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Figure 3. Stable isotopic niches of Vampyroteuthis infernalis. (A) Geographic approach. (B) Ontogenetic
approach.

Both 6N values and TL showed significant ontogenetic decreases in the Atlantic (Pearson r=-0.42, p < 0.001
for 6N, and Pearson r=—0.50, p < 0.001 for TL). Patterns for both §"°N and TL within the Atlantic fitted that
for general TL, with paralarvae having the highest values and medium specimens having the lowest (Table 1).
Significant differences were found only between these two groups (H; ¢ =17.29, d=1.10, p < 0.001 and U=66.5,
d=1.94, p=0.001 for 6"*N; H; o6 =19.64, d=1.21, p < 0.001 and U=43, d=2.29, p < 0.001 for TL). No sig-
nificant relationships were found in the Pacific (Pearson r= —0.04, p =0.80 and Pearson r=—0.21, p=0.23,
respectively). Values of 6"°N in the Pacific fitted the pattern found in the Atlantic, while large specimens (as
opposed to medium in the Atlantic) had the lowest TLs (Table 1). No significant differences in §"°N and TL were
found among groups in the Pacific. Four available specimens from the Indian Ocean were included for general
comparisons only; they fitted the established relationships of ontogenetic decrease in §°N values in the Atlantic
and Pacific Oceans (Table 1). Thus, the coeflicient of variation of TL increases during ontogenesis, globally and
in the Atlantic (Table 1).

In relation to OMZs, the lowest values of §"*N were found in specimens caught in ‘normal’ oxygenation con-
ditions (8.1 £ 0.2%o), followed by OLZs (8.9 +0.5%o) and the highest in OMZs (11.2 £ 0.4%o), a similar pattern
to 6'*C (Table 2, Supplementary Table 3). Differences were found between specimens from ‘normal’ and OMZs
(Ha,104=32.10, d=1.30, p < 0.001; U=406, d=1.36, p < 0.001), and were repeated in all ontogenetic groups,
overall and from the Atlantic and the Pacific (Table 2, Supplementary Table 3): a similar pattern to that seen in
61C. Trophic levels did not show significant differences between specimens from ‘normal’ and OMZs on a global
scale and in the Atlantic, while values for the OMZ were significantly higher in the Pacific (U= 35, d=0.82,
Pp=0.027) (Table 2, Supplementary Table 3).

Isotopic niches of Vampyroteuthis infernalis. The narrowest niche was in the Indian Ocean, as indi-
cated by both Layman metric of convex hull area (TA) and standard ellipse area corrected for small sample sizes
(SEAc), while the widest was in the Pacific (Fig. 3A). However, the Indian Ocean (TA = 0.34, SEAc=0.65) was
represented by four specimens only, which obviously influenced (i.e. underestimated) the outcome. The niche of
the Atlantic specimens (TA =3.63, SEAc=0.79) was significantly narrower than that of the Pacific (TA=3.62,
SEAc=1.50) (Bayesian approximation of the standard ellipse area, SEAb: 0.74 £ 0.10 vs 1.44 £ 0.26, p < 0.001).
Ontogenetically, large specimens had the widest niche, followed by medium specimens, and the narrowest niches
were found in paralarvae and small specimens (Fig. 3B, Table 3). Niches of both large and medium specimens
were significantly different from both small specimens and paralarvae (Table 3).
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Stage Paralarvae | Small Medium Large

n 27 24 26 27

TA 2.75 2.19 2.94 3.27

SEAc 0.79 0.66 1.06 1.32

SEAb 0.63+£0.12 |0.63+£0.13 |1.11+0.23 |1.174+0.24
Paralarvae | — 0.513 0.981 0.990
Small 0.487 — 0.977 0.985
Medium 0.020 0.023 — 0.573
Large 0.010 0.015 0.427 —

Table 3. Isotopic niche metrics for ontogenetic groups in Vampyroteuthis infernalis, and respective differences
in niche widths. Significant differences between groups are in bold.

