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RESEARCH

Abstract: Environmental variation is a crucial driver of ecological pattern, and spatial layers representing 
this variation are key to understanding and predicting important ecosystem distributions and processes. A 
national, standardised collection of different environmental gradients has the potential to support a variety of 
large-scale research questions, but to date these data sets have been limited and difficult to obtain. Here we 
describe the New Zealand Environmental Data Stack (NZEnvDS), a comprehensive set of 72 environmental 
layers quantifying spatial patterns of climate, soil, topography and terrain, as well as geographical distance 
at 100 m resolution, covering New Zealand’s three main islands and surrounding inshore islands. NZEnvDS 
includes layers from the Land Environments of New Zealand (LENZ), additional layers generated for LENZ 
but never publicly released, and several additional layers generated more recently. We also include an analysis 
of correlation between variables. All final NZEnvDS layers, their original source layers, and the R-code used 
to generate them are available publicly for download at https://doi.org/10.7931/m6rm-vz40.
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Introduction

The term macroecology was first used to describe the study 
of relationships between organisms and their environment at 
large spatial scales by Brown and Maurer (1989). Since then, 
the use of quantitative spatial data to explore and explain 
ecological patterns has proliferated. Concurrent advances in 
our ability to collect (e.g. iNaturalist; https://inaturalist.nz/), 
store (e.g. National Vegetation Survey Databank, https://nvs.
landcareresearch.co.nz/; Wiser et al. 2001), and share (e.g. 
Global Biodiversity Information Facility; https://www.gbif.
org/) biodiversity data; to describe the abiotic environment at 
fine scales (Viscarra Rossel & Bui 2016); and to interrogate 
data sets of increasing size and complexity (Weigand et al. 
2020) have allowed ecologists to tackle analyses of ever-
increasing complexity and geographical scope. While species 
distribution models (SDMs) are probably the most common 
application of spatial analysis and prediction in ecology, other 
spatial patterns are also analysed and explored along a similar 
theme. Examples from New Zealand include investigations 
of species richness patterns (Lehmann et  al. 2002), forest 
loss (Ewers et al. 2006; Walker et al. 2006; Perry et al. 2012), 

potential forest distributions (Leathwick 2001), species refugia 
(Buckley et al. 2010, McCarthy et al. 2021), ecosystem services 
(Ausseil et al. 2013), production forest productivity (Palmer 
et al. 2009), and forest carbon uptake (Whitehead et al. 2001). 
One common feature across these studies, however, is their 
reliance on high-quality, collated, and curated spatial data 
characterising the abiotic environment.

Spatial layers used for environmental analyses typically 
include some combination of variables describing climate, 
soil, topography, and disturbance. These are commonly used 
for broad-scale predictions, or, in the absence of site-level 
measurements, they can be used to derive values describing 
the abiotic conditions. Climate layers estimated using spatial 
interpolation methods, weather station data, and elevation 
data (Hutchinson 1995; Xu & Hutchinson 2010) are most 
commonly used for this purpose (e.g. Richardson et al. 2004; 
Pawson et al. 2008) and can provide a more realistic value than 
one measured at the nearest weather station if this is located 
some distance away (Tait et al. 2012). Soil and disturbance 
variables can be more challenging to measure and project 
across large areas, but advances are being made, ranging 
from national contributions (McNeill et  al. 2014; Viscarra 
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Rossel et al. 2015) to global initiatives (the Global Soil Map 
project; Arrouays et al. 2017). In recent decades, climate and 
soil variables have been supplemented with remotely sensed 
variables from satellites, aeroplanes and drones, which capture 
spectral and structural attributes in ever-increasing resolution 
and extent (Verrelst et al. 2015). Variables can be continuous 
(e.g. rainfall, temperature) or discrete (e.g. soil type); cover 
current, future or past time periods; and capture means, 
extremes, seasonality, and variability at a range of resolutions 
and extents. Individual variables can be highly correlated, but a 
particular variable may be considered more proximally relevant 
to a species’ ecology than a more commonly used, correlated 
alternative (Austin 2002). For example, when analysing the 
environmental variables driving the distribution of an alpine 
herb, mean minimum temperature of the coldest month may 
be more appropriate than mean annual temperature, even 
though these two predictors are highly correlated (Pearson’s 
correlation = 0.89; Appendix S2 in Supplementary Materials).

