tissues. However, despite 
its advantage in providing high resolution 
images, it requires elaborate preparation and 
full destruction of the specimen. It also often 
generates marked and heterogeneous distortions 
(Jones et al., 1994; carDen et al., 2003; 
Descamps et al., 2012). To properly understand 
tissue organization, life sciences research in 
developmental biology or comparative biology 
currently requires accurate, high resolution 
three-dimensional (3D) imaging of these tissues 
within a whole organism topography. The 
latter has gained interest with the increasing 
development of valuable new automated imaging 

techniques, which facilitate visualization, 
processing and analysis of 3D images (see also 
zanette et al., 2013). Those methods include 
X-ray micro Computed Tomography (µCT) 
scanning (masschaele et al., 2007; cnuDDe et 
al., 2011), magnetic resonance imaging (MRI) 
(tyszka et al., 2005; pohlmann et al., 2007), 
Optical Projection Tomography (OPT) (sharpe 
et al., 2002), absorption and phase-contrast 
synchrotron X-ray imaging (Betz et al., 2007; 
Boistel et al., 2011) and Light Sheet (based) 
Fluorescence Microscopy (LSFM) (santi, 2011; 
Buytaert et al., 2012; Descamps et al., 2012).

µCT scanning is the oldest tomographic 
imaging technique and most frequently applied 
to image 3D tissue organization in a non-
invasive way (ritman, 2011). It allows the 
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discrimination of soft from hard tissue, relying 
on the differences in photon attenuation levels of 
these tissue types (ritman, 2004; mizutani & 
suzuki, 2012). Bone, with its calcium phosphate 
minerals, attenuates X-rays more intensely than 
the surrounding soft tissues (such as cartilage, 
nerves, blood vessels and muscles). As the 
latter are mainly composed of low-atomic-
number elements (carbon, hydrogen, oxygen), 
their comparable levels of hydration result 
in low contrast levels (mizutani & suzuki, 
2012). Although recent studies show that proper 
boundary conditions of tissue sampling (such as 
stabilized humid environment) allow contrast 
between some soft and hard tissues (naveh 
et al., 2014), a more detailed discrimination 
requires the use of contrast agents (high-atomic-
number elements) that bind to components 
of these soft tissues (mizutani et al., 2008; 
metscher, 2009a; mizutani & suzuki, 2012; 
pauWels et al., 2013), or the use of phase 
contrast imaging (ritman, 2004; Betz et al., 
2007; mizutani & suzuki, 2012). As with the 
contrast agents used in transmission electron 
microscopy (TEM), these agents bind differently 
to soft tissue types in whole mount samples, 
thereby allowing µCT scanning to provide 3D 
data on soft tissue topography. Because of this 
potential, staining techniques with contrast 
enhancement agents have been tested for their 
ability to improve tissue discriminations and 
organ boundaries (DoBrivoJevic et al., 2013). 
Soft tissue contrast agents that have been used 
on biological specimens include osmium, gold, 
silver, iodine, platinum, mercury, tungsten, 
molybdenum and lead (mizutani & suzuki, 
2012; zanette et al., 2013). Although some of 
these agents allow the visualization of particular 
tissues or cells (such as liposome-rich cells being 
contrasted with an iodinated contrast agent) 
(schamBach et al., 2010), other agents generate 
a more overall contrasting of certain tissue types 
(e.g. myelinated brain tissue versus grey matter) 
(eFimova et al., 2013).

Studying the 3D organization of organs within 
an organism using µCT scanning particularly 
benefits from contrast agents that meet two 
criteria: (1) they can be administered in a simple 

manner by submersing complete specimens in 
an aqueous solution containing elements with a 
high atomic number, and (2) they penetrate easily 
through the thick layers of tissues (pauWels et 
al., 2013). If the agents could also be washed 
away after scanning, this would be an additional 
advantage in the study of internal structures 
of rare specimens, such as type material from 
collections. metscher (2009b) provided a 
first empirical approach to developing simple 
protocols for staining small but complete 
organisms, without using the toxic osmium 
tetroxide (a commonly used but highly toxic 
contrast agent for TEM). mizutani & suzuki 
(2012) gave an overview of commonly-used 
contrast agents, and their general contrasting 
potentials. In a more extensive comparison of 
contrast agents that meet the first two criteria 
mentioned above, pauWels et al. (2013) 
compared the contrasting enhancement of 28 
different chemicals on samples larger than 1 cm³. 
All three studies showed that the best contrasts are 
obtained by using aqueous solutions of osmium 
tetroxide (OsO4), phosphomolybdenic (PMA) or 
phosphotungstic acid (PTA), or inorganic iodine 
(in different solutions). Whereas mizutani & 
suzuki (2012) reviewed the features of these 
agents, as they are known from their application 
in TEM, metscher (2009a) provided overview 
images of reconstructed whole mount specimens. 
The latter author did indicate, among other things, 
that with PTA, cartilage matrix does not stain 
strongly. pauWels et al. (2013) compared the 
contrasting enhancement of muscle tissue versus 
adipose tissue, and tested penetration capacities 
of the contrast solutions. More recently, gignac 
& kley (2014) tested Lugol’s iodine staining 
on larger specimens, to analyse its contrasting 
potential across different tissue types.

Although much progress has been made on the 
use of these contrast agents, and their application 
in µCT scanning has become common practice 
(zanette et al., 2013), little is known about the 
binding affinities of these agents for particular 
tissues in large tissue blocks or whole organisms, 
and thus their potential to allow automated 
segmentation of individual organs or tissues 
based on voxel grey values. Applications of 



22

contrast-enhancing elements in TEM suggest that 
OsO4 labels lipids in cell membranes (carson 
& hlaDik, 2009), and hence its application with 
µCT scanning should visualize all cells rather 
equally. Although this would theoretically make 
discrimination between cell types rather difficult, 
it has allowed discrimination between neural 
and vascular tissue (hall et al., 1945; Watson, 
1958; hayat, 2000; aoyagi et al., 2010; 
Watling et al., 2010; mizutani & suzuki, 
2012). Johnson et al. (2006) showed that OsO4 
allows different organs to be distinguished in 
early embryos, however, the discriminating 
power across different tissue types was not 
explored in detail. In adult mice, OsO4 proved to 
be suitable for visualizing tongue musculature, 
although only for smaller tissue specimens due 
to limited penetration (aoyagi et al., 2013). 
PTA on the other hand is known to adhere to 
various proteins and is considered to be suitable 
for visualizing connective tissue (kiernan, 
1981; metscher, 2009a). PMA allowed the 
identification of cartilage structures in mollusks 
(golDing & Jones, 2007). Iodine is considered 
not to adhere to specific chemical components 
but rather uniformly to tissue constituents 
(mizutani & suzuki, 2012), although a binding 
affinity of iodine trimers to glycogen and lipids 
has been suggested (Bock, 1972; metscher, 
2009b). Also a higher affinity with liposome-
rich cells (Baron, 1994; schamBach et al., 
2010), connective tissue of muscle fascia, 
individual muscle fibers (JeFFery et al., 2011; 
tsai & holliDay, 2011; Wilhelm et al., 2011; 
Baverstock et al., 2013), and blood has been 
suggested (DegenharDt et al., 2010). Still, 
metscher (2009b) indicated that, based on his 
experiments with embryos of both vertebrates 
and invertebrates, none of the contrast agents 
used (OsO4, PTA and iodine solutions) was 
tissue-specific. 

Some apparently conflicting, or rather 
inconsistent results regarding the tissue-
discriminating potentials of these contrast 
agents thus remain, especially when applied 
to complete organisms. Because of that, we 
wanted to focus more on differences in contrasts 

between tissue types and organs, and compare 
the degrees to which tissue and organ boundaries 
can be discriminated. We compared the effect 
of OsO4, PTA and PMA using embryonic mice 
(stages E14.5 and E15.5), and contrasted that to 
a recently published similar test using Lugol’s 
iodine staining (gignac & kley, 2014). More 
specifically, we tested whether OsO4 generates 
a non-discriminative contrast of all soft tissues, 
or whether some tissues can be discriminated 
consistently across the complete organism. As 
it has been claimed in literature that PTA, and 
PMA solutions have similar discriminative 
potentials to the highly toxic OsO4, we tested 
whether that was indeed the case at the level of 
tissue types. As the best results were obtained 
with PTA and PMA, we also compared them 
across other taxa, using a juvenile zebrafish 
and Xenopus tadpoles.  With respect to PMA 
and PTA, if indeed they bind specifically to 
proteins, including collagen, we would expect 
protein-rich tissues (such as blood and muscle 
tissue) and dense connective tissues (such as the 
dermis, ligaments and tendons) to show higher 
levels of affinity with the contrast agents (and 
lower levels in, for example, cartilage, which 
is lower in protein levels). The potential of the 
different contrast agents to discriminate between 
myelinated and non-myelinated nerves was not 
tested in this study, as myelination in mice only 
starts at the E16.5 stage (thus later than the one 
studied here) (harDy & FrieDrich, 1996). As 
we used complete organisms exceeding 1 cm³, we 
tested whether these agents penetrate sufficiently 
to allow tissue discrimination throughout the 
whole body. This paper further discusses the 
different characteristics of each contrast agent, 
and describes how they could be applied for 
tissue differentiation and (semi-)automated 
segmentation when using µCT scanning.

mAteRIALs AnD methoDs

specimens

We used five mice (Mus musculus), two 
tadpoles (Xenopus laevis) and one juvenile 

E. Descamps, A. Sochacka, B. De Kegel, D. Van Loo, L. Van Hoorebeke & D. Adriaens
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zebrafish (Danio rerio). The mice were 
obtained from the Department for Molecular 
Biomedical Research (DMBR) at the VIB and 
Ghent University (Belgium). The embryos 
were removed from the mother on embryonic 
day E14.5 (E15.5 for PMA-stained mouse), 
collected in phosphate-buffered saline (PBS) 
and fixed overnight in 4% paraformaldehyde at 
room temperature. The Xenopus laevis tadpoles 
were also reared at the DMBR, euthanized with 
an overdose of MS-222 (ethyl 3-aminobenzoate 
methanesulfonate salt, Sigma Aldrich, E10521) 
and fixed in 4% paraformaldehyde in PBS at 
stage 48. The juvenile zebrafish was obtained 
through the commercial trade (Florida). It was 
euthanized with an overdose of MS-222 and 
fixed in 4% paraformaldehyde. All experimental 
procedures were performed in accordance with 
the Experimental Animal Ethics Committee of 
Ghent University.

Contrast stains

Contrast agents were obtained from VWR 
International (PMA and PTA) and Laborimpex 
NV (OsO4). All mouse embryos (n = 5, average 
total length: ± 10 mm) were stained overnight 
(14 hours), except for the PMA mouse, which 
was stained for six days. The Xenopus tadpoles 
(average total length: ± 10 mm) were stained with 
PTA for 24 hours and the juvenile zebrafish (total 
length: 22 mm) was stained with PMA for six 
days. The staining times were chosen arbitrarily, 
but were sufficiently long to allow appropriate 
penetration. The protocols followed metscher 
(2009a), except for the PTA and PMA staining 
(PMA was not used by the latter). PTA and PMA 
staining was performed with 2.5% solution in 
demineralized water. The OsO4 staining was 
done in a 1% osmium tetroxide (OsO4) solution. 

micro-Ct imaging 

The mouse and zebrafish specimens were kept 
in vials with a saturated atmosphere of ethanol 
vapour to prevent shrinkage from dehydration. 

