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Abstract

Piscivorous fish play an important role in regulating lake food web structure. However, mast ultimately pisciv-
orous fish pass through a period of planktivory before becoming piscivorous. In 1993 and 1994, two large cohorts
of young-of-the-year largemouth bass (Micropterus salmoides) were recorded in Paul Lake, Michigan. The 1993
and 1994 cohorts were the largest recorded in data exiending back to 1984 and accurred during a period in which
adult and juvenile bass biomass was low. In 1993, consumption of large-bodied zooplankton by the young-of-the-
year cohort eliminated large-bodied cladocerans by the middle of August. As large cladocerans declined, small
cladocerans, especially Bosmina longirostris, increased. By early September the biomass of B. longirastris was
similar to that of the entire cladoceran community in previous years. Coincident with the shifts in the cladoceran
community were increases in epilimnetic Chl g concentrations <235 wm. However, total epilimnetic Chl 2 did not
increase. In contrast, the 1994 cohort had no discernible effect on pelagic food web structure hecause production
of large-badied zooplankton rapidly exceeded predation. Qur results show the petential for large cohorts of pisciv-

orous fish ta affect food web structure, at a seasonal scale, through intense planktvory.

The effects of piscivorous fish on food web structure are
central to biomanipulation efforts to improve water quality
(Shapiro et al. 1975; Benndorf 1990; Jeppesen et al. [990;
Kitchell 1992). Piscivorous fish are important to lake food
webs because they may depress planktivorous fish popula-
ticns, thereby allowing large-bodied zooplankton to flourish,
which results in relatively low phytoplankton biomass. Yet,
the strength of this cascading interaction in unmanipulated
systems remains a topic of continued debate (Crowder et al.
1988; McQueen et al. 1989; DeMelo et al. 1992),

The effect of fish populations on food web dynamics is
mediated by recruitment (Carpenter 1988; Rudstam et al.
1993), an inherently variable process (LeCren 1962; Fogarty
et al. 1991). Previous studies have demonstrated seasonal
food web effects of a large year class of young-of-the-year
{YOY) planktivorous fish (Mills et al. 1987, Carpenter and
Leavitt 1991; Helminen 1994) and long-term food web ef-
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fects of a large cohort of long-lived obligate planktivorous
fish {Rudstam et al. 1993). No study has yet shown the im-
pact of a large year class of a long-lived and ultimately pis-
civorous fish on food web dynamics.

Largemouth bass (Micropterus salmoides) exhibit highly
variable recruitment (Summerfelt 1975) and as adults may
contral food web structure through intense predation on
planktivorous fishes (Carpenter and Kitchell 1993; Mittel-
bach et al. 1996). As a cohort matures, bass grow through
periods of zooplanktivory and benthivory before becoming
piscivarous. This trophic ontogeny {sensu Werner and Gil-
liam [984) interacts with prey populations such that a large
cohort may differentially affect food web dynamics at mul-
tiple temporal scales (Carpenter et al. 1985; Carpenter and
Kitche]l 1987). In theory, a large cohort may initially in-
crease zoaoplanktivory, shifting the zoeplankton community
toward smaller bodied zooplankten species and increased ed-
ible phytoplankton (Carpenter and Kitchell 1987). This pe-
riod of zooplanktivory is expected to be short-lived (Keast
and Eadie 1985; Olson 1996). As members of the cohort
grow, they select progressively larger prey, become pisciv-
orous, and their impact on food web structure reverses (Car-
penter and Kitchell 1987). Based on the thearies of trophic
ontogeny and cascading trophic interaction, Carpenter and
Kitchell (1987) and Carpenter (1988) predicted that trophic
cascades derive in unmanipulated systems as a consequence
of fish recruitment dynamics.

Our study site, Paul Lake, has served as the unmanipu-
lated reference system for a number of previous studies (e g.
Carpenter and Kitchell 1993; Carpenter et al. 1996). As a
reference system, the lake demonstrates the inherent back-
ground variability of an unmanipulated lake. Here we pres-
ent evidence for the effects of two large year classes of large-
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mouth bass on food web dynamics of Paul Lake. These
natural experiments offer evidence of the magnitude and tim-
ing of food web effects by piscivorous fishes.

