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Abstract

Seagrass habitats are recognised as providing essential ecosystem services and being indicators of estuarine health, and are
under increasing threat globally. This study examined the spatial and temporal variability of four dominant seagrass genera
(Posidonia, Zostera, Halophila and Ruppia) among five geomorphic estuary types and four levels of estuarine maturity in
New South Wales (NSW), Australia, over a 40-year period. While there was a decline in total seagrass area across NSW
over the last 40 years, this was mostly attributed to Ruppia, the genus with the greatest temporal variability. The composition
of seagrasses differed among estuary types and with the maturity of Barrier estuaries. Posidonia was found to be the least
temporally variable genus over the last 40 years. The greatest overall annual rate of decline was 1.85% year™' for Ruppia
which is considerably less than the global estimated rate of 5% year™' over the same time period. Average annual rates of
decline were greater over the last 18 years than the last 40 years, but only for the most transient genera and only in some
estuary types. Recent declines in Posidonia were greater than those over the last 40 years in two of the most heavily urban-
ised estuaries. The temporal variability of Zostera differed significantly among estuary types and decreased with increasing
water depth across all estuaries. No relationships were found between catchment disturbances, measured as land use or
population density, and seagrass change or temporal variability at the estuary scale. Our results highlight the importance
of distinguishing among seagrass genera when interpreting changes over time and considering factors such as estuary type,
which is effectively a surrogate for environmental conditions.

Keywords Seagrass - Posidonia - Zostera - Halophila - Ruppia - Mapping - Change detection - Temporal analysis - South-
east Australia, NSW, Australia

Introduction

Estuaries are among some of the most important aquatic
ecosystems on earth and are also some of the most vulnera-
ble and threatened environments (Dafforn et al. 2012; Hallett
et al. 2016; Lotze et al. 2006; Worm et al. 2006). As transi-
tion zones, estuaries lie between terrestrial freshwater flows
and oceanic waters, creating some of the most biologically
productive areas on earth (Kennish 2002). Extensive coastal
development, primarily in close proximity to estuaries, has
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significantly impacted coastal habitats, with many, including
seagrasses, declining globally (Orth et al. 2006; Short et al.
2011; Waycott et al. 2009).

Seagrasses are recognised as providing essential habitat
and refuge for many commercial and recreational species
(Bell and Pollard 1989; de la Torre-Castro and Ronnbick
2004). Seagrass meadows also provide crucial ecosystem
functions including sediment stabilisation, wave attenuation,
shoreline protection, nutrient cycling, improving water qual-
ity, water clarity and carbon sequestration (Costanza et al.
1997; Duarte 2002; Macreadie et al. 2014; Walker and
McComb 1992).

Seagrass growth and distribution is dependent on avail-
able light, with most species generally requiring greater than
11% surface irradiance, salinity greater than 5% and sandy
to muddy substrates (Duarte 2002). As such, seagrasses are
limited to the shallow and intertidal regions of coasts and
estuaries and are often in close proximity to humans. For
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example, in Australia, it is estimated that 85% of Australians
live within 50 km of the coast (Clark and Johnston 2017),
and in the most populous state, New South Wales (NSW),
80% of people are concentrated within the coastal catch-
ments that feed the estuaries where seagrasses are found.
This high population density can lead to either indirect or
direct pressures on seagrasses. Indirect pressures include
reductions in salinity and increases in turbidity and nutri-
ents, many of which are due to land-based disturbances
such as clearing of natural vegetation, agriculture, mining,
industrial development, urbanisation and pollution (Foster
et al. 2017; Kilminster et al. 2015). Direct physical pres-
sures often result in the complete removal of seagrasses and
include boat moorings (Glasby and West 2018; Hastings
et al. 1995; Walker et al. 1989), anchoring (La Manna et al.
2015; Milazzo et al. 2004), boat propellers (Bell et al. 2002),
dredging (Larkum and West 1990), harvesting and trampling
(Butler and Jernakoff 1999). In many cases, indirect and
direct pressures may interact, making it difficult to identify
the underlying drivers of impacts (Fonseca et al. 2013).

Seagrass meadows are naturally dynamic with some spe-
cies showing high levels of natural variability in growth and
extent over seasons (Guidetti et al. 2002; Duarte et al. 2006)
or years (Duarte et al. 2006; Lyons et al. 2013). As such,
Kilminster et al. (2015) proposed that there are two primary
forms of seagrass meadow, enduring and transitory. Endur-
ing meadows are composed primarily of persistent genera,
such as Posidonia, which, in comparison to other seagrass
species, have a relatively long life (Kilminster et al. 2015),
slow growth (Marba and Duarte 1998) and low seasonal
variability (Guidetti et al. 2002). In some cases, however,
enduring meadows can include species of Zostera (Campbell
and Miller 2002; Kerr and Strother 1990) and Halophila
(Hillman et al. 1995), which have a relatively shorter life
(Kilminster et al. 2015) and can show high seasonal above
and below ground variability in biomass, but nevertheless
create meadows that persist over longer periods of time. In
contrast, transitory meadows show much greater short-term
temporal variability in above and below ground biomass,
and extent. Transitory meadows typically include more
opportunistic species such as species of Zostera, Halophila
and Ruppia (Congdon and McComb 1979; Kerr and Strother
1990; Yaakub et al. 2014) and as such often occur where
physical conditions are highly variable (Kilminster et al.
2015).

Physical conditions can vary according to the geomorphic
type and maturity of estuaries (Roy et al. 2001; Ferguson
et al. 2018). In NSW, there are five broad estuarine types
according to decreasing marine influence: ocean embay-
ments, drowned river valleys, barrier estuaries, intermit-
tent estuaries and freshwater-dominated estuaries (Roy
et al. 2001). These can be further sub-divided according to
relative maturity: youthful, intermediate, semi-mature and
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mature, based on the level of sediment infilling (Roy et al.
2001). Intermittent coastal lagoons and freshwater estuar-
ies are believed to be the most sensitive to land-derived
human influences, primarily as a result of their limited tidal
flushing, small volume and variable water levels (Boyd
et al. 1992; Haines et al. 2006). The gentle sloping shores
and associated wide photic zones of Barrier estuaries are
thought to result in increased seagrass abundance in these
estuaries relative to the steep-sided drowned river valleys
that have stronger currents and higher turbidity (Roy et al.
2001). However, one test of this hypothesis found no dif-
ference between these two estuary types when comparing
total area of all seagrasses across NSW estuaries (Saintilan
2004). It has also been proposed that seagrass area reduces
as estuaries mature and that this is due to reduced water area,
increased turbidity and reduction of overall depth (Roy et al.
2001), and indeed, there was some support for this predic-
tion for barrier estuaries (Saintilan 2004).

