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ABSTRACT: Some coral reefs, such as patch reefs along the Florida Keys reef tract, are not showing significant reductions in calcification rates in response to ocean acidification. It has been
hypothesized that this recalcitrance is due to local buffering effects from biogeochemical processes driven by seagrasses. We investigated the influence that pore water nutrients, dissolved
inorganic carbon (DIC) and total alkalinity (TA) have on aragonite saturation states (Ωaragonite) in
the sediments and waters overlying the sediment surfaces of sand halos and seagrass beds that
encircle Alinas and Anniversary reefs in Biscayne National Park. Throughout the sampling
period, sediment pore waters from both bottom types had lower oxidation/reduction potentials
(ORP), with lower pH relative to the sediment surface waters. The majority (86.5%) of flux rates
(n = 96) for ΣNOx–, PO43–, NH4+, SiO2, DIC and TA were positive, sometimes contributing significant concentrations of the respective constituents to the sediment surface waters. The Ωaragonite values in the pore waters (range: 0.18 to 4.78) were always lower than those in the overlying waters
(2.40 to 4.46), and 52% (n = 48) of the values were < 2.0. The DIC and TA fluxes at the
sediment –water interface reduced Ωaragonite in 75% (n = 16) of the samples, but increased it in the
remainder. The elevated fluxes of nutrients, DIC and TA into the sediment –water interface layer
negatively alters the suitability of this zone for the settlement and development of calcifying
larvae, while enhancing the establishment of algal communities.
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Ocean acidification is the reduction in pH of marine waters resulting from the uptake of atmospheric
carbon dioxide (CO2) (Solomon et al. 2007). Atmospheric CO2 has increased as a result of the combustion of fossil fuels, which in turn has increased the
concentration of CO2 dissolved into marine waters
and negatively influenced the carbonate chemistry
responsible for buffering the ocean system (e.g. Solomon et al. 2007, Andersson et al. 2011). Coastal and
shelf ecosystems may be more susceptible to ocean
acidification because of the input of additional carbon from terrestrial sources and benthic processes,
especially in shallow and nearshore regions like the
Florida Keys reef tract (Walter & Burton 1990, Ander-

sson et al. 2005, Manzello et al. 2012) and the Great
Bahama Bank (Burdige & Zimmerman 2002, Hu &
Burdige 2007, Burdige et al. 2008). The sediments in
both of these regions are composed of carbonate
sands and support productive coral reef and seagrass
communities.
Recent studies have assessed the influence of
ocean acidification on coral reef ecosystems. In the
Florida Keys reef tract, Helmle et al. (2011) and
Manzello et al. (2012) found that seagrasses remove
CO2 from the water column through CO2 fixation
during photosynthesis, thereby partially offsetting
the effects of ocean acidification. Additionally, the
dissolution of carbonate sediments of the Great
Bahama Bank is shown to be enhanced in the sediments that underlie seagrass beds, and the flux of
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these dissolution products (i.e. dissolved inorganic
carbon [DIC] and total alkalinity [TA]) are proposed
to have a minor buffering effect on ocean acidification (Burdige & Zimmerman 2002, Hu & Burdige
2007, Burdige et al. 2008). In support of this conclusion, a predictive model by Andersson et al. (2003)
showed that carbonate sediments do dissolve under
normal conditions in pore waters, but the production
and flux of TA into the waters overlying the sediment
surface would be insufficient to completely buffer the
predicted decrease in pH resulting from the increased absorption of atmospheric CO2.
The cited studies confirm that geochemical conditions in carbonate sediments promote the dissolution
of those sediments, thereby establishing vertical concentration gradients that enhance the flux of DIC and
TA into the waters overlying the sediment surface.
Although the flux of these constituents may not be
large enough to counter the effects of ocean acidification in the much larger volume of overlying waters,
the flux of DIC and TA into the sediment –water
interface, or benthic boundary layer, may depress the
saturation state for calcium carbonate in this zone.
Depressed saturation states for calcium carbonate
decrease calcification rates in a wide variety of organisms (Fabry et al. 2008). The majority of these
organisms live as adults or initiate their life cycles in
the benthic boundary layer. The objective of this
study was to determine if biogeochemical processes
within the carbonate sediments of the sand halos and
seagrass beds that surround coral reefs alter the carbonate saturation states in the benthic boundary layers. This was achieved by obtaining overlying water
and vertical pore water profiles of nutrients and
carbonate chemistry parameters from both substrate
types during the spring and summer at 2 coral patch
reefs in Biscayne National Park.

MATERIALS AND METHODS
Site description, sampling methods and
sample dates
Samples of sediment pore water and of water overlying the sediment surface (hereafter referred to as
sediment surface water) were collected from 2 reef
sites within Biscayne National Park during April,
June, July and August 2007 (Fig. 1). Samples were
collected during the late morning on each sampling
date, with a sampling event duration of ~1 h per reef.
The 2 sites, Alinas (25.3862° N, 80.1629° W) and
Anniversary (25.3874° N, 80.1623° W) reefs, are lo-