Methods

Study site—Paul Lake is a small (1.7 ha, max. depth 15
m), oligotrophic lake located at the University of Notre
Dame Environmental Research Center (Gogebic County,
Michigan). Paul Lake has served as the reference basin for
a series of whole-lake manipulations and has been consis-
tently sampled since 1984. The Paul Lake largemouth bass
population has been unmanipulated and unexploited since
1976, The lake and its history are fully described in Leavitt
et al. (1989) and Carpenter and Kitchell (1993).

Fish population estimates—Population estimates for ju-
venile and adult largemouth bass were conducted during
May and August of each year using Petersen or Schnabel
mark—recapture methods (Krebs 1989). To minimize recap-
ture bias, marks and recaptures were conducted by using a
combination of angling and electroshocking. Biomass was
estimated by multiplying the average mass of juveniles and
adults by the population estimate of each respective age
group. Annual biomass was calculated as the average of May
and August biomass estimates. Population estimates for
YOY largemouth bass were made in August using Petersen
mark—recapture methods. Standard error estimates for YOY
populations were estimated according to Krebs (1989). Be-
cause angling was not possible for YOY, all marks and re-
captures were made by electroshocking. When mark—recap-
ture population estimates were not available, the abundance
of YOY largemcuth bass was estimated from the relationship
between catch per unit effort and mark-recapture estimates
from other years {population estimate = 83 X number
caught — 156.7; N = 6, R? = 0.94). For the standard error
of these population estimates, we used the standard error
estimate for predicted values around the fitted regression
{(Draper and Smith 1981). The abundance of YOY large-
mouth bass at hatching was estimated from the number of
successful nests observed (11 in 1993 and 22 in 1994, in
situ abservations) and an estimate of the number of fish pro-
duced from each nest (3,000, Scott and Crossman [1973]
and Becker (1983]).

Bass diets and predation rates—YOY largemouth bass
diets were quantified for use with bicenergetics models to
estimate predation rates on zooplankton. Fish were collected
by dip net or electroshocking and preserved in 95% ethanol.
The entire digestive tract was dissected and the contents
were enumerated. At least 12 individuals were analyzed on
eight dates from late June to late August 1993 and on nine
dates from early June to late August 1994, Diets were ana-
Iyzed as percent composition by mass {wet weight) using
standardized weights for each prey item (Hodgson et al.
1993).

We estimated predation on zooplankton by YOY large-
mouth bass using the bioenergetics approach of Kitchell et
al. (1977). Largemouth bass parameters were from Rice et
al. (1983} and Trebitz (1991), and simulations were run with

the generalized fish bioenergetics software developed by
Hewett and Johnson (1992). Water temperatures for this
model were from weekly temperature measurements taken
from May through September at a depth of 1 m. Prey energy
densities were taken from Hewett and Johnson (1992). En-
ergy densities of YOY largemouth bass were modeled as an
increasing function of fish weight.

For the 1993 and 1994 cohorts we modeled predation by
each nest school by modeling fish growth from 6.6 mg (9
mm) to the chserved weights in late August. By late August
1993, fish hatched before 24 June averaged 1.7 g and fish
hatched after 24 June averaged (.85 g. In 1994, fish hatched
before 3 June averaged 2.9 g and fish hatched after 3 June
averaged 1.5 g. The swim-up date (date at which YOY
emerge from the nest and become free-swimming) for each
nest school was estimated from direct underwater observa-
ticns. Underwater observations were made from late May
through the dispersal of all nest schools. The entire lake was
surveyed once every 2 d. Hatching occurred between 14
June and 4 July 1993 and between 24 May and 13 June
1994 (Post 1996). Mortality rates from swim-up to late Au-
gust were estimated (as an expenential decay function) to be
4.2% d7'in 1993 and 4.6% d~' in 1994,

Chachorus and zooplankton—Chaoborus and zooplank-
ton sampling and enumeration techniques are described fully
in Elser et al. (1987) and Elser et al. {1986). Zooplankton
biomass was estimated using length—weight regressions from
Downing and Rigler (1984), and Chaoborus biomass was
estimated from length-weight regressions in Soranno et al.
(19935).

