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We quantified the effects of planktivore biomass and planktivore type in an experimental mesocosm study of
factorial design in which five levels of fish biomass (0-75 g/m') were cross-classifiedwith two plantivore types:
filter-feeding gizzard shad (Dorosoma cepedianum) and visual-feeding bluegill (Lepomis macrochirus). As fish
biomass increased, cladocerans, cyclopoids, particulate phosphorus (PP) >ZOO pm, and chironomids declined;
conversely, rotifers, primary productivity, chlorophyll a, turbidity, unicellular flagellates, colonial and unicellular
green algae, pennate diatoms, total phosphorus, and 20-200 and 12-20 pm PP were enhanced. In the presence
of gizzard shad, as compared with bluegill, cyclopoids, turbidity, unicellular green algae, pennate diatoms,
>ZOO pm PP, and chironomid tubes were higher whereas colonial green algae and <0.2 pm PP were lower.
Fish biomass operated independently of planktivore type for most variables, except copepods, colonial green
algae, turbidity, and 20-200 pm PP. Although gizzard shad and bluegill have different trophic cascade pathways,
fish biomass was more important than planktivore type as a regulator of plankton communities and water quality.
Les auteurs ont quantifié les incidences de la biomasse et du type de planctophage dans le cadre d'une étude
expérimentaleen m6socosmes. Cette étude était conçue en fonction d'un plan factoriel d'expérience combinant
cinq niveaux de biomasse de poisson (de 0 à 75 g/m3) avec deux types de planctophage, soit l'alose à gésier
(Dorosoma cepedianum), un filtreur, et le crapet arlequin (Lepomis macrochirus), un chasseur visuel. Une augmentation de la biomasse de poisson était accompagnée d'une baisse du nombre de cladodres, de cyclopoïdes
et de chironomides et de la teneur en phosphore particulaire (PP) >200 pm; inversement, l'abondance de rotifères, de flagellés unicellulaires, d'algues vertes coloniales et unicellulaires, de diatomées pennées, la productivité primaire, la turbidité et les teneurs en chlorophylle a, en phosphore total et en PP de 20 à 200 pm et de
12 à 20 pm ont augmenté. En présence de l'alose à gésier, l'abondance de diatomées pennées, de cyclopoi'des,
d'algues vertes unicellulaires et de tubes de chironomides, la turbidité et la teneur en PP >200 pm étaient plus
élevées que lorsque le crapet arlequin était présent; par contre, l'abondance d'algues vertes coloniales et la
teneur en PP <0,2 pm étaient moins élevées. L'influence de la biomasse de poisson était indépendante du type
de planctophage pour la plupart des variables, sauf en ce qui concerne les copépodes, les algues vertes coloniales,
la turbidité et le PP de 20 à 200 pm. Bien que la chaîne des cascades trophiques de l'alose à gésier et celle du
crapet soleil soient différentes, la biomasse de poisson jouait un rôle plus important que le type de planctophage
comme régulateur des communautés planctoniques et de la qualité de l'eau.
Received February 20, 7 99 7
Accepted lanuary 13, 7992
(JA906)

P

lanktivorous fish regulate phytoplankton and water quality of lakes through their consumption of plankton and
alteration of nutrient cycles (Lazzaro 1987; Vanni 1987a;
Northcote 1988). How planktivorous fish influence plankton
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and water quality depends on fish biomass (McQueen et al.
1986; Threlkeld 1988; Drenner and Smith 1991). Empirically
derived regressions demonstratenegative relationships between
planktivore biomass and zooplankton biomass as well as
between zooplankton biomass and phytoplankton biomass
(Vijverberg and van Densen 1984; McQueen and Post 1985;
McQueen et al. 1986). These functional relationships between
planktivore biomass and plankton biomass appear to be nonlinCan. J. Fish. Aqua:. Sci., Vol. 19. 1992
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ea- (Drenner et al. 1987; Threlkeld 1988; Drenner and Smith
1991).
Although differences in the biomass-related effects of the
two types of planktivores, filter feeders and visual feeders, on
plankton and water quality are unknown, studies (Drenner et al.
1986; Lazzaro 1987) suggest that these two planktivore types
have different trophic cascade pathways. Visual feeders locate
and attack single zooplankton prey (Janssen 1976) whereas filter feeders do'vot visually detect individual prey, but strain prey
and particles from eìjgulfed water using gill rakers or other
entrapment structures (Mummert and Drenner 1986; Drenner
et al. 1987). Visual feeders directly suppress populations of
large zooplankters, and may indirectly enhance populations of
phytoplankton and small and or highly evasive zooplankton
(Hambright et al. 1986). In contrast, pump filter feeders directly
suppress populations of cladocerans and large phytoplankton,
and indirectly enhance copepods and small algae (Kajak et al.
