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Abstract.

Differences in phosphorus (P) availability can influence the ecology and physiology of seagrass communities;

and are usually inferred from changes in the relative P content in seagrass leaves. Shark Bay is a subtropical marine
embayment, with decreasing P concentrations in the water column and sediments from north to south across the entire
embayment. We examined the P and nitrogen (N) content of seagrass leaves and P content of sediments across the Faure
Sill and Wooramel delta region of Shark Bay, to determine whether the leaf content of seagrasses in Shark Bay also
decreased from north to south over smaller spatial scales. Nutrient content of Amphibolis antarctica and Halodule
uninervis were highly variable and were not strongly correlated with sediment P concentrations. Mean N : P ratios of
seagrasses (<<33.5) were not indicative of P limitation, as has been previously assumed for Shark Bay. We conclude that
availability of P for uptake by seagrasses across Shark Bay may be highly localised and cannot be predicted from system-
scale gradients (>100km) of sedimentary P distributions. We suggest that P availability to seagrasses is more likely a
complex function of differing nutrient inputs, rates of delivery to the plants and cycling rates.
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Introduction

Low P availability strongly limits primary productivity in many
marine embayments (Atkinson 1987; Fourqurean and Zieman
1992). Seagrasses growing in marine embayments with calcar-
eous sediments are particularly susceptible to P limitation to
growth (Smith 1984; Howarth 1988; Fourqurean and Zieman
1992). Consequently, even small changes in the amount of P for
uptake by benthic primary producers (bioavailability) across
large embayments can significantly affect the structure and
composition of the benthic community (Johnson et al. 2006).
For example, P-addition experiments in Florida Bay have
demonstrated that under increased concentrations of P, seagrass
meadows shift from dominance by the slower-growing
Thalassia testudinum Banks ex Konig to being dominated by the
faster-growing Halodule wrightii Ascherson (Fourqurean et al.
1995). However, T. testudinum increased in biomass relative to
H. wrightii when P concentrations returned to pre-fertilisation
levels (Herbert and Fourqurean 2008). In extreme cases,
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eutrophication of coastal embayments can occur after discharge
of wastewater and agricultural runoff, leading to increased
epiphytic and phytoplankton growth that in turn result in shad-
ing and loss of seagrasses (Ralph et al. 2005). However, the
benthic ecology of any P-limited embayment, in particular the
growth and dominance of individual seagrass species, is likely to
be sensitive to changes in P bioavailability, even over small
spatial scales.

Seagrass morphology and physiology can also change with
increasing bioavailability of P (Herbert and Fourqurean 2009).
Recent studies of T. testudinum have demonstrated that leaf
P content and allocation of aboveground biomass relative to
belowground biomass increase after P addition (Armitage et al.
2011). Thus, characteristics such as nutrient content of leaves
and biomass allocation can be useful for estimating the extent of
P limitation of seagrasses at any one site. Seagrasses, generally,
have leaf tissues lower in P than in carbon (C) and N where light
and other nutrients are not limiting seagrass growth. As such,
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spatial differences in the nutrient content and elemental ratios of
N and P of seagrass leaves across marine embayments can be
useful for determining gradients in nutrient availability to
primary producers (Atkinson and Smith 1983; Duarte 1990;
Ferdie and Fourqurean 2004). In addition, N : P ratios in seagrass
leaves can give an indication of nutrient limitation in seagrasses,
withratios >60 : 1 indicating P limitation (Armitage ez al. 2005).

Phosphorus entering subtropical marine embayments from
the adjacent ocean water is quickly removed from the water
column and incorporated into sediments or benthic biomass
(Fourqurean et al. 1993). For example, in the eastern embay-
ment of Shark Bay, concentrations of P decrease southward into
the Bay, in both the sediments and the water column (Atkinson
1987). Dissolved inorganic P (DIP) in the water column
decreases from 0.2 uM in the northern areas of the Bay with
the lowest salinities of ~36, to undetectable (<0.02 uM) limits
in hypersaline reaches with salinities in excess of 65 (Atkinson
1987). In addition, C:P content of the benthic communities
increased from north to south across the eastern embayment
(Atkinson 1987). As such, it has been assumed that the main
source of P to seagrass in Shark Bay is from oceanic water
entering the Bay in the north (Atkinson 1987). However, the
C: P content of benthic communities was determined only at
four sites across the entire eastern embayment (>100km,;
Atkinson 1987). Thus, significant patterns in P availability to
seagrasses over smaller spatial scales may have been over-
looked. In addition, the C: P ratios of benthic communities in
Atkinson (1987) included an average across all benthic plants,
including different seagrass and algal species. As such, species-
specific differences in C:P ratios (Duarte 1990) may be
preventing accurate interpretations regarding P availability.
One area of Shark Bay where P concentrations are likely to be
highly heterogeneous both spatially and temporally is across the
Faure Sill, a shallow bank composed of calcareous sediments
stretching across the eastern embayment of Shark Bay. The
presence of the Faure Sill significantly alters the movement of
water through the Bay, with substantial attenuation and dissipa-
tion of seawater occurring at the Sill (Burling ef al. 2003),
potentially altering nutrient-delivery rates. As such, the Faure
Sill may be important in determining the availability of nutrients
to primary producers.

