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Introduction 

•  Mangrove & seagrass 
are flowering plants 
adapted to saline 
conditions & varying 
degrees of submergence 

•  Sensitive to a range of 
environmental conditions 

•  May be indicator species 
for estuarine health 

•  However, their interaction 
with marine environment 
may not be well 
understood … so we’ll 
start by defining NZ 
estuary types 

h"p://www.stuff.co.nz/auckland/local-news/manukau-courier/8028813/Taming-the-mangrove	

h"ps://www.niwa.co.nz/coasts-and-oceans/research-projects/restoraCon-of-seagrass-beds-in-whangarei-harbour	

Remove	mangrove?	

Replant	seagrass?	



Estuary types  
– Coastal lakes 

•  Category A – Coastal lakes 
•  Very shallow basins (several metres 

depth) 
•  Often elongated & parallel to coast 
•  Entrance is closed most of time 

•  Little tidal influence 
•  Poor flushing 
•  Fine sediment accumulates 

•  Include most contaminated fluvial/marine 
sites in NZ 

•  Lake Ellesmere, Canterbury 

Lake	Ellesmere	



Estuary types  
– River mouths 

•  Category B – Tidal river mouths 
•  Elongated basins of simple 

shape 
•  1-10 m deep 

•  Category C – Tidal river lagoons 
(Hapua) 

•  Mouth of main river channel 
connects to shallow lagoons 

•  River channel dominated by 
freshwater discharge 

•  Well flushed 

•  Lagoons dominated by shallow 
intertidal areas 

•  Limited mixing 
•  Poorly flushed 

Piako	&	Waihou	Rivers,	Waikato	



Estuary types  
– River mouths 

•  Category B – Tidal river mouths 
•  Elongated basins of simple 

shape 
•  1-10 m deep 

•  Category C – Tidal river lagoons 
(Hapua) 

•  Mouth of main river channel 
connects to shallow lagoons 

•  River channel dominated by 
freshwater discharge 

•  Well flushed 

•  Lagoons dominated by shallow 
intertidal areas 

•  Limited mixing 
•  Poorly flushed 

Waimakariri	River,	Canterbury	



Estuary types  
– Coastal embayments 

•  Category D – Coastal embayments 
•  Shallow, circular or slightly elongated basins with 

simple shorelines 
•  Wide entrances open to ocean 
•  Little fluvial input 
•  Restricted intertidal areas 
•  Predominantly sandy sediment 

Okains	Bay,	
Canterbury	



Estuary types  
– Coastal lagoons 

•  Category E – Tidal lagoons 
•  Shallow, circular to slightly 

elongated basins with simple 
shorelines 

•   Extensive intertidal area 
•  Barrier enclosed coastal 

embayment 
•  Category F – Barrier enclosed 

lagoon 
•  Similar to E, but complex shorelines 

& numerous arms leading off a 
main basin (Ria) 

•  Main basin is tidally dominated, 
well-mixed & flushed 

•  Arms poorly mixed & flushed 

Houhora	Harbour,	Northland	



Estuary types  
– Coastal lagoons 

•  Category E – Tidal lagoons 
•  Shallow, circular to slightly 

elongated basins with simple 
shorelines 

•   Extensive intertidal area 
•  Barrier enclosed coastal 

embayment 
•  Category F – Barrier enclosed 

lagoon 
•  Similar to E, but complex shorelines 

& numerous arms leading off a 
main basin (Ria) 

•  Main basin is tidally dominated, 
well-mixed & flushed 

•  Arms poorly mixed & flushed 

Whaingaroa	Harbour,	Waikato	



Estuary types  
– Drowned valleys 

•  Category G – Fjords 
•  narrow, elongated basins that 

are largely subtidal 
•  Very deep (up to 100s of 

metres) 

•  Category H – Sounds & rias 
•  Narrow, elongated basins that are 

largely subtidal 
•  Deep (10s of metres) 

•  Moderate to strong stratification 
•  Poorly flushed 

•  Tend to accumulate fine sediment 

Bligh	Sound,	Fiordland	



Estuary types  
– Drowned valleys 

•  Category G – Fjords 
•  narrow, elongated basins that 

are largely subtidal 
•  Very deep (up to 100s of 

metres) 

•  Category H – Sounds & rias 
•  Narrow, elongated basins that are 

largely subtidal 
•  Deep (10s of metres) 

•  Moderate to strong stratification 
•  Poorly flushed 

•  Tend to accumulate fine sediment 

Port	Underwood,	Marlborough	



 Raglan 
sedimentation 

Wide	range	of	condiCons	within	single	type	of	estuary		



Mangrove 
•  Occur around upper 

North Island 
•  Pollen data indicate range 

extended further south in 
recent past 

•  Expanded seawards 
since 1940s 

•  Believed to be declining in 
1970s due to reclamation 
& grazing 

•  Some evidence that some 
populations are starting to 
decline 

•  Debate about removal of 
mangroves to “restore 
estuarine environments” 

h"p://soundwaves.usgs.gov/2010/08/fieldwork4.html	

h"p://www.stuff.co.nz/technology/80135951/hovercra\-mows-mangroves-in-tauranga	



Seagrass 

• Appearance (mostly size) 
varies around coast 

• Debate about extent of 
genetic differences 
between & within 
“estuaries” 

• Suggested different 
populations for North & 
South Islands 

2.2. DNA extraction and PCR

Total genomic DNA was extracted from individual shoot
groups using a modified CTAB protocol (Martin et al., 1999).

The relative quantity and quality of the DNA extracts were
assessed via electrophoresis on 1% agarose gels stained with
ethidium bromide. Gels were photographed under fluorescent
light in the Eagle Eye gel documentation System II
(Stratagene). Because non-specific PCR methods such as
RAPDs will amplify target species DNA (in this case Z.
muelleri) as well as non-target DNA (e.g., from epiphytes) alike
(Chiang et al., 2003; Stevens et al., 2007) we screened all
samples for contamination prior to beginning our RAPD
analyses via PCR of the internally transcribed spacer region
(ITS) under relaxed conditions (e.g., low annealing temperature
using universal primers; Stevens et al., 2007); amplification of a
single PCR product ca. 600 bp in size indicated that the Zostera
DNA sample was not contaminated and therefore appropriate
for use in the RAPDs analyses.

