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Abstract: Research on Bluegills, Lepomis macrochirus R., is abundant but typically focuses on water
bodies with similar environmental conditions. We assessed Bluegill density, relative abundance
(catch per unit effort [CPUE] by electrofishing), growth, and size structure in 60 lakes with wide-
ranging surface areas (2-12,412 ha), trophic states (oligotrophic-hypereutrophic), and macrophyte
abundances (0.3-100 percent of lake volume inhabited [PVI]) across Florida, USA. Bluegill density
and CPUE increased with lake productivity and decreased with macrophyte abundance. Bluegill
growth increased with lake productivity and CPUE of stock-length Florida Bass, Micropterus floridanus
L., a Bluegill predator. Bluegill size structure increased with lake productivity and decreased with
Bluegill density. Results indicate that Bluegill fisheries with abundant individuals of quality size
(>150 mm) require productive (>25 pg/L chlorophyll-a concentration) lakes with moderate to high
macrophyte coverage (PVI 50-100), abundant stock-length Florida Bass (>40 fish/h of electrofishing),
and Bluegill densities <300 fish/ha. This study provides an approach to predict Bluegill population
demographics based on abiotic and biotic factors, establish fisheries management expectations, and
develop regional and lake-specific management tools.
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1. Introduction

Sunfishes Lepomis spp., crappies Pomoxis spp., rock basses Ambloplites spp., and Yellow
Perch Perca flavescens M. support some of the most popular, socioeconomically valuable,
and nutritionally and culturally important fisheries in the USA [1,2]. Known collectively
as panfish, these fishes are particularly abundant, speciose, and fast-growing in the south-
eastern USA due to a warm climate and long growing seasons [3-5]. These environmental
conditions, along with a large human population, promote considerable panfish angling
effort in lakes, rivers, and impoundments of the southeastern USA [6-9].

Much of the panfish literature focuses on Bluegill Lepomis macrochirus R., a species
that is native to the St. Lawrence/Great Lakes region, drainages along the Mississippi
and Rio Grande rivers and the southern Atlantic Coast, and portions of Canada and
northern Mexico, and introduced in parts of South America, Europe, Africa, and Asia [10].
Bluegills are popular sport fish in the USA [11,12] due to their abundance, appealing
taste and nutritional contributions, relative ease of capture, and value in introducing
anglers to recreational fishing [13]. Historically, Bluegill management in the USA was
characterized by liberal or nonexistent harvest regulations, reflecting the belief that angling
rarely induces overexploitation of Bluegills [14]. Evidence to the contrary has grown in
recent decades [15-17], making it important to understand the abiotic and biotic factors
that influence Bluegill density, relative abundance, growth, and size structure—both within
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water bodies and across watersheds and regions—to develop informed approaches for
preventing overharvest and managing this prized species.

Bluegill population demographics (e.g., density, relative abundance, growth, size
structure) are related to numerous abiotic and biotic factors across the range of this species,
including lake depth, alkalinity, water clarity, water temperature, watershed area, macro-
phyte coverage, food availability, intraspecific and interspecific competition, and preda-
tion [18-24]. For instance, Bluegill density increased with chlorophyll-a concentration in
lakes and impoundments of Illinois, lowa, and Missouri, USA [25-27]. Bluegill growth and
size structure were inversely related to density and relative abundance due to intraspe-
cific competition in lakes in Indiana and Michigan, USA [28,29]. However, some water
bodies can sustain populations of abundant, fast-growing Bluegills, particularly when
food resources are plentiful and fishing mortality is limited [30,31]. A common theme
from Bluegill literature is the prevalence of variability in the abiotic and biotic factors that
influence Bluegill population demographics, both within and among water bodies [32-34].

Despite decades of Bluegill research within individual water bodies and across water-
sheds and regions in the USA, few studies have evaluated the identity, relative importance,
and potential interactions of abiotic and biotic factors regulating Bluegill populations across
lakes with wide-ranging morphometry, trophic state, and aquatic macrophyte abundance.
We are unaware of any such studies in either the southeastern USA, as a region, or in Florida,
a state with 7700 lakes, 12,000 miles of rivers, four million anglers, and a multibillion-dollar
angling industry [9,35,36]. Due to the popularity of Bluegill angling in Florida [6,7], the
absence of information in the literature on how Bluegill density, relative abundance, growth,
and size structure vary among morphometrically and ecologically diverse lakes across
the state represents a major knowledge gap and an impediment to regionally informed
management strategies. Filling this knowledge gap would provide information to establish
Bluegill management expectations, develop Bluegill management tools at regional and
lake-specific scales, and predict how Bluegill populations may respond to climate change,
land-use alteration, eutrophication, watershed alterations, habitat restoration projects,
and other environmental changes. Moreover, investigating drivers of Bluegill population
dynamics in diverse lakes using an adaptable, computationally powerful method such
as generalized additive modeling would promote development of a broad approach for
predicting population demographics of target species based on abiotic and biotic factors,
a methodology that could be applied to study, manage, and conserve other aquatic and
terrestrial organisms.

