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Modelled three-dimensional suction
accuracy predicts prey capture success
in three species of centrarchid fishes

Emily A. Kane and Timothy E. Higham

Department of Biology, University of California, 900 University Avenue, Riverside, CA 92521, USA

Prey capture is critical for survival, and differences in correctly positioning and
timing a strike (accuracy) are likely related to variation in capture success.
However, an ability to quantify accuracy under natural conditions, particu-
larly for fishes, is lacking. We developed a predictive model of suction
hydrodynamics and applied it to natural behaviours using three-dimensional
kinematics of three centrarchid fishes capturing evasive and non-evasive prey.
A spheroid ingested volume of water (IVW) with dimensions predicted by
peak gape and ram speed was verified with known hydrodynamics for
two species. Differences in capture success occurred primarily with evasive
prey (64-96% success). Micropterus salmoides had the greatest ram and gape
when capturing evasive prey, resulting in the largest and most elongate
IVW. Accuracy predicted capture success, although other factors may also
be important. The lower accuracy previously observed in M. salmoides was
not replicated, but this is likely due to more natural conditions in our study.
Additionally, we discuss the role of modulation and integrated behaviours
in shaping the IVW and determining accuracy. With our model, accuracy is
a more accessible performance measure for suction-feeding fishes, which
can be used to explore macroevolutionary patterns of prey capture evolution.

1. Introduction

The ability to capture prey is critical for survival in predatory animals. Capture
strategies vary depending on specializations in predator and prey, and the outcome
is determined by performance and behaviour of both the predator and prey [1-5].
For predators, a large component of success is likely due to strike accuracy, or the
ability to correctly position and time a strike [6]. In this way, accuracy is the link
between feeding performance (how well predators perform feeding behaviours)
and predator success (whether or not prey are captured), and acts as an ecologically
relevant measure of capture performance [7]. However, despite the importance of
accuracy to predator strategies, our understanding of the determinants of predator
success is poor, particularly in suction-feeding fishes (but see [6,8—10]).

Suction is a widespread predatory strategy used by fishes [11-14], and accu-
racy is particularly important for these predators, but quantifying accuracy has
been difficult. Suction is generated by rapidly expanding the mouth cavity, creat-
ing a pressure gradient that draws water and prey into the mouth [14-19].
Because suction force decays rapidly with distance from the mouth [17,20], preda-
tors must accurately position and time the suction field to successfully entrain
prey [19,20]. The term ‘accuracy’ has been used synonymously with capture
success, where predators with greater success are assumed to be more accurate
[21-26]. However, a successful prey capture event depends on several factors
related to both the predator and prey [8], and accuracy may not be directly related
to success. Another more direct method linearly relates predator and prey pos-
ition [6,19,27]. However, it may not be relevant for suction-feeding fishes,
where predators rely on a volume of water positioned anterior to their jaws to cap-
ture prey [17,18,20,28,29], rather than their jaws directly. Therefore, predator
accuracy should instead be quantified relative to the ingested volume of water
(IVW) [28,29]. This requires fluid visualization techniques such as digital particle
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Figure 1. Comparison of reference and modelled IVW shapes. Open grey circles show the top, left, bottom and right boundary vertices of an IVW trace from the reference
dataset [28], and the connecting grey line shows a typical outline of an IVW bound by these points. Using the length (/) and height (h) determined from these vertices, the
[VW was modelled as a two-dimensional ellipse (solid line and points). Owing to this estimation, the centre of the parcel (COP, centre of the ellipse) was not always located
at the intersection of reference / and h line segments. Accuracy (Al) was calculated as the ratio of the distance from the centre of the modelled IVW to the prey centre of
mass (offset red line, dye) relative to the distance from the COP to the boundary of the ellipse, through the prey centre of mass (purple line, dyoundary), Subtracted from
one. Predator not drawn to scale. The modelled VW provides a good approximation of the reference VW (table 3). (Online version in colour.)

image velocimetry (DPIV) that can be labour intensive, inhibit-
ing large-scale analyses of suction accuracy and understanding
its importance for predators.

The IVW contains all particles of water that enter the mouth
cavity during a feeding event [30]. The ability to define the
IVW is possible because suction forces decay rapidly with dis-
tance from the mouth [17,20], limiting the number of particles
that are ingested. Ingested particles are tracked back to the
frame of mouth opening and encircled, defining the volume
within which all particles are ingested [10,28,29]. In this way,
the ingested volume represents a summation through time
but is visualized spatially in the frame of mouth opening (elec-
tronic supplementary material, figure S1). Suction accuracy
is then quantified by relating prey position to the centre
of the ingested volume (figure 1; [29]). As an effect of parti-
cle summation, the length axis represents time, because the
first particle ingested is closest to the predator, and the last
particle is farthest (relative to the start position). Additionally,
the position of maximum height corresponds to the timing
of peak gape when suction force is the strongest [17], and
50% of the total volume has been ingested [29]. The greatest
suction accuracy should be experienced when prey are
located closer to the centre of the IVW, because it maximizes
the distance to the edge of the volume, limiting the possibi-
lity for prey to escape the volume [30]. By quantifying
suction accuracy relative to the centre of the IVW, accuracy
reflects both the correct timing and position of the IVW relative
to the prey.

