Hydrobiologia (2024) 851:223-241
https://doi.org/10.1007/s10750-023-05330-3

PRIMARY RESEARCH PAPER

q

Check for
updates

What controls home range relocations by estuarine fishes
downstream from watersheds with altered freshwater flow?

Matthew S. Kendall - Laughlin Siceloff - Patrick O’Donnell - Brita Jessen *
Bethany L. Williams - Arliss J. Winship - Robert D. Ellis

Received: 31 March 2023 / Revised: 18 July 2023 / Accepted: 21 July 2023 / Published online: 3 August 2023
This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2023

Abstract We tracked locations of three fish species
in two bays with differing hydrology in SW Florida
in 2018-2020 to test the hypotheses about fish resi-
dency, movements, and environmental variables. Due
to extensive watershed modification, one bay receives
less freshwater and the other receives more relative to
natural conditions. Home range duration differed for
gray snapper (54 +6 days), red drum (132 +39), and
goliath grouper (226 +63). Distances between relo-
cation movements were similar for gray snapper and
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red drum (~1.2 km), but farther for goliath grouper
(2.3+0.3 km). Relocations were primarily seaward
for gray snapper (83%) but varied for the other spe-
cies. Home range duration related to age for goli-
ath grouper (<100 days for 1-1.5-year-olds, 300-
425 days for 4-4.5-year-olds). Generalized additive
models marginally related probability of gray snapper
relocating to salinity and temperature whereas relo-
cations of the other species occurred during all envi-
ronmental conditions. Movement simulations lacking
environmental cues produced similar emigration pat-
terns as observed in tagged fish. Overall, results sug-
gest that movements here are not strongly linked to
environmental conditions, will be resilient to water-
shed restoration that should moderate salinity, and
have implications for understanding the impacts of
localized depletion due to recreational fishing.

Keywords Watershed restoration - Emigration -
Everglades - Mangrove - Telemetry - Random walk -
Salinity - Temperature

Introduction

Understanding when and why fish move is an essen-
tial aspect of defining their ecosystem roles and envi-
ronmental requirements. This is especially impor-
tant for juvenile and estuarine life stages due to their
vulnerability to coastal stressors such as pollution,
watershed impacts, and habitat loss (Beck et al.,
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2001; Gillanders & Kingsford, 2002; Adams et al.,
2006). Beyond simply knowing that juvenile and
young—adult fish use estuaries for their home range,
more detailed information is needed regarding move-
ment patterns within these nursery habitats. For
example, how long are home ranges occupied? How
often, in what direction (e.g., inshore, offshore), and
over what distances do they shift home ranges within
their juvenile and young—adult habitats? When matur-
ing fish emigrate from estuaries, do they prefer par-
ticular routes or corridors? This information is critical
for informing spatial (e.g., protected areas, migration
corridors) and temporal (e.g., seasonal fishing restric-
tions, freshwater releases) management strategies for
fisheries (Brownscombe et al., 2022).

Equally as important as quantifying home range
parameters, is identifying relationships between the
timing of movements and environmental cues such
as temperature, salinity, or other factors (Adams &
Tremain, 2000; Livernois et al., 2021). For example,
estuarine species like juvenile gray snapper, Lut-
janus griseus (Linnaeus, 1758), have been observed
to move to intermediate salinities in choice experi-
ments (Serrano et al., 2010). Juvenile goliath grouper,
Epinephelus itajara (Lichtenstein, 1822), have been
trapped more commonly at intermediate temperatures
(24-31°C) and salinities (10-30 ppt) (Shideler et al.,
2015). Juvenile red drum, Sciaenops ocellatus (Lin-
naeus, 1766), in some estuaries are more likely to
move when temperatures drop below 14°C and salin-
ity is decreasing (Dance & Rooker, 2015). Of note,
however, temperature, salinity, and other environmen-
tal variables are subject to unprecedented change in
many areas due to coastal and watershed modification
(Gillanders & Kingsford, 2002; Adams et al., 2009;
Michot et al., 2017), or more broadly due to sea level
rise and climate change (Erwin, 2009; Krauss et al.,
2011; Lammers et al., 2013).

In other cases, links between juvenile and
young—adult fish movements and the environment
have proven more challenging to identify, and move-
ments have been attributed to a variety of other pro-
cesses such as a shift in dietary requirements (Liver-
nois et al., 2021) or attaining a certain minimum size
associated with maturity or spawning (Welsh et al.,
2013; Huijbers et al., 2015; Daly et al., 2021). In fact,
some researchers have suggested that observed move-
ment patterns may be due merely to random processes
or at least are caused by such a diversity of cues that

@ Springer

they appear random. Some studies have compared
observed movements to those created by random-
movement simulations to determine if the observed
patterns could have arisen by random processes alone
(Crook, 2004; Sims et al., 2006; Borger et al., 2008;
Cramer et al., 2021). Collectively, these studies sug-
gest that it is important to not only examine the tim-
ing of fish movements in the context of potential
environmental cues, but also compare those patterns
to random or simulated movements to determine if
observed patterns could have arisen in the absence of
the environmental drivers.

The Ten Thousand Islands (TTI) area of southwest
Florida, USA, offers a natural experimental setting to
investigate home range shifts and potential environ-
mental cues for fish movement. The region includes
multiple bays with differing hydrologic characteris-
tics. Specifically, due to watershed manipulations in
the 1960s, each bay receives significantly more or
less freshwater relative to natural conditions (Booth
& Knight, 2021). As a result, otherwise similar bays
but that experience very different levels of freshwater
input can be used to test hypotheses about environ-
mental influences on fish movements (Adams et al.,
2009; Kendall et al., 2022; Williams et al., 2023).
Understanding the relationships between fish move-
ments and water flow in this region is timely, given
that a major watershed restoration currently underway
(i.e., the Comprehensive Everglades Restoration Plan)
is expected to result in more natural flow regimes and
parity of salinity between these bays (US Army Corp
of Engineers, 2004).

