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Mitigating climate change through the reduction of atmospheric CO2 levels is of interest,
particularly through maintaining and re-establishing natural ecosystems that act as
carbon sinks, such as coastal vegetated habitats or “blue carbon” systems. Here
we compare sedimentary blue carbon (C) stocks from 37 sediment cores collected
in pristine (n = 13), agricultural (n = 11), and urban (n = 13) estuaries within the
same geomorphological region, located on the eastern coast of Australia. The mean
estimated C stocks for each carbon system (seagrass, mangrove, and saltmarshes)
were 402 ± 78, 830 ± 109, and 723 ± 100 Mg C ha−1, respectively, conservatively
estimated up to 3 m depths. Analysis of variance revealed no significant difference
between C stocks per area (C ha−1) considering each habitat type and between specific
estuaries. However, the total estuarine C stocks were found to be greater with increasing
levels of conservation, based on larger areas of blue carbon vegetation. The potential
loss of C to the atmosphere from these small regional estuaries are 500,574 ± 118,635
tons of CO2 equivalent (CO2e), based on specific assumptions. The implication of these
results are that there are large C stocks in small regional estuaries which supports the
protection of blue C systems in developing coastal areas and highlights the uncertainties
of the CO2 emissions from potential blue C habitat degradation.

Keywords: soil carbon stocks, seagrass, mangrove, saltmarsh, estuaries, Australia

INTRODUCTION

Vegetated coastal ecosystems (i.e., seagrass beds, saltmarsh meadows, and mangrove forests) are
highly productive ecosystems that play a critical role in the global carbon, water, and nutrient cycles
(Sanders et al., 2014; Lovelock et al., 2017; Maher et al., 2018). Their natural ability to sequester
substantial amounts of carbon dioxide (CO2) from the atmosphere via the long term burial of
carbon in mostly anoxic sediments has become increasingly recognized as important climate
change mitigation strategies (Chmura et al., 2003; McLeod et al., 2011; Hopkinson et al., 2012;
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Howard et al., 2017; Macreadie et al., 2017a). However, while
these blue C systems are capable of offsetting anthropogenic
greenhouse gas emissions through bio- sequestering atmospheric
CO2, their continuing decline due to environmental change and
human land use activities is reducing their capacity to provide
this ecosystem service and ultimately exacerbating global climate
change (McLeod et al., 2011; Beaumont et al., 2014; Atwood et al.,
2017).

Over the past several decades, it is estimated that about one
third of global mangroves, seagrass, and saltmarsh have been
lost as a result of deforestation and habitat reclamation, coastal
and urban development, nutrient enrichment, water quality
degradation, and climate change (Alongi, 2002; Orth et al., 2006;
Gedan et al., 2009; McLeod et al., 2011; Pendleton et al., 2012;
Lovelock et al., 2015). This decline in coastal blue C systems still
continues today at rates estimated between ∼0.5–3% annually
depending on ecosystem type (McLeod et al., 2011; Pendleton
et al., 2012). The degradation of these habitats, particularly
the disturbance of sediments, leads to the remineralization
of CO2 that has been stored for millennia (McLeod et al.,
2011; Lovelock et al., 2017). An evaluation of global blue
carbon emissions emitted as a result of the conversion and
degradation of vegetated coastal ecosystems has been estimated at
0.15–1.02 Pg (billion tons) of CO2 being released annually which
is estimated to cause economic damages of approximately $US
6–42 billion annually (Pendleton et al., 2012). These economic
damages are associated with restoration efforts in wetlands with
ecological benefits and undefined carbon offsets (Irving et al.,
2011).