Localised inputs of freshwater from river runoff or reduced
light associated with sediment loads from flooding rivers may
also contribute to spatial patterns in the nutrient availability in
the near-shore systems. In semiarid regions, nutrient inputs from
rivers to near-shore systems can be highly episodic and are
generally associated with infrequent flood events (Mitchell et al.
1997). However, these terrestrial subsidies can potentially
account for over 84% of annual P import (McKee et al. 2000).
In addition, these flood events can import suspended sediments
into embayments, decreasing light availability. This decreased
light availability can then lead to a decrease in C:P ratios of
seagrass leaves (Johnson et al. 2006). The only river flowing
directly into Shark Bay is the Wooramel River; however,
periods of river flow are restricted to episodic flood events
related to summer cyclones (Smith and Atkinson 1983) and
winter storms (Nott 2011). Episodic flooding of the Wooramel
River could potentially subsidise the low P concentrations
within the eastern embayment in Shark Bay, and increase the
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availability of P at more local scales. We might thus expect
seagrass adjacent to the mouth of the Wooramel River to have a
lower C:P ratio than do seagrass communities at similar
salinities elsewhere in Shark Bay.

The present study examined relationships between the spatial
patterns of leaf nutrient content of two dominant seagrass
species, Amphibolis antarctica (Labill.) Sonder et Aschers.
and Halodule uninervis (Forssk.) Ascherson, with DIP in the
water column and with total sediment P across the Faure Sill and
Wooramel delta regions of Shark Bay. We hypothesised that
(1) leaf P content of seagrasses would decrease from north to
south across the study site, corresponding to an increasing
salinity and decreasing oceanic P-supply gradient, (2) seagrass
leaf P contents would reflect the sediment P content and (3) N : P
ratios of seagrasses across the Faure Sill would be indicative of P
limitation. We also investigated whether seagrass communities
adjacent to the mouth of the recently flooded Wooramel River
had an elevated P content relative to other seagrasses in the study
site, as a result of terrestrial inputs contributing P to these
adjacent seagrass communities.

Materials and methods
Field site description

The study was conducted at Shark Bay, Western Australia
(25°55'60°S, 113°32/32°E), a 13 000-km? marine embayment
located ~800km north of Perth, which is divided by Peron
Peninsula into an eastern and a western embayment (Fig. 1).
Shark Bay is dominated by calcareous sediments and receives
negligible terrestrial inputs of water in most years. The climate
is hot and dry, where annual potential evaporation (2000 mm)
exceeds precipitation (200mm) by an order of magnitude
(Logan and Cebulski 1970; Burling er al. 1999). Limited
exchange with the ocean, coupled with high evaporation rates,
has resulted in a strong increasing salinity gradient with
increasing distance from the open ocean (Logan and Cebulski
1970). This salinity gradient (36 to >65) is particularly pro-
nounced in the eastern embayment, resulting in the following
three distinct zones across the eastern embayment of Shark Bay:
an oceanic region, a metahaline region and a hypersaline region
(Logan and Cebulski 1970; Atkinson 1987). The metahaline and
hypersaline regions of the eastern embayment of Shark Bay are
divided by the Faure Sill, a bank composed of calcareous sedi-
ments (Walker 1989) that runs from the mainland to the eastern
coast of the Peron Peninsula. The Faure Sill restricts circulation
in the eastern embayment, resulting in a distinct increase in
salinity southward across the Sill. The Faure Sill is adjacent to
the Wooramel delta, which extends northward from the Sill
adjacent to the coastline, and the infrequently flowing Woor-
amel River (Fig. 1¢).

