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ABSTRACT

High frequency data reveal a rapidly changing, highly variable physical
environment on the slope of a coral reef in the Florida Keys U.S_A. Internal tidal bores
generated by breaking internal waves cause extensive, high frequency variation in
temperature, salinity, water velocity, and concentration of chlorophyll a. The arrival of
bores on the reef slope is marked by temperature dropping up to 9 °C and salinity
increasing up to 0.6%o in one to several minutes. These changes are accompanied by the
sudden onset of upslope flow within the bottom 15 m of the water column with speeds of
0.1t0 0.3 m-s~1. At regular, semi-diurnal frequencies, cool, high salinity water,
containing significantly elevated concentrations of dissolved nitrate compared with surface
water, is transported from below the thermocline seaward of the reef and is resident on the
reef slope for up to 4 hr before mixing with surface waters and receding down slope.
Physical variability produced by this mechanism increases significantly with depth on the
reef slope. The arrival of internal bores is a consistent feature at this site from May
through November with peak activity in July through September.

Internal tidal bores appear to be a predictable, periodic source of cross-shelf
transport to Florida coral reefs and a potentially important influence on the delivery of
suspended food particles and larvae to the benthos. In summer the water column seaward
of the reef typically exhibits strong temperature and density stratification with a sharp
density discontinuity (pycnocline) and associated subsurface chlorophyll @ maximum layer
at 45 to 60 m depth. On the reef slope, near-bottom zooplankton concentrations increase
with the arrival of cool water in internal bores. High concentrations of calanoid copepods
especially Acartia danae (Giesbrecht), crab zoea, and fish larvae can be associated with
upslope flow of cool, chlorophyll-rich water onto the reef. In contrast, zooplankton
concentrations are generally low during periods of long-shore and offshore flow of
warmer surface waters. Because the impact of internal bores increases with depth on the
reef slope, particle flux associated with this high frequency mechanism is expected to
increase with depth. A short-term settlement experiment showed increased settlement of
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Serpulid worms at depths from 15 to 30 m, and a 15.5-month transplant experiment
showed greater growth rates of the suspension-feeding coral Madracis mirabilis
(Duchassaing and Michelotti) at 30 m depth than at 20 or 15 m.

While the annual variation in daily average temperatures from 1992 through 1996
was approximately 10 °C (winter lows near 20 °C to summer highs near 30 °C),
temperature fluctuations as large as 9 °C were recorded within individual days. Statistical
analysis of daily temperature extremes allows predictions of return times for large
temperature change events and indicates large among-depth differences in the extent of
cool water delivery and temperature variability. Pulses of nutrient- and plankton-rich
water are more frequent and of longer durations deep on the reef slope than closer to the
reef crest. Predictable physical forcing arising from transport of cool water to the reef
slope is likely to influence a range of biological responses in reef corals and may be of
considerable ecological importance on reefs in the Florida Keys and elsewhere.
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CHAPTER1]
General Introduction

“With the easy confidence of long tradition, the biologist measures the
effects of temperature on every paramter of life. Lack of sophistication
poses no barrier; heat storage and exchange may be ignored or Arrhenius
abused; but temperature is, after time, our favorite abscissa. One doesn’t
have to be a card-carrying thermodynamicist to wield a thermometer.”

-- Steven Vogel, Life in Moving Fluids

Sitting on the ocean in a small boat 20 meters from a set of 10 meter high breaking
waves may not seem terribly wise. Yet the experience can be entirely pleasant and can
even be an ideal sampling opportunity if the waves happen to be breaking 20 meters below
the ocean’s surface. At the surface the entire set of waves can, in fact, pass virtually
unnoticed. Within meters of the bottom, however, flow speeds can jump rapidly as an
enormous quantity of water is set in motion, and physical conditions such as temperature
and salinity may change nearly as much in a few minutes as within an entire year. In this
thesis it is argued that internal waves and broken internal bores represent an important
source of physical forcing in shallow water marine habitats. Data collected from 1992
through 1996 on a coral reef in the Florida Keys show extensive, high frequency physical
variability attributable to internal waves and internal bores. This variability can be tied to
cross shelf transport of suspended particles, dissolved nutrients, and larvae of invertebrates
and fish. Predictions made from long-term data reveal spatial patterns of internal wave
and internal bore impacts that may be of considerable ecological importance. Data
collected near kelp forests in Monterey and Carmel Bays, California from 1994 through
early 1997 also show extensive high frequency temperature variability caused by internal
tidal activity, indicating the widespread nature and potential general importance of these

mechanisms.

Internal waves are an intriguing phenomenon. Both unbroken and breaking gravity

waves at the ocean’s surface are familiar to most people from direct observation, and



clegant mathematical descriptions of wave mechanics (see Kinsman 1965) developed in
the 19th and 20th Centuries are of considerable theoretical importance and practical
usefulness in fields as diverse as fluid mechanics, intertidal ecology, and coastal-zone
environmental planning. What is somewhat less than obvious from direct observation,
however, is that surface waves can be described as traveling perturbations along the
interface between two fluids - air and water - that happen to be of extremely different
densities. Gravity waves can, in fact, propagate at the interface of any two fluids, or
layers within the same fluid, separated either by discrete or continuous differences in
density. Waves traveling within a fluid are known as internal waves. In the idealized case
of a discrete boundary between two fluids of densities p, and p,, the speed, ¢, of waves
traveling at the interface is given by:
¢*= (@/k) (P2 - P1)/ (2 coth(kd;) + p, coth(kdy)) Eq. 1
where g is gravitational acceleration', k the wave number is 2n/A (A is wavelength), and d,
and d; are the depths of the upper and lower layers of fluid respectively (Knauss 1978). In
the special case of surface waves, p, >> p), and Eq. 1 reduces to a much more familiar
result of linear wave theory: .
¢* = (g/k) tanh(kd) Eq.2

Intuition about internal waves is likely to be skewed by experiences with surface
waves, because the latter, in fact represent a very special case of waves at the interface of
fluids whose densities differ by nearly three orders of magnitude (1.205 kg m™ density of
dry air at 20°C and 1 atm pressure; 1024.76 kg m™ density of seawater at 20°C and
salinity 35 (UNESCO 1987)). By contrast, in the ocean, a density variation of 0.1 % in
the top 100 m is considerable. Speeds of ocean internal waves are only a few percent of
surface waves, wave periods typically range from tens of minutes to hours rather than
seconds, and when observed in laboratory wave tanks internal waves appear to be
traveling in slow motion (Knauss 1978). In continuously stratified water, internal waves
can occur anywhere in the water column and are not even limited to traveling parallel to
the surface. Heights of internal waves can be enormous (10s of meters to perhaps 100 m).
Internal tides and waves can be generated by a variety of mechanism including variable
current flow over abrupt topographic features, tidal forcing of a stratified water column
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over the margin of a continental shelf, and horizontal current shear at density
discontinuities (Baines 1986). Where internal waves run into shallow water they steepen
and increasing shear at the density discontinuity can lead to instability and breaking and
the generation of turbulent internal bores. In laboratory wave tanks internal waves can
appear to break “backwards” compared with surface waves: rather than plunging over the
front of the wave, the peak rolls off the back. Most large bodies of water tend to become
stably stratified due to solar warming at the surface, and conditions conducive to internal
wave propagation are ubiciuitous in large lakes and the ocean. Slicks that are surface
manifestations of internal waves have been observed in many locations from ships,
airplanes, satellites, and the US Space Shuttle (Ewing 1950; Apel et al. 197S; Shanks
1995).

Thus, simply the idea that there are waves perhaps as large as 100 m in height
slowly traversing open ocean basins and breaking on continental shelves is likely to be
undeniably intriguing to anyone who has even a passing interest in waves or massive
natural phenomena. Internal tides, waves, and bores have been studied extensively from a
purely physical viewpoint and a sizable literature exists on mathematical and theoretical
considerations as well as laboratory and field observations. Physical oceanographic
interest in internal tidal phenomena has also been considerable, and internal waves
breaking on continental shelves are thought to be an important component of the balance
of vertical diffusivity in the ocean (Eriksen 1985). But of most importance to the work
presented here are several reasons why the effects of internal waves are specifically of
interest to marine biologist and ecologists.

