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ABSTRACT: Survival trajectories for coral reefs under climate change may depend in part on
shifts in the composition of their algal symbiont communities (Symbiodinium spp.). Shifts favoring
thermotolerant symbionts have been recorded in response to mass bleaching events but rarely
tracked through time. A 10 yr monitoring study of Symbiodinium in a variety of Kenyan corals
assessed their variability through time, across coral taxa and between sites, and their relationship
to environmental conditions. Coral genera varied significantly in their propensity to host thermotolerant symbionts of Symbiodinium clade D, with some genera becoming dominated by clade D
at annual maximum temperatures of 32°C but others showing clade D only rarely at 35°C. High
annual maximum temperatures, high standard deviation, positive skewness and positive kurtosis
characterized sites where clade D was common. In corals whose symbiont communities were thermally labile (e.g. Pocillopora) an increase in maximum annual temperature from 30 to 35°C
resulted in 3- to 4-fold increases in dominance by clade D. There was no directional change in
symbiont communities over the study period, but there was evidence for a ~6 yr decline in the incidence of mixed (C + D) communities following the 1998 bleaching event. These data illustrate how
acute and chronic thermal stress caused by oceanographic and tidal oscillations interact to produce highly dynamic symbiotic communities. The clade D niche is a function of the environment
and host taxon and, through a variety of mechanisms, is expected to expand with climate warming. Corals from warm and variable conditions represent conservation priorities because they
establish a niche for these symbionts in contemporary reef environments.
KEY WORDS: Acclimatization · Adaptation · Adaptive bleaching hypothesis · Community change ·
Indian Ocean · Symbiosis
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The potential for adaptation and acclimatization of
reef corals to rising temperatures is a critical but controversial question in contemporary coral reef science and conservation. Although there are a number

of mechanisms by which corals, dinoflagellates Symbiodinium spp., and other symbiotic partners might
respond to climate change (Gates & Edmunds 1999,
Rosenberg et al. 2007, Baird et al. 2009, Fitt et al.
2009), most research has focused on whether or not
corals are able to flexibly associate with diverse algal
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symbionts the different physiologies of which provide greater resistance to environmental extremes
(Glynn et al. 2001, Baker et al. 2004, Rowan 2004,
Berkelmans & van Oppen 2006, Jones et al. 2008,
LaJeunesse et al. 2009, Oliver & Palumbi 2009, 2011).
While changes within colonies have attracted the
most attention, differential reproduction and survival
of colonies and species with different symbiont
associations is likely to be another important factor
driving population- and community-level changes
(Baker et al. 2004, LaJeunesse et al. 2008).
Several studies have shown that, following heatinduced bleaching, corals can experience shifts in
their symbiont communities to favor Symbiodinium
in clade D, some common members of which (notably
D1 and D1a) impart greater thermal tolerance to their
coral hosts (Glynn et al. 2001, Rowan 2004, Berkelmans & van Oppen 2006, Jones et al. 2008, LaJeunesse et al. 2009). However, the longevity of these
shifts, and the mechanisms that underlie them, are
not well understood, and few studies have monitored
coral hosts and symbiont communities over the
timescales needed to assess the sustained ability
of reef corals to acclimatize or adapt to continued
climate change.
The few colony-level monitoring studies of
bleached scleractinian corals that have been undertaken to date have found a variety of responses.
Some studies found no change in response to thermal
bleaching (Stat et al. 2009a), while others have found
changes followed by rapid reversions back to the
original communities within weeks to months (LaJeunesse et al. 2009). Others have documented
change with no reversion over 9 mo (Toller et al.
2001), or slow reversion over several years (Thornhill
et al. 2006). However, with the exception of work in
the Florida Keys and Bahamas by Thornhill and colleagues (2006a,b), the goal of the studies has been to
monitor the effects of acute disturbance on symbiont
communities, rather than assess their stability over
long periods in the absence of acute disturbance.
Distinguishing whether reef coral communities can
respond to chronic changes over long timescales in
the same way that individual colonies can respond to
acute disturbance is a key question in understanding
the response to climate change (Hoegh-Guldberg &
Bruno 2010).
A critical issue underlying whether compensatory
changes in algal symbiont communities can occur
and be maintained is the degree to which specificity
in coral−algal symbiosis limits the range of partnerships. This is true regardless of whether the
changes occur at the coral colony, population, or

