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Abstract
Gelatinous zooplankton are an important component of many ecosystems and important for ecosystem

structure and carbon cycling. However, this group is generally not considered in biogeochemical models. Here
we investigate the biomass-to-volume ratio as an underappreciated “master trait” that allows for the incorpora-
tion of a large diversity of zooplankton groups into modeling exercises. By considering the biomass-to-volume
ratio as a continuum, we investigate the potential trade-offs between body composition and physiological
(e.g., clearance, respiration, carbon mass-specific growth, assimilation) as well as ecological (e.g., predator–prey
size ratio, feeding modes) traits. We find that a low carbon composition has a positive effect on the organism’s fit-
ness, as more prey could be captured for the same active mass. Thus, taking the biomass-to-volume ratio into
account could improve the estimation of physiological rates. Additionally, we show that gelatinous feeding-
current feeders (e.g., tunicata, Mnemiopsis spp., Rhizostoma spp.) have an ability to catch smaller prey over a wider
size range than non-gelatinous feeding-current feeding organisms (gelatinous feeding-current feeders min–max:
102–106 μmpredator μmprey

�1; non-gelatinous feeding-current feeders min–max: 5 � 100–8 � 101 μmpredator

μmprey
�1). However, results are only valid for the respective feeding mode, highlighting new trade-offs. This allows

us to re-evaluate the functional role of certain organisms, such as larvaceans (appendicularians), which were previ-
ously considered to be super-filters, or pteropods, which remain understudied. This study contributes to a wider
representation of the complexity of the zooplankton community in size-structured models. We highlight that the
biomass-to-volume ratio, along with size, is the most important parameter required to represent the full diversity
of zooplankton.

Marine plankton, though unable to counter ocean currents,
regulate their vertical position and exhibit fine-scale behav-
iors. Their short lifespans and direct exposure to environmen-
tal conditions make them highly responsive to climate change
(Ibarbalz et al. 2019; d’Elbée 2016). Shifts in temperature and
circulation patterns have already altered their biogeography
(Beaugrand 2005; Borkman and Smayda 2009). As key drivers
of oceanic biogeochemical cycles and major contributors to

the global carbon sink (Turner 2015), plankton are recognized
as essential ocean and climate variables (Bax et al. 2019). How-
ever, their immense diversity and complex interactions are
often oversimplified in models, limiting our understanding of
ecosystem responses to global change (Guidi et al. 2016).

To better represent the complexity of plankton functional
types are used in biogeochemical models, grouping species by
distinct ecological roles (Quere et al. 2005). However, for each
new functional group that is added to models, new parameters
have to be determined, making the models more complex,
and increasing their uncertainty. A way forward is the func-
tional trait-based approach, which uses one or more individual
properties or traits of organisms (Martini et al. 2021) to cover
a large diversity of organisms. This allows for reducing the
number of parameters required to capture the entire plankton
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community (Kiørboe et al. 2018). Many models adopt size as
the key trait (e.g., Heneghan et al. 2020; Serra-Pompei
et al. 2020; Negrete-García et al. 2022), though they still rely
on plankton functional types to reflect taxonomic and func-
tional variability, including feeding strategies.

The size trait is defined as a master trait of zooplankton
communities by Litchman et al. (2013), meaning that it is
a primary trait impacting the fitness of an organism
(e.g., growth, reproduction, feeding, and survival) and that
it affects many other functional traits. The biomass-
to-volume ratio refers to the carbon content of an organ-
ism and can be used to differentiate between gelatinous
and non-gelatinous plankton. It has also been defined as
having an impact on various ecological functions of zoo-
plankton organisms as well (Litchman et al. 2013; Martini
et al. 2021).

Compared to other groups, gelatinous zooplankton
exhibit higher carbon mass-specific feeding rates (Hamner
et al. 1975; Acuña et al. 2011), lower locomotion costs (Pitt
et al. 2013), and higher specific growth rates (Hirst
et al. 2003; Pitt et al. 2013; McConville et al. 2016). They
exploit a broad prey size spectrum, from viruses to fish
(Sutherland et al. 2010; Jaspers et al. 2023), making them a
highly competitive group. In some systems, overfishing has
led to shifts from fish to gelatinous dominance (Kawasaki
1993; Lynam et al. 2006; Brodeur et al. 2008). Their contri-
bution to carbon fluxes is increasingly recognized
(Henschke et al. 2016; Luo et al. 2020), highlighting their
often-overlooked role in biogeochemical cycles. As a result,
research interest in their physiology, trophic ecology, and
population dynamics has grown (Purcell 2012; Gibbons and
Richardson 2013; Condon et al. 2013).