Effective management of seagrasses requires a good
understanding of species’ distributions and changes over
time (Leriche et al. 2004). There are numerous species of
seagrasses in NSW with the dominant ones being Posido-
nia australis Hook.f., Zostera muelleri subsp. capricorni
(Ascherson) S. W. L. Jacobs and multiple species of Hal-
ophila (Wilson 2011). There are also several species of Rup-
pia, and two species of Halodule (H. tridentata, H. unin-
ervis), the latter being known from just a few locations. All
seagrasses in NSW are protected under the NSW Fisheries
Management Act (1994), but P. australis is also listed as
endangered in six NSW estuaries—Lake Macquarie, Bris-
bane Water, Pittwater, Sydney Harbour, Botany Bay and Port
Hacking (Fig. 1). P. australis is also classified as a threat-
ened ecological community under national legislation in the
aforementioned six estuaries, in addition to Wallis Lake,
Port Stephens and the Hawkesbury River (Fig. 1).

Various methods have been developed to map and
monitor the distribution and extent of seagrass. The earli-
est methods relied on field-based surveys and transect to
produce maps (e.g. King 1986; Wood 1959). Increasingly,
remote sensing has been used to a provide cost-effective
and systematic methodology for mapping large areas, and
numerous imaging systems have been employed including
satellite-based platforms (e.g. Landsat, Quickbird) and air-
borne multispectral and hyperspectral devices (Phinn et al.
2008; Roelfsema et al. 2013; Valle et al. 2015). However,
aerial photography has been most widely used to capture
seagrass extent, change over time, and physical impacts in
estuaries that are not excessively turbid (Glasby and West
2018; Kendrick et al. 2000; Walker et al. 1989; Williams
and Meehan 2004). Aerial photography has the advantage
of providing greater control over image resolution, time of
acquisition and optimal capture conditions including sun
angle, wind, water clarity and tides (Dobson et al. 1995).
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Fig. 1 Locations of estuaries

surveyed for seagrass (grey
filled dots) in New South Wales,
Australia, highlighting estuaries
referenced in the text. Green
filled dots are surveyed estuaries
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Air photo-based mapping has been the primary methodol-
ogy applied in NSW with several mapping programs being
completed during the last 40 years. The first of these was
completed in the 1980s and relied on the visual interpre-
tation of non-georeferenced large format aerial images to
map 133 estuaries. From 2000 to 2009, 143 estuaries were
surveyed using Geographic Information Systems (GIS) and
ortho-rectified large format imagery including more recent

imagery sourced through advanced digital airborne systems.
Most recently (2012—present), there has been a shift in the
mapping techniques, from visual interpretation to Object-
Based Image Analysis (OBIA). This method utilises high-
resolution digital aerial imagery and multi-scale image seg-
mentation to extract features based on colour and texture
(Lathrop et al. 2006). The net result has been significant
advancements in mapping technologies and techniques over
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time which has led to improvements in mapping scale and
accuracy.

In this study, we combine 40 years of data to examine
temporal trends of the main seagrass genera among estuar-
ies in NSW and investigate the potential drivers of change.
These data are however derived using a variety of mapping
methods and at different scales, which can cause issues with
interpreting temporal patterns (Leriche et al. 2004; Meehan
et al. 2005). As such, a first step of this study was to generate
digitised versions of the earliest maps so that the same GIS
method could be used for area estimates for each time of
mapping thereby minimised differences in methodology. The
remaining differences in scale and resolution of mapping
among times mean that comparisons herein have been made
with caution. We tested the following three hypotheses:

1. The proportions of seagrass genera (Posidonia, Zostera,
Halophila, Ruppia) are related to estuary type and estu-
ary maturity.

2. Temporal change and variability of seagrass extent dif-
fers among genera and estuary type.

3. Long-term seagrass temporal variability is related to
abiotic estuarine variables (e.g. water area, depth) and
catchment variables, including types of land use and
human population.

Methods
Seagrass Mapping

Seagrass mapping was divided into four time periods. The
first comprehensive mapping of 133 NSW estuaries (here-
after Time 1) was carried out approximately between 1980
and 1984 by West et al. (1985). Although the maps indi-
cated different seagrass genera, there were no reported
areas for individual genera, only total combined seagrass.
Data were captured utilising a method known as the camera
lucida technique at a fixed scale of 1:25,000, with areas of
mapped polygons calculated using a dot grid method. The
original field notes indicate that most of the mapping was
field-validated and that the final maps were edited to reflect
a combination of the original photo interpretation and field
information. The camera lucida and dot grid methods have
been shown to be far less accurate for estimating seagrass
areas than are new GIS techniques (Meehan et al. 2005);
hence, the first step of the current study was to digitise the
time 1 maps. This involved the imaging of the original maps
in sections using a high-resolution DSLR. Each map sec-
tion was corrected for lens distortion and merged to create
a high-resolution mosaic image of the original map. These
maps were imported into ArcGIS and georeferenced to NSW
topographic 1:25,000 map sheets. Habitat polygons were
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initially captured using pixel-based classification techniques
to extract the habitat polygon boundaries. The derived poly-
gons were then refined using a combination of buffering,
smoothing and manual on-screen digitising. This final pro-
cess corrected any poorly defined or incorrect boundaries,
overlaps or gaps and captured any missing features. Digitis-
ing and editing were carried out at a scale of 1:5000. Attrib-
utes were then validated against the original maps, field
notes and dot grid area calculations. The polygons were then
validated for topological correctness and attributes updated
to be consistent with the more contemporary GIS mapping
methodologies.

The second comprehensive mapping of seagrasses (here-
after time 2), which surveyed 143 estuaries, occurred from
1999-2006 and used GIS-based mapping protocols. These
methods involved the adoption of a digital GIS approach in
which individual seagrass patches were manually digitised
at a scale of 1:1500 using the best available ortho-rectified
scanned or digital aerial imagery with the smallest feature
captured being approximately 4 m”. Initial presumptive
maps were then field validated using differential GPS, towed
underwater video and side-scan sonar. Field updates were
applied to improve the initial mapping. The final polygons
were classified into sub-classes based on the seagrasses pre-
sent, with individual polygons representing either a single
genus or multiple genera if they were present, an example is
shown in Online Resource 1.

