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ABSTRACT: Most marine plankton have a high energy (carbon) den-
sity, but some are gelatinous with approximately 100 times more wa-
tery bodies. How do those distinctly different body plans emerge, and
what are the trade-offs? We address this question by modeling the en-
ergy budget of planktonic filter feeders across life-forms, from micron-
sized unicellular microbes such as choanoflagellates to centimeter-sized
gelatinous tunicates such as salps. We find two equally successful strat-
egies, one being small with high energy density (dense dwarf) and the
other being large with low energy density (gelatinous giant). The con-
straint that forces large—but not small—filter feeders to be gelatinous
is identified as a lower limit to the size-specific filter area, below which
the energy costs lead to starvation. A further limit is found from the
maximum size-specific motor force that restricts the access to optimum
strategies. The quantified constraints are discussed in the context of other
resource-acquisition strategies. We argue that interception feeding strat-
egies can be accessed by large organisms only if they are gelatinous. On
the other hand, organisms that use remote prey sensing do not need to be
gelatinous, even if they are large.

Keywords: gelatinous zooplankton, filter feeding, low Reynolds num-
ber fluid dynamics, salps, choanoflagellates.

Introduction

Gelatinous organisms such as salps, jellyfish, and comb jellies
are characterized by a watery body with an energy (carbon)
density that is approximately 100 times lower than that of
nongelatinous (dense) forms (Kigrboe 2013; Lucas and Daw-
son 2014). Such organisms have become increasingly rec-
ognized for their important roles in the oceanic food web
(Alldredge and Madin 1982; Harbison 1992; Bone 1998;
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Arai 2001; Condon et al. 2012; Henschke et al. 2016), and
ithas been argued that the watery body makes them capable
of surviving in dilute environments due to their large prey
encounter surface (Harbison 1992; Acuna 2001; Acuna et al.
2011). Zooplankton body plans do not show only a dichot-
omy between gelatinous and dense organisms with few in-
termediate densities (Kigrboe 2013), but displayed in the
trait space of energy content E and energy density p, three
distinct groups are notable (fig. 1):' protozoans with small
energy content and “natural” dense body composition, ge-
latinous organisms (i.e., pelagic tunicates and jellyfish with
large energy content and low energy density), and other
zooplankton with large energy content and natural dense
body composition. In this study, we aim to rationalize these
observations.

Many plankton, including gelatinous organisms, are in-
terception feeders that create a feeding flow past themselves
and directly intercept prey rather than use remote prey sens-
ing. The strategy is widespread, but it is demanding since such
organisms need to process huge amounts of water to survive
in the nutritionally dilute oceanic environment (Kiorboe
2011). Interception feeding involves a fundamental trade-
off: the flow is crucial to collect prey, but energy is required
to create the flow. Filter feeders are a special group of inter-
ception feeders that pass the feeding flow through fibrous
structures where prey is retained. For planktonic filter feeders,
here we explore optimal and limiting strategies and the con-
ditions under which dense and gelatinous body plans emerge.

The main components of a filter feeder are the body, the
filter, and the motor that drives the feeding flow. The bi-
ological motor is made of either flagella, cilia, or muscles.
The two dominant groups of planktonic filter feeders that

1. Data underlying figs. 1 and 3-5 and tables 2 and 3 are deposited in the
Dryad Digital Repository: https://dx.doi.org/10.5061/dryad.n8f8gb0 (Dolger
et al. 2019).
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Figure 1: Energy density p versus energy content E for zooplankton.
Collected data for protozoans (blue squares), tunicates (green
triangles), jellyfish (purple circles), and other zooplankton that are
mainly copepods (red diamonds) (Kierboe 2013; Délger et al. 2019).

we investigate here as examples are choanoflagellates and
salps (fig. 2). They are on contrasting ends of the planktonic
size spectrum. Choanoflagellates are unicellular and use a sin-

Diaphanoeca grandis

gle flagellum to create a feeding current through a collar-
shaped filter made of strands (microvilli) that extend from
the cell (Leadbeater 2015). Salps are gelatinous pelagic tuni-
cates that are up to several centimeters long and use muscle
rings in a barrel-shaped body to drive flow through a filter
made of submicron-thick mucus strands (Bone 1998). The
filter spacing varies surprisingly little from choanoflagellates
to salps, and they thus compete for a common source of
micron-sized prey in the plankton (Hansen et al. 1994; Suth-
erland et al. 2010; Lombard et al. 2011; Nielsen et al. 2017).
We use these overarching similarities across life-forms to
set up a general energetics model of planktonic filter feeders
to quantify trade-offs and physiological limits.

