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1.  INTRODUCTION

Freshwater discharge into coastal oceans is an im -
portant biophysical driver of the distributions, trans-
port, and survival of the early life stages of coastal

and estuarine fish assemblages (Grimes & Finucane
1991, Le Pape et al. 2003, Carassou et al. 2012). Al -
though often only a few meters thick, these buoyant
surface features are some of the most influential hydro-
logical processes affecting ecosystem structure and
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ABSTRACT: River plumes discharging into continental shelf waters have the potential to influence
the distributions, predator−prey relationships, and thus survival of nearshore marine fish larvae, but
few studies have been able to characterize the plume environment at sufficiently fine scales to re-
solve the underlying mechanisms. We used a high-resolution plankton imaging system and a sparse
convolutional neural network to automate image classification of larval fishes, their planktonic
prey (calanoid copepods), and gelatinous planktonic predators (ctenophores, hydromedusae, and
siphonophores) over broad spatial scales (km) and multiple pulses of estuarine water exiting Mobile
Bay (Alabama, USA) into the northern Gulf of Mexico from 9−11 April 2016. Fine-scale (1 m) plank-
ton distributions were examined to analyze predator−prey relationships across 3 distinct plume
regimes that varied by degree of wind-forcing and mixing rates. In calm wind conditions, the water
column was highly stratified, and fish larvae and zooplankton were observed aggregating in a re-
gion of river plume-derived hydrodynamic convergence. As winds strengthened, the water column
was subjected to downwelling and highly turbulent conditions, and there was decreasing spatial
overlap between larval fishes and their zooplankton prey and predators. Our results indicate that
high-discharge plume regimes characterized by strong wind-forcing and turbulence can rapidly
shift the physical and trophic environments from favorable to unfavorable for fish larvae. Multiple
pathways for both nearshore retention and advective dispersal of fish larvae were also identified.
Documenting this variability is a first step toward understanding how high discharge events and
physical forcing can affect fisheries production in river-dominated coastal ecosystems worldwide.
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function in coastal, river-dominated regions around
the world. River plumes have a characteristic hydro-
graphic structure that results from the seaward pro-
jection of a turbid, low-salinity water mass. As buoy-
ant plume waters move offshore, they overlay the
higher salinity (denser) coastal shelf waters and are
frequently accompanied by a variety of turbulent
mixing processes as surface plume and shelf waters
converge at the plume front (Garvine & Monk 1974).
Buoyant and surface-seeking planktonic organisms
can be swept up and passively carried by these con-
verging water masses (Bowman & Iverson 1978, Olson
& Backus 1985, Le Fèvre 1987), resulting in both
 re tention and transport mechanisms that aggregate
particulates, including zooplankton and ichthyo-
plankton, in high concentrations near the surface of
the plume front (e.g. Govoni & Grimes 1992, Morgan
et al. 2005, Peterson & Peterson 2008). In this way,
river plumes structure larval fish distributions over
both horizontal (cross-shore) and vertical (depth)
spatial scales (Govoni 1997, Grimes 2001, Carassou
et al. 2012).

Throughout their pelagic life, fish larvae must bal-
ance foraging for prey (e.g. copepods) with avoiding
predators (e.g. gelatinous zooplankton; Houde 2002),
and thus the degree to which river plumes spatially
structure the nearshore plankton community has sev-
eral important implications for larval fish population
dynamics. As freshwater river plumes move through
a coastal ecosystem, food availability and predator
abundance often vary substantially on temporal scales
commensurate with larval fish feeding, growth, and
development. For example, if freshwater input into a
nearshore system results in dense aggregations of
zooplankton, these coastal environments should pro-
vide a recurrent, rich food resource that supports faster
growth and higher survival of fish larvae. Therefore,
via aggregation and retention of larval fishes and
zooplankton, the timing and location of plume fronts
may greatly impact nearshore fish populations, yet
the direct effects of freshwater discharge on fisheries
recruitment are neither clear nor consistent.

River plumes have been linked to higher larval fish
survival in some fisheries (e.g. Grimes & Lang 1992,
Lang et al. 1994, Rissik & Suthers 1996), but not oth-
ers (e.g. Govoni & Chester 1990, Powell et al. 1990),
suggesting that their effects can vary by species,
freshwater source, and region. These inconsistencies
could also be due in part to the fact that the same
physical processes that concentrate fish larvae and
their zooplankton prey within near-surface frontal
zones can also increase encounter rates with known
larval fish predators, such as gelatinous zooplankton

(e.g. ctenophores, hydromedusae, and siphono phores;
Purcell & Arai 2001). These buoyant organisms have
been found to aggregate across frontal boundaries in
a variety of systems (Graham et al. 2001, McClatchie
et al. 2012, Luo et al. 2014), potentially increasing
mortality rates of plume-associated fish larvae. How-
ever, the turbid plume environment may also serve
as a refuge if visual predators are unable to find fish
larvae (Reichert et al. 2010), though it is unclear if
this applies to tactile (non-visual) predators (i.e.
gelatinous zooplankton). The highly dynamic nature
of river plumes may also increase larval fish mortal-
ity. Periods of increased inland precipitation that re -
sult in prolonged coastal flooding events and high
freshwater discharge into the nearshore region could
result in an expansive plume that might transport lar-
vae farther offshore and away from highly productive
estuarine nurseries (Hjort 1926, Govoni 1997). In short,
while it is well understood that river plumes play a
prominent role in driving variability in coastal fish-
eries production and recruitment (Grimes 2001), the
mechanisms behind this variability remain poorly
resolved.

Advancing our understanding of the relationship
between freshwater discharge and larval fish survival
requires an approach that can repetitively quantify
fine-scale in situ distributions of larval fish and their
prey and predators over highly dynamic, large-scale
features. Due to the influence of tides, winds, and
volume of freshwater from upstream sources, river
plumes frequently flood, ebb, meander, and dissipate
on hourly, daily, and seasonal time scales (Stumpf
et al. 1993, Govoni 1997). It is therefore necessary to
examine distributions together with in situ hydrody-
namic conditions over different ‘plume regimes’ (i.e.
volume of freshwater discharge emitted and modifi-
cations to the structure of the plume itself due to tidal
cycles, regional circulation patterns, and wind condi-
tions). Recent developments in plankton imaging
technology and machine learning techniques have
made this comprehensive approach more feasible.

The northern Gulf of Mexico (nGOM) is a river-
dominated region that drains the entire Mississippi
River watershed yet also receives freshwater input
from multiple other sources. Large sediment and
nutrient loadings from both the Mississippi River and
Mobile Bay system drive high primary and secondary
productivity in the region, especially within plume
frontal waters (Turner & Rabalais 1991, Cowan et al.
1996, Lohrenz et al. 1997). In the eastern Mississippi
Bight, large volumes of brackish river/estuarine water
exit through the narrow and shallow passes of Mobile
Bay, regularly emitting large seasonal plumes onto
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the Alabama continental shelf (Dinnel et al. 1990,
Dzwonkowski et al. 2015). This inner shelf region
immediately south of Mobile Bay supports a highly
diverse larval fish assemblage and serves as an
important nursery area for nearshore and estuarine-
dependent fishes (Hernandez et al. 2010a,b). In addi-
tion, the generally well-described hydrographic con-
ditions and shelf circulation of the region (Schroeder
& Lysinger 1979, Dzwonkowski et al. 2011, 2014,
2015), make the Mobile Bay outflow a prime location
to investigate fundamental questions regarding the
effect of river plumes on larval fish ecology.

