
New Zealand’s Estuaries    �

Over the past decade, NIWA has published many popular articles that deal with estuaries, mainly in its 
magazine Water & Atmosphere. Included in these articles is information on how estuaries work, the 

problems they are affected by, and some solutions to those problems. This overview is intended to bring 
together and make whole sense of the information published to date in the various popular articles. 

The target audience is the layperson, such as individuals who have come together in community groups 
to find ways to deal with particular issues. The purpose is to inform, and thereby empower individuals and 
groups to act. Specialists might find something of interest in here as well in the way the information is brought 
together.
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The Life of an Estuary
Estuaries have a life: they are born, they age, 

and they die. Birth occurred gradually from around 
�0,000 years ago, when the ocean began rising from 
about �50 m below its present level. As the ocean 
rose, it also marched across the landscape, drowning 
everything in its path. Around 6,500 years ago, the 
sea stabilised at more or less its present level, the 
coastline as we know it today began to become 
recognisable, and New Zealand’s current quota of 
around 300 estuaries was established. 

With sea level stable, our estuaries then began to 
age: they have filled out with sediment, and grown 
an ecology. The article How estuaries grow old 
describes how sediment infilling ages estuaries. 

In essence, estuaries fill with sediments from 
both ends: muddy “terrigenous” (derived from the 
land) sediments, eroded from the land and delivered 
mainly by rivers and streams during floods, fill 
the upper reaches; and marine sands, washed in 
through the mouth on a regular basis by tides and 
waves, fill the lower reaches. Today, many  of our 
estuaries are largely infilled with sediment, and mud 
meets with sand in the middle reaches, and a fight 
for dominance ensues.  

You will read a lot in here about the “sediment 

threat” to estuaries. Indeed, most of the issues that 
are going to be described in a later section relate to 
that threat. But why is sediment such a problem in 
estuaries? Isn’t it natural? 

Think of it this way. The number-one control on 
an estuary’s ecology is its physical configuration: 
depth, pattern of subtidal (submerged at all stages 
of the tide) and intertidal (emerges from the water 
at low tide) habitats, and the nature of the substrate 
(mud, sand, or some mixture of the two). For 
example, you don’t see mangroves growing in deep 
channels, and you don’t find pipis in mudbanks that 
are submerged only for an hour or two every tide. 
In other words, everything likes to live in a particular 
kind of special place. If you change the physical 

An estuary is a semi-enclosed embayment, with a free 
connection to the sea at one end and a freshwater 
supply at the other, and within which fresh and salty 
waters mix.

The Estuary Environment Classification (EEC) 
categorises New Zealand’s estuaries based on climatic, 
oceanic, riverine and catchment factors which, 
together, broadly determine physical and biological 
characteristics of estuaries. The EEC is utilised in 
NIWA’s Freshwater Information New Zealand.

Like all of today’s estuaries, Tairua harbour was formed by the sea rising and spreading across an older landscape. From this vantage point, it 
is easy to visualise. Photo: Terry Hume.
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nature of the estuary, then changes in the ecology 
inevitably follow. 

So, how would you go about changing the 
ecology of an estuary if you had to?

The easiest way would be to increase sediment 
runoff from the land, which would increase the rate 
of infilling and alter the balance between terrigenous 
muds and marine sands in the estuary. It turns out 
that this is exactly what we have been doing for 
several centuries now. 

For example, before people arrived in New 
Zealand, a typical sedimentation rate was � mm per 
year. But, with widespread removal of native forest, 
agriculture, roadbuilding and urban development 
accelerating soil erosion on the land, that figure 
is now some ten times or more higher (see What 
happens in estuaries during floods?). This means our 
estuaries are getting shallower – which affects what 
lives where. 

At the same time, eroded soils spread out over 
and smother previously sandy areas of the estuary, 
and also turn the waters more turbid. Again, the 
result is a changed ecology, which we will see in 
detail shortly. 

Every time we “disturb the catchment” – for 
example, by roadbuilding and site development 
without controlling silt runoff, by logging without 
revegetation or proper management of access roads, 
by poor agricultural practices – we change the 
estuary. As we shall see, there is an ecological price 
to pay.

There are many other ways that we stress our 
estuaries: we discharge sewerage into them; we 
inadvertently fertilise them; we design buildings that 
leach heavy metals into them; we overfish 
them; and we let invasive species invade 
them. Still, it is fair to say that accelerated 
sediment erosion on the land has done, and is 
still doing, the most damage to our estuaries.

It is worth noting that the estuary aging 
metaphor is comprehensive: estuaries can also 
die by completely filling with sediment. We 
know that this has already happened in New 
Zealand (Hot Water Beach and Waikawau 
on the eastern Coromandel Peninsula are 
mentioned in How estuaries grow old), and 
increasingly rapid mangrove expansion might 
be signalling onset of old age for many other 
North Island estuaries. 

Sediment runoff: sediment eroded from the land 
and transported down to the coast by flowing water.

Sedimentation rate: rate at which sediment 
permanently settles on the bed of an estuary, 
causing it to get shallower. Sedimentation rate will 
normally vary throughout an estuary, being highest 
in sheltered areas. 

Turbidity: roughly, the clarity of the water. “Cloudy” 
or “dirty” water is turbid, which is usually caused by 
large amounts of particulate matter suspended in the 
water, e.g., fine sediments eroded from the land.

The term “disturbed catchment” indicates a 
catchment that is losing sediment faster than it would 
under native forest. 

Photo: Malcolm Green.

Photo: Malcolm Green.
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The Physical World
Sea-level rise, with all of its projected 

adverse effects, is beneficial when it 
comes to counteracting the shallowing 
of estuaries in disturbed catchments. 
Other physical processes might also stall 
the inevitable, perhaps even indefinitely 
in some circumstances. For instance, 
as an estuary becomes shallower, small 
waves kicked up by winds become more 
effective at lifting sediments – grain by 
grain – off the bed and mixing them into 
suspension in the water column. Once 
suspended in this way, sediments can be 
dispersed and possibly flushed from the 
estuary by tidal currents, thus slowing 
down the rate at which the estuary grows 
shallower. What regulates sedimentation 
in estuaries? describes how this works, 
and also gives a broader overview of 
waves and currents and how they do their business 
in the different parts of an estuary.

It’s a good trick, really: the shallower the estuary 
becomes, the better it gets at flushing itself of 
sediments. Still, it cannot always work, otherwise 
we wouldn’t have those Coromandel cases just 
mentioned. We might ask ourselves this: should 
we leave the ultimate fate of our estuaries to these 
little waves which may or may not be their ultimate 
saviour? Perhaps not, when the cause of the problem 
–  increased sediment runoff from the land – is 
decidedly manageable. 

Those small waves kicked up by the wind – “wind 
chop” – actually do a lot more than most people 

Small waves scour these sandflats of mud, and build these ripples while they 
are at it. Photo: Malcolm Green.

realise (including scientists, at least until recently). 
In deeper waters, they just upset boaties, but in the 
shallower waters around the estuary fringes they 
create a different type of havoc. The dance of the 
turbid fringe explains how, and also explains some 
of the implications for dispersal of contaminants 
such as heavy metals and pesticides. These “fringe 
processes” are currently the subject of intense 
research, for they may hold a key to understanding 
and predicting how our estuaries are going to 
continue to change in this next, possibly crucial, 
phase of their lives in the face of rising sea level and 
continued sediment runoff from the land. 

Waves in shallow water explains 
how waves in estuaries are 
generated and what they do.  
Photo: Malcolm Green.
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The Living World
We turn now to the ecology of estuaries: 

the biota (living things, including fish, 
shellfish, worms, birds, algae, seagrasses 
and mangroves), the habitats the biota 
live in, and the interactions between the 
two. 

Seagrasses
Seagrasses are flowering plants that 

occur around the world. There are about 
�2 genera and 50 species worldwide, but 
all the evidence currently available points 
to there being only one seagrass species 
in New Zealand, Zostera capricorni, which was 
recently re-classified as Zostera muelleri. Apart from 
its common intertidal habitat, Zostera muelleri can 
also grow as subtidal fringes in New Zealand estuaries 
if water clarity is high enough. Seagrass beds provide 
a number of “services”: they stabilise sediments; 

It is now widely accepted that New 
Zealand’s estuaries do play an important 
role as nurseries for many fish species 
(see Intertidal flat estuaries: are they 
useful to fish?). In the upper North Island, 
recreationally and commercially valued 
species include snapper, trevally, kahawai, 
sand and yellow-belly flounder, grey 
mullet, rig, and school sharks. Highly 
abundant forage species include yellow-
eyed mullet, anchovies, soles, gobies 
and triplefins, along with other less well-
known species such as ahuru, northern 

bastard red cod, estuarine and spotted stargazers, 
and sepia squid.

Some fish species are permanent residents of 
estuaries, others reside in estuaries only as juveniles, 
and others migrate in and out of estuaries with the 
seasons. Factors that strongly influence fish distribution 
and abundance include sediment type, water clarity, 
and the presence of “biogenic” habitats (produced 
by living organisms) such as seagrass meadows, 
horse mussels, Neptune’s necklace, brown kelps, 
and mangrove forests. For instance, it is likely that 
horse mussel beds provide increased invertebrate 
prey as well as protection from larger fish predators. 
A similar role is provided by seagrass meadows, 
which support high abundances of juvenile snapper, 
trevally, parore, spotties and pipefish. Subtidal 
seagrass patches seem to be especially important, 
even those of very limited extent or modest quality. 

Healthy seagrass habitat. Photo: Anne-Maree Schwarz.

Pipefish. Photo: Crispin Middleton.

they provide habitat for a range of other organisms 
including bivalves and fish; they provide food; they 
participate in complex geochemical processes that 
cycle nutrients and gases within sediments and the 
water column; they act as nursery areas for fish; and 
they provide grazing areas for waterfowl. 

Fish
Until quite recently, not a lot was known about 

the importance of estuarine habitats to fish in New 
Zealand. Recent research, however, is now filling 
in the gaps and answering some basic questions, 
such as what fish species are present, what parts of 
estuaries fish inhabit and what they do when they 
are there, and what fish feed on. 

An interesting – and very useful – sidebar to 
this research is the discovery that fish sampling is 
often best done at night. This is because fish sleep, 
and while they do they are quite readily collected 
using dip nights or observed under torch-light and 
counted! This can provide a way to estimate absolute 
numbers and size distributions of fish, which is not 
so easily done with traditional sampling methods. 
Let sleeping fish lie explains why, and also describes 
a new research tool, the DUV or “drop underwater 
video”.
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Estuaries of the west coast of the North Island 
are thought to be particularly important as nurseries, 
since they provide shelter from the high waves along 
the open coast. Larger harbours probably provide 
the majority of recruits for the coastal snapper stock. 
For instance, Kaipara Harbour, with �32 km2 of 
subtidal area, may provide almost three-quarters of 
all snapper recruits.

Mangroves
There are a couple of unusual things about New 

Zealand’s mangroves, or manawa. 
Firstly, there is only one species of mangrove 

present (Avicennia marina, the grey mangrove), which 
is not usually the case in other parts of the world. 
Secondly, the global southern limit of mangrove 
occurrence is in New Zealand: Ohiwa Harbour on 
the east coast and Kawhia Harbour on the west.

Mangroves not only accumulate fine sediments 
around them, by slowing water currents, but they 
also help to permanently stabilise those accumulated 
sediments, by providing habitats for microbes that 
excrete substances that stick sediments together (see, 
for example, Bugs ‘n’ mud – a sticky problem). This 
is well and good, since it helps to reduce turbidity 
and improve water clarity and quality throughout 
the estuary. However, it also helps to bring on the 
natural fate of the estuary: death by infilling with 
sediments. 

As far as the ecology goes, mangroves contribute 
to the species and habitat diversity of New Zealand’s 
estuarine ecosystems. For instance, they are a key 
source of organic material and nutrients, which go 
towards fuelling the estuarine food web, and they 
provide habitat for a wealth of animals, including 
bacteria, crabs, snails, cockles, worms, black 
mussels, barnacles, rock oysters, whelks, shrimp, 
fish and birds.

Life in the soft sediments
There is a world of life intimately associated with 

the “soft sediments” in estuaries: microbes, plants 
and animals that live in, burrow through, track across, 
sit on top of, stick together, eat, excrete in and mix 
the muds, silts and sands that floor an estuary. Some 
of these are well-known and obvious – shellfish, 
for example – and others are less so – for instance, 
bacteria. Taken as a whole, these assemblages, 
through the ecosystem services that they provide, 
are the real engine room of the estuary ecology. 

Some species are considered to be “key”, meaning 
that they have an important effect on the structure 
and functioning of the ecosystem; were they to 
disappear, the ecosystem would significantly change 
(see Determining impacts on marine ecosystems: 
the concept of key species). An example of a key 
species is the bivalve Atrina zelandica, or horse 
mussel, which tends to occur in patches, with 
individuals sitting partly buried in the sediment and 
facing upwards. Horse mussels affect the estuary 
in a surprising number of ways. For instance, they 
feed on particulate matter suspended in the water 
column by pumping water through a mantle, which 
clears the water of suspended matter; they provide 
physical shelter and hiding places for other animals 
who live in close association with patches of horse 
mussels; their shells provide points of attachment for 
sponges and soft corals; their excretions help to bind 
sediments and provide food for smaller organisms; 
and their very presence can affect the way water 
flows.

At the risk of 
being overly 
dramatic, the 
appearance 
of mangroves 
in an estuary 
that sits within 
a disturbed 
catchment is 
something 
akin to the 

arrival of the grim reaper. The question, which is 
addressed shortly, is whether you deal with the 
problem by going after the mangroves or by fixing 
what fuels their spread. 

This is actually 
an artificial 
patch of horse 
mussels that 
was planted 
as part of an 
experiment 
to determine 
how water flow 
near the bed 
is affected by 
the presence 
of the shells. 
The instrument 
in the picture 
is an acoustic 
current meter 
that measures 
currents and 
turbulence. 

Photo: Malcolm Green.

Photo: Rod Budd.
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Burrowing by heart urchins: an important function 
in soft-sediment ecosystems describes an equally 
important but much more secretive and cryptic 
species common in soft sediments. Echinocardium 
australe, the heart urchin, is a seldom seen animal 
that “bioturbates” – or mixes – sediments through 
its burrowing activities. In so doing, it alters the 
chemistry of the sediments and associated “pore 
waters” (water that fills the gaps, or pores, between 
sediment particles), which has a profound effect on 
nutrient cycling and the estuarine food web. 

It works like this. Sediments are generally rich in 
particulate organic matter – the remains of plants and 
animals – that continuously rains down as detritus 
from above, and which feeds life both directly 
and indirectly. Directly, animals ingest the detritus. 
Indirectly, bacteria break down the detritus, which 
then releases locked-up nutrients, which then fertilise 
the growth of microscopic plants called algae. These 
algae are, in turn, at the base of the entire marine 
food web. The cycle is closed when plants and 
animals die, the remains rain down on the sediments 
as detritus, and so on. There is a catch here, and 
it is this: bacteria need oxygen, and oxygen does 
not readily diffuse very far into sediments without 
assistance. That assistance is, in fact, supplied by 
bioturbators such as the heart urchin, who literally 
pump oxygen deep into the sediments. In this way, 
the heart urchin, and other bioturbators like it, is an 
essential cog in the estuary nutrient-cycling machine. 
Marine soft sediments: more diversity than meets 
the eye provides more details.