Although there has been an increasing amount of studies
focusing on quantifying potential CO2 emissions from blue
carbon sediment disturbance to evaluate the effects of habitat
loss on greenhouse gas budgets (Pendleton et al., 2012; Brown
et al., 2016; Atwood et al., 2017; Lovelock et al., 2017; Macreadie
et al., 2017b), there are still uncertainties when it comes to
variabilities in C stock estimates, particularly in regards to inter-
ecosystem variability (Lavery et al., 2013; Friess and Webb, 2014;
Ricart et al., 2015; Hayes et al., 2017; Kelleway et al., 2017).
While variations in sedimentary carbon stocks in blue C systems
have been documented across longitudinal and estuarine spatial
gradients (Lavery et al., 2013; Brown et al., 2016; Sanders et al.,
2016; Hayes et al., 2017; Lewis et al., 2017), data on the variability
of C stocks from blue C systems of the same geomorphological
region are scarce.

The current study was therefore undertaken with the
objective of (i) estimating and evaluating variability in
sedimentary blue carbon stocks of three estuaries within
the same geomorphological region and (ii) quantifying possible
variability in sedimentary C stocks as a result of regional
development. A total of 13 sedimentary C stock estimates were
estimated from sediment cores collected from blue C systems
within a relatively pristine estuarine catchment, 11 cores from
a predominately agricultural impacted estuarine catchment,
and 13 sediment cores were collected from an urbanized
estuary catchment. For comparative purposes, extrapolations
of saltmarsh, mangrove and seagrass sediment C stocks were
calculated for each estuary and the potential CO2 emissions from

habitat degradation were based on these sedimentary C stock
estimates.

MATERIALS AND METHODS

Study Sites
Field observations were performed along three coastal estuaries
on the subtropical East Coast of New South Wales, Australia
(Figure 1). The Wooli River, Corindi River, and Coffs Creek
estuaries are all tidal estuaries situated within the same
geomorphological region (within 50 km of each other) and
experience a similar subtropical climate of hot wet summers
and cold dry winters. The region receives an average annual
rainfall of approximately 1600 mm with the wettest and
driest months being February and September, respectively. Each
estuary contains all three blue C systems with the dominant
species for each blue carbon system being Zostera muelleri
(seagrass), Sporobolus virginicus (saltmarsh), and Avicennia
marina (mangrove).

Although the three estuaries in this study experience a similar
climate, they differ in terms of the degree of environmental
impact and regional development within their catchments. The
estuary situated the furthest north of all estuaries, the Wooli
River estuary, is located in the Yuraygir National Park in
the Northern Rivers district of New South Wales, Australia
(29.89◦ S, 153.27◦ E) (Figure 1). The closest villages are
Minnie Water, situated at 13.7 km north from the Wooli
River, and Red Rock, which is found 48 km south from
Wooli. Although in the surroundings of the river there are
camping and caravan parks, as well as holiday apartments,
the Wooli River is known to be one of the most pristine
systems in New South Wales, Australia. The Wooli River
estuary has an area of 370 ha and a total catchment area of
18,000 ha.

Also situated in the Northern Rivers district of New South
Wales, the Corindi River estuary (29.98◦ S, 153.23◦ E) and its
surrounding catchment (190 ha) drains to the ocean in the town
of Red Rock, NSW (population: 435, ABS, 2016; Figure 1).
The catchment area is primarily dominated by agricultural
development and supports a range of blueberry and banana
plantations. The Corindi River drainage basin is one of the
major blueberry growing areas in northern New South Wales and
previous studies have shown the impacts of blueberry farms to the
local estuary, including phosphorus enrichment (Conrad et al.,
2018).

The urban estuary studied in this work, Coffs Creek estuary
(30.30◦ S, 153.14◦ E), is situated in the northern section of
the Mid North Coast near the township of Coffs Harbour,
NSW Australia (Figure 1). The estuary has a catchment
area of about 250 ha of which 80% is dominated by urban
development and agriculture, while just 16% is considered
undisturbed (Roper et al., 2011). Coffs Creek estuary has
an estimated population of ∼18,000 (Ryder et al., 2012).
The water demand of Coffs Harbour is around 18 ML per
day. Potable water for the city is pumped from the local
rivers outside the catchment (Orara River, Nymboida River,
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FIGURE 1 | Study region on the left, and satellite image of each estuary on the right. The townships of Coffs Harbour, Corindi Beach and Wooli, NSW [populations:
72,971, 1,200, and 418, respectively (ABS, 2016)]. Coffs Harbour is the main urban center of the region. Numbers on the satellite image of each area indicate
location of sediment samples, greens stars represent seagrass, white stars mangrove and red stars saltmarsh sediment cores.

and Shannon Creek) and the wastewater from the city is
treated before the effluent is disposed offshore (Ryder et al.,
2012).

