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Abstract Mangroves are distributed along tropical
and subtropical riverine and coastal shores. Although
mangroves are highly adapted to saline environments,
maintaining water uptake under saline conditions is
energetically expensive. Therefore, salinity is a lim-
iting factor for mangrove growth and productivity, and
access to fresh water sources, such as rainwater and
groundwater, which reduce water salinity, increase
mangrove ecosystem productivity. Here, we investi-
gated the extent of fresh water utilization by man-
groves to better predict current and future mangrove
productivity. We used the abundance of '*0 isotope in
stem water to assess: (1) the extent of fresh water
utilization by Avicennia marina (Forssk.) Vierh across
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hydrological settings; and (2) whether growth, mea-
sured as increments in stem circumference, is sensitive
to variation in rainfall availability. The 8'%0 isotopic
composition of stem water indicated mangroves use
both fresh and saline water sources for metabolic
processes. However, our results suggest that the
proportion of fresh water used by mangroves increases
with the availability of fresh water. Growth of the
main stems of trees was correlated with rainfall
(¥* = 0.34 and * = 0.37, P = 0.001). Our results
indicate that access to fresh water is important for
mangrove productivity because it enhances their
growth rates.

Keywords Isotopes - Salinity - Exmouth Gulf -
Queensland

Introduction

Mangrove forests inhabit the coastal and riverine
shores of the tropics and sub-tropics (Alongi, 2009).
Due to their position in the intertidal zone, mangroves
can access water from a range of different sources.
Soil pore-water can be composed of rainwater,
groundwater and tidal water from the adjoining rivers,
creeks or sea. The salinity of the pore-water surround-
ing the roots of mangroves varies with rainfall,
evaporation (and transpiration), and frequency of tidal
inundation (Upkong, 1991). Low in the intertidal zone,
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mangrove soils are regularly inundated and subject to
relatively constant salinity with values similar to the
salinity of the water in the adjoining creek or sea.
Higher in the intertidal, where soils are less frequently
inundated, pore-water salinities fluctuate depending
on rainfall, groundwater and evaporation. In arid
environments, pore-water salinity can become hyper-
saline due to high levels of evaporation. However,
where groundwater enters the mangroves, or during
periods of high rainfall, pore-water salinity can be
reduced (Semeniuk, 1983; Susilo et al., 2005; Alongi
& Brinkman, 2011). Shallow groundwater enters
mangroves via seepage of water moving from hinter-
lands into tidal mangrove lands (Semeniuk, 1983;
Lambs et al., 2008). Surface and subsurface seepage
often originates from rainfall and finds preferential
pathways through the porous substrates, invading the
groundwater tidal systems that may otherwise be
hypersaline (Lambs et al., 2008; Humphreys et al.,
2009).

Mangroves are adapted to highly saline environ-
ments. Mangroves can exclude up to 97% of the salt in
the soil pore-water from entering the xylem stream
(Ball, 1988) and use salt ions for osmoregulation and
for maintaining sufficiently low tissue water potentials
for water uptake (Scholander, 1968). Due to the
energetic costs associated with maintaining water
uptake under saline conditions, soil salinity has long
been recognized as an important factor that limits
mangrove growth and productivity (Ball, 1988; Love-
lock et al., 2006).

The widespread mangrove species Avicennia mar-
ina can tolerate salinities up to 90 ppt (Hutchings &
Saenger, 1987); however, the optimum salinity levels
for A. marina’s growth range from 3.5 to 17.5 ppt
(Clough, 1984; Ball, 1988). Growth declines linearly
with increasing salinity (Morrisey et al., 2010).
Therefore, mangroves growing at salinities higher
than those optimal for growth benefit from periodic
increases in fresh water availability. This is why tree
growth (Menezes et al., 2003) and the diversity and
abundance of mangroves (e.g. Smith & Duke, 1987;
Eslami-Andargoli et al., 2009) have been found to
increase with increasing rainfall.

