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Sediment and fluorescence yield

Abstract This study used non-invasive pulse amplitude modulated (PAM) fluorometry
to measure the maximum fluorescence yield (F,/F,,) of two Hawaiian scleractinian coral
species exposed to short-term sedimentation stress. Beach sand or harbor mud was
applied to coral fragments in a flow-through aquarium system for 0-45 h, and changes in
F,/F, were measured as a function of sediment type and length of exposure. Corals were
monitored for up to 90 h to document recovery after sediment removal. Sediment
deposition significantly decreased F,/F,, in both species and was a function of sediment
type and time. Corals that received sediment for 30 h or more had the greatest reduction
in yield and exhibited little recovery over the course of the experiment. Harbor mud
caused a greater reduction in Porites lobata yield than beach sand, whereas both sediment
types had equally deleterious effects on Montipora capitata. Colony morphology and
sediment type were important factors in determining yield reduction—P. lobata
minimized damage from coarse sand grains by passive sediment rejection or
accumulation in depressions in the skeleton, and fluorescence yield decreased most in
corals exposed to sticky harbor mud or in colonies with flattened morphologies. Species-
specific differences could not be tested due to differences in colony morphology and

surface area.
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1. Introduction

The effect of sedimentation on corals depends on colony characteristics, sediment
type and environmental conditions (see reviews by Rogers, 1990; Fabricius, 2005).
Many corals can actively remove sediment deposited directly on the surface of the colony
(Bak and Elgershuizen, 1976; Lasker, 1980; Dallmeyer et al., 1982; Stafford-Smith and
Ormond, 1992; Stafford-Smith; 1993). In the short term, sediment deposition decreases
photosynthetic efficiency (Philipp and Fabricius, 2003; Weber et al., 2006), increases
coral respiration, and decreases photosynthesis/respiration ratios (Dallmeyer et al., 1982;
Riegl and Branch, 1995; Telesnicki and Goldberg, 1995; Te, 2001; Anthony and
Connolly, 2004). When the sediment is not removed, corals may bleach and/or die
(Rogers, 1983; Rice, 1984; Gilmour, 2002).

Sedimentation is a natural part of coral reef dynamics, but changes in land-use
patterns can alter the quantity and quality of sediment in the nearshore coastal ocean. In
Hawaii, sedimentation may pose a particular threat in populated areas like Maui and
Oahu (Gulko et al., 2000), or in areas of low wave energy. Beach and nearshore seafloor
sediment in Hawaii is predominantly marine carbonates, while the small size fractions
(silts and clays) are often terrigenous in origin (Harney et al., 2000; Calhoun and Field,
2002; Storlazzi et al., 2004; Bothner et al., 2006). Terrestrial sediment is likely to be the
most dangerous to reef corals, since sediment runoff from urban and agricultural areas
often contains harmful organic compounds, heavy metals, or nutrients (Glynn et al.,
1984; Glynn et al., 1989; Bastidas et al., 1999; Jokiel et al., 2004; see also review by
Fabricius, 2005). Grain size, organic content, and nutrient-related properties are primary
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factors in determining sedimentation stress in corals (Weber et al., 2006). Nutrient-rich
terrestrial sediment can be biologically aggregated into marine snow, which can be
detrimental or lethal to reef organisms after just a few hours’ exposure (Fabricius and
Wolanski, 2000).

Pulse amplitude modulated (PAM) fluorometry is a sensitive measure of sublethal
stress in photosynthetic organisms, and a decrease in maximum fluorescence yield
(F\/Fny) has been used to document coral stress from herbicides (Raberg et al., 2003;
Jones et al., 2003; Jones and Kerswell, 2003), and abnormal temperatures (Jones et al.,
1998; Warner et al., 1999; Ralph et al., 2001; Saxby et al., 2003). Previous investigations
of short-term sediment deposition on corals have demonstrated that fluorescence yield is
a function of sediment amount and the duration of exposure (Philipp and Fabricius 2003),
and that stress levels are highly correlated with nutrient/organic content (Weber et al.,
2006). The present study generalizes these findings, using a DIVING-PAM to document
decreases in F,/F,, caused by short-term (0-45 h) sedimentation exposure for Montipora
capitata and Porites lobata, two of the most prevalent reef coral species in Hawaii (Jokiel
et al., 2004; Brown, 2004).