1977; Drenner et al. 1986, 1987).
To quantify how fish biomass and planktivore type affect
plankton dynamics and water quality, and to determine whether
the effects of fish biomass and planktivore type operate independently, we performed an experiment of factorial design in
which five levels of fish biomass were cross-classified with two
planktivore types. We used filter-feeding gizzard shad (Dorosoma cepedianum) and visual-feeding bluegill (Lepomis
macrochirus), either of which can dominate the fish biomass
of lakes and reservoirs in the central and southeastern United
States (Jenkins 1967; Cooper et al. 1971). Gizzard shad
(>40 mm standard length (SL)) an omnivorous pump filterfeeding clupeid, feeds on phytoplankton, zooplankton, and
detritus (Mummert and Drenner 1986) whereas bluegill, a carnivorous centrarchid, feeds primarily on zooplankton and benthos (Werner 1977).

Material and Methods
We conducted this experiment in 20 white fiberglass tanks
at the outdoor mesocosm facility at Texas Christian University.
Tanks were 1.8 min diameter, 2.2 m high, and contained about
5500 L. Tanks were continuously mixed with an airlift mixer
system to prevent stratification (Drenner et al. 1986).
Because we were searching for generality and used the tanks
as model systems, we did not try to synchronize conditions in
tanks with those from any one lake or reservoir. We filled the
tanks with water from a small (0.7 ha), shallow pond (2.5 m
maximum depth) with bluegill and western mosquitofish (Gambusia afJinis), but no piscivores. The zooplankton of the pond
was dominated by small cyclopoid copepods and rotifers, with
few cladocerans (R. W. Drenner, pers. obs.). Water was
pumped into the tanks on 6 April 1989 using a gasolinepowered diaphragm pump. To stimulate the development of
cladoceran populations, we added about 800 cladocerans
(Simocephalus and Daphnia, mainly D . pulex) to each tank.
These cladocerans were obtained from two holding tanks filled
1 mo before the experiment. Because sand is used by gizzard
shad to break algal cells during digestion (R. W. Drenner, pers.
obs.), 3.8 L of autoclaved brick sand was added to each tank
on 10-11 April.
Beginning 16 April, 518 pg N/L as NH,Cl and 32 pg P/L
as H,PO, (concentrations after adding to tanks) were added to
each tank every other day. Based on previous experience
(Drenner et al. 1989), adding N and P at these concentrations
would help maintain a total nitrogen to total phosphorus
(TN:TP) ratio similar to that of the source pond.
Can. J. Fish. Aqua?. Sci., Vol. 49. 1992
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FIG. 1. Layout of the experimental tanks and sampling walkway.
Assigned treatment combinations are indicated by the letters S (gizzard
shad) and B (bluegill) for planktivore type followed by numbers indicating stocked fish biomass (O, 10, 30,50,and 75 g/m3, wet mass).

On 7 April, bluegill and gizzard shad were electrofished from
the pond and Interlocken Lake, Arlington, Texas, respectively,
transported, and acclimated in holding tanks. On 15 April, fish
were netted from these holding tanks, weighed in plastic bags
(nearest O. 1 g), and stocked into experimental tanks according
to the following design. Five levels of fish biomass (O, 10, 30,
50, and 75 g/m3, wet mass) were cross-classified with two
levels of planktivore type (gizzard shad and bluegill) resulting
in 10 treatment combinations. Each treatment combination was
randomly assigned to tanks and replicated twice (Fig. 1). The
two replicates of the no-fish treatment combination for gizzard
shad (SO) were distinct from those for bluegill (BO). The five
biomass levels were composed of O, 1 , 3 , 5 , and 7 gizzard shad
and O, 3, 9, 15, and 21 bluegill per tank. Mean individual
weights ( ? 1 SD) and length ranges of stocked gizzard shad and
bluegill were 53.8 ? 10.1 g (130-160 mm SL) and
17.2 ? 9.5 g (50-100 mm SL), respectively. Mean standing
crops of gizzard shad (>200 kg/ha) (Schoonover and
Thompson 1954; Aggus et al. 1979; Drenner et al. 1982; Hill
1983; Ali and Bayne 1987; Kirk and Davies 1987) are typically
higher than those of bluegill (<200 kg/ha) (Carlander 1977;
Aggus et al. 1979; Hill 1983; Hambright et al. 1986; Kirk and
Davies 1987). We selected the maximum stocking biomass of
75 g/m3 (about 1570 kg/ha) to ensure that gizzard shad were
stocked across biomass gradients found in natural lake and reservoirs. Maximum gizzard shad biomass can be as high as
1236 kg/ha (Schoonover and Thompson 1954). To complete
the factorial design, bluegill were stocked at similar biomass
levels as gizzard shad even though maximum biomass reported
for bluegill is 750 kg/ha (Carlander 1977). Therefore, biomass
levels of 50 and 75 g/m3 (about 1000 and 1500 kg/ha, respectively) were unrealistically high for bluegill.