The Wooramel River discharges directly into Shark Bay
but freshwater flows are restricted to periods of cyclonic events
and winter storms. On 15 December 2010, a monsoonal trough
created over tropical waters off north-western Australia moved
over the Gascoyne region, depositing heavy rainfall in the
catchment until 18 December 2010 (Bureau of Meteorology
2011). The heavy rainfall resulted in the highest flood on record
for the Gascoyne River, 120 km north of the Wooramel River.
Locations within the Wooramel catchment received their mean
annual rainfall of 300 mm in 1 or 2 days during the flooding
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Fig. 1. Location of the study site. (a) Location of Shark Bay. (b) Location of the study site within the eastern
embayment of Shark Bay. (¢) Location of sites across the overall study site. Crosses show sites that were
sampled in March—April 201 1. Light shading indicates the Faure Sill, and darker shading shows the Wooramel

delta.

event (Bureau of Meteorology 2011). Consequently, terrestrial
inputs into Shark Bay are likely to have been higher than
average in the months before the present study and, given the
magnitude of the event, also greater than in many preceding
years.

Shark Bay contains some of the most extensive and species-
rich seagrass meadows in the world (Walker ef al. 1988). Shark
Bay is dominated by monospecific meadows of 4. antarctica,
which covers 3700 km? of the Bay. Both Posidonia australis
Hook.f. and H. uninervis also occur in large monospecific
meadows in the Bay (Walker 1989). A. antarctica is the
dominant seagrass species across the Faure Sill, although
P. australis is also present in channels across the Faure Sill (Walker
et al. 1988). The Wooramel delta is dominated by monospecific
meadows of H. uninervis, which also occurs as an understorey to
both A. antarctica and P. australis, and in sand patches between
meadows across the rest of the Bay (Walker 1989).

Experimental design and sampling

Field sites in the eastern embayment were sampled once in
March and April 2011, during late summer. This sampling
period is when seagrass nutrient limitation is generally highest,
and seagrass nutrient content should deviate from the Redfield
ratio most (Fourqurean ef al. 2005). Four main sampling areas
were identified across the Faure Sill, capturing gradients in
salinity as well as different distances to the mouth of the
Wooramel River (Fig. 1c). Overall, a total of 54 sites was
sampled, with a minimum distance of 800 m between any two
sites (Fig. 1¢).

Both A. antarctica and H. uninervis were collected at each
site, by taking one 25-cm-diameter core from the centre of each
of five 0.25-m* quadrats dominated by each species. Plots were
chosen at random by dropping a quadrat from the boat, and
flipping the quadrat three times for each individual plot moving
in the direction of the front of the boat. The entire contents of the
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core (including belowground seagrass biomass and sediment)
were extracted, washed free of sediment and sorted into species.
Additional plants were collected by hand at sites where seagrass
biomass in cores was insufficient for nutrient analysis.

A Seabird SBE 19 conductivity—temperature—depth profiler
(CTD; Sea-Bird Electronics, Inc., Bellevue, WA, USA) was
used to measure conductivity, temperature, and depth in situ at
each site. In addition, nutrient concentrations of both sediments
and the water column were measured at each site. Two sediment
samples were also taken at each site for nutrient determination,
using a 50-mL syringe with a cut top as a sediment corer.
Nutrient concentrations were determined through analysis of
two 50-cm’ water samples, one filtered (through pre-rinsed
0.45-pm GF/C filters; Whatman Ltd., Maidstone, UK) to deter-
mine DIP, and one unfiltered to determine total P in the water
column. All samples were stored on ice in the field, and then
frozen immediately until processing was possible.

Detailed analysis of sediment composition (e.g. dry bulk
density, carbonate content) is provided elsewhere in this issue
(Fourqurean et al. 2012), and is not given here to avoid
replication.

Carbon, nitrogen and phosphorus analyses of seagrass
and sediment samples

Seagrass samples were thawed and adherent epiphytes and
sediments removed from seagrass leaves by gently scraping
with a scalpel under flowing deionised water. A. antarctica
samples were split into leaves, shoots, rhizomes and roots;
H. uninervis samples were split only into aboveground and
belowground components because of their smaller size. Sea-
grass and epiphyte fractions were then oven-dried separately at
60°C until constant weight. Then, a subsample of seagrass leaves
was randomly chosen and ground to a fine powder with a ball
mill. C and N contents, and 8'>C and 8'°N isotope signatures
were determined for duplicate subsamples of seagrass and
sediments by using an Automated C/N Analyser—Mass Spec-
trometer consisting of a 20/22 mass spectrometer connected to
an ANCA-SI1 preparation system (Sercon, Crewe, UK) at the
Western Australian Biogeochemistry Centre at the University of
Western Australia. All samples were standardised using multi-
point normalisation against a secondary reference of Radish
collegate (3.167% N, 8'°N 5.71%o, 41.51% C, 8'°C 28.61),
which was in turn standardised against primary analytical
standards (International Atomic Energy Agency (IAEA)
Vienna) (Paul ef al. 2007). The external error of analyses (one
standard deviation) was no more than 0.1 for C: N ratio, 0.15%o
for 8'3C, and 0.3%o for 8'°N.