Microbial life in the water column
Floating in the water column are countless “micro-

organisms” (less than 0.2 mm across) that have 
developed a bewildering variety of ways to feed, 
get about and reproduce (see Estuarine microbial 
food webs). This includes phytoplankton (single-
celled organisms that, like plants, obtain their energy 

from the sun by photosynthesis), 
zooplankton (predatory animal-like 
organisms that graze on phytoplankton 
and other micro-organisms), and 
bacteria. This is a complex world 
and, tiny though these organisms are, 
they can affect water quality and, 
indeed, human health. For instance, 
phytoplankton can form blooms 
that kill fish, contaminate shellfish, 
produce surface scums, and deplete 

the water of oxygen when they die en masse and 
rot. Phytoplankton are thought to be kept in check 
naturally through grazing by shellfish, zooplankton 
and microzooplankton. However, excessive nutrients 
in the water (from agricultural runoff, for example) 
in combination with the right amount of light can 
stimulate blooms.

Sediment bioturbation is one of those things that 
is both mundane – it’s just a bunch of bugs digging 
around in the mud, after all – and profound. If you are 
not convinced, read More than just a crab hole, which 
describes how Helice crassa (the tunnelling mud crab; 
below) goes about “engineering the ecosystem” by 
digging holes in the mud.

The burrowing shrimp Callianassa filholi is another 
bioturbating ecosystem engineer. The picture below 
shows mounds of sediment exhumed from below and 
piled on the surface by this creature.

Bioturbators clean up some of the messes that we 
make. For instance, heavy metals that are washed off 
roads and buildings when it rains attach to sediment 
particles in stormwater and ultimately deposit in 
estuaries. They do so at very high concentrations 
(mass of metal per mass of sediment that the metal is 
attached to) which would be toxic to most marine life. 
However, bioturbators mix those highly contaminated 
layers down into pre-existing sediments, thus diluting 
the metal concentrations and, in so doing, keeping the 
bed sediments habitable for marine life.

Algae in the water column are called phytoplankton, 
and algae in the sediment are called phytobenthos  
(or, sometimes, microphytobenthos). Algal scum washed up on a beach.  

Photo: Malcolm Green.

Photo: Kay Vopel.

Photo: Pip Nicholls.
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Birds
Birds are an obvious inhabitant of our estuaries. 

Less obvious, and pretty remarkable when you 
think about, is where a lot of them come from. Are 
our estuaries wader-friendly? tells the story: New 
Zealand’s estuaries are important destinations for 

many waders that migrate each year from the other 
side of the world. For instance, about 30% of the 
summer population of bar-tailed godwit are thought to 
have flown in from the East Asia–Alaska–Australasia 
migratory route. In addition to the itinerants, there 
are many local bird species.

Let’s start with a few words about solutions. 
Estuaries are at the bottom of the freshwater 
drainage network and, effectively, are a part of it. 
This means that every time we act to protect and 
enhance streams and rivers we are also benefiting 
the estuary at the downstream end. There are lots 
of such actions available to us. For instance, we can 
keep stock out of streams, protect riparian margins, 
plant steep slopes with trees to control landslips, 
apply fertiliser at recommended rates (this is not 
just farmers: city gardeners, take note), and restrain 
ourselves from tipping paint into stormwater drains. 
Some of these things are clearly within the ability of 
the individual to achieve, whereas others require a 
“higher level” of action. This is where various local, 
regional and national authorities and agencies 
come in, usually acting under the umbrella of the 
Resource Management Act.

When it comes to curing estuary ailments, there 
is not a lot you can actually do inside the estuary. 
Why is this? To continue the metaphor, it is because 

What Ails Our Estuaries – Problems and Solutions

Whaingaroa (Raglan) estuary. Photo: Alastair Senior.

estuary illnesses are caused by what happens on the 
land, so this is where the cure must be applied. In a 
very real way, if you look after the land, the estuary 
will look after itself.

The Resource Management Act 1991 (RMA) dictates how 
we are to manage our physical environment, including 
the coast and estuaries. A number of key concepts 
underpin the Act:

Sustainability: focuses on ecological considerations 
and, in broad terms, is intended to ensure future 
generations access to the natural resources and 
services that we benefit from today.

Effects-based management: effects of activities, 
rather than the activities themselves, are to be 
managed. This opens the way, in principle, for 
developing innovative solutions to problems.

Integrated management: can mean many things. 
From a physical point of view, it means management 
should be “catchment-based”. For example, decisions 
regarding landuse must take account of the 
downstream effects of that landuse, all the way down 
to the sea. From an institutional point of view, it 
means that the various agencies involved in resource 
management must not contradict each other.

•

•

•

The Ministry for the Environment is responsible for 
administering the RMA and ensuring that it is being 
implemented effectively. Implementation is achieved 
at a number of levels and in a number of ways. 
Regional councils have responsibility for environmental 
management of the coastal marine area (CMA), which is 
the foreshore and seabed below the level of Mean High 
Water Springs (MHWS). This includes estuaries. City or 
district councils have responsibilities for activities above 
MHWS (i.e., land outside the CMA). 

You might now be thinking of a clear delineation of 
responsibilities around MHWS, but that is not so. Here is 
where the Act starts to show its true nature. For instance, 
regional councils can require territorial local authorities 
to act on the land to protect the waterways that are in 
the regional councils’ jurisdiction, if those land-based 
activities are having effects on waterways.

The Environmental Defence Society website has a guide 
to the RMA for informing and assisting individuals and 
community groups.

The Ministry for the Environment’s website has more 
information on the RMA, including the full text of the Act.
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Decline of seagrasses
Seagrasses have diminished worldwide – and this 

includes within New Zealand – which is of some 
concern because it has been found that it is very 
difficult to restore seagrass beds once they have 
become degraded. Common causes of degradation, 

which are discussed in some detail in The role of 
sediment in keeping seagrass beds healthy, include 
unnaturally turbid water, high sedimentation rates, 
and gradual replacement of sandy habitats with 
muddy sediments. All of these are symptoms of 
disturbed catchments.

Mangrove spread
It was mentioned previously that New Zealand’s 

mangroves are unusual in a couple of respects. This 
turns out to be true when it comes to issues concerning 
mangroves as well: New Zealand is one of the few 
(perhaps only) places in the world where people are 
concerned about the spread of mangroves. Spreading 
mangroves: a New Zealand phenomenon or a global 
trend? explains that in most parts of the world, 
areas of mangroves are diminishing and mangrove 
ecosystems are under threat. Furthermore, people 
are concerned about that and are trying to prevent 
the rot. In contrast, New Zealand’s mangroves are 
expanding, with consequent unwelcome effects 
including reduced boat access, spread of smelly 
mud, loss of water views, poorer fishing and shellfish 
gathering, and decreased property values. Many 
New Zealanders are concerned about these issues, 
and are taking steps to actively control mangrove 
spread. The difference in the perception of the value 
of mangroves must stem, at least in part, from the 
different ways mangroves are used. For instance, 
mangroves are widely used overseas for timber, 
food, shelter and protection, which is not so much 
the case here. There is also a perception that New 
Zealand’s mangroves do not play a significant role in 
the larger estuarine ecosystem.

Mangrove spreading in New Zealand in recent 
times is widely attributed to accelerated silt runoff 
from developing and deforested catchments 
(see Fringing habitats in estuaries: the sediment–
mangrove connection), which reduces water depth 
and expands the areas that are suitable for mangroves 
to colonise. Recent experimental work has indicated 
that you can stimulate mangrove growth by fertilising 
them with nitrogen (see Nutrient enrichment in 
mangrove ecosystems: a growing concern). This 
discovery implies that elevated nitrogen levels in the 
water – from agricultural runoff, for example – may 
be fertilising mangroves and thereby assisting them 
to spread. This occurs through faster growth, and 
increased production of reproductive propagules. 

A discussion intended to inform the mangrove-
control debate is provided in For and against man-
grove control, which includes an assessment of 

various management options. It’s not a straightforward 
issue: although mangroves are a natural part of 
the ecosystem, and it is in their nature to spread, 
there may be valid reasons for controlling them. For 
example, retaining and restoring the sandy habitats 
that are being consumed by mangroves might lead 
to an overall increase in estuary biodiversity, and 
human amenity undoubtedly would be improved in 
many cases. On the other hand, mangrove control 
would prevent the estuary from “ageing naturally”, 
although just what this means in estuaries that 
already have unnaturally high sediment inputs is 
open to debate. 

It is interesting to wonder why it is that mangroves 
are expanding here but retreating overseas. In both 
cases, change in landuse is the root cause, but with 
different results. Here, catchment development has 
resulted in increased soil erosion and consequent 
larger sediment inputs to estuaries, which stimulates 
mangrove spread. In contrast, in Micronesia, India, 
Pakistan and Brazil, for example, damming of rivers 
has resulted in reduced sediment load to the coast, 
which starves mangroves of sediment. In India, 
extreme siltation has changed the paths of freshwater 
inflows so that mangroves no longer receive sufficient 
tidal flushing, which causes them to decline.

Photo: Anne-Maree Schwarz.
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It is time to mention monitoring. Monitoring is often 
an expensive exercise, but it does not have to be. For 
instance, a regional council may need to collect data 
that stand up under scientific attack in Environment 
Court, which may well be expensive, but a community 
group’s aim may be different. For instance, monitoring 
data can be used to persuade authorities to take action 
locally. Or, it might be used to show the effectiveness 
of local action at restoring and enhancing the 
environment, which is good ammunition for seeking 
further support to broaden those actions. Simple and 
cheap monitoring methods may suffice in these cases. 
Useful guides for monitoring by community groups of 
sedimentation and mangrove spread are available in 
Estuary monitoring by communities.Photo: Malcolm Green.

Here is where we see what “effects-based 
management” under the Resource Management 
Act really means: if some proposed landuse change 
is going to result in levels of SPM in an estuary 
exceeding the level that is known to be harmful to 
shellfish, then the proposed landuse may be denied 
consent because it will have an adverse effect (on 
the shellfish). The proposer is free to take steps to 
reduce the adverse effects, by installing settling 
ponds to trap silt runoff while a road is being built, 
for instance. Remember, the RMA intends us to 
manage on the basis of effects, not the activities per 
se that cause those effects.

So, how can we know if a proposed landuse is 
going to change SPM levels in an estuary? This is 
what models are for.

Increased turbidity also reduces light levels, which 
can reduce primary production, including the growth 
of phytoplankton (which fuels the estuarine food 
web) and  “macrophytes” such as seagrasses. In 
addition, lower water clarity can reduce the ability of 
visual predators (such as snapper) to hunt.

Turbid water
As far as shellfish go, turbidity – or, more precisely, 

suspended particulate matter (SPM) in the water 
column – is both necessary and fatal, depending on 
how much of it there is. The article Effect of increased 
suspended sediment on suspension-feeding shellfish 
explains why.

Most shellfish are suspension feeders, meaning 
that they suck in water and filter out particles 
that, until sucked in, were suspended in the water 
column. Some of these particles are organic in origin 
and so have value as food. These are ingested. Other 
particles are mineral in origin (silt or “dirt”), have 
no food value, and so are excreted. We can deduce 
two things from this. Firstly, a certain amount of SPM 
is required for shellfish to survive, for if the water 
column is perfectly clear, then there will be no food 
and the shellfish will starve. Secondly, some portion 
of the SPM must have food value or, again, the 
shellfish will starve. 

Here, then, is where increased turbidity levels 
(more precisely, increased concentrations of SPM 
in the water column), which are characteristic of 
estuaries within disturbed catchments, can have an 
effect: the increased supply of fine mineral silt that is 
eroded from the catchment reduces the ratio of edible 
to inedible particles suspended in the water column, 
and the shellfish have to work harder at filtering to 
feed themselves. The more energy they spend on 
feeding, the less they have available to grow and 
reproduce, which can lead to loss of condition and, 
ultimately, death. Modelling the effects of muddy 
waters on shellfish shows how this works: there are 
different optimum levels of SPM for different species 
of shellfish.
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Sediment slugs
When it rains, soil is eroded from the catchment, 

washes into streams and rivers, and makes its way 
down to the coast, where it is dispersed and ultimately 
deposited. If the conditions are right, then some part 
of that load of eroded sediment may deposit in a 
noticeably thick “slug” in some parts of the estuary. 
If the slug is thick enough and covers a wide-enough 
area, then estuarine plants and animals unlucky 
enough to be under the slug can be smothered and 
killed. This process is natural enough, but, like many 
natural processes, can be magnified in estuaries that 
sit within disturbed catchments. 

In time, the slug may be washed away by waves 
and currents or mixed down into pre-existing 
sediments by bioturbating creatures like crabs. 
Rehabilitation will depend on these factors and the 
availability of colonising animals (see, for instance, 
Winds, waves, and recovery from sedimentation in 
estuaries). If this kind of thing happens too often, or 
slugs cover a wide enough area, then there may be 
a long-term shift in the estuary sediments and its 
ecology.

Sediment dumps in estuaries: filling in gaps with 
a risk map is a step-by-step guide to identifying 
estuaries and parts of estuaries that are prone to this 
kind of impact, by looking for key dump signs, threat 
indicators and ecological changes.

Assessing human impacts on estuaries: it’s a risky 
business describes a model that has been used by 
regional authorities to estimate risk of sediment 
slugs occurring during the earthworking phase of 
greenfields development. This phase of development 
is particularly targeted for two reasons. Firstly, it is 
when soils, which lie naked before the elements, are 
most liable to erode. Secondly, it is relatively easy to 
take steps to reduce the vulnerability of the soils. For 
instance, silt fences can be installed, unstable slopes 
can be ruled out of bounds for development, and 
slopes can be grassed and left alone during the wet 
season. So, here we have a potential problem, and 
potential solutions to that problem. How, then, is a 
risk assessment used in this kind of situation? 

In the case of the greenfields development 
example, the developer needs to approach the 
authorities in advance (in order to gain consent) 
with a plan for how the greenfields are to be 
developed. The plan will include not only the final 
look of the development (lot size, housing density, 
road network, stormwater services and so on) but 
also how the development is actually going to be 
executed. This will include plans for things like 
staging the development, building access roads, and 

Quite a few factors must come together for 
a sediment slug to be deposited, but it is not 
impossible. For example, discharge of freshwater 
containing a large sediment load generally needs to 
occur on an incoming tide, so that sediment is not 
immediately flushed out to sea. The slug usually can 
only occur in a sheltered part of the estuary, where 
waves are not able to wash it away. Finally, the 
water depth will be fairly shallow so that suspended 
sediment does not have too far to settle down to 
the bed.

NIWA scientists have conducted a series of 
experiments that involved depositing artificial slugs 
of sediment to determine the effect of the slug on 
the underlying flora and fauna and how recovery 
occurs.

Photo: Simon Thrush.

Photo: Don Morrisey.
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controlling erosion during earthworking. As part 
of the consenting process, the model is applied to 
estimate risk of sediment slugs occurring during the 
proposed development. If the risk is considered to 
be too high, the developer can be required to alter 
the plans. The process of putting forward a proposal 
and assessing its ecological consequences may be 

In disturbed 
catchments, the 
balance between 
fine sediments 
(eroded from the 
land) and marine 
sands (swept 
in through the 
mouth of the 
estuary by waves 
and tides) is 
tipped in favour 
of the former, with 
the result that 
bed sediments 
of the estuary 
get muddier. The 
ecology changes 
as a result. For 
instance, mud-

sensitive species such as shellfish and the polychaete 
Aonides will decline in abundance. 

iterated until a plan with acceptable ecological risk 
can be found.

Because rehabilitation of impacted habitats 
and the communities they support is difficult, 
prevention of damage in the first place remains the 
best option. You might as well carve that statement 
in stone: it’s always true.

