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One of the goals of the Comprehensive Everglades Restoration Plan (CERP) is to restore more natural
salinity regimes to the coastal bays of South Florida (USA) with the aim of improving their degraded
estuarine function (e.g., as productive feeding and nursery areas). Here, we examined the occurrence
(presence-absence) and concentration (presence-only fish density) of goldspotted killifish (Floridichthys
carpio) observed in an ongoing fish survey as potential indicators of restoration performance in Biscayne
Bay, Florida. To determine F. carpio salinity affinity, we applied regression analyses to field data and
performed behavioral choice trials in the laboratory, whereby individuals were exposed to a salinity
gradient (10-50). Analysis of field data indicated a parabolic relationship between killifish occurrence
and salinity, where occurrence is maximized at salinity ~22. Killifish concentration was unrelated to
salinity. Experimental salinity choice results tended to agree with field observations of occurrence and
demonstrated a preference for intermediate salinity levels (10-30). Finally, we performed a simulation
exercise to compare seasonal changes in habitat suitability within our study domain over the course of one
year. Seasonal comparisons were performed as a proxy for assessing different freshwater management
alternatives. We applied the relationship between Kkillifish occurrence and salinity that resulted from
analyses of field data to the output of a published hydrodynamic salinity transport model. This exercise
provided areal estimates of suitable habitat gained or lost, as well as maps indicating the geographic
distribution of habitat quality by season. We conclude that: (1) continued field monitoring of goldspotted
killifish occurrence is warranted for its utility as a biological indicator of nearshore salinity conditions in
an ecosystem-based management framework and (2) the regression relationships revealed by the present
study may be useful in habitat suitability modeling exercises, especially those that compare impacts of
different freshwater flow scenarios via simulation.
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1. Introduction

Coastal ecosystems around the world have been degraded as
a consequence of fisheries overexploitation and habitat alter-
ation (Lotze et al., 2006), with the latter driven by anthropogenic
increases in freshwater consumption, watershed development and
channelization for flood and mosquito control (Kennish, 2002). In
Southern Florida, profound changes to nearshore salinity regimes
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occurred over a span of about 100 years with the construction and
operation of an extensive inland and coastal canal system. Built
by the US Army Corps of Engineers (USACE), the system effec-
tively transformed many of the region’s coastal bays from genuine
subtropical estuarine systems to freshwater-pulsed, occasionally
hypersaline lagoons (Serafy et al., 1997). To address this prob-
lem, several management and conservation entities, including the
USACE, are striving to re-establish more natural salinity regimes
along the region’s mainland shorelines through modification of
the quantity, quality and timing of freshwater flows. The vehicle
for salinity regime restoration in this region is the Comprehen-
sive Everglades Restoration Plan (CERP), a multi-agency initiative
that has among its goals the improvement of the estuarine func-
tion of South Florida’s coastal bays, including Biscayne Bay (Fig. 1).
Freshwater delivery has been identified as one of the most criti-
cal pressures affecting the region today (Cook et al., 2014) and it
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Fig. 1. Location of Biscayne Bay on the southeastern coast of Florida, USA (left panel) and map depicting sampling site locations (right panel, white circles) along the Bay’s

mangrove-lined mainland shoreline.

is imperative that appropriate indicators are identified and moni-
tored in order to optimally sustain ecosystem services during and
after the restoration period.

Fish-based indicators of ecosystem function are desirable
because they are among the most direct, integrative measures of
secondary production in a given system (Fausch et al., 1990; Soto-
Galeraetal., 1998; Sheaves etal.,2012). Typically, this production is
communicated from lower trophic levels to top predators via small
forage fish, and thus forage fish are widely considered to be essen-
tial to ecosystem function (Pikitch et al., 2012). Forage fish serve
to connect coastal Florida’s mangrove, seagrass and reef habitats,
thus they likely mediate multiple conservation ecology pathways
that link restoration efforts to ecosystem services.

Researchers currently monitoring biological communities along
southern Florida’s mainland shorelines are faced with the challenge
of identifying candidate biological indicators of salinity change that
may have utility for gauging and guiding the effectiveness of CERP
efforts. Part of the challenge is that pre-canal-system biological
data are almost entirely lacking and, because organisms inhabiting
coastal shoreline habitats typically must cope with large fluctu-
ations in salinity, many possess remarkable tolerance of osmotic
stress. However, high tolerance, conferred by physiological robust-
ness does not necessarily equate to lack of affinity for a narrower
range of environmental conditions than tolerance studies alone
might suggest (Serrano et al., 2010). For fishes, one approach to
revealing these affinities, if they exist, is to couple detailed analy-
ses of field distribution and abundance data with laboratory-based
behavioral studies, whereby fish are allowed to distribute them-
selves along a salinity gradient (Serrano et al., 2010; Bucking et al.,
2012).

