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Abstract Seagrasses are threatened by multiple anthropo-
genic stressors, such as accumulating drift algae and
increasing temperatures (associated with eutrophication
and global warming, respectively). However, few seagrass
experiments have examined whether exposure to multiple
stressors causes antagonistic, additive, or synergistic
effects, and this has limited our ability to predict the future
health status of seagrass beds. We conducted a laboratory
experiment to test whether abundance of Gracilaria
comosa (3 levels; 0, 1.2, and 3.4 kg WW m_z), an algae
that is resistant to wide environmental fluctuations (e.g.
light, temperature, salinity, and oxygen levels), has nega-
tive effects on the small ephemeral seagrass, Halophila
ovalis and whether the effects are exacerbated by high
temperature (3 levels; 20, 25, and 30°C). We found an addi-
tive negative effect of the two stressors when tested simul-
taneously on 14 seagrass performance measures, with most
data variability explained by the drift algae. For the individ-
ual plant performance measures (above- and below-ground
growth and mortality, leaf area, internode distance, and root
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length and root volume), we found 5 additive effects, 4 syn-
ergistic effects, and 5 effects that were significant only for
drift algae. We also documented a significant additive effect
of drift algae and temperature on dissolved porewater sul-
phide (DS). A follow-up correlation analysis between DS
and the 14 plant performance measures revealed significant
or near-significant linear correlations on 9 of these
responses (above- and below-ground growth, leaf area and
weight, leaf mortality, and internode distance). In sum-
mary, we showed (a) that a stress-resistant drift algae can
have strong negative effects on a small ephemeral seagrass,
(b) this negative effect can increase both additively and syn-
ergistically with increasing temperature depending on per-
formance measure, and (c) the negative effects may be
mediated by a build-up of porewater DS. An implication of
our findings is that resource managers aiming to preserve
healthy seagrass beds in an almost certain future warmer
world should increase efforts to keep drift algae populations
low.

Introduction

Seagrasses are important benthic marine plants that create
physical structure for sessile epibiota, reduce wave energy,
stabilize sediments, act as nursery and feeding grounds for
herbivores and predators, and contribute significantly to
primary production. The provision of these ecosystem ser-
vices makes seagrasses highly valued marine ecosystems
(Duarte 1999; Williams and Heck 2001). However, sea-
grass habitats are increasingly threatened by anthropogenic
activity; for example, from stress associated with eutrophi-
cation (nutrient pollution) and climate change (Orth et al.
2006). Importantly, Orth et al. (2006) emphasized that mul-
tiple anthropogenic stressors act in concert but noted that
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few experimental seagrass studies have investigated more
than one stress factor at a time. Recent evidence also sug-
gests that stressors not only occur simultaneously but can
act interactively in ways that cannot be predicted based on
results from single stress experiments, i.e. effects can be
antagonistic (2+ 2 <4) or synergistic (2+2>4) (Koch
and Erskine 2001; Crain et al. 2008; Darling and Cote
2008). If such ‘ecological surprises’ (Paine et al. 1998)
associated with multiple stressors are common in seagrass
habitats, it will present managers with a major challenge
both to predict stress impacts and to come up with solutions
to conserve and maintain healthy seagrass beds.

Two major anthropogenic stressors that threaten sea-
grass habitats are eutrophication and global warming (Short
etal. 1995; Short and Neckles 1999; Orth et al. 2006).
Micro- and macroalgae are favoured over seagrasses in
eutrophication scenarios, due to their efficient uptake of
nutrients from the water column and lack of non-photosyn-
thetic tissue, resulting in rapid growth (McGlathery et al.
1997). For example, under high nutrient levels, shallow
water unattached macroalgae (hereafter drift algae) often
grow into dense mats that can become entangled and
retained in seagrass beds (Cowper 1978; Cecere et al. 1992;
Fox et al. 2008; Tweedley et al. 2008). These algal mats
can reduce the light levels reaching newly developing sea-
grass shoots and reduce oxygen levels in the water column
through respiration during night hours (Hauxwell et al.
2001; McGlathery 2001; Holmer and Nielsen 2007; Hun-
tington and Boyer 2008). Algal mats may also add organic
matter to the sediment which, when decomposing, further
reduce oxygen levels and potentially increase concentra-
tions of phyto-toxins such as sulphur and ammonia (Van
Katwijk etal. 1997; Hauxwell etal. 2001; Holmer and
Bondgaard 2001). Drift algae characterized by high sur-
face—volume ratio, rapid growth, and high respiration ratio
(e.g. Ceramium, Ulva/Ulvaria, Enteromorpha) (Pedersen
and Borum 1996) can reduce the performance of both
large and persistent (McGlathery 2001; Nelson and Lee
2001; Holmer and Nielsen 2007) and small and ephemeral
(Cummins 2004) seagrass species. However, only a single
experiment demonstrated that other drift algal species
characterized by lower surface—volume ratios, slower
growth, and higher stress tolerance (e.g. species within the
Gracilariales order, Thomsen and McGlathery 2007) can
also decrease the performance of large seagrasses (with a
50% reduction in Zostera marina shoot density when
exposed to 1,700 g WW (wet weight) m~? Gracilariopsis
sp. over 3 months, Huntington and Boyer 2008). Still, it
remains unknown whether and how much stress-resistant
and slow-growing drift algae may impact other seagrass
species, such as the small and ephemeral seagrasses such as
Halophila, Halodule, or Ruppia sp. that typically co-exist
with these more persistent algae.
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A second important seagrass stressor relates to increas-
ing temperatures associated with climate changes (Short
and Neckles 1999; Orth et al. 2006; Solomon et al. 2007).
Elevated temperature influences metabolic processes
directly, generally increasing the rates of photosynthesis
and respiration differentially and thus potentially decreas-
ing P/R ratios. Most seagrasses typically have their photo-
synthetic optimum at temperatures below the seasonal
maximum (e.g. Biebl and McRoy 1971) and may therefore
be sensitive to elevated temperatures, particularly in
summer months (Moore and Jarvis 2008). Thus, although
seagrasses are generally well adapted to local fluctuations
in summer temperature (Diaz-Almela et al. 2009), extreme
highs have been shown to cause mortality in part due to
induced negative oxygen balance within the plants (Greve
et al. 2003). Also, although temperature tolerance levels are
relatively well known for many seagrass species (e.g.
Bulthuis 1987; Campbell et al. 2006; Lee et al. 2007; Diaz-
Almela et al. 2009; Massa et al. 2009), much less is known
about how additional stressors (e.g. drift algae) interact
with temperature above the optimum temperature regime of
the seagrasses. For example, drift algae may, via respiration
processes and breakdown of deposited organic matter, indi-
rectly enhance sulphide concentrations in the sediment
porewater and thereby reduce seagrass performance
(Holmer and Bondgaard 2001; Greve et al. 2003; Koch
et al. 2007a, b; Kilminster et al. 2008). In addition, it is pos-
sible that seagrass resistance to sulphide toxicity is inhib-
ited when the temperature increases above the seagrass’
optimal temperature tolerance, thereby raising the possibil-
ity for negative synergistic effects of multiple stressors
(Koch and Erskine 2001; Koch et al. 2007a, b).