To examine how river plumes and their associated
fronts affect the fine-scale distributions of larval
fishes and their potential zooplankton prey and
predators, we conducted an integrated physical and
biological study near the Mobile Bay plume front.
We contrasted the physical and biological charac-
teristics of 3 distinct sets of physical conditions or
‘plume regimes’ throughout a peak Mobile Bay flood
event: (1) a stratified water column with a shallow,
low-salinity plume overlying saline coastal shelf
waters in low wind conditions; (2) a deeper, slightly
more mixed plume; and (3) a deep, well-mixed and
highly turbulent plume water mass after the surface
freshwater lens was mostly mixed away by strong
winds. We describe and compare the physical struc-
ture of these habitats, and test for differences
among them in the abundances and spatial relation-
ships of larval fishes and their planktonic prey and
predators.

2.  MATERIALS AND METHODS

2.1.  Study region

Mobile Bay is a wide yet shallow estuary in the
nGOM that receives freshwater from the combined
discharge of the Alabama and Tombigbee Rivers.
The estuarine outflow of Mobile Bay has a long-term
(1976−2011) daily mean discharge of 2656 m3 s−1 dur-
ing the spring season that forms a sizable plume
(Dzwonkowski et al. 2014). While the extent of the
plume varies in response to this flow (Dinnel et al.
1990), Mobile Bay discharges enough brackish water
to produce a buoyant, turbid plume that extends tens
of kilometers onto the continental shelf for much of the
year (Schroeder & Lysinger 1979), with large plumes
occurring when river discharge exceeds 4500 m3 s−1

(Dinnel et al. 1990). For example, Dzwonkowski et al.
(2015) observed an ~8000 m3 s−1 discharge event that
created a plume extending ~60 km offshore of the

mouth of Mobile Bay. The dual outlet geomorphology
of Mobile Bay (i.e. Main Pass to the south and Pass
aux Herons to the west) creates a complex and highly
variable bay/sound/shelf exchange, but modeling
work by Kim & Park (2012) indicated that on average,
64% of the river water passes through a tidal inlet
(Main Pass) into the Gulf of Mexico, while Pass aux
Herons transmits the remainder westward to the Mis-
sissippi Sound. Like most of the estuaries in this
region, the bay has a small diurnal tide (~0.5 m range
at Dauphin Island) that causes the plume to pulse
onto the shelf with ebb currents (Gelfenbaum &
Stumpf 1993). Water column structure (e.g. stratifica-
tion and mixing) on the shelf is largely driven by
wind stress and river discharge (Dzwonkowski et al.
2018a,b). Given the shallow depth of the Alabama
shelf region, wind stress can stimulate a nearly com-
plete mixing of the water column and a downward
advection of surface waters, re sulting in weak, if any,
stratification. However, at other times (e.g. during
light wind conditions) the water column may be
highly stratified, leading to well-defined density
fronts along the plume boundaries that increase the
complexity of their interaction with shelf waters
(Gelfenbaum & Stumpf 1993).

2.2.  River plume sampling

To examine the influence of river plumes on the
spatial distributions of larval fishes and zooplankton
and as part of a larger field campaign for the interdis-
ciplinary Consortium for oil exposure pathways in
Coastal River-Dominated Ecosystems (CONCORDE)
program (see Greer et al. 2018), we collected both in
situ plankton imagery and biological samples during
a 2 wk cruise in the Mississippi Bight aboard the RV
‘Point Sur’ from 30 March to 11 April 2016. Larval
fishes and zooplankton were sampled across multiple
freshwater pulses exiting the mouth of Mobile Bay by
towing the high-resolution In Situ Ichthyoplankton
Imaging System (ISIIS; Cowen & Guigand 2008)
throughout the largest freshwater discharge event of
2016. The ISIIS was towed behind the RV ‘Point Sur’
to sample a transect approximately 20 km in length
that arced from east to west around the mouth of
Mobile Bay. The transect extended ~10−15 km due
south of Main Pass at its apex and ~5−10 km offshore
on either end in depths between 10 and 20 m
(Fig. 1A). All 3 transects were similar in length and
sampled inside of the 20 m isobath. The transect was
sampled 3 times: during daylight hours between
~10:00 and 14:00 h CDT on 9 April and between
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~21:00 and 02:00 h CDT on the nights of 9−10 and
10− 11 April 2016.

Images of fish larvae and zooplankton (Fig. 2) were
captured using the ISIIS, a towed shadowgraph
imager that uses a line-scan camera to sample large
volumes of water (150−185 l s−1; Cowen et al. 2013).
The ISIIS undulates from within ~1 m of the surface
to within 2 m of the bottom using motor-actuated wings
at a horizontal speed through the water of ~2.5 m s–1

and vertical speed of 0.2–0.3 m s–1. Two cameras
imaged zooplankton between approximately 500 μm
and 12 cm in length while simultaneously measuring
salinity, temperature, and depth (Sea-Bird Electron-
ics 49 FastCAT), dissolved oxygen (SBE 43), chl a flu-
orescence (Wet Labs FLRT), and photosynthetically
active radiation (PAR; Biospherical QCP-2300). The
images and oceanographic data are linked by a com-
mon timestamp, which enables a detailed description
of the physical environment for each individual organ-
ism. Full water column profiles were used to quantify
changes in the vertical and horizontal structure of
planktonic distributions, enabling a fine-scale exam-
ination of larval fish distributions and associated
predator and prey fields across each plume regime. A
Bedford Institute of Oceanography Net En vironmental
Sampling System (BIONESS; Open Seas Instrumen-

tation) was also towed within Mobile Bay plume waters
and shelf (non-plume) waters to capture larval fishes
and zooplankton that were used to verifiy ISIIS
image classifications and develop the ISIIS image
library (see Section 2.5).

2.3.  River plume physical characterization

At the same time ISIIS measured the distribution of
planktonic organisms along a transect around the
Mobile Bay outflow, a second vessel (the RV ‘Peli-
can’) sampled a parallel transect ~3 km upstream and
north of the ISIIS transect (Fig. 1A), measuring pro-
files of microstructure turbulence, temperature, con-
ductivity, optical backscatter (800 nm), and fluores-
cence using the Chameleon microstructure profiler
(Moum et al. 1995). River plumes were identified by
their unique physiochemical signatures using a com-
bination of surface-configured (top 1 m) CODE/
DAVIS-style drifting buoys (hereafter referred to as
‘drifters’), ISIIS-mounted environmental sensors
(Sea-Bird SBE 49 FastCAT, Sea-Bird 43, Wet Labs
FLRT, and Biospherical QCP-2300), hull-mounted
shipboard acoustic Doppler current profilers (Tele-
dyne RD Instruments; 300 and 1200 kHz RDI Work-
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Fig. 1. (A) Study area at the mouth of Mobile Bay (Alabama, USA). On 9−11 April 2016, the plankton imager (In Situ Ichthyo-
plankton Imaging System, ISIIS) was towed 3 times in a 20 km long arc (purple line) through the Mobile Bay plume outflow to
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horse, depending on depth), and the Chameleon mi -
cro structure profiler. All Chameleon measurements
extended from the surface to within 2 cm of the bot-
tom, except turbulence, which was contaminated by
instrument vibration in the upper 4 m. Because of
this, it is important to note that the turbulence values
within the plume (upper water column) were likely
higher than reported here. Dissipation was calcu-
lated from the Chameleon microstructure measure-
ments as per Moum et al. (1995). The total turbulent
kinetic energy dissipation rate (W kg−1) for each tran-
sect was calculated by averaging the dissipation over
all depths from 5 m below the surface (the shallowest
turbulence bin) to within 1 cm of the bottom. The
magnitude of turbulence within each water mass was
calculated by averaging above (plume dissipation)
and below (shelf dissipation) the halocline (salinity of
~34; the approximate isocline that delineated plume
from shelf water masses). Average wind speed and
direction were collected from anemometers on the
RV ‘Pelican.’ From this suite of oceanographic data,
we were able to delineate the geographic position,
movement, depth, and boundaries of the Mobile Bay
plume for each day of sampling, yielding a detailed

view of estuarine-shelf processes and corresponding
oceanographic and biological responses.