By moving warm and cold water masses vertically, and in the case of internal bores
moving water horizontally, iﬁtemal tidal phenomena represent an important source of high
frequency physical variability in coastal ecosystems. Because cool temperatures are often
associated with increased concentration of dissolved inorganic nutrients in sea water, high
frequency temperature variation can be an indicator of rapid variability in local nutrient

regimes. Surface slicks associated with internal waves have been reported to cause
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onshore transport of meroplanktonic larvae and short-term pulses of larvae delivered to
shallow water marine communities can account for large proportions of overall larval
settlement (Shanks 1983, 1986, 1995). Internal waves are not, typically, distributed
evenly along a given coastline (Shanks 1995), and like surface waves, can be focused by
bottom topography. Variable long shore impact of internal waves and bores may be tied
to variable larval transport to adult populations along a coastline. The search for
mechanisms controlling the transport and delivery of meroplanktonic larvae is of
considerable theoretical interest to researchers interested in the dynamics of spatially
heterogeneous marine populations (Botsford 1994; Wing et al. 1995), and may be of
practical usefulness in the management of commercially exploited marine populations and
design of effective marine reserves (Rowley 1994). The importance of dispersal and larval
delivery mechansims goes beyond simply the supply of new individuals into adult
populations (e.g. Roughgarden et al. 1987) with potential to impact important within-
community processes such as competition, predation, and species diversity (Palmer et al.
1996). The potential that internal tidal phenomena are periodic, predictable features of
many near shore ecosystems increases the possibilities that studies of their impact in any
particular location may be of general importance.

There are also several facets of internal tidal phenomena that make this a system
that is relatively conducive to study. The mechanisms are of sufficiently high frequency
that “long-term” data comprising numerous observations can be collected on time scales
of the order of months to a few years, not the decades to perhaps centuries ideally
necessary for study of phenomena such as the El Nifio-Southern Oscillation. Although it
is not generally possible actually to see most of the effects of internal tides, waves, and
bores, one can get a good description of the time course of these phenomena by tracking
motions of the thermocline. This is relatively easy to do simply by continuously recording
temperature at high sampling frequency and coupling temperature change to other
parameters such as salinity and flow speeds. In addition, recent advances in micro
computer memory have made it practical and inexpensive to record high frequency
physical data such as temperature synchronously at many locations. For example, one of
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the instruments most used in the studies presented here is a small, programmabie
temperature logger. As of mid 1996 models capable of storing from 2,000 to 32, 000
measurements and easily configured to fit in small, $20, pressure housing cost between
$100 and $150 (Onset Computers). Prior to 1990 the least expensive temperature logger
capable of storing up to 2,000 points and configured for underwater use cost over $800
(Ryan Tempmentor). Thus, within the magnitude of funding accessible for graduate
student projects in marine ecology, extensive arrays of data loggers can now be deployed
where only a few instruments could have been afforded on a project conducted just 10

years ago.

The motivation for much of this work originated from observations made in 1992
of rapid, unexpected 4 and 5 °C temperature changes at 30 m depth on a coral reef in the
Florida Keys. A working hypothesis was developed that internal waves force cool,
subsurface water onshore causing the rapid fluctuations in temperature. A project was
developed in collaboration with Dr. Stephen Wing (University of California at Davis) and
Dr. Steven Miller (University of North Carolina at Wilmington) to investigate this
possibility. A number of recording temperature, salinity, and current meters were
constructed, modified, and/or borrowed and field measurements and observations were
made in Florida between 1992 and 1994. Chapter II presents findings of these studies
showing a range of data consistent with the repeated arrival on the reef slope of turbulent
internal tidal bores. This study represents one of the first, and to date, most extensive
reports of internal tidal bores forcing subsurface water onto a coral reef.

Having established a good “working understanding” of the mechanisms of internal
tidal bore impacts on Conch Reef, FL, a project was developed in 1995 to attempt to
determine whether the arrival of internal bores on the reef slope caused changes in
composition and concentrations of zooplankton. The goal was to sample near bottom
zooplankton concentrations repeatedly over a number of days while simultaneously
measuring oceanographic conditions seaward of the reef. In addition, manipulative

experiments were conducted to examine whether variability in internal bore impact with
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depth might influence settlement of meroplanktonic invertebrates and growth rate of a
suspension feeding hard coral. Chapter III presents results of this project showing large
increases in plankton concentrations associated with the arrival of internal bores and
showing increased coral growth rates and settlement of Serpulid worms corresponding to
increased internal bore impact with depth. From 1992 through 1997 in collaboration with
Dr. Steven Miller, nearly continuous, high frequency temperature data were collected at
several depths on the same coral reef. Chapter IV presents detailed analysis of these
records including an analysis of extreme values in these records which reveals spatial
patterns of high frequency variation. The extreme values analysis allows predictions of
return times for large temperature change “events” and describes longterm differences
across depth on the reef slope in exposure to nutrient and plankton pulses.

Chapter V presents general conclusions drawn from the Florida data and contrasts
these with data from Monterey and Carmel Bays, California. In addition, shorter segments
of high frequency temperature data were collected on the slope of coral reef in the Great
Barrier Reef, Australia, in 1995, as well as from rocky reef in the Sea of Cortez, Mexico in
1996. These data are presented to emphasize that internal tidal mechanisms are
widespread in many regions and to suggest that the results presented here may be of

general relevance to many shallow water marine habitats.
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CHAPTERII

Pulsed delivery of subthermocline water to Conch Reef (Florida Keys) by internal
tidal bores

ABSTRACT

Internal tidal bores generated by breaking internal waves cause dramatic, high
frequency variation in temperature, salinity, water velocities, and concentration of
chiorophyll a on Conch Reef, Florida Keys. The arrival of bores on the reef slope is linked
to a semi-diurnal internal tide, and is marked by temperature dropping up to 5.4°C and
salinity increasing up to 0.6% in 1 - 20 min. These changes are accompanied by the
sudden onset of upslope flow 1 - 15 m above the bottom with speeds of 10 - 30 cm - s-1.
Cool, high salinity water is transported from below the thermocline seaward of the reef
and is resident on the reef slope for up to 4 h before mixing with surface waters and
receding down slope. Compared with ambient surface water, this deep water can contain
significantly elevated concentrations of dissolved nitrate. Physical variability produced by
this mechanism increases significantly with depth on the reef slope. Analysis of 3-yr
temperature records indicates the arrival of internal bores is a consistent feature at this site
from May through November with peak activity in July through September. Pulsed
delivery of subthermocline water appears to significantly affect the temperature, nutrient,
and particle flux regimes on this coral reef.



INTRODUCTION

The sources, dynamics, and consequences of physical variability in coral reef
ecosystems have interested biologist for at least 150 years. For example, Darwin's (1962)
observation that reefs grow fastest near shelf edges, Goreau's (1959) description of the
effect of wave exposure on coral species distributions, Connell's (1978) formulation of the
relationship between disturbance and species diversity, and many recent studies of physical
disturbance in reef ecosystems (see Hughes 1993), all recognize the fundamental
importance of temporal and spatial environmental variability. Single factors rarely explain
patterns and dynamics on coral reefs. However, studying environmental variability
provides an underlying context for understanding these complex ecosystems. Because
coral reefs flourish in environments with limited seasonal variability and low nutrient
concentrations, intermittent delivery of deep, nutrient-rich water may significantly impact
temperature and nutrient regimes (Wolanski and Pickard 1983; Wolanski 1994).
Similarly, transient movement of plankton-rich water onto a reef could be an important
source of suspended particles and larvae. This study examines internal tidal bores as a
mechanism of persistent, high frequency physical variability on the slope of Conch Reef,
Florida Keys.