We here test whether mats of the drift algae Gracilaria
comosa have a negative impact on the ecological perfor-
mance of the seagrass Halophila ovalis and whether algal
impacts are antagonistic, additive, or synergistic in combi-
nation with temperature stress above H. ovalis’ optima.
Gracilaria comosa and H. ovalis were used to represent a
stress-resistant, slow-growing drift algae and a small
ephemeral seagrass species (Hillman et al. 1995; Terrados
et al. 1999; Thomsen and McGlathery 2007; Thomsen and
Wernberg 2009). These species are also the most abundant
seagrasses and seaweeds within the Swan River study
system (Hillman et al. 1995; Astill and Lavery 2001; Astill
and Lavery 2004), where H. ovalis forms extensive mead-
ows at shallow depths. H. ovalis is typically <5 cm high
being amongst the smallest existing seagrasses, it is highly
productive (500 gC m 2 year™!) but also sensitive to
shading (Longstaff et al. 1999), and drift algae may be a
particular strong stress factor to both new and old shoots.
Gracilaria comosa is omnipresent in seagrass beds in Swan
River with consistently high densities on both site and plot
scales (as billions of holdfast structures survive attached to
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the shells of the ubiquitous invasive snail Batillaria
australis; Thomsen et al. 2010a, b). However, areal-based
biomass is typically low, until environmental conditions in
late summer facilitate the rapid growth of this population
of ‘sleeper propagules’ (Thomsen and Wernberg 2009).
Thus, mean biomass values in seagrass beds for individual
sites are typically between 5 and 500 gWW m~2 (Thomsen
and Wernberg 2009), whereas plot-based values (in
0.25 m? quadrats) can exceed 2kg WW m~2 (Thomsen,
unpublished data).

Materials and methods
Experimental design and test factors

We tested for the effects of G. comosa and temperature on
the ecological performance of H. ovalis in a two-factorial
laboratory experiment. H. ovalis was exposed to three lev-
els of algal stress (0 (Control), 1.2 (Low), and 3.4 (High)
kg WW m~2, representing common and extreme densities
encountered in the Swan River estuary (hereafter Swan
River), a large estuary situated in the heart of Perth, the
capital of Western Australia (Astill and Lavery 2004),
under three different temperature regimes (20, 25, and
30°C) over 5 weeks. The highest temperature treatment was
chosen in between the optimal (ca. 25°C, Hillman et al.
1995) and maximum (ca. 35°C, Ralph 1998) tolerance lev-
els of H. ovalis. Five ‘pot’ replicates were used for each of
the nine algae x temperature treatment combinations, and
each pot had an inner diameter of 15 cm and was filled with
5-cm sieved sediment from the seagrass sampling site
(<1,000 pm, 5.0% organic carbon, and 0.17% organic
nitrogen). Five pots with randomly selected levels of algae
were placed in each of 9 aquaria with 25 1 of 25 psu salinity
seawater, which corresponds to the salinity at the seagrass
collection site. The algae mat remained in the pots without
need for attachment, and the water column was aerated and
circulated, and one-third of the water was exchanged each
week for 5 weeks. Temperature was controlled by thermo-
stats in three individual climate rooms (£1°C), with three
aquaria in each room. Saturating light of ~300 pmol photons
m~2s~! (Hillman etal. 1995) was provided by daylight
fluorescent tubes in a 12:12h light:dark cycle. We
acknowledge the potential problems associated with having
all replicates of a temperature treatment in the same room,
but great effort was made to keep all conditions (e.g. light)
and manipulations (e.g. water exchanges and algal addi-
tions) as similar as possible between test rooms.

Shoots of H. ovalis and fronds of G. comosa were sam-
pled in Swan River near Pelican Point at ~0.5 m depth
(31°59’ S/115°49" E, Western Australia). Halophila ovalis
were pruned to two nodes with 2 leaf pairs to standardize

the experiment, and 10 shoots were planted in each pot,
corresponding to typical field densities of 566 shoots m~—2
(Hillman et al. 1995). This manipulation reduces clonal
integration, but integration has previously been docu-
mented to be relatively weak in H. ovalis, and this species
has been shown to perform well from only 2 leaf pairs
(Benjamin et al. 1999). Algal fronds were cleaned for epi-
phytes by gently whipping the leaves with paper tissue and
added to the pots in 0, 25, or 60 g WW (=0, 1.2, and
34kg WW m_z), corresponding to a Control, a Low, and a
High algal stress treatment. These Gracilaria levels are typ-
ical for estuaries worldwide and have been observed in
Swan River (Cecere et al. 1992; Peckol et al. 1994; Astill
and Lavery 2004; Thomsen etal. 2006; Thomsen and
Wernberg 2009; Thomsen, unpublished data). Algae were
added as a single pulse treatment, and the added biomass
increased over the 5-week experiment by 50 and 18% in the
Low and High treatments, respectively (n = 15). The dura-
tion of the experiment was well above the plastochrone
intervals (time for producing new shoots or rhizomes) of
H. ovalis of 2.2 days for shoots and leaves and 3.3 days for
rhizomes (Short and Duarte 2001). Water column oxygen
was measured using the Winkler method (Parsons et al.
1984) three times during the experiment by sampling over
the algae mat, in the mat, and at the sediment surface with a
syringe.