PCR was performed in 0.2 ml thin-walled tubes with a total
reagent volume of 25 ml. Final concentrations of reagents were:
1X PCR buffer (Roche), 2.5 mM MgCl2, 0.1 mM dNTPs,
0.5 mM primer (Table 1, Invitrogen), and 0.06 U Taq
polymerase (Roche). For template, we used 2.5 ml of a 1:10
(DNA to water) dilution of the stock DNA solution (20–50 mg/
ml). Of the 22 primers trialled initially, eight were selected for
the analyses (Table 1). To ensure run-to-run reproducibility we
amplified 30 samples a minimum of two times. A standard
positive sample (either R5 sample 3 or W10 sample 7), as an
internal check for reproducibility of banding profiles, and a
negative control were included in each run. PCR was performed
in a Mastercycler Gradient Thermal cycler (Eppendorf,
Germany) under the following conditions; initial denaturing
step at 97 8C for 15 s, followed by 40 cycles of 94 8C for 30 s,
36 8C for 60 s, and 68 8C for 2 min, followed by 72 8C for
5 min. Using a ramp time of 0.5 8C s!1 improved the sharpness
and clarity of our RAPD profiles. Products were electrophor-
esed on 1.8% agarose/TBE gels containing ethidium bromide
and run at 90 V for 3–4 h. A 100 bp ladder (New Zealand
Biolabs Inc.) was run on each gel along with the products. Gel
photographs were scored for presence and absence of bands
manually, using the size standards of the ladder and profile of
the positive sample together to ensure that bands were scored
uniformly. Only bright, reproducible bands were included in
the analysis. Because the intra- and inter-site studies were

Fig. 1. (a) Location of the eight Zostera muelleri study sites. Arrows represent

the surface circulation around New Zealand (adapted from Carter et al., 1998).

Sampling locations within (b) Raglan Harbour and (c) Whangapoua Harbour.

Table 1

RAPD primers (Operon) used in the analysis of Zostera muelleri showing the number of bands observed and level of polymorphism

Primer Sequence 50-30 Intra-site Inter-site

No. of bands % Polymorphic (no.) No. of bands % Polymorphic (no.)

OPP-01 GTAGCACTCC – – 8 25.0 (2)

OPP-02 TCGGCACGCA 8 37.5 (3) 11 45.5 (5)

OPP-03 CTGATACGCC 9 22.2 (2) 4 75.0 (3)
OPP-04 GTGTCTCAGG 14 35.7 (5) 13 53.8 (7)

OPP-05 CCCCGGTAAC 16 62.5 (10) 10 30.0 (3)

OPP-06 GTGGGCTGAC 11 54.4 (6) 9 55.6 (5)

OPP-09 GTGGTCCGCA 13 46.6 (5) 10 30.0 (3)
OPP-13 CCAGCCGAAC 15 53.3 (8) 12 41.7 (5)

OPP-14 CCAGCCGAAC 12 58.3 (7) 7 57.1 (4)

OPP-16 CCAAGCTGCC – – 9 66.7 (6)

T.C. Jones et al. / Aquatic Botany 88 (2008) 39–46 41

(Table 3) shows that the North Island/South Island split was
accountable for approximately half of the variation (46%), with
the next major amount being among sites (within islands) at
32%.

The relationships observed in the UPGMA analysis are
mirrored in the PCA analysis (Fig. 4). PCA Axis 1 explained
36% of the variation and clearly separates out North Island and
South Island populations. Note that the individual samples for
each site form relatively tight clusters. PCA Axes 2 and 3
account for similar levels of variation (15% and 12%,
respectively). Axis 2 separates the West and East coast
populations of the South Island while Axis 3 (not shown)
separates West and East coasts populations of the North Island.

4. Discussion

New Zealand provides a model system for studying dispersal
events of seagrasses at multiple scales because of its wide
latitudinal range (158) and well-documented coastal currents
(Fig. 1). The fine-scale study of two sites (Raglan and
Whangapoua) confirmed that RAPDs was an appropriate
method as we observed a satisfactory level of polymorphism
(Table 1), providing resolution both within transects and within
sites (Fig. 2), as well as significant differences among sites
across a latitudinal gradient covering most of New Zealand’s
main islands (Fig. 3).

At the fine-scale, assessment of the distribution of genotypes
along transects within beds suggests that Z. muelleri beds are
not composed of a single clone (i.e., a single genet) but are
mosaics of genetically distinct, but entwined, individuals. Each
sample we analysed had a unique multilocus genotype, with the
exception of 18 individuals. Among these 18 samples, eight
genotypes were each observed to be shared by two or three
sampled individuals. At a minimum, this suggests that these
individuals, if not genetically identical as estimated by RAPDs,
are decidedly genetically similar. Five genotypes were shared
by more than one sample within a transect (and therefore within
a bed) and, together with the high level of unique genotypes
observed, suggests that these samples represent a single clone

Fig. 3. UPGMA dendrogram of genetic distances (Nei, 1978) between all study

sites for Zostera muelleri. Values of 1000 bootstrap replicates (>50) are given

above the branches. Localities as in Fig. 1.

Table 4

Nei’s unbiased (1978) pair-wise genetic distance values (D) between sites of Zostera muelleri

Site D R W K C S G N

D *****

R 0.7680 *****

W 0.9733 0.2589 *****
K 0.1355 0.8204 0.8330 *****

C 0.6807 0.2580 0.2321 0.6946 *****

S 0.5422 0.2030 0.1718 0.4928 0.0672 *****

G 0.1961 0.5703 0.7812 0.2882 0.4753 0.4118 *****
N 0.2966 0.5897 0.4400 0.2305 0.3818 0.2591 0.1487 *****

Sites are as follows: D: Dunedin; R: Raglan; W: Whangapoua; K: Kaikoura; C: Cape Reinga; S: Slipper Island; G: Greymouth; N: Nelson. See Fig. 1 for localities.

Fig. 4. Principle components analysis of genetic distances among individuals

of Zostera muelleri from all study sites sampled across New Zealand. Localities
as in Fig. 1.

