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INTRODUCTION

As habitat loss increases and ecosystem health
declines, understanding resilience to disturbance is
becoming increasingly important. This information is
particularly needed along urbanised coasts, where

there are concerns that a range of human activities
may reduce resilience (Hughes et al. 2010, Holon et
al. 2015). Simultaneously, resource managers are
being urged to take actions that increase resilience of
coastal ecosystems (Folke et al. 2004, Adger et al.
2005). A prerequisite for managing resilience is an
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 recovery mechanisms, which may override or obscure any regional signal.
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understanding of how recovery occurs, including the
potential for shifts to alternative ecosystem or com-
munity states and the rates and extent of recovery
(Andersen et al. 2009, Fukami & Nakajima 2011).
Typically, these issues are of particular concern
around large population centres, where there may be
strong spatial variation in anthropogenic influences
alongside natural environmental variation. Under
these circumstances, we need to know how this vari-
ation affects recovery rates. At large spatial scales,
regional environmental processes can modify local-
scale recovery patterns, having a direct influence on
recruitment and community structure (Navarrete et
al. 2005, Bryson et al. 2014, Martins et al. 2014).
Understanding the spatial variation in resilience and
whether this variation occurs at local or regional
scales is vitally important in managing natural sys-
tems (Anthony et al. 2015).

Seagrass habitats exemplify these concerns. Sea-
grasses are marine angiosperms that have suffered
an estimated 29% global loss (Waycott et al. 2009),
with 14% of all species facing extinction (Short et al.
2011). They play a number of important ecosystem
roles, including habitat stabilisation, maintaining
water quality, nutrient cycling, carbon sequestration,
and provision of habitat for fish and invertebrates
(Orth et al. 2006a, Barbier et al. 2011, Macreadie et
al. 2014a). Seagrass loss can occur through large-
scale disturbances such as eutrophication, disease,
light reduction, sedimentation and high water tem-
peratures, and at smaller scales via herbivory, dredg-
ing, propeller scarring, bioturbation, erosion and
wave action (Orth et al. 2006a).

An important component of resilience is the capac-
ity to recover from disturbances (Folke et al. 2004).
Seagrass recovery may take months to decades
depending on the scale, magnitude and location of
the disturbance event and the species affected. For
example, a wasting disease that decimated North
Atlantic Zostera marina populations, including local
extinctions in the 1930s, took decades to recover in
Denmark and in Chesapeake Bay, USA (Frederiksen
et al. 2004, Orth et al. 2006b), whereas recovery of
Zostera muelleri to small-scale mechanical distur-
bances in Australia took only a few months (Macrea -
die et al. 2014b). Even within the same location, re -
covery times for a given species can vary with water
depth (i.e. subtidal versus intertidal) (Boese et al.
2009, Macreadie et al. 2014c, Rasheed et al. 2014),
and, in mixed beds (i.e. multiple species), colonising
specialists are able to recover more quickly before
being outcompeted by larger, more robust species
(Rasheed 2004).

As clonal organisms, seagrasses can use several
pathways to recover from disturbance. When only
aboveground biomass is lost, they can reshoot from
belowground reserves, and if both above- and
belowground biomass is lost, seagrasses can expand
vegetatively from disturbance edges via new shoots
and rhizome extensions (Rasheed 1999, 2004). They
also produce dispersive propagules, most commonly
seeds, but also drifting fragments (Kendrick et al.
2012). Seeds may be dispersed into a disturbed area,
or they may germinate from seed banks in the sedi-
ment, leading to seagrass recovery (Rasheed et al.
2014). Recovery speed and pathways may affect the
ability of seagrass to return to pre-disturbance state
and maintain resilience to further disturbance.

In this study, we focus on recovery pathways in the
temperate seagrass Zostera nigricaulis (formerly
Heterozostera tasmanica; Jacobs & Les 2009) in a
large embayment in southeastern Australia. The bay
shows considerable variations in environmental and
nutrient conditions. It is hydrodynamically complex,
ranging from tidally driven circulation in coarse sed-
iments in the south to weaker, wind-driven patterns
in northern and western areas, with associated fine
sediments. We aimed to (1) determine pathways by
which seagrasses recover from small-scale distur-
bances in Port Phillip Bay; (2) test whether there are
regional differences in seagrass recovery; and (3)
assess biotic and abiotic factors that may affect sea-
grass recovery.