Seagrass performance

At the termination of the experiment, 14 seagrass perfor-
mance characteristics were quantified. Net leaf, rhizome,
and root growth rates (mg DW apex ™' d~!) were calcu-
lated as the difference between initial (averaged for 20
standardized shoots) and final biomass and divided by
time and the number of apices in each pot (n =5). Bio-
mass was measured separately for leaves, rhizomes, and
roots after drying overnight at 60°C. The dry masses of
the leaves, rhizomes, and roots (DW apex’l) were calcu-
lated from the final biomass and given per apex. Each
shoot was photographed, and the area of leaf (mm?
apex 1), length of internodes (mm apex~'), root length
(mm pot’l), and root diameter (mm) were measured with
the program WinRHIZO (Bouma et al. 2000). Root vol-
ume (mm? pot~!) was calculated from the root length and
root diameter. We interpreted long internode distance as
characteristic of unstressed plants, and short internode
distance indicating growth stress. Side branching was
quantified by counting the number of apices per apex, and
similarly the number of internodes for each apex was
counted. Finally, net mortality rates given as percentage
loss per day were calculated from changes in leaf and root
biomass between initial and end conditions (assuming a
linear loss rate).
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Sulphur in seagrasses and sediments

Plant leaves were analysed for elemental sulphur isotopic
composition (5**S) and total sulphur (TS) content. Ground
leaf material was weighed into tin capsules with vanadium
pentoxide and analysed as described for the sediments.
Sediment sulphide levels were quantified as DS (porewater
dissolved sulphide), SRR (sulphate reduction rates), and TRS
(total reducible sulphides). Sediment samples were col-
lected before seagrasses and drift algae were removed. DS
was extracted at 4 cm sediment depth, in three replicates
per pot with needles and pooled for each pot (Berg and
McGlathery 2001). The porewater was preserved in zinc
acetate and frozen until analysis according to Cline (1969).
Additionally, silver sticks were incubated for 6 h to deter-
mine the depth (in mm) of the sulphide front in the sedi-
ment as a black coating of Ag,S on the sticks. Sediment
was sampled with 10 ml cut-off syringes and incubated for
the measurement of SRR and TRS. One sample from each
pot was injected with radioactive tracer (*>S-S0O,*7), fixed
in zinc acetate after 2 h of incubation, and kept frozen until
analysis. The sediment was distilled according to the one-
step procedure of Fossing and Jorgensen (1989), and radio-
activity was determined on a scintillation counter. TRS was
measured as described earlier. One sediment sample from
each treatment was sampled for determination of §**S and
distilled as described previously, but in the 2-step proce-
dure to obtain the acid volatile sulphides (AVS, porewater
sulphides, and iron-monosulphides) and chromium reduc-
ible sulphur (CRS, pyrite). The extracted sulphide was pre-
cipitated as Ag,S and analysed for 6°*S by weighing the
precipitate into tin capsules together with vanadium pentoxide,
which was analysed by elemental analyser combustion
continuous flow isotope ratio mass spectroscopy (EA-C-
CF-IRMS) at Iso-analytical, United Kingdom. Only CRS
results are presented here due to lack of sufficient material
for AVS analysis.

Statistical procedures

First, we tested whether drift algae and temperature affected
the overall ecological performance of H. ovalis by using a
2-way permutation-based multivariate analysis of variance
on all 14 performance characteristics (PERMANOVA;
based on normalized variables, Euclidian distances, and
999 permutations) (Anderson 2000). We then tested each of
the 14 performance characteristics and 6 sulphur variables
using 2-way ANOVAs (Sigma Stat vers. 3.5). Levene’s test
was used to test whether variances were homogeneous.
Only leaf mortality had strong variance heterogeneity, but
this performance measure could not be transformed to
homogeneity, and significance should therefore be inter-
preted with caution. Some remaining tests had low variance
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heterogeneity (P < 0.05 but >0.01, Levine’s test, Table 2),
but balanced and factorial ANOVA is relatively robust to
deviations from this assumption. We searched for antago-
nistic and synergistic effects, and the analysis was con-
ducted on untransformed data, despite weak variance
heterogeneity, to keep the interpretations of interactions as
simple as possible (Quinn and Keough 2002). Post-hoc
analyses of significant results were conducted with SNK
tests. Rather than applying Bonferroni corrections to multi-
ple univariate tests (which is highly conservative), we
emphasize that 1 out of the 20 tests performed may be
wrong simply due to chance (Anderson 2000). Finally,
because DS is argued to be the single most important sul-
phur stress agent (Holmer and Nielsen 2007; Calleja et al.
2007, and here showed significant responses to drift algae
and temperature treatments), we performed Pearson’s linear
correlation analysis between DS and each seagrass perfor-
mance measure using the individual pots as replicates
(n =45). Note that we did not manipulate and control DS,
but that it is derived from individual algae x temperature
treatment combinations. All results were evaluated for sig-
nificance using o = 0.05.

Results
Seagrass performance

There were significant effects of both algae and temperature
on all H. ovalis performance characteristics, but only a
near-significant interaction (PERMANOVA, Table 1).
Importantly, drift algae manipulations accounted for ca. 9
times more data variability in terms of sum of squares,
compared with temperature manipulations, suggesting the
former to be much more ecologically important.

The above pattern was reflected in individual ANOVA
analyses (Table 2). Four performance characteristics—leaf
growth, DW of roots, apical growth, and leaf mortality—
had significant interaction effects of drift algae and temper-
ature. For leaf growth and leaf mortality, effects associated
with increasing drift algal cover became increasingly

Table 1 PERMANOVA of drift algae and temperature effect on 14
plant performance characteristics

Source Df SS Pseudo-F P(perm)
Alga 2 350.220 33.903 0.001
Temp 2 39.500 3.824 0.001
Alga x Temp 4 31.818 1.540 (0.051)
Residual 36 185.940