Energetics models have been developed by Acuna and
collaborators to explore the scope for growth of gelatinous
species such as salps (filter feeders) and jellyfish (cruising
feeders). Acuna (2001) estimated the filter flow speed for
salps that maximizes growth, while Acuna et al. (2011) es-
timated the cruising speed for jellyfish that optimizes sur-
vival at low food concentrations.

We build on the models by Acuna and collaborators,
but in our energetics model we use size-specific quantities

Pegea confoederata
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Figure 2: Morphologies and models of planktonic filter feeders. A, Choanoflagellate of species Diaphanoeca grandis with cell, collar-shaped
filter, flagellum, and basketlike lorica structure with particles stuck on it. Image courtesy of Lasse Tor Nielsen. B, Salp of species Pegea con-
foederata with gelatinous barrel-shaped body and filter sac. C, Mucous filter of P. confoederata. Images courtesy of Kelly R. Sutherland.
D, E, Simplified schematic models of choanoflagellate (D) and salp (E). Red disks and blue arrows indicate prey particles and filter flow

directions, respectively.
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that allow us to model planktonic filter feeders across size
classes. We show that small organisms can have dense body
plans, while larger organisms must either be gelatinous to
ensure a sufficiently large filter area or be able to remotely
sense prey to survive in the pelagic realm of the ocean. We
further demonstrate that motor performance constrains op-
timality of filter flow speed and body plan.

Energetics Model of Planktonic Filter Feeders

The scope for growth of an individual—that is, the total
energy per time available for growth and reproduction—
is the energy gain (prey ingestion rate) minus the energy
cost (respiration rate). By dividing the scope for growth
and other quantities by the energy content of the organism
we arrive at energy-specific quantities, which allows us to
make comparisons across size classes. The energy content
of an organism is assumed to be proportional to its carbon
mass (Acuna 2001; Schmidt-Nielsen 2007). The energy-
specific scope for growth H is

H:G_Rf_Rb, (1)

where G is the energy-specific prey ingestion rate. A glos-
sary of symbols is provided in table 1. The energy-specific
respiration rate is divided into a dynamic part R for filter
flow creation and a basal part R, for maintenance. Both G
and R depend on the filter flow speed u, and we can write

H = Auc — kAvw*> — R,, (2)

where A is the energy-specific filter area, ¢ is the prey con-
centration in energy per volume, and k is the filter resis-

Table 1: Glossary of symbols

Dense Dwarfs versus Gelatinous Giants E000

tance that we model as a function of mesh spacing / and
strand radius a of the filter (table 2). The parameters A,
u, k, and R, are traits of the organism, while c is an external
parameter that defines the environment. For simplicity we
assume that the assimilation efficiency (i.e., the assimilated
fraction of the ingested energy) is 100% and that the energy-
specific clearance rate, Q, is independent of prey concentra-
tion and can be expressed as Q = Au. The latter assumption
is realistic for filter feeders that capture prey at low concen-
tration (Lehman 1976; Jeschke et al. 2004; Wirtz 2012).
We estimate the dynamic part of the energy-specific respi-
ration rate, R;, as the energy-specific motor force F = kAu
times the filter flow speed u, thus obtaining the energy-specific
power that goes into flow creation (Vogel 1994; Acuna 2001).
For simplicity, energy conversion efficiencies are assumed to
be 100%. The filter resistance k varies little across life-forms,
since observations show that mesh spacing [ and strand
radius a are similar in different planktonic filter feeders
(Bone et al. 1991; Leadbeater 2015). We model k as the low
Reynolds number resistance to water flow with viscosity p
through a filter consisting of parallel cylinders (table 2;
Tamada and Fujikawa 1957; Ayaz and Pedley 1999; Nielsen
et al. 2017). We assume that the filter will prevent flow cir-
cumvention (e.g., by a surrounding channel structure). The
additional resistance due to surrounding walls and channel
ends is neglected, which is reasonable for fine filters inside a
wide cavity, where the resistance due to the filter dominates.
The basal respiration rate is assumed to be proportional
to the energy content. This is different from the typical
Kleiber-type allometric scaling for which the specific met-

Symbol Description Unit
a Filter strand radius m

A Energy-specific filter area m* ]!
c Prey concentration Jm™
D Drag parameter for cruise feeder kg m™
E Energy content of organism ]

F Energy-specific motor force NJ™!

