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Synopsis

Adult blue tilapia, Tilapia aurea, employ filter-feeding as their primary feeding method, but feed as visual,
particulate-feeding zooplanktivores as juveniles. We used measurements of oxygen utilization in enclosed
chambers to assess filter-feeding energy costs, and videotaped observations of particulate-feeding to com-
pute energy costs for this behavior. Weight-specific costs of filter-feeding are highest for smaller individuals,
and decrease exponentially with fish size. Particulate-feeding costs increase with fish size and with distance
travelled during attacks on zooplankton prey. These data were used in combination with published in-
formation to examine the energetics of the switch in feeding behavior in relation to the profitability of each
feeding method. We develop a model which can be used to predict feeding behavior in relation to fish size

and plankton array.

Introduction

Fishes which employ filter-feeding as their primary
feeding method as adults are typically visual partic-
ulate-feeding planktivores as juveniles, and switch
to filter-feeding as they grow. Associated with
these behavioral changes are shifts in diet composi-
tion from a predominance of large zooplankton in
juveniles to increasing reliance on phytoplankton
and/or smaller, non-evasive zooplankton in adults
(Kutkuhn 1957, Cramer & Marzolf 1970, Janssen
1976a, Durbin 1979, Drenner et al. 1982, Lazzaro
1987). Explanations of this behavioral switch have
emphasized proximal mechanisms such as devel-
opmental changes in morphology of digestive tract
or gill rakers (Bodola 1966, De Ciechomski 1967,
Bowen 1982, Heidinger 1983, Drenner et al. 1984a,

Mummert & Drenner 1986). These explanations
ignore the possibility that energy acquisition rates
may also be important determinants of feeding
mode.

Fishes may experience highly variable conditions
of resource abundance. Because of this, it seems
likely that relative energetic efficiencies of partic-
ulate and filter-feeding modes should be subject to
strong selection and may vary with fish size (Calow
1985). It is likely that the shift from particulate-
feeding to filter-feeding reflects changing net prof-
itability of each feeding mode and that morpholog-
ical changes are driven by energetic constraints.
Although it has been suggested that energy maxi-
mization accounts for the facultative switch from
particulate-feeding to filter-feeding in zooplank-
tivorous fish (Crowder & Binkowski 1983, Crowd-
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er 1985), the energetics of each feeding method
have not previously been examined in any species
(Durbin 1979, Helfman 1990).

To investigate the energetics of feeding behavior
in filter-feeding fishes, we began an analysis of
feeding modes in blue tilapia, Tilapia aurea. As
juveniles, they are visual zooplanktivores, but up-
on reaching 6 to 7 cm standard length they switch to
pump filter-feeding on phytoplankton and zoo-
plankton (Spataru & Zorn 1978, Gophen 1980,
Gophen et al. 1983). Native to rift lakes and river
systems of northern Africa and the Middle East,
blue tilapia have established reproducing popula-
tions in several southeastern U.S. states (Germany
& Noble 1979, Lee et al. 1980). Our experiments
examined blue tilapia feeding profitability in rela-
tion to fish size for both particulate-feeding and
filter-feeding.

Materials and methods

Three lines of investigation were used to examine
metabolic rates of blue tilapia in relation to feeding
behavior. We first determined routine metabolic
rates of fish in relation to size. Second, we exam-
ined size-related energy costs of filter-feeding. Fi-
nally, particulate-feeding energy costs were as-
sessed in relation to fish size and prey size.

Blue tilapia used in our experiments were proge-
ny of individuals collected from a reservoir cooling
pond in central Texas. In the laboratory they were
housed in indoor aquaria maintained at approxi-
mately 20°C and fed live zooplankton and pelle-
tized commercial trout chow. Sixty-three fish rang-
ing from 2.0 to 16.1 cm standard length (SL) were
used. Fish were deprived of food for 24 h prior to
use in any procedure.