community level. If coral species are generally constrained to hosting particular symbiont types
regardless of environment, and there is little intraspecific variation in this association, then changes
in symbiont communities occurring as a result of
disturbance are unlikely to be long-lived (HoeghGuldberg et al. 2007). Consequently, the coral host
in question may be unlikely to benefit from these
unstable partnerships in the long-term (Stat &
Gates 2011). On the other hand, there may be
strong interactive effects, where symbiont niches
are not exclusively determined by coral host taxon
but instead rely on environmental factors to differentiate symbiont niches within particular coral species (Rowan & Knowlton 1995, Rowan et al. 1997,
Baker 2003). In these cases, changes in the environment will lead to changes in the realized niches
of symbionts on reefs, in turn affecting the frequency of symbiont types within colonies. Similarly,
if changes in the environment result in differential
mortality of coral genotypes within populations, or
coral species within communities, then differences
in symbiont specificity will also lead to changes in
the frequency of different symbionts on reefs.
Physiological tradeoffs may also limit the capacity
for corals to respond to climate change through shifts
in their symbiont communities. Symbionts in Symbiodinium clade D that impart thermal tolerance have
been shown to decrease the amount of translocated
photosynthate (Cantin et al. 2009) and depress
growth rates (Little et al. 2004, Jones & Berkelmans
2011). These detrimental effects may not be compensated for by their increased survival during thermal
anomalies. Such tradeoffs between reduced population growth and increased survival could compromise the competitive ability of affected corals in some
environments. However, if changes in symbiont communities result in a net increase in the inclusive fitness of a coral host (despite potentially detrimental
effects on population growth rates), then long-term
shifts in symbionts might still be adaptive and
favored under some conditions. Such uncertainties
can only be resolved by monitoring symbiont communities over long time periods and under different
environmental conditions.
This study represents the results of a 10 yr monitoring study at multiple sites with variable environmental histories along the Kenyan coast of the western
Indian Ocean. We tracked the relative frequency of
one group of symbionts (Symbiodinium in clade D)
in a variety of coral hosts over this timeframe. The
most common members of this group are relatively
resistant to high-temperature stress and may have
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increased in abundance on these reefs following the
1998 bleaching event in the western Indian Ocean
(Baker et al. 2004). We tested the hypothesis that
coral taxon, site, thermal environment, and time
influence the abundance of dominant symbiont
clades. The temperature history at each site was
evaluated to determine which temperature metrics
were most strongly associated with the frequencies
of the different clades. This study represents the
longest continuous Symbiodinium monitoring effort
reported to date (2000 to 2010), and, while it takes
place in an area that was severely affected by a major
bleaching event prior to its initiation (1998), it covers
a timeframe that has largely escaped other major
acute climate disturbances, providing an opportunity
to evaluate the variability of symbiont communities
over time and to identify the environmental and taxonomic axes that define niches for the different symbiont taxa in this region.

MATERIALS AND METHODS
Study sites
Kenya’s southern fringing reef is a nearshore shallow reef that is < 3 km from shore and has a maximum seaward depth of 15 m and a more shallow
lagoon of < 3 m at low tide. Samples were taken from
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corals in the back reef environment where corals
intermix with sand and seagrass. Kenyan reefs have
a semidiurnal tide, with a maximum spring tide
range of 4 m that creates considerable tidal and temperature variability in these back reef environments
(McClanahan & Maina 2003). There is also a strong
monsoonal seasonal cycle that creates a warm and
potentially stressful temperature environment from
November to April (McClanahan 1988). The 4 reef
areas in this study (Vipingo, Kanamai, Mombasa, and
Diani) have different reef heights, which change
tidal exposure regimes and influence water temperature variability at each site (Fig. 1).

