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Abstract
In marine ecosystems, predator-prey interactions are known to structure critical processes (e.g., trophic transfer, nutrient regeneration) and have important implications for mediating community dynamics. However, the temporal and spatial scales over
which these processes operate remain poorly understood mainly because the resolution provided by traditional sampling techniques is low. In particular, tides and physical forcing pose challenges due to sampling dynamics in coastal ecosystems.
Examining the fine-scale temporal and spatial dynamics of predators and prey in tidally driven estuarine ecosystems requires
implementing techniques that are robust to these challenges. Here, we examine data from a high-resolution multibeam imaging
sonar (DIDSON) at the confluence of an intertidal and subtidal creek over six ebb-flood cycles and quantify the temporal and
spatial scales of variance between the density of predators and prey. Densities of both groups were strongly and inversely related
to tidal stage, irrespective of time of day. The potential for an encounter between functional groups and utilization of the estuarine
intertidal-subtidal complex was mediated by the tidal stage. When the intertidal creek was flooded, both predator and prey fishes
occupied the channel more than the slopes adjacent to the marsh edge. In addition, our study demonstrated fine-scale asynchronous timing in the distribution of predators and prey, with prey densities generally peaking prior to those of predators. This
suggests that the scale of variation of prey occupying the intertidal creek, which is often thought to provide refuge, drives
coincidental utilization by predators and mediates their interactions.
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Predator-prey interactions are fundamental processes that act
to mediate marine ecosystem dynamics (Handegard et al.
2012). However, the temporal and spatial interactions that
structure these dynamics, in addition to the role of tidally
driven environmental variation, remain elusive. A principal
reason behind this is the lack of sufficient resolution possible
with traditional sampling techniques used to quantify finescale interactions underwater through time. This is particularly
true for highly dynamic and productive aquatic ecosystems,
such as tidally driven estuarine ecosystems, that display considerable variation in hydrodynamic properties over relatively
small spatial and temporal scales.
The spatial and temporal distribution of forage fishes in estuarine ecosystems is driven by species-specific behavior (e.g.,
habitat preferences, activity levels, predator avoidance, reproduction) that seeks to balance ever-present and variable risk effects
with foraging and energetic demands (Laundré et al. 2001). Tidal
phase can greatly influence these behaviors by controlling a
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fish’s ability to respond to rapid, and often extreme, physicochemical changes, with potential impacts on the outcome of
predator-prey dynamics. For instance, changes in turbidity associated with tidally mediated resuspension in estuarine ecosystems can impact a prey’s ability to perceive predator threats
due to reduced visual acuity (Abrahams and Kattenfeld 1997;
O'Connor et al. 2008; Smee et al. 2008; Rieucau et al. 2015).
In addition to the tidal phase, real and perceived interactions with predators can have a considerable impact on the
distribution and behavior of prey. Consumptive effects, such
as predatory attacks, are often considered to be the major
process influencing the distributional and behavioral patterns
of prey organisms (see Peckarsky et al. 2008). Yet, the role of
non-consumptive effects, wherein predators act as Bagents of
fear,^ can be equally important in structuring ecological processes (Menge 1995) with cascading ecosystem-level consequences (Peacor and Werner 2001; Preisser et al. 2005;
Wirsing et al. 2008; Preisser and Bolnick 2008). For example,
indirect effects have been shown to mediate prey behavior,
significantly altering trophic interactions, habitat use and selection, and food web dynamics (Schmitz et al. 1997; Laundré
et al. 2001; Heithaus and Dill 2002; Madin et al. 2010).
Dynamic gradients in abiotic and biotic conditions are
known to structure ecological and biological processes in estuarine ecosystems (Minello et al. 2003; Rountree and Able
2007). Of particular interest in structuring distributional patterns of forage fishes are the role of predictable changes in
abiotic conditions from tidal forcing (e.g., turbidity, salinity,
mixing, velocity) and the largely unknown role of biotic factors (e.g., non-consumptive indirect effects). The ability to
quantify behavior in turbid estuarine environments is limited
when using traditional sampling techniques (e.g., direct capture); however, high-resolution acoustic imaging provides a
novel means to acquire data on prey behavior that is impossible to infer or observe otherwise (Boswell et al. 2008;
Handegard et al. 2012; Becker and Suthers 2014; Becker
et al. 2015, 2016; Martignac et al. 2015; Rieucau et al.

