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Abstract The interaction of flowing water with reef
topography creates a continuum of flow microhabitats that
can alter species distributions directly via transport of
organisms or propagules, or indirectly by modulating the
availability of critical resources. To examine how water
flow affects the distribution and feeding performance of
two species of planktivorous tube blennies (Chaenopsidae),
flow speed and turbulence were measured within the
feeding areas of Acanthemblemaria spinosa and A. aspera
at three sites within Glover’s Reef, Belize. Although co-
occurring, A. spinosa occupies topographically high loca-
tions (e.g., upright coral skeletons) while A. aspera
occupies topographically low shelters in the coral pave-
ment. Boundary layer theory predicts that A. spinosa
should experience higher flow (and a higher flux of
planktonic food) relative to A. aspera; however, complex
topography and oscillatory flow require that this prediction
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is tested directly in the field. Within each site, the flow
experienced by A. spinosa was, indeed, faster and more
turbulent than that experienced by A. aspera at site-specific
intermediate wave heights. When waves were small, gentle
velocity gradients produced similar flows for the two spe-
cies. When waves were high, flow was uniformly fast
through the water column due to thinning of the benthic
boundary layer. Plankton availability was similar for the
species, with the exception of a greater abundance of
harpacticoid copepods at the shelters of A. aspera. Quan-
titative behavioral observations suggest that the foraging
strategies employed by the two fishes exploit the prevailing
hydrodynamic conditions. For example, A. spinosa, the
stronger swimmer of the two, attacks nearly 100% of the
time in the water column where it can exploit the higher
flux of plankton associated with faster flows, while
A. aspera attacks primarily toward the reef surface where
currents are likely to be slower and it can exploit more
abundant benthic prey.

Keywords Chaenopsidae - Hydrodynamics - Coral reef -
Feeding - Zooplankton - Planktivory

Introduction

Planktivory and other forms of suspension feeding on coral
reefs may represent an important subsidy of carbon in
oligotrophic waters (Glynn 1973; Yahel et al. 1998, 2005;
Genin et al. 2002; Heidelberg et al. 2004). While a majority
of planktivorous fishes forage above the ocean floor
where plankton is often concentrated (Hamner et al. 1988;
Hobson 1991; Clarke 1992; Yahel et al. 2005), many reef
suspension feeders, including various cnidarians, echino-
derms, and fishes, are benthic and sessile (or nearly so) and
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are subject to complex boundary layer flows (e.g., Shashar
et al. 1996; Sebens et al. 1998; Madin et al. 2006). The
importance of such benthic suspension feeders in control-
ling both phytoplankton and zooplankton biomass over the
reef has recently been highlighted in several field studies
(Yahel et al. 1998, 2005; Genin et al. 2002; Heidelberg
et al. 2004; Motro et al. 2005).

Tube blennies of the family Chaenopsidae are abundant,
if inconspicuous, planktivores inhabiting live coral
and coral rubble in the eastern Pacific and Western
Atlantic. Two Caribbean species, the spinyhead blenny
(Acanthemblemaria spinosa) and the roughhead blenny
(A. aspera), co-occur on shallow forereefs with an abun-
dance of erect corals (especially Acropora palmata), where
they occupy cavities in the skeletons of dead and living
colonies (Smith-Vaniz and Palacio 1974; Clarke 1989,
1994). Spinyheads occur at higher locations in the corals
and roughheads occur at lower locations near the substrate
(Clarke 1989, 1994, 1996). Manipulative experiments
suggest that the higher positions are preferred. For exam-
ple, when placed in single-species groups in artificial
substrates, both species distribute themselves with greatest
density in the highest locations. In two-species groups,
however, the spinyheads occupy the highest locations and
the roughheads occupy the lowest, the same pattern as in
nature (Clarke 1989). Moreover, removal experiments
show that spinyhead shelters are reoccupied at higher rates
(Clarke 1989).

The spatial distribution of these two species may influ-
ence their diet, feeding activity, and life histories. For
example, spinyheads have a diet consisting primarily of
planktonic copepods, while roughheads have a mixed diet
of planktonic and benthic copepods (Clarke 1999). More-
over, when placed on artificial habitats, both species make
more frequent feeding darts, have higher growth rates, and
have higher fecundities at 1 m above the reef surface as
compared with 0.15 m (Clarke 1992). This difference
could be the result of small-scale variation in plankton
density between high and low shelters (Hamner and Carl-
eton 1979; Forrester 1991; Clarke 1999). Clarke (1999)
found that during the day (i.e., when blennies feed)
planktonic calanoid copepods were more abundant
1-1.5 m above the reef surface than 0-0.5 m above the reef
surface, presumably increasing feeding opportunities for
fishes occupying higher locations. Thus, vertical gradients
in the availability of planktonic prey correspond with the
observed diet for these species; primarily planktonic for
Acanthemblemaria spinosa and mixed planktonic and
epibenthic forms for A. aspera (Clarke 1999).

