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Abstract

Changes in freshwater flow to estuaries can cause a suite of ecosystem impacts including eutrophication and alterations to
plant communities, zooplankton populations, and other biota. In southwest Florida, historical manipulation of freshwater
flow due to development, canals, and drainage ditches is pervasive. Because there are estuaries with reduced, increased,
and relatively natural freshwater flow, this region presents an ideal system to study how these changes relate to downstream
fish abundances. We used a 20-year trawl dataset focused on juvenile and small-bodied fish from three mangrove-lined sub-
estuaries with contrasting flow conditions in southwest Florida’s Ten Thousand Islands to identify important environmental
and temporal variables influencing fish populations. We used generalized additive models to investigate total fish abun-
dance, species richness, diversity, and the abundances of 23 ecologically, recreationally, or commercially important species
and describe their relationships with important environmental and temporal variables. While salinity and temperature had
species-specific relationships with fish abundances, seasonality, interannual variability, and sub-estuary were more closely
related to fish than salinity and temperature in most cases. Only 8 of 23 species responded most strongly to temperature,
and only 1 species responded most strongly to salinity. This suggests that for most species in our study, temporal factors
such as timing of spawning and recruitment variability had stronger relationships with the structure of fish populations than
changes in freshwater flow. This work quantified how changes in freshwater flow, using salinity as a proxy, may relate to
downstream fish abundances and therefore the potential implications of planned watershed restoration that is part of the
Comprehensive Everglades Restoration Plan.
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Introduction

Freshwater flow to estuaries throughout many parts of the
world has been directly changed through watershed develop-
ment, agricultural use, and water management (Drinkwater

Communicated by Mark S. Peterson

P4 Bethany L. Williams
bethany.williams @noaa.gov

' €SS Inc., 2750 Prosperity Ave, Suite 220, Fairfax,
VA 22031, USA

2 NOAA/NOS/NCCOS/Marine Spatial Ecology
Division/Biogeography Branch, 1305 East West Highway,
Silver Spring, MD 20910, USA

Rookery Bay National Estuarine Research Reserve, 300
Tower Rd, Naples, FL 34113, USA

South Carolina Sea Grant Consortium, 287 Meeting St,
Charleston, SC 29401, USA

@ Springer

and Frank 1994; Gillanders and Kingsford 2002; Erwin 2009;
Chilton et al. 2021). Some anthropogenic alterations result
in more freshwater being delivered, whereas other changes
reduce flow or modify the timing of freshwater delivery.
Alterations of freshwater flow directly affect aspects of the
estuarine environment such as salinity, nutrients, and turbid-
ity, which may in turn impact other parts of the ecosystem
such as primary producers, zooplankton abundances, and the
critical juvenile life stages of many fish that utilize estuaries
as nurseries (Estevez 2002; Gillanders and Kingsford 2002;
Lorenz 2014; Chilton et al. 2021). Understanding the impacts
of freshwater flow on estuarine ecosystems will become a
more urgent information need as coastal human populations
continue to rapidly grow, demands on freshwater resources
become more competitive, and attempts are made to restore
damaged estuaries. Furthermore, climate change impacts
including sea level rise as well as altered rainfall and storm
events will result in more or less flow to many areas than
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has been experienced historically (Gillanders and Kingsford
2002; Erwin 2009; Krauss et al. 2011; Chilton et al. 2021).

Generalizations from the large number of studies on the
effects of altered freshwater flow to estuaries have been ham-
pered by several challenges. For example, estuarine flow
includes landscape-scale causes and effects making experi-
mental manipulations seldom possible, individual environ-
mental variables difficult to study in isolation, and compara-
ble control ecosystems lacking. Further complicating matters,
freshwater flow is often correlated with multiple variables
such as seasonal rainfall, temperature, nutrient loads, and
dissolved oxygen (Kanandjembo et al. 2001; Idelberger and
Greenwood 2005; Palmer et al. 2011; Kendall et al. 2022).
These seasonal correlations make discerning which variables
are relatively more influential on fishes difficult to disentan-
gle. Some studies have confounding variables like those in
river systems comparing salinity effects at different distances
from the ocean (Ley et al. 1999; Stevens et al. 2010; Palmer
et al. 2015). In addition, most studies are short term, and are
therefore limited by the natural interannual variability in rain-
fall or recruitment that takes place, lacking a sufficient multi-
year time series to appreciate the full range of local conditions
important in most systems (Estevez 2002; Palmer et al. 2015).
Furthermore, every system is different (Estevez 2002; Jenkins
et al. 2010; Chilton et al. 2021). The direction (more vs. less
freshwater), magnitude, and timing of changes in flow rela-
tive to natural conditions differ uniquely among estuaries and
water management practices in their watersheds. Hydrologic
impacts documented in one ecosystem will not necessarily be
the same in another.

Another issue that makes general conclusions about the
impact of alterations to freshwater flow challenging is the
differences in species composition among estuaries as well
as the particular aspects of the community that are the focus
of each study. The choice of study organisms will dictate the
results because species differ in their sensitivity to salinity
(Irlandi et al. 1997, Patillo et al. 1997; Serafy et al. 1997;
Alber 2002). Some researchers focus on effects on the
whole fish community such as fish abundance or diversity,
whereas other studies focus on particular species, life-stage,
or species groups such as anadromous fishes (Kanandjembo
et al. 2001; Estevez 2002; Shirley et al. 2004). The environ-
mental variables that researchers seek to relate to fish com-
munities also differ among studies. Some focus on salinity
or temperature at the time of the biological sampling; oth-
ers use longer term averages or measures of variability in
the time leading up to the sample (Estevez 2002; Faunce
et al. 2004; Kendall et al. 2022). Collectively, these issues
mean that broader taxonomic, geographic, and temporal
inference from existing studies of altered flow to estuar-
ies is limited. Each specific situation and condition must
be investigated using data and analytical approaches that
reduce these limitations.

The Ten Thousand Islands area of southwest Florida,
USA, has several attributes that alleviate many of the above
concerns. Watershed development and canal construction
in the 1960s severely altered freshwater flow in the area,
which has resulted in three physically similar estuaries with
contrasting flow conditions making it an ideal system to
understand the impacts of anthropogenic manipulations of
hydrology. These man-made alterations have resulted in
one estuary receiving 10—100 times the annual freshwater
flow of its neighbors, while simultaneously diverting flow
from a neighboring estuary that now only receives 1-2%
of all freshwater entering these estuaries. The remaining
estuary serves as a reference with the least impact to fresh-
water flow (Shirley et al. 2004; Booth et al. 2014). These
three mangrove-lined bays serve as a nursery area for many
recreationally or commercially important fishery species,
and have been monitored since 2000 through water quality
and trawl surveys by the Rookery Bay National Estuarine
Research Reserve (RBNERR). This 20-year time series
encompasses varying environmental conditions including
hurricanes, abnormally wet and dry years, and abnormally
warm and cold years, which enables examination of fish
abundances with respect to freshwater flow across a mul-
titude of conditions. This system and its fish and water
quality monitoring data provide an excellent opportunity
to understand how changes in freshwater flow affect juve-
nile and small-bodied fish abundances (Shirley et al. 2004;
Kendall et al. 2022; NOAA NERRS 2020).

Adding to the importance and urgency of understand-
ing the influence of the various flow regimes in these
sub-estuaries is the 2022 culmination of a massive water-
shed restoration endeavor that is part of the Comprehen-
sive Everglades Restoration Program (U.S. Army Corps
of Engineers 2004; South Florida Ecosystem Restoration
Task Force 2020; Fig. 1a). The objective is to restore and
enhance wetlands by reducing over-drainage and moder-
ate the large salinity fluctuations caused by point discharge
through a canal system (Wingard and Lorenz 2014). Resto-
ration efforts, which will ultimately include plugging nearly
40 mi of canals and removal of nearly 300 mi of roads, have
been underway since 2007, but the most critical, such as the
plugging of the Faka Union canal, had not occurred at the
time the trawl surveys were collected (Booth and Knight
2021). Understanding the current state of fish abundance
in response to freshwater flow can help set downstream
expectations following watershed restoration and potentially
provide recommendations on managed flow rates.