Fig. 1. Location of Alinas and Anniversary reefs, Biscayne
National Park

cated ~20 km off the east coast of southern Florida.
Both reefs reside in ~5.0 m of water, are not subaerially exposed during any point in the tidal cycle
and have high wave energies except during tropical
storms. At each reef, one sampling site was located
within the sand halo and 2.0 m from the base of each
reef, and a second site was located within the seagrass beds that grow adjacent to the sand halos and
~5.0 m from the base of the reef.
Reef sediments are produced through erosion of
the reef framework and direct sedimentation from
calcifying green and red algae. Marine grasses in the
seagrass beds at both reefs occupy ~20% of the carbonate sand surfaces and are dominated by species
of Thalassia and Syringodium (Yates & Halley 2003).
The sediments in this area of Biscayne National Park
are generally 10% high-Mg calcite, 87% aragonite
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and 3% low-Mg calcite (Stehli & Hower 1961). The
average porosity of these sediments is 0.47 (Enos &
Sawatsky 1981).
Using SCUBA, divers collected pore water samples
through stainless-steel PushPoint samplers (MHE
Products). These samplers are 35.56 cm long and
have an o.d. and i.d. of 0.32 and 0.16 cm, respectively. The sample collection interval at the tips of the
samplers is 0.64 cm. The void volume of the sampler
is approximately 750 µl. Pore water samples were
collected from 3 depths below the sediment surface
(1.27, 12.70 and 27.31 cm) at each site by first positioning a weighted stabilization plate (Komatex®;
26.50 cm in diameter, 1.30 cm thick) at the sampling
sites and then inserting 3 samplers to the pre-determined depths (Lisle & Reich 2006). The samplers
were positioned so that each was located 18.5 cm
from the other samplers and the edge of the stabilization plate. Images of the sampling devices can be
accessed at http://pubs.usgs.gov/fs/2006/3052/.
Pore waters were collected by attaching a short
length of silicone tubing (0.64 cm o.d., 0.32 cm i.d.)
and a polycarbonate 3-way valve to an acid-cleaned
and reagent-grade-water-rinsed polyethylene/polypropylene 50.0 ml syringe. The end of the silicone
tubing was then attached to the samplers while underwater immediately prior to sampling. Using the 3way valve to flush the sampler without forcing water
back into the sediments, 20 to 30 sampler void volumes were flushed from the samplers 3 times prior to
taking the pore water samples from the respective
depths. At each sediment depth, ~250 ml (5 syringes)
were collected. Because of the relatively large sample
volumes required for the analyses, the vertical sample
collection zones around each pore water sampler may
have overlapped to some degree (Seeberg-Elverfeldt
et al. 2005). The sample collection depth (i.e. 1.27 cm)
most susceptible to mixing with the sediment surface
water, was isolated from the water by the stabilization
plate during each sample collection event. Although
the possibility of mixing pore water from the different
vertical sample depths during sample collection is
acknowledged by the authors, the degree to which
this mixing occurred is not assumed to have made the
samples homogeneous. This is supported by the geochemistry from each sample site and event, which
does show distinct vertical zonation.
Sediment surface waters were sampled within
30.0 cm above the sediment surface at each of the
reef sites by opening an evacuated 1.0 l polypropylene bottle. Once on deck, all syringes and bottles
were placed in a cooler that maintained the samples
in the dark and at in situ temperatures.
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Field data
On deck, an aliquot of each sample was transferred
to a separate container and analyzed for salinity and
oxidation-reduction potential (ORP) using an Ultrameter (model 6P; Myron L Company). ORP, instead of
dissolved oxygen, was used as an indicator of vertical
stratification of microbial processes within the sediments. Temperature data were collected from a SeaBird SBE 16plus SeaCAT (Sea-Bird Electronics) that
was permanently anchored to the seabed close to the
Alinas Reef sample site. The sensor was ~15 cm
above the surface of the sediments.
pH analysis was performed on each sample using
a temperature-compensated, high-resolution pH
probe (± 0.03 pH unit) (model 815600; Orion ROSS
combination electrode) with a sensION2 pH meter
(Hach). The sensION2 pH meter was calibrated with
Tris seawater buffers as described by Yates et al.
(2007).

Nutrient sample processing and analyses
Nutrient samples were filtered through a syringe
filter (0.45 µm, Supor® membrane) into acid-cleaned
and reagent-grade-water-rinsed low-density polyethylene bottles and stored at 4.0°C. Samples for
NH4+, SiO2 and NO3– + NO2– (ΣNOx–) analysis were
filtered only, whereas samples for PO43– analysis
were filtered and acidified by adding ~0.1 ml of concentrated HCl. All nutrient samples were appropriately packed and shipped via overnight carrier to the
Woods Hole Oceanographic Institute Nutrient Analytical Facility. All analyses were performed on a
QuickChem 8000 (Lachat Instruments) 4-channel
continuous flow injection system.

TA and DIC sample processing and analyses
Samples for the analysis of TA and DIC were filtered through a syringe filter (0.45 µm, Supor® membrane) into borosilicate glass serum bottles that were
acid washed, rinsed with reagent-grade water and
combusted in a muffle furnace. Samples were preserved by adding saturated HgCl2 to a final concentration of 0.02% (v/v) and immediately inserting
butyl rubber stoppers that were secured using aluminum caps crimped in place. Samples were stored
at 4.0°C until analysis. All TA (±1 µM kg−1) and DIC
(± 2 µM kg−1) analyses were conducted at the US
Geological Survey (USGS) Coastal and Marine Sci-
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ence Center in St. Petersburg, FL, following the analytical methods described by Yates et al. (2007).

Benthic flux rate calculations
Flux rates (J; mM m−2 d−1) were calculated using
Fick’s first law of diffusion:
J = −Φ Ds (ΔC/Δz)

(1)

where Φ is the sediment porosity, Ds is the appropriate diffusion coefficient (m2 d−1), ΔC (mol l−1) is the
difference between the concentration of each nutrient in the sediment surface and pore waters at that
sediment depth where the nutrient had the greatest
concentration, and Δz (m) is the distance between the
sediment –water interface and the respective sediment depths at which the greatest concentrations of
the respective nutrients occurred. Since advective
forces are not accounted for in the flux calculations,
the resulting flux rates should be considered as representative of the minimum rates for the movement
of dissolved constituents in the pore waters into the
overlying surface waters. For the nutrients, the following diffusion coefficients (m2 d−1) were used:
NH4+, 8.85 × 10−5; ΣNOx–, 6.65 × 10−5; PO43–, 2.97 ×
10−5; and SiO2, 5.89 × 10−5 (Rasheed et al. 2002). The
diffusion coefficient for DIC (1.34 × 10−5) was taken
from Komada et al. (1998). The diffusion coefficient
for DIC was also used for alkalinity, as the majority of
alkalinity (i.e. HCO3−, CO32−) is accounted for by DIC
in marine water (Wolf-Gladrow et al. 2007).

except for TA for the following pore water samples:
Alinas Reef sand halo in August (1.27 cm) and seagrass bed in July (27.31 cm) and August (1.27 and
27.31 cm), and Anniversary Reef seagrass bed (all
sample depths) in August. These samples for TA
analysis had varying quantities of sulfide precipitates
following the addition of HgCl2. Sulfide precipitates
artificially reduce measurable TA (Goyet et al. 1991,
Hiscock & Millero 2006, Andersson et al. 2007).
Accordingly, the DIC and pH values were used to
calculate the TA for each of the sulfide affected samples. These calculated TA values were then used in
conjunction with the original DIC values to calculate
the respective Ω aragonite values.

Statistical analyses
Pearson product moment correlation coefficients (r)
and the associated p-values were calculated for selected data variables using α = 0.05. Tests of significant differences between 2 data variables were performed using the Mann-Whitney rank sum test and
between 3 or more variables using the Kruskal-Wallis
ANOVA on ranks with multiple comparisons using
Dunn’s test. Non-parametric data analysis tests were
chosen because all data sets, pooled or not, failed the
Shapiro-Wilks test for normality. Data below the detection limit of the method and expressed as censored
data were included in all analyses after adjusting
each value to one-half of the detection limit. All statistical analyses were performed using Minitab® ver. 15.