Internal bores are generated by breaking internal waves. In any stably stratified
body of water, where density increases either continuously or discretely with depth, a
variety of mechanisms can produce internal waves (Baines 1986). Tidal forcing of a
stratified water column over the margins of a continental shelf can generate packets of
internal waves that tend to propagate inshore along the thermocline (Baines 1986;
Holloway 1991). As these waves run into shallow water over gradually sloping shelves
they steepen, and increasing shear at the density discontinuity leads to instability and
breaking. Resulting turbulent bores of sub-thermocline water -- "internal surf* -- continue
to travel inshore, mixing with ambient surface water (Wallace and Wilkinson 1988;
Holloway 1991; Pineda 1994). In wave tanks, breaking internal waves cause vertical
mixing (Wallace and Wilkinson 1988), and it has been suggested that internal waves
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breaking on continental shelves may cause transient upwelling in coastal marine
environments (e.g. Cooper 1947; Wolanski and Pickard 1983; Sandstrom and Elliot
1984).

The existence of internal waves was well documented by the 1950s (Ewing 1950)
and their presence in all ocean basins has been recognized since the 1970s. Only since the
1970s, however, has their potential ecological importance been studied in detail. Haury et
al. (1979) reported high frequency internal waves in Massachusetts Bay and proposed that
they could produce significant redistribution of plankton. Shea and Broenkow (1982)
detected large amplitude internal tides and a potential effect on the nutrient regime of
Monterey Bay, California. Surface slicks traveling with internal waves have been
implicated in the shoreward transport of neustonic larvae along the coast of southern
California (Shanks 1983), and New‘Zealand (Kingsford and Choat 1986). Pineda (1991,
1994) showed shoreward transport of cool, subsurface water in turbulent bores, followed
by onshore transport of surface warm fronts and larvae in southern California.
Semidiurnal vertical oscillations of the thermocline have been described as a mechanism of
nutrient delivery to southern California kelp forests (Zimmerman and Kremer 1984).
Frederiksen et al. (1992) suggested suspended particle delivery by internal waves could
explain patchy distributions of a deep-water scleractinian coral in the northeastern
Atlantic. Witman et al. (1993) documented transport of warm, phytoplankton-rich water
to dense aggregations of sessile suspension feeders on shallow pinnacles in the Gulf of
Maine. Andrews and Gentien (1982), Wolanski and Pickard (1983), and Wolanski (1994)
have pointed to tidal oscillations of the thermocline in the Coral Sea as a potential source
of nutrients for the outer shelf of the Great Barrier Reef, and Novozhilov et al. (1992)
reported evidence of tidal upwelling near reefs in the Seychelles Islands. Internal waves
and bores appear to be a widespread phenomenon (Pineda 1995), however, reports from
coral reefs are few, and other studies to date have not documented the dramatic and
repeated forcing of sub-thermocline water onto a coral reef that we have observed at
Conch Reef.
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In this study, observations of large temperature and salinity fluctuations
accompanied by rapid increases in flow speeds on a tidal cycle, led to a working
hypothesis that internal waves were driving shoreward transport of water from below the
thermocline. Physical conditions associated with the run-up turbulent bores on the reef
slope were subsequently examined in detail. Aithough all measurements were conducted
on a single reef, the long shore scale of the phenomenon appears large enough (1 to 10s of
km) that other reefs in the Florida Keys reef track may be similarly affected.
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METHODS

Site description

Conch Reef (24°59' N, 80°25' W) is a fringing reef located 8 km southeast of Key
Largo, Florida (Figure 2.1). The reeflines the submerged margin of Key Largo, and is
characterized by coral spur and groove formations running from the reef crest at a depth
of 12 m to ~ 30 m where the formations break up into a series of isolated patches
surrounded by coral sand. A mix of primarily mounding and plating corals as well as
benthic algae, sponges, and soft corals cover most available space on the reef. At~35m
the reef ends on a gently sloping, continuous sand plain that extends, uninterrupted, for 8
to 10 km to the deep channel of the Florida Straits. The reef lies within the Florida Keys
National Marine Sanctuary, and all measurements were made at the site of the National
Undersea Research Center Aquarius Habitat. The site was accessed from small boats and
measurements were made with the use of both Nitrox (36% 02) and saturation dlvmg

Long-term measurements

Long-term temperature data were collected by continuous deployment'of
instruments on the reef slope at 7, 21, and 35 m from late 1991 to 1994. Ryan
Tempmentors, moored 1 m above the bottom, sampled at 20-min intervals for
deployments lasting up to 3 months. Daily temperature mean, variance, and range
(maximum minus minimum) were calculated for each depth. The daily data for 1992 were
divided into two 6-month seasons, "winter" (January through April, plus November
through December) and "summer” (May through October) and these data were analyzed
for differences among depths with respect to daily mean and variance. Because the
temperature data were not normally distributed within depths and were not serially
independent between successive dates, Friedman's non-parametric test was used with
depth as the treatment (N = 3) and the observations blocked by time interval (days) (Sokal
and Rohlf 1981). Separate tests were run for the daily mean and daily variance data for
both seasons. Where significant treatment effects were detected, nonparametric posthoc
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multiple comparisons between depth pairs were conducted by STP (Sokal and Rohlf
1981).

Time-series analysis was used to examine the frequencies of temperature variability
in the longest continuous data set, 18 months from November 1991 through April 1993.
Data were averaged in 2-h intervals to remove the highest frequency variations, and long
seasonal trends were removed by subtracting a 35-d moving average. A Fast Fourier
Transform (FFT) was calculated on the detrended residuals, with spectral power per
frequency calculated by dividing the power in each frequency by the total power of the
entire Fourier transform. The resulting power spectrum was smoothed with a fixed-
interval moving average, and 95% confidence intervals for the spectral peaks were
calculated following Jenkins and Watts (1986).

Short-term measurements

Intensive short-term data were collected during five 7 - 15-d cruises. These
cruises took place in September 1992, August 1993, November 1993 (including 4-d of
saturation diving), July 1994, and November 1994. Physical sampling consisted of
concurrent measurement of temperature, salinity, chlorophyll a , and nutrient
concentrations through the water column seaward of and on the reef slope, coupled with
water velocity measurements above the reef. A SeaBird SB-19 conductivity-temperature-
depth (CTD) meter with attached Turner fluorometer, and General Oceanics 1.5-liter
Niskin bottles at surface, midwater, and near-bottom depths were used for water column
sampling. Immediately after collection, water samples were filter-sterilized into clean 60-
ml Nalgene bottles, using Whatman GF/F 0.7-um filter paper in Gelman filters. Samples
were kept dark on ice on the boat (1 - 4 h maximum) and frozen upon return to shore until
analysis. Nutrient determinations for nitrite, nitrate, ammonium, and phosphate were
performed on an Alpkem RFA-300 nutrient analyzer with nutrient determinations
measured against internal standards according to the RFA methodology handbook
(Alpkem).
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CTD profiles were used to determine density structure and position of the
pycnocline if present and in calculation of Brunt-Viisila (B-V) buoyancy frequencies as a
function of the local density gradient (Pond and Pickard 1983). B-V frequency is directly
related to water column stability and indicates the highest frequency pycnocline
oscillations that can be attributed to internal waves (Baines 1986). During each cruise,
daily profiling was conducted at six evenly spaced stations from the reef crest (10-m
depth) to a station located 2 km seaward (50-m depth). In November 1994, profiling was
conducted at 1.5 km stations out to 8 km. A CTD cast was made at each station, and data
were averaged in 1-m depth bins. On several occasions when three or more CTD casts
were made in qufck succession at the same station, very little instrument variation was

detected between casts.

