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Abstract. The responses of crustose coralline algae (CCA) to predicted increases in
ocean temperature under climate change may be dependent upon specific thermal
histories. This study demonstrates the decalcification response of Lithophyllum kotschyanum
from different thermal environments to an increase in temperature and its effect on L.
kotschyanum’s susceptibility to grazing by the burrowing sea urchin, Echinometra mathaei.
L. kotschyanum fragments from different depths were placed in either heat (32 ℃-34 ℃) or
ambient conditions (29 ℃) for one week. Fragments were then exposed to grazing by E.
mathaei for 4 days. Both calcification rate and mass lost to grazing were measured using a
buoyant weighing technique before and after treatments. CCA fragments from
environments with high diurnal variability in temperature decalcified less to higher
temperature and may be more fit to acclimate to temperatures outside their thermal
maximum. However, minor differences in baseline calcification rates negate the real-world
implications of this finding. Contrary to previous studies, unheated CCA fragments were
more susceptible to grazing by E. mathaei, suggesting the existence of an unknown
mechanism affecting herbivore-algae interactions.
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INTRODUCTION
Crustose coralline algae (CCA) are
calcifying marine algae that are important
components of reef ecosystems through
contributions to reef heterogeneity (Adjeroud
1997 and Bulleri et al. 2002), coral and
invertebrate larval recruitment (RitsonWilliams et al. 2014) and biodiversity (Asnaghi
et al. 2015 and Dean et al. 2015). As low light
specialists, they are capable of surviving light
levels at a variety of depths across a reef system
(Johansen 1981, Hofmann et al. 2016, VásquezElizono and Enriquez 2017). Coralline algae
incorporate calcium carbonate into their cells,
creating a skeleton that both adds structure to
coral reefs and protects the algae’s soft tissue
against grazing from herbivores (Steneck 1983).
As with other calcifying marine taxa,
future ocean warming under climate change
poses a threat to CCA. Ocean surface
temperatures are predicted to increase 1 ℃ to 3
℃ in the 21st century (Rhein et al. 2013).
Temperature is known to regulate the
calcification rates of CCA (Steller et al. 2007)
and certain species of CCA decalcify under
projected increases in temperature (Yasuaki et
al. 2017). Previous research has shown that, as
a consequence of skeletal thinning, CCA
sensitive to temperature increases are more

susceptible to grazing by herbivores (Johnson
2012).
Studying the thermal acclimatization of
CCA makes it possible to more accurately
predict the resilience of future populations. It is
thought that coralline algae that experience
higher temperatures are more fit to acclimate to
future temperature shifts (Shiboni et al. 2015).
Most research on thermal acclimatization in
CCA study calcification rates of species in only
one thermal environment (Steller et al. 2007),
although distinct conditions can yield
differences in physiology.
Immobility of certain algae species creates
life history trade-offs that lend to same-species
physiological
variation
in
different
environments. In coral reef systems, natural
temperature gradients exist between depths
create different thermal environments that
shape local physiology. Large differences in
phenotype exist even along narrow gradients
of depth (Jacobucci et al. 2011).
In recent years, more studies have stressed
the importance of abiotic variability in the
potential of CCA to acclimate to different
conditions. A study that analyzed Porolithon
onkodes ability to acclimate to variable pH took
advantage of natural pH fluctuations within a
reef flat and found that P. onkodes from the
oscillating pCO2 environment acclimated more