It is possible to determine the use of different water
sources by mangroves by investigating the abundance
of natural stable isotopes of oxygen (O) within their
tissues. The abundances of '®0 and '°O isotopes can
vary greatly between water sources. Because no
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evidence for oxygen fractionation has been observed
during water uptake in plants (Lin & Sternberg, 1993;
Ellsworth & Williams, 2007, in contrast to hydrogen),
the '0/'°0 ratio (5180) of the stem water reflects the
3'80 of the water sources taken up by the plant.

There have been three previous studies of the use of
different water sources by mangroves conducted in the
Everglades in Florida, where the wetland system is
underlain by highly permeable limestone (Sternberg &
Swart, 1987; Lin & Sternberg, 1992; Ewe et al., 2007);
one study in French Guiana where sand banks separate
the mangroves from the freshwater marshes (Lambs
etal., 2008) and one in an estuarine setting in Australia
(Wei et al., 2012). These studies indicate that water
sources available to mangroves vary over landscapes
(Sternberg & Swart, 1987; Lambs et al., 2008; Wei
et al., 2012). They also indicate that the water sources
used by mangroves at any location vary over seasons,
with rainfall preferentially used during wet seasons
(Lin & Sternberg, 1992; Ewe et al., 2007; Wei et al.,
2012). While the use of varying water sources may
directly reflect the availability of different water
sources (Sternberg and Swart, 1987; Lambs et al.,
2008), it appears that the water sources used by
mangroves can vary within similar habitats. For
example, in Florida, the 5'%0 of stem water from
Rhizophora mangle trees in the fringing forest (which
is frequently inundated by tides) was similar to values
typical of seawater in both the wet and the dry seasons
(Lin & Sternberg, 1992), while in Australia fringing
Avicennia marina mangroves used a mix of fresh and
saline water sources during both seasons (Wei et al.,
2012).

Here, we assessed the extent of fresh water
utilization by mangroves by studying 3'%0 in stem
water in a widespread species, A. marina over sites in
varying hydrological settings: two inner estuarine sites
with high levels of fresh water inputs, one outer
estuarine site and two tidal creek sites which had
strong marine influence. These sites had varying
availability of fresh water inputs.

Materials and methods

Study sites

In this study, we used five sites from three locations
with varying hydrological settings. Two of the sites
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Fig. 1 Our study sites were located across hydrological
settings. Two sites were within an inner estuarine setting: Lake
Cootharaba and the Brisbane River. One site was in an outer
estuarine setting: Lake Cooroibah, and two sites were in a tidal
creek setting: Nudgee Creek and Giralia Bay

were located in an inner estuarine setting, Lake
Cootharaba along the Noosa River and the Brisbane
River in Moreton Bay, Queensland. One site was
located in an outer estuarine setting, the Lake
Cooroibah in the Noosa River, and two sites were
located in a tidal creek setting, Nudgee Creek in
Moreton Bay, and Giralia Bay, at the Exmouth Gulf,
Western Australia (Fig. 1a, b).

Moreton Bay is a large semi-open bay that extends
90 km from north to south. The bay is well flushed
through three passages to the open ocean and is also
influenced by five rivers that drain into the bay
(Dennison & Abal, 1999). Mangrove forests are well

developed on the western side of the bay. One site was
within the mangrove forest that fringes Nudgee Creek,
a tidal creek setting, within the Boondall Wetlands
Reserve, 3 km inland from the coast (27.35°S,
153.08°E). Our second site in Moreton Bay is a forest
in an inner estuarine setting fringing the Brisbane
River, at The University of Queensland, 25 km from
the mouth of the Brisbane River (27.50°S, 153.02°E).
The climate is subtropical with a mean minimum
temperature of 16°C, a mean maximum temperature of
25°C and a mean annual rainfall of 1,016 mm year_l.
Tidal range at the site is ca. 1.5 m (Australian Bureau
of Meteorology, 2014).