Bluegill population demographics are influenced by various factors (e.g., feeding,
predation pressure, competition, reproductive behavior) that are important to consider
in a large-scale study of Bluegill populations across Florida. Bluegills in Florida feed on
macroinvertebrates such as chironomids, caddisflies, mayflies, odonates, hemipterans,
snails, amphipods, and freshwater shrimp [37]. Florida Bass Micropterus floridanus L. is
the top carnivore and Bluegill predator in Florida’s freshwater systems [3,38], which have
relatively simple fish and predator-fish communities compared to the northern USA, where
Walleye Sander vitreus M., Muskellunge Esox masquinongy M., and Northern Pike E. lucius L.
are additional Bluegill predators [12,31]. Other predator fish in Florida such as Warmouth
L. gulosus C. and Bowfin Amia calva L. consume Bluegills but are usually secondary Bluegill
predators compared to Florida Bass [5,38]. Competition between Bluegill and other species
in Florida is generally less studied than in the northern USA, where Bluegills compete
with species such as Pumpkinseeds Lepomis gibbosus L. and Green Sunfish L. cyanellus
R. for food resources [39]. However, sunfish communities are species-rich in Florida,
comprising Warmouth, Redear Sunfish Lepomis microlophus G., Spotted Sunfish L. punctatus
V., Redbreast Sunfish L. auritus L., and other species that may compete with Bluegills for
food or space in certain situations. Florida has a sub-tropical climate and mild winters, with
Bluegill initiating reproduction as early as February in south Florida and several weeks
to months later in central and north Florida, when water temperatures approach 21 °C
(70 °F) [40]. Bluegill spawning is prolonged and can occur during most months of the year
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in Florida, involving community nesting with conspecifics and congeners such as Redear
Sunfish [40].

The purpose of this study was to evaluate how Bluegill density, relative abundance,
growth, and size structure are related to abiotic and biotic factors in lakes with wide-ranging
surface areas, trophic states, and macrophyte abundances to inform Bluegill management in
Florida, and potentially across the species’ native and introduced range. Our first objective
was to assess how Bluegill density and relative abundance are influenced by lake surface
area, trophic indicators (e.g., zooplankton density, chlorophyll-a concentration), macrophyte
abundance, and relative abundance and size structure of a Bluegill predator, Florida Bass.
Our second objective was to investigate how these abiotic and biotic variables, along
with Bluegill density, affect Bluegill growth and size structure in Florida lakes. Bluegill
population demographics and associated management approaches are expected to vary
greatly across Florida due to the diversity in lake size (<1 ha to >180,000 ha), trophic state
(oligotrophic to hypereutrophic), and macrophyte coverage (0-100%) [36].

2. Materials and Methods
2.1. Study Area

Effects of abiotic and biotic factors on Bluegill density, relative abundance, growth, and
size structure were evaluated in 60 lakes in central and northern Florida, USA
(Figure 1) [38]. Lakes were selected to represent the wide range of lentic habitats avail-
able in Florida relative to surface area, trophic state (oligotrophic, mesotrophic, eutrophic,
hypereutrophic), and macrophyte abundance (0.3-100 percent of lake volume inhabited
[PVI]) [41]. Within these categories, lakes were randomly selected and sampled once in
summer or fall (May—November) to measure trophic indicators, macrophyte coverage, and
Bluegill population demographics [38]. Data were obtained from the second author and his
previous research in [38,41]. Population distribution and community composition of fishes
and aquatic plants, along with abiotic and biotic conditions, have remained consistent in
the 60 study lakes over time (see [36,38] and statistical analysis below).
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Figure 1. Map of Florida lakes sampled in this study (black circles). Figure modified from [38].
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2.2. Data Collection

Zooplankton density was measured to represent trophic conditions in the 60 lakes.
Wisconsin nets (12-cm mouth diameter, 80-um mesh) were used to collect zooplankton
using vertical tows through the water column (surface to 0.5 m above bottom) at six stations
per lake. In a laboratory, zooplankton samples were transferred to 50-mL volumetric flasks,
and 5-mL subsamples were examined using a 40 x-magnification dissecting microscope.
Zooplankton were counted (sum of cladocerans, copepods, nauplii, and rotifers), and
counts were expanded to the entire volume of the sample to calculate density (organisms/L).
Mean total zooplankton density (ALLZOOP) was calculated for each lake by averaging
sample-specific densities.

Chlorophyll-a concentration was also measured to represent trophic conditions in the
60 lakes. Water samples were collected at six stations (three limnetic, three littoral) in each
lake. Twelve samples were collected in each lake—six samples (one per station) on one
sampling date, and three samples (one per limnetic station) on each of two other sampling
dates in later months. Water samples were filtered and analyzed with a fluorometer to
calculate chlorophyll-a concentration (CHLA, ug/L), following protocols from previous
research [42,43]. Because CHLA may not accurately represent trophic state in macrophyte-
rich lakes [44], adjusted chlorophyll-a concentration (ACHLA, ng/L) was calculated for
each lake. In particular, concentrations of nitrogen and phosphorus in macrophytes were
measured and incorporated into regression models to project chlorophyll-a concentrations
if these nutrients were present in the water column [41]. Mean CHLA and ACHLA were
calculated for each lake by averaging sample-specific CHLA and ACHLA values.