The focal species in the present study is Floridichthys carpio,
the goldspotted killifish. This diminutive, schooling cyprinodon-
tid occurs in freshwater, brackish and marine ponds, marshes,
estuaries and lagoons from southeastern Florida along the Gulf of
Mexico and Yucatan Peninsula to Honduras (Robins and Ray, 1986;
Smith, 1997). A seasonally abundant, resident species inhabiting

mangrove prop-root habitats of South Florida (Serafy et al., 2003;
Lorenz and Serafy, 2006), F. carpio can maintain osmoregulatory
homeostasis from 25 to 70 (Nordlie and Haney, 1998), and is an
important component of the diets of wading birds and juvenile
gamefishes (Schmidt, 1989; Crabtree et al., 1998; Ramo and Busto,
1993; Hammerschlag et al., 2010). Therefore, management actions
that benefit F. carpio habitat have the potential to result in broad
ecosystem gains through enhancement of the food web.

The purpose of this study was to evaluate F. carpio habitat suit-
ability as a candidate indicator of salinity regime change along the
mangrove-lined shorelines of Biscayne Bay and adjacent nearshore
waters. We were particularly interested in finding evidence of salin-
ity preference, a behavioral response that allows animals to remain
within a suitable salinity range (Lockwood, 1976). Field data were
collected and analyzed to investigate potential salinity-abundance
patterns and laboratory-based, behavioral trials were conducted to
test for salinity preference-avoidance responses upon exposure to
a salinity gradient. Finally, we demonstrate how a fish-habitat rela-
tionship derived from the field data may be applied to the output of
anumerical, two-dimensional hydrodynamic and salinity transport
model (Wang et al., 2003) that simulates the changing salinity char-
acteristics of the Bay over the course of one year. Results of this work
have direct relevance to decisions surrounding resource allocation
toward future field monitoring as well as to ongoing simulation
exercises that seek to quantitatively compare different water man-
agement scenarios in terms of the quantity and location of suitable
fish habitat.

2. Methods
2.1. Study site

Biscayne Bay (Fig. 1) is one of several subtropical coastal sys-
tems that have transitioned over the last century from estuarine to

marine (Smith, 1896; Browder and Ogden, 1999; Marshall et al.,
2009). The transition was a direct result of construction of the
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extensive inland and coastal canal system known as the Cen-
tral and South Florida Flood Control Project (Serafy et al., 1997;
Browder et al., 2005). Historically, Biscayne Bay received con-
sistent freshwater sheet flow via marsh and mangrove wetlands
and creeks, groundwater upwelling, rainwater runoff and artesian
springs within the bay: conditions that supported thriving estua-
rine biological communities (Smith, 1896; Kohout and Kolipinski,
1967). Currently, the majority of fresh water is diverted from the
system and replaced by marine input. As a consequence, several
estuarine species (e.g., oysters, black drum, red drum) are today
only rarely encountered in Biscayne Bay, where euryhaline and
marine species now predominate (Serafy et al., 2003).

2.2. Collection and analysis of field data

This study draws on data from an ongoing, 15-year survey
designed to monitor fish assemblages associated with mangrove
shorelines along the mainland and the leeward side of the
northernmost Florida Keys (i.e., Ragged, Sands and Elliott Keys).
Survey methodology details are provided by Serafy et al. (2003,
2007). Briefly, sampling entailed a snorkeler slowly swimming a
30m x 2 m belt-transect and recording the species identity, num-
ber and size structure of all fishes observed within the 60 m? area
swept. Transect site selection followed a stratified random design,
where strata were shoreline type and season (Serafy et al., 2003).
Upon completion of each visual transect, water temperature, salin-
ity and depth were recorded using a multi-probe instrument (YSI
model 650MDS, Xylem, Inc.), as well as a pole marked-off at 2cm
increments.

