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Abstract
The seaward extent of New Zealand’s coastal zone (defined here in a biophysical sense as the area of terrigenous influence) was determined
from remotely sensed ocean colour and turbidity data. The cross-shore behavior of the colour and turbidity fields were quantified at a number of
transects around the coastline and the locations where these fields changed from coastal to oceanic signatures were identified. Results from these
analyses suggest that the coastal zone can extend several hundreds of kilometers offshore. Furthermore, the seaward extent determined from
these analyses was not correlated to the underlying bathymetry of the continental shelf and slope; features commonly used to define the offshore
extent of coastal zones. The estimated seaward limits determined from the analyses of the remotely sensed data were compared to limited available in situ data and predictions from a numerical circulation model. Observations of coastal zooplankton species several hundreds of kilometers
offshore suggest good agreement with the predicted seaward extent of coastal zones determined from the remotely sensed data. Offshore transport of surface particles predicted by the circulation model also suggested that pelagic organisms and suspended inorganic particles may be
advected offshore at least several hundreds of kilometers.
Ó 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
Coastal zones form the interface or buffer zone between the
processes and fluxes occurring at the terrestrial landesea interface, and the offshore deep ocean environment. The coastal
ocean has commonly been defined as the region of water overlying continental shelf margins (Pickard, 1979); however, recent political and environmental imperatives have questioned
the utility of this definition based purely on bathymetry. For
example, property rights in the form of Exclusive Economic
Zones (EEZs) typically define the seaward limit of the coastal
zone in terms of a fixed distance from the shore. Bathymetric
definitions of the coastal zone may be appropriate where continental shelves modify physical processes such that
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hydrographic boundaries coincide with the shelf break, forming shelf break fronts that separate coastal and oceanic water
masses. However, from a living marine resource management
perspective it is often more appropriate to define the coastal
zone in terms of biotic distributions and processes given that
these are not always spatially aligned with the abiotic hydrographic or bathymetric structure.
The coastal ocean, defined hereafter in a biophysical sense
as the region between the coast and the offshore extent of terrigenous influence, not only supports major fisheries resource
(e.g. Springer et al., 1996; Cole and McGlade, 1998) but also
forms a sink for contaminants and land-sourced nutrients (e.g.
Staunton Smith and Johnson, 1995; McCook, 1996; Matsunaga et al., 1999). The coastal ocean also serves as a retention,
mixing and/or dispersal zone for the eggs and larvae of coastal
marine organisms (Sinclair, 1988; Prandle, 1990; Bakun,
1996). The offshore boundary of the coastal ocean also potentially serves as a barrier to the exchange of water and many
organisms. Hence, the identification of this boundary can
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assist marine coastal management in a number of ways. For
example, the offshore boundaries of fisheries management
areas should reflect both geopolitical and biotic margins. Similarly, identification of the coastal boundary will aid in determining the locations appropriate for ballast water exchange
(Hobday and Hewitt, in preparation; Murphy et al., 2004) to
prevent incursions of exotic organisms (Carlton, 1985; Ruiz
et al., 1997). Furthermore, governments now have a responsibility to manage all the habitats and biological communities in
their jurisdiction under the United Nations Convention on the
Law of the Sea (UNCLOS) and this has led the development
of a number of management tools including initiatives to define and map habitats and communities within EEZs. However,
to date these initiatives have largely focused on the benthic
habitats and communities (Norse, 1993) and few attempts to
comprehensively define the water-column based habitats and
communities that surround continents and islands.
Coastal oceans are generally characterized by high concentrations of both suspended organic and inorganic particulate
matter when compared with the deep ocean offshore (Pickard,
1979; Springer et al., 1996; Thomas and Strub, 2001). This
feature can be exploited to help identify the extent of the
coastal zone either directly (e.g. Murphy et al., 2004) or remotely (e.g. Hobday and Hewitt, in preparation). Concentrations of inorganic particles in nearshore coastal regions are
generally greater than locations beyond the shelf break as a result of input from terrestrial sources and the re-suspension of
sediments over shallower continental shelves (Pickard,
1979), while organic particles consist of phytoplankton, zooplankton or detritus. Concentrations of these biotic assemblages over coastal and continental shelf regions are typically
higher than further offshore due to greater nutrient enrichment
in coastal waters. Defining the seaward limit of the coastal
zone in terms of organic and inorganic suspended particles
therefore encapsulates both biotic and abiotic processes.
As highlighted above, the coastal zone can also be ‘‘defined’’ by the increased abundance and identity of organisms
associated with benthic habitats. Both sessile and motile
marine organisms occupy the waters of the coastal zone, the
majority of which undergo a pelagic larval stage in their lifecycle (e.g. Possingham and Roughgarden, 1990; Roughgarden
et al., 1998). The distribution of phytoplankton and larvae in
the ocean is controlled by both abiotic (e.g. transport) processes and biotic (e.g. production, growth and mortality) processes. For many coastal organisms, recruitment into adult stocks
depends in part on the ability of the larvae to find suitable habitat at the end of the larval stage (Sinclair, 1988; Possingham
and Roughgarden, 1990; Roughgarden et al., 1991; Bertness
et al., 1992; Wing et al., 1995; Alexander and Roughgarden,
1996). Larvae that were restricted to the nearshore portion of
the coastal zone may already be in suitable habitat, but the
same may not be true for larvae that have moved further offshore.
Almost all of our knowledge of the spatial distributions of
planktonic organisms have been derived from intensive watersampling cruises (e.g. McGowan and Walker, 1985; Venrick
et al., 1987). These cruises are limited in spatial and temporal
coverage. Hence, despite more than a century of investigation
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into the distributions of planktonic organisms (particularly icthyoplankton of commercial fish species), the sheer spatial extent and variability of planktonic distributions thwart attempts
to derive robust conclusions of the spatial and temporal distribution of larvae in the oceans (L. McKenzie pers. comm.; to
our knowledge no one has really tried to map generalized
plankton distributions from in situ data). Thus, attempts to define offshore limits of coastal waters using the presence of
coastal species have been limited by the available data. In contrast, data derived from satellite and aircraft-borne instrumentation have provided opportunity to characterize the spatial
and temporal distribution of a variety of water-column properties (e.g. Joint and Groom, 2000). This has particularly been
the case for the Coastal Zone Colour Scanner (CZCS) and
SeaWiFS sensors that measure ocean colour, which has been
assumed to be a suitable proxy for chlorophyll a and thus provide information on phytoplankton concentrations and distributions (McClain et al., 1992; Joint and Groom, 2000;
Yoder et al., 2002). A second SeaWiFS product is a measure
of light extinction with depth (k490) and represents a proxy
for turbidity (e.g. Brill et al., 2002). Turbidity is related to
the amount of light absorbing suspended and dissolved material in the water. As outlined earlier, the coastal ocean is likely
to have higher turbidity than the adjacent oceanic water. Thus,
identification of seaward limits of coastal zones might be possible based on satellite signals that measure these biotic and
abiotic characteristics of the zone.
Hobday et al. (2002) have demonstrated that conservative
delineations between coastal and oceanic zones can be identified by consideration of both remote-sensed ocean colour data
and turbidity data. The work presented here represents an application of this technique to the waters surrounding New Zealand (Fig. 1). A specific objective was to demonstrate that
a combination of satellite products can be used to identify
the offshore boundaries of the New Zealand coastal zone.
This was achieved by estimating the seaward extent of the
coastal zone from remote-sensed data and collaborating features of the identified coastal zone using a numerical hydrodynamic model and comparing the results against in situ
biological data where possible.
2. Methods
2.1. Defining the coastal zone using satellite data
Two SeaWiFS data products were used to determine the
offshore boundary of the New Zealand coastal zone; ocean
colour and k490. Ocean colour is a useful proxy for chlorophyll a, but also detects humic substances derived from
land-sourced runoff. k490 is a measure of light extinction
with depth and is thus a proxy for turbidity. Turbidity is related
to the amount of light absorbing suspended and dissolved material in the water. The ocean colour and turbidity data used
consisted of SeaWiFS data collected over 61 months (September 1997eSeptember 2002) and composited over 8-day periods at a scale of 9 km to produce a data set containing 230
images for each data type. Compositing images reduces
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Fig. 1. (A) Bathymetry of New Zealand with the 200 and 500 m depth contours
indicated. (B) Transects around New Zealand where SeaWiFS satellite data
were extracted (n ¼ 80). Note the single island form of New Zealand with
respect to transects. Circles at the coast indicate the center of each transect.