Laboratory identification of algal symbionts
Coral tissue samples were haphazardly collected
at depths of 2 to 3 m from the same 30 × 30 m
area around permanently established temperature
gauges at each site. Because the focus was on community-level changes at these sites, no effort was
made to sample repeatedly from the same colonies.
Samples were removed from massive morphologies,
such as massive Porites, using a hammer and a hollow steel punch to remove a core ~5 mm deep and
~0.5 cm2 in area. Samples from branching or frondose morphologies, such as branching Porites, Pocillopora, Acropora; and Pavona, were removed by

Fig. 1. (A) Map of the 4 study sites along the east African coastline of Kenya. (B) Probability density functions for temperature
data obtained from in situ loggers for each study site from 2000 to 2010. Common features of the temperature regime at these
sites include bimodality, positive skewness (in favor of higher temperatures), and platykurtosis (long tails). (C) Box and
whisker plots showing temperature metrics for each study site. Heavy horizontal line shows the median value; the box represents the interquartile range (IQR); the whiskers depict the data <1.5 × IQR; the circles represent outliers (>1.5 × IQR)
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snapping off the distal ends of branches or plates
(1 to 2 cm2 area). Sampling was relatively nondestructive, and tissue typically re-grew over exposed skeleton within a few weeks. In total, 743
samples were successfully analyzed for the period
2000 to 2010 (Table S1 in the supplement at www.
int-res.com/articles/suppl/m479p085.pdf). Samples
were preserved in saline DMSO (Seutin et al. 1991)
or 95% ethanol.
Samples were processed by airbrush-blasting tissue from samples and extracting DNA from these
blastates. Symbiodinium DNA was purified and analyzed using conventional organic protocols (Rowan &
Powers 1991, Baker et al. 1997) and internal transcribed spacer-2 (ITS-2) ribosomal DNA (rDNA)
amplified using PCR (LaJeunesse 2001). Denaturing
gradient gel electrophoresis (DGGE) was used to
analyze these amplified products and distinguish
mixed symbiont communities (LaJeunesse 2001,
2002).
DGGE-based assays of ITS-2 diversity have high
taxonomic resolution and can readily distinguish
closely related Symbiodinium types. However, potential intragenomic variation can make characterization of symbiont communities difficult when multiple, closely related sequences are present in the
same sample (Stat et al. 2011), as was the case in
Kenya. For this reason we analyzed samples to the
clade level only to test hypotheses regarding the persistence and distribution of Symbiodinium in clade D.
We used known patterns of D1a (LaJeunesse 2002),
also referred to as D-1-4 (LaJeunesse et al. 2010), as
our reference for all clade D assignments; no other
D-types were detected in our dataset. Since substantial phenotypic variability may exist within clades
(Savage et al. 2002, Tchernov et al. 2004, Baird et al.
2007), this approach undoubtedly obscures some
emergent patterns at finer taxonomic scales within
clade C (e.g. LaJeunesse et al. 2010). However, the
principal question addressed here is the relative
frequency and persistence of Symbiodinium D1a
(D-1-4) as a symbiotic generalist that imparts thermotolerance. Pooling all clade C types allows this
question to be addressed without needing to resolve
intragenomic variants or distinguish species boundaries within this complex group (Correa & Baker
2009, Sampayo et al. 2009, Stat et al. 2009b, 2011,
LaJeunesse et al. 2012).
Although DGGE has high taxonomic resolution, its
relatively low numerical resolution limits its ability to
detect symbionts that are not dominant members of
the community. Symbionts that represent < 5 to 10%
of the community are typically not detected by

DGGE, although this depends on the particular ITS-2
variants involved (Thornhill et al. 2006, LaJeunesse
et al. 2008). For this reason, we categorized samples
in which only clade C or D symbionts were detected
as ‘C dominant’ or ‘D dominant’, respectively, and
recognize that additional diversity is likely to be
found in these samples using techniques with lower
detection limits, such as quantitative PCR (Baker &
Romanski 2007, Correa et al. 2009, Mieog et al. 2009,
Cunning & Baker 2012, Silverstein et al. 2012). Samples in which both clades were detected using DGGE
were classified as ‘C + D mixed communities’.