successfully to high pCO2 lab conditions
compared to P. onkodes from stable pH
conditions (Johnson et al. 2014). Likewise,
macroalgae from climates that experience high
seasonal variability show greater flexibility to
higher temperatures (Padilla-Gamiño and
Carpenter 2007). The effect of thermal
variability within a reef on decalcification in
CCA is less well known, although reef
complexes experience daily fluctuations in
temperature (Putnam and Edmunds 2011 and
Mayfield et al. 2012).
Lithophyllum kotschyanum is a structurally
complex CCA in Mo’orea, French Polynesia
that is distributed throughout the reef complex
up to depths of 20 meters (Payri et al. 2000). A
previous study conducted in Mo’orea
suggested high acclimatization potential L.
kotschyanum to temperature, possibly due to
daily thermal fluctuations on the fringing reef
(Comeau et al. 2016). An in situ experiment
studying photosynthetic responses of L.
kotschyanum on the reef crest to the more
thermally variable reef flat showed a trade-off
in resource allocation between growth and
physiological
processes
necessary
for
acclimatization to environmental variability
(Bach et al. 2017). There has never been a
comparison study on the acclimatization of L.
kotschyanum from variable and stable
environments within the same reef. The
gradual decline in depth of the fringing reef on
the northeast corner of Cook’s Bay creates
temperature zones in which shallower portions
of the reef experience higher ranges of
temperatures diurnally compared to deeper
portions (Leichter 2018). This study compares
the thermal acclimatization of L. kotschyanum
collected at different depths to better
understand the thermal acclimatization
potential of L. kotschyanum from microclimates
of different temperature variability. The second
objective of this study is to test whether
temperature has an effect on L. kotschyanum
susceptibility to grazing by a common sea
urchin, Echinometra mathaei. By studying the
calcification response of L. kotschyanum from
different depths to temperature increase and its
multi-trophic implications, I hope to make
predictions about the future health of L.
kotschyanum in the context of reef microclimate
and interspecies interactions.
METHODS
Study Site

This study took place in Mo’orea, French
Polynesia in a wave-driven coral reef and
lagoon system along the fringing reef (Hench et
al. 2008). The fringing reef gradually increases
in depth from the shore towards a drop off that
occurs at about 3 m of depth.
Specimen Identification and Collection
Samples were collected from the fringing
reef at the northeast corner of Cook’s Bay in
Mo’orea, French Polynesia (S 17.48412 W
149.81737), where L. kotschyanum is locally
abundant. I collected L. kotschyanum at depths
of 1 m, 2 m, and 3 m from October 15-26, 2018
by physically pulling individuals off coral
rubble using dive gloves. I transported the
specimen in large buckets of seawater to the
UC Gump Research Station, where all
individuals were placed in a seawater flow
through aquarium to acclimate for one week. I
cleaned all specimens of epibionts in containers
with a free-flowing supply of seawater and
brushes and tweezers. L. kotschyanum was
identified using morphological traits (N’Yeurt
and Payri 2010).
Temperature Measurements
Temperatures were recorded at three
locations along the fringing reef at the surface
and depths of 1 m, 2 m, and 3 m in the morning
(between 7:00-8:30) and midday (between
12:00-13:30) ten times between October 12-31,
2018 (Table 1, Fig. 1). The three locations (S
17.48798 W 149.81889, S 17.48412 W 149.81737,
and S 17.48329 W 149.81584) were chosen for
accessibility and to encompass the span of the
collection site. I recorded measurements both
in the morning and afternoon to account for the
range of shallow water temperatures
throughout the course of a day and to
document the differences in thermal variation
between different depths from the surface.
Experimental Tank Setup
All specimen were kept at the Gump
Station in a flow-through aquarium that
pumped water from Cook’s Bay. Treatment
and control groups were randomly determined
and placed in either a 75 L tank with two
aquarium heaters with water temperature that
oscillated from 32 °C to 34 °C or a 75 L tank that
remained at ambient temperature (29 °C). The
two tanks were positioned adjacent to one
another in a flow table. The treatment
temperatures were chosen based on Comeau et

al.’s postulation that 31.5 °C is near L.
kotschyanum’s thermal maximum (Comeau et
al. 2016) and maximum yearly temperatures on
the fringing reef (Leichter 2018). To avoid the
potential for thermal gradients (i.e. cold
settling on the bottom), fragments were
suspended in the middle of the tank with
thread. The treatment period lasted for one
week. Along with temperature, I measured the
conductivity, TDS, and salinity of both tanks
daily (SPER Scientific Conductivity, TDS,
Salinity Meter 850038).
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TABLE 1. Mean temperature (°C) and
standard deviation of different depths on
the fringing reef.
Depth (m)

