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RESEARCH ARTICLE

A New Zealand demersal fish classification using Gradient
Forest models
Fabrice Stephenson a, John R. Leathwickb, Malcolm P. Francisc and
Carolyn J. Lundquista,d

aNational Institute of Water and Atmospheric Research (NIWA), Hamilton, New Zealand; bSelf-employed,
Hamilton, New Zealand; cNational Institute of Water and Atmospheric Research (NIWA), Wellington,
New Zealand; dInstitute of Marine Science, University of Auckland, Auckland, New Zealand

ABSTRACT
Spatial classifications of the environment have previously been used
to characterise biodiversity and to facilitate management planning
at large spatial scales. Such classifications are more likely to be
adopted if they can demonstrate integration of real patterns in
habitats or biotic assemblages, in addition to environment. A
previous classification used Gradient Forest analysis to derive 30
classes based on demersal fish assemblage patterns and
environmental gradients. Here we provide a detailed description
of the similarities and differences in the environment and fish
assemblages of classes resulting from an updated classification
using the same methodology. Environmental differences were
associated with varying levels of differences in the distributions of
fish species. At broad spatial scales, assemblages are differentiated
primarily according to oceanographic conditions such as
temperature and depth; at finer scales, patterns in species
assemblages are more closely associated with more localised
environmental conditions such as productivity, sea-surface
temperature gradients and tidal currents. The 30-group
classification allows complex biodiversity information to be
summarised in ways accessible to stakeholder and environmental
managers. Given the hierarchical nature of the classification, there
is considerable scope to use a larger number of groups for
applications at regional to local scales.
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Introduction

Marine ecosystems are under increasing anthropogenic impacts (e.g. sedimentation,
pollution, eutrophication, fishing, oil drilling, waste disposal) (Jones et al. 2018). In
many cases, these anthropogenic pressures negatively impact biodiversity, threatening
ecosystem functioning and ecosystem services (Palumbi et al. 2009). Quantification of
large-scale biodiversity patterns is a necessary first step (Margules and Pressey 2000;
Ferrier et al. 2007) to better understand potential anthropogenic impacts and manage
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human activities. However, producing quantitative descriptions of biodiversity patterns in
the marine environment remains challenging (Elith et al. 2006; Leaper et al. 2011; Morán-
Ordóñez et al. 2017) due to the often sparse availability of biological samples (Leathwick
et al. 2006; Thomson et al. 2014).

Spatial classifications of the environment have previously been used to characterise bio-
diversity at large spatial scales and address some of the issues related to the sparse and/or
patchy distribution of biological samples (e.g. Snelder et al. (2007)). Spatial environmental
classifications use more readily available and spatially comprehensive environmental data
to define groups that share similar environmental properties, and that are therefore
expected to share similar biological character (Snelder and Biggs 2002). These classifi-
cations have been used to identify areas that are likely to respond in similar ways to
human impacts and management interventions (Bailey 1983; Omernik and Bailey
1997), to provide a basis for site selection in monitoring programmes (Hawkins et al.
2000), and to prioritise areas for conservation management (Leathwick et al. 2012).

Earlier classifications relied largely on subjective, expert decision-making (e.g. thematic
hierarchical classifications, Roff et al. (2003)), while more recent classifications have used
more quantitative approaches (e.g. Snelder et al. (2007)). However, the relevance of these
environmental classifications as surrogates for biodiversity has been questioned (Galpar-
soro et al. 2012; Rowden et al. 2018). In order to address some of these concerns, more
recent approaches have combined continuous environmental data with biological
samples (Dunstan et al. 2012; Anderson et al. 2016) with various statistical techniques
used to quantitatively assess the role that different environmental factors play in influen-
cing biodiversity patterns (Ferrier et al. 2004; Pitcher et al. 2012). Results can then be used
to control the selection, weighting and transformation of environmental predictors,
increasing the ability of the classification groups to represent spatial variation in biodiver-
sity character (Leathwick et al. 2011; Stephenson et al. 2018).

One recently developed approach, Gradient Forests (GF, Pitcher et al. (2011)) uses an
aggregation of Random Forests (RF, (Breiman 2001)), each of which describes the
environmental relationships of an individual species, to inform the selection, weighting
and transformation of environmental predictors to maximise their correlation with
species turnover (Ellis et al. 2012). A GF-trained classification was recently used to
describe spatial patterns of demersal fish species turnover (beta diversity) in New
Zealand using an extensive demersal fish dataset (>27,000 research trawls) and high-res-
olution environmental data layers (1 km2 grid resolution) (Stephenson et al. 2018). Using a
large set of independent data for evaluation, this classification was found to be highly
effective at summarising spatial variation in both the composition of demersal fish assem-
blages and species turnover (Stephenson et al. 2018).

Such classifications have several key features that make them particularly useful for
resource management and conservation planning. Firstly, they can be created at various
levels of group-detail (e.g. 30 groups as presented in Stephenson et al. (2018), to 500+),
a feature that makes them particularly useful when applied at differing spatial scales
(national to regional to local). Secondly, such classifications also contain information
on inter-group similarities, allowing greater priority to be given during conservation plan-
ning to groups that occupy unusual environments and are therefore likely to support
unusual species assemblages. Thirdly, such classifications summarise complex multi-
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species data in a reduced set of layers, e.g. Stephenson et al. (2018) summarised the dis-
tribution of 250 individual demersal fish species into a single, 30-group classification layer.

One challenge with these classifications is the communication of a statistically complex
product in a way that facilitates their use by management agencies (Rowden et al. 2018),
e.g. by providing descriptions of the habitats and biotic assemblages associated with each
classification group. This challenge can be overcome, at least in part, through the use of
appropriate communication tools, e.g. documents/webinars, web-based products, and
application-tools (Rowden et al. 2018), which document classification groups in ways
that allow them to be more easily understood by end users. Such an approach is exem-
plified by the long standing European Union Nature Information System (EUNIS) classifi-
cation, which provides detailed descriptions and documentation of all its component
groups (European Environment Agency 2012).

Here, we provide extended documentation for a 30-group GF numerical classification
tuned to capture spatial variation in the composition and turnover of demersal fish within
the New Zealand Continental Shelf Zone to depths of 2000m, based on methods developed
in Stephenson et al. (2018). For each classification group we document its geographic
location, its environmental characteristics, and its species’ assemblages.