2015). While previous work in estuarine systems has examined patterns in nekton movement at the tidal scale (Becker
and Suthers 2014; Becker et al. 2015, 2016), we applied highresolution acoustic imaging technology to examine relationships between prey and predator fishes by examining tidally
mediated, fine-scale changes in their spatiotemporal distributions within an intertidal creek.

Fig. 1 The location of the DIDSON (black dot) at the interface of an
intertidal-subtidal creek interface (33.3311 N, 79.19305 W; left panel).
The center panel illustrates the position of the DIDSON within the North
Inlet Estuary. The DIDSON was mounted to a tripod and positioned
70 cm above the bottom, then aimed across the confluence of the

intertidal creek mouth with the subtidal creek (beam pointed to 220°);
the beam footprint is identified by the triangle (right panel). The broken
line (right panel) represents the interface between the intertidal and
subtidal habitats

Materials and Methods
Study Area
The study was conducted in the North Inlet estuary (33.333 N,
79.1667 W) in Georgetown County, South Carolina. This
high-salinity, barrier island-bounded system (16.5 km2) consists of Spartina alterniflora marsh (71%); creeks, intertidal
flats, and oyster reefs (13%); and open water (16%). The sampling period (July 31, 2012 (1500)) through (August 3, 2012
(1730)) coincided with the new moon and peak of the spring
tide and partially into its recession. During the spring tide,
local high tides of approximately 1.94 m are on average
0.17 m above subsequent neap high tides; spring low tides,
averaging 0.29 m, are approximately 0.13 m below neap low
tides (relative to MLLW; NOAA/NOS Oyster Landing tide
gauge 8662245). Because of shallow depth and strong tidal
currents, creeks are well mixed and vertically homogeneous
with respect to dissolved substances (Dame et al. 2000).
The spatial focus of our study is the interface between an
intertidal and subtidal creek. During low tide, intertidal oyster
reef and mud are at the water’s edge, and the lower limit of the
vegetated salt marsh is approximately 1 m up the flanking
slopes (Fig. 1). During mean low tide, the water in the permanently flooded subtidal creek extends into the intertidal creek
mouth where the DIDSON was aimed but does not connect to
the isolated creek-bed pool about 60 m upstream (see Rieucau
et al. 2015). During peak high tide, the intertidal oyster reefs,
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creek slopes, and marsh surface are fully connected permitting
access for moving nekton.
Within the North Inlet estuary, subtidal and intertidal salt
marsh creeks have a relatively broad thalweg that abruptly
slopes toward emergent vegetation (Spartina alterniflora).
We refer to these slopes as edge habitat. Tidal flow patterns
vary between the channel and the adjacent edges, with the
former generally having greater velocities, (Li and
O'Donnell 1997). For the remainder of this paper, we recognize two main habitat types for comparison, channel and edge.
Channel habitat was defined as the creek bed region from 2.0
to 6.5 m from the sonar, and the edge was defined as the
intertidal region beyond, ranging from 6.5 to 11.5 m.
We did not directly sample the fish community during this
study because we were interested in capturing the use and
movement patterns of predators and prey within the
intertidal/subtidal interface without adding disruptions from
sampling nets. Therefore, we rely on the historical catch records from previous studies at this same site (see Lehnert and
Allen 2002; Potthoff and Allen 2003; Allen et al. 2017). The
prey species commonly found occupying the study area represent a suite of families and are generally small bodied, transient and resident fishes (Lehnert and Allen 2002; Potthoff
and Allen 2003; Allen et al. 2017). In a comprehensive study
from 1994 to 2002, with observations ranging from high- and
low-tide periods, Allen et al. (2017) reported that the seven
dominant prey species were as follows: mummichog
(Fundulus heteroclitus), spot (Leiostomus xanthurus), spotfin
mojarra (Eucinostomus argenteus), Atlantic menhaden
(Brevoortia tyrannus), striped mullet (Mugil cephalus), white
mullet (Mugil curema), and pinfish (Lagodon rhomboides),
and these are likely the dominant species that we observed