High-frequency variation in temperature, salinity, and flow velocities were
measured with a spatial array of moored recording thermistors, CTD meters, and current
meters deployed across Conch Reef during each cruise. Figure 2.1 shows a schematic
representation of the instrument array. Recording strings of 12 thermistors (calibrated in
water with temperature resolution of 0.1°C) spaced 2 m apart were deployed vertically at
35 m and 24 m depths to measure temperature variability through the water column above
the reef. Time series of temperature, salinity, and tidal height were recorded by moored
SeaBird SB-9 CTDs and Interocean S4 electromagnetic current/CTD meters fixed 1 m
above the bottom at 35 and at 21 m, sampling at 0.5-s intervals and recording 1-min
averages. Water velocities 1 m above the reef were recorded by the 2-axis S4 current
meters at 35 and 21 m. During November 1993 velocities above the reef were recorded
by an acoustic Doppler current profiler (ADCP) moored at 30 m and profiling three
current axes in 1-m depth bins from 30 m to the surface. This instrument sampled at 0.5-s
intervals and stored 2-min averages. Current meter data were analyzed along 330°/150°
and 240°/60° axes (vector components) where 330°/150° corresponds to flow onto
(positive) and off (negative) the reef slope and 240°/60° contains the major component of
tidal driven flows at the site. Correlations between temperature at the bottom and at each

position in the vertical thermistor strings were calculated to deterﬁﬁne the spatial
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coherence of variability across the water column. Similarly, correlations were calculated
between bottom temperature and the two components of flow in each 1-m bin of the
vertical current profiler record, as well as between flow speed 1 m above the bottom and
flow speed in each 1-m bin through the water column.

Water column conditions during the arrival of a packet of turbulent bores was
measured by rapid CTD profiling ("yo-yo" sampling) above the 35 m site every 10 min for
8-h periods on 25 and 26 July, 1994. The run-up of turbulent bores onto the reef was
measured with 14 individual Onset Computers recording thermistors (calibrated in water
with temperature resolution of 0.2°C) moored 1 m above the bottom at 3-m depth
increments from 12 - 30 m along two transects parallel to the reef spur and groove. These
instruments recorded average values at 4.8-min intervals. All instruments in the sampling
array contained synchronized internal clocks, and positions and distances between
instruments were measured underwater to the nearest 1 m. Lag time in the arrival of cool
water at thermistors located successively upslope were used to estimate propagation
speeds of cool water fronts.
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RESULTS

Long-term record

The largest component of long term variation was due to seasonal warming from
May to September and cooling from October to March. Superimposed on this long-term
trend were high frequency fluctuations that were greatest in the summer at the deepest
station. Figure 2.2 shows these patterns in a 16-month time series of temperature at 35 m
(top panel) from December 1991 through March 1993. Over this period temperature
ranged from a low of 19.7°C to a high of 30.0°C. Figure 2.2 also shows an expanded
view of 4 weeks of same record from 26 August - 23 September, 1992 plotted with lunar
phase. Precipitous and repeated temperature drops (some larger than 5°C) occurring at
roughly 12-h periods were associated with days surrounding both the new and full moon.
These fluctuations were also detected at 21 m, but not at 7 m. Table 2.1 summarizes the
1992 daily temperature data across depths. In both winter and summer, mean temperature
decreased with increasing depth while standard deviation, coefficient of variance, and
range all increased with depth. Daily temperature range and variance (plotted as standard
deviation) at 7, 21, and 35 m for all of 1992 are shown in Figure 2.3. At 21 and 35 m the
greatest high frequency temperature variation occurred July, August, and September. This
seasonal pattern was consistent over 3-yr of measurements. Although the occurrence of
the full moon was generally accompanied by increased temperature variability, other times
within the lunar cycle also show highly variable temperature. Statistical tests indicate a
significant effect of depth on daily mean temperature and variance in both seasons of 1992
(Table 2.2). Multiple comparisons show all the pairwise groupings of depths differed

significantly in summer.

Figure 2.4 shows low-frequency and high-frequency portions of the power
spectrum for the 35-m temperature record. At high frequencies a single, well defined peak
is evident corresponding to a period of 12.4 h. The 95% C.1I. indicates this peak stands
out significantly from other high frequency peaks. At the low-frequency end of the power

spectrum variance is spread over a group of peaks corresponding to periods from 13.3 -
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42.6-d. The 95% C.L indicates none of these peaks stands out significantly from the
others. The portions of the spectrum shown in Figure 2.4 contain 96% of the power of
the eatire spectrum (mean square amplitudes, °C2, = 0.181 low-frequency portion, 0.105
high-frequency portion, 0.298 total spectrum). Spectral power drops close to zero well
below the Nyquist frequency, indicating the time series was probably not significantly
aliased by variability above the sampling frequency (Jenkins and Watts 1986).

Short-term measurements

Table 2.3 summarizes CTD profiling data for two sample periods, November 1993
and July 1994, 1.5 km seaward of Conch Reef. In November 1993 the water column was
well mixed to a depth of 30 m and continuously stratified below to 50 m. Total change in
temperature and salinity between the surface and 50 m was ~ 0.6 °C and 0.4%.. B-V
frequency calculations predicted a minimum period of oscillation of 6.67 min at 48 m. In
July 1994, by contrast, the water column was mixed to depth of 20 m with a well-defined
pycnocline at ~ 50 m. Stratification was essentially two-layered. Maximum temperature
and salinity change between the surface and 50 m were ~ 7.3 °C (29.18°C maximum at 2
m, 21.87°C minimum at 49 m) and 1.5%o, with a minimum B-V period of 2.12 min at 49
m. Figure 2.5 shows section plots of temperature, salinity, and chlorophyll a for the mixed
water column on 19 November, 1993 (left panels), compared with the much stonger
stratification on 23 July, 1994 (right panels). On 23 July, 1994, the surface layer (29°C)
was much warmer than in November, while the top of the themocline (25.5°C) was
present at 44 m. A relatively high concentration of chlorophyll a was associated with the
thermocline in July 1994. On 19 November, 1993 the concentration of inorganic nitrate
increased significantly with depth from 0.1 uM at 24 m to 0.7 uM at 48 m. Profiling in
November 1994 showed a deeper pycnocline at 80 - 95 m, 5 to 8 km seaward of the reef.
Nutrient data from November 1994 hydrocasts showed concentrations of nitrate between
3.98 and 4.67 uM below the 80-m pycnocline. Phosphate concentration also increased
from 0.02 to 0.30 uM across the pycnocline in November 1994.
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Internal bore arrival

Variation in temperature, salinity, two components of flow speed, and tidal height
(depth), measured 1 m above the bottom at 33 m from 15 - 20 November, 1993 are shown
in Figure 2.6. Approximately every 12 h, on the flooding tide, rapid drops in temperature
were accompanied by dramatic increases in salinity and "spikes” of high flow speeds at
330°. From 45 min to 2 h after each event, positive flow at 330° was followed by
negative (off-slope) flow as temperature gradually increased. The 60° component of flow
showed consistent tidal forcing, but contained very little of the sudden increases
associated with temperature drops. Temperature and salinity were tightly negatively
correlated indicating the coupled change from warm, relatively low salinity to cooler,
more salty conditions as water was transported from below the thermocline onto the reef.
Figure 2.7 shows temperature variation through the water column above the 33-m station
from 17 - 20 November, 1993. Rapid temperature drops and more gradual warming in the

bottom 8 to 12 m of the water column coincide with temperature 1 m above the bottom

(Figure 2.6).

Figure 2.8 shows the upslope component of the current profiler data during the

cooling event on 20 November, 1993 shown in Figure 2.6 and Figure 2.7. Within one 2-

min span at the start of this event upslope flow increased from near zero to 15 cm - s°1.
As water was flowing rapidly upslope near the bottom, flow was offslope in the surface 15
m of the water column. These conditions lasted just under 20 min. Approximately 45 min
after the initial arrival of cool water, flow in the bottom 4 m of the water column reversed
to4 - 6 cm - s1 downslope. This "slosh back” coinciding with the onset of warming is a
consistent feature of each event in the current profiler record. The 330° component of
flow and temperature through the water column 20 min before, at the onset of, and 50 min
after the 20 November, 1993 event are shown in Figure 2.9. At the onset of the event,
currents near the bottom and near the surface were in opposition with a shear zone
between 16 and 17 m. Figure 2.9 also shows correlation coefficients between 330° flow 1
m above the bottom and at each 1-m bin through the water column for 17 - 22 November,

1993. Below 16 m, 330° flow in the water column was positively correlated with flow
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near the bottom. Above this depth the correlation was negative, indicating a persistent
opposition of surface and bottom onshore-offshore currents. Correlation coefficients
between bottom temperature and temperature at each position in the water column
decreased roughly linearly from 1.0 at the bottom to 0.18 at 6 m with little apparent phase
shift, indicating a decrease in the extent of repeated cooling with distance above the
bottom. Bottom temperature was moderately correlated with the 330° component of flow
through the water column but poorly correlated with the total flow speed.

