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Fig. 6. The two main axes of a principal component
analysis based on total gill area, mass-specific gill area,
body mass, total length, Anatomical Diffusion Factor and
Relative Opening of Spiracule (ROSp) in the different
potamotrygonid embryos: black triangle - Plesiotrygon
iwamae; open diamond - Paratrygon aiereba; circle -
Potamotrygon motoro (from Negro River); open triangle -
Potamotrygon motoro (from Solimdes River); black square
- Potamotrygon orbignyi; open square - Potamotrygon sp.
(cururu ray).

Fig. 7. (A) The relationship between total gill area (cm?) and
Relative Opening of the spiracle. (B) Linear regression of
the mass-specific gill area (cm? g') and body surface area
(cm?) of different potamotrygonid embryos: upsidedown
triangle - Plesiotrygon iwamae; star - Paratrygon aiereba;
diamond - Potamotrygon motoro (from Negro River);  dot
- Potamotrygon motoro (from Solimdes River); triangle -
Potamotrygon orbignyi; square - cururu ray Potamotrygon sp.

Fig. 8. Dendrogram showing the association of freshwater
stingrays based on the gill morphometry of the embryos.

Discussion

Morphometric variations among gill arches. In a
previous study, it was reported that the gill arches of
potamotrygonids are not identical structural units in the
branchial system (Duncan ef al., 2011). It was suggested
that the 4 gill arch is more relevant for osmoregulation
and ion balance. Comparing the five gill arches, those
authors demonstrated that the 4" branchial arch in both
Paratrygon aiereba and Potamotrygon sp. possesses a
high density of Na®/K" - ATPase-rich, mitochondrion-
rich cells and high enzyme activity of Na”/K" - ATPase.
In addition, the 3% gill arch has a higher surface area
than the other arches. As in adults, all potamotrygonid
embryos had a 3 gill arch with a higher surface area.
This pattern is similar to that found for the teleost fish
Sparus aurata L. 1758 (Karakatsouli et al., 2000).
Disregarding the 1% arch, which has only a posterior
hemibranch, the 5" arch is characterised by relatively
shorter and lower-density filaments, especially on the
posterior hemibranch. This dramatically reduces the gill
area of this arch. An explanation for this is that water flow
is different for each region of the parabranchial cavity,
as observed in the hedgehog skate Leucoraja erinacea
(Mitchill, 1825), a non-ram-ventilating elasmobranch
(Summers & Ferry-Graham, 2001). It is likely that the
geometry and hydrodynamics in the gill chamber of
potamotrygonids may explain why, with the exception
of the 2% arch, the anterior hemibranchs have a larger
gill area than the posterior hemibranchs. This differs
from other data obtained for marine elasmobranchs. In
the nursehound (Scyliorhinus stellaris), the filaments of
the posterior hemibranchs are longer than those of the
anterior hemibranchs except for the 5" arch (Hughes et
al., 1986). Longer posterior hemibranchs in the 2% and 5*
arches are at least one common morphological character
between potamotrygonids and marine elasmobranchs.
However, it is important to emphasise that the nursehound
is shark-like, although anatomically it has a slightly
flattened head.
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Interspecific variations among potamotrygonid
embryos. There are no existing studies of the gill
morphometry of ray embryos that can facilitate adequate
comparisons. Here, comparisons between the foetuses
of different species of potamotrygonids could be made
considering only the swimming behaviour of the
adult freshwater stingrays in benthic environments.
Unfortunately, the criteria for estimating degree of
activity are not based on oxygen measurements. Instead,
such estimations consider only the swimming behaviour
of adult animals. Gill structures vary in relation to
the activity and habitat use of freshwater stingrays.
The present investigation reveals three distinct groups
within potamotrygonid embryos: (i) Active species are
characterised by the presence of a large body surface area,
large gill area, higher mass-specific gill area, thin water-
blood diffusion barrier, high anatomical diffusion factor
(ADF), and greater relative opening of the spiracle. In this
group are included Potamotrygon motoro and Potamotrygon
orbignyi; (ii) Intermediate species have a small body area
but a large mass-specific gill area; although the gill area is
small, it has a high ADF. Potamotrygon sp. is the only one
that fits this pattern; (iii) Sluggish rays are characterised by
a very low mass-specific gill area, an extremely low ADF
value, a reduced relative opening of the spiracle, and a thick
water-blood diffusion barrier. The genera Paratrygon and
Plesiotrygon may be included in this group.