Aragonite saturation index calculations

RESULTS

The aragonite saturation state (Ωaragonite) was calculated using the CO2SYS (Pierrot et al. 2006) or
CO2calc (Robbins et al. 2010) program and is
expressed as:

Sediment surface waters

2+
Ωaragonite = ([CO2–
3 ] [Ca ])/Ksp

(2)

where Ksp is the solubility product for aragonite as
given by Mucci (1983). The following program
options were selected prior to running the analyses:
dissociation constants K1 and K2 were those recommended by Mehrbach et al. (1973) as refit by Dickson& Millero (1987), the dissociation constant KSO4
was that of Dickson (1990) and the selected pH scale
was the seawater scale.
Measured TA, DIC and pH values; water temperatures; salinities; and relevant nutrient concentrations
were used as input data to calculate Ωaragonite values,

Sediment surface water temperature (median:
29.4, range: 25.1 to 30.0°C), salinity (36.1, 35.9 to
36.4 ‰), pH (8.05, 7.92 to 8.23) and ORP (79.7, 42.0 to
243.0 mV) data were similar at both reefs and bottom
types for the respective sampling dates (Table 1).
Sediment surface water temperatures, which increased during the study period, were significantly and
positively correlated with SiO2 (r = 0.614, p = 0.011),
TA (r = 0.627, p = 0.009) and DIC (r = 0.978, p < 0.001)
and negatively correlated with ORP (r = −0.816, p <
0.001) (Table 2). Comparing the pooled sediment surface- (n = 16) and pore-water data from both bottom
types (n = 24 per type), the pH and ORP data were
significantly different (p = 0.001) and greater in the
sediment surface waters and were significantly lower
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Table 1. pH and oxidation-reduction potential (ORP) data
for sediment surface (SSW) and pore waters (3 sediment
depths) of 2 bottom types (sand halos and seagrass beds)
at Alinas and Anniversary reefs, Biscayne National Park.
SSW = sediment surface water
Reef and
month

Depth
(cm)

pH
ORP (mV)
Sand Seagrass Sand Seagrass

SSW
1.27
12.70
27.31
SSW
1.27
12.70
27.31
SSW
1.27
12.70
27.31
SSW
1.27
12.70
27.31

8.03
8.00
7.62
7.66
7.92
7.73
7.50
7.62
8.03
8.11
7.84
7.82
8.23
7.73
7.83
7.84

8.03
8.00
7.62
7.66
7.92
7.80
7.46
7.68
8.03
8.12
7.60
7.44
8.23
7.94
7.46
7.30

167.0
279.0
208.0
210.0
53.3
−35.0
−119.0
−30.0
50.0
−32.0
−79.0
−30.0
112.0
−113.0
−20.0
−5.0

167.0
280.0
180.0
240.0
53.3
6.0
−154.0
−73.0
50.0
−31.0
−133.0
−197.0
112.0
−50.0
−129.0
−201.0

Anniversary
April
SSW
1.27
12.70
27.31
June
SSW
1.27
12.70
27.31
July
SSW
1.27
12.70
27.31
August
SSW
1.27
12.70
27.31

8.16
8.05
7.72
7.68
7.92
7.87
7.56
7.44
8.07
8.07
7.87
7.77
8.20
7.85
7.81
8.03

8.16
8.05
7.72
7.68
7.92
7.70
7.32
7.31
8.07
8.20
7.67
7.67
8.20
7.76
7.32
7.40

243.0
318.0
252.0
236.0
53.3
30.0
32.0
−96.0
42.0
−86.0
−54.0
−139.0
106.0
20.0
29.0
44.0

243.0
277.0
−94.0
−60.0
53.3
−148.0
−167.0
−173.0
42.0
−55.0
−113.0
−125.0
106.0
−115.0
−202.0
−169.0

Alinas
April

June

July

August

for ΣNOx–, NH4+ (sand halo only), SiO2, DIC and TA
(seagrass beds only) (Tables 1 & 2). There were no
significant differences between the sediment surface
and pore water concentrations of PO43– in both bottom types, NH4+ in the seagrass beds and TA in the
sand halos.

Pore waters
There were significant trends between pore water
variables, but these trends were not consistent within
and between bottom types. ORP and pH were negatively correlated with temperature and sample depth,
respectively, in both bottom types. Concentrations of
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PO43–, SiO2 and NH4+ were all positively correlated
with each other in the sand halo pore waters but not
in the seagrass beds, while ΣNOx– concentrations
were positively correlated with DIC concentrations in
the sand halos and ORP data in the seagrass beds.
None of the nutrient concentrations were significantly correlated with sample depth or temperature
in either bottom type.
For the carbonate chemistry, pH was negatively
correlated with DIC and positively correlated with
ORP in the seagrass pore waters only. The Ωaragonite
data were negatively correlated with DIC concentrations in the sand halos and positively correlated with
ORP in the seagrass beds.
When comparing the pore water data for all variables measured, there were no significant differences between the reefs for the same bottom type
(e.g. sand halo vs. sand halo). The data were then
pooled based on bottom type (i.e. sand halos vs. seagrass beds). The pore-water pH data in both bottom
types (sand halo: median 7.82, range 7.44 to 8.11;
seagrass: 7.67, 7.30 to 8.20) were significantly different (p = 0.001), as were the ORP data (p = 0.003)
(sand halo: −12.5, −139.0 to 318.0 mV; seagrass:
−14.0, −202.0 to 280.0 mV) (Table 1).
There was a general trend of increasing ΣNOx–
concentrations with pore water depth in both bottom
types at both reefs per sampling event, with intermediate depths containing the highest concentrations (Table 2). There was no significant difference
between concentrations of these nitrogen species
when comparing the sand halos (0.08, < 0.05 to
2.46 µM) to seagrass beds (0.07, < 0.05 to 1.67 µM).
The ΣNOx– flux rates from the sand halos and seagrass beds around both reefs were similar within
each site, except during the April (Alinas Reef) and
June (Anniversary Reef) sampling events, when the
fluxes from the seagrass beds were approximately
45- and 10-fold greater, respectively, than those from
the sand halos (Table 3).
The pore waters at both reef sites were enriched for
PO43– for the April, July and August sampling events
and were significantly different (p = 0.012) between
the sand halos (0.13, < 0.05 to 0.86 µM) and seagrass
beds (0.06, < 0.05 to 0.57 µM) (Table 2). The flux rates
for this nutrient around both reefs were greatest during the April sampling event and remained relatively
low during the remainder of the project. The exception was the June sampling event, when the PO43–
demands in the sand halo and seagrass bed sediments were between 1 and 2 orders of magnitude
greater than the respective flux rates for the other
sampling events (Table 3).
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Table 2. Sediment surface water (SSW) and pore water (3 sediment depths) nutrient, dissolved inorganic carbon (DIC), and
total alkalinity (TA) values of 2 bottom types (sand halos and seagrass beds) at Alinas and Anniversary reefs, Biscayne
National Park
Reef and
month