Sample Collection and C Stock
Calculations
Sampling was conducted in March 2016 (Coffs Creek estuary),
March 2017 (Corindi River estuary), and March 2018 (Wooli
River estuary). Using a 50 cm long, 5 cm diameter Russian Peat
auger (mangrove and saltmarsh) or PVC corer with a 7 cm inner
diameter (seagrass). Sediment cores were collected, at least two
sediment cores in each blue carbon system, along each estuary
(Figure 1). At each sampling site, soil depth was measured using
a 3 m metal rod to probe for soil bedrock. If the rod became
fully submerged in the sediment, a conservative depth of 3 m
was presumed. Once collected, sediment cores were sectioned
into 2 cm intervals. This sampling protocol is designed to allow
maximum spatial coverage, based on available resources, and
allowed for comparisons with other blue carbon stock studies
that sampled three depth intervals per sediment core (Lewis et al.,
2017).

Dry bulk density (DBD) was calculated for each interval using
the dry weight of sediment and volume of sample from the

sediment core. Three subsamples from each core (8–10, 28–30,
and 48–50 cm) were placed into the oven at 105◦C until dry, to
obtain the sample dry weight. The three samples per sediment
core were then placed in the furnace at 550◦C to burn off the
organic matter [loss on ignition (L.O.I.)] (Sanders et al., 2012).
Organic C content was calculated by multiplying the organic
material, determined from the loss on ignition (LOI) method,
by 0.58 as confirmed by Brown et al. (2016) for this region. By
multiplying soil depth, DBD and organic C content, sediment C
stocks for each core were estimated. To determine the C stocks
in saltmarsh, mangrove and seagrass sediments of each estuary,
the mean C stocks were multiplied by the area of each habitat
(Table 1).

TABLE 1 | Total area (ha) of each blue carbon ecosystem within Wooli River
estuary, Corindi River estuary, and Coffs Creek estuary.

Wooli Corindi Coffs

River (ha) River (ha) Creek (ha) NSW (ha)

Seagrass 9.4 2.4 0.2 15, 900

Mangrove 86.0 37.1 20.1 12, 500

Saltmarsh 66.9 52.7 1.4 7, 200
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Data Analysis
To evaluate differences in carbon stocks (Mg C ha−1), carbon
density (g C cm−3), and carbon content (g C g sediment−1)
between locations (Coffs, Corindi, and Wooli; fixed factor),
habitat types (seagrass, mangrove, and saltmarsh; fixed
factor), and cores (three replicate subsamples; random,
nested within location and habitat type), we ran a distance-
based multiple factor PERMANOVA on a Euclidian similarity
matrix of all samples. We used 9999 permutations of residuals
under a reduced model to generate P-values and Type III
(partial) sums of squares to account for the unbalanced
number of cores in each location. The spatial distribution
of carbon stock, carbon density, and carbon content was
visualized using a non-metric MDS (multidimensional
scaling) scatter plot. All analyses were done using PRIMER
7 (Clarke and Gorley, 2015) and PERMANOVA+ (Anderson,
2008).

RESULTS

Below we outline the results for each blue C systems from
the Wooli River, Corindi River and Coffs Creek estuaries
individually. Sedimentary blue carbon stock data for Coffs Creek
estuary are summarized from Brown et al. (2016). All confidence
intervals are given as Standard Error. See Supplementary Table 1
for raw data.

Wooli River Estuary
Seagrass
Carbon content (percentage C of total sample dry weight) in
the seagrass sediment samples from the Wooli River estuary
ranged from 0.75 to 0.96% with an average of 0.85 ± 0.11%
(Table 2). The dry bulk densities (DBD) ranged from 1.48 to
1.55 g cm−3 with an average DBD of 1.51 ± 0.06 g cm−3.
From these, sedimentary seagrass carbon stocks were estimated
between 348 and 391 Mg C ha−1, with an overall average of
371± 31 Mg C ha−1.