G Energy-specific prey ingestion rate s”!

H Energy-specific scope for growth s

k Filter resistance kg m™ s7!
l Filter mesh spacing m

Q Energy-specific clearance rate m'J s
R, Energy-specific basal respiration rate s

R; Energy-specific dynamical respiration rate s

R Maximum energy-specific dynamical respiration rate s

N Energy-specific projected body area of cruise feeder m’ ]!
u Filter flow speed ms '

v Swimming speed of cruise feeder ms™!
\% Body volume of organism m’

w Viscosity of water Pas

P Energy density of organism Jm™
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Table 2: Parameter values for Diaphanoeca grandis and Pegea confoederata

Parameter Description D. grandis P. confoederata
u(mst) Filter flow speed 7-10°° 2-10°°

I (m) Filter mesh spacing 5.1077 2.107°

a (m) Filter strand radius 81078 5.10°%
k(kgm™s7") Filter resistance 3.10* 3.10°

R, (s7) Energy-specific basal respiration rate 1-10°°¢ 1-10°°
Am2] Energy-specific filter area 3.10°¢ 6-10°°

Note: Flow speed, mesh spacing, strand radius, and area of the filter were taken from observed values on the respec-
tive species (Bone et al. 1991; Sutherland et al. 2010; Nielsen et al. 2017). For A, the filter area was divided by the energy
content. The energy content of P. confoederata was calculated from its observed carbon mass and with the conversion
factor 5.5-107 JkgC™" (Acuna 2001), while for D. grandis it was calculated from the cell volume times the “natural”
energy density p,,, = 1-10"Jm™ (Kiorboe 2013; Nielsen et al. 2017). The respiration rates were converted from ox-
ygen to energy consumption per time with the conversion factor 20JmLO, ' (Schmidt-Nielsen 2007). The filter resis-
tance coefficient was calculated as k = (8wp/l)/(1 — 2InT + 7% /6 — 7*/144), where 7 = 2ma/land p = 1-107° Pas is
the viscosity of water (Tamada and Fujikawa 1957). Data used for parameter value calculations are deposited in the

Dryad Digital Repository: https://dx.doi.org/10.5061/dryad.n8f8gb0 (Dolger et al. 2019).

abolic rate decreases with increasing size. Such nonlinear
scaling applies within individual groups of planktonic organ-
isms (e.g., protozoans and tunicates), but it is empirically
well established that the total respiration rate is proportional
to carbon content across groups (Makarieva et al. 2008;
Kierboe and Hirst 2014). Thus, we have a constant energy-
specific basal respiration rate, R,. Only total respiration rates
are usually recorded in experiments. The measured total res-
piration rates are used here as estimates for R,, since the
dynamic respiration rate, Ry, is variable and found to be well
below 10% of the total respiration rate (Crawford 1992; Svet-
lichny and Hubareva 2005). In the following, we assume that
R; is smaller or maximally equal to R,.

Evidently, our model of planktonic filter feeders does not
apply to all organisms that are typically classified as filter
feeders. First of all, the model applies only to filter feeders
that create low Reynolds number flows dominated by vis-
cous friction. Further, the flow-creating motor is assumed
to be separate from the filter, unlike in ciliated filters where
pump elements on the filter strands themselves create an ef-
fective slip velocity, such as in bivalves, brachiopods, or bryo-
zoans (Riisgdrd and Larsen 2010). Most of those ciliary sus-
pension feeders, however, live in the benthic zone where
more prey are available, while we consider pelagic plankton
that live in a very dilute environment where prey concentra-
tion is more limiting.

Characteristics of Filter Feeding

We first explore how the prey concentration, c, the energy-
specific filter area, A, and the filter flow speed, u, affect the
energy-specific scope for growth, and we determine favor-
able trait combinations. An optimal strategy in a stable envi-
ronment is to maximize the energy-specific scope for growth
(Acuna 2001). The filter flow speed that maximizes the

energy-specific scope for growth H in equation (2) with the
other parameters fixed is

=50 (3)

and with this strategy we obtain the maximum energy-
specific scope for growth as

Ac
4k
Thus, to achieve a high H,,.,, the energy-specific filter area,
A, should be large.