This method of quantifying accuracy has helped describe
performance differences within and between species [10,28,29].
For example, although Lepomis macrochirus (bluegill sunfish)
is more accurate, Micropterus salmoides (largemouth bass)

generates a larger ingested volume that may be beneficial for
capturing evasive prey [29]. Additionally, successful strikes
in Chiloscyllium plagiosum (white-spotted bamboo sharks)
occurred with increased accuracy [10]. However, DPIV limits
the variation in both predator accuracy and success, because
it requires precisely controlled positions of predator and
prey, so that the feeding event is captured within a laser
sheet [10,28,29]. This restrictive environment is not representa-
tive of natural conditions, and for suction accuracy to be a more
applicable performance measure, it is necessary to define a
method for estimating shape parameters of the IVW based
on non-invasive measurements such as three-dimensional kin-
ematics. Because simple kinematics such as gape, time to peak
gape and predator ram speed are indicators of suction perform-
ance [19,31], and because the IVW encompasses the particles
ingested as a result of suction performance [28,30], these
kinematic parameters can also be expected to predict IVW
shape parameters such as length and height. We use cen-
trarchid fishes (freshwater sunfishes and basses) to construct
a regression-based model of IVW shape to quantify suction
accuracy during more natural predator—prey encounters than
what can be achieved by using DPIV-based methods.
Centrarchids are a model system for understanding not
only the mechanics of suction [17,20,28,31-33], but also the
relationships between feeding morphology, performance and
ecology [34—-40]. This small family contains three primary
lineages [41]: Lepomis sp. capture small evasive or attached
prey with forceful suction [8,38,39], Micropterus sp. capture
large evasive prey using ram and high-volume suction
[8,29,42], and the Pomoxis clade, containing the remaining
less derived and more generalized genera, capture a range of
prey items with relatively unspecialized suction ability
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[8,38,39,41]. Suction and ram have traditionally been con-
sidered endpoints of a feeding performance continuum [13],
and because of their differences in feeding ecology and per-
formance, L. macrochirus (bluegill sunfish) and M. salmoides
(largemouth bass) have been used as model fishes for each
behaviour, respectively [8,29,39,43,44]. We will also use these
species as representatives of feeding performance extremes,
but will include L. cyanellus (green sunfish), a species that
shares evolutionary history and morphological characteristics
with L. macrochirus, but is convergent with M. salmoides in
capturing large evasive prey [38,39,41,42] and represents a
potential intermediate level of performance.

Our study has three primary objectives: (i) model the
IVW as a spheroid and generate predictive equations of IVW
length and height based on data from previously published
DPIV studies using L. macrochirus and M. salmoides. (i) Apply
this model to more natural unrestrained feeding events by
quantifying three-dimensional kinematics of L. macrochirus,
L. cyanellus and M. salmoides capturing evasive and non-evasive
prey. (iii) Determine the relationship between suction accuracy
quantified under more natural conditions and capture success.
Using this new technique, we show that predators vary in cap-
ture success as a result of differences in the size and shape of the
suction volume as well as the ability to correctly position and
time the suction volume.

2. Methods
2.1. Modelling the ingested volume

Original data (referred to as reference data) were from previously
published DPIV studies that visualized the flow of water into the
mouth of feeding L. macrochirus (three individuals, 22 trials) and
M. salmoides (three individuals, 29 trials) [28,29]. Predators were
filmed in in the lateral perspective capturing tethered prey items.
The dimensions of the IVW were determined by manually tracking
particles from mouth opening until mouth closing, and a boundary
was drawn, in the frame of mouth opening, around particles that
crossed the predator’s jaws and were ingested (figure 1 grey bound-
ary and the electronic supplementary material, figure S1). Further
details on these methods are published elsewhere [17,28,29].
From these trials, the digitized positions of the top, bottom,
left and right vertices of the boundary in the midsagittal plane
of the predator (figure 1, grey open circles) were used to calculate
maximum IVW height (i, cm) and length (I, cm) and the ratio of
height : length (H : L). The centre of mass of the parcel (COP) was
used to calculate the distance to the prey (dprey, cm) and distance
to the boundary through the prey centre of mass (dpoundary, M)
Accuracy index (AL table 1) was calculated using the following

equation (figure 1):
d re
Al=1- (%) (2.1)
dboundary

where Al = 1 indicated prey were located at the centre of the VW
and AI < 0 indicated prey were located outside of the boundary.
Kinematics, including ram speed (predator velocity taken at the
time of peak gape, cm s '), peak gape height (greatest distance
between upper and lower jaws, cm) and time to peak gape
height (TTPG; time from mouth opening to peak gape height,
ms), were calculated for each trial. All of these data were quantified
in previously published work, but are available in supplemental
material uploaded to Dryad (doi:10.5061/dryad.hf591).

To model the IVW, we simplified the shape and then pre-
dicted the dimensions using kinematics. An ellipse was used to
approximate the rounded shape of the IVW in the midsagittal

Table 1. List of symbols and abbreviations®.

symbol definition

Al accuracy |ndex
AIX o sary o ; e
My indexinthe ydimensin
Al, accuracy index in the zdrmensron
o i ofthe parcel ofwater O
dbounda,y - drstance from the COP to the mtersectron wrth the IVW

boundary, through the prey centre of mass (cm)

dp,ey o drstance from the (OP to the prey centre of mass (cm)

' h - maxrmum IVW herght reference dataset (cm)

hp . predrcted VW herght from muItrpIe regressron (cm) o
CHiL herght Iength fatio o
T mgested i of e
o maxrmu . IVW Iength : referen ce dataset(cm ) .............
lp predrcted W Iength from muItrpIe regressron (cm) o
o estrmated probabrlrty of apture success o
TG time to peak gape herght from mouth openrng o

peak gape (ms)
Wp predrcted three-dimensional IVW wrdth equaI o

} h (cm)

aTabIe does not |nclude symbols used in the electronrc supplementary
material.