some of the problems associated with cloud cover and produces more synoptic coverage (see Fig. 2 for examples).
The first stage of the analysis involved extracting both sets
of satellite data for 1  wide (w111 km) transects set perpendicular to the New Zealand coast and extending 500 km offshore. These transects overlapped one another by 0.5  at the
coast (Fig. 1B). The algorithm for creating transects along
a coastline does not produce perfectly spaced transects around
the coast, as shown in Fig. 1B. This is because the coastline is
not a straight or smooth line, and where the curvature of the
coastline is abrupt a transect base may span a cape of width

Fig. 2. Example SeaWiFS ocean colour data used in the analysis (8 day 9 km
composite images). Note the chlorophyll concentration (mg m3) is on a log
scale. (A) October 19, 2000, (B) March 1, 2000.

less than 1  , such as in the north-west portion of New Zealand
resulting in transects of unequal widths. In regions where the
coastline is convex transects will be splayed out, while in concave regions transects will overlap at the distal ends. Transects
within Cook Strait (separating the North and South Island)
were not long enough to allow determination of the coastal
zone. Thus, the coastline of New Zealand was simplified as
shown in Fig. 1B; possibly resulting in a conservative (more
offshore) boundary to the coastal zone in the region between
the two main islands.
Full details of the method for defining the coastal zone are
provided in Hobday et al. (2002). Briefly, the coastal zone
boundary was defined as the distance at which a smoothing
spline (Matlab, Mathworks v5.3) fit to the colour or turbidity
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data in each transect first declined to the mean value for the transect. Transect data were binned into 15 km segments and the
spline-fitting process interpolated data to a 5-km resolution.
The coastal zone was typically narrow compared to the transect
length such that the mean value was very similar to the offshore
value. Thus, the mean colour or k490 value was assumed to represent the value for the offshore ocean. Using a unique mean
value for each transect and data meant that the boundary was
independent of the absolute value for the transect location. In
fact, it is recognized that coastal and oceanic phytoplankton
levels differ in different parts of New Zealand; this algorithm
allows the boundary to be identified regardless of the baseline
oceanic value. An example of the cross-shore signal in colour
data for transect 8 is shown in Fig. 3.
If there were no data within 20 km of the coast, or if gaps in
a transect existed (due to cloud), a boundary was not defined
for that transect. Thus, each colour or turbidity transect had
a maximum of 230 edges (one possible edge per image) to
the coastal zone. Outliers were identified and removed from
each transect if they were more than 50 km beyond the next
furthest offshore edge, this distance is based on maximum possible movement of the coastal zone over the 8-day period. The
edge distributions for the two data sets were combined after
preliminary analysis showed they were highly correlated, as
expected (see Section 3). The maximum extent of the coastal
zone for each transect was defined as the maximum coastal
zone boundary for the period of time being considered (i.e.
maximum of possible 230 edges, or 460 for the combined
data sets). The median coastal zone was created from the median distance offshore for edges in each transect. Both monthly
(e.g. January, February, etc.) and all months combined for the
entire data period were considered. Connecting the maximum
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or median values for each transect described the coastal zone
around New Zealand at the two temporal scales.

