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Abstract. —Reproductive behavior has never been
considered an important contributor to overall activity
costs for fish and is usually ignored in fish bioenergetics
models. We provide evidence that parental care by male
smallmouth bass Micropterus dolomieu substantially af-
fects both activity costs and food intake. We used time-
lapse underwater video with infrared illumination to
monitor nests of male smallmouth bass continuously for
nearly 2 weeks from oviposition to swim-up of larvae,
and we discovered that unlike nonnesting bass, nest-
guarding males were active during both night and day.
Guarding males constantly sculled their caudal and pec-
toral fins (swimming in place) while on nests. We used
caudal fin beat frequencies to relate the costs of swim-
ming in place to those of nonguarding swimming. Com-
bining these estimates with predictions of a respiration
model for largemouth bass M. salmoides, we estimated
that the metabolic rate of guarding smallmouth bass was
up to 60% greater than that of nonguarding individuals.
Energetic costs of nest guarding are exacerbated by food
deprivation; the males we observed were unable to ob-
tain appropriate daily rations while nesting. One of the
guarding males disappeared prematurely under circum-
stances that suggested nest abandonment because of en-
ergetic constraints.

The role of activity in the energy budgets of fish
is controversial. Sometimes activity costs are con-
sidered negligible or are totally ignored in energy
budgets (Diana 1983), probably because swim-
ming is relatively efficient compared with other
forms of locomotion (Peters, 1983; Woledge and
Curtin 1990). Even when authors consider activ-
ity (e.g., Rice et al. 1983), the precision and ac-
curacy of their predictions are limited by the pau-
city of field measurements of swimming speeds
and of the proportions of time spent swimming.
Rice et al. (1983) used an energetics model that
took into account the few available data on swim-
ming speeds of largemouth bass Micropterus sal-
moides and found that, across a wide range of
speeds, activity costs to largemouth bass were only
a small component of total energy expenditures.

However, Boisclair and Leggett’s (1989) estimates
of activity costs for 10 populations of yellow perch
Perca flavescens (calculated by difference from di-
rect measurements of growth and food consump-
tion and literature values for metabolic rate, eges-
tion, and excretory losses) indicated that activity
costs could account for up to 40% of the energy
budgets and suggested that interpopulation vari-
ance in activity could be responsible for much of
the variation in growth among lakes and age-class-
es (but see criticism by Hayward 1990 and the
reply by Boisclair and Leggett 1990). More direct
measures of activity costs for fish are needed to
clarify their influence on growth rates.

In nature, activity costs are associated with for-
aging for prey, migration, reproductive behavior,
and other behavioral interactions (Kerr 1982).
Most bioenergetics models assume that foraging
costs make up the major portion of overall activity
and that other activity costs are relatively insig-
nificant (Kerr 1982). Reproductive behavior has
never been considered an important component
of activity costs. Although this supposition is
probably true for some species of fish, parental
care, which occurs in 60% of freshwater fish fam-
ilies (Gross and Sargent 1985), could have sub-
stantial influence because it interferes with normal
feeding activities (Thorp et al. 1989) and, in spe-
cies such as smallmouth bass M. dolomieu, it may
last for more than a month (Scott and Crossman
1973). Coleman and Fischer (in press) showed that
bluegills Lepomis macrochirus lost substantial
amounts of lipids and of body weight after only
6 d of nest guarding.

The above discussion identifies the need for field
measurements to improve the reliability of cur-
rent estimates of fish activity costs, especially the
cost of parental care. In this paper we evaluate the
importance of parental care in the energy budgets
of smallmouth bass. Bass nests were nonintru-
sively and continuously monitored with under-
water video cameras mounted on stands (Collins
1989); infrared light provided the illumination
(Collins et al. 1991). Equipment limitations al-
lowed only a few nests to be observed. Therefore,
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our study should be viewed as an exploratory ef-
fort whose prime function is to suggest profitable
lines of future research.

Methods

Smallmouth bass nests were observed during
June 1989 around Video Island in Jones Bay, Lake
Opeongo, an oligotrophic lake in central Ontario
(45°42'N, 78°22'W). Physical and biological de-
scriptions of the lake were provided by Martin and
Fry (1972).

Mature smallmouth bass move into the littoral
zone in the spring when water temperatures are
about 15°C. Males excavate a nest in water less
than 1 m in depth, court females, spawn, and pro-
vide sole parental care of the offspring for up to 4
weeks (Scott and Crossman 1973). The rate of
development of eggs and wrigglers (yolked larvae)
depends on ambient temperature (Shuter et al.
1980). It may take 2 weeks before fry (free-swim-
ming larvae) emerge from the nest; males guard
the fry for 2-3 weeks (Ridgway 1988).