plane of the predator [17,18,28,29]. Each IVW variable was then
calculated using I and h as the major and minor axes of an
ellipse, respectively (for details, see electronic supplementary
material, Methods), and variables were compared with the refer-
ence data using Student’s t-test to validate that the elliptical
IVW was similar to that of the reference IVW for each species.
Following validation of the IVW shape, multiple linear
regressions were used to predict IVW height (1,) and length
(I, dependent variables) from ram speed, peak gape height
and TTPG (independent variables), so that ellipse dimensions
could be obtained without the use of DPIV. Because species
were chosen to bracket the range of functional performance
and prediction equations that are applicable for any species
within the observed kinematic range are more useful, multiple
linear regressions were carried out at the sample unit of trials
(n = 52 trials). All possible combinations of kinematic variables
were included as independent variables, and statistical models
were compared using corrected Akaike information criteria
(AICc) values [45,46]. Because the difference between models
can be small, Akaike weights (w;) were calculated to assess the
probability that the best model was the best given the other
models, and evidence ratios (ERs) were calculated to determine
how many times greater the best model was compared with
other models [45,46]. Models with ER > 3 had little support.
All calculations were performed in Matlab (R2010a, The Math-
Works, Inc., Natick, MA), and code for performing these analyses
can be found on the primary author’s personal website. All statistics
were performed in JMP (ver. 10.0, SAS Institute, Inc., Cary, NC).

2.2. Quantifying accuracy under unrestrained conditions

2.2.1. Three-dimensional kinematics
To expand the accuracy metric to more natural behaviours,
where predator and prey could respond in any direction,
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Table 2. Species, sample sizes and capture success rates for three-dimensional kinematic dataset. SL, standard length; n, sample size for statistical analyses on [}

three-dimensional kinematic data. Values are mean =+ s.d.

Lepomis macrochirus

Mmean 5L {cm) .. 588 1031

‘ mean body mass(g)

capture success (%)
68.6 (evasive)

no. individuals analyse.d” » 5

no. trials analysed (by individual),
non-evasive
R analysed (bylndlwdual)
evasive
 no. evasive trials analysed that were missed
capture attempts (by individual)

three-dimensional analyses were necessary and comprise original
data used to assess differences in accuracy and success among pre-
dators. Individuals were collected from Issaqueena Lake, Clemson
University Experimental Forest, Clemson, SC (table 2). Specimens
were housed individually in 381 aquaria maintained at 24°C,
and were fed daily with commercially available frozen invert-
ebrates (bloodworms, mosquito larvae, pieces of frozen shrimp)
or live fish (wild-type sailfin mollies, Poecilia latipinna). Fish were
transferred to a 751 filming tank and allowed to acclimate
for 1-2 days, during which time food was withheld. The Insti-
tutional Animal Care and Use Committees at Clemson
University and the University of California, Riverside approved
all experimental procedures.

Individuals were recorded at 500 fps (1080 x 1080 pixels,
Photron APX-RS, Photron USA Inc., San Diego, CA) using two
cameras to record lateral and ventral views (figure 2) while cap-
turing non-evasive free-floating cut pieces of shrimp or evasive
live untethered mollies (filming volume 53 x 32 x 29 cm). These
prey items were chosen to elicit a range of prey capture behaviours
that encompassed previously collected DPIV behaviours [28,29]
as well as maximum performance behaviours, and both prey
items were scaled to predator mouth size. Capture success was
determined by scoring all trials as either a capture or miss,
where misses were classified as trials in which the prey centre of
mass did not cross the boundary of the predator’s jaws, and was
determined visually after each trial. Trials in which the predator
missed and then captured the prey in a subsequent attempt were
scored as a miss. For each species capturing evasive prey, a combi-
nation of successful and unsuccessful trials were chosen for
analysis to represent the overall capture success observed in each
species (table 2).

Trials were digitized (figure 2) using DLTdv3 [47] in Matlab,
and all points were smoothed using a lowpass butterworth filter
with a 60 Hz cut-off frequency (as in reference [48]). This value
was chosen by evaluating smoothing results across a range of
values for several representative videos. Smoothing was verified
visually for each trial to ensure the precision of smoothed values.
The midpoint of the mouth aperture was the average three-
dimensional position of both the upper and lower jaws, and was
used to position the IVW relative to the predator and prey
(electronic supplementary material, Methods). The following kin-
ematics were analysed using the smoothed digitized points: prey
velocity (mean velocity of estimated prey centre of mass prior to

93.8 (non-evasive)

5’5’6’ 5’5 (n= 26ma|5) S

Lepomis cyanellus Micropterus salmoides

6.57 + 0.74
9.90 4+ 432
96.4 (non-evasive)

7.72 + 279
965 (non-evasive)
63.6 (evasive) 95.8 (evasive)

119 105

5,5,5,5 5 (n=25 trials)

5,5, 5 (n =15 trials) 5,5,5,5, 4 (n= 24 trials)

4’6’4 (n=14ma|5) 5’ 5’6’ 5’ 5 (n :25ma|5) v

(@)

Figure 2. Digitized three-dimensional anatomical landmarks shown on a
trace of a representative M. salmoides trial for the (a) lateral and (b) ventral
views. 1, approximate prey centre of mass; 2, tip of predator upper jaw; 3, tip
of predator lower jaw and 4, approximate predator centre of mass.

movement induced by suction, cm s '), peak gape height (maxi-
mum distance between the upper and lower jaws, cm), TTPG
(elapsed time between mouth opening and peak gape, ms) and
ram speed (change in predator centre of mass position divided
by the change in time between frames, taken at the time of peak
gape, cms '). Studies on centrarchids typically define mouth
opening as 20—95% of peak gape owing to variable mouth opening
and asymptotic gape height [17,28,29], but here neither of these
conditions was apparent.