Daphnia production—Production of Daphnia rosea and
Daphnia pulex (hereafter referred to collectively as Daph-
#ia) was estimated by using weekly biomass estimates and
previcusly published production to biomass (P : B) ratios for
Paul Lake (Stross et al. 1961). Stross et al. (1961) reported
an average daily biomass of 1.51 g m~? and seasonal pro-
ducticn of 7.2 g m~? (for the period 1 May through 1 Qc-
tober [153 d]), resulting in an average daily P:B ratio of
G.031. The current zooplankton and phytoplankton commu-
nity are similar to those of the late 1950s {Stross et al. 1961,
Leavitt et al. 1989; Carpenter and Kitchell 1993). We com-
pared estimates of predation by YOY largemouth bass to
praduction of Daphria based on a daily P: B ratic of (.03,
Estimates of YOY bass predation and Daphnria production
in 1993 and 1994 were from Post and Kitchell (1997).

Phytoplankton biomass—We used Chl a4 as an indicator
of phytoplankton biomass. Samples were filtered on What-
man GE/F filters and analyzed by using a calibrated fluo-
rometer (Marker et al. 1980). Chl a values are the mean of
Chl a concentrations from samples collected at depths rep-
resenting 100, 50, and 25% of surface irradiance and there-
fore represent epilimnetic Chl a concentrations only. Chl a
concentrations <<35 pm were determined from samples pre-
filtered through 35-pum mesh. A previous analysis noted no
significant changes in chlorophyll vertically integrated above
3% surface irradiance (Carpenter et al. 1996). This paper
presents epilimnetic concentrations that have not previously
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Fig. 1. Average summer biomass (kg} of juvenile and adult bass
and August abundance estimates {* SE} of young-of-the-year bass
far 1984 through 1994. Estimates in same years (*) derive from the
relationship between catch per unit effort and population estimates
for young-of-the-year in other years.

been published and that responded significantly to zooplank-
ton changes.

Results

Largemouth bass population—The annual average bio-
mass of adult and juvenile bass fluctuared almost threefold
between 1984 and 1994, reaching a minimum from 1989
through 1994 (Fig. 1). The density of adult bass (not shown)
generally tracked biomass. The 1993 (estimate of 3,303;
95% C.I. = 1,789-6,167) and 1994 YOY cohoris (estimate
aof 5,5951; 95% CI = 3,587-9,757) were 3.5 and 6 times
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Fig. 2. Estimated daily predation on Daphnia by the 1993 and
1994 largemouth bass cohorts and estimated daily production (g
liter~' day~' wet wt) of Daphnia assuming a P: B of 0.03.

more abundant than any previously recorded year class (Fig.
1}, and both cohorts reached a maximum biomass near the
end of August (4.6 kg in 1993, 10.6 kg in 1994).

YOY diets and predation rates—In 1993, YOY large-
mouth bass initially preyed on copepod nauplii and small
cladocerans (Bosmina longirostris and Polyphemus pedicu-
ius), but quickly switched to feeding on Daphnia (Table 1).
Daphnia was then replaced in diets by Holopedium gibber-
um, B. longirostris, and adult copepods toward the end of
August. Predation on Daphnia peaked around mid-July (Fig.
2) and then declined as the proportion of Daphnia in the
diets of YOY largemouth bass declined. In 1994, YOY bass
diets were initially similar to those observed in 1993, how-

Table 1. Diet composition of young-of-the year lacgemouth bass in Paul Lake during the summers
of 1993 and 1994. Results are presented as percent composition by mass.