However, gelatinous zooplankton span the entire tree of
life and show wide variation in biomass-to-volume ratios,
from 0.01% to 19.02% of the total wet mass (Molina-Ramírez
et al. 2015; McConville et al. 2016). Therefore, we here suggest
that the biomass-to-volume ratio could be considered as a con-
tinuous variable across large taxonomic ranges (McConville
et al. 2016) to facilitate incorporation into diverse modeling
exercises. This approach could enhance biogeochemical
models by more accurately reflecting zooplankton diversity
and improving predictions of carbon fluxes under climate
change.

Thus, in this study, we test the hypotheses that (1) the
biomass-to-volume ratio can be considered as a continuum
and (2) it impacts other physiological and ecological traits. To
investigate this, we compile experimental data on various
physiological and ecological traits and conduct statistical ana-
lyses. We quantify the impact of the biomass-to-volume ratio
on these rates and provide equations that can be applied in
size-structured models. Our results raise new hypotheses and
underscore the value of using biomass-to-volume ratios to
enhance the representation of all key zooplankton functional
groups in biogeochemical models.

Materials and methods
Compilation of physiological rates and trait data

In this study, we explored different types of traits (mor-
phological, physiological, and behavioral) which have an
influence on critical ecological processes (feeding, growth,
reproduction, and survival) in order to obtain the most com-
plete analysis of the trade-offs involved in biomass-to-volume
ratios (Litchman et al. 2013).

We compiled data on four physiological parameters: (1) car-
bon mass-specific growth rate, (2) clearance rate, (3) respiration
rate, and (4) assimilation rate, along with two functional
traits: (1) predator–prey size ratio and (2) feeding mode. The
aim was to collect data on 11 taxonomic categories of
zooplankton used in the study of McConville et al. (2016):
Ctenophores (Lobata, Cydippida, and Nuda), Cnidarians
(Scyphozoa and Hydrozoa), Thaliacea, Polychaeta, Chaeto-
gnatha, Mollusca, Crustacea (other than copepods), and
Copepoda. In addition to this taxon list, we also considered
larvaceans (appendicularians), not studied in McConville et al.
(2016). The selection of the different taxonomic levels is based
on the functional and morphological diversity within each
taxonomic category (e.g., phylum for Chaetognatha, but order
for Cydippida and Lobata within Ctenophora).

We then compiled the following datasets: Hirst et al. (2003)
for growth, Kiørboe and Hirst (2014) for growth, respiration,
and clearance, Acuña et al. (2011) for respiration and clear-
ance, and Boyce et al. (2015) for predator–prey size ratios. In
order to complete these datasets, 67 other sources were used.
The datasets and their sources are summarized in Supporting
Information Table S1 and are stored in the GitHub repository
(https://github.com/lemoinejulie/database_zooplankton_
traits). In addition to the predator–prey size ratios, when
available, a percentage of efficiency has been added to catch
the optimal prey size of each organism (Hansen et al. 1994).

For physiological rates, with the exception of assimilation
because this rate is not influenced by temperature, the effect
of temperature was corrected for each measurement, so the
values of physiological rates are the values at a reference tem-
perature of 15�C. To do this, following the work of Kiørboe
and Hirst (2014), a Q10 value of 2.8 was chosen (Hansen
et al. 1997). For some analyses, in order to study the influence
of other factors, the effect of physiological rate measurements
was normalized by the respective body mass (carbon or wet
mass). To do so, we used the power relationship Y = bWa,
with Y being the physiological rate and W the carbon or wet
weight. The parameters b and a are the values from the allo-
metric curve specific for each physiological rate (Table 1).