2.2.2. Applying the ingested volume of water model to three-

dimensional dynamic capture events
Al was calculated by determining the three-dimensional distance
between the COP and the prey, and relating this to the three-
dimensional distance between the COP and the IVW boundary
(through the prey centre of mass) as in equation (2.1). For details
regarding modifications of the model for three dimensions and
calculation of the boundary intersection point, see the electronic
supplementary material, Methods. As in previous work [29], Al
was also calculated in each dimension. Ingested volume (em®)
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Figure 3. Three-dimensional reconstruction of a representative L. macrochirus
trial showing the positions of predator (large black dots) and prey (red dot)
landmarks at 4 ms prior to prey capture. The estimated ingested volume of
water (IVW) is overlain using grey shaded ellipses representing X, ¥ and 7
dimensions. Predicted height (hy), length (/) and width (w,) of the
volume are shown with dashed grey lines. Accuracy is calculated following
figure 1, where d;, (red line) is the three-dimensional distance to the prey
and dj, (purple line) is the three-dimensional distance to the spheroid bound-
ary through the prey centre of mass. This figure was generated from trial for
which sample data are available in the electronic supplementary material.
Parameters for this trial are as follows: ram 86.5 cms ', gape 1.06 cm,
time to peak gape 32 ms, mean prey velocity 13.5cms ", I, 4.78 am,
hy, W, 3.62am, H:L 0.76, d, 030 cm, d, 1.81cm, Al 0.83, ingested
volume 32.68 cm?. (Online version in colour.)

was quantified using the ellipsoid volume equation

4
Ingested volume = (g) * (Ip* wp™ hp). (2.2)

All kinematic analyses and calculations were performed in
Matlab. Supplemental material uploaded to Dryad (doi:10.
5061/ dryad.hf591) includes a sample video for the trial used to
generate figure 3 and smoothed digitized points for this video.
Matlab code for analysing this trial can be found in a .zip file
on the primary author’s personal website, which also includes
the smoothed digitized points data.

The combinations of species and prey type were chosen to rep-
resent the range of functional variation across centrarchids
(suction, ram and intermediate feeding specialization; high and
low performance), and statistical analysis used these functional
groups (e.g. combinations of species and prey type such as
L. macrochirus with evasive prey) rather than nesting prey type
within species. Individual variation was significant only for H: L
in M. salmoides (Kruskal-Wallis, individuals within species as
independent variable, 2 = 18.39, p = 0.0010) and was not signifi-
cant for any other three-dimensional IVW parameter (p > 0.21).
Therefore, the effect of individual was considered insignificant,
and trials within each functional group were used as the sampl-
ing units (table 2; n = 14-26 trials for each (species x prey type)
functional group).

Means were calculated for H: L, ingested volume, Aland Alin
each dimension, inclusive of misses, for each functional group.
Assumptions of normality and equal variance within each func-
tional group were tested with Shapiro—Wilk’s and Levene’s tests,
respectively. Neither of these assumptions was met by all func-
tional groups, and non-parametric Kruskall-Wallis tests were
performed with H : L, ingested volume, Al or Alin each dimension

as dependent variables and functional groups as independent “

variables. These were followed with post hoc Dunn’s multiple
comparison tests to determine which groups were significantly
different. Means are given with standard error except when
indicated. All statistics were performed in JMP.

2.3. The relationship to capture success

To determine the relevance of predator accuracy to prey capture
behaviours, a logistic regression was performed between capture
success (binary dependent variable) and Al (continuous indepen-
dent variable). As with the equations for predicting IVW height
and length, the interest was in predictive capability across the
range of prey capture behaviours among species, and logistic
regression analyses were performed on evasive prey trials without
accounting for species or individual (n =66 trials). Logistic
regression was performed using Matlab.

3. Results

3.1. A regression-based ingested volume
of water model

No significant differences in the parameters of H:L and Al
were found between reference and modelled volumes, and
an ellipse captured the geometry of the IVW in the midsagit-
tal plane of the predator (table 3). In the absence of known
IVW vertices, height of the IVW was predicted using
predator ram speed and peak gape height (table 4) with
the equation

hp = 0.670 + (0.018 * ram) + (1.311 * gape). (3.1)

The best regression model for predicting IVW length only
included ram speed. However, if ram speed is 0 cm st (it is
possible for predators to use suction with no forward move-
ment), then this would result in predicting a constant IVW
length across a range of species and behaviours. Therefore, we
chose to use the second best model for further analyses, which
included both ram and gape (table 4) with the equation

lp = 0.927 4- (0.037 % ram) + (0.611 * gape). (3.2)

This model explained a similar amount of variation as the best
model without gape (table 4), and although it did result in I,
values that significantly decreased by 0.34-0.45 cm and signifi-
cantly more circular ingested volumes, it did not result in
differences in Al across species (electronic supplementary
material, table S1). Because predators must open their mouths
to generate suction, and because mouth size reflects the capacity
to generate suction [43], including gape in the regression
equations essentially scaled the IVW to the predator’s
mouth size. Time to peak gape was not included in the best
fitting model for either h, or I, (table 4). Both regression
models (for /i, and [,) explained a significant portion of the vari-
ation in the reference values of each parameter (i,: ANOVA,
Fr43=164.04, p<0.0001; I,: ANOVA, Fp43=12331, p<
0.0001), and the predicted values were similar to the actual
values calculated using the reference dataset (figure 4).