Three fish species were the focus of this study due
to their prevalence in mangrove estuaries as juveniles,
importance to recreational fishing, roles in the estua-
rine ecosystem, or conservation status. Gray snap-
per, red drum, and goliath grouper are all known to
rely on estuarine habitats through the juvenile and
young—adult life stages prior to moving offshore to
occupy adult and spawning habitats (Luo et al., 2009;
Koenig et al., 2011). In estuaries, all three species
feed on small fish and crustaceans either along the
mangrove fringe or in adjacent soft-bottom (Thayer
et al., 1987; Sadovy & Eklund, 1999; Frias-Torres,
2006). Gray snapper and red drum have long been
popular targets for recreational anglers (Kinch &
O’Harra, 1976), whereas goliath grouper harvest had
been prohibited since 1990 until limited take was
opened in 2023 in Florida (Bertoncini et al., 2018;
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McCawley, 2022). A limited-take goliath grouper
harvest was authorized by Florida Fish and Wild-
life Conservation Commissioners beginning in 2023
that will focus on large juveniles (McCawley, 2022).
Understanding the movements and residency patterns
of goliath grouper will be important for determining
the impact of this harvest.

General habitat preferences have been studied for
these three species as well as aspects of fine scale
movements such as diel habitat shifts (Luo et al.,
2009) and incidence of migration to offshore habi-
tat (Koenig et al., 2011). In this study, we focus on
an intermediate and unstudied scale of movement:
shifts among home range areas within estuaries dur-
ing the juvenile and young—adult life stage. Although
all three species utilize mangrove fringe, channels,
or flats as juvenile habitat, their site fidelity, shifts in
home range location, and routes and timing of their
emigration from juvenile and young—adult habitats in
relation to environmental conditions such as salinity
and temperature are not well described. To address
this knowledge gap, we implanted acoustic transmit-
ters into fish to track their movements within two
estuarine bays in southwest Florida with differing
hydrologic characteristics. Our objectives were to
evaluate the following: (1) home ranges including the
duration, direction, and distance of home range shifts,
and if they differed between the study bays, (2) rela-
tionships between dates of fish movement and envi-
ronmental variables or other potential cues for move-
ment such as fish age, (3) if emigration time-of-day
and routes are random or occur through specific cor-
ridors, (4) if observed emigration rates could be due
to random movements of fish, and (5) if changes in
flow from watershed restoration are expected to influ-
ence future occupancy patterns.

Methods
Study area

The study area consisted of two estuarine bays
in southwest Florida: Pumpkin Bay and Faka
Union Bay (Fig. la). These two bays are simi-
lar in area (~250-300 ha), average depth (~1 m
overall with~7 m deep channels), distance to the
ocean (~6 km), tidal range (~1 m), substrate (sand,
mud, shell hash occupied by patchy algae, sponges,

tunicates, and oyster bars), and perimeter to area ratio
(Shirley et al., 2004; Kendall et al., 2022). Both bays
are lined with a continuous fringe of red mangroves,
Rhizophora mangle. Under natural conditions before
human alteration of the watersheds, these bays likely
received similar amounts of freshwater primarily
through small tidal rivers as a single point of water-
shed discharge (Booth & Knight, 2021).

For many decades, however, water control struc-
tures in the watersheds feeding into these bays have
resulted in contrasting quantities and timing of fresh-
water flow to the estuaries relative to natural condi-
tions (Booth & Knight, 2021). In Faka Union Bay,
a massive canal network installed as part of a failed
suburban development in the 1960s extends far up
into the watershed. The Faka Union Canal Complex
(FUCC) drained > 58,000 ha of the Big Cypress Basin
until year 2022 when canals were plugged as part of
the Picayune Strand Restoration Program, a compo-
nent of the Comprehensive Everglades Restoration
Plan (CERP) (U.S. Army Corp of Engineers, 2004).
Throughout this study, however, these canals quickly
drained large volumes of seasonal rainwater into the
estuary via the Faka Union Canal/River instead of
allowing its slower passage through natural sheet
flow. In Pumpkin Bay, the opposite problem exists.
Canals from the FUCC, agricultural development,
and Highway US41 has resulted in much less fresh
water reaching the estuary from a smaller watershed
(<5,000 ha) than occurred pre-development. This has
resulted in an overall much more saline environment
in Pumpkin Bay. In fact, freshwater flow to Pumpkin
is only ~ 1% of the volume compared to Faka Union
(Booth & Knight, 2021). This dichotomy in altered
flow regimes provides an ecosystem-scale opportu-
nity to investigate the effects of altered freshwater
flow on movements of estuarine fish in two bays that
are otherwise physically similar.

Rainfall is highly seasonal in the study area. Begin-
ning in May or June, almost daily rainfall occurs
(Misra et al., 2017) resulting in a surge of watershed
runoff that marks the onset of the wet season (defined
as June-Nov) and suddenly lower salinity in the estu-
aries (Kendall et al., 2022; NOAA NERRS, 2022).
Salinity drops from 35 ppt in both bays to 25 ppt in
Pumpkin Bay and 15 ppt in Faka Union over a span
of just a few days then declines more gradually as the
wet season progresses. This daily rainfall typically
ends abruptly in October, although drainage from
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Fig. 1 a—c The southwest Florida study area including the fol-
lowing: (a) the position of each bay and the main water flow
control structures in the watersheds, (b) the telemetry array in
Pumpkin Bay labeled with receiver numbers that had detec-

accumulated rain in the watersheds continues for
some weeks. Winter and spring months are the dry
season (Dec—May) and are characterized by cooler
water temperatures (20°C +5), much less rainfall, and
higher, more stable salinity in both bays (30-35 ppt).

Telemetry array design and evaluation

From March 2018 to September 2020, acoustic
receivers (Innovasea Inc., model VR2W) were stra-
tegically placed to track fish movement throughout
the bays, into rivers, and their emigration path-
ways (n=19 receivers for Pumpkin Bay, n=22 for
Faka Union Bay) (Fig. 1). Receivers were spaced
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tions from Fig. 2, and (c) the telemetry array in Faka Union
Bay. Dotted black lines on (b, ¢) are the fish tagging areas near
the river/canal mouths and the bay centers

approximately evenly (~500 m apart) along the
mangrove fringe or in the sand/mud flat areas in
the middle of the bays. Receivers for monitoring
upstream movements were placed as far north as
possible with the navigational constraints in Pump-
kin River and Faka Union River/Canal. Receiv-
ers for monitoring emigration from the bays were
placed just outside them in the narrow channels and
passes leading offshore or to adjacent bays. There
are three passes to exit Pumpkin Bay; a main pass
in the southeastern part of the bay, a narrow chan-
nel along the western shore, and a small cut on the
southwest side of the bay (Fig. 1b). Faka Union Bay
has more exit options including the main channel,
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a narrow pass to the southeast, one in the southern
part of the bay, and another two along the fringing
mangroves to the west (Fig. 1c).