2.4.  Mean river discharge

River discharge data were obtained from 2 USGS
gauging stations, the Claiborne Lock & Dam on the
Alabama River (USGS 2016a) and the Coffeeville
Lock & Dam on the Tombigbee River (USGS 2016b),
both of which are approximately 238 km upstream of
the mouth of Mobile Bay. These stations are typically
used to compute the river discharge volume that con-
tributes to brackish water exiting the bay in a plume.
Their summed discharge was extrapolated for the
entire delta watershed (Q2) following the method of
Schroeder (1979):

(1)

where Q1 is the summed discharge, A1 is the station
watershed area, and A2 is the delta watershed area
(Fig. 1D). To identify the time of peak river discharge,
measurements were lagged 6 d to account for travel
time from the upriver gauging stations to the mouth

Q Q2
2

1
1

A
A

= ×
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of the bay (Dinnel et al. 1990, Dykstra & Dzwon -
kowski 2020).

2.5.  Plankton image processing and automated
classification pipeline

A sparse convolutional neural network (sCNN) was
used to automate identification of ISIIS-imaged taxa
following the image processing pipeline model of
Luo et al. (2018). Here we present a summary of the
pipeline, which included 4 major steps: (1) back-
ground correction and image segmentation; (2) auto-
mated classification using an sCNN and a training
library specifically built for the Mississippi Bight;
(3) quality analysis and control (e.g. removing classi-
fied data with low-probability values) and confusion
matrix analyses (to obtain correction factors); and
(4) application of correction factors to the final abun-
dance estimates used in this work.

All collected ISIIS images were segmented into sin-
gle frames and the frames were automatically pro-
cessed using a ‘flat-fielding’ technique that removed
image background. Regions of interest (e.g. single
planktonic organisms; hereafter referred to as ‘vi -
gnettes’) were then extracted and saved in prepara-
tion for the automated classification pipeline. The
‘SparseConvNets with Fractional Max-Pooling’ (Gra-
ham 2015) configuration was used to train the sCNN
until an error rate of ≤5% was achieved as per Luo et
al. (2018). The sCNN was trained and tested by ran-
domly extracting and manually identifying 45 594
vignettes originating from CONCORDE transects
spanning 3 surveys across 3 seasons to capture the
diversity of organisms (and image quality due to vari-
able, but high turbidity) in a variety of water condi-
tions (Fig. 2). The training library was composed of
173 unique classes that included biological taxa, par-
ticles, and noise due to Schlieren effects and bubbles
at the surface or at sharp density discontinuities.

The sCNN assigned the probability that each image
belonged to any of the 173 taxon classes; however,
each vignette was assigned to the class with the high-
est probability. A loess model was used to determine
at which probability threshold a cutoff should be
made to reach 90% classification precision (Luo et al.
2018). The model used an independent test set of
15 199 vignettes whose automated classifications were
manually corroborated. This probability filtering was
then applied to remove images whose probabilities
fell below that threshold, which still allowed for the
prediction of true spatial distributions (Faillettaz et al.
2016). At the same time that vignettes were threshold

filtered, classes were re-grouped. This re grouping was
justified because a single taxon was oftentimes repre-
sented by different classes, each comprised of body
orientations/postures, life stages, and sex. Thus, for the
final analyses, after classification and thresholding, the
original 173 classes were condensed into 89 groups.

To evaluate the final automated classification pipe -
line performance, a confusion matrix was generated
for another independent set of 91984 randomly se -
lected classified vignettes. After the filtering thresh-
olds were applied and classes were mapped out into
final groups, F1-scores (harmonic mean of precision
and recall, F1 = 2 × P × R/[P + R]) were calculated
using the number of true positives (TP), false positives
(FP), false negatives (FN), precision (P = TP/[TP + FP]),
and recall (R = TP/[TP + FN]).

Timestamps were then used to merge the classified
imagery data with the environmental data (salinity,
temperature, depth, fluorescence intensity, dissolved
oxygen, and photosynthetically active radiation [PAR])
collected by ISIIS, and these were binned into 1 m
vertical strata along the sampling path through the
water. The resulting data were then used to estimate
concentrations of organisms (ind. m−3) based on the
volume of water imaged, calculated average tow
speed, and time spent by ISIIS in each 1 m vertical
stratum. Finally, a correction factor (sensu Hu & Davis
2006) based on the results of the final confusion matrix
was applied to the concentrations of each group (i.e.
taxon) using the following equation:

(2)

Although there were 89 different groups of plank-
ton taxa in the CONCORDE data, and 693 million
vignettes were identified in an automated fashion
from the 3 plume transects in our field sampling, only
key taxa that were deemed to be ecologically impor-
tant prey or predators of larval fishes were used in
this study (Fig. 2). Furthermore, plankton data were
combined into higher taxonomic categories for ease
of analysis and to better enable the comparison of
fish larvae with their prey and predator groups. The
resulting categories were: the prey category ‘Cala -
noid copepods’ (comprised of original groups Acartia
spp., Centropages spp., Paracalanidae, and unidenti-
fied calanoid copepods informally called ‘small and
stubby’), and the predator categories ‘Ctenophores’
(lobate and cydippid ctenophore classes combined),
‘Hydromedusae’ (comprised of Liriope spp., Clytia spp.,
Mnemiopsis spp., Corymorpha spp., and the Hy dro -
zoa Solmaris spp.), and siphonophores (Muggiaea
spp., Sphaeronectes spp., and various physonects).

Correction factor (taxon) =
Precision rate (taxon)

Recall rate (taxon)
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Calanoid copepods were chosen to represent the
larval fish ‘prey’ category because they are a rather
ubiquitous prey group for many fish larvae in this
region (McNeil & Grimes 1995, Holt & Holt 2000),
including for 2 dominant species. We conducted a
diet study on net-captured fish larvae from stations in
the immediate vicinity of the ISIIS transects during
the same sampling period (8−11 April 2016). En grau -
lidae and Sciaenidae were the 2 most abundant lar-
val fish taxa in both the ISIIS images and the nets,
and gut content analyses on the 2 most common spe-
cies within each family, striped anchovy Anchoa hep-
setus (Engraulidae; n = 166) and sand seatrout Cyno -
scion arenarius (Sciaenidae; n = 172), confirmed that
calanoid copepods were major prey items (Axler 2019).
Similarly, ctenophores, hydromedusae, and siphon o -
phores are known to be voracious predators of fish
larvae (Purcell & Arai 2001) and were therefore se -
lected to represent the ‘predator’ categories.

Images of larval fishes from each transect were
extracted by the sCNN using the same automated
methodology as the zooplankton imagery. However,
since these were rare organisms and their numbers in
the training data set classes were unbalanced with
respect to the more abundant groups, automated
classified larval fish images were manually reviewed
by a human expert to verify correct identifications
and to achieve lower taxonomic classifications than
the sCNN was trained to do. This might have left the
false negative fish larvae unaccounted for; however,
fishing manually for these false negatives would
have been nearly impossible given the large number
of images in this imagery data set.