Discussion

Vampyroteuthis infernalis has perplexed biologists since it was first described: the peculiar anatomy®-!! challenged
our understanding of its phylogenetic position'?~'%, and the strong ecological association with the OMZs has
initiated an interest in their habitat preferences'®2%%-2>, The global analysis of V. infernalis presented here has
shown that the species has a dynamic, inverted ontogenetic trajectory in 6'°N values and TL, coupled with a niche
broadening instead of narrowing. It occupies the same TL (3.0-4.3) over its global range and has a unique niche
as an opportunistic detriti- and zooplanktivore in deep-sea ecosystems.

Vampyroteuthis infernalis follows the expected latitudinal pattern of §**C values in the Pacific, decreasing
latitudinally from the equator towards the poles. In the Atlantic, 6"*C values were more variable and apparently
unrelated to latitude. While not strictly following the expected latitudinal baseline patterns in some areas of the
Atlantic*®¥, zooplankton and top predators tend generally to follow it on an ocean-wide scale***8-°, The same
pattern of §"*C values, barely varying with latitude, has also been demonstrated from sampling of deep-sea sharks
predominantly taken in the North Atlantic®®. Typically, surface and bottom distributions of §'*C are known to
decrease latitudinally from the equator towards the poles*®-*C. Species from epipelagic and neritic ecosystems,
including cephalopods, typically follow these patterns of increased §'*C values®*-**#. In contrast, deepwater spe-
cies do not strictly follow the known §'*C baseline patterns in the regions studied. The §'*C values for V. infer-
nalis reported here are congruent with those of earlier reports®”*%. A significant ontogenetic increase of 6*°C in
V. infernalis, coupled with lack of significant depth-related trends, suggests that there are no ontogenetic depth
preferences in V. infernalis.

Values of §©°N for V. infernalis in our study followed POM baselines®2, as is the case for the epipelagic and
neritic marine species that have been studied to date (e.g.***). The only possible limitation of our study was the
lack of information on short-term temporal isotope variations. However, the nearest possible time to our sam-
pling period was chosen for every sample from our baseline distribution models used®*? to counter this issue
(see Methods). The overall broad range of values of §'°N (i.e. 10.2%o) with a high maximum (16.1%o; among
cephalopod beaks, second only to the large predatory squid Dosidicus gigas, which is 17.7%0*) can be misleading
to imply a consequent ontogenetic TL increase and overall high TL. We conclude that raw 6°N values, though
useful for regional studies (e.g.***~*%), are misrepresentative when making global scale comparisons, and it is
advisable instead to use TL as an adjustment to any region-specific baseline. Also, depending on whether beaks
or muscle-based tissues are used for measurements, further adjustments for the TL of cephalopods are necessary
(see Methods and®**5%%%). In estimating the TL of cephalopods, pelagic Antarctic Tunicata are the taxonomic
group most commonly used for baseline data (e.g.*>*"). This choice is considered inappropriate by some sci-
entists®, as recent results suggest that tunicates are selective feeders and part of the microbial food chain® and
references therein. The choice of baseline coupled with the absence of beak measurement correction®*#1-5*% (this
study) partly explains previous overestimates of TL for V. infernalis®’, as well as lower TLs in predatory squids*,
compared to the TL values for Vampyroteuthis presented here.

A significant ontogenetic increase in both 6N and TL is well known for predatory squid species, e.g. Gonatus
fabricii** (Fig. 2B) and many others®*#4>%>%7 The ontogenetic increase in §*°N obtained here for V. infernalis is
obviously an effect from the high variation among baseline §'°N values both between and within oceans, as TL
estimations revealed a clear ontogenetic decrease even in the pooled data. Non-pooled data showed a decrease
in both §"°N and TL in the Atlantic and Pacific (although only significantly for the Atlantic), and in all the loca-
tions where the minimum number of specimens was five (i.e. Nova Scotia, Gulf of Mexico, central east Atlantic,
Pacific side of Australia, California and Peru). The only exceptions were specimens from Ecuadorian waters.
These results reveal a well-supported general ontogenetic decrease of §'°N and TL in V. infernalis.