Macrophyte abundance (PVI) was measured in each lake using a Raytheon DE-719
recording fathometer and a transect-sampling approach developed in previous research [45].
The number of transects per lake was proportional to lake surface area, ranging from
3 to 24 (average 12). Because PVI has been used in previous studies of Florida lakes [41,46]
and represents a useful, management-relevant index of plant coverage relative to total lake
volume, it was deemed an appropriate measure of macrophyte abundance for this study.

Bluegills were collected using two methods: block-net rotenone sampling and elec-
trofishing. Block nets (3-mm bar mesh) were deployed to confine Bluegills to a 0.08-ha
area [47]; rotenone treatment (2 mg/L, 5% active ingredient, Noxfish) was then used to
collect Bluegills over three days. In all but two lakes, six block nets were deployed, with
three nets each in limnetic and littoral habitats. The remaining lakes were the smallest (2 ha)
and largest (12,412 ha) systems, so two and twelve block nets were deployed, respectively,
using equal numbers of nets in limnetic and littoral habitats. Lake-wide Bluegill densities
(fish/ha) were calculated by weighting limnetic and littoral densities by the whole-lake
area of each habitat type.

Standardized boat electrofishing was used to collect Bluegills and Florida Bass in
the 60 study lakes; lakes in the Florida Panhandle also contained intergrades between
Florida Bass and Largemouth Bass Micropterus salmoides. Fish were collected using a
Coffelt VVP-15 electrofisher powered with a 5.5-kilowatt generator, with the boat serving
as the cathode and five stainless steel cables serving as the anode. In all lakes, pulsed-
DC daytime electrofishing was performed in evenly spaced near-shore areas using one
experienced netter. In most lakes, electrofishing was performed using six 10-min transects;
the smallest lakes (<5 ha) received two transects, whereas the largest lakes (>2000 ha)
received twelve transects. Mean catch per unit effort (CPUE, fish/h) was calculated for
each lake by averaging transect-specific CPUE values. All fish (collected using rotenone
or electrofishing) were measured (total length [TL], mm), counted, and weighed (g). Fish
were captured in accordance with all applicable University of Florida animal care and
use protocols.

Bluegill age and growth were evaluated by extracting sagittal otoliths from all Bluegills
>120 mm TL that were collected on the first day of rotenone sampling. Otoliths were cleared
in 100% glycerin for one week. Then, a 10x-magnification dissecting microscope with
reflected light was used to measure the radius and annuli from the core to the anterior
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tip [48]. Mean back-calculated length at age 3 (MLA-3)—a growth index for harvestable-
sized Bluegill (age 3) in the study lakes [38]—was determined by developing regressions of
Bluegill TL against otolith radius using the direct-proportion method.

2.3. Statistical Analysis

Generalized additive modeling was used to assess how Bluegill population demo-
graphics are affected by lake surface area, trophic indicators (ALLZOOP, CHLA, ACHLA),
macrophyte abundance (PVI), and Florida Bass relative abundance and size structure in
Florida lakes. Generalized additive models (GAMs) were used because they simultaneously
evaluate linear and nonlinear relationships between independent and dependent variables,
which can better represent ecological relationships than models assuming linearity [49,50].
In this study, GAMs were developed to evaluate Bluegill density and relative abundance
(CPUE) as linear and nonlinear functions of predictor variables, including environmental
variables (surface area, ALLZOOP, CHLA, ACHLA, PVI), Florida Bass proportional size
distribution (PSD), PSD of preferred-length Florida Bass (PSD-P), and CPUE of stock-length
Florida Bass. Similarly, GAMs were developed to assess how Bluegill growth (MLA-3) and
size structure (PSD, PSD-P) were affected by the aforementioned variables and Bluegill
density. Models including nonlinear effects produced smoothing (s) terms with estimated
degrees of freedom (edf) values, which represent the degree of nonlinearity in relationships
between predictor and response variables (edf = 1 is linear, edf > 1 is increasingly nonlinear).
Pairwise correlations between all predictors were calculated and used to assess the poten-
tial for multicollinearity, defined as r > 0.60. If two predictors exhibited multicollinearity,
they were not included together in the same model; the predictor most strongly correlated
with the response variable was included. Stock, quality, and preferred lengths for Bluegill
(80 mm, 150 mm, 200 mm) and Largemouth Bass (200 mm, 300 mm, 380 mm) [51] were
used to calculate PSD and PSD-P.

Lake surface area, trophic indicators, and Bluegill density and CPUE were transformed
(log10(X + 1)) for analysis because they spanned orders of magnitude, and variances were
proportional to means [46,52]. Similarly, arcsine square-root transformation was used to
normalize residuals for percentage data (PVI, PSD, PSD-P) [53]. For each response variable
(Bluegill density, CPUE, MLA-3, PSD, PSD-P), different formulations of predictor vari-
ables were compared using information-theoretic model selection [54]. The bias-corrected
Akaike’s information criterion (AICc) was used to identify the most parsimonious model
for each response variable, and models were validated by comparing observed and model-
predicted responses across lakes using leave-one-out cross-validation. This approach
was used because leave-one-out cross-validation maximizes the number of training sam-
ples in each iteration, leading to more reliable, accurate representations of the data that
minimize bias compared to less computationally powerful alternatives (e.g., k-fold cross-
validation) [55]. Models were assessed using normalized root mean squared error (NRMSE,
RMSE/mean); values between 0 and 1 indicate great to good performance, whereas values
>1 indicate poor performance [56].