PERMANOVA was performed on normalized variables, using Euclid-
ian distances and 999 permutations. Significant values (P < 0.05) are in
bold and near-significant values (P < 0.10) in brackets
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Table 2 Summary table of P values from ANOVA analyses of drift alga (Alga) e and temperature (Temp) effect on performance characteristics

and sulphur levels in seagrass leaves and sediments

General response Specific response Figure Alga (A) Temp (T) Alga x Temp Impact
Seagrass performance Leaf growth” la <0.001 0.003 0.034 Synergistic
Rhizome growth 1b <0.001 0.003 0.833 Additive
Root growth” lc <0.001 <0.001 0.418 Additive
DW leaves 1d <0.001 0.020 0.676 Additive
DW rhizomes” le <0.001 (0.067) 0.293 Single (A)
DW roots 1f <0.001 <0.001 0.012 Synergistic
Leaf area 2a <0.001 0.021 (0.084) Additive
Growing apical 2b <0.001 0.004 0.029 Synergistic
Internode distance 2¢c <0.001 0.116 0.937 Single (A)
Number of internodes” 4d <0.001 0.005 0.130 Additive
Leaf mortality " 3a <0.001 0.011 0.002 Synergistic
Root mortality” 3b <0.001 0.501 0.677 Single (A)
Root length 3c 0.009 0.689 0.598 Single (A)
Root vol 3d <0.001 0.622 0.107 Single (A)
Sulphur in seagrass TS in leaves 4a 0.467 0.217 0.305 None
5*S in leaves 4b 0.011 0.000 0.909 Additive
Sulphur in sediments SSR” Sa 0.248 (0.078) 0.003 Complex
DS (PW H,S)" 5b 0.042 0.007 0.738 Additive
TRS 5c 0.198 0.798 (0.061) None
HS stick 5d 0.001 0.720 0.105 Single (A)

See online table for details on F- and sum of squares values. Significant values (P < 0.05) are in bold and near-significant values (P < 0.10)

in brackets

534S sulphur isotopic composition, TS total sulphur in leaves, SSR sulphate reduction rates in sediment, TRS total reducible sulphides in sediment,
DS dissolved H,S in porewater, HS stick depth of the sulphide front in the sediment as a black coating of Ag,S on the sticks

** and * correspond to strong (P < 0.01) and weak variance (P > 0.01) heterogeneity, respectively

severe with increasing temperature (Figs. 1a, 3a), where for
DW of roots and apical growth the reversed pattern was
found (Figs. 1fc, 2b). The latter finding was caused by a
strong reduction in DW of roots and apical growth at high
temperatures also without drift algal stress (thereby reduc-
ing the absolute stress difference between drift algae and
temperature stress). We found highly significant single fac-
tor effects of drift algae cover on every response variable,
with the poorest seagrass performances associated with
high drift algal cover compared with control treatments
(Figs. 1, 2, 3; consistent pattern = Control > Low > High,
based on SNK test). Results were generally similar, but
slightly less convincing, for temperature treatments. Here,
we found significant effects on 9 out of the 14 performance
characteristics (not significant for DW roots, internode dis-
tance, root mortality, root length, and root volume), with
poorest seagrass performance at 30°C (Figs. 1, 2, 3; most
common pattern = 20 > 25 > 30°C, based on SNK-test)
(performance at 25°C was grouped with either 20°C, in
between, or the 30°C treatments). The univariate tests
also attributed most data variability to drift algal treatments
(5-10 times more sum of square variability associated with

algae than temperature manipulations, online appendix).
Thus, of the 14 individual performance responses, 5 (rhi-
zome and root growth, DW leaves, leaf area, and number
of internodes) were classified as additive effects of the
two stressors, 4 (leaf growth and mortality, DW roots,
and growing apical) as synergistic, and 5 performance
responses (DW rhizomes, internode distance, root mortal-
ity, length, and volume) were only significant for a single
test factor.

Sulphur in seagrasses and sediments and water column
oxygen

There was no effect of the two stressors on total leaf sul-
phur content (Fig. 4a), but §**S in leaves varied signifi-
cantly with both temperature (lowest at 25°C) and drift
algae manipulations (highest at high drift and lowest in
control treatments, Fig.4b). We found significant but
complex algae x temperature interaction effects on SRR
in the rhizosphere sediment and the sulphide front. SRR
increased with increasing algal cover at 20 and 25°C, but
with an opposite pattern at 30°C (Fig. 5a). The sulphide
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Fig. 1 Effects of drift algae (Control, Low, and High) and temperature
(20, 25, and 30°C) on seagrass performances, here growth (left) and
biomass (right) of leaves, rhizomes and roots, respectively. Letters

front was deepest without algal stress, but only at the two
lowest temperatures (Fig. 5d). The dissolved porewater
sulphide (DS) was affected significantly by both drift algae
and temperature (but no significant interaction, Table 2;
Fig. 5b), with highest DS concentrations at high algal
cover and high temperature levels. Finally, there were
no significant effects on TRS pools (Fig. 5¢). The oxygen
saturation in the water column was generally high both
during the day (228-268 uM) and night (175-215 uM),
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and we found with no statistical differences between treatments
(data not shown).

Correlation of DS vs. seagrass performances

We found significant linear negative correlations between
DS and leaf growth, rhizome growth, and root growth, and
near-significant negative correlations between DS and leaf
weight, leaf area, root weight, internode distance, and
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Fig. 2 Effects of drift algae (Control, Low, and High) and temperature
(20, 25, and 30°C) on seagrass performances, here leaf area, apical
growth, internode distance, and number of internodes, respectively.

number of internodes (Table 3). There was also a near-sig-
nificant positive correlation between DS and leaf mortality.
In contrast, there were no correlations between DS and rhi-
zome weight, number of growing apices, or root mortality,
root length or root volume.

Discussion

The presence of macroalgae in seagrass meadows can lead
to shading of the seagrasses and hypoxia near the sediment
surface (Hauxwell et al. 2001; McGlathery 2001; Holmer and
Nielsen 2007; Huntington and Boyer 2008), and seagrasses
growing at their upper thermal tolerance can experience
physiological stress (Koch et al. 2007b). In addition,
respiration of macroalgae during night (Krause-Jensen
etal. 1999), burial of macroalgae organic matter (Holmer
et al. 2004), and increasing temperatures can stimulate sul-
phide concentrations in the sediments through stimulated
microbial sulphate reduction, increasing the exposure of
seagrasses to sulphide, a known phytotoxin. Sulphate
reducing bacteria in marine sediments have their optimum
around 35-40°C (Hancke and Glud 2004), and rates gener-

.81 B. Apical growth
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Letters above bars correspond to significantly different treatments
based on post-hoc SNK tests (small letters drift algae effects, capital
letters temperature effects, see also Table 2)

ally increase with a factor of 2-3 for each 10°C increase.
SRR in seagrass sediments can be modified in response to
plant stress, e.g. inhibited due to reduced exudation of root
exudates or increased due to less oxidation of the sediments
(Holmer and Laursen 2002; Calleja et al. 2007). Thus, sea-
grass tolerance to algae mats and temperature needs to be
considered in the context of plant—sediment interactions.
Algae mat coverage and maximum temperatures in our
experiments are similar to observations from field surveys
in the Swan River, although the dynamics of the mats are
not well studied, and the duration of coverage may be less
than the 5 weeks deployed in this experiment (Astill and
Lavery 2001).

