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Abstract Ocean acidiWcation is one of the key threats
facing coral reef ecosystems, but there are few estimates of
spatial and temporal variability in pH among reef habitats.
The present study documents levels of spatial variability in
pH among coral reef habitats (9 to 10), among locations
separated by 100’s km of latitude and between east (Great
Barrier Reef, GBR) and west (Ningaloo Reef) coasts of
Australia. DiVerences were found in pH between inshore
and oVshore waters along Ningaloo Reef (means 8.45, 8.53,
respectively). Replicate assessments here ranged from 8.22
to 8.64. On the GBR, the range of values over all habitats
and replicates was 0.39 pH units (7.98 to 8.37). There were
minor but signiWcant diVerences of 0.05 pH units between 5
consecutive days for habitats on average. Highest pH was
recorded in Wlamentous algal beds maintained by the damselWsh Dischistodus perspicillatus. Lowest pH was found in
water extracted from sand-dwelling goby holes. While
there were marked changes in pH over a 48-h sampling
period among 4 habitats at Lizard Island (GBR), there was
little evidence of a diel trend. Understanding how pH varies
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at scales that are relevant to organisms that live on shallow
coral reefs is crucial for the design and interpretation of
experiments that test the eVects on organisms of the
changes in water chemistry predicted to aVect oceans in the
future.

Introduction
Coral reefs are one of the world’s most biologically diverse
and economically important ecosystems. They are also one
of the most vulnerable to the impacts of climate change
(Caldeira and Wickett 2003; Doney et al. 2009). Increases
in atmospheric carbon dioxide (CO2) are leading to
increased temperatures and ocean acidiWcation. Concentrations of CO2 in the atmosphere are the highest found in the
last 740,000 years (Petit et al. 1999), driving increased CO2
uptake by ocean surface waters. Through a series of chemical reactions, the additional CO2 in water forms carbonic
acid and leads to a decline in pH, thereby increasing ocean
acidity and reducing the concentration of bioavailable carbonate ions by changing the carbonate–bicarbonate ion balance (Kleypas et al. 2006; Munday et al. 2007). There has
been a decrease in the global ocean surface pH of 0.1 unit
since 1750, with the lowest decrease in the tropics (0.06)
and the highest decrease in higher latitudes (1.2) (BindoV
et al. 2007). Predictions suggest that by 2050, the surface
waters will further decrease in pH by 0.2 to 0.3 units (Orr
et al. 2005). Since pH is recorded on a negative log scale, a
0.1 reduction in pH represents a 30% increase in the concentration of H+ ions in the ocean (Raven 2005). The mean
pH of the world’s open oceans ranges from 7.9 to 8.3,
although within particular ocean locations, the within-year
range in pH is usually below 0.05 units (BindoV et al.
2007). There is considerable speculation about the impact
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of acidiWcation for organisms with carbonate skeletons,
such as plankton and reef building corals (e.g. Hoegh-Guldberg et al. 2007; Iglesias-Rodriguez et al. 2008; Manzello
et al. 2008), but the ramiWcations for most coral reef organism are poorly understood.
AcidiWcation on the order of 0.1 pH unit will lead to
slowing of the rates of accretion of coral skeletons, while
pH reductions of more than 0.1 from current levels are predicted to cause a breakdown of existing carbonate deposits,
whether they be supporting living tissue (Riebesell et al.
2000; Shirayama and Thornton 2005) or as part of the
deposited reef matrix. Furthermore, given the critical role
pH plays in mediating physiological reactions, low pH is
expected to have signiWcant eVects on processes other than
calciWcation. Although it is unclear how increasing acidity
of the oceans will aVect Wsh populations, a drop in ocean
pH is expected to increase acidity in animal tissues and
body Xuids, causing long-term changes in metabolic functions, growth and reproduction (Fabry et al. 2008).
Researchers agree that the eVect of changes in pH will be
most evident in the early developmental stages, which are
less capable of homeostasis (Ishimatsu et al. 2004). Predictions include reduced fertilization rates, increased levels of
skeletal abnormalities and higher embryo and larval mortality (Guinotte and Fabry 2008, Munday et al. 2008). To
date, there are little data on which to base these predictions,
but there is increasing interest in these issues, and most
researchers now recognize that the study of physiological
processes is a high priority in climate change research
(Wilson et al. 2010).
While detailed records of water temperature have been
collected at a range of temporal and spatial scales for
decades, there is a paucity of data on how pH varies naturally on biologically relevant spatial and temporal scales. In
general, pH has been collected for open oceans rather than
inshore biologically rich coastal zones (e.g. Pelejero et al.
2005). Understanding the extent of variation in pH among
microhabitats inhabited by reef organisms and how this
changes over a range of temporal scales is vital if we are to
experimentally examine how global predictions of pH
change may aVect the development of marine organisms. In
fact, diVerent marine organisms are likely to experience not
only diVerent levels of pH within a speciWc microhabitat
(e.g. sessile organisms) but may also be exposed to a variable range of values as they move across habitats (e.g.
Wshes). One may expect that some habitats may be more
variable in pH than others through diVerences that include
the numbers of respiring or photosynthesizing organisms;
the stability of the water mass (Xushing rates) and hence the
presence and thickness of boundary layers; or the history of
the water mass before it impinges on a particular site. The
present study aimed at describing the levels of spatial variability in pH, spanning 100’s kms in tropical latitude down