Feeding modes
Kiørboe’s (2011) study distinguished four main feeding

modes for zooplankton, which we will here refer to as feeding-
current feeders, cruise feeders, passive ambush feeders, and
active ambush feeders. Feeding-current feeders create a feeding
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current that is subsequently scanned for prey organisms in
multiple ways (e.g., tunicata, euphausiacea, Mnemiopsis spp.,
Rhizostoma spp.). In contrast, cruise feeders swim continuously
and detect prey by visual or chemical cues, hydrodynamic sig-
nals, and encounter their prey (e.g., Euchaeta spp.,
Clausocalanus furcatus, Metridia spp.). Passive ambush feeders
are non-motile and are feeding on motile prey by collision for
example, via their inflated body structures such as tentacles
(hydrozoa with siphonophores and hydromedusa such as
Sarsia spp.) or mucus nets (pteropods) in order to intercept
and capture their prey. Active ambush feeders, in contrast, are
non-mobile until they detect and attack their prey using
mechanical or chemical cues as signals (e.g., chaetognatha,
Beroe spp., Oithona spp.). The conceptual figure (Fig. 6) shows
these different feeding modes and their position on the
biomass-to-volume ratio continuum.

Biomass-to-volume ratio
The biomass-to-volume ratio is the ratio of carbon mass to

wet mass of an individual. It represents the degree of dilution
of the organism’s tissues. In the study by McConville et al.
(2016), wet mass and carbon mass measurements of the same
individual were used to calculate their biomass-to-volume
ratio. This provides biomass-to-volume ratios for 133 species
belonging to 11 taxa spanning the tree of life. As it is rare to
find simultaneous wet mass and carbon mass measurements
in the sources used for data compilation, a biomass-to-volume
ratio was assigned to each individual using those defined by
McConville et al. (2016). These estimates were made to the
nearest relative (i.e., to the species if available, then to the
genus), by averaging the biomass-to-volume ratios of all avail-
able species in this genus, then to the family, etc. The taxa
level used for the biomass-to-volume ratio estimation is indi-
cated in the accompanying database.

Larvacean (Appendicularia) biomass-to-volume ratio
Since the study by McConville et al. (2016) did not

include larvaceans, their biomass-to-volume ratio had to be
calculated differently. Larvaceans produce external filtering
structures, called houses, enabling them to filter particulate
material (Lombard et al. 2009). The gelatinous character of
larvaceans is not attributed to their body, which is similarly
carbon dense as copepods when considering their trunk
lengths (Jaspers et al. 2023), but to the house they create.
The house enables them to drastically increase their
exchange surface. Three biomass-to-volume ratios were cal-
culated for this taxon: the biomass-to-volume ratio of the
body (as calculated in Jaspers et al. 2023), the biomass-
to-volume ratio of the house, and the biomass-to-volume
ratio of the body-house complex (explanatory schema;
Supporting Information Fig. S1).

Initially, the following formula (Eq. 1; from Lombard
et al. 2009) was used to estimate carbon mass of the body
(CMbody; μgC) from trunk length (Ltrunk; μm):

CMbody ¼1:06�10�7�L2:6
trunk�10�6 ð1Þ

Using actual or estimated carbon mass values, body
biovolume (BVbody; mm3) can be determined using the follow-
ing formula (Eq. 2; Lombard et al. 2009):

BVbody ¼
CMbody

47:66
ð2Þ

The wet mass of the bodies (WMbody) can be calculated by
assuming that their density is equal to the density of seawater
(dsw = 1.025 g cm3) (Knutsen 2001) (Eq. 3):

WMbody ¼BVbody�dsw�10�3 ð3Þ

The biomass-to-volume ratio of the body was calculated by
dividing the carbon mass by the estimated wet mass. This gave
a body biomass-to-volume ratio of around 4.65% for
larvaceans (as reported in Jaspers et al. 2023).

Secondly, the formula given by the study of Lombard and
Kiørboe (2010) was used to estimate the house diameter
(Dhouse; μm) using actual or estimated trunk length
values (Eq. 4):

Dhouse ¼7:22�Ltrunk�595 ð4Þ

The house is assumed to be spherical, so the biovolume of
the house (BVhouse; mm3) is calculated using the following for-
mula (Eq. 5):

BVhouse ¼
Dhouse�10�3� �3

2
�π�4

3
ð5Þ

As before, we can estimate the wet mass of a house using
the density of seawater (Eq. 3).

The carbon mass of a house (CMhouse; μm) is estimated
from the carbon mass of the larvacean body according to the
formula established by Sato et al. (2001) (Eq. 6):

CMhouse ¼CMbody�0:153 ð6Þ

The biomass-to-volume ratio of the house was calculated in
a similar way. This provided an average biomass-to-volume
ratio for the house of 0.03%. Finally, the biomass-to-volume-
ratio of the body-house complex was determined by calculat-
ing the sum of the carbon mass of the house and body over
the sum of the wet mass of the house and body. This gave an
average body-house biomass-to-volume ratio of 0.07%.