Change in substrate
How will habitat change affect intertidal areas in 

estuaries? describes how most species have habitat 
preferences when it comes to how muddy the bed 
sediments are. For example, the mud crab is more 
likely to occur in areas with a high mud content; 
cockles prefer little mud; and the polychaete worm 
Boccardia syrtis likes the middle ground (but other 
polychaetes get on fine in muddier sediments).

This kind of information rings alarm bells, for it 
tells us how the ecology – particularly abundance 
and distribution of sediment-dwelling animals such 
as shellfish, polychaete worms, crabs, snails and 
anemones – are going to change in response to a long-
term change in sediment type that is characteristic of 
estuaries in disturbed catchments. It is worth noting 
that when we seek to limit immediate impacts, such 
as those associated with sediment slugs that get 
deposited in the aftermath of rainstorms, then we are 
also reducing the rate, over the long term, at which 
bed sediments become muddier.

Urban contaminants
When it rains, zinc is leached from galvanised 

iron roofs (by design), gets washed into stormwater 
drains, and for the most part attaches itself to fine 
sediment particles that are also travelling in the runoff. 
The sediment with its attached zinc load makes its 
way down to the coast where it is dispersed and, 
ultimately, deposited. If the zinc in the deposited 
sediments reaches a certain high concentration, then 
it can be toxic to the biota (see SWAT’s up Doc?).

Zinc, of course, is just one type of urban con-
taminant, with others being copper (from abrasion 
of car brake pads), lead (from lead-based petrol) 
and polyaromatic hydrocarbons (from the inevitably 
incomplete combustion of hydrocarbons). These are 
“big problems” and, as such, require “big solutions”, 
such as the banning of the sale of leaded petrol in 
���6, after a long process that began in the mid-
���0s. This, by the way, has already resulted in wide-
spread reduction in lead concentrations in estuarine 
sediments.

If you are really paying attention here, you will 
notice that most problems in the estuary start 
“when it rains”. Why? Remember, estuaries are at 
the bottom of the freshwater drainage network, 
which means that “what ails our estuaries” often 
comes from the land, carried down streams and 
rivers by rainwater..

Photo: Malcolm Green.

Photo: Alan Blacklock.



New Zealand’s Estuaries    �3

A page on the Ministry for the Environment’s website notes, ironically, that “Lead was first added to petrol in the 
1920s as a cheap and convenient method of boosting octane (which enhances fuel combustion) and reducing 
engine ‘knock’ (caused by faulty combustion). The General Motors research engineer who made the discovery, 
Thomas Midgley, went on from this triumph to develop a non-toxic, non-flammable alternative to ammonia as a 
refrigerant – chlorofluorocarbon or CFC. Today, both of these substances are recognised as major pollutants.” 

Invasive species
Some nuisance and pest species invaded; others 

were invited. An example of an invited species is 
cordgrass (genus Spartina), which was planted in 
estuaries in many parts of New Zealand in the early 
20th century to prevent shoreline erosion and as part 
of reclamation schemes to extend pastures. It has 
since established quite successfully, forming islands 
that stand above the intertidal flats in some areas, 
and dense barriers along the shoreline in other areas. 
The Department of Conservation and some regional 
councils have programmes to eradicate Spartina 
by spraying with Gallant, which is a herbicide that 
acts on grasses, but not on native species such as 
mangroves.

With the rise of international trade and travel, 
and widespread decline in the resilience of native 
ecosystems, other species have truly invaded. 

New alien mudworm now becoming a pest in 
longline mussels describes a shell-boring polychaete 
worm, Polydora haswelli, that damages the shell of 
the green-lipped mussel, making it less attractive 
– and in some cases repellent – to consumers. 
It came to scientists’ attention in mid-2003 after 
worm-inhabited blisters were found inside the shells 
of farmed green-lipped mussels, although it has 
probably been in the country at least since the mid-
���0s. It is not clear how it got here, although the 
best bet is via ship ballast water, which is discharged 
offshore before entering port to load. Native shell-
borer worms do exist, but are not capable of 
damaging the hard, shiny green-lipped shell.

The Asian kelp Undaria pinnatifida invaded in 
the late ���0s, arriving in ballast water in ships from 
Asia. Given its success so far – it is found widely 

throughout southeastern New Zealand – and the 
fact that its impacts vary from location to location, 
management is focused on slowing its spread around 
the mainland and, particularly, reducing its ability 
to penetrate remote regions and areas of special 
significance such as Fiordland and Abel Tasman 
National Park. This is being achieved by educating 
people on how to avoid spreading the kelp when 
moving boats and marine-farming equipment, 
investigating ways of treating boats and equipment, 
and operating early-detection and surveillance 
systems.

Some invaders may be riding on the back of 
climate change. For example, the southern saltmarsh 
mosquito (Ochlerotatus camptorhynchus), which 
is a tropical beast known to carry a number of 
viruses including that responsible for Ross River 
fever, has been found around the Kaipara Harbour. 

The Department of Conservation believes the 
mosquito arrived on vessels from Australia, and 
was able to withstand border fumigation control 
that is targeted at freshwater container-breeding 
mosquitoes, not saltmarsh species.

Spartina eradication by spraying with herbicide. 
Photo: Andrew Swales.

A new goby species, Acentrogobious pflaumii, was recently 
discovered in Whangapoua Harbour, Coromandel. The most 
striking feature of the new species is the many iridescent blue 
spots along its sides, which the native goby does not have. 
Photo and text: Rudi Kuiter.
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Vigilance is the key to protecting New Zealand’s 
biosecurity. The Department of Conservation website 
gives an account of who is involved in guarding our 
borders, the law pertaining to this, international 
treaties and obligations, how the defences work, and 
the role and duties of the individual in keeping our 

Agriculture is a “diffuse source” of faecal 
contamination; other diffuse sources include wild 
animals (for instance, possums and deer) and 
birds. “Point-source” faecal contamination comes 
from piped discharges of treated and untreated 
effluent, including domestic sewerage, and 
abattoir and farm waste.

A pathogen is a disease-causing micro-
organism. Pathogens include bacteria (e.g., 
Camplylobacteria, Leptospira, Salmonella, Yersinia 
enterocolitica), viruses (hepatitis A and E) and 
parasites (Giardia, Cryptosporidium).

Photo: Alan Blacklock.

borders secure. (Go to the DOC website and follow 
the trail to “Guarding the Borders”.) Information on 
some of the technical aspects of surveillance and 
reporting can be found at NIWA’s National Centre 
for Aquatic Biodiversity and Biosecurity. 

Faecal contamination
As noted in Flood flushing of bugs in agricultural 

streams, pastoral agricultural streams in New Zealand 
are chronically contaminated by livestock faeces. 
These may be washed by rainfall from pastures 
into streams, or deposited directly into streams by 
animals, where they come to be bound up with 
the streambed sediments. However, those same 
streambeds are disturbed by floods or livestock 
trampling, which mobilises the sediments and their 
attached faecal contaminants, sending them on their 
way down to the coast. Here, they can be a danger, 
since faeces of all warm-blooded animals – which 
includes us – can contain disease-causing micro-
organisms (or “pathogens”).

It is difficult and expensive to screen water samples 
for the presence of pathogens, and so screening for 
more-easily detectable “indicator species” is done 
instead. For instance, Environment Waikato routinely 
monitors a number of coastal swimming beaches for 
enterococci (a bacterium that lives in animal guts) 
for an indication of whether water quality is suitable 
for swimming. Suspension-feeding organisms such 
as shellfish (the ones that feed by filtering suspended 
particles from the water column) are a problem 
here, since filter-feeding causes micro-organisms 
to accumulate in the flesh of the animal. Although 
not necessarily harmful to the shellfish, these can be 
very harmful to a human consumer of the shellfish. 
Different indicators may be used, and different 
standards applied, for assessing contamination of 
shellfish beds.

As far as agricultural diffuse-source contamination 
goes, the best mitigation strategy is fencing to exclude 
livestock from streams, which precludes direct 
deposition of faeces into waterways and trampling. 
Planting riparian buffer strips is also a good option, 
since these can trap sediments and faecal microbes 
in overland flow that would otherwise make their 
way into waterways.
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What Now?
Estuaries are more than just the mudflats that we 

cross on the way to the beach. Of course they have 
intrinsic value – what natural environment doesn’t? 
– but they also provide us humans with a range of 
ecological services that help to sustain the quality 
of our environment, and with amenities that we all 
enjoy, and sometimes profit from. Estuaries are also 
threatened – and worse – by the things we do. But 
here’s the good part: we can manage the threat, and 
in some cases eliminate it. The first step is awareness, 
which is what this publication is all about. 

Waikaraka Estuary Managers: The Story of a Successful Landcare Group (available from the New Zealand Landcare 
Trust website) may inspire anybody wondering how they might go about organising their neighbours to clean up 
the estuary down the road. 

Action – also described in this publication – 
needs to follow awareness, and this can occur on 
many levels: there is the individual, who can take 
biosecurity seriously when travelling overseas; the 
community group, who can plant stream banks and 
the estuary foreshore to intercept sediment runoff; 
the farmer, who can apply fertiliser at recommended 
rates; the regional authority, who can use predictive 
models to plan catchment development rationally; 
and central government, who can frame laws 
and provide resources to give teeth to resource 
management. We all can, and need to, play a part.

Photo: Nicki Green.



New Zealand’s Estuaries    �6

 Models

What is a model?
A model is a representation of a “real thing”. 

Usually, the model is simpler in some or many 
ways than the real thing; the model simulates the 
behaviour of the real thing; and the model can be 
used to predict the future behaviour of the real 
thing. Scientists usually mean a mathematical model 
when they talk of models – which means that the 
representation is made out of mathematical equations 
– but there are many other kinds of models. 

For instance, there are tide models that are 
mathematical, but there are also tide models that 
are, literally, machines built of gears, cams, shafts, 
pulleys, and so on. You can see one of these marvels 
at the website of the Proudman Oceanographic 
Laboratory. Both types of model do the same thing: 
they simulate tides. They don’t do this by causing 
water to actually rise and fall, however. Instead, they 

might, say, print a graph showing tidal variations in 
water level. 

Much research today is aimed at continually 
expanding and improving models. To do this, we need 
to understand how things work, so that mathematical 
equations can be written, which are subsequently 
installed in the models. This is achieved by making 
field measurements with a range of sophisticated 
instruments (see photos, and SCAMP: measuring 
turbulence in estuaries, lakes and coastal waters). 
A particular area which we do not understand all 
that well is how sediments eroded from the land 
are delivered to estuaries during floods, and what 
happens to that sediment once it reaches the estuary. 
This is now receiving special attention (see What 
happens in estuaries during floods?).

Models can be used to predict. For example: 
a model of tides in an estuary can predict current 
patterns throughout an estuary and how these 
change as the tide rises and falls. A sediment-
transport model can be linked to the tide model to 
show how sediments are eroded from the bed by 
the tidal flows, how they are dispersed around the 
estuary by the tidal currents, and where in the estuary 
those sediments ultimately settle. The same estuary 
sediment-transport model can be linked to a model 
of sediment erosion in the catchment to show how 
suspended-sediment levels in the estuary change as 
a result of erosion in the catchment, and how that 
same erosion increases the rate of sedimentation in 
the estuary.

Wave gauge. Photo: Malcolm Green.

Instrument for measuring boundary-layer flows and 
sediment dynamics. It is submerged at high tide. 
Photo: Malcolm Green.

Model predictions of sediment deposition thickness in Whitford 
embayment, Auckland. 
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Big solutions to big problems:  
planning catchment development to minimise 
contamination of urban estuaries

The USC-2 (Urban Stormwater Contaminant) 
model has been developed to make predictions 
of contaminant accumulation in estuaries over the 
next 50–�00 years. Given a description of how 
the catchment is expected to develop, the model 
can predict where in the estuary and at what rate 
contaminants will accumulate.

The model has been applied recently as part of 
planning development of the catchment surrounding 
Auckland’s Upper Waitemata Harbour (UWH). 
Build-up of zinc, copper and polycyclic aromatic 
hydrocarbons (PAHs) in the bed sediments of �� 
“subestuaries” of the harbour under a number of 
scenarios has been predicted. The “Existing” scenario 
provides baseline information against which future 
trends can be compared. The “Development #�” 
scenario is one possible way that is being considered 
for catchment development over the next 50 years, 
which includes a certain level of stormwater 
treatment.

The figure below shows an example of predicted 
PAH concentrations in the surface sediments of the 
middle main body of the harbour. PAHs are predicted 
to exceed the Environmental Response Criteria 
(ERC) “red traffic light” sediment-quality guideline 
within the next 30 years under Development 
#�, which indicates probable biological impacts. 
That curve is bracketed by two other curves, one 
showing PAH build-up under the Development #� 
pattern and intensity of urban development but with 

maximum-attainable stormwater treatment (which 
may come at considerable cost), and the other with 
zero stormwater treatment (which demonstrates the 
environmental gains made by the level of stormwater 
treatment already within the Development #� 
scenario). A considerable gain in “time to traffic-light 
exceedance” (about �5 years) is won by improved 
stormwater treatment, which might justify the extra 
expense, given that new technologies for mitigating 
or avoiding contamination could emerge in that 
time.

It is worth noting that this is not true of every 
subestuary in the UWH. In some parts, the shift to 
maximum stormwater treatment on the land gains 
virtually nothing in the estuary, and in yet other parts 
a very small improvement in treatment is predicted to 
avoid guideline exceedance entirely. The difference 
lies in the complex connections between the 
various sensitive parts of the estuary and the various 
contaminant hotspots in the catchment, which is 
precisely what the model is intended to capture.

The model is run in a kind of iteration, with 
discussion of results after each loop, until an 
acceptable – and no doubt compromise – 
development strategy can be found. As part of this 
iteration in the Upper Waitemata study, it has been 
found that stormwater treatment alone may not 
deliver acceptable environmental outcomes in some 
critical parts of the harbour. This has turned attention 
to benefits that could be derived by new methods 
of source control, such as regulating galvanised 
building materials. The USC-2 model is providing 
the information needed to develop regional planning 

policies aimed at protecting 
estuarine receiving waters 
in developing catchments.

Return to text
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How estuaries grow old
Terry Hume

Andrew Swales

Have you ever
wondered how
estuaries have
formed and if
they will
eventually fill up
with sediment
and die?

Estuaries in New Zealand have not always
looked like they do today. These semi-enclosed
coastal water bodies, where land drainage
mixes with the sea, began life about 6500 years
ago, when climatic warming caused sea level
to rise some 150 m to its present level. The sea
level rise drowned an ancient and varied
landscape. So, in the Auckland region, the
seabed of present-day Hauraki Gulf was once
a broad alluvial plain with meandering river
channels incised into it and the coast was out
beyond Great Barrier Island. In south-west
New Zealand, the landscape was dominated
by deep U-shaped valleys cut by glaciers. The
“proto-estuaries” that formed as sea-level rose
were very different from those we see today
because since that time they have filled with
sediment and grown old.

The aging process
The geomorphology of today’s estuaries
depends on the shape of the landscape that

was flooded by the sea, and on how
estuaries have been subsequently

modified by sediment infilling. First,
the shape and size of the flooded
basin determine how much
sediment can accumulate. Second,

the pattern of infilling is controlled
by the interaction of stream/river

processes, tidal exchange and waves. An
important point is that estuaries infill
with sediment derived from both the
land and the sea.

The variety of landscapes that were flooded
by the sea and the many paths the aging process
can take are the primary reasons we have so
many different types of estuaries in New
Zealand, as the following examples show.