Fig. 2 Example of the DIDSON sampling volume when aimed across the
interface of the intertidal-subtidal channel during both low and high water. Upper panels (a and b) represent the volume when the major axis of
the beam is rotated orthogonally from the plane of the water surface,
resulting in a vertical profile of the water column to compute effective
sampling volume of the water column. The green line represents the water
surface and the substrate is represented by the solid black line. Panels c

moving through the intertidal-subtidal interface. The most
commonly observed predators included ladyfish (Elops
saurus), red drum (Sciaenops ocellatus), spotted seatrout
(Cynoscion nebulosus), southern flounder (Paralichthys
lethostigma), inshore lizardfish (Synodus foetens), and sharks
(Allen et al. 2017).

Field Sampling
A high-resolution acoustic imaging sonar (DIDSON; Sound
Metrics Corp.) was deployed at the confluence of an intertidal
and subtidal creek and positioned to detect fish moving between the two systems (Fig. 1c; 33.3311 N, 79.19305 W). The
DIDSON generates a 2D acoustic image providing highresolution video-like imagery along the major axis of the
beam, integrating over the minor axis of the beam (see
Belcher et al. 2002; Boswell et al. 2007). The DIDSON was
submerged in the subtidal creek with the beam nadir aimed at
220° across the mouth of the intertidal creek. The sonar was
able to detect fish across the mouth and the flooded portion of
the intertidal flat throughout the tidal cycle (Fig. 2).
The DIDSON was integrated onto an X2 roll-tilt rotator
(Sound Metrics Corp.) and mounted 70 cm above the bottom
on a 1.5-m-tall tripod. The use of the rotator permitted the sonar
to be physically rotated so that the major axis of the beam was
either parallel (Fig. 2a and b) or perpendicular (Fig. 2c and d) to
the water surface. The sonar was programmed to alternate between the horizontal and vertical perspectives every 15 min,
permitting the collection of data in both planes. The DIDSON
recorded in high-frequency mode (1.8 MHz) with a frame rate of
8 frames s−1 over a total of 78 h through six (slack high to slack

and d illustrate the beam footprint when the major axis of the beam is
oriented horizontally and parallel to the water surface. In this orientation,
the vertical extent of the beam does not fully integrate the water column;
the beam sampling extent is represented by broken white lines (a and b).
Vertical broken lines represent the two habitat types and the corresponding sampled volume
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high) tidal cycles. A power failure resulted in the loss of nearly
4 h of data from 0230 to 0600 on August 2.
Given that the DIDSON beam volume expands with range
(both vertically and horizontally), the water column was
completely ensonified beyond ~ 5 m; however, the beam did
not completely sample the water column at ranges < 5 m from
the sonar lens, and significantly undersampled at ranges < 2 m
(Fig. 2a, b). Thus, data collected at ranges < 2.0 m from the
DIDSON were excluded from analysis. During slack high tide,
the proportion of the unsampled volume was 16.2% of the total
water column. During slack low tide, 8.5% of the water column
was unsampled (Fig. 2).
Water level (m) and temperature (°C) were measured continuously at 1 Hz with a HOBO U20 Water Level Data Logger
(Onset) mounted directly to the DIDSON platform and a reference logger was attached to a nearby permanent structure to
record ambient atmospheric pressure. Water level measurements were corrected relative to MLLW.

Data Analysis
Fishes were counted and measured using the DIDSON software (v. 5.25, Sound Metrics Corp.). We employed a subsampling approach where ten static acoustic images (i.e., frames)
were randomly selected within each 15 min video segment
from the horizontal orientation (see Online Supplement). In
total, 1480 frames were analyzed from the 78 h period. All
individual fish detected within a frame were recorded. Five
frames before and after the selected frame were examined to
verify that each measured target was a swimming fish. For
each fish, total length (cm) and range from the sonar (m) were
recorded. Within each frame, measurements were classified
into the two habitat types.
Detected fish were classified into two functional groups
based on fish size: prey (< 25 cm) and predators (≥ 25 cm)
(see Online Supplement, Figs. S3 and S4). We acknowledge
that while some species > 25 cm may be non-piscivorous (i.e.,
Mugilidae), they may act to harass or elicit a response from
vigilant prey (Bretsch and Allen 2006a, b). Predator and prey
densities (fish m−3) were estimated as the number of individuals divided by the volume of water sampled by the DIDSON
within each frame.
A model was developed to estimate the effective DIDSON
sampling volume as a function of the water level. Volume
estimates were derived using 3D models of beam geometry
created in Autodesk Fusion 360 software (Fusion 360
2.0.3034, Autodesk Inc., Saint Rafael, CA, USA). The beam
model was created following the nominal beam pattern (28°
horizontal (major axis) × 14° vertical (minor axis)) (Belcher
et al. 2002). The beam model was derived for the sampling
ranges between 1.29 m and 11.57 m following the sonar configuration information from the DIDSON software. Single
frames collected in the vertical orientation were captured