An alternative optimization strategy, which is especially
valuable in a fluctuating environment with competitors for
food, is to be able to survive at low prey concentrations
(Tilman 1982; Acuna et al. 2011). The limiting concentra-
tion below which the organism cannot sustain itself follows
from setting H equal to zero in equation (2):

R,

Cy=o = ku+A7u. (5)

Minimization of the function (5) with respect to u results

in the filter flow speed
R,
= — 6
e V kA (6)

and leads to the minimum limiting concentration

Hmax = - Rb . (4)

kR,

Conin = 2 R (7)

which decreases with A. Thus, a high energy-specific filter
area also favors this strategy.

To test the model, we compare the observed filter flow

speeds of the choanoflagellate Diaphanoeca grandis and

the salp Pegea confoederata at different prey concentrations
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with the two optimum strategies (fig. 3). We use observed
and estimated parameter values for A, k, and R, (table 2).
The contour line H = 0 divides feasible and unfeasible strat-
egies, and it is given by the limiting concentration cy =, de-
fined in equation (5). For low speeds where the basal respi-
ration dominates, it decreases with c;=, = R,/(Au), while
at high speeds, where the filter resistance dominates, it in-
creases as ¢y =, = ku. The energy-specific filter area is larger
for D. grandis than for P. confoederata, whereas the opposite
holds for the filter flow speeds (table 2). The observed speeds
u in both organisms are substantially lower than the opti-
mum speeds of equation (3) for maximization of the growth
rate at typical concentrations ¢y, and cpe. (tables 2, 3). The
observed low speeds can maximize H at very low concentra-
tions (Acuna 2001), but the strategy is unfeasible because
there H,,, is negative (fig. 3). The observed speed in D.
grandis can also not be explained by the optimum (6) for sur-
vival at low prey concentrations (fig. 34), whereas the ob-
served speed in P. confoederata is near the optimum value
u, (fig. 3B). This result supports the suggestion that gelati-
nous filter feeders are capable of surviving at low prey con-
centrations (Harbison 1992; Acuna 2001).

The energy-specific respiration rate R, is roughly constant
across life-forms, as discussed, and the filter resistance k also
varies only one order of magnitude within the variation in
body length of four orders of magnitude (fig. 2; table 2). To
explore the model predictions further, we now consider a
“standard” filter feeder with constant R, and k, for which
we use mean values (table 3). With this simplifying assump-
tion, we are left with three main variables: ¢, A, and u. The

A 5Diaphanoeca grandis
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prey concentration ¢ is determined by the environment
(table 3), whereas A and u define morphological and behav-
ioral key traits of the filter feeder (fig. 4A). Here the contour
line H = 0, which again separates feasible and unfeasible
strategies, is characterized by the curve

R,

AHZO = .
cu — ku?

(8)
Atlow speeds, we find the decreasing function A;; =, = R, /(cu),
and Ay =, goes to infinity when u approaches c/k. The max-
imum speed c/k, above which we have G — R; < 0 and thus
negative H, defines a general limit. However, most observed
filter feeders are far from reaching this maximum speed, and
only a small part of the trait space with positive H is occupied
(fig. 4A). The shown trait combinations are estimated from
measured filter flow speeds, filter areas, body sizes, and clear-
ance rates (Alldredge and Madin 1982; Nielsen et al. 2017;
table 2). The populated part of the trait space corresponds
to a narrow range in energy-specific clearance rate Q = Au
(mean = SD within purple lines; Alldredge and Madin 1982;
Kigrboe and Hirst 2014). This trend of an approximately
constant energy-specific clearance rate cannot be explained
by the global optimum strategies. However, motor perfor-
mance may constrain the accessible trait space and provide
a possible explanation of the trend, as we demonstrate in
the following section.

In summary, in this section we have determined feasible
and unfeasible trait combinations, both for our two study
organisms D. grandis and P. confoederata and for standard
filter feeders that represent filter feeders across planktonic

B 5Pegea confoederata

15 = - o3 -3 = 0
logo[u (ms™)]