In contrast to mats of ephemeral drift algae (Krause-
Jensen et al. 1999; Holmer and Nielsen 2007), G. comosa
showed no signs of deterioration during the experiment,
and oxygen concentrations in the water column in the
H. ovalis pots remained well above anoxic and hypoxic
conditions both during day and night (>68% saturation).
The shading by G. comosa was, however, extensive and
light reaching H. ovalis was reduced below saturation
(<200 umol photons m~2s~!, Hillman et al. 1995) in Low
and below the compensation point in High treatments
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(<40 pmol photons m~2 s~!, Hillman et al. 1995). H. ovalis
is able to photoacclimate and adapt to short-term reductions
in light (Bite et al. 2007) but cannot survive long periods in
darkness (Longstaff et al. 1999). As our experiment lasted
5 weeks, shading most likely is the ultimate cause of the
observed mortality, in particular for the High treatment.
The proximate causes of reduced performance could be
either changes in photosynthetic capacity (e.g. C balance)
or reduced oxygenation of the sediments (Connell et al.
1999) leading to increased sulphide concentrations in the
sediments (Holmer and Laursen 2002; Calleja et al. 2007)
and sulphide toxicity (Holmer and Nielsen 2007). That sul-
phide toxicity is contributing to performance, which is indi-
cated by the negative correlations between H. ovalis growth
and morphological changes and porewater sulphide con-
centrations. Porewater sulphide concentrations responded
to the presence of G. comosa and to temperature with con-
centrations up to 30 times higher at 30°C compared with
20°C in the algae treatments. In the control treatment, pore-
water sulphide concentrations also increased, but only with
a factor of 10 from 5 to 47 puM. Furthermore, sulphide was

@ Springer

1A, Root length

60 1 a
a
C
b C
40 1 b
20 1
0
20 25

30 §

mm

B. Root volume

a
b
C
30
a
25
20{ ¢
mE 15 b a b
b
10 1
C
5.
0
20 25 30

Temperature (°C)

above bars correspond to significantly different treatments based
on post-hoc SNK tests (small letters drift algae effects, capital letters
temperature effects, see also Table 2)

present almost to the sediment surface in the algae treat-
ments, potentially exposing the plant meristems to sul-
phide. This could be due to reduced sulphide oxidation
capacity in the algae treatments, or by a combination of
reduced supply of oxygen from the water column and from
the seagrasses (Connell etal. 1999; Borum et al. 2005).
Similar increased sulphide concentrations have been found
in Z. marina sediments covered with filamentous algae
(Holmer and Nielsen 2007) or exposed to night time anoxia
(Mascaro et al. 2009) and in seagrass sediments amended
with organic matter (Terrados etal. 1999; Koch et al.
2007b). Competition for nutrients in the water column
could potentially contribute to reduced growth of H. ovalis
due to the small size and limited storage capacity (Marba
et al. 2006), but as H. ovalis was growing in organic-rich
sediments (5% organic carbon) and the nutrient availability
was likely high, root uptake could compensate for reduced
leaf uptake, as has been found in the field (Connell and
Walker 2001).

The negative effects of algae cover were accelerated at
increasing temperatures. A high mortality rate (ca. 2% d~')
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was observed in the High temperature treatment, indicating
that the meadows would likely experience major loss at
temperatures near 30°C. Temperatures above 30°C have
already been observed in the Swan River (Wernberg, Hobo
temperature loggers, unpublished data), and the presence of
macroalgae may increase the temperatures even further
during the day with high activity in the mats. In another
laboratory experiment, synergistic effects of sulphide and
temperature have been shown for Thalassia hemprichii
(Koch et al. 2007a, b), whereas no thermal effects were
observed for Halodule wrigthii (Koch et al. 2007b). Koch
etal. (2007b) suggested reduced reoxidation capacity of
intruding sulphides into the seagrasses as a possible mecha-

nism for seagrass loss upon synergistic stressors. In con-
trast, our study indicated little sulphide intrusion (<3% in
leaves and <14% in roots based on stable sulphur isotopic
composition, data not shown) for H. ovalis. Also the S0
accumulation, an indicator of sulphide reoxidation capac-
ity, was low (<1 pg g DW™!) with no significant difference
between treatments, suggesting limited capacity for sul-
phide reoxidation. Halophila ovalis may instead be exposed
to high levels of sulphides and thus more sensitive to sul-
phide exposure compared to Z. marina and T. hemprichii.
Similar low accumulation of S° has been found in H. ovalis
growing under tropical conditions in Thailand (Holmer
et al. 2006), suggesting a general low accumulation of S°
in H. ovalis, but the mechanism for sulphur dynamics in
seagrasses needs to be explored in more detail.

The negative effects of G. comosa and temperature on
above-ground production of H. ovalis resulted in reduced
leaf biomass and leaf area, similar to findings for H. ovalis
in response to direct exposure to sulphide injections
(Kilminster et al. 2008). This is consistent with loss of pho-
tosynthetic activity and reduced growth for a range of sea-
grass species upon sulphide exposure (see references in
Kilminster etal. 2008). Several studies have reported
observations of reduced side branching and growth of api-
ces (Holmer and Nielsen 2007; Kilminster et al. 2008), but
our study is the first to document significantly reduced
number of growing apices. This was observed for both
algae treatments, where no apices were found in the High
treatment at all, and the number of apices was reduced by
up to 85% in the Low treatment, indicating reduced vegeta-
tive growth. Furthermore, reduced growth of apices was
observed in the control sediment at 30°C, which would
affect the capacity of H. ovalis to expand vegetatively under
increasing temperatures. Reduced growth of apices could
be due to reduced meristematic activity, which has been
correlated directly with sulphide concentrations in Posidonia
oceanica meadows and has been attributed to this active
dividing tissue suffering from inhibition of enzymes and
anoxia upon sulphide exposure (Garcias-Bonet et al. 2008).
Vegetative growth is an important route for expansion of
H. ovalis meadows, in particular during the growth season
(Hillman et al. 1995) and cover by G. comosa may signifi-
cantly affect this ability.