Beginning 13 April (day O), tanks were sampled at weekly
intervals for 4 wk. Temperature was measured daily with a YS1
model 43TD tele-thermometer and ranged from 12 to 25°C.
Zooplankton were sampled with vertical tows of a63-pm-mesh,
12-cm-diameter Wisconsin plankton net. Triplicate tows were
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taken from each tank on each date, combined, preserved in 5%
sucrose-formalin, and counted under a dissecting microscope.
Densities were not corrected for net efficiency.
Integrated water column samples for analysis of turbidity,
chlorophyll a, phytoplankton, total nitrogen (TN), total phosphorus (TP), and size fractions of particulate phosphorus (PP1
were collected with a PVC tube lowered to near the tank botom
and then closed with a valve on the lower end of the tube.
Turbidity was yasured weekly with a Hach turbidimeter.
Chlorophyll a samples
all dates were filtered through Millipore HAWP membrane filters (0.45-pm pore size), wrapped
in aluminum foil, and frozen. Chlorophyll a was extracted in
a 2: 1 chloroform-methanol solution in the dark at 20-22°C for
at least 4 h and absorbance measured at 665 nm (Wood 1985).
Phytoplankton samples were preserved with 1.O% Lu~oI's
iodine and settled overnight in sedimentation chambers. Seven
to 10 random fields were counted (algae identified to genus)
with an inverted microscope at 200 x ; algal densities were
computed per taxonomic group. Phytoplankton sizes were
determined by measuring 10 individuals per taxon using an ocular micrometer. Particles <2 pm were not counted.
Samples for TN were digested with alkaline potassium persulfate (D'Elia et al. 1977) and absorbance was measured at
220 nm (APHA 1985). Samples for TP were digested with
potassium persulfate (Menzel and Corwin 1965) and analyzed
using a modification of the malachite green method (Van
Veldhoven and Mannaerts 1987) in which 1 mL of color reagent
was added to 5-mL subsamples of the 20-mL total digestions
and absorbance measured at 610 nm.
On days O, 14, and 28, PP concentrations were determined
for five size fractions: >200 pm (macroplankton), 20-200 pm
(microplankton), 12-20 pm (large nanoplankton). 3-12 p m
(small nanoplankton), and 0.2-3 p m (picoplankton)
(Mazumder et al. 1988). Samples were fractionated within 1 h
of collection with 47-mm Nuclepore polycarbonate filters with
pore sizes of 0.2, 3, and 12 pm (50, 100, and 300 mL filtered,
respectively) and prewashed 47-mm Nitex screens with mesh
sizes of 20 and 200 km (3 L filtered). After filtration (vacuum
pressure <50 mm Hg. 1 mm Hg = 133.322 Pa), each filter
was placed into a screw-capped test tube containing 35 mL of
distilled and deionized water. Phosphorus concentrations in the
fractionated samples were determined after oxidation with
potassium persulfate with the same methodology used for TP.
Filtrates (35 mL) passing through filters with a pore size ot
0.2 pm were stored at 4°C and analyied without the oxidation
step. Because filtrates through 0.2-pm filters may actually contain viruses and ultramicrobacteria (0.02-0.2 km), as well as
phototrophic pico- and nanoplankton (0.2-2.0 km), the phosphorus size fraction <0.2 pm may contain not only orthophosphate (PO,-P) but some PP also (Stocher et al. 1990).