Temperature measurements
The study evaluated temperature variables at the
study sites from field gauge and satellite measurements. Temperature gauges (Hobo temperature
gauges — Onset Corporation, accuracy of 0.35°C at
25°C) were established at each of the study sites
between 1991 and 2009, and water temperatures
were recorded at 1 to 3 h intervals. Gauges were
placed in shallow water (0.3 to 1.0 m at low tide), covered in black plastic, and embedded in masonry
cement to avoid the effects of light. Gauges were
retrieved annually, downloaded, and average annual
measurements per site were calculated (Table 1). For
comparison, satellite temperature data of 4 × 4 km
resolution for each site over the study period were
retrieved from the NOAA website.

Data analyses
The frequencies of clades D, C, and C + D in sampled coral colonies were plotted for site, time, and
coral taxa. To detect significant differences in symbiont frequencies among coral taxa, we used a multivariate nominal Chi-squared frequency test, implemented in JMP (Sall et al. 2001). Differences in the
frequency of the symbiont types were tested sepaTable 1. Mean annual water temperature parameters for the
period 2000 to 2010 obtained from in situ gauges deployed
at sites along Kenya’s coastline
Site

Min

Max

Mean

SD Skew Kurtosis

Kanamai
Vipingo
Diani
Mombasa

23.83
24.28
24.45
24.64

33.91
33.34
33.04
31.07

27.56
27.60
27.39
27.34

1.81
1.61
1.64
1.23

0.61
0.49
0.40
0.29

0.06
−0.05
−0.61
−0.55
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rately for differences among all coral
taxa and for the 4 dominant taxa (Acropora, Pavona, Pocillopora, and Porites).
From the temperature data obtained
from field gauges and NOAA satellite
data sources, annual mean temperature metrics of mean, standard deviation, minimum, maximum, skewness,
and kurtosis were calculated for the
year prior to sampling (1 January to 31
December). We used these variables in
a step-wise nominal regression analysis to determine the temperature variables that were the best predictors of
the frequency of the dominant symbiont clades. The strength of the bivariate temperature and clade relationships were explored prior to entering
the temperature variables in the stepwise procedure; variables were then
entered from the strongest to the weakest. Finally, a nominal logistic fit was
applied to model the relationship
between symbiont clade distribution
and the strongest temperature variable
identified by the step-wise nominal
regression analysis.
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Fig. 2. Distribution of Symbiodinium clades plotted for the 2000 to 2010 period, pooling all sites and taxa (n = 743). Upper panel shows the number of
colonies in each year hosting clade C, clade D or a mixture of clades C + D.
Lower panel shows the same data as a percentage of the colonies sampled
each year, with the sampling effort (no. of colonies yr–1) included at the top of
each column. ND: no data

RESULTS
Distribution of symbionts
Symbiodinium in clade C represented the dominant
symbionts in reef corals at the study sites overall, with
clade D being dominant in the (poorly sampled) years
2000 and 2010, and less abundant in the interim years
(Fig. 2). Mixed communities of Symbiodinium C + D
were found in low to moderate abundance in the
early sampling years (2000 to 2004) but were uncommon afterwards. Clade C was most common in
Mombasa, followed by Diani, Vipingo, and Kanamai
(Fig. 3). Clade D was consistently found in more than
half of the coral colonies in Kanamai. Clade C (specifically C15) was the dominant symbiont in Porites,
with only one 2001 sample containing clade D. However, other families were more variable, with clade D
occurring frequently in the families Agariciidae and
Pocilloporidae (Fig. 4). The families Faviidae, Oculinidae, and Acroporidae were more variable and not
sampled consistently across years.
When testing for differences between taxa (genera), site, and time separately, there were statistically

significant differences among all variables. However,
when testing these factors simultaneously for all
samples, genus was the most significant single factor
(p = 0.015). Genus interacted very strongly with site
(p = 0.002), site and year interacted weakly, and the
overall model was relatively powerful (R2 = 0.57)
(Table 2). When reducing the analysis to the 4 dominant genera (Acropora, Pavona, Pocillopora, Porites;
n = 683), genus was again the most significant factor
and interacted strongly with site (p < 0.0001), site and
year was marginal (p = 0.055), and the power of all
factors combined was also high (R2 = 0.54) (Table 3).

