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Abstract Planktonic larvae combine directed swimming and
functional sensory systems to locate benthic habitats. Some
adult marine fishes use chemical cues for orientation to spe-
cific habitats, but olfactory function for estuarine fish larvae
has received little research attention. This laboratory study
quantified behavioral responses of red drum (Sciaenops
ocellatus) larvae to estuarine chemical cues to examine the
role of water chemistry as an orientation cue for locating or
remaining in settlement habitat. Spontaneous activity (kinesis)
was measured for pre-settlement-size larvae exposed to artifi-
cial sea water (as a negative control) and one of six treatments
(sterilized sea water, sea water from a channel at ebb tide, sea
water from a channel at flood tide, sea water from seagrass
habitat, tannic acid dissolved in sterilized sea water, or lignin
dissolved in sterilized sea water). Larvae that reached a size of
competency to settle (approximately 10 mm standard length)
swam faster when exposed to lignin dissolved in sterilized sea
water than in other treatments; smaller larvae showed no re-
sponse. Olfactory preference (taxis) was tested using a paired-
choice experiment. Settlement-size larvae preferred water
from seagrass beds to artificial sea water. The observed
chemokinesis and chemotaxis in response to lignin dissolved
in sterilized sea water and sea water from a seagrass bed dem-
onstrate that red drum larvae can distinguish and respond to
different water masses and suggest that chemical stimuli from

seagrass settlement habitat may aid in orientation and move-
ment to or retention in suitable settlement sites.
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Introduction

Fish use chemical cues for communication, foraging, mating,
predator detection, avoidance, and navigation (Bélanger et al.
2004; Dixson et al. 2012; Døving et al. 1994; Gerlach et al.
2007; Hubbard et al. 2003). They respond to olfactory cues
that range from simple amino acids to complex mixtures of
biologically and environmentally produced molecules and are
sensitive to these compounds at different concentrations
(Døving et al. 1994; Gerlach et al. 2007). For example,
Atlantic salmon (Salmo salar) respond to testosterone concen-
trations in sea water as low as 10−14 mol−1, but much higher
concentrations of alcohols (Hara 1994; Moore and Scott
1991). In general, responses such as turning rate and swim-
ming speed can increase with increasing concentration of a
chemical cue (Døving et al. 1994).

Responses to chemical cues vary among species, chemical
compounds, time, and space. Some chemical cues elicit an
innate response (Arvedlund et al. 1999; Dixson et al. 2012;
Miller-Sims et al. 2011), and others are learned (Odling-Smee
and Braithwaite 2003). Certain species can distinguish a spe-
cific coral reef or a host anemone based on learning or im-
printing, and others innately respond to chemical alarm cues
from confamilial species (Arvedlund and Kavanagh 2009;
Arvedlund et al. 1999; Miller-Sims et al. 2011; Mitchell
et al. 2012). Since olfactory imprinting is common in marine
fishes (e.g., Arvedlund et al. 1999; Hasler and Scholz 1983)
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and chemosensory morphology develops early, olfaction like-
ly functions early in life (Døving et al. 1994; Kingsford et al.
2002; Lara 2008). However, there have been few studies of
the development of the olfactory system and chemically me-
diated behavioral responses in these organisms.

Fishes commonly use chemical cues for orientation, and
many studies suggest olfaction may be the most important
cue for locating habitats on both large and small spatial scales
(Baird et al. 1996; Dittman and Quinn 1996; Lecchini et al.
2005). In Japanese red rockfish (Sebastes inermis), olfaction is
more important than vision for locating specific habitats, and
olfaction operates over greater distances than vision in certain
larvae (Lecchini et al. 2005; Mitamura et al. 2005).
Settlement-size reef fishes are capable of discerning different
chemical cues associated with benthic habitats, preferring wa-
ter located near islands or reefs over water from the open
ocean or other unsuitable habitats (Atema et al. 2002;
Dixson et al. 2008). Some species use chemical cues to dis-
tinguish between their natal habitat and a different vicinity,
which contributes to retention of larvae in specific sites
(Gerlach et al. 2007; Mitamura et al. 2005). They can also
use olfaction to determine habitat quality. Coppock et al.
(2013) found that three species of reef fishes in Papua New
Guinea are attracted to the olfactory cues from live coral and
actively avoid odors from degraded coral. In addition to the
chemical compounds associated with the habitat structure it-
self (e.g., oyster reefs, seagrass beds, coral reefs), many set-
tlers respond to predators, prey, and conspecifics in the area
(Døving et al. 2006; Lecchini et al. 2005; Lecchini et al. 2007;
Sweatman 1985).

