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Although fish removal for biomanipulation is often highly size-selective,
our understanding of the nutrient cycling effects of this size-selection
is poor. To better understand these effects, we measured nutrient excretion by gizzard shad (Dorosoma cepedianum) of differing sizes from
four central Florida (USA) lakes and combined these measures with
gillnet biomass and size-structure data to compare lake-wide effects
among lakes and years. Direct removal of P in fish tissue ranged from
0.16−1.00 kg·P·ha−1 ·yr−1 . The estimated reduction in P excretion due to
harvest ranged from 30.8−202.5 g·P·ha−1 ·month−1 , with effects strongly
tied to the biomass and size structure harvested. The amount of P release
prevented per kg of fish removed was lower in previously unharvested
lakes, due to the initial removal of larger fish with lower mass-specific excretion rates. Gill net mesh size impacted the size distribution of harvested
fish, with smaller fish that excrete more P per gram being more vulnerable to smaller mesh sizes. In Lake Apopka, decreasing the mesh size by
1.3 cm yielded P excretion reductions that were 10.7−15.1% larger. Fish
harvesting to reduce internal nutrient cycling can be most effective by increasing total harvest and by harvesting smaller size classes over multiple
years.

RÉSUMÉ
Effet d’une biomanipulation sélective en taille sur la libération des éléments nutritifs par
l’alose noyer dans des lacs de Floride (États-Unis)
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Bien que l’enlèvement des poissons pour biomanipulation soit souvent très calibré, notre compréhension des effets sur le cycle des éléments nutritifs de cette
sélection en taille est peu documentée. Pour mieux comprendre ces effets, nous
avons mesuré l’excrétion des nutriments par l’alose noyer (Dorosoma cepedianum) de différentes tailles à partir de quatre lacs de Floride centrale (États-Unis)
et combiné ces mesures avec la biomasse estimée aux filets maillants et les données de structure en taille pour comparer les effets à l’échelle du lac suivant les
lacs et les années. Le retrait direct de P dans les tissus des poissons variait de
0,16 à 1,00 kg·P·ha−1 ·année−1 . La réduction de P estimée par excrétion due à la
récolte variait de 30,8 à 202,5 g·P·ha−1 ·mois−1 , avec des effets fortement liés à la
biomasse et la structure en taille du retrait. La quantité de P libérée évitée par kg
de poisson prélevé était plus faible dans les lacs précédemment non pêchés, en
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raison de la suppression initiale de gros poissons avec des taux d’excrétion de
masse volumique inférieure. Le maillage des filets a impacté la distribution en taille
des poissons pêchés, les petits poissons qui excrètent plus de P par gramme
étant plus vulnérables à des petits maillages. Dans le lac Apopka, la diminution
de la taille des mailles de 1,3 cm a permis de réduire l’excrétion de P de 10,7 à
15,1 % en plus. Le retrait de poissons afin de réduire le cycle nutritif interne peut
être plus efficace en augmentant la récolte totale et en récoltant des classes de
plus petite taille sur plusieurs années.

