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Quantifying Linkages among Gizzard Shad,
Zooplankton, and Phytoplankton in Reservoirs
JOHN M. DETTMERS AND ROY A. STEIN
Aquatic Ecology Laboratory
Department of Zoology, The Ohio State University
1314 Kinnear Road, Columbus, Ohio 43212-1194, USA
Abstract.—Food webs in northern temperate lakes frequently exhibit tightly linked interactions
between adjacent trophic levels that lead to top-down effects from piscivores to phytoplankton.
To determine if these interactions occur in reservoirs dominated by an omnivorous planktivore,
gizzard shad Dorosoma cepedianum, we experimentally quantified crustacean zooplankton and
phytoplankton responses to age-0 gizzard shad (23-90 mm total length) at four gizzard shad
densities across three reservoirs, each with a different level of crustacean zooplankton productivity.
Age-0 gizzard shad exerted strong top-down effects on crustacean zooplankton, eliminating it from
most enclosures within 2 weeks. This decline in crustacean zooplankton did not lead to increases
in phytoplankton unless Daphnia spp. were initially abundant. As detritivores, gizzard shad can
remain abundant when planktonic food resources are depleted. This trophic decoupling probably
allows gizzard shad to structure reservoir food webs by overconsumption of crustacean zooplankton, which in turn may compromise recruitment of sport fishes with zooplanktivorous larvae. In
our view, the potential for increasing crustacean zooplankton density by controlling gizzard shad
with stocked predators will be limited to reservoirs where age-0 gizzard shad density can be
reduced below 10 fish/m3 and where daily zooplankton productivity exceeds 220 mg/nv\

The trophic cascade hypothesis is a useful conceptual framework for investigating the processes
governing community interactions in natural lakes
(Kitchell and Carpenter 1993). This hypothesis
provides an intuitive basis for understanding topdown effects of fishes on lower trophic levels at
given nutrient levels (Carpenter et al. 1987;
McQueen et al. 1989; Carpenter and Kitchell
1993). This framework also can provide insight
into strategies for managing lake communities
(Shapiro and Wright 1984; Benndorf 1990; Kitchell 1992).
Top-down trophic interactions are quite predictable at the piscivore-planktivore and planktivore-zooplankton levels but are more equivocal at
the zooplankton-phytoplankton level (DeMelo et
al. 1992). The unpredictable strength of top-down
responses at the zooplankton-phytoplankton link
may be due primarily to lake trophic status
(McQueen et al. 1986); more eutrophic lakes are
less likely to exhibit top-down effects unless large
Daphnia spp. are abundant (Vanni et al. 1990;
McQueen et al. 1992). However, rigorous experimental tests of the potential interaction between
lake trophic state and planktivore density have revealed no influence on phytoplankton biomass (reviewed by Lancaster and Drenner 1990; DeMelo
et al. 1992).
In our view, trophic interactions in reservoirs
depart from the strongly linked interactions com27

