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Abstract
Artificial canals may function differently than the natural coastal wetlands, floodplains, and estuaries they often replace. Here, we
assess the impact of canal estate development on saline groundwater exchange (tidal pumping) and associated nutrient fluxes.
Time series observations of short-lived radium isotopes and dissolved nutrients were performed in a canal estate and a nearby
mangrove creek in subtropical Australia. A mass balance model based on 223Ra (1.3 ± 0.4 and 3.4 ± 0.9 cm day−1 in the
mangrove and canal, respectively) and 224Ra (2.8 ± 3.0 and 5.4 ± 4.6 cm day−1) revealed tidally driven groundwater exchange
rates were ~ 2-fold greater in the canal. Lateral fluxes of total dissolved nitrogen (TDN) from the nearby estuary into the canal
estate were comparable with the mangrove creek (8.4 and 9.1 mmol m−2 day−1 in the mangrove and canal, respectively).
Groundwater flows into the canal released ~ 5-fold more TDN than the mangrove. As expected, mangroves appear to be more
efficient at retaining groundwater-derived nitrogen than vegetation-stripped, sandy canals. Overall, this study demonstrates that
land reclamation for canal estate development not only drives losses of ecosystem services, but also modifies groundwater and
related nutrient exchange with coastal surface waters.
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Introduction

Coastal canal estates are often built by dredging and re-
claiming natural intertidal saltmarsh-mangrove areas, or con-
structed in nearby floodplains beyond the high tide mark
(Davis et al. 2020; Macklin et al. 2017; Trent et al. 1972).
Artificially constructed canal estate waters can function dif-
ferently than the wetland and floodplain habitats they replace
(Balfour et al. 2012; Cook et al. 2007; Morton 1992). Canals
are often dredged tomake deeper waters, disturbing soil strata,

increasing untreated land runoff, and influencing surface wa-
ter circulation (Morton 1989; Stocker et al. 2016). Complex
engineered designs and altered connectivity to main water-
ways can decrease flushing in canals (Benfer et al. 2010;
Macklin et al. 2017). In tropical and subtropical regions,
coastal canals often displace intertidal mangrove wetlands.

Mangrove wetlands are one of the most productive biomes
on the planet (Alongi et al. 2002; Reef et al. 2010; Wang et al.
2010). Mangrove ecosystems can create a suitable environ-
ment to remove or attenuate water pollutants (Adame et al.
2019; Leung et al. 2016), sequester nutrients and carbon
(Sanders et al. 2016; Wadnerkar et al. 2019), protect shore-
lines from erosion (Gedan et al. 2011), maintain high levels of
biodiversity (Macintosh and Ashton 2002), and provide re-
sources to coastal communities (Macnae 1969; Zedler and
Kercher 2005). The dominant benthic fauna is associated with
mangrove forests (i.e., crabs), bury, ingest litter, and
microalgal mats (Kristensen 2008; Kristensen and Alongi
2006; Reef et al. 2010), preventing loss of nutrients and pro-
moting recycling. Crab burrows also affect sediment topogra-
phy and biogeochemistry by modifying drainage, particle size
distribution, nutrient dynamics, and groundwater exchange
(Kristensen 2008; Ridd 1996; Xin et al. 2009).
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Submarine groundwater discharge (SGD) or groundwater ex-
change can be important pathways for solute delivery to the
coastal ocean in the subtropical and tropical estuarine waters
surrounded by mangrove ecosystems (Chen et al. 2018;
Taillardat et al. 2018). Tidally driven SGD flushes crab burrows
in mangrove sediments, supplying dissolved organic and inor-
ganic nutrients to coastal waters (Santos et al. 2019; Stieglitz
et al. 2013; Tait et al. 2017). In some cases, saline SGD can
facilitate the removal or consumption of carbon and nitrogen in
coastal sediments (Robinson et al. 2018). Therefore, destruction
or modification of mangroves in subtropical estuaries can have a
substantial effect on coastal biogeochemical cycles and SGD
(Alongi 2002; Wang et al. 2010; Zedler and Kercher 2005).
Groundwater flows can be enhanced in areas with disturbed
drainage such as canals and drains (Burnett et al. 2010;
Cardwell et al. 1980; De Weys et al. 2011; Macklin et al. 2014).

Natural geochemical tracers, such as radium radioisotopes
(223Ra, 224Ra, 226Ra, and 228Ra), are widely used to quantify
SGD at the ecosystem scale (Burnett et al. 2006; Moore and
Arnold 1996; Sadat-Noori et al. 2017). Radium isotopes are
enriched in brackish/saline groundwater and conservative in
seawater once released from groundwater (Burnett et al.
2006). However, radium isotopes may not be enriched in
freshwater discharge such as submarine springs (Burnett
et al. 2006). The two radium isotopes with the shortest half-
lives (224Ra half-life = 3.66 days, 223Ra half-life = 11.4 days)
are suitable to investigate short scale processes such as tidally
driven SGD and coastal mixing (Garcia-Orellana et al. 2010).