Phosphorus contents of seagrass and sediment samples were
measured using a modification of the method of Solérzano and
Sharp (1980), which involves dry-oxidation and acid hydrolysis,
followed by a colorimetric analysis of the phosphate concentra-
tion of the extract (Murphy and Riley 1962). Phosphate con-
centrations of the samples were determined colorimetrically
using the ascorbic acid—-molybdate technique (Murphy and
Riley 1962), and were compared with Australasian Soil and
Plant Analysis Council (ASPAC), Victoria, Australia Standards
102 (Pinus radiata) and 105 (Eucalyptus sp.), which were
treated accordingly. We found this technique to yield
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Table 1. Summary statistics for abiotic observations
BD =below detection, DIP =dissolved inorganic phosphorus (P), N=
nitrogen, TP =total P

Variable Mean s.e. Minimum  Maximum
Temperature (°C) 26.2 0.12 24.2 27.9
Salinity 48.6 0.57 42.1 54.9
Water column DIP (uM) 0.007 0.004 BD 0.19
Water column TP (uM) 0.059 0.024 BD 0.86
Sediment TP (ugPg ') 11.4 0.8 3.1 253
Sediment N (ugNg™") 129 10 34 542

96-105% of the reported P content of the ASPAC Standard
102 and 105 leaves. Elemental contents of seagrass and sedi-
ment samples were calculated as a percentage of dry weight, and
elemental ratios were calculated on a mol : mol basis.

Water analysis

DIP was measured colorimetrically on filtered and unfiltered
samples as above (Murphy and Riley 1962), with an error of
40.02 uM. Total P concentrations were measured on unfiltered
water samples, using a modification of the method presented by
Soldérzano and Sharp (1980) for dissolved total P determination.
P analysis was then performed using automated colorimetric
techniques (Technicon 1977).

Data analysis

Relationships among seagrass elemental ratios, salinity and
sediment nutrient concentrations were examined using corre-
lation analysis. Partial correlation coefficients were used to
describe relationships between pairs of variables, while taking
the effect of latitude into account. Data were log-transformed
where necessary to improve homogeneity of variances and the
significance level was set at P=0.05 unless otherwise stated.
R (version 2.13.1; R Development Core Team 2012) was used
for all statistical analysis. The detection limit for DIP using the
molybdate method is 0.02 pM, owing to background con-
centrations of arsenate in seawater, potentially creating a false
positive reading (Broberg and Pettersson 1988). Subsequently,
any DIP concentrations found below this limit were excluded
from the statistical analysis.

Contour plots of seagrass N and P contents, sediment nutrient
concentrations and salinity were generated using a kriging
routine (Surfer, version 10, Golden Software, Inc., CO, USA)
to determine spatial patterns of the elemental ratios in
A. antarctica and H. uninervis leaves.

Results
Water-quality and sediment parameters

Salinity always exceeded 42, with maximum salinities >54
(Table 1). As expected, there was a strong north to south salinity
gradient across the study site, ranging from 42.1 in the north to
54.9 in the south in March—April (Fig. 2a). Salinities were
comparable to those measured previously across the Faure Sill
(Burling et al. 1999), suggesting negligible influence of fresh-
water inputs from the Wooramel River 3 months post-flood.
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Fig. 2. Spatial patterns of abiotic variables across the Faure Sill and
Wooramel delta region of Shark Bay, using a kriging routine. (a) Salinity
distribution, with contour lines separated by increments of 1. Darker areas
indicate higher salinities. (») Sedimentary phosphorus (P) concentrations,
with contour lines separated by increments of 2 ugPg ' Darker arcas
indicate higher sedimentary P concentrations. (c) Sedimentary nitrogen (N)
concentrations, with contour lines separated by increments of 50 ugNg™'.
Darker areas indicate higher sedimentary N concentrations.