2.2. Elucidating the role of physical oceanographic
processes in determining extent of the coastal zone
The offshore extent of the coastal zone around New Zealand is likely to be controlled in part by abiotic processes, in
particular cross-shore advection. A numerical circulation model was therefore used in conjunction with the SeaWiFS data to
elucidate the role of physical processes in determining the
maximum extent of the coastal zone.
The circulation modeling was based on a regional version
of the DieCAST three-dimensional ocean circulation model.
DieCAST is a numerical primitive equation ocean circulation
model that has been successfully applied to a number of regions around the world, including New Zealand (e.g. Dietrich
and Lin, 1994; Gibbs et al., 2000). In this case the model domain covers most of the south-western Pacific including the
east coast of Australia and New Zealand. In particular the
model has been set up on a domain extending from 65  S (Antarctica) to 18  S (Fiji) and from 146  E (Tasmania) to 160  W.
The model grid spacing is 0.25  and bathymetry was determined from the NOAA ETOPO5 data set.
The model is forced with NOAA COADS winds averaged
for each month of the year and initialized with Levitus
(1982) temperature and salinity fields that have been corrected
for static instabilities. Temperature and salinity fields were relaxed to seasonal Levitus values at surface and open lateral
boundaries. The model is relaxed towards a geostrophically
balanced inflow at the eastern side of the northern boundary
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Fig. 3. Example of the ocean colour (SSC) data extracted for transect 8 from the 8-day composite image centered on March 1, 2000. Each star is the SSC value for
a pixel in the transect. The spline is fit to binned data for the transect. Note the high values close to the coast declining to ‘‘constant’’ offshore values. The edge of
the coastal zone in this transect is at 80 km (see text for additional details).
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Fig. 4. Frequency histograms for the estimated offshore extent of the coastal zone for the first 12 New Zealand transects using the SeaWiFS ocean colour product
(SSC) and k490 (turbidity) for Sep-97eSep-02. Bin size is 10 km. Outliers (more than 50 km from the next nearest inshore edge) have been removed. (A) SSC
transects, (B) k490 transects.

in order to simulate inflow of the East Australian Current and
a 4 Sverdrup Ekman inflow. The total inflow on the northern
boundary is 7.5, 10, 7.8, and 6.4 Sv in winter, spring, summer,
and autumn, respectively. Similarly, a geostrophically balanced inflow of 99, 94, 99, 99 Sv (winter, spring, summer, autumn) is applied south of Tasmania at the western boundary to
provide a source for the Circumpolar Current and cross-flow
was also damped at the western source of the Circumpolar
Current. Passive tracers were inserted at pertinent locations

in the surface layers to elucidate transport processes in the
coastal ocean.
3. Results
3.1. Coastal zone as defined by SeaWiFS
The offshore boundary of the coastal zone around New
Zealand was defined for 80 1  wide cross-shore transects
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Fig. 4 (continued).

using the two SeaWiFS data products (Fig. 1B). A total of
16 499 edges were identified using sea surface colour (SSC),
and 16 571 edges using k490 (out of 18 400 possible edges
80 transects  230 images). An example of these results
(Fig. 4A) shows frequency histograms of the estimated offshore extent of the coastal zones defined by the colour data
for 12 evenly-spaced transects for all months. Only 18 outliers
were identified in each set of transects and these were removed
from further analyses. In general there is a non-uniform distribution of edge distances with the peak in the frequency

distribution quite skewed to the coast and the maximum
edge quite far offshore compared to the median edge. Similar
distributions were generated for all transects using turbidity
data (Fig. 4B). The median and maximum coastal zone boundary was calculated using each of these data. The maximum
edge of the overall coastal zone distance around New Zealand
ranged in width from 120 to 355 km, depending on the data
product (Table 1). Using just the ocean colour data for all transects showed the maximum coastal zone extended offshore by an
average distance of 241 km (range: 120e345 km; Table 1).
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Table 1
Comparison between the distance offshore for the edge of the coastal zone for
New Zealand derived from SeaWiFS colour (SSC, chl a) and k490 (turbidity)
products and for the combined analysis. The overall coastal zone results are for
all months and transects combined (i.e. 80 transects), while at the monthly
scale the overall maximum and median distance of the coastal zone for each
month and transect combination (i.e. 12 months by 80 transects) is listed
Zone

Overall coastal zone
Colour (SSC)
k490
Combined
Monthly coastal zone
Combined

A

Mean (and range) (km)
Maximum edge
of coastal zone

Median edge of
coastal zone mean

241 (120e345)
251 (125e355)
233 (120e345)

73 (35e135)
75 (35e140)
68 (35e140)

164 (28e347)

350

Maximum edge by k490 method (km)