Following Serafy et al. (2007) and Serrano et al. (2010), we
applied the delta approach (appropriate when counts are dom-
inated by zero values) to reveal goldspotted killifish abundance
relationships with water temperature, salinity and depth. Two
abundance metrics were analyzed: “occurrence” (the likelihood of
encountering one or more F. carpio per 60 m? transect) and “con-
centration” (number of individuals per transect when F. carpio was
present). Logistic regression was used on the binary occurrence
component and ordinary least squares (OLS) regression, after loge-
transformation, was applied to the concentration component. A
backward stepwise regression (logistic or OLS) approach was taken
in the analysis of both metrics (Y, occurrence or concentration)
whereby an initial model with the factors salinity (S), temperature
(T) and depth (D) and their respective squared terms was applied.
Inclusion of squared terms in the model allowed for assessment of
both parabolic and linear relationships between fish metrics and
the habitat variables.

Y=S+T+D+S*+T>+D?

Beginning with the squared terms, factors were successively
removed if they were not significant at the o=0.05 level. Final
model fit was judged from its concordance index (C) value for logis-
tic regression results (values range from 0.5 to 0.99) and R? value
for OLS results.

The significance of factors was determined from Wald Chi-
Square and t-tests, respectively (SAS Institute Inc., 2008). After
regression, Yoccurrence Values were converted to logistic probability
units (0-1) (SAS Institute Inc., 2008).

The fish-habitat relationships found in these analyses were
assumed to be indicative of habitat quality, where high values of Y
reflected high quality (i.e., suitable) habitat. To report these habi-
tat quality values, we adopted the stratified scoring system used in
this special issue, which assigns one of five levels (optimal, good,
fair, poor, critical) to the habitat, according to the relative values of
fish occurrence or concentration that it is likely to produce. Cate-
gories were created by dividing the range into five, equally spaced
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Fig. 2. Diagram of five-chamber salinity gradient aquarium (based on Stalaand
1969) used to examine salinity preference-avoidance in F. carpio. Upper and lower
panels depict top and side views; dimensions in cm. Dashed line indicates water
level. Each chamber was a “U-segment” that could be temporarily disconnected
from its neighbor using a slotted rubber barrier (TB = temporary barrier).

habitat suitability intervals. Color-coding of the five levels was used
in graphic depictions of fish-habitat relationships and simulation
exercise results (see below) to facilitate their visualization.

2.3. Collection and analysis of laboratory data

As an independent test of fish-salinity relationships, salinity
choice trials were conducted using 208 L (U.S. standard 55-gallon)
baffled glass aquaria (122 cm x 33 cm x 53 cm). The general aquar-
ium design (Fig. 2) was first described by Staaland (1969) and
subsequently modified and used by several others to determine
salinity preferences in small fishes (Spieler et al., 1976; Fivizzani
and Spieler, 1978; Campeauetal., 1984; Audet et al., 1985; Lankford
and Targett, 1994; Bos and Thiel, 2006). Our experimental set-up
followed Bos and Thiel (2006) in that each aquarium was parti-
tioned into five, U-shaped chambers by nine alternating, vertically
oriented, glass baffles. Adjacent chambers were connected at the
top of the “U-segment” via a water column 7.6 cm deep.

Salinity gradient and control aquaria were prepared with lev-
els in the former being 10, 20, 30, 40, and 50 in each chamber and
levels in the latter being those observed at time of fish capture
(mean salinity +1S.E.: 35.8 +0.26, N = 39). Salt water from Bear Cut
(between Virginia Key and Key Biscayne, Florida) averaging 34 was
combined with de-chlorinated City of Miami tap water to produce
the lower levels (10, 20, 30), while Instant Ocean Sea Salt (Spectrum
Brands, Madison, Wisconsin) was dissolved in Bear Cut salt water
for the higher levels (i.e., >34). Orientation of the salinity gradi-
ent (i.e., left-right) within each gradient aquarium was alternated
between trials. Each tank was lined with opaque, blue aquarium
trade paper to prevent visual interaction between fish in the four
adjacent tanks. Chambers were temporarily disconnected with rub-
ber dividers prior to the start of each trial while the salinity gradient
was prepared and fish were introduced to the tank. Before each trial,
tanks were aerated to near 100% DO saturation with air stones.

Goldspotted killifish were collected from the mainland shore-
line of Biscayne Bay using a 7 m x 1 m haul seine with 3 mm mesh.
Individuals ranged 25-67 mm total length, and collection salinities
ranged 32.4-39.1. Fish were collected in daylight hours and were
transported to the laboratory within an hour of collection. To allow
for recovery from stressors associated with handling and transport
(Rottlant and Tort, 1997; Robertson et al., 1988), and to ensure accli-
mation to laboratory conditions, fish were held overnight in one of
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Table 1

Results of the stepwise regression on F. carpio field observations as they relate to salinity, depth, and/or temperature. Shown are parameter estimates for final models

describing fish occurrence (a) and concentration (i.e., density when present, b).