within the DIDSON software and imported into Autodesk.
Within each frame, the boundaries (e.g., water surface, and
substrate) were detected and used to model the sampling volume within the horizontal orientation (Fig. 2).
Non-linear relationships between response variables and
explanatory factors were modeled with generalized additive
mixed models (GAMM). GAMMs permit simultaneous
modeling of parametric and non-parametric effects through a
smoothing function and allow variables to be modeled as random effects (Guisan et al. 2002; Wood 2006). We acknowledge that each frame may not be considered a suitable independent unit of replication and therefore, we follow Pinheiro
and Bates (2000) and Wood (2006), fitting both time period
(i.e., 10 frames sampled every 15 min period) and each randomly selected frame nested within time period, as random
effects. Additionally, we fit an auto-correlation structure
(AR1) for the residuals to account for the temporal correlation
between consecutive time periods. Smoothed effects were
fitted using a thin-plate smoothing function and interactions
were fitted with a tensor product interaction function. The
density distribution included zero-inflated counts. To account
for this, we applied a Tweedie distribution with an index parameter, p, of 1.5 (an exponential dispersion family for which
the distribution is defined by values of p; for 1 < p < 2, the
Tweedie distribution represents a compound of Poissongamma distribution) and a log link function (Dunn and
Smyth 2005). Within GAMMs, the significance of parametric
coefficients was assessed using a t test, whereas the significance of smoothed terms was assessed using an F test. All
statistical analyses were run in R v3.4 (2017) using the mgcv
v1.8-6 package for GAMM.
Separate GAMMs were fitted to examine variation within
prey and predator density distributions. In all models, water
temperature (°C), water level (m), habitat (channel or edge),
and TOD (time of day, night or day) were included as independent factors. Two-way interactions (TOD × habitat, TOD
× water level) were also included. Separate models were fit for
day and night to avoid the need to interpret three-way interactions with TOD. Predator density was fitted as an independent
variable in the models of prey density. Likewise, prey density
was included as an independent variable for modeling predator density.
Continuous wavelet transformations were used to examine
the temporal periodicity in both predator and prey density estimates (Torrence and Compo 1998; Cazelles et al. 2008).
Wavelet analysis offers a robust method to decompose time
series data into the time-frequency domain to explore the dominant modes of variance within a series (Torrence and Compo
1998). Scalograms of wavelet power illustrate variance within a
time series and are used to identify the transient periodicity and
illustrate shifts in the scale of variance through the time series. A
Morlet mother wavelet was chosen to balance precision in the
time and frequency domains (Torrence and Compo 1998).

Estuaries and Coasts

To describe the overall variance in predator and prey densities, data were collapsed across habitats for the wavelet analysis. Wavelet periods ranged from 1 to 26 h with 12 steps per
octave. The maximum wavelet scale was calculated as 26 h
using a conservative calculation (CRAN R biwavelet package,
v.0.17.5; Torrence and Compo 1998; Grinsted et al. 2004).
The bias toward large-scale wavelet power was corrected following Liu et al. (2007), and the series was padded with zeroes
to facilitate analysis near the beginning and end of the series
following Torrence and Compo (1998). Wavelets require gapfree, equally spaced observations, but gaps can be interpolated
using modeled values (Urmy et al. 2012). The 4-h gap in the
predator and prey data series was interpolated using values
predicted from the GAMM models. The global wavelet spectrum summarizes the variation across the extent of the time
series (i.e., the mean wavelet power across the horizontal axis
of the scalogram). The coherence between the two series
(predators and prey) was analyzed with a cross wavelet decomposition transform to identify the periods when the two
series were in-phase (synchronous) or anti-phase
(asynchronous) (Grinsted et al. 2004; Grados et al. 2012).
We examined the scale of the temporal periodicity between
predator and prey density distributions. Significance in crosswavelet power was tested using 1000 Monte Carlo iterations
with 95% confidence intervals using a chi-square test (Jenkins
and Watts 1968) and assuming a white noise null hypothesis
(Torrence and Compo 1998). Changes in the temporal coherence between predators and prey at semidiurnal tidal periods
(> 6 h) and periods of shorter duration (< 4 h) were tested
using a Wheeler and Watson test (W) with a significance level
of 0.01 (Wheeler and Watson 1964; Zar 1999).