3.2. Applying suction accuracy to more natural
three-dimensional trials

Success was high for all species when capturing non-evasive
prey, but varied when capturing evasive prey (table 2).
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Table 3. Student’s t-test for reference and modelled IVW parameters. H: L, height : length; diy,, distance to the prey; dyoungary, distance to the boundary; n

Al, accuracy index. Values for reference and modelled IVW are mean =+ s.e. No variables are significantly different (v = 0.05).

variable species reference modelled t p

H:L L. macrochirus 1.15 4+ 0.03 1.16 + 0.03 —0.17 0.87
M. salmoides 1.02 + 0.03 1.00 + 0.03 0.28 0.78

Oorey L. macrochirus 0.21 + 0.03 0.26 + 0.03 —1.25 0.22

M. salmoides 101 + 0.06

houndary L. macrochirus 1.03 + 0.04 1.00 £ 0.04 0.62 0.54
R 189i o 1931006 T e
TR [ 080i o 0741_003 .............................. T o
T 046i o 0541003 e

Table 4. Multiple linear regression model selection statistics for predicting VW height and length using the reference dataset. Predictors are ordered by AIC. :
value. TTPG, time to peak gape height; DF, degrees of freedom; SSE, error sum of squares; RMSE, root mean squared error; AIC,, corrected Akaike information

criterion; w;, Akaike weight; ER, evidence ratio.
parameters
estimated d.f. SSE

predictors of IVW height
fam -+ gape

RMSE

adjusted R’ AIC, w; ER

3
am 4 gape +HPG e s s o me oo e
ram 2 49 13.68 0.53 0.68 84.14 0.17 4.25
. ram+ e s e wme om me
......... gape e e s we wo e wem
......... gape+TTPG e e s e wme om ks
Cme S o an o s won w0 10 2 10
. pred[(torg S /ength ..........................................................................................................................................................................
ST
ram+gape e
e ram+TTPG Y
ram+gape+TTPG e s
......... gape e an wm |
B g.a.p.é +TTPG ............................ . w s e e o o o
TTPG 2 49 83.4 130 0.02 17633 0.00 2.50 x 10"

*Best choice model (smallest AIC,).
®Model used in further analyses (see Results section 3.1).

Although M. salmoides had similarly high success rates with
both prey types, both L. macrochirus and L. cyanellus decreased
success rates by 25.2% and 32.8%, respectively, when capturing
evasive prey. Differences across prey types were also apparent
with kinematics (table 5). Ram speeds ranged from 22.1 +
24cms™ ! in L. macrochirus capturing non-evasive prey to
114.3 + 49 cm s~ ! in M. salmoides capturing evasive prey and
peak gape height ranged from 0.83 +0.05cm to 121 +
0.07 cm in the same species and prey types. Therefore, these
functional groups represent observed extremes in kinematic
performance in this study. Ram speed and peak gape height
in L. cyanellus were intermediate to the other species when cap-
turing evasive prey, but were both greater than the other species
for non-evasive prey, indicating that performance differences
between prey types was not as dramatic in L. cyanellus.

Kinematic differences led to significant differences in the
shape (H: L; Kruskal-Wallis, )é = 63.34, p <0.0001) and size
(ingested volume; Kruskal—-Wallis, Xé =76.90, p <0.0001) of
the IVW (table 5). The ratio of H: L ranged from 0.74 + 0.015
(elongate) for M. salmoides capturing evasive prey to 0.96 +
0.015 (nearly circular) for L. macrochirus capturing non-evasive
prey, supporting the idea that these two functional groups
represent extremes in performance. Additionally, the H:L of
L. macrochirus capturing non-evasive prey was significantly
greater than any species capturing evasive prey, and L. cyanellus
was the only species where H : L was not different across prey
types (figure 5). Differences in size of the ingested volume mir-
rored those observed for H:L. The greatest ingested volume
was observed for M. salmoides capturing evasive prey and was
greater than all other functional groups with the exception of
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Figure 4. The relationship between predicted and actual values (from the reference dataset) of IVW (a) height and (b) length. Height and length were predicted
using multiple linear regressions with ram speed and gape height as predictors (table 4). L. macrochirus trials are shown with blue triangles and M. salmoides trials
are shown with orange squares. The regression line and 95% prediction intervals are also shown with a black line and grey shading, respectively. These intervals
indicate the ability to obtain each actual value at a given predicted value. (Online version in colour.)

Table 5. Mean three-dimensional kinematics and modelled IVW parameters for each species and prey type. NE, non-evasive prey; E, evasive prey; TIPG, time to
peak gape height, h,, predicted height; /,, predicted length, H:L, height : length ratio, Al, accuracy index; Al,, accuracy along the x-axis; Al,, accuracy along the
y-axis; Al,, accuracy along the z-axis. Values are mean + s.e. Significant differences among means are discussed in the text and figure 5.