2.6.  Statistical analysis

To compare distributions of fish larvae and zoo-
plankton across plume regimes, taxa concentrations
(ind. m−3) were calculated by using the volume of
water imaged, average tow speed, and time spent in
each 1 m vertical bin. The length of each horizontal
bin was roughly similar but varied slightly (<10s m)
depending on the tow speed of the ISIIS vehicle and
time spent in each 1 m vertical stratum. The samples
used for analysis were the concentrations of different
taxa in each 1 m vertical depth bin. The samples in
the stratified transect (n = 1918), slightly-mixed tran-
sect (n = 2064), and well-mixed transect (n = 2172)
were summed over each transect, and a Kruskal-
Wallis test was applied to compare concentrations
among the 3 transects for all individual categories
of taxa (fish larvae, calanoid copepods, ctenophores,

hydromedusae, and siphonophores). Normality of
distributions and homoscedasticity of variances were
evaluated by examining diagnostic plots of residuals
in R. Histograms and residual quantile-quantile plots
showed that the concentrations of each taxon among
all transects were highly non-normal. Log(x + 1)-
transformations of the concentration data improved
the spread of the residuals across the fitted values
and resulted in relatively homogeneous variance
among the 3 transects. However, the transformations
did not result in normal distributions of the data, so
concentrations were compared using nonparametric
Kruskal-Wallis tests and post hoc Dunn’s tests for
pairwise comparisons using the ‘FSA’ package (Ogle
et al. 2020) in R (v4.3.1; R Core Team 2019).

Weighted mean depths (WMDs) of larval fishes,
calanoid copepods, ctenophores, hydromedusae, and
siphonophores were calculated to assess differences
in the vertical distributions of taxa over time and by
plume regime following the methods of Frost & Bol-
lens (1992):

(3)

where ni is the concentration of individuals per cubic
meter of taxon i at depth d, which is taken to be the
shallowest point of each 1 m depth stratum.

Concentrations (ind. m−3) of 1 m vertically binned
organisms were also used to assess the fine-scale cor-
relations between fish larvae, prey, and predator taxa,
as well as to determine whether high abundances of
organisms were correlated with different environmen-
tal variables (temperature, salinity, oxygen, fluores-
cence) across plume regimes using non- parametric
Spearman rank correlation coefficients. The signifi-
cance levels of the correlation coefficients were de -
termined using an approximation of the Student’s t
distribution in the ‘Hmisc’ package in R (Harrell 2019),
with a conservative p-value significance threshold of
0.01. Data visualization was performed in R (R Core
Team 2019) using the packages ‘dplyr’ (Wickham et
al. 2018) and ‘ggplot2’ (Wickham 2016) and in MAT-
LAB (MathWorks’ MATLAB, version R2018b).

3.  RESULTS

3.1.  Environmental and physical 
oceanographic setting

In mid-April 2016 under high river discharge con-
ditions, Mobile Bay emitted a brackish plume into
the nGOM coastal waters, but its position and physi-
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cal structure were modified greatly by wind-forcing
and ambient circulation. We sampled 3 distinct plume
regimes (transects) that varied by degree of wind-
forcing, turbulence, and resulting water column mix-
ing: on 9 April we sampled a highly stratified water
column with a shallow plume in low wind conditions,
on 9−10 April, a deeper, slightly-mixed plume, and
on 10−11 April, a deep, well-mixed and highly turbu-
lent plume water mass under high wind stress.

Average river discharge (≤2000 m3 s−1) and light
westerly winds (≤9 knots on average) prevailed the
week preceding our sampling efforts. On 7−8 April,
river discharge increased to nearly 5000 m3 s−1, and
winds were highly variable though primarily from the
west (Fig. 1B−D), setting up a stratified water column
with a shallow lens of turbid, low-salinity plume water
overlying the clearer, higher-salinity shelf water for
our first day of sampling. On 9 April, upwelling condi-
tions (westerly winds) forced the plume offshore
(south) where it was advected eastward by shelf cur-
rents (Fig. 3A,D). The plume-tracking drifters, re-
leased on 9 April 2016 at ~15:00 h from the eastern
and central side of Main Pass, verified these observa-
tions by moving offshore and to the east (Fig. 1A). In
contrast, drifters released on the west side of Main
Pass were retained for nearly 7 h in a localized region
~5 km south of Dauphin Island and 10−15 km west of
Main Pass, likely due to the strong hydrodynamic
convergence associated with eastward wind-driven
currents on the shelf arresting the westward expan-
sion of the surface-advected tidal plume exiting Mo-
bile Bay. During these low wind conditions, the turbu-
lent kinetic energy dissipation rate (ε) was 1.2 × 10−6

W kg−1 averaged over the entire water column, 2.7 ×
10−6 W kg−1 averaged within and slightly below the
plume (water with salinity approximately 34 or less),
and 6.6 × 10−7 W kg−1 averaged in the underlying shelf
waters (Fig. 4A). The near-surface plume was ob-
served in the middle portion of our transect with an
east− southeastward velocity of ~0.3 m s−1, while some
shoreward (northward) advection of near-bottom water
was observed below the plume (Fig. 3D). Light winds
and a shallow (~3 m thick), low-salinity plume created
a distinct halocline with a salinity difference >15 that
separated the relatively fresh and turbid water of the
plume from the saltier, clearer  water below (Fig. 4A).
Strong stratification between layers limited the verti-
cal exchange of suspended sediments and chlorophyll
a (as observed in the fluorescence plots, Fig. 4A).

Overnight on 9−10 April, winds switched from light
and variable to light and predominately southwest-
ward, with winds averaging 6.9 knots (Fig. 1B,C).
The switch trapped the western portion of the plume

against the shallow mouth bar, causing the halocline
and chlorophyll layer to deepen to ~8 m and produc-
ing a much thicker plume than was observed in the
first transect (Fig. 4B). The plume in the eastern por-
tion of the transect continued advecting southeast-
ward by strong near-surface currents (Fig. 3E; ≥0.5 m
s−1) and an ebbing tide. Turbulence dissipation in -
creased with the higher river input to 2.1 × 10−6 W
kg−1 averaged over the entire water column and 4.2 ×
10−6 W kg−1 averaged in the plume, and decreased
slightly in the underlying shelf waters to 5.7 × 10−7 W
kg−1, which continued their slow (~0.1−0.2 m s−1)
shoreward movement (Fig. 4B).