Results
Water temperatures varied by nearly 9 °C throughout the study
period, with peak temperatures occurring in the afternoon
(max 35.1 °C). Temperatures were generally lowest at dawn
Fig. 3 Water temperature and
water level measured at the
subtidal-intertidal interface from
July 31, 2012–August 3, 2012

(min 27.2 °C) (Fig. 3). Water level and water temperature
varied across the period of observation with temperatures rising during the low-water periods of the day (Fig. 3). Water
levels ranged from 0.15 m at slack low tide to 1.96 m at peak
high tide. During high tide, the channel area was 6.73 m2 and
the flooded edge area was 23.9 m2; estimated channel volume
was 12.1 m3 and edge volume was 15.8 m3. During low tide,
the channel area remained the same as it was at high tide while
the edge area was reduced to 13.7 m2. The estimated channel
volume decreased to 4.4 m3 while the edge volume decreased
to 1.6 m3.
In total, we detected and measured 15,919 fish from 1480
DIDSON frames. The mean fish abundance detected per
frame was 10.8 (SE = 0.66) and ranged from 0 to 254 individuals within a single frame. The high variance in the abundance
of fish detected throughout the study was attributable to the
association of fish (prey and predators) with low water levels
and is described in more detail below.

Prey
The GAMMs revealed that prey density (fish m−3) varied with
habitat type (t = − 11.21, df = 907, p < 0.001) and TOD (t = −
3.46, df = 99, p < 0.001) (Fig. 4a), in addition to water temperature (F1,99 = 7.86, p = 0.005), with fewer prey observed when
water temperatures were high. The density of prey was nearly
60% greater during the day (mean ± standard error = 1.67 ±
0.15 fish m−3) than at night (1.05 ± 0.01 fish m−3) and was
more than an order of magnitude greater in the channel (2.68
± 0.19 fish m−3) relative to the edge (0.15 ± 0.02 fish m−3)
(Fig. 4).
Prey was more likely to be detected during low water (<
1.25 m) conditions than during high water (> 1.25 m), irrespective of TOD (Fig. 5a). During low water (< 0.5 m), prey
densities were 5 times greater relative to periods with water
levels > 1.5 m during the day and 80 times greater during the
night. Average prey density did not vary as a function of TOD
at water levels > 1.5 m and was characteristically low (< 0.5

Estuaries and Coasts
Fig. 4 Prey (a) and predator (b)
mean density during the day
(open) and night (filled) periods
and across the two sampled habitats. Note the difference in y axis
scale between figure panels. Error
bars represent standard errors of
the mean

fish m−3) (Fig. 5a). The interaction examining prey density as
a function of water level and TOD indicated that the effect of
water level was significantly different from zero during both
time periods (day F1,805 = 20.2, p < 0.001; night F1,805 =
36.86, p = < 0.001) and also that the effects of TOD differed
(day edf (effective degree of freedom) = 2.62—indicating a
non-linear effect; night edf = 1.00—indicating a linear effect
with non-overlapping predictions Fig. 5 a).