Here, we hypothesize that the replacement of mangroves
by artificial canals alters SGD and the exchange of nutrients
between intertidal zones and the coastal ocean. We use 223Ra
and 224Ra to estimate saline SGD and related nutrient loading
in an artificial canal and a nearby mangrove creek. We build
on earlier investigations revealing how artificial canals and
drains may be hotspots of groundwater-surface water connec-
tivity in coastal canals in Australia (Davis et al. 2020; Macklin
et al. 2014), the Everglades wetland in Florida (Choi and
Harvey 2000; Harvey et al. 2005), and coastal acid sulfate soil
(CASS) drainage networks (Santos et al. 2013; Webb et al.
2017). Our concurrent observations at the two nearby systems
ensure that natural temporal variability is not an influencing
factor, allowing a direct comparison between the mangrove
and canal systems.

Material and Methods

Study Site

Field investigations were concurrently performed in a water-
front canal estate (Yamba Quays) and a nearby mangrove
creek along the Oyster Channel of the Clarence River in
Yamba, New South Wales, Australia (Fig. 1a, b). Yamba

has a population of ~ 6100 (Bureau of Statistics 2017). The
two water systems are located only ~ 1 km apart and drain to
the Clarence River estuary approximately 3 km upstream of its
confluence with the Pacific Ocean. Both sites receive urban
runoff during rain events, though this was not observed during
our field work due to dry conditions. The area has a humid
subtropical climate and receives an average yearly precipita-
tion of ~ 1100 mm (BOM 2017) with a mild monsoon season
from February to April. Air temperature ranges from 10 to
30 °C. The canal is surrounded by waterfront houses built on
elevated land that was formerly an intertidal system. Dredging
and development of the canal estate started in 1997 and fin-
ished by the end of 2001. Canal banks are either covered by
fine silty sands or reinforced with concrete retaining walls
while the mangrove creek sediments are silt and clay with
intermittent sand patches. The canal has steeper banks (21%)
compared with mangrove (8%). Tidal waters infiltrate crab
burrows in the mangrove site, whereas crab burrows were
absent in the sandy canal beaches.

Surface Water Time Series

Two time series stations (Fig. 1) were set up at the mouth of
the canal and mangrove creek to compare (1) radium-derived
groundwater exchange, (2) the related input of nutrients to
surface waters, and (3) lateral nutrient exports to the coastal
ocean. Time series observations were conducted at both sites
simultaneously for 36 h from 04:00 June 14 to 16:00 June 15,
2018. Our strategy removes temporal biases, allowing for di-
rect comparisons to be made between the two sites.

Radium and nutrient samples were collected every 1 h for
36 h, covering 3 complete tidal cycles. Water for radium cap-
ture was collected in 100-L containers and drained through
manganese (Mn) fibers that absorb dissolved radium from
seawater (Moore 2010). In the laboratory, fibers were washed
with radium-free water to remove salt particles and analyzed
with a Radium Delayed Coincidence Counter (RaDeCC) for
223Ra and 224Ra activities (Moore 2010). After > 21 days (> 6
half-lives of 224Ra), the fibers were re-analyzed with the
RaDeCC for 228Th. Results reported here represent excess
224Ra after correction for 228Th decay (Garcia-Solsona et al.
2008).

For nutrient analysis, samples were immediately filtered
using 0.45-μm cellulose acetate syringe filters into sample-
rinsed 10-mL polyethylene vials, kept on ice for less than
3 h, then stored at − 5 °C until analysis (White et al. 2018).
Analyses for ammonium (NH4), nitrate plus nitrite (NOx),
phosphate (PO4), and total dissolved nitrogen (TDN) were
carried out colorimetrically using a flow injection analyzer
(FIA) with precision better than 5%. Subtracting NOx and
NH4 from TDN determined dissolved organic nitrogen
(DON) concentrations. At both sites, a calibrated Hydrolab
MS5 sonde logged temperature (°C), dissolved oxygen (DO,
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in mg L−1), pH and salinity every 60 min, and a CTD
(vanEssen instruments) measured water depth every 10 min.

A groundwater spatial survey was undertaken following
the surface water time series experiments to characterize the
seeping radium and nutrient endmembers in close proximity
to the canal (n = 6) and mangrove creek (n = 11). One to two-
meter shallow boreholes were dug with a hand auger within
the intertidal zone along the mangrove creek and canal estate
(Fig. 1). A slotted 50-mm polyvinyl chloride (PVC) pipe was
inserted in the borehole to contain the pump hose and allowed
to fill with groundwater. The pipe was pumped and allowed to
refill several times prior to sampling using a peristaltic pump
(Atkins et al. 2013). Samples were collected and analyzed for
nutrients and radium isotopes as above.