In conjunction with differential prey availability, the
patterns of growth and fecundity noted for A. aspera and
A. spinosa may also result from hydrodynamic conditions
at higher locations that result in a greater flux of planktonic
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food or that enhance the ability of the fishes to capture
prey. For example, Clarke et al. (2005) showed that, in the
laboratory, turbulence enhances the feeding success of both
A. aspera and A. spinosa over still water when feeding on
evasive prey (i.e., calanoid copepods). In contrast, turbu-
lence decreased feeding success when the prey was non-
evasive (e.g., brine shrimp nauplii). Moreover, A. aspera
modulated its attack depending on flow conditions,
whereas A. spinosa did not. More recent flume studies have
also demonstrated that increasing mean flow or turbulence
increased the vulnerability of planktonic prey to predation
(Robinson et al. 2007). These results suggest that feeding
success may be determined through an interaction between
shelter location, flow, feeding strategies, and prey escape
responses.

The complex patterns of water flow over the reef have
been considered an important factor in the distribution of a
variety of mobile reef fishes (Bellwood and Wainwright
2001; Depczynski and Bellwood 2005). While such studies
implicate the importance of swimming ability (e.g., Fulton
et al. 2005), swimming mode (e.g., Fulton and Bellwood
2005), and use of refugia (e.g., Johansen et al. 2008) rel-
ative to water flow in determining habitat use, water flow
may also structure fish communities via effects on feeding
performance of planktivores. For example, boundary layer
theory suggests that water flow (mean and turbulence)
should be greater for A. spinosa than for A. aspera due to
their relative position within the benthic boundary layer
(BBL; Vogel 1994; Shashar et al. 1996). These conditions
should favor topographically high locations inhabited by
A. spinosa due to higher flux of prey and increased feeding
performance (e.g., Clarke 1999, Clarke et al. 2005, Rob-
inson et al. 2007). However, complex reef topography and
oscillatory flow on the reef require that measurements are
made directly at the location of planktivore feeding to
determine the role of water flow in structuring these
communities. The present study examines the prediction
that A. spinosa experiences higher water flow than
A. aspera and investigates the hypothesis that the distri-
bution and feeding behavior of these species are associated
with prevailing hydrodynamic conditions.

Methods
Field site

Studies were conducted at Glover’s Reef, a 260-km? atoll
30 km east of the Mesoamerican Barrier Reef in Belize.
The east side of the atoll is fully exposed to the open
Caribbean Sea and is subject to the maximum wave force
in the region (Gischler and Hudson 1998), while the
remainder of the reef is generally less energetic. Three field
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sites were used and chosen due to the presence of both
focal species in high abundance (Fig. 1). The SE site
(Fig. 1) was situated in the spur and groove zone of the
forereef near the southeastern corner of the atoll
(16°45.697' N, 87°45.821' W). This site was exposed to
the full force of ocean waves and was characterized by
sand channels that were 9—12.5 m deep with spurs rising to
6—7 m deep. The NW site (Fig. 1) was a spur and groove
reef at the northwest corner of the atoll (16°55.513" N,
87°47.325" W). This site was similar in topography to the
SE site except that it was sheltered with respect to the
strongest wave conditions (Fig. 1). The distance of the NW
site from the research station on Middle Caye limited its
usefulness. Therefore, this site was used when rough con-
ditions precluded working at the SE site and it was not used
for video observations or plankton sampling. The Patch
Reef site (Fig. 1) was a small reef in the channel separating
Long Caye from Northeast Caye (16°45.590" N,
87°46.520' W). This site was generally less energetic than
either of the other sites, although it was exposed to waves
entering through the channel.

Point measurements of flow at the blenny shelter

To test the hypothesis that flow within the feeding zones of
the two fish species differed, currents were measured using
a Sontek acoustic Doppler velocimeter (ADV; Sontek/YSI,
16 MHz MicroADV). Individual fish were identified on the
reef and the location of the shelter (bottom depth and
height above the bottom) was measured. Because these
fishes are so closely tied to their shelters, the shelter
location is identical to the location of the fish.

Glovers Reef Atoll

NW Site

Prevailing
Waves

Southwest Caye

Fig. 1 Map of Glovers Reef Atoll (Belize, Central America) showing
the locations of the reef crest (gray-shaded area), islands (H), and the
three research sites (@). Direction of prevailing winds as described in
Gischler and Hudson (1998)

The ADV probe was positioned over the fish such that
the sample volume was centered ~3.8 cm directly above
the blenny shelter. Once the probe was in-place, blennies
did not exit their shelters, thereby minimizing any con-
tamination of the velocity record. For each measurement,
the ADV probe was rigidly attached to a frame com-
posed of 6 mm diameter stainless steel rods that was
held in place on the coral using elastic shock cord. Care
was taken so that no frame member was directly
upstream or downstream from the sample volume. Each
measurement lasted 120 s during which data were col-
lected at 10 Hz.

