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Abstract
Coral reefs are threatened worldwide, with environmental stressors increasingly affecting

the ability of reef-building corals to sustain growth from calcification (G), photosynthesis (P)

and respiration (R). These processes support the foundation of coral reefs by directly influ-

encing biogeochemical nutrient cycles and complex ecological interactions and therefore

represent key knowledge required for effective reef management. However, metabolic rates

are not trivial to quantify and typically rely on the use of cumbersome in situ respirometry

chambers and/or the need to remove material and examine ex situ, thereby fundamentally

limiting the scale, resolution and possibly the accuracy of the rate data. Here we describe a

novel low-cost in situ respirometry bag that mitigates many constraints of traditional glass

and plexi-glass incubation chambers. We subsequently demonstrate the effectiveness of

our novel “Flexi-Chamber” approach via two case studies: 1) the Flexi-Chamber provides

values of P, R and G for the reef-building coral Siderastrea cf. stellata collected from reefs

close to Salvador, Brazil, which were statistically similar to values collected from a tradi-

tional glass respirometry vessel; and 2) wide-scale application of obtaining P, R and G rates

for different species across different habitats to obtain inter- and intra-species differences.

Our novel cost-effective design allows us to increase sampling scale of metabolic rate mea-

surements in situ without the need for destructive sampling and thus significantly expands

on existing research potential, not only for corals as we have demonstrated here, but also

other important benthic groups.
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Introduction
Over 60% of coral reefs worldwide are threatened by local stressors such as sediment loading,
physical damage, overfishing and pollution, a figure that expands to ca. 75% when further
accounting for global climatic threats from thermally induced coral bleaching, ocean acidifica-
tion, and increases in the frequency and magnitude of storm events [1–6]. These various stress-
ors can act in isolation or in concert to negatively impact or completely inhibit the fundamental
metabolic processes of reef-building corals, i.e. respiration (R) and photosynthesis (P) [7–10],
which together fuel growth via calcification (G) [11–13]. Not only do these physiological pro-
cesses represent the ‘first response’ to environmental stressors, but also the key processes that
govern nutrient cycling and productivity of reef-building corals [13]; as such, researchers have
attempted to quantify coral metabolic rates and how they are regulated by key environmental
factors for decades [11, 14–18].

At the broadest ecological scale, ecosystem metabolism approaches have proved popular for
examining how environmental change influences signatures of metabolism (O2 or pH drift)
over space (e.g. [19–24]) or time (e.g. [25–27]); however, these approaches are unable to resolve
the contribution of individual taxa to the net ecosystem response observed, a problem that
must be overcome to understand when/how taxa are differentially influenced by stressors [28–
29]. Resolving specific taxonomic contributions requires that individual organisms (e.g. coral
colonies/nubbins) must be actively removed and incubated ex situ (e.g. [30–32]); however, this
practice can be highly destructive and often prohibited by local permitting and also prone to
the introduction of experimental artefacts due to poorly replicated in situ environmental con-
ditions. An alternate method has been the use of in situ benthic chambers, which have been
designed with differing levels of complexity (e.g. [33–38]), but all according to the same opera-
tional principal. Individual coral specimens are incubated in seawater in sealed transparent ves-
sels installed in the environment for a denoted period of time. Artificial mixing and regular
flushing has to be conducted, and either mounted in situ sensors record drifts in O2 and/or
pH, or samples are drawn from the vessels at the start and end of incubation to detect differ-
ences [39].

Whilst the in situ benthic chamber technique potentially provides a means to better repli-
cate the environmental conditions that ultimately govern key metabolic processes in corals, the
design of rigid chambers introduces additional artefacts that inevitably influence the accuracy
of metabolic rates returned; most importantly, rigid closed vessels result in loss of water move-
ment that is critical for disruption of the diffuse boundary layer where the water chemistry,
nutrient content, and aerobic status around the coral can be very different to that of the sur-
rounding water [39–41]. High-flow speed and/or turbulence inherent to dynamic reef environ-
ments reduce the thickness of this boundary layer [42–43] and influences mass flow in corals
[44]. In low-flow environments the boundary layer is thicker [45], which in turn reduces pas-
sive diffusion and metabolic activity; thus, flow rate is known to positively enhance key physio-
logical processes, notably rates of nutrient uptake [46], P [40], R [47], G [48–49], and growth
[49–50]. It therefore stands to reason, that in metabolic studies using sealed chambers, the
boundary layer needs to be disrupted to prevent a decrease in passive diffusion and to ensure
continued advective exchange. Artificial mixing to chambers has therefore been introduced
through the use of stir bars and magnets [51] or via semi-continuous automatic flushing sys-
tems [52], but this dramatically increases the technical complexity and sampling effort
required.

Secondly, chambers are often of a fixed size, thus a range of chambers may be necessary or
experimentation is otherwise limited to a targeted organism size. The size of the chamber (i.e.
volume of the incubation medium) relative to the organism to be incubated is critical in order
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to balance: (i) maximised signal strength as compared to (ii) minimising potential toxicity via
super saturation of toxic O2 species or anoxic conditions [52]. In shallow environments similar
to those where respirometry chambers are most frequently deployed, studies have measured
zooxanthellae raising host tissue O2 levels to>200% saturation [53–55], and photosyntheti-
cally produced O2 can be catalysed by UV radiation to produce harmful Reactive Oxygen Spe-
cies [56].

As part of a study examining the metabolic functioning of shallow water coral communities,
we developed a novel in situ bag respirometry chamber, the “Flexi-Chamber” to overcome the
various limitations of established chambers. Whilst use of a flexible material as an incubation
chamber is not entirely novel, e.g. the SHARQ system for community scale assessments [25],
we describe here a simple, cost-effective incubation chamber more suitable for targeted and
high- throughput benthic metabolic studies. Here we describe and validate the “Flexi-Cham-
ber”method, and report two case studies that demonstrate its application. The first case study
compares results of metabolic process measurements (P, R and G) for the coral Siderastrea. cf.
stellata at a shallow reef site in Salvador, Brazil, generated by simultaneous deployment of our
Flexi-Chambers and an established glass respirometry chamber (see [32]). The second case
study demonstrates the wider-scale application of the Flexi-Chambers to measure P, R and G
between species and across habitats. We evaluate the effectiveness of this method and discuss
the potential that this method has for broader in situ experimentation.

Material and Methods

Flexi-Chamber description
A transparent, gas-impermeable, 3 L urine bag (Vital Care, Essex, UK) with a built-in heat-
seam secured valve, forms the basis of the Flexi-Chamber (Fig 1a). The bottom of the bag is cut
to create a fringe that is secured around the base of the test colony. A water-tight seal is created
by using a customised neoprene cuff and fastening. The cuff also minimises the possible contri-
bution of the surrounding substrate and/or water column to the metabolic signal of the test
specimen (Fig 1b). The internal water volume can be adjusted to accommodate corals of differ-
ent sizes: larger coral colonies (ca. 5 cm diameter) require the entire volume of the chamber,
whereas smaller colonies (ca. 2–3 cm diameter) require a reduced volume (in this case 60% of
the bag volume) to optimise the metabolic signal.

Water is extracted from the chamber via the built-in three-way valve mechanism, which can
be opened or closed to sample the internal water volume (Fig 1a). In this way, water can be
conveniently extracted via a syringe without cross-contamination of the surrounding seawater.
Two 150 ml syringes are attached to the three-way valve system; the first to remove ca. 30 ml of
excess water from the bag’s valve which is discarded, and the second to extract 100 ml of the
seawater sample from inside the Flexi-Chamber. For standardisation of the physiological mea-
surements, water volume inside the chamber was accurately determined as the total of the
water volume removed during the sampling process (100 ml) and the remaining water volume
within the chamber (typically 950–1000 ml) determined by subsequent syringe removal of
water until the bag is emptied. The swivel lock of the syringe to the valves as well as the water
tight nature of the bag (see materials and methods: leakage testing) ensured that the water
removed from the bag was not contaminated with that from the surrounding seawater.