Marine and Freshwater Research 1019

DIP in the water column was above the detectable concen-
tration only at five sites, ranging from a maximum of 0.19 uM
adjacent to the Wooramel River to below detectable concentra-
tions (<0.02 uM) at 50 other sites (Table 1). Total P in the water
column was slightly higher, ranging from a maximum of
0.86 UM in the north of the study area to below detectable
concentrations (<<0.02 pM) at 48 sites. There were insufficient
data to quantify the relationship between seagrass nutrient
concentrations and P in the water column.

Total P concentration of the sediment decreased as salinity
increased (partial #=0.14, P=0.0067, n =49, Fig. 2b). The
concentration ranged from 25.3 ug P g " in the north of the study
area to 3.1 pgPg ' in the south of the study area. Total P
concentrations of the sediment were relatively low compared
with those in other embayments in Western Australia such as
Oyster Harbour (230 ug P g~ '; Cambridge and Kendrick 2009)
and Princess Royal Harbour (60pgPg™'; Cambridge and
Kendrick 2009). The south-western section of the study site,
situated between Faure Island and Petit Point, had relatively
high P concentrations compared with other sampling points. The
spatial patterning of N concentrations of the sediments was
different from both the distributions of salinity and sedimentary
P concentrations (Fig. 2¢). Total N concentration of the sedi-
ments ranged from 542 pug N g~ in the centre of the Faure Sill to
34pgNg ! in the south-east of the study site. However, the
spatial pattern of higher N concentrations in the centre of the
study site was driven by one point.

Seagrass distribution and nutrient ratios

Seagrass grew at 38 of the 54 sites sampled. H. uninervis, and
A. antarctica were the dominant seagrass species across
the study area. H. unminervis occurred at 32 sites, whereas
A. antarctica was found only at 23 sites. Only two other seagrass
species were found across the study area; P. australis was found
at one site on the edge of a channel 2 km east of Faure Island,
whereas Cymodocea angustata Ostenfeld was found at two sites
on the Wooramel delta. Owing to their relatively low abun-
dance, these species were not used for further analysis. Of
the 16 sites sampled with no seagrasses, 11 were on the
Wooramel delta, six of which were adjacent to the mouth of the
Wooramel River.

Seagrass nutrient ratios ranged appreciably across the study
site for both A. antarctica and H. uninervis. Both A. antarctica
and H. uninervis across the Faure Sill had mean N: P ratios
of about 20 : 1, with maximum N : P ratios being just over 30: 1,
suggesting that seagrasses are not nutrient-limited around
the Faure Sill (Table 2). Leaf C:N of A. antarctica was
correlated with salinity, whereas both C: P and N : P were not
correlated with salinity (Fig. 3, Table 3). Variation was high for
C:N, C:P and N:P ratios of 4. antarctica seagrass leaves
across the salinity gradient (Fig. 3). Nutrient contents and C : N,
C:Pand N : P ratios of 4. antarctica leaves were not correlated
with total P concentrations of the sediments (Fig. 3, Table 3).
Similarly, nutrient ratios of H. uminervis leaves were not
significantly correlated with either salinity or total P concentra-
tions of the sediments (Table 3, Fig. 4). The only exception was a
negative relationship between leaf C:N of H. uninervis and
sediment total P. No significant relationships were detected
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Summary statistics for seagrass nutrient concentrations and
stable isotopes
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between 8'°C or 8'°N of 4. antarctica and H. uninervis and
salinity (Table 3).

Distinct spatial patterning in nutrient ratios of seagrass leaves
was evident across the study site. The C:N of 4. antarctica