Data were post-processed to ensure proper orientation of
the probe relative to mainstream flow. First, the coordinate
frame was rotated both horizontally and vertically to align
flow measurements with prevailing flow conditions (Roy
et al. 1996). Flow speed was estimated as vu? + v2 + w2,
where u, v, and w are, respectively, the downstream, cross-
stream, and vertical components of velocity. Flow speed
accounts for both the oscillatory nature of flow on the reef
and for energy that is in both horizontal and vertical planes.
For comparison to flume studies that used U, (the root
mean square of downstream velocity) to describe oscilla-
tory flow (Clarke et al. 2009), mean flow speeds measured
in the field were within 6% of U, measured for the same
time series. To derive turbulence statistics, each time series
was subjected to a zero-phase displacement moving aver-
age (Matlab Filtfilt function) to estimate the mean
component of the flow. The instantaneous values were then
subtracted from the mean to estimate the deviations in all
three dimensions. Turbulence was then approximated as
the turbulent kinetic energy (TKE) according to the relation
TKE = 0.5(u/s/ + V'V + w'w'), where «’, v/, and w' are the
instantaneous deviations from the mean of the three
velocity components, and the overbar indicates temporal
averaging. Significant wave height (H;) was estimated from
the time series of pressure measurements made simulta-
neously with velocity using the ADV. H was corrected for
depth attenuation using linear wave theory (Denny 1988).

Habitat characteristics (bottom depth, H;, and shelter
height above the bottom) were compared between the two
species and three sites using a two-way analysis of vari-
ance. This test indicated significant differences between
species and sites, which were then probed further with
separate one-way analyses of variance with either species
or site as the class variable. Because it was expected that
A. spinosa would experience faster, more turbulent flow
than A. aspera and it was hypothesized that these differ-
ences would vary non-linearly with wave height, the data
were divided into wave height bins of 0.2 m and a one-way
ANOVA was performed to test for differences in flow
speed and TKE between species (one-tailed hypothesis).
All data were tested for normality and homogeneity of
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variance; only TKE estimates showed significant departure
from normality and were, therefore, log-transformed before
analysis (Zar 1984).

Reef-scale measurements of water flow

The point measurements described above were made with
fine spatial (<1 cm’) and fast temporal (10 Hz) resolution
at multiple blenny shelters. To provide an estimate of flow
conditions over broader temporal and spatial scales,
ambient currents were measured using a small acoustic
Doppler profiler (ADP, Nortek 2 MHz Aquadopp) placed
on the seafloor adjacent to the sampling sites. At the SE
and NW sites, the profiler was located in a sand channel
adjacent to the spurs on which the ADV measurements
were made; while at the Patch Reef site, the profiler was
located on the sandy seafloor approximately 15 m from the
reef. The choice of profiler locations was made to avoid
interference from upstream or downstream obstructions or
from divers working in the area. Estimates of currents at
0.2 m intervals from 0.4 to 4 m above the bottom were
made at 1 Hz during each dive.

Profiler data was post-processed by parsing the raw data
into 1,024 sample (17.07 min) segments. For each seg-
ment, a mean flow speed (see above) was calculated at 0.4,
1.0, 2.0, 3.0, and 4.0 m above the seafloor. In addition,
significant wave height (H;) was estimated and corrected
for depth attenuation according to linear wave theory
(Denny 1988). Because the relative magnitude of flow at
various positions in the water column was of interest, each
mean flow speed was normalized at 1.0, 2.0, 3.0, and 4.0 m
by flow speed at 0.4 m, thus producing a ratio describing
the relative changes in speed regardless of the absolute
values. For consistency with point measurements of flow in
tube blenny feeding volumes, the data were subdivided into
wave height bins of 0.2 m and mean ratios calculated for
each bin. The frequency distribution of wave heights was
calculated for each site from these records.

Field video observations

To test the association between feeding behavior and
water flow, video observations of blennies were con-
ducted at the SE and Patch Reef sites. Hydrodynamic
conditions at these two sites bracketed the full range
experienced by these species on Glovers Reef. The dis-
tance of the NW site from the research station on Middle
Caye prevented video observations from being conducted
there. Individual blennies were videotaped in situ using
one of two video camcorders (Sony DCR-TRV520 or
Sony CCD-TR3300) in underwater housings. The cameras
were held on tripods and were left unattended to record
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for 12-70 min. In all cases, the placement of the camera
resulted in a lateral (sagittal) view of the fish so that
attacks by fish on plankton were clearly seen as rapid
extensions out of the shelter. After filming in the field,
videotapes were screened to determine the attack rate
(number per min) and the direction of attack (toward the
water column or toward the reef surface). Every attack
was then digitized (Director’s Cut, Miglia Technology),
and the maximum distance from the shelter opening
traveled by the fish was measured using video analysis
software (Tracker v1.3, Open Source Physics). Thus, for
each observed fish, three data points were collected: the
rate of attack, percentage of attacks toward the water
column or reef surface, and the maximum extended dis-
tance. These data were analyzed using two-way analysis
of variance with species and site as class variables.
Ambient currents were monitored during video observa-
tions using the bottom-mounted Nortek Aquadopp current
profiler as described above; however, no point measure-
ments of velocity were made at the shelters during taping,
because placing the ADV probe over the shelter would
result in abnormal behavior of the fish.