Flexi-Chamber incubation procedure
Prior to any experimental use, all Flexi-Chambers were acid washed (2% HCL). For each
deployment, three Flexi-Chambers were filled with in situ water without any coral colonies to
act as a control to correct for any microbial metabolic activity within the surrounding water.
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Whilst colonies where haphazardly selected within any one habitat, colonies had to be ca. 3–5
cm in diameter, and chosen with no visible signs of disease, bleaching, loss of colour (relative
to the site mean), or excessive algal overgrowth [57]. Colonies also needed a suitable surround-
ing substrate to allow the attachment method, i.e. a basal area raised from the substrate for
chamber attachment.

Fig 1. The Flexi-Chamber design. A) Schematic diagram of the Flexi-Chamber: A is the fastening
mechanism, B is the neoprene cuff around the base of the coral, C is the urine bag, D is standard silicon
tubing used to create a water tight seal with the valve, E is the valve of the urine bag and F is the three-way-
valve. B) An example of the Flexi-Chamber set-up.

doi:10.1371/journal.pone.0138800.g001
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Sample water was syringed from each Flexi-Chamber and immediately transferred to pre-
labelled 250 ml borosilicate glass bottles [32]. Sample bottles were kept at ambient temperature
and under dark conditions until analysis (usually within 1 h of collection [58]). Chambers were
left in situ for 3 h. After this period, water samples were re-collected from each chamber and
stored as previously described. After all samples had been collected, chambers were removed
from each colony, the water was flushed with ambient water, and chambers were re-secured;
control chambers were treated in exactly the same way. The whole process was then repeated
at 3 h intervals for the duration of the study period. Within this study, dark cycle metabolism
was examined by artificially darkening (opaque black polyester material) the Flexi-Chambers
but the technique could be used equally well during the night time (see [59]).

Analytical procedures
Salinity of each sample was measured using a handheld refractometer (accuracy
within ± 0.5 ppm; model RF20, ExTech, USA). pH was measured using the Metrohm Unitrode
combination electrode, calibrated using TRIS buffers (precision ca. ± 0.0005 pH units). To
determine the O2 content (accuracy ca. 0.05 μmol/L) of each sample, a 100 ml aliquot of each
water sample was transferred into a sealed chamber in the lab, where an O2 and temperature
probe (O2 probe: Foxy-R, Temperature Probe: NeoFox TB; Ocean Optics, England) were
attached to a bench-top fluorometer (NeoFox-FT; Ocean Optics, England) via a bifurcated
fibre assembly (BIFBORO-10000-2; Ocean Optics, England) and attached to a PC running the
O2 sensing software (NeoFox Viewer, Ocean Optics). Samples were run in a climate-controlled
laboratory until the O2 concentrations stabilised. All probes were calibrated according to the
Ocean Optics instruction manual.

Total alkalinity (TA) was measured using an open-cell potentiometric titration procedure
using the Gran method to determine the second end point of the carbonate system [58]. TA of
all samples was determined using a Titrino titrator (model 848; Metrohm, Buckingham, UK).
0.1N standardized HCL was used and TA was measured with an accuracy and precision of ca.
2 μmol kg-1.

Measurements of photosynthesis, respiration and calcification
For all samples, G was determined via the TA anomaly method [60] corrected for any changes
in TA of the seawater controls, to yield hourly calcification rates (G, mmol CaCO3 m

-2 h-1) as:

G ðtÞ ¼ ðDTA � r � 0:5Þ � V
It � SA

� �
=1000 ð1Þ

Where TA = total alkalinity (μmol kg-1), V = volume of water (L) surrounding the coral within
the respirometry chamber, It (h) is incubation time, SA is the coral surface area (m2), ρ is the
density of seawater and 0.5 accounts for the decrease of TA by two equivalents for each mole of
CaCO3 precipitated.

Net P and R rates were determined for several time points (t) throughout the light and dark
cycles respectively as the change in O2 in the respirometry chamber corrected for any changes
in O2 of the seawater controls to yield hourly rates (mmol O2 m

-2 h-1) as:

PN and R ðtÞ ¼ ðDO2Þ � V
It � SA

� �
=1000 ð2Þ
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Integration of all P and R measurements during the light (dark) yielded the daily PN and R
(mmol O2 m

-2 d-1) as:

PN ¼
XLight�start

Light�end
PðtÞDt andR ¼

XDark�start

Dark�end
RðtÞDt ð3Þ

PG was calculated by the addition of PN and R. All values of R are subsequently multiplied
by the factor -1 to convert to positive values. Surface area of all colonies was determined by the
advanced geometric technique [32].

Flexi-Chamber method validation
All laboratory testing of the Flexi-Chamber design was conducted using the aquarium facility
at the Coral Reef Research Unit, University of Essex, UK (January 2013- December 2014). We
used Acropora sp. coral specimens supplied by Tropical Marine Centre Ltd. (Chorleywood,
UK) as our test organism since this genus is present across bioregions and widely used in physi-
ological process measurements [61]. Five colonies were used and were secured into 1 cm2 PVC
plugs with a non-toxic epoxy resin (Milliput-Standard) and left to acclimatise for 24 h prior to
experimentation. Colonies were not fragmented and therefore did not need to heal before
experimentation. Aquarium tanks were supplied with Tropic Marine PRO REEF salt-based
seawater supplemented with NaHCO3 maintained at 28 ± 0.9°C (using Aquael Neo Heaters
IPX8, Poland), 35 PSU, a 4 L min-1 flow rate circulating between the tanks and a common bio-
logical sump of Fijian live rock (Tropical Marine Centre Ltd., Chorleywood, UK) and were
kept under daylight conditions (ca. 80.2 μmol photons m-2 s-1) using 150 WMetal-Halide
lamp (Arcadia Products PLC, Redhill, UK). A series of laboratory tests were conducted:

Water extraction. To determine the average error of the water extraction method a Flexi-
Chamber was filled with exactly 250 ml of seawater and subsequently extracted via the syringe
method described above; the volume removed was measured and subtracted from the 250 ml
to quantify the amount of seawater unaccounted for. The process was repeated 30 times to
gauge the mean and error for this step.

Temperature. Possible temperature drifts as a result of incubation were tested. A Flexi-
Chamber was filled with synthetic seawater and maintained in an aquarium of a known con-
stant temperature of 28.0 ± 0.9°C (Aquael NeoHeater IPX8, Poland). The internal temperature
within the Flexi-Chamber was then determined every hour over an 8 h period by opening the
valve and inserting a temperature probe (NeoFox TB; Ocean Optics, England). An in situ tem-
perature comparison between the Flexi-Chamber and surrounding seawater was also con-
ducted in Salvador Brazil, with a HOBO Pendant Temperature/Light Loggers (model UA-002-
64; Microdaq, USA) set to log every 30 s, placed inside the Flexi-Chamber, and one outside the
Flexi-Chamber for three 24 h periods.

Water flow. To test the extent of water movement (circulation) within the Flexi-Chamber
the relative acceleration in the X, Y and Z planes was determined inside and outside of the
Flexi-Chamber during a 1 h period (n = 3) using a G Pendant HOBO logger (UA-004-64;
Microdaq, USA), set to log every second. The logger had tethered anchored beams in fixed
locations that had centre plates. As the beams move, the centre plate is displaced creating a
change in capacitance proportional to the applied acceleration [62]. This change in capacitance
is converted to an output voltage which is processed with calibration data to produce an equiv-
alent acceleration value where 1G = 9.8m s-2. Prior to launch, both loggers were inter-calibrated
by comparing their readings relative to one another when moving them through a series of set
orientations [62]. Both loggers were initiated at the same time and set to log at 10 s intervals.
To establish a reading in all three planes the logger had to be free to move without touching the
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inside of the chamber. As the logger is positively buoyant, a 6 cm length of cable of 1 mm thick-
ness was used to tie the logger to a weight; resulting in the HOBO being orientated upside
down. A small piece of glass was then attached to the underside of the logger to make it neu-
trally buoyant so that it sat centrally within the Flexi-Chamber. High water velocity could
cause the HOBO to make contact with the Flexi-Chamber, constraining its movement and
thus the acceleration; however, this was never observed [63] and any restrictions associated
with the cabling would influence both HOBOs equally and is therefore negligible. A mesh con-
tour graph was generated to show the location of each HOBO in 3D space over the 1 h incuba-
tion time to illustrate the internal and external water movement in the X, Y, Z planes.