Materials and methods

A hierarchical GF classification of demersal fish species was created using the approach
described in Stephenson et al. (2018). This analysis combined a set of research trawl
data describing the distributions of demersal fish species with high resolution environ-
mental data. Results from this analysis are used to transform the environmental layers
to represent demersal fish compositional turnover. Numerical classification of the trans-
formed environmental space was then used to define spatial groups (inferred assem-
blages). A detailed description of the methodology for model fitting and evaluation is
available in Stephenson et al. (2018).

Briefly, the study area consisted of the New Zealand Extended Continental Shelf to
depths of 2000m. Demersal fish presence/absence data collected from research bottom
trawl surveys in the waters surrounding New Zealand between 1979–2005 were aggregated
to a 1 km grid (herein referred to as research trawls); the final dataset included ≈ 207,000
presence/absence observations of 253 species at 27,440 unique sample locations. Fifteen
updated, high resolution and functionally-relevant environmental predictors (described
in Table 1) were used to represent the diverse range of environmental conditions found
in New Zealand’s large Extended Continental Shelf.

A GF model was fitted using 13,917 research trawls (randomly selected from a possible
27,440) and 15 updated environmental predictors using the R package ‘gradientForest’
(Ellis et al. 2012) and the base package in the statistical computing software R (R Core
Team 2013). Not all research trawl samples were used in the GF model because repeated
analyses with subsamples of the training dataset indicated minimal changes in model stab-
ility with expansion of the data beyond ca. 7,000 samples (Stephenson et al. 2018). The
compositional turnover functions derived from the GF model were used to transform
the gridded environmental predictor layers creating a ‘transformed environmental
space’ representing turnover in species composition (Stephenson et al. 2018). The trans-
formed environmental space was then classified in two stages. In the first stage, the 2.48
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Table 1. Environmental variables used as predictors in Gradient Forest analyses (modified from Stephenson et al. 2018).
Abbreviation Full name Description Units Source

Bathy Bathymetry Depth at the seafloor was interpolated from contours generated from
various sources, including multi-beam and single-beam echo
sounders, satellite gravimetric inversion, and others (Mitchell et al.
2012).

m CANZ (2008)

BedDist Benthic sediment
disturbance

Combination of seabed orbital velocities (estimates the average mixing
at the seafloor as a consequence of orbital wave action, calculated
from a wave climatology derived hindcast (1979–1998) of swell-wave
conditions in the New Zealand (NZ) region (Gorman et al. 2003)) and
friction velocity for seabed types (based on grain size). Benthic
sediment disturbance from wave action was assumed to be zero
where depth≥ 200 m.

unitless NIWA, unpublished

BotTemp Temperature at depth Annual average water temperature at the seafloor (using NZ
bathymetry layer) based on methods from Ridgway et al. (2002). The
oceanographic data used to generate these climatological maps were
computed by objective analysis of all scientifically quality-controlled
historical data from the Commonwealth Scientific and Industrial
Research Organisation (CSIRO) Atlas of Regional Seas database
(CARS2009).

°C km−1 NIWA, unpublished

BotNi Bottom nitrate Annual average water nitrate concentration at the seafloor (using NZ
bathymetry layer) based on methods from Ridgway et al. (2002).
Oceanographic data from CARS2009 (2009).

umol l−1 NIWA, unpublished

BotOxy Dissolved oxygen at
depth

Annual average water dissolved oxygen concentration at the seafloor
(using NZ bathymetry layer) based on methods from Ridgway et al.
(2002). Oceanographic data from CARS2009 (2009).

ml l−1 NIWA, unpublished

BotSal Salinity at depth Annual average water salinity concentration at the seafloor (using NZ
bathymetry layer) based on methods from Ridgway et al. (2002).
Oceanographic data from CARS2009 (2009).

psu NIWA, unpublished

BotSil Bottom silicate Annual average water silicate concentration at the seafloor (using NZ
bathymetry layer) based on methods from Ridgway et al. (2002).
Oceanographic data from CARS2009 (2009).

umol l−1 NIWA, unpublished

Disorgm Coloured dissolved
organic matter
(CDOM)

Indicative of coloured dissolved organic matter (CDOM) absorption at
440 nm. Based on SeaWiFS ocean colour remote sensing data, using a
modified Case 2 atmospheric correction, and a modified Case 2
inherent optical property algorithm (Pinkerton et al. 2005).

Indicative of CDOM absorption at
440 nm ag(440) (m

−1)
Pinkerton (2016)
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Table 1. Continued.
Abbreviation Full name Description Units Source

Roughness Roughness Roughness of the seafloor calculated as the standard deviation of
depths in a surrounding 3 × 3 km neighbourhood (using NZ
bathymetry layer) (Leathwick et al. 2012).

unitless Leathwick et al. (2012)
NIWA, unpublished
data

SeasTDiff Annual amplitude of
sea floor
temperature

Smoothed difference in seafloor temperature between the three
warmest and coldest months. Providing a measure of the amplitude
of seasonal temperature variation through the year.

°C km−1 NIWA, unpublished
data

Sed Sediment type Seabed sediment and rock data were obtained from research surveys
around the NZ region (≈ 6000 data points) and combined with
sediment type data from a global online database, providing a total of
about 30,000 data points for the study area (Anderson et al. 2016).
Because of the uneven distribution of these data, interpolation was
required to provide a value for each cell. Interpolation was carried out
using a kriging process in ESRI ArcGIS 10.3.1 providing coarse
categorical classification of sediment type around NZ.

(1) calc-gravel, (2), calc-mud, (3) calc-sand, (4) Clay,
(5) deep ocean clays, (6) gravel, (7) mud, (8) sand,
(9) siliceous-ooze, and (10) volcanic

Anderson et al. 2016
NIWA, unpublished
data

SstGrad Sea surface
temperature
gradient

Smoothed magnitude of the spatial gradient of annual mean SST. This
indicates locations in which frontal mixing of different water bodies is
occurring (Leathwick et al. 2006). Derived from Sea-Viewing Wide-
Field-of-view Sensor (SeaWIFS) satellite imagery (Pinkerton et al.
2005).