Figure 3: Parameter space defined by the filter flow speed u and the prey concentration ¢ for the choanoflagellate Diaphanoeca grandis (A) and
the salp Pegea confoederata (B). The blue line corresponds to the zero scope for growth contour line as calculated from equation (5) and using
structural and functional parameters from table 2 (Délger et al. 2019). This line separates regions with positive (blue shading) and negative (gray
shading) scope for growth. The filter flow speeds that yield maximum scope for growth H,,,, at given prey concentrations are shown by the red
line (eq. [3]). The lowest prey concentration c,,, at which the organism can survive is shown as the black line (eq. [7]). The observed filter flow
speed (table 2) and a typical range of prey concentrations between ¢, and ¢, (table 3) are shown by a purple bar.
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Table 3: Parameter values and ranges for the “standard” planktonic filter feeders

Parameter Description Value/range
Clow (J M™3) Low prey concentration 5.10°
Crmean (J M73) Mean prey concentration 5.10°

[ (m) Filter mesh spacing 1-10°°

a (m) Filter strand radius 1-1077
k(kgm™s) Filter resistance 1-10*

R, (s7) Energy-specific basal respiration rate 1-10°°
log,o (Q/[m*>J"s7']) Energy-specific clearance rate —83+ 4
R (s71) Maximum energy-specific power 1-107°
Foax (NT7H) Maximum energy-specific force 1-107*

Note: Observed carbon concentrations based on the abundance of particles with diameter > 2um were used to calculate energy
concentrations with the conversion factor 5.5 - 10 ] kgC™" (Buck et al. 1996; Acuna 2001). The parameter ¢, is estimated as the
mean concentration found in regions with the lowest concentrations, and ¢y, is estimated as the mean found in regions with the
highest concentrations; both are measured in the North Atlantic (Buck et al. 1996). The energy-specific basal respiration rate (and
the maximum energy-specific power) were estimated from average measured carbon-specific rates (Kigrboe and Hirst 2014). The
maximum energy-specific force was estimated from the highest energy-specific clearance rate in filter feeders using F, = kQuas-
Mean and standard deviation of the energy-specific clearance rates Q were calculated assuming a lognormal distribution with ob-
servations from different filter feeders (Alldredge and Madin 1982; Nielsen et al. 2017). Data used for parameter value calculations

are deposited in the Dryad Digital Repository: https://dx.doi.org/10.5061/dryad.n8f8gb0 (Délger et al. 2019).

life-forms. In doing so we have identified the energy-specific
filter area and the filter flow speed as the key traits for fil-
ter feeders.

Limitations to Body Plan and Filter Flow Speed

There are, of course, limits to the power and force of the mo-
tor that creates the filter flow, and these limits depend on the
body plan. One natural constraint is found by assuming that

. & iy
Hmax
-3
T -4
E
s, —9
&
- -6
Amin
-7
-6 =3 -4 —3 -2 -1

logo[u (ms™)]

the maximum motor power is proportional to the energy
content of the organism. Such proportionality is suggested
by several studies on metabolic rates at high activity (Weibel
and Hoppeler 2005; Glazier 2014; Meyer-Vernet and Rospars
2016). From this we obtain a constant maximum limit R,
to the energy-specific dynamic respiration rate Ry, as has also
been found for the energy-specific total respiration rate
(Kigrboe and Hirst 2014). We make the simplifying assump-
tion that the maximum motor power is equal to the basal res-
piration rate (i.e., in the extreme case, the total consumption

-4
log;o[u (ms™)]

Figure 4: Optima and constraints in the trait space defined by filter flow speed u and energy-specific filter area A for “standard” planktonic filter
feeders at a typical low prey concentration ¢, (table 2). The blue line corresponds to the zero scope for growth contour line as calculated from
equation (8) and using structural and functional parameters from table 2. This line separates regions with positive (blue shading in A) and neg-
ative (gray shading) scope for growth. The purple lines reflect the range of clearance rates (log mean + SD) and envelope observed trait com-
binations (green triangles: tunicates; blue squares: protozoans; Dolger et al. 2019). Also represented are the line for maximum scope for growth
(Humaxs €q. [3]; A) and the lines for a maximum power constraint (R, eq. [9]; B) and maximum force constraint (F,,..; eq. [11]; B), which define
a narrow feasible trait region (green shading) from an unfeasible region above the maximum limits (gray shading). A comparison of observed
and modeled feasible trait combinations suggests that planktonic filter feeders are dominantly limited by the maximum force constraint.
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is divided equally between filter flow creation and mainte-
nance). Thus, we have

kAu? < Ry = Ry. (9)

The larger the energy-specific filter area, A, the lower the fil-
ter flow speed, u, that the motor can generate. With the power
limit R,,,,, the speed is limited by that maximum

Rinux

A
which, with R,.. = R,, coincides with u, in equation (6).
A second natural constraint is that of a maximum motor
force. Marden and Allen (2002) have found that the maxi-
mum force for cyclical motors is proportional to the motor
mass. In our model, we can define such a limit as a constant
maximum energy-specific force F,,,., from which we obtain
the constraint

(10)

Up =

kAu < F,.