Lighting. Light penetration through the Flexi-Chamber was measured using a spectroradi-
ometer (M/A-COM, model SR9910-UF; Lamington Scotland), and converted from energy (W
m-2) to photons (μmol m-2 s-1) and percent transmission as the amount of light transmitted
through the respirometry chamber relative to no chamber present [64]. Artificial lighting
(240–800 nm) consisted of LED arrays covering the Photosynthetically Active Radiation
(PAR) (400–700 nm) spectra (Heliospectra; Göteborg, Sweden) and UV fluorescent 20 w tubes
(Philips, Netherlands) covering UVB and UVA radiation (240–400 nm).

Leakage testing. To ensure that a watertight seal could be created around coral colonies,
the Flexi-Chamber was secured around a colony of Acropora sp. and natural red food colouring
was syringed into the Flexi-Chamber via the three-way-valve mechanism. Five replicate colo-
nies were sampled. The Flexi-Chamber was situated inside an aquarium with a pendant tem-
perature/light HOBO placed inside the aquarium and Flexi-Chamber. An initial 30 ml aliquot
of water was syringed out of the Flexi-Chamber and also from the surrounding aquarium
water. The Flexi-Chamber was left in the aquarium for 3 h, before another water sample was
collected from inside the Flexi-Chamber and aquarium. Absorbance of each sample was then
measured using a USB 2000+ Spectrometer (Mikropack Halogen Light Source (HL-2000), 1 cm
Cuvette Holder, serial fibre optic probes (727-733-2447) Ocean optics, England) to determine
if any dye had transferred from inside the Flexi-Chamber to the surrounding aquarium water.

Gas permeability. Whilst the Flexi-Chamber material is designed to be gas impermeable,
we verified negligible permeability for both CO2 and O2 by filling five Flexi-Chambers with in
situ seawater (Salvador, Brazil). Mercuric chloride (ca. 2 pipette drops, as per CDIAC proto-
cols, [58]) was added to prevent any further biological activity within the water and an initial
100 ml water sample was taken from each Flexi-Chamber. Flexi-Chambers were then secured
in situ and left for 3 h. After the 3 h period, an additional 100 ml of water was removed from
each Flexi-Chamber (end sample). For the initial and end samples taken, O2 and CO2 were
measured. O2 was measured using Foxy-R O2 probe (Ocean Optics, England) and CO2 was
measured using a custom-built gas diffusible membrane attached to an external infrared gas
analyser [17].

Oxygen toxicity. Prior to any incubation procedure, a sensitivity analysis is first required
to establish the optimum vessel size-to-organism biomass ratio, relative to the flushing time
procedure to prevent anoxic or hypoxic conditions; time taken to reach anoxic or hypoxic con-
ditions will be highly variable as a result of inherent differences in metabolism across taxa and
growth environments. A benefit of the Flexi-Chamber is that the internal volume of water can
be adjusted to accommodate different volumes of water to help mediate the balance of bio-
mass-to-water required. An example of the sensitivity analysis required and how the Flexi-
Chamber can easily be adjusted to accommodate different water volumes was undertaken on
Acropora sp. 18 colonies of Acropora sp. of similar size (mean ± SE) (12.0 ± 0.13 cm2) were
enclosed in the Flexi-Chambers with a volume of either 250 ml, 500 ml, 750 ml, 1000 ml, 1250
ml or 1500 ml of surrounding seawater to compare when anoxic or hypoxic levels were
reached. Chambers were maintained in the aquaria under light-dark cycles (conditions
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previously described). Initial water samples were collected to measure the O2 levels at time
zero. An aliquot of 30 ml of seawater was then removed every hour over a 4 h period to exam-
ine for changes in [O2].

Additional stress factors. To ensure that no unforeseen factors were stressing the coral,
such as chemicals leaching from the plastic, we further incubated Acropora sp. nubbins (n = 5)
in separate Flexi-Chambers for 9 h with regular 3 h flushing to observe for any visible signs of
stress, in the form of mortality, excessive mucus formation or loss of pigmentation. Zooxan-
thellae counts were taken from tissue stripped from the base of each nubbin [65].

Flexi-Chamber practical application
Case study 1: In situ comparison of Flexi-Chamber versus established glass respirometry

chamber. Performance of the Flexi-Chamber design was compared in situ with that of estab-
lished glass vessel respirometry routinely used in metabolic activity measurements [32]. Colo-
nies of the commonly occurring S. cf. stellata near Salvador (Brazil) were sampled from the
26th March to the 2nd April 2014. The city of Salvador is located on the South Atlantic east
coast of Brazil within the Bahia region. Salvador is situated at the entrance of Todos os Santos
Bay (TSB), which is the second largest bay ecosystem of Brazil [66]. The study site was located
on a patch of coralline environment at the entrance of TSB in 3–5 m water depth adjacent to
the Yacht Clube da Bahia harbour (12°59' S, 38°31' W).

In total 40 colonies of S. cf. stellata were examined for P, R and G throughout a one-week
period. All incubations occurred at a water depth of ca. 2–3 m. For 30 of the colonies, measure-
ments using the Flexi-Chamber and glass chamber were made on separate colonies (15 colo-
nies per chamber type). For the remaining ten colonies, metabolic measurements for both
chambers were made on the same colony but for different days, with a minimum rest period of
24 h for any one colony between measurements, and random allocation to the initial chamber.

Colonies tested in the glass chamber were removed from the seafloor at least 48 h prior to
measurements [32]. During collection all coral colonies were handled without any air exposure
or direct tissue contact and gloves were worn throughout the handling process. Any extensive
epibionts or endolithic boring organisms were excluded and any remaining overgrowth was
cleaned using a soft toothbrush. Similarly, any air bubbles or large particulates in the water
were removed from the chambers, to minimise O2 fluxes from non-coral sources [57]. Colonies
were chiselled from their substrate and transferred using individual zip-lock bags to avoid
mechanical damage during transport [32]. The chambers were fixed to a custom made metal
frame, to facilitate transport and rapid deployment in situ. Chamber incubations were con-
ducted under no-flow conditions so hourly manual stirring (magnetic stirring bars) was neces-
sary to break-up the boundary layer [34].

In this case study, a 3 h light incubation was followed by a 3 h dark incubation. All incuba-
tions were run around the daylight maximum (ca. 11:00–14:00) for the light incubations for PN
and GL. Corresponding dark rates, i.e. R and GD, were obtained during daylight hours by cov-
ering the Flexi-Chambers with an opaque black polyester material bag. During the dark sam-
pling periods, the Flexi-Chambers were left for 1.5 h before the 3 h sampling session to ensure
steady state respiration rates that were consistent with prolonged maintenance in darkness.

Case study 2: Broad scale deployment of Flexi-Chambers. To demonstrate the broad
scale application of the Flexi-Chambers across sites and between species, three coral species:
Mussismilia harttii, S. cf. stellata and Porites astreoides, were examined for metabolic activity
(P, R and G) at two coastal sites on the island of Morro de São Paulo, Bahia, Brazil. Both sites
were lagoon environments situated in ca.1-2 m water depth. Sampling took place between the
20th and the 25th of February 2014. In total, five individuals of each species were examined
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within each site over five consecutive days. A HOBO Pendant Temperature/Light (Lux) Logger
was installed within each habitat to log every 30 s. Salinity was measured at the end of each
incubation. The northern site was located in close proximity to shore (13°22' S, 38°54' W) and
experienced more variable and extreme conditions (e.g. greater fluctuation in salinity, tempera-
ture and light). The daily temperature range was 4.0 °C and high-turbidity resulting from
strong wave action was likely responsible for the lower average irradiance (10003.5 ± 450 lux).
Regular fresh-water run-off after rainfall affected the northern site and accounted for a daily
range in salinity of 4.5 ppm. The second site was located in a more southerly bay along the
coast and was situated further offshore (13°23' S, 38°54' W). The southern site had similar
mean temperature to the northern site (28.6 ± 0.04 °C) but a smaller temperature range (2.9
°C). The increased distance of the southern site from land meant that freshwater impacts were
reduced, with mean salinity significantly elevated to the northern site (35.3 ± 0.03 ppm, t121 =
-3.30, P = 0.001) and a smaller range (1.5 ppm). The southern site also experienced less turbid-
ity likely due to the wave action dissipated by a shallower fringing reef, which resulted in signif-
icantly elevated average irradiance relative to the northern site (15732.1± 411.5 lux, t674 =
-3.18, P = 0.002); however, it still experienced large tidal cycles common to the Bahia region
(1.1 m at neap tide up to 2.6 m at spring tide during the sampling period).