INTRODUCTION
Biomanipulation through fish harvesting has been used to improve water quality in many lakes
(Meijer et al., 1999; Søndergaard et al., 2008). Removals of planktivorous fishes can increase
the abundance of larger zooplankton and decrease phytoplankton via trophic cascade mechanisms (Carpenter et al., 1987), but some of the response can be due to changes in nutrient
cycling (Vanni and Layne, 1997). The removal of omnivorous and benthivorous fishes can decrease sediment resuspension, directly remove nutrients in fish tissue, and decrease nutrient
excretion by fish (Lamarra, 1975; Matsuzaki et al., 2007; Schaus et al., 2010). These processes can interact to lower turbidity and potentially increase macrophyte abundance, which
is often linked to the effectiveness of lake restoration (Scheffer, 2001; Søndergaard et al.,
2008). Ideally, an intense fish manipulation can shift the ecosystem from a highly productive
phytoplankton dominated state to a stable clear water state, with decreased phytoplankton,
increased zooplankton and increased macrophytes (Scheffer et al., 1993; Søndergaard et al.,
2008).
Reductions of fish stocks can be conducted with non size-selective means, such as pond
draining or rotenone, or by size-selective means, such as piscivore additions, trawls or gill
nets (Drenner and Hambright, 1999). Many types of commercial fishing gear are highly selective for larger size classes, shifting the population toward one dominated by smaller fish
(Hall et al., 2007; Catalano and Allen, 2011b). Utilizing commercial fisheries for biomanipulation favors the rapid removal of a large biomass in a cost-effective manner, regardless of any
effects on size structure. This is often desirable, as biomanipulation more frequently improves
water quality in cases with extensive fish removals, especially where 80% of the fish biomass
or >200 kg·ha−1 can be removed within a three year period (Hansson et al., 1998; Meijer et al.,
1999; Søndergaard et al., 2008). Despite the strong size-selective nature of many biomanipulation efforts relying on commercial fishing, little is understood about the impact that this shift
may have on nutrient cycling (Hall et al., 2007). Smaller fish typically have higher mass-specific
nutrient excretion rates (Lamarra, 1975; Brabrand et al., 1990; Gido, 2002), so size-selective
harvest at similar biomass levels could have important consequences for nutrient cycles.
The fish biomass of lakes and reservoirs in the midwestern and southern USA is often dominated by gizzard shad (Dorosoma cepedianum), especially in eutrophic to hypertrophic lakes
(Bachmann et al., 1996; Allen et al., 2000). Because of its abundance and its omnivorous
diet, gizzard shad is a good candidate for biomanipulation to improve water quality. The St.
Johns River Water Management District (hereafter SJRWMD) used commercial fishers to remove >7.4 million kg of gizzard shad from Lake Apopka (1993–2009) and 1.2 million kg from
Lake Griffin (2002–2008). The Lake Apopka harvest included both seasonal (Jan.-May) harvests where commercial fishers were paid a subsidy by SJRWMD as an incentive to increase
the harvest, as well as a smaller year-round unsubsidized harvest. The SJRWMD also has
conducted experimental harvests in Lakes Denham (1990–1992; Godwin et al., 2011) and
Dora (2005–2006; Catalano and Allen, 2011a), so the nutrient effects of fish harvests can be
compared among lakes and years.
Our previous work (Schaus et al., 2010) estimated nutrient effects of harvest in Lake Apopka
during 1993–2005 using direct excretion measurements of N and P and scaling these up to
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Table I
Physical and chemical characteristics of the four lakes where excretion measures were conducted. The
fish harvest in Lake Dora included the adjacent Beauclair basin, so that basin is included in the measures
reported for Lake Dora. Bathymetry data are taken from Coveney et al. (2005) and Fulton (1995), combining the data for Dora and Beauclair. Water quality data are mean values (±SD) for samples collected
during 2002–2009 by SJRWMD from 3 stations per lake (1 station for Lake Eustis). Water quality data
are fully reported in the Florida Atlas of Lakes (http://www.wateratlas.usf.edu/AtlasOfLakes/Florida/).
Lake
Apopka
Dora/Beauclair
Eustis
Griffin

Area
(ha)
12 500

Mean
depth
(m)
1.65

2213

2.82

3139

3.46

3809

2.36

Mean
Secchi
depth (m)
0.31
(±0.08)
0.36
(±0.06)
0.61
(±0.28)
0.48
(±0.27)

Mean
Chl a
(µg·L−1 )
66
(±29)
111
(±34)
48
(±29)
72
(±44)

Mean
total N
(µg·L−1 )
4573
(±1658)
3495
(±601)
2301
(±493)
2811
(±645)

Mean
total P
(µg·L−1 )
129
(±64)
73
(±35)
47
(±16)
56
(±18)

Harvested
(years)
1993–2009
2005–2006
Unharvested
2002–2008

the entire harvest based only on the mean mass of gizzard shad collected that was vulnerable
to gill nets, and not the specific size structure of the fish removed. This study builds on our
previous work by comparing nutrient excretion by gizzard shad among four central Florida
lakes (Table I), then comparing nutrient effects of fish harvest (2002–2009) for three of these
lakes that have undergone intensive fish removals, based on our excretion measures, the size
distributions of fish removed by the biomanipulation during each lake-year, and the mesh
sizes permitted for fishing at that time. Doing so will enable us to determine a) how broadly
applicable the results of our excretion measures are, b) the range of nutrient effects observed
in this type of fish harvest, c) the degree to which shifts in size structure of the harvest can
alter nutrient cycling by fish, and d) the degree to which mesh size can impact the nutrient
effect of the fish harvest.