In this study, we aimed to understand the relationships
between juvenile and small-bodied fish abundance and fresh-
water flow, using salinity as a proxy, in three bays of south-
west Florida that have been differentially impacted by human
manipulation of watersheds. Fish community structure in this
study system and assemblage-level relationships with salinity
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Fig. 1 Study area (a). Daily mean salinity +/—range (averaged across
all study years) (b) and temperature (c) from the water quality moni-
toring stations noted in (a). Dashed lines in (b) and (c) represent the

were evaluated previously by Kendall et al. (2022). Here, we
focus on abundances of individual species and relationships
with salinity and other variables. We used a long-term dataset
focused on juvenile fish from three different watersheds and
their sub-estuaries in RBNERR. Specifically, our goals were
to (1) identify important environmental (salinity, temperature)
and temporal (seasonal, annual) variables influencing total fish
abundance, species richness, diversity, and abundances of a
suite of ecologically important species; (2) describe the rela-
tionships between the important environmental and temporal
variables and fish abundances; and (3) understand the potential
impact of anticipated changes in flow to the watersheds on
fish abundance.

@ Springer

breaks between seasons. Note that (b) and (c) have been modified
from Kendall et al. (2022)

Methods
Study Area

This study was conducted in three semi-enclosed estuarine
bays in southwest Florida’s Ten Thousand Islands, RBN-
ERR: Fakahatchee Bay, Faka Union Bay, and Pumpkin Bay
(Fig. 1a). Seasons in this region are defined by rainfall with
wet and dry periods (Figs. 1b, ¢ and S1-S3). The early dry
season lasts from December to February, when temperatures
reach their lowest point (Fig. 1¢) and salinity is increasing
(Fig. 1b). The late dry season is from March to May, when
salinity peaks in the bays, reaching values at or above 35 ppt
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in all three bays (Fig. 1b). Rainfall dramatically increases
near the end of May with often daily thunderstorms, which
begins the early wet season (June—August). Temperature
typically peaks during August of this season (Fig. 1c).
Rainfall decreases in early fall, marking the late wet season
which runs from September to November. Salinity in the
bays reaches its lowest point early in this season in all three
bays although the minimum salinity values among bays are
quite different (Fig. 1b).

The watersheds leading into each bay have been modi-
fied in different ways which has led to major disparities
in freshwater flow during the wet seasons. Fakahatchee
Bay is considered a more natural reference site since its
watershed has been the least altered by the canal construc-
tion (Booth and Knight 2021). Freshwater moves to this
bay over relatively undeveloped lands as sheet-flow before
accumulating into two tidal creeks that discharge into the
bay. Salinity in Fakahatchee Bay typically ranges from 12
to 37 ppt (Figs. 1b and S1).

In contrast, Faka Union Bay is the discharge point for
the Faka Union Canal, part of a failed suburban develop-
ment from the 1960s. The roads and canals of this devel-
opment were designed to quickly drain a watershed much
larger than that of Fakahatchee, into a bay that is half the
size. As a result, annual freshwater flow to Faka Union
Bay is~ 10 to 100 times higher than neighboring bays
(Shirley et al. 2004; Booth et al. 2014) such that ~90% of
the cumulative freshwater flow reaching the three study
bays comes from the Faka Union Canal alone (Booth and
Knight 2021). This results in lower and more variable
salinity levels in Faka Union Bay than Fakahatchee. Dur-
ing the wet season, minimum salinity is on average 10 ppt
lower than in Fakahatchee and ranges from 1 to 20 ppt
(Figs. 1b and S2).

At the other extreme is Pumpkin Bay which receives
the least freshwater input of the three bays. For Pumpkin
Bay, most of the freshwater sheetflow from the watershed
is diverted away from the Pumpkin River toward Faka
Union Canal. As a result, Pumpkin Bay has higher and
less variable salinity levels than Fakahatchee by 3-5 ppt
throughout the year, except during the peak of the dry
season when all three bays experience full-strength sea-
water or even hypersaline conditions (Booth et al. 2014;
Figs. 1b and S3). In contrast to salinity, water temperatures
are much more consistent among the three bays and typi-
cally range from 17 to 34 °C (Fig. lc¢).

All bays are fringed with mangroves and share a similar
tidal range (~ 1 m), distance to the ocean (~6 km), and sub-
strate (sand, mud, shell hash, oyster bar mosaic). However,
algae and sponge abundance, which can provide structure
for fish, differ among the bays. Algae volume is 4 times
more abundant in Fakahatchee and Pumpkin Bays than Faka
Union and sponge volume is 14 times more abundant in

Fakahatchee and 4 times more abundant in Pumpkin than
in Faka Union Bay (Kendall et al. 2022). Salinity within
the bays is well mixed and does not vary widely spatially
(Soderqvist and Patino 2010).

Trawl Data

A long-term trawl-based monitoring program focused primar-
ily on juvenile fish began at RBNERR in 2000. Four repli-
cate trawls were collected in each bay (Fakahatchee, Faka
Union, Pumpkin) every month, with a gap from July 2013 to
December 2015. Sites were selected randomly from a grid
of 175x 175 m cells overlaid on a map of each bay (Fig. 1a).
Trawls were collected during daylight within 2 h of high tide
using a 6-m-wide otter trawl with 38-mm mesh and a 3.2-mm
bag liner that was pulled into the current for a target distance
of 0.19 km. Actual tow distance was measured for each trawl.
All captured fish were identified to species, except mojarras
(Eucinostomus spp.), anchovies (Anchoa spp.), and whitings
(Menticirrhus spp.). Fish were then counted, measured (up to
20 individuals per species), and released.

The four monthly trawls were combined into a single
sample representing each bay for a given month to avoid
pseudo-replication. Response variables including total fish
abundance, species richness, species diversity, and individ-
ual species abundance were calculated from these monthly
samples. Total fish abundance was calculated as the total
number of fish from all species across the four trawls in
each month. Species richness was calculated by totaling the
number of unique species present in each trawl and aver-
aging across the four trawls. The Shannon Diversity Index
was calculated for each trawl and averaged across the four
trawls. In addition to these summary metrics, the abundances
of 23 individual target species or genera were also studied
(Table 1). These species were selected because they con-
tributed to large differences in the fish community among
bays and/or seasons in the companion study by Kendall et al.
(2022) or earlier work (Carter et al. 1973; Colby et al. 1985;
Browder et al. 1986; Shirley et al. 2004), are recreationally/
commercially important, or are threatened species. In addi-
tion, the selected species had to be present in> 10% of the
trawls to enable robust statistical analyses.

Explanatory Variables

To characterize the environment during each monthly sam-
ple, we explored a suite of possible explanatory variables
using in situ water quality data collected at each trawl
location and nearly continuous water quality monitoring
data collected at fixed stations in each bay (Fig. 1a; NOAA
NERRS 2020). Temperature and salinity were measured at
each trawl site with a YSI (Yellow Springs Instruments).
Importantly, salinity served as a proxy for alterations to
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Table 1 Number of best
models, average (mean) percent
deviance explained across the

best models, and mean catch
per unit effort (CPUE) for each
response variable

Response variable Num. best Mean deviance Mean

models explained (%) CPUE =+ standard

error

Total fish abundance 3 46 1599.67 +83
Species richness 7 43 7.87+0.1
Diversity 33 33 1.02+0.02
Scientific name Common name
Achirus lineatus Lined sole 2 44 15.1+1.7
Anchoa spp. Anchovy species 9 19 323+49
Archosargus probatocephalus ~ Sheepshead 36 33 3.4+0.5
Ariopsis felis Hardhead catfish 6 45 333+9.2
Bagre marinus Gafftopsail sea catfish 4 76 13.1+£9.1
Bairdiella chryosoura Silver perch 1 41 249+32
Cynoscion arenarius Sand seatrout 5 59 9.8+1.5
Cynoscion nebulosus Spotted seatrout 4 61 3.6+0.6
Etropus crossotus Fringed flounder 12 21 6.3+0.5
Eucinostomus spp. Mojarra species 1 61 894 +58
Gobiosoma robustum Code goby 38 33 79+1.0
Lagodon rhomboides Pinfish 2 56 112+17
Lutjanus griseus Gray snapper 101 19 0.95+0.2
Lutjanus synagris Lane snapper 4 40 13.5+1.6
Menticirrhus spp. Whiting species 6 40 2.7+04
Microgobius gulosus Clown goby 25 44 49+0.5
Microgobius thalassinus Green goby 1 34 3.5+0.5
Orthopristis chrysoptera Pigfish 4 61 9.5+14
Paralichthys albigutta Gulf flounder 12 63 3.1+04
Prionotus tribulus Bighead searobin 14 57 54+0.5
Symphurus plagiusa Blackcheek tonguefish 7 39 53.3+4.1
Syngnathus scovelli Gulf pipefish 10 33 7.1+£0.6
Synodus foetens Inshore lizardfish 13 23 18.8+0.9