MATERIALS AND METHODS

Study site

This study was undertaken in Port Phillip Bay,
southeastern Australia. Port Phillip Bay is a large
(around 2000 km2), relatively shallow (more than
50% is <8 m deep), semi-enclosed bay. It is partially
surrounded by the cities of Melbourne and Geelong,
with the largest urban concentration to the north.
There is a large wastewater treatment plant with a
shoreline discharge on the western side, along with a
substantial catchment input to the north and several
smaller inputs. Port Phillip Bay has a long history of
disturbance, including dredging and coastal modifi-
cation. Zostera nigricaulis covers approximately
65 km2 and is the dominant structured habitat in Port
Phillip Bay (Blake & Ball 2001). Seagrass habitats
around Port Phillip Bay can be divided into 5 differ-
ent regions, based on combinations of hydrodynam-
ics and anthropogenic activities: northern Port Phillip
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Bay (North), southern Port Phillip Bay (South), Corio
Bay, Swan Bay and the Geelong Arm. Within each
region, 2 sites were chosen for seagrass disturbance
experiments (Fig. 1). The coastline in the northern
region of the bay is extremely modified, sediments
are relatively fine, and there are high nutrient inputs
from the Western Treatment Plant and Yarra River.
The southern region of the bay is characterised by
patchy, dense seagrass in coarse sand and has expe-
rienced significant seagrass decline over the past
decade. This region is exposed to oceanic water
input from Bass Strait. Swan Bay is an extensive sea-
grass meadow that receives little water exchange,
low nutrient inputs and has high epiphyte abun-
dances. Seagrass in Corio Bay forms large persistent
seagrass meadows with low nutrient input and wave
exposure. In the Geelong Arm, seagrass forms vari-
able sized patches and is exposed to wave action and
sediment movement in the south, where there has
been recent seagrass loss and elevated nutrient loads
from the Western Treatment Plant in the north
(Walker 1999, Lee et al. 2012, Ball et al. 2014, A. J.
Hirst unpubl. data).

Experimental design

Five treatments were used to determine the re -
covery time and mechanisms after disturbances of
different magnitudes: (1) control treatments with no
seagrass removal, including undisturbed areas and

procedural controls, where we added a physical
 border; (2) regrowth by shoots — seagrass with
aboveground plant material removed; (3) asexual
regeneration — seagrass with above- and below-
ground plant material removed, but asexual growth
from the edge allowed; and (5) sexual regenera-
tion — seagrass with above- and belowground plant
material removed and a border placed to prevent
 rhizome encroachment.

The aboveground-only removal represents a low
in tensity disturbance (e.g. herbivore grazing),
whereas the above- and belowground removal rep-
resent a high intensity disturbance, typical of me -
chanical damage (e.g. boat propeller scarring). The
removal of plant material in high intensity distur-
bance treatments often left a depression in the sedi-
ment; however, changes to sediment height were
only minimal or returned to pre-disturbance levels
within a few months. Each disturbance plot was a
300 mm diameter circle (area = 0.07 m2). Borders
(made from PVC piping) were inserted to a depth of
95 mm, leaving 5 mm of border exposed above the
sediment surface, and plastic stakes marked each
treatment. At each site, 3 blocks (~2 × 2 m) were
established at least 20 m apart and at a depth of
~0.5 m mean low water spring tide (MLWS), with a
replicate of each disturbance treatment placed hap-
hazardly within each block.

Monitoring

Experimental treatments were monitored every
month for the first 6 mo and then every 3 mo, and
concluded after a total of 14 mo from the initial dis-
turbance (November 2011). Sampling involved visu-
ally estimating percent cover (using Seagrass-Watch
standard protocols, which involved 2 observers and
use of a percent cover photograph standard; McKen-
zie et al. 2003) and seagrass canopy height (at the
longest point) in each replicate plot. Seedlings were
identified as single seagrass shoots not attached to
rhizomes extending from existing plants. During
monitoring, plots were inspected for rhizomes grow-
ing over the top of borders into plots. On rare occa-
sions where rhizome jumping had occurred (as de -
tected by tracing plants within plots to their origin
outside of plots), these plants were removed.