Two other sites in Queensland that span a salinity
gradient were located along the Noosa River, approx-
imately 120 km north of the Moreton Bay study area.
The Noosa River is an estuarine system characterized
by a sand bar in the mouth of the river, which restricts
seawater exchange (Hewson et al., 2001). The Noosa
River is composed of shallow embayments and lakes
(mean depth ca. 1 m) connected by a deeper river
channel. One of our sites was in Lake Cooroibah
(26.36°S, 153.04°E), an outer estuarine setting, 8 km
away from the river mouth. The other, less saline site,
was situated at Lake Cootharaba (26.31°S, 152.98°E),
an inner estuarine setting, 19 km away from the river
mouth. The mean annual rainfall is 1,628 mm year_l.
The mean minimum temperature in Noosa is 17°C and
the mean maximum temperature is 25°C. Tidal range
is ca. 1.2 m (Australian Bureau of Meteorology,
2014).

Our fifth site is located in Giralia Bay in the
Exmouth Gulf, Western Australia (22.53°S, 114.3°E).
The Exmouth Gulf is a large, open, inverse estuary
with infrequent river flows that occur during cyclones
(Brunskill et al., 2001). The study site was on the edge
of a tidal creek within Giralia Bay. The climate in this
region is arid and warm, with a mean annual rainfall of
230 mm year™'. The mean minimum temperature in
the region is 18°C and the mean maximum temper-
ature is 32°C with peaks of 45°C in summer. Tidal
range is ca. 1.3 m (Australian Bureau of Meteorology,
2014).

Sample collection
In the Moreton Bay sites (i.e., Brisbane River and

Nudgee Creek) and in the Noosa River sites (i.e., Lake
Cootharaba and Lake Cooroibah), we sampled plants
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Fig. 2 Mean daily minimum (filled diamonds) and maximum
temperature (open diamonds) and rainfall (bars) during the
collection period at Giralia Bay in the Exmouth Gulf, Western
Australia. Dates of stem water collection are marked with
arrows. During the previous months (May, June and July)
rainfall events were rare, with rainfall only during May and
June. Rainfall occurred on May 19 (0.4 mm), May 23 (3.2 mm),
June 4-7 (50 mm), June 15 (0.2 mm), June 16 (95 mm) and
June 17 (0.2 mm). Data were obtained from the Australian
Bureau of Meteorology (2014)

and water sources during March—April 2010. At
Giralia Bay, we sampled during a dry period and then
we re-sampled after a 3-day period of rain (21-Aug-
2010 and 25-Aug-2010; Fig. 2).

To establish the 5'®0 isotopic composition of water
used by A. marina, we sampled fine, terminal branches
from 3-10 fringing mangrove trees at each site. The
terminal branches were 150 mm long with stem
diameters of ca. 8 mm. Immediately following col-
lection, the branches were sealed with Parafilm M (SPI
Supplies, PA USA), put in collection tubes and kept at
—20°C until further analyses.

Simultaneously with the collection of branches, we
collected water from the different water sources
(n = 3-10) at each site in 10 mL vials: mangrove
soil pore-water, seawater, rainwater (which we sam-
pled using vials within a rack container during the
rainy periods) and tidal water (river water or creek
water). Vials were completely filled in with water and
sealed with Parafilm after collection to avoid evapo-
ration. Soil pore-water was collected at 30 cm depth
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where small roots, <20 mm diameter which comprises
more than 50% of root biomass, are abundant
(Komiyama et al., 1987). Pore-water was collected
using a hand held suction device (McKee et al., 1988).
In the Exmouth Gulf, we also sampled groundwater
from the Giralia Pastoral Station homestead bores
(—22.75°S, 114.39°E) which were 25 km away from
the study site. We were unable to sample groundwater
at the Queensland sites. Instead, we used values
obtained from comparable estuarine sites in the region.
For the Brisbane River and Nudgee Creek sites, Wei
et al. (2012) provided values from the Tinchi Tamba
Wetlands Reserve located within 15 km of our
Moreton Bay sites. For the Noosa River sites, we
used data from the literature from the Buttha and
Poona coastal aquifers that are located within 24 km
south and 50 km north from our Noosa River sites
(Larsen & Cox, 2011). All the isotopic values of
groundwater for our study correspond to shallow
groundwater, which are those from aquifers of
unconsolidated coastal deposits.