Species and variable Mean s.e. Minimum  Maximum leaves tended to decrease further south in the Bay, from a
- — maximum of >30: 1 in the north to <17:1 in the south of the
Amphibolis antarctica . . o
C'N 222 0.79 16.44 30.82 stufly site (Fig. 5, top left). Additionally, both C:N and C: P
C:P 51626 2728 279.20 832.98 ratios of A. antarctica leaves tended to be lower nearer land
N:P 23.16 0.67 17.68 28.81 (Fig.5), withC: N of <17:1and C: P of <300 : 1 found at sites
81C —12.98 0.20 —15.47 —11.38 between Faure Island and Petit Point. Leaf N : P of 4. antarctica
3N 2.21 0.33 —1.55 4.16 was highest in the centre of the study site, furthest from shore,
Halodule uninervis with sites nearer land tending to be enriched in P (Fig. 5, bottom
C:N 21.55 0.58 17.02 31.58 left). H. uninervis leaf C: P and N : P ratios were slightly lower
c:p 459.8 19.59 222.89 722.77 nearer land than at sites further from shore, with seagrass
N:P 21.25 0.84 11.35 33.52 . . K .
13 leaves from near-shore sites generally being more enriched in
3°C —13.23 0.39 —19.31 -9.18 P (Fic. 5. right
3N —424 041 ~7.65 2.89 (Fig. 5, right).
[ ] [} L]
30 o .' 0. . ° *
L] [ ] ° o0 °
[ ] [ ]
25 . ° ) oo . e % .
L[] L] L] L] (] L]
< . ° LA .‘.o °g . oo '.. ¥ ] % . * . *
o % o9 0.. % a ° .o."... . )
20 - o ° Y [}
e * 3. ’ 0. :. ° ° * ° .t ..0 { ° ° © ot
L] L] ’ ° ° ’ .. [} ° L]
10 ° °
L] L]
800 e . . ° e
® 1
° °® ° 'y
700 + e ° . .. o ® o ° o
' L] ® ° oo ° d
o 6007 4 . v e, . A T
%) .. [ o : %o ° ° .O ° [ ]
500 ° ° o © ) ®, . o 0q0e ° &
. e % oo . . L 1 ° o
° . . o° o
400 - ° o, . . . R . . v W o o o d
300 4 o @ ‘: s ° ° %° o o* ° .
L] L]
35+
[ ] L]
L] L]
30 ° o ° . °
0.. ° o ..o
o ¢ : ° '. ° .. ) .c ‘. .:. * ° *
. - L[] L3 L]
> 3 K N o : ° '} o % :0 LS .. o R R
. ®e o o eee oo ogoe "o
20 : ® (Y ° ° %o o S e °
o o “ oo ° o oo HEY . °
LN ) .. .. °
L] ° L]
15 _ L] L]
T T T T T T T T T T T
44 46 48 50 52 54 0 5 10 15 20 25
Salinity Sedimentary TP (ug P g~7)
Fig. 3. Scatterplots comparing Amphibolis antarctica nutrient ratios with salinity and total sedimentary phosphorus (P)

concentrations. A. antarctica leaf carbon: nitrogen (C:N) ratio against salinity (top left) and total P concentration of the
sediment (top right). Leaf C : P ratio against salinity (middle left) and total P concentration of the sediment (middle right). Leaf
N : P against salinity (bottom left) and total P concentration of the sediment (bottom right). Black circles represent individual

samples from March and April 2011.
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Discussion
Are seagrasses across the Faure Sill really P-limited?

The hypothesis that the N:P ratios of seagrasses across the
Faure Sill would be indicative of P limitation was rejected,
adding to evidence that P limitation is not universal in sub-
tropical embayments dominated by calcareous sediments
(Erftemeijer et al. 1994; Udy et al. 1999; Fourqurean and Zieman
2002; Ferdie and Fourqurean 2004). Seagrass leaf N : P ratios
have been used to infer the nutrient that is possibly limiting
growth (Armitage et al. 2005; Armitage and Fourqurean 2006).
For example, N:P>96:1 indicated severe P limitation in
Florida Bay, whereas P and N availability was considered bal-
anced at sites with N: P of ~31:1 (Armitage et al. 2005). The
maximum N : P ratio of seagrass leaves sampled in the present
study was <34:1 (Table 2), which, on the basis of studies
in other embayments, suggests that seagrass growth in Shark
Bay is not entirely P-limited, as originally proposed by Smith
(1984). Traditionally, seagrasses growing in subtropical marine
embayments dominated by calcareous sediments have been
assumed to be limited by low P availability, because of the high
affinity of calcareous sediments for inorganic P, removing dis-
solved phosphate ions from the water column (Short 1987).
However, the relatively low N:P ratios in the present study
suggest that another resource may be limiting seagrass pro-
duction, preventing nutrient limitation. For example, the rela-
tively low N : P ratio may suggest that light is limiting seagrass
production (Johnson et al. 2006). In addition, stressors such as
salinity may be preventing high seagrass production in Shark
Bay (Walker 1985), and this may also lead to a relatively low
N : P ratio. Nutrient limitations must be confirmed by nutrient-
addition experiments (Armitage et al. 2005; Cambridge and
Kendrick 2009; Hovey et al. 2012), which should focus on
addition of a range of nutrients, including at least P, N and Fe, to
match the growing realisation that managers need to concentrate
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on the effects of changes in a range of nutrients, and not just the
one that is predicted to be limiting growth (Elser et al. 2007).
Nevertheless, simplified assumptions about nutrient limitations
of seagrass communities based on embayment locality and
sediment composition are inadequate for a detailed biogeo-
chemical understanding of seagrass ecology.