246

300

250

200

150

67 (3e186)
150

250

300

350

140

B

130

50% edge by k490 method (km)

Similarly, the turbidity data indicated that the maximum coastal zone extended offshore by an average distance of 251 km.
The mean offshore distance of the median edge of the coastal
zone was 73 km using the colour data and 75 km using the turbidity component. Both the maximum extent of coastal zone
(Fig. 5A) and median extent (Fig. 5B) from colour and turbidity data for the 80 coastal zone transects around New Zealand
are significantly correlated (R2 ¼ 0.746 for the maximum extent; R2 ¼ 0.915 for the median extent). Given this strong relationship, these two data sets were combined to derive the
final monthly and overall coastal zone boundaries. Maximum
extent (furthest offshore) values were extracted from either
colour or turbidity boundaries for each transect each month
providing the final product. The overall maximum extent of
the coastal zone in each transect was determined from the
set of monthly maximum extents of either colour or turbidity.
The overall maximum offshore extent of the coastal zone was
defined by the colour data in approximately half (56%) of the
transects and by turbidity data for the remaining transects.
The offshore extent of the predicted coastal zones for all
months (overall) and by calendar month is shown in Figs. 6
and 7, respectively. The maximum coastal zone boundary is
consistently further offshore than the median boundary, overall
and for individual months (Fig. 8). Of particular importance is
how far offshore the maximum coastal zone extends. Although
there is considerable variability over the months, there is a distinct seasonal signal in both the maximum and median coastal
zone (Fig. 8). The coastal zone, by either definition, is narrowest in the winter months (JuneeSeptember). As a result, the
mean of the maximum (median) edge calculated for the
monthly coastal zone (Table 1) is less than for the overall
coastal zone because it is the average of maximum (median)
edge in each transect each month (n ¼ 12  80).
The depth at the position of the median and maximum coastal
zone boundary was examined to further explore the relationship
between water depth and the edge of the coastal zone. A relationship between the location of the seaward edge of the coastal
zone around New Zealand and water depth at that edge would
then lead to the conclusion that a depth contour could be used
to define a coastal zone in the absence of satellite data, and
that bathymetry was related to the processes dividing coastal
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Fig. 5. Relationships between the offshore distances of the edge of the New
Zealand coastal zone predicted from ocean colour (chl a) and turbidity
(k490) data. (A) Maximum edge to the coastal zone (R2 ¼ 0.746). (B) Median
(50%) edge to the coastal zone (R2 ¼ 0.915). The 1:1 line and the best-fit line
are also shown on each panel (n ¼ 80 transects in each case).

and offshore waters. Supporting evidence would be a tight frequency distribution of depths for the coastal zone edge. Comparison of the typical shelf width (Fig. 1) and the coastal zone
limits (Figs. 6 and 7) shows that the predicted coastal zone limits
often extend far beyond the shelf break (w200 m), a reference
point commonly used when defining coastal regions. The depth
of the median coastal zone around New Zealand varies spatially
and ranges from less than 100 m and to about 4000 m (Fig. 9B).
The mean depth under the median coastal zone boundary is
950 m. The depth distribution using the maximum edge to the
coastal zone is skewed to even deeper depths as it is further offshore and so is not shown here.
3.2. Role of physical oceanographic processes
A large number of large eddies were identified in the DieCAST model (Fig. 10). The larger of these are quasi-permanent
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Fig. 6. Overall coastal zones around New Zealand based on the maximum edge
(outer line) and median edge (inner line) for the period Sep-97eSep-02.

features; for example the East Cape eddy off the north-eastern
coast of the North Island. The model also successfully reproduced sporadic upwelling events, and associated recirculations
(see small eddies off the west coast in Fig. 10) that are known
to occur particularly off the west coast of the South Island, resulting from interactions between winds, alongshore currents
and bathymetry.
Whilst the eddies identified in the model simulation are all
offshore (beyond the 200 m isobath), their influence is likely
to result in water masses and the associated plankton being
transported inshore or offshore. This was further investigated
by inserting tracers in the surface layer of the DieCAST circulation model at pertinent locations around the coastline and examining the trajectories over periods up to 176 days. Fig. 11A
shows the trajectories of tracers placed just inshore of the
100 m isobath over a 40-day period. Clearly, most of the passive particles were advected along in a general shore-parallel
direction. Similarly, particles injected over the continental
slope (slightly further offshore) were also generally advected
in a mostly shore-parallel direction. By contrast, running the
simulation over 176 days (between 5 and 6 months) resulted
in significant offshore transport and, in some cases, particles
became trapped in recirculating eddies and returned shoreward
(Fig. 11B).
The model suggests that surface particles can be transported considerable distances offshore even on the ‘upstream’
west coast. Detailed inspection of these regions showed that
these particles were advected in offshore-directed upwelling
jets and recirculations; an example of which may be seen off
the south-west coast of the South Island in Fig. 10B. Once
again comparison between this feature in Fig. 10B, the model
simulation in Fig. 11B and the offshore extent of the coastal
zone shown in Fig. 6 suggests that the coastal zone can indeed