Although X-ray attenuation of water and ethanol 
is low, experience showed that better contrast 
results were obtained without the specimens 
being fully submerged. For the Xenopus tadpoles, 
to avoid specimen movement during acquisition 
of the µCT images, they were embedded in 
Epon (Fluka, 45359) (after dehydration in an 
ethanol series). The specimens were all scanned 
at the µCT scanning facilities of UGCT (Ghent 
University, Belgium). The setup consisted of a 
dual-head microfocus X-ray source (FeinFocus 
FXE160.51 transmission tube and FeinFocus 
FXE160.48 directional tube head), a high 
precision Micos UPR160 F Air rotation stage, an 
interchangeable detector and in-house-developed 
acquisition software (Dierick et al., 2010). For 
these samples, only the Varian PaxScan 2520V 
and the PerkinElmer XRD 1620 CN3 CS a-Si 
flat panel detectors were used. For all scans, 
the transmission tube head was used. All mouse 
embryos, except the one stained with PMA, were 
scanned using a tube voltage and target current 
of 100 kV and 60 µA, respectively. For each 
individual, a series of 1001 projections with an 
exposure time of one second per projection was 
recorded using the Varian detector and covering 
360 degrees, resulting in voxel sizes of 5.95 µm 
(each dimension of the isometric voxels). The 
PMA-stained mouse was scanned at 100 kV and 
90 µA, using the PerkinElmer detector. A series 
of 1441 projection images was recorded at an 
exposure time of two seconds per projection 
image, covering 360 degrees resulting in voxel 
sizes of 6.24 µm. Identical settings were used 
for the juvenile zebrafish allowing a better 
comparison between the two PMA-stained 
specimens. The voxel sizes for the zebrafish were 
5.82 µm. For the Xenopus tadpole, the X-ray 
tube was operated at 80 kV tube voltage and 
37.5 µA target current. Using the PerkinElmer 
detector, a total of 1001 projection images was 
recorded at a total exposure time of 6 seconds 
per image, covering 360 degrees and resulting 
in voxel sizes of 3.40 µm. Reconstruction of 
the tomographic projection data was performed 
using the in-house-developed CT-software 
Octopus (vlassenBroeck et al., 2007) and 
VGStudioMAX. 
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Fig. 1. – Volume rendering images of the mouse embryos stained with three different contrast agents, using 
maximum intensity projection (MIP) and texture volume rendering (VRT) at 100% (left), 75% and 50% of the 
total color value range (OsO4 – osmiumtetroxide, PTA – phosphotungstic acid, PMA – phosphomolybdenic 
acid).
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Image analysis

The TIFF virtual images were imported in the 
software Amira (version 5.5.0, 64-bit, Mercury 
Computer Systems). Volume rendering (Volren) 
of the total color value range was performed. 
To visualize an overview of the level of 
discrimination between tissue types and organs, 
volume rendering images were generated where 
the lower threshold was set to 50% and 75% of 
the total color range of the tissues, allowing a 
qualitative comparison across contrast stains 
within the mouse embryos (Fig. 1), and across 
the species (Fig. 2). As this is an arbitrary manner 
of setting thresholds, these figures should not be 
considered in any quantitative way but purely 
for visualization of overall results. These were 
visualized using the texture-rendering option 

Soft tissues discrimination using micro-CT scanning

Fig. 2. – Volume rendering images of Xenopus laevis tadpoles (upper two rows) stained with PTA and juvenile 
zebrafish (Danio rerio) stained with PMA, using maximum intensity projection (MIP) and texture volume 
rendering (VRT) at 100% (left), 75% and 50% of the total color value range (PTA – phosphotungstic acid, PMA 
– phosphomolybdenic acid).

(VRT), whereas the 75% threshold was also 
visualized using maximum intensity projection 
(MIP). The latter has proven to be more accurate 
for visualizing the vasculature than texture-based 
volume rendering (ruBin et al., 1994; Fishman 
et al., 2006). Virtual slices (sagittal and frontal) 
were generated at similar anatomical positions 
in the three mouse embryos for a more detailed 
comparison across the three contrast agents 
(Fig. 3). For a more detailed visualization of 
organ discrimination, volume rendering images 
(using VRT) and virtual cross sections were 
generated of specific regions of interest (Figs 
4-7). Where pixels were rather coarse on these 
virtual sections, a low pass filter was applied 
for improved visualization. For the anatomical 
nomenclature, we used on-line and published 
databases on mouse brain anatomy (schamBra, 
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2008; allen institute For Brain science, 
2014), zebrafish brain (Wullimann et al., 1996; 
ullmann et al., 2010) and vascular anatomy 
(isogai et al., 2001), and Xenopus anatomy 
(Wiechmann & Wirsig-Wiechmann, 2003).

ResuLts

overall staining patterns

A difference in the overall contrast between 
voxel color values for the tissue types and organs 
could be observed (Figs 1-3). While the voxel 
size of the PMA-stained mouse embryo was the 
highest of all (6.24 µm vs 5.95), the quality of 
the virtual sections was substantially better. The 
arbitrary thresholds of a 75% color value range 

Fig. 3. – Virtual sagittal (top) and frontal (bottom) sections at similar position in the mouse embryos stained with 
three different contrast agents (OsO4 – osmiumtetroxide, PTA – phosphotungstic acid, PMA – phosphomolybdenic 
acid). Inset shows the relative position of the sections.

showed that for PMA, most organs were still 
stained, whereas for PTA and OsO4, hardly any 
structures were visible (Fig. 1). At the 50% color 
value range, only PMA allowed the visualization 
of multiple organs. In all stains, the liver seemed 
to absorb the highest levels of contrast agents. 
MIP-rendering allowed better visualization of 
tissues that had higher color intensities, especially 
for blood within the blood vessels. This allowed 
clearer visualization of the vascularization of the 
liver with all stains.

In the zebrafish and Xenopus tadpoles, overall 
staining patterns in relation to the 75% and 50% 
thresholds were somewhat different (Fig. 2). 
For the PTA-stained tadpoles, several organs 
were clearly visible even at the 50% threshold, 
especially muscle tissue and eye lenses. For the 
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PMA-stained zebrafish, on the other hand, hardly 
any structure was visible at the 50% threshold, 
only condensations of blood in cranial sinuses.

Discrimination of tissue types and organs

An overview of the tissue types and organs that 
could clearly be distinguished with each of the 
contrast agents is given in Tables 1 and 2.

oso4

In the mouse embryos, structures that were 
most intensely stained were the eye lenses, 
liver, heart, lungs (small cavities were visible, 
suggesting bronchioli were present, together with 
bronchi and trachea), thymus and blood (Figs 1, 
3, 4). Also part of the intervertebral discs, more 
specifically the nucleus pulposus, seemed to be 

intensely stained (Fig. 4B). In most cases, not 
only the blood but also the actual blood vessels 
and the heart were clearly visible in the virtual 
sections (Fig. 4A). What seemed to be glomeruli 
in the metanephros were clearly visible, as well 
as the adrenal gland next to the kidney (Fig. 4A). 
This higher intensity of the voxel values could be 
the consequence of an increased vascularization 
and thus merely demonstrate presence of blood 
rather than higher affinities for these tissues. 
Virtual sections showed that penetration of the 
stain was homogenous, as centrally-located 
organs were clearly identifiable (Figs 3, 4A). 
As is the case for most other contrast agents, 
OsO4 stained epithelial structures very well 
(e.g. olfactory epithelium, follicles of the 
vibrissae, and the gut and tracheal mucosa). In 
the brain, particular regions (such as the cerebral 
periventricular layers, mammillary mantle zone 
and the trigeminal ganglion) could be discerned. 
Of the musculoskeletal system, cartilage (e.g. 

Fig. 4. – Organ and tissue specific voxel intensities of mouse embryo (stage E14.5) stained with osmiumtetroxide: 
(A) virtual frontal and parasagittal section and (B) volume rendering image (right lateral view).
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Contrast 
agent Binding preference Visualised soft tissue structures

oso4
Lipids, proteins and nucleic 
acids

Eye lens, liver, heart, lungs, thymus, blood and blood 
vessels, metanephros, adrenal gland, nucleus pulposus, 
epithelia, cell dense brain regions, muscle, cartilage

ptA Connective tissue (collagen)
Eye lens, liver, heart, lungs, thymus, blood, blood 
vessels, metanephros, epithelia, glands, cell dense brain 
regions, muscle, cartilage

pmA Collagen (phospholipids?)
Eye retina, liver, lungs, thymus, blood and blood 
vessels, metanephros, epithelia, glands, cell dense brain 
regions, muscle, cartilage

TABLE 1

Summary of the published binding preferences of contrast agents and the level of visualization obtained in this 
study.

Fig. 5. – Organ and tissue specific voxel intensities of mouse embryo (stage E14.5) stained with phosphotungstic 
acid: (A) virtual frontal section at similar level as in Fig. 4, (B) volume rendering image of the umbilical region, 
and (C) cut through volume rendering through the brain.
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Meckel’s cartilage) and muscle tissue could 
be distinguished (Fig. 4B). Ossification zones, 
as observed with the other stains, could not be 
discerned with OsO4.

ptA

Tissues or organs that showed the highest color 
intensities in the mouse embryo were eye lenses, 
liver, blood, and epithelial structures (olfactory 
epithelium, follicles of vibrissae) (Figs 1, 2, 5). 
Some parts of the brain showed higher levels of 
X-ray attenuation, such as the periventricular 
layers of the cerebral hemispheres, the trigeminal 
ganglion and the hypothalamus (Fig. 5A). The 
myelencephalic chorioid plexus was intensely 
stained, which could be due to the staining of the 
blood it contained (Fig. 5C). Postcranially, spinal 
ganglia were visible. In general, blood showed 
highest intensities on the virtual sections, and 
blood vessels could be distinguished (e.g. the 
umbilical vessels embedded within the umbilical 
cord, leaving the mucoid tissue poorly stained) 
(Fig. 5B). Other organs that were clearly visible 
were the thymus, lungs (trachea, bronchi, 
bronchioli), kidney (glomeruli were visible) and 
adrenal gland. Of the musculoskeletal system, 
cartilage and muscles (e.g. eye muscles) were 

visible. Cartilage of ribs and limbs could be 
clearly discriminated, whereas the contrast 
between vertebral cartilages and surrounding 
tissues was less prominent. The presence of 
ossifications (which arise at about this E14.5 
stage) could be derived from the differences in 
the grey value intensity of the cartilage matrix. 
At locations where ossification was to be 
expected, cartilage matrix was stained less (e.g. 
base of scapula, upper half of humeral diaphysis, 
proximal parts of ribs) (patton & kauFman, 
1995; ma et al., 2003).

In the PTA-stained tadpoles, contrasts between 
the different tissue types was consistent between 
the two specimens analyzed (Fig. 2). As in the 
mouse embryos, muscles (individual fibers 
and myosepta), eye lenses (superficial layer), 
blood and blood vessels (including the heart 
tissue), epithelia (olfactory epithelium, gill and 
gut mucosa) and the brain were more intensely 
stained (Fig. 6). However, discrimination 
between specific brain regions was not as clear 
as in the mouse embryos. Also discernible were 
the mucosal layers of the filtering plates, which 
comprise a central portion of connective tissue, 
covered by one or two layers of epithelial cells 
covered by mucus (Brunelli et al., 2004) (Fig. 
6C). The thick oral plates were intensely stained 

tissue/organ oso4 ptA pmA

Cartilage + + ++

Muscles ++ ++ +++

Blood/vessels ++ ++ ++

Liver +++ +++ +++

Eye/eye lens ++ +++ +++

Epithelial structures ++ +++ +++

Cell-dense nervous tissue +++ +++ +++

Lungs +++ +++ +++

Connective tissues ++ ++ ++

TABLE 2
Overview of the tissue and/or organ specificity of the contrast agents used in this study (‘-‘ indicates hardly visible, 
‘+’ indicates weak discrimination potential, ‘++’ and ‘+++’ indicate moderate and very good discrimination 
potential, respectively).
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(Fig. 6D). Cartilage could be distinguished as 
the perichondral connective tissue was visible, 
as well as what appeared to be individual 
chondrocytes (Fig. 6C, inset). In the notochord, 
the cell membranes of notochordal cells could 
also be discerned on the virtual sections.

pmA

In the mouse embryo, the brightest structures 
were the eyes (retina only), the liver, particular 
brain regions (such as the inferior colliculus, 
mammillary mantle zone, periventricular layers 
of the cerebral hemispheres) (Figs 1, 7A), 
blood and blood vessels, lungs (with distinct 
bronchioli), epithelia (olfactory, tracheal and gut 
mucosa, epidermis with follicles of vibrissae 
and regular hair), and muscles (including the 

heart) (Figs 1, 7). In addition, several glandular 
structures could be clearly distinguished, such as 
the thymus, salivary glands, adrenal gland (Fig. 
7A), and the pancreas. Distinct from the other 
contrast agents, in the eye, PMA stained only the 
photoreceptor layer intensely, whereas the lens 
and optic nerve were clearly less stained (Fig. 
7B, C).