Detection range was evaluated by repeated
deployments of a range test tag which had the same
specifications as the transmitters used in the fish but
a 10-s ping interval. The range test tag was deployed
for a minimum of 15 min at multiple distances from
the receivers at 100 locations throughout the bays
during high tide+2 h. Range was defined as the
distance at which 50% of the expected pings were
detected based on a binomial generalized linear
model with a logit link function.

Fish tagging

The three target species were caught using hook and
line or fish traps in March 2018, October—December
2018, and April 2019. Capture locations included
areas near the river/canal mouth as well as more
centrally in each bay (Fig. 1b, c). Coded acoustic
transmitters (Innovasea Inc., model V8-4L with ran-
dom ping interval of 130-230 s and 324 or 376-day
battery life [depending on the manufacturing year],
or model V9 with 130-230-s ping interval and 487-
day battery life) were implanted into the body cav-
ity of fish>20 cm total length (TL) (Reese Robil-
lard et al., 2015) and then released at the point of
capture. Tag weight never exceeded 1% of the body
weight of fish at the time of tagging. Unlike smaller
fish, goliath groupers over 60 cm TL were tagged
with larger transmitters which had longer battery
life (Innovasea Inc., model V16 with 90-160-s ping
interval and 2435-day battery life) and could track
multiyear movements of those fish for a separate
study.

Fish were categorized as juvenile or adult at
the time of tagging based on published length at
maturity. Maximum size thresholds for juveniles
were 21 cm TL for gray snapper (Starck, 1971),
53 cm TL for red drum (Murphy & Taylor, 1990),
and 115 cm TL for goliath grouper (Bullock et al.,
1992). Sexes are separate for all three species but
are not distinguishable based on external character-
istics. Size at maturity is larger for females in red
drum and goliath grouper; however, the minimum
size for male adults for these two species was never
exceeded.

Environmental data

Temperature and salinity were recorded every 15 min
at automated monitoring stations located near the
river/canal mouth leading into each bay (Fig. 1)
(NOAA NERRS, 2022). Daily mean values were
plotted for salinity and temperature during the same
time period that fish were tracked to compare fish
movement events to environmental values. In addi-
tion to daily salinity and temperature, it was also of
interest to determine if fish movements were related
to changes in those variables. For this, the change in
temperature and salinity was calculated relative to
7 days earlier. This smoothed out small environmen-
tal fluctuations that occur on a daily or sub-weekly
basis, while preserving the direction and magnitude
of the more pronounced seasonal changes.

Summarizing fish movements
Array effectiveness

To demonstrate that the array was effective at moni-
toring fish in this complex landscape of mangrove
islands and channels, we calculated an array effec-
tiveness index (AEI) as the percentage of days that
each fish was detected from their tagging date to the
date when they were last detected. We also calculated
the percentage of estimated battery life remaining for
each tag type at the time of last detection for each
fish to determine if they had likely emigrated or their
transmitter batteries had died while residing within
the array.

Duration of home range stays and dates of shifts

Home range was defined as a period of consistent
detections on one or more adjacent receivers last-
ing weeks or months. A change in home range was
defined as a switch in the receiver or receivers where
a fish was detected that lasted more than a few days.
Home ranges were therefore defined by timing of
location shifts (Crook, 2004; Borger et al., 2008)
rather than tag battery life or other array parameters
as is the case in many telemetry studies. Often these
home range shifts were marked by an abrupt cessation
of detections on one set of receivers and an immedi-
ate new pattern of detections at a different set (Fig. 2).
The date of the shift was recorded for each fish, and
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when possible, the duration (number of days) when
the fish was detected at a given home range was also
calculated.

It is important to note that the home range relo-
cations reported here are all within the same habitat
type (e.g., Crook, 2004) since the entire study domain
is composed of mangrove lined bays and channels.
These home range shifts, while not temporary, are not
equivalent to the more typically described ontogenetic
shifts by major life stage from one habitat type to
another (e.g., mangrove bays to offshore reefs) (Sad-
ovy & Eklund, 1999; Luo et al., 2009; Koenig et al.,
2011; Huijbers et al., 2015; Kendall et al. 2021).

Home range sizes or edges were not calculated for
two reasons. First, because many home ranges con-
sisted of detections on just one receiver, it was not
known how much of the receiver’s detection range
the fish may have been utilizing. It was not assumed
that the fish were using the entire detection area of
a receiver, as is done in some studies, nor did we
assume that fish couldn’t be using some adjacent but
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undetectable space in between receivers. In this sense,
we are assuming only that the fish is using a part of
its home range. Second, other studies suggest that at
least for goliath grouper and gray snapper, individuals
are strongly associated with only the linear fringe of
mangroves, making typical home range area estima-
tion inappropriate (Thayer et al., 1987; Frias-Torres,
2006; Koenig et al., 2011).

Direction and distance of home range shifts

To determine if fish moved randomly within bays
or moved more consistently in a specific direction
(e.g., offshore), for each home range shift, we deter-
mined the direction (‘landward’ or ‘seaward’) rela-
tive to the mouth of the primary river/canal leading
into each bay as well as the heading (in degrees) of
the shift. Occasionally, a fish clearly shifted its home
range since detections ceased on one set of receivers,
but moved to a deaf spot in our array (i.e., no detec-
tions until they shifted again within range of a new
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receiver), and it was not possible to determine the
direction in such cases. When possible, we also meas-
ured the distance of home range shifts using a geo-
graphic information system of receiver coordinates.

Direction and distance of emigration from bays

The date of departure or emigration from the study
bays was also noted. Emigration dates were defined as
when a fish’s detections ceased within the entire array
before the end of expected battery life of transmitters.
In many cases, the actual exit track was discernible
on one or more receivers such that it was possible to
identify if the main channel or a smaller exit pass was
utilized. This was often shown as a few detections
on a string of receivers along the exit route until the
fish’s disappearance on a receiver located just outside
the bays (e.g., Fig. 2). Time of day that fish emigrated
from the study bays was categorized as occurring dur-
ing one of four time periods: dawn (05:00 to 07:00),
day (07:00 to 17:00), dusk (17:00 to 19:00), or night
(19:00 to 05:00 the following morning).

Statistical analyses

Three groups of analyses were performed to quantify
patterns in the fish movement data. These included
the following: (1) significance tests to determine if
basic movement parameters (e.g., home range dura-
tion, route of emigration) differed between the bays
or with fish age, (2) a generalized additive model
(GAM) to relate the likelihood of fish movement to
environmental and other predictor variables, and
(3) a random-movement simulation to determine if
observed patterns of fish emigration from the bays
could be reproduced independent of environmental
variables. For this analysis, each home range shift
or emigration event was considered an independent
observation. All analyses were performed separately
for each species.