Water samples were extracted by cryogenic distil-
lation using a vacuum system at the Stable Isotope
Laboratory at the University of Western Australia
following the procedures of West et al. (2006). Water
samples were analysed for 8'%0 abundance and results
were normalized with the international standards
provided by the International Atomic Energy Agency
(IAEA): Vienna Standard Mean Ocean Water
(VSMOW), Standard Light Antarctic Precipitation 2
(SLAP2) and Greenland Ice Sheet Precipitation
(GISP). Salinity of the different water sources was
measured using a Refractometer W/ATC 300011,
SPER Scientific (Scottsdale, AZ, USA).

Stem growth

We monitored daily increments in circumference of
the main stems of ten A. marina trees for 2 months
(November-December 2010) at the sites along the
Noosa River and in Moreton Bay, using electronic
dendrometer bands (ICT International, Australia)
(Lagergren & Lindroth, 2004). We recorded the
increment in stem circumference of trees of ca.
30 cm circumference. To assess the sensitivity of
stem circumference increments to rainfall, we
obtained daily rainfall records from the meteorolog-
ical stations that were closest to our sites: Brisbane
Aero (station 40842), 3 km away from the Brisbane
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Table 1 5'%0 isotopes from different water sources in our study sites

Site Rainwater Pore-Water Seawater Groundwater Groundwater A. marina
Reference mangroves
Inner estuarine
Lake —1.86 £ 0.59* —0.70 £ 0.09®° 096 + 0.13® —4.4 + 044 Larsen & Cox (2011) —2.27 £ 0.10*
Cootharaba
Brisbane River —4.12 + 1.50* —1.68 £ 0.11®  0.70 + 0.07° —1.2+£0.20 Wei et al. (2012) —2.73 + 0.25%
Outer estuarine
Lake —1.86 £ 0.59* —0.29 + 0.009°® 0.96 + 0.13® —4.4 + 044 Larsen & Cox (2011) —1.80 % 0.15%
Cooroibah
Tidal creek
Nudgee Creek —4.12 £+ 1.50° 0.22 £ 0.002*® 0.70 £ 0.07° —124020 Wei et al. (2012) —1.28 4+ 0.14°
Giralia Bay —-9.42 4+ 0.07° 2.10 £ 0.05° 1.29 £+ 0.19° —6.43 + 0.06* Field —1.28 £ 0.17°

Values are means + standard errors and are expressed in %o. Different letters along each row indicate that §'®0 values were
significantly different among sources within sites. Values for groundwater at the Brisbane River and Nudgee Creek were obtained
from the Tinchi Tamba Wetlands Reserve (Wei et al., 2012). Values for groundwater data for Lake Cootharaba and Lake Cooroibah
were obtained from the Buttha and Poona coastal aquifers (Larsen and Cox, 2011). These values were not included in the statistical

tests

River site and 6 km away from the Nudgee Creek site
and Noosaville (station 40995), 5 km away from the
Corooibah Lake and 12 km away from the Cootharaba
Lake (Australian Bureau of Meteorology, 2014).