A further 52 estuaries were remapped a third time (here-
after time 3), using a combination of the GIS method and,
after 2012, a refined mapping technique building on the pre-
vious digital mapping methods but shifting from onscreen
digitising to Object-Based Image Analysis (OBIA) tech-
niques. This method utilises Trimble eCognition™ to gener-
ate the initial polygon boundaries based on segmenting high-
resolution ortho-rectified image into smaller image objects
based on colour, texture and shape. Seagrass polygons were
classified according to the dominant genera present (Table 1)
using onscreen manual classification techniques. Another
11 estuaries were remapped a fourth time (time 4) using the
refined OBIA method. The initial polygon line work and
classification for both times 3 and 4 were validated in the
field using the same field techniques as for time 2.

Area estimates for each seagrass genus were calculated
by summing individually mapped seagrass polygons in
each estuary for each time based on the genus combinations
presented in Table 1. For polygons comprised of only one
genus, the seagrass area for that genus was calculated as
100% of the mapped area. For polygons with mixed habitats,
where two or more genera were present, the area per genus
was reported as 100% of the total mapped polygon area.
One estuary, Batemans Bay, had areas of seagrass that were
not surveyed or mapped in the 1980s but were mapped in
subsequent times and considered to have been present in
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Table 1 Habitat hierarchy and attributes used in the mapping of NSW
estuarine macrophytes

Dominant genus Habitat

Posidonia Posidonia

PosidonialZostera
PosidonialZosteral/Halophila
PosidonialHalophila
PosidonialHalophilalRuppia
PosidonialRuppia

Zostera Zostera
ZosteralHalophila
ZosteralHalophila/Ruppia
Zosteral Ruppia

Halophila

Halophila/Ruppia

Halophila

Ruppia Ruppia

the 1980s. The area of seagrass used in this analysis for this
estuary is only for the areas that were consistent through
time. The latest maps of for all estuaries are available on
the NSW Fisheries Spatial Data Portal (NSW DPI 2021a)
and the entire historic dataset can be viewed on the NSW
Estuarine Habitat Dashboard (NSW DPI 2021b).

Abiotic Data

Estuarine catchment statistics including catchment area,
estuarine water area and average water depth were sourced
from Roper et al. (2011). Catchment land use statistics were
sourced from the NSW SEED data portal (NSW DPIE
2019). Land use is classified into 5 main classes: class 1,
conservation and natural environments; class 2, production
from relatively natural environments; class 3, production
from dryland agriculture and plantations; class 4, produc-
tion from irrigated agriculture and plantations; and class 5,
intensive uses. In this study, classes 1 and 2 are considered
natural or near natural vegetation and will be considered
undisturbed, and classes 3, 4 and 5 include land use types
ranging from agriculture through urban, industrial and min-
ing and will be classed as disturbed.

Human population data were sourced from the 2016 Aus-
tralian Census at the finest resolution for the state (Australian
Bureau of Statistics 2016 Census). Non-populated regions
consisting of State Forest, National Parks or reserves were
removed from the estuarine catchment areas. Total resident
population was then calculated for the remaining populated
portion of the catchments, and data were also standardised by
dividing total catchment population by the total populated por-
tion of the catchment area. The population in NSW since time
1 grew linearly from 5.5 to 7.7 million in 2016 (ABS 2016).

Analyses

Because the mapping used in this analysis was not rep-
licated within years or standardised at particular times
of year (e.g. seasons), any short-term variability in the
extent of transient seagrass meadows could confound the
interpretation of longer term patterns (see “Discussion”
section). For this reason, analyses for transient species
focussed on temporal changes among estuary types or with
estuary maturity. Temporal changes for individual estuar-
ies were examined only for the more persistent Posidonia
meadows, which also have a higher conservation status.

Long-term annual rates of change (% increase or
decrease) were calculated for each estuary and for each
seagrass genus by dividing the difference between time 1
and the latest mapped time by the number of intervening
years (~40 years depending on the estuary). For estuaries
that had been mapped more than two times, we also cal-
culated more recent rates of change over the last~ 18 years
by comparing the latest mapped time (time 3 or 4 depend-
ing on the estuary) with the previous mapped time.

Statistical analyses comparing seagrass genera over
time and comparing estuary types were performed using
PRIMER 7 + PERMANOVA. Comparisons of seagrass
areas among different types and ages (maturity) of estu-
aries were done using a two factor ANOSIM with a Bray
Curtis similarity matrix of seagrass area data (double
square root transformed to highlight differences in pro-
portions among estuaries). Separate analyses were done
for each time of mapping and for each seagrass genus
to ensure data were independent. SIMPER was used to
investigate which seagrass genera were responsible for
significant differences among estuaries. Temporal vari-
ability of seagrass extent across all times of mapping
was estimated as coefficient of variation (CV) and com-
pared using a three factor PERMANOVA with the factors
seagrass genus (fixed), estuary type (fixed) and estuary
maturity (fixed). Estuaries were used as replicates. The
same PERMANOVA design was used to test for differ-
ences in the rates of (a) increase or (b) decrease in sea-
grass per year. This was done for two separate time peri-
ods, namely the long-term (40 years) period from time 1
to the latest mapped time and the most recent ~ 18-year
period by comparing the latest two mapped times for
estuaries mapped more than two times and was also com-
pared formally between the two time periods for each
seagrass genus. Finally, relationships between seagrass
temporal variability (CV) and normalised abiotic estu-
arine variables (e.g. water area, depth) and catchment
variables were examined using the RELATE routine to
test for Spearman rank correlations between biotic and
abiotic data matrices.
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Results
Digital Conversion of Historic Data

Of the 133 estuaries surveyed in time 1, 110 contained
mapped seagrass. The total area of seagrass across NSW
for time 1 was estimated to be 178 km? using the new digi-
tal version, which is some 25.5 km? greater than the origi-
nal values calculated with the dot grid method (West et al.
1985). The new GIS-derived seagrass areas were greater
than the original dot grid estimates in 95 estuaries (or 86%),
a comparison of the maps and area calculations is presented
in Online Resource 2. When averaged across all estuar-
ies, the original dot grid method underestimated the actual
mapped polygon area by 14%, with underestimates in some
estuaries being considerably greater than this, especially
Little Lake (84%), Moonee Creek (83%), Boambee Creek
(83%) and Merrica River (100%); the latter value due to
the polygons originally mapped being too small for the dot
grid method to capture. In 15 estuaries, the dot grid method
overestimated the area of seagrass, with the greatest over-
estimate in Kioloa Lagoon (155%), followed by Arrawarra
Creek (45%) and Spring Creek (35%). A comparison of the
overestimated polygon versus underestimated polygon areas
across all estuaries showed that the underestimated poly-
gons were slightly larger than the overestimated polygons
(0.081 km? compared to 0.052 kmz); however, there was no
significant difference between these values (F; ;469 =2.88,
P>0.05).

