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INTRODUCTION

The prey size spectrum is an important property of
a consumer. It describes the optimum and size range
of prey that can be eaten and thus defines the trophic
position of the consumer (Boyce et al. 2015). It also
helps define the competitive ability, puts constraints
on spatio-temporal distributions, and impacts trophic
transfer efficiencies (Barnes et al. 2010). The prey
size spectrum is consequently a key parameter in
many ecosystem models (Banas 2011). Overall, larger
predators feed on larger prey when compared across
taxa and over many orders of magnitude in size
(Boyce et al. 2015), and this also applies to zooplank-
ton (Kiørboe 2008). However, there can be large
deviations from this overall pattern, both within and
between taxa (Hansen et al. 1994, Fuchs & Franks
2010), and attempts have consequently been made to
examine patterns in these deviations and explore
possible mechanistic underpinnings (Wirtz 2012).
Compared to other zooplankton, pelagic copepods
have a particularly large range of predator:prey size
ratios (Fuchs & Franks 2010), their foraging ecology
is well studied, and they are the most abundant

meso zooplankton group in the ocean. Thus, cope-
pods are a particularly relevant group to study in this
context.

Wirtz (2012, 2014) developed theories on the de-
pendency of predator:prey size ratios on feeding
mode in zooplankton and tested his ideas against ob -
servations. However, his classification of feeding
modes appears inconsistent. The paper has no ex -
plicit definition of the feeding mode classification but
distinguishes mainly between active feeding (cruis-
ing, ambushing; carnivory), passive feeding (feeding-
current feeding; detritivory) and mixed feeding (her-
bivory). However, a cruiser, an am busher, and a
feeding-current feeder may all feed on phytoplank-
ton, zooplankton and detritus, and it is unclear what a
‘mixed feeder’ is and so the groups appear ill defined.
Boyce et al. (2015) adopted the foraging categories
from Wirtz (2012), and the 2 papers then collect litera-
ture information to demonstrate that the prey:preda-
tor size ratio is largest for the passive feeders and
smallest for the active feeders, with the mixed group
in between. However, neither of the papers define
how they assign a feeding mode to individual species,
although Wirtz (2012) classified broad taxonomic
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groups to feeding strategy (e.g. dinoflagellates as ‘ac-
tive’, rotifers as ‘passive’ feeders, and flagellates as
‘mixed’) without justification or arguments.

Here, I use the simple classification and charac -
terization of feeding strategies defined by Kiørboe
(2011): (1) ambush feeders are motionless and wait
for motile prey to pass within the sensory reach or di-
rectly collide with the consumer; (2) feeding-current
feeders hover while generating a feeding current and
harvest prey that arrives with the feeding current;
and (3) cruise feeders capture prey that they en-
counter as they cruise through the water. The separa-
tion between cruise and feeding-current feeding is
not distinct; most zooplankters both generate a feed-
ing current and cruise through the water, and so here
I distinguish only between ambush feeders and active
feeders (cruise and feeding-current feeders). I apply
these categories to pelagic copepods, for which the
best data are available. Because the 2 types of feeders
perceive their prey differently (Gonçalves & Kiørboe
2015) and target somewhat different prey (an ambush
feeder can only encounter motile prey), I ask whether
prey size spectra vary with feeding mode.

THEORETICAL CONSIDERATIONS

The prey size spectrum of a consumer is the prod-
uct of the functions that describe how prey encounter
rate increases and capture and ingestion success
decreases with increasing prey size. These functions
determine the ascending and descending parts of the
prey size spectrum. In the following I discuss these
functions for the 2 foraging modes in copepods,
ignoring that other factors than size may influence
encounter rate and capture success.