MATERIALS AND METHODS
We directly measured nutrient release by 168 gizzard shad collected from Lakes Apopka
(n = 58), Dora (n = 46), Eustis (n = 38) and Griffin (n = 26), using methods similar to those
of other studies (Brabrand et al., 1990; Gido, 2002) and following the procedures detailed by
Schaus et al. (2010). Gizzard shad were collected, placed in containers of pre-filtered lake
water, and allowed to excrete for 30 min; the difference in nutrient concentrations (before vs.
after fish addition) was used to measure excretion. We sampled gizzard shad from all four
lakes during Jan.-Feb., May, and Jul.-Aug. 2006, from all lakes except Lake Griffin in Mar.
2006, and only from Apopka and Dora during Mar. 2005. The 2005 Lake Apopka fish (n = 23)
were included as a portion of those reported by Schaus et al. (2010), but are also reported here
because of the intentional comparison to another lake. Fish used for excretion measurements
spanned the size range available in each lake (7.7−860.0 g wet mass). The mean mass of
fish used for excretion measurements from each lake ranged from 192.6 g in Lake Griffin to
251.5 g in Lake Apopka. Lake temperatures during the excretion measurements ranged from
15.6−31.8 ◦ C, which is typical of the seasonal ranges observed in these lakes.
We used ANCOVA (SPSS 15, General Linear Model) to determine whether there were
between-lake differences in N and P excretion rates and ratios, comparing lake as the factor, with log wet mass of individual fish and temperature as covariates. Excretion rates and
wet mass data were log transformed prior to analysis to normalize the variance. Temperature
was not log transformed due to the linear relationship between temperature and the logarithm
of excretion rates (Wen and Peters, 1994; Schaus et al., 1997). Where nutrient release rates
differed significantly among lakes (N), follow-up multiple regression was conducted on the
data from each lake to allow comparison of regression coefficients for mass and temperature
13p3
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among lakes with previously published measures (Schaus et al., 1997, 2010; Gido, 2002).
Where nutrient release did not differ significantly among lakes (P and the N:P ratio), we conducted follow-up multiple regressions on data pooled from all four lakes.
For lakes where the SJRWMD has recently conducted fish removals (Apopka, Dora, and
Griffin), we combined a length-frequency distribution from commercial gill nets sampled for
SJRWMD in each lake-year (annual sample sizes were n = 300−1400 fish for Lake Apopka,
n =501–682 for Lake Dora, and n = 100−650 for Lake Griffin) with length-mass regressions
for gizzard shad collected by gill nets and/or electrofishing from each lake (n = 132 fish for
Apopka WM = 0.000005 × TL3.116 ; n = 719 for Dora WM = 0.0000015 × TL3.358 ; and
n = 323 for Griffin WM = 0.00000058 × TL3.503 ; WM = wet mass in g, TL = total length in
mm). This enabled us to determine the wet mass of a fish and the proportion of harvested
biomass in each 1cm size grouping. Direct P removals (in fish tissue) due to harvest were
estimated as 0.824% of the wet biomass harvested because Higgins et al. (2006) and Pilati
and Vanni (2007) both observed that gizzard shad body %P averaged 3.2% of dry mass for
gizzard shad >50 mm TL and for Florida gizzard shad, the dry mass averaged 25.76% of
the wet mass (SJRWMD, unpublished data). Our estimates of excretion from each lake were
combined with length-frequency data and mean monthly temperatures from that lake for May
and June (typically the two months following the harvest) to estimate how the biomanipulation
reduced P excretion by fish in each lake-year. Instead of extrapolating this biomass reduction
over an entire year (Schaus et al., 2010), we focused on the time period immediately after
harvest, to minimize any potential seasonal shifts in population biomass, growth, and/or size
structure and conservatively compare nutrient effects of harvest among lakes. We focused on
lake-wide estimations of P (and not N) because management of these lakes has focused on P
(Fulton and Smith, 2008), because other sources of P have been reported for some of these
systems (Coveney et al., 2002, 2005; Schaus et al., 2010) and because we observed that N
release differed significantly among lakes.
We examined the size-selective nature of the harvest by comparing the size distribution of
fish harvested among years and the size distributions of fish harvested by nets of varying
mesh size. The former was conducted in Lakes Apopka, Dora and Griffin during the years
harvested, using the commercial net data, as described above. The effect of mesh size was
examined during 2007−2009, using standard floating experimental gill nets 2.4 m deep with
six 15.3 m long panels of 6.4, 7.6, 8.9, 10.2, 11.4, 12.7 cm diameter stretched monofilament
mesh, fished in lakes Apopka and Griffin by an independent observer, using the methods
described by Catalano and Allen (2011a). Fish sampled on all dates during 2007-2009 were
pooled within each lake (n > 2000 fish per lake), and the size distributions harvested by each
mesh size were compared. Up until 2006, Lake Apopka was only permitted for fishing using
gill nets with a diameter of at least 10.2 cm stretched mesh, whereas from 2007−2009, mesh
as small as 8.9 cm was allowed. For 2007−2009, we compared size distributions and catch
per unit effort (CPUE, by numbers and biomass) of commercial nets in Lake Apopka for the
nets of different mesh sizes (8.9, 9.5 and 10.2 cm; n = 239−280 nets sampled for CPUE per
year; n = 52–804 fish sampled in each mesh size during each year). The 9.5 cm mesh size
included all nets between 9.1−9.9 cm stretch mesh, to simplify comparisons. All comparisons
of net size distribution data were conducted using ANOVA with a Dunnett’s T3 post test,
because the variance was typically not homogeneous. Finally, we compared the impacts of
these mesh sizes on nutrient cycling by calculating the nutrient effect using our excretion
measurements and the size distributions caught in the different mesh sizes. We assumed an
equivalent biomass harvested for the three mesh sizes, because CPUE by biomass for 8.9
and 10.2 cm mesh nets only differed significantly in 2008.