Temporal trends in environmental variables were evaluated to assess model appli-
cability to Florida lakes now and in the future. Due to prohibitive logistics and financial
costs of annually sampling 60 lakes, comprehensive data were unavailable for all years.
However, measurements of historical [38] and current [57,58] total phosphorus (TP, pg/L),
total nitrogen (TN, pg/L), and Secchi depth (m) were available for 77% of the study lakes
(N = 46). Historical was defined as the year the lake was sampled for a historical study
between 1986 and 1990, and current was defined as 2021, when lakes were sampled again
for the current study. Two-sample f-tests were used to compare historical and current mean
TP, TN, and Secchi depth. In addition, historical and current values of minimum and maxi-
mum TP, TN, and Secchi depth were compared to evaluate temporal trends in the range of
environmental conditions across the study lakes. Temporally consistent conditions would
indicate that models are applicable in historical and current time periods. All analyses were
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conducted in R version 3.6.1 [59], using the mgcv, AICcmodavg, and stats packages and a
statistical significance level of & < 0.05.

3. Results
3.1. Abiotic and Biotic Factors

Lakes in this study varied substantially in surface area, trophic conditions, and macro-
phyte abundance (Table 1). Lakes ranged from small to large (2-12,412 ha), oligotrophic
to hypereutrophic (1-350 pug/L adjusted chlorophyll-a concentration) [60], and essentially
non-vegetated to highly vegetated (0.3-100 PVI). Zooplankton density, Bluegill population
demographics (i.e., density, relative abundance, growth, size structure), and Florida Bass
population demographics (i.e., relative abundance, size structure) also varied among lakes,
with coefficients of variation ranging from 0.14 to 2.20 (Table 1). The study lakes did not
exhibit temporal changes in TP (t-test, p = 0.80), TN (p = 0.79), or Secchi depth (p = 0.45).
Parameter ranges were highly similar and overlapping for TP (historical: 2-371 pg/L;
current: 4-344 ug/L), TN (historical: 82-3789 ug/L; current: 70-3410 pg/L), and Secchi
depth (historical: 0.3-5.5 m; current: 0.2-5.8 m). Likewise, population distribution and
community composition of fishes and aquatic plants have remained similar over time in
the study lakes [38,57,58]. Correlations between abiotic and biotic factors used to model
Bluegill population demographics were low (i.e., no evidence of multicollinearity) in all
cases except CHLA-ACHLA (r = 0.72; Table 2); these two variables were not included
together in models of Bluegill population demographics.

Table 1. Characteristics of Florida lakes in this study summarized by mean, median, number of lakes
(N), standard error of the mean (SE), range, and coefficient of variation (CV). Adjusted chlorophyll-
a concentration is the projected chlorophyll-a concentration value if nitrogen and phosphorus in
aquatic macrophytes were added to the water column. Bluegill density was measured using rotenone
applied to 0.08 ha block nets. Abbreviations include percent of total lake volume inhabited by
macrophytes (PVI), electrofishing catch per unit effort (CPUE), proportional size distribution (PSD),
PSD of preferred-length fish (PSD-P), and stock length (SL). Sample sizes are reduced for Bluegill
lengths at age because, in some lakes, fish were not collected on the first day of rotenone sampling,
when otoliths were removed to evaluate growth.

Factor Mean Median N SE Range Ccv
Surface area (ha) 406.0 55.0 60 226.0 2-12,412 4.31
Chlorophyll-a (ug/L) 28.1 9.5 60 6.0 1-241 1.66
Adjusted chlorophyll-a (ug/L) 50.0 21.0 60 8.9 1-350 1.37
Zooplankton density (organisms/L) 66.8 56.3 60 7.2 11-314 0.82
PVI 23.6 8.5 60 41 0.3-100 1.36
Bluegill density (fish/ha) 3618.3 1773.1 60 845.1 54-40,215 1.78
Bluegill CPUE (fish/h) 191.3 789 60 54.3 0-3062 2.20
Bluegill length at age 1 (mm) 64.2 61.0 55 2.4 38-110 0.28
Bluegill length at age 2 (mm) 120.9 118.0 55 2.8 86-175 0.17
Bluegill length at age 3 (mm) 159.3 156.5 54 3.1 111-212 0.14
Bluegill PSD 39.0 313 60 41 0-100 0.53
Bluegill PSD-P 18.0 8.7 60 3.0 0-93 0.38
Florida Bass CPUE (SL fish/h) 215 16.1 60 2.8 0-126 0.97
Florida Bass PSD 42.0 44.0 60 3.6 0-100 0.67
Florida Bass PSD-P 17.0 11.0 60 2.3 0-61 1.01

3.2. Density

Bluegill density was best explained by adjusted chlorophyll-a concentration, zoo-
plankton density, and macrophyte abundance. The most parsimonious model for Bluegill
density was

log,, density = 2.72 + 0.33(log,, ACHLA) + s(log;, ALLZOOP) + s(arcsinePVI) (1)
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where edf values for log;pALLZOOP (2.19) and arcsinePVI (1.23) indicated nonlinear
relationships between these variables and logjodensity. Bluegill density increased as
lakes became more productive (p = 0.005; Figure 2A) and peaked at an intermediate
zooplankton density of approximately 50 organisms/L (p = 0.030; Figure 2B). Bluegill
density declined with increasing macrophyte abundance (p = 0.050; Figure 2C). The model
had an NRMSE of 0.17 (i.e., good performance) [56] and was highest-ranked by model
selection (AICc = 108.74).