Percent compesition of zoaplankten compaonent of total diet

Zooplankton
as percentage Daphnia  Holopedium Small Adult Copepod
Dare of total diet spp. gibberum  cladocerans*  copepods nauplii
1993
28 June 100 0 a 1 0 99
2 Ily 100 22 ] 76 2 1
6 July 90 14 0 86 1] 0
10 July 100 99 0 1 0 0
14 July 98 95 a 0 5 e}
19 July 43 94 a 0 6 e}
9 August 2 5 49 26 20 0
20 August 2 1 38 39 22 0
1994
8 June 100 34 0 62 4 0
15 June 100 83 e} 2 15 0
22 June 100 84 0 6 10 0
29 June 89 99 a 0 1 e}
6 July 15 100 0 Q 0 0
13 July 10 100 ] 0 a 0
27 July 20 97 a 0 2 0
5 August 29 190 0 0 1] 0
22 August 3 100 a 0 a 0

* Small cladocerans include Bosmina longirosiris, Diaphanosoma bivgei, Polyphemus pediculus, and several

spectes of Chydoridae.
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Fig. 3. Mean cladoceran length (mm) for 1991 through 1994.

The line labeled “previous minimum” represents the lowest meap
cladoceran length recorded for any date between 1984 and 1992,

ever Daphnia remained an important diet item. through the
summer (Table 1). Furthermore, YOY bass did not prey on
H. gibberum in 1994 and they did not switch back to small
cladocerans and adult copepods at the end of the summer.
Predation on Daphnia peaked in early July, declined slightly,
and then remained relatively stable for the remainder of the
surpmer as YOY bass continued to prey on Daphnia (Fig. 2).

Chaoborus—Chaohorus biomass estimates have been rel-
atively similar since 1984 (Soranno et al. 19935). The av-
erage summer Chaoborus biomass was 0.264 ¢ m™? (SE =
0.037; or 7.1 pg liter™") in 1992, 0.207 g m™? {SE = 0.034;
or 5.54 ug liter ") in 1993, and 0.324 g m~2 (SE = 0.079;
or 87 pg liter=') in 1994. In each year Chaoborus biomass
declined toward the end of the summer as a result of pu-
pation and the recruitment of newly hatched larvae,

Zaoplankton—The average mean cladoceran length in the
lake was 1.0 mm from 1984 to 1992. Prior to 1993 mean
weekly cladoceran length had never been <<0.7 mm. In 1993,
mean cladoceran length started to decline after mid-Tuly,
falling below 3.3 mum by the end of August (Fig. 3).

This decline in cladoceran length reflected a change in the
species composition of the cladoceran community. From
1984 through 1992 the cladoceran community of the lake
was dominated by the large-bodied species, H. gibberum, D.
pidex, and D. rasea. In the summer of 1993, however, these
large cladocerans declined and were replaced by a succes-
sion of smaller cladoceran species (Fig. 4). By the end of
the summer, the cladoceran community had become a near
monoculture of B. longirostris, with a biomass similar to that
reached by the entire cladoceran community earlier in the
summer {Fig. 4).

In 1994, mean cladoceran length gradually increased and
by the end of the summer was similar to those observed in
1991 and 1992 (Fig. 3). H. gibberum and B. longirostris
were initially abundant, but B. longirostris densities declined
rapidly as large-bodied cladocerans regained dominance. By
the end of the summer of 1994, the cladeceran community
was similar to that observed in 1991 and 1992,

Phytoplankton—The average concentration of <35-pm
Chl a for 1991 through mid-1993 fluctuated around the long-
term mean of 2.0 wg liter™" (1991-1992, Fig. 5). By the end

5
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100%(
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Fig. 4. Total cladoceran biomass (1991-1994; ug liter=' dry wt)
and species composition of the cladoceran community. Cladoceran
species that represented =1% of the total biomass were excluded
from the species composition panel. Species composition in 1993
and 1994 were previously reported in Post and Kitchell (1997}

of the summer of 1993, <35-um Chl a had reached levels
more than twice those previously ohserved (Fig. 5). Average
< 35-um Chl a in August of 1993 (4.4 = 1.9 ug liter™') was
significantly higher than that for August of previcus years
(1.77 = 0.62 pg liter™"; two-tailed ttest, T = —3.1, P =
0.03). There was, however, no significant increase in total
Chl a (P = 0.99, Fig. 5). In 1994, total and <(35-um Chl a
were at levels similar to those observed hefore 1993 (Fig.
5).