Most research on olfactory settlement cues has been con-
ducted on coral reef fishes; much less is known about the
chemical cues associated with settlement in other environ-
ments. It has been suggested that larvae depend on olfactory
cues to locate estuaries (Boehlert and Mundy 1988), yet few
studies have tested the effects of chemical compounds on
settlement behavior. Both Radford et al. (2012) and James
et al. (2008) found that settlement-stage sparid larvae
(Rhabdosargus holubi and Pagrus auratus) orient toward wa-
ter sourced from their typical nursery habitats. Radford et al.
(2012) also discovered that larvae prefer water collected from
seagrass beds to artificial sea water in which seagrass blades
had been soaking, suggesting that chemical compounds de-
rived from sources other than the seagrass (e.g., conspecifics
or prey) are involved in attracting the larvae to the seagrass
beds.

If seagrasses are an important source of chemical informa-
tion for larvae of other species, it is possible that seagrass
phenolic compounds, which are aromatic molecules that can
leach into the environment as a result of structural damage or
senescence (reviewed by Arnold and Targett 2002), are in-
volved. Seagrasses contain phenols such as condensed tannins
and lignins at concentrations ranging from 3 to 11 % and <1–

5 % dry mass (DM), respectively, and these concentrations
can vary greatly across species and over time (Arnold and
Targett 2002). Emergent vegetation, including mangroves
and salt marshes, also produce these compounds, and brown
algae produces tannins but not lignins. Salt marsh plants
(measured as humic substances, Filip and Alberts 1989) and
mangroves contain even greater concentrations of these com-
pounds than seagrasses (mangrove tannin concentrations of
8.8–40.8 % DM, Basak et al. 1998). Terrestrial plants also
produce phenolic compounds and, when located near rivers
and streams, can be transported to nearby estuaries as well
(Benner and Opsahl 2001). Collectively, these phenolic
sources may serve as a coastal signal to larvae searching for
estuarine settlement sites.

Chemoreception may be especially important for finding
settlement habitat in areas where estuaries do not provide a
reliable signal through other physical or environmental vari-
ables. For instance, postlarval and juvenile flounder
(Pleuronectes flesus) prefer water of low salinity (Bos and
Thiel 2006). In regions of the western Gulf of Mexico where
salinity gradients are not only unstable but sometimes result in
reverse estuaries, salinity is not a dependable signal for navi-
gation. Thus, it is evenmore likely that chemoreception would
be important for locating nursery habitats within these estuar-
ies. The present study tested the hypothesis that larvae of the
estuarine-dependent fish, red drum (Sciaenops ocellatus), re-
spond to estuarine-derived olfactory cues when they are com-
petent to settle, helping them locate and remain in their pre-
ferred nursery habitat, seagrass beds.

Methods

To test the hypothesis, laboratory studies were conducted to
quantify changes in activity (kinesis) and preference (taxis) of
red drum larvae exposed to a variety of natural olfactory cues.
Environmental flow rates were measured in the field to deter-
mine an appropriate velocity to use for the taxis experiment.
After analyzing the responses, water samples collected from
pre-settlement and settlement habitats were analyzed for spe-
cific chemical (lignin) concentrations that could serve as a
reliable estuarine olfactory cue.

Environmental Flow Rates

To determine estuarine flow rates, 20-cm SeaHorse tilt current
meters (OkeanoLog, Woods Hole, MA) were installed in
Redfish Bay near Harbor Island, TX (27° 53′ N, 97° 7′ W).
One tilt current meter was installed above the canopy of a
seagrass (Thalassia testudinum) bed at a depth of approxi-
mately 1 m, and another tilt current meter was installed over
bare substrate at a similar depth, approximately 20 m from
where water samples were taken for laboratory experiments.
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The meters were set out at 1600 hours on September 20, 2012,
and retrieved the next day at 1330 hours. The tilts from the
zenith on each of the three planes were converted into hori-
zontal velocity (in cm s−1) with MATLAB software
(Mathworks, Natick, MA).

Study Species

Red drum inhabit temperate and subtropical waters from the
Gulf of Mexico to Massachusetts in the Western Atlantic and
are an important recreational fishery, contributing to Texas’s
$3.2 billion per year fishing industry1 (Atlantic States Marine
Fisheries Commission 2009; Hoese and Moore 1998). In
Texas, they spawn offshore or along the coast in late summer
and fall, and larvae reach the estuaries in approximately
3 weeks (Holt et al. 1983; Rooker et al. 1998). Larvae become
competent to settle at 10 mm standard length (SL), and newly
settled individuals are most common inHalodule wrightii and
T. testudinum seagrass beds, but will occupy marsh edges or
unvegetated bottoms when seagrass is not available (Stunz
et al. 2002). Red drum remain in the estuaries until they reach
maturity (3 years for males and 5 years for females), after
which they move offshore during the spawning season
(Pattillo et al. 1997).