Diffusion Experiment

A total of four surface sediment samples, two coarse grained
(sandy) from canal site and two fine grained (muddy) from
mangrove creek sites, were collected to estimate diffusive
fluxes of 223Ra and 224Ra and build mass balances.
Sediments were spread uniformly over the bottom of a 20-L
plastic container. A total of 10 L of Ra-free water (salinity ~
32 comparable with the field salinity) was delivered into the
containers, minimizing sediment disturbance. An air bubbler
was placed in the container to provide oxygen to the water and
avoid changes in redox characteristics. The container was
sealed with a plastic lid to minimize water loss via evapora-
tion. The sediment was left to incubate for at least 82 days (> 6
half-lives of 223Ra). The water covering the sediment was then

removed and filtered through manganese fibers for later anal-
ysis. The diffusive fluxes were assumed to be equivalent to the
decay flux of short-lived radium isotopes after secular equi-
librium was reached in the overlying water (Stewart et al.
2015).

Radium Isotope Mass Balance

A 223Ra and 224Ra mass balance model was developed con-
sidering all sources and sinks of radium isotopes and estimate
SGD. Surface water fluxes were integrated over a 36-h tidal
cycle following a mass balance approach:

∫360 F ftRaft−FetRaetð Þ þ FgwRagw þ RadiffAλ−RaVλ ¼ 0 ð1Þ

where Ragw is the average groundwater concentration
(dpm m−3) minus the high tide surface water concentration;
this approach assumes tidally driven seawater circulation in
beach sediments is the main source of radium to surface wa-
ters as discussed below; Radiff is the diffusion from bottom
sediments (dpm m−3); A is the surface area of the
system during high tide measured using the GIS ArcMap 10
sof tware (m2) ; λ i s the rad ium decay cons tan t
(0.06 unit day−1); FftRaft is the radium input flux during flood
tide (dpm h−1); and FetRaet is the radium flux during ebb tide
(dpm h−1). RaVλ is the radium decay, where Ra is the con-
centration, V is the surface water volume (m3) calculated with
surface area and depth (determined using a Garmin depth
sounder), and λ is the radium decay constant (0.0608 day−1

for 223Ra and 0.1893 day−1 for 224Ra). The 223Ra/224Ra

Fig. 1 a Oyster Channel, Clarence River estuary, Yamba. b Canal estate
and mangrove dominated creek, Clarence River estuary, Yamba,
Australia. Green circles show the locations of the surface water time

series station. Groundwater samples were taken from the canal and
mangrove (orange circles)
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activity ratio at both sites was similar (0.04 ± 0.01 and 0.05 ±
0.02), which indicates the main source of the radium is the
same. The radium decay constant is a function of the isotope

half-life, i.e., λ ¼ ln 2ð Þ
T1=2

where T1/2
224Ra is 3.6 days and

11.4 days for 223Ra. Since there were no fresh surface water
inputs during the time series, we neglect desorption of
suspended sediment particles as a radium source. All the terms
in the mass balance were estimated and the equation was
solved for groundwater exchange (Fgw)after integration over
36 h (3 tidal cycles).

Our model assumed that tidal input, groundwater, and dif-
fusion from sediments were the only sources of radium iso-
topes during the 36-h integration period (Gleeson et al. 2013).
By integrating three complete tidal cycles, the model accounts
for all fluxes occurring over the 36-h integration period, but
cannot quantify fluxes over time scales shorter than one tidal
cycle. Our model is different than non-steady state radon mass
balance models often applied to continuous time series
datasets that estimate SGD at hourly time scales in open shore-
lines (Burnett and Dulaiova 2003; Santos et al. 2009). Our
integration approach is ideal for enclosed tidal basins with a
single opening. By calculating the net SGD tracer flux out of
the confined tidal basins based on detailed observations, we
avoided the need for estimating the return flow factor or flush-
ing times. These terms often introduce large uncertainties to
tracer mass balance models (Moore et al. 2006) and are not
available for our study sites. The tidal prism is the volume of
water penetrating the canal or mangrove at each tidal cycle.
Here, we used changes in water level and volume over time to
estimate fluxes in and out of the systems (Fft and Fet) at 1 hour
time steps.

A detailed spatial survey was conducted to measure the depth
and volume of the canal using a Garmin depth sounder with
observations spaced 3–10 m apart and depth precision of
10 cm for individual readings. We also deployed depth loggers
at the mouth and upper end of both mangrove and canal system
(data not shown). Because of the small size of both systems (<
2 km in length), the change in tides at the mouth and upper limit
of both systems was homogenous, building confidence in our
tidal prism-based model of surface water flows. Our approach
assumes that the depth in the small restricted systems was spa-
tially homogenous. Positive changes in water depth (flood tide)
yield negative flows, whereas negative changes in water depth
(ebb tide) yield positive flows out of the system.