RESULTS
The study lakes differed significantly in excretion of N by gizzard shad, but not P excretion
or the N:P ratio (Table II). The ANCOVA model for N explained much more of the amongfish variability (R2 = 0.646) than did the model for P (R2 = 0.395). Follow up regressions for
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Table II
ANCOVA results for nitrogen, phosphorus and the N:P ratio. For all statistical comparisons, n = 168 fish
and error df = 162. For nitrogen, Eustis differed from Dora and Griffin and Apopka differed from Griffin
(p < 0.05). All other lake by lake comparisons did not differ significantly.
p-values for

Nitrogen
Phosphorus
N:P Ratio

Overall
model R2
0.646
0.395
0.105

Lake

Log wet mass

Temperature

Intercept

0.037
0.237
0.306

<0.001
<0.001
0.931

0.001
<0.001
0.001

<0.001
<0.001
0.023

Table III
Results of regression analyses for excretion measurements to predict gizzard shad NH4 -N excretion in
each system, based on Log wet mass (g), and temperature (◦ C).
Overall Overall
95% Lower 95% Upper Coefficient’s
model model Coefficient confidence confidence
p-value
p-value
R2
interval
interval
58 <0.001 0.309
–0.650
–1.366
0.066
0.074
0.514
0.265
0.764
<0.001
–0.002
-0.011
0.008
0.735
46 <0.001 0.910
–1.613
–1.832
–1.394
<0.001
0.786
0.708
0.864
<0.001
0.016
0.010
0.023
<0.001
38 <0.001 0.506
–0.817
–1.904
0.270
0.136
0.572
0.285
0.860
<0.001
–0.001
–0.022
0.020
0.921
26 0.298
0.100
–0.263
–1.405
0.879
0.639
0.317
–0.094
0.729
0.124
0.005
–0.012
0.021
0.568
n

Lake Apopka
Intercept
Log wet mass
Temperature
Lake Dora
Intercept
Log wet mass
Temperature
Lake Eustis
Intercept
Log wet mass
Temperature
Lake Griffin
Intercept
Log wet mass
Temperature

N excretion in each lake showed significant effects of mass in all lakes except Lake Griffin,
but only significant temperature effects in Lake Dora (Table III, Figure 1). The combined regression for P indicated significant effects of mass and lake temperature (Table IV, Figure 2),
whereas N:P was only significantly affected by temperature (Table IV, Figure 3). N and P excretion showed a decline in mass-specific excretion with increasing fish mass, as regression
coefficients (Tables III and IV) had 95% upper confidence intervals <1 in all cases. P excretion
increased with temperature, thus at warmer temperatures (Figure 2 – black and gray symbols)
gizzard shad typically had higher excretion than at colder temperatures (white symbols), for
fish of a specific mass.
Overall, the gizzard shad removals ranged from 19.1–121.6 kg wet mass·ha−1·yr−1 , including
both the seasonal (subsidized) harvest and year round (unsubsidized) harvest, with typical
harvests of 30–60 kg wet mass·ha−1·yr−1 and direct P removal of 0.24–0.48 kg P·ha−1 ·yr−1
(Table V). The size distribution of the harvest from Lake Apopka fluctuated among years, with
decreases in size observed following the shift to smaller mesh sizes in 2007 (Figure 4). The
harvest in Lake Dora removed larger fish during 2005, with a significant shift toward smaller
sizes during the second year of harvest (Figure 4). The harvests from Lake Griffin also showed
a significant shift downward in size over time (Figure 4). Differences in direct (fish removal) and
indirect (excretion) nutrient effects of harvest (Table V) across lake-years were most strongly
tied to differences in harvest rate, with some effects of mean fish size, due to the higher
excretion per gram of the smaller fish.
13p5
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m
Figure 1
Excretion of NH4 -N by gizzard shad from Lakes Apopka (diamond), Dora (circle), Eustis (square) and
Griffin (triangle). For all lakes, measurements are grouped by water temperature into 15−18 ◦ C (white),
20−25.9 ◦ C (gray), and 26−32 ◦ C (black) groupings. ANCOVA results indicated significant differences
among lakes (p = 0.037), and significant effects of Log wet mass (p < 0.001) and temperature (p =
0.001).
Table IV
Results of regression analyses for excretion measurements to predict gizzard shad PO4 -P excretion and
the N:P of excretion, based on Log wet mass (g), and temperature (◦ C) (n = 168 for both models).