123

Mar Biol (2010) 157:1849–1856

to among reef microhabitats, and over a 48-h period among
microhabitats, in order to establish a foundation for future
studies where pH values are a proposed causal agent for
change and variability among biotic groups.

Materials and methods
Sample locations
To assess spatial variability in the pH of tropical water over
the continental shelf, samples were collected at three sampling scales from December 2007 to July 2008: (a) locations along the northern and central Great Barrier Reef
spanning approximately 510 km of latitude; (b) within reef
and beyond reef locations along Ningaloo Reef in Western
Australia spanning 95 km of latitude; and (c) from 10
microhabitats within 2 sites 50 m apart on the leeward side
of Lizard Island on the northern Great Barrier Reef (Fig. 1
and Table 1). In addition, at two sites at Lizard Island, samples were collected every 2 h over a 48-h period to examine
the levels of variation in pH over the diel period over 4 habitat types. Because of its eVects on temperature and hence
to account for its potentially confounding eVects on pH
readings, salinity was measured at Ningaloo (Sandy Bay,
near Yardie Creek, midway down Ningaloo Reef) using a
CTD, and at Lizard Island using an Autosal salinity meter.
It was found to be similar (range 34.7–34.9 ppt and 34.4–
35.2 ppt, respectively).
Water sampling and pH measurement
Samples were collected in 50-ml syringes and analysed for
pH and temperature within 10 min of collection. In between
collection and analysis, samples were kept in a water bath of
ambient water from the collection site. Syringes were rinsed
with ambient seawater prior to sample collection, and each
sample was carefully collected in »20 s. Water temperature
was recorded at the time of collection. Samples were analysed
using a WTW pH315i meter with a sentix H electrode,
recorded in millivolts and converted to pH by a 4-point pH
temperature compensation curve that accounts for temperature
conditions at the time of analysis (and collection) and hence
ensures standardized pH values. The meter was calibrated for
the National Bureau of Standards (NBS) scale using 4 fresh
buVer solutions (WTW pH 4 & 7, Fisher pH 8 and Ricca pH
10) kept at the same temperature as the samples.
Northern and central Great Barrier Reef
Water samples were collected from a range of habitats
(Table 1) from the leeward side of Lizard Island, a midshelf reef on the northern Great Barrier Reef, during
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Fig. 1 Location of pH sampling
in tropical Australia and schematic diagram (not in scale) of
the sampled microhabitats.
Numbers refer to microhabitat
descriptions as per Table 1