Larval Care

Larvae were raised from eggs released from broodstock main-
tained at the University of Texas Marine Science Institute’s
Fisheries and Mariculture Laboratory (FAML) in Port
Aransas, TX. On the day following a spawn, approximately
5000 (5 ml) viable (floating) eggs were placed into 150-l con-
ical tanks filled with UV-sterilized sea water maintained at
27 °C and a salinity of 35. An airstone was placed into each
tank to provide a continuous supply of oxygen. On 1–11 days
posthatching (dph), larvae were fed approximately 400,000
rotifers (Brachionus sp.) enriched with Algamac 3050
(Aqua-fauna Bio-Marine, Hawthorne, CA) for 45 min each
morning. On mornings 10 and 11, larvae were also fed ap-
proximately 10,000 1-day-old Artemia sp. nauplii. From
12 dph until testing, larvae were fed twice each morning ap-
proximately 60,000 2-day-old Artemia sp. nauplii enriched
with Algamac 3050. The hatchery was kept on a 12:12 light/
dark cycle. Larvae were starved 24–30 h prior to testing.

Kinesis Experiment

This experiment measured the activity of red drum larvae 4–
10 mm SL exposed to five different treatments and two

controls: (1) natural sea water collected from a seagrass bed
and from a tidal inlet on (2) ebb tide and on (3) flood tide, (4)
the water source used for rearing larvae (FAML hatchery wa-
ter), (5) FAML hatchery water mixed with lignin or (6) tannic
acid, and (7) artificial sea water (Instant Ocean®, Spectrum
Brands Holdings, Madison, WI). Artificial sea water and
FAML hatchery water were used as a negative control and
control, respectively. The ebb and flood tide water were col-
lected from the Aransas Pass Ship Channel adjacent to the
Marine Science Institute during the last quarter of the incom-
ing or outgoing tide. The seagrass treatment water was col-
lected at the seagrass blade/water interface in aH. wrightii bed
in Redfish Bay. Redfish Bay is a well-mixed estuary, with H.
wrightii beds located in shallower water adjacent to T.
testudinum beds in the bay. Samples were taken over H.
wrightii beds because those beds are located closer to shore
and were therefore easier from which to collect water.
Hatchery water, which was pumped from the Corpus Christi
Ship Channel, was held in outdoor ponds for 1–3 weeks to
allow particulates to settle out, then filtered through a pressur-
ized sand filter and kept in dark outdoor holding containers for
at least 1 week. Before use, this hatchery water was then UV-
sterilized. While the chemical composition of the water was
not tested for this experiment, other olfaction studies have
found that processes similar to these remove biologically ac-
tive molecules and create water with a consistent chemical
composition (Chiussi et al. 2001; Rittschof et al. 1983).

The concentrations (c) of lignin (67 μg l 1) and tannic acid
(148 μg l−1) used in the experiments were calculated from the
mean dryweight of a T. testudinum blade (w = 0.092 g blade−1;
Mumby et al. 1997), the mean density of T. testudinum in
Redfish Bay (d = 1698 blade m−2; Rooker et al. 1998), the
amount of tannin and lignin in a seagrass blade (P = 11 and
5 % DW, respectively; Arnold and Targett 2002), the average
volume of water over T. testudinum in Redfish Bay (v = 580 l;
Rooker et al. 1998), and the leaching rate of dissolved organic
carbon (DOC) from seagrass (r = 0.5 % DOC leached day−1;
Maie et al. 2006), where

c ¼ w� d � p� rð Þ
v

These values do not take into account degradation (photo- or
biogenic) but serve as a rough estimate of potential concen-
trations. The calculated value for lignin was on the same order
of magnitude as previous studies on the nearby Nueces River
(10.6 μg l−1; Louchouarn et al. 2000). There are no published
data on tannin concentrations in sea water for the local area.

The evening before testing, larvae were transferred from
the hatchery to the experimental room and kept overnight in
individual 600-ml beakers filled with 300-ml of hatchery wa-
ter or artificial sea water (negative control treatment only). The

1 https://www.st.nmfs.noaa.gov/Assets/economics/documents/feus/2011/
FEUS2011%20-%20Gulf%20of%20Mexico.pdf
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overnight acclimation was to ensure plasma cortisol concen-
trations (which increase as a stress response during transfer)
returned to basal levels (Robertson et al. 1988). The beakers
were placed in a water bath to maintain water temperatures of
27 °C. For the negative control, lignin, and tannic acid treat-
ments, water samples were mixed and stored in glass aquaria
kept at 27 °C with underwater heaters. On the morning of the
experiment, water was collected from various field sources
and taken to the laboratory for same-day use. These water
samples were also stored in glass aquaria and maintained at
27 °C with underwater heaters. Two randomly selected treat-
ments were tested each day.