Routine metabolism

Routine metabolic rates (Caulton 1977) were de-
termined by continuously monitoring dissolved ox-
ygen concentrations inside closed plexiglass cham-
bers containing single fish. To insure adequate mix-
ing, magnetic stir bars were slowly rotated inside
each chamber with external power supplied by a
water-powered stirring unit. Chamber volumes

ranged from 0.80 to 7.65 liters. Smaller chambers
were used with small fish to increase measurement
sensitivity. Dissolved oxygen values were automat-
ically recorded at 5 second intervals by a microcom-
puter via an analog-to-digital conversion system.

Because preliminary measurements indicated
elevated routine metabolic rates during 10-15 min
after fish were placed in chambers, all fish were
allowed to habituate to experimental conditions for
at least 20-30 min prior to each observation series.
Fish behavior was remotely monitored with a vid-
eotape system to limit disturbance from human
observers.

After observations began, dissolved oxygen lev-
els were recorded for 15-20 min. Then, with mini-
mum disturbance and without removing fish, the
chamber was flushed with aerated water and a
second 15-20 min period was monitored using the
same fish. Control trials without fish yielded no
significant changes in dissolved oxygen concentra-
tion (ANOVA p = 0.58).

Because fecal material sometimes accumulated
during trials, additional measurements were per-
formed in chambers containing approximately 4
grams (wet weight) of fish feces. Although this
mass was several times the accumulation during
any trial, no significant change in dissolved oxygen
was observed (ANOVA p = 0.97).

Routine metabolic rates were computed from
linear regressions of dissolved oxygen concentra-
tion corrected for chamber volume and fish bio-
mass. Oxygen values were converted to energy
units (Joules) using a conversion factor of 13.68 J
mg! O, (Caulton 1978).

Filter-feeding metabolism

Metabolic costs of filter-feeding were determined
in the same chambers used for examination of rou-
tine metabolism. After the same acclimation pro-
cedures, blue tilapia were induced to pump filter-
feed by injecting live plankton into each chamber.
During plankton injection, care was taken to insure
that fish were undisturbed and no air bubbles were
introduced. Plankton were collected from a small,
eutrophic pond on the campus of the University of
Nevada, Reno using a 63 um mesh plankton net.
Plankton passing through a 200 um mesh net but



retained by an 80 um mesh net were used to induce
filter-feeding.

During filter-feeding, dissolved oxygen concen-
trations were recorded and fish behavior was vid-
eotaped. Duration of feeding trials was approxi-
mately 15-20 min. Trials in which fish filter-fed for
less than 10 min were excluded from analyses. Con-
trol trials in chambers without fish but containing
plankton showed no significant changes in dis-
solved oxygen (ANOVA p= 0.27). Metabolic
rates of filter-feeding fish were computed using the
same procedures as for routine metabolism.

Particulate-feeding metabolism

Measuring dissolved oxygen to determine metabo-
lic cost is impractical for single attacks by partic-
ulate-feeding fish and inappropriate if the partic-
ulate-feeding fish experience anaerobic metabo-
lism during fast starts (Cech 1990). Therefore, we
used data from videotaped observations to assess
particulate-feeding energetics.

Groups of 2 to 4 blue tilapia were placed in a
75 X 12 X 6cm plexiglass tank and allowed to ac-
climate for several hours. Single fish were isolated
from the group into a 40X 12X 6cm area by
wire-mesh screen. Individual Daphnia magna were
randomly chosen from one of four size classes and
placed in the chamber outside the fish’s reactive
distance. Fish were videotaped during attack on D.
magna prey. Analysis of videotapes allowed deter-
mination of attack distance and swimming veloc-
ities for each attack. Four size classes of D. magna
produced by sorting with mesh netting were used in
these trials (Xx= 1.08mm, SD= 0.11; x=
1.51mm, SD = 0.12; k= 2.48mm, SD = 0.11; x =
3.58mm, SD = 0.22).

