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Abstract: The Chaetognatha are a marine invertebrate phylum including 132 extant, carnivorous
species in nine families and two orders, but with unclear protostomian affinities in the animal
kingdom. We document the gradual recognition of the distinctiveness of chaetognaths by early
taxonomists, with some emphasis on the often-overlooked studies by Chinese marine biologists.
The carnivorous arrow worms are understudied relative to their importance in the marine zooplank-
ton, where they rank second in abundance after the herbivorous copepods. Although arrow worms
lack gills or other dedicated respiratory organs, we show that the Gill-Oxygen Limitation Theory
(GOLT) can be used to explain how temperature and respiration affect their growth and related
life-history traits. Notably, we present a reappraisal of evidence for size-temperature relationships be-
tween and within chaetognath species, and for the relationship between their temperature-mediated
oxygen demand and their growth patterns. Von Bertalanffy weight growth curves of Ferosagitta
hispida (family: Sagittidae) based on earlier aquarium experiments by various authors are presented,
which suggest (a) a good fit and (b) that the life span of chaetognaths is much lower than suggested
by the authors of several published growth curves drawn onto length—frequency samples from the
wild. In addition, we show that chaetognaths attain first maturity at a fraction of the maximum
length they can attain that is similar to the corresponding fraction in fishes. Overall, we suggest that
the manner in which the oxygen they require enters the body of small marine invertebrates, although
often neglected, is a crucial aspect of their biology. In addition, based on our result that arrow worms
conform to the GOLT, we suggest that this theory may provide the theoretical framework for the
study of growth in the other water-breathing ectotherms lacking gills.

Keywords: von Bertalanffy; respiration; morphometrics; growth; size-temperature relationships

1. Introduction

The Chaetognatha (i.e., “bristle jaws”), or arrow worms (Figure 1), belong to a marine
invertebrate phylum with unclear protostomian affinities in the animal kingdom, and are spread
through all oceans from the surface down to 5000 m, with a 6000 m record to be confirmed.
Of the 132 extant species currently recognized [1], 58% are pelagic, and 42% benthopelagic or
benthic [2]. In the marine zooplankton, their biomass is about 1/3 that of copepods globally,
and over 1/5 of the total zooplankton in the North Atlantic [3]. The maximum sizes of
chaetognaths range over two orders of magnitude, from 1.3 mm in Spadella boucheri [4] to 105
mm in Pseudosagitta gazellae [5,6]. Arrow worms are carnivorous, feeding preferentially on
copepods, but also on other small invertebrates and fish larvae [7-9]. While a few species
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are reported to consume bacteria and particulate or dissolved matter, e.g., in the nepheloid
layer and polar areas [10-12], as an adaptative response to the scarcity of prey, more studies
are required on more species to generalize these food sources for the entire phylum. In turn,
chaetognaths contribute substantially to the zooplankton consumed by commercially exploited
fish [13].

Sagitta macrocephala  Aidenosagitta crassa  Parasogitta setosa  Ferosagitta hispida Spadella boucheri

Sagitta bipunctata

e
iie

Figure 1. Illustrating the uniformity of body shapes with the phylum Chaetognatha, which includes
species ranging in maximum body length from 1.3 mm in Spadella boucheri to 105 mm in Pseudosagitta
gazellae (redrawn by E. Chu from multiple sources).

Here, we document, based on a brief review of the zoological literature spanning the
years 1771 to 1911, the gradual recognition of the distinctiveness of chaetognaths by early
taxonomists, and the establishment in 1965 of their currently accepted classification. Then,
we briefly focus on the often-overlooked studies by Chinese scientists. This sets the stage
for a reappraisal of the knowledge about the growth and reproduction of chaetognaths
as related to oxygen consumption, as outlined in the Gill-Oxygen Limitation Theory
(GOLT; [14-16]), which was developed to explain the growth of gilled marine organisms.
Although chaetognaths lack gills [17], the GOLT is used here to explain thus-far neglected
aspects of the biology of arrow worms, in particular their growth and reproduction, and
their relationships to temperature.

The GOLT is based on the observation that water-breathing ectotherms (WBE) obtain
their supply of oxygen through a surface (that of their gills, or through another surface in
gill-less WBE), but that this surface cannot, for geometric reasons, keep up with the growth
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of the body whose mass generates the oxygen demand. Thus, as WBE grow, their oxygen
supply per unit weight must decline, which impacts their growth and reproduction, both
of which are oxygen-dependent [16].

When water-breathing ectotherms (WBE) have hard parts, such as bones, otoliths
and scales in fish, or statoliths in squids, the age at different sizes can be estimated by
counting annual rings in long-lived fish exposed to marked summer-winter differences in
the temperature of their habitats, or daily rings in otoliths or statoliths [15]. Unfortunately,
arrow worms do not have statoliths [18]. Thus, the growth of chaetognaths must be inferred
from specimens grown in the laboratory, or from the analysis of length—frequency (L/F)
data sampled in the wild. However, there are many misunderstandings about the correct
way to infer growth from L/F data. Many authors place great emphasis on identifying the
peaks of their various L/F samples, assumed to represent cohorts. On the other hand, they
place less emphasis on the criteria they (should) use for linking the peaks of successive L/F
samples with each other, although this is the very process that generates growth increments
upon which growth curves can be based [19].