On days 1. 15, and 29. phytoplankton primary productivity
was determined by in situ carbon fixation ("C method) with
two 250-mL light bottles and one 250-mL dark bottle (to correct
for bacterial photosynthesis; Parkin and Brock 1980) incubated
at 1 m in each tank from about 11:00 to 15:OO. For each tanh,
an integrated water column sample collected with the PVC
tube sampler Nas mixed in a pitcher and poured into the incubation bottles and then injected with 1 mL of a 3 pCilmL
(1 I l hBq/mL) solution of NaH"C0,. Initial dissolved inor_rank carbon was calculated from total inflection point alkalinity (Gran 1952: Wetze1 and Likens 1979). Immediately atter
incubations, 50 mL of each sample (stored in the daAr \+as
filtered. collected on a Millipore HAWP membrane filter (0.45km pore sire). exposed to 1 N HCI vapors for 30 min. dried
11h8

overnight, placed in a dioxane-base fluor. and counted with an
automatic liquid scintillation counter.
On 16 and 17 May (days 33 and 34), tanks were drained
through a fiberglass screen and fish removed, measured (SL,
nearest 1 mm), and weighed (nearest O. 1 g). No fish died during the experiment. Immediately after tank draining, tubedwelling chironomids and periphyton were sampled. Chironomid tubes were counted within a ¡100-cm2 rectangular area
from the surface to a depth of 30 cm on one side of each tank.
One 4 X 4 cm area of periphyton was removed with a razor blade
from the center of the chironomid sampling area. Periphyton
samples were collected on Millipore HAWP membrane filters
(0.45-pm pore size), wrapped in aluminum foil, and frozen.
Periphytic chlorophyll a was extracted by the method used for
phytoplankton.
All statistical analyses were performed on SYSTAT (Wilkinson 1989). Because fish were stocked on day 2, data from
day O were excluded from the analysis. Main effects of fish
biomass and planktivore type and their interaction effects (fish
biomass X planktivore type) were analyzed with repeatedmeasures ANOVA, using the Multivariate General Model
Hypothesis with grouping factors (five fish biomasses and two
planktivore types) and a time trial factor (two sampling dates,
days 14 and 28, for primary productivity and PP and four sampling dates, days 7, 14, 21, and 28, for all other variables).
Stocked fish biomass, fish growth rate (expressed in wet mass
per stocked wet mass per day), periphytic chlorophyll a, and
chironomid tube density were analyzed using a two-way
ANOVA. Because of low replication and statistical power, we
chose a probability level of CL < 0.10 to reduce the chance of
making the type II error of failing to reject a false null
hypothesis.

Results and Discussion
Fish biomass significantly affected densities of cladocerans
(primarily Daphnia piilex and Chydorus sp.), cyclopoid copepods (primarily Mesocyclops sp. and Acanthocyclopssp., copepodids, and nauplii), and rotifers (primarily Bruchionus sp. and
Asplunchnu sp. 1. With increasing fish biomass, densities of cladocerans and cyclopoid copepods decreased whereas densities
of rotifers were enhanced (Fig. 2). Planktivore type affected
cyclopoid densities, which were higher with gizzard shad than
with bluegill. The difference in the effects of gizzard shad and
bluegill may have occurred because filter-feeding gizzard shad
capture cyclopoid copepods with less success than visualfeeding planktivores (Drenner and McComas 1980).However,
day-0 cyclopoid densities were higher in tanks that were stocked
with gizzard shad than in those that were stocked with bluegill
(two-way ANOK4, P = 0.017). complicating our ability to
interpret this planktivore type effect.
Fish biomasc significantly affected primary productivity,
phytoplankton chlorophyll a. turbidity, and densities of unicellular flagellates. colonial green algae, unicellular green
algae. and pennate diatoms. All these variables increased with
increasing fish biomass, except colonial green algae whose density declined at gizzard biomass >30 gim3 (Fig. 2 ) , poh5ibly
as a direct consequence of gizzard shad grazing. Planktivore
type affected turhidity, unicellular green algae. colonial green
algae, and pennate diatoms. All these response variables were
higher in the pre5ence of gizzard shad than with bluegill with
the exception of colonial green algae.
For most planhton and water quality response variables. fish
biomass and planktivore type acted independently, a4 revealed
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FIG.2. Mean responses of zooplankton, phytoplankton, and water quality variables on four sampling
dates (days 7, 14, 21, and 28) after fish introduction and of primary productivity on two sampling dates
(days 14 and 28) to fish biomass and planktivore type. Probability values from repeated-measures
ANOVA of fish biomass and planktivore type main effects and their interaction effects are indicated
from left to right across the type of each graph. JMS error is shown in parentheses. Evaluation of fish
biomass or planktivore type main effects can be achieved by comparing mean values for treatment
combination levels of fish biomass (O, 10, 30, 50, and 75 g/m3, wet mass) or those for treatment
combinations of planktivore type (gizzard shad versus bluegill), respectively. Interaction effects can be
evaluated by nonparallel curves between values of response variables for gizzard shad and values for
bluegill across fish biomass levels. Phytoplankton sizes shown are ranges of maximum dimensions.