Species richness and diversity are not per effort as data have already been filtered to samples only with

similar effort

freshwater flow. While salinity (or temperature) itself can
influence fish, the variability or extremes of salinity (or
temperature) can also have an effect (Lorenz 1999; Faunce
et al. 2004; Kendall et al. 2022). In addition, while the
salinity or temperature at the time of the trawl may affect
fish abundance, the environmental conditions prior to the
trawl may also be important (Estevez 2002). To capture
these environmental conditions, we calculated the mean,
minimum, maximum, standard deviation, and range of
salinity and temperature during various time intervals
prior to each trawl sample using the continuous water qual-
ity data (Fig. la). Time intervals considered include 1, 3,
7, 14, 28, 56, and 84 days before the trawl sample. Purely
temporal variables were also investigated. Interannual and
seasonal variability were assessed by including the year
and month the sample was collected as possible explana-
tory variables. To account for any differences inherent to
each bay that were not measured or included in one of the
other environmental variables, bay was also included as
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an explanatory variable. Trawls with missing explanatory
variables were excluded.

Identifying Important Explanatory Variables

We used generalized additive models (GAMs) to identify
important explanatory variables for each fish response vari-
able because they can fit non-linear relationships such as
cyclical seasonal patterns and interannual variability. The
identification of important variables indicated if salinity, a
proxy for freshwater flow, influenced juvenile fish abun-
dance, while accounting for other aspects of the environment
that also likely had an influence. All statistical analyses were
conducted in R version 4.1.0 (R Core Team 2021). GAMs
were fit with all possible combinations of explanatory vari-
ables, excluding those combinations with highly correlated
variables (defined here as Pearson’s r> 0.7), using the mgcv
package (Dormann et al. 2013; Wood 2017). The inclu-
sion of correlated variables in a single model complicates
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inference about which is important given their similar rela-
tionship with the response variable (Dormann et al. 2013).
Therefore, only a single salinity variable and/or single tem-
perature variable was allowed in each model. In addition,
variance inflation factors were calculated for each permis-
sible combination of explanatory variables to check for mul-
ticollinearity, and all were < 3.

In the GAMs, non-linear relationships were estimated
for the year and month variables. Specifically, we used thin
plate regression splines to describe the response variable’s
relationship with year, and cyclic cubic regression splines to
describe the relationship with month because they best rep-
resent seasonal cycles. For month, we set knots at 0 and 12,
so that January and December would not be forced to have
the same exact effect. Residual temporal auto-correlation was
insignificant when year and month variables were present.
Only linear relationships were estimated for the environmen-
tal variables to prevent overfitting, especially when mode-
ling individual species that were present in a low number
of trawls. Models for species richness and diversity were fit
with a normal distribution whereas all models for fish abun-
dance (total and individual species) were fit using a negative
binomial distribution, linking the response variables to the
explanatory variables on a log scale.

Although tow length of trawls was generally consistent, an
offset for effort was included in all models of fish abundance
to account for any effects of variable tow distance. Effort was
calculated as the total trawl distance for each sample’s set of
trawls. Effort was then standardized by dividing by the aver-
age effort value across all samples and log-transforming. For
richness and diversity, we did not attempt to adjust for effort in
the same way because those metrics can vary non-linearly with
sample size and increased effort does not necessarily yield
more species or greater diversity (Gotelli and Colwell 2001).
Instead, only trawls with a tow distance within 20% of the aver-
age tow distance for a single trawl (0.15-0.22 km) were used
in models for species richness and diversity to remove those
that could bias the analysis.

We fit all models with all permissible combinations of
explanatory variables to each response variable and then
used Akaike’s information criterion (AIC) to identify the
best performing models. AIC scores the relative fit among
models, while penalizing for overfitting. The model with
the lowest score is considered the best; however, models
with an AIC score within 2 of the lowest AIC score are
considered similar in performance and fit (Burnham and
Anderson 2002). Therefore, all models with an AIC within
2 of the lowest AIC score were deemed the set of models
that best explained each response variable (i.e., each indi-
vidual response variable can have several ‘best’ models).
Any explanatory variables present in the best models were
defined as important for subsequent parts of the analysis.
Percent deviance explained, a measure of how well the

model explains the variation in the trawl data, was averaged
across all the best models for each response variable.

To understand the importance of each individual explana-
tory variable (e.g., mean salinity during the 1 day prior to the
trawl), we calculated the proportion of best models for each
fish response variable that each explanatory variable was pre-
sent in. We also sought to understand the overall importance
of the various aspects of salinity and temperature (e.g., mean)
in explaining fish abundance, so we calculated the proportion
of the best models that each environmental variable occurred
in for each species, regardless of time interval. These pro-
portions were then averaged across all individual species to
create a composite value of each environmental variable’s
importance collectively for this group of species. Similarly,
to understand the time frame over which salinity and tempera-
ture best explained abundance of each species, we calculated
the proportion of the best models in which environmental
variables measured over the same time interval occurred (e.g.,
1 day), regardless of which aspect of salinity or temperature it
was. These proportions were then averaged across all species
to create a composite value of each time interval’s importance
collectively for this group of species.

To combine the results of all the top models for each
fish response variable, we averaged the models using the
model.avg() function from the MuMIn package, weighting
each by their AIC score to give better performing models
more weight (Burnham and Anderson 2002; Barton 2020).
The model averaged coefficients used to calculate effect size
(more details in “Relationships between Important Explana-
tory Variables and Fish” section) were included from only
the models where the explanatory variable was present, also
known as the subset average. Because we had many similar
explanatory variables (mean salinity over 1 day, mean salin-
ity over 7 days), often a set of top models would include each
similar variable only once. Using the full model averaged
coefficients would assign a value of zero when including
a model where the explanatory variable was not present,
biasing the averaged coefficients toward zero. Therefore, the
subset average was preferred.

Relationships between Important Explanatory
Variables and Fish

After important explanatory variables were identified,
we next examined the direction (positive or negative) and
magnitude (or effect size) of the relationships between
those variables and the response variables. This enabled
us to understand how freshwater flow and other aspects
of the environment affected fish abundance. To assess the
effect size of salinity and temperature, we first used the
subset model-averaged coefficients to calculate propor-
tional change in fish abundance (or species richness and
diversity) between the minimum and maximum observed
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values for each of the important environmental variables
in Fakahatchee Bay, our relatively natural reference system
(Table S1). This proportional change indicates how big a
change there is in the response variable across the range of
values of the explanatory variable (e.g., mean salinity) in a
natural system, Fakahatchee Bay. For example, if the model
output indicated that abundance of Mojarras increased 3.7
times over the range of salinity observed in Fakahatchee
(12.8 to 38.9 ppt), 3.7 represented the effect size of salinity.
The modeled effects of the environment, per unit (i.e., 1 °C
or ppt), are the same in Faka Union and Pumpkin Bays, but
the total potential effect may change due to differing ranges
of explanatory variables in those bays.