Increased temperatures, by increasing Brownian motion and hence the shocks between
water molecules and proteins, reduce the half-life of the proteins in the bodies of WBE.
The denatured proteins must be resynthesized, thus increasing O, consumption. When
the water around WBE becomes warmer, their asymptotic length and weight should thus
decline (as per the interpretation of Equation (3) below in Material and Methods). Thus,
with regard to growth, the applicability of the GOLT to arrow worms can be tested via
three hypotheses:

1.  Species living in colder water will tend to be larger than those living in warmer
temperatures, other factors being equal.

2. Within different populations of the same species, maximum size and mean size at
first maturity should decline with temperature.

3. The growth of chaetognaths should conform to the VBGFE.

In the absence of gills, arrow worms breathe through their integument, i.e., body
walls [20]. Thus, their respiratory surface area is small and cannot be very thin because it
also functions as part of their hydrostatic skeleton [21]. Therefore, as our fourth hypothesis,
we expect that:

4. Arrow worms should remain small (compared, e.g., with other zooplanktivorous
WBE, such as anchovies) and exhibit growth performances (requiring a high O,
supply) that are very low (again compared to fishes).

Finally, with regards to reproduction and given the GOLT, we suggest that:

5. Ina given population, chaetognaths reach maturity at a fraction of their maximum
length that is similar to the fraction that would occur in fish of the same size.

2. Materials and Methods
2.1. Taxonomy and Compilation of Chaetognath Life Traits

Five main databases were primarily consulted for gathering data. WoRMS was
used to provide the current chaetognath taxonomy [1], and distributions that included
point data came from OBIS [22]. The Biodiversity Heritage Library [23] was used to
consult the early taxonomic works. Additional taxonomic data were also extracted from
information compiled in the framework of LifeWatch Greece [24]. SeaLifeBase [2] was
used to obtain maximal lengths and benthic/benthopelagic/pelagic assignments, adapted
mainly from the “Chaetognatha of the World” website [25]. Species authorities are given in
Supplementary Materials S1.

When the required data were missing in these databases, they were mainly extracted
from the original descriptions, following a search for other taxonomic and systematic
literature. This was the case for species described since the mid-1980s, and for the minute
species in the family Spadellidae, which generally have a restricted distribution area, both
of which include many species known only from their original descriptions.
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Latitudinal ranges were estimated visually from maps based on OBIS occurrence
records, from the geographic coordinates of the type localities, or from the literature.

The mean latitude (LAT) was computed from the latitudinal range as the mean of the
averages in two hemispheres, and rounded to the closest }1 of a degree, as follows:

LatNRM = northernmost latitude, LatSRM = southernmost latitude e8]

LAT = (|LatNRM — 0| / 2 + |0 — LatSRM| / 2))/2 = (|LatNRM| + |LatSRM|) /4  (2)

The list of the 132 currently valid species of chaetognath, their mean latitude of occur-
rence, occurrence along China’s coast (Y /N), habitat assignments (pelagic, benthopelagic,
and benthic), and maximum body lengths (mm) are documented in Supplementary Materi-
als (Table S1).

2.2. Morphometrics

To enable us to estimate the volume (and hence the weight) of individual arrow
worms from their lengths, we assumed that their body is composed of successive cylinders,
each with a different circumference, as estimated from successive width of the drawings
representing them. For each cylinder, the maximum rectangular area (S), as well as the
length of the rectangle, i.e., the height of the cylinder (), was obtained by using the Image]
software. Then, the width of the rectangle, i.e., the diameter of the cylinder (R), can also be
calculated according to R = S/h, while the volume can be computed from V = 7tr2h, where
r=R/2. The head of an arrow worm can be taken as a half-sphere. The volume of a sphere
is (4/3)mr?, and half of that is V = (2/3)mr°. Thus, we obtained the volume of an arrow
worm by adding successive cylinders to a half sphere.

2.3. Growth, Growth Comparisons, and Longevity

The concepts to be presented below apply to animals that breathe in water (i.e., WBE),
and thus can be applied to arrow worms. The growth of WBE can be represented by

dW/dt = HW? — kW 3)

where dW/dt is the rate of growth in terms of weight—W (or more precisely mass), d is a
scaling factor <1, and H and k are coefficients expressing the synthesis of the body’s proteins
(“anabolism”) and the denaturation of the same proteins (“catabolism”), respectively. As
defined here (see Pauly [15,16] for details), anabolism is proportional to the oxygen (O,)
supply to the body because O, and, hence, ATP are required for synthesis. On the other
hand, catabolism is weight-proportional because all protein molecules in the body, due to
thermal noise, lose the quaternary structure required for their specific functions at rates
that determine their half-lives [26-28].

If the scaling factor 4 in Equation (3) is assumed to be equal to 2/3, this equation can
be integrated into a growth curve known as the von Bertalanffy growth function (VBGE),
which has the following form:

Li = Lo (1 . e*K'U*to)) @)

where L; is the mean length at age t of the animals in question, Lo, their asymptotic size, i.e.,
the mean size attained after an infinitely long time, K expresses how fast L« is approached
(herein, year‘l), with longevity ~ 3/K, and f, is a parameter adjusting for the fact that the
VBGEF usually fails to describe the growth of the earliest (larval) stages of WBE. Thus, t,, by
representing the age WBE would have at a size of zero, if they had always grown in the
manner predicted by the equation, allows the VBGF to correctly represent length-at-age in
post-larval stages [19].
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The VBGEF for length growth can be straightforwardly transferred into an equation for
growth in weight by combining a length-weight relationship (LWR) of the form: W = a-L
with Equation (4). The VBGEF for growth in weight is, thus,

W = Weo (1 _ e*K‘(H@)h ®)

where W, is the weight corresponding to Le, b is the allometry coefficient, and all other
parameters are defined as above.

