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Abstract

A majority of the global net primary production of mangroves is unaccounted for by current carbon budgets.
It has been hypothesized that this “missing carbon’ is exported as dissolved inorganic carbon (DIC) from
subsurface respiration and groundwater (or pore-water) exchange driven by tidal pumping. We tested this
hypothesis by measuring concentrations and 6!3C values of DIC, dissolved organic carbon (DOC), and
particulate organic carbon (POC), along with radon (222Rn, a natural submarine groundwater discharge tracer),
in a tidal creek in Moreton Bay, Australia. Concentrations and 6!3C values displayed consistent tidal variations,
and mirrored the trend in 222Rn in summer and winter. DIC and DOC were exported from, and POC was
imported to, the mangroves during all tidal cycles. The exported DOC had a similar §13C value in summer and

winter (~ —30%o). The exported §13C-DIC showed no difference between summer and winter and had a 613C
value slightly more enriched (~ —22.5%0) than the exported DOC. The imported POC had differing values in
summer (~ —16%o) and winter (~ —22%o), reflecting a combination of seagrass and estuarine particulate organic

matter (POM) in summer and most likely a dominance of estuarine POM in winter. A coupled 222Rn and carbon
model showed that 93-99% of the DIC and 89-92% of the DOC exports were driven by groundwater advection.
DIC export averaged 3 g C m—2 d—! and was an order of magnitude higher than DOC export, and similar to

global estimates of the mangrove missing carbon (i.e., ~ 1.9-2.7 g C m—2 d—1!).

The link between terrestrial and marine carbon cycles is
an important yet poorly constrained component of the
global carbon cycle. Most models of the global carbon
cycle only include three reservoirs (terrestrial, marine, and
atmosphere) with the link between terrestrial and marine
components defined as an “unreactive pipe” (Cole et al.
2007). This unreactive pipe is defined as the flow of
terrestrial-derived organic matter via surface waters (i.e.,
rivers) to the ocean. However, studies suggest that
significant transformations of the organic matter pool
occur during transport (Peterson et al. 1994; Maher and
Eyre 2010), and that there is a substantial, yet poorly
constrained, flow of terrestrial carbon through subsurface
pathways (Cai et al. 2003; Santos et al. 2009). In addition,
our understanding of the transport and transformation of
carbon as it transits from terrestrial to oceanic biomes
suffers from a lack of data from a variety of ecosystems and
latitudes, including mangroves (Bouillon et al. 2008;
Kristensen et al. 2008a; Alongi 2009).

Mangroves are a dominant habitat in tropical and
subtropical coastal areas, and exert a strong control over
carbon cycling at a local, regional, and global scale.
Mangroves contribute up to ~ 10% of the global
terrestrially derived particulate organic carbon (POC;
Jennerjahn and Ittekkot 2002) and dissolved organic
carbon (DOC; Dittmar et al. 2006) exported to the coastal
zone. Further, mangrove forests are among the most
carbon-rich tropical forests, with a majority of the carbon
belowground (Donato et al. 2011). In spite of the clear
importance of these ecosystems in terms of the global
carbon cycle, more than half of the carbon fixed by
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mangroves (112-160 Tg C yr—1) is unaccounted for by
estimates of the various carbon sinks (Bouillon et al. 2008;
Alongi 2009). This may represent a large global flux of
carbon equivalent to ~ 12-17% of the “missing anthropo-
genic carbon sink.” Bouillon et al. (2008) suggested that
mineralization rates may be significantly underestimated
because of the methods used (e.g., diffusive core incuba-
tions) and much of the missing carbon may be exported as
dissolved inorganic carbon (DIC) through tidal exchange
and/or directly lost to the atmosphere as CO, gas. Indeed,
mineralization rates based on diffusive fluxes across the
sediment-water interface may significantly underestimate
depth integrated rates in mangroves (Alongi et al. 2012),
and much of the DIC produced may be exported
via subsurface advective exchange associated with tidal
pumping.

Evidence that advective transport of groundwater (or
pore water) enriched in DIC and DOC may be a dominant
pathway for carbon export from mangroves has been
shown by several studies. For example, Bouillon et al.
(2007D) estimated that pore water contributed between 19%
and 87% of a Tanzanian mangrove creek’s volume at low
tide based on DOC, salinity, and dissolved oxygen
concentrations. Koné and Borges (2008) concluded that
pore-water DIC, derived from anaerobic organic matter
degradation through the sulfate reduction pathway, was a
significant contributor to the total DIC pool based on
alkalinity and DIC stoichiometry. Dittmar and Lara (2001)
suggested that pore-water flow is probably a major driver
of nutrients and DOC in a Brazilian mangrove tidal creek.
However, direct measurements quantifying the groundwa-
ter-derived DIC export from mangroves have not been
reported. Further, there are few quantitative measurements
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of DIC export from mangroves (Miyajima et al. 2009), and
to our knowledge, no studies have compared the relative
contribution of DIC, DOC, and POC to total carbon
exchange from mangrove systems.