A very different regime of wind, stratification, and
mixing was observed the night of 10−11 April (Fig. 3C).
The wind shifted direction and began blowing strongly
from the east−southeast, building to nearly 20 knots
(Fig. 1B,C). This advected the surface waters inshore
against the Alabama coastline as evidenced by the
reversal in direction of the drifters at ~10:00 h (Fig.
1A). At the same time, the deeper ambient shelf cur-
rents switched to the southwest in response to the
wind forcing and traveled seaward at ~0.3 m s−1 (Fig.
3F). Further, the change in wind direction, shifting
from upwelling favorable to downwelling favorable,
likely dissipated (or at least re duced the intensity of)
the region of convergence on the western end of the
transect, releasing the 2 stalled drifters and allowing
them to enter a westward-directed buoyant coastal
current on the following ebb tidal plume that ulti-
mately pulled them into the Mississippi Sound (Fig.
1A). These intense downwelling conditions eroded
the stratification and homo genized the upper 10 m of
the water column to a near-uniform salinity of 25
(Fig. 4C; the exception being a 5 m deep, 2 km wide
eddy with salinity of 20 that was observed by RV ‘Pel-
ican’ at 88.1° W). Meanwhile, the Mobile Bay outflow
reached the highest discharge of the entire year of
~5944 m3 s−1 on 10 April (Fig. 1D). Turbulence dissipa-
tion rates increased 3-fold from the first transect to
3.7 × 10−6 W kg−1 averaged over the entire water col-
umn. Average dissipation was 4.2 × 10−6 W kg−1

within the plume and 8.9 × 10−7 W kg−1 in the under-
lying shelf water. Note that the plume shifted even
farther east, so the strongest turbulence and east-
ward currents were observed on the eastern half of
the transect, and within the eddy at 88.1° W (Fig. 4C).
In summary, buoyant plume waters were character-
ized by both stronger currents and higher turbulence
than the underlying and adjacent shelf waters. There
was also a trend of heightened current velocity and
turbulence over the study period as wind speeds
increased.
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3.2.  Fine-scale vertical and horizontal distributions
of key taxa across different plume regimes

Fish larvae and zooplankton exhibited large spatial
and temporal variability in their overall abundances
and vertical and horizontal distributions across the 3
different plume regimes. A total of 941 fish larvae

were manually verified from the automated classified
images. The most abundant families were En -
graulidae (28.7%), Sciaenidae (19.3%), Microdesmi-
dae (12.0%), and Gobiidae (4.3%). Approximately
33% of larval fishes found were not identifiable to
family level due to poor image quality, fish orienta-
tion into the camera, or a lack of visible meristics.

45

 88.40  88.20   88°W  87.80

  30°N 

 30.10

 30.20

 30.30

 30.40

 30.50

 30.60

0 4 8 12
 km

20

22

24

26

28

30

Sa
lin

ity

 88.40  88.20   88°W  87.80

  30°N 

 30.10

 30.20

 30.30

 30.40

 30.50

 30.60

0 4 8 12
 km

20

22

24

26

28

30
Sa

lin
ity

 88.40  88.20   88°W  87.80

  30°N 

 30.10

 30.20

 30.30

 30.40

 30.50

 30.60

0 4 8 12
 km

20

22

24

26

28

30

Sa
lin

ity

La
tit

ud
e

10 m

20 m

Longitude

A

B

C

10 m

20 m

10 m

20 m

0.5 m s-1
near-surface velocity
near-bottom velocity

-88.25 -88.2 -88.15 -88.1 -88.05 -88 -87.95 -87.9 -87.85

30

30.05

30.1

30.15

30.2

30.25

wind

10
20 kts

10 m

20 m

D

0.5 m s-1
near-surface velocity
near-bottom velocity

-88.25 -88.2 -88.15 -88.1 -88.05 -88 -87.95 -87.9 -87.85

30

30.05

30.1

30.15

30.2

30.25

wind

10
20 kts

20 m

10 m

E

0.5 m s-1
near-surface velocity
near-bottom velocity

-88.25 -88.2 -88.15 -88.1 -88.05 -88 -87.95 -87.9 -87.85

30

30.05

30.1

30.15

30.2

30.25

wind

10
20 kts

20 m

10 m

F

Fig. 3. (A−C) Series of near-surface (<2 m) salinity values measured by the arcing tows of the ISIIS around the mouth of Mobile
Bay show the stratified (A), slightly-mixed (B), and well-mixed (C) plume regimes sampled during the large discharge event in
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Fig. 4. Environmental data profiles of the Mobile Bay nearshore region during: (A) stratified (9 April), (B) slightly mixed (9−10
April), and (C) well-mixed (10−11 April) plume regimes from spatiotemporally similar Chameleon microstructure transects 

(left panels) and ISIIS transects (right panels). Black lines indicate bathymetry
(continued on next page)
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The abundance of larval fishes in the ISIIS images
was highly variable across plume regimes: peak lar-
val fish concentrations differed significantly among
the 3 transects (log(x + 1)-transformed, Kruskal-Wal-
lis: H = 170.58, df = 2, p < 0.0001). Zooplankton con-
centrations (ind. m−3) also differed significantly across
the 3 plume regimes for all taxa (log(x + 1)-trans-
formed Kruskal-Wallis tests, p < 0.05 for all taxa com-
parisons; Fig. 5), beginning as a dense, multi-taxon
aggregation in the upper 6 m of the water column
during the stratified regime (Fig. 6A) and becoming
increasingly dispersed, with most taxa decreasing in
concentration over the study period as turbulence
and advective processes strengthened over time
(Fig. 5).

Biological aggregation occurred on the western
end of the transect where drifters indicated elevated
hydrodynamic convergence (Fig. 7A,D,G,J,M). Pre-
vailing westerly winds and upwelling-favorable con-
ditions during the week prior to sample collection
suggests that this frontal convergence may have
been present for at least a few days, aggregating
plankton and creating a potentially rich feeding
environment for fish larvae. The highest concentra-
tions (±SE) of transect-averaged larval fishes (0.321 ±
0.014 ind. m−3), calanoid copepods (5.36 ± 0.096 ind.
m−3), cteno phores (0.283 ± 0.012 ind. m−3), and
siphonophores (1.86 ± 0.042 ind. m−3) occurred in

these low-wind, stratified conditions likely due to the
dense accumulation of plankton in the convergent
region. The WMD of fish larvae was 3.9 m, which was
within 1.5 m of the WMD of both prey and predator
taxa, all of which were distributed slightly more
deeply than fish larvae (Fig. 6A). While most of the
biomass was concentrated in the western end of the
transect, fine-scale distributions of organisms varied
greatly by distance along the transect. The middle
portion of this transect, for example, was subjected to
the direct eastward flow (~0.3 m s−1) of the plume
(Fig. 3D). As a result of this offshore advection, rela-
tively few fish larvae and gelatinous zooplankton
were observed in these regions (Fig. 7A,D,G,J,M).
Calanoid copepods were densely clustered at both
east and west ends of the transect, but less concen-
trated in the middle of the transect where the plume
currents were strongest. Interestingly, fish larvae
were found to co-occur with their copepod prey on
the western end of the transect but not the eastern
end, where a similar aggregation of calanoid cope-
pods was recorded.

As the halocline deepened the following night of
9−10 April, fish larvae were distributed more deeply
in the water column (~5.4 m) and at approximately
the same WMD as calanoid copepods (5.0 m; Fig. 6B).
Gelatinous zooplankton varied across this transect,
with hydromedusae more deeply distributed (6.3 m)

47

Fig. 4 (continued)



Mar Ecol Prog Ser 650: 37–61, 2020

while ctenophores and siphonophores were shal-
lower than in the previous transect (3.6 and 4.6 m,
respectively). As river discharge continued to in -
crease and ebb tidal currents advected the plume off-
shore, all taxa decreased in overall abundance and
became patchier in distribution (Fig. 7B,E,H,N) with
the exception of hydromedusae, which became sig-
nificantly more abundant (Fig. 5) and appeared to
aggregate along the halocline (Fig. 7K). A patch of
fish larvae remained concentrated on the western
edge of the transect, suggesting that the region of con-
vergence was still present, yet plume currents were
strong enough to disperse most of the fish larvae and
zooplankton eastward and offshore (Fig. 7B).