Phosphorus
Intercept
Log wet mass
Temperature
N:P ratio
Intercept
Log wet mass
Temperature

Overall
model
p-value
<0.001

0.001

Overall
model
R2
0.379

Coefficient

95% Lower
confidence
interval

95% Upper
confidence
interval

Coefficient’s
p-value

–2.550
0.630
0.038

–3.006
0.481
0.028

–2.095
0.779
0.048

<0.001
<0.001
<0.001

32.663
1.049
–1.068

5.060
–7.790
–1.642

59.720
9.889
–0.493

0.018
0.815
<0.001

0.085

Experimental gill net samples from Lakes Apopka and Griffin (Figure 5) demonstrated that
there was a substantial number of gizzard shad invulnerable to the 10.2 cm mesh gill nets
most frequently used for these harvests, as experimental mesh sizes <9 cm typically captured a greater number of fish, which were smaller than fish caught by larger mesh sizes.
Commercial nets from Lake Apopka during 2007–2009 showed trends similar to the experimental net data, with smaller mesh sizes typically harvesting fish 3–4 cm smaller than those
harvested by the larger mesh sizes (Figure 6). Within each year, the size distributions of fish
caught in commercial nets differed significantly among mesh sizes (Dunnett’s T3, p < 0.05)
for all pairwise comparisons except 9.5 cm vs. 10.2 cm during 2007. Smaller mesh nets typically caught a greater number of fish per standard fishing unit (SFU; 100 m of commercial
13p6
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Wet m

e

Figure 2
Excretion of PO4 -P by gizzard shad from Lakes Apopka (diamond), Dora (circle), Eustis (square) and
Griffin (triangle). For all lakes, measurements are grouped by water temperature into 15–18 ◦ C (white),
20–25.9 ◦ C (gray), and 26–32 ◦ C (black) groupings. ANCOVA results indicated no significant differences among lakes (p = 0.237), with significant effects of Log wet mass (p < 0.001) and temperature
(p < 0.001).

Wet m
Figure 3
N:P ratio of excretion by gizzard shad from Lakes Apopka (diamond), Dora (circle), Eustis (square) and
Griffin (triangle). For all lakes, measurements are grouped by water temperature into 15−18 ◦ C (white),
20−25.9 ◦ C (gray), and 26−32 ◦ C (black) groupings. ANCOVA results indicated no significant effects of
lake (p = 0.306) or Log wet mass (p = 0.931), but there was a significant temperature effect (p = 0.001).
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238 227
700 404
562 187
476 775
558 291
401 202
726 227
301 028

124 877
135 083

462 665
102 816
176 137
112 953
147 340
114 960
102 563

2002
2003
2004
2005
2006
2007
2008
2009

2005
2006

2002
2003
2004
2005
2006
2007
2008

121.6
27.0
46.3
29.7
38.7
30.2
27.0

56.4
61.0

19.1
56.2
45.1
38.2
44.8
32.2
58.3
24.1

(kg·ha−1 ·yr−1 )

3812
847
1451
931
1214
947
845

1029
1113

1963
5771
4632
3929
4600
3306
5984
2480

(kg·yr−1 )

202.5
55.4
90.4
54.3
78.2
54.8
56.9

97.2
127.0

30.8
116.5
94.9
77.5
84.0
63.5
126.9
49.7

(g·ha−1 ·month−1 )

P excretion
prevented† (kg)

(kg·ha−1 ·yr−1 ) (kg·month−1 )
Apopka‡
0.16
384
0.46
1 452
0.37
1 182
0.32
966
0.37
1 047
0.27
792
0.48
1 581
0.20
620
Dora/Beauclair§
0.46
215
0.50
281
Griffin
1.00
770
0.22
211
0.38
344
0.24
206
0.32
298
0.25
209
0.22
217

Direct P
removal* (kg)

1.67
2.05
1.95
1.83
2.02
1.81
2.11

1.72
2.08

1.61
2.07
2.10
2.03
1.88
1.97
2.18
2.06

P excretion
prevented per
kg harvested
(g·P·kg·fish−1·month−1 )

†

P in fish tissues, 0.824% of fish wet biomass (see methods).
Amount of P that would have been released by the biomass of fish removed.
‡
Lake Apopka data include 95 182 kg to 249 301 kg of gizzard shad catch from an unsubsidized year-round harvest, in addition to the subsidized commercial seasonal
fishery.
§
Dora/Beauclair gizzard shad harvest data were previously reported by Catalano et al. ( 2010).