Leaf nutrient content is spatially variable across
the Faure Sill

The availability of P for uptake by seagrasses did not decrease
southward along the Faure Sill and Wooramel delta, contrary to
the first hypothesis. This hypothesis was based on the only
previous published patterns of P distribution in biota, sediments
and water column through the eastern embayment of Shark Bay
(Atkinson 1987). However, the lack of a similar southward
decrease in seagrass P content in the present study may be due to
the smaller spatial extent of the study site. Sampling over large
spatial extents allows system-scale changes in nutrient bio-
availability to be captured well, but underestimates small-scale
variability. For example, across the entire salinity gradient of the
eastern embayment (~35-65, ~100 km), there was a significant
decrease in the concentration of DIP in the water column
(Atkinson 1987). However, over salinities similar to those in the
present experiment (~44-55), DIP concentrations were more
variable (Atkinson 1987), with the variation being similar to that
in the nutrient content of seagrass leaves found in the present
study. Consideration of local-scale variation in nutrient
bioavailability is crucial for effective understanding and man-
agement of benthic communities in subtropical marine embay-
ments, because the responses of benthic communities to addition
of nutrients may be underestimated in some areas if only broad,
system-scale patterns of nutrient are considered (Fourqurean
and Zieman 2002). Therefore, simplified nutrient budgets based
on system-scale patterns of nutrient availabilities and

Table 3. Summary statistics for partial correlation analysis, correcting for the effect of latitude (Pearson’s correlation statistic)
*P=0.05, **P=0.01, ***P=0.001

Variable 1 Variable 2 Partial correlation coefficient P No. of observations (1)

Nutrient content
A. antarctica leaf C: N Salinity 0.33 0.003** 78
A. antarctica leaf C: P Salinity 0.22 0.052 78
A. antarctica leaf N : P Salinity —0.045 0.69 78
A. antarctica leaf C: N Sediment TP 0.14 0.22 78
A. antarctica leaf C: P Sediment TP 0.19 0.10 78
A. antarctica leaf N: P Sediment TP 0.20 0.08 78
H. uninervis leaf C: N Salinity 0.06 0.71 42
H. uninervis leaf C : P Salinity 0.12 0.46 42
H. uninervis leaf N: P Salinity 0.08 0.63 42
H. uninervis leaf C: N Sediment TP —0.33 0.03* 42
H. uninervis leaf C: P Sediment TP —0.20 0.18 42
H. uninervis leaf N : P Sediment TP 0.015 0.92 42

Stable isotope
3"°N of Amphibolis antarctica Salinity —0.045 0.69 78
313C of Amphibolis antarctica Salinity 0.03 0.79 78
3"°N of Halodule uninervis Salinity —0.11 0.52 42
3'13C of Halodule uninervis Salinity 0.052 0.76 42
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Fig. 4. Scatterplots comparing Halodule uninervis nutrient ratios with salinity and total sedimentary phosphorus (P)

concentrations. H. uninervis leaf carbon : nitrogen (C: N) ratio against salinity (top left) and total P concentration of the
sediment (top right). Leaf C : P ratio against salinity (middle left) and total P content of the sediment (middle right). Leaf N : P
against salinity (bottom left) and total P concentration of the sediment (bottom right).

concentrations are not adequate for a detailed understanding of
the nutrient status of the system and for adequate management of
benthic communities at smaller spatial scales.

Does the P content of sediments reflect the P content
of seagrass leaves in Shark Bay?

The hypothesis that the P content of seagrass leaves would
reflect total sediment P was rejected, again suggesting that light
or salinity may be limiting seagrass production in Shark Bay,
which would prevent significant relationships between sedi-
mentary P and seagrass leaf P. However, we measured only total
sedimentary P, and this may not represent the P available for
uptake by seagrasses. For example, P is usually more available
for seagrass uptake in terrigenous sediments than in calcareous
sediments (Short 1987), and mineralisation of organic matter in
sediments can also make P available to seagrasses (Holmer et al.
2001). As such, areas with higher total sedimentary P

concentrations may have lower levels of available P than areas
with lower total sedimentary P, depending on P fractionation.
Further studies using methodologies to fractionate P would help
in determining fractions of P available for seagrass uptake, and
may correlate to seagrass P concentrations even if total sedi-
mentary P concentrations do not.