°C km−1 Pinkerton et al. (2005)

SuspPM Suspended particulate
matter

Indicative of total suspended particulate matter concentration. Based on
SeaWiFS ocean colour remote sensing data with a modified Case 2
atmospheric correction, and a modified Case 2 inherent optical
property algorithm (Pinkerton et al. 2005)

Indicative of total suspended particulate matter
concentration (g m−3)

Pinkerton (2016)

TidalCurr Tidal current speed Maximum depth-averaged (NZ bathymetry) flows from tidal currents
calculated from a tidal model for NZ waters (Walters et al. 2001)

m s−1 NIWA, unpublished
data

VGPM Productivity Model Estimate of surface water primary productivity based on the Vertically
generalized productivity model of Behrenfeld and Falkowski (1997).
Net primary productivity by phytoplankton (mean daily rate of water
column carbon fixation) is estimated as a function of remotely sensed
chlorophyll concentration, irradiance, and photosynthetic efficiency
estimated from remotely sensed Sea-Viewing Wide-Field-of-view
Sensor (SeaWIFS) satellite imagery (M. Pinkerton, NIWA, pers. comm.)

mgC m−2 d−1 NIWA, unpublished
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million data points were clustered to form 500 initial groups using non-hierarchical, k-
medoids clustering with the Manhattan distance metric (Stephenson et al. 2018).
Average values for the transformed environmental predictors were then computed for
each of these initial groups, with the resulting matrix of values subjected to agglomerative
clustering to a 30-group level using flexible UPGMA, the Manhattan metric, and a value
for beta of −0.1 (Stephenson et al. 2018). Geographic distributions and Principal Com-
ponent Analysis (PCA) plots of the 30-group demersal fish classification for the seas
within the New Zealand Extended Continental Shelf to a depth of 2000m were produced
in the statistical computing software R (R Core Team 2013).

To provide descriptions of each groups’ environmental characteristics, environmental
values for 27,440 demersal fish records were extracted and averaged for each GF classifi-
cation group. All demersal fish records were used in order to provide a larger sample
number for summarising environmental and biotic characteristics of groups. Species
assemblage data (species’ presence/absence) for each research trawl were used to calculate
mean frequency occurrence of each species (n = 250 species sampled) within groups and
investigate the contribution of individual species to intra-group similarity (SIMPER analy-
sis using Bray–Curtis similarity, in PRIMER v7.0.13). Characterising species were defined
as those species contributing more than 4% to the SIMPER intra-group similarity (Clarke
and Warwick 2001).

Results

The 30 groups defined by the GF classification exhibited clear differences in their environ-
mental characteristics (Table 2) and in their distributions within both geographic space
(Figure 1) and PCA space (Figure 2); the hierarchical nature of the classification also pro-
vides a robust description of inter-group relationships (Figure 3), with a number of readily
identifiable clusters of related groups.

Environmental differences among groups in deep water were relatively muted, but
greater environmental differences were evident among groups at intermediate depths, par-
ticularly with respect to temperature, oxygen concentration and salinity (Figure 2 and
Table 2). The more pronounced environmental differences among groups at intermediate
depths were generally aligned with well-defined oceanographic patterns observed in New
Zealand’s oceans, with a clear latitudinal separation along the boundaries of the Subtropi-
cal Front (STF), a highly productive zone of mixing between high salinity, nutrient poor,
warm, northern waters, and low salinity, nutrient rich, cold, southern waters (Figure 2)
(Bradford-Grieve et al. 2006; Leathwick et al. 2006; Leathwick et al. 2012; Stephenson
et al. 2018). Environmental differences became even more pronounced at shallow
depths, where variation in productivity, sea-surface temperature gradients, tidal currents,
suspended sediments and dissolved organic matter were important differentiating factors
(Figure 2 and Table 2).

In the following sections, detailed results of environmental and species assemblage
similarities are presented at the broad and finer-scale environmental similarity level (as
defined in Figure 3). Mean frequency occurrence of all demersal fish species (n = 250)
(Table A1 in the supplementary materials) and more detailed descriptions for individual
groups are provided in the supplementary materials.
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Deep, cold-water groups

Two closely-related groups occurred in very deep (mean depth: 1200–2000m), cold waters
with low concentrations of bottom oxygen but high concentrations of bottom silicate
(groups 1 and 2; Figure 3, Figure 4); these groups showed limited variation in relation
to the other transformed environmental predictors, reflecting the homogenous

Figure 1. Geographic distributions of 30-group demersal fish classification for the seas within the New
Zealand Extended Continental Shelf (dashed line) to a depth of 2000m; transformations were derived
from a Gradient Forest model fitted to 13,917 research trawls.
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environmental conditions generally prevailing at these depths (Table 2). These two groups
were widespread across the study area (Figure 4).

A related set of five groups (3–7; Figure 3) with mean depths from around 800–1000 m,
showed greater variation in relation to transformed environmental predictors than the two
previous deep-water groups (Table 2). The first two of these (groups 3 and 4) occurred
across large areas of New Zealand’s Extended Continental Shelf (Figure 4) mostly in
less oxygenated waters north of the subtropical front (STF), and particularly to the north-
west of the North Island and on the Challenger Plateau. Group 5, a relatively small group
(in terms of area), was restricted to areas with higher seabed roughness (i.e. variability in
seafloor depth) primarily along deep-sea ridges (Macquarie, Lau-Colville and Kermadec
Ridges) (Figure 4). In contrast groups 6 and 7 occurred predominantly south of the
STF (Figure 4) in waters with lower bottom salinity and temperature and higher concen-
trations of bottom silicate and nitrogen (Table 2).