The effects of drift algae on below-ground H. ovalis bio-
mass were pronounced, with reduction in all measured
parameters including rhizome and root growth, biomass,
internode distance, number of internodes, root length, and
root volume. Shortening of internode distance and stunted
root development have been found in H. ovalis upon expo-
sure to sulphides (Kilminster et al. 2008) and drift algae
(H Hoffle personnel communication), probably due to some of
the same mechanisms as observed for the meristems.
Kilminster et al. (2008) suggested that reduced internode
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Table 3 Correlation coefficients and significance level between sulp-

hides in porewater (DS) and 14 plant performance characteristics

Plant characteristics Tpearson P

Leaf growth —0.347 0.019

Rhizome growth —0.297 0.048

Root growth —0.356 0.017

Leaf weight —0.260 (0.084)
Rhizome weight —0.139 0.364

Leaf area —0.282 (0.060)
Root weight —0.270 (0.073)
No. of growing apex —0.155 0.310

Internode distance —0.278 (0.065)
No. of internodes —0.264 (0.080)
Leaf mortality 0.249 (0.099)
Root mortality 0.169 0.267

Root length —0.205 0.177

Root volume —0.247 0.101

Significant values (P < 0.05) are in bold and near-significant values

(P < 0.10) in brackets
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distance could increase root density and thereby enhance
sediment oxidation and reduce the sulphide pressure on the
seagrass. This was not the case in our study where both
shoot and root density declined in the Low and High treat-
ments and sulphide pools increased, suggesting less sedi-
ment oxidation despite reduced internode distance. As the
morphological changes in below-ground biomass follow
closely to changes in the above-ground biomass (Table 3),
our results suggest a general reduced performance of H. ovalis
when under stress from G. comosa and increasing temper-
atures. Morphological acclimations by seagrasses are
commonly observed in response to environmental pressures,
e.g. physical forcing (Peralta et al. 2005), fresh water run-off
(Irlandi et al. 2002), and turbidity (Miller et al. 2005), but only
few studies have included studies of the below-ground bio-
mass. Halun et al. (2002) found similar results of reduced root
production and rhizome elongation as well as reduced shoot
production for Cymodocea rotundata exposed to in situ injec-
tions of sulphides, suggesting that sulphide toxicity affects
both above- and below-ground biomass and production.
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We conclude that biomass of G. comosa and high tem-
peratures affect the ecological performance of H. ovalis,
with strong negative effects on the measured plant perfor-
mance responses, in particular for the leaf, rhizome and
root growth and mortality. The most important impacts
were associated with drift algal stress, indicating that the
selected drift algal stress levels were more important than
the temperature treatments. We emphasize that the negative
effects associated with the two stressors can be both syner-
gistic and additive, providing a warning that impact of
multiple stressors may be difficult to predict from single-
factorial stress experiments (Crain et al. 2008; Darling and
Cote 2008). We also found indirect evidence of sulphide
toxicity as a possible mechanism, in concert with light
limitation, for drift algae reducing the ecological perfor-
mance of seagrasses (Holmer and Bondgaard 2001; Holmer
et al. 2005). We finally note that H. ovalis beds in the Swan
River likely will become more patchy and less dense in the
future as the abundance of G. comosa and temperatures are
expected to increase in the near future due to eutrophication,
urbanization, and global warming.

Acknowledgments We are grateful to Diane I. Walker and the
School of Marine Botany, University of Western Australia. MH was
supported by Gledden Visiting Fellowship and Danish Natural Science
Foundation. MST was supported by the Danish Research Academy.

References

Anderson MJ (2000) NPMANOVA: a FORTRAN computer program
for non-parametric multivariate analysis of variance design using
permutation tests. Department of Statistics, University of
Auckland, 16 pp

Astill H, Lavery PS (2001) The dynamics of unattached benthic
macroalgal accumulations in the Swan-Canning Estuary. Hydrol
Process 15:2387-2399

Astill H, Lavery P (2004) Distribution and abundance of benthic mac-
roalgae in the Swan-Canning Estuary, South-Western Australia.
J Roy Soc Western Aust 87:9-14

Benjamin KJ, Walker DI, McComb AJ, Kuo J (1999) Structural
response of marine and estuarine plants of Halophila ovalis
(R-Br.) Hook. f. to long-term hyposalinity. Aquat Bot 64:1-17

Berg P, McGlathery KJ (2001) A high-resolution pore water sampler
for sandy sediments. Limnol Oceanogr 46:203-210

Biebl R, McRoy CP (1971) Plasmatic resistance and rate of respiration
and photosynthesis of Zostera marina at different salinities and
temperatures. Mar Biol 8:48-56

Bite JS, Campbell SJ, McKenzie LJ, Coles RG (2007) Chlorophyll
fluorescence measures of seagrasses Halophila ovalis and Zostera
capricorni reveal differences in response to experimental shading.
Mar Biol 152:405-414

Borum J, Pedersen O, Greve TM, Frankovich TA, Zieman JC, Fourqu-
rean JW, Madden CJ (2005) The potential role of plant oxygen
and sulphide dynamics in die-off events of the tropical seagrass,
Thalassia testudinum. J Ecol 93:148-158

Bouma TJ, Nielsen KL, Koutstaal B (2000) Sample preparation and
scanning protocol for computerised analysis of root length and
diameter. Plant Soil 218:185-196

Bulthuis DA (1987) Effects of temperature on photosynthesis and
growth of seagrasses. Aquat Bot 27:27-40

Calleja ML, Marba N, Duarte CM (2007) The relationship between
seagrass (Posidonia oceanica) decline and sulfide porewater con-
centration in carbonate sediments. Estuar Coast Shelf S 73:583—
588

Campbell SJ, McKenzie LJ, Kerville SP (2006) Photosynthetic re-
sponses of seven tropical seagrasses to elevated seawater temper-
ature. J Exp Mar Biol Ecol 330:455-468

Cecere E, Saracino OD, Fanelli M, Petrocelli A (1992) Presence of a
drifting algal bed in the Mar Piccolo basin, Taranto (Ionian Sea,
Southern Italy). J Appl Phycol 4:323-327

Cline JD (1969) Spectrophotometric determination of hydrogen sulfide
in natural waters. Limnol Oceanogr 14:454-457

Connell EL, Walker DI (2001) Nutrient cycling associated with the
seagrass Halophila ovalis in the Swan-Canning Estuary based
on seasonal variations in biomass and tissue nutrients. Hydrol
Process 15:2401-2409

Connell EL, Colmer TD, Walker DI (1999) Radial oxygen loss from
intact roots of Halophila ovalis as a function of distance behind
the root tip and shoot illumination. Aquat Bot 63:219-228