Mangrove
Carbon content in the mangrove sediment samples from the
Wooli River estuary ranged from 1.45 to 5.11% with an average
of 2.76 ± 0.37% (Table 2). The DBD ranged from 0.86 to
1.09 g cm−3 with an average DBD of 0.96 ± 0.05 g cm−3.
From these, sedimentary mangrove carbon stocks were estimated
between 187 and 1332 Mg C ha−1, with an overall average of
642± 94 Mg C ha−1.

Saltmarsh
Carbon content in the saltmarsh sediment samples from the
Wooli River estuary ranged from 3.78 to 8.42% with an average
of 5.91 ± 1.01% (Table 2). The DBD ranged from 0.48 to
1.32 g cm−3 with an average DBD of 1.02 ± 0.15 g cm−3.
From these, sedimentary saltmarsh carbon stocks were estimated
between 678 and 1326 Mg C ha−1, with an overall average of
898± 172 Mg C ha−1.

Corindi River Estuary
Seagrass
Carbon content in the seagrass sediment samples ranged from
0.78 to 2.33% with an average of 1.55 ± 0.77% (Table 2). The
DBD ranged from 1.18 to 1.33 g cm−3 with an average DBD of
1.26 ± 0.06 g cm−3. From these, sedimentary seagrass carbon
stocks were estimated between 102 and 944 Mg C ha−1, with an
average of 523± 338 Mg C ha−1.

Mangrove
Carbon content in the mangrove sediment samples ranged from
2.04 to 5.86% with an average of 3.81 ± 0.43% (Table 2). The
DBD ranged from 0.59 to 1.00 g cm−3 with an average DBD of
0.79 ± 0.05 g cm−3. From these, sedimentary mangrove carbon
stocks were estimated between 469 and 1439 Mg C ha−1 with an
average of 739± 101 Mg C ha−1.

Saltmarsh
Carbon content in the saltmarsh sediment samples ranged from
1.38 to 20.62% with an average of 5.65 ± 2.80% (Table 2).
The DBD ranged from 0.45 to 1.06 g cm−3 with an average
DBD of 0.87 ± 0.08 g cm−3. From these, sedimentary
saltmarsh carbon stock estimates were estimated between 150
and 1102 Mg C ha−1 with an average of 445 ± 123 Mg C
ha−1.

Coffs Creek Estuary
Seagrass
Carbon content in the seagrass sediment samples ranged from
0.22 to 2.28% with an average of 1.26 ± 0.48% (Table 2). The
DBD ranged from 1.18 to 1.86 g cm−3 with an average DBD of
1.47 ± 0.15 g cm−3. From these, sedimentary seagrass carbon
stocks were estimated between 126 and 589 Mg C ha−1, with an
average of 365± 113 Mg C ha−1.

Mangrove
Carbon content in the mangrove sediment samples ranged from
1.23 to 9.70% with an average of 4.17 ± 1.29% (Table 2). The
DBD ranged from 0.55 to 1.52 g cm−3 with an average DBD of
0.95 ± 0.14 g cm−3. From these, sedimentary mangrove carbon
stocks were estimated between 283 and 2191 Mg C ha−1 with an
average of 1070± 350 Mg C ha−1.

Saltmarsh
Carbon content in the saltmarsh sediment samples ranged from
4.67 to 6.97% with an average of 5.62 ± 1.05% (Table 2). The
DBD ranged from 0.62 to 1.02 g cm−3 with an average DBD of
0.81 ± 0.12 g cm−3. From these, sedimentary saltmarsh carbon
stock estimates were estimated between 740 and 1112 Mg C ha−1

with an average of 904± 109 Mg C ha−1.