As the winds reversed and strengthened overnight
on 10−11 April and mixing increased further, larval
fishes and zooplankton became even less abundant
overall (Fig. 5) and more dispersed in their fine-
scale distributions (Fig. 7C,F,I,L,O), consistent with
both horizontal advection by wind and tidal currents
and vertical mixing. Fish larvae were even more
deeply distributed (6.5 m WMD) than in the previ-
ous 2 transects and were on average 1.5 m deeper
in the water column than their potential copepod
prey, yet also 1.2 to 1.5 m deeper than the gelatinous
taxa (hydromedusae and siphonophores; Fig. 6C).
Cteno phores were entirely absent from the well-
mixed plume regime. It seems likely that the region

of elevated convergence observed in the stratified
transect is a regularly oc curring feature as calanoid
copepods and hydromedusae were detected re-
aggregating within this same region during the next
ebb tide (Fig. 7F,L).

3.3.  Physical and biological correlations

Spearman correlation coefficients indicated that
the fine-scale physical environment experienced by
our focus plankton categories varied widely across
the different plume regimes. In general, plume water
was characterized by significantly lower salinity (≤25)
yet higher fluorescence (≥0.4 V) and oxygen (≥9 mg l−1)
than the underlying shelf water, with increasing
stratification in the water column (Fig. 4). Tempera-
ture varied little (<1°C) between the water masses,
although Mobile Bay plume water was generally
slightly warmer (≥20.8°C on average) than the under-
lying coastal shelf water (≤20.3°C).

In low wind and stratified conditions (9 April), con-
centrations of fish larvae, calanoid copepods, cteno -
phores, hydromedusae, and siphonophores were sig-
nificantly positively correlated with fluorescence and
negatively correlated with salinity, reflecting their
close association with the highly productive, low-
salinity plume water masses (Fig. 8A). In the slightly
mixed regime (9−10 April), stronger winds began
eroding the stratification between water masses and
resulted in weaker and more variable correlations be-
tween physical conditions and taxa concentrations
(Fig. 8B). For example, fish larvae and siphonophores
became less associated with the plume and not sig-
nificantly correlated with any of the physical variables
measured. Only copepods and ctenophores re mained
correlated with plume water masses. In the well-
mixed regime (10−11 April), wind-induced down-
welling largely homogenized the water column in the
upper 10 m, although high-salinity (~35) shelf waters
remained in the bottom 2−3 m. Fish larvae, calanoid
copepods, and siphonophores had generally weak
and variable relationships with all physical variables,
likely indicative of their variable distributions through-
out the highly mixed plume water mass characterized
by moderate salinity (~25), oxygen (10−11 mg l−1), and
fluorescence (0.5−0.7 V; Fig. 8C). Hydromedusae, how-
ever, were slightly correlated with higher fluorescence
and more oxygenated waters. Thus it appears that
while hydromedusae may have more closely tracked
the plume’s movements, larval fishes, copepods, and
siphonophores were more variably dispersed through-
out this well-mixed plume water mass.
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3.4.  Predator−prey spatial relationships

Spearman correlation coefficients were also used to
examine the spatial overlap of larval fishes with
different prey and predator categories across the 3
plume regimes. In the stratified, more stable plume
regime, fish larvae were significantly and positively
correlated with their calanoid copepod prey and all
categories of gelatinous predators (p < 0.01; Fig. 8A).
As the volume of brackish water entering the Alabama
continental shelf increased in the slightly-mixed plume
regime, fish larvae remained significantly correlated

with their copepod prey (p < 0.0001) but became
slightly less spatially correlated (though still significantly
so) with ctenophores (p < 0.01) and siphonophores
(p < 0.01) and not significantly correlated with hydrom-
edusae (p = 0.82; Fig. 8B). In the well-mixed plume
regime, where downwelling, strong currents, and tur-
bulence affected ~80% of the water column, fish lar-
vae were not significantly spatially correlated with ei-
ther their prey or predators (p > 0.01; Fig. 8C). In other
words, as wind-forcing, turbulence intensity, water col-
umn mixing, and advection processes strengthened,
the spatial overlap among organisms decreased.
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4.  DISCUSSION

River plumes encountering shelf seas create com-
plex nearshore dynamics. Analyses of the fine-scale

(1 m) vertical and horizontal spatial distributions of
larval fishes and their zooplankton prey and predators
enabled a comprehensive examination of the changes
in overall abundances and spatial correlations among

50

Fig. 7. Fine-scale distributions showing the aggregated concentrations (ind. m−3) of key taxa for (A−C) fish larvae, (D−F)
calanoid copepods, (G−I) ctenophores, (J−L) hydromedusae, and (M−O) siphonophores imaged by the ISIIS during sampling
of the stratified (9 April; top panel in each plot), slightly-mixed (9−10 April; center panel), and well-mixed (10−11 April; bottom
panel) plume regimes. Each point corresponds to the concentration of individuals within that 1 m sampling bin. Note the
change in scale range among different biological categories. No ctenophores were captured in the well-mixed plume regime 

on 10−11 April 2016
(continued on next pages)



Axler et al.: Plume biophysical effects on fish larvae

organisms across different regimes of wind-stress and
mixing in a highly dynamic river plume system. While
it is well-established that meso scale frontal features
cause major variations in physical oceanography and
the distributions of organisms (e.g. Kiørboe et al. 1988,
Munk et al. 2002, Lee et al. 2005), the use of an in situ
plankton imager allowed for a substantially higher-
resolution investigation of river plume processes than
has previously been  possible.

4.1.  Larval fish distributions and predator−prey
relationships across different plume regimes

High frequency, fine-scale sampling during a high
river discharge event revealed the formation and
 dissipation of a multi-taxon biological aggregation
over very short time scales. This aggregation was
driven by a combination of plume-derived conver-
gence, wind-induced downwelling, and advective
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processes. Previous studies have documented ele-
vated concentrations of larval fish and zooplankton
near coastal river plumes (Govoni et al. 1989, Grimes
& Finucane 1991, Morgan et al. 2005), yet the high
spatiotemporal resolution of our sampling enables
further insight into the physical processes responsi-
ble for the extreme variability of these biological
phenomena. For example, the use of drifters provided
real-time observations of the Mobile Bay plume

movements and enabled interpretations of why the
highest biomass in our study period occurred during
low-wind, stratified conditions on the ‘downstream’
side (west) of the Mobile Bay plume. The observed
plankton aggregation was likely a result of the
hydrodynamic convergence of an ebb tidal plume
with alongshore currents and ambient shelf waters,
causing a retention of fish larvae, zooplankton, and
drifters.
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In these low-wind and stratified conditions, we
observed high spatial correlations of fish larvae with
calanoid copepods, a key prey item that both
engraulids and sciaenids (the 2 most abundant fish
families in the study region) are known to consume
(McNeil & Grimes 1995, Holt & Holt 2000, Axler
2019). Because spatial overlap with prey is ulti-
mately required for successful feeding, this docu-
mented overlap likely provides abundant feeding

opportunities for fish larvae distributed near the
Mobile Bay plume outflow in both stratified and
mixed conditions. In a companion study, larval
striped anchovy and sand seatrout collected at a sta-
tion near the western end of the stratified ISIIS tran-
sect on 9 April 2016 were analyzed for condition
(via morphometric analysis) and growth (otolith
microstructure). For both species, larvae from high
salinity water masses (>32) were fatter at length and
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grew significantly faster over the last 3 d of life than
conspecifics from within the plume water mass (≤25
salinity) farther east of this convergence region
(Axler et al. 2020, this Theme Section). These data
demonstrate that high feeding success was occur-
ring in the same spatial and temporal location
where fish larvae overlapped with their calanoid
copepod prey. Spatial overlap, in this case caused
by physical retention within a plume-derived con-

vergent region, ultimately led to successful preda-
tor−prey interactions, feeding, and larval growth.