To assess the effects of bay, month, and year in isolation,
we predicted the response across all values of each of these
three variables individually from each of the best models and
averaged the predictions. To make predictions for these indi-
vidual terms, models require a constant value for all other
variables. In this case, all other continuous explanatory vari-
ables were held at their average value (salinity, temperature)
and all other categorical variables at a constant reference
value to reflect average conditions, during the middle of
the monitoring program from the natural reference bay (i.e.,
bay as Fakahatchee, year as 2009, and month as June). For
example, to estimate the effect of month in isolation, we
predicted the number of fish in each month from January
to December in Fakahatchee Bay in 2009. Finally, because
the number of fish varies widely across species (e.g., 100’s
of mojarras, 10’s of gray snapper), values were scaled to
the maximum predicted value for each species to facilitate
visual comparison. For example, a value of 0.25 indicates
abundance is 75% lower than the maximum abundance.

While the plots for this section accomplish our objective
of understanding the influence of bay, month, and year in iso-
lation, it is important to recognize that actual values of fish
abundance are the product of all variables, including those not
tested here, acting in concert. Therefore, to put the effects of
individual variables into context, we also plotted the observed
mean values of fish abundance from the trawls for comparison.

Comparing Effect Size Across Explanatory Variables

In addition, we sought to compare the relative strength of the
effects of bay, month, and year to those of the environmen-
tal variables, to gauge the impact of restoration of natural
freshwater flow to this system, compared to other factors not
influenced by restoration. For this, we calculated the propor-
tional change in the response variable between the highest
and lowest predicted values for each level of bay, month, and
year. For example, mojarras were 8.7 times more abundant
in September than in April. These effect sizes were then
compared to those calculated for salinity and temperature.

@ Springer

Results

Over the 20 years of the trawl survey, 2664 trawls were col-
lected and 1659 of those (62%) had a complete set of explana-
tory variable data for analysis. These individual trawls were
combined into 419 monthly samples composed of 146 from
Fakahatchee, 165 from Faka Union, and 108 from Pumpkin
Bay. Of these monthly samples, all but 12 included all four
trawls. In Fakahatchee, Faka Union, and Pumpkin Bay, respec-
tively, 76, 58, and 114 months of the possible 222 months
spanning the monitoring program were not included in the
analysis due to missing explanatory variables (Figs. S1-S3).
More are missing from Pumpkin Bay due to the lack of a con-
tinuous water quality data logger prior to 2004. The 23 species
we selected to examine individually (Table 1) represented 98%
of the total fish collected in these samples.

Important Explanatory Variables

We tested 10,952 possible combinations of explanatory vari-
ables in our analysis of fish data from trawl catch. The vari-
ables bay, month, and year were important for nearly all fish
response variables (Fig. 2a). For total fish abundance, 3 models
performed equally well and explained an average of 46% of
the deviance. We found that maximum salinity during 1, 3, or
7 days before the trawl samples and mean temperature during
the 28 days before the samples were important environmental
variables for total fish abundance. For species richness, 7 mod-
els performed equally well and explained 43% of the deviance.
The variability of salinity measured over longer time intervals
(56-84 days) prior to the trawl samples were more important
for species richness, as was mean temperature during 28 and
56 days before the sample. For fish diversity, 33 models per-
formed equally well, but explained an average of only 33% of
the deviance. Standard deviation measured during the 84 days
before the trawl was the only important salinity variable, but
almost any temperature variable was suitable.

For individual species, not only did the number of equally
good models vary widely, but so did deviance explained, and
the types of environmental predictors that were important
(Table 1; Fig. 2a). Four species had especially low PDE (only
18-23%), anchovy species, fringed flounder, gray snapper,
and inshore lizardfish, which indicates that other variables
not considered here are important drivers of their abundance.
In contrast, five species had high levels (60-76%) of the devi-
ance in abundance explained by variables considered in this
analysis. These were gafftopsail sea catfish, spotted seatrout,
mojarra species, pigfish, and gulf flounder. The remaining 12
species had intermediate PDE values between 30 and 59%.
The abundance of some species was explained best by only
one or two optimal models and a single aspect of salinity. For
example, maximum salinity over 14 days before the trawl was
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Fig.2 a Frequency of explanatory variables in the best models for
each response variable. b Frequency of aspects of salinity and tem-
perature in the best models averaged across all individual species,
regardless of time interval. ¢ Frequency of time intervals of salinity

the only important salinity variable for lined sole, and mean
salinity during the 84 days before the trawls was the only
important salinity variable for mojarra species. In contrast,
the abundance of some species was not strongly related to any
single salinity variable such that any of several salinity vari-
ables performed similarly well and many models performed
equally. For example, 31 out of 36 salinity variables simi-
larly described the abundance of sheepshead and 36 models
were equally good. Similarly, code goby abundance was well
described by any aspect of salinity except standard deviation
and 38 models were equally acceptable.

Considering the target species collectively and which aspect
of salinity (e.g., mean vs. standard deviation) is most impor-
tant, regardless of the time interval it was measured, we found
that each aspect of salinity, except range, was selected as an
important explanatory variable at similar rates (Fig. 2a, b).
For most species, multiple aspects of salinity were selected
as important variables. If we focus on only the time interval
of the salinity predictor prior to the sample (e.g., 1 day vs.
3 days) regardless of its aspect, we find that predictors during
the 84 days prior to the sample are most commonly selected
and are present in 30% of the top models (Fig. 2¢).

Sal. 1 day -
Sal. 3 day
Sal. 7 day 4
Sal. 14 day 4

Sal. 28 day 4
Sal. 56 day 4
Sal. 84 day 4
Temp. 1 day o
Temp. 3 day

Temp. 7 day o
Temp. 28 day 4
Temp. 56 day 4
Temp. 84 day 4

Temp. 14 day

and temperature variables in the best models averaged across all spe-
cies, regardless of which specific aspects of salinity and temperature
occurred. Error bars in (b) and (c) represent standard error

There was less variation among species with respect to the
number of important temperature variables compared to salin-
ity. For most species, abundance related best to only a single
temperature variable, regardless of the number of equally suit-
able models (Fig. 2a). Considering the target species collec-
tively, mean temperature was by far the most commonly related
aspect of temperature to abundance of target species, present in
on average 40% of the best models (Fig. 2b). Similar to salin-
ity, measurements of temperature over longer time intervals
were more commonly important variables, with 56 and 84 day
measurements selected most (Fig. 2¢).

Relationship between Explanatory Variables
and Responses

To understand the relationship between important explana-
tory variables and response variables, we calculated the
change in the response between the minimum and maximum
observed values of the explanatory variable in Fakahatchee
Bay, our most natural reference system (Fig. 3; Table S1).
For example, a value of 2 for mean salinity indicates fish
abundance doubled over 8.5 to 43 ppt mean salinity (the
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normal range of salinity values in Fakahatchee bay), whereas
a value of 0.5 indicates a fish abundance halved. Bay, month,
and year variables appear in both the positive (Fig. 3a) and
negative parts of the plot (Fig. 3b), simply as the inverse of
each other, so that their relative strength can be compared to
both positive and negative environmental effects.

Salinity and Temperature Effects
Total fish abundance decreased by a factor of 0.41-0.43

across the range of values of maximum salinity, while
diversity decreased by a factor of 0.82 with mean salinity

(Fig. 3b; Table S1). Species richness only increased 1.1
times with the range of salinity and standard deviation of
salinity. The relationships between individual species’
abundance and salinity variables, proxies for freshwater
flow alterations, varied in strength and direction. Positive
effects of salinity ranged from 1.1 to 54 times increase in
abundance whereas negative effects ranged from reducing
abundance by a factor of 0.01-0.95 (Fig. 3a). Some spe-
cies responded positively to increasing salinity, such as lane
snapper, whose abundance increased by 51-54 times with
mean salinity. Other species responded negatively, such as
bighead searobin, whose abundance changed by a factor of
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Fig.3 Effect sizes of important explanatory variables, averaged
across the best models where the explanatory variable was present.
Each cell represents the proportional change in the response variable
between the lowest value and the highest value of the explanatory
variable observed in Fakahatchee Bay, with (a) representing posi-
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0.29-0.37 with minimum salinity. Some species had a posi-
tive relationship with salinity variability, such as green goby,
whose abundance increased 3 times with standard deviation
of salinity, while others had a negative relationship, such
as gray snapper, whose abundance changed by a factor of
0.36-0.79 with standard deviation of salinity. Some species
had only weak relationships with salinity variables, such as
sheepshead and code goby.