At both sites on the coast of Morro de São Paulo, one colony of each species (M. harttii, S.
cf. stellata and P. astreoides) was incubated in a separate Flexi-Chamber along with three sea-
water controls, and measurements of P, R and G were determined. Colonies were incubated,
and metabolic measurements calculated as detailed for the Flexi-Chamber, repeated over five
consecutive days. Incubations were conducted over two 3 h cycles: one light and one dark cycle
as per case study one.

Statistical analysis
Laboratory validation. Water velocity within the Flexi-Chamber was measured in three

planes: X, Y and Z and compared inside and outside of the Flexi-Chamber using a t-test in
SPSS 17. Paired t-tests were used to compare the start and end O2, CO2, mean Hobo light data,
and zooxanthellae densities to assess whether there were any differences between the start and
end of incubations. The test assumptions for homogeneity of variance (Levine’s test) and nor-
mal distribution (Sharpiro-Wilk test) of the data were met. To test the integrity of the water-
tight seals, start and end absorbance for inside the Flexi-Chamber and in the aquarium were
compared using a Pearson’s correlation conducted in R software [67]. Similarly, temperature
inside the respirometry chamber was compared to the surrounding water in situ using a Pear-
son’s correlation.

Case study 1. For the ten S. cf. stellata colonies whose P, R and G were compared using
both chamber designs, a paired t-test was used to compare each metabolic variable. Differences
in mean P, R and G for the remaining 30 S. cf. stellata were compared between the two respi-
rometry chamber designs using an independent t-test.

Case study 2. Daily PN, R, and net G were each compared across species and habitats
using Linear Mixed Effects (LME) models, with day as a random effect. Before model applica-
tion, data was explored (as per [68]). Cleveland dot-plots were used to determine if there were
any outliers, and boxplots and scatterplots were used to check for co-linearity. Assumptions of
linearity, independence, homoscedasticity and normality were met. The model was fitted using
the lme function in the nlme package in R software [69]. Model simplification was undertaken
using ANOVA to compare models with progressively simplified fixed effects; thus ensuring
correct p values [69]. The acceptability of the model was tested by plotting the residuals against:
a) the fitted values to check for homogeneity and b) each explanatory variable in the model and
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dropped during model selection to check for violations of independence [70]. Parameter esti-
mation in lme models was done based on Restricted Maximum Likelihood (REML). The final
model applied was:

CJ ¼ a þ b1 � RespirometrychamberJ þ ε J ð4Þ
Where C is metabolic parameter being measured, J is the day, α is the intercept, β is the slope
of the respirometrychamber and εJ is the residual error.

Results

Flexi-Chamber method validation
Water extraction. A 0.5% error was induced onto the metabolic rate (P, G, R) measure-

ments per ml of water not re-extracted from the Flexi-Chamber. From the 30 replicates, the
range of water volumes unaccounted for in the syringe removal ranged from 0.5–5.0 ml of
water, with an average of 2.0 ± 0.4 ml. Consequently, the average error of the system is 1% but
never>2.5%), based on the water extraction procedure.

Temperature. Temperature for the first 3 h of the 8 h laboratory test remained within
0.1°C of the ambient temperature; however, after 4 h the temperature within the Flexi-Cham-
ber started to rise considerably, with a 1.4°C increase relative to the surrounding water after 8
h. The temperature of the Flexi-Chamber in situ exhibited high co-variability with the sur-
rounding water temperature (r = 0.99, n = 947, P = 0.001). There was no measurable tempera-
ture difference between the Flexi-Chamber and ex situ water during the day; however, during
the hottest period of the day (12.00–17.00 h) the temperature in the Flexi-Chamber increased
up to 0.3°C greater than the surrounding water; thus highlighting the need to regularly flush
the Flexi-Chambers.

Water Flow. Overall, water acceleration along the three axes (X, Y and Z) within the Flexi-
Chamber was between 78.0–80.1 ± 2% of the surrounding water acceleration (Fig 2). Despite
the overall reduction in water acceleration experienced inside the Flexi-Chamber, there were
no detectable differences between each individual plane of movement (Fig 2). The undulations
visible on Fig 2b represent periods of restricted water movement within the Flexi-Chamber rel-
ative to the ambient water which is represented by a smoother contour in Fig 2a. Greatest loss
of movement was in the X dimension due to the way in which the HOBO logger was tethered
and the Flexi-Chamber fixed to the substratum.

Light. Light transmission through the Flexi-Chamber was independent of wavelength
within PAR and averaged 84% (Fig 3). However, there was greater loss of light within the UV
range (64% and 30% for UVA and UVB respectively).

Leakage testing. A strong correlation between start and end absorbance both inside and
outside of the Flexi-Chamber suggested none-to-minimal transfer of dye between the Flexi-
Chamber and surrounding aquarium water (r ranging from 0.24–0.20, n = 2048 per replicate,
P = 0.01); thus confirming that a water tight seal was created.

Gas permeability. No detectable difference was measured in the mean (± SE) O2 (168 ±
0.2 μmol) and CO2 (321 ± 11 ppm) levels inside the chamber for any of the replicates over the
3 h incubation period.

Oxygen toxicity. Hypoxia occurred for all colonies kept within 250 ml of water within 1 h
of sampling (Table 1a). Subsequent hourly sampling showed that all samples surrounded by
500 ml of water showed hypoxia at 2 h (and 750 ml at 3 h). For the volumes that were not
super-saturated by 3 h (1000 ml, 1250 ml and 1500 ml), a detectable change in metabolism was
identified. As with hypoxia trends, anoxic conditions were observed under dark conditions for
all colonies incubated in 250 ml and 500 ml of water within 1 h (and two colonies incubated in
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750 ml anoxic by the 3 h) (Table 1b). From these results, it was established that for Acropora
sp. at the biomass used, an optimum volume of 1000–1250 ml of water was necessary to ensure
a detectable change in metabolic response without hypoxia during daylight hours or anoxic
conditions during darkness.

Additional stress factors. No visual signs of stress (excessive mucus release, loss of pig-
mentation) were detected for any of the colonies and zooxanthellae concentration (3.5 ± 0.7 x
106 cells cm-2) remained similar between the beginning and end of the incubation.

Flexi-Chamber practical application
Case study 1. The Flexi-Chamber and glass chamber had comparable internal tempera-

ture, visible light transmission and UVA light permeability, but not UVB light penetration or
internal water movement. The Flexi-Chamber acted as a neutral density filter for the major
wavelengths of blue, green and red and allowed 50% more transmission of UVB, compared to
the glass chamber, which exhibited relatively reduced transmission in the red (Fig 3: Blue:
82.2%, Green: 84.3%, Red 77.3%). Furthermore, the Flexi-Chamber provided consistent water
movement within the chamber (78.0–80.1 ± 2% of the external water movement), whereas the
glass chamber had zero water flow until the one minute continuous hourly stirring was applied
(89.2–131.0 ± 4% of the external water movement).

Values for P, R and G showed no significant statistical difference for the glass and Flexi-
Chamber across the ten replicate colonies of S. cf. stellata (Fig 4). Similarly, the metabolic rates
obtained for the 15 colonies measured in the Flexi-Chamber versus those from the 15 colonies
measured in the glass chamber were not statistically different.