∗

(kg·yr−1 )

Year

Gizzard shad
harvest (kg)

Table V
Calculated effects on the P cycle of the gizzard shad harvests during 2002–2009, focused on the time immediately following harvest (note that harvest data are presented
on an annual basis, whereas excretion predictions are the mean of the two months following harvest).
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Figure 4
Total lengths (cm) of gizzard shad harvested in commercial nets from Lakes Apopka (top panel), Dora
(middle panel) and Griffin (bottom panel) during 2002–2009 (n = 100−1400 fish sampled per lake-year).
Boxes represent the interquartile ranges (25th, 50th and 75th percentiles) of fish harvested and the lines
represent the 5th and 95th percentiles. Within each lake, the size distributions of fish differed significantly
among years (Dunnett’s T3, p < 0.005) where indicated by different letters of the alphabet.

net fished for 1 h) than larger mesh sizes, but the trends were less clear for the biomass harvested (Figure 7). During all years, the 8.9 cm nets always caught the same biomass (2007
and 2009) or greater biomass (2008) per SFU than the 10.2 cm nets (Figure 7). Combining the
2007–2009 Lake Apopka harvest data with the size distributions from commercial nets and
our P excretion predictions yielded P recycling effects that varied substantially due to harvest and mesh size. The large harvest during 2008 doubled the nutrient effect, as expected
(Figure 8). Within each year, the smallest mesh size (8.9 cm) had effects on excretion that were
10.7−15.1% greater than that of the largest mesh size (10.2 cm) typically used (Figure 8), due
to the harvest of smaller fish that have higher nutrient excretion per gram.

DISCUSSION
Gizzard shad N and P excretion showed similar allometric trends to previous studies, scaling
with mass at approximately the 2/3 power, with regression coefficients (Tables III− IV) relatively
similar to those published for this species (Schaus et al., 1997, 2010; Gido, 2002). Although
excretion can vary significantly among systems (Higgins et al., 2006; this study for N), similarity of the regression coefficients, especially for P indicates that this approach may be broadly
applicable to other systems. It is not fully clear why we observed small but significant differences in N excretion among lakes. Pilati and Vanni (2007) observed that the N:P of excretion
was more strongly tied to diet than to gizzard shad body N:P. Likewise Higgins et al. (2006)
13p9
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s
Figure 5
Total lengths (cm) of gizzard shad sampled in SJRWMD experimental gill net panels in Lake Apopka
(top panel) and Lake Griffin (bottom panel) during 2007–2009. Mesh sizes are the maximum opening
when stretched. Sample sizes ranged from n = 407–581 fish per mesh panel for mesh sizes <9 cm
and n = 31−322 fish per mesh panel for mesh sizes >10 cm. Boxes represent the interquartile ranges
(25th, 50th and 75th percentiles) of fish harvested in that panel, and the lines represent the 5th and 95th
percentiles. Within each lake, the size distributions differed significantly among mesh sizes (Dunnett’s
T3, p  0.005) for all pairwise comparisons.

observed elevated N excretion in lakes where the gut contents of gizzard shad were higher
in N. Thus it is possible that the %N of gizzard shad diets varied somewhat among lakes, or
that some other source of inter-lake variability influenced excretion rates for N.
Our findings indicate that the effects of fish removals on nutrient excretion can vary substantially due to the total mass and mean size removed (Table V, Figure 8). Both of these factors
are strongly affected by mesh size. The potential effects on lake nutrient cycles also can be
influenced by many other factors, including temperature, the unharvested size-distribution
(Schmidt-Nielsen, 1975; Hall et al., 2007), diet (Vanni, 2002; Higgins et al., 2006; Pilati and
Vanni, 2007), growth rate and fecundity (Kim and Devries, 2000; Schaus et al., 2002). Predictions of the potential benefits of fish harvest to the nutrient dynamics in a particular lake
will depend on an understanding of these factors and how they may interact to impact the
population over the short term and in the long term. We observed a stronger effect of water
temperature on P excretion than on N excretion, leading to higher P release and much lower
N:P during midsummer (Figures 2, 3). Thus the influence of fish on nutrient cycles could be
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Figure 6
Total lengths (cm) of gizzard shad sampled from Lake Apopka commercial nets of different mesh sizes
during 2007-2009 (n = 52–1278 fish for each mesh size in each year). Boxes represent the interquartile
ranges (25th, 50th and 75th percentiles) of fish harvested and lines represent the 5th and 95th percentiles. The 9.5 cm mesh size includes 9.1−9.9 cm mesh nets. Within each year, the size distributions
caught differed significantly among mesh sizes (Dunnett’s T3, p  0.005) for all pairwise comparisons
except 9.5 cm vs. 10.2 cm during 2007.