Generally, temperature had a stronger effect on fish
abundance compared to salinity (Fig. 3). Total fish abun-
dance increased 3.7 times across the range of mean tem-
perature values (Table S1). Species richness also increased
1.7-1.8 times with mean temperature, whereas diversity
had a very weak relationship with all temperature varia-
bles. The direction and strength of the relationship between
important temperature variables and individual species’
abundance was highly variable. Positive effects on indi-
vidual species ranged from 1.7 to 647 times increases in
abundance while negative effects ranged from reductions
by a factor of 0.02-0.58. Some species responded posi-
tively to temperature, such as silver perch whose abundance
increased 647 times with mean temperature, spotted sea-
trout whose abundance increased 34 times with maximum
temperature, and lane snapper whose abundance increased
19 times with minimum temperature (Fig. 3a). Other spe-
cies responded negatively to temperature, such as pigfish,
whose abundance changed by a factor of 0.02 with mini-
mum temperature, and gulf flounder, whose abundance
changed by a factor of 0.1-0.24 with mean temperature and
by a factor of 0.38 with minimum temperature (Fig. 3b).
Some species responded positively to temperature variabil-
ity. For example, sheepshead abundance increased 9-15
times with standard deviation of temperature and range
of temperature, whereas others responded negatively to
temperature variability, such as pinfish and gafftopsail sea
catfish, whose abundance changed by a factor of 0.14 and
0.02, respectively (Fig. 3).

Bay Effects

Bay had an effect on all response variables except inshore
lizardfish abundance. Holding all other environmental and
temporal variables constant, total fish abundance was low-
est in Fakahatchee Bay, higher in Faka Union Bay (1.25
times more fish than Fakahatchee), and highest in Pump-
kin Bay (1.8 times more fish than Fakahatchee) (Fig. 4a).
Species richness was lowest in Faka Union (0.84 times the
species than in Fakahatchee), followed by Fakahatchee then
Pumpkin (1.1 times more species than Fakahatchee). Diver-
sity was highest in Fakahatchee Bay, followed by Pumpkin
Bay (0.9 times less the diversity of Fakahatchee), with Faka
Union Bay having the lowest diversity (0.75 times the diver-
sity of Fakahatchee).

The effect of bay, in isolation of other variables, on abun-
dance varied widely among species (Fig. 4a). Hardhead cat-
fish, gafftopsail sea catfish, silver perch, fringed flounder,
code goby, lane snapper, pigfish, Gulf flounder, and bighead
searobin were most abundant in Fakahatchee Bay, ranging
from 1.09 to 13 times more abundant than in Faka Union
Bay and 1.03-5.93 times more abundant than in Pump-
kin Bay. Sand seatrout, spotted seatrout, mojarra species,
gray snapper, and clown goby were most abundant in Faka
Union Bay and ranged from 1.16 to 3.12 times more abun-
dant than in Fakahatchee Bay. Lined sole, anchovy species,
sheepshead, pinfish, whiting species, green goby, black-
cheek tonguefish, and Gulf pipefish were most abundant in
Pumpkin Bay, ranging from 1.09 to 3.2 times more abundant
than in Fakahatchee Bay. Sheepshead, pinfish, Gulf pipefish,
hardhead catfish, gafftopsail sea catfish, silver perch, fringed
flounder, code goby, lane snapper, pigfish, Gulf flounder,
and bighead searobin were all least abundant in Faka Union
Bay, and ranged from 0.08 to 0.92 times their abundance in
Fakahatchee Bay.

When comparing the effect of bay independent of other
variables like the environment (Fig. 4a), to the patterns in
the observed data (Fig. 4b), we see some differences. For
most species, the patterns observed for the effect of bay by
itself mirror the patterns in the raw data. However, for big-
head searobin, blackcheek tonguefish, gray snapper, green
goby, lane snapper, lined sole, and whiting species, these
patterns differ (Fig. 4). For example, with all other vari-
ables including the environment held equal, lane snappers
were most abundant in Fakahatchee Bay. However, they
also have a strong positive relationship with mean salinity
(Fig. 3), stronger than the effect of bay, which is consistent
with lane snappers being most abundant in Pumpkin Bay
in the observed data (Fig. 4b). Similarly, green goby was
most abundant in Pumpkin Bay when considering all other
variables equal, but had a positive relationship with salin-
ity variability, an effect that was stronger than that of bay.
Therefore, in the observed data, green goby are most abun-
dant in Faka Union Bay. For the species where the effect of
bay in isolation differed from the observed data in the trawls,
the species relationship with the environment explained the
difference.

Month Effects

All response variables were affected by month in clear pat-
terns except for species richness and abundance of lined
sole, sand seatrout, and lizardfish, which were only weakly
affected (Fig. 5a). Total fish abundance peaks in August
during the early wet season, whereas diversity peaks in
April during the dry season. Most species had a strong
pattern when considering the influence of season alone,
but each was different, such that very few target species
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Fig.4 Estimated fish response variables across bays (a) and mean
observed values in monthly trawls (b). Predicted responses are cal-
culated for each best model and averaging the results, while holding

peaked in abundance during the same month. Green goby,
fringed flounder, hardhead catfish, clown goby, and code
goby were most abundant during the early dry season
(December—February), whereas whiting species, pin-
fish, silver perch, Gulf flounder, sheepshead, and pigfish
peaked a little later in the late dry season (March—May).
The early wet season (June—August) brought peak abun-
dance for Gulf pipefish, gray snapper, gafftopsail sea cat-
fish, and spotted seatrout. Blackcheek tonguefish, mojarra
species, lane snapper, bighead searobin, and anchovy spe-
cies had their highest abundance in the late wet season
(September—November).

Examining the observed data (Fig. 5b) enables us to
understand the seasonal patterns in actual fish abundance.
For nine response variables, the patterns were different than
the estimated effect of month by itself. For example, whit-
ings are most abundant in March and April, based on the
effect of month by itself (Fig. 5a). However, the observed
peak is in October. Whitings have a strongly positive rela-
tionship with mean temperature, which outweighs the influ-
ence of season alone and leads to this difference in patterns.
Similarly, sand seatrout did not vary much across months,
but had a strong positive relationship with temperature and
a strong negative relationship with salinity, which resulted
in a peak in abundance in September, even though month
by itself did not have a large effect. For all these responses,
the difference in patterns between the effect of month in

@ Springer

Scaled

Num. Fish/
Num. Species/
Diversity

1.00

0.75

0.50

Fakahatchee Faka Union Pumpkin

all environmental variables at their mean, month as June, and year as
2009. Values are scaled to facilitate comparison among species with
different absolute abundances

isolation and in the observed data could be explained by the
effect of the environment. These differences indicate that
factors outside of the environment drive the effect of month.

Interannual Effects

All responses varied widely among years (Fig. 6). The high-
est total number of fish occurred in 2006, whereas species
richness and diversity varied only slightly throughout the
study period. The specific years of peak abundance were not
aligned among all species. Only two species had a consistent
trend in abundance over time throughout the study period:
fringed flounder, which increased in abundance by a factor
of 48, and gray snapper, which was reduced by a factor of
0.29 throughout the 20-year survey.

Relative Strength of Effects

In comparing the relative strength of the effects of environ-
mental versus temporal explanatory variables, the tempo-
ral variables, month and year, had stronger effects on fish
abundances overall (Fig. 3). Year, which represents interan-
nual variability and long-term changes in abundance, had
the strongest effect on species richness, total fish, lined
sole, anchovy species, gafftopsail sea catfish, clown goby,
Gulf flounder, blackcheek tonguefish, and inshore lizard-
fish abundance. Month, which represents seasonality, had
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Fig.5 Estimated fish response variables across months (a) and mean
observed values in monthly trawls (b). Predicted responses are calcu-
lated for each best model and averaging the results, while holding all
environmental variables at their mean, bay as Fakahatchee, and year

the strongest effect on species diversity, mojarra species,
pinfish, gray snapper, pigfish, bighead searobin, and Gulf
pipefish abundance. Fringed flounder was the only spe-
cies whose abundance was more strongly affected by bay
compared to other important variables. Four species were
slightly more strongly affected by temperature variables
(green goby, spotted seatrout, code goby, and sheepshead),
and only four were much more strongly affected by tem-
perature variables (whitings, hardhead catfish, silver perch,
and sand seatrout). Salinity had the strongest effect of any
explanatory variable on the abundance of only one species,
lane snapper (Fig. 3).