Case study 2. The comparison ofM. harttii, S. cf. stellata. and P. astreoides between the
northern and southern lagoon sites on Morro de São Paulo revealed that PG (mean ± SE) was
higher in the southern site for S. cf. stellata andM. harttii (Fig 5a, Table 2b: south site: S. cf.

Fig 2. Mesh-contour graphs comparing the water acceleration (m-2 s-1) along the X, Y and Z planes inside and outside the Flexi-Chambers. The
graphs show the location of each HOBO in 3D space over the 1 h incubation time. At each logging interval (1 s) an X, Y, Z coordinate was generated and is
plotted onto the graph: (A) shows the external water acceleration, and (B) shows the water acceleration within the Flexi-Chamber measured with a Hobo
Pendant G data logger.

doi:10.1371/journal.pone.0138800.g002
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stellata: 8.4 ± 0.2,M. hartti: 5.8 ± 0.1, north site: S. cf. stellata 6.5 ± 0.2,M. hartti: 4.7 ± 0.1
mmol m-2 h-1; P = 0.001 and 0.01 respectively), whilst values of PG for P. astreoides did not
change across sites (north site: 11.4 ± 0.1, south site: 12.3 ± 0.2 mmol m-2 h-1). In contrast to
PG, R did not change for any taxa between sites, and PG:R generally followed the trend of G
(Table 2a). Rates of G were highest for P. astreoides across both sites (north: 15.7 ± 0.2, south:
16.1 ± 0.3 mmol m-2 h-1). Importantly, PG:R correlated with changes in G, except for P.
astreoides where G remained unchanged between sites (Fig 5b).

Discussion
Key to furthering our knowledge of the future of reef building species is to gain a much better
understanding of the combined impacts of the different environmental conditions influencing
corals within the environment [4, 6]. To do this it is imperative that we are able to accurately
and precisely assess biological processes central to the ecological success of species that are sen-
sitive to changing environmental conditions, including multiple disturbance events. This can
be achieved by establishing: 1) what is the baseline metabolism (P, R) and G of dominant reef
building species? 2) How these physiological processes are altered in response to a change in
environmental conditions either combined or in isolation? And consequently, 3) whether we
can predict the biological “costs” of future environmental change to the main reef forming spe-
cies and ecosystem architects? One way to address these questions is to deploy cost effective in

Fig 3. The percent light transmission through the Flexi-Chamber and a traditional glass respirometry chamber. Transmission was tested using a
spectroradiometer for PAR and UVB and UVA light. Light was converted from energy (Wm-2) to photons (μmol m-2 s-1) (see main text), and percent
transmission determined as the amount of light transmitted through the respirometry chamber relative to no chamber present.

doi:10.1371/journal.pone.0138800.g003
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situ respirometry chambers across species and environments thereby encapsulating the high
degree of variability that exists within the natural environment disturbed or not [33–38]. This
is particularly challenging in areas where permitting is restricted and thus, the collection or
use of colonies is prohibited. Here we have demonstrated that robust metabolic data can be
acquired that is at least equal in performance to traditional glass or plexi-glass chambers, but
instead using low-cost and easily deployable Flexi-Chambers.

Flexi-Chamber method advantages
Amajor advantage of the Flexi-Chamber is the opportunity it provides to establish relatively
“high throughput” and therefore, large scale replication with high temporal and spatial resolu-
tion without the need for large and costly infrastructure in deployment and sampling. Within
this research program we examined the metabolic characteristics of shallow water coral com-
munities by deploying 30 Flexi-Chambers during one 3 h sampling session with minimal cost
and effort. An additional advantage of the Flexi-Chamber system is the three-way-valve mech-
anism enabling additions and removals to be made to and from the sample thereby allowing
the chamber water chemistry to be manipulated (e.g. carbonate chemistry or nutrient condi-
tions) without extraction of the coral sample. Although this study has focused on reef building
corals, the Flexi-Chamber can potentially be applied to any benthic autotroph.

Another important advancement of the Flexi-Chamber is the ability to adjust the internal
water volume to optimise the metabolic signal for the coral biomass selected and incubation,
and hence flushing time used. The Acropora sp. sensitivity analysis demonstrated the impor-
tance to initially establish the correct water volume to biomass ratio and incubation time for

Table 1. A) Oxygen hypoxic conditions (O2Sat) and detectable metabolic change (ΔMet) for internal water volume of the Flexi-Chamber during light conditions
for Acropora sp. B) Oxygen anoxic conditions (O2Sat) and detectable metabolic change (ΔMet) for the internal water volume of the Flexi-Chamber during dark
conditions for Acropora sp.

1.a

Water sample collection (Time in hours)

1 2 3 4

Volume of water within the Flexi-Chamber O2Sat ΔMet O2Sat ΔMet O2Sat ΔMet O2Sat ΔMet Decision

250 ml + + + + + + + + X

500 ml ± + + + + + + + X

750 ml ± + ± + + + + + X

1000 ml – ± – + – + ± + ✓

1250 ml – + – ± – + – + ✓

1500 ml – – – ± – ± – + X

1.b

250 ml + + + + + + + + X

500 ml + ± + + + + + + X

750 ml – + – + ± + + + X

1000 ml – ± – + – + ± + ✓

1250 ml – – – ± – + – + ✓

1500 ml – – – – – – – ± X

Results are based on three colonies of Acropora sp. (surface area ca. 12 cm2) at each water volume. O2Sat is whether the water is hypoxic (1.a) or anoxic

(1.b) in oxygen and ΔMet is whether there is a detectable metabolic change (total alkalinity and oxygen). The—indicates a unanimous negative response

among the three coral replicates, i.e. no hypoxic/anoxic conditions or no detectable metabolic change, ± indicates a mixed response within the three

colonies tested. Finally, + indicates a unanimous positive response, so all colonies hypoxic/anoxic or all colonies showing a measurable metabolic

change.

doi:10.1371/journal.pone.0138800.t001
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any given incubation configuration. Before full and final experimental application of the Flexi-
Chamber, users should identify the optimal time, coral biomass, and water volume, through
such sensitivity analysis to ensure anoxic or hypoxic conditions do not occur for their organism
or growth environment of interest. Differences in Symbiodinium spp., coral heterotrophy-to-
autotrophy balance and local abiotic and/or experimental conditions all have the potential to
influence metabolic rates and thus the time taken for anoxic or hypoxic conditions to occur.

Method Comparison
An important outcome of the study is the similarity between the data returned from the Flexi-
Chamber when compared to traditional and conventional glass chambers [32]. Consequently

Fig 4. Physiological measurements for S. cf. stellata in Salvador Brazil using a conventional glass
chamber and the Flexi-Chamber. (A) Mean calcification (G) rates and (B) mean photosynthesis and
respiration rates for 30 colonies of S. cf. stellata are plotted with standard error.

doi:10.1371/journal.pone.0138800.g004
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datasets obtained by the two techniques can be compared historically or in the future; thus
implementing this new method development does not preclude consideration of longer terms
trends in the metabolic function of reef building corals or other benthic organisms. The com-
parison of the glass and Flexi-Chamber identified differences in their physical properties;
however, despite these differences they still provided similar metabolic rates suggesting that
any inherent limitations carry an equal amount of inaccuracy. Whilst we do not have a mea-
surement to benchmark this inaccuracy to either approach, our results suggest that the error
between approaches is lower than the differences expected between organisms. Further
research is needed to benchmark these methods against a ‘gold standard’ that can fully repli-
cate the in situ environment.

In situ application
Our field deployment of the Flexi-Chamber provided novel metabolic data from Brazil’s mar-
ginal coral reefs, including the endemic speciesM. harttii. In the northern lagoon site, which
experienced lower light intensities and salinity,M. harttii and S. cf. stellata showed decreased G
corresponding to the light driven reduction in P [71]. P. astreoidesmaintained G between the
two sites despite the difference in environmental conditions as P and R also remained constant.
Without further experimentation it is hard to currently explain the very different physiological
response of P. astreoides; however, our results confirm that corals are able to expand their
niche and inhabit a wider range of environments through adjustment of their metabolism to a
wide range of conditions [72]. The results of case study two demonstrate that the Flexi-Cham-
ber can be used to measure inter- and intra-species differences. No prior studies have investi-
gated the physiology of the coral species in the Bahia region, but our G data is similar to values
found in other locations [13, 34].