Seagrass Changes in NSW

Seagrass was found in 121 of the 143 estuaries surveyed
for all combined times (Table 2). Posidonia occurred in 17
estuaries spanning three estuary types: ocean embayments,
drowned river valleys and barrier estuaries. Zostera is the
most widespread seagrass, occurring in 105 estuaries with

representation in all five estuary types. Halophila occurs in
54 estuaries and in all types, except for ‘freshwater’ estuaries
(primarily brackish barrier lakes), while Ruppia occurs in 46
estuaries but is not present in any of the ocean embayments
(Table 2). Seagrass was not found in 22 estuaries, 18 of
which were classified as intermittent estuaries, one fresh-
water estuary (Saltwater Creek), one ocean embayment (the
highly industrialised Port Kembla), one drowned river valley
(the heavily disturbed Cooks River, a tributary of Botany
Bay) and one barrier estuary (Jerusalem Creek, the entrance
of which is known to close intermittently).

Averaged across all NSW estuaries, two genera declined
in area over the entire 40-year period with the greatest
decline in area (41.2 km?) attributed to Ruppia, a highly
opportunistic genus. The total area of the more persistent
Posidonia declined by 0.003 km? (30 ha) across the state.
Both Zostera and Halophila showed an increase of 2.59 km?
and 5.4 km?, respectively, over the same time period. Over
the last 40 years, the maximum rate of decline was 1.85%
year™! for Ruppia, with a negligible annual rate of decline
for Posidonia (0.0003% year™!). On average, Zostera had
an annual rate of increase of 0.05% year™! with Halophila
showing the greatest overall increase of 0.69% year™' over
the last 40 years. As discussed below, these long-term pat-
terns of change for transient species may not be particularly
meaningful due to considerable interannual variability in
extent.

While there was an overall decline in extent of Posidonia
across the state over the last 40 years, it is more meaning-
ful to examine estuary-scale patterns, with overall increases
in six estuaries and decreases in 10 with one estuary, Ber-
magui River, showing a continuous decline (Table 3). Of
the estuaries with 4 times of mapping, three of the most
urbanised (Lake Macquarie, Pittwater and Botany Bay)
had declines in Posidonia for three time periods (Table 3).
Two estuaries (Port Stephens and Port Hacking) showed an
increasing trend for Posidonia area for all time periods. In
another five estuaries, the long-term decline in Posidonia

Table 2 Seagrass presence in NSW estuaries for all estuary types and levels of estuarine maturity for all times combined, with seagrass presence

representing the presence of any of the four dominant genera

Estuary type Number of estuaries with seagrass present Seagrass genus

Bayl Youthful Intermediate  Semi-mature Mature Posidonia  Zostera  Halophila  Ruppia
Ocean embayment 4 4 4 3
Drowned River Valley 3 2 3 8 1
Barrier Estuary 7 9 26 8 48 28 11
Intermittent 4 15 27 12 43 17 33
Freshwater? 1 1 2 1
Total 4 15 26 38 38 17 105 54 46

"Bays are not described in Roy et al. (2001) as having a level of maturity

Defined as brackish barrier lakes or back swamps (Roy et al. 2001)
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Table 3 Rates of change (per year) for Posidonia for each estuary for each mapped time period. Declines are highlighted in bold
Estuary Estuary type ~ Years mapped for each time Annual rate of change (%)

T1 T2 T3 T4 Overall rate ~ T1—T2rate = T2—T3rate  T3—T4 rate
Wallis Lake? BE 1985 2002 2017 —-0.7% —-2.2% 2.9% NA
Port Stephens? DRV 1985 2004 2017 2.2% 1.2% 3.2% NA
Lake Macquarie’?  BE 1985 2001 2009 2012 —0.6% -1.3% 1.5% —0.3%
Brisbane Water' BE 1985 2000 2005 2020 —0.9% -2.9% 2.1% 2.5%
Hawkesbury River?> DRV 2005 NA NA NA NA
Pittwater' DRV 1985 2000 2005 2019 —-0.2% —-0.5% —0.4% 0.3%
Port Jackson'? DRV 1985 2003 2018 —0.4% 0.3% —-1.2% NA
Botany Bay'” OE 1985 1999 2008 2019 —-0.5% —-0.1% 1.7% —-2.5%
Port Hacking'? DRV 1985 2002 2008 1.6% 0.1% 7.3% NA
Jervis Bay OE 1985 2004 2020 —-0.3% -1.2% 1.4% NA
St Georges Basin BE 1985 2004 4.7% 4.7% NA NA
Batemans Bay OE 1985 2005 2012 19.5% 39.6% —4.8% NA
Wagonga Inlet BE 1985 2002 2019 —-0.7% —2.4% 3.5% NA
Bermagui River BE 1985 2002 2020 —0.8% —0.6% —-1.2% NA
Merimbula Lake BE 1985 2004 0.8% 0.8% NA NA
Pambula Lake BE 1985 2004 9.3% 9.3% NA NA
Twofold Bay OE 1985 2004 —3.4% —3.4% NA NA

T1, T2, T3 and T4 are the time periods that estuaries were mapped

Overall change is calculated by comparing the earliest and latest times of mapping

NA =comparison not available as only one time of mapping, or no mapping for a particular time period

BE barrier estuary, DRV drowned river valley, OF ocean embayment
"Posidonia listed as an endangered population

ZPosidonia listed as a threatened ecological community

area was reversed for the latest mapped period (Table 3).
Batemans Bay (the estuary with the least Posidonia at time
1) shows the greatest apparent long-term trend of increase
in Posidonia, but this was reversed to a decline for the latest
mapping period. Twofold Bay (the estuary with the smallest
amount of Posidonia averaged over all times) showed the
greatest overall rate of loss of 3.4% year™'. One estuary, the
Hawkesbury River, has only had the areal extent of Posido-
nia mapped once (Table 3). While the presence of Posidonia
was first noted in the Hawkesbury in 1999 (Williams and
Watford 1999), the relatively small extent was not mapped
until 2005.