(a) Fish occurrence

Parameter Estimate S.E. Wald X? P>X? Model fit (C)
Intercept 5.2997 0.566 87.578 <0.0001 0.754
Salinity 0.0693 0.031 4.920 0.0265

Depth —0.0403 0.003 179478 <0.0001

Temperature —0.1504 0.011 175.074 <0.0001

Salinity? —0.00156 0.001 6.049 0.0139

(b) Concentration (i.e., density when present)

Parameter Estimate S.E. t-Value P>t| Fit (R?)
Intercept —2.165993 1.390 -1.560 0.1195 0.065
Depth -0.012682 0.003 —4.030 <0.001

Temperature 0.4818324 0.108 4.440 <0.001

Temperature? —0.0103764 0.002 —4.900 <0.001

the previously described tanks containing water of the same col-
lection salinity. The next morning, one fish per tank was introduced
into the central chamber of gradient or control aquaria, and allowed
to adjust to its new surroundings for an additional 2 h, without the
barriers, before its behavior was monitored for 4 h.

A digital video recording (DVR) system consisting of an over-
head, 3-camera array monitored fish movement with the room fully
lit. Videos were scored post-trial by an observer who recorded all
movements between chambers, noting the exact time of each move
(hh:mm:ss). Trials in which the fish did not move from the central
chamber were assumed null behavior and excluded from analy-
sis. Salinity, temperature and dissolved oxygen were measured in
each chamber using a YSI 650 MDS multi-probe before and after
each experiment. Utilization of gradient versus control aquaria was
compared in terms of the proportion of time spent in each chamber.
Kruskal-Wallis tests were performed on chamber utilization data
(parametric statistics were not used due to non-normality and het-
erogeneity of variance). Specifically, following Bos and Thiel (2006),
differences between mean time spent under control and salinity-
gradient conditions were tested on a chamber-by-chamber basis.

2.4. Simulation and estimation of change in habitat suitability

To visualize and quantify changes in suitable habitat for the
focal species, we applied the regression relationship for F. carpio
occurrence that resulted from the analysis of field data to the out-
put of a numerical hydrodynamic and salinity transport model of
southern Biscayne Bay and adjacent sounds (Wang et al., 2003).
Objectives were to: (1) simulate continuous habitat quality dynam-
ics on areal spatial domain, with time steps of 20 min, for a one year
period spanning from April, 2004, to March, 2005 and (2) quantify
and map the simulation output for each of four quarters: April to
June (Q1), July to Sep (Q2), October to December (Q3), and January
to March (Q4). The 20-minute time step was the finest temporal
resolution available for the model. The one-year time period was
selected to achieve overlap between empirical data and simulation
outputs. The year was partitioned into quarters to match the collec-
tion of field season data as surveys were conducted across 3-month
seasons.

Our shoreline study domain was defined as the 2m-wide
belt along Biscayne Bay’s western boundary extending between
latitudes 25.235° N and 25.678° N, which covers a total area
of about 267,000m2. This belt was composed of 1470 quadri-
lateral elements that were approximately 100m x 2m each. At
each 20-min time-step, values for water salinity and depth were
queried for each element from the hydrodynamic salinity transport
model. The temperature values used were derived from empirically

measured water temperatures recorded by a 25-station array of
probes located in the general vicinity of the study domain. A sin-
gle mean temperature was used for all elements at each time-step
because spatial variation between each station at each time step
was very small (mean 95% confidence interval = 0.33 °C). Simulated
habitat-suitability output was summarized as the summed area of
habitat for each quality level at each time step (5 levels x 26,280
time steps) and the mean area for each quarter by level (5 levels x 4
quarters). It is important to note that this exercise was performed
in lieu of a comparison of a series of water management scenarios
because management alternatives for Biscayne Bay are still under
development and have not yet been incorporated into the Wang
et al. (2003) or any other broadly available simulation models.