Discussion

For nearly 1@ years predation by adult and juvenile large-
mouth bass in Paul Lake had effectively minimized popu-
lations of zooplanktivorous fish, large cladocerans dominat-
ed the zooplankton community, and phytoplankton <35 pm
were suppressed by intense grazing (Carpenter and Kitchell

10p
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Fig. 5. Total and <35 pm epilimnetic Chl @ concentrations

(1991-1994; ug liter-'). The dotted lines indicate long-term mean
concentrations of total {3984-1992) and <35 pm (1991-1992) epi-
limnetic Chl a.
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1993). In 1993, however, the food web structure of this un-
manipulated system was disrupted for a short period by one
of the largest cohorts of largemouth bass recorded since
1984. This large recruitment event, the consequence of nat-
ural population fluctuations, increased zooplanktivory, elim-
inated large-boadied cladocerans, and allowed <<35-pm Chl
a to increase. In contrast to our previous whole-lake exper-
imental studies (e.g. Carpenter and Kitchell 1993; Carpenter
et al. 1996), these results illustrate the inherent background
variability of an unmanipulated reference system.

Fish—zooplankton interactions—In 1993, predation on
Daphria equaled or exceeded production (Fig. 2), indicating
that the decline of Daphnia resulted from predation by the
1993 cohort of largemouth bass. In contrast, predation by
the 1994 cohort had little effect on Daphnia populations.
The different effects of these two large cohorts demonstrate
the importance of interactions between predation rates and
Daphnia biomass and production. The strong effects ab-
served in 1993 were the result of high YOY bass densities
and low Daphnia biomass. In 1993, predation by YOY
largemouth bass increased and peaked while Daphnia bio-
mass was low. In 1994, Daphnia biomass increased before
predation was able to limit growth of the Daphnia popula-
tion. Once high Daphnia biomass was well established, pre-
dation by the 1994 cohort was not sufficient te control Daph-
nia populations.

These results are consistent with the view that the mag-
nitude and timing of predation, relative to prey biomass and
production, are important to fish—zooplankton interactions
(Luecke et al. 1990; Johnson 1995; Post and Kitchell 1997).
For example, had Daphnia biomass increased a few weeks
later in 1994, predation by the 1994 YOY cohort should
have been sufficient to keep Daphnia at low densities
through the summer. However, because Daphnia biomass in-
creased before predation by the 1994 cohort, even the large
1994 cohort was unable to regulate Daphnia densities. The
potential for a YOY largemouth bass cohort to suppress and
hold Daphnia at low densities is therefore a function of
Daphnia biomass, YOY biomass, and the timing of peak
predation (Post and Kitchell 1997).

Zooplankton length, especially mean cladoceran length
{Soranno et al. 19934), provides a robust indicator of zoo-
planktivory by fishes (Hrbédcek et al. 1961; Brooks and Dod-
son 1965} and is an important indicator of zooplankton~phy-
toplankton interactions (Pace 1984; Carpenter et al. 1991).
The decline in mean cladoceran length observed in 1993
{almost 0.75 mm; Fig. 3) was of a magnitude similar to that
reported in previous experimental manipulations (Post and
McQueen 1987; Carpenter and Kitchell 1993). The observed
patterns of species decline and replacement were consistent
with previously reported changes in zooplankton communi-
ties responding to intensified size-selective predation by fish
{Hrbédcek et al. 1961; Brooks and Dadson 1965; Mills et al.
1987; Carpenter and Kitchell 1993; He et al. 1994).