Predators
The differences in predator density were not as strong as for
the prey and were opposite in magnitude. Greater predator
density was observed during the night (0.10 ± 0.01 fish m−3)
than during the day (0.07 ± 0.001 fish m−3). Predators predominately occupied the channel habitats (0.13 ± 0.01 fish
m−3) relative to the adjacent edge (0.03 ± 0.002 fish m−3)
(Fig. 4b). In contrast to the prey, predator densities were greater in the channel at night compared to day and were denser on
the edge during the day than the night (t = 3.27, df = 907, p =
< 0.001) (Fig. 4b).
Predator density was observed to peak at intermediate water level during the day (edf = 3.22, F1,805 = 6.98, p = < 0.001)
Fig. 5 Prey (a) and predator (b)
density responses relative to
measured water level and time of
day in the intertidal-subtidal interface. Orange lines represent
day and dark blue lines represent
night periods. Shaded regions
around the response curves represent confidence intervals derived from the GAMMs. Note the
y axis scale differs between
panels. Modeled responses in (a)
represent the cross-sectional profile of the surfaces illustrated in
Fig. 6 a and b

a

b

(Fig. 5b), while very little change was observed in predator
density with changing waters levels during the night (edf =
1.00, F1,805 = 0.03, p = 0.87) (Fig. 5b).

Prey and Predator Interactions
In the model of prey density, the greatest variability was observed during the day and was a function of both predator
density and water level (F1,1043 = 1.29, p = 0.26) (Fig. 6a).
During the day, peaks in prey density corresponded with moderately high predator densities and occurred at water levels <
0.5 m. Prey densities were more consistent at night in comparison to day and indicated precipitous decline at low predator densities and water levels (F1,666 = 30.92, p < 0.001)
(Fig. 6b). Conversely, in the predator density model, the effect
of prey density and water level varied between day (F1,1043 =
8.55, p < 0.001) and night (F1,666 = 9.55, p < 0.001).
According to the wavelet analysis, peaks in predator density either overlap or followed peaks in prey density (Fig. 7a).
The greatest variation in both prey and predator density occurred during the low-water periods irrespective of TOD
(Fig. 7d). The scale of this variation is illustrated in the scalograms (Figs. 7b and c). The global wavelet spectrum of both
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Fig. 6 Response plot examining
diel differences in prey density
(day (a), night (b)) as a function
of both predator density and water
level at the intertidal-subtidal interface. Color scale represents a
number of observations at each
level. Gray areas indicate Bno
data^ regions within the dataset
and are predicted by GAMMs.
Note that the y axis varies between the two plots

predator and prey demonstrated that most variability occurred
over approximately 12-h periods (11.42-h period for the predators, 12.23-h period for prey), corresponding to the periods of
tidal cycles in the estuary (Fig. 7e and f). The global wavelet

spectrum for both predators and prey demonstrated local
peaks in variability over approximately 6-h periods (6:34 h
for predators, 6:11 h for prey), corresponding to flood/ebb
portions of the tidal cycle. A third local peak in both predator

a

e

b
f

c
d

Fig. 7 Predator (red line) and prey (blue line) density estimates (a) across
the time series coupled with prey (b) and predator (c) wavelet
decomposition scalograms. The corresponding global wavelet power
spectrum across the vertical scale for prey (e) and predators (f)
demonstrates major peaks at < 2, 6, and 12 h. Tidal phase measured

from HOBO water logger (d), with shaded regions corresponding to
night periods from 20:30–06:30 local time. The Bcone of influence^
(light-shaded region) indicates where edge effects within the wavelet
analysis may be important (Torrence and Compo 1998)
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Our results revealed that the potential for an encounter between prey and predators and utilization of the estuarine
intertidal-subtidal complex is mediated by tidal stage.
Further, we demonstrate evidence of the fine-scale asynchronous timing between prey and predators in this estuarine corridor. Overall, our study highlights complex interactions between important biotic and abiotic processes acting across
multiple temporal scales and examines coincidental occurrences (Figs. 7 and 8) between predators and prey at a resolution not previously described. Our study extends the results of