(11)

Due to the force limit F,,,,, the filter flow speed is limited by
the maximum

Frnax
e = (12)
If both limits are valid as general constraints, the limit to
motor performance is ultimately determined by the lower
of the two (fig. 4B).

The feasible combinations of A and u are restricted by the
contour line H = 0 (eq. [8]) and the motor performance
limits R,,., (eq. [10]) and F,,.., (eq. [12]). We observe that fil-
ter feeders are force limited rather than power limited at
typical low prey concentrations (table 3; fig. 4B). This ob-
servation can be understood since most filter feeders have
an approximately constant energy-specific clearance rate Q,
as discussed earlier, and using the relation F = kQ, this leads
to an approximately constant F. Further, from the maximum
clearance rate, Q,,.., we estimate the value of the force limit
Fox = kQux = 1-107* N J7! (table 3).

With all considered constraints, we can calculate an energy-
specific filter area, A,.i.,» below which H is negative (fig. 4).
This is determined as the minimum of the contour line
Ay =, that is,

_ 4kR,

Apin = .
1] CZ

(13)

The minimum in equation (13) is within the feasible trait
spaceaslongas F,,,, > 2kR,/cand R,,,, > R, (see the appen-
dix). In the following section we will show how to deter-
mine the maximum energy density from the minimum of
the energy-specific filter area.

To summarize this section, we have shown that upper
limits on force and power both constrain the accessible trait
combinations for filter feeders, and most importantly we

Dense Dwarfs versus Gelatinous Giants E000

have shown that the energy-specific filter area displays a min-
imum below which filter feeding is unfeasible.

Maximum Energy Density

As discussed in the introduction, zooplankton separate into
three distinct groups in the trait space of energy content E
and energy density p (i.e., protozoans, gelatinous organisms,
and other zooplankton; fig. 1). We now argue that these dis-
tinct body plans are a consequence of the feeding strategies.
The argument for filter feeders is that there exists a minimum
energy-specific filter area, A, below which filter feeding is
unfeasible (eq. [13]; appendix). We expect variability but no
size-dependent trends in the details of body shape, and we
therefore disregard such effects in our analysis. We assume that
the filter area is proportional to the body surface area, and we
estimate it as V>, where V. = E/p is the body volume. With
the relation we can determine from A,,;, a maximum energy
density, pmao as a function of the energy content, E, as

1
AS/-Z El/z :

min

(14)

3

Pmax =

For a typical low prey concentration ¢,, = 5-10° J m™, we
find A,;, = 2-1077 m* J™" and our prediction of the maxi-
mum energy density p,... (fig. 5A). The natural energy density
of approximately p,, = 110" J m™ (Kigrboe 2013; Ddlger
et al. 2019) is feasible for unicellular filter feeders with small
energy content. Their small size allows them a sufficiently
large energy-specific filter area with no need to be gelatinous
(dense dwarfs). However, organisms with large energy con-
tent are forced by equation (14) to have a lower energy den-
sity to sustain a large enough prey encounter surface (gelati-
nous giants). The maximum energy density depends not only
on the energy content but also on the prey concentration. By
combining equations (13) and (14), we obtain the expression

C3

8k3/2Rt3)/2E1/2 4 (15)

which is valid when F,,,, > 2kR,/cand R,,,, > R, (appendix).
The formula suggests that p,,,, increases strongly (cubically)
with the prey concentration c. For protozoans, we find that
Pmax is well above the natural energy density p,,, even for prey
concentrations below ¢, whereas for tunicates the constraint
is much more restrictive (fig. 5B).