2. Materials and Methods
2.1. Sediment characterization

Sediment was collected from two sites in Maui, Hawaii: Maalaeca Harbor
(20°47.539’N, 156°30.626°’W, depth = 3 m) and Sugar Beach (20°47.798°N,
156°30.074’W, depth < 0.1 m). Grain size analyses (Table 1) were conducted by
methods standardized by the Western Coastal and Marine Geology team of the United

States Geological Survey (modified from Carver, 1971 and Folk, 1974). Sediment
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particles 63-2000 i were separated using 2-m settling tubes for grain size analysis

(modified from Theide et al., 1976). Carbon and carbonate analyses were conducted with
UIC Coulometrics systems CM 150 and CM 5200. The sediment at Sugar Beach was
predominantly carbonate sand, while the sediment at Maalaea Harbor was a mixture of
shell hash, sand, and mud, and had low carbonate content (Table 1).

X-ray diffraction mineralogy indicated the beach sand was primarily biogenic
carbonate; the harbor mud contained more silicates (pyroxenes, chlorites and/or kaolinite)
and iron oxide than the beach sand. The chemical composition of the sediment was
determined by commercially available X-ray fluorescence and inductively coupled
plasma mass spectrometry techniques; the harbor mud contained higher concentrations of

trace and heavy metals than the beach sand (Table 2).

2.2. Experimental design

Colonies of Porites lobata and Montipora capitata (20-40 cm diameter) were
collected ~1.8 km offshore of Sugar Beach, Maui (20°46.459°N, 156°28.869°W, depth =
12-15 m), and returned to the laboratory at the Maui Ocean Center. Both species also
inhabit Maalaea Harbor, but P. lobata colonies in the harbor were generally too large for
efficient collection so both species were collected from outside the harbor. Colonies
were broken into fragments using a hammer and chisel and the underside trimmed such
that the colony surface lay as flat as possible. Small Floy Tags® (Seattle, WA) were
used to label each colony by embedding the tag in a small dab of Splash Zone® epoxy
(Carboline Company, St. Louis, MO) attached to bare skeletal material. Coral fragments

were randomly assigned positions within an outdoor, open, flow-through tank (5.4 L/min,
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27-28°C, 35 ppt) and allowed to recover for 2 days. Corals were elevated above the
bottom of the tank by placing them directly on a plastic grid supported by cinder blocks,
so that the water depth above the corals was 0.4 m. The tank was covered with three
layers of neutral-density screen so that light reaching the corals was ~22% of ambient (13
h:11 h light:dark cycle). Light levels in the tank during the experiment were measured at
15-min intervals with a LICOR LI-192SA underwater quantum sensor and a LICOR LI-
1400 data logger. Differences in colony size and shape resulted in an unequal number of
fragments from each donor colony, so coral fragments were not blocked according to
genetics. Instead corals were randomly assigned to each experimental treatment (beach
sand or harbor mud, n = 12 per species per treatment), with three additional fragments of
each species kept as controls.

The night the experiment was initiated, each fragment was transferred to a small
flow-through chamber (0.65 L/min) for baseline measurements with a pulse-amplitude
modulated fluorometer (DIVING-PAM, Walz GmbH, Germany). A universal sample
holder (DIVING-USH) was used to fix the fiberoptic probe 3 mm from and perpendicular
to the surface of a coral. The PAM was calibrated so that the settings (gain = 2, damp =
2, measuring intensity = 7) produced initial fluorescence measurements (F,) of ~300-500
units when a weak pulsed blue light was applied to dark-adapted corals of both species.
Maximum fluorescence (F,,) was measured using a saturating light pulse (0.8 s, > 1000

tmol photons m™> s'l), and the change in fluorescence (F, = Fy-F,) was used to calculate