A time series of the water column profile above the reef on 25 July, 1994 is shown
in Figure 2.10. In the 10-min interval from 1720 - 1730 hours, temperature 1 m above the
bottom decreased from 29.3 to 27.8°C, salinity increased from 35.50 to 36.15%o, and

chlorophyll a concentration more than doubled from 0.32 to 0.66 ug - liter'l. This
sudden change in conditions was consistent through the bottom 10 m of the water column.
The arrival of cool water near the bottom was accompanied by a slight warming near the
surface. The sudden cooling was followed by a much more gradual warming as cool
water receded down slope during the next 2 to 4 h. A sudden reversal of surface current
which caused the sampling boat to rotate 180° on its mooring above the 33-m site was
noted at exactly 1726 hours, and observers noted the arrival of the first of six sharply
defined surface slicks at the same time that instruments recorded the sudden incursion of
cool, high-salinity water near the bottom. Separated by 50 - 75 m, oriented parallel to the

reef crest, and slowly traveling onshore at ~ 10 - 20 cm - s~1, these slicks extended to the
horizon (several km) and contained dense concentrations of floating seaweed (Sargasum
spp.) jellyfish (Aurelia aurita), and flotsam at the surface and feeding fish (Atlantic

Spadefish, Chaetodipteruss faber, and Horse-Eyed Jacks, Caranx latus) just beneath the

surface. During this time the surface was calm with wind speed less than 5 km - hr-1.
Divers on the reef during the onset of several such events noted the movement upslope of
a visible, shimmering discontinuity within several meters of the bottom and observed

schools of reef fish orienting to the moving front.
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Figure 2.11 shows temperature variation at 3-m depth increments across the reef
slope during the event shown in Figure 2.10. The rapid decrease in temperature on the
bottom at 27 m was followed by decreases at successively shallower depths with a
significant time lag and decrease in the relative temperature change with decreasing depth.
The onset of cooling at 15 m occurred approximately 20 min after cooling at 27 m. The
cross-slope distance between these two stations was 161 m, giving an estimated bore

speed of 13 cm - s-1.
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DISCUSSION

The coupled changes in temperature and salinity and the onset of rapid, upsiope
flow near the bottom indicate the movement of well-defined masses of water onto Conch
Reef. These events are well explained as the periodic arrival of internal bores linked to a
semidiurnal internal tide. The recurrent pattern of gradual warming accompanied by
downslope flow 45 min to 2 h after the initial temperature drops shows the water
transported in bores receding downslope as a gravity current (Wallace and Wilkerson
1988; Pineda 1994). The observed surface slicks can be explained as surface
manifestations of packets of internal waves (Shanks 1983; Kingsford and Choat 1986),
and these internal waves can break in shallow water, generating turbulent internal bores.
The exact relationships between surface slicks and underlying fields of linear and nonlinear
internal waves are not well understood, and slick propagation speeds cannot be used
directly to infer wave lengths or propagation speeds.

Summer water-column profiles showed an essentially two-layered stratification
seaward of the reef, and B-V calculations predict minimum periods of buoyant oscillations
of 2.1 min. Under these conditions, tidal flooding over the shelf break of the Florida
Straits is likely to generate packets of shoreward traveling internal waves (Baines 1986).
Studies of stratification processes in this region (e.g. Atkinson and Blanton 1986) confirm
our observations of a sharply defined, shallow pycnocline and two-layer stratification in
summer, giving way to weaker stratification and a deeper pycnocline in winter. The
location of internal wave breaking depends on the depth of the pycnocline and the wave
amplitudé, and will vary between packets of waves and between seasons.

The correlation between temperature on the bottom (30 m) and temperature at
elements in the vertical thermistor strings decreased with distance from the bottom
because near surface temperatures did not consistently track near-bottom variability
(Figure 2.9). The correlations between 330° flow near the bottom and 330° flow in water

column indicates strong near bottom and surface currents co-occur in opposing

222



onshore/offshore direction. Near the bottom, temperature was negatively correlated with
the 330° component of flow, due to the co-occurrence of strong upslope (positive) flow
with cool temperatures. The magnitude of this negative correlation was small, however,
because temperatures remained low as flow was down-slope (negative). Temperature was
not well correlated with the total flow speed (Figure 2.9) indicating the tidal flow patterns
that dominate the total flow speeds were not responsible for the rapid temperature
fluctuations in the lower portion of the water column. Deviations of 15 - 20° in the
direction of water flow at the onset of some cooling events are present in the data,
however, 330° is the predominant flow direction coinciding with rapid cooling near the
bottom.

The interpretation that internal bores cause the observed high-frequency physical
variations is supported by similar observations on sloping shelves in other geographic
regions. Smyth and Holloway (1988) characterized shoreward propagation of large
amplitude internal waves along the wide, gradually sloping northwest Australian shelf.
Crossing the shelf, internal waves steepen, leading to instability and formation. of undular,

turbulent bores with onshore components of flow as high as 40 cm - s*! at 40 m and
concurrent strong offshore surface flows. Vertical mixing resulting from this onshore
transport causes rapid dissipation of internal tidal energy (Holloway 1991). Similar
mechanisms have been described for internal waves on the Scotian shelf (Sandstrom and
Elliot 1984), the coast of British Columbia (Drakopoulos and Marsden 1993), the Gulf of
Maine (Brickman and Loder 1993), and the narrow shelf at the margin of the San Diego
marine canyon (Pineda 1991, 1994). Where the ratio of steepness of the slope to
steepness of the wave leading face exceeds 1.0, waves are reflected offshore rather than
breaking and flowing up-slope (Holloway 1991; Wolanski 1994). Slope steepness helps
explain the limited transport of deep water onto a reef front in the Great Barrier Reef
despite significant internal wave activity at depths > 100 m nearby in the Coral Sea
(Wolanski and Pickard 1983).
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An alternate interpretation of the Conch Reef data might attribute temperature
variability to spinoff eddies and meanders of the Florida Current. However, this would
not explain the high frequency, rapid, cross-shelf flow of cool water onto the reef, the
correlation between temperature drops and upslope flow, nor the observation of moving
surface slicks. Variability in the Florida Current is well established (Lee and Mayer 1997,
Lee et al. 1994) and very likely influences the generation of internal waves through
changes in water column density structure and shear across the pycnocline.

The high-frequency spectral peak at 12.4 h results from the regular arrival of cool
water in bores linked to a semidiurnal (M?) internal tide. The lower frequency peaks at
13.3 and 27.3-d correspond approximately to the lunar fortnightly, (Mf, 13.6-d) and lunar
monthly (Mm, 27.5-d) tidal periods which may contribute to the amplitude of internal
tides (Pond and Pickard 1983). Analysis of daily temperature variance versus day of the
lunar cycle for May - October 1992 .v;howed no clear pattern. While days shortly
preceding and following the summer full moons did exhibit the greatest temperature
variability (Figure 2.2), large temperature variations also occurred on other days
throughout the lunar cycle. Concurrence of highly variable temperatures with the July,
August, and September full moons were also observed in the summers of 1994 and 1995,
but again, temperature variability was not restricted to these days. For sites between
southern California and Washington, Pineda (1995) reported greatest internal bore activity
on days between the new and full moons, with seasonal variability in the extent to which
internal bore activity tracked the lunar cycle. Although lunar phase may influence the
amplitude of internal tides, the mechanisms of internal wave generation can be complex
and are not necessarily constrained to particular days within the lunar cycle (Pineda 1995).
This helps explain the spread of spectral power across a range of low frequencies from 13
- 28-d. The lowest frequency spectral peak, corresponding to a period of 42.6-d is not
well explained by tidal harmonics but may represent temperature variability related to spin-
off eddies of the Florida Current (Lee and Mayer 1977; Lee et al. 1994). Longer term
(seasonal and annual) trends in temperature, though present in the data, do not show up in
the spectral analysis due to detrending.