greater during warmer seasons and at warmer latitudes. However, biomanipulations may actually be less effective at warmer latitudes because of the longer growing season, increased
omnivory and increased risk of algal blooms (Jeppesen et al., 2007, Kosten et al., 2009), which
may offset the gains made by fish reductions. Clearly, more research on biomanipulation efforts in tropical and subtropical systems is needed (Jeppesen et al., 2007).
In fish removals such as this, commercial fishers typically use permissible gear that maximizes
the biomass harvested per unit of time. Thus in Lake Apopka during 2007–2009, not all fishers
used the smallest mesh size allowed, if larger mesh sizes were successful in harvesting fish.
Our length-frequency data strongly suggest that it is advisable to select mesh sizes that are
effective overall in terms of harvesting fish, but allow the removal of smaller size classes,
as these fish have higher mass-specific rates of excretion. One clear case of this is in Lake
Dora, where the second year of harvest removed only 8% more fish (53.8 kg·ha−1 in 2005 vs.
58.2 kg·ha−1 in 2006), but the amount of P excretion prevented was 31% higher (Table V).
This occurred with only a modest shift in size structure (from a median of 35.6 cm TL in
2005 to 33.1 cm TL in 2006, Figure 4). The nutrient effects of the 2007–2009 Lake Apopka
gizzard shad harvests varied most substantially due to differences in total harvest (Table V).
However, assuming equivalent biomass harvested by smaller and larger mesh sizes (Figure 7),
the smaller mesh sizes had nutrient effects that were 10.7–15.1% higher (Figure 8), because
they harvested fish that were smaller. Likewise, in an enclosure experiment in Acton Lake, OH,
smaller gizzard shad enhanced phytoplankton and water column P to a much greater extent
than an equivalent biomass of larger fish (Schaus and Vanni, 2000), indicating the importance
of fish size on nutrient cycling. By increasing the vulnerability of small gizzard shad, it may
be possible to increase the overall fish harvest and the nutrient effect per kg of fish removed.
Ideally, biomanipulations should seek to reduce all size classes, because many populations
are dominated by small size classes that can avoid capture by commercial gill nets.
The overall effectiveness of a biomanipulation over the long term can be impacted by compensatory factors, such as increased growth, survival or fecundity. Reducing the biomass of
larger fish can reduce the overall fecundity of the population, potentially delaying the recovery of the population to pre-harvest biomass levels. However, these reductions also reduce
competition, potentially allowing a strong year class to more rapidly return the harvested
population to the baseline level (Devries and Stein, 1990). In Walker County Lake, AL, the
growth of age-0 gizzard shad was greatly increased following a selective fish harvest in Dec.
1995 (Kim and Devries, 2000). These individuals may have spawned as early as age-1, unlike
later year classes of gizzard shad which were not as fast growing (Kim and Devries, 2000;
Irwin et al., 2003). Unlike the current study, Walker County Lake was actively fertilized by the
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Figure 7
Catch per unit of fishing effort (CPUE) in 2007–2009 Lake Apopka commercial nets of differing mesh
size, based on the number of fish (top panel) and biomass of fish (bottom panel) caught per standard
fishing unit (SFU = 100 m of commercial net fished for 1 h; n = 173−1360 SFU for each mesh size in each
year). The 9.5 cm mesh includes nets 9.1−9.9 cm. The 10.2 cm mesh size included one net 11.4 cm.
Different letters denote significant differences in CPUE between mesh sizes in each lake-year (Dunnett’s
T3, p  0.005).

Alabama Department of Conservation and Natural Resources, and the management plan was
targeted at increasing forage for predatory fish without adverse effects to other planktivores
(Irwin et al., 2003). Schaus et al. (2002) documented a large reduction in older year classes
of gizzard shad in Acton Lake, OH, likely due to natural mortality near the end of the typical
lifespan. This biomass reduction led to a strong year class that fed on zooplankton and grew
five times larger than other age-0 cohorts, with some individuals potentially spawning (elevated gonadosomatic index) the following spring (Schaus et al., 2002). Thus this species has
the potential for compensatory growth following a partial removal, but the degree to which
the population can increase may depend on factors such as lake productivity, zooplankton
density, and the magnitude of spawner reduction.
In Florida lakes, experimental gizzard shad removals in Lakes Denham and Dora yielded
somewhat different results. The Lake Denham removal (1990–1992) used haul seines
(mesh 8.75–10 cm stretched mesh) to remove well over 90% of the harvestable (>200 mm TL)
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Figure 8
Effect of mesh size on the reduction in P excretion immediately after the gizzard shad harvests in Lake
Apopka during 2007−2009. These calculations reflect the differences in size structure harvested, but
assume equivalent biomass harvested by nets of different mesh sizes. The use of 8.9 cm mesh nets in
place of 10.2 cm mesh nets would increase the nutrient effect by 10.7−15.1%, due to the harvest of
smaller size classes by smaller mesh nets. Differences among years are primarily due to differences in
overall harvest.