• There will have been rapid aging where the
sea drowned deeply incised landscapes and
there has been abundant soil runoff from
the land. Examples are drowned valleys
such as the Mahurangi, Waitemata and
Otago harbours. Here, thick sequences of
sediments have accumulated rapidly in
deep basins to develop into low-gradient
intertidal flats. Tidal creeks in the upper
reaches of such estuaries have infilled with
many metres of mud.

• In contrast, the drowned valleys of the
Marlborough Sounds have aged more
slowly despite runoff from large
catchments. Infilling has been most visible
in the headwaters, where marshes have
developed. But the steep-sided, deep
Sounds provide copious storage space for
sediment. Furthermore, estuarine flow and
stratification of the water (layering
according to temperature and salinity) help
to ensure that sediment-laden river water
is transported as a surface layer and
dispersed well down the estuary.

• Where drowned valley estuaries emerge
onto a sheltered coastline with little
sediment drift (for example, Auckland’s
Waitemata and Mahurangi harbours) there
is little infilling from the sea and sandy
shoals (tidal deltas) don’t form at the mouth.

• In contrast, on the exposed west coast,
ocean swells and sediment drift build
shoals of marine sands at the mouths of
large harbours such as the Hokianga.

• Tides and infilling from the sea play a major
role in the growth and aging of shallow
tidal lagoons such as Tauranga Harbour,
Whangarae Estuary and the Avon
Heathcote Estuary. In these systems, river
inputs are small relative to tidal flows.
Here, sand driven along the open coast by

Terry Hume and
Andrew Swales are
based at NIWA in
Hamilton.

Map showing
locations of

estuaries
mentioned in the

text.

Hellyers tidal creek in
the Upper Waitemata
Harbour

Mahurangi Harbour, a
drowned-valley estuary.
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waves is captured by the tidal flows at the
entrance to build sand bodies outside the
entrance and inside the bay. A quasi-
equilibrium develops between sand being
captured and stored in the shoals and sand
being released back to the open coast. The
middle parts of the lagoons contain a
mixture of marine and catchment-derived
material, the thickness of which depends on
the topography of the original landscape
that was drowned. Many of these
landscapes were originally shallow
embayments and today they have largely
infilled so that when the tide goes out
extensive areas of intertidal flats are
exposed. Interestingly, sedimentation can
slow down late in the infilling process
because there is no opportunity for
deposition when the tide is out, and when
wind-generated waves stir the seabed, sand
is remobilised and transported out to sea.

• River-mouth estuaries age differently. These
systems, such as the Mokau River (right),
are short and narrow and have little space
for sediment. So it is surprising that these
estuaries age slowly, in spite of having large
catchments. The reason is that floodwaters
and suspended sediment are quickly jetted
though the system to the sea, bypassing the
estuary. Little sediment enters river mouth
estuaries from the sea because the flows in
the estuary are directed seawards for most
of the time. Floodwaters also scour the bed,
prolonging the life of river mouth estuaries.

• Some estuaries don’t show their age. The
fiords of Fiordland, for instance, have
changed little since the “great flood”
because sediment build-up is insignificant
in these very deep (200–300 m) and steep-
sided water bodies. Furthermore, there is
relatively little sediment runoff from the
heavily forest-clad catchments, despite the
very large rainfall and runoff.

Factors that accelerate aging
The aging process can be dramatically
accelerated by biological and anthropogenic
factors. The colonisation of intertidal areas by
fringing vegetation, such as mangroves or salt-
marsh rush (Juncus, for example), speeds up
infilling. Fringing vegetation reduces local
currents, which encourages sedimentation.
Therefore, fine sediment becomes trapped on
the intertidal areas. Fortunately, the infilling
slows down in the final stages of this process,
prolonging estuary longevity.

Human activities,  in
particular catchment de-
forestation and rapid
urbanisation in the last 150
years, have had pronounced
effect on the aging of some
estuaries. Some effects are
obvious, such as reclam-
ation of estuary margins for
farmland or ports,  or
construction of causeways
for roading and rail. Some
anthropogenic effects are
more subtle,  such as
increases in catchment
sediment runoff associated
with land-use change.

We know that increased
runoff from catchment
clearance associated with
logging, agriculture and
urban development has
greatly increased sedimen-
tation rates and infilling in
estuaries, especially during
floods (see pages 11–13 in
this issue for more details). However, wise
land-use practices such as avoiding large-
scale land clearance and maintaining riparian
vegetation may help minimise these effects.

What does the future hold?
For some very deep estuaries such as fiords
there will be little observable change in the
next few centuries or millennia. Other small,
shallow systems, such as Hot Water Beach and
Waikawau (eastern Coromandel Peninsula)
will infill with sediment and die. In these
situations the upper reaches of the former
estuary are now farmland and the lower
reaches are so choked with marine sands
that the sea only enters at high tide. We
expect estuary infilling to be partly offset
by sea-level rise associated with climatic
warming, which will deepen estuaries by
about 2 mm/yr, and by the sea flooding low-
lying margins which will evolve to marsh
and then tidal flats. However, in many
places this will not be allowed to happen as
the shores of farmland are stopbanked to
prevent flooding and property loss. Thus,
anthropogenic processes and climate change
make the  future  for  estuaries  rather
uncertain and human activities mean that
some estuaries will not be able to grow old
gracefully. �

Whangarae estuary,
a small tidal lagoon
near Nelson.

You can watch the daily changes at the Mokau
River mouth on NIWA’s Cam-Era system
(www.niwa.co.nz/services/cam-era/sites/mokaua/)

Further reading
Bell, R.G.; Hume,
T.M.; Hicks, D.M.
(2001). Planning for
climate change
effects on coastal
margins. A report
prepared for the
Ministry for the
Environment as
part of the NZ
Climate Change
Programme. MfE,
Wellington. 73 p.

Teachers: this
article can be used
for Biology L7 A.O.
7.3(a) and NCEA
AS 2.5, 2.9, 3.2,
3.4. See other
curriculum
connections at
www.niwa.co.nz/
pubs/wa/resources
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What happens in
estuaries during
floods ?
Andrew Swales

John Oldman

John Radford

Iain MacDonald

An experiment in
Auckland’s
Mangemangeroa
estuary is helping
us understand
what happens to
sediment eroded
from the land, how
much accumulates
and how much
escapes during
floods.

Most sediment is washed into estuaries during
floods. These events are difficult to record
because they often only last a few hours and
can happen any time. But we need a good
understanding of what happens during floods
if we are to accurately predict the fate of
catchment sediments in our estuaries.

Our aging estuaries
The estuaries that we see in New Zealand
today formed only 6500 years ago when rising
sea level drowned coastal valleys (see pages
14–15 in this issue). The life histories of some
of our estuaries have been pieced together
from dated sediment cores, from which we can
estimate how fast sediment has been
accumulating.

Before people arrived in New Zealand, our
estuaries filled gradually – less than 1 mm/
year – with sediment from both the land and
the sea. However, in the last 150 years,
widespread removal of native forest and, more
recently, urban development have greatly
increased the amount of sediment runoff from
the land. As a result, average sedimentation
rates in our estuaries today are typically 10

times or more higher
than before humans
arrived. For example,
research in some
North Island estuaries
has shown that
sedimentation rates in
their upper reaches
have averaged as
much as 20 mm/yr
over the last 50 years.
The effects of such
rapid sedimentation
on the longevity and
ecology of estuaries
can be far-reaching.

(See pages 14–15 and Water & Atmosphere 10(4):
22–26 for examples.) Today, many of our

estuaries have infilled to the extent that they
are largely intertidal and much of their beds
is exposed at low tide.

Floods and sedimentation
Information gleaned from sediment cores
gives us a good idea of the long-term history
of our estuaries but provides only part of the
story. Average sedimentation rates calculated
from sediment cores can give the impression
that sediment runoff to estuaries occurs at the
same rate all the time. In reality, most
sedimentation occurs in estuaries during
episodic floods that may last a few hours and
happen perhaps only several times each year.
For example, in the Mahurangi catchment
north of Auckland a single flood in May 1985
delivered 75% of the estimated 20-year annual
average sediment runoff to the estuary.

This means that if we want to predict the
effects of increased sediment runoff from the
land, we need to know what happens in
estuaries during floods. One way to
investigate this is to make measurements of
what actually goes on in estuaries during
floods – for example, water flows, sediment
dispersal and sedimentation processes in
various environments, such as tidal channels,
intertidal flats and fringing habitats. We can
then use this information to improve
predictive models of sediment dispersal and
sedimentation.

Modelling to make predictions
Mathematical models are used increasingly
to predict the likely consequences of human
activities, and several applications have been
described in previous issues of Water &
Atmosphere (such as 8(4): 13–16; 10(2): 18–19).
The value of numerical models as
environmental management tools lies in their
assimilation of knowledge, integration of the
effects of the interaction of many processes
in time and space and, as a result, an ability
to predict the consequences of future events
such as increased sediment runoff during
catchment development.

Estuary models are usually built in several
steps, and the overall accuracy of the model
predictions depends on the degree to which
we understand the physical and biological
processes which underpin them. Modelling

Andrew Swales, John Oldman, John Radford and
Iain MacDonald are based at NIWA in Hamilton.
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Mangemangeroa estuary
(Auckland) has infilled

rapidly with muddy
sediments during the last 150

years and its intertidal
mudflats have been

colonised by mangrove.
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Salt-wedge
stratification: sediment-
laden flood-water flows

seaward as a surface
layer while less turbid

near-bed saltwater
flows towards the head

of the estuary.

sediment dispersal and sedimentation in
estuaries during floods is a good example of
how our understanding of processes limits the
accuracy of models.

In the first step tidal flows are predicted using a
hydrodynamic model – for example, see Water
& Atmosphere 8(4): 13–16. The accuracy of these
predictions depends mainly on how accurately
we know the shape (bathymetry) of the estuary:
we can measure this relatively easily.

The second step involves modelling how
freshwater flood runoff mixes with the salty
estuary water. This step is important because
sediment dispersal is primarily determined by
this mixing process. Typically, in largely
intertidal estuaries, fresh water and salt water
are well mixed most of the time because of the
combination of shallow water and strong tidal
currents. However, during floods, if the river
flow is large in comparison to the tidal flow
and the water is deep enough, then we see two
changes. Silt-laden freshwater runoff flows
out into the estuary on the surface of the
saltier, denser estuary water and sediment

from the freshwater can settle out into the in-
coming “salt wedge” and be transported back
to the upper estuary where it is likely to be
deposited. This process is called salt-wedge
stratification (see illustration above).

Many estuaries – particularly those formed
from drowned river valleys – are fringed with
small, shallow tidal creeks (see pages 14–15
in this issue). Such creeks are largely intertidal
so their flows are likely to be well mixed, but
it is not clear whether salt-wedge stratification
occurs in these environments. This could be
important because the degree to which salt
wedges modify flows in tidal creeks might
have a large influence on flood sediment
dispersal and sedimentation.

Flood sediment dynamics: an
experiment
We are investigating what happens to flood
sediments in estuaries through an experiment
in Auckland’s Mangemangeroa estuary (see
photo on previous page), a good example of
a tidal-creek estuary which drains to a large,
shallow bay.

Measuring salt-wedge
stratification and flood

sediment dispersal and
sedimentation. An

acoustic Doppler
profiler measures

current profiles. Optical
backscatter sensors

(OBS) and conductivity/
temperature probes

measure suspended
sediment concentration
and salinity at different

levels in the water
column, while other

instruments measure
sediment processes on

the intertidal flats.
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Snapshots of the June
2002 “Weather Bomb”
storm in the tidal
channel during (1) the
flood peak and (2)
subsequent incoming
tide. Our sensors
recorded how the salt-
wedge evolved and
persisted for almost
two hours, during which
time some flood
sediment returned to
the estuary in the salt
wedge.
(In the left-hand plots,
x refers to the current
speed in the direction
of flow; y and z are flow
measurements at right-
angles to x, and
vertically, respectively.)

A “smart”  instrument system has been
designed to capture what happens during
short-lived floods by making frequent
measurements in both the catchment and the
estuary. We measure catchment sediment
runoff using electronic sensors, supplemented
by automated sampling of floodwater. In the
estuary channel, a sensor mast measures water
levels, current speeds, suspended sediment
concentrations (SSC) and water salinity at
several levels in the water column.  (see figure
left) .  Elsewhere in the estuary, other
instruments are making similar measurements
in mangroves and on the mudflats. By this
range of measurements we can build up a
detailed picture of how flow conditions
change during the flood and how sediments
are dispersed and deposited.

Capturing a flood
A severe storm in June 2002 – the “Weather
Bomb” – was captured by our instruments at
Mangemangeroa and the data demonstrate just
how complex flow conditions are during
floods. The plots above show suspended
sediment, salinity and current-speed profiles
measured at the flood peak (which occurred at
low tide) and at the subsequent high tide. At
the flood peak, silt-rich runoff was transported
rapidly down the estuary. As the next incoming
tide flowed into the estuary and the storm
abated, current speeds and suspended

sediment concentration in the channel rapidly
declined. Then, as high tide approached, a salt
wedge gradually evolved and persisted for two
hours. The near-surface freshwater layer
flowed down the estuary over an opposing salt
wedge travelling up the estuary, transporting
with it suspended sediments. We can recognise
the salt wedge easily from its tell-tale S-shaped
velocity profile, shown in the  lower left-hand
plot. The upper surface of the salt-wedge is
identified by a sharp salinity gradient or
halocline about one metre above the bed (lower
right-hand plot), which coincides with rapid
vertical changes in current velocities and
suspended sediment concentration.

New information on salt wedges
Our initial flood “snap-shots”  from the
Mangemangeroa estuary tell us that salt-
wedges do develop, even in shallow, largely
intertidal estuaries. Thus, we have answered
one of our questions about flood sediment
dynamics in our relatively infilled estuaries.
Our measurements also suggest that the
pattern of estuarine sediment dispersal and
sedimentation is likely to change as salt-
wedges evolve and decay during floods.
Furthermore, flood processes, such as the salt-
wedge, must be adequately understood and
incorporated into models if we are to make
useful predictions about the fate of catchment
sediments in our estuaries. �

Teachers: this
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The dance of the
turbid fringe
Malcolm Green

Waves at the
edge of an
estuary can
cause
surprisingly
large amounts of
sediment to
disperse over
quite long
distances: what
are the
implications for
the estuary
ecosystem?

Malcolm Green is
based at NIWA in
Hamilton.

When out in a boat in the middle of a large
estuary, we see wide expanses of deep water and
we feel strong tidal currents. When we walk
along the shoreline of the same estuary,
however, we wade through shallow water that
creeps sluggishly up and down the intertidal
flats. Is there a connection between the two?

Certainly, the waves that break upon the
estuarine shoreline are generated by wind
blowing over the open expanses of water in the
middle of the estuary, so that's one kind of
connection. This can be inferred from an
interesting phenomenon: when the tide drops
and sandbanks in the middle of the estuary
start to emerge from the water, waves along
the downwind shoreline get smaller. What is
happening is that the emerging sandbanks
break up the “fetch” of water over which the
wind blows to generate waves. In effect, the
wind has to start all over again building waves
every time it encounters an emerging sandbank
(see figure below, right, and Water & Atmosphere
10(2): 20–21).

Wave action and the turbid fringe
What happens when the waves arrive at the
estuary shoreline? Just like on an open coast, the
waves stand up as they enter shallow water and
then eventually break. Back-and-forth water
movement underneath waves (the wave orbital
motions) can stir up (suspend) bed sediments
into the water. In the estuary, this happens in
the so-called turbid fringe (see panel, opposite
page, top), named because estuary bed

sediments are usually muddy and the water
turns brown and turbid when they are stirred
up by waves.