Groundwater inputs to receiving waterways have tradi-
tionally been difficult to quantify, especially in heteroge-
neous coastal sediments (Burnett et al. 2006). Radon
(222Rn) is an excellent natural groundwater tracer because
of its conservative nature and the high concentrations in
groundwater relative to surface water. 222Rn has been used
successfully to trace groundwater inputs in lakes (Schmidt
et al. 2010), rivers (Cook et al. 2006), estuaries (Charette
and Buesseler 2004; Santos et al. 2012a), coral reefs
(Cardenas et al. 2010), and the coastal ocean (Burnett et
al. 2006). The large range of systems where 222Rn has been
used to trace groundwater highlights the utility of this
tracer. Recent technological advances (i.e., automation)
have led to an increased use of 222Rn as a groundwater
tracer (Burnett et al. 2010). Qualitative 222Rn surveys along
coastal areas of the Great Barrier Reef surrounded by
mangrove forests have indicated that mangroves may be
regional hotspots (Stieglitz et al. 2010), but groundwater
exchange rates have not been quantified.

We hypothesized that DIC makes a significant contri-
bution to the total carbon export from mangrove
ecosystems, and that this export is driven by DIC sourced
from groundwater exchanged by advective tidal pumping
rather than diffusive flux. We have tested these hypotheses
by performing time series measurements of 222Rn and key
carbon chemistry parameters in a tidal creek with no
upstream freshwater inputs. Tidal pumping is related to
seawater infiltration into beach and bank sediments at
high tide and pore-water discharge at low tide (Robinson
et al. 2007). Previous modeling investigations have
advanced our understanding of tidal pumping in coastal
mangrove wetlands (Mazda and Tkeda 2006; Yuan et al.
2011) but a quantitative link between tidal pumping in
mangrove sediments and carbon cycling has not yet been
established.

Methods

Study area—The study was conducted in a small, well-
defined mangrove creek with no upstream freshwater input,
located in the subtropical southern Moreton Bay, on the
east coast of Australia (Fig. 1). The same creek was used
previously for nitrogen and phosphorus exports in Eyre et
al. (2011a). The tidal regime is semidiurnal with neap tide
and spring tide ranges of ~ 1 and 2 m, respectively. The
dominant mangrove species are Avicennia marina, Aegi-
ceras corniculatum, Bruguiera gymnorrhiza, and Rhizophora
stylosa, with smaller isolated populations of Ceriops
australis, Excoecaria agallocha, and Lumnitzera racemosa.
Crab burrows are the predominant feature of the sedi-
ments, and the fiddler crabs species that are dominant in
the area (Uca vocans and Uca bellator minima; Meziane et
al. 2006) are known to create new burrows after each tidal
cycle (Lim 2006). Sampling campaigns were conducted in
winter (July 2011) and summer (January 2012) during
spring tides (maximum tidal amplitude ~ 2 m).

Time series—Samples for pH and DIC, DOC, and POC
concentration and stable isotope ratios were collected from
near the mouth of the creek from a depth of ~ 10 cm
(27°46'48.9"S, 153°22'51.1"E; Fig. 1) every hour over a 27
and 30 h time series in winter and summer, respectively.
Samples for DIC and DOC were collected with a sample-
rinsed polypropylene syringe and filtered through What-
man GF/F filters into acid-rinsed precombusted (450°C for
4 h) 40 mL volatile organic carbon (VOC) borosilicate vials
containing 100 uL of saturated HgCl, solution, leaving no
headspace or bubbles. In winter, samples for POC were
collected in 1 liter polypropylene bottles and kept at 4°C
until returning to the lab, where they were filtered through
precombusted GF/F filters within 4 days from collection.
During summer, POC samples were immediately filtered
upon collection through precombusted GF/F filters and kept
at —20°C until analysis. Prior to analysis, POC filters were
fumed with concentrated HCI for 24 h, then dried at 60°C for
24 h to remove any inorganic carbon. pH (= 0.005 units) was
determined using a Metrohm 826, and wind speed was
measured hourly at a height of 3 m using a handheld
anemometer. 222Rn was measured using an automated
222R n-in-air analyzer (RAD7, Durridge) and a showerhead
air-water exchanger following Santos et al. (20125).