Larvae were tested in a 15 × 10 × 35-cm (length × width ×
height) glass aquarium filled with one of the five treatments or
the negative control or control samples. Tests were conducted
in a window-less room with two 60-W incandescent bulbs
placed 60 cm above the tank 30 cm apart to allow for the
observer to remain unseen during the trial. The larva was
given 5 min to acclimate to the testing chamber, after which
its behavior was recorded for 1 min with a Casio High Speed
EXILIM HS EX-FH25 video camera (Casio Computer
Company, Ltd., Tokyo, Japan). Preliminary time course stud-
ies on red drum settlement demonstrated that larvae exhibit
similar behavior over the course of the first hour of testing.
Therefore, the 6-min testing period was chosen to allow for
acclimation while capturing settlement behavior. Every fish
was sacrificed with an overdose of tricaine methanesulfonate
(MS-222) immediately following the trial and photographed
under a dissecting microscope to measure SL using ImageJ
software (US National Institutes of Health, Bethesda, MD).

Video recordings were converted to image stacks with
QuickTime Pro (Apple, Inc., Cupertino, CA), and two-
dimensional swimming behavior was tracked with ImageJ
software. The original framing rate of the camera was 30
frames s−1, and the fish were tracked using every tenth frame
in the stack (three frames s−1). From the tracking data, settle-
ment (mean distance from the bottom of the tank, cm) and
activity (mean speed, cm s−1) were calculated.

Taxis Experiment

Two sets of taxis experiments were conducted to test the ol-
factory preference for potential settlement cues in larval red
drum. In one set, the experimental design included two size
classes (pre-settlement [5 mmSL] and settlement-size [10 mm
SL]) and three treatments (artificial sea water mixed with
67 μg l−1 lignin, sea water collected from a H. wrightii
seagrass bed in Redfish Bay, and sea water collected from
the Aransas Pass Ship Channel on flood tide). In the other
set of experiments, settlement-size larvae were tested in
FAML hatchery water mixed with 67 μg l−1 lignin or prey
(Artemia sp. nauplii) + artificial sea water. In all trials, artificial
sea water was paired with one of the treatments (above) as a

negative control. The water collected from the seagrass bed,
the Aransas Pass Ship Channel, and the water with the prey
were all filtered through a 73-μm filter before experimenta-
tion. Water collected from all field sources was used within
24 h of collection, and all of the other treatments were pre-
pared at least 12 h before trials.

The experimental setup consisted of a 20 × 4 × 2.5-cm
(length × width × height) Plexiglas Y-maze (modified from
Gerlach et al. 2007, for similar diagram see supplemental in-
formation in Gerlach et al. 2007; Y-maze used in this study
had fine mesh placed at outflow end) fed by a peristaltic pump
and silicone tubing from two 2-l beakers: one containing one
of the treatments and one with the negative control (artificial
sea water). Water flowed at a rate of 90 ml min−1 (linear
velocity of 0.167 cm s−1) through the chamber, and dye tests
were performed at the beginning of each day to ensure smooth
flow. A 30.5 × 30.5-cm mirror was placed above the Y-maze
at a 45° angle for the researcher to observe the fish from
above. Based on the location where laminar flow broke down
and mixing between the two treatments began, three areas of
the Y-maze were identified: a Bno decision^ area (40 cm2) at
the downstream end of the maze (where the fish did not ac-
tively swim toward one of the treatments) and treatment and
control areas (28 cm2 each) at the upstream end on either side
of the chamber.

Larvae were transferred from the hatchery to the experi-
mental room on the evening before trials and placed into in-
dividual 600-ml beakers filled halfway with artificial sea wa-
ter (negative control). The beakers were maintained at a con-
stant 27 °C in a water bath. To test the larvae, an individual
was placed into the center of the Y-maze and allowed to ac-
climate for 5 min with both treatments flowing. The section of
the maze in which the fish was located (control, treatment, or
Bno decision^) was then recorded every 10 s for 2 min, after
which the treatment and control supply tubes were each
moved to the other arm of the maze (i.e., water sources were
reversed). This switch controlled for side bias. The fish were
then given another 5 min to acclimate, followed by recording
of their position every 10 s for an additional 2 min. In total,
each trial took 15 min (10 min for acclimation, 4 min for
testing, 1 min for switching of tubes) and resulted in 24 ob-
servations per individual. Each larva was tested only once and
was sacrificed with an overdose of MS-222 after the trial. A
photo of each fish was taken under a dissecting microscope,
and its size was measured using ImageJ software.