Alinas
April

Depth
(cm)

ΣNOx–
(µM)

PO43–
(µM)

Sand
NH4+ SiO2
(µM) (µM)

DIC
(µM)

TA
(µM)

ΣNOx– PO43–
(µM) (µM)

Seagrass
NH4+
SiO2
(µM)
(µM)

DIC
(µM)

TA
(µM)

SSW
1.27
12.70
27.3
SSW
1.27
12.70
27.31
SSW
1.27
12.70
27.31
SSW
1.27
12.70
27.31

0.06
0.10
0.06
0.83
< 0.05
0.31
0.15
0.43
0.05
0.07
0.05
0.09
0.05
0.08
0.10
< 0.05

< 0.05
0.08
0.86
0.44
2.63
< 0.05
0.21
0.06
0.07
0.06
0.13
0.31
< 0.05
0.05
0.11
0.13

< 0.05
3.18
19.64
8.30
1.50
1.61
1.13
0.53
2.28
0.06
0.50
16.50
< 0.05
9.88
8.17
4.68

2.08
10.64
36.35
11.23
2.13
4.38
9.60
7.60
2.48
4.14
10.70
21.70
2.14
40.20
13.30
9.59

1876.9
1975.7
2173.7
2187.0
1964.2
2040.6
2154.1
2063.0
1975.1
2026.8
2087.9
2227.3
1976.6
2894.0
2171.9
2146.0

2164.5
2265.7
2279.9
2307.2
2180.3
2257.6
2239.7
2179.5
2297.6
2292.1
2228.9
2422.9
2368.5
2565.0
2342.7
2279.5

0.06
1.67
0.24
0.68
< 0.05
0.06
0.19
0.48
0.05
< 0.05
0.05
0.06
0.05
< 0.05
0.14
0.11

< 0.05
< 0.05
0.57
0.21
2.63
< 0.05
0.05
< 0.05
0.07
0.06
< 0.05
< 0.05
< 0.05
< 0.05
0.07
0.11

< 0.05
0.27
0.20
0.70
1.50
1.05
1.14
0.71
2.28
0.24
0.64
0.88
< 0.05
< 0.05
0.61
< 0.05

2.08
3.53
8.90
2.88
2.13
6.02
9.88
5.68
2.48
4.08
10.70
11.90
2.14
7.86
9.78
12.00

1876.9
1975.7
2173.7
2187.0
1964.2
2061.7
2253.7
2131.2
1975.1
2002.0
2341.0
2763.6
1976.6
2047.1
2704.4
3984.2

2164.5
2254.0
2278.9
2302.9
2172.0
2331.2
2380.2
2306.8
2297.6
2266.4
2391.2
2669.0
2368.5
2378.3
2677.6
3885.3

Anniversary
April
SSW
1.27
12.70
27.31
June
SSW
1.27
12.70
27.31
July
SSW
1.27
12.70
27.31
August SSW
1.27
12.70
27.31

0.08
0.06
0.07
0.06
< 0.05
0.16
< 0.05
< 0.05
0.06
0.08
< 0.05
< 0.05
0.05
0.09
0.86
2.46

< 0.05
< 0.05
0.35
0.45
2.63
0.08
0.25
0.19
< 0.05
< 0.05
0.14
0.20
0.06
0.12
0.05
0.07

< 0.05
0.06
15.44
7.50
1.50
1.35
0.74
1.74
< 0.05
0.97
1.60
1.20
< 0.05
0.96
3.39
0.71

2.00
4.54
19.21
14.97
2.13
3.64
7.56
7.80
2.46
4.09
12.20
8.80
2.07
5.51
8.43
4.23

1876.9
1958.2
2205.0
2190.0
1956.4
2032.8
2008.7
2389.2
1975.4
2002.5
2158.0
2307.1
1998.4
2042.0
2078.8
2731.3

2249.0
2264.5
2351.1
2321.8
2172.0
2314.8
2198.1
2519.9
2304.1
2248.0
2331.9
2382.4
2367.8
2234.7
2302.3
2334.6

0.08
0.06
< 0.05
0.05
< 0.05
0.06
0.09
0.94
0.06
0.09
0.06
< 0.05
0.05
0.05
0.73
0.07

< 0.05 < 0.05
0.20
0.10
0.12
0.31
< 0.05
7.84
2.63
1.50
0.06
1.17
0.13
0.77
0.08
1.58
< 0.05 < 0.05
< 0.05
0.23
0.06
1.01
0.05
1.61
0.06 < 0.05
0.06
3.97
0.08
2.12
0.05
0.58

2.00
3.38
30.93
9.20
2.13
3.85
7.20
7.21
2.46
3.29
10.70
8.50
2.07
14.60
13.90
15.90

1876.9
2675.3
2741.8
2389.1
1956.4
2121.1
2441.9
2246.5
1975.4
1992.2
2182.0
2187.2
1998.4
2441.2
3459.4
2027.9

2249.0
3040.1
2910.3
2526.8
2172.0
2413.8
2556.7
2347.0
2382.4
2302.3
2242.5
2270.3
2367.8
2660.4
3480.9
2076.7