Videotapes of particulate-feeding fish were ex-
amined using a motion analyzer. Positions of at-
tacking fish were determined at 1/60 second in-
tervals to allow computation of attack velocities
and accelerations. Determination of energy costs
of particulate-feeding by blue tilapia is possible
using fast start swimming equations provided in
Webb (1975). Attack distance, velocity, and accel-
eration were determined from videotapes. Fish
biomass was measured directly. Fish wetted sur-
face area (FWSA) was computed using a regression
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Fig. 1. Metabolic oxygen consumption rates of blue tilapia dur-
ing routine metabolism and while filter-feeding. Oxygen con-
sumption rates were determined for fish enclosed in chambers
and either inactive or feeding. The upper regression line (y =
0.879 x SLO¢7 n =31, > = 0.53) is derived from filter-feeding
individuals, while the lower line (y = 0.215x SLY'® n= 31,
2 = 0.04) is derived from routine metabolic rate measurements.

derived from digitized tracings of fish ranging from
23 to 125 mm standard length (FWSA = 0.213 X
SL*2 2= 0.99, n = 14).

Results

Routine metabolic rate

Routine metabolic rate per fish (RMRF), comput-
ed from oxygen consumption rates and expressed
in J fish? h?', increased with fish size (RMRF =
0.105 x SL*%3, 2= 0.94, n= 31). In contrast,
weight-specific routine metabolic rate (RMRG), in
J g' h', declined only slightly in larger fish
(RMRG = 2.946x SL™ 2= (.04, n= 31,
Fig. 1).

Filter-feeding metabolic rate

Metabolic rates measured during filter-feeding in-
clude a component reflecting routine metabolism
and an additional increment due to filter-feeding.
Filter-feeding metabolic rate per fish (FMRF), de-
rived from oxygen measurements and expressed in
Jfish" hl, increases with fish SL (FMRF = (.348 x
SL* 12= 0.92, n= 31). Weight-specific filter-
feeding metabolic rate (FMRG, J g'h!), decreases
with increasing standard length (FMRG =
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Fig. 2. Increase in metabolic oxygen consumption resulting from
filter feeding in blue tilapia. Points plotted are differences be-
tween routine and filter-feeding metabolic rates for individual
fish. The plotted regression line is derived from these points and
is by the equation y = 0.285 x SL%%" n = 31, r>= (.75.

12.032 x SL*" 2= 0.53, n = 31, Fig. 1). Metab-
olic rate increases resulting from filter-feeding are
inversely related to fish size (Fig. 2), demonstrating
that the relative cost of using this feeding mode is
much less for large fish, compared to small fish.

Particulate-feeding metabolic rate

Energy expenditures during individual attacks on
Daphnia magna were computed over intervals of
1/60 second and summed over the period from ini-
tiation of the attack until the point the fish stopped
moving after engulfing each prey. This procedure
yields an estimate of total energy cost for each
attack.

Energy expenditures during particulate-feeding
are strongly correlated with fish size and distance
traveled (Fig. 3). Multiple linear regression of
work done during attacks against fish weight and
distance traveled (multiple R*= 0.636, p<
0.0001, n= 167) shows significant effects of fish
weight (p< 0.0001) and distance (p < 0.0001) on
work done during attacks. Linear regressions in-
dicate that reactive distance (RD) of fish for D.
magna increased with prey length (DL, in mm,
measured from top of head to base of tail spine,
RD = 46.91 x DL%2 2= 0.44, n= 169), but
that RD was uncorrelated with fish standard length
(p= 0.55).

Discussion

Smaller blue tilapia experience a greater increase
in metabolic rate during filter-feeding than do large
fish (Fig. 2). In contrast, expenditures for partic-
ulate-feeding increase with fish size, and also in
response to distance traveled during attacks (Fig.
3). These two observations lead to the prediction
that small fish should be more likely to particulate-
feed and larger fish to filter-feed. Furthermore, for
any identifiable plankton array, fish smaller than
some specific size should employ particulate-feed-
ing most efficiently while those above that size
should filter-feed. Because plankton composition
varies substantially in size spectrum and density
over both spatial and temporal scales, the relative
energy efficiency of either feeding mode should
also vary in response to local conditions.

Our data allow estimation of size-related feeding
costs for both filter-feeding and particulate-feeding
blue tilapia. This allows comparison of net feeding
profitability in relation to fish size for both filter-
feeding and particulate-feeding. By assuming that
fish will employ the feeding tactic which provides
the highest net energy return rate, these results can
be used to predict expected feeding behavior of
blue tilapia in relation to fish size and prey array.
We have used these ideas to develop a predictive
model of blue tilapia feeding behavior which can be
used to identify the fish size at which there should
be a shift between particulate-feeding and filter-
feeding.