Several characterising species were important across these seven deep, cold-water
groups (Table 3). Specifically, orange roughy (Hoplostethus atlanticus) was important in
characterising all seven groups and Johnson’s cod (Halargyreus johnsonii), Baxter’s

Table 2. Mean values of raw environmental variables for demersal fish samples (n = 27,440) ordered
by broad-scale descriptions and group number. As no biological samples were located within the area
designated as Group 15, mean values of raw environmental variables for the whole geographical
range of the group was used. Cell colours represent the range of environmental values for each
environmental predictor: Dark blue represents lowest environmental values, white the median and
dark red the highest environmental values. Environmental variables are ordered (left to right) in
terms of relative importance in the GF analysis from most important to least important. (Colour
online only)
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dogfish (Etmopterus granulosus) and four-rayed rattail (Coryphaenoides subserrulatus)
were important characterising species in five out of the seven groups (Table 3). Finer
scale patterns of environmental similarity were also reflected in species assemblages,
with groups 1–2, 3–5 and 6 −7 bearing close resemblances in terms of their characterising
species (Table 3). Deep, cold-water groups had a relatively low number of characterising
species (6 species in each group, of which 5 were the same in both group 1 and 2), most
likely reflecting the relatively homogenous environmental conditions prevailing at these
depths (Table 3). With increasing environmental separation, the number of characterising
species increased (number of species ranging from 8 to 10). Little is known about the
ecology of species in these groups, or the factors that they share. However, three of the
four main characterising species have similar diets: orange roughy, Baxter’s dogfish and
Johnson’s cod feed mainly on mesopelagic and benthopelagic prawns, fish and squid.
By contrast, the four-rayed rattail feeds on small crustaceans and molluscs, particularly
calanoid copepods. The species in these groups show a strong association with deep, sedi-
ment-covered seabed, though orange roughy also associates with seamounts, particularly
during spawning.

Intermediate depth groups

Seven groups (8–14) occurred in waters of intermediate depths ranging from 340 to 600 m
mean depth (Figure 3 and Table 2). These groups showed greater environmental

Figure 2. Distributions in PCA space of 30 groups defined by classification of transformed environ-
mental layers for the seas within the New Zealand Extended Continental Shelf to a depth of
2,000 m. Vectors indicate correlations with the eight most important environmental predictors and
symbol size indicates the relative size of the group area. Dashed lines represent the five broad-scale
description levels from Figure 3 (black: deep, cold waters; yellow: Intermediate depth waters; red: Inter-
mediate – shallow depths, north of the STF; blue: Intermediate – shallow depths, south of the STF;
purple: Very shallow depths).
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separation compared to the deep, cold-water groups, particularly with respect to sea floor
oxygen and salinity (Figure 5 and Table 2). Five groups (8–12) occurred at intermediate
depths, in less saline, more oxygenated waters south of the STF and two groups
(13–14) occurred at intermediate depths, in waters of intermediate salinity and low
oxygen concentrations north of the STF (Figure 5).

Five groups occurred predominantly south of the STF; groups 8 and 9 occurred in rela-
tively low productivity waters with high concentrations of bottom oxygen on the Campbell
Plateau and Bounty Plateau, with Group 8 occupying deeper waters than Group 9

Figure 3. Dendrogram describing similarities among 30 demersal fish classification groups at 5 (broad-
scale), and 10 (finer-scale) description levels, for the seas within the New Zealand Extended Continental
Shelf to a depth of 2000m. STF = subtropical front.
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Table 3. Characterising species based on intra-group similarity for groups 1–7 of the 30-group demersal fish classification. Species are arranged in descending order
by the sum of occurrence across groups. For each species within groups, the mean frequency of occurrence in demersal fish records is provided, with the respective
percentage contribution to intra-group similarity given in brackets. Cell colours reflect the order of species’ contribution to intra-group similarity (black was high and
light grey was low).
Common name Scientific name Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7

Orange roughy Hoplostethus atlanticus 0.69 (25.43) 0.87 (21.99) 0.97 (16.01) 0.77 (14.94) 0.58 (5.10) 0.56 (5.20) 0.72 (7.03)
Johnson’s cod Halargyreus johnsonii 0.38 (7.38) 0.57 (7.6) 0.77 (8.53) 0.51 (4.15) 0.64 (6.47)
Baxter’s dogfish Etmopterus granulosus 0.38 (5.39) 0.73 (14.28) 0.65 (6.1) 0.89 (13.2) 0.91 (11.35)
Four-rayed rattail Coryphaenoides subserrulatus 0.49 (5.17) 0.72 (7.12) 0.51 (4.06) 0.56 (4.20) 0.83 (8.94)
Basketwork eel Diastobranchus capensis 0.52 (12.83) 0.58 (7.85) 0.65 (5.79) 0.63 (6.01)
Smooth oreo Pseudocyttus maculatus 0.45 (11.53) 0.69 (14.17) 0.91 (14.68) 0.97 (13.42)
Longnose velvet dogfish Centroselachus crepidater 0.61 (5.05) 0.51 (4.09) 0.82 (9.57)
Shovelnose spiny dogfish Deania calcea 0.61 (5.04) 0.67 (7.36) 0.58 (4.05)
Hoki Macruronus novaezelandiae 0.68 (8.04) 0.78 (8.33) 0.67 (5.66)
Big scaled and small scaled brown
slickhead (2 species)

Alepocephalus australis
Alepocephalus antipodianus

0.38 (7.44) 0.57 (5.03)

Javelinfish Lepidorhynchus denticulatus 0.54 (4.68) 0.78 (8.32)
Ribaldo Mora moro 0.66 (7.80) 0.78 (8.18)
Black oreo Allocyttus niger 0.79 (10.67) 0.89 (10.99)
Ridge scaled rattail Macrourus carinatus 0.79 (9.78) 0.78 (7.62)
Serrulate rattail Coryphaenoides serrulatus 0.83 (10.05)
Notable rattail Coelorinchus innotabilis 0.56 (4.1)
White rattail Trachyrincus aphyodes 0.55 (4.06)
Hake Merluccius australis 0.76 (8.24)
Leafscale gulper shark Centrophorus squamosus 0.58 (4.41)
Banded rattail Coelorinchus fasciatus 0.63 (4.99)
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(Figure 5). A second pair of closely related groups, 10 and 11, occurred in more productive
waters associated with the STF (high sea surface temperature gradients and intermediate
concentrations of bottom oxygen), predominantly along the Chatham Rise, and also
locally along the western edge of the Campbell Plateau (Figure 5). The remaining group
(group 12) had a more limited geographic extent, occurring in areas with high concen-
trations of oxygen, steep sea-floor gradients and intermediate tidal currents near the Mac-
quarie Ridge (Figure 5).

The remaining two groups (13 and 14) occurred predominantly north of the STF in
more saline, less oxygenated waters; group 13, the most widespread of these, was extensive

Figure 4. Geographic distributions of groups 1–7 of the 30-group demersal fish classification.