Plankton sampling

To determine if food availability differed for the two spe-
cies, a submersible plankton pump was used to sample
plankton at blenny shelters within the SE and Patch Reef
sites. The distance of the NW site from the research station
on Middle Caye prevented these experiments from being
conducted there. The pump design was based on the one
used by Sebens and colleagues (Sebens et al. 1992; Hei-
delberg et al. 2004) and consisted of a 0.1-m
diameter x 0.8-m long conical plankton net with 105-pm
mesh suspended within a 10.2-cm diameter clear acrylic
pipe. Water was drawn through the net by a battery pow-
ered bilge pump (Rule 1500 GPH) mounted downstream of
the net such that plankton were caught in the net prior to
reaching the pump impeller. To collect plankton from
blenny shelters, a 2.5-cm internal diameter vinyl hose was
fixed to the entry of the net chamber; the free end of this
tube was rigidly attached to the coral head so that the tube
opening was normal to the coral surface and sampled from
the coral surface to 2.5 cm above the surface. The pump
was calibrated immediately before and after each deploy-
ment by measuring the amount of time needed to pump a
known volume of water. Live samples were fixed in for-
malin for several days, then rinsed with freshwater, and
transferred to Lugols iodine solution prior to transport to
the University of Texas Marine Science Institute where
plankton were counted and identified to lowest possible
taxa.
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Results
Distribution of fishes

Flow was measured within the feeding volumes of 163
individual fishes. Roughly equal numbers of each species
were sampled at the three sites, although approximately one-
third fewer total fish were sampled at the Patch Reef site than
at either of the forereef sites (Table 1). The distribution of
fishes was markedly different within and between sites.
Two-way analysis of variance revealed significant effects of
both species and site (but not their interaction) on shelter
heights above the bottom (overall ANOVA: Fs ;57 = 18.26,
P < 0.001; species effect F; 57 = 75.36, P < 0.001; site
effect F; 157 = 5.25, P = 0.006; interaction F ;57 = 0.05,
P = 0.95). Separate one-way analyses of variance were
conducted to further probe these differences. At each site,
shelters inhabited by A. spinosa were two to four times
higher than those inhabited by A. aspera (Table 1; ANOVA:
P < 0.001 for each site). Shelter heights for A. spinosa were
equal (~1m) at all three sites (Table 1; ANOVA:
F> ¢, = 1.64, P = 0.20). In contrast, A. aspera at the Patch
Reef site occupied shelters that were significantly higher
(0.5 vs. 0.25 m) than those at either the NW or SE sites
(Table 1; ANOVA with Tukey’s pairwise comparisons:
F,75 = 7.14, P = 0.002). Finally, the hypothesis that fish
were evenly distributed with regard to depth was tested.
Two-way analysis of variance showed significant differ-
ences in bottom depth among both species and sites (overall
ANOVA: Fs55;7 = 155.59, P < 0.001; species effect
F1’157 = 6009, P < 0001, site effect F2,157 = 35355,
P = 0.006; interaction F, 57 = 0.46, P = 0.63). Tukey’s
pairwise comparisons showed the bottom depths at the Patch
Reef site were shallower than at either the NW or SE sites,
which did not differ (Table 1). Within each site, A. aspera
occupied shelters where the bottom was about 1 m deeper
than where A. spinosa resided (Table 1). This result was

confirmed for all three sites using separate one-way ANO-
VAs for each site (Patch Reef Fy 36 = 21.14, P < 0.001;
NW Fig = 3223, P<0.001; SE F,6 =17.52,
P < 0.001). The combination of height above the bed and
bottom depth resulted in a pattern of fish shelter depths
shown in Table 1.

Significant wave height (Hy)

Significant wave heights (H) during point measurement of
flow within tube blenny feeding volumes varied predict-
ably with site. Two-way analysis of variance testing
differences in Hy among sites and species showed a sig-
nificant site effect, but no significant species effect or
interaction (overall ANOVA: Fs,s; = 20.11, P < 0.001;
species effect Fy;s7 = 0.11, P = 0.074; site effect
F5157 =49.34, P <0.001; interaction F; 57 = 0.43,
P = 0.65). Tukey’s pairwise comparisons showed that H
was lowest at the Patch Reef site, intermediate at the NW
site, and highest at the SE site (Table 1).