Cross-shelf transport can cause exchange of water and material such as nutrients,
food particles, planktonic larvae, and pollutants between near shore environments and
coastal oceans (Pineda 1994). Both the slope steepness and small scale reef topography
such as spur and groove formations affect the runup of turbulent bores and contribute to
spatial patchiness of bore impacts. Physical forcing resulting from pulsed delivery of
subthermocline water to Conch Reef may have ecosystem-wide consequences. Several of
these are considered below.

Water temperature influences a wide range of physiological processes such as
energy utilization, photosynthesis, growth, and calcification in corals and other reef
organisms. The long-term temperature records at Conch Reef show predictable seasonal
patterns of cooling in the winter and warming in the summer with an annual temperature
range of just over 10°C (Figure 2.2). Internal bores add markedly to the high frequency
variability in temperature, with deeper sites experiencing significantly greater daily
variance than shallower sites. At 35 m, the maximum daily temperature range of 5.4°C in
September 1992 was more than half of the annual temperature range. Both elevated
temperatures and rapid fluctuations near extreme highs can cause corals to expel
zooxthanthellae and bleach (Jokiel and Coles 1990; Gates 1989). Coral bleaching can be
extremely patchy both within and between depths (e.g. Jokiel and Coles 1990), and both
species-specific and colony-specific responses to temperature variation have been
implicated as causes of this patchiness (Edmunds 1994). By generating spatial and
temporal patterns of physical variation within a reef, and by forcing cool water onto the
reef during summer when ambient temperatures are at their highest, internal bores may
contribute to the patchy distribution of coral bleaching. Spatial patchiness in temperature
variability may also contnbufe to species-specific and colony-specific patterns of growth

and survivorship.

Concentrations of dissolved nutrients generally increase with depth across the

thermocline, especially in warm, oligotrophic waters (Wolanski 1994). The water-column
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profiles 2 km seaward of the reef on 19 November, 1993 show more than an order of
magnitude increase (from 0.05 to 0.71 uM) in the concentration of nitrate from 24 to 48
m. Sampling in November 1994 as well as summers 1994 and 1995 showed even greater
increases in nitrate and phosphate across the pycnocline (J. Leichter unpubl. data). Lee et
al. (1994) showed sub-thermocline concentrations of nitrate as high as 3 - 15 pM seaward
of the southern Florida Keys. As pulses of subthermocline water are forced onto the reef,
dissolved nutrient concentrations will track the changes in temperature and salinity. Miller
and Hanisak (unpubl. data) reported highly variable bottom concentrations of nitrate at
Conch Reef and suggested some variability might be due to internal waves. Symbiotic
scleractinian corals take up both dissolved ammonium and nitrate (Muscatine and D'Elia
1978, Bythell 1990), and uptake of dissolved inorganic nitrogen may supply up to 30% of
the requirements for growth, reproduction, and mucus secretion in Acropora palmata
(Bythell 1988). Rapid nutrient uptake may allow corals efficient use of periodic and
patchy nitrogen sources (Wilkerson and Trench 1986), however responses to high

frequency variation in ambient concentrations are not well understood.

Nitrate uptake by 4. palmata has been shown to be linearly dependent on ambient

concentrations with a rate of 0.896 umol - h-1 at a concentration of 0.31 uM nitrate
(Bythell 1990). Modeling the impact of internal bores on nitrate uptake as a linear
response to changing concentration with a correction of Q10 = 2 for changing

temperature, uptake rate is predicted to increase nearly six fold from 0.29 to 1.64 umol -

h-1 following the arrival of an example internal bore that caused nitrate to increase from
0.1 to 0.7 uM while temperature dropped from 28 to 25°C. Nutrient uptake can also be
limited by transport across benthic boundary layers. Reduced boundary layer thickness
associated with increased flow and turbulence can result in increased uptake (Atkinson
and Bilger 1992), and increased flow speeds coincide with increased nutrient
concentrations during the arrival of internal bores. Previous exposure, nutrient needs, lag
time in response to changing concentration, or interaction between nitrogen sources also
affect uptake. However, with a residence time of 1 - 4 h and th;a semidiurnal frequency of
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bores at the site, short-term pulsing may be an important source of nitrate. Total uptake
of nitrate from two large internal bores per day with a residence on the reef of 2 h could
equal or exceed uptake for the entire rest of the day.

Spatial variability in nutrient dynamics within and between reefs can impact species
abundance and competitive interactions between corals and benthic algae (Tomascik and
Sander 1987). Spatial and temporal variability in onshore transport of subthermocline
water may also impact nutrient dynamics related to the movement of surface and
subsurface pollution. Understanding the spatial and temporal dynamics of cross shelf
transport by internal bores could be of practical importance to pollution mitigation efforts
or management decisions such as planning the location of deep water sewage outfalls.

Internal bores also influence suspended particle flux past Conch Reef. Figure 2.9
shows the changes in chlorophyll a concentration as a packet of bores arrived on the reef.
Chiorophyll a, measured from fluorescence, is a reliable estimate of phytoplankton
concentration (Townsend et al. 1984) and the formation of subsurface chlorophyll
maximum layers associated with the thermocline is well established for both temperate and
tropical waters (Townsend et al. 1984; Wolanski 1994). As phytoplankton concentration
and flow speeds increase, food supply to passive suspension feeders such as corals and
sponges should increase rapidly. Observations of reef fish orienting to incoming bores
suggest mobile planktivores may be similarly affected. Due to the variability in internal
bore impacts across depths, supply of suspended food particles is likely to differ markedly
across the reef slope. Floating material and neustonic larvae may also be transported
onshore, entrained in surface slicks (Shanks 1983; Pineda 1991, 1994). In southern
California, Pineda (1994) explained shoreward transport of surface warm fronts rich in
neustonic larvae as an epiphenomenon of internal bores, driven by the postbore,
downslope gravity current. A large pool of warm surface water is present over the reef
flats shoreward of Conch Reef. As internal bores recede downslope warm reef flat water

can flow seaward over the fore reef.
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Much of the zonation of species and growth morphologies on coral reefs is related
to gradients in physical factors, most notably decreases with depth in light intensity and
the forces exerted by wave-driven water motion (reviewed by Done 1983). Because the
variance in light and water motion also tend to decrease with depth, deeper zones on reefs
have often been often considered more constant, stable, environments than shallower areas
near reef crests. By contrast, however, the physical variability associated with the impact
of internal bores increases dramatically with increasing depth at Conch Reef, especially
during the summer. Species specific responses to the variance in temperature stress,
nutrient pulsing, or particle delivery produced by internal bores could significantly impact

species distributions and abundance across the reef slope.

Conclusions

Internal tidal bores are a consistent feature of the physical environment at Conch
Reef. The runup of tidal bores exerts direct influence on physical factors across the reef
causing flux to the reef of cool water and dissolved and suspended material associated
with the thermocline. The interaction of this runup with the reef topography niay generate
physically variable "microhabitats” across the reef. The observation of surface slicks
extending to the horizon in both alongshore directions suggests this mechanism operates
on a longshore scale of 10s of km and very likely affects other reefs in the Florida Keys
reef track. Variation in reef morphology and topography separating reefs from the shelf
break may produce large between-reef variation in internal bore impacts. Understanding
the mechanism and spatial and temporal variation of internal bores may shed light on basic
ecological processes on coral reefs. Transient onshore transport by internal bores may be
particularly important at Conch Reef because analysis of long-term current records
suggests net offshore flows near the bottom during nonbore periods (S. Miller unpubl.
data). The impact of internal bores can be viewed as a dynamic process that redistributes
cool water and materials such as dissolved nutrients, suspended particles, and plankton
from seaward distributions in relation to the thermocline to spatially and temporally

dynamic distributions across the reef.