Table 2. Pairwise correlations (Pearson product-moment correlation coefficients) among abiotic
and biotic factors used to model Bluegill population demographics. Abbreviations include surface
area (SA), chlorophyll-a concentration (CHLA), adjusted chlorophyll-a concentration (ACHLA),
zooplankton density (ALLZOOP), percent of total lake volume inhabited by macrophytes (PVI), Bass
(Florida Bass), electrofishing catch per unit effort (CPUE), proportional size distribution (PSD), and
PSD of preferred-length fish (PSD-P). Bass CPUE denotes CPUE of stock-length Florida Bass.

Variable SA CHLA ACHLA  ALLZOOP PVI Bluegill 5 s CPUE  Bass PSD
Density
SA - - - - - - - -
CHLA 0.45 - - - - - - -
ACHLA 0.34 0.72 - - - - - -
ALLZOOP 0.33 0.31 0.36 - - - - -
PVI 0.02 —0.34 0.25 0.25 - - - -
Bluegill
density 0.01 0.25 0.27 0.21 —0.05 - - -
Bass CPUE 0.23 0.30 0.08 <0.01 —0.23 0.28 - -
Bass PSD 0.07 0.22 0.29 0.13 —0.04 0.01 -0.29 -
Bass PSD-P 0.09 0.28 —0.05 -0.15 —0.55 0.13 0.12 0.24
3.3. Relative Abundance
Bluegill CPUE was best explained by chlorophyll-a concentration and macrophyte
abundance. The most parsimonious model for Bluegill CPUE was
log;, CPUE = 1.90 + s(log;, CHLA) + s(arcsinePVT) 2)
where edf values for log1)CHLA (4.25) and arcsinePVI (2.74) indicated nonlinear relation-
ships between these variables and log;oCPUE. Relative abundance generally increased with
chlorophyll-a concentration (p < 0.001; Figure 3A) but declined with increasing macrophyte
abundance (p = 0.001; Figure 3B). The model had an NRMSE of 0.20 and was highest-ranked
by model selection (AICc = 96.49), indicating a high-performing, parsimonious model.
3.4. Growth
Bluegill MLA-3 was best explained by chlorophyll-a concentration, zooplankton den-
sity, and CPUE of stock-length Florida Bass. The most parsimonious model for MLA-3 was
MLA-3 = 92.74 + s(log,, CHLA) + 22.56(log;, ALLZOOP) + 19.99(log,, BASS_CPUE) (©)]

Chlorophyll-a concentration was positively and nonlinearly related to Bluegill MLA-3
(edf = 1.66, p = 0.007; Figure 4A). Bluegill MLA-3 increased linearly with zooplankton
density (p = 0.009; Figure 4B) and Florida Bass CPUE (p = 0.031; Figure 4C). Model perfor-
mance metrics (NRMSE = 0.10, AICc = 441.08) indicated a high-performing, parsimonious
model [56].
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Figure 2. Generalized additive model relating Bluegill density (fish/ha) to (A) adjusted chlorophyll-a
concentration (ACHLA, ug/L, p = 0.005), (B) total zooplankton density (ALLZOOP, organisms/L,
p = 0.030), and (C) percent of lake volume inhabited with macrophytes (PVI, p = 0.050) in Florida
lakes. Shaded areas are 95% confidence intervals.

3.5. Size Structure

Bluegill size structure was best explained by chlorophyll-a concentration and Bluegill
density. The most parsimonious models for Bluegill PSD and PSD-P were

ArcsinePSD = 0.73 + s(log,, CHLA) + s(log;, density) 4)

ArcsinePSD-P = 0.42 + s(log;, CHLA) + s(log,, density) (5)
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The relationship between Bluegill PSD and productivity was nonlinear and sinusoidal
at chlorophyll-a concentrations <50 pg/L, with PSD increasing quickly at higher productiv-
ity levels (edf = 3.93, p = 0.006; Figure 5A). By comparison, the relationship between PSD
and Bluegill density was negative and nonlinear (edf = 4.38, p < 0.001; Figure 5B). Rela-
tionships between PSD-P and chlorophyll-a concentration (edf = 5.44, p < 0.001; Figure 6A)
and PSD-P and Bluegill density (edf = 4.54, p < 0.001; Figure 6B) were similar to those
for PSD. Model performance metrics for PSD (NRMSE = 0.35, AICc = 33.12) and PSD-P
(NRMSE = 0.44, AICc = 3.88) indicated high-performing, parsimonious models.