Mean

SD

1
2
3

29.60714
29.20238
29

0.7202279
0.4821133
0.3312946

(Mettler Toledo XP6035). The buoyant weight
of the portion of the thread submerged in water
was determined to be negligible, and thus was
not considered in weight calculations. The
salinity and temperature of the water were
recorded for each measurement (SPER
Scientific Conductivity, TDS, Salinity Meter
850038). The temperature and salinity
measurements were repeated right before
weighing each fragment to account for minor
fluctuations from the previous submergence of
a fragment into the beaker. I calculated the
density of water using the APL Ocean Remote
Sensing Sea Water Equation of State Calculator
(http://fermi.jhuapl.edu/denscalc.html).
Buoyant weight measurements were converted
to dry weight based on Archimedes’ Principle
using the formula:
EQ. 1
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(Davies 1989) where DW is the dry weight of
the CCA fragment, BW is the buoyant weight
of the CCA fragment, DS is the density of
seawater, and CaCO3 is the density of calcium
carbonate. 2.71 g cm-3 was used as the density
FIG. 1. (A) Boxplot of temperature
measurements taken at different depths in the
morning and afternoon on the fringing reef
over a 2-week period. (B) Violin boxplot of
temperature measurements taken at different
depths in the morning and afternoon on the
fringing reef over a 2-week period, combining
afternoon and morning measurements. The
widths of the violin outlines indicate the
density of points.
Measurement of Calcification Rates
Specimen were broken into smaller
fragments (~ 5 cm long) and buoyant weighed
before and after the heat experiment by
suspending them from a thread into a beaker
full of seawater on an analytical balance

of calcium carbonate. To create a standard for
buoyant weighing inaccuracies, 15 fragments
of CCA were buoyant weighed before
placement in a drying oven for 24 hours on
75°C. The dry weight of each fragment was
calculated using the buoyant weight and the
above equation. After drying, the actual dry
weight of the fragments was found using an
analytical balance (Mettler Toledo XP6035).
The relationship between calculated dry
weight and actual dry was linear, positive, and
2
significant (R = 0.9835, Fig. 2). The regression
equation was used to estimate actual dry
weight from the calculated dry weight:
EQ. 2

y = 1.1361x + 0.5396

where x is the actual dry weight of the
fragments and y is the calculated dry weight of
the fragments.
After the experiment, the dry weight of
each fragment was standardized to surface area
and days of growth in the treatment (g CaCO3
cm-2 d-1). The surface area of each fragment
was estimated using Image J (Rueden et al.
2017).

FIG. 2. The relationship between
calculated dry weight (g) vs. actual dry
weight (g). The regression line was used as a
conversion metric to correct for weighing
2
errors (R = 0.9835).
Measurement of Susceptibility to Grazing
Susceptibility to grazing of L. kotschyanum
was tested by exposing fragments of the CCA
from 1 m and 3 m of depth that underwent both
ambient and heat treatments to grazing by E.
mathaei. CCA fragments from 2 m of depth
were excluded due to time constraints. 30 E.
mathaei individuals were collected on October
17, 2018 and November 5, 2018 from the
fringing reef on the northeast side of Cook’s
Bay (S 17.48329 W 149.81584) and placed in a
flow-through aquarium. They were starved for
five days preceding the grazing experiment.

Five CCA replicates from 1 m and 3 m that
underwent treatment and ambient conditions
(20 fragments total) were placed in the same 75
L tank as the starved E. mathaei for four days.
To measure grazing, the CCA fragments were
weighed before and after the grazing period.
Statistical Analyses
Temperature data were tested for evidence
of normality using Shapiro-Wilks test. Data
were not normally distributed (p ≤ 0.05), so
homogeneity of variances of temperatures
measured at 1 m, 2 m, and 3m of depth were
analyzed using the Fligner-Killeen test to
compare
the
variability
in
thermal
microclimate at each depth. To test for
differences in temperatures between depths, I
ran a Kruskal-Wallis. Further differences were
determined using the Dunn multiple
comparison test.
Calcification rates were tested for evidence
of normality using Shapiro-Wilks test and were
found
to
be
normally
distributed.
Homogeneity of variances was confirmed
using Levene’s test. To test for differences in
decalcification between CCA from different
depths and temperature treatments, I used a
two-way ANOVA with calcification rate as the
response variable, and depth and treatment as
the factors. Further differences were
determined using Tukey post-hoc tests.
Mass lost to grazing data were found to be
normally distributed by the Shapiro-Wilks test
and homogeneity of variances was confirmed
using Levene’s test. A two-way ANOVA was
used to test for differences in mass lost to
grazing between CCA from 1 m or 3 m and
different temperature treatments, with mass
lost to grazing as the response variable and
depth and treatment as the factors. Further
differences were determined using Tukey posthoc tests.