Statistical analyses
To determine the relationships between each trait, linear

regressions (model II; Sokal and Rohlf 2012) followed by statis-
tical tests (Pearson test) were carried out to test the signifi-
cance of the observed trends. Furthermore, the clearance,
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respiration, and carbon mass-specific growth rates obtained
from two different equations were compared. The first type of
equation only took the mass (carbon or wet) into account,
while the second type of equation took the mass (carbon or
wet) and the biomass-to-volume ratio into account. Three
criteria were compared with (1) the coefficient of determi-
nation R2, (2) the Akaike Information Criterion, where we
assumed that the second type of equation was better when
the delta was superior to 2 (delta is the difference between
the Akaike Information Criterion values of each model)
(Anderson and Burnham 2002), and (3) the Akaike weight,
where a model with an Akaike value 10 times greater than
the value of the other models was considered to be more
significant (Royall 2017).

For the predator–prey size ratio, linear regression was
weighted by the percentage of efficiency in order to calculate
the optimal prey size as a function of biomass-to-volume ratio.
Mean and standard deviation of the predator/prey size ratio
for each species were calculated. We then calculated the maxi-
mum and minimum (corresponding to a normal distribution)
using the mean, standard deviation, and the second quartile
(corresponding to the optimal prey size). The scripts used for
these analyses are freely available on GitHub (https://github.
com/lemoinejulie/database_zooplankton_traits).

Results
Continuum of biomass-to-volume ratios

Across the planktonic kingdom (Supporting Information
Fig. S2), all biomass-to-volume ratios appear to be represented
(Fig. 1; red dots), reinforcing the idea that the biomass-
to-volume ratio is a continuous variable. However, the dataset
used in this study has some gaps, with intermediate carbon
compositions being less represented compared to other body
compositions (Fig. 1; gray dots).

Physiological traits
Our regression analyses confirmed that clearance and respi-

ration rates increased significantly with carbon mass (Fig. 2a,
b) as well as wet mass (Fig. 2d, e). Two groups of points com-
posed of organisms with very different body compositions
were clearly distinguishable by their carbon mass in the case
of clearance rate (Fig. 2a) and by their wet mass in the case of
respiration rate (Fig. 2e). Conversely, the carbon mass-specific
growth rate decreased as a function of carbon mass (Fig. 2c)
and wet mass (Fig. 2f), with greater variability than that
observed in the relationships between respiration and clear-
ance. The relationship between carbon mass-specific rate and
biomass-to-volume ratio enabled a deeper investigation into
the differences linked to biomass-to-volume ratios. Indeed, for
the carbon-mass specific, only clearance (Fig. 3a) and respira-
tion rates (Fig. 3b) changed significantly with biomass-
to-volume ratio. For the wet mass-specific, only respiration
(Fig. 3e) and growth (Fig. 3f) rates changed significantly with

biomass-to-volume ratio. Nevertheless, the correlation coeffi-
cient and R2 associated with the carbon-mass specific respira-
tion rate and the wet-mass specific growth rate were very low.

While directly related to feeding, the assimilation efficiency
seemed to be neither influenced by size nor carbon proportion
of the organisms (Fig. 4).

Comparison equations
The addition of biomass-to-volume ratio to the models of

respiration, clearance, and growth based on carbon mass and
wet mass increased or did not alter the explanatory power
(Table 1, R2). Indeed, the delta of the second-order Akaike cri-
terion (Table 1, Δi) was greater than 2 in the models that
included biomass-to-volume ratio in addition to either wet or
carbon mass in the majority of cases, indicating that adding
biomass-to-volume ratio was relevant for estimating these
rates (clearance, respiration, and growth). The Akaike Informa-
tion Criterion was only less than 2 for the model including
wet mass to estimate clearance rate and the model inclu-
ding carbon mass for estimating growth rate, suggesting that
adding biomass-to-volume ratio was not relevant for estimat-
ing clearance rate when using wet mass or growth rate when
using carbon mass. These results were confirmed by the Akaike
weights (Table 1, ωi), which were approximately 10 times
higher in the majority of models that included the biomass-
to-volume ratio. Only for the models using wet mass
vs. clearance rate and carbon mass vs. growth rate, the