(A)

100
10
<
< 1Tttt
2 10 100
w CHLA (ug/L)
z .(B)
©100
10
1] | I l |
0 25 50 75 100
PVI

Figure 3. Generalized additive model relating Bluegill catch per unit effort (CPUE, fish/h by
electrofishing) to (A) chlorophyll-a concentration (CHLA, pg/L, p < 0.001) and (B) percent of
lake volume inhabited with macrophytes (PVL, p = 0.001) in Florida lakes. Shaded areas are 95%
confidence intervals.



Fishes 2023, 8, 100

10 of 19

190 A
180 A
170 +
160
150 -~
140 -

(A)

190
180
170 1
160

MLA-3 (mm)

150 1
1401

CHLA (ug/L)

T

1

190

180
170 +
160 -
150 A
140

100
ALLZOOP (organisms/L)

0

Figure 4. Ge
mm) to (A)
(ALLZOOP,

Bass CPUE (fish/hr)

neralized additive model relating Bluegill mean back-calculated length at age 3 (MLA-3,
chlorophyll-a concentration (CHLA, ug/L, p = 0.007), (B) total zooplankton density
organisms/L, p = 0.009), and (C) stock-length Florida Bass catch per unit effort (Bass

CPUE, fish/h, p = 0.031) in Florida lakes. Shaded areas are 95% confidence intervals.



Fishes 2023, 8, 100 11 of 19

1 t———+—+—+Ht H———+—+—+H :
8 1 10 100
o B CHLA (pg/L)
100%( )
10;_—
1-:::::I - -+ —t—
50 100 1000 10,000
Density (fish/ha)

Figure 5. Generalized additive model relating Bluegill proportional size distribution (PSD) to (A)
chlorophyll-a concentration (CHLA, ug/L, p = 0.006) and (B) Bluegill density (fish/ha, p < 0.001) in
Florida lakes. Shaded areas are 95% confidence intervals.
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Figure 6. Generalized additive model relating proportional size distribution of preferred-length
Bluegills (PSD-P) to (A) chlorophyll-a concentration (CHLA, pg/L, p < 0.001) and (B) Bluegill density
(fish/ha, p < 0.001) in Florida lakes. Shaded areas are 95% confidence intervals.
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4. Discussion and Conclusions

Bluegill density increased with adjusted chlorophyll-a concentration, reflecting a
well-established trophic connection between lake productivity and fish carrying capacity,
density, and biomass [41,61,62]. Our results support previous research demonstrating a
positive relationship between Bluegill density and lake productivity in Illinois, USA [26,27].
Similarly, [25] observed a positive relationship between chlorophyll-a concentration, fish
density (including Bluegills), and fish yield in lakes in Missouri and Iowa, USA. Our results
indicate that fisheries managers can estimate Bluegill density based on the productivity of
Florida lakes, offering a straightforward method for using common limnological data to
predict Bluegill abundance and identify lakes where management actions may be necessary
to improve Bluegill growth, size structure, and other parameters of management interest.

In addition to lake productivity, Bluegill density was positively related to zooplankton
density, likely reflecting the fact that productive lakes with abundant zooplankton have
suitable food resources to support dense Bluegill populations [24,63,64]. However, at
zooplankton densities in excess of ~70 zooplankters/L, the relationship between Bluegill
density and zooplankton density switched from positive to negative. Zooplankton tend
to reach high densities in systems with limited zooplanktivory [65], as would be expected
in lakes with low-density Bluegill populations. Moreover, as zooplankton density in-
creases beyond 70 zooplankters/L in Florida lakes, Bluegill density may be increasingly
affected by other factors. For instance, in our study lakes, Bluegill density was nega-
tively related to macrophyte abundance, which itself was positively related to zooplankton
density [38]. Hence, macrophyte abundance may have influenced the observed nega-
tive relationship between Bluegill density and zooplankton density, particularly in highly
vegetated, zooplankton-rich lakes.

The negative relationship between Bluegill density and macrophyte abundance differs
from previous studies. For instance, macrophytes are known to reduce predation on
Bluegills and thereby increase Bluegill density and decrease growth [66-68]. However,
Bluegill density may decline with increasing macrophyte abundance if vegetation does not
reduce consumption of Bluegills by predators that use macrophytes (e.g., Florida Bass).
For instance, macrophyte architecture (e.g., growth form, stem density) may have been
insufficiently complex to limit Florida Bass predation on Bluegills in our study lakes [69-71].
Other fish, such as Warmouth and Bowfin, are abundant in vegetated portions of our study
lakes and are known to consume Bluegills [5,72-74], a relationship that warrants further
investigation and perhaps contributed to the negative association between Bluegill density
and macrophyte abundance. An important takeaway for fisheries managers is that they can
forecast Bluegill density based on lake productivity, zooplankton density, and macrophyte
abundance using the modeling approach developed herein. Moreover, our results indicate
that aquatic vegetation management can be used to modify Bluegill density and size
structure in pursuit of fisheries management goals.