TABLE 2. The mean calcification rates (g CaCO3 cm-2 d-1 ) and standard deviation for each
depth and temperature treatment.
Depth (m)
1
1

Temperature
ambient
heat

Mean
0.0001991210
-0.0017933558

SD
0.0015220328
0.0014410029

2
2
3
3

ambient
heat
ambient
heat

-0.0002787108
-0.0040833918
0.0016773766
-0.0025879200

0.0018641292
0.0008340324
0.0004270221
0.0016092295

To determine the relationship between
decalcification
rate
from
the
heat
acclimatization experiment on mass lost due to
grazing in the grazing experiment, a regression
was run with x as the mass lost from grazing
and y as the decalcification rate.
All statistics were conducted in the
software program R (R Core Team 2018) and
figures were generated using the package
ggplot2 (Wickham 2016). An alpha value of
0.05 was used.
RESULTS
Temperature Measurements
The variances between 1 m, 2 m, and 3 m
of depth were not homogeneous based on the
Fligner-Killeen test (p ≤ 0.001). The KruskalWallis test indicated significant differences
between temperatures at each depth (p ≤ 0.001).
Temperature measurements from 1 m of depth
were significantly different from temperature
measurements at 2 m and 3 m of depth based
on the Dunn test (p ≤ 0.05, p ≤ 0.001), but
temperature measurements between 2 m and 3
m were not significantly different (p ≥ 0.05, Fig.
1, Table 1).

FIG. 4. The calcification rates (g CaCO3
cm-2 d-1) of L. kotschyanum fragments from
different depths (m) in different temperature
treatments. Boxes sharing the same letter are
not statistically significant based on Tukey
post-hoc tests.

Tank Temperature
The mean tank temperature (± SD) over
one week for the heat treatment was 33.3 ± 1.2
°C. The mean tank temperature for the ambient
treatment was 29.0 ± 0.1 °C (Fig. 3.).

FIG. 5. The mass lost due to grazing (g
CaCO cm-2 d-1) for L. kotschyanum fragments
3

from 1 m and 3 m of depth from heated and
ambient conditions. Boxes sharing the same
letter are not statistically significant based on
Tukey post-hoc tests.

FIG. 3. Temperatures of each tank over
one week, recorded three times per day. The
dip in temperature of the heat treatment on
11/4/18 was due to a power outage.
Calcification Rates
Depth and temperature both had
significant effects on the calcification rates (p ≤

0.01, p ≤ 0.001). L. kotschyanum fragments from
depths of 2 m and 3 m were significantly
affected by the heat treatment compared to the
2 m and 3 m ambient groups (p ≤ 0.001). The
heat treatment calcification rates of L.
kotschyanum fragments from 1 m of depth were
not significantly different from the 1 m control
group (p ≥ 0.05).
Between the three treatment groups, the
calcification rates of L. kotschyanum fragments
from all depths were not significantly different
(p ≥ 0.05). There was also no significant
difference between all three ambient treatment
groups (p ≥ 0.05, Fig. 4, Table 2).

TABLE 3. The mean mass lost to grazing (g CaCO3 cm-2 d-1) and standard deviation for each
depth and temperature treatment.
Depth (m)

Temperature

Mean

SD

1
1

ambient
heat

-0.0047052838
-0.0008128438

0.002475094
0.001599249

3
3

ambient
heat

-0.0040140332
0.0011474894

0.003246101
0.001625747

Susceptibility to Grazing
There was a significant trend in mass lost
from grazing in the temperature groups (p ≤
0.001), with a significant difference in the 3 m
depth group where the ambient fragments lost
more mass than the heated fragments (p ≤ 0.05).
There was a slight trend between depths, with
the 1 m group losing more mass than the 3 m
group at both treatment levels (Table 3, Fig. 5).
There was no correlation between the mass
lost from grazing in grazing experiment and
the decalcification rate of each fragment in the
heat acclimatization experiment (Fig. 6).