Fig. 1. Continuum of biomass-to-volume ratios in the planktonic king-
dom. Wet mass (g) as a function of biomass-to-volume ratio (CM: carbon
mass, WM: wet mass) based on all data from this study (gray circle),
where biomass-to-volume ratio is assigned according to taxonomy follow-
ing McConville et al. (2016). Data from Kiørboe (2013) (red circle), where
carbon mass and wet mass were measured for the same individual, pro-
viding the actual biomass-to-volume ratio for each.
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Fig. 2. Trade-offs between physiological rates and two types of mass (carbon and wet) (a) Clearance rate (L d�1), (b) respiration rate (mmolO2 d
�1), (c)

carbon mass-specific growth rate (d�1) as a function of carbon mass (g). (d) Clearance rate (L d�1), (e) respiration rate (mmolO2 d
�1), (f) carbon mass-

specific growth rate (d�1) as a function of wet mass (g). The shape corresponds to the taxonomic groups.
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Fig. 3. Trade-offs between physiological rates and biomass-to-volume ratio by functional group. (a) Carbon-mass specific clearance rate (L d�1CM�b),
(b) carbon-mass specific respiration rate (mmolO2 d�1 CM�b), (c) carbon-mass specific growth rate (d�1 CM�b) as a function of biomass-to-volume ratio
(carbon mass % wet mass). (d) Wet-mass specific clearance rate (L d�1WM�b), (e) wet-mass specific respiration rate (mmolO2 d�1WM�b), (f) wet-mass
specific growth rate (d�1 WM�b) as a function of biomass-to-volume ratio (carbon mass % wet mass). The shape corresponds to the taxonomic groups.
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addition of biomass-to-volume ratios did not improve the ωi
criterion. This suggested that, except for wet mass vs. clear-
ance and growth vs. carbon mass, models including biomass-
to-volume ratio were significantly better than models based
on either carbon or wet mass alone.

Ecological traits
Including biomass-to-volume ratios also helped represent

the predator–prey size ratio, although this was impacted by
the feeding mode. We analyzed two parameters: the optimal
size of prey for each predator, obtained using the percentage
of efficiency, and the range of prey sizes that predators were
capable of capturing (minimum size � maximum size). For the
feeding-current feeders, a significantly negative relationship
between biomass-to-volume ratio and predator–prey size ratio
was observed (Fig. 5a), indicating that the optimal prey size
was significantly smaller for low-carbon-percentage organisms
compared to that of high-carbon-percentage organisms. The
range of catchable prey was higher for low-carbon than for
high-carbon organisms, meaning that low-carbon organisms
were able to catch prey over a larger size range than other
organisms. While regression analyses reveal the relationship
between the predator–prey size ratio and biomass-to-volume
ratio, taxonomic differences seem to play a key role in shaping
these relationships. They were driven by tunicates, whose
predator–prey size ratio ranged between 101 and 106 μmpredator

μmprey
�1, but this pattern was also valid for scyphomedusae,

whose ratio ranged between 100 and 104 μmpredator μmprey
�1,

which was greater than that of non-gelatinous organisms,
ranging between 101 and 103 μmpredator μmprey

�1. Only lobate
ctenophores and hydromedusae feeding-current feeders did
not follow this relationship and displayed predator–prey size
ratios between 100 and 102 μmpredator μmprey

�1.

For the passive ambush feeders, a significantly positive rela-
tionship between biomass-to-volume ratio and predator–prey
size ratio was found (Fig. 5b), indicating that, in contrast to
the feeding-current feeders, the optimal prey size was signifi-
cantly smaller for intermediate body composition than for
low-carbon organisms. Nevertheless, the range of catchable
prey was not impacted by body composition for this feeding
mode. This relationship also appears to be influenced by two
distinct taxonomic groups: hydromedusae and pteropods.
However, the limited data available for this feeding mode pre-
vent a higher level of taxonomic resolution, making it unclear
whether this relationship is driven solely by their biomass-
to-volume ratios. For active ambush feeders (Fig. 5b), no sig-
nificant relationship was found with the biomass-to-volume
ratio. This indicated that there was no impact of body compo-
sition on the catchable and optimal prey size for this feeding
mode. Finally, according to our knowledge, there is no gelati-
nous equivalent for the cruise feeding mode.