Table 3
AMOVA results comparing polymorphic variation among Zostera muelleri

sampled at multiple spatial scales

Source of variation d.f. Variation (%)

Intra-site

Between sites (Raglan vs. Whangapoua) 1 50.8

Among sampling locations (within sites) 6 21.0

Within sampling locations 71 28.2

Inter-site

Between groups (North Island vs. South Island) 1 46.1
Among sites (within Islands) 6 31.6

Within sites 71 22.4

T.C. Jones et al. / Aquatic Botany 88 (2008) 39–46 43

Jones	et	al	(2008).	GeneCc	variability	of	New	Zealand	seagrass	(Zostera	muelleri)	
assessed	at	mulCple	spaCal	scales.	AquaCc	Botany,	88(1),	39–46.	h"p://doi.org/
10.1016/j.aquabot.2007.08.017	
	



Seagrass 

•  Widely distributed 
around NZ coast 

•  Not restricted to 
estuaries 

•  No systematic survey 
of seagrass 
distribution 
&abundance 
throughout NZ has 
been undertaken 

•  Most literature 
(research) focussed 
on areas where 
seagrass is (or was) 
in decline 

•  Assumed that all NZ 
seagrass populations 
are threatened & in 
decline overall 
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Seagrass 

• Sampling different 
locations gives a 
different result 

(Table 3) shows that the North Island/South Island split was
accountable for approximately half of the variation (46%), with
the next major amount being among sites (within islands) at
32%.

The relationships observed in the UPGMA analysis are
mirrored in the PCA analysis (Fig. 4). PCA Axis 1 explained
36% of the variation and clearly separates out North Island and
South Island populations. Note that the individual samples for
each site form relatively tight clusters. PCA Axes 2 and 3
account for similar levels of variation (15% and 12%,
respectively). Axis 2 separates the West and East coast
populations of the South Island while Axis 3 (not shown)
separates West and East coasts populations of the North Island.

4. Discussion

New Zealand provides a model system for studying dispersal
events of seagrasses at multiple scales because of its wide
latitudinal range (158) and well-documented coastal currents
(Fig. 1). The fine-scale study of two sites (Raglan and
Whangapoua) confirmed that RAPDs was an appropriate
method as we observed a satisfactory level of polymorphism
(Table 1), providing resolution both within transects and within
sites (Fig. 2), as well as significant differences among sites
across a latitudinal gradient covering most of New Zealand’s
main islands (Fig. 3).

At the fine-scale, assessment of the distribution of genotypes
along transects within beds suggests that Z. muelleri beds are
not composed of a single clone (i.e., a single genet) but are
mosaics of genetically distinct, but entwined, individuals. Each
sample we analysed had a unique multilocus genotype, with the
exception of 18 individuals. Among these 18 samples, eight
genotypes were each observed to be shared by two or three
sampled individuals. At a minimum, this suggests that these
individuals, if not genetically identical as estimated by RAPDs,
are decidedly genetically similar. Five genotypes were shared
by more than one sample within a transect (and therefore within
a bed) and, together with the high level of unique genotypes
observed, suggests that these samples represent a single clone

Fig. 3. UPGMA dendrogram of genetic distances (Nei, 1978) between all study

sites for Zostera muelleri. Values of 1000 bootstrap replicates (>50) are given

above the branches. Localities as in Fig. 1.

Table 4

Nei’s unbiased (1978) pair-wise genetic distance values (D) between sites of Zostera muelleri

Site D R W K C S G N

D *****

R 0.7680 *****

W 0.9733 0.2589 *****
K 0.1355 0.8204 0.8330 *****

C 0.6807 0.2580 0.2321 0.6946 *****

S 0.5422 0.2030 0.1718 0.4928 0.0672 *****

G 0.1961 0.5703 0.7812 0.2882 0.4753 0.4118 *****
N 0.2966 0.5897 0.4400 0.2305 0.3818 0.2591 0.1487 *****

Sites are as follows: D: Dunedin; R: Raglan; W: Whangapoua; K: Kaikoura; C: Cape Reinga; S: Slipper Island; G: Greymouth; N: Nelson. See Fig. 1 for localities.

Fig. 4. Principle components analysis of genetic distances among individuals

of Zostera muelleri from all study sites sampled across New Zealand. Localities
as in Fig. 1.

Table 3
AMOVA results comparing polymorphic variation among Zostera muelleri

sampled at multiple spatial scales

Source of variation d.f. Variation (%)

Intra-site

Between sites (Raglan vs. Whangapoua) 1 50.8

Among sampling locations (within sites) 6 21.0

Within sampling locations 71 28.2

Inter-site

Between groups (North Island vs. South Island) 1 46.1
Among sites (within Islands) 6 31.6

Within sites 71 22.4

T.C. Jones et al. / Aquatic Botany 88 (2008) 39–46 43

Jones	et	al	(2008).	GeneCc	variability	of	New	Zealand	seagrass	(Zostera	muelleri)	
assessed	at	mulCple	spaCal	scales.	AquaCc	Botany,	88(1),	39–46.	h"p://doi.org/
10.1016/j.aquabot.2007.08.017	
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Simplified overview 

Mangrove	 Seagrass	

SedimentaCon	 Expansion	

Turbidity	 Decline	

Faunal	biodiversity	 Low	 High	

Faunal	abundance	 Low	 High	

NZ	status	 Expanding	 Declining	

Estuarine	health	indicated	
by	presence	

Poor?	 Good?	



Sediment texture 

• Linked to growth 
• Both can survive on a wide 

range of substrates 
•  Mangrove grow best on fine 

sand 
•  Seagrass best on a mixture of 

medium sand, fine sand & mud 

habitats, while mangrove habitats always had the lowest num-
ber (GSE) of individuals (43.9G 16.1 ind./core) and taxa
(29.4G2.7 taxa/core) throughout the sampling period. However,
differences among sampling locations were not observed
(Table 4). The bivalves, Paphies australis and Austrovenus
stutchburyi, were present throughout habitats and locations,
but their densities (GSE) varied among habitats (Fig. 5). Pa-
phies australis generally were most common in sand flats
(105.6G 62.5 ind./core) and banks (63.5G 25.1 ind./core),
but their largest sizes were found in the channel
(24.6G 0.9 mm) and bank (15.2G 3.0 mm) habitats. Juvenile
P. australis often were found in large numbers near the water
table in some sand flat habitats (Fig. 5). For A. stutchburyi,
the highest densities were found in the seagrass beds
(116.7G 65.4 ind./core), where they seem to recruit, and the
largest animals were found in mangrove (26.3G 3.9 mm) and
pneumatophore (17.5G 0.8 mm) habitats (Fig. 5). Crabs and
shrimp were most abundant (GSE) in seagrass beds
(1.0G 0.2 and 0.6G 0.1 ind./core, respectively), followed by
channel habitats (0.4G0.1 and 0.3G0.1 ind./core, respectively)
(Fig. 6). Oligochaete worms were present throughout the habi-
tats and locations, but were most abundant (GSE) in channel

(52.4G 8.7 ind./core) and bank (45.7G 7.8 ind./core) habitats
(Fig. 6). Amphipods were most abundant (GSE) in bank habi-
tats (16.9G 2.2 ind./core) and generally absent in mangrove,
pneumatophore, and seagrass habitats (Fig. 6). Grazing snails
(i.e., Turbo smaragdus, Diloma subrostrata, Melagraphia ae-
thiops) were found in high densities (GSE) in seagrass
beds (20.1G 3.0 ind./core), followed by pneumatophore
(6.1G 2.1 ind./core) habitats, while predatory/scavenger snails
(i.e., Cominella glandiformis, Zeacumanthus sp., Lepsiella
scorbina) were present in higher densities (GSE) in seagrass
(24.2G 1.2 ind./core) and channel (14.7G 2.3 ind./core) habi-
tats (Fig. 7). Results from multivariate analyses indicate that
there were significant differences among sampling dates, habi-
tats within locations, and interactions for most taxa, and no sig-
nificant differences among locations for all taxa, except P.
australis (Table 4). A high number of interactions reflected
the patchiness and mobility of some of these benthic
populations.