FIG 6. The relationship between the
calcification rate in the heat acclimatization
experiment (g CaCO cm-2 d-1) and the mass
3

lost from grazing in the grazing susceptibility
experiment (g CaCO
cm-2 d-1). No
3

correlation was found between the two factors
2
(R = 0.346).
DISCUSSION
To determine how an increase in ocean
temperature could impact L. kotschyanum from
different thermal environments, I compared
the calcification rate of L. kotschyanum
fragments from depths of 1 m, 2 m, and 3 m
under heated and ambient conditions and then

compared the 1 m and 3 m fragments’ mass lost
to grazing. I found that 1 m fragments were
least sensitive to the heat treatment and E.
mathaei grazed more mass from the ambient
treatment groups.
The first objective of this study was to
determine how differences in temperature
variability could impact the calcification
response in L. kotschyanum from different
depths to temperatures over its thermal
threshold. The heat conditions (32 °C-34 °C)
crossed L. kotschyanum ‘s thermal maximum
and all heat treatment fragments experienced
mean decalcification. Although the fragments
from the more thermally variant 1 m depth
followed the same trend as the 2 m and 3 m
fragments, the 1 m fragments did not
significantly differ in calcification rate between
ambient and heated treatments, implicating
that that they likely acclimated more
successfully
to
increased
temperature
compared to fragments from other depths.
Thus, variable habitat temperature positively
affected CCA potential to acclimate to higher
thermal range. However, the 1 m and 3 m heat
treatment groups experienced similar rates of
decalcification due to a slightly higher baseline
calcification rate in the 3 m group, shown by
ambient condition calcification rates. The
differences in baseline calcification rates
diminish the real-world implications of this
finding (Fig. 4).
A difference in grazing pressure across the
reef could explain the difference in baseline
calcification between depth groups. On the
fringing reef on the northeast corner of Cook’s
Bay, there is a higher grazing pressure at 3 m of
depth, where the slope of the drop off into the
lagoon grows steeper and parrot fish are highly
abundant (personal observation). Parrot fish
are the most intensive grazer of coralline algae
(Steneck 1986). Area-specific productivity
could develop in grazed CCA thalli due to high
grazing pressures (Littler 1995) as an adaptive
strategy to overgrazing (Keats et al. 1994). The
3 m group may have a slightly higher baseline

metabolism relative to the 1 m and 2 m depth
groups as a response to this pressure.
To study the effects of decalcification on
interspecies interactions, I placed 1 m and 3 m
L. kotschyanum fragments from ambient and
heat conditions under grazing pressure from E.
mathaei, with the hypothesis that decalcification
would increase susceptibility to grazing. This
study found the reverse to be true. Ambient
temperature fragments were more susceptible
to grazing (Fig. 5). These results contradict a
study on Lithothamnion glaciale, which
postulated that decalcification and loss of
structural integrity could increase the
vulnerability of CCA to herbivores (Ragazzola
et al. 2012). Likewise, Johnson and Carpenter
found a trend that Porolithon onkodes fragments
decalcified from high levels of pCO were more
susceptible to grazing by Echinothrix diadema,
supporting the suggestion that decalcification
negatively impacts the structural integrity of
the calcified thallus (Johnson and Carpenter
2012). The discrepancy between species
responses indicates that the susceptibility to
grazing due to decalcification could be speciesspecific. The difference in structural
complexity in L. kotschyanum and P. onkodes
should be noted. Both species are known to
encrust reef coral, but P. onkodes grows as a flat
cover. L. kotschyanum, which grows rounded
and branching, can either cover coral or live
free-living as a rhodolith. The differences in
grazing susceptibility between these species
could be due to their differences in structure.
This study’s difference in methodology should
also be considered. Johnson and Carpenter
isolated urchins and fragments in a 1:1 ratio
over several 12 hour periods, whereas this
study replicated an urchin-coralline algae
community structure in which several urchins
were placed in the presence of several
fragments of CCA over four full 24 hour
periods. While the former study segregated the
grazing interaction from other variables, this
study observed a more realistic multi-trophic
interaction. The urchins may have preferred
the ambient treatment L. kotschyanum
fragments due to urchin use of the CCA as
shelter during daylight hours.
However, because no correlation was
found between calcification rate in the heat
acclimatization experiment and mass lost in the
grazing experiment (Fig. 6), the results suggest
that
some
mechanism
other
than
decalcification must have influenced urchin
grazing preference for the healthier fragments.
Interestingly, the results of the grazing
susceptibility experiment mirrored the results
2