Cowper SW (1978) The drift algae community of seagrass beds in
Redfish Bay, Texas. Contri Mar Sci 21:125-132

Crain CM, Kroeker K, Halpern BS (2008) Interactive and cumulative
effects of multiple human stressors in marine systems. Ecol Lett
11:1304-1315

Cummins SP (2004) Effects of the green macroalgae Enteromorpha
intestinalis on macrobenthic and seagrass assemblages in a
shallow coastal estuary. Mar Ecol Prog Ser 266:77-87

Darling ES, Cote ES (2008) Quantifying the evidence for ecological
synergies. Ecol Lett 11:1278-1286

Diaz-Almela E, Marba N, Martinez R, Santiago R, Duarte CM (2009)
Seasonal dynamics of Posidonia oceanica in Magalluf Bay (Mall-
orca, Spain): Temperature effects on seagrass mortality. Limnol
Oceanogr 54:2170-2182

Duarte CM (1999) Seagrass ecology at the turn of the millennium:
challenges for the new century. Aquat Bot 65:7-20

Fossing H, Jorgensen BB (1989) Measurement of bacterial sulfate
reduction in sediments—evaluation of a single-step chromium
reduction method. Biogeochemistry 8:205-222

Fox SE, Stieve E, Valiela I, Hauxwell J, McClelland J (2008) Macro-
phyte abundance in Waquoit Bay: effects of land-derived nitrogen
loads on seasonal and multi-year biomass patterns. Estuar Coasts
31:532-541

Garcias-Bonet N, Marba N, Holmer M, Duarte CM (2008) Effects of
sediment sulfides on seagrass Posidonia oceanica meristematic
activity. Mar Ecol Prog Ser 372:1-6

Greve TM, Borum J, Pedersen O (2003) Meristematic oxygen variabil-
ity in eelgrass (Zostera marina). Limnol Oceanogr 48:210-216

Halun Z, Terrados J, Borum J, Kamp-Nielsen L, Duarte CM, Fortes
MD (2002) Experimental evaluation of the effects of siltation-
derived changes in sediment conditions on the Philippine seagrass
Cymodocea rotundata. ] Exp Mar Biol Ecol 279:73-87

Hancke K, Glud RN (2004) Temperature effects on respiration and
photosynthesis in three diatom-dominated benthic communities.
Aquat Microb Ecol 37:265-281

Hauxwell J, Cebrian J, Furlong C, Valiela I (2001) Macroalgal cano-
pies contribute to (Zostera marina) decline in temperate estuarine
ecosystems. Ecology 82:1007-1022

Hillman K, McComb AJ, Walker DI (1995) The distribution, biomass
and primary production of the seagrass Halophila ovalis in the
Swan/Canning estuary. Aquat Bot 51:1-54

Holmer M, Bondgaard EB (2001) Photosynthetic and growth response
of eelgrass to low oxygen and high sulfide concentrations during
hypoxic events. Aquat Bot 70:29-38

@ Springer



308

Mar Biol (2011) 158:297-309

Holmer M, Laursen L (2002) Effect of shading of Zostera marina (eel-
grass) on sulfur cycling in sediments with contrasting organic
matter and sulfide pools. J Exp Mar Biol Ecol 270:25-37

Holmer M, Nielsen RM (2007) Effects of filamentous algal mats on
sulfide invasion in eelgrass (Zostera marina). J Exp Mar Biol
Ecol 353:245-252

Holmer M, Duarte CM, Boschker E, Barrén C (2004) Carbon cycling
and bacterial carbon sources in pristine and impacted Mediterra-
nean seagrass sediments. Aquat Microb Ecol 36:227-237

Holmer M, Frederiksen MS, Mgllegaard H (2005) Sulfur accumulation
in eelgrass (Zostera marina) and effect of sulfur on eelgrass
growth. Aquat Bot 81:367-379

Holmer M, Pedersen O, Ikejima K (2006) Sulfur cycling and sulfide
intrusion in mixed Southeast Asian tropical seagrass meadows.
Bot Mar 49:91-102

Huntington B, Boyer KE (2008) Effects of red macroalgal (Gracilari-
opsis sp.) abundance on eelgrass Zostera marina in Tomales Bay,
California, USA. Mar Ecol Prog Ser 367:133-142

Irlandi E, Orlando B, Macia S, Biber P, Jones T, Kaufman L, Lirman
D, Patterson E (2002) The influence of freshwater runoff on bio-
mass, morphometrics, and production of Thalassia testudinum.
Aquat Bot 72:67-78

Kilminster KL, Walker DI, Thompson PA, Raven JA (2008) Changes
in growth, internode distance and nutrient concentrations of the
seagrass Halophila ovalis with exposure to sediment sulphide.
Mar Ecol Prog Ser 361:83-91

Koch MS, Erskine JM (2001) Sulfide as a phytotoxin to the tropical
seagrass Thalassia testudinum: interactions with light, salinity
and temperature. J Exp Mar Biol Ecol 266:81-95

Koch MS, Schopmeyer SA, Holmer M, Madden CJ, Kyhn-Hansen C
(2007a) Thalassia testudinum response to the interactive stressors
hypersalinity, sulfide and hypoxia. Aquat Bot 8§7:104-110

Koch MS, Schopmeyer S, Kyhn-Hansen C, Madden CJ (2007b)
Synergistic effects of high temperature and sulfide on tropical
seagrass. J Exp Mar Biol Ecol 341:91-101

Krause-Jensen D, Christensen PB, Rysgaard S (1999) Oxygen and
nutrient dynamics within mats of the filamentous macroalga
Chaetomorpha linum. Estuaries 22:31-38

Lee KS, Park SR, Kim YK (2007) Effects of irradiance, temperature,
and nutrients on growth dynamics of seagrasses: a review. J Exp
Mar Biol Ecol 350:144-175

Longstaff BJ, Loneragan NR, O’Donohue MJ, Dennison WC (1999)
Effects of light deprivation on the survival and recovery of the
seagrass Halophila ovalis (RBr) Hook. J Exp Mar Biol Ecol
234:1-27

Marba N, Hemminga MA, Duarte CM (2006) Resource translocation
within seagrass clones: allometric scaling to plant size and pro-
ductivity. Oecologia 150:362-372