The literature on the growth of chaetognaths includes many examples of growth curves
whose author(s) presupposed slow growth. This has resulted in “cohorts” being subjectively
created whose growth curves extended to well over a year, sometimes two [29,30], and including
long periods of near-zero growth at minuscule sizes (see, e.g., Zo [31]).

Here, rather than tracing our own growth curves and adding to the confusion, we
analyzed a set of previously published “mass-at-age” data generated by Hirst and Fos-
ter [32] based on aquarium experiments (see Supplementary Materials, Table 52). We fitted
Equation (5) with b = 3, using Microsoft Excel’s Solver routine after removing the data
point representing larval growth (the deleted data points are documented in Table S2).

For comparisons of growth performance within and between different chaetognaths
species, and between chaetognaths and other WBE, one can use the index

@1 = log(K) + 2-log(L) (6)

which is relatively constant within species (and higher taxa with similar shapes), as assessed
by studying and relating hundreds of L..—K data pairs (see Pauly [15,19], Binohlan and
Pauly [33]; see also “Life history” in FishBase [13]). However, to allow for comparisons
that take into account the different shapes that different clades of WBE can have, we use
the index

@1 = log(K) + 2/3-log(W) (7)

which assumes LWRs with slopes b = 3, as commonly occurs in WBE.

2.4. Oxygen, Temperature, and Arrow Worms

The total amount of O, which can diffuse into the body of a WBE per unit time follows
Fick’s law of diffusion:
Q/ = dP-U-GI-WBD™! 8)

where Q’ is the oxygen uptake (mL-h™!); dP is the difference between the oxygen partial
pressure on either side of the respiratory membrane (in atm); U is Krogh's diffusion
constant, that is, the amount of oxygen (in mL) which diffuses through an area of 1 mm?
in one minute for a given type of tissue (or material) when the pressure gradient is one
atmosphere (1013.25 hPa) of oxygen per u (micron); G’ is the total respiratory surface,
and WBD is the water-blood distance, that is, the thickness of the tissue between the
surrounding water and the interior of the body in u [34].

Of the four parameters of Equation (8), which determine the value of Q’, only G’ may
be assumed to vary greatly as body size increases, thus making the respiratory surface area
the key factor limiting oxygen uptake in WBE. The GOLT is structured around the fact that
gills, because they have to function as a 2D surface in contact with the water that delivers
oxygen, cannot keep up with the growing 3D bodies they have to supply with oxygen.

2.5. Reproduction

In fishes, mean length at first maturity (L, i.e., the length at which 50% of the
individuals are mature) occurs at Ly ”/L,P ~ 1.35, with D = 3(1-d) [16,35,36].

Here, we also tested whether chaetognaths reach maturity and spawn at a fraction
of their maximum length (L) that is similar to that of fishes. Note that since post-
larval chaetognaths maintain their basic shape as they grow, their integument (i.e., their
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respiratory surface) should grow in proportion to 2/3 of their weight, i.e., d ~ 0.67. Given
its definition, this means that, for chaetognaths, D = 1, and, hence, Linax®/Lin® = Lipax/Lin.

3. Results
3.1. Early Illustrative and Taxonomic Work on the Chaetognatha, or Arrow Worms

The first published record and drawing of an arrow worm, from the North Sea, are in
Slabber [37] (46—48; P1. 6, S4), where it was described as a “sea-worm”. Slabber coined the
Latin name Sagitta (arrow) and the Dutch name “pyl” (“pijl” = arrow) for his sea-worm. For
the precise dates of Slabber’s publication, see Hoeven [38], Benthem Jutting [39], and Welter-
Schultes [40]. Sagitta Slabber, 1771 is not “available” as a generic name in nomenclatural
terms because he did not describe a species or refer to an existing one. The drawing was
later identified as Parasagitta setosa (J. Miiller, 1847) [41].

In 1825, Blainville mentions a genus within a family of pelagic mollusks as “G. Sagitelle
Lesueur” [42] (T1:492), noticing that Lesueur described that genus and one species from
“warm seas”, but that it may represent several species. In a complementary note dated
from 1827 [42] (T2:656), he explained that Lesueur had described Sagitella aequipinnis and
two other species (Whose names were not cited) from the Caribbean Sea, in a manuscript,
“Monog. des Ptérop. Pl. 11, Figures 1-3”, that was apparently never published ([43], p. 645).
In another publication dated from the same year, Blainville [44], who obviously had access
to that manuscript, detailed the description of the three species under the French common
and Latin scientific names coined by Lesueur: Sagitella aequipinnis, Sagitella tuberculata, and
Sagitella inaequipinnis.

Blainville also listed Sagitta (with the species name Sagitta bipunctata Quoy & Gaimard [45])
with this comment: “MM. Quoy et Gaimard viennent d’établir sous cette dénomination un petit genre
de malacozoaires, qui semble étre extrémement rapprochés des sagittelles de M. Lesueur.” (MM. Quoy
and Gaimard just established under that name a small genus of malacozoa, which seems very
close to the sagitelles of M. Lesueur). This has been overlooked by most of the subsequent
authors, except Eydoux and Souleyet [43]. The possible nomenclatural anteriority within
the year 1827 remains to be investigated since only a French vernacular generic name was
mentioned without a species in 1825, along with the homonymies of the genus.