In addition, nutrient uptake through leaves may be as
important as uptake through roots for seagrasses growing in
low-nutrient, subtropical embayments such as Shark Bay
(Erftemeijer and Middel 1995; Hemminga et al. 1999). Indeed,
A. antarctica collected from Cockburn Sound, Western
Australia, took up more nutrients from the water column through
leaves than from the sediment through roots (Pedersen et al.
1997). Seagrass leaves can take up inorganic P in the water
column at nano-molar concentrations (Nielsen et al. 2007),
suggesting that, although low in P, the water column can still
provide adequate concentrations of P to meet seagrass demands
where there is a constant, albeit low, supply. Quantities of
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P available for uptake would presumably be increased due to the
fast (up to 8 kn) tidal currents across the Faure Sill (Walker et al.
1988). Thus, these currents could consistently replenish P
around seagrass leaves, and alleviate potential P limitation of
seagrasses. Furthermore, seagrasses can take up inorganic P ata

mbols represent sampling locations.

faster rate than it can be adsorbed to calcareous sediments
(Nielsen et al. 2007). As such, sediment nutrient concentrations
may not accurately reflect the bioavailability of nutrients to
seagrasses. However, there is a distinct lack of fine-scale
bathymetric and hydrological data across the Faure Sill region
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of Shark Bay. Because nutrients can be advected in the water
column (Koch et al. 2005), fundamental studies detailing
bathymetry, currents, and tidal movements across the Faure Sill
and Wooramel delta are essential so as to estimate the impor-
tance of water movement in delivering nutrients to benthic
communities. Such information may help explain patterns of
connectivity between potential nutrient sources and adjacent
seagrass communities enriched in nutrients (Eyre et al. 2011).

Do terrestrial inputs of nutrients alleviate nutrient
limitations in Shark Bay?

As hypothesised, seagrass communities adjacent to the mouth of
the recently flooded Wooramel River had relatively high P con-
tents, potentially as a result of terrestrial inputs or low light
availabilities. Terrestrial inputs of nutrients can supply bioavail-
able nutrients to near-shore seagrass communities (Mitchell e al.
1997), and thus may contribute to the variability in nutrient
content of seagrasses. Inputs of nutrients associated with episodic
flooding of the Wooramel River may increase in the near future,
with weather projections suggesting that the frequency and
intensity of severe storm events will increase around Australia as
a consequence of climate change (Wernberg et al. 2011). Thus,
predicting the response of near-shore seagrass communities to
increased episodic flooding must be a research priority. In addi-
tion, reductions in light availability associated with inputs of
suspended sediments after the flood event may have led to a
decrease in the C: P ratio of seagrass leaves (Fourqurean and
Rutten 2003; Johnson et al. 2006). However, the quantities of P
and N, as well as freshwater, sediments and organic matter, that
the Wooramel River delivers into Shark Bay, is not well known
(but see Price et al. 2012). As such, determining the nutrient
fluxes associated with the flooding of the Wooramel River should
be considered a priority for further research.

Implications for the management of Shark Bay
and other subtropical embayments

The combination of the regional-scale changes in sedimentary
nutrients and high variability in nutrient bioavailability over
local spatial scales underscores the need for management to
monitor seagrass, and indeed ecosystem, responses to increased
nutrients over a broad range of spatial scales. Appropriate spatial
monitoring is particularly important in nutrient-deplete, sub-
tropical marine embayments such as Shark Bay, which often
contain a complex mosaic of benthic habitats (Eyre ef al. 2011)
that would respond differently to changes in factors such as
nutrient delivery and availability. The disparity in sources of
nutrients over these different spatial scales underscores the
difficulty faced in properly managing benthic communities in
vast, subtropical marine embayments; ensuring spatial resolu-
tion to capture locally significant trends while keeping moni-
toring comprehensive is difficult across large embayments
(Fourqurean and Rutten 2003). As a result, we must attempt to
focus sampling programs around areas potentially acting as
nutrient sources to benthic communities. Spatial resolution
should be increased at near-shore areas and near other suspected
sources of nutrients in Shark Bay, similar to management plans
in Florida Bay, because benthic communities in these areas
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appear to be strongly affected by nutrient inputs (Fourqurean
and Rutten 2003).
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