previous studies that have examined patterns of movement
within estuarine systems (Becker and Suthers 2014; Becker
et al. 2015, 2016).
Movements of estuarine fishes between subtidal and intertidal areas with changing tides enable fish to select and perhaps maximize opportunities for foraging, predator avoidance,
reproduction, and other functions (Hettler 1989; Baker et al.
2013; Allen et al. 2017). The extent of inundation and timing
of movement and position within intertidal habitats can be a
critical factor regulating the lives of both predator and prey
species (Hettler 1989; Bretsch and Allen 2006a, b). The
greatest densities of both prey and predators were observed
within 1 h of low tide when the water level within the mouth
of the intertidal creek was < 0.5 m (Fig. 7a). The peak in
observed densities was likely the result of movement strategies by prey accessing the intertidal creek habitats as they
become flooded (flooding tide) or leaving the upper intertidal
as water levels decreased (ebbing tide).
Our results demonstrated that predators tended to follow
peaks in prey density during flooding tides (Fig. 8). It is likely
that smaller prey cue on specific water levels to initiate movement into the intertidal zone, while larger predator’s access lags
until the water is deeper. In a nearby intertidal creek, Bretsch and
Allen (2006a) found that the peak in activity for small fishes
moving through (upstream or downstream) the intertidal creek
occurred when water levels were low (~ 0.5 m), whereas increasingly larger fishes entered with greater depths. Rypel
et al. (2007) demonstrated that mojarra (Eucinostomus spp.)
displayed the greatest probability of survival in low-water (≤
0.5 m) conditions and that survival probability approached 0%

Fig. 8 Cross-wavelet decomposition between predator and prey density
distributions. Phase arrows pointing to the right indicate predators and
prey are in phase, with left pointing arrows indicating anti-phase distributions. Areas where arrows point downward indicate that prey dynamics
lead predator dynamics; whereas, arrows pointing upwards indicate

variation in predator density leads to prey density. The thick black contour
indicates regions where variance is significant (alpha = 0.05) relative to a
white noise test. The Bcone of influence^ (light-shaded region) indicates
where edge effects within the wavelet analysis may be important
(Torrence and Compo 1998)

and prey global wavelet power occurred over short temporal
periods (1.32 h for predators, 1.13 h for prey) (Fig. 7e and f).
Cross-wavelet decompositions and wavelet coherence indicated that while predators and prey varied across similar
temporal scales, the temporal scale of predator variability consistently occurred after the peaks in prey variability (Fig. 8).
Predator and prey were strongly in phase (phase arrows consistently pointing to the right) at all periods greater than tidal
flooding/ebbing events (6 h), especially at the 12-h tidal periodicity. While remaining in phase, predators and prey shifted
from being synchronous to asynchronous at temporal periods
smaller than 4 h (arrows pointing down or down and to the
right) (Fig. 8). The distribution in the wavelet coherence phase
arrows was different between temporal scales representing the
semidiurnal tidal periodicity (> 6 h) and periods of shorter
duration (< 4 h) (W = 725.59, df = 2, p < 0.001).

Discussion
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survival when water depth exceeded 70 cm. They suggested that
this was a function of predation potential increasing with increasing water levels. As water depth increases, the potential
for interactions between predators and prey increases and facilitates opportunities for non-consumptive and consumptive direct
effects (Peacor and Werner 2001; Preisser et al. 2005; Wirsing
et al. 2008; Preisser and Bolnick 2008).
Predators and prey were detected more frequently in the
channel than along the edge (Fig. 4), suggesting that the channel
likely serves as the main travel corridor into and out of the creek
for all stages of the tide. The interface between intertidal and
subtidal creeks may be especially important (Halpin 1997;
Kneib 1997; Potthoff and Allen 2003) as it provides a critical
corridor for fish linking open water and marsh surface habitats
(McIvor and Odum 1988; Rozas et al. 1988; Allen et al. 2017).
For prey, this connectivity is most advantageous when interactions with predators are reduced by low-water depths. Tidal
migration patterns of resident and transient fishes within intertidal creeks have been described (Bretsch and Allen 2006a;
Kimball and Able 2007a, b, 2012), but their movements in
adjacent subtidal waters are poorly understood. Studies found
that a common transient species (Lagodon rhomboides) occupied subtidal waters near intertidal creek mouths at low tide,
awaiting return access to the creek during the flooding tide
(Potthoff and Allen 2003). What remains unknown is whether
other resident or transient fish follow similar movement strategies for timing into the intertidal. Diel utilization differences
have been observed within subtidal (Rountree and Able 1993,
1997) and intertidal (Kleypas and Dean 1983; Hampel et al.
2003) creeks independently, but to date studies have not examined the periodicity of nekton migrating between subtidal and
intertidal creeks.
In addition to the observed tidal periodicity in the use of the
intertidal-subtidal interface, variations in the co-occurrence of
prey and predators were observed at short intervals of ~ 2 h
(Fig. 8). In a study in which imaging sonar was used inside of
the same intertidal creek, Rieucau et al. (2015) showed that
prey tended to move in schools, with the structure and movements of the aggregations changing with environmental conditions. Accordingly, movements of fishes in and out of intertidal creeks were patchy in time and space. Whether predators
move with prey schools or remain at the subtidal interface to
intercept them, the co-occurrence of the two could be expected
to vary during both the ebbing and flooding tides. Because
previous studies in local creeks indicated that few large predators enter intertidal creeks (Bretsch and Allen 2006a; Allen
et al. 2007), our findings suggest that the intertidal-subtidal
interface (creek mouth) is an active zone of interaction between predators and prey. Observations of pulsed occurrences
at short intervals around low tide reinforce the generally held
belief that intertidal creeks serve as a refuge for prey. Our
observations also support previously reported differential
timing of prey entry and exit in intertidal creeks.