Comparison of movement parameters
between bays For continuous variables (i.e., dura-
tion of home range stays, distance of home range
shifts), we used a linear model to determine if mean
values differed significantly between bays and across
fish ages, for each species. We used a t-test to deter-
mine if AEI values differed between bays. In cases
where no difference was found between bays, a mean

value among all fish of the same species was reported.
For categorical variables (i.e., landward vs. seaward
direction of home range shifts, and main channel vs.
small pass in mangroves as emigration routes), we
used a heterogeneity chi-square analysis (Zar, 1999)
to determine if there was a difference in shift direc-
tion or emigration route compared to random. For
example, if fishes were relocating their home range
randomly, it would be expected that landward and sea-
ward shifts would occur in roughly equal proportions.
If there was no difference in bays, data were pooled
and a chi-square was performed with Yates correction
for continuity (Zar, 1999) to test the null hypothesis
that the direction of home range shifts or emigration
route was random (i.e., 50:50, landward:seaward). If
the samples could not be pooled, chi-square analyses
with the Yates correction were performed separately
on each bay.

The time of day that gray snapper emigrated
was evaluated similarly. Based on the length of
the time-of-day categories, if fish were emigrat-
ing at random times of the day, the expected ratio of
dawn:day:dusk:night departures would be 1:5:1:5.
Preliminary analysis revealed that both bays and
years had similar patterns; therefore, all data were
combined for analysis. We used a chi-square test (Zar,
1999) to determine if the observed ratio of emigration
times differed from that expected if they occurred at
random. Only those fish with a well-defined exit path
along multiple receivers that could be assigned to one
of the time-of-day categories were used for this analy-
sis. The other two species lacked sufficient emigration
data to evaluate the time of day.

Potential influences on timing of home range shifts
and emigration To understand the relationship
between the probability of a shift (either home range
or emigration) and potential explanatory variables,
we used a binomial GAM with presence/absence of
a movement on any given day during the study as the
response variable. Potential explanatory variables
included environmental factors such as bay, mean
salinity and temperature on the day of fish movements,
and the 7-day change in salinity and temperature prior
to each day of the tracking period. We also considered
temporal variables including month to account for
possible seasonal or photoperiod cues to movement,
and fish age to account for differences in movement
based on fish size and maturity. GAMs were fit with
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all possible combinations of explanatory variables
using the mgcv package (Wood, 2017) in R Version
3.6.1 (R Core Team, 2019) which yielded 128 pos-
sible combinations. Thin plate regression splines were
used to describe the potentially non-linear relation-
ships between the probability of a fish movement,
mean salinity and temperature, and temperature and
salinity change. Cyclic cubic regression splines were
used to describe the relationship with month because
they best represent seasonal cycles. Individual fish
ID was included in all models as a random effect to
account for repeated measures on an individual fish.
Akaike’s Information Criterion (AIC) scoring was
used to determine which combination of variables
best explained patterns in fish movements wherein
models within 2 of the model with the lowest AIC
score were all considered equally suitable (Burnham
& Anderson, 2002). Once the top models were iden-
tified, the relationship between probability of a fish
movement and each important explanatory variable in
isolation was visualized in effects plots. For these, the
probability of fish movement was expressed relative
to the range of values for each important explanatory
variable individually, while all other continuous vari-
ables were held at their mean level, with month fixed
as June and Bay as Faka Union since they had the most
movements. Lastly, we reported the percent deviance
explained by the best model, which quantifies the abil-
ity of the explanatory variables to describe the pres-
ence/absence of a fish movement.

Random-movement simulation To determine if the
observed timing of emigration for gray snapper could
have arisen in the absence of environmental cues, we
conducted a random-movement simulation and then
compared the observed emigration curve to the simu-
lated one (Crook, 2004; Borger et al., 2008; Cramer
et al., 2021). The emigration curve was a plot of the
percentage of gray snapper remaining in each bay
from the time when all fish were tagged (100%) to the
time at which the last fish departed (0%). In the simu-
lation, virtual fish started at the center of each of the
fishing areas depicted in Fig. 1b and c. The number
of fish in each bay and fishing area matched the num-
ber that was actually tagged and released there in each
year. Fish were then moved within the landscape fol-
lowing the home range shift pattern observed for real
fish. Three key parameters controlled movements in
the simulation: home range duration, movement direc-
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tion, and movement distance. During the simulation,
parameter values were drawn from ‘random’ distribu-
tions that were independent of time and environmen-
tal conditions. Parameter distributions were chosen in
an attempt to replicate the observed emigration curve
while maintaining realistic values that fell within the
range of observed values. Home range duration was
assumed to be normally distributed with a mean of
60+ 10 (SD) days. Direction of a home range shift
was also assumed to be normally distributed with a
mean of 200+40° (azimuth). Movement distance
was assumed to follow a (negative) half-normal dis-
tribution with means/maximums of 2400+ 750 m and
2600+ 1250 m for Pumpkin and Faka Union Bays,
respectively. Duration and distance were enforced to
be > 1 and >0, respectively, and direction was enforced
to range between 0 and 360, resulting in realized dis-
tributions that differed slightly from true normal and
half-normal distributions. The simulation proceeded
by generating a random home range duration for each
fish, followed by a movement with a random direc-
tion and distance, followed by a new home range dura-
tion, etc. If a simulated movement resulted in the fish
being on land according to the digital shoreline, a new
random direction and distance were generated. The
land constraint altered the realized distributions of
movement parameters, especially distance, with more
frequent shorter distances than specified by the half-
normal distributions. The simulation continued until
all fish had crossed the boundary beyond the southern
edge of the bay at which point they were considered
to have emigrated. The simulation was conducted for
each bay and year 100 times to generate an average
emigration curve with a 95% probability interval. The
observed and simulated curves for gray snapper were
compared visually. The other two species lacked suffi-
cient emigration events to compare with the simulated
curves.