The offshore extent of the coastal zone and thus the distribution of coastal planktonic organisms is likely to be a function
of both biotic and abiotic processes. The specific objective of
the work presented here was to attempt to quantitatively describe the spatial and temporal behavior of the seaward extent
of the coastal zone around New Zealand that accounted for
both biotic and abiotic processes. The satellite-based method
used to achieve this objective (Hobday et al., 2002) involved
analyzing remote-sensed ocean colour and turbidity data.
The ocean colour data are a proxy for chlorophyll a, and hence
phytoplankton, and the turbidity data are a proxy for suspended organic and inorganic particulate matter (SPM), dominated by terrigenously-derived material. These signals may be
highly confounded in the nearshore waters, however, the independent identification of coastal zone extent obtained from the
two products were very similar to the combined approach presented here. Of greatest import is that high colour and turbidity values were restricted to the coastal zone.
The coastal zone defined using satellite information is hypothesized to contain the majority of the coastal phytoplankton and zooplankton species. The results of the analyses of
the satellite data suggested that the delineation between coastal and oceanic planktonic assemblages generally lies many
tens of kilometers offshore and the maximum extent is sometimes almost 300 km offshore of the coast of New Zealand. A
seasonal signal was evident in the extent of the coastal zone,
suggesting that the zone responds to seasonal forcing. A similar approach with the same time period of data applied to the
Australian coast showed that the coastal zone varied seasonally in some areas and not in others (Hobday et al., 2002). Furthermore, there appears to be no strong relationship between
the seaward edge of the coastal zone and the depth of the underlying water, and so it seems that the surface signal that defines the coastal zone is independent of bottom topography.
Given that New Zealand is not known for strong widespread,
persistent shelfbreak fronts, a weak association between topography and the edge of its coastal zone is not unexpected.
Despite advances in knowledge of chlorophyll (phytoplankton) distributions based on satellite data, inferences about the
distribution of zooplankton species via remote sensing remain
tenuous at best. This is principally because chlorophyll a may
be a poor indicator of zooplankton (Tait, 1981). Thus, inferences about the distribution of coastal zooplankton species within the coastal zone remain subject to validation through in situ
sampling. At this stage the hypothesis that coastal zooplankton
species are restricted to the coastal zone identified on the basis
of chlorophyll distributions remains untested.
The influence of oceanographic processes in determining
the seaward extent of the coastal zone has been demonstrated
in other regions. New Zealand’s elongated north-east aspect
(Fig. 1) represents a long barrier directly in the path of the
general eastward flowing surface flows in the temperate South
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Fig. 7. Maximum (outer solid line) and median (inner solid line) extent of the coastal zone around New Zealand by month (JaneDec).
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Fig. 7 (continued).

Pacific. A simplistic analogy to the surface ocean current flows
around New Zealand is that of a long rock placed across the
current in a river. In such an analogy we would expect to
find large recirculating eddies on the downstream side of the
rock (to the east of New Zealand) as is observed in the DieCAST ocean model simulations (Fig. 10). However, the
‘rock-in-the-river’ analogy is somewhat simplistic since it
does not take into account the other dynamical processes controlling regional circulation. For example, interactions between winds, alongshore currents and bathymetry on the
west coasts lead to sporadic upwelling and associated recirculation (see small eddies off west coast in Fig. 10).
Both upwelling regions and eddies play a major role in defining the spatial extent of the coastal zone around New Zealand. For
example, upwelling off the west coast of central New Zealand
may influence the width of the coastal zone. A major feature of
coastal upwelling regions is that the surface currents tend to
flow offshore (see Marchesiello et al., 2000 for a recent example).
Hence coastal planktonic organisms are often transported offshore in upwelling regions. In many cases transport is enhanced
by strong narrow offshore flowing jets. Hence the coastal zone defined by the presence of coastal species may be wide in upwelling
regions in comparison with downwelling regions.
The vertical component of abiotic circulation processes can
also play a major role in determining the offshore distribution
of coastal planktonic communities. This is primarily through
the vertical transport of nutrients that underpin pelagic primary

productivity in the oceans. Regions where nutrients are transported into sunlit surface waters (upwelling zones) or regions
where significant vertical mixing occurs (over wide shallow
shelves) can support tremendous biological production
(growth and reproduction of phytoplankton) that subsequently
supports higher trophic levels. Therefore, the horizontal extent
of coastal pelagic species is also often related to the width of
the continental shelf, although this result can be confounded
by the development of seasonal thermoclines that act to dampen vertical exchange in the water-column. The shelf (defined
as the 200 m isobath in Fig. 1) around New Zealand is generally narrow (often only 5e15 nm wide except for south of the
South Island, west of central New Zealand and offshore of the
central east coast of the South Island). Therefore we might
also expect that coastal planktonic organisms may be found
further offshore in the regions to the south of the South Island
and to the west of central New Zealand by comparison with
regions where the shelf is narrow in the absence of upwelling
or large eddies.
The most suitable data set for verifying that the satellitebased method used here defines a biologically meaningful
coastal zone would be a series of cross-shore transects examining phytoplankton and zooplankton assemblages and abundances over multiple months or years. Demonstrating that
either coastal or oceanic species were found inside or outside
the coastal zone boundary, respectively, would enhance the results of the satellite-based analysis and numerical simulations.
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However, a review of the literature failed to uncover such
a comprehensive data set around New Zealand. Despite this,
results of studies on the Chatham Rise and off the west coast
of the South Island provide limited verification of the satellitebased coastal zone identification method.
The extensive shallow regions of the Chatham Rise, that lie
to the east of central New Zealand, and the Challenger Plateau
to the west of central New Zealand (Fig. 1) support enhanced
biological activity. This is indicated in many ocean colour images (e.g. Fig. 2B). However, the apparent high chlorophyll in
this region could be abiotic material advected from the coast,
or biological material associated with either coastal and/or
oceanic phytoplankton species. The results from the satellite-based analyses suggest that the coastal zone in this region
can extend halfway out over the Chatham Rise (around
300 km). Therefore, we could expect particles of coastal origin
such as planktonic organisms to be found over the western half
of the Rise. Bradford-Grieve et al. (1998) provide a description
of the abundance and species composition of mesozooplankton samples acquired from several sites located over the Chatham Rise, all around 300 km east of the central east coast of
the South Island (the edge of the coastal zone defined in
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Fig. 10. Numerical simulation of surface ocean currents around New Zealand. Dominant eddies are highlighted by dots.