L. macrochirus

L. cyanellus M. Salmoides

variable NE NE [

ram (am s~ ) 208 + 24 68.00 + 53 65.13 + 92 8961 + 66 4781 + 74 11429 + 49
Cgape () 0834005  105+003 1004004 1084005 0904007 1214007
s
Chy(m) 2154000 328401 3164020  36+017 2714019 4314011
T amien ameim smiom  amion  smeon smeny
CHiL 096+ 0015 082 +0014  083+005  076+0009  086+0020 074+ 0015
e emiem amiom teioem weion omice omooe
Ghoundary () 110 + 0.5 185 + 0.10 183 + 0.15 215 + 0.14 155 + 0.15 262 + 0.08
e O
Al, 0.88 + 0.02 0.69 + 0.05 081 + 0.04 0.72 + 0.09 080 + 0.02 0.83 + 0.03
S S
A, 0914002 0804005 0944002 0794006 0914002 095+ 001
el sios meanmirss wmster mises  meser

L. cyanellus capturing evasive prey. The smallest volume pre-
dicted, that of L. macrochirus capturing non-evasive prey, was
only 21.1% of the size of the largest volume. Again, L. cyanellus
was the only species for which there were no significant differ-
ences in ingested volume across prey types. These differences
in IVW shape and size are apparent when the mean IVW is
visualized (figure 6 and electronic supplementary material,
figure S2).

Al was generally high across functional groups with a
maximum of 0.79 £0.02 in L. macrochirus capturing non-
evasive prey. However, although there were significant
differences (Kruskal-Wallis, Xé =19.83, p=0.0013), these
were few (figure 5). Specifically, L. macrochirus capturing eva-
sive prey had the poorest accuracy, and this was significantly
lower than both L. macrochirus capturing non-evasive prey
and M. salmoides capturing evasive prey (Dunn’s multiple

comparison tests, z>3.07, p <0.03). For both piscivores,
although AI was reduced with evasive prey, this difference
was not significant (Dunn’s multiple comparison tests,
L. cyanellus, z=1.362, p =1.00, M. salmoides, z= —0.896,
p=1.00). In examining Al in each dimension, significant
differences were observed only in the X- (Kruskal-Wallis,
X2 =1245, p=0.0291) and Z-dimensions (Kruskal-
Wallis, Xé =20.72, p = 0.0009). Specifically, AL, was greater
for L. macrochirus capturing non-evasive prey than for the same
species capturing evasive prey (Dunn’s multiple comparison
tests, z=3.30, p=0.0146). Additionally, Al, was greater
for M. salmoides capturing evasive prey than either other
species with the same prey (Dunn’s multiple comparison
tests, L. macrochirus, z = 3.33, p = 0.013, L. cyanellus, z = 3.70,
p = 0.0032). For all functional groups, accuracy was poorest
in the X-dimension, along the path of forward trajectory
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Figure 5. Species means and 95% Cls for (a) H: L ratio and (b) accuracy
index. Comparisons are shown for two-dimensional reference data obtained
with particle image velocimetry techniques [28,29] for Lepomis macrochirus
and M. salmoides (shown for comparison, light filled shapes), as well as
for three-dimensional modelled estimates for all three species capturing
non-evasive (NE; unfilled shapes) and evasive (E; dark filled shapes) prey
types. A line is drawn at H:L =1 to indicate the value at which the
ingested volume of water is circular. General body shape is also shown for
each species. Significant differences are indicated by brackets, where func-
tional groups that are linked are significantly different (Dunn’s multiple
comparison tests, p << 0.02). (Online version in colour.)

(table 5), non-evasive prey were located closer to the COP than
evasive prey, and prey that were missed were positioned
farther from the COP than successful captures (figure 5).

3.3. Accuracy and capture success
Al explained 52.7% of capture success. The estimated probability
of success (P) can be predicted using the equation

m(%) — _5.059 + (11.038 % Al). 33)

The odds ratio was calculated by scaling the regression
coefficient for Al by the standard deviation (s.d.) for Al
(s.d. = 0.30). Predators were 30 times more likely to success-
fully capture prey with a standard deviation increase in Al
Strikes where Al was less than 0 (indicating prey were located
outside the modelled IVW boundary) always resulted in
missed capture attempts (figure 7).

4. Discussion

We present a novel method to determine predator accuracy in
suction-feeding fishes by predicting the shape of the IVW and
relating prey position to the centre of this volume in three

dimensions. Unlike prior methods [10,29], our model can n

be used when predator and prey are unconstrained, which
more closely matches natural predator—prey interactions.
Additionally, this model only requires kinematics, and is
therefore more efficient for analysing a large number of indi-
viduals and/or species. We applied this model to more
natural prey capture events for three species of closely related
predators capturing evasive and non-evasive prey and show
that accuracy predicts success. Our model makes IVW par-
ameters and suction accuracy more accessible measures of
prey capture performance that can be used to understand
predator strategies and generate large-scale hypotheses of
prey capture performance evolution.

4.1. Model performance and limitations

Our model of the IVW was used to quantify suction accuracy
under more natural conditions, and significantly explained
more than 50% of the variation in capture success. Therefore,
our model is a reasonable estimate of the ability for predators
to correctly position and time their strike relative to the prey
[6]. However, in comparison with previously published work
using DPIV analyses, differences in accuracy between species
were not replicated. Although L. macrochirus (Al = 0.80) was
74% more accurate than M. salmoides (Al = 0.46) [29], in this
study, the trend was reversed, particularly with evasive
prey: M. salmoides (Al = 0.77) was 51% more accurate than
L. macrochirus (Al = 0.51). This indicates that the experimen-
tal techniques used in each study may present bias towards
the feeding behaviours of each species. Because L. macrochirus
is specialized for capturing attached prey with forceful suc-
tion [8,38,39], presenting predators with tethered prey could
artificially inflate the performance of L. macrochirus relative
to M. salmoides. Alternatively, presenting predators with
free-swimming evasive fishes, as in this study, could favour
the strategy of M. salmoides. Therefore, future studies
should include multiple prey types to accurately account
for specialization among species. Specifically, we suggest
the three prey types defined in Holzman [8]: large evasive,
small evasive and attached prey. Each of these prey types
requires divergent functional demands, and these demands
have been demonstrated as axes of diversification among
centrarchids [8,39,42].