December 2007, and two inshore coral reefs on the central
GBR (Magnetic Island and Bay Rock), during April 2008.
Ten habitats were sampled at the leeward side of Lizard
Island within a shallow (3 m depth) lagoonal location on
the reef edge. Water samples were collected and analysed
once per day (11:30 to 14:30) for each of 5 days over a 6-day
period (3rd to 9th December 2007), with three replicate
samples collected for each habitat spread over a 100-m strip
of reef and within the same part of the tide.
In addition, at a back-reef site at Magnetic Island (Picnic
Bay, 19°9⬘52.56⬘⬘S, 146°51⬘10.28⬘⬘E) and a similar site at
Bay Rock 12 km north-west (19°7⬘5.49⬘⬘S, 146°45⬘
7.81⬘⬘E), nine habitats at the same depth were sampled during
a single sampling exercise (10th April 2008). DamselWsh

(Pomacentrus amboinensis) nest sites were only sampled at
Lizard Island, since they were not breeding during the April
sampling event. Three replicate water samples were collected and analysed from each habitat by location combination, with samples collected 50 m apart and within the same
part of the tide.
Ningaloo Reef
Eleven sampling stations were sampled along the coast of
Western Australia spanning the northern section of Ningaloo Reef. Six stations 0.2 to 1 km oV the reef edge were
sampled (oVshore), while Wve inshore stations among the
lagoonal reef matrix were also sampled (inshore). At 10 of
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Table 1 Habitats over which
water samples were collected by
50-ml syringe
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Habitat

Description

1. Subsurface

Within 5 cm of the water surface at least 10 m from the reef edge

2. Reef top

50 cm above the reef substratum on the reef crest

3. Reef bottom

50 cm above the reef substratum on the reef slope

4. Open sand

Within 3 cm of the sand 10 m from reef edge

5. Soft coral

Within the convolutions of a Sacrophyton sp. soft coral

6. Staghorn hard coral

Within branches of an Acropora branching hard coral

7. Pocillopora hard coral

Within branches of a Pocillopora hard coral

8. Algal garden

Gardening damselWsh, Dischistodus perspicillatus, Wlamentous
algal bed over sand. Water sample from between Wlaments

9. Goby hole

Within the hole of a sand goby

10. DamselWsh nest

Pomacentrus amboinensis nest site; often under an upturned
clam shell (a low-Xow environment)

these stations, surface samples were collected, while at 5
stations, samples were also collected from the reef bottom;
this yielded the following station replication: oVshore surface, 6 stations; oVshore bottom, 3 stations; inshore surface,
4 stations; inshore bottom, 2 stations. At each station, 5 replicate water samples were collected and analysed for pH.

measures ANOVA was used to test for diVerences among the
four habitats sampled over the 48-h sampling period since
the same replicate sites were sampled through time. The
assumption of sphericity was tested with a Mauchley test and
was found to be non-signiWcant.

Diel periodicity in pH

Results

Diel sampling was conducted at a back-reef site at Lizard
Island. To determine whether there were diel trends in the
pH among habitats, 5 replicate water samples were collected from one 50-m stretch of shallow reef edge (4 m
maximum depth) every 2 h for 48 h (15 to 16th December
2007). Habitats were subsurface, open sand, Pocillopora
hard coral and Dischistodus perspicillatus algal garden (see
Table 1 for full description). Individual patches of habitat
(for Pocillopora colonies and algal gardens) were resampled to reduce small-scale spatial variability confounding
comparisons through time.