The first valid description of a chaetognath species currently recognized is from 1827,
and pertains to Sagitta bipunctata from Gibraltar (Quoy and Gaimard [45] (232, PL. 8C, 54).
Shortly thereafter, Charles Darwin sketched an arrow worm in his “H.M.S. Beagle” field
notes [46] and later wrote about their abundance and biology [17], citing d’Orbigny [47]
and Forbes [48] who had meanwhile described three and two new species, respectively
(see also Barrett et al. [49], p. 78 and 479).

The name Chaetognathi (“bristle jaws”), was coined by Leuckart when he proposed
that the genus Sagitta should be separated from the other groups of “Vermes”: “At the
moment, it seems most natural to regard the Sagittas as representatives of a small group of
their own that makes the transition from the real annelids (first of all the lumbricines) to
the nematodes, and may not be unsuitably named [Chaetognathi].” ([50], p. 335; translated
from German).

This settled the issue of the identity of chaetognaths, which until then had been viewed
as mollusks, annelids (oligochaetes), nematodes, gordians, gephyreans, and tardigrades.
Eventually, Leuckart ([51], p. 117) emended Chaetognathi to Chaetognatha in a short
note reiterating his conclusions. Hertwig [52] endorsed that name: “Gegenbaur ([53],
p- 138) called the newly created division the Oesthelminthes, Harting ([54], p. 617) the
Pterhelminthes and Leuckart ([50], p. 335) the Chaetognaths [Chaetognathen]. I keep this
latter name for the description of the order, since it has priority and it has become common
in literature.” ([52], p. 8; translated from German).

After Leuckart [50], and before “phylum” was commonly used as a taxonomic rank,
the chaetognaths were variously listed as an order or a class in Vermes. This ended
when Grassi ([55], p. 5) separated them as a group with unknown affinities. Today,
molecular studies have clearly demonstrated that they have protostomian rather than
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deuterostomian affinities (e.g., [56,57]) as was long thought because of their peculiar
ontology. However, these studies have failed so far to firmly establish their sistership in
that lineage. Several hypotheses were tested for the past 25 years without a clear consensus,
although the latest analyses related them to the Gnathifera (e.g., [58]). Barthélémy and
Casanova [59] even provided a reappraisal of the molluscan sistership hypothesis, ironically
their first placement by Blainville ex Lesueur [42,44] and Quoy et Gaimard [45], based on
morphoanatomical and other zoological methods. Under both hypotheses, however, the
chaetognaths would remain within the Spiralia clade.

After 1844 and until 1910, 66 species and five genera were described. Ritter-Zahony [60]
published the first and only exhaustive revision of the group together with two new species,
but reduced the number of valid species to 27 in six genera, and 16 incertae sedis species.
No family was defined.

After 1911 and until 1965, 52 species and six genera were described. Tokioka [61]
reviewed the classification by establishing two classes, two orders (and two suborders),
four families, and six genera, validating 58 species (and seven infraspecific taxa) in 15
genera and five families (of which four were new ones), and 11 incertae sedis species.
The class Archisagittoidea contained the fossil Amiskwia sagittiformis Walcott, 1911 (now
seen as a stem group of Chaetognatha but a crown group of Gnathifera [62], or a stem
group of the Gnathostomulida or the Gnathifera [63], both hypotheses remain in the
Gnathifera clade). He divided the class Sagittoidea established for the extant species into
two orders, Aphragmophora and Phragmophora. Several further attempts to establish new
subclasses, orders, or suborders (including those of Tokioka) failed to survive subsequent
morphoanatomical and molecular analyses.

Tokioka’s general classification (with adaptations by Bieri [64,65]) is still in use with
the additional taxa described since, and today contains 132 valid species in 26 genera, nine
families, and two orders [1] (Table S1). Several unequivocal fossil chaetognaths have been
described (e.g., [66,67]), but placed each in their own family without ordinal classifica-
tion. Gasmi et al. [68] proposed some adjustments based on their most comprehensive
molecular phylogeny so far, but their suggestions have not yet been integrated in a proper
taxonomic framework.

3.2. Chinese Studies on Arrow Worms

A total of 37 chaetognath species are reported from China’s waters [69] (see also
Table S1), where they are distributed over a wide range of depths.

Research on the chaetognaths of China began in 1919 with the investigation of the
“Albatross” [70]. However, with the exception of Hsti [71] reporting chaetognaths from
China’s coastal areas, and Sproston [72] from the waters of the Zhoushan Archipelago,
there was no follow-up until the late 1950s, when China launched successive surveys
of marine systems and fishery resources. These surveys included zooplankton studies,
especially the national comprehensive marine survey from 1958 to 1960, which laid the
foundation for China’s research on chaetognaths.

The initial research on chaetognaths in Chinese coastal areas mainly focused on their
taxonomy and occurrence. In the 1980s, the research interest began to shift to chaetognath
ecology, such as species composition [73,74], species diversity [75], quantitative distribu-
tion [76,77], vertical movement [78], ecology, including the relationship with oceanographic
features [79-82], and feeding ecology [83].