Discussion
The impacts of the biomass-to-volume ratio on
physiological traits

Respiration rate is a function of metabolic expenditures
varying from a fixed maintenance cost to variable costs due to
various activities such as swimming, feeding, etc. (Ware 1978).
These costs are related to the active mass of the organism for
which carbon mass is supposed to represent a better proxy
than wet mass (Acuña et al. 2011). In this study, respiration
rates cannot be summarized solely in terms of fixed mainte-
nance costs (basal respiration). The measured values are closer
to metabolic expenditure since the experimental protocols
cannot isolate basal respiration. Thus, results showed that
metabolic expenditures seem to be more important for gelati-
nous organisms than for non-gelatinous organisms. This may
be because gelatinous organisms have a larger total mass rela-
tive to their active mass, which increases their swimming costs
as they need to move more mass through the water for each
distance traveled compared to non-gelatinous organisms. For
clearance rates, whatever strategy is used (using filtration cur-
rent, chemosensing, etc.) finding food is directly dependent
on the encounter probability of its prey. Here, the surface area
interacting with the environment is key. For the same
exchange surface, clearance rate is the same, no matter the
body composition of the organism. Nevertheless, feeding for
gelatinous organisms is more advantageous because a greater
volume of water can be filtered for the same active mass com-
pared to non-gelatinous organisms. For example, despite hav-
ing a body carbon content similar to that of copepods,
larvaceans exhibit significantly higher growth rates (Jaspers
et al. 2023), a trait that could be attributed to the increased
exchange surface provided by their house. Finally, for the
same carbon mass, highly evolved visual predators such as fish
achieve clearance rates comparable to those of gelatinous

Fig. 4. Assimilation rate as a function of biomass-to-volume ratio (CM:
carbon mass, CW: wet mass). The shape corresponds to the taxonomic
groups.
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organisms, highlighting the exceptional optimization of their
feeding mechanisms (Acuña et al. 2011). Furthermore, the
assimilation efficiency does not appear to be influenced by
the size or the carbon content of the organisms. Directly
linked to feeding, but occurring after the filtration process, is
it possible that assimilation has not undergone any specific
adaptation unlike the rate of clearance? Thus, this comple-
mentary analysis of the two biomass measures presented in
this study underlines the importance of biomass-to-volume
ratios of organisms for their overall fitness.

Several trade-offs are involved for growth rates
The impact of biomass-to-volume ratio on growth rate

(defined as daily carbon mass gain) remains inconclusive. While
McConville et al. (2016) reported a negative correlation with spe-
cific growth rate, our results show no significant relationship.
Zooplankton communities typically cluster into gelatinous

(� 0.5% carbon) or non-gelatinous (5–10% carbon) forms, with
few intermediate forms (Kiørboe 2013; McConville et al. 2016;
Dölger et al. 2019), suggesting bimodality in terms of biomass.
This may reflect two growth optima, with intermediate forms
exhibiting lower growth rate than gelatinous and non-gelatinous
organisms. Growth rate integrates multiple physiological pro-
cesses (e.g., respiration, clearance, predator–prey size ratio), each
involving trade-offs that obscure simple relationships with the
biomass-to-volume ratio. Moreover, at the population level,
growth rate includes both organismal growth rate and popula-
tion growth (fecundity, fertilization, hatching success, etc.) and
mortality rates, adding further complexity. Our study focused on
7 of 23 zooplankton traits described by Litchman et al. (2013), so
unexamined trade-offs may help explain the bimodal success in
the biomass-to-volume ratio.

In addition, according to Kiørboe (2013), this bimodality
reflects a balance between feeding and survival. On the one

Fig. 5. Predator–prey size ratio as a function of biomass-to-volume ratio (CM%WM) for marine organisms spanning several orders of magnitude in size
and prey size ratios, split by feeding mode with (a) feeding-current feeders (blue), and (b) passive ambush feeders (orange), active ambush feeders (pur-
ple) and cruise feeders (green). The dotted line represents the predicted optimal size of prey and interval represents the range of catchable prey following
a normal distribution. The interval represents the maximum and minimum, shape corresponds to the taxonomic groups and colors represent feeding
modes. Statistical parameters refer to the predicted optimal prey size (dotted line) for feeding-current feeders (FCF) and passive ambush feeders (PAF).
CM: carbon mass. WM: wet mass.
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hand, dense-bodied zooplankton are efficient hunters but
more visible and nutritious to predators. On the other
hand, gelatinous zooplankton have efficient prey capture
structures but poor escape abilities, which may potentially
fully cancel the advantage of being large in escaping small
predators. Indeed, a large number of small amphipods,
copepods, or even decapods are known to specifically target
gelatinous plankton as prey (Heron 1973; Diebel 1988;
Kawaguchi and Takahashi 1996). Intermediate forms, typi-
cally ambush feeders, may benefit from lower density for
buoyancy control but are constrained by their foraging
mode (Kiørboe 2011, 2013).