Pmax =

Discussion

In this article, we have laid out an energetics model of fil-
ter feeders. When analyzing the model, we have used the
fact that the filter resistance, k, and the energy-specific res-
piration rate, Ry, are roughly constant across size classes,
and we have identified the energy-specific filter area, A, and
the filter flow speed, u, as the key traits that characterize filter
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Figure 5: Energy density limits. A, Trait space defined by the energy content E and the energy density p. The collected data for protozoans
(blue squares), tunicates (green triangles), jellyfish (purple circles), and other zooplankton that are mainly copepods (red diamonds) are the
same as in figure 1. The black, dashed line indicates the maximum feasible energy density p,,.. for filter feeders at low prey concentration ¢y,
(eq. [14]). B, The maximum energy density p,.., for filter feeders as a function of prey concentration c (eqq. [13], [14], [A14]). Lines are
shown for protozoans with low energy content E = 2 - 10~* J (blue, dashed) and for tunicates with high energy content E = 3 - 10* J (green,
solid). The vertical (black, dashed) line indicates the prey concentration ¢, that is used in A, and the horizontal (black, solid) line indicates
the “natural” energy density p,,, = 1-10" Jm™’ found in nongelatinous organisms.

feeders. The interplay in the model between gain and cost
of energy has the key implication that a minimum energy-
specific filter area is necessary to collect enough food to sus-
tain a living. From this minimum energy-specific filter area,
A,y We have identified a maximum sustainable energy den-
Sity, pmaw s @ function of energy content, E, and we have dem-
onstrated a pressure toward being gelatinous that increases
with increasing size, thus rationalizing the occurrence of
gelatinous body plans only in large plankton.

Observations suggest that zooplankton are either dense
or gelatinous, with few intermediate species (fig. 1; Kigrboe
2013). Our proposed scaling of the maximum energy den-
sity with energy content would suggest the existence of or-
ganisms with intermediate energy densities in the range of
energy contents between 107> and 1 J. However, this size
range with only a few observations marks the transition be-
tween unicellular and multicellular organisms, with the lat-
ter typically consisting of 100 or more cells, hence the gap in
energy content (fig. 1).

To what extent can our arguments be generalized to other
interception feeders that do not possess a filter? For large in-
terception feeders that cruise through the water and directly
intercept prey on their body, such as jellyfish, Acuna et al.
(2011) developed a model for the scope for growth. For those
organisms, the main energy cost was assumed to be due to the
drag force on the swimming body. With this assumption, we
can write the energy-specific scope for growth for cruise
feeders analogous to the filter feeder model (eq. [2]) as

H = Svc — DSV’ — R, (16)

where S is the energy-specific projected body area in the flow
direction, D is a constant proportional to the drag coeffi-

cient, and v is the swimming speed. The main difference
from the filter feeders is contained in the scaling of the flow
producing power with v* instead of v* due to the higher
Reynolds number of the feeding flow. However, we obtain
similar qualitative features of the model, and we can deter-
mine a minimum energy-specific area as

S L 33/2D1/2Rb
min T 2(:3/2

(17)

Below S,.i, the energy-specific scope for growth is negative.
Limits to the body plan follow from equation (14) with S,
instead of A,;,, and thus our arguments appear to hold for
large interception feeders in general (fig. 5A).

For the group of other zooplankton with large energy con-
tent and energy density above p,,.., direct interception feeding
in the pelagic zone would not be feasible, since those organisms
have too low energy-specific body surface areas (fig. 5A).
Rather than compensating for this by being gelatinous, these
organisms have evolved advanced sensing capabilities, such
as flow sensing or vision, to perceive their prey individually
and from a distance (Martens et al. 2015), thus effectively in-
creasing their encounter surface area beyond their body sur-
face area (Acuna et al. 2011).

So far we have argued for an upper limit to the energy den-
sity, but there must also exist a limit to how gelatinous an or-
ganism can be. Generally we can argue that at large energy-
specific filter areas, H asymptotically approaches its largest
value F,,.c/k — R, within the allowed trait combinations
(fig. 4B). Most organisms in the observed range of trait com-
binations are within a high percentage of this largest value,
and we speculate that the diminishing return makes further
dilution unprofitable, even if the costs are very small. The
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costs associated with being gelatinous are poorly defined.
However, in general the need for structures to distribute re-
sources and maintain the integrity of the organism (e.g., in
the face of turbulence) increases with water content, as does
the cost of swimming because a larger body implies a larger
drag (Kierboe 2013).