Observations of smallmouth bass nests were
made with video cameras mounted in waterproof
housings on stands positioned next to nests. Cam-
eras were aimed at a 45° angle downwards toward
nests, which were 0.5 m away. Although it is known
that nonbreeding smallmouth bass are relatively
inactive at night (Emery 1973), smallmouth bass
nests have never been examined nocturnally.
Therefore, we monitored nests for complete 24-h
periods. Nighttime illumination was provided by
two sealed-beam tungsten lamps placed behind
infrared filters (Kodak number 11) and mounted
on either side of the camera. These filters are
opaque to wavelengths of light less than about 760
nm; visual pigments of freshwater fish are prob-
ably incapable of absorbing wavelengths of light
much above 700 nm (Lythgoe 1988). Collins et
al. (1991) provided a detailed description of the
entire observation system.

Three nests, each guarded by a male 33 cm in
total length and located within 15 m of each other,
. were monitored simultaneously and continuously
at 0.2-s intervals for 12 d with time-lapse record-
ers. This period covered most of the egg and wrig-
gler stages. Frequencies of two behaviors, turning
and departing, were recorded as measures of ac-
tivity levels and nest vigilance for our day-night
contrasts. Turning was defined as a change greater
than 45° in axial orientation over the nest. Males
may perform this behavior to watch for nest in-
truders or to spot potential prey. Turning may also
aid in fanning and aerating the eggs and wrigglers.
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Nest departures occasionally occurred, the male
leaving for a period of up to 1 min. Diver obser-
vations indicated that males usually left nests to
threaten or attack nearby fish (Ridgway 1988).

To compare day and night rates of turning and
departing, we excluded data for crepuscular hours
(0500-0859 hours and 1800-2059 hours). Data
collected from the nests were divided into diurnal
(0900-1759 hours) and nocturnal (2100-0459
hours) observations and averaged per hour.

We measured fish movements on nests to fa-
cilitate calculations of energy expenditure associ-
ated with parental care. We randomly chose 4 d
from the 12 d of observations and made diurnal
measurements (10 min of observations near 1200
hours) and nocturnal measurements (10 min of
observations near 2400 hours) for both fish. We
measured (1) speeds at which males departed nests
by recording the time it took males to travel one
full body length, (2) caudal fin beat frequency as-
sociated with each departure speed, and (3) the
frequency of caudal and pectoral fin beats made
by males that were on their nests (a behavior here-
after referred to as swimming in place). Swim-
ming-in-place movements may help to keep the
brood well oxygenated and clear of debris (Cole-
man and Fischer, in press). We then used caudal
beat frequency as a predictor of the swimming-in-
place ““speed” of guarding males.

Results and Discussion

Of the three males monitored, only two suc-
cessfully courted females. Both of these males
guarded their nests (which contained eggs and then
yolked larvae) for 11 d. On day 12, one male dis-
appeared from the nst, thus allowing predators
(mostly 1- and 2-year-old smallmouth bass) to
consume all the unprotected, yolked larvae. These
nests were in a remote area of Lake Opeongo that
receives few visitors, and the date was prior to the
fishing season, so the male probably was not caught
by an angler. (We will argue later that physiolog-
ical factors may have been responsible.) The nest
of the other male produced free-swimming larvae
on day 13. Although we stopped video observa-
tions at this point, diver observations confirmed
that the male continued to guard his brood until
they dispersed approximately 2 weeks later.

Diurnal versus Nocturnal Activity

Although the patterns of turning and departing
differed markedly between the two males whose
nests received eggs, both males were active noc-
turnally as well as diurnally (Figures 1, 2). When
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FIGURE 1.—Numbers of turns (changes in orientation greater than 45° over the nest) calculated each hour for
two parental male smallmouth bass (A and B). Turns were recorded with a time-lapse video from the appearance
of eggs (day 1) to the emergence of free-swimming larvae (day 12). Day 1 was June 10 for male A and June 7 for
male B. Bars along time axis represent hours between sunset and sunrise. An F indicates ingestion of a food item.
For male B, turns were determined every second hour during parts of some days, but observations for food intake
were continuous. Male B disappeared form the nest on day 11. Occasional equipment failure resulted in a few

hours of missing data.

crepuscular observations were excluded, the mean
numbers of turns per hour were 57 (SD, 31) during
the day and 56 (SD, 35) at night. The average
daytime hourly departure rate was 7 (SD, 4); the
nighttime rate was 4 (SD, 3). Caudal and pectoral
fin beat frequencies were also very similar between
day and night (Figure 3). The high level of noc-
turnal activity that we observed for nest-guarding
males was unexpected, based on Emery’s (1973)
scuba observations (with a flashlight) of nocturnal
quiescence of nonnesting bass. Our own video ob-
servations after the nesting season (unpublished)
confirmed Emery’s observations of nocturnal in-
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activity. Apparently, nocturnal activity of small-
mouth bass is confined to the reproductive season.