The impacts of the biomass-to-volume ratio on ecological
traits

Our results demonstrate that the biomass-to-volume ratio
significantly influences prey size selection in feeding-current
strategies. Feeding-current feeders, present across various
planktonic taxa and sizes (Fig. 6), are generally adapted to
feed on small, non-evasive prey, mainly phytoplankton, but
also bacteria for some gelatinous organisms (Kiørboe 2011).
Gelatinous feeding-current feeders tend to capture a broader
range of prey sizes, with a preference for smaller organisms.
This may be an adaptation to increase encounter rates, as
smaller organisms are more abundant (Bodenheimer 1938;

Sheldon et al. 1972), which is a trend seen in both terrestrial
and marine environments (Cyr et al. 1997; White et al. 2007;
Gjoni and Glazier 2020). Additionally, the delicate filtering
structures of gelatinous filter feeders are better suited to cap-
turing less-active prey, thereby reducing the risk of mechani-
cal damage (Wirtz 2012).

In contrast, no clear relationship between predator–prey
size ratio and body composition was observed in ambush feed-
ing strategies, either active or passive, likely due to low taxo-
nomic resolution. This may be because ambush feeders rely
more on specialized appendages (e.g., mandibles, tentacles,
teeth), whose size scales isometrically with body size (except
for pteropods), leading to relatively constant predator–prey
size ratios. For instance, chaetognaths are considered neutral
predators due to this isometry (Wirtz 2012). Moreover,
ambush feeding involves handling time, as these predators
typically consume large, active prey. This necessitates strong,
robust capture organs and limits the development of larger,
yet more fragile, feeding structures. Gelatinous zooplankton
face similar trade-offs requiring a balance between encounter
and handling rates to optimize feeding efficiency (Hansson
and Kiørboe 2006). For example, cnidarians use specialized
stinging cells (cnidocytes) to subdue relatively large prey,
including fish larvae and even small fish (Damian-Serrano
et al. 2021).

Fig. 6. Trade-offs among different functional traits of gelatinous and non-gelatinous zooplankton. Representation of zooplankton diversity using two quantita-
tive variables: body size and biomass-to-volume ratio. Each organism uses a different feeding mode symbolized by the color in this diagram (blue: feeding current
feeders, orange: passive ambush feeders, purple: Active ambush feeders, green: cruise feeders). The gray arrows represent the variation in different physiological
parameters as a function of body size or biomass-to-volume ratio. The blue arrow represents the variation in the predator-–prey size ratio as a function of
biomass-to-volume ratio for feeding current feeders only. Schematic not to scale. Figure done by Thomas Boniface (Institut de la Mer de Villefranche (IMEV)).
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On the other hand, feeding-current feeders rely on
pump-generated flow to overcome head pressure and drive
water through filtration structures (Kiørboe 2011). These
structures vary across taxa, ranging from externally secreted
mucus nets (e.g., tunicates, pteropods) to specialized
appendages such as tentacles or maxillae (Rosenberg 1980).
Filtration efficiency is governed by encounter rates and
hydrodynamic factors (Dölger et al. 2019), and improves
with larger filtering surfaces, which are typically found in
organisms with low biomass-to-volume ratios (Acuña
et al. 2011). The effectiveness of these systems depends on
whether prey capture is mediated by cellular processes
(e.g., secretion, cnidocytes) or specialized organs
(e.g., mouthparts). Since metazoan cell size is relatively con-
stant, generally around tens of microns (Machalek 2005),
and organismal growth is primarily driven by increased cell
number (Amodeo and Skotheim 2016), the prey size
targeted by such mechanisms remains relatively unchanged
with predator size. This may explain why gelatinous
feeding-current feeders consistently capture smaller prey
relative to their body size. These findings highlight the
importance of biomass-to-volume ratio and feeding mode
in prey selection, and suggest that incorporating prey speci-
ficity by functional group may reduce uncertainty in zoo-
plankton grazing models, which has been shown as the
greatest source of uncertainty in modeling exercises con-
ducted to date (Sailley et al. 2013; Petrik et al. 2022; Rohr
et al. 2023).