To characterise patch conditions at each site over
time, several variables were measured every 3 mo.
Replicate 0.5 m2 quadrats were placed haphazardly
within seagrass beds adjacent to each block (n = 3) to
estimate percent cover, canopy length and epiphyte
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Fig. 1. Experimental sites within 5 regions in Port Phillip Bay,
southeastern Australia: m: northern Port Phillip Bay (North);
j: southern Port Phillip Bay (South); : Swan Bay; f: Corio 

Bay; Q: Geelong Arm; WTP: Western Treatment Plant 
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cover. Within each quadrat, all the seagrass within a
0.065 m2 sub-quadrat was cut at the sediment surface
and stored for processing in the laboratory. A 10 cm
diameter core to 10 cm depth was taken from the
area where seagrass had been removed, and was re -
turned to the laboratory for processing. In the labora-
tory, the number of woody stems in each sample was
recorded for aboveground samples to estimate stem
density. All epiphytes were removed and dried sepa-
rately from seagrass in an oven at 60°C for 48 h
before being weighed to estimate aboveground and
epiphyte biomass. Reproductive effort was also esti-
mated by counting flowering inflorescences (spa thes)
present on aboveground samples. Sediment cores
were sieved through 2000 and 710 µm sieves, and all
sediment captured in the 710 µm sieve was inspected
for seeds to estimate seed density. All living seagrass
material in the 2000 µm sieve was dried in an oven at
60°C for 48 h before being weighed to estimate
belowground biomass.

Sediment and water temperature data were collec -
ted from each site to determine whether local envi-
ronmental conditions affected seagrass recovery. At
each site, 3 sediment cores (≈50 g) were sampled at
the initiation of the experiment to determine organic
matter content and sediment grain size. Once col-
lected, cores were sieved through 500 and 250 µm
sieves, dried and weighed to determine the propor-
tion of coarse (>500 µm), medium (500− 250 µm) and
fine (<250 µm) sand. Organic matter content was
determined using the methods des cribed by Erfte-
meijer & Koch (2001). Water temperature was
recorded hourly by HOBO data loggers (Onset Com-
puter Corperation) attached to stakes at each site.
Temperature was recorded from 30 November 2011
to 20 February 2012, 1 May to 20 July 2012 and 1
October to 10 December 2012 to represent seasonal
changes in water temperature.

Data analysis

We examined recovery profiles using linear mixed
models incorporating repeated measures. Data ana -
lyses were performed using SYSTAT Ver. 13, and
percentage cover data were arcsine transformed. A
model was fitted with regions (fixed effect, 5 levels),
sites (random effect, nested within regions, 2 levels),
treatments (fixed effect, 5 levels, and crossed with
region and site), block (random effect, nested within
site) and time (fixed effect, 7 levels). Time was the
repeated factor. For this analysis, the 2 effects of
interest were the region × treatment × time and site ×

treatment × time effects, which reflect spatially vari-
able recovery at 2 different scales. The sexual recov-
ery treatment did not recover at any sites but was
included in the initial analysis, relying on the model’s
robustness to variance heterogeneity, to demonstrate
clear treatment effects before it was removed for fur-
ther analysis.

Recovery profiles varied strongly among sites, and
we explored this pattern by examining each treat-
ment separately. We did this for 4 treatments (exclud-
ing the sexual regeneration plots), fitting a simpler
repeated-measures design that included regions,
site(region), block(site(region)) and time.

To understand patterns of variation among sites,
we also identified the time at which disturbed plots
converged with controls, by running ANOVA at each
site−time combination, and from this analysis we ran
planned comparisons to assess the recovery time via
asexual reproduction (asexual versus controls) and
shoot regrowth (regrowth versus controls). Conver-
gence was considered to have occurred if there was
no statistically significant difference between the rel-
evant disturbance treatment and the controls for 2
consecutive sampling periods.

For maximum canopy height, we used a simpler
analysis because it was not possible to measure
canopy height in the early stages of recovery. We
analysed 3 sampling times (3, 6 and 12 mo), corre-
sponding to times when some sites had recovered. At
each time, we fitted a partly nested model with re -
gion, site(region), block(site(region)) and treatment.

Data screening

During the experiment, seagrass cover declined to
zero in some plots at Avalon and Blairgowrie from
initial moderate to high values. We ran 2 versions of
our data analysis, one with all available plots, and
one in which a plot was excluded once its cover
dropped to zero. This had no effect on our overall
results and only affected our estimate of conver-
gence/recovery time for one site. We also had blocks
vandalised at 2 sites, but this happened in the latter
stages of the experiment. Data from these stages are
presented for illustration, but were not included in
formal analyses.

