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Summary
Project and Client
•

This technical report contributes towards documenting the status of biodiversity in
New Zealand’s public conservation lands. It underpins the intermediate outcome ‘the
diversity of our natural heritage is maintained and restored’ stated in the Department of
Conservation’s Annual Report for the year ended 30 June 2014.

Objectives
•

The report focuses on the status of biodiversity in forests on public conservation land
during the last decade, highlighting two features of the indigenous forest:
•

Carbon stored in indigenous forests and its change with time

•

Sustaining plant diversity.

Methods
•

We report indigenous dominance and species occupancy (two components of
ecological integrity) across all indigenous forests on public conservation land.

•

Standard methods were used for assessing five measures of ecological integrity (three
for vegetation, one for bird communities, and one for pest mammals), all reported from
an objective assessment with sample points on an 8-km grid superimposed upon areas
designated as indigenous forests.

•

The three measures of vegetation derive from repeated measurements of the sample
points: the first measurement 2002–2007 and the second in 2009–2013 (548 sample
points with repeated measures).

•

Measures of bird communities and pest mammals derive from measures at sample
points only between 2012–2014 (up to 447 sample points; no repeated measures).

•

Repeated measurements from the 548 sample points at which vegetation was assessed
also included dead wood and litter, which enabled total carbon per sampling point to be
calculated, as well as that stored in live trees, at both measurements.

•

Status and trends in vegetation measures and in carbon were analysed in relationship to
pest mammals, bird communities, national park status, pest management regimes, and
with respect to probable environmental drivers.

Results
Carbon stored in indigenous forests and its change with time
•

About 70 percent of New Zealand’s remaining indigenous forests are on public
conservation land. They fulfil many key ecosystem services, including the provision of
clean water, resources for pollinators, and storage of carbon. Indigenous forests on
public conservation land store 1.3 billion metric tonnes of carbon (based on systematic
measurements between 2009 and 2013), 65% of which is in live stems, 16% in roots,
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13% in dead wood (fallen logs and standing dead trees), and 5% in litter. Forests in
New Zealand’s national parks store on average 17% more carbon per hectare in live
stems than forests on the remainder of New Zealand’s public conservation land – an
unexpected additional ecosystem service provided by national parks.
•

The role of indigenous forest in sequestering carbon has been highlighted through the
remeasurement of permanently marked sites throughout New Zealand. Between a first
measurement 2002–2007 and a second in 2009–2013 there was a net increase in carbon
stored: 0.56 metric tonnes of carbon per hectare per year across public conservation
land.

•

This remeasurement programme also showed that the more carbon is stored at a point,
the more the proportion of native to non-native bird species increases, and the number
of native birds increases with the amount of carbon stored. High carbon storage in live
stems provides diverse habitat: more foraging area for birds, and roosting sites and
feeding opportunities for some birds (e.g. kākā) and also bats, as well as supporting
highly diverse communities of fungi. Dead wood also contributes, providing nutrients
to soils, supporting the agents of wood-decay such as fungi and invertebrates, and a key
habitat for the regeneration of some trees.

•

The remeasurement work also showed that non-native plant species are most frequent
in forest stands that support low amounts of carbon, and are typically recently
disturbed, but as the amount of carbon stored increases, so does the proportion of native
to non-native plant species. In forest stands that store more than 300 tonnes of carbon
per hectare there are very few non-native plant species.
Sustaining plant diversity

•

A key goal for the Department concerns maintenance and restoration of diversity. The
maintenance of plant communities in forests is naturally dynamic, influenced by wind,
storms, earthquakes, and many other natural disturbances. 82% of New Zealand’s
native vascular plants are endemic. Many of these are confined to native forests; not
just canopy trees and understorey shrubs but also herbs, ferns epiphytes and vines.

•

Some of the native plant species in forests are known to be preferred by introduced
invasive mammals. As introduced herbivorous mammals such as deer, goats, and
possums spread throughout the main islands of New Zealand, mostly during the earlyto mid-20th century, there was often rapid growth in their numbers and they depleted
forest understoreys and canopies of the species that they prefer to eat, so the forests
now bear that initial impact.