The MDS plots revealed a clear separation of taxa (Fig. 8)
and habitats (Fig. 9) among sampling dates, which indicate
differences in average structure and composition among faunal
assemblages in the various habitats. Within all sampling dates,
Austrovenus stutchburyi and oligochaete worms clearly sepa-
rated from other taxa, but sometimes overlapped with one an-
other (Fig. 8). Paphies australis and amphipods also clustered
away from other taxa and each other. MDS plots for habitats
also revealed similar grouping trends among sampling dates
(Fig. 9). All habitats appeared in distinctive groups, except
for a slight overlap between mangrove and pneumatophore
habitats, and between channel and bank habitats (Fig. 9).

Table 2
Mean (GSE) values for sediment characteristics (penetrometer depth, grain size, and organic content) within six habitats (MZ mangrove, P Z pneumatophore,
ZZ seagrass, CZ channel, BZ bank, and S Z sand flat) at Matapouri Estuary

M P Z C B S

Penetrometer depth (cm) 3.9 (0.7) 10.8 (1.5) 6.9 (2.3) 3.2 (0.7) 4.5 (1.5) 17.3 (2.3)
Grain size (%)
Course sand (O600 mm) 0.1 (0.1) 0.0 (0.0) 2.1 (0.4) 46.0 (3.6) 0.3 (0.1) 0.0 (0.0)
Medium sand (300e600 mm) 5.0 (2.6) 26.8 (8.8) 47.1 (3.3) 30.4 (3.1) 75.4 (3.6) 87.5 (2.5)
Fine sand (150e300 mm) 84.6 (2.8) 63.4 (8.9) 38.0 (2.0) 26.4 (5.3) 23.6 (3.3) 12.4 (2.5)
Mud (O150 mm) 10.1 (0.4) 9.8 (1.2) 12.7 (5.3) 0.6 (0.6) 0.7 (0.3) 0.1 (0.0)

Organic content (%) 11.4 (1.6) 8.6 (3.5) 10.5 (3.2) 1.9 (0.4) 4.2 (1.3) 3.4 (0.8)
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Fig. 3. PCA plot of sediment (percent coarse, medium, and fine sand, mud, or-
ganic content, penetrometer depth), and plant (percent leaf litter and algae)
variables across six habitats. Habitats are denoted as: mangroveZ solid
squares (-), pneumatophoreZ solid triangles (:), seagrassZ solid circles
(C), channelZ exes (!), bankZ open triangles (O), and sand flatZ open
circles (B).

Table 3
PCA results showing the first three components for sediment and plant/algal
variables within six habitats at Matapouri Estuary

Variable PC1 PC2 PC3

Coarse sand 0.284 0.804 !0.415
Medium sand 0.751 !0.550 !0.238
Fine sand !0.856 0.194 0.410
Mud !0.907 !0.105 0.032
Penetrometer 0.367 !0.769 0.117
Organic content !0.858 !0.313 0.080
Leaf litter !0.574 !0.197 !0.629
Algal cover !0.672 !0.233 !0.507

Total variation (%) 48.2 22.2 13.4
Cumulative variation (%) 48.2 70.4 83.8
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sampled quadrats always was 100%. The highest amount (wet
weight) of seagrass plants were found in location 2
( p! 0.001), and these differences were consistent among
sampling dates ( pO 0.001).

3.3. Sediments

The six habitats were easily separated by their sediment
characteristics. Coarse sand was most abundant in the channel
habitats, and medium sand was most common in the sand flat
and bank habitats (Fig. 2, Table 2). Fine sand was dominant in
mangrove and pneumatophore habitats, while mud was abun-
dant in mangrove, pneumatophore, and seagrass habitats
(Fig. 1, Table 2). The sediment was least compacted in the
sand flat habitats, and most compacted in the mangrove and
channel habitats. Organic content was highest in mangrove
and seagrass sediments, while channels had the least amount
of organic material (Table 2). Separate three-factor nested
ANOVAs resulted in non-significant differences ( pO 0.001)
among sampling dates, but significant differences ( p!
0.001) among locations and habitats (locations) for all sedi-
ment characteristics.

The PCA ordination of sediment and plant characteristics
revealed clear habitat clusters, except for seagrass and pneu-
matophore habitats, which overlapped considerably (Fig. 3).
The variable loadings from the principal components 1e3 ac-
counted for 83.8% of the variation (Table 3). Component 1 in-
dicates a high loading from medium sand, and a high negative
loading for mud, organic content, and fine sand. Component 2
reflects a coarse sand factor, and a negative penetrometer
depth factor. The third component is associated with leaf litter
and algal cover.

3.4. Benthic fauna

Results from the benthic faunal samples collected within
each of four sampling events (December 2002, March, June,
and September 2003) indicate a generally consistent pattern
among the sampling events (Fig. 4, Table 4). Seagrass beds
tended to have the highest total number (GSE) of individuals
(267.6G 33.5 ind./core) and total taxa (135.6G 15.7 taxa/
core) among all the locations sampled, followed by channel
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Fig. 2. Grain size analysis for sediments within various habitats (MZman-
grove, PZ pneumatophore, ZZ seagrass, CZ channel, BZ bank, and
SZ sand flat) at Matapouri Estuary.
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Seagrass habitat 
Biodiversity 

•  Seagrass 
provides 
important fish 
habitat 

•  Depends on 
location 
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is less significant 
for southern NZ 

•  But limited 
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very different 
estuarine 
systems 
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The spread of the data and, in some cases, overlap of the
groups were strongly influenced by the unusually high organ-
ism density and diversity in location 2. The seagrass habitat at
this location was consistently rich in organisms, and this effect
also was noticed within the adjacent habitats. The range of
stress-values was low among the MDS plots for taxa (0.02e
0.05) and habitats (0.07e0.15), which strongly supports the
data interpretations (Warwick and Clarke, 1993).