Great Barrier Reef

Analyses
To determine whether there were diVerences in pH between
shelf position (inshore and oVshore waters) along Ningaloo
Reef and with depth (surface and bottom waters), a 2-way
analysis of variance (ANOVA) was undertaken. Sampling
station was analysed separately as surface and bottom waters
were not sampled at each station. For GBR sampling, ANOVAs were undertaken to test for the equality of means among
habitats and locations. Assumptions of normality and homoscedasticity were examined using residual analyses. In all but
the Wrst analysis, assumptions of ANOVA were met. Transformation did not improve the normality of the Ningaloo
dataset, so raw data were analysed with  set to a conservative 0.01 and results interpreted with caution. Repeated
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The range of values over all habitats and replicates was
0.39 pH units (7.98 to 8.37). There were signiWcant diVerences in the pH among the 10 habitats sampled within the
Lizard Island lagoon (F9,36 = 3.433, P = 0.004; Fig. 2).
Highest mean pH values of 8.18 were recorded in the beds
of Wlamentous algae maintained by D. perspicillatus. Lowest mean pH values of 8.11 were found in water extracted
from sand goby holes. There was also a signiWcant diVerence in pH over the 5 days of sampling across all microhabitats (F4,36 = 3.433, P < 0.0001), but these were relatively
minor with diVerences of 0.05 pH units between consecutive days. The temperature over all 5 sampling days was
28°C.
There was a signiWcant diVerence in pH among the 9
microhabitats between Magnetic Island and Bay Rock
back-reefs (Habitat £ Location: F8,34 = 12.934, P < 0.0001).
The Magnetic Island location showed marked diVerences in pH among habitats, while there were no diVerences among habitats at the Bay Rock location (Fig. 3).
pH sampled within D. perspicillatus algal gardens and
over open sand was signiWcantly higher than either subsurface or reef bottom samples (Fig. 3). At Magnetic
Island, the pH ranged over 0.11 units (8.11 to 8.22)
among samples, while at Bay Rock pH ranged only 0.04
units (8.14 to 8.18).
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Fig. 2 Comparison of mean pH among 10 habitats sampled over a
5-day period within the Lizard Island lagoon. Error bars represent
95% conWdence limits
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Fig. 4 Comparison of mean pH from Ningaloo Reef in Western Australia spanning 95 km of coastline from North-west Cape in the north
to Coral Bay in the south. a Stations were positioned inside the reef
matrix (Inshore, white bars) and on the outside of the outer reef
(OVshore, grey bars) and b samples were collected from the surface
(white bars) or from the reef bottom (grey bars). Error bars represent
95% conWdence limits

Fig. 3 Comparison of mean pH among 9 habitats sampled at two locations (Magnetic Island, grey bars; Bay Rock, white bars) on the central
Great Barrier Reef. Error bars represent 95% conWdence limits

Ningaloo Reef
There was a diVerence between the pH of inshore and
oVshore waters along Ningaloo Reef (F1,71 = 6.800,
P = 0.011), with oVshore waters less acidic than inshore
waters around the reef matrix (means 8.53 vs. 8.45; Fig. 4a)
and about 20% greater pH variability in inshore than
oVshore waters. Overall, there was no diVerence in pH
between the bottom and surface samples (F1,71 = 0.174,
P = 0.677; Fig. 4b). The temperature range across all
Ningaloo Reef sampling stations was 23 to 24°C.
Diel changes in pH
There were signiWcant diVerences in mean pH levels
between the 2 days (F1,16 = 1076.6, P < 0.001; all
habitats pooled for each day) and among the habitats

sampled over the 2 days (F3,16 = 3.621, P = 0.036). SpeciWcally, seawater pH on day 1 was signiWcantly lower
than on day 2, and pH readings over D. perspicillatus
algal gardens were signiWcantly higher than among the
branches of Pocillopora colonies, although there were
no other statistical diVerences in pH among other habitats. Over the 48-h continuum period, there were signiWcant pH Xuctuations (F23,368 = 97.600, P < 0.0001), and
the nature of the changes diVered with habitat sampled
(Time x Habitat: F69,368 = 2.285, P < 0.0001). These
diVerences in pH through time were mainly due to diVerences that occurred in all habitats at 3 pm of day 1 and
5 pm of day 2 (Fig. 5).
Interestingly, there were also trends in the variability
among replicate observations that were consistent
among habitats, with high variability shown at 9 pm of
day 1, 5 pm of day 2 and 9 pm of day 2. These consistent
trends among habitats through time may be due to the
tidal cycle bringing water of diVerent pH into the sampling site (Fig. 5). During these periods, the ranges of
pH among replicates within a habitat were high and
spanned about 0.2 pH units. For instance, at 9 pm of day
1, there was a spike in variability for all habitats, with
readings between 8.02 and 8.20 in the surface waters and
7.93 and 8.17 among the branches of Pocillopora colonies. These spikes lasted less than 2 h, which was the
temporal resolution of sampling.
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Fig. 5 Change in mean pH
(§SE) of water samples from 4
habitats from the shallow backreef at Lizard Island, together
with the tidal heights (grey line),
over a 48-h period. pH was
sampled every 2 h. Habitats
were: a subsurface;
b Pocillopora damicornis;
c D. perspicillatus algal garden;
d open sand