mon to northern lakes, in which native predators
can control prey fish abundance and, in turn, modify lower trophic levels (Carpenter et al. 1987;
Lyons 1987; McQueen et al. 1989). In reservoirs,
for example, native predators frequently do not
control the abundance of prey fishes, especially
shad Dorosoma spp. (Orth 1980; Summers and
Axon 1980; Filipek 1982; Willis and Jones 1986).
Although gizzard shad D. cepedianum are preferred prey (Johnson et al. 1988; Wahl and Stein
1988), high fecundity (Vondracek and LeHew
1991), fast growth, and large adult size limit their
vulnerability to predators (Adams and DeAngelis
1987; Johnson et al. 1988; Hambright et al. 1991;
Stein et al., in press). In Ohio reservoirs, only 20%
of gizzard shad production is consumed by predators (Carline et al. 1984; Johnson et al. 1988).
Further, gizzard shad impose their own control
on lower trophic levels (Drenner et al. 1982a,
1982b; Dettmers and Stein 1992; DeVries and
Stein 1992) without being strongly regulated by
zooplankton and phytoplankton abundance. Age0 gizzard shad longer than 25 mm total length
(TL), when sufficiently abundant, can virtually
eliminate crustacean zooplankton in reservoirs
(Dettmers and Stein 1992; DeVries and Stein
1992) and then switch to feeding on phytoplankton
and detritus (Miller 1960; Bodola 1966). Thus,
age-0 gizzard shad can reduce growth, survival,
and abundance of other planktivorous age-0 fishes
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TABLE 1.—Design of enclosure experiments in three
by exploitative competition for zooplankton
(Guest et al. 1990; DeVries et al. 1991) while Ohio reservoirs, 1991-1992. Reservoirs were chosen to
reflect the range of zooplankton productivity in Ohio. A
maintaining high population densities.
larval gizzard shad food consumption model (Dettmers
Gizzard shad longer than 100 mm feed primarily and Stein 1992) was used to determine densities of age-0
on detritus (Mundahl and Wissing 1988; Mundahl gizzard shad (23 mm total length) that provided an in1991). However, if abundant, this life stage also creasing challenge to zooplankton production in each rescan regulate zooplankton and phytoplankton. In ervoir.
mesocosm experiments, adult gizzard shad inReplicreased primary productivity and reduced crustacates
Treatment densities
Zooplankper
cean zooplankton abundance, effects which were
gizzard shad/m3
treatton pro- .
stronger in more productive mesocosms (Drenner Reservoir Year ductivity
Planned
Resultant ment
et al., in press). By feeding on detritus, gizzard
Clark
1992 High
4
0, 12, 25, 50 12,31, 43,
shad may regulate zooplankton and phytoplankton
41
by moving nutrients from sediments to the pelagia, Kokosing 1991 Medium 0, 5, 10, 20 0, 4. 9, 17 3
1992 Low
4
0. 3, 6, 12
0, 5, 7, 11
where they can be used by phytoplankton (Vanni Knox
1995). As a result, all life stages of gizzard shad
may regulate reservoir communities via complex
"middle-out*' processes that affect both higher and sisted primarily of gizzard shad, largemouth bass
lower trophic levels (Stein et al., in press).
Micropterus salmoides, crappies Pomoxis spp.,
Given their dramatic effects on food webs, re- sunfishes Lepomis spp., yellow perch Perca fladuction of gizzard shad numbers by large, non- vescens, channel catfish Ictalurus punctatus, comresident predators may be an attractive option for mon carp Cyprinis carpio, and bullheads Ameiurus
resource managers who seek to improve sportfish- spp. We chose these lakes because sampling in
ing opportunities and water clarity by increasing 1987-1991 (Bremigan et al. 1991; Dettmers and
zooplankton abundance. These predators must Stein 1992) revealed that their crustacean zooconsume sufficient gizzard shad to release zoo- plankton production was representative of the
plankton populations from planktivore control, range encountered in Ohio reservoirs.
thereby increasing recruitment potential of resiMethods
dent sport fishes and increasing grazing pressure
on phytoplankton.
We placed 12 floating enclosures (1.1 m in diIf zooplankton increases as gizzard shad abun- ameter, 1 m deep, and 1 m3 in volume, excluding
dance declines, we expect more zooplankton to be sediments) in Kokosing Lake (May 8, 1991), 16
available for early life stages of sport fishes and enclosures in Clark Lake (May 12, 1992), and 16
to increase grazing pressure on phytoplankton. enclosures in Knox Lake (May 13, 1992). EncloHere, we describe how several densities of age-0 sures were filled with lake water before larval fish
gizzard shad influenced crustacean zooplankton were present, permitting crustacean zooplankton
abundance in reservoirs with different capacities assemblages to develop for about 5 weeks without
for producing zooplankton.
fish predation. We sampled zooplankton and phytoplankton in each enclosure weekly during MayStudy Area
July with four pooled hauls of a tube sampler (7.2
Clark Lake in Clark County, west-central Ohio, cm inside diameter; DeVries and Stein 1991). Zoosupports high zooplankton productivity. It is a 40- plankton were filtered through a 54-p,m-mesh net
ha shallow, turbid reservoir with 4.5 km of shore- and preserved in 4% sucrose-formalin (Haney and
line, a maximum depth of 2 m, and Secchi depths Hall 1973).
of 25-75 cm. Kokosing Lake in Knox County,
In all lakes, we randomly assigned enclosures
central Ohio, supports intermediate zooplankton to four treatment levels (Table 1). Gizzard shad
productivity. It is a 65-ha, shallow reservoir with treatment densities were chosen to increasingly
7.5 km of shoreline, a maximum depth of 4.9 m, challenge crustacean zooplankton persistence at a
and Secchi depths of 40-110 cm. Knox Lake, also given level of zooplankton production. We used
in Knox County, supports low zooplankton pro- our larval gizzard shad food consumption model
ductivity. It is a 225-ha reservoir with 19.2 km of to predict consumption by different densities of
shoreline, a maximum depth of 9.6 m, and Secchi 25-mm TL gizzard shad (Dettmers and Stein
depths of 60-140 cm. Rooted vegetation was rare 1992), from which we established the range of fish
or nonexistent in all lakes. Fish communities con- densities to be added to enclosures. Specific fish
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densities were calculated such that their estimated
zooplankton consumption bounded preliminary
estimates of crustacean zooplankton production in
a random sample of enclosures (N = 3 per lake)
just before fish were added. Gizzard shad (23 mm
TL) were collected with buckets and immediately
added to enclosures on June 13, 1991 (Kokosing),
June 16, 1992 (Clark), and June 18, 1992 (Knox).
This design provided a realistic test of the capacity
for crustacean zooplankton communities protected
from predation for 5 weeks to persist in the face
of gizzard shad consumption. Based on previous
experience handling 25-mm gizzard shad, we assumed handling mortality to be 25-30%; thus, we
added 0, 7, 13, and 26 fish/m3 to Kokosing enclosures; 0, 16, 32, and 62 fish/m3 to Clark enclosures; and 0, 4, 8, and 16 fish/m3 to Knox enclosures to generate our expected treatment densities.
We evaluated our estimated handling mortality at
the time of gizzard shad addition in each lake by
adding 50 fish to each of two 120-L containers.
After 24 h, we drained the containers and counted
and measured surviving fish to estimate mortality
and the initial size of the gizzard shad. Final treatment densities differed from expected densities because of differences in gizzard shad survival
among enclosures.
All enclosures were inspected weekly for holes.
High winds caused holes to develop rapidly within
10 cm of the water line in most enclosures in Clark
and Knox lakes. Beginning on May 28, we used
waterproof tape to repair holes and reinforce weak
areas. By the time gizzard shad were added, no
new holes had developed. However, during May
28-June 16, larval gizzard shad entered all enclosures in Clark Lake and nine enclosures in Knox
Lake by moving from the lake through holes in
enclosures. With a spotlight at night, we found 16 gizzard shad in Clark Lake enclosures, and 1-3
shad in Knox Lake enclosures designated to receive gizzard shad.
Because gizzard shad could not be removed
without destroying the enclosures, we did not adjust our gizzard shad addition scheme, except to