Applying our muscle tissue corrections (see Methods) to §'°N values for V. infernalis obtained by other
authors®’ = (Seibel et al., unpublished data) gives TLs that fit with our observations of higher §"°N values and
TLs in smaller specimens. An exception was a series of unusually low values found in specimens from the Bay
of Biscay”’. However, the beaks used in that study were obtained from sperm whales®” that may have obtained
their prey from regions with a higher §"°N baseline than that of the Bay of Biscay, thus rendering the baseline data
questionable.

The TL of V. infernalis remained the same with depth, thus the observed significant §"’N decrease with depth
requires further explanation: it could have resulted from material limitations and comparison of all the oceans
together. Due to biogeochemical degradation, it is known that POM increases its §'°N values with depth, and that
POM-eating plankton and micronekton show a similar increase following that of POM, especially among those

SCIENTIFIC REPORTS |

(2019) 9:19099 | https://doi.org/10.1038/s41598-019-55719-1


https://doi.org/10.1038/s41598-019-55719-1

www.nature.com/scientificreports/

that do not undergo daily vertical migrations®»**-%, In contrast, planktophagous and predatory species lack such
an increase with depth®>%€. The lack of an increase in 6"°N values with depth in V. infernalis could therefore be
explained by this species consuming food other than solely detritus, as observed in stomach contents analysis'®, a
deduction also supported by other data (discussed below).

Vampyroteuthis infernalis has a higher TL than that of other studied pelagic POM-feeders but it is lower
than those of high-level predators (cf.>**7-3%459-61) In terms of classical trophic ecology, V. infernalis has been
observed eating either marine aggregates including POM or large prey (mesoplanktonic crustaceans and gelati-
nous taxa), and the remains of both have been found in its stomach contents®!® (Seibel, pers. comm.). Apart from
those taxa, fish scales and bones, fragments of squid flesh, a few protozoan groups, and diatoms were recorded
among the stomach contents of V. infernalis®'®. Thus, stomach contents analyses give a contradictory picture
regarding species diet (all known observations summarized in Supplementary Table 2). Moreover, all the studies
rely on a limited number of specimens and all are from closely located areas of the North Pacific*'® (Seibel, pers.
comm.). Applying other methods (i.e. stable-isotope analysis) clarifies the contradictions shown by stomach con-
tents analysis (reasons beyond ontogenetic changes in TL and food spectrum are explained in the next paragraph
below). Data united from stomach contents and stable isotope analyses demonstrate that the trophic ecology of V.
infernalis is unique among cephalopods, which in contrast are opportunistic predators or zooplankton feeders®%.
Judging by its high TL for a pelagic POM-eater, it is clear that V. infernalis benefits from the crustaceans and other
small-sized animals that are associated with marine snow. The consumption of organisms associated with POM
by V. infernalis has been suggested before for specimens from southern California, Monterey Bay and Mexico'®
and our SIA data show that this unique trophic link applies to the diet of the species globally. This mode of feeding
coupled with occasional carrion consumption would explain the high TLs observed here. Additional proof that
V. infernalis is not a ‘purely’ detritivorous, planktivorous or carnivorous species is as follows. Scavenging crusta-
ceans, amphipods and isopods, show much higher TLs than carnivorous and detritivorous invertebrates from the
same ecosystems (cf.%*-%%). Thus, with its seemingly contradictory stomach contents®!® and a TL higher than other
studied pelagic POM-feeders but lower than high-level predators (cf.>*37-34159-61) 'V infernalis has a mixed food
spectrum and unique feeding mode.