Data analyses

To assess the variation in 5'%0 among water sources at
each site, we performed a Kruskal-Wallis one-way
analysis of variance (ANOVA) followed by a Dunn’s
post-test. We used the package SIAR from the
software R (R Development Core Team, 2008) that
uses a Bayesian model based on Gaussian likelihood
to determine which sources of water mangroves use
(Parnell et al., 2010). Seawater, rainwater, mangrove
pore-water and groundwater were considered as water
sources for the model. In Giralia Bay, in samples taken
before arainfall event, rainwater was not considered in
the model as rainfall events were rare before the
sampling campaign (there was only one rainfall event
of 0.2 mm 4 days before sampling and no other
rainfall event before the 17th of June, see Fig. 2).
Tidal water was not included in the model to avoid
duplication of water sources because the 3'*0 signa-
ture of the tidal water was the same to that of the
mangrove pore-water (© = 0.99, P < 0.05). We
evaluated the response of mangrove stem circumfer-
ence increment to the amount of daily rainfall using
linear regression analyses with the software R (R

Development Core Team, 2008). Rainfall was log
transformed prior to analysis to normalize the variance
of the data.

Results

The isotopic signature of stem water across sites was
depleted in 18O, and values were lower in the inner
estuarine sites (—2.73 £ 0.25%o0 and —2.27 =& 0.10%o)
than in the outer estuarine (—1.80 £ 0.15%o0) and tidal
creek sites (—1.28 = 0.14 and —1.28 4+ 0.17%o)
(Table 1). These 5'80 values of the stem water were
similar to more than one of the available water sources,
indicating that A. marina uses a mixture of water sources
for metabolic processes across hydrological settings.
To evaluate the proportional use of different water
sources for metabolic processes by A. marina, we used
the STAR model that calculates confidence intervals
based on posterior distributions using a Bayesian
approach (Parnell et al., 2010). The posterior distri-
butions of rainwater and groundwater across sites
exhibited highly negative correlation coefficients, in
the inner estuarine sites: —0.47 in the Lake Coothar-
aba and —0.67 in the Brisbane River, in the outer
estuarine site: —0.52 and in the tidal creek sites: —0.43
in the Nudgee Creek and —0.89 in Giralia Bay. These
negative correlation coefficients between rainwater
and groundwater indicated that the model could not
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differentiate between the two sources of water and that
either rainwater or groundwater was used by A.
marina. In addition, highly negative correlation coef-
ficients were observed between mangrove pore-water
and seawater in the outer estuarine site (—0.65) and in
the tidal creek sites (Nudgee Creek, —0.75 and Giralia
Bay, —0.90), indicating that pore-water and seawater
were indistinguishable.

Because it was not possible to differentiate between
rainwater and groundwater across sites, we grouped
water sources as fresh water (rainwater and ground-
water) for all the sites across hydrological settings. In
addition, saline water sources (soil pore-water and
seawater) were grouped at the outer estuarine site
(Lake Cooroibah) and at the tidal creek sites (Nudgee
Creek and Giralia Bay).

In the inner estuarine sites, A. marina used higher
amounts of fresh water (21-43% at Lake Cootharaba
and 29-46% at the Brisbane River) than in the outer
estuarine site (13-20%) and those in the tidal creek
sites (9—18% in the Nudgee Creek and 25-32% at
Giralia Bay). Additionally, in the inner estuarine sites,
A. marina used less saline water sources than in the
outer estuarine site and in the tidal creek sites
(Table 2).

During the dry period, in the tidal creek site of
Giralia Bay, Western Australia, approximately a third
of A. marina’ s water use relied on groundwater
sources (25-32%). At this site, we were able to test
whether water use was altered by a rainfall event. We
found that values of 5'%0 in mangrove tissues were
significantly more depleted in '®O after rain (Fig. 3).
The SIAR model indicated an increase in fresh water
use of between 33—43% after the rainfall event.