Our model of the IVW and estimates of accuracy predict
capture success and support the use of accuracy as a perform-
ance measure [7], and it is a necessary link for understanding
suction performance. Some of the earliest models of suction
behaviours were useful for describing the detailed hydro-
dynamics of suction feeding [15,16,49,50], but none of these
models addresses whether the event results in successful
capture. Two approaches have recently been developed to
understand differences in capture success across suction-
feeding predators: the suction-induced flow field (SIFF)
model [8], and accuracy relative to the IVW [10,29]. The
SIFF model uses kinematics, fluid flow and prey character-
istics to predict hydrodynamic forces experienced by prey
as a measure of a predator’s ability to entrain a prey item
[8]. Although SIFF simplifies predator—prey interactions
and predicts what species should be capable of, the IVW
model relies on trial-level kinematics to understand what
actually happens during a feeding event. Therefore, these
two models are complimentary—SIFF predicts capture suc-
cess and the IVW model explains capture success with
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Figure 6. Position of prey relative to the modelled IVW in the frontal view of the predator, shown for (a,b) L. macrochirus, (¢,d) L. cyanellus and (e,f) M. salmoides
capturing non-evasive (a,.e) and evasive (b,d,f) prey types. Markers follow figure 5 with the addition of missed prey capture attempts shown as plus symbols. Prey
positions are plotted for each trial, with an ellipse that represents the mean =+ s.d. (black line and grey shading, respectively) IVW shape for each functional group.
This visualization represents the predator approaching toward the viewer. Predicted height (h,) and width (w,) axes are also shown. (Online version in colour.)

accuracy. By expanding on the DPIV technique to capture a
wider range of predatory behaviours, our IVW-based
model of suction performance represents a significant step
towards linking feeding performance with feeding success,
and can be used to better understand why suction-feeding
predators are more or less successful on divergent prey types.

All models are simplifications of natural phenomena, and
as such, impose limitations on their interpretations and appli-
cability. Our IVW model has three primary assumptions:
(i) that modifications of the IVW are the primary means of
modulating accuracy, (ii) that an ellipsoid (or more techni-
cally, a spheroid) approximates the ingested volume and
(iii) that prey positioned closer to the COP represents greater
accuracy. Predators can control the position of the IVW rela-
tive to the prey by protruding their jaws at an angle, thereby
deflecting the IVW in the respective direction (as in sharks
[10]), by altering their orientation during the approach to
the prey (personal observation 2013), or by modifying the

hydrodynamics to affect the reach and volume of suction
[29]. Because the species we used have terminal mouths,
we assume deflection was negligible. We also assume that
by the time of the strike the predator has completed its orien-
tation behaviours to facilitate the use of lateral musculature
for powering mouth expansion [43,51]. Our work supports
the second assumption that an ellipse approximates the
shape of the ingested volume in the midsagittal plane of
the predator based on two-dimensional, constrained prey
capture events, but this may not be the case if mouth shape
is not circular at all points of mouth opening (as indicated
in [30]) or if predator direction varies during the strike (e.g.
pitch during braking). However, it is difficult to visualize
three-dimensional hydrodynamics of suction in moving pre-
dators at this time, and this simplified model provides
reasonable estimates that can be fine-tuned given further
developments. The final assumption regarding the position
within the volume representing the greatest accuracy has
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Figure 7. Logistic regression of the probability of capture success against accu-
racy index for three-dimensional modelled trials. Accuracy explains 52.7% of
capture success. Marker style follows figure 6. (Online version in colour.)

never been addressed, but we provide data indicating that it
may not be entirely correct.

Studies that have quantified suction accuracy using the
IVW have assumed that the greatest accuracy occurs when
prey are located at the COP [10,29]. However, this has never
been verified by statistically testing whether position along
any axis affects success. It can be argued that for prey items
that are located at 25% and 75% of the length of the x-axis, pro-
jected forward of the predator along the centreline (figure 3), Al
would be 0.5 in both cases, but the prey at 25% would be
encountered prior to peak gape, whereas the prey at 75%
would be encountered after. This gives the predator a greater
chance of capturing the prey at 25% compared with the one
at 75%. Using our data on capture success, we calculated the
position of the prey as a percentage along the x, i, and z axes
and performed logistic regressions to determine whether suc-
cess was biased by prey position along any axis. We found
that predators have an increased chance of success when prey
are located closer to the predator on the x-axis and higher in
the volume on the y-axis. There was no effect of position
along the z-axis (predator’s left versus right) on predator suc-
cess (electronic supplementary material, figure S3). Therefore,
had our measure of accuracy accounted for these biases towards
success, we may have found a stronger relationship between
accuracy and success. However, because we were able to estab-
lish a relationship between accuracy and success, the effect of this
bias may only be slight. This represents a significant caveat to our
model, and future work should address a method for accounting
for positional biases when quantifying accuracy.

This study was performed on adult fishes where viscous
forces are negligible during prey capture and suction flow is
unidirectional, and therefore our model has limited appli-
cations for small or larval fishes where viscous forces could
have a significant effect on suction performance (Reynold’s
number < 200) [52,53] or secondarily aquatic vertebrates
where suction flow is bidirectional [54,55]. Note also that as
predator size reaches its lower extreme in larval fishes,
mouth size and ram speed may approach 0 and the predicted
length and height of the IVW might converge towards 0.967
and 0.670, but this relationship between IVW length and
height at small predator sizes has not been verified. However,
our model can be applied to the majority of cases and is
therefore appropriate as a starting point. Centrarchids were
chosen in this study owing to the extensive body of research
supporting hydrodynamic and kinematic relationships, but

additional taxa should also be assessed and tested against [ 10 |

DPIV analyses to verify the applicability of our model to
other species. The utility of the IVW model comes from the
ability to assess performance across a range of suction-feeding
predators and to generate macroevolutionary hypotheses of
prey capture evolution.