June

July

August

The NH4+ concentrations in the sand halos (1.61,
< 0.05 to 19.64 µM) were significantly greater (p =
0.004) than those in the seagrass beds (0.71 µM;
< 0.05 to 7.84 µM) (Table 2). The NH4+ flux rates from
the sand halo sediments at Alinas Reef were greater
than those from the seagrass bed, while the reverse
was generally shown for Anniversary Reef (Table 3).
There were relatively low NH4+ demands in the sand
halo sediments during the June sampling event at
both reefs and in the seagrass beds at Alinas Reef
during June and July.
Pore water SiO2 concentrations were also enriched
relative to those in the sediment surface waters, al-

though there were no significant differences between
sand halos (9.20, 3.64 to 40.20 µM) and seagrass beds
(8.70, 2.88 to 30.93 µM) (Table 2). The greatest concentrations of SiO2 in the pore waters at both reefs
were recorded during the August sampling event
and were similar between reefs and bottom types
(Table 2). The SiO2 flux rates at both reefs and bottom
types were similar in magnitude for each sampling
event, with April having the overall highest flux rates
(Table 3). The exception to this trend was from the
sand halo at Alinas Reef in August, when the flux rate
was 82.96 µM m−2 d−1, ~80-fold greater than the other
flux rates for the same sampling event (Table 3).
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The DIC concentrations in pore waters from the
sand halos (2150.0, 1958.2 to 2894.0 µM) and seagrass
beds (2216.9, 1975.7 to 3984.2 µM) were similar and
increased slightly with temperature (Table 2). There
was no trend in the DIC flux rates from either reef or
bottom type (Table 3). The DIC flux rates during the
August sampling event were collectively the highest
of the study period, with the rate from the sand halo
at Alinas Reef being 25- to 80-fold greater than the
other DIC flux rates from this bottom type (Table 3).
The TA concentrations in the pore waters at both
reefs and bottom types followed a trend similar to the
DIC data, with increasing concentrations in the lower
depths as the study progressed (Table 2). The TA
concentrations in the seagrass beds (2379.3, 2076.7 to
3885.3 µM) were significantly greater (p = 0.015)
than those in the sand halos (2297.2, 2179.5 to
2565.0 µM). As with the DIC flux data, there was no
consistent trend in TA flux rates between reefs or
bottom types, with the highest flux rate occurring
during the first sampling event in April (Table 3).
Unlike the DIC data, however, there was no TA flux
from the sand halo at Anniversary Reef or the seagrass bed at Alinas Reef during the August and July
sampling events, respectively (Table 3).

Aragonite saturation
Measured pH, DIC and alkalinity data were used
to calculate the Ωaragonite of the sediment surface- and
pore-water samples collected at both reef sites. The
average Ωaragonite for calcification processes in tropi-
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cal waters varies between 3.0 and 4.0, with values
below 1.0 representing undersaturated conditions
where aragonite dissolution occurs (Kleypas et al.
1999). Collectively, 77.1% of the pore water samples
collected (n = 48; Table 4) at both reefs were below
the average Ωaragonite range for calcification in tropical
waters (Fig. 2).
The Ωaragonite values for the sediment surface waters
at Alinas (median 3.45, range 2.40 to 4.46) and Anniversary (4.17, 2.48 to 4.60) reefs were relatively consistent between sample sites and bottom types per
sampling event (Table 4). The pore water Ωaragonite
values in the seagrass bed at Alinas Reef (1.73, 0.62
to 3.83) and both bottom types at Anniversary Reef
(sand halo: 2.23, 0.18 to 3.50; seagrass bed: 1.86, 1.04
to 4.78) showed similar decreasing trends with
increasing depth as the study progressed (Fig. 2,
Table 4). The Ωaragonite values from the sand halo at
Alinas Reef (1.84; 0.25 to 3.19) decreased relative to
the surface water values but did not decrease with
time and depth as at the other 3 sites (Fig. 2, Table 4).
The pooled Ωaragonite values for pore waters from both
bottom types were similar to those of the respective
sediment surface water values for the April and June
sampling events. During the July sampling event,
only the pore water Ωaragonite values from the seagrass
beds were significantly different from those of the
sediment surface waters, whereas both bottom types
were significantly different from the sediment surface water values for the August samples. There
were no significant differences between the Ωaragonite
values for the sand halo and seagrass bed pore
waters throughout the project.

Table 3. Nutrient, dissolved inorganic carbon (DIC) and total alkalinity (TA) flux rates (mM m−2 d−1) in the sediments of 2 bottom types (sand halos and seagrass beds) at Alinas and Anniversary reefs, Biscayne National Park. Diffusion coefficients
(m2 d−1) are as follows: NH4+, 8.85 × 10−5; NOx–, 6.65 × 10−5; PO43–, 2.97 × 10−5; SiO2, 5.89 × 10−5; DIC, 1.34 × 10−5; TA, 1.34 × 10−5.
Porosity assumed to be, on average, 0.47
Month and reef

April
Alinas
Anniversary
June
Alinas
Anniversary
July
Alinas
Anniversary
August
Alinas
Anniversary

ΣNOx–
Sand Seagrass

0.088
3.94
−0.002 −0.006

PO43–
Sand Seagrass

NH4+
SiO2
DIC
TA
Sand Seagrass Sand Seagrass Sand Seagrass Sand Seagrass

0.089
0.021

0.057
0.165

6.42
5.04

0.099
2.55

0.044
0.028

0.049
0.278

−0.266
−0.280

−0.132
−0.282

−0.148 −0.120
−0.248 0.723

0.004
0.066

0.001
0.088

0.012
0.008

−0.001
0.001

2.17 −0.213
0.508 5.10

0.012
0.276

0.022
0.166

0.004
0.068

0.003
0.002

3.22
1.09

0.184
12.84

7.47
3.75

1.49
6.31

7.31
16.62

15.03
43.80

3.36
5.80
5.17 400.10

1.63
0.575

1.69
0.515

9.62
10.20

14.66
10.20

3.01
8.20

1.95
2.12

0.955
1.80

5.94
7.81

18.58
4.99

82.96
1.39

1.00
1.40

464.54
17.26

10.54
19.48

32.00
8.75
1.84 −40.56

47.30 99.51
73.99 −67.36

35.73
56.40
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Table 4. Aragonite saturation states (Ωaragonite) in the sediment
surface (SSW) and pore water (3 sediment depths) of 2 bottom
types (sand halos and seagrass beds) at Alinas and Anniversary
reefs, Biscayne National Park
Depth
(cm)