The outer edge of the turbid fringe coincides
with the depth at which wave orbital motions
touch down on the bed. The inner edge of the
band coincides with the depth at which waves
have spent all their energy and decayed away
to virtually nothing. This might be right at the
shoreline, in which case “fringe” is accurate, or
it might be somewhat offshore, in which case it
is really a “turbid band”.

As the tide goes up and down in the estuary,
the turbid fringe moves across the intertidal
flats, expanding and contracting in a
complicated dance that is controlled by the
interaction between such factors as wave height,
water depth, shape of sandbanks, and gradient
of the intertidal flats. For instance, at low tide
the fringe can be tiny or nonexistent since
emerging sandbanks in the middle of the
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How much sediment is suspended
in the turbid fringe?
Consider a round estuary, 10 km wide, with a 10-
m wide turbid fringe running all the way around
the edge. The area of the interior of the estuary is
about 500 times that of the turbid fringe. If
sediment is suspended to about the same height
above the bed and the suspended-sediment
concentration (SSC) is the same in both regions,
then there are about 2 orders of magnitude (100
times) more sediment suspended in the interior
than in the fringe. On the other hand, if the SSC
is two orders of magnitude greater in the fringe,
then there are about equal amounts of sediment
suspended in the two regions. The latter is more
like reality: SSC in turbid fringes is significantly
higher than in the interior, sometimes more than
two orders of magnitude greater.

Conclusion: there might be times when as
much or more sediment is suspended in the
turbid fringe as in the rest of the estuary.

estuary prevent downwind wave growth, which
switches off the turbid fringe. And at high tide
it may be too deep for waves to penetrate down
to the bed anywhere except right at the estuarine
shoreline, which will also cause the fringe to
contract.

Dispersal of sediments
Now we come back to connections. It turns out
that the estuarine turbid fringe can stray from
the intertidal flats where it is born, into the deep
heart of the estuary. We know this from
experiments in Manukau Harbour, Auckland, in
which we have identified remnants of a turbid
fringe moving down a deep tidal channel into

the interior of the estuary on an outgoing tide.
This has an interesting implication: sediments
on an intertidal flat might be widely dispersed
throughout the estuary by becoming suspended
in a turbid fringe that then escapes down a deep
tidal channel. If the sediments are contaminated,
then such dispersal could spread environ-
mental harm. On the other hand, dispersing
sediments may not always be such a bad thing.
For instance, sediments brought down in
rainstorms can dump on and smother shellfish
beds (see Water & Atmosphere 10(4): 22–23).
However, under the action of a turbid fringe,
the dumped sediments may be picked up and
dispersed in time to limit damage – a kind of
natural defence against sediment attack. Either
way, this connection between the centre and the
edges of the estuary has implications for the
health of the estuarine ecosystem.

We don’t understand a lot about how turbid
fringes get dispersed in the wider estuary. Part
of the reason is that our numerical tidal-current
circulation models, which we use to visualise
and understand circulation patterns in the
estuary, are weakest around the edges where we
have wetting and drying. This means that they
don’t depict processes in those areas very
accurately. We are presently working on
improving our understanding of processes at
work in the turbid fringe by making wave,
current and suspended-sediment measure-
ments. Our experiments are expanding our
knowledge of connections and what these mean
to the health of the estuary. �
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Cross-section of waves stirring up a turbid fringe. Interestingly, the same kind of thing
happens on ocean beaches, but we are less aware of it for a couple of reasons. Firstly,
the open-coast turbid fringe extends way past the seaward limit of the surf zone to
depths of 10–20 m or more under the larger ocean waves. Secondly, the seabed is
typically not as muddy as in an estuary, hence the fringe is not as muddy and is
therefore harder to see. Note, there is still plenty of sand in suspension in the water, but
it doesn't cloud the water like mud does, and it also stays closer to the seabed.

Wave orbital motions too weak to stir up bed sediments

Turbid fringe

Too deep for
waves to touch
downWave energy

spent

Wave orbital motions stir up
bed sediments

Formation of the estuarine turbid fringe
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Many small marine fishes can be difficult to
visually count and measure because of a
mixture of cryptic colouration patterns and
behaviours designed to avoid larger predators.
We have experienced this trying to count
juvenile snapper (less than 10 cm long) within
habitats such as seagrass and horse mussel
beds. We know that they are there because we
have sampled them using other methods, but
we see virtually none during daylight SCUBA
searches of these habitats.

We need information on the absolute numbers
of fish in an area to underpin applications such
as management of fisheries and marine
protected areas, habitat protection, and
assessing habitat degradation. However, most
sampling methods measure relative rather than
absolute abundances. In other words, they
account for only a portion of the fish in the
sampled area, and we don't usually know the
size of that portion.

During work on juvenile snapper and their
habitats in Mahurangi Harbour (Auckland) we
made an important discovery while doing some
night diving. We encountered numerous small
snapper sleeping on the seafloor. They were
oblivious to the divers' powerful torch-lights,
and could be measured in-situ. If we were
careful, they could even be collected using

small aquarium dip nets. The
behaviour was also observed
for other common inhabitants
of estuaries including larger
snapper, goatfish, gobies, and
sand and yellow-belly
flounders.

This finding was significant as
it meant that we now had a

means of estimating the absolute numbers and
size distributions of fish. With good water
clarity, counts could be done by divers at night.
However, dive counts are logistically difficult
and time-consuming.

New research tool
To apply our finding more efficiently, we turned
to a fish-sampling system originally developed
to collect fish and habitat information in the
difficult and diver-hostile environment of
Foveaux Strait. The system, called a DUV (drop

MARINE FISHERIES

Let sleeping fish lie

Mark Morrison

Glen Carbines

Mark Morrison is
based at NIWA in
Auckland and Glen
Carbines is at NIWA
in Dunedin.

Video photography
of sleeping fish has
proved to be an
effective way of
estimating fish
population sizes.

underwater video), consists of an underwater
camera system attached to a towed device with
a live cable link back to the support boat. Laser
scaling of the seafloor, digital image recording,
and video-linked GPS positioning allow the
device to be towed just above the seafloor. This
enables accurate measurement of seafloor
features and fish abundances over almost all
terrains, with no physical impacts on the
seafloor.

We deployed a DUV system in Mahurangi
Harbour during darkness. With oven-proof
wax paper taped over the dive-torches to
provide diffuse illumination, the system
worked very well. The fish were completely
unaware of its presence until the last moment
(or not at all). The video laser system allowed
us to determine the area surveyed, as well as
fish lengths. We could also obtain habitat
information from the video images.

Our new system yielded valuable information
on snapper densities, population size
frequencies, and habitat associations. Other
data collected at the same time using different
techniques will allow us to assess the
effectiveness of the new approach. Preliminary
work on adjacent coastal areas has shown that
the system works well in other habitats. For
example, trial night tows in a rocky reef area
have allowed us to count snapper, John Dory,
and big-eye (a nocturnal plankton feeder that
hides in crevices during the day).

New technology combined with a better
knowledge of fish behaviour makes this
night-time underwater video system an
exciting addition to our fish research tool-box.
All our methods contribute to a better
understanding of how juvenile fish use
nursery habitats, with the eventual aim of
ensuring that fish populations remain
productive and healthy. �

A goatfish (about 7 cm long)
on open sediment. (Photo:
Richard Taylor, Leigh
Marine Lab)

A juvenile snapper (about 6 cm
long) photographed at night.
(Photo: Richard Taylor, Leigh
Marine Laboratory)
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MARINE ECOSYSTEMS

Burrowing by heart urchins:
an important function in soft-sediment ecosystems

Drew Lohrer

Small animals
burrowing in the
mud at the
bottom of the
sea could play a
key role in
increasing the
productivity of
our coastal
waters.

Living organisms affect the physical, chemical,
and biological aspects of their environment. The
complex feedbacks between the environment
and its inhabitants have become a major
research focus in the last 10 years, as scientists
have begun to probe the linkages between
biodiversity and ecosystem functioning. One
motivation for such research is to improve
public awareness of the need to preserve
biodiversity. If the loss of species changes the
way an ecosystem works to the extent that
benefits to humans are affected, then the
importance of biodiversity becomes more
tangible.

Each species in a community occupies a position
in the food web and contributes to community
dynamics. The loss of some species may
significantly alter ecosystem processes. Key
species are those whose presence and activities
strongly influence the chemical or physical
features of the habitat. For example, recent work
has identified the native horse mussel (Atrina
zelandica) as a key benthic species (see Water &
Atmosphere 10(2): 22–23). Its large shells create
physical structures and vertical relief in marine
soft sediments. These provide points of
attachment for sponges and soft corals as well
as shelter from predators for small fish and

Drew Lohrer is
based at NIWA in
Hamilton.

invertebrates. Furthermore, the diversity of
other animals tends to increase around Atrina
beds because of sediment enrichment associated
with horse mussel feeding.

Horse mussels are a common and conspicuous
example of a key species. However, there are
other key players in estuarine and coastal
marine soft-sediment systems that are not so
easily seen.

Heart urchins: nutrient distributors
Heart urchins (Echinocardium australe) are
common but cryptic animals living in the soft-
sediment habitats of New Zealand. A scuba
diver with a trained eye may observe a small
ventilation slit in the surface of the sediment,
or a characteristic track, but even these tell-
tale signs are often missing. The
sediment-coloured urchins, no more than 4 cm
long, move with almost imperceptible
slowness beneath the sediment surface.

Heart urchins ingest organic matter and
microscopic plants as they move horizontally
in the upper 3–4 cm of the sediment. As shown
below, the movement of the animals displaces
sediment particles, a process called
bioturbation. This movement can disrupt the
chemical gradients in the water within the

Echinocardium movement in benthic
soft sediments: a caricaturised

cross-sectional view. Echinocardium
probably influences several variables

as it moves and feeds beneath the
sediment–water interface. Undisturbed
sediment will develop distinct horizons

and interstitial pore-water gradients,
but sediment will be mixed and the

gradients destabilised as the animal
moves. The top 3–4 cm of the

sediment column will be most affected.
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Echinocardium after
placement on the
sediment surface in a
laboratory microcosm
(top), and 10 and 30
minutes later (middle
and bottom).

Benthic flux chamber with clear lid on the seafloor in
Mahurangi Harbour.  Sixteen chambers (8 with clear
lids, 8 with opaque lids) were used in each of two
experiments performed in 2003. Densities of
Echinocardium were manipulated inside the
chambers, and nutrient fluxes were measured in
response. The area of seafloor enclosed by the
chamber is 0.25 m2 (50 cm x 50 cm).
A, sampling port with tube that extended to surface
     6 m above
B, stirring motor used to gently mix chamber water
C, syringe to spike chamber water with tracers
D, oxygen and depth logger.

sediments (known as pore water), thus
influencing the transport of oxygen and
nutrients across the sediment–water interface.

The nutrients in sedimentary pore water
are the fuel that supports the growth of
microscopic algae both in the water
(phytoplankton) and in the sediments
(phytobenthos). The algae in turn are an
important source of food for soft-sediment
organisms and indeed the base of the
entire marine food web.

Sediments on continental shelf areas
(where burrowing urchins are widely
distributed) can provide one-third to half
of the nutrients in overlying waters.
Therefore, these areas  contribute
significantly to marine primary
productivity and support many of the
world’s fisheries.

Measuring heart urchin effects
Using underwater time-lapse video
recordings, combined with direct
measurements in the field, we assessed the
rates and patterns of Echinocardium
movement (left).  We found that the
urchins generally move less than 1.5 m per
day.  However, given the large volume
occupied by each urchin, a substantial
amount of sediment is displaced by each
individual. Furthermore, at densities of up

to 70 urchins per square metre of seafloor, their
collective effects are quite impressive. As much
as 15 litres of sediment per square metre can be
displaced each day.

Because bioturbation can influence the transport
of nutrients across the sediment–water interface,
we performed field experiments to measure the
ultimate effects of Echinocardium on the
transport of nutrients between sediment and
water. Using incubation chambers, we isolated
square patches of seafloor along with about 25
litres of bottom water (illustrated above). Before
fitting the chamber lids, we added or removed
Echinocardium, so that there were treatments
with 0, 4, 8, or 16 urchins per chamber.  Then,
by sampling the chamber water over time, we
were able to relate changes in water chemistry
to the density of Echinocardium.

Flux rates did depend on the density of
Echinocardium inside the chambers. This was
true for oxygen moving into sediments and for
dissolved nutrients – phosphate, ammonium
and nitrate – moving out into the water.

However, oxygen and nutrients are also used

by organisms in the chambers, and this affects
the concentrations that we can measure.
Therefore, we also injected an inert chemical
tracer into the chamber water at the start of the
experiment. The inert tracer allowed us to
estimate the amount of sediment mixed by
Echinocardium movement, because the tracer
penetrates faster and deeper into sediments
that have been stirred up. The other water
chemistry data showed the net effects of
Echinocardium bioturbation, namely the
provision of nutrients (phosphate, ammonium
and nitrate) to the water column.

The feedbacks between urchin movement,
nutrient efflux, and the growth of marine
plants are still not well understood. However,
with the data we have gathered so far, we can
begin to model the linkages between water and
sediment that are influenced by heart urchins.
We aim to find out exactly what difference it
would make if heart urchins were removed
from the system. Since marine soft-sediment
habitats support a broad array of desirable
finfish and shellfish species and affect global
elemental budgets (e.g., the carbon cycle),
it is important to study the key species within
them and the structural and functional roles
they perform. ■

A

B

D

C

Teachers: this
article can be used
for NCEA
Achievement
Standards in
Biology (2.5, 2.9, 3.2).
See other curriculum
connections at
www.niwa.co.nz/
pubs/wa/resources

This research was
carried out as part
of NIWA’s FRST-
funded programme
“Fishing:
Ecosystem Effects
and Resource
Sustainability”
(C01X0212).
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ESTUARIES / RESOURCE  MANAGEMENT

Spreading mangroves:
a New Zealand phenomenon
                  or a global trend?

Anne-Maree
Schwarz

The spread of
mangrove forests
– currently seen
by some as a
problem in some
North Island
estuaries – is by
no means a
global trend.

The value of mangrove (mänawa) ecosystems
has recently been the topic of public debate in
New Zealand, with discussions stimulated by
the expansion of mangrove growth in some
North Island estuaries. An inevitable question
is asked when people are considering the rate
of spread of mangroves in New Zealand: “Is the
same thing happening in other places around the
world?”

In this article we take a global perspective and
ask how changes in mangrove distribution and
related values in New Zealand compare to those
elsewhere.

Trends: New Zealand
As a first step, understanding the extent of
mangrove spread in North Island estuaries is
not straightforward. The Land Cover Database
(Terralink, NZ Ministry of Agriculture and
Forestry) estimated a total area of mangroves
of 22,200 ha for 1996/97. Various initiatives are
underway to update this estimate. Although
changes in some estuaries have been mapped
from aerial photographs no accurate estimate
of total change is available.

The value placed on mangrove ecosystems in
New Zealand has had a chequered history.
While Mäori traditionally utilised both
mangrove trees and the fish and shellfish from
within mangrove forests, during the 20th

Century mangroves were often not highly
valued by an expanding New Zealand
population. The State of New Zealand’s
Environment Report (1997) describes how
“…seagrass and mangrove ecosystems have
declined this century as a result of widespread
modifications to estuaries caused by activities such
as infilling for agriculture, rubbish disposal and
commercial land development”.