4.2. Factors that affect suction accuracy

Holzman et al. [8, p. 8] outline three primary factors deter-
mining the outcome of a suction-feeding predation attempt:
the predator’s strategy for approaching prey, the predator’s
ability to perform feeding behaviours and the ability of the
prey to respond to the strike. We argue that suction accuracy
is an emergent property of all three factors and is an integra-
tive measure of capture performance. Suction accuracy will
decrease if the predator startles the prey during the approach,
if the predator fails to generate peak forces at the correct time
and position relative to the prey and if the prey responds
correctly away from the predator. Therefore, to maintain accu-
racy and ensure success, predators must integrate approach
and feeding behaviours to prevent or overcome prey responses.
Although prey behaviour plays a large role in predator success
[4,5,8] and preliminary data support the role of prey behaviour
in determining predator success (unpublished data 2014), we
were not able to address prey behaviour directly, so we focus
our discussion on the role of predator behaviour.

Predators often modulate kinematics in response to prey
type to increase the chance of success on evasive prey [56],
and these changes are likely the mechanism for modulating
the size and shape of the IVW. Predators attack evasive prey
faster and from a greater distance [12,13,21,25,56] presumably
to reduce the amount of time for prey to escape. Additionally,
predators use a greater magnitude and rate of cranial expansion
[57,58] leading to an increased magnitude of buccal pressure
change [13,59] and therefore suction. Interestingly, although
reduced time to peak gape (rate of expansion) increases peak
fluid speed, and therefore suction force [17,28], it is not a
strong predictor of suction volume [29]. This may be due to
the interaction between timing and magnitude, where faster
expansion results in less time to ingest particles, limiting any
substantial influence on volume change.

We found that predators increased ram speed and gape size
when capturing evasive prey, resulting in larger and more
elongate ingested volumes in two of three predators (table 5;
figure 6 and electronic supplementary material, figure S2).
This modulation presumably increased the chance of predator
success on evasive prey, but in L. macrochirus suction accuracy
was low, and this modulation was not extensive enough to
achieve the level of success observed in M. salmoides. This
may be due to a small mouth size that limits the ability to capture
larger prey. Alternatively, the large gape and high ram speed of
M. salmoides is effective at capturing non-evasive prey at reduced
magnitudes. Modulation was not observed in L. cyanellus, result-
ing in poor success. This species was not allowed to ambush prey
from a hiding spot (as was common in holding tanks), which
may be a more optimal strategy to prevent detection by prey
and could explain similar IVW characteristics regardless of
prey type. However, in general, the relationships between
kinematics and suction volume provide the mechanism for chan-
ging the shape and size of the IVW when predators encounter
evasive and non-evasive prey types, which represents a novel
level of performance modulation.
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Suction accuracy refers to the ability to correctly position
and time the suction volume relative to the prey, and predators
can control this accuracy in two ways: by modifying body
orientation and position or by modifying the size and shape
of the IVW. These two behaviours are not mutually exclusive,
because forward movement increases the volume of particles
ingested by suction [28,29]. We show how the size and shape
of the IVW is modified with changes in peak gape height
and ram speed at peak gape, and these variables represent
the roles of feeding and locomotor performance in prey
capture. Therefore, the ability to coordinate feeding and loco-
motor behaviours may be a key factor maximizing success.
Surprisingly, most differences between species and prey
types were in shape and size of the ingested volume rather
than suction accuracy. Similar levels of accuracy observed
across species may be achieved by compensating for feeding
performance with approach strategies, or vice versa. Typically,
feeding and locomotion are considered independent perform-
ance regimes, but during prey capture, the ability to integrate
these behaviours in a way that results in timing and positioning
the IVW correctly with respect to the prey may be critical for
ensuring success.

4.3. Ecological relevance

Several studies have attempted to describe the ability of suction-
feeding predators to correctly position and time their strikes on
prey [6,8,10,29], but none have empirically tested the hypothesis
that suction accuracy predicts success. Our work supports
this hypothesis, and by establishing the link between suction
accuracy and success we provide the ecological relevance
of accuracy for suction-feeding predators, so that it can be
used as a measure of prey capture performance [7]. Accuracy
requires integration of locomotor and feeding behaviours, so
that the suction volume is correctly positioned and timed

relative to the prey, and in this way, it represents a more holistic m

measure of performance than examining performance of either
system in isolation [60], and adds insights into the prey capture
strategies of predators.

Our study only examined the differences in three species of
centrarchid predators, but the accessibility of suction accuracy as
a measure of performance makes it possible to examine dif-
ferences across a wider range of taxa. The next steps should be
to determine whether the patterns observed in these species
are also reflected in more generalized species such as those in
the Pomoxis clade, or molluscivorous species specialized for
prey processing, rather than capturing (e.g. L. microlophus or
L. gibbosus). Additionally, patterns of accuracy and capture
success should be examined in other non-Centrarchid taxa
tovalidate the generality of our study. Our work suggests mech-
anisms by which ecological and evolutionary specialization
affect the ability to capture prey, but to address this ques-
tion empirically, macroevolutionary analyses of prey capture
performance and success are necessary.
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