Cartilaginous structures were also stained, 
although it was not clear whether chondrocytes or 
the matrix were the brighter on the CT sections. 
Also here, we could distinguish cartilage that 
had started to become ossified (based on the 
topography of suspected ossification), whereas 
for PMA there were cartilaginous regions where 
the matrix was not stained or was poorly stained 
(Fig. 7D). Whether this corresponds to resorbed 
cartilage or not, could not be verified here. It 

Fig. 6. – Organ and tissue specific voxel intensities of Xenopus laevis tadpole (stage 48) stained with 
phosphotungstic acid: (A) volume rendered overview, (B) mediosagittal virtual section, (C) horizontal virtual 
section through the ceratohyal cartilages, and (D) transverse section through the eye lenses.
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may be that the thin, but more intensely-stained 
superficial layer surrounding the darker cartilage 
corresponds to bone, whereas the layer in the 
same position around other cartilage corresponds 
to perichondrium (where this layer is thicker and 
less demarcated) (Fig. 7D).

Similar, highly qualitative results were obtained 
in the zebrafish juvenile (Fig. 8). Most spectacular 
results involved the level of detail in some 
organs and tissues. As in the mouse embryos, 
it was not the eye lens and eye nerve that were 
stained the most, but the remaining parts. It was 
even possible to distinguish all cellular layers 
of the retina (Fig. 8B, C). Blood also stained 
most intensely, visualizing the cranial sinuses in 
the specimen studied (Fig. 2). The keratinized 
pharyngeal pads were also clearly visible (Fig. 
8A, E). Individual muscle fibers and myosepta 
were very clearly distinguishable (Fig. 8A, D). 
In the vertebral column, the notochord and its 
notochordal strand were obvious (Fig. 8A). In 

the brain, functional parts (rather than just layers) 
could be distinguished, of which some clearly 
stained more intensely (e.g. periventricular grey 
zone and torus longitudinalis of the optic tectum, 
eminentia granularis, intermediate thalamic 
nucleus, corpus cerebelli, medial octavolateralis 
nucleus, pituitary, etc.) (Fig. 8E). Bone could be 
distinguished, whereas cartilage was less obvious 
than in the mouse embryos. The hemibranchs 
appeared clearly as well (Fig. 8E). In the ventral 
branchial region, individual follicles of the 
thyroid gland were intensely stained (Fig. 8E).

DIsCussIon

Limited contrast between tissue types and 
organs with oso4?

OsO4 is a highly toxic contrast agent 
interacting with unsaturated lipids, sometimes 
also interacting with proteins (WigglesWorth, 

Fig. 7. – Organ and tissue specific voxel intensities of mouse embryo (stage E15.5) stained with phosphomolybdenic 
acid: (A) virtual sagittal section through the kidney, (B) virtual frontal section through the optic nerves, (C) 
detail of the section at the eye, and (D) detail of the section at the ribs.
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Fig. 8. – Organ and tissue specific voxel intensities of juvenile zebrafish stained with phosphomolybdenic acid: 
(A) volume rendering with mediosagittal cut-through and transverse cut-through at the level of the eyes, (B) 
detail of the eye, (C) higher detail of the retinal layers, (D) detail of epaxial muscle fibers and myosepta, (E) 
virtual mediosagittal section (Legend for Fig. C: 1 – ganglionic layer, 2 – inner plexiform layer, 3 – inner nuclear 
layer, 4 – outer plexiform layer, 5 – outer nuclear layer, 6 – cones photoreceptor layer, 7 – rods photoreceptor 
layer, 8 – pigmented layer).
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1975; hayat, 2000; Di scipio et al., 2008). As 
such, a staining with limited contrast in grey 
values of the voxels across the tissue types and 
organs was expected, as OsO4 was expected to 
show an overall and similar affinity with all cell 
types (i.e. the phospholipids in their membranes). 
However, the overall result of the OsO4-stained 
mouse embryos was fairly good, allowing the 
discrimination of most tissues and organs (e.g. 
liver, blood, eye lens, heart, lungs, thymus). The 
intense staining of the liver, as was observed 
by Johnson et al. (2006), could be explained 
by its rich content in lipids and lipoproteins. 
The intense affinity with blood also confirms 
our hypothesis, i.e. that erythrocytes have high 
OsO4 affinity through their combined high 
protein (hemoglobin) and phospholipid content 
(enucleated cells with few organelles). 

As with the other contrast agents, there was a 
non-homogenous visualization of blood vessels, 
and in several cases even a distinct unilateral 
difference in staining intensity. This asymmetry 
was not seen in other structures. This indicates 
that the blood, and not the blood vessels, stained 
intensely (as was expected), as postmortem 
precipitation of red blood cells due to gravity 
may explain the observed patterns.

Discrimination between particular brain regions 
was possible, partly due to the vascularization 
conditions (e.g. chorioid plexus). On the other 
hand, the intense staining of the periventricular 
strata in the dorsal telencephalic pallium (which 
was a consistent observation across the contrast 
agents used) requires an alternative explanation. 
Because myelin is phospholipid-dense, OsO4 is 
known to bind intensely to it (Di scipio et al., 
2008). In mouse embryos, however, myelin 
only starts to be produced by oligodendrocytes 
from the E16.5 stage on (we used E14.5 and 
E15.5 stages ) (harDy & FrieDrich, 1996). 
Still, the virtual sections gave similar results to 
histological sections stained with haematoxylin 
with respect to nuclear-dense versus less-dense 
zones (schamBra, 2008). Haematoxylin is 
known to stain nuclei due to its affinity with 
nucleic acids. The fact that the telencephalic 

periventricular zone is a cell-dense area where 
cell proliferation takes place, may then explain 
its intense staining with OsO4 (seki et al., 
2011; allen institute For Brain science, 
2014). This seems to be confirmed by similar 
observations in brain regions of the other stained 
embryos, as well as the zebrafish.

The lung tissue also stained intensely, which 
could be explained by the glycoprotein-
containing mucus, as well as the surfactant (a 
phospholipid-protein complex) (BatenBurg & 
haagsman, 1998). However, lung surfactant 
production only starts around stage E17 in fetal 
mice (conDon et al., 2004), whereas alveoli are 
formed from the E18.5 stage on (WarBurton 
et al., 2010). As such, the observed cavities 
embedded within the lung tissue most likely 
represent bronchioles. 

Additional structures that could be demarcated 
after OsO4 staining were epithelial tissues, 
muscles and cartilaginous elements (e.g. the 
observed Meckel’s cartilage and ribs) (Fig. 
4). We hypothesized that cartilage would 
not stain well, considering it is less dense in 
proteins or phospholipids. However, cartilage 
does contain a variety of proteoglycans in its 
matrix, of which the protein content is high 
(knuDson & knuDson, 2001), and the matrix 
contains lipids (stockWell, 1979). Both 
the glycosaminoglycans (components of the 
proteoglycans) and lipids might explain the 
moderate affinity for OsO4. 

tissue/organ discriminative potentials of oso4 
compared to that of non-toxic alternatives

As metscher (2009a) indicated, other 
contrast agents can replace the toxic OsO4 and 
still give similar or even better results. Prior 
to the comparison of these agents in our study, 
we needed to consider some differences in the 
procedures of staining and CT scanning of the 
PMA mouse embryo (compared to the other 
mouse embryos). Firstly, the incubation period 
was longer (six days for the PMA embryo versus 
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14 hours for the other embryos), and the amount 
of photonic data (photon statistics) per voxel 
was substantially higher (due to longer exposure 
time and higher µA values). This implies that for 
each voxel, a higher rate of photonic data can be 
gathered during the scan, which could explain the 
apparently better quality of the virtual sections 
through the PMA mouse, even though absolute 
voxel resolution was similar (more photonic data 
per voxel reduces the amount of noise compared 
to the actual voxel value). This could explain 
why, within the same organ, the quality in these 
sections was better for the PMA dataset (Fig. 3). 
However, this does not explain the substantially 
higher discriminative power between the different 
tissue types and organs, which could then be 
explained by the longer incubation time and 
very likely the better contrast staining of PMA. 
As a result, from our study we cannot draw any 
quantitatively-supported conclusions on that, but 
only report that PMA clearly shows indications 
of being qualitatively better able to discriminate 
between tissue types and organs (also see below 
on the penetration aspects of the agents).

Comparing the results of OsO4 with those of 
PTA and PMA, several similarities could be 
observed. For all agents, it was the liver, blood, 
lungs, cell-dense brain regions and epithelial 
structures that showed the most intense staining. 
Also other organs such as the heart, cartilages, 
muscles, thymus, etc. could be discriminated, 
albeit with a lower intensity. In the PTA and 
PMA embryos, the cartilage regions undergoing 
ossification could be distinguished (darker 
central matrix of the cartilaginous structures), 
which was not the case for the OsO4 mouse (Fig. 
7D).

However, there were also some marked 
differences with the OsO4 staining. PTA stained 
epithelial lining in a rather consistent way, and 
olfactory epithelium, integumentary, respiratory 
and digestive epithelia (both for the mouse 
embryos as for the Xenopus tadpoles) were 
intensely stained. gignac & kley (2014) showed 
that Lugol’s iodine also has a higher affinity for 
epithelial tissue. Muscle tissue was stained with 

high intensity in the Xenopus tadpoles, which 
was not the case in the mouse embryos (Figs 5B, 
6). We hypothesized that a high protein content 
of muscle tissue (densely-packed myofilaments) 
would result in highly-contrasted muscle tissue. 
In both the tadpoles and zebrafish, muscle fibers 
were clearly differentiated. In mice, however, 
differentiation of myotubules into myofibres only 
starts from the 19th day of gestation on (Wirsén & 
larsson, 1964). As such, myofilament density 
in E14.5 and E15.5 embryos would have been 
low, which could explain the relatively lower 
intensity of the involved voxels. Muscle tissue 
also stains intensely with iodine, as shown in 
literature (cox & JeFFery, 2011; JeFFery et al., 
2011; gignac & kley, 2014). The latter study 
even suggested that it can enable distinction 
between red and white muscle tissue, based on 
different carbohydrate contents.

Cartilaginous structures stained weakly, 
although cartilage is a connective tissue composed 
of, among other substances, collagen fibrils. A 
previous histochemical study already showed a 
similar outcome after PTA was added to sections 
comprising cartilage (Quintarelli et al., 1971). 
They suggested that the intensity of staining of 
cartilage with PTA decreases with a progressive 
increase in hydrogen-ion concentration of the 
PTA dye bath. PMA gave a much broader voxel 
intensity range, which yielded images that 
showed a high contrasting resolution between 
tissues, better than for all the other agents (Fig. 7). 
This was even more pronounced in the juvenile 
zebrafish, where, for example, details at the level 
of retinal cell layers could be discerned (Fig. 8B, 
C). The observed pattern may reflect distinct 
distributions of phospholipid densities in these 
layers (roy et al., 2011). Also epithelial lining 
of the digestive and respiratory system was more 
pronounced in the mouse embryos, including 
now also the distinction of glandular epithelia 
(e.g. salivary gland). Whether the gland content 
or its epithelial lining was more intensely stained 
could not be verified here, however. It can also 
not be excluded that the glands were only visible 
in the PMA embryo, which was at the E15.5 
stage (at which salivary glands become canalized 
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with proliferating epithelial cells), whereas the 
other embryos were at the E14.5 stage (where 
the glands are still solid, multilobular glands) 
(tucker, 2007). Also in the zebrafish, thyroid 
glands could be observed (Fig. 7E). Another 
similarity with the OsO4 staining was that in the 
PMA zebrafish brain, brain regions that were 
cell-rich stained more intensely (e.g. central 
part of the corpus cerebelli) (cheng, 2013). 
This confirms the above conclusion that it is not 
myelin itself that was visualized in the OsO4 
mouse embryo, but brain cell nuclei. This is in 
contrast to the study by gignac & kley (2014), 
who could clearly distinguish myelinated from 
non-myelinated fibers in American alligators 
stained with Lugol’s iodine. JeFFery et al. (2011) 
reported that this Lugol’s iodine preferentially 
binds to connective tissues surrounding the 
muscle fibers and suggested that iodine binds 
to glycogen molecules in the muscle cells. 
Glycogen has indeed a high iodine-binding 
capacity, yielding a glycogen-iodine complex 
(lecker et al., 1997). Also ethanol solutions of 
iodine (I2E) showed a strong staining of muscle 
tissue in insects, allowing the visualization of 
individual muscle fibers (metscher, 2009a; 
Wilhelm et al., 2011). 