Associations Among Seagrass Areas, Estuary Type
and Maturity

Multivariate comparisons of areas of seagrass meadows
(dominated by Posidonia, Zostera, Halophila or Ruppia)
were similar for times 1 and 2 and the latest mapped time.
Areas of the four seagrass genera differed significantly
among estuary types for time 1 (ANOSIM: R=0.161,
P <0.005), time 2 (R=0.163, P <0.005) and the latest time
of mapping (R=0.193, P <0.005). Pairwise comparisons

and SIMPER analyses demonstrated that this difference
was due primarily to barrier estuaries being significantly
different from other estuary types as they contained large
proportions of all genera (Fig. 2). Posidonia was absent from
intermittent and freshwater estuaries, while Ruppia repre-
sented a large proportion of seagrasses in these two estuary

types (Fig. 2).

Average area (km?) of seagrass present

Ocean Freshwater

embayment

Drowned River Barrier Estuary Intermittent
Valley
mPosidonia @ Zostera mHalophila o Ruppia

Fig.2 Average seagrass area (km?) represented as forth root trans-
formed data of the latest mapped extent for all four dominant seagrass
genera; Posidonia, Zostera, Halophila and Ruppia, for each type of
estuary
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Fig.3 Average area (km?) represented as forth root transformed data
of the latest extent of seagrass for the four dominant genera: Posido-
nia, Zostera, Halophila and Ruppia, for estuarine geomorphic age

Areas of the four seagrass genera differed signifi-
cantly according to estuary maturity at time 1 (R=0.147,
P <0.005), time 2 (R=0.099, P<0.01) and the latest time
of mapping (R=0.113, P <0.005). Pairwise comparisons
showed that this difference was due to the relative seagrass
areas in the most mature estuaries being significantly less
than in the three other estuary age classes (Fig. 3). The most
obvious driver of this pattern was the absence of Posidonia
in the most mature estuaries, but areas of the other three gen-
era were also significantly less in mature estuaries compared
to the other age classes (Fig. 3). Notably, the most mature
estuaries consisted only of intermittent estuaries (none of
which contained Posidonia) and barrier estuaries (many of
which did contain Posidonia). Thus, the result of interest
here is that Posidonia did not occur in mature barrier estu-
aries, despite barrier estuaries having the most extensive
overall seagrass coverage. There were no significant cor-
relations between abiotic variables (estuary volume, area,
perimeter, depth, or catchment disturbance measures) and
the latest mapped areas of seagrass when considering all
genera (p=0.001, P=0.48), or only the more transient Zos-
tera, Halophila and Ruppia (p= —0.052, P=0.83).

Temporal Trends

Temporal variability (measured as %CV) of mapped sea-
grass areas differed significantly among genera (pseudo
F;203=6.65, P=0.002), with the most persistent genus
(Posidonia) being the least variable and Zostera showing
less temporal variability than Ruppia and Halophila (Fig. 4).
Patterns of temporal variability among seagrass genera were
generally similar in most estuary types. In ocean embay-
ments, however, temporal variability was similar for all
genera, while in intermittent and freshwater estuaries, vari-
ability of Zostera over time was as great as that of Ruppia
(Fig. 5).
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variability for each genus shown in parentheses

Variability in Posidonia area over time did not differ sig-
nificantly among the three estuary types in which it was found
(pseudo F, 3=1,84, P=0.199), although there was a trend
for Posidonia variability to be less in drowned river valleys
than ocean embayments or barrier estuaries (Fig. 5). Zostera
variability differed among estuary types (pseudo F, ¢9=3.87,
P=0.004), being significantly less in barrier estuaries than
in intermittent estuaries (Fig. 5). Variability in areas of Hal-
ophila and Ruppia did not differ among the four estuary types
in which these genera were found (Fig. 5, P> 0.50 for both).

Estuary maturity was somewhat related to temporal vari-
ability of seagrasses, but patterns depended on seagrass genus
and estuary type (pseudo Fg |76=2.15, P=0.035). Temporal
variability of Posidonia and Zostera did not differ with estu-
ary maturity in barrier estuaries or drowned river valleys. For
Intermittent estuaries, Zostera temporal variability was greater
in mature and semi-mature estuaries than in intermediate or
youthful estuaries (although there were only two of the latter).
For barrier river type estuaries, the variability of Halophila
was significantly less in estuaries of an intermediate maturity
than in youthful, semi-mature or mature estuaries. There were
no other interpretable patterns related to estuary maturity.

Long-term rates of decline of seagrass (over ~40 years)
differed significantly among seagrass genera (pseudo
F3101=4.96, P=0.002) and estuary type (pseudo
F4101=34.95, P=0.003), with no significant interac-
tion between these two factors (pseudo Fq 4, =0.76,
P =0.605). Annual rates of loss for Ruppia and Hal-
ophila were greater than for Zostera and Posidonia
(P=Z<H=R,; Fig. 6). Pairwise tests did not unequivo-
cally identify how the rates differed among estuary types,
but it was clear that the overall rate of loss was greatest
in intermittent estuaries and considerably less in ocean
embayments and freshwater estuaries (Fig. 6). Recent
rates of decline of seagrass (over the last~ 18 years)
showed the same significant patterns among genera
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(pseudo F; 5=6.48, P=0.001) and estuary types (pseudo
F, 50=4.35, P=0.005) as the long-term rates (Fig. 6).

Notably, mean annual rates of decline in seagrass
extent were significantly greater over the more recent
time period than over the long-term period (genus X time
period: pseudo F; 154=06.12, P=0.001) for the more tran-
sient Zostera, Ruppia and Halophila but not for Posidonia
(despite a similar trend for the latter; Fig. 6).

Rates of increase of seagrass were extremely variable
among estuaries and genera, with increases well over
100% for Zostera, Halophila and Ruppia in some estuar-
ies for each of the long-term and recent time periods. No
significant differences in rates of increase were detected
among estuary types or genera for either the long-term or
most recent time period.