Flexi-Chamber advancement
Despite the benefits of the Flexi-Chamber there are still some limitations: (i) Only 84% of inci-
dent PAR and 54% of UV is currently transmitted and it may be possible to source other

Fig 5. Physiological measurements for corals in Morro de São Paulo, Bahia, Brazil. The ratio of PG to R (panel A), and PG to R ratio plotted against daily
G (panel B) for three coral species: P. astreoides, S. cf. stellata andM. harttii for two lagoon study sites. Means are shown with standard error (n = 5).

doi:10.1371/journal.pone.0138800.g005

Novel Respirometry Chamber for Benthic Organisms

PLOSONE | DOI:10.1371/journal.pone.0138800 October 8, 2015 15 / 21



Table 2. A) The metabolic (Net photosynthesis (PN), Gross photosynthesis (PG), Respiration (R) and Calcification (G)) activity of three coral species at two
sites on the coast of Morro de São Paulo, Bahia, Brazil. Incubations were conducted in March 2015 on five colonies of each species over five replicate days.
Data are averages (n = 5) and standard error. Rates are mmol m-2 h-1. B) Model parameters to estimate photosynthesis, respiration and calcification as a
function of habitat and coral species with day modelled as a random effect.

2.a

Site Coral PN PG R G

Northern P. astreoides 6.4 ± 0.3 11.4 ± 0.1 5.0 ± 0.2 15.7 ± 0.2

S. cf. stellata 3.3 ± 0.3 6.5 ± 0.2 3.2 ± 0.1 10.7 ± 0.2

M. harttii 1.8 ± 0.4 4.7 ± 0.1 2.9 ± 0.2 10.1 ± 0.3

Southern P. astreoides 6.6 ± 0.6 12.3 ± 0.2 5.7 ± 0.1 16.1 ± 0.3

S. cf. stellata 5.4 ± 0.2 8.4 ± 0.2 3.0 ± 0.1 14.3 ± 0.3

M. harttii 3.1 ± 0.6 5.8 ± 0.1 2.7 ± 0.3 12.7 ± 0.2

2.b

Metabolic Parameter Model Term Estimate SE t-value P-value

Net Photosynthesis

Intercept-Species (M. harttii)

S.cf. stellata 0.66 0.21 3.09 0.01

P. astreoides 6.08 0.21 28.45 0.001

Intercept-Species (P. astreoides)
S. cf. stellata -7.18 0.36 -19.84 0.001

Intercept-Habitat-Northern site

S. cf. stellata 2.32 0.10 24.28 0.0001

P. astreoides 0.14 0.10 0.86 0.40

M. hartii 1.50 0.10 15.70 0.001

Gross Photosynthesis

Intercept-Species (M. harttii)
S.cf. stellata 1.14 0.36 3.15 0.005

P. astreoides 8.32 0.36 22.99 0.001

Intercept-Species (P. astreoides)

S. cf. stellata -5.42 0.21 -25.36 0.01

Intercept-Habitat-Northern site

S. cf. stellata 2.12 0.16 13.10 0.001

P. astreoides 0.14 0.16 1.47 0.16

M. hartii 1.36 0.16 8.40 0.01

Respiration

Intercept-Species (M. harttii)
S.cf. stellata 0.32 0.16 1.97 0.06

P. astreoides 2.56 0.16 15.74 0.01

Intercept-Species (P. astreoides)

S. cf. stellata -2.24 0.16 -13.77 0.001

Intercept-Habitat-Northern site

S. cf. stellata 0.01 0.08 1.25 0.25

P. astreoides 0.04 0.07 0.55 0.56

M. hartii -0.02 0.07 -0.27 0.78

Calcification

Intercept-Species (M. harttii)
S.cf. stellata -0.24 0.84 -0.29 0.78

P. astreoides 7.40 0.84 8.85 0.0001

Intercept-Species (P. astreoides)

S. cf. stellata -7.64 0.84 -9.14 0.001

(Continued)
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materials to enhance light transmission; (ii) Some small error is induced from the water extrac-
tion methods; (iii) The current 3 L maximum volume of the Flexi-Chamber and the existing
attachment method limits the type of colony that can be examined. Although this current vol-
ume limitation is similar to traditional glass chambers, there are options to significantly
increase the Flexi-Chamber through the production of bespoke bags. This would be an impor-
tant advancement in metabolic analysis since current respirometry methods are limited to
smaller colonies which do not represent the bulk of coral biomass in most classical reef systems
[73]. For example, colonies that have reached a size where they become reproductively active
may well have different metabolic characteristics compared to newly formed smaller colonies.
It remains to be seen whether the improvements of the Flexi-Chamber identified here are scal-
able. The flexibility of the system means that further development could enhance the system,
for example tubing to the surface for sample collection in shallow environments to remove the
need for snorkelling/diving. The Flexi-Chamber could also be advanced by the addition of a
plasticiser depending on experimental needs. These developments should not be considered as
a limitation to the existing approach but should rather highlight the advantages to such a flexi-
ble system.

Conclusion
This study demonstrates that near off-the-shelf materials can be used to produce cheap and
reliable chambers that can be deployed across a range of habitats in a very cost effective man-
ner. The Flexi-Chamber offers an immediate sampling solution that over-comes some of the
engineering and logistical challenges of conventional respirometry chambers by allowing non-
destructive, in situmetabolic analysis. The ability to adjust the Flexi-Chambers internal volume
and the natural mixing ability of the chamber provides two important benefits of this design.
The comparative metabolic results of S. cf. stellata in Salvador Brazil, between a conventional
glass vessel demonstrates that the chamber design described here offers an alternative respi-
rometry chamber for coral metabolic studies, with great potential to be developed further for
other test organisms and applications.

Acknowledgments
We thank the two anonymous reviewers for providing constructive feedback that enabled fur-
ther improvement of the manuscript. We would also like to acknowledge Russell Smart for
technical support in the laboratory and Thomas Petermann and Adriano Leite for field sup-
port. RKPK is a CNPq-Brazil fellow and member of the National Institute of Science and Tech-
nology for the Tropical Marine Environment (inctAmbTropic). We also thank Lewis and Vital
Care, Essex, England for their assistance in obtaining the appropriate bags.

Author Contributions
Conceived and designed the experiments: EC D. Suggett D. Smith LMFS RKPK. Performed the
experiments: EC SK LMFS. Analyzed the data: EC, SK. Contributed reagents/materials/analysis

Table 2. (Continued)

Intercept-Habitat-Northern site

S. cf. stellata 3.28 0.37 8.78 0.001

P. astreoides 0.60 0.37 1.61 0.12

M. hartii 2.46 0.37 6.58 0.001

doi:10.1371/journal.pone.0138800.t002

Novel Respirometry Chamber for Benthic Organisms

PLOSONE | DOI:10.1371/journal.pone.0138800 October 8, 2015 17 / 21



tools: D. Suggett D. Smith RKPK CWMSN. Wrote the paper: EC D. Suggett D. Smith MSN
CW. Revised and commented on the written manuscript: RKPK.

References
1. Burke L, Reytar K, Spalding M, Perry A (2011) Reefs at risk revisited. World Resources Institute,

Washington, DC. 115 p.

2. Wilkinson C (2008) Status of coral reefs of the world: 2008. Global Coral Reef Monitoring Network and
Reef and Rainforest Research Centre, Townsville, Australia. 298 p.

3. Kleypas JA, Buddemeier RW, Archer D, Gattuso JP, Langdon C, Opdyke BN (1999) Geochemical con-
sequences of increased atmospheric carbon dioxide on coral reefs. Science 284: 118–120. PMID:
10102806

4. Hughes TP, Baird AH, Bellwood DR, Card M, Connolly SR, Folke C, et al. (2003) Climate change,
human impacts, and the resilience of coral reefs. Science 301: 929–933. PMID: 12920289

5. Pandolfi JM, Bradbury RH, Sala E, Hughes TP, Bjorndal KA, Cooke RG, et al. (2003) Global trajectories
of the long-term decline of coral reef ecosystems. Science 301: 955–958. PMID: 12920296

6. Pandolfi JM, Jackson JBC, Baron N, Bradbury RH, Guzman T, Hughes TP, et al. (2005) Are U.S. coral
reefs on the slippery slope to slime? Science 307: 1725–1726. PMID: 15774744

7. Nyawira AM, Szmant AM (1987) The effects of salinity stress on the rates of aerobic respiration and
photosynthesis in the hermatypic coral Siderastrea siderea. Biology Bulletin (Woods Hole) 173: 539–
551.