3. Results
3.1. Field observations

Fish surveys along Biscayne Bay’s mainland shoreline (con-
ducted August, 1998-September, 2012) totalled 2190 visual belt-
transects; goldspotted killifish was encountered in approximately
41% (888). Salinity, temperature and depth conditions during field
sampling ranged 0.5-42.4, 12.5-36.6°C, and 20-213 cm, respec-
tively. Stepwise regression results for F. carpio occurrence (Table 1a)
revealed that the factors salinity, temperature, depth and salinity?
were significant (C=0.735). Temperature had the greatest effect,
followed by salinity and depth (Table 1a). Therefore, the following
logistic regression model was adopted:

Occurrence = Intercept + f1*Salinity + f,*Temperature

+ B3*Depth + B4xSalinity?

A matrix of F. carpio probability of occurrence P(Occurrence) was
generated using the model (above). This matrix was visualized via
layered surface plots whereby the predicted occurrence values with
respect to salinity and temperature were stacked vertically along a
depth gradient (Fig. 3). At greater depths, temperature appears to
be the more constraining variable, while temperature and salinity
effects appear equally strong at shallower depth. The relationship
(Table 1a) predicted salinity optima for P(Occurrence) at salinity
~22.

In contrast to the P(Occurrence) result, no relationship between
F. carpio concentration and salinity was found (Table 1b). Depth,
temperature, and temperature® were the only significant terms in
the final model (R? = 0.06) for this abundance metric.
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Fig. 3. Probability of F. carpio occurrence surfaces plotted over the range of salinities, temperatures and depths observed in Biscayne Bay field surveys. Colors correspond to
the five categories of habitat suitability adopted in this special issue: 0.8-1.0 = optimal; 0.6-0.8 = good; 0.4-0.6 = fair; 0.2-0.4 = poor; and 0.0-0.2 =critical. Gray contours are
plotted at probability intervals of 0.01 from 0.9 to 0.98. Gray points represent the maximum P(Occurrence) value at each possible temperature, from 10 to 40°C.

3.2. Laboratory trials

A total of 39 behavioral trials were conducted, with 17
and 22 salinity gradient and control trials, respectively. Aver-
age salinity levels in control and gradient aquaria are depicted
in Fig. 4. Mean (+1 SD) water temperature, dissolved oxygen
(DO) levels and total length of fish monitored during trials were
25.5+1.4°C,6.2+0.9mgL ! and 44 + 6.4 mm, respectively. Differ-
ences between salinity gradient and control treatments in terms of
mean water temperature and mean total length of fish monitored
were minor, with no discernible temperature gradient from cham-
ber 1 through 5 and no appreciable shift in temperatures over time.
Mean final DO level in control aquaria trials was 6.8 + 0.6 mgL~!

604

504
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©
1

Salinity
8

N
o
1

10

Chamber

Fig. 4. Mean salinity levels in each chamber of control (gray line, no gradient) and
salinity gradient aquaria (black line).

with no clear pattern from one chamber to the next. However,
mean final DO levels in the salinity gradient aquaria were not iden-
tical across chambers, rather, they declined from 5.8 + 0.6 mgL~!
in the lowest salinity chamber to 4.94+0.1 mgL-! in the highest
salinity chamber. This 0.9 mgL-! DO reduction was statistically
significant (P<0.05) and although undesirable, was unavoidable
given the inverse relationship between oxygen solubility and water
salinity as well as limitations of our experimental apparatus (see
next section). Similar to field studies, the highest occupancy val-
ues were observed in the intermediate salinity range and markedly
different from that of the control (Fig. 5). Kruskal-Wallis tests indi-
cated significantly lower use (i.e., avoidance; P<0.05) of chambers
containing the highest salinity levels (i.e., 40 and 50). Use of the
chambers with the lowest salinities (i.e., 10 and 20) was relatively
low, but was not statistically different from use of the correspond-
ing chambers in the control aquaria.

3.3. Habitat suitability simulations

The dynamic habitat simulation of P(Occurrence) generated a
large set of output data (1470 elements, 26,280 time steps). Fish
concentration was not modeled because salinity, the factor most
relevant to water management applications, did not emerge as
having a significant influence on fish concentration in our analy-
ses. Fig. 6 is a map of quarterly averages of P(Occurrence) for each
element. The entire shoreline habitat was generally intermediate
in quality (poor-good), with no quarterly means recording either
optimal or critical, although these values were recorded for short
time intervalsinisolated patches (not shown). Habitat quality along
the entire shoreline was a mix of mostly poor and fair habitat during
Q1, predominantly poor during Q2, and improved to fair/good dur-
ing Q3 and Q4. A close inspection of geographic features revealed
patterns of change in P(Occurrence) due to changes in water depth
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Fig.5. Results of salinity affinity trials with single F. carpio. Upper panel shows mean
(and 1 SE) chamber utilization (proportion of 4-hour trial period that each chamber
was occupied) under control (no salinity gradient, white bars) and salinity gradient
conditions (black bars). Lower panel shows difference in mean chamber utilization
between control and salinity gradient treatments. Salinities in gradient chambers 1,
2, 3,4 and 5, were 10, 20, 30, 40 and 50, respectively. Asterisks indicate significant
differences between control and gradient conditions (i.e., P<0.05) as determined
via Kruskal-Wallis tests.