The patterns of species replacement were also consistent
with evidence from the paleolimnological record of Paul
Lake. Although large cladocerans have dominated the zco-
plankton community in recent history, the paleolimnological
record shows strong zooplankton community shifts corre-

spending to historic changes in the fish community. The fos-
sil record shows the replacement of Daphnia by B. longi-
rostris after a decline in a stocked trout population and an
increase in the abundance of minnows (Leavitt et al. 1989).
This replacement cycle was reversed when largemouth bass
entered the lake around 1978 (Leavitt et al. 1989). Thus,
large cladocerans have been replaced by small cladocerans
during previous periods of high planktivory in the lake.

Holopedium gibberum generally peaks early in the sum-
mer and then declines as the summer progresses and as
Daphnia biomass increases (Fig. 4, Stross et al. 1961; Sor-
anno et al. 1993a). H. gibberum appeared to follow this pat-
tern in 1993. Thus, the initial declines of H. gibberum may
have been part of its seasonal cycle. Predation by the 1993
YOY bass cohort, which began cansuming H. gibberum only
after Daphnia had declined (Table 1), may have accelerated
the decline of H. gibberum at the end of the summer.

In some systems, shifts in the composition of the zoo-
plankten community have been attributed to changes in in-
vertebrate predation (Dodson 1974; Vannt 1988; Arnott and
Vanni 1993). An increase in small cladocerans may be a
result of decreased invertebrate predation. The biomass of
the major invertebrate predator in Paul Lake, Chaoborus,
was not different from previous years. It is therefore unlikely
that Chaoborus had a direct role in the zooplankton changes
that occurred.

Zooplankton—phytoplankton interactions—The impact of
zooplankton grazing on the phytoplankton community is
more strongly related to cladoceran {or crustacean} length
than to Zooplankton biomass {Pace 1984; Carpenter et al.
1991; Cyr and Pace 1993; but see Stemer 1989; Cyr and
Pace 1992). In 1993, total cladoceran biomass declined in
midsummer as the community shifted from large-bodied to
small-bodied species {(Fig. 4). By the end of the summer,
mean cladoceran length had declined by nearly 0.75 mm
(Fig. 3), yet cladoceran biomass (predominantly B. longi-
rastris) had reached levels similar to those reached earlier
in the summer (Fig. 4). Following the decline in mean cla-
doceran length, epilimnetic <<35-um Chl a nearly doubled
(Fig. 5a). The increase in <<35-um Chl a was consistent with
the observed role of zooplankton size in the regulation of
the phytoplankton comununity (Pace 1984; Bergquist et al.
1985; Carpenter and Kitchell 1993; Carpenter et al. 1996).
B. longirostris may not have maintained the same grazing
pressure on <<335-um phytoplankton as did the larger cla-
docerans. This is likely a result of lower grazing rates {Knoe-
chel and Holtby 1986} and natrrower diets of B. longirostris
(Burns 1969; DeMott 1989).

The shift in food web structure in 1993 produced no sig-
nificant response in total Chl «. This result is consistent with
previous studies that have shown an inverse relationship be-
tween small (e.g. <35 pm) and large algae (Bergquist et al.
1985; Carpenter and Kitchell 1993). The compensatory re-
sponse of small and large algae may result from interactions
between competition for nutrients and the relative vulnera-
hility to grazing (Lehman and Sandgren 1985; Sommer et
al. 1986, Sterner 1989). There was also no response of ver-
tically integrated Chl a (above 5% surface wrradiance), per-
haps because the increase in the epilimnion was compensat-
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ed by a decrease in the metalimnion (Christensen et al.
1995). Nevertheless, epilimnetic Chl ¢ <35 pm was a sub-
stantial component of primary producer biomass at the end
of 1993, and its increase was ecologically and statistically
significant,

Long-terin implications of fish—fish interactions—In Paul
Lake, intense cannibalism by adult and juvenile bass {(Hodg-
son et al. 1993) strongly regulates recruitment (Post 1996).
The large 1993 and 1994 cohorts were produced while adult
and juvenile biomass were near their lowest recorded levels
(Fig. 1). Simulation models incorporating density-dependent
regulation of recruitment suggest that large recruitment
events and subsequent food web effects should occur at time
scales at or near the life span of the dominant fish species
{Carpenter 1988). Recruitment variability may then be trans-
mitted from pisciveres to phytoplankton through cascading
trophic interactions (Carpenter 1988). This result depends on
the strength of the interaction between adults and YOY bass
and on patterns of adult mortality.