Although PMA and PTA allowed better 
discrimination between tissue types and organs 
based on voxel grey values, OsO4 still proved 
to be sufficiently powerful to distinguish and 
demarcate most of the organs based on their 
topography within the body and spatial relation 
to surrounding organs. As this study was not a 
quantitative analysis of contrast variation in 
voxel intensity values (as was done by gignac 
& kley, 2014), the assessment of the quality of 
contrast staining is based on the combination of 
voxel contrast and topographic anatomy. This is 
essential to anatomists who need to interpret 3D 
soft anatomy using CT data. Still, higher voxel 
contrasts can be especially useful for automated 
segmentation of tissue types or organs based on 
grey value thresholds.

Consistent tissue/organ discrimination of 
pmA and ptA?

Both PTA and PMA yielded excellent contrast 
between different tissues in the mouse embryo, 
as well as in the Xenopus tadpole and zebrafish, 
although the PMA results were superior (see 
above).

Tungsten is known to specifically bind to 
fibers of connective tissues, such as collagen 
(kiernan, 1981). In the mouse embryos, the 
perichondral layer of connective tissue (e.g. 
surrounding the ribs) consistently stained more 
intensely (Figs 5A, 6C, 7D). In zebrafish, the 
myoseptal connective tissue sheets and ligaments 
also stained very well with PMA (Fig. 8D). On 
the other hand, the epidermal epithelia in the 
mouse embryos stained more intensely than the 
collagen-rich dermal layer. Although several 
epithelial structures showed a high affinity for all 
three of the contrast agents, PTA and PMA have 
been shown to enable consistent visualization of 
collagenous tissue. Also muscle tissue stained 
consistently well, especially in the tadpoles and 
zebrafish with fully-differentiated muscle fibers 
(Figs 6, 8). In both, the individual fibers could 
be visualized. Similar levels of details have been 
obtained using OsO4 in mouse tongue muscles 
(aoyagi et al., 2013), and with I2KI in crocodile 
and mouse cranial muscles (JeFFery et al., 2011; 
tsai & holliDay, 2011; gignac & kley, 
2014). Also heart muscle tissue was clearly 
visible in our PTA and PMA specimens. The 
heart is mainly composed of cardiac muscle cells, 
embedded within a network of collagen-rich 
connective tissue in the extracellular space of the 
myocardium (WeBer et al., 1994). This, together 
with the thin endomysial layer of connective 
tissue, may explain the high affinity for PMA. 

For all contrast agents tested, blood and liver 
stained at high intensities in a consistent manner 
(see above). Also consistent, both in staining and 
moderate intensity level, was the visualization 
of epithelial structures using PMA and PTA. 
Especially the olfactory, digestive, respiratory and 
integumentary epithelia (follicles of vibrissae) 
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were always prominently visible, in all specimens 
and taxa studied. Also glandular structures could 
be identified in both PTA and PMA, but were 
most prominent in the PMA specimens.

Cartilage stained moderately with PMA and 
PTA in all three taxa studied. Similar results 
were obtained by metscher (2009a). In 
Xenopus tadpoles, individual chondrocytes 
could be visualized (Fig. 6C), whereas in the 
mouse embryos it was the matrix that showed 
X-ray attenuation. This is in concordance with 
what metscher (2009a) found after staining 
fish specimens with PTA. golDing et al. 
(2007) showed a high affinity of PMA for the 
surrounding soft tissues of mollusk cartilages, 
where the matrix itself did not stain.

tissue/organ discrimination dependent on 
penetration potentials?

The capacities of these agents to visualize soft 
tissues in larger specimens can be expected to 
be inversely related to their potential to penetrate 
tissues (larger molecules have higher attenuation 
but penetrate less well). However, pauWels 
et al. (2013) quantified penetration rates of 
12 different contrast agents, showing that the 
relation is not that simple. A correlation analysis 
done on the atomic number and penetration 
rate (data from table 1 and 2 of that study, 
penetration rate calculated from the 24h data in 
table 2) actually showed a positive correlation 
(Pearson correlation coefficient of 0.73, p=0.02). 
In that study, the samples (mice paws) were 
already fully stained after 24 hours of staining 
with iodine (KI), whereas PMA showed the 
slowest penetration rate (of OsO4, PMA and 
PTA). As the authors indicated, other factors, 
such as concentration of the contrast solution, 
solvent, tissue composition and pretreatment 
protocols will also have played a role in these 
penetration rates. In our study, pretreatment 
tissue composition was kept constant with the 
mouse embryos, as was to some degree the 
concentration. However, controlling for the other 
factors remains practically impossible.

Osmium, which was not included in the latter 
study, has an atomic number that is slightly 
heavier than that of tungsten (76 vs 74), and 
substantially higher than that of molybdenum 
(42). For application in mouse embryos, it was 
even advised to remove the epithelial layers prior 
to staining (Johnson et al., 2006). Although this 
was not performed in our study (and in both 
studies, specimens were kept in a 1% osmium 
solution overnight), the OsO4 was shown to 
have homogenously penetrated throughout the 
specimen. Also, specimens used by Johnson et 
al. (2006) were even slightly younger, and hence 
smaller than the ones used in our study. aoyagi 
et al. (2010) stained E13 stage mouse for 24h in 
a 1% osmium solution, obtaining better contrast 
than we did in our study. Previous studies had 
already shown that the penetration speed depends 
on the tissue density, and that the diffusion rate 
depends on the OsO4 concentration (Burkl & 
schiechl, 1968). It is therefore suggested that 
a higher concentration and a longer duration of 
treatment with OsO4 would resolve the problem 
of low contrast, and increase the intensity of 
the overall staining. The quality of a staining 
is also dependent on other factors, such as the 
embedding procedure. 

Penetration of PTA has been reported to be 
much slower than that of iodine (metscher, 
2009b). Unlike inorganic iodine (I2KI or I2E), 
PTA is a larger molecule (keggin, 1934), which 
requires a longer incubation to penetrate deeply 
into the specimens. The longer incubation period 
(i.e. six days) for PMA in our study, in contrast to 
the shorter incubation period (i.e. overnight) for 
the other contrast agents, may thus also explain 
the better results observed with PMA. Further 
testing of the effect of incubation times on tissue-
specific contrasting and color value heterogeneity 
in voxel data could clarify this issue.

As mentioned previously, Lugol’s iodine 
(I2KI) is a much smaller molecule and it is 
known to diffuse rapidly and deeply into fixed 
tissues (metscher, 2009a, b). DegenharDt et 
al. (2010) also showed that it better penetrates 
and stains soft tissues. One should, however, 
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also consider the artefacts being induced, as 
shrinkage and tissue distortions were observed 
with higher iodine concentrations, showing 
an inherent trade-off between contrast and 
tissue preservation (DegenharDt et al., 2010; 
vickerton et al., 2013). However, gignac 
& kley (2014) showed optimal incubation 
times in Lugol’s iodine of two weeks for larger 
specimens, without the extensive shrinkage 
reported by vickerton et al. (2013). Whether 
or not shrinkage was also induced by the other 
staining agents, was not apparent but was also 
not quantified.

ConCLusIons

In conclusion, this study provides further insight 
into the potential of contrast agents for soft tissue 
discrimination in µCT voxel data. We were able 
to demonstrate that OsO4, PTA and PMA provide 
moderate to very good contrast among tissue and 
organ structures, both in mouse embryos and in 
other vertebrates. In our study, PTA and PMA 
proved to be suitable, less-toxic alternatives to 
OsO4. Especially PMA consistently yielded very 
good results, which could partially be explained 
by the longer incubation time applied. Most 
agents stained certain tissue types or organs 
more intensely in a rather consistent manner (e.g. 
liver, lungs, cell-dense brain regions, epithelial 
structures), whereas other tissue and organ types 
could be distinguished based on a moderate 
contrast, combined with their topography with 
respect to other organs. Further studies would 
be needed to quantify contrasting potentials 
of these agents for tissue types, in relation to, 
for example, incubation time. Based on the 
information obtained, we further confirmed the 
substantial potential for these contrast agents 
to allow detailed 3D anatomical analysis using 
µCT scanning.
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ABSTRACT. Aphids establish symbiotic associations with a diverse assemblage of mutualistic bacteria. Some 
of them are not required for the host’s survival but still have a crucial impact on the biology and ecology of 
their host. Facultative symbionts may modify important host-life-history traits and affect the interactions of 
aphids with other members of the community. So far several species of aphid have been reported to occur in 
coastal dunes. Given the extreme environmental conditions of this type of habitat and the wide distribution 
along the European coast of some aphid species, these aphids would be expected to show variation in their 
facultative endosymbionts. However, there is currently no information available for these species. To address 
this question, we collected specimens from different populations of aphids (i.e. Schizaphis rufula, Laingia 
psammae and Rhopalosiphum padi) associated with the dune grass Ammophila arenaria in several locations of 
the North and the Irish Sea. By means of specific diagnostic PCR’s we checked for the presence of facultative 
bacterial endosymbionts in these populations. Results of this explorative assessment showed variation in the 
endosymbiont community according to species and location. All populations sampled along the North Sea 
coast were associated with the facultative endosymbiont Serratia symbiotica. Hamiltonella defensa was only 
detected in some specimens coming from the population in Het Zwin, Belgium. Regiella insecticola and the 
γ-protobacteria X-type were only found associated with the population of Schizaphis rufula in De Panne, 
Belgium. Although further experiments are necessary to characterize the nature of these symbiotic relationships, 
our correlation analyses showed a significant co-occurrence of S. symbiotica with H. defensa and R. insecticola 
with X-type protobacteria suggesting reciprocal regulatory functions. No significant correlation was detected 
between the number of mummies (i.e. carcasses of aphids parasitized by wasps) and the occurrence of bacterial 
symbionts. The potential role of these symbionts in coastal dune ecosystems is discussed. 

KEY WORDS: wasps, parasitoids, heat shock, specific primers, top-down, bottom-up control 

IntRoDuCtIon

 Aphids are one of the most common insect 
groups studied for symbiotic associations 
(oliver et al., 2010; moran et al., 2008). Aphids 
engage in symbiotic associations with a diverse 
assemblage of heritable bacteria. In addition to 
the obligate endosymbiont Buchnera aphidicola, 
aphids may carry one or more facultative 
bacterial symbionts. Although these symbionts 
are not required for the survival of the aphid, 
they may transfer beneficial features to their 

hosts such as increased resistance against natural 
enemies and pathogens, protection from heat 
shocks, and more importantly influence survival 
and fitness on specific host plants (oliver et al., 
2010; leonarDo & monDor, 2006). 