maximum quantum yield (F,/F,) for dark-adapted corals (Genty et al., 1989). After 15
yield measurements were made across the entire coral surface, the fragment was returned

to its place in the original holding tank.
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After baseline PAM measurements, water flow to the main tank was turned off
and 125 ml of sediment slurry (average + SD 248 + 4 g sand, 206 + 3 g mud) was spread
evenly over the surface of each experimental fragment. No sediment was applied to the
control corals. The sediment was allowed to settle for 3 h before restarting water flow in
the tank. At 6, 21, 30, and 45 h after sediment application, sediment was removed from
three corals of each species and retained for weighing. At each time point, fluorometry
measurements were taken for all corals that had been cleaned of sediment; all corals were
sampled after 45 h. Additional PAM measurements were taken 54, 69, and 93 h after
sediment application to document recovery from sediment stress. In order to conduct all
measurements in darkness, all sampling periods were scheduled either 2 h before sunrise
(6, 30, 54 h), or 1 h after darkness (21, 45, 69, 93 h). At the end of the experiment, the
sediment collected from each coral was filtered and dried at 50°C to a constant weight.
At the conclusion of the experiment the surface area of each coral was measured with the
tin foil method (Marsh, 1970), and the 2-dimensional planar area was determined by

image analysis in CPCe (Kohler and Gill, 2006).

2.3. Statistical analysis

Statistical analysis was conducted using SYSTAT 8.0 (SPSS, 1998). Data were
tested for homoscedasticity using the Scheffe-Box test, and normality assumptions were
tested using a Kolmogorov-Smirnoff test for goodness of fit (Sokal and Rohlf, 1995).
Data that met these assumptions were analyzed with ANOVAs. The relationship
between fluorescence yield and sediment dose was examined using a series of linear

regressions. When fluorescence yields did not meet parametric assumptions, they were
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normalized by the theoretical maximum yield (0.7 for corals), and acrsin-square root
transformed as much as twice (Philipp and Fabricius, 2003). Data that failed to meet
assumptions after transformations were analyzed using nonparametric statistics. When
appropriate, multiple regression slopes were tested for homogeneity as an analysis of

covariance (Sokal and Rohlf, 1995).

3. Results

3.1. Sediment duration vs. fluorescence yield

Fluorescence yield (F,/Fy,) for corals not exposed to sediment ranged from 0.57-
0.69 for Montipora capitata and 0.55-0.64 for Porites lobata, and were constant over the
duration of the experiment (Fig. 1). A nonparametric two-way ANOVA (Scheirer-Ray-
Hare extension of Kruskal-Wallis; Sokal and Rohlf, 1995) of the entire dataset found
significant effects of sediment, time, and sediment*time interaction on F,/F,, for both
species (Fig. 1, Table 3). Short-term sedimentation (< 30 h) had relatively little effect on
coral yields, although yields declined significantly as the duration of the stress increased
(Fig. 1). As sediment application typically reduced fluorescence yield, data were re-
analyzed with controls excluded (Weber et al., 2006) so that effects of sediment type
could be tested more directly. Harbor mud caused a greater reduction in P. lobata F,/F,
than beach sand (Table 4). In contrast, both sediment types had equally deleterious
effects in M. capitata, and duration of the stress was the significant factor decreasing

yields (Table 4).
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3.2. Sediment dose and exposure vs. fluorescence yield

There was no significant difference in planar area for fragments of the two species
(M. capitata 76 + 6 cm?, P. lobata 80 + 5 cm?; average + 1 SE, F) 43 = 0.27, P = 0.61), but
total surface area was significantly different (M. capitata 96 + 7 cm?, P. lobata 145 + 8
cmz, Fis2 = 20.71, P < 0.001). Sediment doses were applied volumetrically (125 ml
sediment coral™"). The average sediment dose + 1SE recovered from the coral fragments
was 301 + 235 mg cm for M. capitata with mud, 509 £ 199 for M. capitata with sand,
137 + 83 for P. lobata with mud, and 68 + 38 for P. lobata with sand. The amount of
sediment recovered did not change over time for any of the treatments, suggesting that
sediment removal by the live colonies was minimal after the initial 6 h of exposure.
Regressions were conducted for each dose duration (6, 21, 30, 45 h) within a given
species/sediment treatment (Fig. 2). The slopes of the regressions were all negative, and
differed with time for all species/sediment combinations: M. capitata with mud (Fs ;6 =
3.52, P < 0.05), M. capitata with sand (F3 ;6 = 9.68, P < 0.001), P. lobata with mud (F3 16
= 10.81, P < 0.001), and P. lobata with sand (F5 6 = 48.27, P < 0.001). Generally, the
longer time periods had slopes that were more negative.