be certain that we had fishless enclosures in Knox
Lake. In Knox Lake, we allowed the nine enclosures already containing gizzard shad to receive
additional gizzard shad according to our original
design (Table 1).
Gizzard shad consumed crustacean zooplankton
for 4-5 weeks in the enclosures. In Kokosing Lake,
we counted zooplankton from June 12 to July 10.
After July 10, 6 of 12 Kokosing enclosures were
destroyed in a wind storm. We collected data for
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overall fish survival and growth when the remaining intact enclosures were drained on July 24-25,
1991. Enclosures were drained on July 15, 1992,
in Knox Lake and on July 21, 1992, in Clark Lake.
All remaining gizzard shad were counted and measured (nearest millimeter).
To compare dynamics of organisms in the lake
with those in enclosures, we collected crustacean
zooplankton and ichthyoplankton weekly from
Kokosing Lake May 3-October I, 1991, from
Clark Lake May 7-September 26, 1992, and from
Knox Lake May 4-August 11, 1992. Zooplankton
were collected from three sites per lake with a 2m tube sampler (33.5 L per site) and filtered
through a 54-u,m-mesh net; densities were averaged across sites to generate a mean for each date.
We collected ichthyoplankton by towing a 0.75m-diameter, metered ichthyoplankton net (500-|xm
mesh) at the surface at 1.0-1.5 m/s for 3-5 min;
two replicate tows were taken on each date. Larvae
were preserved immediately in 10% formalin, returned to the laboratory, and identified, counted,
and measured (up to 50 per species, nearest millimeter TL).
Only crustacean zooplankton were counted in
the laboratory (Stahl and Stein 1994); hence, in
the remaining text, "zooplankton" refers to crustacean zooplankton. Up to 20 individuals of each
taxon in a sample were measured (nearest 0.01
mm) with a digitizing tablet viewed through a microscope drawing tube. These measurements provided size distributions through time and allowed
us to calculate biomass from taxon-specific,
length-dry weight regressions (Dumont et al.
1975; Bottrell et al. 1976; G. G. Mittelbach, Kellogg Biological Station, Michigan State University, unpublished data). Phytoplankton were concentrated by filtering through a 0.45-|jLm-pore
filter; they were then placed on a cover slip and
cleared with 2-hydroxypropyl methacrylate. Cover
slips were dried for 12 h, mounted on a slide (N
= 3 slides per sample), and counted with an Olympus BH-2 compound microscope with Nomarski
optics at magnifications of 200X and 400X. At
least 15 fields were counted at each magnification
to achieve a coefficient of variation of less than
10% (St. Amand 1990).
We calculated zooplankton production as the increase in mass of existing individuals plus the
number of eggs produced each week (Culver and
DeMott 1978). Temperature-dependent growth and
egg development equations were used to determine
the time individuals spent in each stage (DeMott
1976; Bean 1980). Zooplankton growth plus fe-
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on recovery of gizzard shad from enclosures, were
12 (N = 4), 31 (AT = 4), 43 (N = 4), and 41 (N =
4) fish/m3 (Table 1). Survival (mean ± SE) during
June 16-July 21, 1992, pooled across treatments
and corrected for fish known to be in enclosures
before our manipulation, was 88.7 ± 6.6%.
After the addition of gizzard shad, zooplankton
abundance differed among treatments (Figure IB;
Table 2); zooplankton were less abundant in all
enclosures to which we added gizzard shad than
in enclosures without added gizzard shad (Tukey's
multiple comparisons, P < 0.05). Zooplankton declined through time in all treatments, but declined
more rapidly when gizzard shad were added (Figure IB; Table 2). Both calanoid copepods and
Daphnia spp. declined substantially.
Dynamics of zooplankton biomass (Table 2) and
production (Table 2; Figure 2A) mimicked zooplankton density patterns in response to gizzard
Results
shad. Crustacean zooplankton size declined
Enclosure Experiments
through time, but did not differ across gizzard shad
We used our measure of the mean edible phy- densities (Figure 1C; Table 2).
toplankton biovolume in enclosures during JuneEdible phytoplankton biovolume (primarily
July to characterize productivity among lakes. Ed- Scenedesmus spp., Cryptomonas spp., Euglena
ible phytoplankton biovolume differed among en- spp., and Cyclotella spp.) differed among treatclosures from the three lakes (ANOVA; F = 14.22; ments and through time (Figure ID; Table 3); eddf = 1, 165; P < 0.0001). Clark Lake enclosures ible phytoplankton biovolume was greatest in the
were most productive, providing twice the biovol- treatment in which we added the most gizzard shad
ume of edible phytoplankton of Kokosing Lake (Tukey's multiple comparisons, P < 0.05). Inedenclosures, and four times that of Knox Lake en- ible phytoplankton (primarily Oscillatoria spp.,
closures.
Synedra spp., Cosmarium spp., and Closterium
Clark Lake.—Based on open-lake samples from spp.) did not differ among treatments, although
Clark Lake, zooplankton did not peak during biovolume varied slightly through time (Table 3).
spring, never exceeding 100 individuals/L through
Because gizzard shad invaded all Clark Lake
June 28 (Figure 1 A). Zooplankton density peaked enclosures and we could not maintain consistent
at 187/L on July 11, compared with zooplankton gizzard shad densities within treatments, we also
peaks of more than 400/L in all enclosures. Dom- analyzed these results by regression. Zooplankton
inant zooplankton in the lake were cyclopoid co- density was inversely related to gizzard shad denpepods, calanoid copepods, and copepod nauplii. sity beginning the second week following gizzard
Larval gizzard shad first appeared on May 13 and shad addition. By July 21, the regression exreached a peak density of 38/m3 on June 28, with plained 83% of the existing variance in zooplanka secondary peak of 24/m3 on May 27 (Figure 1 A). ton density across enclosures (loge[zooplankton
Zooplankton density in Clark Lake enclosure + 1] = 7.49 - 1.69-loge[gizzard shad + 1]; Figtreatments initially was less than 75/L during May ure 3A).
12-19, increased to more than 300/L during May
Kokosing Lake.—Zooplankton did not peak in
20-June 9, and remained above that level through Kokosing Lake during spring and never exceeded
June 16, after which gizzard shad were added to 45 individuals/L (Figure 4A), whereas zooplankenclosures (Figure IB). Daphnia spp., copepod ton peaks of more than 500/L occurred in 11 of
nauplii, and calanoid copepods were dominant; cy- 12 enclosures. Dominant zooplankton in the lake
clopoid copepods and Bosmina spp. generally were were Diaphanosoma spp., cyclopoid copepods,
rare. Thus, enclosure zooplankton communities calanoid copepods, and copepod nauplii. Larval
differed from the lake in that they supported more gizzard shad first appeared on May 16 and reached
Daphnia spp. and fewer cyclopoid copepods.
a peak density of 15/m3 on May 23, with a secIn enclosures, mean treatment densities, based ondary peak on June 5 (Figure 4A). By June 12,
cundity provided production estimates for each
taxon. Taxon-specific production was then
summed across taxa to generate estimates of total
zooplankton production for each weekly interval.
We analyzed treatment effects for total zooplankton density, size, biomass, production, and
taxon-specific density with split-plot repeatedmeasures analysis of variance (Maceina et al.
1994). Treatment effects were compared from the
last date that all enclosures were fishless (midJune) until we ended experiments (mid-July).
Data for zooplankton density, biomass, production, edible phytoplankton biomass, and inedible
phytoplankton biomass were logX* + 1 ^transformed before statistical analysis to reduce heteroscedasticity and generate normally distributed
residuals.
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FIGURE 1.—Means (±SE) of (A) crustacean zooplankton and larval gizzard shad abundance in Clark Lake, April
23-September 2, 1992; (B) crustacean zooplankton abundance in enclosure treatments, May 14-July 21, 1992; (C)
crustacean zooplankton size; and (D) edible phytoplankton biovolume (|xm3/mL), June 16-July 21, 1992. Arrows
indicate the dates gizzard shad were added to enclosures. Abscissa scale differs among panels.