•

At local scales, it is clear from fenced areas of forest compared with adjacent areas, that
deer or goats can retard regeneration of some trees. Yet an objective systematic
assessment of New Zealand’s forests from a first measurement 2002–2007 and a
second in 2009–2013, including inside and outside national parks, showed not only that
there is very little if any evidence that populations of common tree species are failing to
regenerate, but also little change in the populations of these trees. This includes species
that commonly feature in the diet of these mammals, such as kāmahi, māhoe, and
pāpāumu, so areas of forest where mammals cause regeneration failure are the
exception, not the norm. Populations of these trees appear to be maintained throughout
New Zealand. However an early warning is that mortality rates of palatable tree
species exceed recruitment rates over the last decade, whereas recruitment rates of tree
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species avoided by mammals exceed mortality rates so current size structures may not
be sustained longer term. The presence of widespread herbs and ferns, both palatable
and unpalatable, has remained largely unchanged over the last decade.
•

Invasion of forests by non-native plant species is widespread, but at a low level (on
average about 3% of plants at any given site nationally were non-native species). 68%
of forest plots in each measurement period contained only native plant species. Nonnative herbs and grasses are the most frequent invaders. Non-native pines are invading
forests too; although most pine invasions occur into shrublands and grasslands. In areas
surveyed between 2009 and 2013, either radiata pine or lodgepole pine or Douglas-fir
had invaded 0.9% of sites. There is a growing pool of non-native plant species that can
invade forest understoreys and some of these will respond to disturbance to forest
canopies such as that caused by Cyclone Ita in April 2014, so the current low levels of
invasion may not endure, and widespread surveillance is desirable to understand the
dynamics of non-native plant species.

Conclusions
•

The last decade has shown trends of general stability (as in many measures of
vegetation), increases (as in stocks of carbon), and possible early warnings of change
(as in potentially diminished recruitment of palatable trees). So far we lack comparable
trend data in bird communities and of pest mammals. DOC’s monitoring systems (Tier
1 and Tier 2) will enable not only trends to be ascertained within individual measures,
but also the interrelationships between vegetation, birds, pest mammals, and carbon.
Future measurements made at national scale, as in this report, will also provide the
context to determine the difference made at intensively managed sites at which
comparable measurements are made.
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Introduction

This technical report contributes towards documenting the status of biodiversity in
New Zealand’s public conservation lands. In providing that information, it underpins the
intermediate outcome ‘the diversity of our natural heritage is maintained and restored’ stated
in the Department of Conservation’s Annual Report for the year ended 30 June 2014. This
year the report focuses on the status of biodiversity in forests on public conservation land
during the last decade. Two features of the indigenous forests are highlighted:
1.

Carbon stored in indigenous forests and its change with time. Carbon storage is a key
ecosystem service that forests provide, potentially mitigating rising atmospheric carbon
dioxide; a major driver of global climate change. New Zealand is obliged to report on
carbon stocks and fluxes under the United Nations Framework Convention on Climate
Change (UNFCCC) and the Kyoto Protocol. Nationally, New Zealand’s indigenous
forests were shown recently to be an important sink for carbon during the last decade. 1
Most (71%) are on public conservation land. We therefore evaluate the carbon stocks
and change over the past decade in (i) public conservation land and (ii) national parks,
and (iii) with respect to the Department of Conservation’s (DOC) management regimes.
Furthermore, a goal is to determine whether management of indigenous forests on
public conservation land to achieve one of DOC’s key intermediate outcomes over
2013–2017, i.e. that the diversity of our natural heritage is maintained and restored, 2
also has benefits in sequestering carbon.

2.