Results
Salinity and temperature

Salinity reached a peak>35 ppt in both bays and
years in May, which corresponded with the end of the
dry season (Fig. 3). The start of the wet season was
marked in both years and bays with an abrupt decline
in salinity; however, this decline occurred earlier in



Hydrobiologia (2024) 851:223-241

231

Bay FU PB
404 o
) ."-;J'.‘.& ~ “' % i
301 [ q
f J ‘h’ % ) \ P
20+ ) ¢ |7}
£ ( |
k: N
104 'lv v%ll
<404
e [b) . e
- P i
2301 f \ j
£ (v
®© 20 { AW
b 20 4 o
[~ M
© < ) ' |
()] 10 i
=
404 o
C)
304 4 |
[ ( o
204 \ Re
‘ W
104 N | N .'l .‘A‘I
® © ® X P> PO O o O O
- - T v v - v - &N & 8§ &
o o o o o o o o o o o o
E & & 0 =5 € & o & c a o
S S [ o 8 S @ -3 4 S [ @
= = 7] o - = (7)) o - = ] (@]

Fig. 3 a—f Total number of daily fish movements in Pumpkin
and Faka Union Bays for gray snapper (a), red drum (b), and
goliath grouper (c¢), with mean daily salinity. Daily fish move-
ments for gray snapper (d), red drum (e), and goliath grouper

2018 (beginning May 13) than in 2019 (June 5). The
rapid declines in salinity continued for 15-20 days
before leveling off to less saline but still variable
(compared to the dry season) salinity for the rest of
the summer. The main difference between the bays
was that Faka Union was 10-15 ppt lower than Pump-
kin Bay during the wet season and the magnitude of
the summer fluctuations in salinity in Faka Union
were typically twice as large as those in Pumpkin.
Both the timing and magnitude of daily changes
in temperature followed similar patterns in both bays
and years, although Faka Union was often 1-2°C
cooler than Pumpkin Bay (Fig. 3). On a weekly basis,
temperature fluctuated 1-2°C. In both years, water
temperature increased by~ 10°C from a low in Janu-
ary through June. June temperature did not corre-
spond in timing with the decline in salinity (i.e., wet
season started earlier in 2018). Highest temperatures,
occasionally exceeding 31-32°C, occurred after
salinity dropped, and were sustained throughout the
summer until waters began to cool in October. Annual
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(f), with mean daily temperature. Gray shading within each
plot denotes the dates outside the tracking intervals for each
species based on tagging date and expected battery life. There
are two sets of lines for gray snapper, one for each tagging year

temperature minima were observed on one day in Jan-
uary of each year with values reaching 17°C (2018)
and 16°C (2019).

Comparison of movement parameters

A combined total of 76 Gy snapper were tagged in
2018 and 2019 (Supplementary Tables S1-S3). Sev-
enteen red drum and 22 goliath grouper were tagged
in 2019. Based on length at maturity and growth data
(Starck, 1971; Murphy & Taylor, 1990; Bullock et al.,
1992), it is likely that all of the gray snapper had
already reached maturity or would do so during the
tracking period, whereas all of the tagged red drum
and goliath grouper were juveniles throughout the
study.

Average tracking span was 102 days for gray snap-
per, 214 days for red drum, and 270 days for goli-
ath grouper. Overall detection range was estimated
to be 150 to 200 m which suggests that our array
covered~50% of both bays and all of the possible
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emigration routes. There was no difference in AEI
between bays for gray snapper and red drum with
mean values>75% indicating that the array effec-
tively monitored daily fish locations (Table la—c).
There was a significant difference in AEI between
bays for goliath grouper (P<0.04; 41% in Pump-
kin vs. 69% in Faka Union); however, sample size
of tagged goliath groupers in Pumpkin Bay was low
and specific tagging locations of goliath grouper in
that system were in an area of especially patchy man-
grove islands that may have obstructed transmitter
detections.

All but one of the gray snapper left the array
before the end of their transmitter battery life whereas
five red drum and three goliath grouper were still
being detected when their batteries expired or the
study was concluded (i.e., the 5-year transmitters in
large goliaths extended beyond our study time frame)
(Supplementary Tables S1-S3). Also of note, seven
goliath grouper (32% of tagged fish) stopped being
detected before the study ended or tags expired, but
there was no evidence of emigration through any
channel. These fish either settled in locations in these
narrow waterways that were obscured from the array,
slipped past exit receivers undetected, or were ille-
gally harvested.

For gray snapper, there was no significant differ-
ence in home range duration (mean=>54+6 days),
or distance between home range locations

(mean=1.3+0.1 km) in Pumpkin Bay compared
to Faka Union Bay (Table 1a). Fish age also had no
significant effect on any of those parameters for gray
snapper.

The heterogeneity chi-square test comparing the
landward vs. seaward shifts in home range of gray
snapper indicated that the samples from both bays
should be pooled. Analysis of the pooled data indi-
cated that there was a significant difference in the
direction of home range shifts compared to ran-
dom landward or seaward shifts (;(2(0‘05, =209,
P <0.001). Home range shifts occurred in the sea-
ward direction in 39 out of 47 cases (83%) where the
direction could be determined. Specifically, move-
ments were on average toward the compass heading
of 200°-250°, or roughly southwestward.

The heterogeneity chi-square test comparing the
use of the main channel vs. other exits by gray snap-
per indicated that the bays had different emigration
route ratios and should not be pooled. Therefore, bays
were analyzed in separate chi-square analyses. There
was no significant difference in the route of emigra-
tion (main channel vs other exits) for gray snapper
in Pumpkin Bay (¢% 5. ,=0.07, NS) where 14 fish
used the main channel and 16 used a different pass.
In contrast, there was a significant difference in the
route of emigration for gray snapper in Faka Union
Bay ()(2(0‘05, y=15.1, P<0.001). In Faka Union, only
5 fish used the main channel to exit the Bay, and the

Table 1 a—c: Gray snapper (a), red drum (b), and goliath grouper (c) movement summaries with significance tests for fish age and

bay effects on AEI, home range duration, and shift distance

Pumpkin Bay Faka Union Bay P-value (Bay) Overall mean P-value (Age)

(a) Gray snapper

AEI (% of possible days detected) 80+ 10 (33) 70+10 (39) 0.6 80+3(72) NA

HR duration (days) 58+9 (18) 52+7(28) 0.5 54 +6 (46) 0.3

HR shift distance (km) 1.4+0.1 (37) 1.3+0.1 (37) 0.8 1.3+£0.1 (74) 0.07
(b) Red drum

AEI (% of possible days detected) 70410 (8) 80+ 10 (6) 0.2 80+10 (14) NA

HR duration (days) 138+59 (4) 119+£35(2) 0.5 132+39 (6) 0.2

HR shift distance (km) 1.3+0.3 (6) 0.95+0.7 (2) 0.7 1.2+0.3(8) 0.9
(c) Goliath grouper

AEI (% of possible days detected) 40+10(2) 70+£10 (17) 0.04 NA NA

HR duration (days) 137+£95 (3) 293+76 (4) 0.07 226+63 (7) 0.001

HR shift distance (km) - 23+034) - 23+0.34) -

Values are mean + SE with number of samples in parentheses. Combined values for Pumpkin and Faka Union Bay are provided only
when no significant difference between bays was found. ‘NA’ are not applicable values and ‘- denotes the values not calculated due

to too few observations

Bold denotes statistical significance (p<0.05)
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remaining 27 utilized one of the smaller exit routes
with the majority of fish (n=19) using the pass on the
western edge of the mangroves.