Associations Between Seagrass Change and Abiotic
Variables

Given the significant differences in temporal variabil-
ity among seagrass genera described above, associations

Fig.6 Long-term (~40 years) -35%
and recent (~last 18 years)
annual rates of decline for all
four seagrass genera for each
estuary type. P, Posidonia; Z,
Zostera; H, Halophila; R, Rup-
pia. Number of estuaries used to
estimate rate of decline for each
genus shown in parentheses
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between abiotic variables and temporal variability were
analysed separately for each genus. There were, however,
no significant multivariate associations between estuarine
characteristics or catchment disturbance variables and sea-
grass variability for Posidonia (p= —0.058, P=0.65), Zos-
tera (p=0.037, P=0.12), Halophila (p=0.051, P=0.22) or
Ruppia (p=0.027, P=0.34). Although associations were not
significant when considering all abiotic variables in a multi-
variate analysis, there was one notable significant univariate
correlation between Zostera variability and average estuary
depth (r= —0.24, P<0.01). That is, variability in Zostera
area decreased with increasing estuary depth (Fig. 7).

There were no apparent relationships between annual
rates of change in seagrass extent for either Posidonia or
Zostera relative to catchment-related variables (catchment
size, estuary area, perimeter), human population or catch-
ment disturbance. These relationships were non-signifi-
cant for either the long-term rates (Posidonia p= —0.33,
P=0.982; Zostera p= —0.088, P=0.912) or more recent
rates of change (Posidonia p= —0.23, P=0.853; Zostera
p=0.06, P=0.225).

)

11
) (1)
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)

O Latest annual rate of decline
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Fig. 7 Relationship between the temporal variability in Zostera area
and average estuary depth for the five estuary types; ocean embay-
ment (triangle), drowned river valley (square), barrier estuary (circle),
intermittent (X) and freshwater (cross)

Discussion

The findings of this study lead to a better understanding of
the trends of seagrass in NSW in numerous ways. First, digi-
tal estimates for seagrass areas have been obtained for the
original maps of all NSW estuaries, which are directly com-
parable to more recent area estimates. Although there has
been an overall decline in the amount of seagrass in NSW
since the 1980s, most of this is attributed to the transient
genus Ruppia. There were, however, some notable losses
of Posidonia and Zostera in particular estuaries. Second,
the composition of seagrasses differs among estuary types
and with the maturity of barrier estuaries and was unrelated
to estuarine characteristics including volume, area, perim-
eter or depth. Posidonia is most abundant in ocean embay-
ments and not present in intermittent estuaries or mature
barrier estuaries. Zostera dominates barrier and freshwater
estuaries, while intermittent estuaries are characterised by
more ephemeral Ruppia and Halophila. Third, Posidonia
is the least temporally variable genus, followed by Zostera,
Halophila and Ruppia. The variability of Zostera, in par-
ticular, is related to the type of estuary in which it occurs.
The temporal variability of seagrasses differs among estuary
types, and for Zostera, this variability is related to depth
and is greatest in the shallow intermittent and freshwater
estuaries. Fourth, there was no relationship found between
total seagrass change and temporal variability at the estuary
scale and catchment disturbances measured as land use or
population density.

Digital Conversion of the Historic Data
The newly derived digital area of the original West et al.
(1985) seagrass maps for all NSW estuaries was 178 km?,

which is 25 km? greater than the originally reported value.
This discrepancy arose primarily due to the dot grid method
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used to calculate the original area being unable to accurately
estimate the area of the smallest polygons, which were the
majority of those mapped. In isolation, this result suggests
that previous reporting of changes in seagrass area in NSW
that relied on these original reported areas will have underes-
timated any changes in seagrass areas. Importantly, however,
there is another source of error in the original mapped esti-
mates related to the method of drawing habitat boundaries
(i.e. generating polygons) using the camera lucida technique
(Meehan et al. 2005). Specifically, these hand-drawn poly-
gons generally overestimate the actual habitat extent when
compared to digitally created habitat boundaries derived
from the same original aerial photos (Meehan et al. 2005).
This overestimate of boundaries is not surprising given
the limitations of technology at the time; the original fixed
mapped scale 1:25 000 was coarser than now, meaning it
was far more difficult to capture small or fragmented habi-
tats often leading to the area for these features being over
represented (West et al. 1989).

Improving the accuracy of the originally mapped features
would make change estimates more accurate (Cuttriss et al.
2013; Leriche et al. 2004), but this is unlikely to ever be
done at a state-wide scale given the enormity of the task.
This means that it will be difficult to accurately estimate
the true changes in seagrass area that may have occurred
since time 1 (1985). For this reason, we suggest using only
the more recent data (e.g. over the last~ 18 years) as these
will provide the most accurate estimates of actual change
in seagrass area, and indeed, it is these changes that would
be the most practical to respond to from a managerial per-
spective. If changes since 1985 do need to be interpreted,
our new digital area estimates for time 1 should result in
relatively conservative conclusions regarding impacts to
seagrass extent (i.e. resulting in a type II error when test-
ing hypotheses about anthropogenic impacts). Specifically,
real decreases should be accurately identified as such, slight
increases might be mistakenly interpreted as showing stable
patterns and true stability is likely to be incorrectly inter-
preted as a decline in seagrass area. Therefore, we may con-
clude there was a loss of seagrass when there was in fact
none, which is consistent with the precautionary principle
(Kriebel et al. 2001).

Seagrass Temporal Variability in Different Estuary
Types

Based on latest estimates, the overall seagrass area has
declined by 14% across NSW since the mapping in the
1980s, which equates to a decline of 0.4% year™' over
40 years since 1980. This rate is substantially less than
the global rate of seagrass decline, estimated as 5% year ™
since 1980, or 7% year~! since the 1990s (Waycott et al.
2009). Importantly, however, the decline described here was
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attributed primarily to the transient genus Ruppia, which
tends to dominate intermittent and freshwater estuaries, and
which is the most temporally variable genus in NSW. Spe-
cies in this genus have short life spans with high turnovers
(Fonseca et al. 2008; Mannino et al. 2015) and as such are
well suited to living in estuaries that can have extremely
variable environmental conditions (Robinson et al. 1982,
Pollard et al. 1994). Apparent long-term changes in areas of
this genus, particularly in intermittent and freshwater estuar-
ies, are likely a reflection of natural shorter-term fluctuations
in abundance, which this study did not estimate. The major
drivers contributing to the distribution and abundance of
Ruppia are salinity (the genus is tolerant of a wide range of
salinities), temperature and light (Brock 1982; Yaakub et al.
2014; Ferguson et al. 2018). For those estuaries that showed
declines in seagrass, rates of decline over the last~ 18 years
were greater than over the last 40 years. But importantly, this
occurred only for Zostera, Ruppia and Halophila and only
in intermittent and barrier estuaries. The result for intermit-
tent estuaries likely reflects the natural variability of these
genera in these estuary types, which again highlights the
importance of reporting changes in seagrass by genus and,
where appropriate, estuary type, which is effectively a sur-
rogate for environmental conditions (Fergusson et al. 2018;
Scanes et al. 2020). The increased rate of decline of Zostera
in barrier estuaries over the last 18 years relative to the last
40 years warrants further investigation.