Groundwater—Groundwater was collected during low
tide along a transect from just above the low tide level to
the high tide level (n = 4 sites) by digging bores to a depth
of ~ 30 cm below the water table. The water in each bore
was purged at least two times, and samples for DIC and
DOC were collected by syringe from near the bottom of the
bore as the water recharged, and treated as described
earlier. 222Rn samples were collected using 250 mL gas
bottles and analyzed with the RAD7’s Rad-H>O system
(Dulaiova et al. 2005).

Diffusive flux—Sediment cores were collected from the
lower (n = 3) and upper (n = 3) intertidal areas within the
mangroves to determine diffusive DIC and DOC fluxes
during summer. Cores were incubated under mean daily in
situ irradiance and temperatures over a diel cycle, in the
laboratory, with samples for DIC and DOC collected at
dusk, dawn, and dusk (for full details on incubation
methodology see Maher and Eyre 2011a). An additional
three ““blank™ cores containing only site water were
incubated to correct for concentration changes associated
with water column processes. Fluxes were calculated using

F=((Cy—C] x V/SAT (1)

where F = flux rate (umol m—2 h—1); C;,; = concentration
of DIC or DOC at the end of the incubation period (umol
C L—1); Cy is the initial DIC or DOC concentration (umol
C L~1); Vis the volume of overlying water (L); SA4 is the
sediment surface area (m2); and T is the incubation time
(h). Dark fluxes are based on concentration change during
the dark period, light fluxes are based on changes during
the light, and net fluxes are based on dark and light fluxes,
accounting for the hours of daylight and nighttime during
each season.
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Fig. 1.

Map of study area, including the DEM of the study creek. Heights are meters AHD.

Groundwater samples were taken adjacent to the sampling station.

End-member isotopes—Samples of the primary producer
end members for the mangrove forest and adjacent estuary
were collected during winter for carbon stable isotope
analysis. In total nine different end members were collected:
estuarine particulate organic matter (POM; used as a proxy
for phytoplankton), fresh A. marina and R. stylosa leaves,
mangrove litterfall (mixed), fresh Sporobolus virginicus
leaves (the dominant saltmarsh species), mangrove fruit
(mixed), pneumatophore-attached macroalgae, Zostera
capricorni leaves (from the adjacent estuary), and benthic
microalgae from within the mangroves. The estuarine POM
samples were collected by filtering ~ 1 liter of estuarine
water collected at high tide through a precombusted GF/F
filter, ensuring no large debris contaminated the sample.
Benthic microalgae samples were collected by scraping the
top I mm of the sediment surface where a visible patch of
microalgae was present, ensuring no large debris was
retained. All other samples were collected by hand, and all
samples were placed into tin foil and frozen prior to
analysis (within 2 weeks). Samples were dried (60°C),
ground to a fine powder using mortar and pestle, and
fumed with concentrated HCI for 24 h, then dried at 60°C
for 24 h to remove any inorganic carbon. Triplicate samples
of each end member were analyzed.

Analysis—DIC and DOC samples were analyzed for
concentration and carbon stable isotope ratios using the
wet-oxidation method (St-Jean 2003) using an OI Aurora
1030W interfaced with a Thermo Delta V+ Isotope Ratio
Mass Spectrometer (IRMS) (Maher and Eyre 20115). POC,
primary producer end-member carbon concentration, and
carbon stable isotope ratios were measured using a Flash
EA coupled to a Thermo Delta V+ IRMS via a continuous
flow interface. All stable carbon isotope ratios were
calculated relative to the international standard (PDB).
Reproducibility of §13C-DIC, -DOC, and -POC measure-
ments was < 0.3%o, <0.5%0, and <0.2%o, respectively. The
coefficients of variation between triplicate measurements
for DIC, DOC, and POC concentrations were < 0.5%,
< 2%, and < 0.2%, respectively.

Modeling—To quantify the relative importance of
subsurface exchange of DIC and DOC in the total carbon
export we used a combined 222Rn, DIC, and DOC mixing
model. 222Rn concentration in the creek was used as a first-
order estimate for volumetric groundwater input using the
following equation (Peterson et al. 2010):

fow = (Rnpm —Rnimp)/Rngy (2)
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where f,, is fraction of groundwater within the creek, Rn,,
is the measured 222Rn concentration in the creek water,
Rnjyp is the 222Rn concentration of the imported water
(i.e., the high tide 222Rn concentration) and Rng,, is the
measured groundwater 222Rn concentration. Rn,, is cor-
rected for the air—water Rn flux using creek volumes and a
mass balance. DIC concentration was then modeled
assuming that groundwater was the sole pathway for DIC
input using the following equation:

DICmodeled = (fgw X DIngv) + [(1 - fgw) X DICimp] (3)

where DIC;;04cieq is the modeled DIC concentration, DIC,,
is the groundwater DIC concentration, and DIC;,, is the
DIC concentration of the imported water (i.e., high tide DIC
concentration). DIC,,, displayed a linear relationship with
height above low tide (see Results), and this relationship was
used to estimate DIC,,, at each hourly interval based on
measured water height. The same model was used to model
groundwater-derived DOC input; however, there was no
significant relationship between height above low tide and
DOC concentration; therefore, we used the average of the
measured groundwater concentrations.

To compare modeled and measured concentrations of
DIC, a correction must be made for the air-water flux of
CO,, as this is not accounted for by the model. The
measured DIC concentration was corrected for the air—
water CO, flux by

DICorrected = [(CO3 fiux X SA)+ (DICy, x Vol)]/Vol (4)

where DIC g rected 18 the corrected DIC concentration, CO,
flux 18 the air water CO, flux (umol C m—2 h—1), SA is the
surface area of the water in the creek, DIC, is the
measured DIC concentration (umol C L—1) and Vol is the
volume of the creek.

The partial pressure of CO, (PCO,) within the creek was
determined by DIC and pH using the CO2SYS program
(Lewis and Wallace 1998) with the carbonic acid disasso-
ciation constants from Millero et al (2006) and the KHSO,4
from Dickson (1990). The air-water CO, flux within the
mangrove creek was estimated at hourly intervals assuming
homogenous PCO, and wind speed within the creek water
and an atmospheric CO, concentration of 38.5 Pa using the
wind speed transfer velocity parameterization of Raymond
and Cole (2001), correcting for the Schmidt number of CO,
at in situ temperature and salinity (Wanninkhof 1992).
Wind speed was measured at a height of 3 m (U3) and was
converted to the speed at 10 m (U;() using the power law
assuming a roughness exponent of 0.143 (Robeson and
Shein 1997). The flux of 222Rn from the creek to the
atmosphere was calculated assuming homogenous concen-
tration and wind speed within the creek, using the wind
speed transfer velocity parameterization of Wanninkhof
(1992) with concentrations corrected for the Schmidt
number of 222Rn at in situ temperature and salinity
(Wanninkhof 1992).

A stable isotope ratio mass balance model was also used
to determine groundwater-derived inputs of DIC and DOC
to the creek water, using the following equation:

8"3C DICmodeted = [(fgw X DICgy x 6"°C-DICyy)
+((1—fgy) X DICimp (5)
x 3" C-DICipp)] /DICp

were 013C-DIC ,04eleq 18 the modeled DIC carbon stable
isotope ratio, 613C-DIC,,, is the groundwater DIC carbon
stable isotope ratio, DIC,, is the measured DIC concen-
tration, and 613C-DIC;y,, is the DIC carbon stable isotope
ratio of the imported water (i.e., the high tide concentra-
tion). DIC,, was corrected for the air-water CO, flux, and
for comparison between modeled and measured 3!3C-DIC
the measured 8'3C-DIC was corrected for the fractionation
of the DIC pool associated with the air-water flux of CO,
using the linear function of ¢4 and temperature described by
Zhang et al. (1995) and the mole fractions of COyq),
HCO;, and CO%f (calculated using CO2SYS). An isotope
mass balance was used to correct for ¢4 associated with the
air—water CO, flux:

0P C-DICeorrected = [(DICcorrected — DICr)
x (0B C-DIC,, —&9))
+(DIC,, x 6°C-DICy,)]
/DICcorrected

where 013C-DIC,orecteq 18 the stable carbon isotope value
of DIC in the creek, corrected for the fractionation of the
DIC pool associated with air-water CO, flux; 613C-DIC,,
is the measured stable carbon isotope value of DIC in the
creek; and &4 is the fractionation factor for DIC because of
the air-water CO, flux at in situ temperature and DIC
molar fractions and a salinity of 35 (Zhang et al. 1995).

Carbon exchange—A digital elevation model (DEM;
10 m grid size, elevation accuracy * 0.2 m) of the
catchment was constructed using data from Airborne Laser
Survey (for areas > 0 m Australian Height Datum [AHD])
and hydrological surveys (for areas < 0 m AHD). The
DEM was used to delineate the catchment boundary using
the ArcMap Hydrology toolbox. Four Van Essen conduc-
tivity, temperature, depth (CTD) divers were deployed
within the channel of the creek, spaced roughly equidis-
tantly from the mouth to the uppermost section that was
still inundated at low tide. A CTD diver was also deployed
within the adjacent estuary. Water volume within the
catchment throughout the study was determined at 10 min
intervals using the DEM and CTD diver data for each
section of the creek and the ArcMap 3D Analyst toolbox,
and from this, hourly water fluxes were derived.