Environmental spatial layers are most easily used when 
they employ a consistent grid (of given resolution and extent) 
and projection system, allowing for easy extraction of point data 
for model parameterisation and interpretation, and subsequent 
prediction. Although such layers are available at a global 
scale (e.g. WorldClim, CHELSA), these initiatives are, by 
necessity of their coverage, constrained to a 1 km resolution 
(Hijmans et al. 2005; Karger et al. 2017). Over large parts 
of New Zealand, complex topography and mountain ranges 
produce steep gradients of climate and soil fertility that are 
scarcely captured at a 1 km scale. A single 1 km grid square 
in the Southern Alps can span lowland rainforest to alpine 
grassland (500–1200 m elevation), underscoring the need 
for finer-scale environmental spatial layers for ecological 
modelling in New Zealand.

In 2002 the Land Environments of New Zealand (LENZ) 
was published, which included seven climate layers, seven soil 
layers (ordinal categories), and a measure of slope (Leathwick 
et al. 2002a; Leathwick et al. 2003). These 15 layers were 
generated at 100 m resolution, downscaled to 25 m resolution, 
and used to classify New Zealand’s land environments. Several 
additional climate layers were also generated as part of the 
LENZ project, but did not inform the classification exercise. 
The LENZ classifications and 15 environmental variables are 
available online (at 25 m resolution; e.g. Land Information 
New Zealand 2020a), but the additional climate layers were 
never publicly released. While these layers have been used 
in spatial analyses (e.g. Watt et al. 2010; Perry et al. 2012), 
the number of climate variables available is much reduced 
compared to modern standards (e.g. WorldClim; Hijmans 
et al. 2005), and topographic variables (Amatulli et al. 2018) 
are lacking.

Here we describe Version 1.0 of the New  Zealand 
Environmental Data Stack (NZEnvDS), a package of 72 
environmental layers comprising 41 climate variables, eight 
soil variables, 18 topographic/terrain variables, and six 
geographical distance variables. Currently we do not include 
layers depicting land use and land cover, or remotely sensed 
variables depicting vegetation properties, but these could be 
included in future versions because they are known to be 
good predictors of biodiversity patterns (Müller et al. 2015; 
Dymond et al. 2019). Layers are provided at 100 m resolution 
and comprise all the existing layers from LENZ, and additional 
layers calculated from the source climate variables, including 
equivalents to all 19 WorldClim variables. Topographic 
variables have been derived from a 100 m version of the 

New Zealand National Digital Elevation Model (NZDEM; 
Barringer et  al. 2002), which is also supplied (Appendix 
S1). Additional variables have been derived from a range 
of New Zealand spatial data layers. The layers are ready to 
use as input data in a range of environmental models and are 
available for download from the Manaaki Whenua – Landcare 
Research DataStore at https://doi.org/10.7931/m6rm-vz40.

Methods

Source layers
The environmental layers provided here were largely derived 
from previously unreleased layers generated as part of the 
LENZ project (Leathwick et al. 2002a; Leathwick et al. 2002b). 
Three of the geographical distance layers (horizontal distance 
to nearest river, distance to nearest road, vertical distance to 
river) were derived using the LENZ spatial grids and shape 
files downloaded from the Land Information New Zealand 
(LINZ) Data Service (Land Information New Zealand 2020b, 
2020c). The LENZ data included climate variables capturing 
humidity, water balance, precipitation, solar radiation, sun hour 
ratios, temperature, vapour pressure deficit, and wind speed; 
soil variables capturing phosphorous levels, calcium levels, 
age, drainage, induration (hardness), and particle size; and 
slope. Many of the climate variables were originally presented 
as annual values, but were, in fact, also generated monthly 
(Leathwick et al. 2002b).

The LENZ climate layers were derived using ANUSPLIN 
software, which uses climate station and elevation data, 
and thin plate smoothing splines (Hutchinson & Gessler 
1994) to predict across an entire surface, in this case, all of 
New Zealand’s three main islands and surrounding inshore 
islands (Leathwick et al. 2002a). All climate data available 
from the New Zealand Meteorological Service at the time were 
included, primarily from the period 1950–1980. The LENZ soil 
layers were derived from the New Zealand Fundamental Soil 
Layers (FSL) (https://soils.landcareresearch.co.nz/soil-data/
fundamental-soil-layers/; Newsome et al. 2008), which were 
themselves generated by expert interpretation of two major 
soil data sources: the New Zealand Land Resource Inventory 
(NZLRI), and the National Soils Database (NSD). While these 
data sources suffer from inconsistencies and bias towards 
lowland agricultural areas (see pp. 18–24 of Leathwick et al. 
2002a for a discussion of the LENZ soil layer reliability), 
they remain the only spatially complete, quantitative layers 
describing a range of soil properties for New Zealand. A recently 
released, quantitative layer describing soil pH between 0 and 
10 cm is also included (Roudier et al. 2020). The LENZ slope 
gradient layer was derived using 5 × 5 cell averaging filters 
from a 25 m digital elevation model (DEM), and resampled 
to 100 m (Leathwick et al. 2002a).