Emigration time of day could be determined
with confidence for 54 of 79 Gy snapper emigration
events. Of those, the time of day for emigration was
significantly non-random ()(2(0_05! 3=27.7, P<0.001)
with 60% of fish departing during day time, 22% at
dusk, 6% at dawn, and only 13% at night.

For red drum, there was also no significant differ-
ence in home range duration (mean=132+39 days)
or distance between home range locations
(mean=1.2+0.3 km) in Pumpkin Bay compared
to Faka Union Bay (Table 1b). Fish age also had no
significant effect on any of those parameters for red
drum.

For goliath grouper, there was no significant dif-
ference in home range durations between bays
(mean=226+63 days) (Table 1c). However, there
was insufficient data to test for differences in dis-
tance between home range shifts for goliath grouper,
because unlike the other two species, there was a sig-
nificant effect of fish age on home range duration for
goliath grouper. The three youngest individuals (1 to
1.5 years old) all had a home range duration shorter
than 100 days, whereas, the three oldest individuals
(4 to 4.5 years old) all had home range durations in
the 300 to 425 day range.

Only 9 home range shift directions for red drum
(5 landward and 4 seaward) and 6 for goliath grouper
(2 landward and 4 seaward) were observed. Simi-
larly, the route for emigration events was determined
for only 4 red drum (3 via the main channels and 1
via a western cut in the mangroves) and 5 for goliath
grouper (5 via the main channels and 1 via a western

cut in the mangroves); the low number of these events
is evidence for longer site fidelity for these species
compared to gray snapper and precluded statistical
tests of trends.

Potential influences on timing of home range shifts
and emigration

There were 129 home range shifts or emigration
events observed for gray snapper, 26 for red drum,
and 29 for goliath grouper (Fig. 3a—c). Only gray
snapper had a sufficient number of movements for
the analysis with the GAM given the much greater
site fidelity of the other two species. Of the 128 pos-
sible combinations of explanatory variables that were
considered in the GAMs, there were 9 combinations
that explained the presence/absence of gray snapper
movement equally well based on AIC scoring (Sup-
plementary Table S4). All nine of these top models
included mean daily salinity and month. Mean daily
temperature and weekly change in salinity were pre-
sent in 7 of the 9 top models. Fish age was present in
5 of the top 9 models, while bay and weekly change
in temperature were present in only 2 and 1 of the top
models, respectively.

Effects of these variables were small and were
plotted for explanatory variables that were present in
more than two of the top models (Fig. 4a—e). Prob-
ability of fish movement was only slightly higher
when weekly salinity trends were declining (5-10
ppt decrease), at moderate values of daily salinity
(15-22 ppt), at moderate values of daily temperature
(25-29°C), and during late summer and fall months.
Older, larger fish were more likely to move, but only
marginally so.
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Fig. 4 a—e Effects plots of the probability of gray snapper
movement relative to important variables in the GAM includ-
ing weekly salinity change (a), mean daily salinity (b), mean
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Of note, the percent deviance explained by even
the best fitting models was quite low, accounting for
only 11-12% of the observed pattern in fish move-
ments. All other combinations of variables or indi-
vidual variables explained even less of the pattern in
fish movements. This indicates that some other vari-
ables, cues, or even random processes not considered
in the GAM account for a much greater share of the
pattern observed in fish movements. Although red
drum and goliath grouper had site fidelity too high to
enable statistical analysis with the GAMs, movements
for both species occurred evenly throughout the year
(Fig. 3b, c, e, f) and in all observed temperatures and
salinity conditions in both bays.

Random-walk simulation

The simulated emigration curves for gray snapper
were similar to the observed emigration curves for
both Pumpkin and Faka Union Bays, with the simu-
lated 95% probability intervals largely containing the
observed emigration curves (Fig. 5). This similarity
was somewhat expected since the simulation param-
eters were intentionally chosen to see if a match
could be achieved through random movements. It is
important to emphasize, however, that the simula-
tion parameters did not incorporate any change in
movement parameters over time as exhibited by the
actual fish, nor did simulation parameters include any
aspects of actual environmental conditions in the bays
including salinity and temperature. In other words,
the observed pattern of emigration can be achieved
in the absence of salinity and temperature cues. The
minimum simulated home range duration was impor-
tant for replicating the initial ‘shoulder’ of the emi-
gration curve. If home ranges were allowed to be
very short, the emigration curve simply declined with
days since tagging. Movement direction and distance
had predictable effects on the simulated emigration
curve with longer movements, and movements more
directed toward the mouth of the bay, resulting in a
steeper emigration curve.

Discussion
We implanted uniquely coded acoustic transmit-

ters into 3 species of fish to track their movements
in 2 sub-estuaries in SW Florida, one estuary had
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unnaturally high freshwater flow and one had unnatu-
rally low freshwater flow. There were few differences
in home range parameters between the two bays for
any of the three species. Furthermore, although some
environmental variables appeared slightly related to
the probability of gray snapper moving (e.g., moder-
ate salinity), the main conclusion was that all of the
environmental variables tested here, either alone or
in any combination, explained only a small percent-
age of the observed movement patterns. This is gen-
erally supported by experimental studies that indicate
gray snapper can tolerate 100% freshwater (Serafy
et al,, 1997) and become less active during salin-
ity extremes (Serrano et al., 2010). Evidence for red
drum and goliath grouper was similar, wherein move-
ments were observed for both those species evenly
throughout the year in both bays and across all tem-
peratures and salinity conditions. Although the num-
ber of home range shifts and emigration events was
limited for red drum and goliath grouper, the actual
numbers of fish tracked were robust.