Changing attitudes toward the end of the
century are reflected in the New Zealand
Coastal Policy Statement (1994), which

described a national policy for protecting
ecosystems unique to the coastal
environment and vulnerable to
modification, including mangroves.
Around that time there was a move
towards conservation and education
initiatives and investigations into means
of replanting damaged mangrove forests.
Now, less than a decade later, local
authorities are being presented with
applications for Resource Consents to
remove mangroves from some areas.

Trends: elsewhere in the world
In 1997 the “World Mangrove Atlas” estimated
the total global area of mangroves at ~18
million hectares. However, accurate current
estimates remain elusive, complicated by a
2002 estimate by the ITTO (see panel) that,
during the last decade, approximately 100,000
ha of mangroves have been destroyed
annually.  Notably, a survey in 1994/95 to
study the global conservation status of
mangroves found that “no mangrove areas were
actively expanding”.  (New Zealand was not
included in the survey.) However there are
examples from specific locations (for example,
in Mozambique and Thailand) where, despite
an overall reduction in mangrove area in the
region, some bays have seen an increase in
mangrove coverage. In both these cases, the
expansion has been related to increases in
sediment loading from the catchment.

Anne-Maree
Schwarz is based at
NIWA in Hamilton.

International Tropical Timber
Organisation (ITTO)

Many different research and interest groups
around the world are working on mangrove
management and conservation. One of these
is the International Tropical Timber
Organization, which counts mangrove timber
amongst its global products. In 2002 ITTO
organised a workshop in Colombia, South
America, providing for a New Zealand
representative (from NIWA) to attend. The
objective of the workshop was to draft a
mangrove work plan to guide ITTO members
in the development of projects for sustainably
managing and conserving their mangrove
resources. While New Zealand is a consumer
of tropical timber rather than a provider, the
presentations made at that meeting provided
a useful background for a general discussion
of the “global” status of mangroves.

Teachers: this
article can be used
for Biology L7 A.O.
7.3(a) and NCEA
AS 2.4, 2.5 and 2.9.
See other
curriculum
connections at
www.niwa.co.nz/
pubs/wa/resources
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Values
Mangroves occur at the interface between land
and sea and are encroached upon by competing
land-use, as well as being indirectly affected by
catchment development. From this perspective,
the same general considerations for
management of mangrove ecosystems apply
globally. So what are the values and how do they
differ from place to place?

Ecological values
There are over 60 species of mangroves
worldwide, of which about a quarter are of the
genus Avicennia. Avicennia marina (grey
mangrove) has the widest latitudinal
distribution and is the only species of mangrove
represented in New Zealand. Like all
mangroves, Avicennia forests contribute to
marine food webs through production of
detritus, and several marine organisms spend
all or part of their lifecycles there.

Economic values

Mangroves provide livelihoods for millions of
people throughout the world thereby providing
tangible economic benefits. The cases
summarised below (with examples of relevant
countries) include values that, due to
exploitation, can also contribute to mangrove
decline:

• Mangrove poles are extensively used for the
construction of houses because the wood of
many species is durable and resistant to
termites. However unregulated cutting for
timber, firewood, charcoal or pulp results in
cleared land being converted to other types
of land-use (Micronesia, India, Ecuador, Latin
America, Madagascar, Pacific Islands,
Thailand, Vietnam).

• Mangrove forests are cleared to make way
for brackish-water shrimp farms and salt
ponds, sometimes leaving an unsustainable
fringe of mangroves between the ponds and
the sea (Indonesia, Sri Lanka, Latin
America).

• Land colonised by mangroves is reclaimed
for housing and resort development
(Australia, USA, Malaysia, Belize,
Madagascar, South Africa) or is used for
dumping rubbish (Venezuela, Pacific
Islands).

As recently as the 1970s New Zealand’s
mangrove forests were being reclaimed for
various types of land development including
roading, oxidation ponds and agriculture, and

were also used as tip sites. There is no
mangrove timber industry here, but
mangroves continue to support ecological
values, traditional Mäori values and other
community values.

Indirect effects on mangrove
values
Of other human activities that have indirect
effects on these values, catchment management
is probably of most relevance in New Zealand.

Here, recent increases in mangrove area have
been attributed at least in part to accelerated
erosion of catchment sediments into our
estuaries, providing more suitable conditions
for mangrove colonisation. Compare this with
the situation in some other countries, where
catchment development has sometimes had the
effect of reducing the area of mangroves. In
Micronesia, India, Pakistan and Brazil, for
example, damming of rivers has reduced

Mangroves come in all
shapes and sizes all
over the world.
Although some
species can grow to
more than 30 m tall
they can also occur as
small shrubs. Here Pip
Nicholls samples
amongst Avicennia
marina in New Zealand
(top) and Dr Candy
Feller samples
amongst Avicennia
germinans  in Florida
(bottom).
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.
A rippled seabed with
prominent diatom mat
between the ripple crests.
(Scale: approx. 10 cm
between crests)

Maharakeke Stream.
(Photo: ???? ????)

Nursery-grown
Rhizophora seedlings
ready for planting in a
coastal re-forestation
project in Colombia.

sediment load, starving mangrove forests of
sediment. Elsewhere in India, extreme siltation
has changed the path of freshwater inflows so
that mangroves no longer receive sufficient tidal
flushing.

As in New Zealand, attitudes to exploitation of
mangrove forests have changed in other parts
of the world. Partly because of the global decline
in mangroves (noted above), in some places
there is now a strong emphasis on conservation,
sustainable management and restoration. The
ITTO Mangrove Workplan (2002) stated:

“it is widely believed that after total felling a
[mangrove] forest will regenerate spontaneously.
On the contrary this happens under very special
conditions and usually with human assistance.”

Because of this, attempts to establish nurseries
and re-plant mangroves are the focus of a
projects in many regions, including the USA,
Thailand, and Latin America (e.g., Colombia,
see photographs, right) as well as closer
to home in Fiji.

Mangrove spread: a New Zealand
phenomenon
It seems there is no hard and fast rule about
spread or decline that can be applied to all
mangrove ecosystems. There are places where
mangrove forests are relatively untouched, are
in dramatic decline, have been completely
destroyed, are spreading seaward into estuarine
areas, or, in places that are affected by sea-level
rise, are spreading landward onto adjacent river
plains. Nevertheless, it is generally accepted that
on a global scale the area of mangroves is in
decline and that mangrove ecosystems are
under threat.

Thus, with few exceptions, the trend for spread
of mangroves that has been recently observed
in some of our estuaries does appear to be a
relatively local phenomenon at present. This is
mostly a result of different values and different
degrees of catchment and coastline
development, all of which are likely to continue
to change in the future, not only in New Zealand
but also elsewhere in the world. �

Further reading

Bradstock, M. (1989). Between the tides. David
Bateman Ltd, Auckland. 158 p.

Green, M.; Ellis, J.; Schwarz, A.; Green, N.; Lind,
D.; Bluck, B. (2003). For and against mangrove
control. NIWA Information Series No. 31. 8 p.

Nicholls, P.; Ellis, J. (2002). Fringing habitats in
estuaries: the sediment–mangrove connection.
Water & Atmosphere 10(4): 24–25.

Walsby, J.; Torckler, D. (1992). Forests in the sea.
New Zealand Geographic 15: 40–64.

NIWA continues to research the effects of
sediment loadings to estuaries on the rate of
mangrove spread, the role of nutrients in
mangrove growth, and the relative value of
mangrove habitat for estuarine fauna. For further
information on any of these topics, contact
Anne-Maree Schwarz, Mal Green, or Pip Nicholls
at NIWA, PO Box 11115, Hamilton (ph 07 856
7026, fax 07 856 0151, a.schwarz@niwa.co.nz)
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These guidelines outline a recommended minimum 
set of methods for a community group interested in 
following habitat changes in an estuary. They have 
been developed in relation to mangroves but the 
principles can be applied to a number of aspects 
of estuarine ecology in general. They are designed 
primarily to: provide guidance in planning a simple 
monitoring programme enabling community groups 
to increase understanding of mangrove habitat in 
their local estuary. 

In this context ‘monitoring’ is used to mean taking a 
standard set of measurements at regular intervals 
and keeping a record of results so they can be 
compared over time.

These guidelines are based on the document 
“Some options for community-focused ecological 
monitoring of mangrove habitats in estuaries” 
compiled by the scientific working party of the 
Mangrove Steering Group (Environment Waikato).  
Interested parties are referred to that document 
for more detail regarding monitoring of consented 
activities.

The methods have been developed in conjunction 
with a community group field trial (Waikaraka 
Estuary Managers). Further modifications may 
be required for your particular estuary, and 
there are a number of components that could 
be added. For example, subsequent to this trial 
the Waikaraka Estuary Managers have included 
birds in the monitoring programme. Methods were 
developed in discussion with Environment Bay 
of Plenty, Department of Conservation, and the 
Ornithological Society of New Zealand.

Follow the chart (www.niwa.co.nz/ncco/tools) using 
the methods and data sheet examples to see 
how Waikaraka community group are answering 
questions like:

 How do the characteristics of the mangroves 
change over time?

 What lives in the mangroves?

 What is the source of mud to the estuary, and 
where does it end up?

Introduction 

Symbols for diagrams courtesy of the Integration and Applicaton 
Network, University of Maryland Center for Environmental Science
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 Example timetable

Flow chart of  actions   

Decide to monitor

Community Group decides to initiate 
monitoring programme.

Plan a monitoring programme

Discuss the use of the guidelines  with  a 
research provider or regional council.

Hold a briefing meeting

Organise a meeting of interested 
community group members. A minimum 
of four members in the monitoring team is 
recommended.

Agenda

 Agree on long-term vision and goals.

 Choose at least two sites within the estuary 
where there is a mangrove boundary that you are 
interested in. 

 Choose any additional site where you would like to 
measure changes in sediment height.

 Choose sites where you are interested in water 
clarity.

 Mark all sites  on an aerial photo or map  (see 
example below).

 Allocate responsibility for equipment (Page 8), 
and data sheets (www.niwa.co.nz/ncco/tools) and 
assign someone to maintain the data record. 

 Make up a timetable for one year of monitoring. 

 Plan for one full low tide period to set up the 
monitoring site. Allow about 4 hours for four 
people.

1

2

3

Task How often When
Monitor mangrove 
boundary 
characteristics

Annually December

Count epifauna Annually December

Sediment height, 
penetrometer

Every three 
months

September, 
December, 
March, June

Water clarity Every three 
months

September, 
December, 
March, June

4

Arrange for summaries of your findings 
to be presented to your community 
group

Re-assess and allow for changes.

Hold a set up day, (methods are 
detailed on the following pages).

1. Establish permanent transects 
2. Record mangrove boundary 

characteristics
3. Count epifauna
4. Take photographs
5. Install sediment height monitoring pegs 

and record height above sediment
6. Make penetrometer measurements
7. Measure water clarity  

5 Monitor

Every 3 months repeat measurements for 
methods 5  to 7  

Every year repeat measurements for 
methods 1 to 4 

Maintain records on paper, and if, possible 
in a computer spreadsheet

At least once a year, meet to assess 
progress, resources, findings, bottle necks, 
and make adjustments where necessary. 
Be prepared to make changes over the 
first year of your monitoring until you have 
a smooth repeatable system that can be 
carried out by a number of your group 
members. If possible, at this time it would 
also be prudent to involve a research 
provider or regional council representative 
to discuss your results.

6

transect 1

transect 2

transect 3
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1. Establish permanent transects  

Goal: To establish permanent sites where 
measurements can be made to understand how 
the distribution and character of mangroves 
and adjacent habitats change over time.

It is likely that your main boundary of interest will 
be the seaward boundary between the mangroves 
and the tidal fl ats, and the wording in the methods 
refl ects this. However, if relevant to your site, 
the same methods can be used across other 
boundaries, e.g., mangrove/saltmarsh. 

At each site locate the start and end of your 
transects (two transects are recommended at each 
site). Mark each end of the transect by hammering 

(Use data sheet  1 - NIWA website - www.niwa.co.nz/ncco/tools)

in a wooden stake. Number the stakes to allow 
for future ease of identifi cation. The length of the 
transect and the location relative to the mangrove 
boundary will depend on the characteristics of 
your site. The important thing is to ensure that the 
transect is long enough to cover the habitats of 
interest (e.g., mangrove boundary and mudfl at, 
or mangrove boundary and saltmarsh). It is likely 
to be 20 to 50 m long. It is also important to place 
permanent markers so that the transect can be 
precisely relocated. It is recommended that a GPS 
reading is made where the stakes are placed in 
case the stakes are removed at any time.
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2. Record mangrove boundary characteristics  

Goal: To measure changes in the distribution 
and character of a mangrove forest boundary 
and adjacent habitats over time.

On the day chosen for regular annual monitoring, 
lay a marked rope or  measuring tape between 
the stakes, noting which peg is zero. This is your 
transect. Walk along one side of the transect line 
only (to avoid trampling)  and note the distance 
on the measuring tape where there is a  distinct 
change in the plant community (e.g., seagrasses, 
mangrove seedlings, saplings, pneumatophores, 
and mangrove trees) or bare ground. Also note 
different types of sediment (e.g., sand, mud). 

Temporarily mark a rectangular plot of a known 
area, adjacent to your transect line. The size of the 
area will depend on the characteristics of your site 
(e.g., 5 m x 10 m was appropriate for sparse shrub 
and seedling cover on a sandfl at in Tauranga). 

(Use data sheet  2 - NIWA website - www.niwa.co.nz/ncco/tools)

The important thing is that one edge of the plot 
runs along the transect and that you keep an 
accurate record of the location relative to the 
transect for future reference. A sketch can help. 
Use the space provided on data sheet 1. Ensure 
that the plot overlaps the existing boundary of  
mangrove trees and an area where you might 
expect to see mangroves expand into over time. 

Within the plot count:  

 the total number of trees and measure the 
height of ten

 the total number of saplings

 the total number of seedlings

If the number of seedlings is too large to count, 
then count all individuals in a smaller area of 
known size, e.g., 1 x 1 m. Replicate if possible 
three times.

It is important to keep a record of exactly which 
methods were used each time you visit, including 
the size of the plots you used.

Example of how counts from 
the plot can be recorded in an 
Excel spreadsheet and then 
graphed to show changes 
over time.
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3.  Count epifauna (animals living on the sediment surface) 

Goal: To characterise the animals that use 
different habitats within and adjacent to a 
mangrove stand.

Place a 25 x 25 cm quadrat at fi ve haphazard 
locations, no further than 10 m from your  transect 
line, within each of your main habitat types, e.g., 
mudfl at, seedlings, mangrove trees.

Record the number of different animals seen on the 
sediment surface within each quadrat. A general 
fi eld guide to marine invertebrates of N.Z. will be 
useful to help in identifi cations and you may like 
to make up a a guide specifi c to the animals you 
commonly fi nd in your estuary. 

It is important to include all of the animals that you 
see within the quadrats each time you visit the site.
If  there are very large numbers, you may need to 
count the animals in only one quarter of the quadrat 
and multiply the count by four.  

 4.  Take photographs

Goal: To maintain a photographic record of 
each of the transects.

At each annual sampling, take a photograph from 
the same perspective at each of the transect 
markers. Any other photographs (e.g., of sediment 
height marker pegs) will provide a useful record for 
later comparison.

(Use data sheet  3 - NIWA website - www.niwa.co.nz/ncco/tools)

(Use data sheet  4 - NIWA website - www.niwa.co.nz/ncco/tools)

Example of how data can be recorded in an 
Excel spreadsheet.



New Zealand’s Estuaries    76

7Estuary Monitoring by Communities - Mangrove Habitats

5.  Install sediment height monitoring pegs

Goal: To measure rates of sediment 
accumulation or loss. 