As a cohort of largemouth bass natures, it feeds first on
zooplankton, then invertebrates, and then fish. As it becomes
progressively more piscivorous, its impact on food web
structure reverses. Predation on small zooplanktivorous fish
increases, reducing zooplanktivory, and allows a shift back
to larger bodied zooplankton, more intense herbivory, and
decreased phytoplankton. High levels of piscivory may then
be sustained over the lifetime of the cohort (“‘predation in-
ertia”; Stewart et al. 1981), buffering the system from ad-
ditional recruitment events.

Our results support the prediction that a large cohort of
ultimately piscivorous fish may cause cascading trophic in-
teractions by increasing planktivory in their first vear of life
{Carpenter and Kitchell 1987, Carpenter 1988). However, the
long-term impacts of a large recruitment event depend on
the interaction of mortality rates and trophic ontogeny. In
particular, periods of high mortality early in life may truncate
the food web effects. During the winter of 1993-1994, the
1993 cohort suffered extremely high mortality (Post 1996).
Mark-recapture estimates revealed that only 74 of an esti-
mated 3,303 YOY bass survived the winter (97.8% mortal-
ity) and still fewer survived the summer of 1994. Thus, high
overwinter mortality limited the ability of the 1993 cohort
to have a lasting impact on food web structure.

In contrast, the 1994 cohort had nc discernible effect on
the pelagic food web during its first summer of life. How-
ever, a large proportion of the 1994 cohort survived the win-
ter of 1994-1995 {Post 1996). Almost 1,500 of an estimated
5,551 YOY bass survived the winter (26% survival). In their
second summer of life, members of the 1994 cohort became
piscivarous and helped to eliminate rapidly the 1995 cohort
(Post 1996). Although the large 1994 ccohort did not affect
the pelagic food web through zooplanktivory, it did affect
food web structure through piscivory and may have long-
term impacts on food web structure through predation on
subsequent year classes.

It is clear that changes in the abundance of key fish spe-
cies may impact food web structure across a wide range of
aquatic ecosystems {see Northcote 1988 for a review). Yet,
the potential for natural variability in fish abundance to af-

fect phytoplankton dynamics remains controversial, For ex-
ample, Crowder et al. (1988) argued that many studies of
top-down trophic interactions have relied on fish
manipulations that were not ecelogically realistic (but see
Carpenter et al. 1991), and DeMelo et al. (1992} implied that
cascading effects may be weak or nonexistent in unma-
nipulated systems. Our results stem from whole-lake obser-
vations of an unmanipulated fish population. Thus, the per-
turbations (natural recruitment events) and abservations (at
a whole-lake scale) are ecologically relevant and appropriate
for understanding short-term food web perturbations induced
by recruitment variability of an ultimately piscivorous fish.

The observations of recruitment variability of the unex-
ploited Paul Lake largemocuth bass population and subse-
quent food web effects also have implications for exploited
populations. Fisheries management often aims to maintain
fish populations at intermediate densities, thereby maximiz-
ing yields (Ricker 1958; Hilborn and Walters 1992). At in-
termediate densities recruitment variability is also maxi-
mized (Strong 1986; Fogarty et al. 1991). Thus, exploaitation
tends to increase variability in the recruitment of fish pop-
ulations, increasing the potential for shifts in food web
structure and increased ecosystem variability (Kitchell and
Carpenter 1993). Therefore, our observations from an un-
exploited population provide a conservative indicator of the
potential for short-term. recruitment effects on food web
structure in exploited systems.
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