Several aphid species have been reported to 
occur along the Western European Atlantic coast 
and the North Sea, including Schizaphis rufula 
(Walker, 1849), Laingia psammae (theoBalD, 
1922), Metapolophium sabiahe (prior, 1976) 
and Rhopalosiphum padi (1758) (Bröring 
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& nieDringhaus, 1989; vanDegehuchte 
et al., 2010). These species are usually found 
on Ammophila arenaria (L.) Link but also on 
other dune grasses thriving in pioneer dunes 
e.g. Elymus farctus, Festuca rubra and Leymus 
arenaria. From laboratory observations we 
know that these aphid species reproduce freely 
on young Ammophila arenaria shoots and spikes 
(vanDegehuchte et al., 2009; vanDegehuchte 
et al., 2010) but the factors underlying their 
ecology and population dynamics in the field 
remain relatively unexplored. Aphid populations 
colonizing coastal dunes do not commonly reach 
high densities as they are controlled either by 
natural enemies or by constitutive and induced 
plant defenses regulated by plant mutualists 
such as fungal endophytes (VanDegehuchte et 
al., 2013; De la peña et al., 2006). Moreover, 
for some aphid species the endosymbiont 
community plays an important role in defining 
the host-plant range and the ability to exploit 

certain plant species (lukasic et al., 2013, 
moran et al., 2008). Therefore, to understand 
aphid-plant interactions in coastal dunes the 
endosymbiont community in dune aphids needs 
to be characterized. 

Coastal dunes are extreme environments, 
where both plant and animal species have to 
cope with several environmental stresses such as 
sand accretion, salt spray, extreme temperature 
variability, wind, etc (Maun 2009). In addition 
to these abiotic factors, aphids have to deal 
with the host-plant defences, other herbivore 
competitors exploiting the same host-plants, 
and their natural enemies. Mutualism with 
facultative (i.e. non-essential) heritable bacteria 
may influence the biology of these insects, and 
can have major (positive and negative) effects 
on the host’s fitness (Moran et al., 2008). 
Facultative symbionts of aphids can confer 
protection against insect parasitoids and also 

Fig. 1. – The five geographic locations sampled, and the aphid species found, in this study. 1. Ynyslas 
(Wales, UK): Schizaphis rufula. 2. Westhoek (Belgium): S. rufula and Rhopalosiphum padi. 3. Ter 
Yde: S. rufula. 4. Sluis-Het Zwin (the Netherlands): S. rufula and Laingia psammae. 5. Duinnoord (the 
Netherlands): S. rufula.
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increase resistance to extreme temperatures. 
Recent research suggests that in the pea aphid, 
Acyrthosiphon pisum, the population structure of 
some species of facultative symbionts is mostly 
influenced by climate. In particular, symbiont 
species that confer resistance to heat shocks have 
been found to be commonly associated with 
aphids from arid regions (henry et al., 2013). 

With such a priori knowledge it is not far-
fetched to assume that dune aphids rely on such 
mutualistic interactions to better survive and 
we report here the first records on dune aphid-
endosymbiotic bacteria associations in several 
locations of the Atlantic and North Sea coast in 
Western Europe. 

mAteRIAL AnD methoDs

sampling surveys and establishment of 
cultures of aphid isolates

In total, five locations with active dune systems 
dominated by A. arenaria were sampled along 
the coast of the North Sea and the Irish Sea (Fig. 
1). The first sampling survey took place in June 
2011. In the field, plants were visually inspected 
to detect aphid populations feeding on A. arenaria 
shoots (Figs 2-3). Once aphids were detected, 
they were manually collected and transferred 
to an eppendorf tube filled with 100% ethanol. 
From each site we collected aphids from at least 
four different plants. During this first sampling 
survey individuals of the species S. rufula were 
retrieved from De Panne, Ter Yde and Het 
Zwin. In De Panne (Belgium), individuals of the 
species R. padi were also detected and sampled. 
Once in the lab, the identity of 10-15 aphids from 
each location was double-checked and this bulk 
sample was further used for DNA extraction. 

Since the preliminary assessment based on 
bulk samples revealed the presence of bacterial 
endosymbionts, in a second sampling survey, 
aphids were individually screened for symbiont 
infection to assess the frequency of infection by 
different endosymbiotic bacteria within a site. 
In October 2011, the same populations were 
revisited and aphids were taken to the laboratory 
alive in order to establish cultures of the different 
isolates. Also in October 2011, parasitoid impact 
was assessed by counting the number of mummies 
(i.e. carcasses of aphids parasitized by parasitoid 
wasps) and healthy aphids on the surveyed plants 
and locations. Once in the lab, leaves infested 
with aphids were transferred to A. arenaria 
seedlings that had been previously prepared as 
in De la peña et al. (2010). To ensure aphids 
were kept in conditions as natural as possible, 
we reared them in sympatric A. arenaria plants. 
In our second survey, we did not detect R. padi 
as in the preliminary survey, and instead we 
detected L. psammae (Fig. 3) in plants from the 
location sampled in the Netherlands. From each 
site and species, we established between ten to 

Fig. 2. – A. Foredunes with vigorous Ammophila 
arenaria where the different populations of 
aphids were collected. B. Infestation of marram 
leaves by the aphid Schizaphis rufula. C-D. 
Symptoms of aphid multiplication: yellowing of 
leaf tips.
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Fig. 3. – Schizaphis rufula (A, B) and Laingia psammae (C, D) on leaves of Ammophila arenaria.

fifteen aphid lines (i.e. from a single female), 
which we kept in the laboratory under long 
photoperiod (16/8h light/dark regime) to ensure 
continuous asexual reproduction. In order to 
assess the degree of incidence of endosymbionts 
per species and population we checked for the 
presence of the different endosymbionts in 10 
aphid-lines per population.

With the data for S. rufula from the second 
sampling survey, a Spearman correlation 
analysis was conducted to infer patterns in 
the simultaneous occurrence of the different 
facultative endosymbionts and the number of 
mummies (i.e. carcasses of aphids that have been 
parasitized by wasps) detected in the field. 

extraction of DnA and pCR for molecular 
identifications

Genomic DNA was extracted using the 
NucleoSpin® Tissue Kit (Macherey-Nagel). 
The facultative endosymbiont communities of 

the different aphid populations were assessed 
with diagnostic PCRs (Polymerase Chain 
Reaction)s using specific primers for the 
16S ribosomal RNA genes for the following 
bacterial species (commonly found in the pea 
aphid, Acyrthosiphon pisum model system): 
Hamiltonella defensa, Regiella, Serratia 
symbiotica, Rickettsia, Spiroplasma and 
the and the bacterial compliment X-type- a 
γ-Proteobacteria- (see Ferrari et al., 2012 and 
mcclean et al., 2011 for further information). 
The amplification of the 16S ribosomal RNA 
gene was done using a universal bacterial primer 
10F, 35R. These primers are able to detect a wide 
range of Eubacteria. This initial amplification 
was followed by a diagnostic PCR using specific 
primers (Table 1) to detect the specific bacterial 
endosymbionts. PCRs were performed in a 
final volume of 10 µL containing ≤20ng/µl of 
genomic DNA, 1 x PCR buffer, 1.5 mM MgCl2, 
0.2mM each dNTP, 0.25mM each primer and 
1U of Taq DNA polymerase. Thermal profile 
for amplification included an initial denaturation 
step at 95 °C for 5 min, followed by 30 cycles 
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Symbiont species Forward primer Reverse primer PCR programm

Hamiltonella defense

10F
5’-
AGTTTGATCATGGCTCA-
GATT-3’

T419R
5’-
AAATGGTATTCGCATT-
TATCG-3’

1

Regiella insecticola 10F

U443R
5’-
GGTAACGTCAATCGATAAG-
CA-3’

1

Serratia symbiotica 10F

R443R
5’-
CTTCTGCGAGTAACGTCAA-
TG-3’

1

X-Type 10F

X420R
5’-
GCAACACTCTTTGCAT-
TGCT-3’

1

Rickettsia

16SA1
5’-
AGAGTTTGATCMTGGCT-
CAG-3’

Rick16SR
5’-
TTTGAAAGCAATTCCGAG-
GT-3’

1

Spiroplasma 10F
TKSSsp
5’-
ATCATCAACCCTGCCTTT-3’

2

TABLE 1

Specific primers and PCR conditions for diagnostic symbiont detection. From mclean et al., 2010 and Ferrari 
et al., 2011.

Cycling conditions: 
Programm 1: 94°C 2 min, 10 cycles of (94°C 1min, 65°Cà55°C in 1°C steps each cycle 1min, 72°C 2min), 25 
cycles of (94°C 1min, 55°C 1min, 72°C 2min), 72°C 6min.
Programm 2: 94°C 2 min, 35 cycles of (94°C 1 min, 54°C 1 min, 72°C 2 min), 72°C 6 min.

of 30 s at 94°C, 30 s at Ta (γ-Proteobacteria 
50°C, Hamiltonella defensa 57°C, Regiella 
insecticola, Serratia symbiotica 57°C, X-type 
57°C, Rickettsia 45°C, Spiroplasma 45°C) and 
1 min at 72°C; a final step at 72 °C for 10 min 
was used to complete primer extension. PCR 
products were visualized after electrophoresis on 
a 1.2% agarose gel stained with GelRed. Since 
some PCR reactions produced faint bands, all 
PCR reactions were repeated twice to discard 
potential false positives. Furthermore, some of 
the PCR products were sequenced to confirm 
their identity based on sequence homologies 
(from GenBank) (Benson et al., 2013). For 

this purpose, PCR products were purified using 
Exonuclease I and the purification kit FastAPTM 
(Fermentas). The purified PCR products were 
sequenced on both strands by Macrogen (Seoul, 
Korea) using the PCR primers. 

ResuLts

The results of the assessment of the aphid 
populations collected during the sampling 
surveys showed that facultative endosymbionts 
are common and widespread in aphid populations 
occurring in coastal dunes (Table 2). PCR 
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amplifications using specific primers for H. 
defensa yielded positive results (i.e. with 
an amplification band of ca. 490 bp) in one 
population, i.e. Het Zwin (the Netherlands). 
Serratia symbiotica was detected in all specimens 
tested except for the population of S. rufula from 
Ynyslas (Wales). The population of R. padi was 
found to be only associated with S. symbiotica. 
In all cases amplification bands had a size of ca. 
890bp. 

In the second assessment, using 10 aphid-lines, 
a different pattern in the results was observed 
(Fig. 4). Again, only the S. rufula population from 
Het Zwin was infected with H. defensa. Serratia 
symbiotica was once more the most common 
facultative endosymbiont although this time, the 
bacterium was not detected in specimens of S. 
rufula from Ter Yde. In this second study, we also 
detected R. insecticola and the γ-protobacteria 
X-type in some specimens from the population 
in De Panne, yielding amplification bands near 
470 bp and 450bp respectively.

The identity of some of the positive samples 
was further confirmed by sequencing the PCR 
products and DNA blasting (Benson et al., 2013). 
These sequences are available in GenBank and 
correspond with accession numbers KJ943256-
KJ943268.

TABLE 2

Overview of endosymbionts in Schizaphis rufula, Rhopalosiphum padi  and Laingia psammae based on the 
results of  PCR amplifications using specific primers and posterior confirmation through sequence blasting.  

Species Location Hamiltonella 
defensa Regiella Type-X Serratia 

symbiotica Rickettsia Spiroplasma

S. rufula Duin-Noord, Netherlands No No No Yes No No
S. rufula Belgium, Het Zwin Yes No No Yes No No
S. rufula Belgium, Ter Yde No No No Yes No No
S. rufula Belgium, De Panne No Yes Yes Yes No No
S. rufula Wales (UK), Ynyslas No No No No No No
R. padi Belgium, De Panne No No No Yes No No
L. psammae Belgium, De Panne No No No Yes No No

The Spearman correlation analysis (Table 3) 
showed a significant co-occurrence of S. symbio-
tica with H. defensa, and R. insecticola with 
the endosymbiont X-type. The incidence of 
mummies in the field was not correlated with 
any of the endosymbionts detected.

DIsCussIon

By means of diagnostic PCRs we assessed 
the occurrence of facultative endosymbionts 
in different species and populations of aphids 
from coastal dunes. The results of this first 
assessment not only show that facultative 
endosymbionts are common elements in 
these aphids, but also showed variation in the 
endosymbiont community according to species 
and location. All populations, except S. rufula 
from Wales, were associated with facultative 
endosymbionts and by combining the results of 
the two sampling surveys, four different taxa 
of facultative endosymbionts were detected: H. 
defensa, S. symbiotica, R. insecticola and the 
γ-protobacteria X-type. Based on a relatively 
small sample (i.e. 10 aphid-lines per population/
species) we have shown that even within a 
population, there may be abundant variation in 
the occurrence of facultative endosymbionts; 
specimens coming from different A. arenaria 
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TABLE 3

Spearman coefficients for the correlation between facultative endosymbionts (i.e. Hamiltonella defensa, Serratia 
symbiotica) and the number of mummies observed in Schizaphis rufula.