gizzard shad biomass (Godwin et al., 2011). The 1992 sampling was suspended after only 8
seine hauls, because there were so few fish harvested. The gizzard shad biomass in experimental gill nets remained lower after the cessation of harvest, and water quality parameters
(chl a, TP, Secchi depth, TSS, etc.) showed improvements that persisted for at least 3–8 years
(Godwin et al., 2011). The Lake Dora fish removal (2005–2006) was conducted to examine
the potential density-dependent effects on growth, survival and fecundity following gizzard
shad removal. These harvests suppressed the spawner biomass by over 70% and decreased
the total population biomass by 30–40% (Catalano et al., 2010; Catalano and Allen, 2011a).
Following these removals, there was no detectable short-term improvement in water quality
(Catalano et al., 2010), and little variation in growth (Catalano and Allen, 2011a). Despite the
large reduction in spawner biomass, there was little effect on recruitment to age-1, suggesting
substantial density dependent effects on age-0 survival (Catalano and Allen, 2011a). Although
the lack of water quality improvement and increased survival of age-0 gizzard shad following
harvest in Lake Dora might lead to the conclusion that this harvest was unsuccessful, the purpose of that experimental removal was to gain insight on compensatory effects rather than to
improve water quality. Future studies should seek to examine the magnitude of gizzard shad
biomass reduction that is necessary to maintain improved water quality over the long term.
Several reviews of European biomanipulations indicate that the removal of 80% of the total fish (primarily roach, Rutilus rutilus, and bream, Abramis brama) biomass (Hansson et al.,
1998; Meijer et al., 1999; Jeppesen et al., 2007) or the removal of over 200 kg·ha−1 within
a three year period (Søndergaard et al., 2008) increases the likelihood of success for a fish
removal project. Thus, some authors have recommended that biomanipulation will be most
effective in smaller lakes where there is an increased likelihood of removing a large portion of
the fish biomass (Meijer et al., 1999; Jeppesen et al., 2007). The SJRWMD removals in Lakes
Apopka and Griffin have been smaller on a kg·ha−1 basis than what was recommended by
Søndergaard et al. (2008), partially because of the large size of these lakes (Table I). However, the SJRWMD removals have repeatedly harvested fish over several years in succession, lowering reproduction by larger size classes, and fish harvest remains the cheapest
means to remove P from these lakes (SJRWMD, unpublished data). The annual removals
reported here ranged from 19.1–121.6 kg·ha−1 ·yr−1 (Table V), and the annual removals from
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Lake Denham (104 ha, 1.4 m mean depth) were 380 kg·ha−1 ·yr−1 during 1990, 88 kg·ha−1 ·yr−1
during 1991, and 30 kg·ha−1 ·yr−1 during 1992 (Godwin et al., 2011). In Lake Apopka, a multipronged management effort has sought to cut external P loading, remove gizzard shad,
and remove particulate P via wetland filtration (Coveney et al., 2002, 2005; Schaus et al.,
2010). The combination of these approaches has reduced total P by 54%, reduced Chl a
by 37%, and increased Secchi depth by 47% (Coveney et al., 2005). In Lake Apopka, the
water quality improvements likely were most strongly tied to reductions in external nutrient
inputs (∼38,750 kg P·yr−1 ), which were much larger than effects of the gizzard shad removal
(2960 kg·P·yr−1 direct removal; 1230–14,820 kg P·yr−1 excretion reduction) and wetland filtration (1478–2754 kg P·yr−1 ) P effects (Schaus et al., 2010). However, once external P loading
has been cut, fish removal remains one of the additional options to potentially improve water
quality.
It has been well documented that gizzard shad is dominant only in highly eutrophic lakes
(Bachmann et al., 1996; Allen et al., 2000). The multiple stable states hypothesis (Scheffer
et al., 1993) predicts that a substantial reduction in external nutrient loading coupled with
biomanipulation could shift the ecosystem to a clear water state dominated by macrophytes,
which resists the change toward phytoplankton dominance and cyanobacterial blooms.
Gizzard shad are less abundant in lakes with lower water column chlorophyll and/or with
abundant macrophytes (Allen et al., 2000; Michaletz and Bonneau, 2005). If external nutrient
inputs are lowered and fish biomass can be decreased enough, then potentially the lake can
be shifted to a clear water state dominated by macrophytes (Scheffer, 2001; Søndergaard
et al., 2008), which resists the reestablishment of a high gizzard shad biomass. Thus, it is
possible that the reduced productivity of the ecosystem could counteract the tendency of
this species to proliferate, potentially maintaining the lake in a macrophyte dominated stable
state similar to what was historically documented in Lake Apopka (Schelske et al., 2005). At
the least, a substantial fish reduction could increase the time interval between large scale
fish removal projects. Future studies should examine the degree of gizzard shad biomass
reduction that is necessary to attain long term water quality benefits and enhancement of
macrophytes. Decisions about whether or not to utilize biomanipulation efforts should consider not only the duration, cost and the likelihood of bycatch, but also the cost-effectiveness
of nutrient removal in biomass and the likelihood of achieving the objectives of a large fish
reduction and a shift to a stable, clear water state dominated by macrophytes.
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