However, most of these studies were based on survey data, and experimental research
on the ecology of chaetognath is still rare. Liu et al. [84] conducted preliminary studies on
the tolerance to temperature and salinity in Aidanosagitta crassa, which established that their
survival rates were higher at lower temperatures. Liu et al. [85] also studied the effects of
different temperature and salinity on the oxygen consumption rate of A. crassa. Based on
monthly sampling data at a station in Jiaozhou Bay in the Yellow Sea in 2006, Huo et al. [86]
demonstrated a negative relationship between body length and average water temperature
in A. crassa (see below).
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3.3. Body Length in 132 Species: Relation to Temperature and Habitat

The maximum recorded body lengths (BL, in mm) for the 132 species of chaetognaths
currently recognized were related to the mean latitude of their distribution range (LAT,
in degrees north or south; a proxy for temperature [87,88]) and their habitat through the
multiple regression

log(BL) = 0.616 + 0.445- log(LAT) — 0.580-B — 0.354-BP )

where B is a dummy variable (B = 1 for benthic and 0 for pelagic and benthopelagic species), and
BP is another dummy variable (BP =1 for benthopelagic and 0 for pelagic and benthic species).

The multiple correlation coefficient R = 0.573, which implies that this model, with
R? = 0.329, explains more than 30% of the variance in the dataset in Supplementary Table S1.
In addition, its partial slopes have the expected signs and are significantly # 0 (p < 0.001;
see Table 1). Equation (9) implies that chaetognath species tend to be smaller the closer
they are to the equator, but also that the 14 benthic speces are, on average, 3.8 times smaller
than the 77 pelagic species, while the 41 benthopelagic species tend to be 2.3 times smaller
than the pelagic species, i.e., intermediate, as may be expected (Figure 2). Figure 2 also
suggests that some species are misclassified, e.g., benthopelagic species labelled as pelagic
or benthic species.

Table 1. Estimated coefficients of a multiple regression of log(body length) against log(latitude) and
two dummy variables defining the habitat of three groups of chaetognath species ?.

Parameter Coeff. SE t-stat. p-Value Lower 95% Upper 95%
Intercept 0.632 0.153 4124 0.000066 0.329 0.936
log(LAT) 0.445 0.114 3.880 0.000166 0.218 0.672

B (benthic) —0.580 0.086 —6.711 < 0.00001 —0.752 —0.408

BP (benthopelagic) —0.354 0.062 —5.726 < 0.00001 —0.477 —0.232

 There are 77 pelagic species (with B and BP = 0), 14 benthic, and 41 benthopelagic species.

B

£ 100 ® ®

;’ L]

F=A 50 |

c

o

? “ -P lagic (@)

L2 elagic

£ 10 F T~

E 5| Bentho-Pelagic (0)

3

= 2L o) ° Benthic (@)
1 1 1 1 1 . 1 1 1 1 11

1 2 5 10 20 30 50 70 90

Latitude (°N or S)

Figure 2. Relationship between the maximum body length of the 132 species of extant chaetognaths
and the mean latitudes of their distribution ranges (as proxy for sea surface temperature); see also
Equation 9 and Table S1. On average, pelagic species (1 = 77) are 2.3 times longer than benthopelagic
species (1 = 41) and 3.8 times longer that benthic species (n = 14). This figure also suggests that the
habitat of some of the species in Table S1 may have been wrongly assigned.
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3.4. Body Lengths in Three Chaetognath Species Experiencing Different Water Temperatures

Figure 3 presents size-temperature relationships in three chaetognath species, Parasagitta
elegans, Aidanosagitta crassa, and Ferosagitta hispida, based on data published by McLaren [89],
Zo [31], Huo et al. [86], Reeve [3], Reeve and Walter [90], and Reeve and Baker [91].

50 1~
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(Northwest Atlantic) @
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E 30 B
= Parasagitta elegans E,
ED (Northeast Atlantic) - 5 3§
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O
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Temperature (°C)

Figure 3. Relationship between the size (body length or W, i.e., asymptotic weight) of 3 species of
chaetognaths and the mean temperature of the water in which they live or were raised. The body
lengths and the curves for Parasagitta elegans (black dots) in the North Atlantic were redrawn from
Figure 1 in McLaren [89], and the (red dots) points for Aidanosagitta crassa in the Yellow Sea are from
Huo et al. [86], with a curve replacing their straight line. The blue dots refer to Ferosagitta hispida
from coastal waters in Florida (based on data from Reeve [3], Reeve and Baker [91], and Reeve and
Walter [90]), see text.

As might be seen, body size in these three species and, by extension, in other chaetog-
naths as well, decreases with temperature, as predicted by the GOLT.

3.5. Morphometrics and Growth of Chaetognaths

Table S3 presents estimates of the surface area of the body of six species of chaetog-
naths (excluding fins), and the corresponding volume of their bodies, based on published
drawings of adult specimens. These data allowed two general patterns to be established
(Figure 4). One is that the surface area of the body of chaetognaths (S) can be predicted from
their body length (L), using S = 0.232-L!2 when the surface is in mm? and the length in mm
(Figure 4A). The other is that the relative surface of the body (i.e., the respiratory surface
per unit volume) declines with volume (S/V; Figure 4B) according to S/V = 511-L 0%
when S/V is expressed in cm?-g~! and length in mm. In both cases, the relationships are
near isometric, with the former relationship not significantly lower than 2, and the latter
not significantly higher than —1.
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Figure 4. Demonstrating the relationships between the body length of 6 individual chaetognaths
representing 6 species, (A) the surface area of their bodies (fins excluded), and (B) their surface
area/volume (based on the measurements in Table S3).

The latter trend establishes that large chaetognaths will be challenged in acquiring,
by diffusion through their integument, the oxygen they need to sustain their activity and
growth. This is the reason why the largest chaetognath, Pseudosagitta gazellae, reaching
10.5 cm, occurs only in Antarctic water, where the low temperature keeps its oxygen
requirement low, and perhaps also why the water content of chaetognaths appears to
increase with their size (Table 2).
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Table 2. Dry weight of chaetognaths in % of their wet weight.