Lateral Exports and Groundwater Nutrients

Lateral nutrient exports to the coastal ocean were estimated by
multiplying water flow by the nutrient concentrations at the
surface water stations and integrating the hourly time steps
over 36 h of observations (Gleeson et al. 2013). To estimate
SGD-derived nutrient fluxes, we multiplied the radium-

derived SGD rate by the groundwater nutrient endmember.
Because tidally driven seawater recirculation in sediments
controls SGD in the two systems (discussed below), nutrient
concentrations in groundwater were subtracted from average
high tide surface water concentrations to define the ground-
water endmember (Smith and Swarzenski 2012). This ap-
proach prevents us from overestimating endmember concen-
trations by including only the net change in nutrient concen-
tration within sediments under the assumption that saline SGD
dominates fresh SGD (Santos et al. 2019).

Uncertainties in calculated data (e.g., SGD estimates, sur-
face water nutrient loads, and SGD-derived nutrient fluxes)
were determined by propagating the errors associated with
each individual term (Harvard 2007) following recommenda-
tions from Sadat-Noori et al. (2015).

Results

Time Series Observations

Mean water volume in the canal was ~ 12-fold higher than the
mangrove creek due to dredging of the canal for recreational
vessel navigation. Conversely, the mangrove intertidal area
was ~ 8-fold greater than the canal (Table 1). Therefore, dilu-
tion of surface water is more prominent in the canal due to
small intertidal area relative to its volume. As a result, radium
concentrations in the mangrove surface water and groundwa-
ter are higher than the canal while fluxes are higher in the
canal than in the mangrove. The area received 13.4 mm of
rainfall in 5 days prior to the time series experiments. No
rainfall occurred during the time series experiment (BOM
2019) and no surface runoff was observed during the experi-
ments, simplifying the interpretation of our observations.

Salinity in the mangrove creek and canal varied between 28
and 34 with an average of ~32 (Fig. 2). A significant differ-
ence between the two sites was surface water nutrient
concentrations and temporal trends. NH4 was the dominant

Table 1 Basic characteristics of mangrove and canal sites

Unit Mangrove Canal

Surface area at high tide km2 0.05 0.14

Intertidal area km2 0.1 0.02

Perimeter length at low tide km 2.2 4.1

Average volume m3 24,420 237,030

Average depth m 0.7 2.0

Tidal range m 1.2 1.2

Salinity 31.8 32.8

Temperature °C 18.9 19.0

Sediment composition Clay, silt, and sand Sand
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form of nitrogen at both time series stations (~ 70 ± 18% of
TDN) (Fig. 3 and Table 2) with DON also present in a large
proportion (23 ± 20% of TDN) (Fig. 3). The DIN:DIP ratio
was close to the Redfield ratio in both the mangrove creek
(17.6:1) and the canal (14.0:1). Nutrients and radium isotopes
had clear tidal trends in the mangrove creek, but not in the
canal (Fig. 2). Radium concentrations followed an inverse
tidal trend at both sites and were clearly seen to have the
highest values at the lowest tide. These tidal trends in activities
imply enhanced groundwater discharge at low tide and mixing

with low activity ocean water at high tide. We highlight, how-
ever, that the mass balance model is based on radium fluxes
rather than activities. Mean radium isotope concentrations
(4.0 ± 3.6 dpm/100 L for 223Ra and 99.4 ± 96.3 dpm/100 L
for 224Ra) in the mangrove creek were nearly double those
observed in the canal (2.2 ± 1.0 dpm/100 L for 223Ra and
51.0 ± 25.9 dpm/100 L for 224Ra respectively).

Groundwater Observations

Groundwater 223Ra and 224Ra concentrations were higher than
surface water radium concentrations at both sites (Table 2 and
Fig. 2). Groundwater 223Ra and 224Ra had no clear relationship
with salinity. Canal groundwater had greater mean concentra-
tions of NH4 and TDN than mangrove groundwater (Table 2),
and an 8-fold higher DIN:DIP ratio. The TDN pool in mangrove
groundwater consisted of 52.7% DON and 47.3% DIN (3.1%
nitrate + nitrite and 44.2% ammonium) while canal groundwater
consisted of 19.5% DON and 80.5% DIN (4.2% nitrate + nitrite
and 76.3% ammonium) (Fig. 3).