Fish larvae also showed a high degree of spatial
correlation with gelatinous zooplankton predators at
the western end of the stratified transect, suggesting
the potential for high predation pressure in these
conditions. Hydromedusae, in particular, increased
in biomass throughout this high discharge event and
were widely prevalent throughout the water column.
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This is not surprising, considering that gelatinous
zooplankton are known to aggregate along density
discontinuities (Graham et al. 2001, Bakun 2006).
However, given the fairly high abundances of larval
fishes near these high concentrations of gelatinous
zooplankton, it seems probable that the larvae have
some ability to avoid these tactile predators.

Over the following days, high river discharge pro-
duced a large plume pulse that moved through the
study region and, when subjected to strong winds
and turbulence, caused much of the inner shelf water
column to mix. Our study revealed that biological
taxa became less abundant and more deeply distrib-
uted as wind-forcing increased and the system
changed to downwelling. It is possible that some of
the larger, stronger-swimming organisms were capa-
ble of actively migrating out of the plume water
mass, while smaller, less motile individuals were
transported out of the survey region by the advective
processes modifying the plume structure and loca-
tion. Regardless of whether the mechanism was bio-
logical or physical, strong currents and water column
turbulence, amplified by the large discharge event,
dispersed the planktonic aggregation, reducing the
probability of larval contact with both prey and pred-
ators, thus simultaneously creating a poor feeding
environment but a potential refuge from predators.
There may be an ecological ‘sweet spot’ here, wherein
a stratified water column under enough plume influ-
ence and microturbulence to facilitate larval encounter
with prey (e.g. ‘plankton contact hypothesis’; Roth-
schild & Osborn 1988, MacKenzie & Kiørboe 1995,
MacKenzie 2000) is combined with high enough tur-
bulence and fast-flowing currents to reduce preda-
tion by poorly-swimming, tactile gelatinous preda-
tors. However, conditions that decrease larval fish
spatial overlap with their prey likely result in inade-
quate food resources for sufficient larval fish growth,
potentially resulting in lower survival of larvae in
those locations. During years when freshwater dis-
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Fig. 8. Spearman correlation matrices for 1 m binned organ-
ism concentrations (ind. m−3) and physical variables de-
tected along full water column transects for: (A) stratified (9
April), (B) slightly-mixed (9−10 April), and (C) well-mixed
(10−11 April) plume regimes. Correlation coefficient values
are given in each square; <1 indicates a strong negative cor-
relation, 0 means there is no association between the 2 vari-
ables, and >1 indicates a strong positive correlation. Positive
correlations are displayed in blue and negative correlations
in red, and color intensity is proportional to the correlation
coefficient. Correlations with p > 0.01 were considered in-
significant and left blank (white). No ctenophores were cap-
tured in the well-mixed plume regime on 10−11 April 2016
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charge is anomalously high for long periods of time,
this mechanism may contribute to a reduced number
of recruits joining the adult population, an outcome
that remains to be tested. Measuring the success of
such cohorts would entail sustained high-resolution
in situ sampling combined with individual growth
analyses and cohort tracking, together a substantial
research endeavor. Short of such an extensive collab-
orative study, results of the present study are a first
step towards improving our understanding of larval
fish survival under different plume regimes. Further,
these observations underscore the extreme spatio -
temporal variability in the physical (hydrographic
gradients, currents, turbulence) and biological (preda-
tor− prey spatial overlap) environment relevant to indi-
vidual fish larvae and inherent to river-dominated
ecosystems, reiterating the need to study both the
biology and the physics of these systems at much
finer scales (and over more extensive domains) than
has previously been done.

4.2.  Implications for retention and dispersal of
plankton in river-dominated coastal ecosystems

Aside from their high biological productivity, river
plumes are thought to play an important role in fish
population dynamics and recruitment by providing
pathways for nearshore retention and dispersal of
fish eggs and larvae. For example, river plumes have
been observed transporting young stages into or
away from estuarine nursery areas (Nelson et al.
1977, Shaw et al. 1985) or areas of recruitment to
adult stocks (Power 1986). Eggs and early larvae can
be transported by river discharge from spawning
grounds to nursery habitats or, depending on the pre-
vailing circulation patterns and physical forcing,
away from favorable habitat before larvae have fully
developed — thereby negatively impacting recruit-
ment, as has been observed with larval gulf menhaden
Brevoortia patronus (Govoni 1997) and juvenile At -
lantic croaker Micropogonias undulatus (Carassou et
al. 2011). In this way, it is thought that survival in
some systems may be more transport-constrained
than food-limited (Parrish et al. 1981).

Analysis of plume-tracking drifter tracks revealed
multiple pathways for nearshore larval retention and
dispersal near the mouth of Mobile Bay, including
hydrodynamic convergence, wind-stress, horizontal
advection, and micro-scale turbulence. Hydro dy -
namic convergence has long been thought to accu-
mulate fish larvae and zooplankton within river
plume frontal zones in a variety of systems, including

the Mississippi River (Govoni et al. 1989), Columbia
River (Morgan et al. 2005), and Rhône River (Sabatés
1990). Not only does it increase spatial overlap of
zooplankton and thus provide potentially favorable
feeding environments as noted above, but it can also
serve as an important retention mechanism for coastal-
spawning species that use the inner shelf or adjacent
estuary as nursery grounds (Govoni et al. 1989, Gov-
oni & Grimes 1992). However, mechanisms of reten-
tion and dispersal can differ greatly among different
river plume systems and physical forcing conditions.
While we observed maximum concentrations of organ-
isms on the ‘downstream’ side of a surface-advected
plume, Tilburg et al. (2007) observed patches of lar-
val blue crabs Callinectes sapidus aggregating on
the ‘upstream’ side of a Delaware Bay (USA) plume
characterized by weak subtidal circulation and little
buoyancy-driven forcing. The authors concluded that
blue crab larvae appear to use these coastal null
zones to maintain their position nearshore. There-
fore, depending on the hydrodynamics of the system
and prevailing oceanographic conditions, there may
be multiple pathways that favor larval retention
within productive inner shelf regions.