Export and import of individual forms of carbon (DIC,
DOC, and POC) were calculated based on the regression
method of Boto and Wellington (1988), with the exception
that a power relationship, not a linear relationship, between
creek volume and concentration was established. The flux
was calculated as the difference in the integrated area below
the regression for each flood and ebb tide cycle. Where
regressions were not significant (p > 0.05), a one-way
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Table 1.

Composition of intertidal groundwater within the mangrove forest during the study. All samples were taken from ~ 30 cm

below the water table from hand-augured bores along a transect starting at the low tide mark. nd, not determined.

Sediment height DIC concentration o13C-DIC DOC concentration o13C-DOC 222Rn concentration
(m AHD) (umol C L—1) (%o) (umol C L—1) (%o) (Bq m—3)

Summer

Bore 1 1.1 6426 —14.5 235 —24.57 458

Bore 2 1.3 6075 -13.7 261 —24.25 nd

Bore 3 1.4 5092 —-12.8 225 —24.81 943

Bore 4 1.7 4713 -12.3 258 —25.17 705
Winter

Bore 1 0.9 5479 -13.2 234 —23.28 573

Bore 2 1.2 5284 —-12.8 580 —24.04 908

Bore 3 1.4 4340 —11.6 345 —23.40 nd

Bore 4 2.3 3767 -10.0 812 —24.12 833

analysis of variance was carried out to test for significant
difference in concentrations between ebb and flood tide. If
a significant difference was found, the mean concentration
was integrated over the appropriate volume to determine
the flux (Boto and Wellington 1988); if no significant
difference was found it is assumed that the net flux was
not significantly different from zero. A regression method
was also used to quantify the relative magnitude of the
groundwater-derived vs. total DIC and DOC flux. The
difference between the integration of measured and
modeled regressions during ebb tides was defined as the
non-groundwater component of the carbon export.

Results

Groundwater—Groundwater concentrations of DIC
were high, ranging from 3767 to 6426 pumol C L-!
throughout the study, with a trend of increasing concen-
tration with decreasing elevation (Table 1). DOC concen-
trations showed an opposite trend to DIC during winter,
with decreasing concentrations with decreasing elevation,
ranging from 200 to 800 ymol C L—1. DOC concentrations
during summer were similar along the transect, ranging
from 220 to 260 umol C L—1! (Table 1). Groundwater 222Rn
concentrations ranged from ~ 458 to 953 Bq m—3
throughout the study, with no clear seasonal or spatial
trends. 013C-DOC values displayed a small variation
throughout the study, ranging from —25.2%0 to —23.2%o
(Table 1). 013C-DIC values displayed enrichment from low
to high elevation during both summer and winter, with
values ranging from —14.5%o to —10.0%o.

Tidal creek time series—There was a clear tidal trend for
most measured parameters during summer and winter, with
the highest concentrations of DIC, DOC, POC, and 222Rn
occurring at low tide and the lowest concentrations
occurring at high tide (Fig. 2). The concentration range for
each parameter was similar between winter and summer,
with DIC ranging from 2064 to 2800 pumol C L~!, DOC
from 80 to 200 umol C L~!, POC from 30 to 550 yumol C
L-1, and 222Rn from ~ 20 to 242 Bq m—3.

Values of 613C-DIC ranged between —5.5%0 and +2.3%o
in the creek throughout the study and 613C-DOC values

ranged from ~ —24.3%o to —13.1%0 (Fig. 3). The 613C-DIC
and 013C-DOC values showed a clear tidal trend, with
enriched values at high tide and more depleted values
during low tide (Fig. 3). 613C-POC values ranged from
—27.8%0 to —12.8%0 during the study, and there was a
trend of more enriched values just prior to low tide during
summer and no discernible tidal trend during winter

(Fig. 3).

Diffusive sediment flux—The diffusive sediment-water
DIC fluxes were slightly higher for the high intertidal area
than the low intertidal area. These core incubations
indicated that the sediments were a net source of DIC over
a diel cycle (Table 2). Fluxes were only slightly lower during
the light, indicating low rates of benthic productivity.