Radium Mass Balance to Estimate Groundwater
Exchange

Short-lived radium isotope (223Ra and 224Ra) mass bal-
ances were used to calculate the net flux of groundwater
exchange. Figure 4 shows radium isotope (223Ra and

Fig. 2 Time series surface water observations of water chemistry at both
sites (mangrove and canal) of Yamba. Time series experiment started on
14 June 2018 04:00 h

Fig. 3 The relative contribution of the different nitrogen species in
surface water and groundwater. NH4 was the dominant nitrogen species
surface and groundwater at both sites, whereas DON dominated
mangrove groundwater
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224Ra) fluxes with 1-h time intervals over 36 h. Diffusion
from sediments and radioactive decay were the smallest
radium source and sink at both sites (Table 3 and Fig. 4).
The 223Ra and 224Ra fluxes integrated over three complete
tidal cycles revealed groundwater exchange rates based on
223Ra and 224Ra at 1.3 ± 0.4 and 3.4 ± 0.9 cm day−1, re-
spectively, in the mangrove creek. At the canal estate,
groundwater exchange rates were ~ 2-fold higher (3.4 ±
0.9 for 223Ra and 5.4 ± 4.6 cm day−1 for 224Ra) in the
canal over a 36-h time scale.

Nutrient Fluxes via SGD and Lateral Exchange

The net lateral TDN fluxes from the canal estate were 2-fold
higher than the mangrove creek (Table 4 and Fig. 5). The
mangrove creek was a source of DON to the adjacent estuary
(2.8 mmol m−2 day−1), and the canal showed a net import of
DON (0.9 mmol m−2 day−1). Net lateral fluxes of NOx weight-
ed over water surface area did not show a significant differ-
ence between systems, while net fluxes of NH4 were higher in
the mangrove creek (Table 4).

Table 2 Groundwater observations from the mangrove and canal intertidal area

ID pH Salinity NOx NH4 PO4 TDN 223Ra 224Ra

μmol L−1 μmol L−1 μmol L−1 μmol L−1 (dpm/100 L) (dpm/100 L)

Mangrove GW M1 7.4 33.5 0.5 57.2 1.7 36.8 52.72 1802.5

GW M2 7.1 33.9 0.6 46.1 3.7 38.3 18.01 751.1

GW M3 6.8 36.3 0.4 2.7 16.3 20.5 40.70 1916.8

GW M4 7.4 34.7 0.5 7.6 0.6 13.4 39.66 730.7

GW M5 6.7 24.5 1.5 8.7 0.5 19.2 46.36 777.5

GW M6 6.8 31.1 0.4 9.6 0.6 65.8 49.00 948.5

GW M7 6.4 3.9 1.0 14.9 1.8 54.3 21.85 524.9

GW M8 6.5 16.1 0.4 12.2 0.4 53.3 48.88 1066.4

GW M9 7.2 33.6 2.0 9.3 0.4 21.4 32.73 706.9

GW M10 6.6 32.8 0.7 8.3 0.5 18.5 72.54 1185.8

GW M11 7.0 32.5 0.4 7.7 0.5 27.6 62.8 1008.7

Avg. ± SE 6.9 ± 0.1 28.4 ± 3.0 0.8 ± 0.2 16.8 ± 5.3 2.5 ± 1.4 33.5 ± 5.3 44.1 ± 4.9 1038.2 ± 135

Canal GW C1 6.2 6.2 20.0 44.5 0.1 115.4 14.2 338.8

GW C2 6.6 29.0 0.5 62.7 0.7 43.0 20.6 441.9

GW C3 6.6 0.9 0.2 135.0 0.8 209.4 20.5 894.9

GW C4 6.9 27.0 0.4 35.1 0.4 21.2 29.6 1023.1

GW C5 7.4 27.6 1.1 36.5 0.4 44.9 33.9 886.3

GW C6 7.5 26.7 1.3 33.3 0.8 38.9 40.5 1042.4

Avg. ± SE 6.8 ± 0.2 19.5 ± 5.1 4.0 ± 3.2 57.9 ± 16.0 0.5 ± 0.1 78.8 ± 29.3 26.5 ± 4.0 771.2 ± 124

Fig. 4 Hourly radium isotope (223Ra and 224Ra) fluxes over 36 h, integrated to quantify groundwater exchange rates
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Mangrove groundwater released 5-fold less TDN to the
surface water than the canal estate (Table 4). SGD-derived
NOx and NH4 loads were ~ 5-fold and ~ 7-fold higher in the
canal than the mangrove. SGD-derived TDN loads were esti-
mated to be 0.7 and 3.4 mmol m−2 day−1 in mangrove and
canal respectively.

Discussion

Groundwater Exchange Rates

Our radium isotope mass balance model revealed relatively
low groundwater exchange rates at both sites ranging from
1.3 to 5.4 cm day−1 (Table 3). Radium-derived SGDs were

twice as high in the canal than in the mangrove. While a
number of recent investigations have quantified this process
in mangrove creeks (Sadat-Noori et al. 2017; Taillardat et al.
2019; Tait et al. 2017), very little research exists on quantify-
ing groundwater flows in residential canals and drains to as-
sess the impact of natural system replacement (Macklin et al.
2014; Webb et al. 2019). Here, we compared two adjacent
systems to gain insight into how artificial canals may differ
from mangroves.