The model first computes net energy gain and
costs for an arbitrary specified interval of filter-
feeding. It then computes costs required to acquire
an equivalent net energy gain by particulate-feed-
ing. Examination of the ratio of particulate-feeding
costs to filter-feeding costs, while achieving an
equivalent net energy return, allows prediction of
feeding behavior. The predicted behavior is re-
sponsive to SL and to local prey conditions.

Filter-feeding energy gain
Expected energy gain from filter-feeding can be
estimated from the volumetric rate of water proces-



sing, the expected food content of the water, and
the filtration efficiency. Water processing rates for
pump-filtering fishes are determined from the
product of fish buccal volume and pumping rates.
Expected plankton concentration can be estimated
with reference to the ambient plankton particle
size-frequency distribution and the size-related fil-
tering efficiency.

The minimum particle size retained by filtering
blue tilapia is approximately 25 um (Drenner et al.
1984b). Above the minimum size threshold, filter-
feeding fishes are thought to retain phytoplankton
with high efficiency. Lazzaro (1987) cites a possibly
excessive retention efficiency value of nearly 100
percent.

The size-frequency distribution of particles in
lentic ecosystems often exhibits distinct abundance
peaks roughly corresponding to trophic levels.
Sprules et al. (1983) documented particle size dis-
tributions in 26 north temperate lakes. We used
their data to estimate a generalized planktonic food
particle size-frequency distribution. Two biomass
ranges representing 25-200 um equivalent spher-
ical diameter (ESD) and 200-2600 um ESD size
particles were identified from data provided by
Sprules et al. (1983), and judged to comprise pri-
marily phytoplankton and zooplankton, respec-
tively. Mean total biomass for each size class was
then calculated. The 25-200 um ESD biomass peak
yielded an estimated biomass of 1.89 mg 1!, where-
as the 200-2600 um ESD size range yielded an
estimate of 84.72mg 1.

Filter-feeding capture efficiency on zooplankton
is reduced by zooplankton evasion (Janssen 1976b,
Ehlinger 1989). Using a suction device to simulate
pumping currents generated by filter-feeding fish-
es, Drenner et al. (1978) and Drenner & McComas
(1980) determined an average capture efficiency of
51 percent for pump-filtering fish consuming an
assemblage of cladoceran and copepod zooplank-
ton.

Expected net energy content of plankton are
estimated using carbon assimilation efficiency val-
ues of 43 percent for phytoplankton (Moriarty &
Moriarty 1973), and 85 percent for zooplankton
(Solomon & Brafield 1972). Mean caloric equiv-
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Fig. 3. Three dimensional plot showing the relationship be-
tween attack distance, fish weight and work performed during
attacks on zooplankton prey. Results of individual observations
are plotted as points on the figure. The surface was produced by
a distance weighted, least squares fit of the data (Wilkinson
1987).

alent values of 695.8 cal g' wet weight for phy-
toplankton and 432.0 cal g! wet weight for zoo-
plankton (Cummins & Wuycheck 1971) allow com-
putation of estimated net energy yield from bio-
mass consumed.

Particulate-feeding energy gain

The expected energy gain from particulate-feeding
is affected by prey capture efficiency, assimilation
efficiency, zooplankton abundance, and mean zoo-
plankton size. Because capture efficiency ranges
from 50 percent to nearly 100 percent for various
zooplankton types (Vinyard 1982), we use a mean
particulate-feeding capture efficiency value of 75
percent. Average zooplankton biomass within the
200-2600 um (ESD) size class was estimated at
0.387mg using a length-weight regression for
Daphnia (Edmondson 1971). Zooplankton caloric
equivalents can be computed using mean value of
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Fig. 4. Results from simulation of filter-feeding and particulate-
feeding blue tilapia showing relative cost ratio of each feeding
mode while acquiring equivalent net caloric intake values. The
horizontal line at y = 1 indicates the level at which net profit-
ability of each feeding mode are equivalent. For ratios <1
particulate-feeding is most profitable, at ratios > 1 filter-feed-
ing is most efficient. This simulation predicts that for the initial
conditions, summarized in the text, fish less than approximately
5.7 cm should behave as particulate-feeders, while those larger
should filter-feed. The size at which the behavior shift is pre-
dicted to occur varies with changes in plankton density and size
distribution.