Seagrass patch characteristics

Regression analysis was used to determine
whether any seagrass patch characteristics for which
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data were collected contributed to seagrass recovery.
Months to recovery at each site was treated as a
dependent variable for both the regrowth and asex-
ual recovery treatments in separate analyses. Initial
canopy length, above- and belowground biomass,
epiphyte cover, sediment organic content, grain size
and temperature were averaged for each site and
used as independent variables in separate analysis.
Patch characteristics (canopy height, above- and
belowground biomass, epiphyte cover, and seed,
spathe and stem density) were collected every 3 mo
(total of 6 times). A partly nested ANOVA design was
used to assess whether patch characteristics changed
across regions and sampling times. Region (5 levels)
and sampling time (crossed with region and site, 6
levels) were treated as fixed factors and site (nested
within regions, 2 levels) was treated as a random fac-
tor. Only October samples (when flowering occurred)
were used for spathe data. Point Henry stem density,
and aboveground and epiphyte biomass were not
sampled in January 2013, but were substituted with
December 2012 data (Jenkins et al. 2015). Williams -
town was not sampled in October 2011 and therefore
the average of all Williamstown samples was used
to complete the dataset (Quinn & Keough 2002).
Organic matter and sediment grain size were only
sampled at the beginning of the experiment and
therefore were analysed using a nested ANOVA
using region as a main effect and site nested within
region as a random factor. Sediment data was arcsine
transformed.

RESULTS

Seagrass recovery from small-scale disturbances
varied with region, site and disturbance treatment,
with the exception of the sexual regeneration treat-
ment, which showed no recovery after 7 mo re -
gardless of site. Percentage cover showed a signifi-
cant interaction between both time × treatment ×
region and time × treatment × site(region) (Table 1).
Further investigation revealed no significant re gio -
nal variation for each treatment (region × time, p =
0.886, 0.684, 0.745 and 0.126 for undisturbed and
procedural controls, regrowth and asexual treat-
ments, respectively), but significant variation
among sites (time × site, p < 0.001 for controls and
asexual treatments and p = 0.019 for regrowth,
Fig. 2) for percent cover. Recovery time for low (re -
growth) and high intensity (asexual recovery) treat-
ments showed no particular pattern among regions,
but did vary substantially between sites (Table 2).

The quickest recovery of low intensity disturbance
took 2 mo at Altona, Williamstown, Blairgowrie and
North Swan Bay, and the slowest was at South
Swan Bay (8 mo). Seagrass exposed to high inten-
sity disturbance took longer to recover than sea-
grass exposed to low intensity disturbance at all
sites except Altona and Blairgowrie, where asexual
treatments also recovered in 2 mo, much shorter
than the 13 mo it took to recover at Point Richards
and South Swan Bay.

After 3 mo, seagrass canopy height had not fully
recovered, as high and low intensity disturbance
treatments (asexual and regrowth treatments) were
significantly shorter than controls (Table 3, Fig. 3).
There was a significant regional effect where canopy
height in the Geelong Arm was greater than that of
seagrass in North and Swan Bay. After 6 mo there
was a significant treatment × region interaction.
There was no difference in canopy height across
treatments in North, South and Swan Bay, indicating
that they had recovered. Canopy height in the Gee-
long Arm and Corio Bay had not fully recovered, with
high intensity disturbance treatments shorter than
controls in the Geelong Arm and low intensity distur-
bance plots shorter than controls in Corio Bay. In
Corio Bay, however, there was only a single height
measurement in the asexual treatments indicating
that all other plots had zero cover and had not recov-
ered. After 12 mo there was no significant difference
between any of the treatments.
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df F p

Between subjects
Region 4 0.18 0.942
Treatment 4 39.09 <0.001
Plot 2 0.56 0.573
Treatment × Region 16 0.77 0.697
Site(Region) 5 15.38 <0.001
Treatment × Site(Region) 20 2.54 0.002
Error 85

Within subjects
Time 6 3.36 0.003
Time × Region 24 3.99 <0.001
Time × Treatment 24 21.74 <0.001
Time × Plot 12 0.83 0.620
Time × Treatment × Region 96 1.33 0.029
Time × Site(Region) 30 6.22 <0.001
Time × Treatment × Site(Region) 120 1.44 0.004
Error 510