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by nonsignificant interaction terms ( P > O. 10). We found significant fish biomass X planktivore type interactions only for
cyclopoid copepods, turbidity. and colonial green algae. To
examine these relationships, we computed simple effects to
detect differences between gizzard shad and bluegill treatments
at each biomass level. At 10 g/m3, cyclopoid densities were
higher with gizzard shad than with bluegill ( P = 0.003;
Fig. 2). Turbidity was higher with gizzard shad than with bluegill at biomass.330 g/m3 ( P < 0.01). At 75 g/m3, densities of
colonial green algae (p&marilyActinustrum spp. ) were higher
with bluegill than with gizzard shad (P = 0.001). At this biomass, bluegill may have indirectly enhanced colonial green
algae by suppressing Daphnia because small colonial green
algae are particularly vulnerable to grazing by Daphnia (Vanni
and Temte 1990) whereas gizzard shad may have directly
reduced larger colonial green algae by grazing.
Fish biomass effects on PP were consistent with its effects
on zooplankton and phytoplankton. Fish biomass reduced
>200 pm PP (macroplankton) and enhanced 20-200 ,um PP
(microplankton) and 12-20 pm PP (large nanoplankton)
(Fig. 3). Bluegill reduced >200 pm PP more dramatically than
gizzard shad, most likely due to greater cyclopoid reduction by
bluegill compared with gizzard shad. The simultaneous
decrease in >200 pm PP and increase in 20-200 pm PP may
reflect the shift from copepods and cladocerans to rotifers
whereas 12-20 pm PP increased because rotifers cannot graze
efficiently 12-20 pm particles (Bogdan and Gilbert 1984).The
<0.2 pm PP was higher with bluegill than with gizzard shad.
A fish biomass x planktivore type interaction occurred for
20-200 pm PP. Analysis of simple effects showed that at 30
and 50 g/m3, concentrationsof 20-200 pm PP were higher with
gizzard shad than with bluegill ( P = 0.008 and 0.09,
respectively).
Fish biomass and planktivore type did not have significant
effects on periphytic chlorophyll a whereas we detected sigo-
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nificant declines in densities of chironomid tubes attached to
tank sides with fish biomass. Densities of chironomid tubes
were significantly lower with bluegill than with gizzard shad
(Fig. 4). Bluegill visually locate and consume benthic prey
(Werner 1977). Although gizzard shad of the size used in this
study commonly consume sediments and detritus, benthic
macroinvertebrates are not included in their diet probably
because they do not visually locate individual prey (Mummert
and Drenner 1986).
Our results are consistent with other studies suggesting that
consumption of macrozooplankton by planktivorous fish results
in the enhancement of rotifer densities (Vanni 1987b; Threlkeld
1988) and phytoplankton productivity and biomass (Shapiro
et al. 1975; Carpenter et al. 1985, 1987). Suppression of cladocerans and cyclopoids may have permitted rotifers to increase
because rotifers are not only outcompeted by D.pulex (Gilbert
1985; Vanni 1986), but also may be damaged or killed by the
filtering apparatus of cladocerans (Gilbert 1985; Gilbert and
Stemberger 19851, or even consumed by Mesocyclops (Williamson and Gilbert 1980). With lower grazing rates and narrower diet breadth (Neil 1984), rotifers permitted phytoplankton to increase.
Gizzard shad consume phytoplankton, but 130-160 mm SL
gizzard shad can only efficiently filter particles >40 pm as per
interraker distances (Mummert and Drenner 1986; Drenner
et al. 1986). Those phytoplankton too small to be grazed by
gizzard shad (unicellular flagellates, unicellular green algae,
and pennate diatoms (<20 pm in smallest dimension; maximum dimensions are shown on Fig. 2)) came to dominate
mesocosms with shad because elongated particles can pass
through filters, limited only by their smallest diameter (Runge
and Ohman 1982). However, because of their globular shape,
larger colonial green algae may have been suppressed by gizzard shad grazing at high biomass.