Bluegill CPUE was positively related to chlorophyll-a concentration and negatively
related to macrophyte abundance in Florida lakes. A positive relationship between lake
productivity and fish abundance was observed in previous Bluegill research [25,34,75,76]
and studies on other species in our study lakes (e.g., Black Crappie Pomoxis nigromaculatus
L., Gizzard Shad Dorosoma cepedianum L.) [46,52]. More productive water bodies tend to
produce more food resources for Bluegills (e.g., zooplankton, macroinvertebrates) [77]
and can thereby support larger Bluegill populations [24,75]. Similar to Bluegill density,
the observed negative relationship between Bluegill CPUE and PVI may reflect a linkage
between predator populations and macrophyte abundance. Whereas predation on Bluegills
is impeded by submergent vegetation in some systems [66—68], our results indicate that
macrophyte abundance, growth form, or stem density was insufficient to reduce predation
on Bluegills in our study lakes, leading to a negative relationship between PVI and Bluegill
abundance [6]. In addition to Florida Bass, predation on Bluegills by Warmouth, Bowfin,
or other fish that use vegetated habitats in our study lakes may have contributed to this
relationship [5,72-74]. Although macrophytes can reduce electrofishing catchability [78],
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another potential explanation for our results, Florida-specific catchability research indi-
cates that electrofishing is a viable method for indexing Bluegill abundance in Florida
lakes [79]. Moreover, we standardized electrofishing across lakes (e.g., consistent equip-
ment, sampling procedure, habitat types, experienced personnel; see Methods) to the extent
possible. Our results indicate that fisheries managers can predict Bluegill CPUE based
on productivity and macrophyte abundance in Florida lakes, allowing them to identify
systems where Bluegill populations are likely to support viable fisheries and use vegeta-
tion management approaches to increase or decrease Bluegill abundance, depending on
management objectives.

Bluegill MLA-3 increased with chlorophyll-a concentration, reflecting a positive rela-
tionship between lake productivity, food resource abundance, and Bluegill growth [18,21,
33,77,80]. Indeed, in our study lakes and others across the USA, Bluegills tended to grow
fastest in systems with abundant zooplankton [81-83]. We documented a positive relation-
ship between Bluegill growth and Florida Bass CPUE, suggesting that bass predation is an
important driver of Bluegill demographics in Florida lakes, much like in small impound-
ments across the South and Midwest (USA) [31,62,84-86]. Providing insights on factors
that influence Bluegill growth across diverse lakes, our results indicate that managers can
expect to find fast-growing Bluegill populations in productive, zooplankton-rich systems
with abundant stock-length Florida Bass. Because Bluegill growth is positively related to
Florida Bass abundance, developing fisheries with large Bluegills and plentiful Florida Bass
appears to be a viable management option in Florida lakes.

Interestingly, Bluegill growth was not influenced by macrophyte abundance in Florida
lakes. Previous studies have documented negative associations between Bluegill growth
and macrophyte abundance [20,68,82], although this relationship is not universal. For
instance, fast-growing Bluegills have been observed in highly vegetated lakes with low
fishing mortality, abundant food resources, and low Bluegill density resulting from low
recruitment or high predation pressure [30,31]. One or more of these conditions character-
ize most of the Florida lakes studied herein, likely explaining why Bluegill growth was
unrelated to macrophyte coverage at a 60-lake scale. However, this large-scale pattern may
or may not hold within individual lakes, warranting further investigation of lake-specific
relationships between Bluegill growth and macrophyte abundance. Our results indicate
that Bluegill growth was not density-dependent across the 60 Florida lakes studied herein,
which differs from some studies [85,87,88] but is consistent with others [24,31,34,89]. An
important implication for Bluegill management is that highly vegetated lakes, commonly
associated with slow Bluegill growth, can produce large Bluegills in abundance if certain
conditions are present (e.g., limited harvest, high abundance of small- to intermediate-sized
predators). Managing lakes for these conditions could produce fisheries that meet angler
desires for large, fast-growing Bluegills and abundant Florida Bass of catchable size.

Indices of Bluegill size structure (PSD, PSD-P) were positively related to chlorophyll-a
concentration and negatively related to Bluegill density in Florida lakes. Size structure—much
like density, relative abundance, and growth—increased with lake productivity, reflect-
ing the trophic linkage between primary production, food resource abundance, and fish
growth [42,77]. Our results are consistent with previous studies wherein Bluegill size struc-
ture increased with lake/impoundment productivity in Wisconsin, Minnesota, lowa, and
Indiana, USA [18,21,90,91]. However, Bluegill PSD was unrelated to abiotic variables, in-
cluding chlorophyll-a concentration, in another study of lowa lakes and impoundments [34].
The reported range of chlorophyll-a concentrations in [34] was 6-94 pg/L; a wider produc-
tivity range in Florida lakes (1-350 pug/L) may explain why chlorophyll-a concentration
had a more pronounced effect on Bluegill size structure in the present study. We observed
a negative, nonlinear relationship between Bluegill density and size structure (PSD and
PSD-P) [79,92,93]. In contrast, water temperature, water clarity, and prey availability were
more important than Bluegill density in explaining variation in Bluegill size structure across
23 impoundments in Illinois, USA [33]. Decades of research indicate that Bluegill popu-
lation demographics are complex and context-specific, responding to numerous abiotic
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and biotic factors that vary among water bodies, watersheds, and regions [21,28,31,34].
Our study contributes new information to the literature on Florida fisheries, showing that
Bluegill size structure increases with lake productivity and decreases with Bluegill density,
allowing managers to forecast size structure based on lake-specific characteristics and
modify Bluegill density directly or indirectly (e.g., predator management) to achieve size
structure goals.