Associations with temperature variables
Stepwise logistic regression of temperature variables with the frequencies of the clades revealed a
number of significant but weak factors (Table 4).
Temperature variables obtained directly from field
gauges (Fig. 1) delivered significantly better predictive value than temperatures obtained from satellites,
which were not significant. Mean temperature was
not a significant predictor, but most measures of
temperature variation were significant. Maximum
annual temperature in the year before sampling was
the most significant factor in predicting symbiont dis-
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Fig. 3. Distribution of Symbiodinium clades for 2000 to 2010 at each of the 4 study sites, pooling all taxa (N = 743). Sites are
ordered from north (top of figure) to south (bottom of figure). Left-hand panels show the number of colonies in each year
hosting clade C, clade D or a mixture of clades C + D. Right-hand panels show the same data as a percentage of the colonies
sampled each year, with the sampling effort (no. of colonies yr–1) included at the top of each column

Table 2. Results of the logistic model testing for the effects of taxa,
site and time on the frequency of the symbiont clade groups C, D,
and C + D for all samples; R2 = 0.57, n = 741
Whole model test
Model
−LogLikelihood
Difference
Full
Reduced

360.26
273.02
633.29

df

χ2

p

104

720.53

< 0.0001

Table 3. Results of the logistic model testing for the effects of taxa, site
and time on the frequency of the symbiont clade groups C, D, and
C + D for Acropora, Pavona, Pocillopora, and Porites; R2 = 0.54, n = 685
Whole model test
Model
−LogLikelihood
Difference
Full
Reduced

313.80
268.58
582.39

df

χ2

p

61

627.60

< 0.0001

Individual factors and interactions — effect likelihood ratio tests
Source
df
χ2
p
Conclusion

Individual factors and interactions — effect likelihood ratio tests
Source
df
χ2
p
Conclusion

Genus
Site
Year
Genus × Site
Genus × Year
Site × Year

Genus
Year
Site
Genus × Site
Genus × Year
Site × Year

26
8
2
50
12
6

44.09
0.00
0.00
83.59
19.32
13.78

< 0.015 Significant effect
<1.0
Not significant
<1.0
Not significant
< 0.002 Strong interaction
< 0.081
Marginal
< 0.032 Weak interaction

8
2
8
28
8
7

44.49
0.00
0.00
72.05
11.33
13.78

< 0.0001 Significant effect
<1.0000 Not significant
<1.0000 Not significant
< 0.0001 Strong interaction
< 0.184
Not significant
< 0.055
Marginal
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Fig. 4. Distribution of Symbiodinium clades for 2000 to 2010 for the 6 most common coral families, pooling all sites (n = 738).
Left-hand panels show the number of colonies in each year hosting clade C, clade D or a mixture of clades C + D. Right-hand
panels show the same data as a percentage of the colonies sampled each year, with the sampling effort (no. of colonies yr–1)
included at the top of each column

tributions at the level of clade (p < 0.0001), followed
by minimum annual temperature in the year before
sampling (p = 0.006), and the standard deviation of
temperature in the year of sampling (p = 0.02).
A nominal logistic fit of Symbiodinium clade for
all sites and taxa pooled found that the maximum annual temperature was highly significant (p < 0.0001),
but a weak predictor of the clade distributions (R2 =
0.04) (Fig. 5). A 5°C increase in maximum annual temperature (from 30 to 35°C) resulted in a 3- to 4-fold increase in the number of colonies dominated by Symbiodinium in clade D, with no change in the number
of colonies containing mixtures of clades C and D.
The influence of temperature and taxa was explored by taxon-specific analyses (Fig. 6). All genera

showed similar patterns, but only the symbiont
communities of Pocillopora and Porites were significantly associated with maximum annual temperatures (p < 0.0001 and p = 0.037, respectively). In
these 2 genera, maximum annual temperature was
a much better predictor of Symbiodinium distribution than for the pooled dataset (R2 = 0.30 and R2 =
0.17, respectively, compared to R2 = 0.04). Clade D
in Pocillopora was the most strongly associated with
maximum temperatures, with very few colonies
containing detectable Symbiodinium in clade D
when maximum temperature was 30°C, but nearly
all colonies containing detectable clade D and the
majority containing only clade D when maximum
temperature reached 34°C.
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Table 4. Statistical results of the stepwise logistic regression
model for the variables obtained from temperature gauges and
the frequency of clades C, D, and C + D. LogLikelihood = 601.1,
R2 = 0.049. NS: not signifcant. ndf: number of df
Parameter

ndf

Wald/Score

p

Intercept [C + D]
3.86
Intercept [D]
4.47
Maximum
−0.61
Minimum
1.05
Average
−0.43
SD
2.54
Skewness
−1.65
Kurtosis
0.73