Groundwater exchange rates range from 2.1 to
35.5 cm day−1 in Australian tropical, subtropical, and temper-
ate tidal mangrove creeks (Tait et al. 2016). In a nearby sub-
tropical estuary, groundwater exchange rates were 13.6–
27.8 cm day−1 (Sadat-Noori et al. 2017). There is limited
information on how artificial canals affect groundwater flows.

Table 3 223Ra and 224Ra mass balance terms and radium-derived groundwater exchange rates integrated over 36 h for the mangrove and canal sites

Units Mangrove Canal
223Ra

Incoming tide dpm day−1 4.5 × 106 ± 5.5 × 105 1.3 × 107 ± 1.5 × 106

Outgoing tide dpm day−1 4.3 × 106 ± 6.1 × 105 1.1 × 107 ± 1.3 × 106

Diffusion dpm day−1 9.0 × 104 ± 6.2 × 103 2.5 × 105 ± 1.5 × 104

Decay dpm day−1 1.7 × 104 ± 2.3 × 103 3.3 × 105 ± 3.8 × 104

Missing (groundwater) dpm day−1 2.8 × 105 ± 6.7 × 104 1.2 × 106 ± 2.5 × 105

Groundwater endmember dpm/100 L 41.0 ± 8.8 24.6 ± 4.7

Groundwater exchange rate (total) m3 day−1 7.0 × 102 4.8 × 103

Groundwater exchange rate (per unit area) cm day−1 1.3 ± 0.4 3.4 ± 0.9
224Ra

Incoming tide dpm day−1 1.1 × 108 ± 4.4 × 107 3.1 × 108 ± 1.3 × 108

Outgoing tide dpm day−1 9.4 × 107 ± 4.8 × 107 2.4 × 108 ± 9.2 × 107

Diffusion dpm day−1 3.5 × 106 ± 7.4 × 105 9.7 × 106 ± 1.7 × 106

Decay dpm day−1 1.2 × 106 ± 5.5 × 105 2.4 × 107 ± 9.3 × 106

Missing (groundwater) dpm day−1 1.4 × 107 ± 1.2 × 107 5.6 × 107 ± 3.9 × 107

Groundwater endmember dpm/100 L 9.6 × 102 ± 6.6 × 102 7.2 × 102 ± 3.5 × 102

Groundwater exchange rate (total) m3 day−1 1.5 × 103 7.7 × 103

Groundwater exchange rate (per unit area) cm day−1 2.8 ± 3.0 5.4 ± 4.6

Table 4 Estimated surface water nutrient fluxes and groundwater-derived nutrient fluxes at mangrove and canal. Positive fluxes represent an input into
the mangrove or canal, while negative fluxes represent a flux out of the mangrove or canal

Mangrove Canal

Units NOx NH4 DON PO4 TDN NOx NH4 DON PO4 TDN

Incoming tide mol day−1 122.1 1756.0 375.4 130.6 2253.0 334.5 4366.7 1298.6 273.9 5999.7

Outgoing tide mol day−1 − 76.2 − 1209.9 − 524.8 − 97.0 − 1810.0 − 209.8 − 3311.8 − 1168.4 − 211.4 − 4690.1
Net lateral flux mol day−1 46.0 546.8 − 149.0 33.7 443.8 124.7 1054.8 130.1 62.5 1309.6

Net lateral flux mmol m−2 of water area
day−1

0.9 10.3 − 2.8 0.6 8.4 0.9 7.3 0.9 0.4 9.1

Groundwater-derived
flux

mmol m−2 of water area
day−1

0.02 0.3 0.4 0.1 0.7 0.2 2.5 0.7 0.02 3.4
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A man-made (~ 5 m) deep canal (C-54 Canal, USA) had 8-
fold higher groundwater discharge (2.4 × 105–3.0 ×
104 m3 day−1) than nearby shallow (> 1 m) creeks (North
Prong, USA) (Santos et al. 2010). Similarly, the 2-m deep
canal here has a ~ 2-fold higher groundwater exchange rate
than the nearby shallow (< 1 m) mangrove creek. C-54 canal
was built in the subtropical USA by draining freshwater coast-
al wetlands. Soil along the C-54 canal was a mix of sand, silt,
and clay similar to our mangrove system, but the system is not
tidal. The tidal range is relatively higher in Yamba (15 cm in
USA versus 120 cm in Australia), enhancing the contribution
of tidal pumping as a driver of SGD. The exchange rate in
man-made canals in the subtropical Dux Creek canal was
estimated at 3.1 ± 1.5 cm day−1, consistent with our estimates
(Davis et al. 2020).