Before Rainfall After Rainfall
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Fig. 3 8'80 of Avicennia marina mangroves from Giralia Bay,
Western Australia before and after a rainfall event. Values are
mean and standard errors. The 3'0 means were significantly
different as indicated by different letters (P = 0.006, t = 3.57,
n total = 20)

Characterisation of salinity and '®O isotopes of
pore-water across our sites found that saline waters
were frequently more enriched in the heavier isotope
180, Overall, the relationship between 5'%0 and
salinity of the water sources was positive but the
slope varied significantly among our three major
locations (Fig. 4). Mangrove pore-water exhibited
higher 8'%0 values in the outer estuarine and tidal
creek settings compared to the inner estuarine sites
(Fig. 4).

Consistent with the high level of fresh water used
by trees indicated by our SIAR analysis of 8'*0, we
found that the relationship between rainfall and stem
growth was significant in the Moreton Bay and in the
Noosa River sites (Fig. 5). The slope of the regression
between stem growth and rainfall was significantly

Table 2 Salinity of Site
mangrove pore-water
(means =+ standard errors,
n = 3-4) and proportion of

different water sources used
by Avicennia marina

mangroves in our study i ]
sites Brisbane River

Values are 10-90%
percentiles as calculated by

Pore-water Fresh Saline water
salinity (ppt) water pore-water (PW)/
seawater (SW)
Inner estuarine
Lake Cootharaba 15 £ 0.6 21-43 PW 31-58/SW 11-58
20+ 1.2 2946 PW 3-55/SW 8-53
Outer estuarine
Lake Cooroibah 36 + 1.0 13-20 64-87
Tidal Creek
Nudgee Creek 34 £26 9-18 75-90
Giralia Bay-Before Rain 54 £ 09 25-32 68-75
Giralia Bay-After Rain - 3343 57-67

SIAR (Parnell et al., 2010)
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Fig. 4 Relationship between 3'®0 and salinity of water sources
for three study regions. The lines are lines of best fit for each
location. Between locations the slopes of the regression lines
were significantly different (P < 0.05). For Moreton Bay, the
regression  is:  8'°0 = 0.11  Salinity—3.04 (¥ = 0.61,
P = 0.0009, n = 14). For the Noosa River the regression is:
3'%0 = 0.04 Salinity—1.30 (¥ = 0.53, P = 0.0005, n = 12).
For the Exmouth Gulf the regression is: 8'30 = 0.22 Salinity—
8.10 (r2 = 0.93, P <0.0001, n = 15). Different coloured
symbols represent different water sources and hydrological
settings: seawater (black circles), pore-water and river water
from the inner estuarine settings (blue circles), pore-water and
river water from the outer estuarine setting (green circles), pore-
water and creek water from the tidal creek settings (orange
circles), rainwater across hydrological settings (grey squares)
and groundwater from the tidal creek site of Giralia Bay (red
squares)

different between locations but trees at all sites
responded to increasing rainfall in a consistently
positive way. Stem growth varied, but was mostly zero
or slightly negative with zero rainfall (Fig. 5).

Discussion

The 3'®0 values for A. marina and the SIAR models
indicated that A. marina mangroves use fresh water
sources for growth. However, our results suggest that
the proportion of fresh water used by mangroves
increases with the availability of fresh water. For
example, mangroves from the inner estuarine sites
used more fresh water than mangroves from the tidal
creek sites (Table 1; Table 2). In the tidal creek setting
of Giralia Bay, where rainfall events are scarce the
stem water of A. marina mangroves was depleted in
80, which suggests that even during dry periods A.