.28-



LITERATURE CITED

Andrews, J. C., and P. Gentien. 1982. Upwelling as a source of nutrients for the Great
Barrier Reef ecosystem: A solution to Darwin's question? Mar. Ecol. Prog. Ser. 8:
257-269.

Atkinson, L. P., and J. O. Blanton. 1986. Processes that affect stratification in shelf
waters, p. 117-130 in N. K. Moores [ed.], Baroclinic processes on continental
shelves. Amer. Geophys. Union.

Atkinson, M. J,, and R. W_ Bilger. 1992. Effects of water velocity on phosphate uptake in
coral reef-flat communities. Limnol. Oceanogr. 37: 273-279.

Baines, P. G. 1986. Internal tides, internal waves, and near-inertial motions, p. 19-31. In
N. K. Moores [ed.], Baroclinic processes on continental shelves. AGU.

Brickman, D., and J. W. Loder. 1993. Energetics of the internal tide on Northern Georges
Bank. J. Phys. Oceanogr. 23: 409-424.

Bythell, J. C. 1988. A total nitrogen and carbon budget for the Elkhorn coral Acropora
palmata (Lamark). Proc. 6th Int. Coral Reef Symp. Australia 2: 535-540.

. 1990. Nutrient uptake in the reef-building coral Acropora palmata at natural
environmental concentrations. Mar. Ecol. Prog. Ser. 68: 65-69.

Connell, J. H. 1978. Diversity in tropical rain forests and coral reefs: High diversity of
trees and corals is maintained only in a nonequilibrium state. Science 199: 1302-
1310.

Cooper, L. H. N. 1947. Internal waves and upwelling of oceanic water from mid-depths
onto a continental shelf. Nature 159: 579-580.

Darwin, C. 1962[1842]. The structure and distribution of coral reefs. University of
California.

Done, T. J. 1983. Coral zonation: Its nature and significance, p. 107-139. /n D. J. Barnes
[ed.], Perspective on coral reefs. AIMS.

Drakopoulos, P. G., and R. F. Marsden. 1993. The internal tide off the west coast of
Vancouver Island. J. Phys. Oceanogr. 23: 758-775.

Edmunds, P. J. 1994. Evidence that reef-wide patterns of coral bleaching may be the resuit
of the distribution of bleaching-susceptible clones. Mar. Biol. 121: 137-142.

-29.



Ewing, G. C. 1950. Relation between band slicks at the surface and internal waves in the
sea. Science 111: 91-94.

Frederiksen, R., A. Jensen, and H. Westerberg. 1992. The distribution of the scleractinian
coral Lophelia pertusa around the Faroe Islands and the relation to internal tidal
mixing. Sarsia 77: 157-171.

Gates, R. D. 1990. Seawater temperature and sublethal coral bleaching in Jamaica. Coral
Reefs 8: 193-197.

Goreauy, T. F. 1959. The ecology of Jamaican coral reefs: 1. Species composition and
zonation. Ecology 40: 67-90.

Hanisak, M. D. 1983. The nitrogen relationships of marine macroalgae, p. 699-730. InE.
J. Carpenter and D. G. Capone [eds.], Nitrogen in the marine environment.
Academic.

Haury, L. R., M. G. Briscoe, and M. H. Orr. 1979. Tidally generated internal wave
packets in the Massachusetts Bay. Nature 278: 312-317.

Holloway, P.E. 1991. On the dissipation of internal tides, p. 449-468. In B. B. Parker
[ed.], Tidal hydrodynamics. Wiley.

Hughes, T. [ed.] 1993. Disturbance: effects on coral reef dynamics. Coral Reefs (Spec.
issue) 12: 115-223.

Jenkins, G. M,, and D. G. Watts. 1968. Spectral analysis and its applications. Holden-Day.

Jokiel, P. L., and S. L. Coles. 1990. Response of Hawaiian and other Indo-Pacific reef
corals to elevated temperature. Coral Reefs 8: 155-162.

Kingsford, M. J,, and J. H. Choat. 1986. Influence of surface slicks on the distribution and
onshore movement of small fish. Mar. Biol. 91: 161-171.

Lee, T. N,, M. E. Clarke, E. Williams, A. F. Szmant, and T. Berger. 1994. Evolution of
the Tortugas gyre and its influence on recruitment in the Florida Keys. Bull. Mar.
Sci. 54: 621-646.

, and D. A. Mayer. 1977. Low frequency current variability and spin-off eddies
along the shelf of Southeast Florida. J. Mar. Res. 35: 193-220.

Muscatine, L., and C. D'Elia. 1978. The uptake, retention and release of ammonium by
reef corals. Limnol. Oceanogr. 23: 725-734.

-30-



Novozhilov, A. V., Y. N. Chernova, L. A. Tsukurov, V. A. Densiov, and L. N. Propp.
1992. Characteristics of oceanographic processes on reefs of the Seychelles
Islands. Atoll Res. Bull. 366: 1-36.

Pineda, J. 1991. Predictable upwelling and the shoreward transport of plankton larvae by
internal tidal bores. Science 253: 548-551.

. 1994, Internal tidal bores in the nearshore: Warm-water fronts, seaward gravity
currents and the onshore transport of neustonic larvae. J. Mar. Res. 52: 427-458.

. 1995. An internal tidal bore regime at nearshore stations along western U.S.A.:
Predictable upwelling with the lunar cycle. Cont. Shelf Res. 15: 1023-1041.

Pond, D, and G. L. Pickard. 1983. Introductory dynamical oceanography. Pergamon.

Sandstrom, H., and J. A. Elliott. 1984. Internal tide and solitons on the Scotian shelf: a
nutrient pump at work. J. Geophys. Res. 89: 6415-6426.

Shanks, A. L. 1983. Surface slicks associated with tidally forced internal waves may
transport pelagic larvae of benthic invertebrates and fishes shoreward. Mar. Ecol.
Prog. Ser. 13: 311-315.

Shea, R. E,, and W. W. Broenkow. 1982. The role of internal tides in the nutrient
enrichment of Monterey Bay, California. Estuar. Coast. Shelf Sci. 15: 57-66.

Smyth, N. F., and P. E. Holloway. 1988. Hydraulic jump and undular bore formation on a
shelf break. J. Phys. Oceanogr. 18: 947-962.

Sokal, R. R, and F. J. Rohif. 1981. Biometry. 2nd. W.H. Freeman and Co.

Tomascik, T., and F. Sander. 1987. Effects of eutrophication on reef-building corals. II:
- Structure of scleractinian coral communities on fringing reef, Barbados, West
Indies. Mar. Biol. 94: 53-75.

Townsend, D. W., T. L. Cucci and T. Berman. 1984. Subsurface chlorophyll maxima and
vertical distribution of zooplankton in the Gulf of Maine. J. Plankton Res. 6: 793-

802.

Wallace, B. C., and D. L. Wilkinson. 1988. Run-up of internal waves on a gentle slope in
a two-layered system. J. Fluid Mech. 191: 419-442.

Wilkerson, F. P, and R. K. Trench. 1986. Uptake of dissolved inorganic nitrogen by the
symbiotic clam Tridacna gigas and the coral Acropora sp. Mar. Biol. 93: 237-246.

-31-



Witman, J. D., J. J. Leichter, S. J. Genovese, and D. A. Brooks. 1993. Pulsed
phytoplankton supply to the rocky subtidal zone: Influence of internal waves. Proc.
Natl. Acad. Sci. 90: 1686-1690.

Wolanski, E. 1994. Physical oceanographic processes of the Great Barrier Reef. CRC.
, E. Drew, K. M. Abel, and J. O'Brien. 1988. Tidal Jets, nutrient upwelling and
their influence on the productivity of the alga Halimeda in the Ribbon Reefs, Great
Barrier Reef. Estuarine Coastal Shelf Sci. 26: 169-201.