In radiummass balance models, the major source of uncer-
tainty is often related to assigning an endmember value to
groundwater (Burnett et al. 2007; Cerdà-Domènech et al.
2017). The concentration of radium in groundwater can vary
substantially over small spatial scales (Schmidt et al. 2010).
Our endmember sample size (n = 11 in the mangrove and 6 in
the canal) allowed us to minimize those uncertainties to 15.1
and 16.1%, respectively (Sadat-Noori et al. 2015). If we use
the median (46.4 and 948.5 dpm/100 L for 223Ra and 224Ra in
the mangrove, 25.1 and 890.6 dpm/100 L for 223Ra and 224Ra
in the canal) rather than the mean (44.1 and 1038.2 dpm/100 L

in the mangrove, 26.5 and 771.2 dpm/100 L in the canal)
radium concentration in groundwater as the endmember, the
final SGD estimates would reduce by around 5% in both man-
grove and canal systems. Our groundwater samples had a
range in salinity from 0.9 to 34.7. Radium is known to desorb
from sediments at salinities greater than 5 (Peterson et al.
2008). If all groundwater samples with salinity < 5 are exclud-
ed from the mean, the final SGD rates would change by 5 and
6% in the mangrove creek and canal, respectively. From our
surface water salinity observations and the local geomorphol-
ogy, it is clear that fresh groundwater cannot be a major source
of radium to the mangrove or canal.

The driving forces of groundwater flow depend on precip-
itation, tides-waves, geology, vegetation, land use, and inter-
action with beach morphology (Robinson et al. 2006; Rufí-
Salís et al. 2019; Taniguchi et al. 2019). Both sites receive
runoff from urban land use following rain events; however,
no runoff was observed during our experiments simplifying
the interpretation of our observations. Runoff from urban land
use contains mainly NOx (Taylor et al. 2005), whereas man-
grove systems are often enriched in ammonium (Singh et al.
2005). Tidal range and waves at both sites were similar
(1.2 m) (Table 1). Because both sites have similar geographic
and hydrological settings, the morphological differences, such
as grain size distributions, are likely the predominant factors
that define each system.

Fig. 5 Surface water dissolved
nutrient fluxes at mangrove and
canal sites with 1 h time interval
over 36 h. The fluxes were
integrated to quantify net lateral
exports into the adjacent estuary
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The canal intertidal zone had course sands, while the man-
grove intertidal zone had fine-grain muds abundant with crab
burrows (Fig. 6). The transmission of surface water through
the burrows depends upon the sediment grain size and the
density of crab burrows (Schwendenman et al. 2006; Xiao
et al. 2019b; Xin et al. 2009). Crab burrows modify physical
characteristics of the sediment (Ridd 1996). Schwendenman
et al. (2006) found sediment permeability was lower (<
0.1 m day−1) in the clay-rich and crab burrow-free mud layer,
whereas fine sand strata permeability ranged from 0.7 to
1.8 m day−1 in a crab burrow-rich mangrove creek. Even
though crab burrows should enhance groundwater flows, we
observed lower exchange in the mangrove. At our mangrove
site, recirculated seawater also infiltrates through low perme-
ability mangrove muds, which may explain relatively lower
groundwater exchange rates at this site. Therefore, we suspect
difference between the mangrove and canal may be primarily
attributed to the sediment type and geomorphology.

We also suspect steeper banks in the canal may promote
greater groundwater exchange rates (bank slope canal 21%
versus mangrove 8%). Man-made land modification have an
impact on bank slope and its stability (Jiao 2000) and therefore
may alter hydraulic conditions (e.g., inland hydraulic head and
slope break drainage) and increase the groundwater flow to
the sea (Jiao 2000; Zhang et al. 2017). Numerical simulations
have also indicated that increases in the beach slope can in-
crease groundwater flow andmodify drainage characteristic in
the intertidal zone (Li et al. 2008).

Nutrient Groundwater and Lateral Loads

Regional and global-scale nitrogen budgets indicate that most
of the dissolved N in anthropogenic landscapes are processed
within estuaries and do not reach the coastal ocean (Meter
et al. 2016; Wang et al. 2019). Intertidal wetlands are well-

known to attenuate nitrogen pollution along estuarine conduits
(Alongi 2002; Wadnerkar et al. 2019; Wang et al. 2019), but
may still export nitrogen that fuels coastal food webs (Santos
et al. 2014; Smith 2006; Wang et al. 2019). Are mangroves
sources or sinks of nitrogen to the coastal ocean, and how do
they compare with canals? Our simultaneous observations
allow for a direct comparison between a mangrove and a
canal.

This study is consistent with other observations in non-
contaminated mangrove creeks (Tait et al. 2017). TDN was
imported from the nearby estuary into both the mangrove and
canal at similar rates (8.4 ± 1.1 and 9.1 ± 1.1 mmol m−2 day−1,
respectively, Table 4). These estimates are in the middle of
estuarine-derived TDN import estimates from the dry tropics
(2 mmol m−2 day−1) to the subtropics (15 mmol m−2 day−1)
(Tait et al. 2017). PO4 import was 0.6 ± 0.1 at the mangrove
and 0.4 ± 0.1 mmol m−2 day−1 at the canal which is equivalent
to a mangrove subtropical creek (Gleeson et al. 2013).