8. Coles SL, Jokiel PL (1977) Effects of temperature on the photosynthesis and respiration in hermatypic
corals. Marine Biology 43: 209–216.

9. Coles SL (1992) Experimental companions of salinity tolerances of reef corals from the Arabian Gulf
and Hawaii. Evidence for hyperhaline adaptation. Proceedings of the 7th International Coral Reef Sym-
posium 1: 223–234.

10. Lesser MP (1997) Oxidative stress causes coral bleaching during exposure to elevated temperatures.
Coral Reefs 16: 187–192.

11. Anthony KRN, Kline DI, Diaz-Pulido G, Dove S, Hoegh-Guldberg O (2008) Ocean acidification causes
bleaching and productivity loss in coral reef builders. Proceedings of the National Academy of Science
USA 105: 17442–17446.

12. Kenneth S, and Erez J (2006) The effect of carbonate chemistry on calcification and photosynthesis in
the hermatypic coral Acropora eurystoma. Limnology and Oceanography 51: 1284–1293.

13. Langdon C, Atkinson MJ (2005) Effect of elevated pCO2 on photosynthesis and calcification of corals
and interactions with seasonal change in temperature/irradiance and nutrient enrichment. Journal of
Geophysical Research 110: C09S07.

14. Kinsey DW (1983) Standards and performance in coral reef primary production and carbon turnover. In
Barnes DJ (ed) Perspectives on coral reefs. Australian Institute of Marine Science Contribution Num-
ber 200, Brian Clouston Publisher, Manuka, 209–220 p.

15. Edmunds PJ, Davies PS (1986) An energy budget for Porites porites. Marine Biology 92: 339–347.

16. McCloskey LR, Wethey DS, Porter JW (1978) Measurement and interpretation of photosynthesis and
respiration in reef corals In: Stoddart DR, Johannes RE (eds)Coral Reefs: Research Methods. Mono-
graphs on oceanographic methodology, UNESCO, Paris, 379–396 p.

17. Suggett DJ, Dong LF, Lawson T, Lawrenz E, Torres L, Smith DJ (2013) Light availability determines
susceptibility of reef building corals to ocean acidification. Coral Reefs 32: 327–337.

18. Albright R, Langdon C, Anthony KRN (2013) Dynamics of seawater carbonate chemistry, productivity
and calcification of a coral reef flat, central Great Barrier Reef. Biogeosciences 10: 6747–6758.

19. Bates NR, Amat A, Andersson AJ (2010) Feedbacks and responses of coral calcification on the Ber-
muda reef system to seasonal changes in biological processes and ocean acidification. Biogeoscience
7: 2509–2530.

20. Anthony KN, Kleypas JA, Gatusso JP (2011) Coral reefs modify their seawater carbonate chemistry
implications for impacts of ocean acidification. Global Change Biology 17: 3655–3666.

21. Gattuso JP, Pichon M, Delesalle B, Frankignoulle M (1996) Carbon fluxes in coral reefs. I. Lagrangian
measurement of community metabolism and resulting air-sea CO2 disequilibrium. Marine Ecology
Progress Series 96: 259–267.

22. Barnes DJ (1983) Profiling coral reef productivity and calcification using pH and oxygen electrodes.
Journal of Experimental Marine Biology and Ecology 166:149–161.

Novel Respirometry Chamber for Benthic Organisms

PLOSONE | DOI:10.1371/journal.pone.0138800 October 8, 2015 18 / 21

http://www.ncbi.nlm.nih.gov/pubmed/10102806
http://www.ncbi.nlm.nih.gov/pubmed/12920289
http://www.ncbi.nlm.nih.gov/pubmed/12920296
http://www.ncbi.nlm.nih.gov/pubmed/15774744


23. Smith SV, Key GS (1975) Carbon dioxide and metabolism in marine environments. Limnology and
Oceanography 20: 493–495.

24. Gattuso JP, Pichon M, Delesalle B, Frankignoulle M (1993) Community metabolism and air-sea CO2

fluxes in a coral reef ecosystem (Moorea, French-Polynesia). Marine Ecology Progress Series 96:
259–267.

25. Yates KK, Halley RB (2003) Measuring coral reef community metabolism using new benthic chamber
technology. Coral Reefs 22: 247–255.

26. Anthony KRN, Diaz-Puildo G, Verlinden N, Tilbrook B, Andersson AJ (2013) Benthic buffers and boost-
ers of ocean acidification on coral reefs. Biogeosciences 10: 4897–4909.

27. Falter JL, Lowe RJ, Atkinson MJ, Cuet P (2012) Seasonal coupling and de-coupling of net calcification
rates from coral reef metabolism and carbonate chemistry at Ningaloo Reef, Western Australia. Journal
of Geophysical Research 117: doi: 10.1029/2011JC007268

28. McClanahan TR, Graham NAJ, Darling EDS (2014) Coral reefs in a crystal ball: predicting the future
from the vulnerability of corals and reef fishes to multiple stressors. Current Opinion in Environmental
Sustainability 7: 59–64.

29. Walther GR, Post E, Convey P, Menzel A, Parmesan C, Beebee TJC, et al. (2002) Ecological
responses to recent climate change. Nature 416: 389–395. PMID: 11919621

30. Rex A, Montebon F, Yap HT (1995) Metabolic responses of the scleractinian coral Porites cylindrical
Dana to water motion. I. Oxygen flux studies. Journal of Experimental Marine Biology and Ecology
182: 33–52.

31. NyströmM, Tedengren M (2001) Simultaneous and sequential stress from increased temperature and
copper on the metabolism of the hermatypic coral Porites cylindrica. Marine Biology 138: 1225–1231.

32. NaumannMS, Jantzen C, Haas AF, Iglesias-Prieto R, Wild C (2013) Benthic Primary Production Bud-
get of a Caribbean Reef Lagoon (Puerto Morelos, Mexico). PLoS ONE 8: e82923 doi: 10.1371/journal.
pone.0082923 PMID: 24367570

33. Dove SG, Kine DI, Pantos O, Angly FE, Tyson GW, Hoegh-Guldberg O (2013) Future reef decalcifica-
tion under business-as-usual CO2 emission scenario. Proceedings of the National Academy of Science
USA 110: 15342–15347.

34. Okazaki RR, Swart PK, Langdon C (2013) Stress-tolerant corals of Florida Bay are vulnerable to ocean
acidification. Coral Reefs 32: 671–683.

35. PattersonMR, Sebens KP, Olson RR (1991) In situmeasurements of flow effects on primary production
and dark respiration in reef corals. Limnology and Oceanography 36: 936–948.

36. Levy O, Dubinsky Z, Schneider K, Achituv Y, Zakai D, Gorbunov MY (2004) Diurnal hysteresis in coral
photosynthesis. Marine Ecology Progress Series 268: 105–117.

37. Nakamura T, Nakamori T (2009) Estimation of photosynthesis and calcification rates at a fringing reef
by accounting for diurnal variations and the zonation of coral reef communities on reef flat and slope: a
case study for the Shiraho reef, Ishigaki Island, southwest Japan Coral Reefs 28: 229–250.

38. Andersson AJ, Kuffner IB, Mackenzie FT, Jokiel PL, Rodgers KS, Tan A (2009) Net loss of CaCO3
from a subtropical calcifying community due to seawater acidification: mesocosm-scale experimental
evidence. Biogeosciences 6: 1811–1823.

39. Marsh JA Jr, Smith SV (1978) Productivity measurements of coral reefs in flowing water In: Stoddart
DR, Johannes RE (eds) Coral reefs research methods. UNESCO. Paris, p 361–378.