4. Discussion

Numerous studies have highlighted the rich biodiversity
and ecological importance of mangrove and seagrass habitats
throughout the world, including New Zealand. However, few
studies have assessed the ecological value of mangrove habi-
tats compared to other estuarine habitats. Such comparisons
are generally lacking for temperate New Zealand mangrove
ecosystems (but see: Morrisey et al., 2002; Ellis et al.,
2004), yet are sorely needed in the current debate regarding
mangrove management and conservation. Furthermore, New
Zealand mangrove ecosystems may not be unique in their de-
parture from serving as biodiversity-rich habitats or important
nursery/feeding ground areas. Further comparative studies are
needed in other regions dominated by Avicennia marina

(e.g., Australia, Fiji), and in parts of the sub-topics, to rigor-
ously evaluate the ecological importance of mangrove stands
compared to other adjacent habitats, especially in estuaries
where mangroves may be expanding. This study provides
the first comprehensive investigation of benthic macro-inverte-
brate community composition within mangrove/seagrass and
adjacent settings in a New Zealand estuary, as a step toward
a more critical evaluation of these temperate habitats.

Results from this research show that the estuarine habitats
at Matapouri are clearly distinctive on the basis of vegetation
and sediment characteristics. There is greater diversity and
density of organisms in seagrass beds and channel habitats.
Diversity and density decrease landward toward mangrove
habitats, where the lowest values are found. The different hab-
itats appear to provide unique resources that are exploited by
different groups of benthic fauna. These unique habitats and
their faunal associations are discussed herein.

4.1. Habitat structure

Sediment characteristics alone resulted in clear differences
among habitats, except for pneumatophore and seagrass habi-
tats. These sediment differences are of crucial importance for
most benthic animals, since their feeding strategies tend to be
highly adapted to sediment type (McLachlan et al., 1995;
Zhuang and Wang, 2004). In addition, plant structures, such
as mangrove trees, pneumatophores, and seagrasses provide
important architectures (i.e., settlement and hiding areas)
and sources of nutrients for various species (Schrijvers et al.,
1995; Gee and Somerfield, 1997; Lee, 1999; Turner et al.,
1999; Satumanatpan and Keough, 2001). Generally, it has
been shown that structurally complex habitats, such as sea-
grasses, marshes, and mangroves support higher densities of
benthic organisms compared to non-vegetated areas (Kneib,
1984; Orth et al., 1984; Edgar, 1990). In addition to the greater
number of settlement sites and enhanced nutrient availability,
lower predation pressure has been found within complex ar-
chitectures (structural refuge) compared to open areas (Kneib,
1984; Summerson and Peterson, 1984; Davis et al., 2001). In
this study, mangrove habitats had the highest degree of three-
dimensional structure, but only a small portion (up to about
1 m above the sediment) was exposed to tidal inundation
and accessible to marine invertebrates and fish. In contrast,
pneumatophore and seagrass beds provided a higher density
of potential invertebrate settling structures, and had longer in-
undation periods. Sand flats and channels lacked above-ground
structures, but provided a dynamic infaunal environment with
frequent inundation (i.e., habitat access and food delivery).
The amount of organic matter available to marine organisms
(on the benthos and within the sediment) was highest within
vegetated areas (mangrove, seagrass, and pneumatophore hab-
itats), although it is difficult to ascertain what proportion of
these nutrients is consumed by organisms in these areas versus
exported to other habitats. Many studies have investigated di-
rect and indirect nutrient flow-on effects on faunal composi-
tion within vegetated estuarine environments (Duarte, 1995;
Valiela et al., 1997; Dittmar et al., 2001; Macintosh et al.,
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Fig. 4. Mean (GSE) number of individuals and taxa within six habitats
(MZ mangrove, PZ pneumatophore, ZZ seagrass, CZ channel, BZ bank,
and SZ sand flat) at Matapouri Estuary.
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Nutrient response 

•  Fertiliser applications indicate 
that mangrove growth increased 

•  Conversely seagrass growth 
inhibited 

•  Extra nutrients enhance algal 
growth that coats or shades 
blades of seagrass & reduces 
photosynthesis? 

significantly enhanced by N fertilization in the
older forest. Fertilization with P did not enhance
growth or investment in reproduction.

Leaf N concentrations were higher in young
compared to old forest (F1, 30 = 10.3, P = 0.0031),
but leaf P was not significantly different between
forests (Figure 7). Resorption efficiency for both N
and P was greater in the young compared to the

older forest (resorption efficiency for N: F1, 30 =
3.87, P = 0.057; resorption efficiency for P: F1, 30 =
24.4, P < 0.0001). The fertilization treatments did
not significantly affect leaf nutrient concentrations
or resorption efficiency in either forest.

Assessment of Succession

Comparison of characteristics of the 1991–1995
and 1978–1981 forests found that differences were
often predicted by successional models (Table 2).
Assessment of community energetics found that
LAI per basal area was higher in young compared
to older forest as was soil respiration per basal area,
although soil respiration per basal area was not
significantly different between forest ages. Exami-
nation of community structure characteristics
showed that soil C and biomass were lower in
younger compared to older forest. The ratio of N
was higher in the ‘‘extrabiotic’’ compared to the
‘‘intrabiotic’’ component in the younger forest than
the older forest, but this was not the case for soil P.
The CV of soil redox potentials was higher in the
younger compared to the older forest. Tree size was
more variable in the younger compared to the older
forest. The size of trees, both in terms of height and
basal area, was significantly greater in the older
compared to the younger forest. Comparison of the
quantity and quality of production indicated that
although the younger forest had higher growth
rates, there were no significant differences in leaf
nutrient concentrations or specific leaf area be-
tween the forests of differing ages. Finally, nutrient
conservation assessed as leaf nutrient resorption
efficiency did not differ between young and old
forests.