NEW ZEALAND JOURNAL OF MARINE AND FRESHWATER RESEARCH 71



on the Challenger Plateau and in a narrow range of depths around the North Island
(Figure 5). By contrast, group 14 was restricted to sites with high tidal currents and
SST gradients west of the Three Kings Islands (Figure 5).

Although groups occurring at intermediate depths were characterised by a greater
number of demersal fish species than the deep, cold-water groups (Table 4), three charac-
terising species played a dominant role, frequently making the strongest contributions to
intra-group similarity: javelinfish (Lepidorhynchus denticulatus) in all seven groups, and
ling (Genypterus blacodes) and hoki (Macruronus novaezelandiae) in six of the seven
groups (Table 4). Hoki and javelinfish feed mainly on mesopelagic crustaceans, with

Figure 5. Geographic distributions of groups 8–14 of the 30-group demersal fish classification.
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Table 4. Characterising species based on intra-group similarity for groups 8–14 of the 30-group demersal fish classification. Species are arranged in descending
order by the sum of occurrence across groups. For each species within groups, the mean frequency of occurrence in demersal fish records is provided, with the
respective percentage contribution to intra-group similarity given in brackets. Cell colours reflect the order of species’ contribution to intra-group similarity (black
was high and light grey was low).
Common name Scientific name Group 8 Group 9 Group 10 Group 11 Group 12 Group 13 Group 14

Javelinfish Lepidorhynchus denticulatus 0.90 (13.93) 0.38 (4.88) 0.86 (10.01) 0.70 (7.80) 0.84 (10.35) 0.65 (9.81) 0.78 (14.13)
Ling Genypterus blacodes 0.90 (14.56) 0.69 (23.92) 0.88 (11.07) 0.83 (12.05) 0.93 (13.31) 0.72 (13.75)
Hoki Macruronus novaezelandiae 0.90 (14.34) 0.48 (9.73) 0.94 (13.26) 0.89 (14.66) 0.92 (13.03) 0.83 (21.66)
Lookdown dory Cyttus traversi 0.80 (8.84) 0.73 (8.16) 0.71 (7.32) 0.57 (8.60)
Silverside Argentina elongata 0.64 (7.31) 0.52 (11.25) 0.54 (4.47)
Gemfish Rexea solandri 0.55 (4.75) 0.52 (7.69) 0.56 (6.47)
Pale ghost shark Hydrolagus bemisi 0.86 (12.75) 0.79 (8.25)
Southern blue whiting Micromesistius australis 0.57 (6.92) 0.57 (15.25)
Bollons’ rattail Coelorinchus bollonsi 0.59 (4.33) 0.56 (4.23)
Lucifer dogfish Etmopterus lucifer 0.57 (4.11) 0.78 (15.81)
Spiny dogfish Squalus acanthias 0.66 (7.51) 0.63 (6.09)
Silver roughy Hoplostethus mediterraneus 0.47 (4.73) 0.56 (6.90)
Banded rattail Coelorinchus fasciatus 0.55 (4.64)
Oblique banded rattail Caelorinchus aspercephalus 0.45 (7.75)
Hake Merluccius australis 0.64 (5.47)
Oliver’s rattail Coelorinchus oliverianus 0.58 (4.09)
Silver warehou Seriolella punctata 0.56 (5.23)
Dark ghostshark Hydrolagus novaezealandiae 0.55 (4.65)
Red codling Pseudophycis bachus 0.68 (6.99)
Giant stargazer Kathetostoma giganteum 0.60 (4.92)
Deepsea flathead Hoplichthys haswelli 0.42 (3.78)
Cucumber fish Paraulopus nigripinnis 0.67 (10.63)
Northern spiny dogfish Squalus griffini 0.56 (7.70)
Slender smooth-hound Gollum attenuatus 0.56 (6.80)
Frostfish Lepidopus caudatus 0.56 (5.73)
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hoki also consuming mesopelagic fishes. Ling are more demersal in their behaviour and
feed on benthic crustaceans. These three species were generally the most abundant
species sampled during trawl tows in intermediate depth waters.

Groups with similar environmental conditions also had similar species assemblages:
groups 8 and 9 had strong environmental similarities and shared the majority of their
characterising species, a pattern that was repeated in groups 10–12 (Table 4). However,
a significant number of species made low to intermediate contributions to the intragroup
similarities of a single group, e.g. species in rows below banded rattail (Coelorinchus fas-
ciatus). Groups 13 and 14 had few species in common, with Group 14 sharing few species
with any of the other groups at intermediate depths (Table 4), most likely reflecting its
unique combination of high tidal currents and SST gradients due to its location north
of Cape Reinga at the intersection of the Pacific Ocean and the Tasman Sea (Table 2
and Figure 5).

Intermediate – shallow depth groups north of the Subtropical Front

Nine groups (15–23) were located predominantly north of the STF occurring in warmer,
higher salinity, intermediate to shallow waters (mean depth: 30–264 m), with low concen-
trations of bottom nitrate and high seabed roughness (Table 2, Figure 3 and Figure 6).
Most of these groups exhibited intermediate to high productivity; some had locally
strong tidal currents (Table 2).

Groups 15 and 16 had highly localised distributions, occurring in waters of intermedi-
ate depth (mean depth: 130–264 m) largely on relatively exposed parts of the North
Island coasts (Figure 6 and Table 2). Group 15 occurred across a very small area on
the West Norfolk Ridge and Group 16 occurred in intermediate – shallow waters off
the East Cape and the North Cape of the North Island (Figure 6). Despite group 16
occurring mostly in water depths greater than 130 m, this group was typified by
strong tidal currents and high benthic sediment disturbance (Table 2). Two more
closely related groups, 17 and 18, occurred in shallow to very shallow inshore waters
respectively, predominately around the North Island (Figure 6); they were typified by
strong seasonal temperature variation, intermediate to high productivity and high con-
centrations of dissolved organic matter (Table 2).

Groups 19–23 occurred in intermediate to shallow water depths (mean depth: 74–
172 m) (Table 2). Group 19, which is something of an outlier in this cluster of groups
(Figure 3), occupied very small areas of intermediate depth around Cook Strait and on
the south Fiordland coast (Figure 6). It was characterised by intermediate values for
many of the environmental variables (e.g. bottom temperature, bottom concentration of
oxygen, productivity and benthic seabed disturbance, Table 2).