April

Ωaragonite
June
July

SSW
1.27
12.70
27.31
SSW
1.27
12.70
27.31

3.23
3.19
1.54
1.68
3.23
3.19
1.54
1.68

2.49
2.57
1.37
1.60
2.40
3.13
1.78
2.19

3.67
3.08
1.85
2.45
3.67
3.06
1.19
0.62

4.46
0.25
2.19
1.82
4.46
3.83
0.87
1.05

Anniversary
Sand
SSW
1.27
12.70
27.31
Seagrass
SSW
1.27
12.70
27.31

4.17
3.50
1.94
1.78
4.17
4.78
2.41
1.95

2.48
3.25
2.26
1.88
2.48
3.41
1.76
1.54

3.73
2.86
2.20
1.37
4.60
3.54
1.20
1.38

4.23
2.35
2.69
0.18
4.23
2.83
1.49
1.04

Reef and
site
Alinas
Sand

Seagrass

August

DISCUSSION
Coastal marine systems receive ~20 terramoles C
yr−1 from the overlying air, ~80 terramoles C yr−1 from
terrestrial sources, and retain ~40% of that total carbon loading in the sediment systems of these relatively shallow coastal zones (Andersson et al. 2005,
2011, Solomon et al. 2007). The retention and mineralization of organic and inorganic carbon and nutrients are especially enhanced in permeable carbonate
sands and seagrass beds like those described in this
study (Falter & Sansone 2000, Wild et al. 2004, Unsworth et al. 2012). Mineralization rates are directly
influenced by transport processes between the pore
waters and overlying surface waters (Huettel et al.
2003, King et al. 2009, Santos et al. 2012). These
transport processes are responsible for both the
delivery of dissolved and particulate organic and
inorganic carbon and dissolved oxygen into the sediments and the vertical and horizontal transport of
dissolved organic matter released from seagrass
roots and rhizomes (Holmer et al. 2001). The mineralization and cycling of carbon substrates and nutrients
are driven by microbial communities associated with
the surfaces of the sediment particles and seagrass
rhizomes and suspended in the pore waters.
Microbial communities in shallow marine sediment
systems can drive the development of relatively steep
gradients in pore water geochemistry profiles (Huet-

tel et al. 1998, Precht et al. 2004). Characterizations of
these microbial communities have shown them to
possess diverse physiological capabilities, including
photosynthesis, aerobic and anaerobic heterotrophy,
fermentation and chemolithotrophy (Sander & Kalff
1993, Sorensen et al. 2007, Rusch et al. 2009,
Schöttner et al. 2011, Gobet et al. 2012). Studies of microbial activities in marine sediments commonly follow dissolved oxygen concentrations as a metric for
predicting biogeochemical processes. Our decision to
use ORP instead of dissolved oxygen was based on
the fundamental principle that activities of biogeochemical pathways in microbial communities are constrained by the respective redox environments within
those communities (Walter & Burton 1990, Van
Cappellen & Gaillard 1996, Thullner et al. 2005). The
relative changes in ORP values in surface waters and
vertically within the pore waters can be used as a
generally applied metric for assessing the likelihood
of oxygenic (> 25 mV), nitrogen cycling and anaerobic
ammonium oxidation (50 to −50 mV), fermentative
(−100 to −225 mV), sulfate-reducing (−50 to −250 mV),
acetogenic and methanogenic (−175 to −400 mV) microbial processes occurring in the sediments (Stumm
& Morgan 1981b). Therefore, knowing if fermentative
and anaerobic biogeochemical processes are likely to
proceed in marine sediments, as shown in this study
(Table 1), was important, as these processes commonly
produce bicarbonate (HCO–3), CO2, organic acids and
protons, all of which influence TA, DIC and pH and,
thereby, Ωaragonite in the pore waters (Stumm &
Morgan 1981a, Burdige 2006a, Hu & Burdige 2007,
Soetaert et al. 2007, Walter et al. 2007, Hofmann et al.
2009).
TA and DIC concentrations are generally assumed
to covary at a 1:1 ratio in carbonate sediment pore
water and the overlying sediment surface water, in
the tropics (Burdige & Zimmerman 2002, Hu & Burdige 2007, Burdige et al. 2008). In this study, the
TA:DIC ratio (i.e. the inverse of the slopes of the regression lines) for the sediment surface water (1:0.9)
approximates 1:1; however, the pore water ratio
(1:1.3) indicates a relatively greater net production
of DIC than TA, with generally higher concentrations
of both variables occurring in the seagrass bed
sediments (Fig. 3). The distribution of TA:DIC ratios
along the regression line in Fig. 3 shows generally
greater concentrations of the 2 variables in seagrass
beds than in sand halos, although 15 of the 24
(62.5%) data points from the seagrass beds were similar to those from the sand halos. Plotting the data
from Fig. 3 by sampling date and depth of the pore
water sample shows that the groupings of TA:DIC
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Fig. 2. Aragonite saturation states (Ωaragonite) of sediment surface and pore waters in the Alinas Reef (a) sand halos and (b) seagrass beds and Anniversary Reef (c) sand halo and (d) seagrass bed for sample dates in April (d), June (s), July (z) and August
(n). The vertical line at Ωaragonite = 1.0 and the range from 3.0 to 4.0 (grey) represents the point of undersaturation and consensus surface water range in tropical waters, respectively (Kleypas et al. 1999)

ratios generally decrease and disperse relative to the
date of the sampling event (i.e. increasing temperature) and sample depth (Fig. 4). When assessed in the
context of decreasing ORP and pH values with depth
(Table 2), the higher DIC concentrations indicate that
aerobic, fermentative and anaerobic microbial activities in the sediments are producing excess DIC.
Although there were no consistent trends in the relationships between the geochemical variables and
nutrient, DIC and TA data, the vertical pore water
data (Table 2) do show active nitrogen cycling (i.e.
ΣNOx– and NH4+) and the release and/or production
of PO43– and SiO2 due to decreased pH or mineralization of organic matter, respectively, at one or more
depths in both bottom types throughout the sampling
period (Canfield et al. 2005a,b,c).
The lack of significant correlations between these
data is attributed to the variability on vertical and
temporal scales and, most likely, the quality and
quantity of organic matter in the surface and pore
waters, which has been shown to dramatically influ-

ence microbial mineralization processes and their
by-products (e.g. protons, DIC, TA, reduced forms of
nutrients) (Paulmier et al. 2009). For example, the
seemingly random occurrence of elevated ΣNOx– flux
rates in the seagrass beds in April (Alinas Reef) and
June (Anniversary Reef) (Table 3) are most likely
responses to episodic input of seagrass detritus
and/or post-bloom phytoplankton biomass, which
have been shown to increase nutrient fluxes from
sediments in general and ΣNOx– specifically (Jensen
et al. 1990, Capone et al. 1992, Charpy-Roubaud et
al. 1996, McGlathery et al. 2001, Hu & Burdige 2007).
Additionally, recent studies have shown that anaerobic mineralization of organic matter, especially nitrogen cycling, not only depresses pH values (Soetaert
et al. 2007, Paulmier et al. 2009, Hofmann et al. 2010)
but also produces concentrations of DIC (i.e. pCO2)
that can far exceed the concomitant production of TA
(Hu & Cai 2011a,b).
The decreasing pH and increasing DIC concentrations in the pore waters contribute to a reduced
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Fig. 3. Relationship between dissolved inorganic carbon
(DIC) and total alkalinity (TA) in the sediment surface (×,
SSW) and pore waters (PW) at Alinas Reef (d, sand halo; z,
seagrass) and Anniversary Reef (s, sand halo; n, seagrass).
The lines represent the best-fit linear regression, derived
from the equations