Point measurements of flow at the blenny shelter

The general trend at each site was for A. spinosa to
experience faster (Fig. 2) and more turbulent (Fig. 3) flow
over a wide range of wave conditions; however, statisti-
cally significant differences in mean flow speed and TKE
were detected at site-specific intermediate wave heights. At
the Patch Reef site where H did not exceed 0.6 m, there
was a significant difference (Fy;, = 3.76, P < 0.05) in
mean flow speed when H; was between 0.2 and 0.4 m but
not when Hg was >0.4 (Fig. 2). There were no significant
differences in TKE at any wave heights for the Patch Reef
site (Fig. 3). At the NW site, A. spinosa experienced higher
mean flow speed than A. aspera when Hg was between 0.8
and 1.0 m (Fig. 2; Fy,3 = 12.02, P < 0.05). For wave
heights centered at 0.7 and 1.1 m, significant differences

Table 1 Location and wave conditions at each field site for the two focal species (mean + SD)

Site Species N Fish height above Bottom depth (m) Fish depth (m) Significant wave
bottom (m) height (m)
Patch Reef A. aspera 18 0.51 + 031" 4.95 + 0.64™* 4.44 + 0.83** 0.46 &+ 0.15™*
A. spinosa 20 1.14 £ 0.64°" 3.96 + 0.67°" 2.83 £ 1.07"" 0.45 &+ 0.12**
NW A. aspera 31 0.19 + 0.19*B 9.56 + 1.01*B 9.37 + 0.99*B 0.79 + 0.23°®
A. spinosa 31 0.85 + 0.54°4 8.27 + 0.76"B 7.42 + 0.86° 0.73 + 0.17°®
SE A. aspera 29 0.31 + 0.34*B 9.20 + 1.07*B 8.90 + 1.11*B 0.98 + 0.36C
A. spinosa 34 0.91 + 0.54>4 8.16 + 0.90"B 7.25 £ 1.17°B 1.01 £ 0.36°C

N is the number of measurements (=number of individual fish shelters at each site); bottom depth is the location of the seafloor directly beneath
the blenny shelter; fish height is the location of the blenny shelter relative to the seafloor; fish depth is the location of the blenny shelter relative to
the sea surface (bottom depth—fish height); and significant wave height is the wave conditions at the time of each measurement. Lowercase
superscript letters indicate significant differences (one-way ANOVA: P < 0.05) between species within a site. Uppercase superscript letters

indicate significant differences (one-way ANOVA: P < 0.05) between sites within each species
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Fig. 2 Results of flow speed measurements within the feeding
volumes of two species of hemi-sessile tube blennies at three field
sites. Results were compiled according to significant wave height
(Hs) measured simultaneously with flow speed. Error bars indicate
1 SD. *Indicates significant difference between species at the
o = 0.05 level
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Fig. 3 Results of measurements of turbulent kinetic energy (TKE)
within the feeding volumes of two species of hemi-sessile tube
blennies at three field sites. Results were compiled according to
significant wave height (H) measured simultaneously with turbulence
characteristics. Error bars indicate 1 SD. *Indicates significant
difference between species at the o = 0.05 level
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were not detected (0.05 < P < 0.1); however, the trend of
higher flow for A. spinosa was apparent (Fig. 2). Estimates
of TKE within the feeding volumes of A. spinosa were
significantly greater than those for A. aspera when Hg was
greater than 0.6 m (Fig. 3; ANOVA: P < 0.05 in all cases).
At the SE site, A. spinosa experienced significantly higher
mean flow speed than A. aspera when H; was between 1.0
and 1.4 m (Fig. 2; P < 0.05 in both cases). TKE was sig-
nificantly higher for A. spinosa at wave heights between
0.4-0.6 and 1.0-1.2 m (P < 0.05 in both cases). TKE
experienced by the two species converged again when
H, > 1.2 m.

0305070911131517
Significant Wave Height (m)

0.10305070911131.5
Significant Wave Height (m)

Reef-scale measurements of water flow

Mean flow speeds within the BBL generally increased with
height above the bottom and with increasing wave height
(Hg). Within each site, mean flow speeds measured at
heights of 0.4, 1.0, and 2.0 m above the bottom were
roughly similar, as indicated by flow speed ratios near unity
(Fig. 4). Flow speeds from 3.0 and 4.0 m above the sea-
floor tended to be faster relative to flow speeds at 0.4 m
(Fig. 4). Site-specific patterns in flow speed ratios were
also detected. At the Patch Reef site, the largest relative
difference in flow speed between those measured at 4.0 m
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and those measured at 0.4 m occurred when Hy < 0.2 m
(bin centered at 0.1 m, Fig. 4). In contrast, flow speeds
measured at these two heights converged (i.e., ratios
approached 1) as H; increased. The NW site showed a
similar convergence of flow speeds measured at both 3.0
and 4.0 m with those measured at 0.4 m for H; > 0.8 m.
There was a slight increase in the ratio of flow speeds at
4.0 m to those at 0.4 m as H increased from 0.6 to 1.0 m.
At the SE site, maximum relative differences in flow
occurred at intermediate values of H,. Flow speeds mea-
sured at all heights were similar (ratios near 1) at H; < 0.6
and H; > 1.4 m. At H, between these values, flow speeds
were divergent with the highest relative difference between
flow at 0.4 and 4.0 m at an H, of 0.9 m.