—<O~- Moreton Bay
2001 —@— Noosa River

Daily Stem Circumference Increment (um)

Log (Rainfall [mm] + 1)

Fig. 5 Relationship between daily stem circumference incre-
ment and Log (Rainfall [mm] + 1). The slopes of the
relationships for the Moreton Bay and Noosa River study areas
were significantly different (P < 0.05). For Moreton Bay, the
regression is: Increment = 34 Log (Rainfall [mm] + 1) — 10.5
(r2 = 0.34, P = 0.001, n = 244) and for the Noosa River, the
regression is: Increment = 62 Log (Rainfall [mm] + 1) — 20
(¥ = 0.37, P = 0.001, n = 366)

marina uses a proportion of fresh water for metabolic
processes (Table 2). Our results suggest that man-
groves have a flexible water-use strategy that uses both
saline water and fresh water if available to maintain
both growth and tissue salt balance in saline environ-
ments (Ball, 1988; Ye et al., 2005). In mangroves,
hypersaline water increases energetic costs associated
with water uptake and therefore limits growth and
productivity (Ball, 1988; Lovelock et al., 2006).
However, mangroves grow in saline environments
and often rely on salt ions to assist with osmoregula-
tion (Scholander, 1968).

At the tidal creek site of Giralia Bay, the 8'%0 of A.
marina stem water varied significantly before and
after a rainfall event. This difference in 8'%0 values
indicated that A. marina is able to utilize water
delivered in rainfall events. However, the isotopic
signature of the stem water was significantly higher
than the rainfall signature (Table 1, P = 0.007),
indicating that A. marina used pore-water simulta-
neously with water delivered in recent rainfall.
Mangrove root distributions and the association of
roots with soil macropores, e.g. crab burrows (Stieglitz
et al., 2013) and old root channels (McKee, 2001),
where rainfall, tidal water and groundwater infiltrate
the soils, may be features of mangrove root systems
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that enhance access to intermittently available water
sources (i.e. surface water, soil pore-water, ground-
water) as well as to nutrients. Variation in the
distribution of roots may be an additional strategy
for managing the physiological salt balance of A.
marina mangrove trees (Ridd, 1996; McKee, 2001).

There was significant variation in isotopic signa-
tures of water sources between sites. The 3'*0 of
rainwater was lowest in the tidal creek and outer
estuarine sites compared to the inner estuarine sites.
Seawater and pore-water in Giralia Bay were more
enriched in '®0 and exhibited higher salinity values
than seawater and tidal water from the Moreton Bay
and the Noosa River study areas (Fig. S1). These
results reflect the high evaporative demand in the
region (McGuire & McDonnell, 2007). Additionally,
the highly saline and more '®0 enriched pore-water
and seawater in Giralia Bay may also reflect the
limited input of fresh water that limits '°O sources
(Wolanski, 1986).

Stem growth of mangroves was more rapid in the
Noosa River, where conditions are less saline than in
Moreton Bay. In both locations increasing rainfall led
to increases in the size of the daily stem increments
(Fig. 5). Fresh water is essential for maintenance of
turgidity of cells and tissues, assuring the presence of a
driving force for cell enlargement, stomata opening
and therefore photosynthetic carbon gain (Pallardy,
2008). Additionally, rainfall is associated with higher
humidity and lower leaf-air vapour pressure deficits
(Lambers et al., 2008) that may also contribute to
maintaining positive water balances in mangroves
trees (Reef & Lovelock, 2014). Zero growth was also
observed when rainfall was zero (Fig. 5). No growth
and shrinkage of stems may indicate use of stored
water in stems to support transpiration and carbon gain
during periods without rain (Bucci et al.,, 2004;
Vandegehuchte et al., 2014). Thick fibres and phloem
tissue of A. marina may play a role in water storage in
this species, which supports metabolic function (San-
tini et al., 2012).

Conclusions
Our results show that the growth of A. marina trees is
dependent on access to fresh water, whether rainwater,

groundwater or surface water. Mangrove root distri-
butions are likely to be responsive to the distribution of
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fresh water in the environment and may be deployed
preferentially in soil macropores in order to enhance
access to ephemeral water sources as well as nutrients.
Our results indicate that the proportion of fresh water
that mangroves use is higher in mangroves with high
fresh water availability compared to those that inhabit
more saline, marine dominated settings. In addition,
rainfall availability correlates with higher growth rates
and therefore higher production in mangroves.
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