Sustaining plant diversity. The great majority (82%) of New Zealand’s native vascular
plants are endemic, 3 i.e. they occur nowhere else. Many of these are confined to
indigenous forests; not just the canopy trees and understorey shrubs but also ground
herbs, ferns, epiphytes and climbers. Among the 215 native tree species alone (those
that can grow to 6 m or more), 4 only 4 are not endemic.3 Some of the native plant
species in forests are known to be palatable to introduced invasive mammals. We
therefore report on the maintenance and restoration of plant diversity in indigenous
forests on public conservation land over the last decade, including in national parks,
with respect to DOC’s management regimes, and in relation to other measures of
biodiversity.

A subset of indicators and measures from the Biodiversity Monitoring and Reporting
System are used to report on the two components of ecological integrity, 5 which is a key

1

Holdaway RJ, Easdale TA, Mason NWH, Carswell FE 2013. LUCAS natural forest plot analysis: is New
Zealand’s natural forest a source or sink of carbon? Wellington, Ministry for the Environment.

2

Department of Conservation 2013. Statement of Intent 2013–2017; http://www.doc.govt.nz/Documents/aboutdoc/statement-of-intent-2012-2017/statement-of-intent-2013-2017.pdf
3

McGlone MS, Duncan RP, Heenan PB 2001. Endemism, species election and the origin and distribution of the
vascular plant flora of New Zealand. Journal of Biogeography 28: 199–216.

4

McGlone MS, Richardson SJ, Jordan GJ 2010. Comparative biogeography of New Zealand trees: species
richness, height, leaf traits and range sizes. New Zealand Journal of Ecology 34: 137–151.

5

Lee W, McGlone M, Wright E compilers 2005. Biodiversity Inventory and Monitoring: A review of national
and international systems and a proposed framework for future biodiversity monitoring by the Department of
Conservation. Landcare Research Contract Report LC0405/122. 216 p.
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means of assessing progress towards and achievement of DOC’s natural heritage intermediate
outcome:
•

Indigenous dominance – are the ecological processes natural?

•

Species occupancy – are the species present the ones you would expect
naturally?

This report consists of five sections:
INDICATORS AND MEASURES
This outlines the indicators and their associated measures from the Biodiversity Monitoring
and Reporting System5 used to assess the ecological integrity of New Zealand’s public
conservation lands.
INFORMATION SOURCES
Data and information were drawn from two primary sources: (1) a systematic sample of
locations within indigenous forests on public conservation land and (2) land tenure and
management information. This section also provides detail on the methods used, citing the
primary literature for existing sampling protocols.
APPROACH TO REPORTING
An overview of the approach undertaken for reporting is provided, including the justifications
for any stratification of the data and analyses. We draw upon the infrastructure provided by
sampling of vegetation conducted as part of the Land Use Carbon Accounting System
(LUCAS). 6 LUCAS is a cross-government programme, led by the Ministry for the
Environment, and underpins New Zealand’s requirement to report changes in carbon stocks
under the UNFCCC and the Kyoto Protocol. A major component of LUCAS is a systematic
network of permanent plots located across pre-1990 indigenous forests and shrublands. This
plot network was designed to measure carbon stocks and changes in them, including the full
range of biomass carbon pools at relevant scales and with known precision. 7 DOC was
involved in the design of LUCAS because the great majority of New Zealand’s remaining
indigenous forests and shrublands are on public conservation land. The design of these plots
was integrated with well-established techniques to measure status and trends in the vegetation
of indigenous forests,1,8 which correspond with specific measures for vegetation in DOC’s

6

MfE 2005. Measuring carbon emissions from land-use change and forestry. The New Zealand Land-Use and
Carbon Analysis System. http://www.mfe.govt.nz/publications/climate/carbon-emissions-land-use/measuringcarbon-emissions.pdf
7

Coomes DA, Allen RB, Scott NA, Goulding C, Beets P 2002. Designing systems to monitor carbon stocks in
forests and shrublands. Forest Ecology and Management 164: 89–108.