DISCUSSION

At the Firth of Thames the mangrove forest has
grown 1 km seaward in approximately 50 years.
We expected to find older forest with low density
and high basal area in landward positions and
higher density, lower basal area forests in seaward
positions. Instead we found complex variation in
forest structure, evidence for two major recent
forest establishment pulses (1978–1981 and 1991–
1995) and no evidence to suggest that original trees
that colonized the site in the 1950s were still living.
The forest structure and dates of the trees on the
seaward side suggest that mangrove forests develop
with a pattern of tall trees (!2–4 m) adjacent to
short trees (!0.5–1 m) to the interior (landward)
(Figure 2). This pattern of taller on the seaward
fringe and shorter scrub forest to landward is
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Whangamata Estuary 

•  Mangrove extent 
increasing since 
1940s 

•  Fastest change 
associated with 
construction of 
Hetherington Rd 
causeway in 1976 

420 C. J. Lundquist et al.

Fig. 1 Map demonstrating
expansion of mangrove
habitat based on aerial
photographs for Whangamata
Harbour, New Zealand.
Mangrove extent is marked in
white, blue and yellow,
representing mangrove
distributions in the Harbour in
1944, 1978 and 2002,
respectively

varying between estuaries from < 1–20 % increase in areas covered by mangrove
habitat per year (Morrisey et al. 2010, their Table 9). Mangrove colonization occurred
in the early 20th century in many estuaries with large catchments that were subject to
deforestation in the mid- to late 1800s (e.g., Swales et al. 1997; Swales et al. 2002).
In other estuaries, mangrove expansion has occurred in more recent decades. In fact,
expansion of mangrove forest in the Firth of Thames did not occur until the 1950s
(Swales et al. 2007a; Lovelock et al. 2010), though mangroves were recorded in the
delta of the Waihou River in 1769 by Captain James Cook (Beaglehole 1968). Other
estuaries throughout northern New Zealand have also shown mangrove expansion in
recent decades, with increases of 50 % and 75 % in Mangemangeroa and Waikopua
Creek in the Whitford embayment, Auckland, between 1955 and 2000 (Nicholls
and Ellis 2002); increases of 15 % in mangrove cover in Whangamata Harbour,
Coromandel Peninsula, since the 1940s (Singleton 2007) (Fig. 1); and increases of
> 50 % in mangrove cover in the sub-estuaries within Tauranga Harbour, Bay of
Plenty, from 240 ha in 1943 to 545 ha in 1999 (Park 2004; Stokes et al. 2010).

2.5.2 Causes of Mangrove Expansion

Expansion of mangrove habitat in New Zealand has been attributed to estuary infill-
ing and vertical accretion of tidal flats, increased nutrient inputs, climate warming,

Lundquist	et	al	(2014).	Managing	mangrove	habitat	expansion	in	New	Zealand.	Faridah-
Hanum	et	al.	(eds.),	Mangrove	Ecosystems	of	Asia,	415	DOI	10.1007/978-1-4614-8582-7_19,	
©	Springer	Science+Business	Media	New	York	2014	

September	1974	

January	1979	



Whangamata Estuary 

• Expansion of 
mangrove coincided 
with seagrass decline 

• Caused by? 
•  Increased 

sedimentation & 
turbidity 

•  Increased nutrients (N 
& P) 

•  Something else 
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indicates that sediment, and possibly nutrient loading, has played a major part

in the documented changes in seagrass abundance in the harbour (Park 1999b,

2001). Other causes of seagrass loss in the harbour include reclamation of the

seafloor and grazing by the introduced black swan (Cygnus atratus) (Park

1999a,b). Park (1999a,b) suggested that the decline in seagrass beds in the

harbour may be slowing, and in some areas seagrass may be increasing in

abundance. This is attributed to improvements in environmental practices,

particularly the removal of point nutrient sources to the harbour (Tauranga

sewage was discharged to the harbour until 1994) and reductions in the amount

of land run-off and associated nutrients and sediments (Park 1999a,b).

Comparisons of historical aerial photographs of Whangamata Harbour

(Coromandel Peninsula) indicate that the intertidal seagrass beds increased in

extent from 79 ha in 1944 to 101 ha in 1965, an increase in area of 28%

(Cawthron Institute 2000). The beds subsequently declined in spatial extent to

60 ha in 1998, a decrease of 41% (Cawthron Institute 2000). As well as a change

in the total extent of seagrass beds in the harbour, the distribution of the

remaining beds also changed over the same time period, declining in the upper

reaches and increasing in the middle reaches of the estuary (Fig. 1). This decline

in spatial extent and change in distribution has been attributed to the expansion

of mud-flats, which has reduced the amount of suitable habitat for seagrass

survival. Some of the areas where seagrass occurred historically have now been

completely overgrown by mangroves (Fig. 1).

Mangrove
Seagrass

1998

Whangamata

1944

Whangamata

0 1 2 km

40°S

35°

45°

175°E 180°170°165°

New
Zealand

South Island

North Island

Whangamata
Harbour

Figure 1.   Changes in the
distribution and extent

of seagrass (Zostera
capricorni) and mangrove

habitat in Whangamata
Harbour between 1944

and 1998. Based on aerial
images from Cawthron

Institute (2000).

Changes	in	the	distribuCon	and	extent	of	seagrass	and	mangrove	habitat	in	
Whangamata	Harbour	between	1944	and	1998.	Based	on	aerial	images	from	
Cawthron	InsCtute	(2000)	

Turner	&	Schwarz,	2006.	Management	and	conservaCon	of	seagrass	in	New	
Zealand:	an	introducCon.	Science	for	ConservaCon	264,	DOC,	Wellington.			



Is seagrass 
declining? 

Some estuaries previously identified as having declining seagrass 
coverage have observed an increase recently 
•  Tauranga Harbour, particularly “urban” areas 

•  Whangarei Harbour, including restored areas 

•  Raglan Harbour 

•  Kawau Bay 

2011	

2015	

�
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BoPRC	(2016).Environm
ental	PublicaCon	2016/03	–	Extent	of	seagrass	in	the	Bay	of	Plenty	in	2011	

Seagrass	extents	in	1959	(aqua),	1996	(purple)	and	2011	(yellow
)	



Millon Bay 

•  Coastal 
embayment 
within Kawau 
Bay 

•  Some coastal 
restoration 
work 
underway 

•  Mangrove 
extending 
onto tidal flats 
partially 
removed 

•  Seagrass 
expanding 
rapidly since 
2010 

2006	

2013	

2015	



Mangrove expansion 

•  Hauraki Plains Act 
1908 

•  Initiated construction of 
stopbanks, drains & 
canals to develop low 
lying swamps of Hauraki 
Plains 

•  Partly in response to 
flooding of Waihou River 
linked to discharge of 
mine tailings from 
Ohinemuri River 

•  Due to low gradients 
flows predominantly 
tidal, requiring 
installation of pumping 
stations 

   2

While mangroves may stabilize sediments, provide fish nurseries and enhance water 
quality, mangrove-habitat expansion is not always desirable.  In estuaries that previously 
had sandy substrates mangrove colonization and/or habitat expansion enhances long-
term mud accumulation.  This major change in substrate type from sand to mud, results 
in loss of biodiversity and changes in benthic community structure (Ellis et al., 2004). 
  