It was important to evaluate temporal trends in environmental conditions in our study
lakes to determine if models are appropriate for understanding and managing Bluegill
populations now and in the future. We found no significant differences in total phosphorus,
total nitrogen, and Secchi depth in our study lakes over time. Long-term chlorophyll-
a concentration data were not available for analysis, but chlorophyll-a concentration is
highly correlated with temporally stable total phosphorus and total nitrogen in our study
lakes [36,38,57,58,94,95], suggesting that chlorophyll-a concentrations have been relatively
consistent over time. Similarly, the distribution and abundance of hydrilla Hydrilla verti-
cillata, a primary aquatic plant in our study lakes, have remained temporally consistent.
As an epicenter for species invasion, Florida first experienced hydrilla invasion in the
early 1950s; hydrilla was thus established in many of our study lakes well before our
research and remains established in many lakes today. In addition, the range of PVI, total
phosphorus, total nitrogen, and Secchi depth measurements, along with fish population
distribution and community composition, have remained consistent over time in our study
lakes [36,38,57,58]. Moreover, the ways in which abiotic and biotic factors affect Bluegill
population demographics—autecological relationships driven by factors operating on an
evolutionary time scale—are unlikely to undergo fundamental changes in the time span
of our study; even small-to-moderate changes in these relationships, undetected herein,
would not invalidate the ecological importance and management utility of our results.
Therefore, we believe that our models are representative of Bluegill populations in Florida
lakes and useful for managing this species, while also contributing to a literature that lacks
information on how abiotic and biotic factors affect Bluegill populations in Florida. Even so,
continued data collection efforts that are standardized, spatially extensive, and otherwise
comparable to the present study would deepen understanding of how abiotic and biotic
factors influence Bluegill populations in Florida lakes across space and time.

Bluegills are a primary component of panfish fisheries enjoyed by 8.4 million anglers in
the USA [2]. As a result, Bluegills receive considerable management attention [8,11,96,97].
Despite many decades of Bluegill research [28,31,98,99] and widespread variability in
how Bluegill populations are structured by abiotic and biotic factors [21,34,100], impor-
tant knowledge gaps remain. There is a paucity of information on drivers of Bluegill
density, abundance, growth, and size structure across lakes with wide-ranging morphom-
etry, trophic state, and macrophyte abundance, especially in the southeastern USA. This
knowledge gap is evident in Florida, a state known for abundant Bluegills and popular,
multimillion-dollar Bluegill fisheries [7,101]. Our results fill this knowledge gap and inform
Bluegill management in Florida while providing a modeling approach that would be useful
for managing Bluegill populations in other regions with wide-ranging lake surface areas,
trophic states, and macrophyte abundances. Our results indicate that productive (>25 pug/L
CHLA) lakes with moderate-to-high macrophyte abundance (PVI 50-100), abundant stock-
length Florida Bass (>40 fish/h electrofishing), and Bluegill densities < 300 fish/ha are most
likely to support Bluegill fisheries with abundant individuals of quality size. If abundance
of quality-sized Bluegills is below target levels, managers could consider modifying Bluegill
or predator density or aquatic vegetation coverage to attain preferred Bluegill abundance,
growth, and size structure.

Fisheries managers can use our modeling approach to forecast Bluegill density, relative
abundance, growth, and size structure and determine lake-specific likelihoods for estab-
lishing Bluegill fisheries with abundant individuals of quality size. In turn, managers can
use our results to establish expectations for Bluegill population demographics and develop
associated management strategies across large regions and diverse lake types. Our study
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will also be helpful for devising Bluegill management tools for individual lakes in tandem
with system-specific data that were beyond the scope of this investigation (e.g., fishing
and natural mortality, recruitment). Bluegills are found in parts of Canada (e.g., Quebec)
and northern Mexico and have been introduced to South America, Europe, Africa, and
Asia [10], so our study may have applications for understanding and managing Bluegill
populations beyond the USA. Our results add new information to the Bluegill literature
and are informative for fisheries management, demonstrating the utility of assessing fish
population demographics in lakes spanning wide-ranging abiotic and biotic conditions.
However, there is ample room for continued research of this nature. For instance, additional
drivers of Bluegill population demographics (e.g., fishing and natural mortality) [102] could
be directly assessed in Florida (as in [7]) at a large spatial scale, encompassing morphomet-
rically and ecologically diverse lakes. Such analyses are important because overexploitation
of large Bluegills can decrease population size structure [14], an outcome with potentially
serious implications for angling quality. Our modeling approach can also be applied to
other fish species and expanded to encompass interspecific interactions and fish commu-
nity dynamics over longer time scales. A 60-lake analysis in north and central Florida
was informative for the purposes of our study, but additional research would be helpful
for identifying and comparing within-lake, statewide, and regional drivers of Bluegill
populations, particularly in the southeastern USA. Such information would enrich the
ever-growing literature on Bluegill ecology and management.
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