most larval gizzard shad had metamorphosed into
juveniles (>25 mm TL) that could avoid our collection gear.
Zooplankton density in Kokosing Lake enclosure treatments initially was less than 5/L during
May 8-22 and increased to more than 500/L during
June 5-June 12, just before gizzard shad were added (Figure 4B). Bosmina spp., copepod nauplii, and

cyclopoid copepods were dominant; calanoid copepods and Daphnia spp. generally were rare. Bosmina spp. were a greater proportion of the zooplankton community in enclosures, whereas calanoid copepods were more abundant in the lake.
Final gizzard shad treatment densities, based on
recovery from intact enclosures, were 0 (N = 2),
4 (N = 1), 9 (N = 2), and 17 (N = 1) fish/m3.
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TABLE 2.—Summary of results of split-plot repeatedmeasures analysis of variance for log^-lransformed responses of zooplankton density, biomass, and production,
and the response of zooplankton size to increased age-0
gizzard shad abundance in enclosures in Kokosing, Clark,
and Knox lakes, Ohio, May-July, 1991 and 1992.
Mean
square

P

Response variable

df

log* (density)
Time
Time X treatment

Clark
3
5
15

Lake
10.5811.83
45.16
91.96
1.33 2.71

0.0018
0.0001
0.0033

log, (biomass)
Time
Time x treatment

3
5
15

14.92
8.49
65.64
88.63
2.00 2.70

0.0054
0.0001
0.0034

log; (production)
Time
Time X treatment

3
5
15

11.62
10.76
55.81
85.03
1.82 2.78

0.0025
0.0001
0.0026

Size
Time
Time X treatment

3
5
15

0.08 0.24
0.15 15.92
0.01 1.10

0.87
0.0001
0.38

F

Kokosing Lake
3
6.13 5.22
4
12

21.38
14.39
1.60 2.38

0.053
0.0001
0.03

Time X treatment

3
4
12

8.93 7.33
18.27
18.05
2.12 2.10

0.028
0.0001
0.054

log, (production)
Time
Time x treatment

3
4
12

5.90 10.04
7.97 8.03
1.98 1.99

0.015
0.0002
0.067

Size
Time
Time X treatment

3
4
12

0.002
0.037
0.004

0.55
8.%
0.99

0.67
0.0001
0.49

log, (density)
Time
Time x treatment

Knox Lake
3
19.49
38.46
5
100.11
109.20
15
3.99 4.35

0.0001
0.0001
0.0001

log* (biomass)
Time
Time X treatment

3
5
15

32.92
58.%
58.14
97.41
6.36 3.79

0.0001
0.0001
0.0005

log, (production)
Time
Time X treatment

3
5
15

26.55
58.05
53.51
78.16
4.76 3.26

0.0001
0.0001
0.0019

Size
Time
Time X treatment

3
5
15

0.08 3.42
0.08 6.44
0.02 1.50

0.066
0.0003
0.16

log, (density)
Time
Time X treatment

loge (biomass)
Time

Survival during June 13-July 26, 1991, pooled
across treatments, was 63.9 ± 3.6%.
After juvenile gizzard shad addition, zooplankton differed marginally among treatments (Figure
4B; Table 2). Fewer zooplankton occurred with 20
gizzard shad/m3 than in fishless enclosures (Tukey's multiple comparisons, P < 0.05). Although
zooplankton abundance declined through time in
all treatments, it declined more rapidly in the pres-