Post processing
All data management and analyses were completed using R 
4.0.2 (R Core Team 2020) and the raster R package (Hijmans 
2020), GRASS GIS version 7.8 (Neteler et  al. 2012), and 
SAGA GIS version 7.3.0 (Conrad et al. 2015). Appendix S1 
lists and describes the environmental layers, with details of 
their derivation, and includes unmodified versions of the LENZ 
data layers. The full suite of 19 BIOCLIM variables were 
calculated using monthly precipitation, minimum temperature, 
and maximum temperature layers from LENZ, using the 
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biovars function in the dismo R package (Hijmans et al. 2017); 
however, two of the layers (mean annual temperature, bio1; total 
annual precipitation, bio12) were already included in LENZ, 
so we provide those original versions. Mean annual humidity, 
mean annual daily sunshine ratio, annual water deficit, mean 
annual vapour pressure deficit, and mean annual windspeed 
were calculated as the mean of their respective monthly 
LENZ layers. Normalised minimum winter temperature was 
calculated following Leathwick (2001) as the degree to which 
winter temperatures vary from that expected based on their 
mean annual temperature. This layer provides a measure 
of continentality, with high values in oceanic (coastal and 
mountainous) areas and low values in continental (lowland 
and interior) settings (Appendix S1). This layer has a very 
low correlation with many other commonly used temperature 
layers, such as mean annual temperature (Fig. 1; Appendix 
S2), allowing them to be used together in a model without 
confounding their relative effects (Leathwick 1995). Annual 
temperature amplitude, another measure of continentality with 
low values at the coast and high values in the interior (Appendix 
S1), was calculated as the maximum monthly mean temperature 
minus the minimum monthly mean temperature. Two growing 
degree days layers (5°C and 16°C base) were calculated using 
the monthly minimum and maximum temperature layers 
following the methods in Coops et al. (2001). We also include 
a range of layers describing water balance (Appendix S1).

A range of topographic/terrain indices and geographical 
distances were generated using the NZDEM resampled at 
100 m resolution (Barringer et al. 2002; Land Information 
New  Zealand 2020d, 2020e). Measures of slope, aspect, 
northness, and eastness (and also northness and eastness 
incorporating slope gradient) were generated using the terrain 
function in the raster R package (Hijmans 2020), and following 
advice from Amatulli et  al. (2018). Indices of topographic 
position, roughness, and ruggedness, and the flow direction 
of water (see Appendix S1 for details) were also generated 

using the terrain function from dismo. A range of other terrain 
derivatives were generated in SAGA GIS from the NZDEM; 
namely, the topographic wetness index (SAGA wetness index), 
valley depth (a measure of vertical height below a summit), 
normalised height (a measure of position along a slope), and 
wind exposition. Other layers were derived from the NZDEM in 
GRASS GIS: annual and winter potential solar radiation using 
the NZDEM and the r.sun.daily add-on (Petras et al. 2015), 
geomorphons using the r.geomorphon module (Jasiewicz et al. 
2013; Jasiewicz & Stepinski 2013), and latitude and longitude 
using the r.latlong module. Distance to coast, roads, and rivers 
was generated using the distance function from raster. Vertical 
distance to river was calculated using the NZDEM and the 
SAGA Channels module in SAGA GIS. Additional information 
is provided in Appendix S1.

All layers were processed at the original LENZ grid 
resolution (100 m), and projection (New Zealand Map Grid; 
NZMG). Layers were also reprojected to New  Zealand 
Transverse Mercator (NZTM; see ‘Data accessibility’, below). 
The original layers, source layers, and all code (R and Bash 
scripts) used to generate the NZEnvDS layers are provided 
for reproducibility and to allow the community to generate 
additional layers from the source data. Since the NZEnvDS 
layers have been generated and supplied with consistent 
resolution and extent (Fig. 1), they are ready for use for these 
types of analyses without the need for further processing. 
Additional variables can, however, be created as required by 
ecologists using the source layers, which are also supplied.

Data accessibility
All source layers, the derived/final NZEnvDS layers, and the 
scripts used to generate them are available for download from 
the Manaaki Whenua – Landcare Research DataStore (as TIFF 
files in NZMG and NZTM projections), where they have been 
archived with a DOI: https://doi.org/10.7931/m6rm-vz40.