Statistical Analysis
Despite the variabilities in sedimentary C stocks observed within
and between estuaries (Table 3), the results of the PERMANOVA
revealed no significant interaction between C stock per unit area,
C density or C content between locations (p = 0.46, pseudo-
F = 0.79), habitats (p = 0.15, pseudo-F = 2.10), or habitat amongst
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TABLE 2 | Depth (cm), C content (%), dry bulk density (g cm−3), and C stocks (Mg C ha−1) for seagrass, mangrove, and saltmarsh cores collected from Wooli and
Corindi River estuaries.

Study site Habitat and location Depth (cm) Carbon content (%) Dry bulk density (g cm−3) Carbon stock (Mg C ha−1)

Wooli River Seagrass site 1 300 0.96 ± 0.37 1.48 ± 0.17 390.65 ± 98.58

Seagrass site 2 300 0.75 ± 0.02 1.55 ± 0.12 348.09 ± 34.76

Seagrass site 3 300 0.84 ± 0.04 1.48 ± 0.05 374.83 ± 11.46

Seagrass average 300 ± 0 0.85 ± 0.11 1.51 ± 0.06 371.19 ± 30.99

Mangrove site 1 122 1.45 ± 0.51 1.09 ± 0.06 186.50 ± 58.57

Mangrove site 3 219 2.98 ± 1.10 0.96 ± 0.15 560.87 ± 161.96

Mangrove site 4R 300 2.10 ± 0.41 1.00 ± 0.05 641.46 ± 158.58

Mangrove site 4A 300 2.18 ± 0.23 0.86 ± 0.10 545.61 ± 4.96

Mangrove site 5 300 5.11 ± 0.84 0.90 ± 0.17 1332.22 ± 185.45

Mangrove average 248 ± 18 2.76 ± 0.37 0.96 ± 0.05 642.64 ± 93.61

Saltmarsh site 1 97 5.53 ± 1.89 1.26 ± 0.07 690.86 ± 264.73

Saltmarsh site 3 166 8.42 ± 1.18 0.48 ± 0.03 678.32 ± 121.73

Saltmarsh site 5 300 3.78 ± 1.33 1.32 ± 0.24 1326.01 ± 366.60

Saltmarsh average 187 ± 28 5.91 ± 1.01 1.02 ± 0.15 898.39 ± 172.36

Coridni River Seagrass site 1 110 0.78 ± 0.06 1.18 ± 0.08 101.74 ± 13.52

Seagrass site 2 300 2.33 ± 1.53 1.33 ± 0.08 944.34 ± 628.42

Seagrass average 205 ± 95 1.55 ± 0.77 1.26 ± 0.06 523.04 ± 338.40

Mangrove site 1 300 4.09 ± 0.73 0.59 ± 0.05 740.90 ± 175.65

Mangrove site 2 300 5.86 ± 0.93 0.81 ± 0.07 1438.85 ± 319.16

Mangrove site 3 300 2.04 ± 0.26 1.00 ± 0.12 603.78 ± 67.12

Mangrove site 4 135 4.42 ± 0.07 0.82 ± 0.11 490.02 ± 57.17

Mangrove site 5 (upper tidal) 240 3.69 ± 1.65 0.88 ± 0.15 689.32 ± 219.60

Mangrove site 5 (lower tidal) 245 2.64 ± 0.66 0.75 ± 0.06 469.20 ± 79.14

Mangrove average 253 ± 26 3.81 ± 0.43 0.79 ± 0.05 738.72 ± 100.74

Saltmarsh site 1 300 20.62 ± 11.45 0.45 ± 0.25 1102.40 ± 470.78

Saltmarsh site 2 170 1.43 ± 0.16 0.98 ± 0.04 242.28 ± 46.84

Saltmarsh site 3 300 1.38 ± 0.33 0.95 ± 0.13 386.67 ± 86.02

Saltmarsh site 4 150 3.15 ± 1.63 0.90 ± 0.19 345.90 ± 104.67

Saltmarsh site 5 85 1.67 ± 0.35 1.06 ± 0.07 149.65 ± 31.05

Saltmarsh average 201 ± 43 5.65 ± 2.80 0.87 ± 0.08 445.38 ± 123.06

Coffs Creek Seagrass site 1 (middle of patch) 228 2.28 ± 0.56 1.18 ± 0.11 588.65

Seagrass site 1 (middle of patch) 228 1.81 ± 0.18 1.27 ± 0.06 522.49

Seagrass site 2 210 0.73 ± 0.47 1.56 ± 0.17 223.26

Seagrass site 3 300 0.22 ± 0.05 1.86 ± 0.12 125.94

Seagrass average 242 ± 20 1.26 ± 0.48 1.47 ± 0.15 365.09 ± 112.57

Mangrove site 1 (upper tidal) 300 1.33 ± 0.52 0.71 ± 0.13 282.72 ± 134.96

Mangrove site 1 (lower tidal) 300 5.20 ± 0.95 0.55 ± 0.10 802.18 ± 27.26

Mangrove site 2 (upper tidal) 300 4.46 ± 2.65 1.52 ± 0.08 2104.16 ± 1272.18