When the effects of sediment dose and time are collapsed into a single sediment
exposure factor (g h cm™, sensu Philipp and Fabricius, 2003) for regression, all four
species/treatment combinations (Fig. 3) showed a strong linear negative effect of
exposure on fluorescence yield (M. capitata mud F; ;o = 45.71, P < 0.001; M. capitata
sand F; ;0 = 17.35, P < 0.001; P. lobata mud F; 10 = 31.64, P < 0.001; P. lobata sand F, ;o

= 6.24, P < 0.025). Linear models also explained a greater proportion of the variability
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for mud exposure than sand, especially for P. lobata. Slopes for the mud regressions
were twice as steep as those for sand, but this difference was not statistically significant
for either species (M. capitata Fy,0=1.11, P > 0.25; P. lobata F; 50 = 1.38, P > 0.25).
3.3. Recovery from sediment stress

Corals were montiored for at least 48 h after sediment removal to evaluate
prospects for short-term recovery (Fig. 4). Corals exposed to sediment for < 30 h had
depressed yields and either recovered quickly (P. lobata) or maintained slightly
depressed yields with little recovery over the length of the experiment (M. capitata).
Corals of both species that endured sediment stress for 45 h had very low yields, but
began to recover within 48 h of sediment removal. Yields in P. lobata exposed to sand
for 45 h were similar to those of control corals, as relatively little sand remained on the
coral surface at that time. However, when corals were unable to remove sediment from
the surface, tissue discoloration and necrosis occurred (Fig. 5), which further inhibited

recovery.

4. Discussion

The present study evaluated the effect of short-term sediment deposition on two
common Hawaiian scleractinian corals, Montipora capitata and Porites lobata.
Fluorescence yield (F,/Fy,) was significantly depressed in both P. lobata and M. capitata
as a result of sediment deposition. The decrease was a function of sediment type and
time, and the relationship between fluorescence yield and sediment exposure (g h cm™)
was linear for both species. These results are consistent with similar studies of the
Australian coral Montipora peltiformis (Philipp and Fabricius, 2003). In addition, the
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present study found that deposition of terrigenous sediment (harbor mud) had a greater
negative effect on fluorescence yield than carbonate sand in P. lobata, but not M.
capitata. Weber et al. (2006) also found a significant effect of sediment type on
fluorescence yield, as sandy sediment was far less stressful than silt for M. peltiformis.

Despite tuning the PAM so that the initial fluorescence (F,) values were in an
appropriate range (300-500 units), the fluorescence yields in the controls were lower than
expected. Theoretical maximum yields for corals are ~0.7, but in the present study the
average yield for controls was 0.62 for M. capitata and 0.59 for P. lobata. 1t is possible
that yields were lower because the recovery period (2 d) following fragmentation was
insufficient. As corals require 5-10 days for photoacclimation (Anthony and Hoegh-
Guldberg, 2003), it is also possible that lower yields were a result of photoacclimation to
light conditions in the flow-through tank. A typical average light extinction coefficient
for clear inshore coastal Hawaiian waters is -0.25 (SOEST, 2004); the 78% reduction in
light by the shade cloth in this study would correspond to a virtual depth of only ~6 m,
while the corals were originally collected from 12-15 m. Thus the zooxanthellae in the
tank may have experienced a greater amount of PAR than at the collection site, although
the yields of control corals did not appear to increase over the course of the experiment.
4.1. Species responses