of the heat acclimatization experiment with
regards to the Tukey post-hoc tests (Fig. 4 and
Fig. 5). It is well known that microbial biofilms
on the surface of CCA cue the settlement of
certain invertebrate and coral larvae and that
these biofilms can deteriorate in extensive
exposure to heat outside the CCA’s thermal
range (Huggett et al. 2006 and Webster et al.
2011). It is possible that the species composition
of the microbial community within the L.
kotschyanum biofilm shifted under heat
exposure and that benthic invertebrates such as
sea urchins are sensitive to such changes.
Microbial associations could also explain the
discrepancy in the results of this study and the
study conducted by Johnson and Carpenter,
who found trends in decalcified CCA in ocean
acidification conditions, not heat (Johnson and
Carpenter 2012).
The relationship between CCA and
herbivores is complex. In tropical, shallow reefs
with high grazing intensity, the proportion of
thick coralline forms increase with the level of
disturbance (Steneck 1986). It is well studied
that CCA relies on herbivore grazing to
eliminate photosynthesis-blocking turf algae
on its surface (Paine and Vadas 1969 and
Johnson and Paine 2016). Most invertebrates
that graze on L. kotschyanum do not have the
potential to damage their vegetative meristems
(Steneck 1986). As climate change drives ocean
warming and acidification, turf algae cover is
expected to increase (Kuffner et al. 2008), and
greater grazing pressure could be beneficial for
CCA populations. In urchin-dominated reefs,
CCA thrives over other species of macroalgae
(Steneck 2013). Urchins, however, can harm
CCA by grazing to crust depths past the
meristem at 51 µm (Steneck 1986). Considering
the mixed effects of urchin grazing on CCA, in
certain environments a higher susceptibility to
grazing under climate change could either
benefit CCA or harm it. In a coralline algae
productivity experiment in Hong Kong, Wai
and Williams found that although coralline
algae lost 70% of its dry weight biomass to sea
urchin (Anthocidaris crassispina) grazing, areaspecific productivity on CCA thalli was
enhanced, illustrating a mutualism between
the urchins and the coralline algae. Grazinginduced area-specific productivity could elicit
a pattern of heterogeneity across the reef, with
high productivity CCA patches in grazed areas
and less productive patches in ungrazed areas
(Wai and Williams 2005). This study illustrates
that E. mathaei could graze more on unheated
CCA compared to CCA exposed to heat.
Therefore, as ocean temperatures increase,

microclimatic variances in thermal regime
could influence the grazing pressure on
different patches of CCA within the same reef.
Future
studies
should
combine
calcification
rate
measurements
with
photosynthesis and respiration measurements
to more accurately compare CCA metabolism
from different environments. This experiment
should also be repeated utilizing a range of
temperatures with more heat treatment groups
to fully illustrate the differences in
acclimatization to higher temperatures
between depth groups. Another potentially
interesting avenue for further research is
whether microbial cues are involved in grazing
patterns. Additionally, studies should focus on
determining if grazer preferences exist
between microclimates within the reef. It could
also be interesting to see whether structural
complexity of CCA plays a role in
decalcification’s
effect
on
grazing
susceptibility.
The present findings suggest that
temperature variability positively affects L.
kotschyanum’s calcification rate under higher
temperatures and that grazing susceptibilities
of CCA under warming scenarios may involve
microbial mechanisms reliant on grazer
preference. Both physiology and interspecies
interactions will play a role in the future health
of CCA on coral reefs. The interaction between
physiology and trophic cascade could lead to a
pattern of heterogeneity on coral reefs that
correlates to thermal regime. By understanding
the acclimatization potential of CCA from
different thermal regimes to increases in
temperature and the associating interspecies
interactions, we can make predictions about
the future conditions of CCA in coral reef
systems.
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APPENDIX A
RESULTS OF SIGNIFICANCE TESTS