Our results support the predictions of Roy et al. (2001)
regarding seagrasses in different estuary types and, to some
extent, declining seagrass area in relation to increasing estu-
ary maturity. Specifically, barrier estuaries contained the
largest amounts of seagrass, and this was consistent for all
genera. Although our results showed a general trend for the
total amount of seagrass to decline from youthful to mature
estuaries, it was only the most mature estuaries that were
significantly different from the other age classes. The areas
of each seagrass genus were least in the most mature estuar-
ies, but the most notable result was the absence of Posido-
nia in mature estuaries. Given that only barrier estuaries
and intermittent estuaries have been classified as mature,
and Posidonia does not occur in Intermittent estuaries (of
any maturity), then the relationship between estuary age
and Posidonia area was specifically due to Posidonia being
absent from mature barrier estuaries (discussed below). This
latter result highlights the importance of interpreting pat-
terns per genus rather than generalising across all seagrasses.

Notably, we also found that in intermittent and freshwater
estuaries, the temporal variability of Zostera was similar to
that of Halophila and Ruppia, whereas Zostera variability
was considerably less in estuaries that have greater oceanic
influence. As a result of their geography and geomorphology,
intermittent and freshwater estuaries have highly variable
salinity, water clarity and temperature ranges (Haines et al.

2006; Roper et al. 2011; Roy et al. 2001) and high levels of
dissolved inorganic nitrogen and ammonia (Fergusson et al.
2018). The fact that Zostera is found in all types of estuar-
ies reflects its relatively high tolerance to a wide variety of
environmental conditions (Collier et al. 2014; Maxwell et al.
2014). However, Zostera can show significant seasonal and
temporal variability particularly in its extent and biomass
(Kerr and Strother 1990; McKenzie 1994) and can rapidly
recover after disturbances related to changes in water qual-
ity (Plus et al. 2003), provided that propagules are available
(Scanes et al. 2020). We suggest that the pattern we identi-
fied for the temporal variability of Zostera to increase with
decreasing average estuary depth is due to the influence of
freshwater inputs and levels of turbidity in shallow estuaries
being greater than in deeper estuaries. Increasing water depth
is typically related to reduced physical harshness (Duarte
et al. 2006), and increased turbidity is known to reduce sea-
grass abundance (Short and Wyllie-Echeverria 1996). The
tolerance of Zostera to low salinities is complex, apparently
related to the frequency of exposure to lower salinity and
possibly the rate at which salinity is reduced. If salinity is
reduced gradually over 4 days, Zostera muelleri can toler-
ate 3 ppt for many weeks (Collier et al. 2014). However,
repeated short-term (3—4 days) exposure to <8 ppt (with
periods of normal salinity in between) can kill the same spe-
cies (Glasby unpubl. data). Effects of reduced salinities can
also take> 1 month to manifest (Glasby unpubl. data), further
complicating attempts to relate salinity reductions in estuar-
ies with short-term reductions in seagrass. Importantly, fresh-
water inputs may affect a range of factors other than salinity,
particularly levels of dissolved organic nitrogen which may
also affect seagrass abundance (Fergusson et al. 2018).

These results point to the importance of catchment
inputs versus oceanic influences on the variability of these
seagrasses. The consequence of these large fluctuations in
seagrass areas (up to 100%) in intermittent and freshwa-
ter estuaries is that tests for anthropogenic impacts on the
areal extent of seagrasses will require intensive temporal
sampling (Underwood 1991), ideally correlated with water
quality measurements. Specifically, long-term patterns
within specific estuaries need to be interpreted relative to
shorter-term fluctuations; otherwise, erroneous conclusions
could be drawn about the temporal patterns (Underwood
1991, 1994; O’Brien et al. 2018). Indeed, changes in the
area of Halophila and Ruppia will be equally difficult
to interpret in estuaries of other types without consider-
ably more temporal replication than used here. Consistent
declines in seagrass area over multiple years in particu-
lar estuaries may however indicate ongoing impacts. The
small natural temporal variability of Posidonia area in all
estuary types in NSW means we can have confidence that
these rates of change are not confounded with shorter-term
fluctuations in area.
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As reported by others, Posidonia occurs in three of the
five estuary types, namely ocean embayments, drowned river
valleys and barrier estuaries, but not in other estuary types
where water quality is affected greatly by catchment inputs
(Roy et al. 2001; West 2010). Posidonia was the least tem-
porally variable genus in NSW, which is expected for a “per-
sistent” seagrass compared to the more opportunistic genera
(Guidetti et al. 2002; Kilminster et al. 2015). Although the
temporal variability of Posidonia did not differ significantly
among estuary types, there was a trend for variability to be
least in drowned river valleys, i.e. the estuary type with the
most consistent salinity and temperature regime and great-
est tidal flushing (Yassini & Jones, 1995; Roy et al. 2001).
The composition of seagrasses was also found to differ sig-
nificantly in the most mature estuaries when compared to
less mature estuaries, and this was mainly due to the lack of
Posidonia in the former. Mature barrier estuaries differ in
their degree of infilling and can have a pronounced salinity
gradient from the entrance to their upper reach (Roy et al.
2001). Thus, the effects of reduced salinity and/or increased
turbidity in much of the estuary, together with the compar-
atively small area of marine tidal delta near the entrance,
likely limit the potential for Posidonia to survive in mature
barrier estuaries.