south of Mangrove Point (MP) where the slope of the shoreline is
greatest, and due to salinity, along the length of shoreline where the
density of freshwater point-source inputs from canals is greatest,
here called the Canal Zone (CZ).

Fig. 7 shows mean habitat quality distributions (areas, m?2) for
each simulated quarter, pooling across all (spatial) elements. Con-
sistent with trends shown in Fig. 6, habitat was predominantly less
suitable (critical, poor, or fair) during Q1 and Q2, accounting for
approximately 82% and 95% of total habitat area (i.e., 267,000 m?)
respectively. As the simulated year progressed into Q3 and Q4, total
habitat area shifted from less to more suitable, with the top two
grades (optimal, good) totaling 48% and 65%, respectively, of the
entire domain. The greatest quarterly change in suitable habitat
area was from Q2 to Q3, with good and optimal habitat increasing
by factors of 7.3 and 91, respectively.

4. Discussion

Altered flow patterns in South Florida due to CERP actions
include a redistribution of large parcels of fresh water that were
formerly diverted to the Atlantic Ocean, Gulf of Mexico and coastal
bays via canals (USACE, 2010), eliciting the need for ecological indi-
cators of salinity regime change in the region. Indicator species can
include those that are correlated with specific environmental vari-
ables (Carignan and Millard, 2002). Goldspotted killifish exhibited
an affinity for intermediate salinity ranges in the field and an appar-
ent aversion for >40 in the laboratory trials, suggesting its potential
utility as an indicator of salinity conditions, which are of major
concern in the CERP (Perry, 2004).

Results of the present study suggested a parabolic relationship
for F. carpio occurrence throughout the salinities encountered in
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Fig. 6. Map depicting mean seasonal habitat quality values for each of the
1470, 100m x 2m cells along the western shore of Biscayne Bay and adjacent
waters. Colors correspond to the five categories of habitat quality adopted in this
special issue: 0.8-1.0=optimal (green); 0.6-0.8 = good (orange); 0.4-0.6 = fair (yel-
low); 0.2-0.4=poor (red); and 0.0-0.2 =critical (gray). Inshore canals indicated
by black lines; CZ=Canal Zone, MP=Mangrove Point. Note that mean (+1 SD)
canal discharge values (in cubic feet per second) by quarter were: Q1=4.51+9.23;
Q2=116.46 +£165.24; Q3=100.05+148.18; Q4=11.98 +22.92.

the field (Table 1). Although salinity is not necessarily the main
driver for this distribution, it may be a proxy for other environ-
mental gradients (e.g., sediments, nutrients, toxicants) in coastal
systems due to its influence on the suspension of dissolved ions
and other constituents in the water column (Day et al., 1989). F.
carpio is most commonly found in the intermediate salinity range,
with a salinity optimum for P(Occurrence) at ~22 for all depths and
temperatures. This level falls within the 13-24 range obtained by
Lorenz and Serafy (2006), also based on field observations. In addi-
tion, this finding is consistent with the expectation that hypo- and
hyperosmotic salinities are avoided to reduce energetic (osmoregu-
latory) costs (Lankford and Targett, 1994; Hurst and Conover, 2002;
Serrano et al.,, 2010). Conducting a similar analysis on F. carpio
occurrence, Serafy et al. (2007) failed to detect a significant salin-
ity effect, a result which is likely a consequence of using a model
regression equation that did not include higher order terms.
Whereas a relationship between salinity and F. carpio occur-
rence was evident from our results, a relationship between salinity
and F. carpio concentration (density when present) was not; instead
killifish concentration was related only to depth and temperature.
While our results tend to preclude a simple and direct salinity effect
on F. carpio concentration, salinity may operate indirectly (i.e., in
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Fig. 7. Histograms depicting mean habitat quality along the entire shoreline study domain for each of the four seasons (quarters) simulated. Colors correspond to the five cate-
gories of habitat quality adopted in this special issue: 0.8-1.0 = optimal (green); 0.6-0.8 = good (orange); 0.4-0.6 = fair (yellow); 0.2-0.4 = poor (red); and 0.0-0.2 = critical (gray).
Note that mean (+1 SD) canal discharge values (in cubic feet per second) by quarter were: Q1=4.51+9.23; Q2=116.46+ 165.24; Q3=100.05+148.18; Q4=11.98 +22.92.