Figure 1. Example layers from the four broad environmental categories. (a) mean annual temperature (climate), (b) soil particle size 
(soil), (c) topographic wetness index (terrain), and (d) distance to river (geographical distance). Note that distance to river (d) is presented 
on a log10 scale to aid interpretation. Maps for all variables are included in Appendix S1.
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Figure 1. Pearson’s correlation coefficients between all 72 environmental variables. Correlation coefficients were estimated using values 
extracted from 50,000 random locations, and variables are grouped into related variables using Euclidean hierarchical clustering, based 
on their correlations using the superheat function from the superheat R package (Barter & Yu 2020). Full descriptions of all variables are 
included as Appendix S1, and correlation coefficient values are presented in Appendix S2.
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Attribution
Please cite the original LENZ dataset (Leathwick et al. 2002a) 
in addition to this article, to acknowledge the generation of 
many of the underlying data layers. When using the soil pH 
layer, please also cite Roudier et al. (2020).

Discussion

Collinearity and scale
In any modelling framework using environmental variables 
such as those included on NZEnvDS, their selection and use 
should be carefully considered (Williams et al. 2012). Many 
of the variables included in NZEnvDS exhibit various levels 
of Pearson’s pairwise correlation, ranging from 0.01 (e.g. 
mean monthly temperature range and degrees of latitude) to 
0.99 (e.g. precipitation of the wettest month and total annual 
precipitation) (Fig. 2; Appendix S2). The inclusion of two or 
more collinear variables in a statistical model can result in 
unstable models and poor estimates of regression parameters 
because it inflates their variance (Dormann et al. 2013). This 
can lead to the inclusion of irrelevant predictors in a model, 
which can be particularly problematic when extrapolating 
(Meloun et al. 2002). Colinear variables tend to be clustered 
into thematic groups such as precipitation, temperature, and 
soil (Fig. 2), but variables within the same broad category can 
also be very weakly correlated. For example, mean temperature 
of the coldest quarter and annual temperature variation share 
a Pearson’s correlation of only –0.10 (Appendix S2). A 
common threshold is to select variables with a correlation 
<|0.7| (Dormann et al. 2013); however, other methods are often 
recommended to assess the influence of including colinear 
variables in a model (e.g. variance inflation factor; Burnham 
& Anderson 2002).

All terrain variables included in NZEnvDS were generated 
using the 100 m LENZ grid and, while a resolution of  
100 m is usually considered fine-scale (Guisan et al. 2007), 
the resolution of a DEM used to generate terrain indices (such 
as topographic roughness index or topographic ruggedness 
index) will alter the representation of micro- versus macro-
topographic variation. Certainly, for the assessment of physical 
properties such as landslide risk, finer resolutions than  
100 m are essential (Tarolli 2014), but the scale appropriate 
for ecological analyses is less clear. Similar questions over 
scale are also commonplace for climate layers, with evidence 
suggesting spatial resolutions tend to be too coarse to accurately 
represent biological pattern and process (Potter et al. 2013; 
Bütikofer et al. 2020). This question deserves further research 
focused on specific ecological questions (e.g. how trees 
are distributed along toposequences; how tree regeneration 
patterns are influenced by landslides). The generation and 
use of terrain indices using code provided here, and either a 
downscaled version of the DEM or a finer-resolution DEM such 
as the original 25 m version of NZDEM (Land Information 
New Zealand 2020e, 2020d), and subsequent resampling back 
to 100 m (or interpolation of other NZEnvDS layers to the 
finer scale DEM), would advance our understanding of how 
best to incorporate terrain variables into ecological modelling.

Future directions

While NZEnvDS comprises a relatively extensive set of 72 
spatial layers, spatially complete environmental layers that 