Discussion
While much attention has recently been focused on the
importance of the decreasing pH of the world’s oceans (e.g.
Fine and Tchernov 2007; Hoegh-Guldberg et al. 2007;
Guinotte and Fabry 2008), few data are available on the
levels of spatial and temporal variability of pH in coastal
waters, particularly with respect to coral reefs. Documenting the temporal and spatial variability in pH that organisms must presently cope with is the Wrst step to
understanding how organisms may respond to changes in
pH predicted to occur in the future (e.g. Orr et al. 2005).
Evidence from the present study suggests that there are
consistent diVerences at small spatial and temporal scales
and that these diVerences can be of the order of 0.4 pH
units.
Ocean scale diVerences in the coastal pH from the present study conform to the general predictions from indirect
measurements of ocean pH (Pelejero et al. 2005). Ocean pH
was higher along Ningaloo Reef on the west coast of Australia than from locations sampled along the east coast on
the Great Barrier Reef (8.5 § 0.014 SE, 8.14 § 0.003 SE,
respectively). This may in part be due to the diVerence in
the timing of sampling, but this is also a problem associated
with the global estimates of pH trends (Pelaejero et al. 2005
supplementary material). Large-scale data generally originate from the Global Data Analysis Project (Raven 2005),
which averages over the top 50 m and has little coverage
over most of the Great Barrier Reef. DiVerences in pH
between east and west coast locations may be due to diVerences in biological productivity, which is a fundamental
link for the transport of particulate organic carbon from the
surface and its sedimentation into the ocean’s interior
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(Raven and Falkowski 1999). If this is the case, the present
Wndings may indicate that the eastern GBR locations had
lower biological production when sampled (summer and
autumn) compared to western Ningaloo locations, which
were sampled in winter. Simultaneous measurements over
broad spatial scales would be required to quantify the
trends in pH without seasonal confounding.
Results from Ningaloo indicated that locations sampled
0.2–1 km oV the reef exhibited higher pH values (i.e. lower
acidity) than those sampled over the reef matrix (8.53 vs.
8.45). Unfortunately, there are few data sets that are spatially or temporally comparable to the present study. Suzuki
et al. (1995) sampled a single water sample every 50 m
from the inner reef Xat to the outer slope on a fringing reef
at Ishigaki Island, Japan, obtaining readings of »8.4 across
the shallow inner reef Xat and rising to a maximum of 9 on
the reef crest, with a sample taken oV the reef slope recording 8.3. However, pH was measured 3 h after the water
samples were collected, and biological activity within the
samples may have substantially changed the pH in this
study. Schmalz and Swamson (1969) found very little
diVerence in the pH of water samples collected from a
windward and a lagoon site over three 24-h periods at Eniwetok Atoll, Marshall Islands. Studies of carbonate chemistry suggest that lower pH over the reef may be due to the
release of CO2 during calciWcation on reefs, which generally exceeds the reduction in CO2 through photosynthesis,
resulting in reef waters having elevated pCO2 and a lower
pH than nearby oceanic waters (Kawahata et al. 1997;
Suzuki et al. 2001). It is likely that trends in pH across the
GBR will be much greater than observed here for Ningaloo
because of the much wider lagoon, and much greater levels
of freshwater input bringing with it lower salinity and
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terrestrial components (some of which will inXuence alkalinity; Hinga 2002). This might be especially relevant to
those inshore reefs (e.g. Magnetic Island) that are exposed
to signiWcant terrigenous run-oV, which may aVect the
chemical composition of particulate matter suspended in
the water column and hence may have a direct bearing on
resulting pH. The generality of the potential cross-shelf
trend in pH found in the present study obviously requires
further research.
Overall, Xuctuations in pH among microhabitats were
generally subtle, and such diVerences were relatively stable
over time. For example, diVerences of only 0.07 units were
recorded for any of the 10 microhabitats sampled at Lizard
Island, and habitat-speciWc diVerences measured over the 5-d