1
1
1
1
1
1
1
1

0.00
0.00
6.66
7.63
1.20
5.11
3.77
2.96

<1.00
<1.00
0.01
< 0.006
NS
< 0.023
< 0.052
0.085

Step history

Step parameter

χ2

p

R2

Maximum
Minimum
Average
SD
Skewness
Kurtosis

< 42.34
< 7.51
< 2.39
< 5.34
< 0.96
< 2.85

0.0001
0.006
0.121
0.021
0.327
0.091

0.03
0.04
0.04
0.05
0.05
0.05

1
2
3
4
5
6

Estimate

Fig. 5. Nominal logistic fit of Symbiodinium clade in shallow
Kenyan scleractinian corals (all coral taxa pooled), against maximum annual temperature from in situ gauges in the year of sampling for all taxa. Curves represent the probability of assignment
to Symbiodinium categories, with the area below the lowest curve
representing the probability of assignment to clade C, the area
above the highest curve representing the probability of assignment to clade D, and the balance of probabilities (area between
upper and lower curves) representing the probability of assignment to a mixture of clades C + D. Points represent individual colonies randomly scattered within categories to indicate sample
size (expected number of colonies in each Symbiodinium category). Higher temperatures are associated with higher incidence
of colonies dominated by clade D (R2 = 0.04, p < 0.0001)

DISCUSSION
Influence of location, time, and temperature on
specificity in coral−algal symbiosis
There were clear taxon-specific differences in
symbiont communities, with genus being the
most significant factor in explaining variability
in the symbiont clade data. Although site and
year were significant on their own, when tested
simultaneously with genus, they were not significant. This was true both for all coral taxa
sampled, as well as for the 4 dominant coral
genera. However, the relatively strong interactions between genus and site, and the relatively
weak interactions between genus and year,
indicate that the effect of specificity on symbiont
distributions is itself influenced by location and
time.
The proximate causes underlying the interaction with genus and site are suggested by analysis of the temperature data collected from in situ
gauges. Bivariate relationships and stepwise
regression analysis show that maximum, minimum, mean, and standard deviation all contribute significantly to the model, although their
overall contribution is relatively weak (R2 =
0.05). Nominal logistic fits of clade distribution
against mean maximum temperature illustrate
the relationship between symbiont clade and
mean maximum temperature (Fig. 5), and how it
varies among coral taxa (Fig. 6). Predictive
power was generally higher using this approach,
although trends were not significant for all taxa.
For example, the modeled threshold maximum
annual temperature at which clade D becomes a
common dominant varies from ~32°C in Pocillopora to > 35°C in Porites (although there was
only 1 occurrence of clade D in this genus in our
dataset, at Vipingo in August 2001, a site with a
mean maximum annual sea-surface temperature
of 34.2°C).
These findings support the hypothesis that
coral specificity contracts niche space for Symbiodinium clade D among different hosts,
although the niche may never disappear entirely
(as indicated by the single colony of Porites dominated by clade D, see also Silverstein et al.
2012). We can rank different coral hosts in their
propensity to host clade D at high temperatures
as follows: Pocillopora = Galaxea > Pavona >
Acropora > Porites. Coral genera at the high end
of this ranking (e.g. Pocillopora) are the most
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Fig. 6. Nominal logistic fit of Symbiodinium clade against maximum annual temperature from in situ gauges in the year of
sampling, for the 4 most commonly sampled coral genera (Acropora, Pavona, Pocillopora and Porites). Curve properties are
explained in Fig. 5. Higher temperatures tend to drive higher incidence of colonies dominated by clade D, and this trend
is most pronounced in Pocillopora

‘thermally labile’ taxa (defined here as those most
likely to experience changes in their symbiont communities in response to temperature changes over
space and time). Thermal lability in symbiont communities may be one axis for identifying taxa with
the highest capacity for adaptation/acclimatization,
although it is only one factor among a complex suite
of traits that might contribute to identifying ‘winners’
and ‘losers’ in a climate change context (Baird et al.
2009, Oliver & Palumbi 2011), and may also be subject to costly tradeoffs (Berkelmans & van Oppen
2006, Cantin et al. 2009).