End-member analysis—The primary producer end mem-
bers displayed significant variation. The §!13C of mangroves
ranged from ~ —27.6%0 * 0.5%0 (R. stylosa leaves) to
—24.5%0 * 0.5%0 (mixed mangrove litter). Seagrass (Z.
capricorni) and saltmarsh (S. virginicus) 613C values were
similar (—12.6%o * 0.4%o and —12.8%o = 0.7%o, respectively)
and benthic microalgae, estuarine POM, and pneumato-
phore macroalgae were —18.2%o = 0.9%0, —21.5%0 * 2.1%o,
and —22.8%o * 0.6%o, respectively.

Modeling—Modeled concentrations of DIC and DOC
agreed well with measured concentrations during both
summer and winter (Fig. 4). The greatest differences
between modeled and measured concentrations of DIC
and DOC occurred at low tide. The modeled §13C-DIC
values followed the corrected measured 613C-DIC values
throughout the tidal cycle during both summer and winter.
The modeled §13C-DOC followed the same trend as the
measured values; however, modeled values were not as
depleted as measured values during low tide.

Carbon export—DIC made the largest contribution to
carbon export from the mangrove system during all tidal
cycles, ranging from 7626 to 14,169 umol C m~—2 h-!
(Fig. 5). POC was consistently imported to the mangrove
during each tidal cycle, with the largest import rate occurring
during the summer large tide (3980 umol C m—2 h—1). DOC
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was exported during each tidal cycle, with rates ranging from
500 to 1700 umol C m~—2 h—1, Rates of export of DIC and
DOC did not vary substantially between summer and winter
large tides, or between the large and small tides during

Table 2.  Dark, light, and net diffusive fluxes of DIC from the
lower and upper intertidal areas within the studied mangrove
creek catchment. DOC fluxes approached zero in these cores.

Dark DIC Light DIC flux Net DIC flux
flux (umol C (umol C (umol C
m~2h-1) m~2h-1) m~2h-1)
High intertidal 1056(*=62) 921(%=310) 993(=121)
Low intertidal 837(+120) 683(*46) 724(*182)

summer. Based on the regression of modeled and measured
DIC and DOC concentrations vs. creek volume during ebb
tides, groundwater accounted for 89-92% of the DOC
export and 93-99% of the DIC export. A similar model was
not applied to POC because groundwater exchange is a
source of dissolved species only.

Discussion

Our model used 222Rn to predict the carbon concentra-
tion and isotope composition of creek waters if groundwa-
ter was the only carbon source to the creek. If modeled and
measured values are identical, pore-water exchange would
explain 100% of the DIC and DOC exports. Although the
relationship between creek DIC and DOC concentrations
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tide cycle.

and 222Rn was clear both in the summer and winter, there
are several caveats that need to be considered. Most
importantly, our models assume that the groundwater
entering the creek is homogenous in DOC and 222Rn
concentrations irrespective of tidal level (i.e., we took an
average of four groundwater samples along a transect from
low tide to high tide level) and that there is no spatial
variability in groundwater composition along the creek.
This is clearly a simplification (Charette 2007; Dulaiova et
al. 2008). However, the low standard error for all variables
investigated (less than 5% for DOC and < 20% for 222Rn)
and the excellent agreement between measured and
modeled values (Fig. 4) suggests that the values used as
groundwater end members are reasonable. Further, the
small catchment size (0.4 km?2) and short surface water
residence time (~ 1 tidal cycle) likely minimize the influence
of any small-scale heterogeneity in groundwater composi-
tion. A 3 m deep bore dug in the intertidal area revealed a
homogenous muddy sediment column with groundwater
flow clearly dominated by crab burrows. Crabs are often
seen as mangrove ecosystem engineers (Kristensen 2008)
and a number of modeling studies have demonstrated that
crab burrows act as preferential groundwater pathways in
other mangrove systems (Ridd 1996; Mazda and Ikeda
2006; Xin et al. 2009).

Another potential source of error in our models is using
PCO, and empirical wind speed models to determine the
influence the air-water flux of CO, has on both DIC
concentrations and 6!3C-DIC (for PCO, and air-water flux
data, see Web Appendix, www.aslo.org/lo/toc/vol_58/issue_
2/0475a.html). It is well established that using wind-speed
parameterizations of piston velocity to calculate air—water
CO, fluxes introduces uncertainty (Raymond and Cole,
2001; Maher and Eyre 2012), as does calculating PCO, from
two of the six carbonate system parameters, rather than
direct measurements (Zeebe and Wolf-Gladrow 2001).
However, the maximum correction associated with the air—
sea CO; flux term was only ~ 1% (30 ymol C L—1) for DIC
concentration and 0.08%0 for ¢13C-DIC values (Fig. 6).
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o13C-DIC and 613C-DIC values corrected for fractionation due to
the calculated air-water CO, flux and (bottom) histogram of the
difference between measured DIC concentrations and DIC values
corrected for changes due to the calculated air—water CO, flux.