Mangrove site 2 (lower tidal) 300 1.23 ± 0.36 0.99 ± 0.33 354.54 ± 186.31

Mangrove site 3 (upper tidal) 300 3.07 ± 1.37 0.92 ± 0.20 684.27 ± 110.71

Mangrove site 3 (lower tidal) 300 9.70 ± 5.38 1.03 ± 0.29 2191.00 ± 571.18

Mangrove average 300 ± 0 4.16 ± 1.29 0.95 ± 0.14 1069.81 ± 350.16

Saltmarsh site 1 248 4.67 ± 1.67 1.02 ± 0.24 1111.87 ± 342.21

Saltmarsh site 2 180 6.97 ± 2.34 0.78 ± 0.25 861.00 ± 332.54

Saltmarsh site 3 300 5.22 ± 1.94 0.62 ± 0.10 740.18 ± 0.95

Saltmarsh average 243 ± 35 5.62 ± 1.05 0.81 ± 0.12 904.35 ± 109.47

Coffs Creek estuary data can be found in Brown et al. (2016). Dry bulk density, C content, and C stock data are means. Errors refer to standard errors. The bold values
are averages.

locations (p = 0.55, pseudo-F = 0.77). There was however, a
significant difference among replicates (cores) within each habitat
and location (p = 0.004, pseudo-F = 2.30) (Table 3). Differences
in C stock, C density and C content among cores within the same

habitat and location were responsible for the greatest components
of variation (Table 3). All results however, must be interpreted
with caution as sample size within locations and habitats was
relatively low.

Frontiers in Marine Science | www.frontiersin.org 5 January 2019 | Volume 5 | Article 518

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-05-00518 January 10, 2019 Time: 17:22 # 6

Conrad et al. Blue Carbon Stocks and Development

TABLE 3 | Estimates of components of variation from PERMANOVA.

Source Estimate of component of variation Sq. root

Habitat 22325 149.42

Location −4395.4 −66.298

Habitat × location −13975 −118.22

Replicates 1.2956E+05 359.94

Residual 2.9818E+05 546.06

FIGURE 2 | Carbon stocks (Mg C ha−1) of the urbanized Coffs Creek estuary
(white), the agriculturally impacted Corindi River estuary (gray) and the pristine
Wooli River estuary (black). Data are presented in means while bars represent
standard errors. Analysis of variance found no significant differences between
habitat type or location.

DISCUSSION

Variabilities in Sedimentary Blue Carbon
Stocks
Global averages indicate that mangroves systems have generally
higher sedimentary organic C densities than any other blue
carbon system (Chmura et al., 2003). However, the results of
this study indicate no significant difference in sedimentary C
stocks per area (based on the top 3 m of sediment) between
all three studied blue C systems (Figure 2). Global distribution
of blue C systems is primarily governed by physical tolerances
to climatic conditions such as temperature and rainfall, which
limits and restricts mangrove and seagrass production toward
temperate climates (Duarte et al., 2013), while saltmarsh are
generally more adapted to cooler climates (Chmura et al., 2003).
Given that all three estuaries are within close proximity and are all
located in the subtropical climatic region, the climatic conditions
may be favorable for saltmarsh production and less favorable for
mangrove and seagrass, resulting in similar sedimentary C stocks.
However, these interpretations should be taken with caution as
sample size within locations and habitats was relatively low.