Site differences in symbiont communities in Kenya
The significant interaction between genus and site,
combined with the results of the regression analysis
against temperature variables, indicates that sitespecific temperature regime plays an important role

in determining differences in symbiont communities.
Although all sites have similar mean temperatures
(ranging from 27.3 to 27.6°C; Fig. 1), tidal variability
at each of the 4 sites results in localized heating and
cooling over short time scales as a result of restricted
water exchange between the lagoons and the fore
reef; this results in considerable differences in temperature variability between sites.
Kanamai had the highest frequency of colonies
containing clade D Symbiodinium and had the highest mean annual maximum water temperatures over
the study period (33.9°C), lowest mean annual minimum temperatures (23.8°C), and highest standard
deviation (1.8°C) (see Fig. 1B). Kanamai also had the
highest positive skewness (i.e. a long right-hand tail
in the temperature distribution, indicating rare but
extremely high temperatures) and was the most leptokurtic site (positive kurtosis in the temperature distribution, indicating a narrow peak around the mean
and fatter tails to the distribution, see Table 1).
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In contrast, Mombasa had the lowest incidence of
clade D and had the lowest annual maximum temperature (31.1°C), highest minimum temperature
(24.6°C), and lowest standard deviation (1.2°C) (see
Fig. 1B). It had the lowest positive skewness (i.e.
fewer occurrences of extreme high temperatures)
and was one of the most platykurtic sites (negative
kurtosis, indicating wider peaks in the temperature
distribution and thinner tails in the distribution, see
Table 1).
Together, these data suggest that no single temperature metric determines the relative frequency of
clade D in reef corals among different sites. Instead,
the overall temperature regime drives the abundance of clade D, with high maximum temperatures,
high variability, high positive skewness, and leptokurtosis all helping to drive the relative frequency of
clade D. In this study, low minimum temperatures
were also associated with a high frequency of clade
D, but this was likely to be an artifact of high variability; low minimum temperatures without high maximum temperatures are probably unlikely to drive the
clade D found in Kenya (but see Chen et al. 2003 for
an unusual clade D commonly found in subtropical
Taiwan).
Temperatures obtained using in situ gauges differed significantly from temperatures obtained from
satellites, and were much better at predicting the
frequency of clade D (results not shown). Satellitederived data may not be able to capture the rapid
temperature fluctuations caused by tidal variability
at the study sites, or distinguish lagoonal study sites
from the open ocean. This suggests that the low temporal and spatial resolution of satellite data may limit
their utility for interpreting Symbiodinium distributions, except when used to explain patterns over
larger (regional) scales.

Changes in symbiont communities over time
There was no sustained directional change in the
relative abundance of clades C and D in Kenya over
the period 2000 to 2010. However, during the first
half of the study (2000 to 2004) colonies containing
mixed communities of C + D were relatively frequent, whereas in the second half of the study (2005
to 2010) mixed colonies were rare, occurring only in
2009. The resolution of DGGE limits the detection of
symbionts unless they represent at least 5 to 10% of
the total community (Thornhill et al. 2006, LaJeunesse et al. 2008), and it is likely that more
colonies contained mixed communities than were