Table 1. Repeated-measures ANOVA comparing percent sea -
grass Zostera nigricaulis cover across treatments,  re gi ons,
sites and time to disturbance after 6 mo. Significant values 

are in bold (p < 0.05)
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Seagrass patch characteristics

Spathes and seeds in seagrass sur-
rounding experimental plots were sam-
pled at all sites where experiments
took place, with the highest abundance
found at Point Henry (mean ± SE
11 312 ± 1553 seeds m−2, 2496 ± 1369
spathes m−2) but very few at Altona (68
± 62 seeds m–2, 45.3 ± 26 spa thes m–2)
and Williamstown (402 ± 105, 101 ±
45). There were no significant differ-
ences across regions or sampling time
for either seed or spathe density, al-
though seed density varied across sites
(Table 4). Some seagrass properties in
seagrass adjacent to experiments, how-
ever, did de cline throughout the course
of the experiment. Canopy height,
stem density and biomass all declined
over time (Table 4, Fig. 4). Canopy
height was greater in October 2011
and January 2012 when the experi-
ment started compared with the last 2
sampling times (October 2012, January
2013), and was greater in April 2012
than January 2013. Similarly, stem
density was greater in October 2011
than October 2012 and January 2013,
and in both January and April 2012
than January 2013. Aboveground sea-
grass biomass was greater in October
2011 than April, June and October
2012 and January 2013, and in January
2012 than January 2013. Seagrass
canopy height also varied across re-
gions: Corio Bay had longer seagrass
than North, South and Swan Bay, but
not Geelong Arm, and Geelong Arm
had longer seagrass than Swan Bay
(Fig. 4). There was no difference in
percent sediment or ga nic matter (F4,20

= 1.888, p = 0.251) or coarse (F4,20 =
0.305, p = 0.863), medium (F4,20 = 2.488,
p = 0.172) or fine sand (F4,20 = 1.912, p =
0.247) across regions, but there were
differences between sites within re-
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Fig. 2. Mean percent cover for seagrass
Zostera nigricaulis undisturbed control (d),
procedural control (s), regrowth (z), asexual
(n) and sexual (j) treatments over months
since disturbance for each region and site
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gions (organic matter F5,20 = 5.709, p = 0.002, coarse
sand F5,20 = 2.767, p = 0.047, medium sand F5,20 =
4.073, p = 0.010, fine sand F5,20 = 4.557, p = 0.006). No
significant relationship was found between any sea-
grass patch variable we measured and recovery time
for regrowth or asexual recovery (Table 5).

DISCUSSION

There was no evidence that seagrass recovered
from seeds at any site. Instead, recovery occurred
through asexual growth. Even at sites with abundant
seed banks and flowering individuals, there was no
recovery in bordered treatments where rhizomes
were excluded, even after 14 mo. The experimental
treatments continued to be maintained after this
period, and after 25 mo there was still no evidence of
recovery from seeds (T.M.S. unpubl. data). These
results support previous studies using similar meth-
ods that found no recovery from seeds (Rasheed
1999, 2004, Boese et al. 2009, Ma c readie et al.

2014b), but contrast to those of
natural disturbances that have
found seeds to be important sour -
ces of recovery (Plus et al. 2003,
Olesen et al. 2004, Zipperle et al.
2009, Becheler et al. 2010).

There are several factors that
may explain why recovery did not
occur through sexual reproduction
in Port Phillip Bay. The absence of
seeds within treatment plots is an
obvious explanation at some sites,
but it is unlikely at sites such as

Point Henry, Blairgowrie and Point Richards, where
the abundance of seeds in the seed bank can ex-
ceeded 9000 seeds m−2. High seed density does not
necessarily equate to high germination, and seed
quality and environmental conditions may restrict
germination and seedling survival. Factors including
burial depth, anoxia, sediment type and temperature
can affect Zostera seed germination and viability
(Moore et al. 1993, Co na cher et al. 1994, Jarvis &
Moore 2015), and reduced light levels can affect
seedling survival (Bintz & Nixon 2001). During the ini-
tial removal of rhizomes and consequent redistribution
of sediment, seeds may have been exposed to anoxic
or incompatible sediment, buried at depths that pro-
hibit germination or, if germination occurs, shaded by
surrounding seagrass, preventing any recovery. Envi-
ronmental conditions required for seed germination
may not have occurred during the experiment and, if
left for a greater period of time, germination conditions
may have occurred, allowing sexual recovery. Seed
banks in Zostera species are typically maintained
through annual flowering (Orth et al. 2000, Jarvis &
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Time since North PPB Corio Bay Geelong Arm South PPB Swan Bay
disturbance Altona Williams- Avalon Pt Kirk Pt Blair- Rose- South  North  
(mo) town Henry Pt Richards gowrie bud Swan Bay Swan Bay