Collectively, these results suggest that salinity and
temperature may not be important drivers for move-
ment of these species at the levels encountered in
these bays despite highly modified watersheds and
in contrast to observations of salinity influence in
other locations (Adams & Tremain, 2000; Bachelor
et al., 2009; Dance & Rooker, 2015). The lack of a
clear relationship between fish movement and envi-
ronmental variables (i.e., a negative result) for any
species may at first seem disappointing, but is actu-
ally very important information to watershed manag-
ers concerned about impact from this component of
the CERP restoration. Based on this evidence, it is
not anticipated that greater parity in salinity levels
between bays expected after watershed restoration
will strongly affect fish movements.

Movements of these species have been investi-
gated in other locations but never by partitioning
home range space as described here. For example,
Hammerschlag-Peyer & Layman (2010) docu-
mented movements of 1 to 7-year-old gray snapper
for one month in a Bahamian estuary using pri-
marily manual tracking. Two distinct home range
behaviors were observed that were independent of
fish size. Some fish utilized a restricted home range
area (100-300 m distance moved) (Hammerschlag-
Peyer & Layman, 2010) which is broadly consist-
ent with observations in our study, wherein fish
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Fig. 5 Timing of emigration from the random-movement simulation versus observed departures for gray snapper in Pumpkin Bay in

2018 (a) and 2019 (b) and Faka Union Bay in 2018 (c¢) and 2019 (d)

were typically detected on just one or two adjacent
receivers. Other fish in the Bahamian study used a
much larger space (400-600 m), potentially corre-
sponding to the home range shifts documented in
our study. In fact, tracking in the Bahamas spanned
only one month and it is unknown if that larger
space could be partitioned in time into two or more
smaller but discrete home range areas.

A large majority of home range shifts by gray
snapper were southwestward which resulted in a
gradual seaward movement over a few months as fish
matured. This seaward movement makes their ulti-
mate shift to adult habitat on reefs a shorter distance
than had they remained far up in estuaries. Splitting
the trip into shorter segments may carry an advan-
tage in energy replenishment, foraging, or minimizing
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predation exposure compared to making the entire
migration all at once. Gray snapper spawn on reefs
offshore near full moons in June-August (Starck,
1971; Rutherford et al.,, 1983), which coincides
with the time that we observed movements begin to
increase. When gray snapper finally did exit the bays,
they did so using smaller passes and cuts just as often,
if not more so, than the main channel. This was some-
what surprising, given that the main channel often has
the greatest current speed (which may offer energetic
savings from swimming effort) and the most direct
route out of the estuary (which reduces the transit dis-
tance). That other exit corridors were used equally as
often or, in the case of Faka Union Bay, significantly
more often than the main channel, suggests that some
migration corridors are more important than others.

Also of note, a large majority of gray snapper
(82%) emigrated from the bays during the daytime
or dusk. This is in contrast to other studies that have
identified offshore ontogenetic movements of snap-
per and other species from mangroves to locations
farther offshore as primarily occurring at night-
time (Luo et al., 2009; Huijbers et al., 2015; Kendall
et al., 2021). The reason for the observed difference
may be that in the other studies, offshore movements
were from mangroves to reefs, whereas in this study
the movements may not have been all the way to the
reef, and instead just seaward toward another location
within the Ten Thousand Islands.

Movement cues and habitat use in sub-adult red
drum have been investigated by many researchers
throughout their range with sometimes inconsistent
results. Differences in methodology prevent compari-
son of our results on home range shifts to those other
studies, either due to differing telemetry array designs
(i.e., high-resolution telemetry systems; Dance &
Rooker, 2015; Fodrie et al., 2015), timescale of relo-
cation (Bachelor et al., 2009), or failure to separate
home range relocations into smaller subsets within
the same habitat as we have done. In some studies,
movements of red drum have been more related to
temperature or salinity change with the landward/sea-
ward direction of movement influenced by the sign of
the change or threshold values (Adams & Tremain,
2000; Bachelor et al., 2009; Dance & Rooker, 2015).
For example, red drum in Texas may be more likely
to make bay-scale relocations akin to our home range
relocations when temperatures drop below 14°C,
when salinity is higher than 26 ppt, and is decreasing
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(Dance & Rooker, 2015). However, such low tem-
peratures were observed on only a few days during
the present study (NOAA NERRS, 2022), and fish
in our bays were simply not observed to move more
often on days with those temperature or salinity char-
acteristics. In a movement study on red drum from a
North Carolina estuary, no link was found between
emigration and salinity; however, increasing monthly
salinity (i.e., by 4—-6 PPT) resulted in more fish mov-
ing farther upstream over distances similar to our
home range relocations, whereas decreasing salinity
(4-6 PPT) actually resulted in movement downstream
(Bachelor et al., 2009). Although the Pumpkin and
Faka Union Bay study area experienced many such
incidences of salinity change in excess of those mag-
nitudes in both directions, observed movements of red
drum were not obviously related to salinity patterns.

Duration of site fidelity for red drum also var-
ies among studies and results may depend more on
temporal resolution of the study (e.g., Fodrie et al.,
2015) or the methodology used such as simple mark-
recapture (Adams & Tremain, 2000), high-resolution
(~1 m) positioning systems from telemetry (Dance
& Rooker, 2015; Fodrie et al., 2015), or broad-scale
telemetry arrays (Dance & Rooker 2015). Collec-
tively, these studies of juvenile red drum suggest that
the environmental factors that influence movements
do not necessarily operate in the same ways across
estuaries with different conditions. Indeed, red drum
are estuarine generalists capable of occupying most
coastal conditions throughout the southeastern US
from Texas through North Carolina.

Unlike for gray snapper and red drum, the only
estimate of home range size available for juvenile
goliath grouper is derived from manual tracking with
a directional hydrophone and suggests that they uti-
lize ~170 to 586 linear m of mangrove shoreline for
up to 34 months (Koenig et al., 2011). Unfortunately,
the number and frequency of relocations, uniformity
(or lack thereof) of detections within those estimated
ranges, and size of the area monitored for relocating
fish were not reported (Koenig et al., 2011), mak-
ing comparison with the current study problematic.
However, those values are broadly consistent with
our observations wherein individual fish were typi-
cally only detected on one or two adjacent receivers
in our fixed arrays. Given that our receiver detec-
tion range was~ 150-200 m, the magnitude of home
ranges for juvenile goliath groupers reported here is
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similar to that from the previous study. In contrast to
our findings; however, the Koenig et al. (2011) study
and another study elsewhere in the Ten Thousand
Islands (Frias-Torres, 2007) did not explicitly report
any home range shifts within the estuary, likely due
to different methodologies and smaller array coverage
than was used here. Also of note, our results indicate
that home range duration may be size dependent with
1-year-olds using a home range for only~100 days
whereas 4-year-olds remain in place for~300 days.
This has important considerations for the limited-take
fishery that may cause lasting ecosystem gaps when
fish are harvested.