Species BL? Location % Dry Weight Source

P. gazellae 105 Antarctica 53 Ikeda and Kirkwood [6] (Table 2)
P. elegans 30 NS, Canada 9.0-10.9 Pearre [92] (Table 4); Harrison [93]
Z. nagae 25 East China Sea 7.7 Feng [94], p. 56
P. setosa 14 Off Plymouth 9.3 Harrison [93] (Table I)

F. hispida 11 Near Miami 15.2 Reeve et al. [95] (Table 1)

A. crassa 10 Yellow Sea 14.4 Feng [94], p. 51

12 species - Various 9.3 Kierboe [96] (Table 1)

Several spp. - Various 10.0 Thuesen and Childress [97] (Table 1)

4 Maximum body length, in mm.

Sameoto [98], working with Pseudosagitta elegans, obtained a mean slope of 0.69 for
the relation between the logarithm of their metabolic rate and their (dry) weight (see Ikeda
and Kirkwood [6]); similarly, Kruse [99] (p. 119/120) obtained a mean slope of 0.664. This
justifies the use of the VBGF not only to describe empirically the growth of arrow wormes,
but also as a “physiologically correct” model of their growth, because the parameter 4 in
Equation (3), which is assumed to be 2/3 in the VBGF, actually took values near 0.667 in
chaetognath respiration studies.

On the other hand, the data in Table 2 show that the chaetognaths with dry weights
that are about 10% of their wet weights are intermediate between the jellyfish, with 5 to
2% [100] and other WBE with 20-30% [101,102]. Note the tendency for large species to
have a higher water content, confirming Kierboe [96].

Fitting the “mass-at-age” data for Sagitta hispida in Table S2 and the observed size-at-
age data of Reeve [3] with Equation (5) yielded the growth parameters in Table 3 and the
growth curves in Figure 5.

Table 3. Growth parameters of Ferosagitta hispida raised in aquaria and estimated from “mass-at age” data of Hirst and

Foster [32], as documented in Tables S2A and S2B (panels A-G in Figure 5) and size-at-age data in Figure 2 of Reeve [3], as

documented in Table S2B (panel H in Figure 5). All samples originated from coastal water in Florida, USA.

Case Temp (°C) We (mg) 2 K (year—1) to (year) ob Data Sources

A 21 16.7 31.09 0.0045 0.308 Reeve apd Baker [91]
(Figure 1)

B 31 7.5 88.07 0.0024 0.528 Reeve and Baker [91]
(Figure 1)

C 17 13.1 41.75 0.0072 0.367 Reeve and Walter [90]
(Figure 3)

D 21 14 43.79 0.0077 0.406 Reeve ar’ld Walter [90]
(Figure 3)

E 235 9.2 72.51 0.0037 0.504 Reeve and Walter [90]
(Figure 3)

F 26 10.7 83.67 0.0035 0.609 Reeve ar.ld Walter [90]
(Figure 3)

G 31.5 71 97.00 0.0027 0556 Reeve ar’ld Walter [90]
(Figure 3)

H 21 9.8 53.37 0.0033 0.387 Reeve [3] (Figure 2)

2 Converted to wet weight by multiplying by 10 (see Table 2) the values in Table S2, and computed from lengths via W = 0.001-L3 (see text).
b Computed with Wi, in g, facilitate comparison with fishes; mean @ = 0.458.
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Figure 5. Weight growth curves of Ferosagitta hispida based on the “mass-at-age” or length-at-age
data converted to wet weight by multiplying by 10 the values in dry weight documented in Table S2.
Case (A-H) (see also Table 3).

Table 4 compares the growth of Ferosagitta hispida (and the inferred growth of Pseu-
dosagitta gazellae) to that of a few fish species, illustrating how limited the growth perfor-
mance of chaetognaths is, compared to even slow-growing fishes.

Table 4. Comparison between the growth performance of 6 species of fish and 2 species of chaetognaths.

Species ? We (8) K (year -1) I (logK+ 2/3logWe)

Thunnus albacares 198,940 0.250 293
Morone saxatilis 17,543 0.186 2.10
Mugil cephalus 13,890 0.110 1.80
Trigla gurnardus 534 0.312 131
Callionymus lyra 53 0.490 0.84
Cottus bubalis 102 0.230 0.70

Pseudosagitta gazellae ~1 (4.86) (0.458)
Ferrosagitta hispida © ~0.01 55 0.458

2 The 6 species of fish are documented in Pauly (1981). b Assuming that the mean & estimates from
Table 3 also applies to P. gazellae. © See Table 3.
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3.6. Reproduction in Chaetognaths

Figure 6, based on Table 5, shows that in chaetognaths, L;;ux, when plotted vs. L, in a
regression with zero intercept, leads to a slope of 1.30, which is close to the estimate of 1.35
for teleosts [35,36], and well within its 95% confidence interval of 1.22-1.53 (see Pauly [16]).
This suggests that maturity, in chaetognaths, is triggered by the oxygen supply to their
tissues dropping, as they grow and their surface area/volume ratio declines, to a level near
1.3 times their maintenance metabolism, as also occurs in fish [16,35].

40 -
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Figure 6. Maximum lengths (Ly.x) vs. lengths at maturity (L) of 4 species chaetognaths (n=7; from
Table 5), fitted with a linear regression with a zero intercept. The estimated slope is 1.30, with a 95%
confidence interval (C.I.) of 1.19-1.41, which overlaps with the slope of Linax® vs. Ly,P in fishes (1.35;
C.I. = 1.22-1.53); see text.