The increase in encounter rate with prey size is
likely to differ between ambush and active feeders,
since they perceive their prey differently. Ambush
feeders perceive their prey through the fluid distur-
bance that the prey makes. Describing the prey as a
‘stresslet’, i.e. an often used idealized fluid mechani-
cal model of a self-propelled organism swimming at
low Reynolds numbers, yields that the detection dis-
tance, R, to the prey is R ∝ a(u/s*)0.5, where a and u
are the radius and velocity of the prey, respectively,
and s* is the signal strength required to elicit an
attack response (Svensen & Kiørboe 2000, Jiang &
Paffenhöfer 2008). The encounter rate then scales
with R2u ∝ a2u2/s* ∝ a4, that is, it rapidly increases
with increasing prey size. Prey smaller than a certain
threshold, ultimately prey that swim slower than s*,
cannot be perceived.

Active feeders may perceive motile prey the same
way, but may in addition (and mainly) encounter non-
motile prey, which are perceived differently. Most
observations suggest that the prey has to touch or
nearly touch the setae of the feeding appendages to
elicit a capture reaction (Gonçalves & Kiørboe 2015).
The exact detection mechanism remains controver-
sial, but there seems to be consensus that ob -
servations demonstrate that prey is detected only
when within a few prey radii (Kiørboe et al. 2016,
Paffen höfer & Jiang 2016), and a simple fluid me-
chanical model of Visser (2001) accords with ob -
servations in suggesting R ∝ a (Gonçalves & Kiørboe
2015). If the feeding current or swimming velocity is
v, the clearance rate scales with R2v ∝ a3. This may
not be entirely correct, since small prey close to the
detection limit are likely detected with lower proba-
bility than larger prey, but that probability presum-
ably saturates quickly with size. In addition, prey that
are too small to be detected may still be captured in a
passive mode, albeit at a relatively low rate (Price et
al. 1983, Vanderploeg et al. 1988). Thus, the consider-
ations suggest that prey sizes smaller than the detec-
tion limit are included in the size spectrum and that
the increase in encounter rate with increasing prey
size is slower in active feeders than in ambush
 feeders. Everything else being equal, this would push
the ascending part of the prey size spectrum towards
larger prey for ambush compared to active feeders.

The descending part of the size spectrum, deter-
mined by pursuit and capture success of encountered
(detected) prey, may also differ with feeding mode. In
both types, handling difficulties (Fig. 1A and Video S1
in the Supplement at www. int-res. com/ articles/ suppl /
m558 p015_ supp/) and gape width constrain the
upper limit of the prey size spectrum, but motile prey
may in addition be able to escape (Jakobsen 2001)
(Fig. 1B and Video S2), and larger and faster prey
likely escape more easily than smaller and slower
ones. This would push the de scending part of the
prey size spectrum towards smaller prey for ambush
feeders compared to active feeders.

Overall, the theoretical considerations suggest the
prey size spectrum to be narrower and shifted to -
wards larger prey for ambush feeders than for active
feeders.

MATERIALS AND METHODS

There are previous data compilations on prey size
spectra in copepods and other zooplankton, but they
define the prey size spectrum and the optimum prey

http://www.int-res.com/articles/suppl/m558p015_supp/
http://www.int-res.com/articles/suppl/m558p015_supp/
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size differently (Hansen et al. 1994, Fuchs & Franks
2010, Wirtz 2012). The prey size spectrum is best
described by the dependency of the maximum clear-
ance rate on prey size (Hansen et al. 1994), and I
adopt this description here. The maximum clearance
rate is the clearance rate at low prey concentration,
where processing (digestion) of prey is not limiting
ingestion. It is estimated as the initial slope of the
functional response in ingestion rate to prey concen-
tration for a Holling type II response, or as the peak
clearance rate for a Holling type III response. Ex -
panding on the database of Kiørboe & Hirst (2014),
I compiled experimental observations of functional
responses in marine suspension-feeding copepods
offered a variety of prey sizes. For each prey size I
computed the maximum clearance rate from fits of
functional type functions to the data, all as explained
in Kiørboe & Hirst (2014) and largely following
Hansen et al. (1994). All prey sizes and copepod sizes
were converted to carbon masses using information
in the original papers and standard conversion fac-
tors (Menden-Deuer & Lessard 2000, Kiørboe 2013).
To facilitate comparisons, all clearance rates were
converted to a temperature of 15°C assuming a Q10 of
2.8 as in Hansen et al. (1997). In each data set, the
optimum prey size was defined as the prey size yield-
ing the highest clearance rate. In many cases, the
highest clearance rate was found for the largest prey
tested, thus providing a minimum estimate of the