Fig. 4. Total alkalinity:dissolved inorganic carbon (TA:DIC)
ratios in the sediment surface water (SSW) and the 3 pore
water depths at Alinas Reef (d, sand halo; z, seagrass) and
Anniversary Reef (s, sand halo; n, seagrass) for each
sampling event

Ωaragonite, promoting the dissolution of the carbonate
sediments. Carbonate dissolution and precipitation
are dynamic processes in sediment diagenesis
(Berner 1980, Burdige 2006b) and are enhanced in
coastal sediments at tropical latitudes, especially in
those that support seagrasses (Burdige & Zimmerman 2002, Hu & Burdige 2007). The general explanation for dissolution in these types of carbonate sediments is the aerobic microbial mineralization and
remineralization of organic and inorganic carbon and
sulfate reduction within the sediments (Walter & Burton 1990, Burdige & Zimmerman 2002, Hu & Burdige
2007, Walter et al. 2007, Burdige et al. 2008).

Although these cited studies acknowledge that an
anaerobic process that proceeds under reduced conditions (i.e. sulfate reduction) occurs and is the major
carbon cycling process in marine sediments, there is
an implicit assumption that coastal pore waters are
also generally aerobic and oxidized. The assumption
of oxidized pore water and sulfate cycling may be
uniformly applied to the reef systems of those studies, but it does not generally apply to the pore waters
sampled during this study, as shown by the ORP and
supported by the nutrient data (Tables 1 & 2). Collectively, these data indicate that a consortium of aerobic, fermentative and anaerobic microbial processes,
including sulfate reduction, is establishing steep geochemical gradients in the pore water.
Regarding Ωaragonite, only 22.9% of the pore water
samples (n = 48) fall within the current range
(Ωaragonite = 3.0 to 4.0) for tropical waters (Kleypas
et al. 1999), 12.5% are in an undersaturated state
(Ωaragonite <1.0) and 77.1% fall between these limits.
Although the carbonate sediments in contact with
the undersaturated pore water would be predicted to
dissolve, it is less clear how Ωaragonite values between
1.0 and 3.0 influence carbonate dissolution or precipitation. Burdige & Zimmerman (2002) used salinitynormalized changes in pore water DIC (ΔDIC) and
TA (ΔTA), relative to the values in the overlying surface waters, to detect the occurrence of carbonate
dissolution. Assuming carbonate dissolution to be the
main process through which inorganic carbon is
released into the pore water, the slope of a best-fit
regression line through the ΔTA and ΔDIC should be
2.0. Fig. 5 shows the linear regression plot of the ΔTA
and ΔDIC pore water data, from which a slope of
0.739 is derived, indicating an excess production of
DIC relative to TA. A ΔTA:ΔDIC relationship less
than 2.0 has been attributed to a combination of
carbonate dissolution and aerobic and anaerobic
mineralization of organic matter that results in the
production of CO2, thereby increasing the DIC concentration without increasing TA (Brasse et al. 1999,
Burdige & Zimmerman 2002, Hu & Burdige 2007, Hu
& Cai 2011a).
The pore water geochemical and nutrient gradients promote the flux of pore water constituents into
the overlying surface waters (Table 3). The positive
flux rate data for the nutrients (Table 3) were used to
calculate N:P and N:Si molar ratios at the sediment –
water interface. This interface is considered a benthic boundary layer in which molecular diffusion is
the dominant transport process (Jorgensen 2001).
The C:N:P molar ratio of 106:16:1 for plankton and
algae (Redfield 1958, Geider & La Roche 2002,
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Fig. 5. Relationship between the salinity-normalized changes in pore water dissolved inorganic carbon (ΔDIC) and total alkalinity (ΔTA) at Alinas Reef (d, sand halo; z, seagrass)
and Anniversary Reef (s, sand halo; n, seagrass). The line
represents the best-fit linear regression, derived from the
equation
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tom types did not approach the 15:1 ratio, except for
a single sampling event in August in the seagrass
bed at Anniversary Reef (Table 5). The higher Si flux
rates from both bottom types can be attributed to the
dissolution of biogenic silica (e.g. diatoms) in the
sediments. This process has been shown to be enhanced by increasing temperatures and/or decreasing pH at the levels recorded during this study (Canfield et al. 2005c).
The DIC and TA flux data (Table 3) were used to
recalculate the Ωaragonite values in the benthic boundary layer. When compared to the surface water
Ωaragonite in Table 4, 75.0% (n = 16) of the pore water
values decreased between 0.03 and 0.88 units
(Table 6). The August Ωaragonite from the sand halo at
Alinas Reef was the exception, being reduced by 3.36
units and making the water in the benthic boundary
layer undersaturated, promoting carbonate dissolution. The remainder of the recalculated Ωaragonite values increased by 0.04 to 0.31 units, except for the
April sampling event at the Anniversary Reef seagrass bed, where the benthic boundary layer value
increased by 3.88 units, making the water supersaturated (Table 6). These changes in Ωaragonite within the
benthic boundary layer will have an influence on calcifying organisms, as a significant positive correlation has been shown between saturation state and
calcification rates, although this relationship is not
always linear (Gattuso et al. 1998, Kleypas et al.
1999, Silverman et al. 2007, Fabry et al. 2008, Kleypas & Yates 2009, Andersson et al. 2011, Comeau et
al. 2012). Although these Ωaragonite values are not
≤1.0, the threshold for carbonate dissolution, a reduc-