Discussion

Anthropogenic manipulations of freshwater flow can cause
a suite of impacts to estuarine fishes (Drinkwater and Frank
1994; Estevez 2002; Chilton et al. 2021). In southwest Flor-
ida, development has increased freshwater flow to some
mangrove-lined estuaries in the Ten Thousand Islands and
decreased it in others, which provides an ideal setting to
examine these effects (Shirley et al. 2004; Kendall et al.
2022). We used a 20-year trawl dataset, rare for this region,
to understand how manipulations of freshwater flow relate
to estuarine fish abundances, species richness, and diversity.

2 3456 7 8 9 10 11 12
Month

as 2009. Values are scaled to facilitate comparison among species
with different absolute abundances. Species on the y-axis are ordered
by month with the highest predicted value

While salinity and temperature had a persistent effect on
fish abundances, both of these drivers were weak relative to
the effect of month and year, which suggests that seasonal
cycles and interannual variability are more important than
short-term changes in salinity and temperature. Because
relationships with salinity serve as a proxy for relationships
with changes in freshwater flow, this work suggests that
restoration of natural hydrology may have minor impacts
on the abundances of many juvenile estuarine fishes in the
Ten Thousand Islands region. However, the relationships
between freshwater flow and fish abundance may vary estu-
ary to estuary. What occurs in one system may not be the
same in another, especially when the range of freshwater
flow is highly variable across systems and the results from
this study may not extend to other regions.

Salinity and Temperature Effects
Salinity

Both natural and anthropogenic changes to freshwater flow
can alter the salinity conditions of coastal estuaries and affect
the abundance of estuarine fish (Estevez 2002; Lorenz and
Serafy 2006; Tolley et al. 2006; Lorenz 2014; Gandy and
Rehage 2017; Rubec et al. 2021). Every fish species or fish
variable considered in this study was related to one or more
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Fig.6 Estimated fish response variables across year (a) and mean
observed values in monthly trawls (b). Predicted responses are cal-
culated for each best model and averaging the results, while holding
all environmental variables at their mean, bay as Fakahatchee, and

aspects of salinity although the timescale, strength, and direc-
tion of this association varied widely. Although many estua-
rine fishes are adapted to tolerate a euryhaline environment,
they often seek to optimize their position in the estuary to
maximize fitness directly by seeking physiologically suitable
salinity (Sheaves 1996; Serafy et al. 1997; Serrano et al. 2010;
Rubec et al. 2021), or through indirect processes such as use
of energy sources that are affected by salinity (Montague
and Ley 1993; Palmer et al. 2011, 2015; Vinagre et al. 2011,
Lorenz 2014; Loh et al. 2017), avoidance of predators or
pathogens, or migratory imperatives such as seeking spawn-
ing or recruitment habitat (Grange et al. 2000; Kanajembo
et al. 2001; Jenkins et al. 2010; Serrano et al. 2010). In this
study, aspects of salinity measured over longer time intervals
of weeks to months best related to fish abundance. This is
broadly consistent with previous studies that examined mul-
tiple time periods of environmental conditions prior to col-
lection of fish samples (Lorenz 1999; Faunce et al. 2004).
Across the group of species examined in this study, four
measures of salinity (mean, minimum, maximum, and stand-
ard deviation) were primarily related to fish abundance and
were present in 15-25% of models for each species. This
suggests that some aspect of salinity is important for under-
standing fish abundance, but several measures of salinity
can adequately describe the effect. Some species such as
clown goby, sand seatrout, and anchovy species responded
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to maximum and minimum salinity, which could suggest
that they are approaching the limits of their salinity toler-
ance; however, the measured salinity over the 20-year study
never surpassed their known tolerances (Patillo et al. 1997).
Instead, it is possible that maximum and minimum salinity,
which are correlated with other aspects of salinity, are rep-
resenting the general salinity conditions in the environment,
and at least some salinity variable is necessary to adequately
explain fish abundance in the models. This could explain
why there were many equally good models and equally suit-
able salinity variables for several species considered here
such as sheepshead and code goby. Other fish were related
to variability of salinity, such as gray snapper. More vari-
able salinity in nearby Florida Bay has been linked to lower
quality food availability for some estuarine fishes (Montague
and Ley 1993; Ley et al. 1994). In the present study, a few
species such as hardhead catfish and gray snapper responded
negatively to increased variability in salinity, whereas others
increased in abundance such as silver perch, pigfish, green
goby, and whiting species. This confirms that many estua-
rine species are more or less tolerant of salinity values but
that each should be considered on an individual basis when
seeking to predict how changes in salinity following water-
shed restoration may impact their abundance.

Although some measure of salinity was always needed to
describe fish abundance well, it is important to note that for
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all but lane snapper, the effect of salinity, was weaker than
for other explanatory variables like temperature, month, and
year. This finding is consistent with several other studies
that compared the relative effect size of salinity on estuarine
fishes compared to other, more influential variables such as
season (Idelberger and Greenwood 2005), turbidity (Blaber
and Blaber 1980), and depth (Faunce et al. 2004). This is
further evidence that even though the species evaluated here
responded to different measures of salinity, the effects are
small given the salinity values observed in these bays. For
some species, such as sheepshead and code goby, the effect
of salinity was so small that any salinity variable equally
well described their abundance. These results suggest that
restoring freshwater flow to pre-development conditions in
these bays may not have a major impact on the abundance
of fishes considered here. It is important to note that these
relationships are complex and often location specific. Other
estuaries with more extreme variation in freshwater flow,
such as Florida Bay or parts of the Peace River in Charlotte
Harbor, observe stronger relationships between freshwater
flow and fish abundances than in this study (Faunce et al.
2004; Lee et al. 2016; Stevens et al. 2013). However, in
the Ten Thousand Islands, there is still much overlap in the
salinity between these three bays and changes to salinity
have not reached such extremes.

Temperature

Temperature variables not only had a consistently stronger
relationship to fish abundance than salinity overall, but a sin-
gle aspect of temperature measured at longer time intervals
(e.g., mean temperature over 2 to 3 months prior to trawls)
was selected in a clear majority of top models and for most
species. This long time interval is essentially representative
of seasonal cycles of temperature. We suspect that this sea-
sonal aspect of temperature is the driver of abundance rather
than temperature per se (Idelberger and Greenwood 2005;
“Seasonal effects” section below). In fact, many studies do
not include temperature in their analysis of fish communi-
ties, but instead include month or season which is a proxy
for temperature in most regions (Faunce et al. 2004; Shirley
et al. 2004; Tolley et al. 2006; Vinagre et al. 2011; Gandy
and Rehage 2017). It is more likely that within-year cycles
of abundance are driven by reproduction which occurs in
distinct seasons for most taxa (Patillo et al. 1997). Similar
results were observed for the community as whole in the
multivariate companion study Kendall et al. (2022), where
temperature had much stronger correlations with the fish
community than salinity.

These findings do not indicate that temperature per se is
unimportant for all species; in fact, abundance of gray snap-
per and pinfish was strongly negatively related to tempera-
ture variables measured on timescales as short as 1-3 days.

In addition, a few species were better explained by tem-
perature variability, such as fringed flounder, gulf pipefish,
sheepshead, pigfish, and pinfish, although still over longer
time scales. In Florida Bay, fish density increased with
increasing temperature variability (Lorenz 1999). Also of
note, seasonal temperature values were consistent through-
out the study area and are not suspected to be responsible for
differences in fish abundance among the bays.