H. defensa S. symbiotica R. insecticola X-type Mummies

H. defensa -
-

0.61
<0.0001

-0.05
0.74

-0.05
0.74

0.14
0.35

S. symbiotica 0.61
<0.0001

-
-

-0.08
0.59

-0.08
0.59

0.08
0.62

Regiella insecticola -0.05
0.74

-0.08
0.59

-
-

0.99
<0.0001

0.21
0.18

X-type -0.05
0.74

-0.08
0.59

0.99
<0.0001

-
-

0.21
0.18

Mummies 0.14
0.35

0.08
0.62

0.21
0.18

0.21
0.18

-
-

Fig 4. – Frequency of facultative endosymbionts in two species of aphids found in coastal dunes: 
Schizaphis rufula and Laingia psammae. 
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plants, only separated a few meters, showed 
dissimilar endosymbiotic profiles. Moreover, 
the results showed that different species of dune 
aphids shared facultative endosymbionts. For 
instance, L. psammae, R. padi and S. rufula were 
all infected with S. symbiotica. Also temporal 
variation in the occurrence of endosymbionts 
cannot be excluded since different endosymbionts 
were detected in the samples collected in June 
and in October. 

These findings open interesting future 
research avenues. For instance, H. defensa is an 
endosymbiont already reported in aphids and 
other sap-feeding insects as protecting its hosts 
from parasitoid wasps (oliver, 2010; NyaBuga 
et al., 2010; mcclean et al., 2011; lukasik et 
al., 2013). As observed in the field, the sampled 
populations were frequently parasitized by 
parasitoid wasps but only a few individuals from 
Het Zwin revealed the presence of H. defensa. 
Since not all H. defensa strains are known to 
confer resistance to parasitoids and the effect 
also varies among aphid species (Degnan et al., 
2009; vorBurger et al., 2009) the meaning of 
the interaction for this Belgian aphid population 
needs further experimental examination. The 
correlation analysis did not show any relationship 
between H. defensa and the number of mummies 
detected in the field. However, these results 
should be taken with caution due to the limited 
number of observations and also because a lack 
of correlation cannot exclude causality. The 
same type of ideas can be put forward regarding 
R. insecticola as this endosymbiont is known to 
protect aphids from different natural enemies. 
Preliminary experimental manipulations with 
R. insecticola in other aphid species have 
demonstrated that it confers resistance against 
aphid fungal pathogens (Ferrari et al., 2004; 
scarBorough et al., 2005). Nonetheless, it 
has also been shown that this endosymbiont 
protects Myzus persicae and Aphis fabae against 
parasitoids (vorBurger et al., 2009).

Serratia symbiotica was consistently detected in 
the three species (S. rufula, R. padi, L. psammae) 
collected in coastal dunes from both sampling 

dates. Dune habitats are not only harsh for the 
plant community but also for the associated 
insects. For example, oscillations in temperature 
of ca. 25°C are common during the summer 
and dune sand can easily reach temperatures 
above 50°C (maun 2009). Besides different 
life history traits and behavioral adaptations to 
such rapid environmental changes, symbiotic 
relationships with facultative bacteria may 
ameliorate such harsh environmental conditions. 
The facultative endosymbiont S. symbiotica has 
been reported to be pivotal in protection against 
heat shocks in several species of aphids; in arid 
areas a relatively high proportion of aphids are 
found to be carrying this symbiont (Henry et 
al., 2013; Brumin et al., 2011; Burke et al., 
2010). Whether this is the case for dune species 
requires further investigation. Nonetheless, it is 
noteworthy that the three aphids species do carry 
this symbiont.

A regulatory role of some endosymbionts has 
been reported in the literature. For instance, in 
the pea aphid comparison of strains with similar 
genetic background with or without Rickettsia 
showed a remarkable interaction between this 
endosymbiont and other endosymbiotic bacteria, 
including Buchnera aphidicola (Sakurai et al., 
2005). From other systems, we also know that 
the γ- protobacteria X-type plays a pivotal role 
in the regulation of resistance against parasitoid 
wasps during abiotic stress (guay et al., 2009). 
Whether this applies to the species included 
in this study is a question that needs further 
analysis. In this direction points the correlation 
of R. insecticola with the endosymbiont X-type 
and H. defensa with S. symbiotica. 

Regarding the aphid species studied here, 
we still have very limited knowledge on the 
factors determining their population dynamics 
on dune grasses. Experimental evidence shows 
that population growth in S. rufula and R. padi 
is negatively affected by the presence of plant 
parasitic nematodes in grass roots (De la peña 
et al., 2009; vanDegehuchte et al., 2011). 
Other experiments have shown that fungal 
endophytes are also involved in the control 
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of aphid populations through belowground / 
aboveground plant-mediated interactions (JaBer 
& viDal 2009; De la peña unpublished). In 
the field, we found significant numbers of aphid 
mummies, indicating that aphid control by 
parasitoid wasps occurs in the dunes. Preliminary 
research addressing the host-range of S. rufula 
has also shown that the species is able to feed 
on several grasses (pettersson 1971), but 
given the differences in the composition of the 
endosymbiont community it would be interesting 
to address the question of whether aphid host-
range is influenced by these endosymbionts. 
Putting all these pieces together, it is clear that 
in order to understand the ecology of aphids on 
dune grasses a multitrophic perspective needs 
to be taken to further understand how all these 
players modulate each other (vanDegehuchte 
et al., 2013).

More and more empirical evidence reveals the 
pivotal role of facultative bacteria in mediating 
indirect interactions in insect communities 
through changes in plant physiology (Frago et 
al., 2013). The results of our initial assessment 
showed an unexpected diversity of facultative 
endosymbionts in dune aphids. The further study 
of these inconspicuous organisms in coastal dunes 
will provide new insights into the functioning 
of these ecosystems. Finally, it is important to 
highlight that the aphid species included in this 
study are not only relevant for the dune system; 
they offer an interesting system to address general 
eco-evolutionary questions regarding bacterial 
endosymbionts, the community in which they 
are embedded, and their abiotic environment. 
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An ecological study of Electra posidoniae Gautier, 1954 (Cheilostomata, 
Anasca), a bryozoan epiphyte found solely on the seagrass

Posidonia oceanica (L.) Delile, 1813
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ABSTRACT. The bryozoan Electra posidoniae Gautier is found solely on the leaves of the Neptune grass 
Posidonia oceanica (L.) Delile, dominating the leaf epifauna of this seagrass. Epiphytes of marine angiosperms 
(or seagrasses) often play an important role in ecosystem functioning, for example as food web suppliers. As 
dysfunction of the epiphytic component is often implied in human-induced seagrass decline, it is important to 
understand the dynamics and life traits of this community in pristine areas. This study involved the monthly 
assessment of colonization dynamics, biomass seasonality, and diet composition through measurements of stable 
isotopes, in E. posidoniae at a depth of 10 m in the Revellata Bay (Corsica, Mediterranean Sea). Ancestrulae 
(i.e. colony founders) appeared towards the end of winter and were very selective in their settlement position 
along the leaves of P. oceanica. A maximum of 100,000 colonies per square meter was recorded. Colonies of 
E. posidoniae dominated the epiphytic community biomass in early spring, but were overtaken by epiphytic 
algae in June. Food shortage could be involved in this reduction in dominance. Although stable isotope ratios 
of C, N and S showed that this suspension feeder mainly relies on the water column for its food, other food 
sources such as re-suspended epiphytic diatoms could be important in late spring (i.e. after the phytoplanktonic 
bloom). Additionally, a contribution of seagrass phytodetritus to the diet of this species cannot be excluded. The 
species was almost absent in winter, raising the question of its recruitment in spring. This study confirms the 
quantitative importance of this species in the seagrass meadow and explores its role in the relationship between 
the water column and this seagrass ecosystem.

KEY WORDS: biofouling, bryozoan, seagrass, stable isotopes, Neptune grass, NW Mediterranean

IntRoDuCtIon

The Neptune grass Posidonia oceanica 
(L.) Delile forms large submarine seagrass 
meadows in the coastal zone at a depth of up to 
40 m and, in consequence of its large size and 
its relatively long life span, is fouled by many 
epiphytic species (peres & picarD, 1964). This 
epiphytic community is a central component 
of the seagrass meadow ecosystem in terms of 
diversity (peres & picarD, 1964; BoroWitzka 
et al., 2006). Species living as epiphytes of 
marine angiosperms (or seagrasses) often play 
an important role in ecosystem functioning. They 
are important contributors to primary production 
(BoroWitzka et al., 2006) and key components 

of the food web (lepoint et al., 2000; tomas 
et al., 2005; gacia et al., 2009; vizzini, 2009; 
michel, 2011). They contribute to benthic-
pelagic coupling (lemmens et al., 1996) and to 
nitrogen and carbon cycling within the meadow 
(alcoverro et al., 2004; mateo et al., 2006). 
Because epiphytic component dysfunction is 
often implied in human-induced seagrass decline 
(Balata et al. 2010), it is important to understand 
dynamics and life traits of this community.

Leaf epiphytic communities are typically 
dominated by photophilous brown macroalgae, 
red algae of the taxon Ceramiacae, and calcareous 
red algae (mazzella et al., 1989). Nevertheless, 
some animal species, such as bryozoans, 
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hydrozoans or sedentary polychaetes, are also 
found fixed on leaves of P. oceanica (peres & 
picarD, 1964; hayWarD, 1975; Boero et al., 
1985; lepoint et al., 1999). The most abundant 
and the most characteristic of these animals 
is Electra posidoniae Gautier 1954 (Fig. 1), 
an anascan bryozoan specialized in epiphytic 
colonisation and strictly restricted to the leaves 
of P. oceanica (gautier, 1961). This species 
is frequently found almost entirely covering 
the internal faces of leaves (Dalla via et al., 
1998). It is recognised as a true species differing 
both morphologically and genetically from the 
“cosmopolitan” Electra pilosa species complex 
(nikulina et al., 2007). E. posidoniae displays 
life history traits that could be considered as hyper-
adapted to epiphytism on leaves of Posidonia. 
For example, the settlement of ancestrulae (i.e. 
colony founders) is highly selective in terms of 
substrate choice (never found on any substrate 
besides Neptune grass leaves), of leaf face 
choice (generally the inner side), of place on 
the leaf face (generally in the middle of the leaf 
width), and in term of orientation (generally 
aligned to allow colony growth towards the leaf 
apex) (matricarDi et al., 1991; Dalla via et 
al., 1998). Moreover, colonies are constituted of 
zooids with multiserial encrusting morphology 
(mckinney & Jackson, 1989); this morphology 
is particularly efficient in the colonisation of 

newly-formed leaves. Colonies tend to grow 
parallel to the leaf veins and are flexible because 
they are lightly calcified (gautier, 1961). This 
morphology is adapted to substrate deformation 
(i.e. leaf flexibility), reducing the risk of colony 
breaking. Finally, zooids are large compared to 
other epiphytic bryozoans and rapidly colonize 
the available substrate; this is probably a 
competitive advantage over other epiphytic taxa 
(lepoint et al., 2014). 