Therefore, any errors associated with calculations of air—
water fluxes have a minor influence on the results.

Sources of DIC, DOC, and POC—Both concentration
and 013C values of the POC, DOC, and DIC pools showed
a clear tidal trend (Figs.2, 3). By plotting the linear
regression of 1/concentration against the 6!3C values for
each pool, the y intercept gives an estimate of the 613C
value “added” carbon (Keeling 1958; Bouillon et al.
2007h). When compared to the 0!3C value of end members,
some insight into the sources can be gained. Values for the
added 613C-DOC (—29.2%0 in summer and —31.1%0 in
winter, Fig. 7) are similar to those of mangrove leaves in
the study area (Fig. 8), as has been found previously by
Bouillon et al. (2007b) in a Tanzanian mangrove system.
POC was imported during each tidal cycle (Fig. 5). In spite
of the highest concentrations of POC being measured
during the ebb tide (Fig. 2), the hourly water fluxes during
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this period were low; therefore, the total POC export was
low. The high 613C-POC values measured during the last
half of the ebb tides during summer indicate a source other
than mangrove detritus is dominant. It is possible that this
value is related to resuspension or erosion of sediments
colonized by benthic microalgae, which have a similarly
enriched 613C value (~ —18.1%0). The 613C-POC of this
imported organic carbon was —16.3% in summer and
—22%o in winter (Fig. 7c). However, there was considerable
scatter and lower (yet still significant) coefficient of
determination values than for 613C-DOC and 6!13C-DIC.
The scatter is likely due to differing sources throughout the
tidal cycle. For example, during the start of the flood tide,
the source is likely composed of a significant fraction of the
POC exported from the mangroves during the previous ebb
tide, but as the flood continues, the POC becomes more
dominated by estuarine POM (phytoplankton). The
summer value likely represents a combination of seagrass,
estuarine POM, and mangrove detritus. The winter values
are similar to estuarine POM, or possibly a combination of
a number of sources (Fig. 8). Seagrasses cover ~ 13% of
the adjacent estuary, and the gross primary production of
these communities is ~ 4-fold higher in summer (Eyre et al.
2011b). The import of seagrass and estuarine POM organic
matter to mangroves has been reported in a number of
studies previously (Bouillon et al. 2003; Kennedy et al.
2004; Bouillon and Boschker 2006).

The 613C values for the added DIC were similar between
summer (—22.6%o) and winter (—22.3%o) (Fig. 7a), indicat-
ing no seasonality in the source of DIC export. Bouillon et
al. (2007b) found a similar value of —22.4%o, and suggested
that DIC export was driven by mineralization of autoch-
thonous (mangrove litter) and allochthonous (estuarine
POM and/or seagrass) organic matter, which may be the
case in this study (Fig. 8). It should be noted that this value
is ~ 8-10%o0 more depleted than the measured groundwater
o13C-DIC (Table 1). However, groundwater is also subject
to DIC addition through subsurface processes. In the study
catchment there are no freshwater inputs, and therefore
groundwater circulation is driven by tidal pumping only. If
we assume that the composition of water entering the
groundwater pool is equivalent to the average composition
of creek water during the flood tide, the §13C-DIC of the
DIC produced in the groundwater can be estimated by a
mass balance model using groundwater and creek waters as
the two end members, using the following equation:

0" C-DICygy _added = (6" C-DICqy x DICqy)
+ 513C7D1Cinput X DICinput) (7)
/(DIng - DICinput)

where 6!13C-DIC and DIC are DIC stable carbon isotope
ratios and concentration, respectively, and the subscripts
gw and input are groundwater and average flood tide
concentrations, respectively. The values obtained for DIC
added to groundwater during summer and winter are
—21.0%0 and —23.1%o, respectively, values very similar to
the whole-system added J!3C-DIC values calculated by
regression (Fig. 7).
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Groundwater-derived carbon export—Previous studies
have documented an inverse relationship between tidal
height and DIC (Borges et al. 2003; Kristensen et al. 2008b;
Zablocki et al. 2011) and DOC (Lara and Dittmar 1999;
Dittmar and Lara 2001) concentrations in mangrove
creeks. It has been hypothesized that this tidal variation
is driven by the input of groundwater enriched in DIC and
DOC during the ebb tide (Dittmar and Lara 2001; Bouillon
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End-member 613C values (+ 1 SD, n=3 pooled samples) and the summer and winter ¢!3C values of the added DIC (solid

lines), DOC (dotted lines), and POC (dashed lines) obtained from Keeling plots (Fig. 7).

et al. 2007b), with connectivity between groundwater and
surface water enhanced in mangroves because of the mosaic
of macrofauna burrows and organic-rich sediment layers
(Ridd 1996; Mazda and Ikeda 2006). We build on these
studies by using 222Rn to quantitatively demonstrate the
groundwater input. Our observed tidal trends were similar
to these previous investigations, and show that groundwa-
ter drives the input of DIC and DOC to the creek, and can
account for between 89% and 92% of DOC and 93% and
99% of DIC exports.