Groundwater-derived TDN export to surface water in the
mang r o v e a nd c a n a l w a s 0 . 7 ± 0 . 1 a n d 3 . 4 ±
0.7 mmol m−2 day−1, lower than earlier observations in an
intertidal mangrove creek at temperate Barwons Head,
Australia (TDN ~ 3 mmol m−2 day−1) but higher than dry
tropical Toms Creek (0.5 mmol m−2 day−1) (Tait et al. 2017)
where no obvious freshwater inputs were observed. In the
previous cases, differences between systems seem to be ex-
plained by different climatic conditions like dry tropical and
temperate conditions. In the sandy sediments of the highly
modified Tolo Harbor, Hong Kong, groundwater-derived
DIN fluxes were 0.6–1.4 mmol m−2 day−1 (Luo et al. 2014)
which is consistent with our groundwater-derived DIN fluxes
in the canal estate (Table 5). Similarly, the salt marshes with
fine-grained interbedded sand of South Carolina have similar
DIN fluxes (2.4 mmol m−2 day−1) (Krest et al. 2000). Here,
groundwater exchange in the mangrove creek released ~ 5-

Fig. 6 Conceptual model illustrating groundwater exchange rates (SGD) and groundwater-derived total dissolved nitrogen export inmangrove and canal
site of Yamba (modified from Davis et al. 2020)
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fold less TDN to surface waters than canal. At the mangrove
site, groundwater was a net source of DON (Table 5) and
positively correlated with radium isotopes.

There are three major nitrogen sequestrations, loss, or
uptake processes in mangrove systems: (1) nitrogen uptake
by plants, microbes, and microalgae in surface and subsur-
face waters, (2) burial in sediments, and (3) denitrification
(Alongi 1996; Taillardat et al. 2019; Wadnerkar et al. 2019).
Organic material, such as litter fall, may be buried by crabs,
increasing ammonification and the resulting release of inor-
ganic nutrients that are bioavailable for vegetation and man-
grove uptake (Feller et al. 2003). Ammonium is preferential-
ly assimilated by mangrove plants and phytoplankton and
incorporated by the large belowground root network (Balk
et al. 2015; Reef et al. 2010). Burial in mangrove sediments
can be a significant pathway for particulate nitrogen loss
from estuarine systems (Kristensen et al. 1998; Rivera-
Monroy et al. 1995; Sanders et al. 2014). For instance, in
a tropical mangrove, nitrogen accumulated in sediments of
vegetated areas at greater rates than non-vegetated areas (1.9
and 1.2 kg N km−2 day−1, respectively) (Kristensen et al.
1998).

Human-impacted mangroves in Southeast China have
been identified as important sites of denitrification where
nitrate removal takes place from porewater producing N2O
and N2 (Wang et al. 2019). Denitrification was found to be
the leading pathway for nitrogen loss in a subtropical man-
grove in China (~ 90%) (Xiao et al. 2018). Further, denitri-
fication rates in vegetated sediments were 3-fold higher than
non-vegetated intertidal zones of a southeast Asian man-
grove forest (0.6 kg N km−2 day−1 in vegetated sediments
and 0.2 kg N km−2 day−1 in un-vegetated sediments)
(Kristensen et al. 1998).

Sand beach ecosystems can also process, re-mineralize,
and accumulate dissolved nutrients, which can be
transported via groundwater to nearshore waters and avail-
able for primary producers (Dugan et al. 2011). Normally,
permeable sands on the beach have low organic content but
high organic matter turnover (Dugan et al. 2011). In this
study, the mangrove released 5-fold less (TDN) than the
canal estate (Table 4), suggesting groundwater-derived nu-
trients were flushed/recirculated in sands of the canal system.

Conclusions

Groundwater exchange and associated nutrient fluxes were
concurrently estimated using short-lived radium isotopes
(223Ra and 224Ra) at a natural mangrove and artificial canal
site. Overall, the canal had 2-fold higher groundwater ex-
change rates than nearby mangrove creek and released 5-
fold more groundwater-derived dissolved nitrogen into sur-
face waters. Both the mangrove and canal surface watersT
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imported nutrients from the nearby estuary, indicating that
mangroves are more efficient at retaining TDN. Therefore,
canal estate development not only drive losses of estuarine
ecosystem services, but also modify groundwater flows and
the nitrogen cycle in coastal areas. Our results highlight how
preserving mangroves may offer major benefits to coastal wa-
ter quality by retaining nitrogen rather than exporting to the
coastal ocean.
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