Hammer a series of wooden stakes*, fi rmly into the 
sediment (leaving up to 20 cm exposed).  Number 
each peg for future identifi cation. Place the stakes 
haphazardly along the transect line and at various 
distances away from the transect (alternatively 
choose a range of locations throughout the 
estuary that are within your areas of interest).  Pay 
particular attention to having suffi cient replication 
(5 stakes) both within the mangrove stand and 
around the boundaries of the mangrove forest. Lay 
a ruler on the ground next to the stake to account 
for any erosion close to the stake. Measure the 
distance from the top of the stake to the level of the 
ruler. 

6.  Make penetrometer measurements

Goal: To measure the degree of sediment 
compaction at sites where sediment height 
monitoring rods are installed.

Sediment compaction is an important factor 
determining sediment re-mobilisation. A 
penetrometer measures the force required to 
penetrate the sediment to a given depth. Drop the  
penetrometer from a standard height of 1 m. Note 
the depth to which the steel rod penetrates and 
repeat this process 10 times around each sediment 
height monitoring rod. Use a ruler to measure the 
height of the penetrometer above the sediment 
surface. The penetrometer should be measured 
only when it is roughly vertical. Calculate the 
average of the 10 measurements. Repeat every 
three months.

(Use data sheet 5 - NIWA website - www.niwa.co.nz/ncco/tools)

* Wooden stakes are susceptible to erosion at the base but are 
inexpensive and less likely to be tampered with than some 
alternatives. For further discussion of alternative techniques, 
see the “Mangrove Guidelines” (contact Environment 
Waikato) document.

(Use data sheet  6 - NIWA website - www.niwa.co.nz/ncco/tools)

Example of how data from two pegs measured four times 
in a year can be plotted to show changes over time.

Example of how measurements from one peg can be 
presented to show change over time.
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7.  Measure water clarity 

Goal: To compare tributaries and how water 
clarity changes as a result of sediment 
remobilisation at different places within the 
estuary. 

Use a NIWA clarity tube to measure water clarity 
at selected sites at three monthly intervals. Fill 
the tube with water at the site and move the black 
magnetic indicator until it just disappears from view.  
Record the average value of up to three members 
of the team. Note the time at which measurements 
were made.

It is important to thoroughly rinse the tube with 
fresh water after use.

In addition to your regular monitoring, extra 
measurements are recommended immediately 
following storm events or heavy rainfall.

Mangrove seedlings: Plants less than 25 cm tall. 
Mangrove saplings: Bigger than a seedling (> 25 cm tall) but 

have not branched.
Mangrove trees:  Mangrove plants larger than a sapling and 

branched.
Mangrove boundary: Limit of trees where only saplings and 

seedlings are found.
Pneumatophores:  Aerial roots for gas exchange.
Epifauna:  Animals living on the surface of the 

substrate.
Infauna:  Aquatic animals living within the 

sediment.
Habitat:  The place where environmental 

conditions are suitable for the survival of a 
particular organism (e.g., mangroves).

Site:  General area of interest within an estuary, 
likely to be at the scale of a bay or inlet.

Transect:  A line on the ground along which sample 
plots or points are established for 
collecting data.

Quadrat:  A square with sides of equal size, e.g., 
 (25 x 25 cm) within which counts can be 

made of organisms in a known area.
Replicate:  More than one sample unit to account for 

natural variability.

Useful terms as they are used in this document Equipment List

(Use data sheet  7 - NIWA website - www.niwa.co.nz/ncco/tools)

Example of how water clarity data can be presented. After 
rainfall, tributary 2 was notably more turbid, and this affected 
clarity further down the estuary.

Setup day only
• Four numbered wooden stakes (about 100 x 5 x 5 cm)
• Sledgehammer
• Ten numbered wooden stakes, 100 x 2 x 2 cm
• GPS

Regular monitoring
• Backpack
• Camera
• Data sheets and pencil
• Camera
• 50 m measuring tape
• Ruler
• Penetrometer sharpened steel rod (40 cm long, 0.7 cm 

diameter)
• Water clarity tube 
• Watch
• ID sheets
• 25 x 25 cm quadrat
• Aerial photo/map showing location of sites
• Temporary corner pegs and string for marking plot

NIWA Information Series No. 56
ISSN  11740264X  -  2005
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Judi Hewitt are
based at NIWA in
Hamilton.

COASTAL ECOSYSTEMS

Modelling the effects of muddy
waters on shellfish

Nicole Hancock

Judi Hewitt

Statistical models
can assist in
predicting the
effects of different
levels of sediment
in the water for
maintaining the
health of coastal
ecosystems.

You may have noticed that after heavy rain
and strong winds the sea along our coasts
becomes brown and dirty. Some of this dirt
(sediment) is from fine marine sediments being
resuspended from the sea floor by wave and
current action (see Water & Atmosphere 11(2):
20–21). But rain also washes sediment from
the land into the sea, particularly during heavy
rain or floods. This occurs especially where
the soil is exposed, such as in housing
developments, farms and forestry areas (Water
& Atmosphere 11(1): 1–13). Streams and rivers
carry the terrestrial sediment into estuaries and
coastal ecosystems, where it mixes with the
sea. Changes in land use over the past 150
years have led to increased sediment runoff
into some New Zealand estuaries (Water &
Atmosphere 11(1): 14–15).

Why should this matter?

One reason is that shellfish like cockles, pipis
and horse mussels all get their food by filtering
water through their gills and catching the food
particles. During the search for food the shellfish
also take in non-food particles suspended in the
water (such as sediment). These particles are
either bound up in mucus and rejected, or
ingested along with the food. Either way, non-
food particles require the shellfish to use more
energy during feeding, leaving less energy for
maintaining healthy weight, growth or
reproduction.

Some shellfish species can be very important
ecologically (Water & Atmosphere 10(2): 22–23)
and many species are also culturally
important. Thus there are good reasons for

investigating potential threats to shellfish
populations.

Measuring sediment and
modelling shellfish
Scientists at NIWA have been studying and
modelling the effects of sediment particles in
the water on the health of some common species
of shellfish (cockles, pipis, horse mussels). The
amount of sediment carried in the water is
described as total particulate matter (TPM).
TPM comprises all suspended particles in the
water including sediment (silt and clay) and
organic material (such as algae). For the
modelling part of the work we use a so-called
scope-for-growth (SFG) model (see panel
opposite).

Because species vary in the way they handle and
process food, each species needs a separate
model. For example in the left-hand graph  (top
of opposite page) you can see that the horse
mussel shows highest potential for growth at
very low levels of TPM. Potential for growth
then steadily declines as TPM increases. The

Sediment plume from the
Waimakariri River, Canterbury.
(Photo: Rob Bell)

Teachers’
resource for
NCEA AS:
Biology 1.4, 2.4,
2.5, 2.6, 3.1;
Science 1.1, 2.2,
3.1; Geography
3.1. See
www.niwa.co.nz/
edu/resources

Cockle
(Photo: Michael Ahrens)
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pipi's highest potential for growth occurs at slightly higher TPM levels and
then once again potential for growth steadily decreases as TPM increases.

Two factors that the models highlighted as important in shellfish response
to TPM were shellfish age and length of exposure to high TPM levels.

Shellfish age  Although both adult and juvenile pipis showed decreasing
potential for growth as TPM increased (see centre graph), juvenile pipis
were less tolerant of TPM than adult pipis. In the same way that children
are more susceptible to some diseases than adults, juvenile shellfish are
less resistant to stress than adults.

Length of exposure  The right-hand graph shows that pipis exposed to
various levels of TPM had a best potential for growth on the first day of
exposure at intermediate TPM levels, seen on the graph as a peak on the
“Day 1” line. As TPM increased, potential for growth decreased, with lowest
potential for growth on day 1 at very high TPM levels. This is because the
pipis stopped feeding altogether as they waited for conditions to improve
(as they would in the sea when a storm passes). As high TPM conditions
continued over the following days, these pipis eventually had to start feeding.
The other line on the graph represents predicted potential for growth after
14 days of exposure to a range of TPM levels. By this time, pipi potential for
growth was highest at very low TPM and then decreased with increasing
TPM, no longer showing the same optimum feeding level behaviour at
intermediate TPM levels.

A limitation with all models is that they include assumptions, so the results
must be used as guidelines rather than definite outcomes. It is important to
remember when using models that they are extrapolations from collected
data and they are limited by what information can reasonably be included in
the model. Even complex ecophysiological models (see panel) do not deal
well with changes to TPM caused by events such as storms. Nor can they
accurately take into account site differences in algal composition, or animal
health and behaviour.

Conclusions
Our modelling confirmed that shellfish are sensitive to changes in TPM.
Thus they can reasonably be used to reflect aspects of the health of
ecosystems. Models can help scientists determine effects of TPM on
shellfish, by allowing easy visualisation and manipulation of data, and
prediction of shellfish response to increased levels of TPM. The information
can be used to advise planners and resource managers about the effects of
different levels of sediment runoff for monitoring and maintaining the
health of coastal ecosystems, taking into account existing marine
resuspended sediment levels. Informed managers can then take steps
during the planning stages of land development – or estuary restoration –
to minimise the effects of sediment runoff on coastal marine ecology. �

Response to TPM is species-specific. The
modelling showed different responses from
horse mussels and pipis.

Juvenile shellfish are more adversely
affected by TPM than adults of the same
species.

Exposure time to TPM affects shellfish
response. Longer exposure causes lower
potential for growth in pipis.

Scope-for-growth model graphs

Horse mussel bed. (Photo: Pip Nicholls)

A choice of models
Models can be used to predict the effects of
total particulate matter (TPM) – a measure
of sediment suspended in the water – on
suspension feeders. We base the models on
data collected during experiments. There
are several approaches to modelling.
• Statistical models describe trends in the

experimental data.
• Scope-for-growth (SFG) models

describe shellfish production (potential for
growth) in terms of energy in (absorption
of food) minus energy out (respiration
plus excretion). The SFG model gives us
a simple way of visualising the interaction
between variables that combine to give
the shellfish’s physiological response to
TPM.

• More complex ecophysiological
models take into account changes in
physiological responses to seasonal
variations in temperature and food quality,
together with population aspects of the
shellfish such as size, reproduction and
the number of shellfish in one area. NIWA
scientists have produced some of these
models, which require large amounts of
information.

Of these examples, simple SFG models can
be quickly assembled and can still give
good predictions to responses to TPM.
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ESTUARIES

Winds, waves, and recovery from
sedimentation in estuaries

Carolyn
Lundquist

Sara Hatton

Can estuaries
recover from
sedimentation?
Models and field
experiments are
starting to
provide some
answers.

Carolyn Lundquist is
based at NIWA in
Hamilton; Sara
Hatton was formerly
with NIWA,
Hamilton.

There is little doubt that New Zealand's
estuaries are getting muddier (see article on
pages 19–21 in this issue). Several research
projects have examined the direct effects of fine
sediment on the animals that live in estuaries
(for example, see Water & Atmosphere 10(2): 22–
23). But other questions remain: Do estuaries
recover from events that cause sedimentation?
How might this happen? Is it possible to make
predictions to identify which areas or habitats
are most, or least, likely to recover?

When an area of estuary has been affected by a
disturbance such as a sediment dump,
recovery depends on many factors. Are enough
animals nearby to recolonise the area? How
far can waves, tides and storms carry animals
of various sizes? How long is the area under
water?

Models and measurements
We have developed simple models to predict
the transport of colonising animals into
disturbed parts of an estuary. For example,
exposed estuarine sandflats are predicted to
receive more colonisers than high intertidal
areas such as mudflats and tidal creeks; and
strong tidal currents lead to higher transport
rates than neap tides and calm conditions.

With the predictions of the model in mind, we
designed a field experiment to explore the
potential for recolonisation in different

habitats in an estuary. We looked at two
factors:

1. differences among sites in the numbers of
animals brought into the area;

2. the effects of physical conditions like tidal
currents and waves.

We made measurements and observations at
7 sites in the Whitford embayment, Auckland,
in December 2001 and February 2002. Five
sites were in the estuary itself: four sandflat
sites (upper and lower areas) and one next to
the main channel, so that each site had a
different time under water. There were also
two intertidal sites (called the mud and
mangrove sites) in Mangemangeroa Creek,
upstream of the estuary.

At each site we installed sediment traps to
collect animals transported along the sediment
surface and animals floating in the water.
Wave gauges (DOBIEs) and other instruments
gave information on water depth, wave height,
water flow at the sediment surface, the amount
of sediment in the water, and currents caused
by tides or wind at each site.

Here we discuss the results from our first set
of measurements on 10–14 December 2001.
During  this time there were spring tides, and
both calm weather and a storm. We show
differences in physical conditions using data
from 3 of the sites. Differences in colonising
animals are illustrated for all 7 sites.
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Achievement
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curriculum
connections at
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Mangemangeroa
Creek

Aerial photograph of the Whitford embayment
showing the two sites in the tidal creek (red
dots), four sites on the sandflats (yellow dots)
and the site in the main channel (white dot).
(Photo: Air Logistics, for Auckland Regional Council)

Whitford
Embayment
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This research was
carried out as part
of NIWA's FRST-
funded programme
"Effects of
Sediments on
Estuarine and
Coastal
Ecosystems"
(C01X0024).

Differences highlighted
As the graph (right, above) shows, larger waves
during the storm on 10–12 December caused
more water movement at the sediment surface
at the upper sandflat site than at the lower
sandflat site, because of shallower water at the
upper site. But in the tidal creek (mud site), there
were no waves at all, even in the storm.

During the storm, at all sites we measured more
suspended sediment on incoming and outgoing
tides than during the periods between tides.
During the calm period, this pattern occurred
only in the tidal creek.

The information collected by the wave gauges
and other instruments gave us a picture of how
animals might be transported by tidal currents
only (measurements made in calm conditions),
and how they might be transported by tides plus
storm-generated waves.

The number of animals collected in traps clearly
showed the role of waves in transporting
organisms. During the windy period, 10–20
times more animals were collected in the traps
at all the sandflat sites than in the calm period
(see graph). The traps at the site in the channel
and the two tidal creek sites collected
consistently lower numbers of animals than
those at all four sandflat sites, though there was
still an increase during windy conditions.

Collecting animals at different heights showed
that more organisms were transported just
above the sediment surface (along with the
sediment itself) than up in the water column.

Since we expect sediment on the seabed to move
shorter distances than sediment carried higher
up in the water, the result suggests that most of
the animals are moved only short distances by
waves. This implies that large disturbed areas
may take much longer to recover than smaller,
more localised disturbances, because colonist
animals are much farther away.

The importance of waves
Our results suggest that small waves generated
within harbours or estuaries are important in
recolonisation of disturbed intertidal soft-
sediment areas. We also showed that the rate of
colonisation varies among different locations
within an estuary.

We are using the results from these modelling
and field studies to develop general models of
estuarine recovery after disturbance. The
general models can then be applied to other
estuaries to predict areas or habitats that are
most sensitive to, and are least likely to recover
from, increasing sedimentation. �

A DOBIE at one of the sandflat sites.  DOBIE wave
gauges measure water pressure, and from this
calculate wave height, wave period and water depth.
Some DOBIEs also measure the suspended sediment
concentration of the water using an optical back-
scatter sensor (see Water & Atmosphere 11(1):
11–13). (Photo: C. Lundquist)

above:
Wave height, water
velocity and
suspended sediment
concentration (SSC)
measured by DOBIEs
at three of the sites
during the December
experiments.  The
storm was on 10–12
December. There are
gaps in the data at low
tides when the sites
were not underwater.

above left:
Number of animals
(e.g., polychaetes,
bivalves, amphipods)
collected at the seven
sites over 24 hours on
a windy day and a
calm day. Each bar is
the average of
collections from three
traps for each of three
trap heights (at the
sediment surface, and
5 cm and 15 cm above
the sediment).
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Highest wave heights recorded during the study,
similar at all sandflat sites; however, wind waves were
not recorded at tidal creek (mud) site as waves did not
penetrate up the tidal creek.