Imaging sonars allow non-invasive observation of biological processes irrespective of light and water clarity; they also
generate metrics of fish size and abundance at fine temporal
and spatial scales (Boswell et al. 2008; Becker et al. 2015).
But, there are important limitations to the use and interpretation of these data. For example, in many cases, species identification (but see, for example, Mueller et al. 2008, 2010;
Langkau et al. 2012) or the ability to derive species-specific
estimates is often difficult. Given the limitations in identifying
species in this system, we relied on a size threshold to separate
and quantify functional groups. Additionally, when densely
packed schools of small-bodied fish (~ < 8 cm) moved
through the DIDSON field of view, counting all individuals
within the schools was not possible and therefore density estimates represent conservative estimates rather than absolute.
Fish moved into the channel on the flood in small schools
which may have caused us to underestimate density; on the
ebb, the fish were less aggregated and easier to detect and
quantify.
Improved methods toward processing continuous acoustic
data series will enhance the potential for detection and quantification of small-scale periodic features like migrating
schools. Existing detection, tracking, and background subtraction algorithms are not adequate to efficiently quantify the
fine-scale dynamics that we examined due to low signal-tonoise ratios commonly encountered in estuarine systems. The
voluminous data generated from continuous recording poses
analytical bottlenecks and requires effective subsampling protocols due to the considerable effort required for manual measurements. Future solutions will require a multidisciplinary
approach incorporating computer vision-aided target tracking
to improve behavioral analysis (Rodriguez et al. 2017). Others
have noted similar challenges when using the DIDSON as a
continuous observation methodology (Boswell et al. 2008;
Becker et al. 2015, 2016; Kimball et al. 2015). As methods
are developed to address processing limitations, new avenues
of inquiry for examining community dynamics in estuarine
systems will be possible. In particular, examining the direction
of movement and vertical partitioning within the water column will provide new insights into the processes that structure
predator-prey interactions in estuaries.
Habitat connectivity is an influential ecological factor for
many aquatic organisms (Polis et al. 1997; Gillanders et al.
2003) but represents a relatively nascent area of study for
estuarine nekton (Secor and Rooker 2005). As nekton movement is known to provide an important pathway for the transfer of energy and nutrients among habitats at various scales
(Kneib 2000; Litvin and Weinstein 2003; Allen et al. 2013),
characterizing the role of abiotic factors such as tidal stage in
structuring nekton distributions in salt marshes remains a primary need (Bretsch and Allen 2006b). Based on our findings,
this may be particularly important when gradients vary within
a system at short temporal scales (i.e., hours), such as in
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temperate semi-diurnal tidal salt marsh systems. Our current
understanding of the importance of anthropogenic and
climate-induced effects in estuarine ecosystems suggests that
alterations in hydrodynamic and geophysical properties (i.e.,
anthropogenic footprint, subsidence, sea-level rise, watershed
management practices, water velocity, and flow patterns) at
the basin scale may ultimately modify these critical aquatic
habitats. Information on the relative roles of these important
conduits for movement highlight the importance of differing
scales of biological and physical processes. The insight gained
from such studies can inform salt marsh conservation and
habitat management efforts (Gillanders et al. 2003; Bretsch
and Allen 2006b).
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