, and G. L. Pickard. 1983. Upwelling by internal tides and Kelvin waves at the
continental shelf break on the Great Barrier Reef. Aust. J. Mar. Res. 34: 65-80.

Zimmerman, R. C, and J. N. Kremer. 1984. Episodic nutrient supply to a kelp forest
ecosystem in Southern California. J. Mar. Res. 42: 591-604.

-32-



Table 2.1 Daily temperature data from 7, 21, and 35 m for Winter (January - April,
November - December) and Summer (May - October) 1992.

Depth(m) Mean(°C) SD Cv Range n
Winter 7 245 1.36 0.076 24 179
21 242 1.42 0.083 28 182
35 24.0 1.53 0.098 34 182
Summer 7 28.2 1.48 0.078 3.1 173
21 21.7 1.51 0.082 44 173
35 27.1 1.60 0.094 54 173
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Table 2.2 Friedman's test and STP multiple comparisons for 1992 daily
mean temperature and daily temperature variance. Treatment = depth. *
p<0.05; **p<0.01

Sig X2 an df

Winter
Daily mean b 1290 178 2
7m vs.2lm ns
7m vs.35m **
2lmvs.35m ns

Daily variance b 223 178 2
Tm vs.2lm ns
7m vs.35m ns
2lmvs.35m *

Summer
Daily mean i 2708 173 2
7m vs.2lm **
7m vs.35m **
2lmvs.35m **

Daily variance b 69.7 178 2
7m vs.2lm *
Tm vs.35m **
2lmvs. 35m **
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Table 2.3 CTD data summary 1.5 km seaward of Conch Reef, November 1993 and July
1994. Maximum and minimum averaged values with standard deviation and depth of

occurrence.

Max

8 - 21 November, 1993 (n= 13 casts)

Temp (°C)
Salinity (%o)
Chla (ug liter])
Density (s-t)

B-V frequency (min-1)
Stratification: Continuous

23 July, 1994 (n =3 casts)

Temp (°C)

Salinity (%o)

Chla (ug liter']l)

Density (s-t)

B-V frequency (min-1)
Stratification: Two-layered,

27.02(021) Im
36.08 (0.18) 49m

0.619 (0.258) 48 m
23.74(0.17) 48m

0.15 48 m

29.18(0.04) 2m
36.63 (0.17) 49m

0.951 (0.061) 49 m
25.49(0.18) 49m

047 49 m
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26.39 (0.46) 48 m
35.73(0.15) 1m

0.082 (0.050) 4m
23.26(0.15) 1m

21.87(0.18) 499m
3516(023) Im

0.038 (0.009) 12 m
2213(0.17) 1Im



Figure 2.1 Map of southern Florida with schematic representation of the study site at
Conch Reef (inset) seaward of Key Largo. An array of instruments deployed across the
reef on five 7 - 15 d cruises consisted of vertical strings of thermistors based at 35 and 21
m, electromagnetic current and conductivity-temperature-depth meters at 21 and 35 m,
moored acoustic Doppler current profiler at 35 m (November 1993 only), and individual
thermistors at 3-m depth increments from 30 to 12 m.
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Figure 2.2 Top panel shows 16-month record of temperature 1 m above the boﬁom at 35
m (December 1991 - April 1993) averaged to 2-h intervals. Bottom panel shows 20-min
sample interval data for period corresponding to bar in top panel (26 August - 23
September 1992), with lunar phase (O = full moon). '
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Figure 2.3 1992 daily temperature range (solid lines) and standard deviation (dashed
lines) 1 m above the bottom at 7, 21, and 35 m. Daily values calculated from data taken at
20-min intervals. Open circles represent date of full moons.
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Figure 2.4 Low frequency (left, 5 point smoothed) and high frequency (right, 33 point
smoothed) portions of the power spectrum for 18-month temperature record from 35 m.
Error bars represents 95% confidence intervals. Each portion is normalized to mean
square amplitude for that frequency range. Mean square amplitudes (°C2) = 0.181 low-
frequency portion, 0.105 high-frequency portion, 0.298 total spectrum.
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Figure 2.5 Water column sections of temperature, salinity, and chlorophyll a
concentration on 19 November, 1993 (panels a, b, c), and 23 July, 1994 (panels d, e, f).
Data contoured from 1 CTD cast averaged to 1-m depth bins at each 0.8-km station from
the reef crest to 4.0 km seaward along a heading of 150°.



(uy) wiqe g snprenby wosy asueisyy

(1]

| o
—ty 0
0 .«L I
dosoyy’ 1=, or
vt

fikgsly,
S ¥
45> A
N

R |
245(00/0) b_.,___smﬁw&

e

oy

T T

c.
1 I [l
T mmm
. Ay
08 QA
06z

(u) pdag
-45-



Figure 2.6 Temperature, salinity, flow speeds at 330° and 60°, and tidal height (depth)
recorded 1 m above the bottom at 33 m from 17 - 23 November 1993.
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Figure 2.7 Temperature recorded at 2-m depth increments through the water column
above the 33-m station on 19 - 23 November 1993.

-48-



JedA o.é jo Leq

A A A . A A A

S'9C 09 G6'6Te 04te G¥E O¥lE G'€C
m.mN | ST | | P |

A A A - A A A A A -

t .
m 0'9¢
m. 6’92
& oo _ — 0°0€
09T
0z
0’81
R4 (w) yadaqg
> 001
f;\r\.\// 0'9

-49-



Figure 2.8 Acoustic Doppler current profiler (ADCP) record of 330° component of flow
speeds in 1-m depth increments through the water column above the 33-m station before,
during, and after the arrival of an internal bore on 20 November 1993.
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Figure 2.9 Water column profiles of 330° component of flow speed (left panel) and

temperature (center panel) 20 min before (- - —) at the onset of (-) and 60 min after (- - -)
the arrival of an internal bore on 20 November 1993. Coefficients of correlation (right
panel) for 17 - 22 November 1993 between bottom and water column measurements of
330° components of flow, temperature and 330° flow, and temperature and total flow

speed.
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Figure 2.10 Time series profiles of temperature, salinity, and chlorophyll @ concentration
on 25 July 1994 above the 33-m station. Data from 1 CTD cast every 10 min for 8 h.
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Figure 2.11 Temperature 1 m above the bottom at 15, 21, and 27 m on 25 July 1994.

-56-



™

17:00

LS ‘r"'l’"1'rrl'llll

19:00

-57-

ler‘lllerT

21:00




CHAPTERIII
Breaking internal waves on a Florida coral reef: A plankton pump at work?

ABSTRACT

Temperature, salinity, flow speeds, and plankton concentrations can be highly
variable on the slope of Conch Reef, Florida Keys, as cool, subsurface water flows
onshore forced by broken internal waves. In August 1995 the water column seaward of
the reef exhibited strong temperature and density stratification with a sharp pycnocline and
associated subsurface chlorophyll @ maximum layer at 45 to 60 m. On the reef slope,
near-bottom zooplankton sampling at 22 to 28 m showed high concentrations of the
calanoid copepod Acartia danae (Giesbrecht), crab zoea, and fish larvae associated with
upslope flow of cool, chlorophyll-rich water. In contrast, zooplankton concentrations
were generally low during periods of long-shore and offshore flow of warm surface
waters. Because the impact of internal bores increases with depth on the reef slope,
particle flux associated with this high frequency mechanism of onshore transport is
expected to increase with depth. A short-term settlement experiment showed increased
settlement of Serpulid worms at 20 and 30 m depth compared with 15 m, and a 15.5-
month transplant experiment showed significantly enhanced growth rates of the suspension
feeding coral Madracis mirabilis at 30 m depth relative to growth at 15 or 20 m. Internal
tidal bores appear to be a predictable, periodic source of cross-shelf transport to Florida
coral reefs and a potentially important influence on the delivery of suspended food

particles and larvae to the benthos.
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