The remaining three groups in this cluster, Groups 20–23 were characterised by inter-
mediate to high bottom water temperatures, high bottom salinity and high productivity
(Table 2). Group 20 occupied shallow waters in the South Taranaki Bight and Tasman
and Golden Bays at the top of the South Island (Figure 6), while Group 21 occupied shal-
lower, more inshore sites in the southern part of this range (Figure 6). Group 23 occupied
relatively small areas south of the STF, occurring around Cook Strait, on the south Fiord-
land coast, Mernoo Bank and the waters surrounding the Chatham Islands (Figure 6).
Group 22, the most extensive intermediate – shallow depth group north of the Subtropical
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Front, occurred on the outer continental shelf from the west coast of the South Island
around much of the North Island to just northeast of Cook Strait (Figure 6). Group 23
shared environmental similarities to both groups 20–22 and groups 24–26 (see below)
and represented zones of high mixing.

Patterns in characterising species for these intermediate to shallow water groups
north of the STF were generally not well defined (Table 5), and were weaker than
those in the deeper water groups. Despite this, groups which shared closer similarities
in environment still tended to have characterising species in common, e.g. groups 17–
18 and groups 19–23 (Table 5). Groups 17 and 18 shared several characterising

Figure 6. Geographic distributions of groups 15–23 of the 30-group demersal fish classification.
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Table 5. Characterising species based on intra-group similarity for groups 15–23 of the 30-group demersal fish classification. Species are arranged in descending
order by the sum of occurrence across groups. For each species within groups, the mean frequency of occurrence in demersal fish records is provided, with the
respective percentage contribution to intra-group similarity given in brackets. Cell colours reflect the order of species’ contribution to intra-group similarity (black
was high and light grey was low). A lack of trawl samples within the areas defined for group 15 means that its demersal fish assemblages could not be described
directly.
Common name Scientific name Group 15 Group 16 Group 17 Group 18 Group 19 Group 20 Group 21 Group 22 Group 23

Red gurnard Chelidonichthys kumu 0.83 (20.93) 0.83 (19.26) 0.50 (6.49) 0.58 (7.22) 0.57 (4.27)
John Dory Zeus faber 0.84 (26.86) 0.76 (13.51) 0.79 (21.15) 0.71 (13.63) 0.91 (11.16)
Barracouta Thyrsites atun 0.68 (15.64) 0.65 (9.86) 0.65 (12.53) 0.51 (6.84) 0.92 (11.31)
Spiny dogfish Squalus acanthias 0.42 (5.72) 0.56 (7.08) 0.72 (16.11) 0.77 (15.87) 0.89 (10.49)
Tarakihi Nemadactylus macropterus 0.79 (18.94) 0.72 (15.74) 0.55 (6.78) 0.39 (4.07)
School shark Galeorhinus galeus 0.61 (8.09) 0.43 (5.54) 0.57 (8.67) 0.77 (7.78)
Snapper Chrysophrys auratus 0.45 (4.11) 0.43 (4.6) 0.74 (6.8)
Hāpuku Polyprion oxygeneios 0.48 (6.41) 0.53 (6.11) 0.68 (6.02)
Carpet shark Cephaloscyllium isabellum 0.86 (23.17) 0.85 (23.23)
Yellowtail jack mackerel Trachurus novaezelandiae 0.46 (6.05) 0.58 (9.97)
Rig Mustelus lenticulatus 0.61 (11.57) 0.49 (4.84)
Hoki Macruronus novaezelandiae 0.40 (4.95) 0.82 (8.69)
Ling Genypterus blacodes 0.83 (21.66)
Javelinfish Lepidorhynchus denticulatus 0.72 (13.75)
Lookdown dory Cyttus traversi 0.65 (9.81)
Gemfish Rexea solandri 0.57 (8.60)
Silver roughy Hoplostethus mediterraneus 0.52 (7.69)
Deepsea flathead Hoplichthys haswelli 0.47 (4.73)
Leatherjacket Meuschenia scaber 0.42 (3.78)
Sand flounder Rhombosolea plebeia 0.58 (10.46)
Red cod Pseudophycis bachus 0.48 (5.69)
Blue cod Parapercis colias 0.38 (6.38)
Silver warehou Seriolella punctata 0.51 (6.98)
Frostfish Lepidopus caudatus 0.50 (6.28)
Scaly gurnard Lepidotrigla brachyoptera 0.59 (4.01)
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species that contributed similar amounts to intra-group similarities, i.e. red gurnard
(Chelidonichthys kumu), tarakihi (Nemadactylus macropterus) and carpet shark (Cepha-
loscyllium isabellum) (Table 5). Similarly, Groups 19–23 shared three characterising
species (Table 5), all of which contributed strongly to intra-group similarities: John
Dory (Zeus faber), barracouta (Thyrsites atun) and spiny dogfish (Squalus acanthias).
Two further species, school shark (Galeorhinus galeus) and snapper (Chrysophrys
auratus) were also important characterising species in some of these groups (Table 5).
All five of these fish species are predatory but have different feeding strategies. John
Dory are fish-feeding specialists that slowly stalk individual prey. Spiny dogfish are
less discriminate, feeding on a wide range of fish and squid. Barracouta are mesopelagic
to epipelagic carnivores, consuming a variety of prey from euphausids to small fishes
such as hoki and sprats. Snapper are opportunistic carnivores, feeding on a wide
range of demersal invertebrates but also on other demersal fishes, and pelagic fishes.
A lack of trawl samples for group 15 means that its demersal fish assemblages could
not be described directly (Table 5); environmentally it was most similar to group 16
which was typified by an assemblage distinct from the other intermediate – shallow
depth groups north of the STF (Table 5).

Intermediate – shallow depth groups south of the Subtropical Front

Four closely related groups (24–27) occurred at intermediate – shallow depths (mean
depth: 60–160 m) in highly oxygenated but moderately low salinity waters, predominantly
on continental shelf sites south of the STF (Table 2, Figure 3 and Figure 7). These groups
generally had locally strong tidal currents but lower productivity than the intermediate –
shallow depth groups found north of the Subtropical Front (Table 2).