Water velocity higher at shallow sites (upper sandflat)
due to interaction between wind waves and depth.

Highest levels of suspended sediment concentration (SSC)
realised at incoming and outgoing tides due to resuspension
by tidal currents.
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ESTUARIES

How will habitat change affect
intertidal animals in estuaries?

Jane Halliday

Simon Thrush

Judi Hewitt

Greig Funnell

Climate change
has been
predicted to make
our estuaries
muddier. How
will this affect the
species living
within the
sediment?

Increasing inputs of mud are probably one of
the most serious threats to our estuaries. A range
of research projects has looked at the effects of
excess fine sediment on individual estuarine
animals and animal communities. Until recently,
however, little information has been available
to help managers and ecologists forecast how
these animals might respond to long-term
changes in sediment type.

We have now developed several statistical
models that will allow us to forecast changes in
the distribution and abundance of several
important intertidal species as sediment mud
content changes.

Building a dataset
To look for relationships between estuarine
communities and the environment – especially
sediment type – we needed information from
many estuaries. Since few data exist already, the
first step was to design survey methods to
gather data rapidly and cost effectively.

Our survey included 19 sites in 18 North Island
estuaries, harbours and embayments (see map).
At each site we collected samples from areas
ranging from deep, soft mud to firm sand, all in
the intertidal zone. By limiting the sampling to
a small area within each estuary we tried to
minimise the effect of other factors such as

salinity and elevation on relationships between
animals and sediment muddiness. We identified
the species present in each sample, and
determined their abundance. For each sample
we also assessed the content of sand and mud.

Of the 92 invertebrate species identified in the
survey, we chose 13 common species for
modelling. These species represented different
phyla (e.g., worms or snails), different feeding
methods (e.g., grazers or predators) and
different life histories (short-lived or long-lived
species). Some of the species selected for
modelling were a mud crab, an anemone,
several species of worms and three shellfish.

Jane Halliday, Simon
Thrush, Judi Hewitt
and Greig Funnell
are all based at
NIWA in Hamilton.

Estuarine
animals

Cockle,
Austrovenus

stutchburyi

Mud crab,
Helice crassa

Nut shell,
Nucula

hartvigiana

Polychaete
worms,
Boccardia spp.

(Photos: mud crab,
David Roper;
others, Greig
Funnell)
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Two kinds of model
Using the data for the 13 common species we
developed two types of simple model. Both are
relevant to the naturally patchy distribution of
estuarine animals.

The first was an occurrence model. This
forecasts the probability of a species occurring
at a given mud content (0–100% chance). The
second model forecasts the maximum density
that a species could achieve in a given mud
content. The maximum density of a species is
more ecologically meaningful than its
occurrence because the way in which animals
interact with their ecosystem – predation,
resuspending sediments – is often most
significant when there are many animals
present. Modelling changes to maximum
density therefore helps to provide an insight into
the threat that increased sediment mud content
may pose for both biodiversity and the
ecosystem.

The occurrence models explained 60–81% of the
variation in species distribution found in the
survey. Forecasted occurrences of some species
plotted against sediment mud content are shown
in the graph (opposite). The models show a
variety of shapes indicating that each species
reacts differently to sediment mud content. For
example, the mud crab Helice crassa is more
likely to occur in areas with high mud content.
In contrast, you are more likely to find cockles
at sites with little mud. The polychaete worm

Boccardia syrtis is most likely to occur at sites
with an intermediate percentage of mud.

To derive the maximum density models, we
plotted the chance of a species occurring at
maximum density against sediment mud
content for each species. Examples are shown
in the graph (opposite). From our dataset, most
models explained at least 60% of the variability
in the distribution of maximum density. An
exception was the mud crab Helice, where
maximum density did not seem to be related to
sediment mud content at all. In this case we

Collecting samples in
Kawhia estuary.
(Photo: Jo Ellis)

There is good evidence that sediment loading
to New Zealand’s estuaries and coasts has
increased along with human population
growth and the development of coastal
margins. This has been highlighted in several
recent articles in Water & Atmosphere (for
example, see 11(1): 11–15). Most sediment is
washed into estuaries during floods.
Therefore, estuaries with steep catchments,
heavy sporadic rainfall, and land-use
development are at high risk of inundation by
fine sediment. Climate projections for many
parts of the planet, including New Zealand,
indicate that sea level will rise, rainfall will be
more intense and the frequency of storms will
increase. This climate-change scenario points
to even muddier estuaries in the future.

Our estuaries are changing
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This research was
carried out in the
FRST-funded
programme “Effects
of Sediments on
Estuarine and
Coastal Ecosystems”
(C01X0024).

Occurrence models
(left) and maximum
density models (right)
derived from the survey
data for six species.

think another environmental variable (such as
food supply or water chemistry) must have been
controlling their abundance.

As the graphs show, maximum density models
varied from simple line relationships (mud crab
Helice), to curved (polychaete worm Aonides),
and humped relationships (polychaete worm
Aquilaspio) to bell-shaped response curves
(polychaete worm Heteromastus).

In general, the two models showed similar
responses to mud content for individual species.
For example, both models indicated that the
polychaete Aonides preferred sand, and was
unlikely to occur, or be at maximum density, in
mud.

Interestingly, for a few species the two models
gave quite different responses to mud content.
For example, in the maximum density model the
polychaete Heteromastus preferred 20–40% mud,
whereas in the occurrence model there was no
preference. The maximum density models
generally predicted a smaller habitat preference
range than the occurrence models. This makes
sense ecologically because some species may be
found at very low densities across a variety of
habitats; yet their preferred habitat – where they
occur at high density – may only span a short
range of mud content.

Habitat preferences
Estuarine species are thought to be very tolerant
of a wide range of environmental conditions.  If
this is true, the relationship between mud
content and occurrence or maximum density
should be a flat line. However, both models
show that most of the 13 species have habitat

preferences either for sand, mud or mixed
sediment.

An interesting example is for the four spionid
polychaete worms, Aonides, Aquilapsio, Boccardia
and Scolecolepides. These are closely related, they
have similar general natural history
characteristics, and all are surface deposit
feeders. However, our models for each species
are quite different. For example, Aonides
appeared to be the most sensitive to increased
muddiness, while Aquilaspio appeared to prefer
20–50% mud. This highlights the pitfalls of
making predictions from ecological data based
on broad taxonomic groups or by feeding
method.

Future work
Models such as these can be used to forecast the
effects of habitat change on the ecology of
estuaries. For example, our data suggest that if
climate change and catchment development
continue to cause estuaries to get muddier, mud-
sensitive species, such as the polychaete Aonides
and bivalves, will decrease in abundance.

The next step in developing these models is to
test them on data collected from different
locations. Eventually it should be possible to
combine them with other models, such as risk
assessment models (see Water & Atmosphere
10(2): 18–19; 10(4): 22–23), in order to get a long-
term assessment of the possible impacts of
environmental changes on estuaries and the
flow-on effects to sediment-dwelling animals.
�

Further reading
Thrush, S.F. et al.
(2003). Habitat
change in estuaries:
predicting broad-
scale responses of
intertidal
macrofauna to
sediment mud
content. Marine
Ecology Progress
Series 263: 101–
112.

Sediment mud content (% weight)
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WATER  QUALITY

Flood flushing of bugs
in agricultural streams
Rob Davies-Colley

John Nagels

Andrea Donnison

Richard Muirhead

Floods can make
farm streams very
dirty indeed: they
stir up not only
the sediment on
the bottom, but
trillions of
bacteria as well.

Pastoral agricultural streams in NZ are
chronically contaminated by livestock faeces
– washed in during rainstorms or else
deposited directly when animals get into the
channel. Most of this faecal contamination is
usually found not in the stream water, but in
the sediments. This means that when the
muddy bottoms of farm streams are disturbed,
the resulting turbid plumes can be heavily
contaminated with faecal indicator bacteria,
or "bugs" – up to a billion of them in every
cubic metre.

Faecal contamination of an
agricultural stream
We reached these conclusions following a
study of faecal contamination of a pastoral
agricultural stream that drains a catchment in
dairy and dry stock (sheep/beef) farming. In
our study stream – the Topehaehae, near
Morrinsville in the Waikato Region – during
normal flows there are typically about 100
faecal indicator bacteria per 100 ml.

Rob Davies-Colley
and John Nagels are
based at NIWA in
Hamilton; Andrea
Donnison is at
AgResearch,
Hamilton, and
Richard Muirhead at
AgResearch, Mosgiel.

John Nagels demonstrating
the muddiness of bed
sediment in the Topehaehae
Stream. Such turbid plumes
have very high levels of faecal
indicator bacteria. (Photo: Rob
Davies-Colley)

During a natural flood in September 1999 in
the Topehaehae Stream we measured very
much higher concentrations of bugs in the
water, peaking at around 40,000 per 100 ml.
In fact, the number of bacteria washed out over
about three days by this one flood event was
more than that washed out in a full year at
normal flows; and the maximum number of
bacteria passing per second was about the
same as that typically flowing in the Waikato
River, which is 100 times larger than the
Topehaehae.

During this flood the bacteria concentrations
correlated much more closely with turbidity
than with flow, apparently because bacteria
behave rather like fine sediment.  (Turbidity is
a convenient index of fine suspended matter
in the water.)

The graphs opposite (above) show that both
bacterial concentrations and turbidity peaked
before the flood peak. The relationship
between turbidity and bacterial concentrations
is shown in the inset graph.
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left: Flow (A), turbidity (B) and faecal indicator bacteria concentrations
(E. coli) (C) measured in the Topehaehae Stream near Morrinsville
during the natural flood event pictured above. The inset graph shows the
relationship between faecal indicator bacteria and turbidity (an index of
light scattering by fine suspended sediment) during the period of
measurement.

left: Response to a series of three artificial flood events created by
releasing water from a supply reservoir down the Topehaehae Stream,
showing water level (A), turbidity (B), faecal indicator bacteria
concentrations (C).

In a flood, the bacteria could have come from
the stream sediments, or from faecal deposits on
pasture washed into the stream. To study
the sediment source of bacteria separately from
pasture wash-in, we created short artificial
floods in the stream by releasing water from a
water reservoir (supplying Morrinsville)
located on the upper reaches of the Topehaehae
Stream. The experiments were carried out
during fine weather when the stream channel
was the only possible source of bacteria.

The graph below shows the results of an
experiment in which a series of three identical
flood events were produced on three successive

days. Just as with the natural flood, the bacteria
peaked well ahead of the flow peaks, and there
was a good correlation between faecal bacteria
and turbidity caused by fine sediment
entrained by the flood flows. This shows that
much of the faecal contamination mobilised
by floods comes from the sediments of the
stream.

The faecal contamination produced by the first
event peaked at 13,000 bacteria per 100 ml, and
the bacteria peaks were lower on subsequent
events due to progressive wash-out of the
sediment store of bacteria. By assuming that
an infinite number of identical floods would

below: The front of one of the artificial flood events on the Topehaehae
Stream. Richard Muirhead is about to take a sample for bacterial analysis.
(Photo: Rob Davies-Colley)

above: Natural flood event, Topehaehae Stream, 15 September 1999.
(Photo: Rob Davies-Colley)
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Further reading
Muirhead, R.W. (2001).
Faecal contamination
and flood events in a
rural stream.
Unpublished MSc
thesis, University of
Waikato, Hamilton.

Muirhead, R.W.;
Davies-Colley, R.J.;
Donnison, A.M;
Nagels, J.W. (2004).
Stream faecal
contamination during
artificial flood events:
the importance of in-
channel stores. Water
Research 38: 1215–
1224.

Nagels, J.W.; Davies-
Colley, R.J.; Donnison,
A.M; Muirhead, R.W.
(2002). Faecal
contamination over
flood events in a
pastoral agricultural
stream in New
Zealand. Water
Science and
Technology 45(12):
45–52.

wash out every last bacterium in the stream,
we calculated the size of the sediment store:
100 million bacteria per square metre of
streambed.

From our measurements, we concluded that
most of the time the water in this agricultural
stream contains only a tiny fraction (about
1/1000) of the total faecal contamination in the
stream. The rest is in the streambed, from where
it can be released by floods, but also by
livestock walking in the channel or, more
ominously, by children wading in the stream.

The flushing out of bacteria by floods is not so
much a problem in the stream itself as in waters
well downstream, including lakes and
estuaries. Faecal contamination by floodwaters
from pastoral agricultural land is a threat to
shellfish gathering and shellfish aquaculture
in estuaries and coastal waters.

Sediment sampling for bugs
We are currently trying to devise ways to
directly measure the faecal bacteria in stream
sediments. In sandy areas of streambed, this is
not too difficult, but sampling of rocky
streambeds is not straightforward. We know
that the bacteria are not present on the
accessible rocks of the streambed surface,
probably because sunlight, which is highly
bactericidal, kills exposed cells. It is more likely
that the bacteria lie deeper in the stream
sediment, under the shade of surface rocks. We
are also testing continuously measured
turbidity as a surrogate for bacterial analysis
in several ongoing studies of faecal pollution.

We expect this research will contribute to a
better understanding of faecal pollution of
streams by livestock in this country. Our
findings will contribute to the development of
systems for improving water quality and
reducing downstream impacts, notably on
shellfish aquaculture. �

Indicator bacteria
Faecal indicator bacteria such as Escherichia coli
are not themselves dangerous to humans (apart
from some rare exceptions). These bacteria (and
others such as faecal streptococci) are used to
indicate faecal contamination – and therefore
health risk – because they are always present in
faeces of warm-blooded animals, including
livestock, wild animals, and people. In contrast,
the pathogens (disease-causing micro-
organisms) are only present sporadically in
faecally contaminated waters and are not suitable
for routine monitoring.

The concentration of faecal indicator bacteria is
expressed, traditionally, per 100 ml water. One
reason for retaining this (non-standard) volume
unit is that it approximates a small cupful – the
amount of water a person may consume during
swimming. More importantly, people who work in
water quality and related fields are used to
thinking in terms of bacteria concentrations per
100 ml.

Human pathogens
In New Zealand, faecal contamination of waters
by our approximately 10 million cattle and 45
million sheep, and increasing numbers of other
livestock (notably 2.6 million deer), greatly
outweighs the contribution of our 4 million people.
But is animal faecal contamination really a
problem?

People are often more concerned about
contamination by human sewage than by animal
faeces. However, animals can carry many
diseases of humans (caused primarily by
bacterial or protozoan pathogens). An example is
campylobacteriosis – a very high-incidence
disease in New Zealand (400 cases per 100,000
people per year). Recent research suggests that
campylobacteriosis may be amplified by livestock
faecal contamination of waters.

Guidelines for water quality are usually
expressed in terms of concentrations of indicator
bacteria like E. coli with the (reasonable)
assumption that, where these bacteria are
present, pathogenic organisms like
Campylobacter and Cryptosporidiim could be too.

Cattle ramp as a source of faecal pollution on the
Topehaehae Stream. Note faecal deposits and lack
of grass on the trampled, compacted ramp surface.
Such features may be an important source of faecal
contamination of unfenced streams by livestock.
(Photo: Rob Davies-Colley).
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