Table 5. Approximate length at maturity (L) and maximum length (Lmax) of chaetognaths (in mm).

Species Place/Time Lmn Lmax Source
P. elegans Bedford Balsglgé May-June 21 31 Zo [31] (Figure 2)
P. elegans Plymouth, September 1930 10 15 Russell [103] (Plate I)
P. elegans Plymout}i,glg/llay 1930 & 14 21 Russell [103] (Plate I)
F. hispida Laboratory, at ~30 °C, 8.4 10 Reeves and Walters [90]
F. hispida Laboratory, at ~17 °C, 11.5 14 (Figures 3 and 4A)
E. bathypelagica Lazarev Sea, Antarctica 22 26 Kruse [99] (Figure 1, p. 68)
E. bathyantarctica Lazarev Sea, Antarctica 25 30 Kruse [99] (Figure 2, p. 69)
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4. Discussion

The distribution of the chaetognaths of both orders, the Aphragmophora and Phrag-
mophora, is different between the two hemispheres; the former has 58 species in the
Northern vs. 36 in the Southern Hemisphere, while for the Phragmophora, the corre-
sponding numbers are 56 species in the Northern vs. 15 in the Southern Hemisphere (see
Table S1). However, we think that this imbalance is due to a sampling bias rather than a
phylogeographic signal. The Aphragmophora are mainly planktonic, and thus have been
easily sampled during oceanographic campaigns or surveys, while the Phragmophora are
mainly benthopelagic (Heterokrohniidae), and benthic (Krohnitellidae, Spadellidae), i.e.,
require the targeted and dedicated samplings that have been historically more frequent in
the Northern than the Southern Hemisphere.

This becomes more evident when the planktonic Eukrohniidae are added to the
Aphragmophora, resulting in 68 species in the Northern and 41 species in the Southern
Hemisphere, vs. 48 species in the Northern and 10 species in the Southern Hemisphere for
the Phragmophora without the Eukrohniidae.

Benthic chaetognaths are largely understudied around the world. It is symptomatic
that many of the minute spadellid species are known only from the type specimens, and
that the most recent one (Spadella kappae) was described near the “Station Biologique de
Roscoff” [104,105], a French marine station established in 1872 on the coast of the English
Channel, i.e., in one of the most intensively studied parts of the world’s oceans.

The sampling bias hypothesis could be tested by checking the type localities; however,
the time since the Spadellidae diverged from more generalized chaetognaths would have
to be known. The hypothesis would be rejected if the Spadellidae arose recently in the
Northern Hemisphere, and thus did not have time to radiate into much of the Southern
Hemisphere. Unfortunately, Gasmi et al. [68] did not provide a time resolution which can
be used for such a test.

While all the partial slopes of Equation (9) are significant (Table 1), Figure 2 makes it
evident that it is only the pelagic chaetognaths that show a clear tendency toward increased
size with increased latitude and the correspondingly higher sea surface temperature.
Indeed, for deep benthic species, we should not expect marked changes of size with
latitude, because deep-sea temperatures do not change much with latitude, if at all [106].
The observed pattern of size decline with latitude reflects a temperature trend that is well
documented in other WBE, including fishes [15,87,88], and it is commonly attributed to
the direct impact of temperature on fish metabolism [16]. While other mechanisms could
be hypothesized (see, e.g., [107]), they would need to also correlate with temperature and
thus would be inherently be less parsimonious than the GOLT, which states that increasing
temperatures themselves are the causes for size reduction in WBE [16].

What Figure 2 also suggests is that the habitat assignment of some species may have
been erroneous, due to the fuzzy limits between “benthic” and “benthopelagic” modalities,
and to uncertainty about the distance from the bottom where the specimens were collected.
Habitat assignments, especially for the deep-sea species, while derived by experts, still
require confirmation.

It is likely that the temperature-size relationship among chaetognath species in Figure 2
has the same cause as the temperature—size relationship within the three species in Figure 3.
However, this relationship works at evolutionary scale in Figure 2, and at ontogenetic scale
in Figure 3. The respiratory surface of chaetognaths, which grows approximately with length
squared (Figure 4) and limits their oxygen supply (Equation (8)), cannot keep up with their
oxygen demand, which grows approximately with length cubed and, similar to in other WBE,
must increase when temperatures are high.

In captivity, fish and other WBE usually grow rapidly toward a smaller size than they
reach in nature, resulting in lower asymptotic size (length and weight) and higher values of the
parameter K when von Bertalanffy growth curves are fitted to their size-at-age data. This may
also be the case for the growth curves in Figure 5 and the parameters in Table 3. In any case,
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these growth curves provide a realistic alternative to many of the hand-traced growth curves
found in the literature, some of which suggest longevities as high as 2-3 years.

Indeed, the growth curves in Figure 5 may be realistic despite an early phase of larval
growth having been assumed, i.e., the first data points in Table S2 were not used. At
least some of the omitted points may correspond to the period between hatching and first
feeding that is characteristic of chaetognath larvae, and which can last up to 10 days [108].

Even if preceded by a larval period, the growth curves in Figure 5 suggest that, at least
for Ferosagitta hispida, the emergence and disappearance of a cohort would occur in a matter
of about 2 months, which is possible given the small body length they reach (=~ 1 cm) and
the high temperatures to which they were exposed. Thus, our results are compatible with
Russell [109] who suggested 5-6 generations per year near Plymouth, and with the four, and six
or seven generations per year reported by Murakami [110] and Nagasawa and Marumo [111],
respectively, i.e., from areas in the U.K. and Japan that are cooler than Florida.