The results here suggest that the various degrees of
development across the three estuaries in this study had no
significant influence on C stocks per unit area among each blue
carbon system. There was however, a significant difference among

FIGURE 3 | Negative relation between organic carbon content (%) and dry
bulk density (g cm−3 year−1) from the sediment core intervals of this work.

FIGURE 4 | Total carbon stock estimates for seagrass, mangrove and
saltmarsh in Coffs Creek (white), Corindi estuary (gray), and Wooli estuary
(black) (Mg C). Error bars indicate the standard error.

replicate C stock estimates within each blue carbon system in
each estuary; suggesting that local conditions may influence the
variabilities more so than regional scale processes. Local scale
conditions such as elevation and subsequent tidal inundation,
geomorphic location within the estuary, and proximity to
allochthonous carbon sources as well as nutrient inputs have been
identified in the literature to be major drivers of sedimentary
blue carbon stock variabilities (McLeod et al., 2011; Sanders
et al., 2014). Although the causes of variability in sedimentary
C stocks estimates in this study are not clear, a significantly
negative relationship was noted between the carbon content and
the DBD (Figure 3). This relation suggests that DBD of blue
carbon sediments are directly related to the organic matter as also
described by Morris et al. (2016) for tidal wetlands.

The sedimentary C stock data from this study adds to the
growing understanding of regional C storage in coastal blue
carbon systems. While we have shown C stocks per area in
seagrass, mangroves and saltmarsh sediments to be similar
in subtropical estuaries with various stages of development
(Figure 2), the effects of development itself on the areal extent
of these systems can have severe consequences in regards to the
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total C stored within an estuary. For instance, the areal extent
of each blue carbon system identified in Table 1 decreased with
increasing development across the three estuaries (i.e., from the
relatively pristine Wooli River estuary through to the sparsely
developed Corindi River estuary and severely urbanized Coffs
Creek estuary). Subsequently, the decreased areal extent of each
blue carbon system resulted in the observed decrease in total
C stocks with increasing development across the three estuaries
(Figure 4).

Another important influence on coastal habitat area between
the three estuaries may be related to water quality. Greater
urban development has led to elevated suspended sediment and
nutrient concentrations in Coffs Creek (Ryder et al., 2011, 2012).
In a 2011 study of water quality, turbidity measurements at
estuarine sites within Wooli and Corindi Creek were below
ANZECC trigger values, while Coffs Creek estuarine sites
exceeded turbidity trigger values between 20 and 33% of the
sampling events. Increased turbidity may be related to inhibited
light penetration to the seagrass systems along Coffs Creek,
causing degradation of these seagrass habitats. In addition,
nutrient concentrations of estuarine surface waters are higher
in Coffs Creek than in Wooli and to a lesser extent Corindi
(Ryder et al., 2011, 2012). Increases in catchment nutrient
discharge promotes algal phase shift, influencing the seagrass
habitat health and leading to meadow scale mortality (Orth et al.,
2006; Burkholder et al., 2007; Ryder et al., 2011).

Potential Blue Carbon Emissions From
Regional Development
Based on the average sedimentary carbon stocks for each
blue carbon ecosystems in this study, and combined with the
monetary value of carbon at a price of $AUD 12.14 per Mg,
established by the Australian Emissions Reduction Fund auctions
(ERF), it is estimated that over $AUD 2.35 ± 0.59 million worth
of carbon could be stored within the top 3 m of sediments of
the three small estuaries in this study alone (Table 4). Despite
the similar C stocks per unit area between the three studied
estuaries, the blue C systems of the relatively pristine Wooli River
estuary are responsible for 61.3% of this monetary value, followed
by the agriculturally developed Corindi River estuary (26.9%)
and urbanized Coffs Creek estuary (11.8%). The greater areal
extent of all three blue C systems in the Wooli River and to a
lesser extent the Corindi River estuary allow for higher total C
stocks as opposed to the urbanized Coffs Creek Estuary in which
blue carbon system expansion or migration is limited along the
estuary.