Fig. 6). The timing of the in situ sampling was prior to the period of satellite data coverage, however, comparison of the patterns is reasonable in this data-poor environment. The samples
of Bradford-Grieve et al. (1998) were dominated by oceanic
copepods and euphausids, however, the presence of coastal
species, such as the amphipod Themisto australis, indicated
that either coastal water had been entrained into the STC (Subtropical Convergence) over the Chatham Rise in both winter
and summer, or conditions were suitable for the coastal species to bloom. While the in situ data were collected during
June and October 1993, the position of the coastal zone boundaries for June (1997e2002) and October (1997e2002) (Fig. 6)
suggests that the in situ sampling locations were on the edge of
the coastal zone during these months and this is consistent
with the fact that coastal species were measured this far offshore. Unfortunately, no data further offshore are available.
It is also worthwhile highlighting the fact that the boundary
of the satellite-based analyses suggests that the coastal zone
only extends halfway out across the Chatham Rise despite
the relatively shallow water in this region.
In the second in situ study, Bradford-Grieve and co-workers
sampled phytoplankton and zooplankton communities off the
west coast of the South Island sporadically during 1987,
1988 and 1990. Bradford-Grieve et al. (1996) provide details
of the abundances and assemblages of zooplankton from

a number of locations ranging from 5 to 50 nm (9e93 km) offshore. Of interest here is that many of the dominant species of
zooplankton were found both at the inshore and offshore sites,
for example the ‘‘coastal’’ copepod Paracalanus indicus was
measured 93 km offshore of the west coast where the continental shelf is particularly narrow. The fact that coastal species
were found over 93 km offshore indicates that the coastal zone
extends at least this far. This is consistent with the results from
the analyses of the SeaWiFS data that suggest that the coastal
zone can extend several hundreds of kilometers offshore at this
location during all calendar months. However, once again no
data are available further offshore and so the outer edge of
the coastal zone cannot be verified.
Non-indigenous crustaceans are often considered to be potentially high-risk invasive organisms (Chapman and Carlton,
1991; McDermott, 1991; Carlton and Geller, 1993; Thresher
et al., 2000). Understanding the location of the boundaries
that separate coastal and oceanic water may be crucial for regulating activities that may introduce such invasive species (e.g.
Lafferty and Kuris, 1996; Hobday et al., 2002). One complication is for species that spend considerable times in the plankton and have the capacity to be mixed into oceanic waters. For
example, some species of crustaceans also spend particularly
lengthy periods in the plankton before settling to benthic substrates (e.g. Chiswell and Booth, 1999; Griffin et al., 2001).
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a coastal crustacean were found 284 km offshore indicates
that a coastal zone defined by the presence of coastal species
can extend at least this far offshore and concurs with the predicted coastal zones presented here.
Despite this result, using coastal icthyoplankton and other
larvae as indicators of the maximum extent of coastal zones
can be deceiving since long-lived larvae can be transported
far beyond what we are considering to be the coastal zone
here (Roberts, 1997; Chiswell et al., 2003). In other words,
if we define the offshore extent of the coastal zone to be a point
where absolutely no coastal taxa can be found, then in many
cases much of the world’s oceans would be defined as coastal
zone although the larval or zooplankton concentrations are
very low. If a zooplankton-based definition to the coastal
zone was required, a definition linked to concentration might
be more relevant and suitable from a management perspective.
An investigation of the abiotic transport processes was also
performed to help validate the method. This involved a consideration of the major oceanographic features and processes occurring around the New Zealand coastline and investigating
theoretical transport using a numerical model. Once again
the predicted coastal zones were in good qualitative agreement
with our understanding of cross-shore transport processes occurring around New Zealand. In particular, the offshore extent
of the predicted coastal zones appears to scale to the diameter
of the quasi-permanent eddies located off the eastern coast of
New Zealand. This was confirmed by simulating the trajectories of passive particles using the numerical circulation models.

1200

5. Conclusions

1000

The coastal boundaries of New Zealand, important for a variety of natural processes and management strategies, were
identified in a consistent approach over a five-year period.
The use of satellite data allowed temporal and spatial coverage
that would not be possible with in situ sampling. It remains
important to validate these boundaries, and determine the species composition inside and outside the coastal zone. These
boundaries may be used to regulate human activities around
the coast, such as ballast water discharge (Hobday et al.,
2002), waste disposal, fisheries management and fishing activities. The utility of this classification approach will depend on
the purpose to which it is applied. For example, the remotesensed data classified the coastal zone without regard to community structure. It is expected that different parts of the coastal
zone may be dominated by different species, and that community structure will also vary over time. Hence the usefulness of
the method for stock management would be limited. However,
the predicted zones do provide insight into the spatial scale of
zooplankton distributions and the abiotic factors controlling
these distributions around New Zealand.
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Fig. 11. Trajectories from the DieCAST circulation model. The small circles
represent the insertion points of the particles. (A) Trajectories of passive particles after 40 days. (B) Trajectories of passive particles after 176 days.