Repositioning larvaceans and pteropods in this continuity
of biomass-to-volume ratios

Larvaceans have been termed as super-filters owing to
their sophisticated filtration system (Conley et al. 2018; Jas-
pers et al. 2023). This enables them to prey over the widest
range of predator–prey size ratios in the plankton
(> 10,000 : 1 to less than 10 : 1) and to capture prey items as
small as bacteria and large viruses (Conley et al. 2018; Jas-
pers et al. 2023). For calculating these predator–prey size
ratios, the predator size is generally based on the trunk size
of the larvacean only; hence, without taking the size of the
tail or its house into account. This calculation has led
larvaceans to be considered as different from other gelati-
nous zooplankton. Nevertheless, the house must be taken
into account, as it amplifies the filtration surface and there-
fore the encounter rates with prey items. In this study, we
considered the body and house as one complex (wet mass)
and the body as the active mass (carbon mass) of the
larvacean. By taking the body-house complex into account,
we show that physiological rates are consistent with those
observed in organisms of comparable body composition.

Similarly, pteropods utilize extensive mucous feeding webs,
spanning 5–10 times their body diameter (Gilmer and Har-
bison 1986); thereby augmenting their exchange surface for
prey capture akin to the larvacean house. However, due to

limited data, we were unable to include the biomass-to-
volume ratio of the body-mucus web complex for pteropods
in our analyses. Future work incorporating these structures
may reveal that their biomass-to-volume ratios are comparable
to other gelatinous zooplankton, especially considering that
pteropods can produce meter-scale webs from centimeter-scale
bodies (Gilmer 1974).

Limitations and uncertainties
It is important to note that these analyses are subject to

numerous limitations and uncertainties. One of the greatest
uncertainties is that a significant bias can be found in relation
to the biomass-to-volume ratio, as it has been attributed at
least by species and not by individual. This variability, visible
in all graphs where the biomass-to-volume ratio is used as an
explanatory variable, reduces the certainty of the results. Nev-
ertheless, this bias is difficult to reduce since only a few studies
have simultaneously measured wet mass, carbon mass, and a
physiological rate, providing the true biomass-to-volume ratio
of each individual. However, the scarcity of such data repre-
sents an obstacle to understanding the trade-offs involved in
the biomass-to-volume ratio. Efforts to measure wet mass and
carbon mass at the same time as physiological rates at
the individual level seem to be essential to better characterize
the advantages and disadvantages implied by a low biomass-
to-volume ratio.

Conclusion
Our different results are showing that inspecting two

important traits, size and biomass-to-volume ratio simulta-
neously, allows in a large number of cases to simplify most
observations of physiological rates to a single relationship.
This massive influence on other traits has led the size to be
considered as a “master trait” (Litchman et al. 2013; Martini
et al. 2021). Here we propose the biomass-to-volume ratio as
an additional “master trait,” acting together with size and hav-
ing a profound influence on other functional traits, at a point
that the classical separation of organisms within discrete func-
tional types vanished and could be resumed within their
essential differences of size and carbon density. To this end,
we propose equations to represent, as simply as possible, the
diversity of zooplankton organisms and the trade-offs
involved in being more or less gelatinous (Fig. 6). In general,
models use a unique biomass (carbon or wet) to estimate all
physiological rates (clearance, respiration, growth, etc.); never-
theless, this simplification leads to over- or under-estimations
of rates depending on the body composition of planktonic
organisms. Taking into account the right mass for the right
process is the first step in integrating a gelatinous functional
trait. We show that the incorporation of the biomass-
to-volume ratio can correct the estimate of physiological rates
when the biomass used for the estimates is not the one
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involved in the process (e.g., the wet mass for estimating the
respiration rate).

Furthermore, new trade-offs could be found if we continue
to analyze the relationship between the biomass-to-volume
ratio and other parameters. For example, decreasing the
biomass-to-volume ratio could have an effect on mortality by
increasing the chances of encountering a predator due to a
larger surface area. Finally, the incorporation of the biomass-
to-volume ratio in dynamical models will require special
attention. Indeed, we have considered this ratio as a continu-
ous variable because, in terms of diversity, every body compo-
sition can be found in the ecosystem. Nevertheless, in terms
of biomass, planktonic organisms converge towards gelatinous
or non-gelatinous with low intermediate biomass. Hence, bio-
geochemical models that want to include the biomass-
to-volume ratio will have to be careful not to overestimate the
biomass of intermediate body composition.
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