combination with other unmeasured factors such as prey availabil-
ity and predator densities) or over longer times scales than were
considered here (e.g., see Lorenz 1999 and Faunce et al., 2004).
Additionally, fish concentrations are inherently more difficult to
estimate underwater than fish presence because fish are not sta-
tionary and obstacles to the underwater surveyor’s line of sight
are common, especially in shallow prop-root habitats. Working in
Australian estuaries, Sheaves and Johnston (2010) also found it was
advantageous to base fish indices on species occurrence (probabil-
ity of encounter) in monitoring surveys given the high variability
in density and catch-per-unit-effort in these systems.

The spatial distribution of organisms along physiochemical gra-
dients is a key mechanism underlying fish community dynamics
(Ley et al., 1999; Vega-Cendejas and De Santillana, 2004), yet few
empirical studies have quantitatively determined organism dis-
tribution by taking into account the agency of motile organisms
to behaviorally respond to environmental changes (Heath et al.,
1993; Lankford and Targett, 1994; Serrano et al., 2010). In this
study, the use of Staaland (1969) aquaria facilitated the coupling
of field observations to experimental results by allowing the vari-
able in question, salinity, to be directly manipulated. Consistent
with field data, laboratory results revealed avoidance of hypersaline
conditions (40 and 50; see Fig. 5). Due to their ability to maintain
homeostasis from 25 to 70 (Nordlie and Haney, 1998), the tested
individuals could be expected to spend the most amount of time in
chambers 3, 4 and 5 (30, 40 and 50, respectively) during gradient
trials, and the least amount of time in chambers 1 and 2 (10 and
20). Despite the possibility that low statistical power may have pre-
cluded the detection of significant usage differences (i.e., between
chamber 1 control and chamber 1 gradient), our results suggest that
when given the choice, intermediate salinities are preferred.

From a strictly experimental standpoint, our laboratory trials
were not ideal due to: (1) the confounding of salinity and dissolved
oxygen gradients and (2) generally lower final DO levels in the
gradient aquaria. Elimination of the 0.9 mgL-! DO gradient from
chambers 1 to 5 presented a technical challenge that might have
been addressed via graduated infusion of O, gas in each chamber.
The gas infusion system would need to be gentle enough so as to
not evoke vertical water flow and mixing, which would rapidly

undermine, and eventually eliminate, the salinity gradient in the
aquaria. Creating ideal conditions with respect to dissolved oxygen
were beyond immediate feasibility. Additionally, as water salinity
increases, its oxygen solubility decreases, thus the conditions in
our experiments may not be unlike those encountered in the field.
Fish distribution within the tank may have also affected oxygen
content due to greater consumption of more heavily visited cham-
bers. Clearly, additional refinement of the experimental aquarium
set-up that we used in this study is warranted, as is analysis of con-
tinuous temperature, salinity and dissolved oxygen levels in the
field. The overall discrepancy in final DO values between control
and treatment trials, may be a reflection of higher overall oxygen
consumption by F. carpio in the gradient aquaria. Higher oxygen
consumption could possibly indicate that fish were stressed by the
confinement, albeit voluntary, imposed by the salinity gradient in
which they were placed. A system that allows simultaneous col-
lection of fish movement and respiratory information (e.g., video
monitoring of fish position and opercular beat rate) would be ideal,
but would likely take substantial time and resources to develop and
perfect.