Quantifying the emissions potential (often measured in
carbon dioxide equivalent, or CO2e) of potentially remineralized
C as a result of regional development and land use change
is an important step toward protecting these systems and
understanding these anthropogenic impacts on greenhouse gas
forcing (Atwood et al., 2017). Despite this, there are uncertainties
within the literature in regards to the amount of organic C that
may be remineralized to CO2 from blue C habitat degradation.
For instance, Murray et al. (2011) estimated that 90% of
organic C in the top meter of sediment is remineralized to

CO2 emissions while Donato et al. (2011) estimates that only
50% of organic C is remineralized from the top 30 cm and
25% of organic C is remineralized from 30 cm to 1 m depth.
Furthermore, a recent study by Atwood et al. (2017) compiled
carbon emissions data from several studies of blue C habitat
disturbances to estimate 43% organic C remineralization to CO2
in the top 1 m of sediment within 1 year after disturbance. For
consistency and comparability, CO2 equivalents in this study
were calculated using organic C remineralization estimates from
previous studies (Donato et al., 2011; Murray et al., 2011; Atwood
et al., 2017) along with a conversion factor of 3.67 to account for
differences in molecular weight of CO2 compared to C (Murray
et al., 2011; Lewis et al., 2017) for this study are shown on
Table 4.

Lewis et al. (2017) estimated low and high potentials
for organic C remineralization from blue C systems of
Victoria, Australia to be between 2,681,271 ± 198,795 and
4,826,288 ± 357,831 Mg CO2e (assuming 50 and 90%
remineralization, respectively, to a depth of 30 cm). As indicated
on Table 4, assuming 50 and 90% remineralization to a depth
of 30 cm, the values found in this study by extrapolating New
South Wales is estimated to be 1,099,081 ± 168,057 and 1,
978,347 ± 302,504 Mg CO2e, respectively. Atwood et al. (2017)
compiled carbon emissions data from several mangrove habitat
disturbances to estimate 43% organic C remineralization to CO2
in the top 1 m of sediment within 1 year after disturbance. Using
this more recent emissions estimate of 43% remineralization
(Atwood et al., 2017) and a conversion factor of 3.67 to CO2e
(Murray et al., 2011), we estimate that three estuaries have
potential emissions of 10,458 ± 2,965, 233,318 ± 60,639, and
256,798 ± 55,032 tons CO2e from seagrass, mangrove, and
saltmarsh, respectively. It should be noted that this estimate
only assumes emissions from 1 m of sediment, and during
the first year after disturbance. More research should be
conducted to decrease uncertainties of CO2 emissions and the
long term (>1 year after disturbance) effects of blue C habitat
degradation. However, these emission estimates are useful when
informing managers involved in C trading schemes, such as the
ERF.

CONCLUSION

Sediment cores from seagrass, mangrove, and saltmarsh
habitats revealed high variability and similarity in organic
carbon stocks of a nearly pristine Wooli River estuary as
compared to the nearby agriculturally developed Corindi
River estuary and urbanized Coffs Creek estuary. These results
indicate similar C stocks per area between the three locations
within the same region (within 50 km). Furthermore, even
though the total carbon stocks decrease with increasing
development, information in terms of loss of vegetated
area as a result of land use change is not available, which
would be important to consider for comparative purposes
between each estuary studied and the effects of development.
Based on the assumptions outlined in this manuscript, the
relatively small regional estuaries have potential emissions of
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500,574 ± 118,635 tons of CO2e. This study highlights that the
presence of more vegetation due to less development provides a
greater area for C storage by incremental increases in total estuary
sedimentary blue carbon stocks. However, urban blue C habitats
(such as Coffs Creek) and agriculturally impacted blue C habitats
(such as Corindi) also have the potential to continue providing
valuable ecosystem services. Therefore, the conservation and
restoration of blue C habitats in both urban and less developed
estuaries are justified to maximize organic C sequestration and
reduce atmospheric C emissions.
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