For example, spiny lobsters (Palinuridae) can spend over 12
months in the plankton and undergo numerous developmental
stages. These extended larval periods allow larvae to be transported considerable distances offshore. For example as noted
above, Chiswell and Booth (1999) observed sampled developmental stages of Jasus edwardsii up to 284 km offshore of the
east coast of the lower North Island of New Zealand. The authors suggested that these animals were retained in the quasistationary Wairarapa mesoscale eddy. Hence the maximum
offshore extent of the larvae may be influenced by the diameter of the mesoscale eddies. The fact that the larval stages of

Acknowledgements
Scott Ling assisted with processing satellite data and algorithm development. Satellite data courtesy of the SeaWiFS

M.T. Gibbs et al. / Estuarine, Coastal and Shelf Science 66 (2006) 240e254

project, ORBimage and CSIRO Marine Research. Mike Taylor
is thanked for input into an earlier version of the manuscript.
Steve Chiswell and co-workers from the National Institute of
Water and Atmospheric Research (New Zealand) are also
thanked for their helpful comments on an earlier version of
the manuscript. This project was funded in part as a research
contract for the New Zealand Ministry of Fisheries, Marine
Biosecurity Programme.

References
Alexander, S.E., Roughgarden, J., 1996. Larval transport and population dynamics of intertidal barnacles: a coupled benthic-oceanic model. Ecological Monographs 66 (3), 259e275.
Bakun, A., 1996. Patterns in the Ocean: Ocean Processes and Marine Population Dynamics. California Sea Grant College System, National Oceanic
and Atmospheric Administration, in cooperation with Centro de Investigaciones Biologicas del Noroeste, La Jolla, California.
Bertness, M.D., Gaines, S., Stephens, E., Yund, P.O., 1992. Components of recruitment in populations of the acorn barnacle Semibalanus balanoides
(Linnaeus). Journal of Experimental Marine Biology and Ecology 156,
199e215.
Bradford-Grieve, J.M., Murdoch, R.C., James, M.R., Oliver, M., Hall, J., 1996.
Vertical distribution of zooplankton >39 mm in relation to the physical environment off the west coast of the South Island, New Zealand. New Zealand Journal of Marine and Freshwater Research 30, 285e300.
Bradford-Grieve, J.M., Murdoch, R., James, M.R., Oliver, M., McLeod, J.,
1998. Mesozooplankton biomass, composition, and potential grazing pressure on phytoplankton during austral winter and spring 1993 in the subtropical convergence region near New Zealand. Deep-Sea Research I 45,
1709e1737.
Brill, R., Lutcavage, M., Metzger, G., Bushnell, P., Arendt, M., Lucy, J.,
Watson, C., Foley, D., 2002. Horizontal and vertical movements of juvenile
bluefin tuna (Thunnus thynnus), in relation to oceanographic conditions of
the western North Atlantic, determined with ultrasonic telemetry. Fishery
Bulletin 100 (2), 155e167.
Carlton, J.T., 1985. Transoceanic and interoceanic dispersal of coastal marine
organisms: the biology of ballast water. Oceanography and Marine Biology, An Annual Review 23, 313e371.
Carlton, J.T., Geller, J.B., 1993. Ecological roulette: the global transport of
nonindigenous marine organisms. Science 261, 78e82.
Chapman, J.W., Carlton, J.T., 1991. A test of criteria for introduced species:
the global invasion by the isopod Synidotea laevidorsalis (Miers, 1881).
Journal of Crustacean Biology 11 (3), 386e400.
Chiswell, S.M., Booth, J.D., 1999. Rock lobster Jasus edwardsii larval retention by the Wairapa eddy off New Zealand. Marine Ecology Progress Series 183, 227e240.
Chiswell, S.M., Wilkin, J., Booth, J.D., Stanton, B., 2003. Trans-Tasman Sea
larval transport: is Australia a source for New Zealand rock lobsters? Marine Ecology Progress Series 247, 173e182.
Cole, J., McGlade, J., 1998. Clupeoid population variability, the environment
and satellite imagery in coastal upwelling systems. Reviews in Fish Biology and Fisheries 8 (4), 445e471.
Dietrich, D.E., Lin, C.A., 1994. Numerical studies of eddy shedding in the
Gulf of Mexico. Journal of Geophysical Research 99, 7599e7615.
Gibbs, M.T., Bowman, M.J., Dietrich, D.E., 2000. Maintenance of near-surface stratification in Doubtful Sound, a New Zealand fiord. Estuarine,
Coastal and Shelf Science 51 (6), 683e704.
Griffin, D.A., Wilkin, J.L., Chubb, C.F., Pearce, A.F., Caputi, N., 2001. Ocean
currents and the larval phase of Australian western rock lobster, Panulirus
cygnus. Marine and Freshwater Research 52 (8), 1187e1199.
Hobday, A., Hewitt, C.L., Condie, S., Cahill, M., Mansbridge, J., Ling, S.,
2002. Mapping the Australian Ballast Water Uptake and Discharge