Statistical Analyses

Statistical analyses were performed using the R statistical
package (R 3.0.2, The R Foundation for Statistical
Computing, http://www.R-project.org). Analysis of
covariance (ANCOVA) was used in the kinesis experiment
to test the effects of water sample (treatment) on activity
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(mean swimming speed) and settlement (mean distance from
the bottom of the experimental aquarium) with SL as a covar-
iate. Assumptions of the parametric statistical methods were
tested by graphical representation for normality of residuals
and variance comparisons. Tukey contrasts (using the
Bmultcomp^ statistical package) were applied for post-hoc
analyses (P < 0.05, Hothorn et al. 2008) and were confirmed
by comparing confidence intervals of linear regressions
against SL for each treatment.

For each combination of water treatment and size class in
the taxis experiment, a Pearson’s chi-square test with sequen-
tial Bonferroni correction (Rice 1989) was used to determine
whether the time spent by larvae in the Bno decision^ section
of the Y-maze differed from that expected by chance (uniform
distribution), based on area. Since the Bno decision^ area was
41% of the testing chamber, the null expectation was 10 out of
a possible tally of 24. If the chi-square test showed that larvae
spent less time in the Bno decision^ section than expected, a
paired t test with sequential Bonferroni correction (Rice 1989)
was used to determine whether there was a difference in the
time spent in the treatment vs. the control areas.

A two-factor ANOVA, with size class (pre-settlement and
settlement-size) and water treatment was used to compare time
spent in the treatment area from only those water treatments
for which both pre-settlement and settlement-size larvae were
tested (lignin + artificial sea water, seagrass water, and ship-
ping channel water). Visual inspection of the residuals and
variances were performed to ensure assumptions were met.
Tukey post-hoc tests were performed to identify significant
differences among treatments (P < 0.05).

Lignin Analysis

The concentration of dissolved lignin in water samples
collected from seagrass beds and the tidal inlet was
measured for comparison with the lignin treatment used
in the experiments. Water samples (10–14 l) were col-
lected from seagrass beds in Redfish Bay on November
6, 2012 (the end of the spawning season, when seagrass
beds are in decline), and July 29, 2013 (immediately
preceding red drum spawning, when seagrasses have
the highest densities and shoot heights, Rooker et al.
1998). In addition, 5 l of water were collected from
the Aransas Pass Ship Channel at 1100 hours on
May 31, 2014 (peak of high tide), and kept frozen until
lignin analysis. Samples were filtered through a 0.7-μm
Whatman® glass fiber filter (Sigma-Aldrich, St. Louis,
MO) to remove particulates. Solid-phase extraction
(SPE) through octadecyl carbon moieties (C18)
(Empore, 3M Company, St. Paul, MN) isolated the dis-
solved organic matter. Cartridges were pretreated with
20 ml of methanol and 10 ml of Milli-Q Plus UV water
to activate the discs. Water samples were acidified with

12 N HCl to pH 2 and then pumped through the car-
tridges using a peristaltic pump with silicone tubing
connected to an Erlenmeyer flask with headspace.
After extraction, the cartridges were rinsed with 7 ml
of methanol three times, and the methanol elution was
stored in the freezer until processing.

The eluted samples were evaporated to 2 ml in a Hei-VAP
rotary evaporator (Heidolph Instruments, Schwabach,
Germany) and then sparged to dryness with N2 at a tempera-
ture of 80 °C in 6-ml square Teflon vials (Savillex Corp., Eden
Prairie, MN). Lignin oxidation and phenolic compound ex-
traction followed the procedure of Sun et al. (2015). The fol-
lowing were added to the vials containing the dry samples:
0.5 g CuO (Fisher Scientific, Fair Lawn, NJ), 0.1 g
Fe(NH4)2(SO4)2.6 H2O (Acros Organics, Fair Lawn, NJ),
10 mg glucose (Sigma-Aldrich, St. Louis, MO), and 5 ml
2 N NaOH (8 %, w/w, sparged with Ar and sonicated for
30 min to remove O2). The mixture was then sparged for
30 min with Ar and quickly capped to minimize mixing with
air. The capped Teflon vials were heated for 3 h in a 150 °C
oven. Once cooled, the internal standard (ethyl vanillin) was
added.

HCl (12 N) was added to the oxidized samples to bring
acidity to pH 2. The samples were put in the dark to let par-
ticulates settle out, then centrifuged (Model 5810 R,
Eppendorf International, Hamburg, Germany) and the super-
natant was saved for further analysis. The samples were
pushed through C18 cartridges (Analtech Inc., Newark, DE)
treated with 3 ml methanol and water at a flow rate of 4–
5 ml min−1. The column was dried with N2 for 5 min, and
then, 2 ml of ethyl acetate was pushed through the column to
elute the lignin oxidation products. The ethyl acetate was
evaporated with N2 while in a 45 °C water bath, and the dried
solvent was dissolved in 2 ml 10 % (v/v) methanol/water and
sonicated for 1 min. The solutions were analyzed by a
Shimadzu Prominence HPLC (Shimadzu Scientific
Instruments, Columbia, MD) in an Alltima 5 μm,
250 × 4.6 mm C18 column (Alltech Associates, Inc.,
Deerfield, IL) at room temperature with a 150-μl injection
volume. The separation was performed according to methods
of Sun et al. (2015).