8

Hurst JM, Allen RB 2007. A permanent plot method for monitoring indigenous forests: field protocols.
Lincoln, Landcare Research.
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Biodiversity Monitoring and Reporting System. The LUCAS plot network was established
between 2002 and 2007 and 548 of these plots in forests on public conservation land were
remeasured between 2009 and 2013.1 We therefore report changes in carbon stocks and
specific measures of vegetation during the last decade across forests on public conservation
land. DOC’s Biodiversity Monitoring and Reporting System is in its third year of
implementation, and combines additional biodiversity measures, specifically related to bird
communities and some pest mammals, about the same sample points as used in LUCAS.
REPORTING ON CARBON STORED IN INDIGENOUS FORESTS AND ITS CHANGE WITH
TIME
This section evaluates the contribution of forests on public conservation land, including
national parks, as a sink for carbon. This relates to the capacity of natural forests to offset
greenhouse gas emissions, and it is relevant to New Zealand’s international reporting
obligations, not only under the UNFCCC but also in meeting a specific target under the UN
Convention on Biodiversity (CBD). The relationships between carbon storage and ecological
integrity are poorly understood. Therefore this section evaluates how the gains in carbon
storage in natural forests over the last decade relate to various measures of ecological
integrity, and how these gains relate to DOC’s management of pest mammals.
REPORTING ON SUSTAINING PLANT DIVERSITY
A key goal for DOC concerns the maintenance and restoration of indigenous biodiversity.
This section evaluates the maintenance of plant species in forests that are naturally dynamic,
influenced by storms, earthquakes, and many other natural disturbances. It also considers the
maintenance of groups of plant species that are known to feature in the diets of introduced
browsing mammals (deer, Cervidae, goats, Capra hircus, and brushtail possums, Trichosurus
vulpecula) and the extent to which their persistence and abundance is affected by interactions
between natural disturbances and these introduced mammals. The section evaluates whether
the effects of DOC’s management can be determined using these parameters.

Landcare Research
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Indicators and measures

DOC has developed a Biodiversity Monitoring and Reporting System to assess whether
ecological integrity on public conservation lands is being maintained.5 This system defines
maintaining ecological integrity as maintaining the full potential of indigenous biotic and
abiotic features, and natural processes, to continue to function in sustainable communities,
habitats and landscapes5. ‘Ecological integrity’ encompasses all levels and components of
biodiversity, and can be assessed at multiple scales, up to and including the whole of
New Zealand. More specifically, the Biodiversity Monitoring and Reporting System was
designed to assess whether the following two components of ecological integrity are being
maintained on public conservation lands:
•

Indigenous dominance – the level of indigenous influence on the composition,
structure, biomass, trophic and competitive interactions, mutualisms and nutrient
cycling in a community.

•

Species occupancy – the extent to which any species capable of living in a particular
ecosystem is actually present at a relevant spatial scale.

The Biodiversity Monitoring and Reporting System also addresses a third component of
ecological integrity, Ecosystem representation, which is not addressed in this report. Each
component of ecological integrity is assessed using a specified indicator and its associated
measures (Table 1). DOC has developed a three-tiered approach to the systematic
measurement and monitoring of New Zealand’s biodiversity. This report focuses on broadscale monitoring of indicators of terrestrial biodiversity that provides a ‘national context’
(Tier 1).
Table 1 Summary of indicators and measures used to assess the three components of ecological integrity
Ecological integrity

Information source

Component

Indicator

Measure

Indigenous
dominance

Indicator 2.2:
Exotic weed
and pest
dominance

Measure 2.2.1: Distribution and
abundance of exotic weeds and
animal pests considered a threat –
Weeds

A systematic sample of locations (n =
548) on public conservation land,
measured between 2009 and 2013

Measure 2.2.1: Distribution and
abundance of exotic weeds and
animal pests considered a threat –
Pests

A systematic sample of locations (n =
440–447) on public conservation land,
measured between 2012 and 2014

Measure 5.1.1: Size-class structure
of canopy dominants

A systematic sample of locations (n =
548) on public conservation land,
measured between 2009 and 2013