Losses of Posidonia in the early to mid-twentieth century
were one of the major reasons for listing the seagrass as
endangered in NSW. It has been estimated that between 1942
and 1984, 58% of the Posidonia was lost from Botany Bay
in Sydney (Larkum and West 1990). In a recent study, Evans
et al. (2018) used similar methods to those herein to identify
changes in seagrass meadows dominated by Posidonia at
specific sites in five Sydney estuaries and reported declines
at most sites, ranging from of 2-40%. This led to the con-
clusion that in Port Jackson (Sydney Harbour), Posidonia
declined at an average rate of 10% year™! between 2009 and
2014 (Evans et al. 2018). Our results indicate a much slower
rate of Posidonia decline across the entire Port Jackson estu-
ary (1.2% year™! from 2003-2018). There is no doubt that
Posidonia is being lost at high rates from some sites due to
specific disturbances (e.g. boat moorings; Glasby and West
2018); however, the present study highlights that these pat-
terns may not be representative of the entire estuary. Future
studies should identify where these hotspots of decline are
occurring in order to direct management actions.

In six of 17 estuaries, mapped Posidonia area increased
over ~40 years since the 1980s, and in seven estuaries, Posi-
donia extent increased over the most recent time period (the
last~ 18 years). Estuary-scale declines in Posidonia extent
since the 1980s were documented in ten estuaries, with six
estuaries showing declines over the most recent time period
and one estuary showing continuous decline over all time
periods (Table 3). Although across all estuaries there was no
significant increase in the rate of decline of Posidonia over
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the last 18 years compared to the last 40 years, there were
clear trends for this in all estuary types (Fig. 6). In the two
most heavily urbanised estuaries (Port Jackson and Botany
Bay), the rate of decline of Posidonia was greatest in the
most recent time period. The patterns of recent decline for
Posidonia in Lake Macquarie, Port Jackson and Botany Bay
match the average temporal trends described from smaller
scale sampling by Evans et al. (2018), despite very different
estimates of rates of decline. Interestingly, Port Stephens
and Port Hacking show increasing rates of gain of Posido-
nia since 2004 and 2002, respectively, but Port Hacking has
not been mapped since 2008. The global rate of seagrass
decline since the 1990s has been estimated as 7% year™!
(Waycott et al. 2009). Over a similar time period, the great-
est rate of decline of P. australis in NSW was 4.8% year™!
for P. australis in Batemans Bay, while in all other estu-
aries, areas of P. australis either declined at rates of <4%
year™! or increased at rates of 2-7.3% year™!. Batemans
Bay shows the greatest overall rate of increase of 39.6%
year™! and Twofold Bay shows the greatest overall decline of
Posidonia (3.4% year™'). Interestingly, these estuaries have
the smallest amounts of mapped Posidonia and are possibly
most susceptible to historic mapping inaccuracies which
may constitute a larger proportion of the total mapped area.
Regardless, both estuaries warrant further investigation with
the latest mapping techniques to test whether declines in
Posidonia have been continuing over recent years. Bermagui
River was the only estuary to show a continuous decline in
Posidonia for all mapped times. The overall rate of decline
for this estuary is relatively small (0.8% year™!), but there is
an increasing trend in the rate of decline from 0.6% year™!
between times 1 and 2 to 1.2% year™" for the latest times
(Table 3). While these rates of decline are relatively small,
the continuous and potentially increasing rate of decline in
this estuary is concerning and warrants further investigation.

Estuary-Scale Anthropogenic Impacts on Seagrasses

Land use classification and level of urbanisation were used
as proxies for anthropogenic impacts across 119 of the estu-
aries compared in this study. The comparison of seagrass
genus, estuary type and estuary maturity found no relation-
ship between these variables and seagrass variability or total
change in area over time, matching recent results for pres-
ence vs absence of seagrasses in NSW estuaries (Scanes
et al. in press). Identifying the causes of seagrass degrada-
tion is often difficult due to many factors operating at the
same time, or because physical variables and seagrass areas
are not measured concomitantly (Ralph et al. 2007; Walker
and McComb 1992). Furthermore, these pulse disturbances
(sensu Bender et al. 1984) may not have immediate effects
on seagrasses, and there would more likely be a lag in any
effects (O’Brien et al. 2018). So, given the temporal scales of
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this study, the lack of association between trends in seagrass
area and measures of catchment disturbance is perhaps not
surprising. Unless catchment inputs are constant and affect
the entire estuary homogeneously (or at least affect most of
the estuary), then it is perhaps unlikely that we could have
detected changes in seagrass areas associated with catchment
pressures. Changes in rainfall will affect salinity, nutrient
and contaminant inputs, but these will occur over temporal
scales much shorter than sampled herein. Moreover, catch-
ment inputs may only affect seagrasses in the upper reaches
of estuaries, particularly in tide-dominated estuaries, or dis-
turbances may not lead to declines in areal extent. Declines
in seagrass density or condition could not be detected by the
current study, meaning that ecologically important impacts
could be missed (e.g. Campbell and Miller 2002; Maxwell
et al. 2017). These declines in overall health could in turn
lead to declines in ecosystem function and productivity
which, if left unchecked, can lead to complete loss of sea-
grass (Connell et al. 2017; Unsworth et al. 2014). As such,
the lack of association between anthropogenic disturbances
and seagrass areas in this study should not be taken as strong
evidence for a lack of human impacts from catchment distur-
bances. It is likely that this study would have been capable
only of detecting estuary-scale impacts from disturbances
that operated over long time periods, for example reduction
in nutrient inputs over many years due to a drought (Hirst
et al. 2016).

Early detection of any human-induced impacts to sea-
grasses is paramount for adequate management (Kennish
2002). However, the high temporal variability of some sea-
grass genera, particularly in certain estuary types, makes
detection of anthropogenic impacts difficult. The frequency
of mapping needs to relate to the temporal scales of the natu-
ral variability of the seagrass species (Calleja et al. 2017),
which can differ among estuary types. Although there is lit-
tle doubt that large areas of seagrass have been lost from
numerous estuaries throughout the globe, the significant
temporal variability in areas for the majority of seagrasses
in NSW described here suggests that caution is needed when
averaging results among genera and estuary types. These
results add further weight to the argument that the man-
agement of seagrasses should be species-specific (Kendrick
et al. 2008) due to inherent differences in temporal and spa-
tial dynamics and differing abilities to recovery from distur-
bances (Kilminster et al. 2015).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12237-021-01026-w.
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