Major pressures experienced in the region include freshwater
delivery and marine construction, both of which have consider-
able impacts on ecosystem states (e.g., coastal wetlands and oyster
reefs) and services (e.g., pollution treatment and protection from
storms) (Cook et al.,2014), and directly relate to future CERP efforts.
The CERP aims to re-establish historical freshwater flows through
the Everglades to contiguous coastal systems (Harwell et al., 1999),
potentially resulting in a more estuarine fish community. How-
ever, the effects on the distribution of individual species of forage
fish cannot be predicted without an understanding of species-
specific salinity tolerances and affinities (Lorenz and Serafy, 2006).
In this study, field observations and experimental data showed
that hypersaline environments (40 and 50), although physiologi-
cally tolerable, were generally avoided by F. carpio. This suggests
that the addition of fresh water to Biscayne Bay could have posi-
tive effects on F. carpio populations via the expansion or creation
of preferred intermediate-salinity microhabitat. However, because
the lowest salinity tested in experiments was 10, further trials with
a hyposaline gradient (i.e., from O to 10) need to be performed
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to establish whether F. carpio preference in the laboratory is con-
sistent with field distributions for lower salinities. Salinity levels
0 and 2 have been shown to significantly decrease embryo sur-
vivorship in Cyprinodon variegatus, a similar species that occupies
a slightly lower salinity range than F. carpio (Bachman and Rand,
2008; Lorenz and Serafy, 2006). Although the consequences of fresh
water on F. carpio reproductive success is limited to speculation
until appropriate field and laboratory studies are conducted, ele-
vated mortality in adults at 0 (Nordlie and Walsh, 1989; Bachman
and Rand, 2008) suggests that this species would only enter fresh
water for short time periods and may avoid these areas for spawn-
ing. If more freshwater is added to the system, suitable inland marsh
breeding grounds may be pushed towards the shoreline, with neg-
ative population-level effects that may influence their detection
in visual fish surveys along the shoreline. Although beyond the
scope of current efforts, additional fish and salinity monitoring
in the semi-terrestrial marsh habitats just west of Biscayne Bay’s
shoreline deserves consideration.

A logical next step in this line of investigation is to model how
different freshwater flow scenarios will impact F. carpio habitat
suitability along Biscayne Bay’s mainland shoreline by applying our
relationships that link fish occurrence to salinity, temperature and
depthvariation. This step was not undertaken here because consen-
sus has yet to be reached as to the nature and number of different
scenarios to be considered, and thus relevant model configurations
and outputs are unavailable for this application. Instead, we sub-
stituted seasons for scenarios to demonstrate a possible approach
that begins with collecting empirical (field and laboratory) data
and ends with areal estimates and maps of habitat quality for the
focal species. The exercise yielded clear differences in habitat qual-
ity among seasons that would need to be considered in any future
simulations of potential freshwater management scenarios. This
form of habitat suitability modeling should be coupled with con-
tinued field studies that quantify the occurrence of the species
and further analyses to validate model accuracy and sensitivity
with new data. Results from this metric may then provide spatially
explicit depictions of CERP-driven salinity effects on this impor-
tant shoreline-dwelling forage species, which can subsequently be
included in an overall EBM strategy for coastal South Florida. Fur-
ther laboratory work would also be prudent as there are numerous
salinity, temperature and dissolved oxygen combinations that are
important to test for a broader understanding of F. carpio salinity
preference and the role it plays in habitat selection.

5. Conclusions

Collectively, our field and laboratory work demonstrate that F.
carpio has an affinity for a salinity range that is much narrower than
indicated by physiological tolerance experiments and knowledge
of this affinity may shed light on the ecological consequences of
salinity and other changes in the habitats that they occupy. Fur-
ther laboratory studies that test reproductive output as well as
preference/avoidance behaviors at low salinity ranges may provide
useful parameters for future habitat suitability modeling exercises.
These models could then allow prediction of F. carpio population
responses to different freshwater flow scenarios and better inform
water management decisions that are relevant in an EBM frame-
work for the sustainability of ecosystem states and services in the
region. While promising, the habitat suitability work described
here is simplistic in that its basis is highly correlative and does
not capture myriad interactions among biotic and abiotic system
components that likely determine fish presence and density. These
interactions clearly deserve consideration and integration as more
data become available and as complementary models (e.g., hydro-
dynamic, trophic, demographic) become more comprehensive and

spatiotemporally resolved. For the time being, however, F. car-
pio occurrence in visual belt-transects of Biscayne Bay’s western
shoreline appears to represent a practical ecological indicator of
present-day salinity conditions and thus has utility in ecological
assessments that aim to compare how a set of proposed CERP-
related salinity changes might impact this important forage species
in our region. We contend that forage fish habitat suitability maps
with areal estimates have particular utility as decision-making
tools for those tasked with the difficult challenge of setting con-
servation area priorities and for performing meaningful ecosystem
evaluations for coastal Florida.
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