Results

Environmental Flow Rates

Water velocity inside the seagrass bed ranged from 0.2 to
15.3 cm s−1, with a mean flow of 2.4 ± 0.02 cm s−1. Water
velocity over the sandy bottom outside the seagrass bed
ranged from 0.03 to 23.0 cm s−1, with a mean flow of
6.0 ± 0.06 cm s−1. These values were used to set the flow rate
for the taxis experiment.
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Kinesis Experiment

In this experiment, 19–43 individuals (4–10 mm SL) were
tested in each of the seven treatments (193 individuals in to-
tal). According to the overall ANCOVA for swimming speed,
there was a significant size × treatment interaction (P = 0.001,
F6 = 3.79), where swimming speed increased sharply with SL
in the lignin treatment compared to a more gradual increase in
artificial sea water (P = 0.021, SE = 0.28, t = −3.25). The rate
of increase in speed with SL for lignin was also significantly
greater than that for flood tide (P = 0.002, SE = 0.34,
t = −3.99), ebb tide (P = 0.008, SE = 0.29, t = −3.56), and
tannic acid treatments (P = 0.019, SE = 0.30, t = 3.28, Fig. 1).
For the latter three treatments, the rate of increase in speed
with SL was not significantly different from zero (linear re-
gressions; P > 0.05; adjusted R2 = −0.032, F21 = 0.32; adjust-
ed R2 = 0.022, F41 = 1.94; adjusted R2 = −0.015, F17 = 0.74,
respectively). Swimming speed also increased significantly
with SL for artificial sea water (P = 0.031, adjusted
R2 = 0.145, F24 = 5.25), FAML sea water (P = 0.017, adjusted
R2 = 0.162, F27 = 6.43), and seagrass water (P = 0.014, ad-
justed R2 = 0.167, F28 = 6.81). There were no significant
effects of water treatment on distance from the bottom of the
tank (P > 0.05, F6 = 1.78); mean distance from the bottomwas
14.4 cm (Fig. 2).

Taxis Experiment

In each taxis treatment, 17–29 individuals were tested, 171
larvae in total. Pre-settlement larvae averaged 4.7 ± 0.5 mm
SL, and settlement-size larvae averaged 11.0 ± 1.2 mm SL.

When all size × treatment combinations (the six used in the
ANOVA plus settlement-size larvae in prey and lignin +
FAML hatchery water) were considered, only settlement-size
larvae in the prey (Χ2 = 79.7, df = 16, P < 0.001), lignin +
artificial sea water (Χ2 = 114.8, df = 17, P < 0.001), and
seagrass treatments (Χ2 = 68.5, df = 19, P < 0.001) spent
significantly more time than expected out of the Bno decision^
area (P < 0.006, sequential Bonferroni correction). Larvae of
both size classes from all other treatments spent more time in
the Bno decision^ area than expected. In preference tests that
followed positive results, time spent in the seagrass treatment
was significantly greater than time spent in the negative con-
trol (P = 0.014, t19 = 2.8) but there was no preference in prey
(P = 0.371, t16 = 0.9) or lignin (P = 0.102, t17 = 1.7) + artificial
sea water trials (Table 1).

For the trials that included both pre-settlement and
settlement-size larvae (lignin + artificial sea water, seagrass
water, and channel water), the size × treatment interaction
was not significant (P > 0.05, F2 = 0.8) but both size
(P < 0.001, F1 = 55.5) and treatment (P = 0.026, F2 = 3.8)
had an effect on the amount of time spent in the treatment area
of the Y-maze (Fig. 3). Settlement-size larvae spent more time

in the treatment area than pre-settlement-size larvae (average
difference of 6.7 tallies, P < 0.001), and larvae spent more
time in the lignin + artificial sea water treatment than the
channel water (average difference of 2.7 tallies, P = 0.038).

Lignin Analysis

The lignin concentration was 1.0 μg lignin l−1 in the Aransas
Pass Ship Channel, 1.1 μg l−1 in Redfish Bay in 2012 during
seagrass decline, and 1.3 μg l−1 in Redfish Bay in 2013 during
the height of seagrass production. These values were mea-
sured assuming 53.1–65.6 % recovery from the HPLC
analysis.