Bay Effects

Bay was an important variable in nearly all models for every
species except for inshore lizardfish. Including bay as an
explanatory variable integrates effects on fish abundances
from differences among the bays that are not accounted for
in variables such as salinity. This can include fixed physical
variables such as bay size or perimeter to area ratio which
can affect exposure to predators that are associated with
mangrove edges such as snook, gray snapper, and goliath
grouper (Patillo et al. 1997; Koenig et al. 2007). Bay effects
may also encompass differences in habitat ratios among the
bays such as percent cover of oyster reefs, macroalgae, and
sponges. For example, Faka Union Bay has much less mac-
roalgae and sponge cover than the other two bays (Yokel
1975; Kendall et al. 2022) which affects the structural habitat
types available for small fishes. Benthic vegetation is posi-
tively correlated with pinfish, code goby, and gulf pipefish
abundance (Patillo et al. 1997) and all three species were
least abundant in Faka Union Bay, which has the lowest
algae volume among bays (Kendall et al. 2022). The effect
of bay on total fish abundance could also be explained by
its effect on individual species. For example, total fish abun-
dance is highest in Pumpkin Bay, while anchovy species
and pinfish, two of the most abundant species, are also most
abundant in Pumpkin Bay. It is important to note however,
that the bay variable may be capturing some effects of fresh-
water flow that the salinity measurements we used do not, in
addition to those unrelated to freshwater flow, such as area
or bottom habitat.

This bay effect also includes potential influences that
are subject to different salinities even if the fishes them-
selves are not, such as benthic prey availability (Ley et al.
1994; Tolley et al. 2006). For example, in Tampa Bay,
Florida, higher spotted seatrout abundance was found in
areas with more freshwater flow, possibly due to higher
food availability or reduced predation risk (Robins et al.
2005; Gillson 2011; Whaley et al. 2016). Similarly, we
found spotted seatrout were most abundant in Faka Union,
the bay with more freshwater flow, despite increasing in
abundance with maximum salinity, which suggests they
may be responding to other effects of increased fresh-
water flow than salinity itself. Similarly, some species
that are least abundant in Faka Union Bay compared to
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Fakahatchee and Pumpkin, such as fringed flounder and
bighead searobin, counterintuitively have negative rela-
tionships with salinity and therefore are more likely asso-
ciated with low salinity environments. This result also
indicates other drivers in addition to the anthropogeni-
cally induced lower salinity conditions are impacting spe-
cies abundances in Faka Union. The drawback with such
an all-encompassing variable is that all these effects are
lumped together and the specific influence on fish abun-
dance remains unknown beyond simply differentiating an
overall effect among bays.

Although Fakahatchee Bay is the most natural estuary
in our study, it does not have the highest values for all fish
variables. For example, the total number of fish, per unit
effort, is lowest in Fakahatchee compared to Faka Union
and Pumpkin Bays. However, Fakahatchee did have the
highest diversity, but Faka Union had the lowest. Simi-
larly, variability in the fish community is reduced in areas
with freshwater flow in Charlotte Harbor, Florida (Olin
et al. 2015). Biodiversity is often used as a measure of
ecosystem health and function by more evenly spreading
out niche resiliency over a variety of species (Hooper et al.
2005). Ecosystem roles lost by a decline in any one species
can be filled by several others. Given this key ecosystem-
scale difference among impacted and natural flow condi-
tions of the adjacent estuaries, biodiversity may be a more
beneficial target than abundance for monitoring the suc-
cess and impact of restoration of freshwater flow to Faka
Union and Pumpkin Bays.

Seasonal Effects

Total fish abundance, diversity, and the abundance of all spe-
cies considered here exhibited at least some seasonal variation,
some due to seasonal changes in the environment, others due to
seasonality itself. For example, considering all other variables
equal, there was little difference in sand seatrout abundance
across months. However, once we consider the effect of tem-
perature, which has a much stronger effect than month, we see
a seasonal pattern in abundance emerge, due to temperature.
Some aspects of the seasonal pattern observed in total
abundance and diversity may be explained by seasonal pat-
terns of individual species. For example, total fish abundance
is highest during the wet seasons (Shirley et al. 2004), when
mojarra species and anchovy species, two very abundant spe-
cies, peak in abundance. In contrast, diversity peaks in the
dry season, when very abundant species are not dominating
the community, and is lower during the wet season. Similar
patterns are observed in Charlotte Harbor, Florida, where
variability in the fish community is reduced in areas with
anthropogenically controlled high and variable flow (Olin
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et al. 2015). This homogenization of the fish community can
lead to reduced seasonal effects on fish abundances, which is
also observed in the companion study (Kendall et al. 2022),
where the fish community in the late and early dry and late
and early wet seasons are very similar in Faka Union Bay,
which receives more freshwater due to human alterations of
the watershed, but the fish community is more distinct across
the four seasons in the other bays. This homogenization can
be observed in this study via the reduced diversity during
the wet season.

Months with peak abundances in the trawl data correspond
with the known timing of spawning for 16 of the individual
species examined provided that the brief lag until juve-
nile recruitment is included (Estevez 2002). These include
sheepshead, mojarras, pigfish, lane snapper, fringed flounder,
gafftopsail sea catfish, gray snapper, pinfish, gulf flounder,
code goby, hardhead catfish, inshore lizardfish, lined sole, sand
seatrout, silver perch, and whiting species (Yokel 1975; Pattillo
etal. 1997, Anderson and Comyns 2013). For example, pinfish
spawn in the fall and winter and juveniles recruit to the estuar-
ies in the spring, when we see their abundance in the trawls
peak (Yokel 1975; Patillo et al. 1997). Similarly, sheepshead
spawn offshore from February to April, with juveniles recruit-
ing shortly after (Patillo et al. 1997), and we found their abun-
dance peak in the trawls in May. In contrast, inshore lizardfish
and lined sole abundance varied only slightly throughout the
course of the year, which is consistent with their year round
spawning behavior (Jones et al. 1978).

Gulf pipefish spawn throughout the year, yet there is a clear
peak in abundance in the trawls in July (Ross 2001). Although
they spawn year-round, they prefer vegetated habitats. In the
bays, algae is most abundant in the late dry and early wet sea-
sons, corresponding with the peak in abundance of gulf pipe-
fish, which indicates their seasonal pattern is related to habitat
rather than spawning behavior (Kendall et al. 2022).

The timing of peaks in abundance of the remaining three
species did not match known spawning periods, specifically,
anchovy species, spotted seatrout, and blackcheek tongue-
fish (Whitehead 1988; Patillo et al. 1997; Terwilliger and
Munroe 1999). For example, blackcheek tonguefish spawn
nearly year round or for a prolonged period of time, yet there
are clear seasonal peaks in abundance in this study (Reichert
and van der Veer 1991). Apparent mismatches with spawn-
ing seasons reported in prior research could be due to vari-
ability in timing of spawning across regions, habitat shifts
at different age classes, some other even more influential
factor controlling abundance such as a seasonal predator,
or some groups being composed of multiple species (e.g.,
anchovy species) with differing spawning seasons. Little is
known about bighead searobin, green goby, and clown goby
spawning, but we found clear seasonal patterns.
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Interannual Effects