The video observations showed that nighttime
nest defense activity reduced fish traffic around
nests. Observations of newly constructed nests,
from which males were frequently absent before
oviposition, showed nocturnal foragers such as
white suckers Catostomus commersoni and mot-
tled sculpins Cottus bairdi crossing the nests at
night. These forays were not observed once males
took up full-time guarding after oviposition oc-
curred.

Some diel patterns in fish activity were evident.

Nest departures (number/h)
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FiGure 2.—Number of departures from nests calculated each hour for two parental male smallmouth bass (A
and B). Departures were recorded with time-lapse video from the appearance of eggs (day 1) to the emergence of
free-swimming larvae (day 12). Bars along the time axis represent hours between sunset and sunrise. Arrows indicate
clear and moonlit nights, which corresponded with relatively high nocturnal departure rates by male A. Departure
rates for male B were too low to demonstrate any diel patterns.
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FiGUrRe 3.—Mean frequencies (circles) of caudal or
pectoral fin beats per second for two nesting males. Fre-
quencies were calculated during the day (at 1200 hours)
and night (at 2400 hours) for males as they departed
nests (caudal sculling only) and for males on nests (cau-
dal and pectoral sculling). Plus signs denote 1 SD.

The number of nest departures for male A tended
to be lowest at night and highest during the day
(Figure 2). However, nighttime departure rates
were relatively high during moonlit nights with
clear skies, when potential nest predators were
likely more visible to the guarding male. Depar-
ture rates for male B were too low to assess diel
patterns.

Energetic Costs of Guarding Activity

Rice et al. (1983) described a model of large-
mouth bass respiration that takes into account both
standard metabolism and the cost of activity as
measured by swimming speed. Assuming the
standard metabolic rates of smallmouth bass are
similar to those of their congener, the largemouth
bass, we can estimate the relative respiratory ex-
penditures of guarding and nonguarding small-
mouth bass if we have information on the ener-
getic costs of their swimming.

Nesting males moved their caudal and pectoral
fins both day and night throughout the 12-d ob-
servation period (Figure 3). When only the caudal
fin was moved, it propelled the male forward; when
only the pectoral fins were moved, the fish went
backward. The net result of combined caudal and
pectoral sculling (i.e., swimming in place) was to
keep the fish centered over the nest.

Because caudal peduncles were flexed over sim-
ilar amplitudes during both swimming-in-place
and nest-leaving episodes, we felt that the energy
costs of swimming in place should be related to
the cost of swimming forward at equivalent caudal
fin beat frequencies. Indeed, swimming in place
should be more costly than swimming forward
because it requires constant pectoral sculling in
addition to normal caudal fin movements. As a
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first approximation we suggest the cost of pectoral
sculling should be roughly equal to the cost of the
forward propulsion the sculling counteracts, so that
the activity cost of swimming in place should be
about double that for swimming forward.

We derived a relationship between caudal beat
frequency and forward swimming speed by com-
puting the average value of each of these variables
for bass leaving nests during the day and night.
Males departed nests at 23 c¢cm/s during the day
and 16 cm/s during the night. The caudal beat
frequencies associated with these speeds are in
Figure 3. We then determined by interpolation
that the average caudal beat frequencies of small-
mouth bass swimming in place would propel
guarding males out of nests at about 19 cm/s dur-
ing the day and 12 cm/s during the night if pec-
toral sculling were not performed. If pectoral
sculling costs are equal to the forward-swimming
costs they counterbalance, the total daytime en-
ergy demand for swimming in place is roughly
equivalent to the standard metabolic rate plus the
cost of forward swimming for 16 daylight hours
at 19 cm/s plus the added activity costs of pectoral
sculling at 19 cm/s. The total nighttime energy
demand will equal the standard metabolic rate plus
the cost of free swimming for 8 nighttime hours
at 12 cm/s plus the added activity costs of pectoral
sculling at 12 cni/s. In comparison, the upper limit
of the credible range of 24-h average speeds for
nonnesting largemouth bass was considered by
Rice et al. (1983) to be 5 cm/s.