ence of gizzard shad (Figure 4B; Table 2). Calanoid and cyclopoid copepods, as well as Daphnia
spp., were the taxa most strongly reduced by gizzard shad. Regression analysis of zooplankton remaining versus gizzard shad recovered from enclosures revealed a negative relation beginning 2
weeks after gizzard shad addition. On July 10, gizzard shad abundance explained 97% of the variability in zooplankton density across enclosures
(logjzooplankton + 1] = 6.12 - 1.28-logc[gizzard
shad + 1]; Figure 3B).
Zooplankton biomass differed among Kokosing
Lake treatments (Table 2), being greatest in fishless enclosures (Tukey's multiple comparisons, P
< 0.05). Although biomass declined through time,
the rate of decline differed only slightly among
treatments (Table 2). Zooplankton production declined in all treatments containing gizzard shad
(Table 2; Figure 2B; Tukey's multiple comparisons, P < 0.05) and through time (Table 2). Zooplankton size did not differ among treatments, but
varied through time (Figure 4C; Table 2).
Phytoplankton responses were not as dramatic
in Kokosing Lake as in Clark Lake. Neither edible
(primarily Scenedesmus spp. and Euglena spp.) nor
inedible (primarily Cosmarium spp., Mougeotia
spp., and Synedra spp.) phytoplankton biovolume
differed among treatments (Figure 4D; Table 3).
However, both fractions varied through time (Table 3).
Knox Lake.—Zooplankton were abundant in
Knox Lake, peaking at more than 1,100 organisms/
L on May 27. Zooplankton numbers remained
above 300/L through June 25, after which they
crashed (Figure 5A). Larval gizzard shad first appeared on May 20; their abundance peaked on June
3 (Figure 5A), and larvae were present through
June 24. Peak larval gizzard shad abundance closely mimicked the timing of the zooplankton peak.
Zooplankton density in Knox Lake enclosures
before gizzard shad were added mimicked lakewide trends. Initially, abundance was less than 767
L during May 13-20; abundance increased to more
than 260/L during May 21-28 (Figure 5B) and
remained more than 300/L during May 29-June
18, when gizzard shad were added to enclosures.
Bosmina spp. were dominant; calanoid copepods,
copepod nauplii, Daphnia spp., and Chydorus spp.
were common but less abundant.
Final treatment densities, based on recovery of
gizzard shad from enclosures, were 0 (N = 3), 5
(N = 4), 7 (N = 4), and 11 (N = 4) fish/m3. Survival during June 18-July 15, 1992, pooled across
treatments and corrected for fish known to be in
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June 16 June 23 June 30

1000 June 18
FIGURE 2.—Means (±SE) of crustacean zooplankton production in enclosure treatments at (A) Clark Lake, June
16-July 21, 1992; (B) Kokosing Lake, June 12-July 10, 1991; and (C) Knox Lake, June 18-July 15, 1992. Arrows
indicate the dates gizzard shad were added to enclosures. Abscissa scale differs among panels.

enclosures before our manipulation, was 74.3 ±
8.0%.
Zooplankton abundance differed among treatments (Figure 5B; Table 2); fewer zooplankton
were in enclosures containing gizzard shad (Tukey's multiple comparisons, P < 0.05). Although
zooplankton abundance declined through time in
all treatments, it declined more rapidly in the presence of gizzard shad (Figure 5B; Table 2). Bosmina
spp. and calanoid copepod populations were most

strongly affected by gizzard shad. Regression analysis revealed that gizzard shad abundance explained 74% of the existing variance in zooplankton remaining in enclosures on July 15 (logjzooplankton + 1] = 3.49 - 1.94«logjgizzard shad +
1]; Figure 3C).
Dynamics of zooplankton biomass (Table 2) and
production (Figure 2C; Table 2) followed zooplankton density patterns. Mean zooplankton size
varied with time and differed slightly among treat-
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TABLE 3.—Summary of results of split-plot repeatedmeasures analysis of variance for loge-transformed responses of phytoplankton biovolume to increased age-0
gizzard shad abundance in enclosures in Clark, Kokosing,
and Knox lakes, Ohio, June-July, 1991 and 1992.

A.