explain the complicated disturbance and geological history 
of the New  Zealand landscape (glaciation, earthquake, 
volcanic history, etc.) are lacking. These factors are known 
to be important drivers of ecological processes and species 
distributions, from fine spatial scales and decadal time scales, 
through to nationwide patterns over geological time scales 
(Wyse et al. 2018). For example, many tree species regenerate 
on disturbed soils (e.g. mānuka Leptospermum scoparium; 
Stephens et al. 2005) or recent landslides (e.g. southern rātā 
Metrosideros umbellata; Stewart & Veblen 1982), yet spatial 
layers capturing these fine-scale disturbance events are 
currently lacking, which has hampered efforts to predict the 
distributions of affected species (McCarthy et al. 2021). At 
larger temporal and spatial scales, New Zealand’s turbulent 
history of glaciation has left a strong imprint on the current 
distributions of many plant and animal species. One example 
is the discontinuous distribution of species present on the 
upper North and South Islands, but absent in between due 
to the ancient separation of the two by a Pliocene sea strait 
(e.g. Quintinia serrata; McGlone 1985). Similar patterns are 
observed in the South Island’s central Westland “beech gap”, 
a stretch of podocarp–broadleaf forest on the West Coast 
flanked by beech forest to the north and south, likely to have 
been driven by glaciation during the Last Glacial Maximum 
(and low levels of disturbance since; McGlone et al. 1996). 
The widely distributed rove beetle Brachynopus scutellaris 
is also largely absent from this gap (Leschen et al. 2008), and 
also see Leathwick (1998) for an exploration of the effect 
of climate (using the layers provided here) on New Zealand 
beech gaps. Sourcing or generating layers describing these 
processes is an area of priority.

In terms of soils, NZEnvDS is superficially well 
represented with the inclusion of seven soil layers originally 
developed as part of LENZ (Leathwick et al. 2002a) and a 
recently generated pH layer (Roudier et al. 2020). While the 
LENZ soil layers are useful, their relatively coarse scale (all 
with two to five ordinal categories; Appendix S1) and issues 
with reliability of the underlying data should be considered 
when using these layers (see pp. 18–24, Leathwick et al. 2002a 
for further discussion). Other New Zealand-wide soil layers 
are available, such as the Fundamental Soil Layers (Newsome 
et al. 2008), from which the LENZ soil layers were derived. 
These polygon-based shape files are largely considered out of 
date (Lilburne et al. 2012), but still represent the best available 
data for a large portion of New Zealand. They also include 
categorial information and, while categorial variables can be 
incorporated into many modelling frameworks, they increase 
model complexity because each class is usually treated as a 
separate variable in the model (Gelman & Hill 2007), and 
can also make models more difficult to interpret. Categorial 
variables can be simplified by reducing their classes to those 
relevant to a particular study, but the consideration of continuous 
variables allows more analyses of quantitative relationships, 
consideration of non-linear relationships and interactions, and 
facilitation of more quantitative and generalisable predictions. 
There are plans to produce quantitative spatial layers for 
other soil properties, but at present soil pH is the only layer 
available. Efforts are underway to generate updated data 
products describing New Zealand soil types through increased 
sampling and delineation of soil types across landscapes, but 
these may never be spatially complete, will probably prioritise 
production landscapes, and still largely capture categorial 
data (e.g. S-map; Lilburne et al. 2004; Lilburne et al. 2012).

All climate layers in NZEnvDS were generated using 
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climate data collected from 1950 to 1980 (Leathwick 
et  al. 2002a). Layers characterising more recent climate 
measurements (1981–2010) have been generated for 
New Zealand, but these must be purchased, and were generated 
at a coarser 500 m resolution (NIWA 2021). While the LENZ-
sourced layers were generated from older climate data, the 
relative magnitude of climate trends across the country and 
between locations remains relevant. They may also more 
closely match existing data records/observations, which often 
represent historical collections of long-lived organisms (e.g. 
multiple decades at least for shrubs and many herbaceous 
plants, centuries for trees). For example, plant observational 
records from the New Zealand National Vegetation Survey 
Databank (https://nvs.landcareresearch.co.nz/; Level 1 data) 
and the New Zealand Virtual Herbarium Network have an 
average collection year of 1976 (SD = 14.7 years) and 1967 
(SD = 33.7 years), respectively (analysis not shown), which 
more closely match the LENZ climate layers than the more 
recent layers. Updated layers covering time periods more 
recent than those captured by LENZ would, however, be useful 
for analyses of biotic invasions, shorter-lived species, and a 
mechanistic understanding of species responses to climate 
instability. As such, wider availability of more-recent climate 
surfaces should remain a priority.

Finally, technological advances mean that indices derived 
from remotely sensed data, primarily depicting vegetation cover 
and growth (e.g. normalised difference vegetation index; NZVI) 
but also forest structure and texture, are becoming increasingly 
available. Satellite-based systems such as Landsat, Sentinel-2, 
GEDI and MODIS are readily available across various 
temporal and spatial scales, and resolutions, and airborne 
LiDAR coverage is continually expanding. Furthermore, the 
development and investigation of relationships between indices 
and biological processes is rapidly advancing (Xue & Su 
2017). As these variables become even more commonly used 
for environmental modelling, it will warrant further inclusion 
of such variables in future layer packages for New Zealand.
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