253

Contingency Zones. CSIRO Marine Research, Hobart, Australia (Report
No. MR-OEEZ 02-09, AFFA/AQIS).
Joint, I., Groom, S.B., 2000. Estimation of phytoplankton production
from space: current status and future potential of satellite remote sensing.
Journal of Experimental Marine Biology and Ecology 250 (1e2), 233e
255.
Levitus, S., 1982. Climatological atlas of the World Ocean. NOAA Professional
Paper No. 13 (US Govt. Printing Office: Washington DC), 173 pp.
Lafferty, K.D., Kuris, A.M., 1996. Biological control of marine pests. Ecology
77 (7), 1989e2000.
Marchesiello, P., Gibbs, M.T., Middleton, J.H., 2000. Simulations of coastal
upwelling on the Sydney shelf. Marine and Freshwater Research 51,
577e588.
Matsunaga, K., Kawaguchi, T., Suzuki, Y., Nigi, G., 1999. The role of terrestrial humic substances on the shift of kelp community to crustose coralline
algae community of the southern Hokkaido Island in the Japan Sea. Journal of Experimental Marine Biology and Ecology 241, 193e205.
McClain, C.R., Esaias, W.E., Barnes, W., Guenther, B., Endres, D., Hooker, S.,
Mitchell, G., Barnes, R., 1992. Calibration and Validation Plan for SeaWiFS. In: Hooker, S.B., Firestone, E.R. (Eds.), NASA Technical Memo.
104566, vol. 3. NASA Goddard Space Flight Center, Greenbelt, Maryland,
p. 41.
McCook, L.J., 1996. Effects of herbivores and water quality on Sargassum distribution on the central Great Barrier Reef: cross shelf transplants. Marine
Ecology Progress Series 139, 179e192.
McDermott, J.J., 1991. A breeding population of the western Pacific crab
Hemigrapsus sanguineus (Crustacea: Decapoda: Grapsidae) established
on the Atlantic Coast of North America. Biological Bulletin (Woods
Hole) 181 (1), 195e198.
McGowan, J.A., Walker, P.W., 1985. Dominance and diversity maintenance in
an oceanic ecosystem. Ecological Monographs 55 (1), 103e118.
Murphy, K., Boehme, J., Coble, P., Cullen, J., Field, P., Moore, W., Perry, E.,
Sherrell, R., Ruiz, G., 2004. Verification of mid-ocean ballast water exchange using naturally occurring coastal tracers. Marine Pollution Bulletin,
711e730.
Norse, E.A. (Ed.), 1993. Global Marine Biological Diversity. Island Press,
Washington, 384 pp.
Pickard, G.L., 1979. Descriptive Physical Oceanography. Pergamon Press,
Oxford, 233 pp.
Possingham, H.P., Roughgarden, J., 1990. Spatial population dynamics of
a marine organism with a complex life cycle. Ecology 71 (3), 973e985.
Prandle, D. (Ed.), 1990. Dynamics and Exchanges in Estuaries and the Coastal
Zone. AGU, Washington, 648 pp.
Roberts, C.M., 1997. Connectivity and management of Caribbean coral reefs.
Science 278, 1454e1457.
Roughgarden, J., Gaines, S., Possingham, H., 1998. Recruitment dynamics in
complex life cycles. Science 241, 1460e1466.
Roughgarden, J., Pennington, J.T., Stoner, D., Alexander, S., Miller, K., 1991.
Collisions of upwelling fronts with the intertidal zone: causes of recruitment pulses in barnacle populations of central California. Acta Oecologica
12 (1), 35e51.
Ruiz, G.M., Carlton, J.T., Grosholz, E.D., Hines, A.H., 1997. Global invasions
of marine and estuarine habitats by non-indigenous species: mechanisms,
extent, and consequences. American Zoologist 37, 621e632.
Sinclair, M., 1988. Marine Populations: An Essay on Population Regulation
and Speciation. Washington Sea Grant Program, University of Washington
Press, Seattle, WA, 252 pp.
Springer, A.M., McRoy, C.P., Flint, M.V., 1996. The Bering Sea Green Belt:
shelf-edge processes and ecosystem production. Fisheries Oceanography
5 (3e4), 205e223.
Staunton Smith, J., Johnson, C.R., 1995. Nutrient inputs from seabirds and humans
on a populated coral cay. Marine Ecology Progress Series 124, 189e200.
Tait, R.V., 1981. Elements of Marine Ecology. Butterworths, London, 356 pp.
Thomas, A., Strub, T.P., 2001. Cross-shelf phytoplankton pigment variability
in the California Current. Continental Shelf Research 21 (11e12),
1157e1190.
Thresher, R.E., Werner, M., Hoeg, J.T., Svane, I., Glenner, H.,
Murphy, N.E., Wittwer, C., 2000. Developing the options for

254

M.T. Gibbs et al. / Estuarine, Coastal and Shelf Science 66 (2006) 240e254

managing marine pests: specificity trials on the parasitic castrator,
Sacculina carcini, against the European crab, Carcinus maenas, and
related species. Journal of Experimental Marine Biology and Ecology
254 (1), 37e51.
Venrick, E.L., McGowan, J.A., Cayan, D.R., Hayward, T.L., 1987. Climate
and chlorophyll a: long-term trends in the Central North Pacific Ocean.
Science 238, 70e72.

Wing, S.R., Largier, J.L., Botsford, L.W., Quinn, J.F., 1995. Settlement and
transport of benthic invertebrates in an intermittent upwelling region. Limnology and Oceanography 40 (2), 316e329.
Yoder, J.A., Schollaert, S.E., O’Reilly, J.E., 2002. Climatological phytoplankton chlorophyll and sea surface temperature patterns in continental shelf
and slope waters off the northeast U.S. coast. Limnology and Oceanography 47 (3), 672e682.