Three of these groups were closely related (Groups 24–26), all occurring at intermediate
depths to the south and east of the South Island (Figure 7); they were characterised by
locally strong tidal currents, high seabed roughness and highly oxygenated but low pro-
ductivity waters (Table 2). Group 24 occurred off the southern Fiordland coast, along
the east coast of the South Island, and around the Chatham Islands (Figure 7). Group
26 occupied a similar latitudinal range but further from shore in deeper water (Figure
7). Group 25 occurred at shallower depths, mostly around Stewart Island – Snares
Islands shelf and on the Auckland Islands shelf (Figure 7).

Although group 27 showed some similarity to the previous three groups (Figure 3), it
was distinguished by its strong tidal currents and marked variability in seafloor depth
(Table 2). It occupied intermediate water depths in Cook Strait and the Marlborough
Sounds, likely reflecting the variable transition zone between waters north and south of
the STF (Figure 7).

Spiny dogfish (Squalus acanthias), barracouta (Thyrsites atun) and hāpuku (Poly-
prion oxygeneios) were important characterising species across groups 24–26, while tar-
akihi (Nemadactylus macropterus) and red cod (Pseudophycis bachus) were important
characterising species in two groups (Table 6). Most of these species are predatory car-
nivores that feed on a range of prey including fish, squid and crustaceans. Tarakihi are
an exception, feeding predominantly on benthic invertebrates that they obtain by fora-
ging in soft sediments on the seabed. Spiny dogfish and barracouta rove widely through
the water column, whereas hāpuku, tarakihi and red cod are usually more demersal in
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behaviour, associating more strongly with the seabed. A further set of species contrib-
uted low – intermediate amounts to intragroup similarities for just one group, e.g.
species in rows below school shark (Galeorhinus galeus) (Table 6). Group 27 was
characterised by intermediate occurrences of blue cod (Parapercis colias), a species
not identified as characteristic for any other group found at intermediate – shallow
depths south of the STF. Other demersal fish species were present in samples within
group 27 but were not deemed characterising based on the SIMPER analysis (Table
A1 in the supplementary materials).

Figure 7. Geographic distributions of groups 24–27 of the 30-group demersal fish classification.
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Very shallow depth groups

Groups 28–30 were associated with very shallow water depths (mean depth: 16–
30 m), high seasonal temperature variability, high seabed disturbance, and highly pro-
ductive and oxygenated waters (Table 2 and Figure 3). They occurred around both
the North and South Islands, with one north of and two to the south of the STF
(Figure 8).

Group 30 had the most northern distribution and the highest temperature season-
ality and productivity of the three; it occurred in and around the mouths of the estu-
aries along the North Island west coast, in the inner Hauraki Gulf and in the Bay of
Plenty (Figure 8). Groups 28 and 29 had a more southerly distribution with Group
28 occurring predominantly inshore around the east and south of the South Island
and Group 29 occurring along the north-western and northern coast of the South
Island (Figure 8).

Red gurnard (Chelidonichthys kumu) were the only characterising species identified
across all three groups; this species made the single largest contribution to intra-group
similarities for group 29 (Table 7). Two further characterising species played an impor-
tant role for the northern group (group 30), i.e. snapper (Chrysophrys auratus) and
John Dory (Zeus faber), the first of these occurring with a mean frequency of 0.96
in the demersal fish samples (Table 7). The two southern groups (28–29) shared
three further characterising species in common: barracouta (Thyrsites atun), spiny
dogfish (Squalus acanthias) and blue warehou (Seriolella brama) (Table 7). Red
gurnard feed on small benthic invertebrates that live on or in the sediment of the
seabed. Barracouta, spiny dogfish and John Dory are predators on small fishes and
crustaceans, and snapper are highly adaptable generalists, feeding on a wide range of
mostly demersal prey. Blue warehou have a very different diet, specialising in
feeding on gelatinous invertebrates, especially salps, but also taking euphausids,
other crustaceans and squid.

Table 6. Characterising species based on intra-group similarity for groups 24–27 of the 30-group
demersal fish classification. Species are arranged in descending order by the sum of occurrence
across groups. For each species within groups, the mean frequency of occurrence in demersal fish
records is provided, with the respective percentage contribution to intra-group similarity given in
brackets. Cell colours reflect the order of species’ contribution to intra-group similarity (black was
high and light grey was low).
Common name Scientific name Group 24 Group 25 Group 26 Group 27

Spiny dogfish Squalus acanthias 0.80 (17.38) 0.63 (16.25) 0.90 (23.02)
Barracouta Thyrsites atun 0.85 (20.17) 0.70 (23.01) 0.81 (18.47)
Hāpuku Polyprion oxygeneios 0.41 (4.4) 0.53 (10.74) 0.52 (7.64)
Tarakihi Nemadactylus macropterus 0.67 (11.81) 0.45 (4.6)
Red cod Pseudophycis bachus 0.54 (6.89) 0.48 (5.3)
School shark Galeorhinus galeus 0.48 (8.32)
Red gurnard Chelidonichthys kumu 0.45 (5.07)
Elephantfish Callorhinchus milii 0.48 (5.99)
Gemfish Rexea solandri 0.48 (8.62)
Silver warehou Seriolella punctata 0.38 (7.9)
Ling Genypterus blacodes 0.52 (6.56)
Witch Arnoglossus scapha 0.48 (5.33)
Blue cod Parapercis colias 0.57 (78.53)
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Discussion

Our description of a revised and updated 30-group Gradient Forest based classification of
the oceans around New Zealand builds on previous work by Stephenson et al. (2018). Here
we provide a set of expanded descriptions of both the average environmental conditions
and fish assemblages for all groups, structured in a way to facilitate use of the classification
by both managers and stakeholders. Although the classification is environment-based, in
broad terms the classification can also be understood as a spatial summary of variation in

Figure 8. Geographic distributions of groups 28–30 of the 30-group demersal fish classification.
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fish community composition and turnover in these waters as described by a complex
multi-species research-trawl data set. The combining of a comprehensive set of function-
ally relevant environmental layers with the trawl dataset provides distinct advantages com-
pared to a classification defined using fish distribution data alone, most significantly in its
ability to interpolate results from sampled to un-sampled areas. The statistical method
used to combine these two datasets offers significant advantages over previously used
approaches, with its explicit non-linear transformations of the environmental layers
designed to maximise their correspondence with fish species turnover. This in turn
allows the identification of environmental groups that (i) have similar levels of within-
group variability in species composition, (ii) have intergroup environmental similarities
that correspond to their similarities in biological composition, and (iii) can be displayed
at varying levels of classification detail, e.g. with finer levels of classification at regional
scales. Given these characteristics, we expect this classification to have potentially
strong value as a summary of spatial variation in fish assemblages that can provide a
common currency for discussions among those with interests in marine management
and conservation.