optimum prey size. In total, I compiled 271 estimates
of maximum clearance rates (78 and 193 for ambush
and active feeders, respectively), and 97 estimates of
optimum prey size (23 and 74, respectively). For ob -
vious reasons the database is biased towards adult
copepods of the most-studied species. All data are
shown in Table S1 in the Supplement.

RESULTS

The optimum prey size has a more narrow distribu-
tion and is shifted towards larger prey for ambush
compared to actively feeding copepods, as expected
(Fig 2A). The Gaussian fits suggest optimum  prey:
predator sizes differing significantly (Welch 2-sam-
ple t-test, p = 0.0002208) by a little more than an
order of magnitude between active and passive feed-
ers, with means of 10−3.7 and 10−2.4, respectively, and
a factor of ~7 higher variance for the active compared
to the passive feeders. When all estimates of maxi-
mum clearance rates are plotted together, a similar
but much less clear pattern emerges (Fig. 2B). Most
ob servations of clearance rates have been made with
smaller than optimally sized prey, and so most obser-
vations fall on the ascending part of the size spec-
trum. Therefore, some of the difference in Fig. 2A
reflects experimental choices of prey sizes. Never-
theless, the difference in optimum prey size persists

Fig. 1. High-speed video images showing feeding copepods and their prey (arrows). (A) The copepod Paracalanus parvus hand -
ling a large dinoflagellate (Akashiwo sanguinea). (B) The ciliate Mesodinium rubrum has been entrained in the feeding current
of Temora longicornis, and escapes by powerful jumps away from the copepod. See Videos S1 & S2 in the Supplement at 

www. int-res. com/ articles/ suppl/  m558 p015_ supp/
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and is statistically significant, e.g. as revealed by
comparison of the elevations in the 2 linear regres-
sions that predict relative prey sizes larger by a factor
of 10 for ambushers compared to active feeders (com-
parison of linear regression by ANOVA, p < 0.0001),
consistent with the above estimate.

DISCUSSION

The classification of foraging modes used here
applies to zooplankton in general (Kiørboe 2011), but
the results for copepods cannot be generalized. How-
ever, the idea that the prey size spectrum depends
on prey perception and capture mechanism applies
more generally and may help explain differences in
prey size spectra as reported for several groups of
marine zooplankton, including heterotrophic nano-
flagellates, dinoflagellates, cladocerans, and pelagic
tunicates (Hansen et al. 1994, Fuchs & Franks 2010).
It is important to note, however, that foraging mode
and prey perception and capture mechanisms are not
closely correlated, particularly when these mecha-
nistic explanations of prey size spectra are extended
beyond copepods. Thus, active feeders that generate
a feeding current may be true filter feeders (e.g. tuni-
cates), the feeding current may be a scanning current
from where prey are perceived and captured individ-
ually (e.g. copepods and rotifers), or the prey arriving
in the feeding current may simply be intercepted

by the (cell)body (‘interception feeders’, e.g. some
hetero trophic flagellates; Fenchel 1982). Similarly,
ambush feeders may remotely perceive and capture
individual prey (e.g. copepods, chaeotognaths; Kiør-
boe et al. 2009), or motile prey may simply bump into
the consumer without any pre-capture response of
the consumer (‘diffusion feeders’, e.g. helioflagellate;
Fenchel 1982).