Weber & Deutsch 2010) and the C:N:Si:P ratio of
106:16:15:1 for diatoms (Brzezinski 1985) were used
as average elemental concentration requirements for
optimal metabolic activities in the sediment surface
water and pore water flux into the benthic boundary
layer (Table 5). The sediment surface water N:P
(range: 1.4 to 3.4) and N:Si (range: 0.045 to 1.539)
ratios were significantly below the optimal ratios of
16:1 and 15:1, respectively, indicating a general
nitrogen limitation for plankton, algae and diatoms.
The only exception was the July sampling event at
Alinas Reef, where the N:P ratio (i.e.
74.8) indicated a nitrogen concentration that was ~5-fold greater than the
Table 5. Stoichiometric nutrient ratios at the sediment –water interface at Alinas and Anniversary reefs, Biscayne National Park. NA = ratio not applicable,
optimal stoichiometric ratio (Table 5).
as one or both of the nutrients were not fluxed from the sediments; SSW =
However, the N:P ratios at the benthic
sediment surface water
boundary layer in the sand halos and
seagrass beds ranged from a fewfold
Month and
N:P ratio
N:Si ratio
to orders of magnitude greater than
reef
SW
Sand
Seagrass
SW
Sand Seagrass
the optimal ratio of 16:1, with generally greater ratios associated with the
April
Alinas
3.3
172.9
51.8
0.055 1.433
1.394
seagrass beds, although this associaAnniversary
3.4
581.4
36.8
0.060 2.233
0.673
tion was not consistent over the study
June
period (Table 5). These elevated N:P
Alinas
1.4
1.2
1.9
1.182
NA
NA
ratios are due to the relatively high
Anniversary
1.4
2.0
NA
1.182
NA
2.594
total nitrogen (predominantly from
July
Alinas
74.8
426.0
428.9
1.539 1.849
NA
NH4+) concentrations from microbial
3–
Anniversary
3.2
159.2
10688.1
0.045
0.412
4.740
activities and very low PO4 concenAugust
trations in the pore waters. On the
Alinas
3.1 1923.9
149.8
0.050 0.065
0.316
other hand, the N:Si ratios in the benAnniversary
2.5
41.3
12573.1
0.052 1.408
15.278
thic boundary layer above both bot-
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Table 6. Recalculated aragonite saturation states (Ωaragonite) in sediment surface waters affected by dissolved inorganic carbon and total alkalinity fluxes
at Alinas and Anniversary reefs, Biscayne National Park. Values in parentheses are differences from surface water Ωaragonite values in Table 4
Reef and site
Alinas
Sand
Seagrass
Anniversary
Sand
Seagrass

April

June

July

3.08 (−0.15)
3.03 (−0.20)

2.38 (−0.11)
2.32 (−0.08)

3.98 (+ 0.31)
3.60 (−0.07)

3.90 (−0.27)
8.05 (+ 3.88)

2.41 (−0.07)
2.52 (+ 0.04)

3.70 (−0.03)
4.68 (+ 0.08)

tion in calcification rates, would still occur, leading to
weaker skeletons, reductions in extension rates and
increased susceptibility to erosion and bioerosion
(Kleypas et al. 1999).

CONCLUSIONS
Our data indicate that carbonate sediments associated with coral reefs, whether they are sand halos
or seagrass beds, contribute concentrations of nutrients that are orders of magnitude greater than those
in the overlying water, via pore water fluxes to the
benthic boundary layer. The microbial processes
that drive the establishment of these nutrient gradients also promote an increase in DIC and TA
concentrations in the pore water while lowering pH,
establishing a zone of aragonite undersaturation in
the benthic boundary layer. The prevalence and
rates of these aerobic and anaerobic microbial processes are dependent on the quality and quantity of
carbon that is either generated within the pore
water compartment and/or transported into the sediments from the overlying water (Canfield et al.
2005d). It is likely that the variability within and
between the concentrations and flux rates of the
nutrients and carbonate chemistry constituents in
the sand halos and seagrass beds led to variations in
the quality and quantity of the particulate organic
carbon (POC) (e.g. seagrass detritus, phytoplankton
biomass) and/or dissolved organic carbon (DOC)
(e.g. seagrass root exudates, mineralization of phytoplankton biomass following bloom collapse) that
entered the sediments.
The stoichiometric ratios of nitrogen, phosphorus
and silica in the benthic boundary layer show that
this zone can promote the establishment and growth
of attached autotrophic organisms (e.g. algae, diatoms). In fact, the calculated N:P ratios in this study
were sufficient to support the growth and establish-

ment of heterotrophic bacterial communities (C:N:P = 400:62:1) (Grob et
al. 2013, Steenbergh et al. 2013).
Additionally, the flux of DIC and
TA into the benthic boundary layer
August
resulted in a systematic decrease of
Ωaragonite . This level of decrease in sat1.10 (−3.36)
uration state has been proposed as
4.42 (−0.04)
having a negative effect on the calcification and settlement, survival and
3.35 (−0.88)
development of a wide range of larval
3.90 (−0.33)
and mature calcifying organisms
(Fabry et al. 2008, Albright 2011,
Andersson et al. 2011, Anlauf et al. 2011, Anthony et
al. 2011, Arnold & Steneck 2011, Ross et al. 2011,
Doropoulos et al. 2012, Waldbusser & Salisbury
2014).
Collectively, the data from this study suggest that
the sand halo and seagrass sediment systems that
surround a coral reef should enhance the autotrophic
and heterotrophic productivity while depressing the
carbonate chemistry saturation state of the sediment
surface water. However, this has not been observed
in coral reef ecosystems to date. The absence of this
ecosystem-level effect has been attributed to the TA
flux not being adequate to buffer pH changes or carbonate saturation state (Andersson et al. 2003) and
DIC fixation by seagrasses (e.g. Manzello et al. 2012,
Unsworth et al. 2012). We propose that nutrient and
saturation state conditions in the benthic boundary
layer are missed because of sampling depth (i.e.
meters vs. centimeters above the sediment surface);
differences between the benthic boundary layer and
overlying water column volumes; and the photoautotrophic, autotrophic and heterotrophic demand for
the nutrients, DIC and TA in the overlying water.
As global climate change is predicted to increase
POC and DOC in coastal waters (Riebesell & Tortell
2011) and thereby in the sediments, the rates and
durations of the biogeochemical processes we have
described would also be predicted to increase. The
increased flux of nutrients and depressed Ωaragonite
could have a dual effect of promoting the establishment and persistence of benthic algal and microbial
communities while inhibiting the settlement and
development of calcifying coral larvae and other calcifying benthic organisms. Although changes in the
structure and diversity in benthic communities may
be incremental, the responses at the species level
will become amplified over successive generations
and drive major shifts in the benthos that could significantly influence the productivity of adjacent coral
reefs (Doney et al. 2009, Krumins et al. 2013).
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