Discussion

Time spent in an environment is regularly used as a proxy for
preference (Atema et al. 2002; Dixson et al. 2008; Gerlach
et al. 2007). Therefore, our results from the taxis experiment
indicate that settlement-size red drum larvae prefer the olfac-
tory cues of water from the estuary over those of artificial sea
water. Results from both the kinesis and taxis experiments
indicate that when red drum larvae are competent to settle,
they respond to sea water taken from seagrass beds and water
to which lignin was added. Based on these results, larvae
should navigate (by either swimming or controlling their wa-
ter column position to take advantage of currents) away from
the oceanic environment and toward the estuaries, which con-
tain both allochthonous (terrigenous plants) and autochtho-
nous (seagrass and marsh plants) sources of lignin
(Louchouarn et al. 2000; Mannino and Harvey 2000).

Pre-settlement larvae did not respond to any of the treat-
ments tested, suggesting that they respond to these cues in
ways other than the behavioral traits measured in this study,
they perceive the cues but do not or cannot respond to them,
they are incapable of detecting olfactory and other sensory
cues (i.e., treatments not tested), or other modalities (i.e.,
senses) are more important during this life stage. In the taxis
experiment, pre-settlement larvae spent significantly more
time in the Bno decision^ area of the testing chamber than
either the negative control or the treatment areas. This almost
certainly represents a lack of choice by the larvae, since they
easily could have swum against the slow flow in the Y-maze.
That flow (0.167 cm s−1) is well below mean water velocities
in a seagrass bed or surrounding bare substrate and similar to
the lowest values measured in those habitats in this study. The
maximum sustainable swimming speed (Ucrit) of red drum
larvae, even as small as 4–5 mm SL, is approximately
5 cm s−1 (Faria et al. 2009).

Larvae are capable of olfaction at early developmental
stages, yet most studies on the role of olfaction in settlement
were limited to competent larvae (e.g., Dixson 2011; Huijbers
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et al. 2008; Leis 2010). Both temperate and tropical larvae
respond to chemical cues associated with predators or prey
shortly after hatching; however, the ontogeny of chemically
mediated behavior has not been well studied (Dixson et al.
2010; Døving et al. 1994). Although the olfactory morpholo-
gy of red drum larvae has not been studied, studies on other
species suggest that red drum likely have a functional olfac-
tory sense early in development (Dixson 2011; Lara 2008).

Red drum swimming capabilities improve during ontoge-
ny, with averageUcrit values increasing from 1 to >22.2 cm s−1

for larvae approximately 2.5–18 mm SL (Faria et al. 2009).
Water velocity in the tidal inlet during the spawning season
ranges from 5 to 100 cm s−1, with a mean velocity of 35 cm s−1

(Faria et al. 2009). Therefore, young red drum likely rely on
selective tidal stream transport (STST), and settlement-size
larvae use a combination of STST and active swimming to
control their spatial position and navigate toward nursery
grounds (Forward et al. 1999; Holt and Holt 2000).

Surprisingly, lignin concentrations did not differ in water
samples from seagrass beds collected during the annual height
of seagrass, seagrass beds in decline, and the tidal inlet. Lignin
levels measured in this study were ten times greater than those
in the Gulf of Mexico (90.2 ng l−1), comparable to previous
measurements in the tidal inlet (3.2μg l−1), and approximately
one order of magnitude less than the nearby Nueces River
(10.6 μg l−1; Louchouarn et al. 2000). While the lignin
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concentration in the shipping channel matched previous find-
ings, higher concentrations were expected in seagrass bed wa-
ter (regardless of seagrass species, as they were located adja-
cent to each other in the bay). This expectation was based on
calculations, previous studies on lignin concentrations in es-
tuaries (Louchouarn et al. 2000; Mannino and Harvey 2000),
and the larger quantities of vascular plants in estuaries than
offshore environments (Arnold and Targett 2002). Instead, our
results indicate that the entire nearshore environment, includ-
ing the shipping channel, contains a similar lignin signal. The
concentration used in the experiments was 50 times greater
than that in the seagrass bedsmeasured at peak production and
4–6.3 times greater than riverine values (Louchouarn et al.
2000; Mannino and Harvey 2000).