Due to the shallow nature of the Alabama conti-
nental shelf, wind can also cause dramatic changes
in the structure and location of the plume, as evi-
denced by the complete reversal of the seaward-
moving drifters during strong southeast winds on
10−11 April that pushed surface waters against the
Alabama coast. Over the same time period, concen-
trations of larval fish and zooplankton (with the
notable exception of hydromedusae) were reduced
in the upper water column, likely because the water
masses they resided in were pushed shoreward and
replaced with plankton-poor water masses. The
landward advection of the offshore extension of the
plume after the transition from upwelling to down-
welling favorable winds is a well-known nearshore
retention mechanism that has previously been de -
scribed for the Alabama continental shelf (Dzwon -
kowski et al. 2015) as well as for other systems such
as the Columbia River plume (Hickey et al. 2005,
Horner-Devine 2009). Depending on the tidal cycle
and prevailing wind conditions, plankton residing
near the bottom of the water column can be ex -
posed to a different set of physical forces than
plankton near the surface. At the same time that
southeast winds caused downwelling of surface
waters, deeper water masses continued moving sea-
ward. Thus, while surface plankton were pushed
rapidly shoreward (nearshore retention mechanism),
deeper plankton were advected offshore (dispersal
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mechanism). A pre vious study of the planktonic
eggs of striped anchovy and drum (Sciaenidae)
found that variability in the distribution of eggs was
driven by the magnitude of river discharge, ambient
circulation patterns in the region, and spawning
location of the adults (Marley 1983). Despite the
seaward flow of plume water near the surface, a net
landward movement of denser, coastal shelf water
along the bottom resulted in the retention of fish
eggs spawned in and around the mouth of Mobile
Bay (Marley 1983). Temperate fishes, particularly
those that prey upon zooplankton, frequently spawn
near mesoscale (20−200 km) oceanographic features
such as river plumes, eddies, and other frontal
zones potentially to directly release larvae in regions
that support high prey concentrations (Kiørboe et al.
1988, Munk et al. 1999, Richardson et al. 2009). Upon
hatching, larvae may use be havioral responses (e.g.
vertical or horizontal swimming; Rijnsdorp et al.
1985, Epifanio 1988, Paris & Cowen 2004) to take
advantage of favorable currents at different depths
(e.g. tidal actions, shoreward currents underlying
river plumes) to stay near suitable nursery habitats
or otherwise reduce dispersive losses away from
highly productive nearshore regions. Therefore, de -
pending on ontogenetic stage and prevailing physi-
cal conditions, behavior may play a more critical
role in the nearshore retention of fish larvae in river-
dominated coastal ecosystems.

While the physical processes discussed so far pro-
duce conditions that retain and aggregate larval
fishes and zooplankton near river systems, wind-
forcing and shear between water masses can create
turbulence capable of breaking down aggregations
of zooplankton, mixing the water column, and dis-
persing individuals. In this study, we observed the
rapid formation and dissipation of a plankton aggre-
gation. While this was likely in part due to the hori-
zontal advective processes discussed above, turbu-
lence dissipation rates over the entire water column
in creased 3-fold from the first transect to the third
transect. Over the same period of time, fish larvae
transitioned from being spatially correlated with all
prey and predator categories in the first transect to
spatially correlated with no other taxa by the third
transect. This disruption of biological aggregations
is similar to the effects of internal waves on dense
aggregations of larval fishes and their copepod prey
off of Stellwagen Bank, Massachusetts (Greer et al.
2014). By mixing the stratified water column and
forcing larval fishes into deeper water, the passage
of internal waves reduced the spatial overlap be -
tween fish larvae and copepods while increasing

their overlap with the more deeply distributed
gelatinous zooplankton predators. Because of the
disrupting effect that turbulence has on fine-scale
planktonic distributions and the transport of organ-
isms to areas of favorable or unfavorable prey and
predator encounters, tidal- or wind-driven turbu-
lence is often considered an important factor affect-
ing fish recruitment. For example, by increasing
encounter rates of larval fishes with their planktonic
prey, micro-scale turbulence in the water column
has been considered to be critical to larval fish sur-
vival (Rothschild & Osborn 1988). Consistent with
other studies (Munk & Kiørboe 1985, MacKenzie et
al. 1994, Greer et al. 2014), our results suggest that
low levels of turbulence in the pelagic environment
enhance larval fish prey contact and potentially
feeding up to a certain point, until turbulence be -
comes too strong and disperses normally persistent
aggregations of prey.

Although biological distributions in our study are
interpreted with regard to the effects of physical forc-
ing, behavior may also contribute to these distribu-
tions. It is possible that the observed vertical distribu-
tions of taxa may have been partially influenced by
nocturnal or reverse diel vertical migration (DVM)
behaviors, wherein organisms migrate upward at
dusk and downward at dawn or vice versa, respec-
tively. Previous studies using acoustic backscatter
measurements have shown that zooplankton vertical
migrations change in a variety of ways in response
to the presence of river plumes and stratification
(Pearre 2003, Sindlinger et al. 2005). For instance,
Parra et al. (2019) hypothesized that the strong halo-
cline of a deepening Mississippi River plume can act
as barrier for some vertically migrating zooplankton.
However, we did not detect DVM behaviors despite
the fact that ISIIS was undulated from near-surface to
near-bottom through the entire water column. Fur-
ther, due to the shallow nature of the Alabama shelf
and our observations of the strength and degree of
influence of the physical forcing (i.e. wind, river dis-
charge, turbulence) and circulation patterns (i.e. ebb
tidal plumes, coastal currents) dominating the water
column, oceanographic features likely play a much
larger role in structuring larval fish and zooplankton
distributions than DVM-induced swimming behavior
alone in this region. Ultimately, mapping the flow
patterns and physical characteristics of these dy namic,
river-influenced shelf regions and examining the
fine-scale distributions of fish larvae across these
regions is critical to understanding different dispersal
and retention pathways for fish larvae in and around
these highly variable environments.
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5.  CONCLUSIONS

Fine-scale (1 m) spatial relationships provide in -
sights into how river plumes structure larval fish dis-
tributions and their predator−prey relationships, with
the variability in distributions largely driven by the
degree of wind-stress, magnitude of brackish water
discharge, and ambient circulation patterns in the re-
gion. Previous studies have found that fisheries pro-
duction is generally higher in coastal river-influenced
ecosystems than in regions not under freshwater in-
fluence (Moore et al. 1970, Sánchez-Gil et al. 2008).
Our analysis of in situ biological distributions with
concurrent, high-resolution descriptions of their phys-
ical environment has enabled a fine-scale examination
of the mechanisms underlying such regional observa-
tions. The aggregation and retention of planktonic prey
(copepods) in a stratified water column near the Mo-
bile Bay plume suggests that under stable conditions
with minimal wind-forcing, distribution near a coastal
river plume could facilitate en hanced prey contact
and thus increase survival of fish larvae. However, our
documentation of the spatial separation of fish larvae
from their prey with increasing wind-stress and turbu-
lence indicates that this relationship can quickly
change. Rapid shifts in the biophysical structure of the
nearshore water column during high discharge events
may negatively impact larval fish survival (see also
Axler et al. 2020). Therefore, our results suggest that
the environmental conditions inherent of a fresh-
water-influenced coastal region can indeed enhance
larval fish survival via bottom-up processes (feeding),
but if physical forcing in the system becomes over-
whelming (in this case via wind-stress in conjunction
with high river discharge) and begins to dominate bi-
ological interactions, the habitat can quickly become
unfavorable for larval fishes.

Ultimately, the observed environmental variability
inherent in this river-dominated region highlights
how rapidly the trophic environment can shift from
favorable to poor (abundant to scant prey supply; low
to high predator contact) for fish larvae over rela-
tively small vertical scales (~10 m) and short tempo-
ral scales (hours to days) depending on wind-forcing
and advective regimes. In a system this dynamic, the
precise location and timing of sampling plays a large
role in the observed results. Due to the coarse resolu-
tion of most ichthyoplankton sampling, the extreme
variability in a larval fish’s biophysical environment
is rarely documented at this level of resolution, which
likely underlies the large body of contradictory liter-
ature on the subject of larval fish survival and mortal-
ity in freshwater-influenced regions around the

world. Future climate projections for the nGOM are
variable and uncertain, but general global patterns
portend increases in weather extremes such as heavy
precipitation storms, anomalously high freshwater
discharge events, and wind speeds (Coumou & Rahm-
storf 2012, Bruyère et al. 2017, Zeng et al. 2019).
Examining fine-scale biological patterns in response
to real-time changes in variable estuarine−shelf pro-
cesses and coastal physical forcing is a first step
toward understanding how future climate scenarios
will affect fisheries production in river-dominated
coastal ecosystems worldwide.
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