40. Mass T, Genin A, Shavit U, Grinstein M, Tchernov D (2010) Flow enhances photosynthesis in marine
benthic autotrophs by increasing the efflux of oxygen from the organism to the water. Proceedings of
the National Academy of Science USA 107: 2527–2531.

41. Shashar N, Kinane S, Jokiel PL, Patterson MR (1996) Hydromechanical boundary layers over a coral
reef. Journal of Experimental Marine Biology and Ecology 199: 17–28.

42. AtkinsonMJ, Bilger RW (1992) Effects of water velocity on phosphate uptake in coral reef-flat communi-
ties. Limnology and Oceanography 37: 273–279.

43. KaysWM, Crawford ME (1980) Convective Heat and Mass Transfer ( McGraw-Hill, New York).

44. Orr H, Shapiroa B, Fernandez VI, Garrena M, Guastoa JS, Kramarsky-Winter E, et al. (2014) Vortical
ciliary flows actively enhance mass transport in reef corals. Proceedings of the National Academy of
Science USA 111: 13391–13396.

45. Nakamura T, vanWoeski R (2001) Water-flow rates and passive diffusion partially explain differential
survival of corals during the 1998 bleaching event. Marine Ecology Progress Series 212: 301–304.

46. Baird ME, Atkinson MJ (1997) Measurement and prediction of mass transfer to experimental coral reef
communities. Limnology and Oceanography 42: 1685–1693.

Novel Respirometry Chamber for Benthic Organisms

PLOSONE | DOI:10.1371/journal.pone.0138800 October 8, 2015 19 / 21

http://dx.doi.org/10.1029/2011JC007268
http://www.ncbi.nlm.nih.gov/pubmed/11919621
http://dx.doi.org/10.1371/journal.pone.0082923
http://dx.doi.org/10.1371/journal.pone.0082923
http://www.ncbi.nlm.nih.gov/pubmed/24367570


47. PattersonMR, Sebens KP, Olson RR (1991) In situ measurements of flow effects on primary production
and dark respiration in reef corals. Limnology and Oceanography 36: 936–948.

48. Lesser MP, Weis VM, Patterson MR, Jokiel PL (1994) Effects of morphology and water motion on car-
bon delivery and productivity in the reef coral, Pocillopora damicornis (linnaeus): Diffusion barriers, inor-
ganic carbon limitation, and biochemical plasticity. Journal of Experimental Marine Biology and
Ecology 178: 153–179.

49. Schutter M, Kranenbarg S, Wijffels RH, Verreth J, Osinga R (2011) Modification of light utilization for
skeletal growth by water flow in the scleractinian coralGalaxea fascicularis. Marine Biology 158: 769–
777.

50. Nakamura T, Yamasaki H (2005) Requirement of water-flow for sustainable growth of Pocilloporid cor-
als during high temperature periods. Marine Pollution Bulletin 50: 1115–1120. PMID: 16038946

51. Davies PS (1980) Respiration in some Atlantic reef corals in relation to vertical distribution and growth
form. Biological Bulletin 158: 187–194.

52. McCloskey R, Wethey DS, Porte JW (1978) Measurement and interpretation of photosynthesis and
respiration in reef corals In: Productivity measurements of coral reefs in flowing water In: Stoddart DR,
Johannes RE (eds) Coral reefs research methods. UNESCO. Paris, p 361–378.

53. De Beer D, Kuhl M, Stambler N, Vaki L (2000) A microsensor study of light enhanced Ca2+ uptake and
photosynthesis in the reef-building hermatypic coral Favia sp. Marine Ecology Progress Series 194:
75–85.

54. Dykens JA, Shick JM, Benoit C, Buettner GR, Winston GW (1992) Oxygen radical production in the
sea-anemone Anthopleuraelegantissima and its endosymbiotic algae. Journal of Experimental Biology
168: 219–241.

55. Kuhl M, Cohen Y, Dalsgaard T, Jorgensen BB, Revsbech NP (1995) Microenvironment and photosyn-
thesis of zooxanthellae in scleractinian corals studied with microsensors for O2, pH, and light. Marine
Ecology Progress Series 117: 159–172.

56. Foote CS (1976) Photosensitized oxidation and singlet oxygen: consequences in biological systems. In
Free Radicals in Biology II (ed. Pryor W. A.), pp. 85–133. New York: Academic Press.

57. McCloskey LR, Wethey DS, Porter JW (1978) Measurement and interpretation of photosynthesis and
respiration in reef corals, p 379–396. In: Stoddart DR and Johannes RE [eds.], Coral reefs: Research
methods. UNESCO.

58. Dickenson AG, Sabine CL, Christian JR (2007) Guide to best practices for Ocean CO2measurements.
PICES Special Publication 3, 191.

59. Camp E, Suggett DJS, Smith DJS (2015) personal observation of Flexi-Chamber use from unpublished
experimental data.

60. Jury C, Whitehead RF, Szmant AM (2010) Effects of variations in carbonate chemistry on the calcifica-
tion rates ofMadracis auretenra (= Madracis mirabilissensu Wells, 1973): bicarbonate concentrations
best predict calcification rates. Global Change Biology 16: 1632–1644.

61. Connell JH (1973) Population biology of reef-building corals. In Biology and Geology of Coral Reefs,
Vol. II: Biology 1, ed. Jones OA, Endean R ( New York: Academic).

62. OnSet (2012) HOBO Pendant G Data Logger User guide: http://www.onsetcomp.com/products/data-
loggers/ua-004-64

63. Camp EF (2014) personal observation of HOBOMovement. Salvador, Brazil.

64. Kirk JTO (1994) Light and photosynthesis in aquatic ecosystems 2nd Ed. Cambridge University
Press, Bristol, England.

65. Berkelmans R, van Oppen MJH (2006) The role of zooxanthellae in the thermal tolerance of corals: a
‘nugget of hope’ for coral reefs in an era of climate change. Proceedings of the Royal Society B 273:
2305–2312. PMID: 16928632

66. Cirano M, Lessa GC (2007) Oceanographic characteristics of Baía de Todos os Santos, Brazil. Revista
Brasileira de Geofísica: 25: 363–387

67. RDevelopment Core TeamR: A Language and Environment for Statistical Computing (2011); available
at http://www.R-project.org.

68. Zuur AF, Ieno EN, Elphick CS (2010) A protocol for data exploration to avoid common statistical prob-
lems. Methods Ecology and Evolution 1: 3–14.

69. Crawley M (2007) The R book. JohnWiley & Sons, Ltd, Chirchester.

70. Zuur A, Leno E, Smith G (2007) Analysing Ecological Data. Springer, New York.

71. Anthony KRN, Hoegh-Guldberg (2003) Variation in coral photosynthesis, respiration and growth char-
acteristics in contrasting light microhabitats: an analogue to plants in forest gaps and understoreys?
Functional Ecology 17: 246–259.

Novel Respirometry Chamber for Benthic Organisms

PLOSONE | DOI:10.1371/journal.pone.0138800 October 8, 2015 20 / 21

http://www.ncbi.nlm.nih.gov/pubmed/16038946
http://www.onsetcomp.com/products/data-loggers/ua-004-64
http://www.onsetcomp.com/products/data-loggers/ua-004-64
http://www.ncbi.nlm.nih.gov/pubmed/16928632
http://www.R-project.org


72. Hennige SJ, Walsh SJ, McGinly M, Smith DJ, Warner ME, Suggett DJ (2010) Coral acclimation and
adaptation along an environmental gradient of an Indonesian reef complex. Journal of Experimental
Marine biology and ecology 391: 143–152.

73. Vollmer SV, Edmunds PJ (2000) Allometric Scaling in Small Colonies of the Scleractinian Coral Side-
rastrea siderea (Ellis and Solander). Biological Bulletin 199: 21–28. PMID: 10975639

Novel Respirometry Chamber for Benthic Organisms

PLOSONE | DOI:10.1371/journal.pone.0138800 October 8, 2015 21 / 21

http://www.ncbi.nlm.nih.gov/pubmed/10975639