Previous studies of these two species suggested that M. capitata would be the
more sediment-tolerant of the two species. Although they often coexist in the field, M.
capitata predominates inshore turbid reef environments (Te, 2001; Dollar and Grigg,
2004), while massive P. lobata colonies are characteristic of sites with moderate wave

energy (Jokiel et al., 2004). In addition, P. lobata is rapidly damaged by sediment
11
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deposition, while M. capitata is physiologically resistant to sedimentation (Hodgson,
1989). These two genera typically have poor active sediment rejection abilities (Stafford-
Smith and Ormond, 1992), though sediment rejection efficiency and sediment tolerance
are not directly related (Stafford-Smith, 1993).

However, the responses of the two coral species could not be statistically
compared in this study because of an experimental artifact related to colony morphology.
The parent colonies were initially subdivided with a hammer and chisel, and the resulting
experimental fragments were selected to be similar in planar area. M. capitata fragments
tended to be relatively flat, while P. lobata were more topographically complex, so when
surface area was measured at the end of the experiment there was a significant difference
in coral size between treatments (however there was no difference within treatments for
either species). As a constant volume of sediment was initially applied (125 ml of
sediment per coral), the difference in colony size resulted in a significantly higher
sediment exposure for M. capitata than P. lobata (F344 =9.16, P < 0.001). There was no
significant difference between the amount of sand or mud applied within a species (M.
capitata average = SE 2.2 + 0.2 g cm™ mud or 2.8 + 0.3 g cm™ sand, F; 2 =3.97, P <
0.05; P. lobata average + SE1.5+0.1 g cm™ mud or 1.6 £ 0.2 g cm™ sand, F; 2 =0.07, P
> (0.75), so the comparison of sediment types within a given species remains valid.

4.2. Response to sediment types

Corals that clear sediment from their surface generally do so within hours or a few
days (Lasker, 1980; Stafford-Smith, 1993), but for three of the species/sediment type
treatments studied here, sediment rejection was incomplete after 45 h. Heavy, coarse

grains are easily (and often passively) removed from vertical or inclined surfaces
12



Sediment and fluorescence yield

(Stafford-Smith and Ormond, 1992). This mechanism likely allowed P. lobata to
minimize the effects of beach sand, which was shed from the colony surface or
concentrated in depressions of the coral’s mounding morphology. However, fine
sediment requires active rejection, even from vertical surfaces (Stafford-Smith and
Ormond, 1992), and in this study, P. lobata was less effective at removing harbor mud
than sand from the colony surface. On horizontal surfaces, fine sediment is actively
rejected more easily than coarse grains (Stafford-Smith, 1993), but M. capitata was
unable to reject either the beach sand or harbor mud in this experiment.

While the inefficiency of mud removal in P. lobata and M. capitata could be a
function of grain size, it is possible that the chemical composition of the sediment
inhibited removal. Carbonates are more easily removed than terrestrial sediment of
similar grain size (Weber et al., 2006). Terrestrial sediment can become sticky with
mucus, forming flocs of marine snow that are detrimental to reef organisms (Fabricius
and Wolanski, 2000). Bak and Elgershuizen (1976) found no difference in the rejection
of oiled and clean sediment, but physical contact with oiled sediment was less harmful
than direct toxic effects of the oils themselves. In contrast, Thompson and Bright (1977)
found that drilling mud was more difficult for corals to remove than clean sediment.
However, the sediment does not have to directly contact the coral for sediment
composition to matter—terrigenous silt reduced net photosynthesis in Montipora capitata
by 28%, but an equal concentration of carbonate silt reduced photosynthesis by only 10%
(Te, 2001).