The frequency distribution of Hg showed that waves at
each site were most commonly measured in the H; range
for which there was the greatest relative difference in flow
speed measured at 0.4 and 4.0 m. At the Patch Reef site, H
estimates fell within three size classes centered at 0.1, 0.3,
and 0.5 m with 74% (49 of 66) of H, estimates between 0.2
and 0.4 m (Fig. 4). At the NW site, the frequency of
occurrence of waves declined steadily from H; = 0.6 to
1.4 m (Fig. 4). There were no estimates of Hy < 0.6 m
from these relatively long records, although such waves
were measured on shorter time scales using the Sontek
ADV (e.g., Fig. 2). The SE site showed the widest varia-
tion in wave conditions, with H, estimates from 0.2 to
1.6 m. The greatest number of observations (51 of 164) fell
in the bin centered at 0.9 m (range 0.8-1.0 m; Fig. 4).

Field video observations

Fish of both species attacked prey located in the water col-
umn and on the hard surfaces adjacent to their shelters.
When attacking prey in the water column, fish moved
quickly with a very rapid forward thrust from their shelters.
In contrast, attacks on prey at the reef surface were usually
more methodical, with the fish generally approaching for a
closer look and striking more slowly while curving the body
to come down on the prey from above (normal to the
surface).

On average, blennies of both species made feeding
motions about once every 2-4 min (Fig. 5; top). A two-
factor analysis of variance comparing attack rates between
species and sites showed a significant site X species
interaction (ANOVA: F;3, = 4.68, P = 0.04) that was
driven by the decline in attack rates for A. spinosa at the SE
site relative to the Patch Reef while the attack rate of
A. aspera remained stable (Fig. 5; top). A non-significant
trend (ANOVA: F,3, = 3.64, P =0.07) toward lower
attack rates at the SE site was also found, which combined
with the significant interaction prompted separate analyses
to be conducted for species effects at each site. At the Patch
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Fig. 5 Results of quantitative video observations of tube blennies at
two field sites exhibiting low wave conditions (Patch Reef) and high
wave conditions (SE site). Error bars indicate 1 SD. Top: attack rate.
Bottom: percentage of attacks directed into the water column rather
than toward the reef surface

Reef, there was no difference in attack rate between the
two species (ANOVA: F, ;5 = 1.54, P = 0.23). In con-
trast, at the SE site A. aspera attacked more frequently than
A. spinosa (ANOVA: Fy 7 = 5.25, P = 0.04).

A. spinosa fed almost exclusively in the water column
(93% of attacks at both sites) and nearly equally so at the
Patch Reef site (90%) and the SE site (95%; Fig. 5, bottom).
In contrast, water column attacks by A. aspera were site
dependent: nearly twice as often at the Patch Reef site (65%)
than at the SE site (37%; Fig. 5, bottom). A two-way anal-
ysis of variance of arcsine transformed proportions showed
that a greater proportion of attacks were in the water column
for A. spinosa than A. aspera (ANOVA: F,3, = 51.61,
P < 0.01). There was also a significant site x species
interaction, driven by the decline in the proportion of water
column attacks for A. aspera at the SE site relative to the
Patch Reef site. Additional one-way ANOV As to test for site
effects on a species by species basis showed that A. aspera
attacked in the water column significantly more at the Patch
Reef site than at the SE site (ANOVA: F, ;5 = 6.75,
P = 0.02). There was no difference between sites in the
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proportion of attacks in the water column for A. spinosa
(ANOVA: Fy 17 = 0.63, P = 0.44).

For A. aspera, the proportion of attacks in the water
column (pooled for both sites) was negatively correlated
with Hy (r = —0.79, P = 0.004). A. spinosa showed no
such relationship for pooled data (r = 0.08, P = 0.76). At
the highest significant wave heights recorded for each
species during video observation, 21% of A. aspera attacks
were in the water column (H; = 0.96 m) and 93% of
A. spinosa darts were in the water column (Hy = 1.62 m).

Analysis of variance with Tukey’s pairwise comparisons
of attack distances revealed significant differences between
species (Fig. 6). A. spinosa attacked prey at greater dis-
tances than did A. aspera regardless of site or direction of
attack (Fig. 6; ANOVA: F4; = 8.38, P =0.006). No
other class variables (site or attack direction) or interac-
tions were significant in the ANOVA model.

Plankton sampling

The abundance of possible food items for each fish species
was examined at the Patch Reef and SE sites (Fig. 7). For
each taxon of zooplankton analyzed, there were consistent
trends in abundance with species or site. However, only the
calanoid and harpacticoid copepods showed any statisti-
cally significant differences. Calanoid copepods were more
abundant at the Patch Reef site than at the SE site. Harp-
acticoid copepods were equally abundant at the Patch Reef
and SE sites, but there were significantly higher abundances
at the A. aspera shelters than at A. spinosa shelters. The
species X site interaction was also significant, reflecting
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Fig. 6 Results of quantitative video observations of tube blennies at
two field sites exhibiting low wave conditions (Patch Reef) and high
wave conditions (SE site). Attack distance is measured as the
maximum distance traveled by the fish from its shelter during the
attack. Error bars indicate 1 SD

the greater relative abundance of harpacticoid copepods at
the SE site.