Electra posidoniae is a common suspension 
feeder in the Mediterranean sublittoral benthos, 
probably contributing to the energetic and 
material coupling between the water column 
and the benthic compartment, in a similar way 
to other suspension feeders in other seagrass 
meadows (lemmens et al. 1996). However, in the 
oligotrophic Mediterranean, microphytoplankton 
(i.e. diatoms) is a very seasonal resource, 
restricted primarily to the beginning of spring. In 
late spring and summer, smaller phytoplanktonic 
species dominate and are not necessary available 
or suitable for bryozoan feeding. For this 
reason food shortage is often observed in some 
Mediterranean suspensivores (coma & riBes 
2003). Alternative food sources could exist 
for E. posidoniae, for example microepiphytes 
(bacteria, protists or diatoms), (novak, 1984; 
maBrouk et al., 2011), which could constitute a 

Fig. 1. – SEM microphotographs of a colony of Electra posidoniae on a leaf of Posidonia oceanica (a) with a 
more detailed view of  some zooids (b). Photography: F. remy.
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food source when detached from their substrate. 
Moreover, seagrass meadows are known to 
produce large amounts of phytodetritus, which 
fuels detritic food webs (ceBrian & lartigue, 
2004). This detritus may sometimes form a 
large part of the suspended particulate organic 
matter (SPOM), depending on hydrodynamic 
conditions (DauBy et al., 1995).

To the best of our knowledge, the seasonal 
population dynamics of E. posidoniae have 
not previously been quantitatively assessed. 
Therefore, our first aim in this study was to 
assess these dynamics at monthly intervals in 
terms of biomass, leaf covering and colony 
numbers. Assessments were made over a period 
of one year at a 10 m depth. Secondly, stable 
isotope analyses were conducted to estimate 
the contribution of alternative food sources (i.e. 
Posidonia detritus, detached microepiphytes) 
to the diet of E. posidoniae. Thirdly, we have 
attempted to quantify the potential role of E. 
posidoniae in the benthic-pelagic coupling.

mAteRIAL AnD methoDs

sampling

Within a permanent quadrate (3 x 3 m), five 
shoots of P. oceanica were harvested at monthly 
intervals in the Revellata Bay (Calvi Bay, 
NW Corsica) near the oceanographic station 
STARESO (University of Liège) at a depth of 10 
m. Samples were taken between November 2002 
and November 2003. Shoots were immediately 
frozen at -18°C until analysis.

Shoot density, measured at monthly intervals 
using a circle with a diameter of 40 cm randomly 
set in the meadow (n=10 counts /campaign), was 
452 ± 127 shoots.m-2. 

sample processing

Shoots were dissected to separate the leaves, 
and the length and width of each leaf were 

recorded to calculate the surface area of one leaf 
side. Total leaf surface per shoot was calculated 
as the sum of each leaf surface multiplied by two 
to account for each leaf side.

Each month, for each shoot, the numbers of 
colonies and ancestrulae (i.e. the colony founder) 
of E. posidoniae were recorded, and assigned to 
a leaf face (internal or external).

Colonies were collected with a razor blade, 
oven-dried at 50°C and weighed to obtain the 
total dry mass per shoot (mgDM.shoot-1). The 
remaining epiphytes were scraped off with 
a razor blade. Cleaned leaves and remaining 
epiphytes were also oven-dried and weighed.

To estimate cover of E. posidoniae (cm2
colony.

shoot-1), the relationship between the colony 
mass (mgDM.shoot-1) and the colony surface 
(cm2

colony) was established. Twenty cm2 of E. 
posidoniae were scraped from a pool of shoots 
sampled in April 2005 and average grammage 
(gDM.cm-2

colony) was determined after drying 
at 60°C during 48 hours. This grammage was 
equal to 1.84 mgDM.cm-2

 colony. We have made 
the assumption that grammage was constant 
throughout the year. 

stable Isotopes

Colonies of E. posidoniae were ground using 
a mortar and pestle to obtain a homogeneous 
powder. Acidification can affect the isotopic 
ratio of nitrogen and of sulphur, so for this 
reason N and S stable isotope compositions were 
determined prior to acidification (pinnegar & 
polunin, 1999; connolly & schlacher, 
2013).  However, because colonies are lightly 
calcified and because the carbon stable isotope 
ratios of carbonate do not reflect the animal 
diet, samples for determining C stable isotope 
compositions were acidified in a closed glass 
receptacle using vapours of fuming HCl (37%, 
P.A., Merck). Measurements were conducted 
using an Isoprime 100 mass spectrometer 
(Isoprime, United Kingdom) coupled to a Vario 
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δX = 
(Rsample – Rstandard) x 1000

                 Rstandard

Microcube elemental analyser (Elementar, 
Germany). Stable isotope ratios were expressed 
in δ notation (in ‰) according to the following:

where X is 13C or 15N or and R is the corresponding 
ratio 13C/12C, 15N/14N or 34S/32S for samples or 
standards. Carbon, nitrogen and sulphur isotopic 
ratios are expressed relative to the international 
standards vPDB (Vienna Peedee Belemnite), to 
atmospheric air, and to vCDT (Vienna Cañon 
Diablo Troilite), respectively. Certified reference 
materials were IAEA-N1 (ammonium sulphate) 
(δ15N = +0.4 ± 0.2‰), IAEA C-6 (sucrose) (δ13C 
= –10.8 ± 0.2‰) and IAEA S1 (silver sulphide) 
(δ34S = -0.3‰). Routine measurements were 
precise to within 0.2‰ for both δ13C and δ15N, 
and 0.3‰ for δ34S.

For potential food sources of E. posidoniae, we 
have taken data published relating to the Calvi 
Bay for carbon and nitrogen but have measured 
our own d34S for leaves of P. oceanica and 
suspended organic matter (SPOM).

Calculation of filtration rates

Based on literature data and our study, we 
have calculated the hourly filtered water 
volume and the associated potential daily 
amount of phytoplanktonic biomass filtered by 
our population of E. posidoniae according to 
following equations: 

Filtered volume = Filtration rate x E. posido-
niae biomass

Filtered volume = Filtration rate x E. posido-
niae biomass

Filtered biomass = Plankton biomass x Filtered 
volume x % Retention

 
Water volume filtered by E. posidoniae is 

expressed in ml.h-1.m-2
seafloor, E. posidoniae 

biomass in gDM.m-2
seafloor and filtration rate in 

ml.h-1.gDM-1. 

Filtration rates were measured using Electra 
bellula, an Australian epiphytic species of 
the seagrass Amphibolis spp. and macroalgae 
(lisBJerg & petersen, 2000). Biomass of 
filtered material is expressed in µgN m-2

seafloor d
-1 

or µgC m-2
seafloor d

-1. Planktonic biomass nitrogen 
and carbon were measured in the Calvi Bay 
between 1997 and 1999 (lepoint et al., 2004) 
and averaged according to the following periods: 
“wintering” (January, December), blooming 
(February, March, April), post-blooming (May, 
July, August), fall (September- October). 
Retention efficiency was fixed to 25% (i.e. 
25% of the particles passing though the filter 
are effectively retained by the filter), which is a 
minimum for this type of bryozoan (lisBJerg & 
petersen, 2000). We did not take into account 
any variability of this retention efficiency, for 
example in relation to particle size.

Because conditions concerning normality were 
met (D’Agostino & Pearson omnibus normality 
test), isotopic data were analysed using a one-way 
ANOVA test with sampling dates as independent 
factors. Tukey’s Multiple Comparison test 
was used to assess pairwise differences when 
ANOVA revealed statistically significant effects. 
All test results were considered as significant 
when p was ≤ 0.05. Statistical calculations were 
performed using GraphPad Prism 5 software.

ResuLts

Dry mass of leaves of P. oceanica showed 
a classical seasonal evolution, with minimal 
values during the winter (e.g. November 2002), 
maximum values during the summer (e.g. June) 
and a drastic decrease as a consequence of the 
autumnal leaf fall (Fig. 2). Total epiphytic 
dry mass also displayed seasonal trends, with 
maximal values reached in May (Fig. 2). Total 
epiphytic dry mass constituted between 1.13 
± 0.88 % in November 2002 and 25.98 ± 5.29 
% of the total aboveground biomass in April 
2003. Dry mass of E. posidoniae was very low 
in winter samples, increased in early spring, 
reached a maximal point in April and decreased 
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drastically between June and July (i.e. before 
leaf abscission) (Fig. 2). The remaining epiphytic 
biomass, which was mainly represented by 
epiphytic algae, was also minimal in winter 
samples, increased slightly later than that of E. 
posidoniae, was maximal in July and drastically 
decreased between July and September (Fig. 2). 
E. posidoniae represented between 0.5 ± 0.3 % 
of the total epiphytic dry mass in November 
2002 and 47.2 ± 5.3 % in March 2003, which 
corresponded respectively to 0.01 and 10 % of 
the total aboveground dry mass.

The total number of colonies per shoot was 
minimal in winter and maximal in spring (i.e. 
March to May) samples, varying between 0 and 
229 colonies per shoot (Fig. 3). If this number is 
expressed in terms of the shoot density at 10 m 
depth, this represented between 0 and 103,000 
colonies of E. posidoniae per m2

seafloor. 

The total number of ancestrulae was very low 
(Fig. 3).They were almost absent from September 
to December, showed low abundance in January 
and February, peaked in March and decreased 
drastically in June.

Ancestrulae were mainly (60 to 100%) found 
on the internal face (i.e. the concave face). This 
positioning was conserved in developed colonies 
and averaged 80 ± 20%. 

Using colony grammage (1.84 mgDM.
cm-2

colony) and colony dry mass (mgDM), we 
have calculated the average surface shoot area 
covered by E. posidoniae. This varied between 0 
in December 2003 and 90 cm2 at the end of April 
2004. Using these data and the surface of leaves 
calculated from our biometric data (i.e. leaf length 
and width), the proportion of leaf covered by E. 
posidoniae colonies was calculated (Fig. 4). It 
was minimal in December (0.01 %) and maximal 
in late April (9.5 ± 2.5%). It decreased from June 
till autumn, when it reached less than 2.5%. The 
covered surface was mainly the inner leaf face.

The measured d34S values ranged from 13.9 to 
18.2‰ (16.6±1.9; mean ± SD) for SPOM and 
from 14.2 to 18.8‰ (17.03±1.4; mean ± SD) for 
leaves of P. oceanica. These d34S values did not 
differ significantly between the two food sources. 
d13C, d15N, d34S values of individual colonies of 
E. posidoniae ranged between -21.6 and -17.3‰ 

Fig. 2. – Dry mass (mean ± S.D.) of leaves of Posidonia oceanica, of their epiphytic bryozoa Electra posidoniae, 
and of their other epiphytes, collected at a depth of 10 m in Revellata Bay between November 2003 and 
November 2004.
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Fig. 3. – Total number of colonies of Electra posidoniae and of their ancestrulae, settled on leaves of Posidonia 
oceanica sampled at a depth of 10 m in Revellata Bay between November 2003 and November 2004.

Fig. 4. – Averaged values (± S.D.) of actual and percentage of leaf surface area of  Posidonia oceanica covered 
by Electra posidoniae on leaves of  P. oceanica sampled at a depth of 10 m in Revellata Bay between November 
2003 and November 2004. 
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(-19.9 ± 1.2‰; mean ± SD), between -0.5 and 
2.7‰ (1.6 ± 0.9‰; mean ± SD), and between 
15.5 and 19.8‰ (17.7 ± 1.1‰; mean ± SD), 
respectively (Fig. 5). One way ANOVA results 
showed a significant variability according to 
sampling date for d13C, d15N but not for d34S 
(Table 1). Tukey’s Multiple Comparison Test 
showed that for both delta values there were 
significant differences between early spring 
samples (February, March, April) and late 
spring or summer samples (May, June, July), 
with a tendency for both delta values to increase 
over time. The amount of material was not 
sufficient to perform individual colony isotopic 
measurements for fall and winter samples. 

Using our quantitative data and literature, 
we have calculated (Table 2) that, during 
phytoplankton blooms (February-April), a 
population of E. posidoniae at a depth of 10 m 
may filter up to 36 L of water per day and per m2 
of seafloor, corresponding to a transfer of 0.3 and 
1.3 mg DM of nitrogen and carbon, respectively.

DIsCussIon

Our results show the important contribution 
of E. posidoniae to the epiphytic biomass of 
P. oceanica. It is an early colonizer of the leaf 
surface, developing before the characteristic 
photophilous algae, and therefore it contributes 
mostly to spring epiphyte biomass. Epiphytic 
accrual on P. oceanica is progressive and involves 
a succession of organisms from a bacterial biofilm 
to a complex multi-layered epiphytic community 

Sources 
of 

variation

δ13C
(‰)

δ15N
(‰)

δ34S
(‰)

MS F p MS F p MS F p

Dates 4.73 F4,20=7.56 <0.001 4.12 F4,20=34.50 <0.001 0.57 F4,20=0.49 NS

TABLE 1

Summary of ANOVA results.