Mascaro O, Valdemarsen T, Holmer M, Perez M, Romero J (2009)
Experimental manipulation of sediment organic content and
water column aeration reduces Zostera marina (eelgrass) growth
and survival. ] Exp Mar Biol Ecol 373:26-34

Massa SI, Arnaud-Haond S, Pearson GA, Serrao EA (2009) Tempera-
ture tolerance and survival of intertidal populations of the sea-
grass Zostera noltii (Hornemann) in Southern Europe (Ria
Formosa, Portugal). Hydrobiologia 619:195-201

McGlathery K (2001) Macroalgal blooms contribute to the decline in
seagrasses in nutrient-enriched coastal waters. J Phycol 37:453—
456

McGlathery KJ, Krause-Jensen D, Rysgaard S, Christensen PB
(1997) Patterns of ammonium uptake within dense mats of the
filamentous macroalgae Chaetomorpha linum. Aquat Bot
59:99-115

Miller CJ, Campbell SJ, Scudds S (2005) Spatial variation of Zostera
tasmanica morphology and structure across an environmental
gradient. Mar Ecol Prog Ser 304:45-53

@ Springer

Moore KA, Jarvis JC (2008) Environmental factors affecting recent
summertime eelgrass diebacks in the lower Chesapeake Bay:
implications for long-term persistence. J Coastal Res 55:135-147

Nelson TA, Lee A (2001) A manipulative experiment demonstrates
that blooms of the macroalga Ulvaria obscura can reduce eelgrass
shoot density. Aquat Bot 71:149-154

Orth R, Carruthers TJB, Dennison WC, Duarte CM, Fourqurean JW,
Heck JKL, Hughes AR, Kenworthy WJ, Olyarnik S, Short FT,
Waycott M, Williams SL (2006) A global crisis for seagrass eco-
systems. Bioscience 56:987-996

Paine RT, Tegner MJ, Johnson EA (1998) Compounded perturbations
yield ecological surprises. Ecosystems 1:535-545

Parsons TR, Maita Y, Lalli CM (1984) A manual of chemical and bio-
logical methods for seawater analysis. Pergamon, Oxford

Peckol P, DeMeo-Anderson B, Rivers J, Valiela I, Maldonado M,
Yates J (1994) Growth, nutrient uptake capacities and tissue con-
stituents of the macroalgae Cladophora vagabunda and Gracilaria
tikvahiae related to site-specific nitrogen loading rates. Mar Biol
121:175-185

Pedersen MF, Borum J (1996) Nutrient control of algal growth i estu-
arine waters. Nutrient limitation and the importance of nitrogen
requirements and nitrogen storage among phytoplanton and spe-
cies of macroalgae. Mar Ecol Prog Ser 142:261-272

Peralta G, Brun FG, Hernandez I, Vergara JJ, Perez-Llorens JL (2005)
Morphometric variations as acclimation mechanisms in Zostera
noltii beds. Estuar Coast She S 64:347-356

Quinn GP, Keough MJ (2002) Experimental design and data analysis
for biologists. Cambridge University Press, Cambridge, p 537

Ralph PJ (1998) Photosynthetic response of laboratory-cultured Halo-
phila ovalis to thermal stress. Mar Ecol Prog Ser 171:123-130

Short FT, Neckles HA (1999) The effects of global climate change on
seagrasses. Aquat Bot 63:169-196

Short FT, Duarte CM (2001) Methods for the measurement of seagrass
growth and production. In: Short FT, Coles RG (eds) Global sea-
grass research methods. Elsevier, Amsterdam, pp 155-182

Short FT, Burdick DM, Kaldy JE (1995) Mesocosm experiments quan-
tify the effects of eutrophication on eelgrass, Zostera marina.
Limnol Oceanogr 40:740-749

Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB,
Tignor M, Miller HL (2007) Contribution of Working Group I to
the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change 2007. Cambridge University Press, Cambridge,
p 996

Terrados J, Duarte CM, Kamp-Nielsen L, Agawin NSR, Gacia E,
Lacap D, Fortes MD, Borum J, Lubanski M, Greve TM (1999)
Are seagrass growth and survival constrained by the reducing
conditions of the sediment? Aquat Bot 65:175-197

Thomsen MS, McGlathery KJ (2007) Stress tolerance of the invasive
macroalgae Codium fragile and Gracilaria vermiculophylla in a
soft-bottom turbid lagoon. Biol Invasions 9:499-513

Thomsen MS, Wernberg T (2009) Distribution, abundance and link-
ages between drift algae and an invasive snail in seagrass beds in
Swan River, Western Australia. Report no. CMER-2009-02 from
the Centre for Marine Ecosystem Management, p 50

Thomsen MS, McGlathery K, Tyler AC (2006) Macroalgal distribu-
tion pattern in a shallow, soft-bottom lagoon, with emphasis on
the nonnative Gracilaria vermiculophylla and Codium fragile.
Estuar Coasts 29:470-478

Thomsen MS, Wernberg T, Altieri A, Tuya F, Gulbransen D,
McGlathery K, Holmer M, Silliman BR (2010a) Habitat cascades:
the conceptual context and global relevance of facilitation cas-
cades via habitat formation and modification. Integr Comp Biol
50:158-175

Thomsen MS, Wernberg T, Tyua F, Silliman B (2010b) Ecological
performance and possible origin of a ubiquitous but under-studied
gastropod. Est. Coast. Shelf Sci 87:501-650



Mar Biol (2011) 158:297-309

309

Tweedley JR, Jackson EL, Attrill MJ (2008) Zostera marina seagrass
beds enhance the attachment of the invasive alga Sargassum
muticum in soft sediments. Mar Ecol Prog Ser 354:305-309

Van Katwijk MM, Vergeer LHT, Schmitz GWH, Roelofs JGM (1997)
Ammonium toxicity in eelgrass Zostera marina. Mar Eco Prog
Ser 157:159-173

Williams SL, Heck JKL (2001) Seagrass community ecology. In: Bert-
ness MD, Gaines SD, Hay ME (eds) Marine community ecology.

Sinauer Associates, Inc., pp 317-338

@ Springer



	Negative effects of stress-resistant drift algae and high temperature on a small ephemeral seagrass species
	Abstract
	Introduction
	Materials and methods
	Experimental design and test factors
	Seagrass performance
	Sulphur in seagrasses and sediments
	Statistical procedures

	Results
	Seagrass performance
	Sulphur in seagrasses and sediments and water column oxygen
	Correlation of DS vs. seagrass performances

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