In New Zealand (N.Z.), the grey mangrove (Avicennia marina), which is a frost-
sensitive species, occurs in North Island estuaries above 38°S latitude and can colonize 
intertidal flats down to mean sea level (MSL), where seedlings are submerged for ≤ 6 hr 
per tide (Clarke and Myerscough, 1993).  Mangrove-habitat expansion has occurred in 
many estuaries within their range in recent decades (Burns and Ogden 1985; Ellis et al., 
2004) as has also occurred for introduced-invasive species such as the Cordgrass, 
Spartina anglica, (Swales et al., 2004).  This process has been exacerbated by estuary 
infilling, forming extensive intertidal flats potentially suitable for colonization.  This 
natural infilling process has accelerated over the last 150 years as sediment loads have 
increased due to catchment deforestation and SAR of < 0.5 mm yr-1 before deforestation 
have increased by an order of magnitude (Hume and McGlone, 1986, Swales et al., 
2002).  However, mangrove-habitat expansion observed over the last 50 years has 
occurred decades after catchment deforestation.  Alternative explanations for this 
relatively recent expansion include climate change and increasing nutrient inputs 
associated with agricultural activities. 
    
Mangrove-habitat expansion has been particularly rapid in the Firth of Thames, which is 
a 800 km2 meso-tidal estuarine embayment on the east-coast of the North Island (37°S 
175.4°E) 70-km south-east of Auckland (Fig. 1).  Captain James Cook visited the Firth 
in 1769 and noted the presence of mangrove along the lower Waihou river (Brownell, 
2004).     
 

 
 

Fig. 1. Location of the study area, southern Firth of Thames, New Zealand. 
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Swales	et	al	(2007).	Sediment	Processes	and	Mangrove-Habitat	Expansion	on	a	Rapidly-Prograding	Muddy	
Coast,	New	Zealand.	Coastal	Sediments	‘07.	Sixth	InternaConal	Symposium	on	Coastal	Engineering	and	
Science	of	Coastal	Sediment	Process,	ASCE		

Where	does	the	sediment	come	from?	



1938 storm surge 

• May 1938 largest 
historical storm surge 
flooded large area of 
Hauraki Plains 

• Resulted in 
construction of coastal 
stopbanks from 
Miranda to Thames 

•  Prevented deposition of 
silts on coastal plains 
during high tides & 
storm surges 

 
 
 

 
 
 
 

Mangrove-habitat expansion in the Southern Firth of Thames 11} 

higher than observed at the Port of Auckland.  This occurs mainly due to bottom 

friction as the tides propagate in this shallow embayment. Similarly, storm surge        

(i.e., long wave of 1–2 days period) is also amplified in the Firth due to bottom 

friction.  Wind set-up will also develop in the southern Firth under northerly wind 

conditions.  

Several historic storm-tide events (i.e., tide and storm surge) have caused coastal 

erosion and inundation in the southern Firth.  The main coastal storm-tide events were:  

x 1938: A storm on 4–5 May 1938 inundated some 35,000 ha of the lower 

Hauraki Plains (Fig. 2.4).  Flooding occurred due to a combination of a 

perigean-spring tide and north-east gales that caused the storm tide and wave 

set-up to reach about +3 m MSL on Wednesday evening high tide on 4 May 

(Ray and Palmer, 1993). As the predicted high tide was +1.74 m MSL 

(perigean-spring high tide), but with storm surge unlikely to exceed 1 m in 

New Zealand, the +3 m MSL inundating sea level quoted is likely to have 

included a component of wave set-up and run-up. The coastal storm caused 

several breaches of the shoreline stopbank from Waitakaruru to Kopu and 

Miranda was also damaged by seawater breaking in over the land (Hauraki 

Plains Gazette, 1938)—again a further indication that wave run-up and 

overtopping were the main cause of damage.  The storm also produced heavy 

rain from early Wednesday morning which exacerbated the inundation of 

farmland; 

 

Figure 2.4 : Seawater flooding of the Hauraki Plains in the aftermath of the May 1938 storm.  
View looking west towards the Waitakaruru River. Piako River in the middle of the 
photo (source: Hauraki Catchment Board files, Environment Waikato Paeroa office).  

Seawater	flooding	of	the	Hauraki	Plains	in	the	a\ermath	of	the	May	1938	storm.	View	
looking	west	towards	the	Waitakaruru	River.	Piako	River	in	the	middle	of	the	photo	
(source:	Hauraki	Catchment	Board	files,	Environment	Waikato	Paeroa	office).	
	
Mangrove-Habitat	Expansion	in	the	Southern	Firth	of	Thames:	SedimentaCon	
Processes	and	Coastal-Hazards	MiCgaCon.	Environment	Waikato	Technical	Report	
2008/13	



  Mangrove-habitat expansion: 1944 - 1977 

Piako River 

delta 

colonisation 

Transect B 

1977 

1944 

1952 

1963 

1769 (James Cook): 
mangroves at river deltas 



  Mangrove-habitat expansion: 1987- 2006 

1987 

1996 

2002 

2006 

No events since 1996 



Appletree 
Research Site 

•  Southern Firth of  Thames 
•  Sediment accumulation rates 

determined by isotope studies using 
Pb, and Cs, plus pollen studies 

•  Supported by X-ray & Be analysis to 
help determine surface mixing depth 

•  Mud accumulation predated mangrove 
expansion 
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Expansion	on	a	Rapidly-Prograding	Muddy	Coast,	New	Zealand.	Coastal	
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and	Science	of	Coastal	Sediment	Process,	ASCE		
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Loss of salt marsh 

•  Construction of dykes or 
stopbanks are recognised 
as a cause of salt marsh 
loss 

•  Mangrove do not appear to 
be able to compete with 
well established salt marsh 

•  Salt marsh effectively traps 
fine sediment & nutrients 

•  Similar to fluvial wetlands 
•  Perhaps concentrated 

zone of sedimentation in 
southern Firth of Thames is 
due to recirculation & loss 
of salt marsh? 