The coupled 222Rn and J13C-DIC model further
supports the hypothesis that groundwater drives the export
of DIC, and that fractionation, uptake, and/or generation
of DIC in the surface waters of the creek are a small
component of the DIC cycle (Fig. 4). Indeed, the diffusive
DIC fluxes measured from both the lower and upper
intertidal areas (Table 2) are an order of magnitude lower
than whole-system DIC export values (Fig. 5), indicating a
relatively small role of surface (diffusive) DIC generation in
DIC export from this mangrove system. In contrast, the
coupled 222Rn and §13C-DOC model indicates that there is
a significant fractionation of the DOC pool. The modeled
results were more enriched than measured results, perhaps
as a result of preferential uptake of enriched 613C-DOC
from benthic microalgae, saltmarsh, or imported seagrass,
relative to the o613C-depleted mangrove detritus. If this
preferential uptake was the sole driver of DOC fraction-
ation, we would expect a concurrent decrease in measured
vs. modeled DOC concentrations, which was not the case
(Fig. 4). Another possibility is that the DOC pool was
supplemented by depleted 0!13C-DOC derived from the
surface processes (e.g., leaching from mangrove litter).
However, this would also create a discrepancy between

modeled and measured concentrations of DOC with
measured concentrations increased relative to modeled
concentrations. It is therefore likely that a combination of
preferential uptake and leaching of depleted &13C-DOC
derived from mangrove detritus was the driver for the
observed differences in modeled and measured 613C-DOC
values.

Groundwater-derived DIC, the missing mangrove carbon
sink?—In their recent review, Bouillon et al. (2008) found
that over 50% of net mangrove production was unaccount-
ed for by estimates of the various carbon sinks, an amount
equivalent to ~ 2 g C m—2 d—1. A similar global mangrove
“missing carbon’ value of ~ 2.7 g C m—2 d~! was found by
Alongi (2009). Previous mangrove carbon budgets have
neglected the exchange of DIC, which may lead to
significant underestimation of both ecosystem gross pri-
mary production and respiration. In addition, neglecting
the export of DIC derived from subsurface respiration
leads to an overestimation of ecosystem net productivity
estimates based on eddy covariance techniques, as long as
the CO, is fluxed to the atmosphere outside of the
measurement “footprint” (Barr et al. 2010) as can occur
in many tidal systems.

Although the importance of advective groundwater
exchange of both DIC and DOC has been speculated, to
our knowledge this is the first study to quantify the importance
of this export term through direct measurement of DIC
exports and its driver. The DOC export in the present study
averaged over the three tidal cycles was ~ 0.3 gCm~—2d-1,
which is within the range reported for mangrove systems
previously (~ 0.02-0.4 g C m~2 d—2; Kristensen et al. 2008;
Adame and Lovelock 2011). Therefore, the mangrove creek
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studied here may be representative of many other mangrove
systems. DIC export in the present study ranged from 2.2 to
4.1 gCm~2d-!, and the average over the two summer and
one winter tidal cycles was ~ 3 g C m~—2 d—2. This site-
specific value is very similar to the globally averaged
mangrove missing carbon (1.9-2.7 g C m—2 d—2; Bouillon
et al, 2008; Alongi, 2009). Modeling results indicate that
tidal pumping was the dominant pathway for carbon export
(Fig. 4) and the export of DIC was ~ an order of magnitude
higher than DOC export (Fig. 5). This export of DIC may
lead to the elevated PCO, and high CO, fluxes to the
atmosphere reported for waters adjacent to mangroves
(Borges et al. 2003; Bouillon et al. 2007a; Koné and Borges
2008). Further work is needed in a range of mangrove
systems from various latitudes, with different geomorphic
settings, species compositions, and tidal regimes to constrain
the magnitude and drivers of DIC exports, an export term
that is potentially important globally. Our results demon-
strate that DIC may be the dominant form of carbon
exported from mangroves, and that this export is closely
related to tidally driven advective groundwater (or pore-
water) exchange.
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