Discussion

The interaction of ocean currents and waves with the
complex three-dimensional structure of a coral reef gen-
erates a full spectrum of hydrodynamic microhabitats that
can influence a range of physiological and ecological
processes (Trager et al. 1994; Sebens et al. 1998; Williams
and Carpenter 1998; Gardella and Edmunds 2001; Hearn
et al. 2001). This series of field studies shows that two
species of tube blennies are vertically segregated on the
reef, which causes them to experience differing flow con-
ditions. Moreover, behavioral observations support the
hypothesis that the flow conditions experienced within
each microhabitat are consistent with diet, feeding perfor-
mance, and feeding strategy employed by the two species.

The blennies in this study were vertically segregated
within each site such that roughhead blennies (A. aspera)
occupy shelters that are 0.5-1.3 m deeper and are associated
with topographically low features relative to spinyhead
blennies (A. spinosa). Boundary layer theory predicts that
A. spinosa would experience faster, more turbulent flows
than A. aspera based on their vertical positions (e.g., Shashar
etal. 1996). However, because water flow on these reefs was
wind-wave driven, water motion varied proportionally with
H; and inversely with depth (Denny 1988). It follows, then,
that differences in flow experienced by the two species will
depend on site depth and wave conditions.

Figure 8 depicts a conceptual model of how wave-
induced flows are experienced by blennies within each site
as a function of wave height. The distribution of blennies is
shown at right in the figure and is consistent with the vertical
segregation of the species at our field sites (Table 1). Within
a given site, at low Hg wave energy is relatively weak and
produces only modest flows at all depths with corresponding
mild velocity gradients (Figs. 2, 3, 4). Thus, there are min-
imal or no differences in flow speed or turbulence between
the two species within a site at low H (Figs. 2, 3). At
moderate H;, substantial amounts of kinetic energy are
transported to mid and deeper depths and produce a strong
gradient in flow (Figs. 2, 3, 4). Under such conditions, one
would expect to see (and this study demonstrates) differ-
ences in flow conditions for organisms living at different
heights above the bottom within a site (Figs. 2, 3). Finally, at
high H, enough kinetic energy is transported to the bottom to
thin the BBL such that the vertical gradient in flow condi-
tions is again diminished (Figs. 2, 3, 4).

The particular H, that produces maximal vertical gra-
dients in flow will vary with site and depth. Shallower sites
will be “saturated” with wave energy at relatively low Hj,
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Fig. 7 Density (number per
m’) of plankton collected from
the location of tube blenny
shelters at two field sites
exhibiting low wave conditions
(Patch Reef) and high wave
conditions (SE site). N = 4 for
each site and species
combination. P values indicate
results of two-way analysis of
variance comparing plankton
density between sites and
species. Error bars indicate

1 SD

Fig. 8 Diagrammatic
representation of tube blenny
distribution within the field sites
and flow conditions experienced
by tube blennies at low,
medium, and high significant
wave heights
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while larger waves are needed to produce maximal gradi-
ents at deeper sites. For example, at the Patch Reef site
there were significant differences in mean flow speeds
between species at low to intermediate H, (<0.4 m; Fig. 2).

@ Springer
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When H; increased at this site to a modest 0.5 m, differ-
ences in flow speed between the two species disappeared
due to a thin BBL (Figs. 2, 4). In contrast, at the deeper and
more exposed sites (NW and SE), significant differences in
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flow experienced by to the two species were noted pri-
marily when H; was relatively large (Figs. 2, 3). For
example, at the NW site, mean flow speed and TKE were
different for the two species for H; > 0.6 m, while at the
SE site differences between the species were most pro-
nounced at H; > 1.0 m and H; < 1.4 m.

A strong interaction between site depth, wave height,
and vertical gradients in flow was also suggested by the
synoptic measurements obtained in this study using a
bottom-mounted current profiler. These measurements
showed mild flow speed gradients to a height of 2 m above
the seafloor at all sites under all wave conditions (Fig. 4).
However, flow speeds at 3.0 and 4.0 m above the bottom
were up to two times higher than those at 0.4 m. Maximal
vertical gradients in flow speed were found at H; that
varied with site according to depth (Fig. 4). For example,
maximal gradients were found at Hy = 0.1 m for the
shallow Patch Reef, whereas maximal gradients were
found at H, = 0.9 for the NW and SE sites, which had
similar deeper depths (Table 1, Fig. 4). This finding is
expected given the strong attenuation of wave energy with
increasing depth. These data also show that within each
site, the most frequently encountered waves are those that
produce maximal vertical gradients in flow (Fig. 4) and
produce the greatest differences in flow conditions expe-
rienced by A. aspera and A. spinosa (Figs. 2, 3). These
complementary results from short-term point measure-
ments of flow at blenny shelters and longer-term reef-scale
flow measurements suggest a strong link between blenny
distribution, flow microhabitats at the shelter, and reef-
scale hydrodynamic processes.