Need more information?
The Auckland Council’s biodiversity team can provide 
further information on ecological restoration, please 
contact biodiversity@aucklandcouncil.govt.nz or 09 301 
0101. Many of the native plants listed in the coastal 
planting guidelines are on display at the Auckland Botanic 
Gardens in Manurewa. Please feel free to visit the gardens 
to familiarise yourself with these plants. 

For further information on coastal planting, pest control, 
funding opportunities, coastal management and ecological 
restoration please contact Auckland Council on 09 301 0101 
or check out our website www.aucklandcouncil.govt.nz

Other factsheets in this series:

01 Coastal planting guide

02 Dunes 

03 Coastal forests

04 Coastal cliff tops

06 Coastal clay banks
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Typical estuarine and wetland 
vegetation sequence

searush
jointed

rush

saltmarsh
ribbonwood

flax

cabbage tree

toe toe

Bolboschoenus

manuka
remuremu

Stipa

bachelors
button

glasswortmangroves
eelgrass

knobby
clubrush

Saltmarsh, Awhitu Peninsula

Auckland	Council	–	Coastal	planCng	guide:	coastal	wetlands,	saltmarshes	&	estuaries		



Back-barrier sedimentation 
Wadden Sea 

•  Construction of dykes (stopbanks) 
changed sedimentation patterns 
within Wadden Sea 

•  Loss of upper intertidal area where 
fine sediment accumulated 

•  Required for dyke construction 

•  Additional structures built in front of 
dykes to trap silts 

•  Creating salt marsh habitat 

Neuharlingersiel	

Fleming	&	Nyandwi,	
1994.	Netherlands	
Journal	of	AquaCc	
Ecology	28(3-4):	
299-307	



Coastal realignment 

• An alternative 
approach is to 
relocated dykes 
further inland, & allow 
tidal flooding to 
reoccur 

   2

While mangroves may stabilize sediments, provide fish nurseries and enhance water 
quality, mangrove-habitat expansion is not always desirable.  In estuaries that previously 
had sandy substrates mangrove colonization and/or habitat expansion enhances long-
term mud accumulation.  This major change in substrate type from sand to mud, results 
in loss of biodiversity and changes in benthic community structure (Ellis et al., 2004). 
  
In New Zealand (N.Z.), the grey mangrove (Avicennia marina), which is a frost-
sensitive species, occurs in North Island estuaries above 38°S latitude and can colonize 
intertidal flats down to mean sea level (MSL), where seedlings are submerged for ≤ 6 hr 
per tide (Clarke and Myerscough, 1993).  Mangrove-habitat expansion has occurred in 
many estuaries within their range in recent decades (Burns and Ogden 1985; Ellis et al., 
2004) as has also occurred for introduced-invasive species such as the Cordgrass, 
Spartina anglica, (Swales et al., 2004).  This process has been exacerbated by estuary 
infilling, forming extensive intertidal flats potentially suitable for colonization.  This 
natural infilling process has accelerated over the last 150 years as sediment loads have 
increased due to catchment deforestation and SAR of < 0.5 mm yr-1 before deforestation 
have increased by an order of magnitude (Hume and McGlone, 1986, Swales et al., 
2002).  However, mangrove-habitat expansion observed over the last 50 years has 
occurred decades after catchment deforestation.  Alternative explanations for this 
relatively recent expansion include climate change and increasing nutrient inputs 
associated with agricultural activities. 
    
Mangrove-habitat expansion has been particularly rapid in the Firth of Thames, which is 
a 800 km2 meso-tidal estuarine embayment on the east-coast of the North Island (37°S 
175.4°E) 70-km south-east of Auckland (Fig. 1).  Captain James Cook visited the Firth 
in 1769 and noted the presence of mangrove along the lower Waihou river (Brownell, 
2004).     
 

 
 

Fig. 1. Location of the study area, southern Firth of Thames, New Zealand. 
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Conclusion 
•  Mangrove & seagrass 

distributions do reflect 
general condition of an 
“estuary” 

•  However 
•  Estuaries are very 

variable 
•  Interactions between 

flora & processes not 
well understood 

•  Distribution of 
seagrass is poorly 
defined 

•  Cannot really use 
them to predict 
estuarine state 

New Zealand seagrass - General Information Guide

 
 

Seagrass meadows have been, and may still be, 
experiencing a worldwide decline. The global loss 
rate for seagrasses is estimated to be 2–5% per 
year, compared with 0.5% per year for tropical 
forests21. In New Zealand, significant declines in 
seagrass meadows took place mostly between 
the 1930s and 1970s in Whangarei, Waitemata, 
Manukau, Whangamata and Tauranga Harbours, 
as well as in the Avon-Heathcote estuary in 
Christchurch4,5.  Other declines may not have been 
recorded. Detailed analysis of historical and recent 
aerial photographs shows that around one-third of 
the overall seagrass habitat was lost in Tauranga 
Harbour between the 1950s and 1990s, including a 
90% loss of subtidal meadows22. 

Seagrass decline
_________________________________________________________________________________________________________________

Historical notes from the late 1800s and early 
1900s suggest that seagrasses were once very 
abundant in certain New Zealand estuaries. 
Lush meadows in the Avon-Heathcote estuary 
harboured abundant eels and supported small 
shrimp and periwinkle fisheries. It was proposed 
at that time that seagrass be harvested and 
shipped to London as a stuffing for mattresses 
and upholstered furniture, but this apparently did 
not eventuate.

Seagrass may have been a useful resource for 
Māori; the starchy seagrass rhizome was used as 
a food source and the leaves were occasionally 
used to adorn clothing5.

Possible causes of seagrass decline
_________________________________________________________________________________________________________________

Extreme climatic events
Hurricanes• 
Severe storms• 

Pollution
Sediments• 

  Runoff from land
Nutrients• 

  Runoff from land
Wastewater• 
Herbicides• 

  Runoff from land
  Boat hull antifouling

Heavy metals• 
  Industrial discharges
  Chemical spills and stormwater

Petrochemicals• 
  Fuel spills

Human
Introduced species

Overgrazing• 
  Waterfowl

Competition• 
  Invasive marine plants

Global climate change
Sea level rise• 
Sea temperature rise• 
Increased storm frequency• 

Natural Wasting disease
Marine slime mould• 

Physical damage
Harbour developments• 

  Channel dredging
  Shoreline reclamation
  Construction of ports, marinas, canals

Commercial fishing• 
  Trawling

Aquaculture• 
  Marine farm construction

Recreational activities• 
  Propeller, anchor and mooring scars
  Dragging boat hulls across foreshore
   Trampling by horses, quadbikes and
  vehicles

5