Using these swimming speeds with the model
of Rice et al. (1983), we calculated that a 1-kg
nonnesting smallmouth bass swimming in 20°C
water at 5 cm/s for 24 h would have a total daily
oxygen consumption of 1.49 mg O,/g. An equiv-
alent-sized nest-guarding male swimming in place
for 16 daylight hours and 8 nighttime hours would
consume 2.39 mg O,/g, a 60% increase. It has
recently been shown that the relatively short pe-
riod (about 7 d) of parental care by threespine
sticklebacks Gasterosteus aculeatus leads to severe
depletion of energy reserves and results in high
mortality for guarding males (Chellappa et al.
1989).We suggest that researchers should no lon-
ger overlook activity costs associated with paren-
tal care when they develop fish bioenergetics mod-
els.

Effects of Guarding on Food Intake

As has been demonstrated with small sunfish
(Thorp et al. 1989), nest guarding severely limited
feeding activity of our nesting males. Male B did
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not feed at all during the 11 d of observation (Fig-
ure 1). Male A fed five times on odonate and cad-
disfly larvae and once on a 14-cm lake herring
Coregonus artedii. We calculated after summing
prey biomass (mass of prey estimated from size-
mass relationships developed for a variety of or-
ganisms from central Ontario lakes; Collins et al.
1981) that the consumption rate of male A aver-
aged 1-2% of its wet body weight per day over
our observation period. To put this level of con-
sumption into perspective, daily rations of pred-
atory littoral-zone fish under nonreproductive
conditions are about 7% of body weight per day
for largemouth bass (Hunt 1960), 2-7% for large
yellow perch (Boisclair and Leggett 1989), 4% for
rock bass Ambloplites rupestris (Keast and Welsh
1968), and about 3% for walleyes Stizostedion vit-
reum (Swenson and Smith 1973). Thus, even male
A, the more successful forager of our two subjects,
was able to obtain food at only a fraction of the
rate expected for littoral-zone predators.

According to computer simulations that model
growth of male smallmouth bass over several years
but ignore activity cost associated with nest de-
fense, nesting males that ate nothing for a period
of 30 d while protecting young would be up to
37% lighter than nonnesting males of the same
age (D. DeAngelis, Oak Ridge National Labora-
tory, unpublished data). Evidently, food depri-
vation costs of nesting are likely to have a sub-
stantial influence on the energy budget of the fish.
Combined with the added energy costs of swim-
ming in place and 24-h activity, it is clear that the
energetic cost of brood defense by male small-
mouth bass could be very large.

Energy Limitations and Nesting Success

Of smallmouth bass nests that contain eggs, 20~
80% do not produce free-swimming larvae (Doan
1940; Latta 1963; Turner and MacCrimmon 1970;
Hurley 1975; Clady 1975). Sudden drops in water
temperature (Shuter et al. 1980), and wind-in-
duced turbulence (Goff 1985) cause numerous nest
failures. Nest predation, especially at night, re-
duces the number of eggs and larvae in bluegill

__nests (Gross and MacMillan 1981), and we found
indirect evidence of nocturnal predation on small-
mouth bass eggs by brown bullheads Ictalurus
nebulosus, sculpins, and perhaps by white suckers
and crayfish (Orconectes spp. and Cambarus spp.).

In this study we recorded a nest failure; but our
study site was protected from wind-generated tur-
bulence, and sudden reductions in temperature
from upwellings did not occur. The average water
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temperature increased slowly from 16 to 20°C over
the 2 weeks of observations. Although evidence
of nocturnal nest predation was expected, we found
that males guarded nests effectively during day
and night. Males were seldom off nests for more
than 1 min, and even if predation were to occur
occasionally during those absences, the departures
were so brief that major egg loss was unlikely. In
fact, it took more than 1 d before larvae in the
abandoned nest were detected by foraging fish and
another day before all the larvae were consumed.
Thus, major predatory losses would not be ex-
pected without much longer periods of absence
than we observed. Apparently, the nest failure in
our study was not related to water temperature or
nest predation.

Another explanation for smallmouth bass nest
failures is that energy reserves of the male may be
insufficient to meet the demands of guarding
(Ridgway and Friesen, in press). Two aspects of
the nest failure we observed are consistent with
this hypothesis. (1) The unusually low levels of
turning in the days prior to the disappearance of
the male (Figure 1) suggest that an internal rather
than an external change was involved; (2) The
male that disappeared had not been observed to
feed over the entire 11-d observation period,
whereas the male that maintained guarding activ-
ity ingested an average of 1-2% of its body weight
per day. The sample of nests observed in this study
is far too small to generalize from, but our obser-
vations indicate that energetic constraints should
be considered as a plausible explanation for some
of the variance in nesting success of male small-
mouth bass (Ridgway and Friesen, in press).
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