Philipp and Fabricius (2003) identified a sediment damage threshold of 24-36 h,

beyond which irreversible bleaching and tissue damage occurred. The threshold in the
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present study was similar—P. lobata and M. capitata exposed to sediment for < 30 h
experienced a reduction in yield, but little tissue discoloration occurred. Recovery in
these cases was often fairly rapid; at the very least, no additional damage was incurred
after sediment removal (Fig. 4). Sediment applied for 30-45 h caused a greater decrease
in yield, and extensive tissue damage (Fig. 5). In those instances, fluorescence yield
recovered only slightly by the end of the experiment (Fig. 4); any improvement was due
to improved yield in bleached areas, while areas that were necrotic turned anoxic, shed
tissue, and had zero yield.
4.3. Implications for field studies

Reefs not subject to human stress receive 1-10 mg cm” d” of sediment deposition
(Rogers, 1990), but in heavily populated high-island systems like Hawaii, sediment levels
may be considerably higher. The average sediment loads applied in this study were 1.5-
28 g cm?, but are not incompatible with sediment trap collection data in Hawaiian
waters. For example, sediment traps on the south Molokai forereef collected an average
of 50 mg cm™ d!' in 2001-2002 but reached up to 1800 mg cm? d! during storm events
(Bothner et al., 2006). Severe delivery events can persist over time—a single winter
storm runoff event produced sediment that persisted in Honolua Bay, Maui, for several
months, until storm waves eventually flushed the terrigenous sediment from the system
(Dollar and Grigg, 2004).

The present study used a wide range of grain sizes (Table 1) in a laboratory tank
to simulate an acute sedimentation event. This necessarily assumes that similar types of
material can be delivered to corals in the field, as the possible effects of sedimentation

will depend on sediment availability and especially on the physical forces driving the
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system. Sedimentation in the field is highest in sheltered waters and deeper reef slopes
(Fabricius, 2005). In shallow Maalaea Harbor, sediment traps near the wave-exposed
harbor mouth (where P. lobata predominates) collect primarily sand, while traps further
into the harbor with less wave energy (where M. capitata and Pocillopora damicornis are
more abundant) collect primarily silt (Piniak and Brown, 2007). In more exposed areas
such as the reef flat in Molokai, Hawaii, trade wind-generated waves resuspend fine
terrigenous sediment on a daily basis (Storlazzi et al., 2004; Ogston et al., 2004), and
sediment traps on the Molokai reef flat collect predominantly silts and clays (Bothner et
al., 2006). Constant resuspension and deposition means that a single sediment pulse
could affect corals repeatedly, until it is flushed from the system. In deeper waters with
less wave energy, sediment can accumulate until flushed by cyclones (Wolanski et al.,
2005), but wave energy in some areas of Hawaii is sufficient to resuspend gravel-sized
particles at depths of 10 m (Bothner et al., 2006). These processes can also move a
substantial amount of sediment through the system, even in areas where sediment does
not accumulate on the seafloor.

In her seminal review paper on coral reefs and sedimentation, Rogers (1990)
noted that scientists are “unable to rigorously predict the responses of coral reefs and reef
organisms to excessive sedimentation.” Rogers specifically identified a need for
threshold levels for lethal effects. The results of this study and others (Philipp and
Fabricius, 2003; Weber et al., 2006) seem to indicate a deposition threshold of 30-36 h,
as corals buried for that long did not recover in the short term (up to 4 days). There are
two caveats to this threshold, however. First, the linear nature of the exposure graphs

(Fig. 3; Fig. 4B in Philipp and Fabricius, 2003) indicates that the amount of sediment
15



Sediment and fluorescence yield

deposited is just as important as the duration. Second, recovery may depend on the
property measured. For example, visual observations suggest that corals do sometimes
recover from severe sediment burial in the field, but it generally occurs on a time scale of
weeks to months (Wesseling et al., 1999). In contrast, fluorescence may indicate
photodamage even if the tissue appears visually healthy. Fluorescence yield may or may
not return to baseline after short-term damage (present study; Philipp and Fabricius,
2003; Weber et al. 2006), and reduced yields may persist for up to a year following
bleaching events (Lombardi et al., 2000). While decreased fluorescence yield is a
common stress response, few studies have examined the energetic consequences of such
changes. Daily energetic costs of natural photoinhibition (i.e., reduced yield due to light
stress) are negligible but can have adverse effects in the long term (Hoogenboom et al.,
2006). Sedimentation stress has the additional danger of tissue loss or necrosis due to
smothering.