432.0 cal g' wet weight for cladocerans and cope-
pods (Cummins & Wuycheck 1971).

In conjunction with our data indicating costs of
filter-feeding and of particulate-feeding, our model
yields the prediction that blue tilapia should switch
from particulate-feeding to filter-feeding at ap-
proximately 5.7 cm SL (Fig. 4). This value is within
the size range reported for the primary change in
feeding behavior for blue tilapia, 4 to 8 cm (Spataru
& Zorn 1978, Gophen 1980, Gophen et al. 1983).
However, the model is sensitive to changes in each
parameter used in its development, and can be
used to yield predictions of behavior under varying
conditions of prey size distribution and abundance.
Changes in zooplankton density and size most
strongly affect predicted behavior. For example, if
zooplankton biomass is doubled, the model pre-
dicts that fish should shift to filter-feeding at ap-
proximately 4.1cm SL. Reduction of zooplankton
biomass by half results in a prediction that filter-
feeding should occur at approximately 7.2cm SL.
Increases of mean zooplankton size are predicted

to determine the size at which filter-feeding is most
profitable to shift toward larger fish. The model
predicts that increased phytoplankton biomass
should result in a shift to filter-feeding at smaller
sizes. Our model is less sensitive to changes in
biomass of phytoplankton than of zooplankton.
We are presently testing predictions produced by
the model under a range of fish sizes and plankton
distributions.

Many fishes which are filter-feeders or piscivores
as adults begin their independent foraging early in
life as visual particulate-feeding zooplanktivores.
As they grow, filter-feeding fish may continue to
exploit zooplankton while adding phytoplankton
to the diet. By contrast, piscivores continually in-
crease the size range of acceptable prey as they shift
to higher trophic levels (Durbin 1979). Production
in large piscivores may thus become energy limit-
ed. For filter-feeding fish, the consumption of pri-
mary producers and primary consumers offers ac-
cess to more abundant energy resources (Durbin
1979, Lazzaro 1987). Success of this style is reflect-
ed in the large individual sizes observed in the
whale shark, Rhincodon typus, and basking shark,
Cetorhinus maximus, and by the large total bio-
mass attained by populations of many filter-feeding
fishes (Moyle & Cech 1982, Sanderson & Was-
sersug 1990). In reservoirs in the central U.S., two
filter-feeding clupeids account for 45 percent of fish
standing crop. Filter-feeders also support the large-
st commercial marine fisheries (Ryther 1969, Laz-
zaro 1987). The apparent advantages of filter-feed-
ing to fish are also demonstrated by the independ-
ent derivation of this foraging behavior in numer-
ous orders and families (Lazzaro 1987).

Small filter-feeders may be restricted to zoo-
planktivory because of their relatively high weight-
specific routine metabolism (Fig. 1). Because fil-
tering cost is inversely related to fish size, filter-
feeding may yield insufficient net gain to meet the
energy requirements of small fish. However, as fish
grow, volumetric filtering capacity increases and
weight-specific routine metabolic and filter-feed-
ing costs decrease. These changes result in a shift in
the relative energy efficiency of the two feeding
tactics, with filter-feeding becoming more efficient
for larger fish.



Minimization of feeding costs while maximizing
net energy return may have been important in the
development of filter-feeding. We suspect that en-
ergy maximization on a proximal level determines
short-term feeding mode shifts by blue tilapia. Fac-
ultative planktivores that may utilize both feeding
modes interchangeably (Leong & O’Connell 1969,
Crowder & Binkowski 1983, Ehlinger 1989, Helf-
man 1990) usually filter-feed on small, abundant
zooplankton and particulate-feed on larger, less
abundant forms. We suggest this is a tactic which
maximizes net energy return in response to a
changing prey base.
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