Caution must be used when making comparisons between
the concentration of lignin (and tannic acid) used in the exper-
iments and the environmental concentrations. Lignins and tan-
nins are groups of related molecules comprising monomers,
dimers, and polymers. Up to half of all phenols in seagrasses
can be simple phenolic acids (monomers; Vergeer and Develi
1997). Fish olfactory systems are known to be sensitive to
small molecules such as amino acids (reviewed in Derby
and Sorensen 2008), so it is likely that the concentration of
phenolic monomers is the relevant reference for larval fishes.
Our measured values of lignin may be overestimates because
the analytical methods we used require lignin polymers to be
hydrolyzed into monomers, which would increase lignin con-
centrations over those found in the environment. Therefore,
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Fig. 2 Results from the kinesis
experiment. Mean distance from
the bottom (with SE bars) was not
significantly affected by size,
treatment, or the interaction
between them (ANCOVA,
P > 0.05). N = 26, 43, 23, 23, 29,
30, and 19 for control, ebb tide,
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Table 1 Results of the taxis
experiment Treatment Size class Time in no decision Time in negative control Time in treatment

Channel (25) Small 99.8 ± 2.1 1.5 ± 0.9 0.3 ± 0.3

Lignin (n) (20) Small 72.5 ± 8.1 12.5 ± 5.3 15.2 ± 5.7

Seagrass (19) Small 86.8 ± 5.9 6.8 ± 4.0 6.4 ± 2.9

Prey (17) Large 36.8 ± 7.0a 27.9 ± 4.9 35.3 ± 5.6

Channel (29) Large 53.0 ± 6.0 21.4 ± 3.7 27.0 ± 5.0

Lignin (n) (18) Large 40.0 ± 8.0a 22.2 ± 5.4 37.7 ± 6.6

Lignin (c) (23) Large 41.1 ± 5.4 27.7 ± 3.2 31.0 ± 4.2

Seagrass (20) Large 35.2 ± 5.4a 24.6 ± 3.4 40.8 ± 4.7b

Mean percentage of time (±SE) in the Btreatment,^ Bnegative control,^ and Bno decision^ areas of the Y-maze for
each size class (p = pre-settlement size, s = settlement size). n represents negative control, and c represents
control. Values in parentheses indicate sample size
a Indicates significantly less times spent in the no decision area
b Indicates significantly more time spent in a treatment area than the control
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the concentrations of lignin monomers in the experiment
could have been of the same magnitude as the actual concen-
tration of lignin monomers in the environment. The most im-
portant conclusion is that larvae responded with both in-
creased activity and preference to lignin, and further studies
are necessary to establish the specific lignin monomers to
which larvae are responding.

Larvae demonstrated a strong response to lignin but not
tannin in the kinesis experiment, despite both substances be-
ing produced by nearshore plants. Both are classes of phenolic
compounds, with aromatic properties that could act as poten-
tial olfactory signals (Arnold and Targett 2002). Lignins and
condensed tannins are produced by terrestrial and marine vas-
cular plants, but algae do not produce lignins (although lignins
have been discovered in red algae, Call iarthron
cheilosporioides [Martone et al. 2009]). Tannins, however,
(in the form of phlorotannins) are produced by brown algae
(Arnold and Targett 2002). More than a million tons of brown
algae (Sargassum spp.) are distributed throughout the Gulf of
Mexico, both nearshore and offshore (Gower and King 2009).
This could make tannins, like salinity, an unreliable cue for
settling fishes to Gulf of Mexico estuaries.

Responses to olfactory cues associated with settlement
sites have been shown in other estuarine-dependent species
and in those that settle to seagrass beds; however, the
studies have been limited to quantifying taxis responses
in competent (settlement-size) individuals (Huijbers et al.
2008; James et al. 2008; Radford et al. 2012). In labora-
tory trials, settlement-stage sparid larvae (R. holubi) spent

more time in estuarine and riverine water than sea water
controls (James et al. 2008). Radford et al. (2012) discov-
ered that larval snapper (P. auratus) prefer water collected
from seagrass beds but not water in which seagrass had
been soaked, suggesting that snapper respond to a cue
associated with seagrasses other than the seagrass blades
(e.g., prey or conspecifics). In the current study, red drum
larvae appeared to have responded to estuarine and
seagrass cues, but may in fact have responded to contents
of the seagrass blades, and lignin in particular.

This is the first study to examine changes in the
olfactory-related settlement response in a subtropical and
temperate estuarine-dependent fish species. It demonstrates
that settlement-size larvae respond to olfactory cues that
emanate from their benthic habitat and react to one partic-
ular compound within seagrass but not another. Results
from this study support recent findings that estuarine veg-
etation produces olfactory cues that fish larvae use to lo-
cate settlement habitats (Huijbers et al. 2008; Radford
et al. 2012). Future studies should address concentration
gradients of different estuarine compounds, as well as ad-
dress the role that conspecific olfactory cues might play in
settlement. The results from the kinesis and taxis experi-
ments (i.e., behavioral responses to lignin and to water
from seagrass beds), combined with the lignin environ-
mental data, indicate that in addition to being important
refuge and foraging areas for newly settled individuals,
seagrasses and marsh plants may be an important navigational
aid for estuarine larvae.
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