sampling period at this location were only of 0.05 pH units
over consecutive days. Lowest pH values were recorded for
sand goby holes, where Xow was likely to be relatively low
and biological respiration high, while the lowest values
were recorded over the Wlamentous algal beds of a gardening damselWsh. DiVerences in pH were found to be less distinct at the Magnetic Island and Bay Rock (GBR) locations,
with the latter showing no diVerence in pH among the 9
sampled habitats. The higher pH readings over D. perspicillatus algal gardens are probably due to algal photosynthesis driving the carbonate–bicarbonate equilibrium to lower
pCO2 and elevating pH. All microhabitats were sampled
around midday when pH is typically highest for algal beds
(Middelboe and Hansen 2007). It is noteworthy that algal
beds maintained by Dischistodus spp. damselWshes are
known to be important settlement and nursery habitats for
the juveniles of many wrasses and parrotWshes (Green
1998). These Wshes sit within the algal beds among the
fronds and are likely to be exposed to diVerent pH levels
during their early development compared to Wshes that may
live in the open water column, such as many planktivores.
Understanding these small-scale diVerences in pH among
habitat will be crucial for the design and interpretation of
laboratory studies that simulate the impact of ocean acidiWcation on marine organisms.
In this study, pH changes observed over a 48-h period
were mainly due to large spikes in acidity that occurred
across most of the 4 habitats sampled. This is in contrast to
Wndings from previous studies where pH Xuctuations followed clear diel trends. For example, Schmalz and Swanson (1969) found marked diVerences in pH over a 24-h
period among three parts of a bay in Bermuda and at 2 sites
on Eniwetok Atoll. Minimum values were recorded just
before dawn and maximum values in the late afternoon just
before sunset. Yates and Halley (2006) found similar pattern of changes in pH within a closed system calciWcation
incubation chamber on a shallow (1–2 m depth) reef Xat at
Molokai, Hawaii. Again, lowest values were recorded in
the early morning, while highest values were typically in
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the late afternoon. Suzuki et al. (1995) reported diel variations of up to 1 pH unit for surface water samples collected
over a transect across a shallow fringing reef Xat on Ishigaki Island, Japan, with lower values at night than during
the day. Ohde and van Woesik (1999) collected sub-surface
water samples found diurnal changes of up to 0.7 pH units
at 3 sites within a coral reef atoll near Okinawa, Japan, with
lowest values at night. The lack of a diel pattern in pH in
the present study may be due to the location of the site at
the mouth of a Xushing lagoon. While the back-reef study
site is near the entrance of a large lagoon, currents over the
24-h period were minimal (<5 cm/s) and appeared to have
no link to the tidal cycle. The spikes in pH found in the
temporal series for all four habitats suggest that the site is
inXuenced by pulses of water whose chemistry have been
inXuenced by factors outside the habitats sampled.
The few studies that have quantiWed diVerences in pH
among reef habitats have shown levels of variability that
span 0.4 to 1 unit. These are high given that the oceans are
predicted to display a 0.5 unit decrease in pH by 2100
(Raven 2005). Understanding the levels of spatial variability in pH and the extent and magnitude of Xuctuations
through time is crucial for the design of controlled experiments that mimic Weld conditions. Much eVort has been
directed at understanding how changes in pH will aVect the
physiological capacity and survival of marine organisms
under predicted climate change scenarios. However, many
current predictions are based on values which may not necessarily reXect the true environmental conditions speciWc to
the organism(s) under study, or the scale (e.g. microhabitat)
at which changes might be experienced by wild animals.
This study has shown that diVerent marine organisms experience not only diVerent levels of pH within a speciWc
microhabitat (e.g. sessile organisms) but may also be
exposed to a variable range as they move over the reef to
conduct their daily activities (e.g. Wshes). Hence, without
accounting for this natural variability, we may be limiting
the power of our current experimental eVort.
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