(novak, 1984; mazzella & russo, 1989; 
ceBrian et al., 1999). E. posidoniae develops 
before photophilous macroalgae and faster than 
calcareous algae (lepoint et al., 2007). This 
successional pattern is common at the NW 
Mediterranean basin scale (van Der Ben, 1971; 
mazzella & russo, 1989; Dalla via et al., 
1998; ceBrian et al., 1999; praDo et al., 2008; 
JacQuemart & Demoulin, 2008) and implies 
that common environmental factors govern the 
epiphytic temporal settlement.

There is an important gap between leaf fall 
(September) and recolonization of leaves of P. 
oceanica (from January but mainly at the end 
of winter) by larvae of E. posidoniae. For many 
epiphytic bryozoans, other habitats (i.e. rhizomes, 
rocks and stones) may have overwintering 
populations that contribute to supplying larvae 
in spring for leaf colonization (cocito et al., 
2012, lepoint et al., 2014). This is not the 
case for E. posidoniae as this species is strictly 
only found on leaves of P. oceanica (gautier, 
1961; matricarDi et al., 1991). Connectivity 
between populations growing at different depths 
in the meadow and affected by differences in 
the phenology of the host plant (e.g. temporal 
difference of leaf growth and fall between 
deeper and shallower beds) may be important to 
ensure the supply of recruits between different 
meadow areas. Nevertheless, a time gap exists 
between leaf fall and recolonization peak in 
March. Therefore it is probably crucial that this 
species (similarly to other Electra species) has 
planktonotrophic larvae able to survive a longer 
time in the water column in comparison to most 
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Fig. 5. – d13C, d15N and d34S values (mean ± s.d.) of colonies of Electra posidoniae settled on leaves of Posidonia 
oceanica collected at a depth of 10 m in the Revellata Bay between February 2003 and December 2004. Range 
for phytoplankton and for P. oceanica from lepoint et al. (2000) and lepoint et al. (2003). Range for biofilm 
grown on artificial substrates from vermeulen (2012).
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cm2 shoot-1 cm2 m-2
seafloor µgN L-1 µgC L-1 gDM.m-2 ml h-1 gDM-1 ml.h-1.m-2 µgN.d-1.m-2 µgC.d-1.m-2

January 1.1 507 13.2 71.4 0.9 20 19 1 8
February 32.8 14815.1 31.9 146.4 27.3 20 545 104 479
March 83 37515.3 31.9 146.4 69 20 1381 264 1213
April 90.6 40955.5 31.9 146.4 75.4 20 1507 288 1324
May 84.6 38218.1 22.7 89.5 70.3 20 1406 192 755
July 25.7 11600 22.7 89.5 21.3 20 427 58 229
September 0.2 99.4 19.8 73.8 0.2 20 4 <0.5 2
November 0.02 9.5 13.2 71.4 <0.1 20 <1 <0.1 <0.5
December 1.2 547 13.2 71.4 1 20 20 2 9

TABLE 2

Surface covering, biomass, filtered volume and daily planktonic biomass filtered by Electra posidoniae Gautier 
in a Posidonia oceanica meadow (Revellata Bay, Corsica). Data used for calculation come from a: this study; b: 
(Lepoint et al., 2004); c: (Lisbjerg & Petersen, 2000). See Material and Method for details.

other bryozoan larvae (gautier, 1961). The life 
span of such larvae is unknown but is estimated 
by gautier (1961) to be a few weeks. Larvae of 
E. posidoniae are potentially major contributors 
to meroplankton (i.e. the larval planktonic 
stage of benthic animals) in the water column, 
considering the maximal colony density found at 
a depth of 10 m (i.e. more than 100,000 colonies 
per m square).

Leaf colonization by E. posidoniae is restricted 
both spatially and temporally. This restriction is 
partially due to the larval “choice” to specifically 
settle on the inner concave side of the leaf 
(matricarDi et al, 1998; this study). Reasons 
for such specific settlement are unclear (e.g. 
competition with macroalgae and/or feeding 
current organization) (matricarDi et al, 1998). 
Competition with macroalgae is often invoked 
to explain the spatio-temporal restriction of 
animal settlement and to explain their seasonal 
eviction from certain benthic habitats, as it is the 

case for epiphytic communities (mazzella & 
russo, 1989; Dalla via et al., 1998; praDo 
et al., 2008). In addition to competition, a 
colony of E. posidoniae may be overgrown by 
macroalgae. This has been observed on the apex 
of P. oceanica leaves where many photophilous 
brown macroalgae grow, particularly in late 
spring and summer (see fig. in mazzella et al., 
1992). 

Nevertheless, middle parts of the leaves of 
P. oceanica are rarely or never colonised by 
photophilous macroalgae and show the maximum 
of colonisation by E. posidoniae. Therefore, the 
decreasing biomass of colonies of E. posidoniae 
almost to the point of disappearance before 
leaf abscission is not solely related to spatial 
competition or algae overgrowth. Trophic 
constraints could also explain this observed 
pattern. Indeed, the peak of colonisation by 
Electra and its biomass increase clearly match 
the phytoplanktonic dynamic, and particularly 
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the diatom bloom in the Revellata bay (lepoint 
et al., 2004). Many Mediterranean benthic 
suspensivores experience a drastic decrease 
in their activity or biomass in late spring and 
summer (i.e. aestivation) as a consequence of 
food shortage (coma & riBes, 2003). Diatoms, 
a major contributor to small suspensivore 
feeding, are abundant in the water column only 
during late winter and early spring (February to 
March, sometimes April). When their biomasse 
decreases, phytoplanktonic communities 
become dominated by smaller organisms (2 - 20 
µm), which are probably consumed less by large 
bryozoans (mckinney & Jackson 1989). Food 
shortage may occur in this system for benthic 
suspensivores such as gorgonian corals and is a 
major cause of mortality for many species (coma 
& riBes, 2003). Food shortage could thus be 
likely to affect survival of E. posidoniae after the 
phytoplanktonic bloom, even in the absence of 
competition with epiphytic macroalgae. 

Nevertheless, alternative food sources exist in 
the seagrass meadow, for example re-suspended 
particles coming from dead seagrass material 
as well as detached epiphytic microalgae (i.e. 
tychoplankton). The latter are very abundant 
on seagrass leaves as epiphytes (novak, 1984; 
mazzella & russo, 1989; De steFano 
et al., 2000) and may detach because of leaf 
movements. There is no doubt, considering the 
isotopic data, that E. posidoniae relies heavily on 
phytoplanktonic biomass for feeding. However, 
phytoplankton is unlikely to represent their 
exclusive food source. Indeed, their d13C values 
were always in the upper part of the range of 
planktonic d13C values, and close to d13C values 
of epilithic biofilm. They were also higher than 
those of suspensivore organisms found in other 
habitats (e.g. rocky habitats) (lepoint et al., 
2000). A significant contribution from alternative 
food source(s) displaying a higher d13C value 
cannot be excluded, particularly during the late 
spring and the summer, when phytoplanktonic 
biomass is low. Considering the isotopic 
composition ranges displayed by epiphytes and 
seagrasses, contribution by detached epiphytic 
diatoms to the diet of E. posidoniae is likely to be 

more important than the contribution by detritic 
seagrass material. Contribution of seagrass 
material to the bryozoan diet was not clearly 
detected here; but, mathematically, a small 
contribution cannot be excluded. Additionally, a 
contribution by microbes associated with detritus 
and displaying the same isotopic composition to 
their substrate is also feasible. This is particularly 
possible in July when bryozoan d13C reaches its 
peak and moves closest to the seagrass isotopic 
composition. Detritic seagrass may constitute 
a variable part of the diet of grazers associated 
with seagrass litter accumulation (sturaro et 
al., 2010) or seagrass meadows (vizzini, 2009; 
michel, 2011). Detritic particles found in the 
meadow ranged widely in terms of size, as dead 
leaves may be fragmented inside the meadow by 
water motion (i.e. hydrophysical fragmentation), 
by microbial degradation, and by detrivorous 
fauna producing large amounts of fecal pellets. 
This material may be re-suspended and thereby 
become available for bryozoan feeding. Due 
to the colony size we were not able to measure 
stable isotopic composition in fall and early 
winter samples when detritic seagrass particles 
are sometimes abundant in the water column 
(DauBy et al., 1995). 

In our study, data relating to the stable 
isotopes composition of nitrogen and sulphur 
did not prove particularly useful as they did not 
discriminate very well between the potential 
food sources. However, d15N values confirmed 
the low trophic level of E. posidoniae (i.e. close 
to primary producer isotopic compositions and 
lower than those of zooplankton, lepoint et 
al. 2000) and, therefore, the low contribution 
of zooplankton (i.e. primary consumers) as a 
potential food source.

It is well established that meadows of P. 
oceanica function as a trap for planktonic 
particles (gacia et al., 2002). Suspensivore 
activity, including that of E. posidoniae, is 
another possible mode of transfer between 
the water column and benthic compartment, 
increasing the role of the meadow as a sink for 
water column primary production (lemmens 
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et al., 1996). Such coupling is significant in 
Australian seagrass meadows, although mainly 
attributed to macrobenthic suspensivores 
(lemmens et al., 1996). In March and April 2003 
(i.e. during phytoplankton bloom), the calculated 
surface area of E. posidoniae reached 4 m2 of 
colony per m2 of seafloor (Table 2). Based on 
published measurements for bryozoan filtering 
capacities (lisBJerg & petersen, 2000), 
and on phytoplanktonic biomasses measured 
in our study area (lepoint et al., 2004), 
phytoplanktonic biomass potentially trapped 
by the feeding activity of E. posidoniae and 
transferred from the water column to the benthic 
compartment was estimated (Table 2). Filtered 
volume and biomass transfer are a small fraction 
of the particles settling in the meadow (gacia 
et al., 2002), but this fraction is concentrated in 
the epiphytic compartment and is enriched in 
nitrogen and phosphorus, two elements that often 
limit primary production and that may indirectly 
benefit P. oceanica and other epiphytes through 
the waste products of E. posidoniae (NH4 for 
example) (Bracken, 2004).

In conclusion, it appears that E. posidoniae is a 
central species of the leaf epiphytic community 
on P. oceanica, dominating the epiphytic 
biomass in early spring. It contributes to the 
coupling between the water column and the 
seagrass meadow and is likely to significantly 
contribute to the planktonic larval community. 
Its spatio-temporal colonization pattern may 
be related to competition with other epiphytes, 
and probably to food shortages occurring in late 
spring and summer. It is mainly a phytoplankton 
feeder; although alternative food sources cannot 
be excluded (tychoplankton and detritus of P. 
oceanica).

Many questions relating to this epiphytic 
specialist remain unanswered, such as the driver 
of larval specific positioning, its reproductive 
strategy to fill the gap between leaf fall and leaf 
growing season, or the way it interacts with 
its vegetal host (adhesion, positive/negative 
interactions) or with other epiphytes. 
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to: Qureshi na & saher NU 2012. Burrow morphology of three species of fiddler crab (Uca) along 
the coast of Pakistan. Belgian Journal of Zoology 142 (2): 114-126.

Figure 2 of the paper by Qureshi & saher (2012) was not an original drawing by the authors, but was 
redrawn after figure 1 in lim & Diong (2003).

The correct legend on page 117 should read: 

Fig. 2. – Burrow architecture parameters selected for analyses were BD: Burrow diameter (mm), TBL: 
Total burrow length (mm) and TBD: total burrow depth (mm) (redrawn after figure 1 in lim & Diong 
2003).

The following reference should be added:

lim ssl & Diong CH  2003.  Burrow-morphological characters of the fiddler crab, Uca annulipes 
(H. Milne Edwards, 1837) and ecological correlates in a lagoonal beach on Pulau Hantu, Singapore.  
Crustaceana,  76(9): 1055-1069.