There are several possible explanations for the
lack of a strong relationship between probability of
fish movement and environmental cues. Many other
variable(s) not considered here may be more respon-
sible for prompting movements. Density depend-
ence (e.g., can be repulsive as in overcrowding, or
attractive as in schooling or spawning aggregations)
or interspecific competition causes some fish to relo-
cate (Rose et al., 2002; Hammerschlag-Peyer & Lay-
man, 2010; Griiss et al., 2011; Koenig et al., 2011).
Local depletion of prey may or influx of predators
can push fish to seek new home range areas (Wer-
ner et al., 1983; Sims et al., 2006; Griiss et al., 2011;
Livernois et al., 2021). Reproductive imperatives are
also well-known drivers of fish movement (Trotter
et al., 2012; Massie et al., 2022), although only gray
snapper achieved maturity during our study (Ser-
rano et al., 2010; Koenig et al., 2011). Even discrete
weather events can correlate with relocation (Sadovy
& Eklund, 1999; Heupel et al., 2003; Massie et al.,
2020). Each of these factors may result in fish relocat-
ing their home range at different times and situations
independently of environmental influences such as
temperature and salinity, confounding efforts to iden-
tify a discrete set of environmental parameters as the
main drivers of fish movement.

Interestingly, based on the results of the random-
movement simulations, we cannot exclude the pos-
sibility that the observed patterns in fish emigration
were merely due to ‘random’ movements unrelated
to time or environmental conditions. The simula-
tions resulted in fish leaving the estuaries at similar
rates to those observed for actual fish. In these sim-
ple simulations, movements were independent of any
temperature, salinity, seasonal, or other environmen-
tal cues and were instead controlled by random draws

of only three parameters (i.e., home range duration,
movement distance, and movement direction). The
simulation results do not prove that movements and
emigration are random, but instead demonstrate that
the observed emigration patterns could have resulted
from random processes independent of time and envi-
ronmental conditions (Borger et al., 2008; Cramer
et al., 2021). Indeed, there were no strong relation-
ships between fish movement and any environmental
variables in the GAMs; thus, it is possible that home
range relocations are the result of such a diverse suite
of cues (Crook, 2004) that they resemble random
movements. Such seemingly random movements (i.e.,
home range shifts) will, if carried through enough
steps, eventually result in fish leaving the bays to the
southwest as was observed for the real fish.

There were clear differences in home range dura-
tion among species in our study. On average, the
later maturing-, longer-lived, and larger the species,
the longer their home range durations and overall
residence time in the mangrove bays. Gray snap-
per reach maturity ~2.5-3 years of age with a maxi-
mum age of ~25 years (Starck, 1971; Burton, 2001).
In contrast, red drum reach maturity between~3 and
4 years of age (Murphy & Taylor, 1990), and goli-
ath grouper take even longer, not reaching maturity
until ~5-7 years and living at least into their mid 30’s
(Bullock et al., 1992). Although some fishes show
a positive relationship between fish age or size (i.e.,
larger individuals of the same species) and some of
the parameters tested here (Welsh et al., 2013; Hui-
jbers et al., 2015; Daly et al., 2021), we detected few
such patterns for any of the three species evaluated,
with the exception of longer home range duration for
older goliath grouper.

Despite the potential for fish to disappear in telem-
etry detection shadows in an area known for its con-
voluted maze of islands and dead-end coves, the AEI
analysis suggested that for most fish, our telemetry
array was effective at monitoring their presence in
the bays. Fish tagged in this study were detected with
an average AEI of 60-73% depending on the species,
which indicates that they were monitored on a major-
ity of days that they were present in the array before
emigrating. Only 12 of the 76 (16%) gray snapper had
AEI values <25%; however, nearly all of these were
tracked intermittently in the array for 65 to 183 days
suggesting they still resided in the bays but were using
a home range that was mostly in detection shadows.
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All but two gray snapper had a clear exit track, fur-
ther suggesting that fish with low AEI values were
residing somewhere in the bays until they departed.
Only one red drum had an AEI under 25%, yet it was
detected over a 187 days span and the low AEI was
due to it temporarily leaving the study bays for sev-
eral months. Four of the goliath grouper tagged in the
Faka Union canal had an AEI under 25%; however,
intermittent detections over several months suggested
they too were still in the canal. Also of concern for
goliath grouper were the nearly 1/3 of tagged individ-
uals that simply disappeared from the array with no
exit track. We suspect that these fish were caught by
fishermen, as illegal poaching of this protected spe-
cies is well known to occur throughout Florida waters
(Ellis pers. comm.). Overall, despite the potential for
fish to hide in spots undetectable to our receivers,
evidence indicates that the arrays functioned well for
detecting occupancy and emigration patterns for all
three focal species.

Although fish labeled as emigrating undertook
directed movements leaving the bays that were unlike
their typical home range shifts, we cannot say con-
clusively that they did not return after the batteries
died in their transmitters. However, larger size classes
were never caught during sampling and only a single
tagged fish undertook a directed emigration and then
returned to the array after a 3-month absence. With
no other fish exhibiting this behavior, we suspect
that particular fish may have been preyed upon by a
larger mobile predator such as a shark. We also did
not determine how far out of the bays these fish may
have traveled, if they merely shifted to more seaward
parts of the Ten Thousand Islands, or if they departed
the estuary entirely and took up residence in offshore
habitats. Additional receivers strategically deployed
further along channels and passes offshore would be
required to document those shifts.

By defining the home range based on the tim-
ing of fish behaviors rather than the typically used
but arbitrary bounds imposed by transmitter battery
life or array duration, this study revealed previously
undescribed occupancy patterns for these three spe-
cies. Despite the initial expectations that the large dif-
ferences in freshwater flow into Pumpkin and Faka
Union Bays would result in different home range char-
acteristics for one or more of the species studied here,
such major differences were simply not observed.
Salinity and temperature conditions in the bays are

@ Springer

currently and should continue to be within accept-
able limits for all three species even after watershed
restoration is completed. Because there were already
few differences in fish occupancy patterns between
the two bays when conditions differed (Kendall et al.,
2022; Williams et al., 2023), there is no reason to sus-
pect that patterns would be affected when restoration
causes the bay environments to become more similar.
Results here and elsewhere highlight the resiliency of
these species as estuarine generalists capable of occu-
pying a range of salinity regimes.
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