Several authors agree that gill area is linked to the
activity of the fish (Gray, 1954; Wegner et al., 2010). For
example, the gill filament number is higher in the faster
swimmingAtlanticsharpnoseRhizoprionodonterraenovae
(Richardson, 1836) than in more benthic smooth dogfish
shark Mustelus canis (Mitchill, 1815) (Schwartz et al.,
1993). However, these species belong to different taxonomic
groups, and any comparisons need to be cautious. Such
large gill areas are undoubtedly necessary to facilitate
more oxygen uptake and sustain the high metabolic
requirements of active species. Active potamotrygonid
swimmers, such as P. orbignyi and P. motoro possess
longer and more numerous filaments, correlated with
denser secondary lamellae, which dramatically increases
gill surface area than more sluggish rays. Furthermore,
this high lamellar frequency is associated with a thin
respiratory epithelium. The water-blood diffusion barrier
thickness in active potamotrygonid embryos ranges from
1.2 to 1.5 pm. These values are substantially lower than
their marine relatives, but surprisingly near to the range
(0.5-1.2 um) reported for scombrid teleosts (Hughes,
1970; Wegner et al., 2010). The water-blood barrier
distance in marine rays (5.5 pm) is lower than in free-
swimming elasmobranchs (10.2 um) (Hughes & Wright,
1970; Hughes et al., 1986). However, active freshwater
stingrays have a mass-specific gill area in the same range
(1.2-2.5 cm? g'') as those values (2.6 cm? g') observed for
the marine elasmobranch Scyliorhinus stellaris, weighing
approximately 100 g (Hughes & Wright, 1970). Therefore,

for an animal weighing 1,000 g, mass-specific gill area
is reduced to 2 cm? gl. This is consistent with the values
found for adult potamotrygonids (cururu ray Potamotrygon
sp.) in which the gill area is <1 cm? g'! (Duncan et al., 2011).
Despite this relatively reduced gill area, the thin water-
blood barrier is the largest contributor to the increase in the
gill anatomical diffusion factor (ADF, ~1.7 cm? g'! um™) for
O, uptake. ADF, a measure of the morphological potential
for gas exchange normalised to body mass, falls within the
same range as juvenile rainbow trout Oncorhynchus mykiss
(Walbaum, 1792). Perry (1990) calculated ADF for a 25 g
rainbow trout to be approximately 1 cm? g! pm. However,
Wells & Pinder (1996) has shown that ADF in rainbow
trout is high at hatch, approximately 2.6 cm? g! pm™.

Compared to P. motoro and P. orbignyi, Potamotrygon
sp. has a thick water-blood barrier but a large mass-
specific gill area, which directly contributes to increasing
the ADF (1.1 cm? g! um™) to a value close to those of
the potamotrygonids previously reported. At birth,
Potamotrygon sp. has one of the lowest total gill surface
areas (<50 cm?) compared to other freshwater stingrays.
This is due to the small body mass (only 19 g) of this
species. However, when the gill area is expressed as a
ratio of weight, this value (2.4 cm? g') is similar to those
found for P. motoro and P. orbignyi. According to Gray’s
scale adapted for potamotrygonids, Potamotrygon sp.
is an intermediate species. However, Potamotrygon sp.
possesses a high density of mitochondrion rich-cells (Na*/
K*-ATPase-rich chloride cells, NKA-MRC) clustered in a
follicular arrangement in the interlamellar epithelium and
also distributed in single form in the lamellae. The high
number of NKA-MRCs in the lamellae may account for
improved ion uptake from the ion-poor blackwater of the
Negro River and its tributaries (Duncan et al., 2010, 2011).
Freshwater stingrays are in a net negative ion balance in
ion-poor waters (Wood ef al., 2002), and almost certainly,
the deficit is normally made up by the electrolytes in their
natural diet and high levels of electrogenic ions pumped
through the gills (Duncan et al, 2009). Chloride cell
proliferation is typical for some fish exposed to diluted
water, and it may reduce the efficiency of oxygen uptake
by increasing the thickness of the water-blood diffusion
barrier (Sakuragui et al., 2003). Thus, a modification that
enhances one process may impair another. This trade-off
between respiratory gas exchange and ionic regulation has
been termed the osmo-respiratory compromise (Fernandes
et al.,2007). As has been reported for adult forms (Duncan
et al., 2011), embryos of Potamotrygon sp. possess a high
mass-specific gill area, which is necessary to facilitate
adequate levels of oxygen uptake. This accords with the
life habits of this species, which spends much of its time
foraging at the bottom of flooded forest (also called as Igapo
forest), which is characterised by hypoxic conditions.

In contrast, the gill morphometry of Paratrygon aiereba
and Plesiotrygon iwamae most closely resembles that of
the gills of sluggish fish. Both species are characterised
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by fairly low mass-specific gill areas (<1 cm? g') and
relatively thick water-blood diffusion barriers (2.6-2.9
um), and consequently, a lower ADF (0.2 - 0.3 cm? g’
pm™) than in other potamotrygonid species. The estimate
of diffusing gas capacity (Dg) for this species of 0.03-0.05
ml O, min" mm Hg' g"', which is the theoretical maximum
value expected, indicates a low metabolism. This low
Dg, when compared to those reported by Hughes (1984),
suggests a sluggish mode of life. Plesiotrygon iwamae
preferentially inhabits the main stem of the Amazon River
and its varzea lakes (floodplain lake), but only those with
running water (Duncan et al., 2010). Like Plesiotrygon,
Paratrygon aiereba prefer the main river channel and its
flooded forests (varzea or igap6). However, Paratrygon is
found in multiple different water types (black-, white, and
clearwater), whereas Plesiotrygon moves slowly on the
river bottom.