Fish also influence phytoplankton via alteration of nutrient
cycles (Nakashima and Leggett 1980; Vanni 1987a; Threlkeld
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1988; Northcote 1988). Fish biomass did not influence TN, but
TP increased with fish biomass (Fig. 2). Fish have complex
effects on nutrient levels, excreting nutrients and altering
nutrient cycles through predation (Vanni 1987a; Vanni and
Temte 1990; Vanni et al. 1990). Fish can act either as nutrient
sources or sinks depending on growthpattems (Threlkeld 1988).
In our study, bluegill growth rates were lower than gizzard shad
growth rates at all fish biomasses (Fig. 5). Gizzard shad always
gained weight, but gizzard shad growth declined with fish biomass. Bluegill growth also declined with fish biomass, but
bluegill only gained weight at 10 g/m3. Phytoplankton
enhancement by bluegill may have, in part, resulted from
nutrient release caused by loss of bluegill body mass (Threlkeld
1987), but we do not have information about changes in nutrient
excretion by bluegill with weight loss to accurately estimate the
nutrient loading.
One type of biomanipulation is the reduction of phytoplankton biomass (to increase water transparency) of lakes through
reduction of planktivores, permitting herbivorous zooplankton
to increase (Shapiro and Wright 1984; Carpenter et al. 1985).
A critical question about this biomanipulation technique is
whether partial suppression of planktivores by piscivores can
Can. J. Fish. Aquat. Sci., Vol. 49, 1992

improve water quality (McQueen et al. 1986; Shapiro 1990).
The answer partially depends on whether the fish biomass phytoplankton biomass relationship is linear or sigmoid. If linear (Carpenter et al. 1985; McQueen et al. 1986), then reductions in planktivores at high biomass will produce improvements in water quality. If sigmoid (Drenner and Smith 1991),
then reductions in planktivores at high biomass will not result
in commensurate reductions in phytoplankton biomass.
In our study the fish biomass - chlorophyll a relationships
were sigmoid. With bluegill, this relationship may be artificial
because (1) biomass levels of 50 and 75 g/m3 are unrealistically
high for bluegill in nature (Carlander 1977) and (2) nutrient
release resulting from loss of bluegill body mass may have
occurred at biomass >10 g/m3. In contast, gizzard shad grew
at all biomass levels. Carrying capacity for gizzard shad
exceeded that for bluegill because shad feed on phytoplankton
and detritus in addition to zooplankton (Mummert and Drenner
1986). Our growth rate data are consistent with observations
that in lakes and reservoirs, filter-feeding gizzard shad typically
maintain higher biomass than visual-feeding bluegill (Carlander
1977; Aggus et al. 1979; Miranda 1983). Phytoplankton biomass increased with gizzard shad biomass in a sigmoid fashion,
suggestingthat reductions of gizzard shad between 75 and 10 g/
m3 would produce less beneficial effects on chlorophyll than
reductions of gizzard shad below 10 g/m3.
The success of any biomanipulation effort aimed at reducing
phytoplankton biomass requires planktivores to be reduced sufficiently to permit zooplankton to increase and or nutrient loading by fish to decrease (Braband et al. 1990), but not so far as
to threaten piscivore production (McQueen et al. 1986, 1990).
Another type of biomanipulation is the stocking of forage fish
to maintain piscivore production. Because water quality
improvement and piscivore production enhancement are often
contradictory goals, a trade-off between water quality and
angler harvest might well be necessary under a biomanipulation
program of lake management. Gizzard shad often dominates
the forage fish biomass and is the primary prey of most piscivore species (Noble 1981), but it is currently difficult to predict
how reductions in gizzard shad biomass (to improve water quality) might affect piscivore production. Partial removals of gizzard shad can have negative, neutral, or even positive effects
on piscivore growth; however, most manipulations lacked a reference system and data were not statistically analyzed (DeVries
and Stein 1990). Our chlorophyll data (see Fig. 2) suggest that
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gizzard shad biomass must be reduced below 10 glm'
(<200 kg/ha, on the basis of tank surface area) to achieve a
significant reduction in phytoplankton biomass. This biomass
of gizzard shad is lower than the typical biomass of gizzard
shad in lakes and reservoirs (Aggus et al. 1979). Due to high
fecundity and growth of gizzard shad (causing them to quickly
reach a size refuge), the critical issue becomes whether a reduction in gizzard shad biomass below 10 g/m' can be achieved
and maintained for more than one season to ensure a lasting
reduction in phytoplankton biomass without having a detrimental effect on piscivorous game fish.
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