Rogers (1990) also recommended that studies compare the effects of terrigenous
and carbonate sediment. The two sediment types in the present study were extensively
characterized in terms of sediment size and trace metal content (Tables 1-2); in addition,
nutrient-related properties (total organic carbon, nitrogen, phosphorus, chlorophyll) can
be the primary driver of sedimentation stress (Weber et al. 2006). Even when the
sediment is comprehensively characterized, it is difficult to determine the specific
properties of the sediment that decrease fluorescence yield. Possible mechanisms include
physical smothering, chemical effects, anoxia, and indirect effects from any microbial
assemblages associated with the sediment, or some combination of the above. Physical

smothering could have reduced available light or gas exchange for photosynthesis (or
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both). Microbial activity associated with certain sediment types can also be detrimental
to corals (Hodgson, 1990), but this effect has not been extensively studied. Chemical
effects could be due to organic compounds or heavy metals in the sediment. Maalaea
Harbor mud generally had higher amounts of trace metals than sand from Sugar Beach
(Table 2). The Sugar Beach sand had relatively low trace metal content, similar to that of
Molokai forereef sediment (Bothner et al., 2006) and sediment used by Weber et al.
(2006) to study sediment stress on corals. The sediment was much lower in lead and
cadmium than reef sediment in Central America (Guzman and Jimenez, 1992; Bastidas et
al., 1999). The Maalaeca mud had elevated chromium, copper, nickel, and vanadium;
chromium and nickel levels exceeded the Probable Effects Level (PEL) established for
marine sediment (MacDonald et al., 1996). Weber et al. (2006) found stress levels to be
unrelated to the low concentrations of the few heavy metals measured in their study, but
toxicity thresholds have not been established for most of these contaminants and specific
effects on corals remain to be investigated.
S. Conclusions and future concerns

Effective management of sediment impacts will require a greater understanding of
the specific causes of coral damage, and thresholds for that damage to occur. PAM
fluorometry has good potential for such applications, as fluorescence yield is a sensitive,
non-invasive indicator of sublethal stress. However there are several caveats to consider
in designing future experiments. The measurements are physically simple but can be
executed using a variety of methods. Photosynthetic efficiency varies spatially over the
surface of the colony (Ralph et al., 2002), so measurement location can be important.

Yields also vary over multiple time scales and with a number of environmental

17



Sediment and fluorescence yield

parameters, so context is of critical importance when interpreting fluorescence yields,
especially in the field (Fitt et al., 2001) and with complex stressors like sediment (Weber
et al., 2006). The site, environmental conditions, and stress characteristics should be
described as completely as possible. Finally, PAM studies may be most effective when
paired with additional response variables, since yield reduction may not always have an
energetic consequence (Hoogenboom et al., 2006).
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Fig. 1. Fluorescence yields (F,/Fy,) for Montipora capitata and Porites lobata after short-

term sediment exposure. Error bars are standard deviations.

Fig.2. Fluorescence yields (F,/Fy,) for Montipora capitata and Porites lobata as a

function of the amount of sediment and duration of sediment stress.

Fig. 3. Fluorescence yields (F,/F,) for Montipora capitata and Porites lobata as a
function of sediment exposure. The dashed line indicates mud, and the solid line

indicates sand.
Fig. 4. Recovery of fluorescence yield (F,/Fy,) of Montipora capitata and Porites lobata
after short-term sediment stress. Error bars omitted for clarity. Black and white

bars at bottom of graph indicate ambient photoperiod.

Fig. 5. Tissue damage to a Montipora capitata fragment exposed to harbor mud for 45 h.