detected in this study (Baker & Romanski 2007, Silverstein et al. 2012). Nevertheless, the fact that clade
D symbionts were detected in mixed communities
from 2000 to 2004, but became rare afterwards, indicates that they may have fallen below threshold limits in the latter half of the study. This suggests that
the changes in the relative frequency of clade D in
this study are the result of shuffling of pre-existing
symbiont communities (Baker 2003, Stat et al. 2006).
One hypothesis why mixed communities were
relatively common from 2000 to 2004 is that these
corals were still recovering from the effects of the
1998 bleaching. If some of the colonies that survived
1998 experienced increases in clade D, as has previously been suggested (Baker et al. 2004), the disappearance of mixed communities by 2005 may indicate that these increases were sustained for as long
as 6 yr following the event. It is also notable that the
single incidence of Porites dominated by clade D
occurred early in the study (August 2001), which
may have been an effect of the 1998 bleaching.
There is also some evidence for a brief increase in
clade D in 2005 that was lost again from 2006 to
2008 before another spike in clade D occurred in
2009 to 2010. Bleaching was observed at these
study sites in 2005, but did not lead to high
mortality (T. McClanahan pers. obs.). These patterns
were more apparent in Pocillopora and Pavona from
Kanamai and Diani, but were absent from Mombasa, suggesting that temperature regimes at Kanamai and Diani may have favored increases in clade
D during those years.
Symbiont communities on shallow Kenyan reefs
appear relatively dynamic, and unidirectional shifts
to favor particular symbionts were rarely maintained
over multiple years, given that the prevailing temperature regime is determined by short-term tidal
variability that varies among sites. Indeed, sitespecific tidal variation in temperature overrides any
climate signal in our 2000 to 2010 data, although
there is a possibility of longer term interactions with
episodic ocean−atmosphere oscillations, such as the
El Niño−Southern Oscillation and the Indian Ocean
Dipole.
Our data suggest that any disturbance that affects
the temperature metrics investigated here is likely
to affect the distribution of Symbiodinium in clade
D. Consequently, the composition of symbiont communities, and their dynamics, cannot be explained
solely as the result of acute disturbance (Baker et
al. 2004) or by long-term environmental conditions
(LaJeunesse et al. 2010). Instead, both acute and
chronic stressors caused by oceanographic and tidal
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oscillations interact with taxa to produce highly
dynamic symbiotic communities on Kenyan reefs.
High maximum temperatures and high variability
allow clade D to be maintained at relatively high
levels in Kenya, although its relative abundance
varied significantly from year to year because tidal
variability causes frequent stress periods that are
likely to disrupt these communities over lunar time
scales. Since the immediate effects of tidal variability are far greater than those of climate warming,
the emergent picture is one in which gradual
changes in symbiont communities as a result of
warming are masked by larger changes over shorter
timescales.
These results contrast with, and complement,
monitoring studies in other areas. In Panama
extreme temperature fluctuations do not occur,
despite high tidal ranges, because reef geomorphology still allows water exchange. Consequently,
intra-annual disruptions are infrequent, and gradual
changes in symbiont communities following acute
disturbance, such as the 1997/1998 El Niño, are
more detectable (A. C. Baker et al. unpubl. data). In
Barbados, annual maximum temperatures are moderate and temperature variation is low; therefore,
transient spikes in clade D following bleaching are
not maintained (LaJeunesse et al. 2009). In the
Florida Keys and Bahamas temperatures are also
moderate, but variability is higher than in Barbados
(but less extreme than the tidal fluctuations found in
Kenya); consequently, clade D is maintained short
term but cannot persist in the absence of further
bleaching or other acute disturbance (Thornhill et
al. 2006).
This perspective suggests that Symbiodinium in
clade D are not inherently opportunistic (LaJeunesse et al. 2009, Stat & Gates 2011) and might be
capable of long-term persistence on reefs if conditions permit. However, the environmental niche that
supports these symbionts is rarely maintained on
most Kenyan reefs. Periodic disruptions due to mass
bleaching will increase the relative abundance of
clade D, and warming baselines may tend to
increase the longevity of these shifts, but not all
bleaching events will lead to dramatic or sustained
changes in symbiont communities, since equilibrium
conditions will quickly select against these symbionts once conditions return to normal. Although
host effects will also contribute significantly to thermal tolerance, these results provide one mechanistic
basis for the observation that corals from warm yet
variable conditions are the best able to survive
climate change (McClanahan et al. 2007, Oliver &
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Palumbi 2011), and support assessments of thermal
regime as a means of economically identifying conservation priority sites in anticipation of continued
climate change.
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