The long-term monitoring dataset used here was collected
consistently over 20 years across a range of environmental
conditions (e.g., El Nifio—Southern Oscillation, hurricanes).
This provides a rare opportunity to perceive and appreci-
ate interannual variability in fish abundance as data col-
lected at such a frequency for such a long period of time
is uncommon. Natural variation in recruitment is often a
driver of annual fish abundances. Size of spawning popula-
tions, food availability, larval transport conditions, drought,
extreme cold events, and storms can all influence larval sur-
vival and recruitment, and ultimately juvenile abundance in
the trawls (Drinkwater and Frank 1994; Greenwood et al.
2006; Stevens et al. 2013; Boucek et al. 2017). In our study,
all species abundances varied throughout the study period,
although some experienced larger fluctuations than oth-
ers. Anchovy species and gafftopsail sea catfish had strong
changes in abundance across years. Anchovy abundance is
strongly related to food supply (zooplankton; Patillo et al.
1997), which also varies naturally through time depending
on currents, primary production, and environmental condi-
tions. In this study, the year of highest anchovy abundance
(2006) follows a year of elevated chlorophyll concentrations
in the bays, which could be linked to higher zooplankton
abundance (NOAA NERRS 2020). Anchovy species were
one of the most abundant in the study, and their interan-
nual variability may also explain the strong effect of year
on total fish abundance. Gafftopsail sea catfish, which were
strongly affected by year, exhibited a large catch in the trawls
in 2016. Pinfish abundance peaked in 2010 in our study area,
as well as adjacent ecosystems (Chacin et al. 2016), which
has been suggested to be related to release from predators
that died in the extreme cold event of 2009-2010 (Stevens
et al. 2016). Gray snapper was the only species to decline in
abundance consistently throughout the study period; how-
ever, a recent stock assessment suggests the adult population
in the Gulf of Mexico was increasing at least from 2010
to 2014 (SEDAR 2018). Other factors must be influencing
their continuous decline in catch as juveniles over ~ 20 years
in the Ten Thousand Island region. While fringed flounder
increased in abundance throughout the study period, little is
known about what factors influence their population dynam-
ics. However, for both gray snapper and fringed flounder,
the PDE explained by our models was low, 19% and 21%,
respectively, and these patterns should be considered with
caution. Although identifying the precise causes of inter-
annual variation remain elusive in many cases, it is only
possible to perceive the magnitude and variability in these
patterns with a long term and consistently collected dataset
such as was used here. Shorter term datasets of even a few
years would have given the false impression that some spe-
cies are always dominant when that is not the case.

Relative Strength of Effects

While salinity and temperature were both important to
include in models explaining fish abundances, temperature
almost always had a stronger effect than salinity, our proxy
for changes in freshwater flow. Similarly, previous work in
the Everglades’ Florida Bay, which has experienced reduced
freshwater flow over the past 60+ years, fish density was
more correlated with temperature than salinity (Lorenz
1999). Others have also suggested that temperature was
more important for particular species such as sand seatrout
and gafftopsail sea catfish abundance than salinity (Ditty
et al. 1991; Patillo et al. 1997; Walton et al. 2022).

Although salinity and/or temperature nearly always had
an effect on fish abundances, both of these were generally
weak relative to the effect of month and year, which sug-
gests that seasonal patterns and interannual variability are
more important drivers of fish abundance in this system
(Idelberger and Greenwood 2005). Even bay, which may
have captured effects of freshwater flow that the salinity
variables did not, was generally weaker than month and
year. For example, even if it is a dry year with higher salin-
ity, mojarra species are still going to be caught in the wet
season after their seasonal recruitment to the estuary. In
fact, even the timeframe of influential salinity and tem-
perature variables were generally measured at such a long
interval (1-3 months) that they approach representing sea-
sonality. The seasonal basis of spawning cues are tied to
the natural cycles in the environment beyond freshwater
flow such as day length and were established long before
changes to the natural sheet flow of the Big Cypress basin.
Similar results were observed in the companion community
study Kendall et al. (2022). Differences in the community
were more strongly related to temperature than salinity and
more strongly related to season than bay. Although season
and temperature are linked, and it may be difficult to dis-
entangle the individual effects of each, both had stronger
relationships with fish variables than bay and/or salinity. It
appears that the recent changes in hydrology will not affect
those patterns, especially considering that these are all
estuarine species and environmental conditions will remain
within the tolerances of most species. In fact, watershed
restoration is likely to reduce the range of salinities in Faka
Union Bay and make it more similar to Fakahatchee.

The only species where salinity had a stronger effect on
abundance than anything else was lane snapper. Although
temperature had a stronger effect on sand seatrout abun-
dance than salinity, salinity still had a stronger effect than
temporal variables. This suggests that changes in freshwa-
ter flow through restoration may have impacts on these two
species. Due to its positive relationship with salinity, lane
snapper would be expected to increase in abundance in Faka
Union Bay as freshwater flow is reduced and decrease in
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abundance in Pumpkin Bay as freshwater flow is increased
with restoration. The opposite could be expected for sand
seatrout, which would be expected to decrease in abundance
in Faka Union Bay as natural flow is restored due to their
negative relationship with salinity.

Future Research

While this work suggests that changes in salinity through
restoration of natural hydrology may have minor impacts
on juvenile fish abundances, compared to natural seasonal
variations in abundance, it is important to note that the spe-
cies studied here are estuarine species with tolerance for a
wide range of salinity conditions. Other species that are less
abundant and more sensitive to environmental change would
be better indicators of the effect of altering hydrology than
those selected in this study. For example, goliath grouper
densities have been negatively correlated with salinity in the
Ten Thousand Islands, but are not observed enough in the
trawls over sand and mud flats for robust analysis (Koenig
et al. 2007). However, the species selected in this study do
represent 98% of the individuals captured in the survey and
therefore the vast majority of the juvenile fish community
in these bays. These species make up 25% of the species
observed in the trawls; however, the remaining species are
represented in part by total fish abundance, species richness,
and diversity. Although these rarer species not studied here
individually may be more sensitive to changes in salinity and
ultimately freshwater flow (Mouillot et al. 2013; da Silva
and Fabre 2019), they do not make up a large portion of the
fish community.

It is also important to recognize that results here are lim-
ited to species that are susceptible to being caught in the
trawl gear. Larger and faster species (e.g., juvenile sharks,
smalltooth sawfish, juvenile tarpon, juvenile snook) or those
that reside on oyster reefs or in the mangrove prop roots
(e.g., goliath grouper) are not well sampled with this gear
and results should not be generalized for all juvenile fish
in the study area. Work in adjacent ecosystems, such as
the Shark River Estuary in the Everglades, Caloosahatchee
River, and Charlotte Harbor, demonstrated responses of
some of these species to human alterations of freshwater
flow, including tarpon (Wilson et al. 2019), smalltooth saw-
fish (Brame et al. 2019), and snook (Rehage et al. 2022), but
more work is needed to understand effects on species like
these in our three study bays. It is also important to note that
this study only focuses on abundances, not biomass, size, or
body condition, which can also be impacted by changes in
freshwater flow (Crocker et al. 1981).

A few species had poor model performance, such as
gray snapper and anchovy species, which suggests that
other variables not considered in this study may be
of more importance. Dissolved oxygen, bottom type,
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turbidity, nutrients, and phytoplankton and zooplankton
abundance are all variables not considered in this study
that could have an impact on these, and all species in this
study, and may merit consideration in future work. In addi-
tion, interactions between explanatory variables such as
bay and month may be an interesting avenue for future
research. The impacts of restoration on species not well
explained by the variables considered in this work, such
as gray snapper, fringed flounder, and inshore lizardfish,
must be used with caution.

What Does this Mean for Restoration?

Ultimately this work suggests that salinity changes due to
restoration of freshwater flow to these sub-estuaries will
have minimal effects on the abundance of most species of
juvenile fish, relative to other natural seasonal oscillations
in abundance. Two species that can be expected to experi-
ence changes in abundances include lane snapper and sand
seatrout. Lane snappers are expected to increase in abun-
dance in Faka Union Bay as the canal is plugged and salinity
levels in the bay eventually rise. Sand seatrout, however,
may decrease in abundance as predicted here based on their
negative relationship with salinity. Restoring flow may also
make sponge/algae abundance in Faka Union more similar
to Fakahatchee Bay and therefore influence the abundance
of some species that rely on that structure (Kendall et al.
2022). Changes in abundance of algal habitat may indirectly
affect a few species, such as pinfish, gulf pipefish, and code
goby, which are commonly associated with that cover type.
Despite the expectations suggested here, continued moni-
toring is critical as flow is altered to confirm that changes
are as anticipated, to confirm that environmental flows
necessary to sustain ecosystems are maintained, and as cli-
mate change further alters temperature and salinity regimes
potentially outside of those ranges considered here (Faunce
et al. 2004; Jenkins et al. 2010; Vinagre et al. 2011; Boucek
et al. 2017; Arthington et al. 2018; Duggan et al. 2019; Van
Niekerk et al. 2019).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12237-023-01232-8.
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