In comparative terms, the broad spatial structure of this new GF-based classification is
strongly consistent with results from previous studies at various spatial scales ranging
from regional to national, e.g. in Bull et al. (2001); Beentjes et al. (2002); Francis et al.
(2002); Kendrick and Francis (2002); Snelder et al. (2007). Using correspondence and
cluster analysis, these studies identified depth, and to a lesser extent, water temperature,
latitude (as a proxy for temperature and water mass) and major oceanographic features
as important variables structuring variation in species composition. Similarly, spatial pat-
terns of the 30-group classification presented here show strong correspondence both with
latitudinal changes in water mass and their associated frontal features (Francis et al. 2002;
Foster et al. 2013; Stephenson et al. 2018), and the general muting of environmental vari-
ation that occurs with progression from shallow to deep waters. The strongest

Table 7. Characterising species based on intra-group similarity for groups 28–30 of the 30-group
demersal fish classification. Species are arranged in descending order by the sum of occurrence
across groups. For each species within groups, the mean frequency of occurrence in demersal fish
records is provided, with the respective percentage contribution to intra-group similarity given in
brackets. Cell colours reflect the order of species’ contribution to intra-group similarity (black was
high and light grey was low).
Common name Scientific name Group 28 Group 29 Group 30

Red gurnard Chelidonichthys kumu 0.49 (6.17) 0.74 (13.55) 0.68 (13.01)
Barracouta Thyrsites atun 0.63 (9.58) 0.62 (8.76)
Spiny dogfish Squalus acanthias 0.77 (14.62) 0.58 (7.85)
Blue warehou Seriolella brama 0.55 (6.64) 0.53 (6.25)
Snapper Chrysophrys auratus 0.96 (28.71)
John Dory Zeus faber 0.70 (14.08)
Yellowtail jack mackerel Trachurus novaezelandiae 0.60 (10.4)
Trevally Pseudocaranx georgianus 0.47 (6.16)
Blue cod Parapercis colias 0.29 (13.61)
Red cod Pseudophycis bachus 0.67 (10.6)
Sand flounder Rhombosolea plebeia 0.45 (4.72)
School shark Galeorhinus galeus 0.63 (8.59)
Rig Mustelus lenticulatus 0.50 (5.55)
Elephantfish Callorhinchus milii 0.77 (14.44)
New Zealand sole Peltorhamphus novaezeelandiae 0.61 (8.83)
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environmental separation occurs in shallow inshore waters, where groups are variously
distinguished by differences in productivity, sea-surface temperature gradients, tidal cur-
rents, suspended sediments and dissolved organic matter. Although variability declines a
little at intermediate depths, strong latitudinal differences associated with the Subtropical
Front are still clearly apparent. Inter-group differences become very muted in the deep
waters of the abyssal plain.

This overall pattern of declining environmental variation with increase in depth is par-
alleled by varying levels of differences in the distributions of fish species. For example,
orange roughy (Hoplostethus atlanticus), Baxter’s dogfish (Etmopterus granulosus) and
smooth oreo (Pseudocyttus maculatus) were most frequently observed in deep cold-
water groups (Table A1 – in the supplementary materials), and Lucifer dogfish (Etmop-
terus lucifer), lookdown dory (Cyttus traversi) and silverside (Argentina elongata) were
commonly observed at intermediate depths (Table A1 – in the supplementary materials).
In shallower waters, species were sorted in relation to both depth and the STF; species
occurring generally north of the STF included John Dory (Zeus faber), snapper (Chry-
sophrys auratus) and yellowtail jack mackerel (Trachurus novaezelandiae) (Table A1 –
in the supplementary materials), while species occurring generally south of the STF
included silver warehou (Seriolella punctata), witch (Arnoglossus scapha) and hāpuku
(Polyprion oxygeneios) (Table A1 – in the supplementary materials).

By contrast, several abundant and cosmopolitan demersal fish species occurred in the
majority of the 30-groups, e.g. hoki (Macruronus novaezelandiae), spiny dogfish (Squalus
acanthias), ling (Genypterus blacodes), barracouta (Thyrsites atun), javelinfish (Lepidor-
hynchus denticulatus), and to a lesser extent for intermediate to shallow depth groups,
red gurnard (Chelidonichthys kumu), red cod (Pseudophycis bachus), school shark
(Galeorhinus galeus), southern hake (Merluccius australis) and rig (Mustelus lenticulatus)
(Table A1 – in the supplementary materials). Conversely, a large number of species (n =
105) occurred infrequently or for a small number of groups (Table A1).

Our assemblages represent groups of species that share the same suite of environmental
preferences, and therefore inhabit the same locations. The assemblages described here are
groups of spatially and temporally co-occurring taxa, which were primarily sampled in
research trawl samples which often traverse several kilometres of seabed and sample the
water column from the seabed to tens of metres above the seabed. As a consequence,
some species having different ecological niches (e.g. mesopelagic predator versus
benthic invertebrate feeder) may be ‘associated’ simply because they inhabit the same
volume of water and are thereby sampled by the same trawl tows. Although some
species in an assemblage will interact either directly (e.g. through being part of a preda-
tor-prey sequence) or indirectly (e.g. by feeding on the same organisms), other species
identified as co-occurring in one of more of our groups may not necessarily interact
with each other (Francis et al. 2002). Regardless, species’ assemblages provide useful
descriptions for resource management and conservation planning.

Although we have presented the results of our classification at a 30-group level, display of
groups at other levels of detail is a technically trivial task.Thehierarchical natureof the classifi-
cation provides the flexibility to create spatially nested environmental classifications to
address possible fine-scale regional differences (e.g. see Figure A1, in supplementary
materials). However, it should be noted that regional patternsmay be better described by ana-
lyses using regional subsets of the data, particularly if the mix of factors controlling species
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turnover varies region by region (Stephenson et al. 2018). Detailed descriptions of these finer-
scale groupsmay assist regional planning forums and provide a consistent and systematicway
to classify habitats nationally yet allow fine-scale variability in habitats to be captured.
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