Clark Lake: Day 35
N = 15

100 50

Response variable
Edible biovolume
Subplot error
Time
Time x treatment
Main plot error
Inedible biovolume
Subplot error
Time
Time X treatment
Main plot error
Edible biovolume
Sub-plot error
Time
Time x treatment
Main plot error
Inedible biovolume
Subplot error
Time
Time X treatment
Main plot error

df

Mean
Square

F

Clark Lake
3
9.35 8.12
9
1.15
3
9
34
3
9
3
9
34

4.99 5.39
1.41 1.53
0.93
3.032.85
1.06
3.38 2.67
1.64 1.30
1.26

Kokosing Lake
3
0.930.94
5
3
9
20
3
5
3
9
20

0.98
7.1118.73
0.74 1.95
0.38
0.18 0.26
0.72
3.963.98
0.88 0.88
0.99

P
^

0.006

3
9
3
9
35
3
9
3
9
35

0.16 0.09
1.73
20.45
6.60
0.39 1.20
0.32
2.86 0.28
10.11
6.68 1.72
7.44 1.92
3.88

••• •••

i

i

i

10

20

30

•B.
0.004
0.18

i

_
i

i

40
50
60
Kokosing Lake: Day 27
N=6

E
jj?

400

0.10
0.06
0.27

0.49
0.0001
0.10
0.85

0.02
0.56

10

|

£

CL
O

150

N

100

15

Knox Lake: Day 27
N = 15

C.

50

0

Knox Lake
Edible biovolume
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ments, with zooplankton size in fishless enclosures
tending to be larger (Figure 5C; Table 2).
Neither edible (Cymbella spp. and Scenedesmus
spp.) nor inedible (Spirogyra spp. and Mougeotia
spp.) phytoplankton biovolume differed among
treatments (Figure 5D; Table 3). The edible fraction varied through time; the inedible fraction did
not (Figure 5D; Table 3).

Gizzard Shad Density (Number-m")
FIGURE 3.—Plots of the relation between zooplankton
density and gizzard shad density in enclosures on the
last day of experiments: (A) after 35 d in Clark Lake,
on July 21, 1992; (B) after 27 d in Kokosing Lake, on
July 10, 1991; and (C) after 27 d in Knox Lake, on July
15, 1992. See Table 4 for the specific regression relationships.

as an indicator variable explained more than 94%
of the observed variation in zooplankton remaining in enclosures by accounting for gizzard shad
density, zooplankton production, and lake-to-lake
differences (Table 4). This analysis revealed that
final zooplankton abundance was influenced negatively by gizzard shad density and positively by
crustacean zooplankton production (Figure 6). Although zooplankton abundance and zooplankton
Understanding Zooplankton Productivity
production may be correlated, this analysis deand Persistence
scribes those conditions necessary for zooplankton
Final zooplankton density in enclosures was persistence. Adding phytoplankton concentration
negatively related to gizzard shad density and pos- and interaction terms to this model provided no
itively related to zooplankton production. We gen- additional explanatory power to the observed paterated a response surface using data from 36 en- tern of zooplankton abundance.
closures across our three lakes to interpolate across
We then assessed these lake-to-lake differences,
the range of our data with the SigmaPlot graphics and discovered that Clark and Kokosing lakes were
package (Figure 6). Regression analysis with lake similar, but differed from Knox Lake (Table 4). In
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FIGURE 4.—Means (±SE) of (A) crustacean zooplankton and larval gizzard shad abundance in Kokosing Lake,
May 10-August 2, 1991; (B) crustacean zooplankton abundance in enclosure treatments, May 23-July 10, 1991;
(C) crustacean zooplankton size; (D) edible phytoplankton biovolume (|xm3/mL), June 12-July 10, 1991. Arrows
indicate the dates gizzard shad were added to enclosures. Abscissa scale differs among panels.

Knox Lake, gizzard shad abundance was less
strongly correlated with final zooplankton abundance than was zooplankton production. In Clark
Lake, gizzard shad and zooplankton production affected final zooplankton abundance similarly. In
Kokosing Lake, gizzard shad density controlled
zooplankton dynamics.

Peak zooplankton densities exceeding 800/L occurred in several enclosures in each lake before
gizzard shad were added, despite differences in
productivity among lakes. These peak zooplankton
densities responded quite differently to our range
of gizzard shad consumption. To explain why zooplankton remained more abundant in Clark Lake
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FIGURE 5.—Means (±SE) of (A) crustacean zooplankton and larval gizzard shad abundance in Knox Lake, April
23-August 27, 1992; (B) crustacean zooplankton abundance in enclosure treatments, May 14-July 15, 1992; (C)
crustacean zooplankton size; and (D) edible phytoplankton biovolume (p,m3/mL), June 18-July 15, 1992. Arrows
indicate the dates gizzard shad were added to enclosures. Abscissa scale differs among panels.

enclosures than in enclosures from other lakes, we
examined final zooplankton density in enclosures.
If final zooplankton density differed when final
gizzard shad density was similar across enclosures,
we might expect nutrient-related factors to be responsible for the observed differences. We only
compared enclosures containing 3-12 gizzard