The J-values in Table 3 have a mean of & = 0.458. Thus, the largest extant chaetognath,
P. gazellae, with an asymptotic weight of W = 1 g, would have a value of K of 4-5 year !
(see Table 4), which is compatible with having a single cohort per year, as reported by
Pearre [108], based on David [112].

Chaetognaths have always posed problems as to their identity and biology, mainly
because of their bizarre anatomy, which is unrelated to that of other invertebrate phyla.
However, we hope to have shown that concerning some of their physiological traits, they
behave similar to other, better-studied WBE. Thus, we could demonstrate that chaetognaths
behave as hypothesized, i.e.,

Species occurring in colder waters are generally larger than those in warmer waters.
Individual chaetognaths reach larger sizes in colder than in warmer waters.

The growth of chaetognaths can be described by the VBGFE.

Chaetognaths remain small and exhibit low growth performance.

Chaetognaths mature at a fraction of their maximum size that is similar to that of fish
of the same size.

Ol e

Therefore, we conclude that the chaetognaths conform to the Gill-Oxygen Limitations
Theory (GOLT), even though they lack gills.

While there are numerous studies on metabolic rate (i.e., O consumption) of chaetog-
naths [30,97,98,113,114], very little thought has been devoted to how they breathe, i.e., how
they transfer oxygen dissolved in the water surrounding them into their bodies. For exam-
ple, there is no mention of breathing, respiration, or oxygen in the otherwise wonderfully
detailed 12 chapters in the book The Biology of Chaetognaths [115].

One author [116] wrote about the long, flagella-like cilia in the gut of chaetognaths
that these cilia “maintain a current in the gut lumen. This may be concerned with respiration or
with the removal of dissolved excretory matter liberated by the intestinal cells. Neither circulation
of body fluids nor excretory organs have been described in Spadella so it may be concluded that
the intake of oxygen and the excretion of katabolites takes place at the surface of the body. If these
processes occur at the surface of the gut, then some mean would be necessary to renew the water
in the lumen. The cilia would provide this means.” However, this is not realistic because it
would require either a rapid throughflow (through the vent?) of ingested water or nearly
constant swallowing and regurgitation of oxygen-depleted water, none of which has ever
been observed.

We think it is unavoidable to infer that the integument of chaetognaths serves as their
respiratory organ. However, the integument may be thinner (and thus, given Equation (8),
more efficient for respiratory purposes) near the “corona”, a group of “cilia arranged around
a depression on the dorsal side of the head and/or neck” [117] (citing Kapp [118]). The corona is
where the cilia generate a flow which contributes “2 to 3 times more to the oxygen transport
than diffusion does” [117].

However, Bleich et al. [117] conclude, “While the corona ( ... ) may incidentally support
respiration, especially for the oxygen supply of brain, eyes and head muscles, this is most probably
not its main function.” They also note that “the continuous activity of the cilia of the corona
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means a considerable energy investment [119]. It lets us conclude that the corona and the generated
flow are important to chaetognaths.”

We cannot imagine a function more important for a small organism (which must
acquire all the oxygen it needs by diffusion from the boundary layer of water adjacent to its
integument) than to induce a flow that would renew the water surrounding them. Indeed,
this is necessary if a high O, gradient is to be maintained between the surrounding water
and its integument.

The GOLT is built around the assumption that animals that must extract the oxygen
they require from the water surrounding them will have increasing difficulties breathing
as their size increases because the volume of their bodies grows in three dimensions, i.e.,
faster than the surface area of the gills or other organ through which the required O, enters
the body.

This “dimensional tension” not only affects growth, but causes the maximum size of
WBE to be strongly dependent on temperature, because it not only limits the O, content of
water, but also increases their O, requirements [120].

Demonstrating the limiting effect of size on growth itself and that high temperatures
are associated with lower maximum sizes in WBE are both tests of the GOLT’s generality.
If positive, these tests suggest that the GOLT applies to the WBE in question.

Moreover, if the GOLT applies to a clade of WBE, other inferences can be drawn that
may explain some of their other traits. For example, given the estimation of likely von
Bertalanffy growth parameters illustrated in Table 4, their food consumption and food
conversion efficiency can be estimated [14], as can their productivity, or P/B ratios [121].

These various inferences should facilitate the inclusion of chaetognaths into trophic
models of marine ecosystems [122] as an explicit group, rather than an undifferentiated
component of “zooplankton” as is currently carried out in most cases; see repository of
the nearly 500 such models described by Colléter et al. [123]. They would also allow
chaetognaths, despite their taxonomic isolation, to be perceived as responding to the
influence of physical constraints in a manner similar to other small marine metazoans.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jmse9121397/s1. Table S1A: List of the 66 currently valid extant species of chaetognath belong-
ing to the order Aphragmophora. Table S1B: List of the 66 currently valid species of chaetognath
belonging to the order Phragmophora. Table S2: Weight-at-age data derived by Hirst and Forster [32]
from aquarium growth experiments with Ferosagitta hispida by Reeve and Walter [90] and Reeve and
Baker [91]. Table S3: Surface area (excluding fins) and volume of the body estimated from drawings
of adult specimens of 6 species of chaetognaths. The relative area is in cm?-g~! to enable comparisons
with other groups. Supplementary Materials S4: Detailed citation for old references.
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