Mass-specific gill area varies inversely with body
dimensions. Over the past 60 years, much effort has been
direct towards establishing the relationship between gill
area and body weight for a number of species, including
elasmobranchs (Gray, 1954; Hughes & Wright, 1970;
Hughes et al., 1986). Potamotrygonids vary considerably
in body mass, from small size (e.g., Potamotrygon sp.) to
large size (Paratrygon aiereba). Adults of Potamotrygon
sp., a very small species known as a “dwarf freshwater
stingray”, weigh approximately 0.8 kg (Charvet-Almeida
et al., 2005; Duncan & Fernandes, 2010), whereas
Paratrygon aiereba is the largest freshwater stingray
known to date, and adult specimens may weigh over 113
kg (Barbarino & Lasso, 2009). The great difference in the
body masses of these species also reflects in the size of the
foetus and neonate. The embryos of Paratrygon at birth
are 8 times greater in mass than those of Potamotrygon sp.
All foetuses recorded in the present study were nearly full-
term and close to lengths-at-birth previously reported for
the species (Barbarino & Lasso, 2009; Garrone-Neto, 2010;
Muifioz-Osorio & Mejia-Falla, 2013). Therefore, it can be
assumed that the values obtained in this study for the gill
measurements of potamotrygonid embryos may be close
to the averages for neonates. However, the comparisons
should be made based on mass-specific area because that
permits the comparison of species within the same weight
range. This becomes especially important in freshwater
stingrays of the family Potamotrygonidae. In the present
study, the mass-specific gill area is inversely related to the
body area of potamotrygonid embryos, with a slope of b= -
0.67. Therefore, small rays have more gill surface area and
thus more efficient gas exchange than larger animals. A
common observation is that smaller fish are less sensitive
to hypoxic environments (Chapman & Mckenzie, 2009).
This may explain why small fishes are present in high
densities in oxygen-limited environments. An implicit
model predicts a positive relationship between juvenile
size and aquatic dissolved oxygen with respect to maternal

fitness and predation pressure (Reardon & Thibert-Plante,
2010). Hypoxic environments may act as refugia for
potamotrygonid neonates and for other small prey fishes
because their large piscine predators may be unable to
tolerate hypoxic waters. Furthermore, potamotrygonid
neonates may have an ecological advantage for preying on
the small teleost fish that inhabit the same environment.
The neonates of Plesiotrygon iwamae were an outlier in
this study; this freshwater stingray has a very small mass-
specific gill area compared to its body size. This suggests
that this species may be very hypoxia-sensitive. Adult
animals exhibit a very sluggish mode of life, and after
capture it was observed that excessive exercise would
result in hypoxic stress.

The opening of the spiracle is related to the total gill area.
In Plesiotrygon iwamae the spiracles are much reduced,
whereas other potamotrygonids have well-developed
spiracles that also admit water into the orobranchial
chamber. However, the spiracle is a widely variable
characteristic in elasmobranchs. Some of this variation may
be closely related to life mode. In the case of Plesiotrygon,
it is possible that a small opening of the spiracles may
help to reduce the amount of suspended particles on the
bottom when the ray swims in the main river channel.
Typically, water enters through the mouth and spiracle
and out through the gill slits (Summers & Ferry-Graham,
2001). It is believed that spiracles are the major inspiratory
opening in skates and rays (Crigg, 1970). However, the
hedgehog skate (Leucoraja erinacea) exhibits two mode of
ventilation: it can take in water either through the spiracles
alone or by the combined action of the mouth and spiracles
(Summers & Ferry-Graham, 2001). In potamotrygonids,
the relative opening of the spiracle has been used as an
ecomorphological index of respiratory performance
(Lonardoni et al., 2009). According to these authors, larger
spiracle may be related to hypoxia tolerance, primarily due
to low oxygen concentrations on the river bottom, which is
a common feature in Amazonian water bodies. However,
this relationship has not been demonstrated on the basis of
functional morphology. In this study, it was demonstrated
thattotal gill surface area increases with the relative opening
of the spiracle in potamotrygonids. Thus, if Potamotrygon
sp., P. motoro, and P. orbignyi have large spiracles and a
large gill area, it suggests common morpho-physiological
characteristics associated with oxygen availability, in same
way as has been observed for several Amazonian electric
knifefishes (genus Brachyhypopomus Mago-Leccia, 1994)
that have unusually large gills enabling them to tolerate
hypoxic or even anoxic waters (Crampton et al., 2008).

In conclusion, larger near-term embryos have a larger
gill surface area and larger spiracles. However, per unit
of weight, smaller potamotrygonids (e.g., cururu ray
Potamotrygon sp. exhibited a higher mass-specific gill
area than larger potamotrygonids (for example, Paratrygon
aiereba). The higher mass-relative gill area observed in
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near-term embryos may be advantageous because the
neonate can use hypoxic environments that may serve as
refugia against predators and also can prey on the small
teleost fishes that explore the same environment. Based
on gill morphometry, it was observed that Potamotrygon
motoro and Potamotrygon orbignyi are active species;
Potamotrygon sp. has an intermediate lifestyle, whereas
Paratrygon and Plesiotrygon are sluggish rays.
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