shad/m3, densities common to all experiments. In
this subset of enclosures, mean gizzard shad density was similar across enclosures (Clark, 6.5; Kokosing, 7.3; Knox, 5.9). Zooplankton density differed across enclosures (ANOVA; F = 261.66; df
= 2, 12; P < 0.0001); most zooplankton remained
in Clark Lake (mean, 98.6/L), some remained in
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3 weeks in all experiments. Although we varied
gizzard shad density more than 15-fold across all
treatments, we found few differences among treatments containing gizzard shad. Regardless of productivity, zooplankton was nearly eliminated when
there were more than 12 gizzard shad/m3. Zooplankton persisted at more than 100/L, the density
required for larval fish survival (Werner and Blax(100-L')
ter 1980; Eldridge et al. 1981; Li and Mathias
1982), only when daily zooplankton production
exceeded 220 mg/m3 and gizzard shad abundance
was less than 10/m3. Size-selective predation by
gizzard shad on zooplankton did not occur. Topdown effects cascaded to phytoplankton only in
those enclosures with Daphnia spp. densities initially greater than 40/L and abundant edible algae.
Enclosure results mimicked the lakewide zooplankton trends only in Knox Lake, which sugFIGURE 6.—Response surface of zooplankton remain- gested that zooplankton in Knox Lake persisted in
ing in enclosures at the end of each experiment versus
the number of gizzard shad retrieved from each enclosure the face of larval gizzard shad consumption. Howand final zooplankton production for Kokosing, Clark, ever, as gizzard shad grew longer than 25 mm, the
and Knox lakes (In = log^). Arrows and associated num- consumptive demand of gizzard shad probably
bers highlight the critical values of zooplankton produc- overwhelmed the production of zooplankton, caustion and gizzard shad density necessary for zooplankton ing its collapse (Dettmers and Stein 1992). The
to persist at abundances of more than 100/L.
rate and timing of this decline was quite similar
to the timing of the zooplankton collapse in enKokosing Lake (mean, 28.0/L), and few remained closures after the addition of 23-mm gizzard shad.
in Knox Lake (mean, 1.0/L). These results suggest
In Clark and Kokosing lakes, zooplankton dennutrient or bottom-up influences were important. sity remained low relative to densities observed in
To assess how bottom-up processes influenced enclosures before gizzard shad were added. Perzooplankton in the face of planktivore consump- haps this difference resulted from additional pretion, we examined the seasonal ratios of zooplank- dation pressure on zooplankton exerted by abunton births to deaths (ratios: 0.88 in Clark Lake; dant adult gizzard shad and other planktivores that
0.35 in Knox Lake; 0.28 in Kokosing Lake). These increased consumptive demand on zooplankton in
ratios differed among lakes (ANOVA; F = 8.29; spring. We have no direct evidence that populadf = 2, 167; P = 0.0004) and were greatest for tions of adult gizzard shad or other planktivores
Clark Lake enclosures (Tukey's multiple compar- were abundant in Clark and Kokosing lakes but
isons, P < 0.05), suggesting that conditions for rare in Knox Lake. However, in Lake Mendota,
zooplankton were more favorable in Clark Lake Wisconsin, abundant populations of cisco Coreenclosures.
gonus artedi could account for the observed DaphWe also examined the seasonal ratios of edible : nia spp. mortality during April-September 1987,
inedible phytoplankton biovolume (E:I) in enclo- except for 2-3 weeks in late May-early June
sures across lakes to assess food quality for zoo- (Luecke et al. 1992). Thus, it is possible that adult
plankton. These ratios differed among lake and fishes maintained zooplankton at low levels by
enclosure combinations (ANOVA; F = 80.00; df predation in our reservoirs. Given that our enclo= 2, 165; P < 0.0001) and were greatest in Clark sures protected crustacean zooplankton from all
Lake enclosures (E:I, 3.9), intermediate in Ko- predation sources, we believe our test with enclokosing enclosures (1.6), and lowest in Knox ensures strengthens our conclusion that age-0 gizzard
closures (0.3), suggesting that food quality, in adshad can eliminate reservoir zooplankton. This exdition to gizzard shad predation, probably detertreme reduction of zooplankton contrasts with remined mortality of zooplankton across lakes.
sults from northern temperate lakes. For example,
Discussion
zooplankton dramatically increased in Lake St.
Age-0 gizzard shad (23-90 mm TL) eliminated George in Ontario, following a winterkill that
crustacean zooplankton from enclosures within 2- eliminated piscivores (McQueen et al. 1989). A
5.4(220mg-m"3.d*1)
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TABLE 4.—Regressions predicting zooplankton density remaining in enclosures, for given gizzard shad density and
zooplankton production levels, across all enclosures from all reservoirs, and for each reservoir. The regression model
incorporating data from all reservoirs was log^zooplankton density) = a + b-log^gizzard shad density) +
c-logt(zooplankton production) + ^-reservoir. Partial regressions for gizzard shad density and zooplankton production
are presented for each reservoir. Regressions for Clark and Kokosing lakes were similar (P = 0.19), but both differed
from the relationship in Knox Lake enclosures (P < 0.0001).
Regression coefficients:
Dependent variable

a

b

F

P

*2

185.20
60.62
70.59

<0.0001
<0.0001
<0.0001

0.92

121.23
136.85
20.21

0.001
<0.0001
0.01

0.98

123.91
24.40
239.93

<0.0001
<0.0001
<0.0001

0.95

<0.0001

0.94

c

^

Clark Lake (N = 15)
Gizzard shad density and
zooplankton production
Gizzard shad density
Zooplankton production

4.18
7.91
0.32

-0.96
-1.79

0.42
0.71

0.81
0.83

Kokosing Lake (N = 6)
Gizzard shad density and
zooplankton production
Gizzard shad density
Zooplankton production

4.09
6.12
-1.67

-1.00
-1.28

0.33
1.21

0.97
0.79

Knox Lake (N = 15)
Gizzard shad density and
zooplankton production
Gizzard shad density
Zooplankton production

-1.06
3.49
-1.70

-0.28
-1.94

0.84
0.93

0.63
0.95

All reservoirs11 (N == 36)
Gizzard shad density and
zooplankton production
a

3.79

-0.63

0.72 185.20

The equation for all reservoirs includes the coefficient d (see table legend), calculated to be -1.31.