Each square in the plastic grid size is 1 cm’.
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Table 1
Grain size and bulk composition of sediment types applied to corals

sand mud
% gravel (>2 mm) 0.02 21.21
% sand (0.62 — 2 mm) 99.60 55.70
% silt (0.04 — 0.62 mm) 0.00 20.60
% clay (< 0.04 mm) 0.38 2.48
mean grain size (¢) 0.25 0.24
sorting () 1.18 243
% carbonate 83.2 36.7
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Table 2
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Chemical characteristics of sediment types applied to corals, compared with concentrations at other coral reef sites (a = Guzman and
Jimenez, 1992; b = Bastidas et al., 1999; ¢ = Bothner et al., 2006; d = Weber et al., 2006)

Sand Mud Costa Rica/Panama” Venezuela” Hawaii’ Australia®
CaO 44.6% 21.7%
Si02 5.9% 20.5%
MgO 5.5% 2.6%
Al203  1.4% 21.7%
Al 448-13476 ppm <0.001-2.57 % 0.0018-0.30 ymol g DW™'
As 7.5 ppm 12.9 ppm 12.0 ppm
Ba 18 ppm 61 ppm 0.016-1.62 pmol g DW™!
Cd 0.07 ppm 0.11 ppm 4.8-8.3 ppm <0.2-12.5 ppm 0.053 ppm
Ce 9.21 ppm 33.5 ppm
Co 12.3 ppm 26.6 ppm
Cr 119 ppm 334 ppm 4.1-29.6 ppm 4.9-86.5 ppm 32.6 ppm
Cu 4.5 ppm 51.8 ppm 2.2-16.9 ppm 1-40 ppm 10.4 ppm 0.051-0.32 ymol g DW™'
Fe 1.69 % 8.52 % 237.3-11445 ppm 0.4-2.8 % <0.001-0.069 ymol g DW™'
Hf 0.5 ppm 4.32 ppm
La 4.6 ppm 14.7 ppm
Li 3 ppm 28 ppm
Mn 17.1-525 ppm 0.11-7.97 ymol g DW™!
Mo 0.18 ppm 0.72 ppm
Nb 1.7 ppm 14.1 ppm
Ni 99.1 ppm 180.9 ppm 74-122.6 ppm 0.8-111 ppm 16.6 ppm 0.034-0.39 ymol g DW™'
P 504 ppm 885 ppm
Pb 1.6 ppm 9.7 ppm 17.9-45.3 ppm 2.9 ppm 0.014-0.13 pmol g DW!
Rb 0.9 ppm 4.5 ppm <1-111 ppm
Sc 6.4 ppm 21.9 ppm
Sr 2976.5 ppm 1685.9 ppm
Th < 0.2 ppm 1.2 ppm
Ti 0.17 % 1.46 %
U 1.4 ppm 1.3 ppm
v 42 ppm 231 ppm 41-265.4 ppm 5-42 ppm 0.039-1.65 pmol g DW!
Y 9.8 ppm 15.2 ppm
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Zn 19 ppm 108 ppm 7.6-39.6 ppm 0.8-612 ppm 31.2 ppm 0.04-1.14 ymol g DW!
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Table 3

Results of nonparametric two-way ANOVA (Scheirer-Ray-Hare extension of Kruskal-
Wallis; Sokal and Rohlf, 1995) for effects of sediment type and time on fluorescence
yield of corals

Species effect SS df SS/MS ;0 P
Montipora capitata
sediment type 1923.6 2 11.51 < 0.001
time 2098.0 4 12.16 < 0.001
sediment*time 1306.4 8 7.57 <0.01
error 2262.2 30
Porites lobata
sediment type 1841.7 2 10.68 < 0.005
time 2102.9 4 12.19 < 0.001
sediment*time 1501.4 8 8.70 < 0.005
error 2144.0 30

Table 4

Results of nonparametric two-way ANOVA (Scheirer-Ray-Hare extension of Kruskal-
Wallis; Sokal and Rohlf, 1995) for effects of sediment type and time on fluorescence
yield of corals, with control colonies omitted

Species effect SS df SS/MSiot P

Montipora capitata
sediment type 0.667 1 0.013 <0.975
time 741.7 3 14.83 < 0.005
sediment*time 59.0 3 1.18 <09
error 348.7 16

Porites lobata
sediment type 266.7 1 5.33 <0.025
time 322.3 3 6.45 <0.1
sediment*time 215.7 3 4.31 <0.5
error 345.3 16
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.