We have demonstrated that physiological constraints ulti-
mately limit the motor performance and hence the ability of
filter feeders to perform optimally. We now compare the ob-
served energy-specific forces of filter feeders to the constant
motor mass-specific forces for cyclical motors found by
Marden and Allen (2002). Those authors found a constant
motor mass-specific force of 57 N kg™, around which a wide
range of motors cluster tightly, including biological motors
such as swimming fish. With the measured average energy-
specific clearance rate Q = 5- 107" m’ s7' J7' and a typical
filter resistance k = 1 - 10*kgm™s™" (table 3), we can calcu-
late the energy-specific forces used to create the feeding cur-
rent to approximately F = 5 - 107° N J~' as average for plank-
tonic filter feeders. To convert to force per motor mass, we
multiply with the ratio of motor energy density to motor mass
density. The motor mass density can be approximated by the
density of water (1 - 10° kg m™), and we estimate the motor
energy density as p,,. (Acuna 2001; Kigrboe 2013). We thus
get a motor mass-specific force of around 500 N kg™' for
planktonic filter feeders, which is approximately 10 times
larger than the universal value found by Marden and Allen
(2002). However, small biological motors are underrepre-
sented in their data set. The few very small motors character-
ized by Marden and Allen, such as swimming bacteria, are
not classified in the group of constant motor mass-specific
force but exhibit increasing motor mass—specific forces with
decreasing size, even exceeding 500 N kg™'. The motor mass—
specific forces produced by copepods during escape jumps
(Kierboe et al. 2010; Svetlichny et al. 2018) are similarly an or-
der of magnitude larger than the universal value proposed by
Marden and Allen (2002). This suggests special circumstances
for small biological motors, which need to be further explored.
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APPENDIX

Minimum Energy-Specific Filter Area

Here we detail how the minimum energy-specific filter area
is calculated in our model. The feasible filter-feeding strat-
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egies (green region in fig. 4B) are defined as combinations of
energy-specific filter area A and filter flow speed u that ful-
fill the following conditions.

1. The energy-specific growth rate is nonnegative,
that is,

H = Auc — kAv* — R, > 0. (A1)

2. The energy-specific power to create the feeding flow
is maximally equal to R, that is,

kAu? < R, (A2)

3. The energy-specific force to create the feeding flow is
maximally equal to F,,,, that is,

kAu < F . (A3)

The minimum energy-specific filter area is defined as the
minimum A within the feasible region, and we shall con-
sider three different cases depending on the values of R,,..
and F,,..

In the first case, which is discussed as the relevant case
in the derivation of equation (13), the limit on positive growth
(Al) determines the minimum A. This case is defined by
the conditions

Rmax Z Rb’ (A4)
Fru 2 2, (A5)
[

that is, here the power limit and the force limit are large
enough to not constrain A,,,. We find this lower limit by
minimizing Ay =, (eq. [8]) with respect to u, which leads to

_4kR,

Amin - 2 (A6)
c
at the filter flow speed
c
Upin — ﬁ (A7)

In the second case, the power limit (A2) dominates, and the
conditions defining this case are

Ryax < Ry, (A8)

Fmax Z k(Rmax + Rb) )

C

(A9)

The minimum A is calculated here as the intersection of the
contour line H = 0 and the contour line kAu?> = R, and
it takes the form

_ k(Rmax + Ryp)’

A = A10
min Cz Rmax ( )
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at the filter flow speed
c Rb - Rmax
Umin = =7 l—— .
2k Rb + Rmax

In the third case, the force limit (A3) dominates, and the
conditions defining this case are

(A11)

Rmax Z F";:XC - Rb) (Alz)
R g, < 2R (A13)
[ C

The minimum A is calculated in this case as the intersection
of the contour line H = 0 and the contour line kAu = F_,,
and it takes the form

FZ
Amin =— (A14)
FmaxC - ka
at the filter flow speed
c 2kR, — F,...cC
= (1 e T ) Al5
Y ( FouC > (A15)

Having determined A,,, in the three cases, it is possible to
use equation (14) to obtain the corresponding expressions
for the maximum energy density as a function of the energy
content.
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Editor: Russell Bonduriansky

“The Ttalian naturalist, D’Albertis, for example, encountered several species, notably Paradisea raggiana, along the Fly River—a large
stream flowing southeast from the mountains of the interior and emptying into the Gulf of Papua, to the right of Torres Straits. . . . The
velvety softness of the feathers is as observable in Raggiana as in all birds of paradise, while the exquisite intermingling or suffusion of vivid
colors, although at the same time these are quite distinct, is just as inimitable.” From “Some Birds of Paradise from New Guinea” by Geo. S.

Mead (The American Naturalist, 1894, 28:915-920).
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