large year-class of planktivores subsequently reduced zooplankton biomass, but zooplankton were
still more abundant in Lake St. George (biomass
was reduced to about 1,500 mg/m3) than in our
study (biomass was reduced to less than 50 mg/
m3). Perhaps the biomass of planktivores used in
our study equaled or exceeded that in Lake St.
George. If so, our planktivores probably exerted a
greater consumptive demand on zooplankton, forcing them to very low levels. Gizzard shad probably
maintain their high biomass in reservoirs because
they can feed successfully on detritus, which allows them to persist in the face of low zooplankton
resources.
However, planktivore biomass (estimated biomass of cisco and yellow perch, 200 kg/ha) in Lake
Mendota before the 1987 cisco die-off equaled or
exceeded final gizzard shad biomass in 25 of 44
enclosures (Rudstam et al. 1992). Yet Lake Mendota zooplankton was more abundant than in our
study. Thus, planktivore biomass does not completely explain the differences in zooplankton
abundance observed between natural lakes and our
reservoirs.
Enclosure effects also could have artificially increased the impact of gizzard shad on zooplankton
because detritus was unavailable to gizzard shad.

We think this is unlikely because zooplankton
abundance in our reservoirs either remained low
or declined at rates similar to rates in our enclosures, and extensive periphyton growth occurred
in the enclosures, providing gizzard shad with an
alternative food resource.
Gizzard shad detritivory also may explain poor
zooplankton persistence in our enclosures. Given
their capacity to switch food sources from zooplankton to phytoplankton and detritus (Miller
1960; Bodola 1966), gizzard shad are more weakly
linked to zooplankton than northern planktivores
(even those that rely partially on benthos), because
detritus in most Ohio reservoirs is essentially unlimited. Thus, gizzard shad eliminate crustacean
zooplankton and then simply switch to detritus to
maintain high population biomass.
Zooplankton and phytoplankton did not seem
linked in our age-0 gizzard shad experiments. Only
when Daphnia spp. were abundant in enclosures
(averaging more than 40/L during June-July experiments) did we document reduced edible phytoplankton biovolume in enclosures to which we
added gizzard shad. This is consistent with observations in northern lakes, where piscivore responses cascade to phytoplankton only when
Daphnia spp. are abundant (Carpenter et al. 1987;
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gizzard shad below 10/m3 in only 19 of 44 reservoir-years.
Increasing piscivore abundance could reduce
gizzard shad abundance, permitting zooplankton
to increase in more productive reservoirs. NevManagement Implications
ertheless, in Ohio reservoirs, largemouth bass anWe see little potential for reduced gizzard shad
nually consume 30% or less of the gizzard shad
abundance to improve reservoir water clarity by
standing crop (Carline et al. 1984). We predict that
top-down forces. Because most reservoir turbidity
age-0 gizzard shad abundance must be driven beis inorganic in nature, it probably will be substanlow 10/m3 for crustacean zooplankton to persist
tially modified only by altered land use practices
at more than 100/L. Given the above rate of pisand improved riparian buffers. Reservoirs also
civore consumption, age-0 gizzard shad abundance
tend to be dominated by small crustacean zoocould not exceed 14/m3 in even the most producplankton that, even if abundant, probably have littive reservoirs if piscivores are to sufficiently retle impact on phytoplankton. Finally, gizzard shad
duce gizzard shad and improve sport fish recruitmay reduce water clarity by consuming sediments
ment.
and resuspending nutrients that otherwise would
Our historical reservoir sampling revealed that
be unavailable to phytoplankton, thus increasing
in 25 of 44 lake-years, peak age-0 gizzard shad
phytoplankton biomass (Vanni 1995). It is unabundance was less than 14/m3. Thus, many resrealistic to expect improved water clarity in reservoirs have the potential for increased zooplankervoirs with abundant gizzard shad, small cruston abundance resulting from low age-0 gizzard
tacean zooplankton, and agricultural watersheds.
shad density. However, when one considers zooHowever, some potential exists to reduce gizplankton productivity, this conclusion changes.
zard shad populations to the point that zooplankton
Our historical sampling indicates that daily zooabundance remains sufficiently high to improve
plankton production in reservoirs exceeded 220
recruitment of planktivorous sport fishes (Dettmg/m3 in only 3 of 10 lake-years (M. T. Bremigan
mers 1995). Sport fishes with early planktivorous
and J.M.D., unpublished data). Given that only
life stages frequently suffer poor recruitment when
Clark Lake enclosures maintained sufficient zoozooplankton abundance falls below 100/L (Werner
plankton production to sustain abundant zooplankand Blaxter 1980; Eldridge et al. 1981; Li and
ton, we believe that only about 1 of 8 reservoirs
Mathias 1982). Because gizzard shad in reservoirs
might sustain sufficient zooplankton production to
appear in the pelagic zone 2-3 weeks before bluepermit zooplankton persistence at more than 100/
gills Lepomis macrochirus and crappies (DeVries
L. Thus, stocking piscivores in Ohio to reduce gizand Stein 1992; Welker et al. 1994), they can elimzard shad abundance probably will not increase
inate zooplankton and reduce recruitment of these
zooplankton density to support increased recruitsport fishes (DeVries and Stein 1992). Thus, if
ment of sport fishes, except in reservoirs with agereservoir managers seek to improve sport fish re0 gizzard shad abundance below 10/m3 and daily
cruitment, they must reduce gizzard shad to levels
zooplankton production above 220 mg/m3.
that allow zooplankton densities greater than 1007
L during the open-water residence of larval fishes.
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