Higher values of 6N and TL in paralarvae and small specimens than in medium and large specimens indi-
cate that ontogenetic changes in V. infernalis foraging are unique among the cephalopods studied to date. The
explanation may lie in changing the mode of locomotion during ontogenesis, which is known for V. inferna-
1is?*?8, Paralarvae have the highest §"°N and TL values since they rely more on plankton-feeding. Capture of other
planktonic animals is facilitated by the relatively fast and agile movements supplied by jet propulsion (expelling
water forcibly through the funnel, characteristic of all coleoid cephalopods®®). Small specimens continue to use
jet propulsion during a period of ‘gait transition, when they subsequently switch to fin propulsion?. Then, they
would rely more on POM, which is easier to obtain considering the more passive movements of their new gait.
High 6N and TL values in small specimens indicate that they prefer, and can still obtain, plankton. Larger spec-
imens, moving only by fin propulsion, become more flexible and opportunistic in their feeding habits and their
niche becomes significantly wider (Fig. 3B, Table 3). The highest coefficients of variation of TL in large specimens
is indeed indicative of the proposed flexibility in their diet, which is also reflected in their stomach contents®!®
(Seibel, pers. comm.). They presumably begin to eat larger planktonic forms, detritus and carrion at this size
category. Vampyroteuthis infernalis occupies the same TL worldwide, while in purely predatory species it varies
in different areas of the range®. However, in view of the paucity of published global studies, it is not known if
this is generally characteristic of deepwater species, of deepwater pelagic POM-feeders, or unique to V. infernalis.

The presence of an OMZ has been noted in tropical areas of the Atlantic, Pacific and Indian Oceans, usually
on their eastern sides®>®. This means that much of the range of V. infernalis does not involve an OMZ. Values
of both 6"3C and 6N are higher in individuals analyzed from an OMZ than outside one, overall, in the Atlantic
and in the Pacific. That is found for all ontogenetic groups, proving that it is not a sample-based bias or a mixing
of ontogenetic differences and OMZ-related differences. Nevertheless, their respective TL values were the same
overall and in the Atlantic. There are no SIA studies with which we might compare our results. The baselines of
6N were higher in OMZs*"*2, and to a lesser degree also for 6> C**°. An increase in geographic area and upper
depth limits of OMZs have been reported recently as one possible consequence of climate change®-**. Among
the extinct relatives of V. infernalis, there were large pelagic and possibly benthic species, carnivorous and with
a lifestyle possibly resembling that of Recent squids®~"!. Only V. infernalis has survived until recent times, and
the OMZ seems to have played a significant role in the success of this relict from the past, perhaps as a refugium.
There are fewer predators present in the OMZs!'®%, so evolving a feeding mode that enables access to an abun-
dant food source (POM with associated organisms) in an otherwise harsh environment with low oxygen levels is
important. In the OMZs V. infernalis can escape competition with other cephalopods and avoid predators. This
unique trophic ecology distinguishes V. infernalis from the other coleoid cephalopods and, coupled with its ability
to live in the OMZs, this relict species may be at a competitive advantage in the current conditions of ongoing
climate change.

Methods

Sampling and measurements. A total of 144 V. infernalis beaks were analyzed from 104 specimens
collected in the Atlantic, Pacific and Indian Oceans (Fig. 1) between 1905 and 2017 (66 specimens collected
between 2007 and 2017). The estimated mantle lengths (ML) ranged from 6 to 198 mm (Table 1, Supplementary
Table 1). Specimens obtained from the stomach contents of predators (n =20) were randomly allocated within
a 1000 km uncertainty radius around a predator’s suggested capture location. Vampyroteuthis infernalis (with a
life span of possibly more than 5 years’?) grows continuously throughout its life and its size at maturity is highly
variable?®7>74, Therefore, the specimens were categorized into four arbitrary ontogenetic groups: paralarvae,
ML < 27 mm; small, ML 27-65 mm; medium, ML 66-104 mm; and large, ML > 105 mm. Shortly after hatching,
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