Individual perception of prey requires that the prey
exceeds a certain threshold size to be detected. The
lower size limits for chemical and fluid mechanical
detection in the plankton is in the range of 1−10 µm
due to the physics of signal generation and trans -
mission (Kiørboe 2011), whereas visual detection —
which is rare and inefficient in zooplankton —
requires much larger prey (Martens et al. 2015).
Thus, millimetre-sized cladocerans and copepods of
the genus Cory ceaus that hunt prey visually typically
feed on prey near their own size (Landry et al. 1985),
whereas copepods using fluid-mechanical signals
have much lower size thresholds of around 2−10 µm.
Because the lower threshold for chemical and fluid
mechanical detection is independent of the size of
the consumer, unicellular dinoflagellates that per-
ceive individual prey from chemical cues (Buskey
1997) feed on prey that are large relative to them-
selves (Hansen et al. 1994)

In contrast, for active-feeding zooplankton that
concentrate prey automatically by some filtering pro-
cess, the lower size threshold is given by the filter
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Fig. 2. Frequency distributions of (A) optimum prey:predator size ratios for ambush and active feeding pelagic copepods and
(B) all maximum clearance rates plotted against prey:predator body carbon mass ratios for ambush-feeding and active-feeding
copepods. Gaussian distributions and linear regressions were fitted to the data. The mean and variance of the Gaussian fits are
−3.66 and 0.86 for the active feeders, respectively and −2.35 and 0.12 for the passive feeders, respectively, in panel (A). The
linear regressions in panel (B) are for ambush feeders:log(specific clearance rate) = 2.73 + 0.20 log(predator:prey ratio); active
feeders: log(specific clearance rate) = 3.04 + 0.21 log(predator:prey ratio). The slopes do not differ significantly, while the inter-
cepts do (p = 7 × 10−5), and the difference in intercepts corresponds to an order of magnitude larger optimum prey size for am-
bush feeders compared to active feeders. The Gaussian fits in panel (B) are mean = 2.04 and variance = 16 for active feeders, 

and 0.08 and 25, respectively, for passive feeders
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dimensions, which has no theoretical lower size limit.
Here the constraint is the pressure drop required to
push water through the filter: the finer the mesh, the
larger the amount of prey available in a unit volume
of ambient water, but the lower the clearance rate for
a set force to produce the pressure drop; the optimum
filter size is governed by this tradeoff. The archetyp-
ical planktonic filter feeders in the ocean are unicel-
lular choanoflagellates and pelagic tunicates; both
groups retain sub-micron sized particles (Andersen
1988, Sutherland et al. 2010). The upper size limit is
ultimately governed by the size of the consumer, and
the millimetre-sized and larger tunicates (salps, do -
lio lids, appendicularians) consequently have by far
the widest food size spectra reported among zoo-
plankton (Fuchs & Franks 2010). The availability of
larger prey to larger filter feeders relaxes the need of
a very fine-meshed filter, and would thus suggest
that larger tunicates have coarser meshes and larger
minimum prey sizes than smaller ones. This predic-
tion is confirmed by observations (Bone et al. 2003,
Sutherland et al. 2010).

Finally, heterotrophic ‘interception-’ and ‘diffusion-
feeding’ protists depend on advected or ‘diffusing’
(motile) prey directly intercepting the cell body with-
out any a priori sensing (Fenchel 1982). Simple fluid
physics arguments predict that encounter rates scale
with prey size and consumer size, respectively, for
these 2 feeding modes (Kiørboe 2011), and, hence,
that specific clearance rates scale with consumer size
(radius) to power −3 and −2, respectively, and clear-
ance rates are most efficient for small consumers
feeding on large prey. This implies large prey:
predator size ratios and also narrow prey size spec-
tra, since the upper prey size is again ultimately lim-
ited by consumer size. This is exactly as reported by
Fuchs & Franks (2010).

In conclusion, foraging mode and prey perception
and capture mechanisms determine diets (not vice
versa) and prey size spectra, and a correct mechanis-
tic understanding of these processes allows predic-
tions — or at least explanations—of prey size spectra
in zooplankton.
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