TABLE 4. Results of Dunn multiple comparison test for temperatures at different depths on the
fringing reef over a 2-week period.
Comparison

Z

P. unadj

P adj

1m–2m

2.529371

1.142672e-02

2.285344e-02

1m–3m

4.246061

2.175609e-05

6.526828e-05

2m–3m

1.716691

8.603573e-02

8.603573e-02

-2

-1

TABLE 5. Effects of treatment and depth on calcification rates (g CaCO3 cm d ). Analysis of
Variance table of calcification rate by treatment, depth, and the interaction of treatment and depth.
Df

Sum Sq

Mean Sq

F value

Pr (>F)

Signif.

Depth

2

1.670e-05

8.350e-06

4.42

0.0232

*

Treatment

1

8.438e-05

8.438e-05

44.66

6.52e-07

***

Depth: Treatment
Residuals

2
24

7.220e-06
4.534e-05

3.610e-06
1.890e-06

1.91

0.1699

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
-2

-1

TABLE 6. Effects of treatment and depth on mass lost to grazing (g CaCO3 cm d ). Analysis of
Variance table of calcification rate by treatment, depth, and the interaction of treatment and depth.
Df

Sum Sq

Mean Sq

F value

Pr (>F)

Depth

1

8.790e-06

8.790e-06

1.608

0.0232

Treatment

1

1.025e-04

1.025e-04

18.746

6.52e-07

Depth: Treatment
Residuals

1
16

2.010e-06
8.746e-05

2.010e-06
5.470e-06

0.368

0.1699

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Signif.

***
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RAW DATA FROM HEAT ACCLIMATIZATION EXPERIMENT
-2

-1

TABLE 7. The calcification rates (g CaCO3 cm d ) for fragments from each depth and temperature
treatment in the thermal acclimatization experiment.
Depth (m)
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3

Treatment
heat
heat
heat
heat
heat
ambient
ambient
ambient
ambient
ambient
heat
heat
heat
heat
heat
ambient
ambient
ambient
ambient
ambient
heat
heat
heat
heat
heat
ambient
ambient
ambient
ambient
ambient

Calcification Rate
-0.002277262
-0.002669620
0.000769089
-0.002307607
-0.002481379
0.002645627
-0.000145242
-0.001547800
-0.000132654
0.000175674
-0.004029989
-0.003624420
-0.005540116
-0.003588975
-0.003633459
0.001793094
0.000506338
-0.003062660
0.000471667
-0.001101993
-0.000681391
-0.001837846
-0.004940983
-0.002202084
-0.003277296
0.001915809
0.002055741
0.001013299
0.001492133
0.001909901

APPENDIX C
RAW DATA FROM SUSCEPTIBILITY TO GRAZING EXPERIMENT
-2

-1

TABLE 8. The mass lost from grazing (g CaCO3 cm d ) for fragments from each depth and
temperature treatment.
Depth (m)
1
1
1
1
1
1
1
1
1
1
3
3
3
3
3
3
3
3
3
3

Treatment
heat
heat
heat
heat
heat
ambient
ambient
ambient
ambient
ambient
heat
heat
heat
heat
heat
ambient
ambient
ambient
ambient
ambient

Mass Lost
-0.0012207390
-0.0006782590
-0.0025133810
-0.0014393070
0.0017874670
-0.0069119800
-0.0071868290
-0.0012769500
-0.0033935570
-0.0047571030
0.0018710360
0.0036670330
-0.0002512980
0.0000782609
0.0003724150
-0.0047982190
0.0006868720
-0.0025981080
-0.0054131080
-0.0079476030

APPENDIX D
PICTURES OF SPECIES AND EXPERIMENTAL DESIGN
PICTURE 1. Pictures of L. kotschyanum.

PICTURE 2. Heat acclimatization experiment set-up.

APPENDIX E
PICTURES OF EXPERIMENTAL DESIGN

PICTURE 3. Buoyant weighing technique.

PICTURE 4. Grazing susceptibility experiment set-up.