The conceptual model (see Fig. 8) provides a mecha-
nistic explanation for why these two species experience
differing flow conditions but does not answer why the two
species are vertically segregated. This explanation may be
found in their foraging behavior and (perhaps) food
availability. The video studies demonstrate species-specific
patterns of feeding that can be interpreted as a response to
hydrodynamic conditions. While both species forage at
similar rates, A. spinosa forages almost exclusively in the
water column and ventures further from their shelters than
A. aspera. This may indicate a preference for planktonic
over benthic prey items (see also Clarke et al. 2009), and it
may indicate that this species is a stronger swimmer capable
of foraging under more energetic conditions (see also Ful-
ton et al. 2005). Moreover, the field observations show that
A. aspera reduces exposure to high flows by decreasing the
proportion of darts toward the water column (64% in the
relatively quiet conditions of the Patch Reef versus 36% in
the more energetic conditions of the SE site). A greater
foraging ability under high flow conditions for A. spinosa
and avoidance of high flow by A. aspera are further sup-
ported by laboratory experiments in which A. spinosa

foraged over a large proportion of the wave cycle, whereas
A. aspera restricted foraging to just before slack currents at
wave reversal (Clarke et al. 2009). Robinson et al. (2007)
similarly showed that escape responses of calanoid cope-
pods were diminished by faster flow speeds and greater
turbulence. Thus, A. spinosa may be better able to exploit
this food resource with more aggressive foraging (e.g.,
Clarke et al. 2005) at locations with higher flow.

Spatial segregation of the blennies may also result from
availability of particular food items at their shelters. The
pump samples showed significant differences in plankton
abundance between tube blenny species only for harpacti-
coid copepods that were more abundant at the A. aspera
shelters, suggesting a benthic food pool for those fish.
Other generalities may be inferred from these data that are
consistent with benthic versus pelagic food pools for the
two species. For example, both harpacticoid copepods and
ostracods are likely of benthic origin and showed higher
abundances at A. aspera shelters. In contrast, fully plank-
tonic forms (calanoid copepods, cyclopoid copepods,
polychaetes, and gastropod larvae) were more abundant at
A. spinosa sites. While these patterns are suggestive, the
variation in densities between samples makes interpretation
difficult and may eclipse any real biological meaning.
Rather, it is suggested that A. spinosa, by virtue of its more
aggressive feeding behavior, is better suited to exploit
topographically high shelters that experience faster flows
(and thus higher flux of plankton given equal concentra-
tions) and conditions that interfere with copepod escape
responses (e.g., Robinson et al. 2007).

Finally, the role of blenny behavior in driving vertical
segregation of the species should be noted. Clarke (1989)
has shown that the vertical distribution of these tube
blennies results from competitive interactions among the
blennies for preferred higher locations. The measurements
in this study show that the height above the bottom of
shelters occupied by A. spinosa was constant at all three
sites, but that A. aspera resided in higher shelters on the
Patch Reef than at the SE or NW sites. The shelter height
for A. spinosa is fixed by its occupation of the highest
available shelters, which are similar (erect coral skeletons)
at all three sites. The maximum height of A. aspera shelters
is set by both competition with A. spinosa and hydrody-
namic conditions. At SE and NW sites, it is proposed that
competition with A. spinosa and some aspects of the
hydrodynamic environment (flow speed, turbulence, food
flux, feeding performance, etc.) prevent A. aspera from
moving to higher shelters. At the Patch Reef site, A. aspera
was able to occupy shelters at 0.5 m (vs. 0.25 m at the
other sites) due to relaxation of competition (e.g., due to
higher abundance of calanoid copepods) and/or more
benign flow conditions. Thus, these data support a strong
interaction between the physical (flow, H) and biological
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(feeding, competition) processes that drive tube blenny
distribution.

The present study has provided a mechanistic explanation
of the distribution and flow conditions experienced by
planktivorous tube blennies at three sites within Glovers
Reef, Belize. The resulting conceptual model captures the
relevant physical (H,, depth, flow speed, turbulence) and
biological components (feeding strategy, food availability)
of this system and accounts for between site variation (e.g.,
shelter heights of A. aspera) as well as the focal within site
patterns. However, the present study was geographically
limited and the data used to generate the conceptual model
are descriptive in nature. Further efforts, therefore, are
needed to test the generality of the model at other reef sites
and to experimentally test the links between flow and blenny
feeding under controlled hydrodynamic conditions. Such an
experimental examination of blenny feeding is provided by
Clarke et al. (2009).
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