A R A R A R A R A R A R A R A R A R A R

1 # # # # # # # # # # # # # # # # # # # #
2 # # # # # # # # # # #
3 # # # # # # # # # # # #
4 # # # # # # # # #
5 # # # # #
7 # # # #
8 # # #
9 # # # # #
10 # #
13 #
14 #

Table 2. Comparison between percent cover in seagrass asexual (A) and regrowth (R) treatments and the control treatments for
each month after the initial disturbance. Recovery was considered to have occurred when the particular treatment was not dis-
tinguishable from controls for 2 consecutive samples. PPB: Port Phillip Bay. Asterisks indicate a significant difference (p < 0.05)

df 3 mo 6 mo 12 mo
F p F p F p

Region 4 5.913 0.039 2.327 0.190 0.848 0.551
Treatment 3 15.736 <0.001 11.063 <0.001 2.949 0.069
Region × Treatment 12 1.238 0.353 3.051 0.028 0.886 0.579
Site(Region) 5 1.355 0.283 1.224 0.341 4.625 0.008
Treatment × Site(Region) 14 0.989 0.494 0.168 0.999 0.560 0.859
Block(Site(Region)) 16 1.599 0.103 2.415 0.015 1.601 0.119
Error 36

Table 3. ANOVA results comparing seagrass canopy height across treatments,
regions, and sites at 3, 6 and 12 mo after disturbance. Significant values are in 

bold (p < 0.05)
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Fig. 3. Average seagrass canopy height at (A) treatments
and (B) in regions after 3 mo and at (C) treatments within
each region after 6 mo. Control U: undisturbed controls; 

Control P: procedural controls. Error bars are ± SE
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Moore 2010, Jenkins et al. 2015), providing a persist-
ent seed bank over long periods, which may only re-
cruit during optimal germination conditions. Such
conditions may be infrequent, but over long periods
the seed banks may still provide an important mecha-
nism of recovery. Alternatively, bioturbation (Mac -
readie et al. 2014b) and seed predation (Rasheed
1999) from fauna have been suggested as inhibiting
seedling establishment in disturbance treatments.
Polychaete worms and crabs are common in Port
Phillip Bay seagrass beds (Bird & Jenkins 1999), and
were frequently observed in disturbance plots and
may have prevented seed survival and seedling es-
tablishment through predation, grazing or burial.

In contrast to sexual recovery, asexual recovery
occurred quickly, with low intensity disturbance tak-
ing between 2 and 7 mo and high intensity distur-
bance between 2 and 13 mo. Asexual recovery times
were similar to those recorded in similar experiments
and small-scale natural disturbances (Creed &

Amado Filho 1999, Rasheed 1999, Macreadie et al.
2014b), but shorter than for larger natural and exper-
imental disturbances (Olesen et al. 2004, Boese et al.
2009) and those in a mixed tropical bed (Rollon et al.
1999). Small-scale disturbances facilitate asexual re -
covery as the edge to area ratio increases and neigh-
bouring individuals quickly grow into the disturbed
area. This growth may restrict sexual recovery,
which requires time for seeds to germinate. In larger
disturbances, seeds and vegetative fragments can
reach the interior of the disturbance, providing an
opportunity for seeds to colonise the disturbed area
before neighbouring individuals can monopolise the
space created by the disturbance. Once established,
seedlings and fragments often grow vegetatively,
enhancing the initial recovery through rhizome ex -
tension (Plus et al. 2003, Boese et al. 2009). Such pat-
terns are consistent with other clonal systems where
disturbance size influences colonisation rate and
mechanisms (Keough 1984, Connell et al. 1985).
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Fig. 4. Mean (±SE) within-patch (A) seagrass biomass, (B) stem density and (C) canopy height at all sites across each sampling 
time, and (D) canopy height across regions. Collection times denote the month and year of collection
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There were no consistent regional patterns in re -
covery; instead, there was strong variation across
sites. Although seagrass canopy height was the only
variable that was different across regions in the pres-
ent study, concurrent studies demonstrated regional
variation in reproductive effort and biomass, geno-
typic diversity, nutrient inputs, sediment movement
and wave action (Jenkins et al. 2015, J. A. Hirst
unpubl. data). Variation in recovery at the site but not
regional level indicates that local conditions play a
strong role in recovery. However, none of the sea-
grass patch characteristics measured could be linked
to recovery at the site scale. Seagrass shading (via
longer blades and higher density), higher reproduc-
tive effort or smothering by epiphytes can all affect
seagrass growth and may affect recovery, but none of
the variables we recorded showed any relationship
with recovery. Factors such as hydrodynamics, sedi-
ment microbial communities, nutrient composition
and patch age may also vary across sites, impacting
re covery time, but they were not measured in this
study. For instance, at regional scales, hydrodynam-
ics in the form of wave heights and surface velocity
vary sig ni ficantly across Port Phillip Bay; the Gee-
long Arm and South regions are exposed to signifi-
cant water and subsequent sediment movement,
while in Swan Bay and Corio Bay there is little water

movement (Walker 1999, Jenkins et
al. 2015). Such differences can deter-
mine large-scale seagrass distribution
(Jenkins et al. 2015), but at the small
scales examined in this study, loca -
lised hydro dynamic differences inclu -
ding patch and within-patch location
may regulate sediment movement
and nutrient accumulation (Jenkins et
al. 2015, Ricart et al. 2015), causing
variations in recovery. Similarly, ge -
no typic di versity is thought to affect
seagrass resilience (Hughes & Sta-
chowicz 2004, Reusch et al. 2005),
and varies strongly across Port Phillip
Bay, with genotypic diversity high in
Corio Bay, the Geelong Arm, Blair-
gowrie and North Swan Bay, but low
in northern Phillip Bay (North), Rose-
bud and South Swan Bay (Jenkins et
al. 2015). However, resilience and
recovery showed no relationship with
genotypic diversity, and there was no
evidence in this study to suggest that
recovery is enhanced by genotypic
 diversity.

Within our study period there were significant de -
clines in seagrass biomass, density and length across
some patches. Although seagrass may show seasonal
variation in biomass (Bulthuis & Woelkerling 1983),
we saw clear declines in meadows where experi-
ments took place, including in control plots at many
sites. This was particularly evident at North Swan
Bay, Blairgowrie and Kirk Point, where seagrass co -
ver in some control plots approached zero. Declines
in control plots led to convergence between treat-
ment and control plots before treatments reached
original levels, and contributed to faster than ex -
pected recovery at these sites. These declines may
have masked regional differences in recovery as
treatments returned to lowered control levels before
any regional differences became apparent.

Overall, seagrass recovery occurs consistently
through vegetative growth from small-scale distur-
bances in Port Phillip Bay. At all sites, asexual recov-
ery was the primary mode of recovery and could not
be attributed to any environmental properties we
measured. In contrast, sexual recovery did not con-
tribute to recovery regardless of the presence of
seeds and spathes nearby.

Acknowledgements. This work was funded by the Depart-
ment of Environment, Land, Water and Planning (Australia).

106

df Asexual recovery Regrowth
F p F p

Initial canopy height 1 0.14 0.717 0.199 0.667
Initial % cover 1 1.706 0.228 2.607 0.145
Initial epiphytes 1 1.067 0.332 3.323 0.106
Initial aboveground biomass 1 1.14 0.317 0.26 0.624
(cut samples)

Initial belowground biomass 1 0.614 0.456 – –
% Cover 1 1.014 0.343 2.698 0.139
Canopy height 1 0.015 0.906 0.104 0.755
Belowground biomass 1 0.139 0.719 0.001 0.973
Epiphyte 1 0.802 0.397 2.2 0.176
Aboveground biomass 1 0.124 0.734 0.86 0.38
Stems 1 1.287 0.289 1.441 0.264
Seeds 1 0.202 0.665 0.013 0.912
Organic matter 1 0.025 0.878 0.149 0.71
Coarse sand 1 1.247 0.296 0.125 0.733
Medium sand 1 0.764 0.408 0.079 0.786
Fine sand 1 1.287 0.289 0.141 0.717
Water temperature 1 0.724 0.419 0.12 0.738
Error 8

Table 5. Results from regression analysis for seagrass asexual and regrowth
recovery times against environmental variables. Initial belowground biomass 

was not removed in regrowth treatments and could not be tested
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