Measure 5.1.2: Demography of
widespread animal species – Birds

A systematic sample of locations (n =
447) on public conservation land,
measured between 2012 and 2014

Measure 5.1.3: Representation of
plant functional types

A systematic sample of locations (n =
548) on public conservation land,
measured between 2009 and 2013

Species
occupancy

Page 4

Indicator 5.1:
Composition
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Information sources

Status and trends in biodiversity in forests on public conservation land were evaluated using
the five measures that quantify the indigenous dominance and species occupancy
components of ecological integrity. In this section we describe the methods used, citing the
primary literature for existing sampling protocols.
3.1

Indigenous dominance and species occupancy
A systematic sample of locations

Field surveys for the five measures used to assess the indigenous dominance and species
occupancy components of ecological integrity are undertaken using a systematic, unbiased
sampling framework across New Zealand’s public conservation land. This framework builds
upon a national infrastructure established to measure carbon, vegetation structure and
composition – the Land Use Carbon Accounting System6 (LUCAS) network of vegetation
plots in indigenous forests and shrublands (Figure 1). The LUCAS network measures these
attributes at regular sampling points on an 8-km grid superimposed upon areas designated as
indigenous forests or shrublands in the Landcover Database (LCDB1). DOC’s sampling
framework extends the 8-km grid across all public conservation land (i.e. to also include nonwoody ecosystems as well as forests and shrublands). There are more than 1311 possible
sampling locations on public conservation land (covering North, South, Stewart, and outlying
islands), with a common sampling framework used for all five measures (Table 1, Figure 1).
Sampling locations are permanently marked, allowing repeated sampling. Vegetation
measurements are all made within a fixed 20 × 20 m plot (0.04 ha). Data on mammal pests
and common birds are collected within a much larger area (331 × 331 m; 11 ha), using a
design that radiates out from the edges of the central 0.04-ha vegetation plot (Figure 2).
Standardised field sampling protocols were used for both the vegetation8,9 and animal 10,11
surveys. Analyses used data from ungulate pellet counts (n = 447 locations), possum trapcatch lines (n = 440), and bird counts (n = 447).

9

Payton IA, Newell CL, Beets P 2004. New Zealand carbon monitoring system indigenous forest and shrubland
data collection manual. Prepared for the New Zealand Climate Change Office, Ministry for the Environment,
Wellington, New Zealand. 68 p.

10

Allen RB, Wright EF, MacLeod CJ, Bellingham PJ, Forsyth DM, Mason NWH, Gormley AM, Marburg AE,
MacKenzie DI, McKay M 2013. Designing an Inventory and Monitoring Programme for the Department of
Conservation’s Natural Heritage Management System. Landcare Research Contract Report: LC1730 for the
Department of Conservation, Wellington.

11

DOCDM-837190 Field Protocols for DOC Tier 1 Inventory & Monitoring and LUCAS plots¬SEPT2012 pdf
document
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Figure 1 The regular, unbiased sampling framework extends the 8 × 8 km LUCAS grid of vegetation plots in
forests and shrublands to encompass all New Zealand’s public conservation land.

Figure 2 Layout of the animal-survey sampling units in relation to the vegetation plot at each sampling location,
along with an outline of the 20 × 20 m vegetation plot and each of the 24 (0.75 m2) seedling subplots within it.
Page 6

Landcare Research

4

Approach to reporting

The systematic assessment of the vegetation of forests and shrublands begun in the early
2000s through the LUCAS programme was the first nationwide assessment of forests
undertaken since the National Forest Survey of the 1940s. DOC’s Biodiversity Monitoring
and Reporting System augmented this assessment by including other components of
biodiversity – birds and introduced mammals. This year’s remeasurement of the ecological
integrity of forests on public conservation land is novel because it can now demonstrate not
only status (e.g. of bird communities) but also decadal trends of vegetation in forests.
The approach of an integrated evaluation of multiple measures of biodiversity at the same
sampling points in a systematic fashion is ground-breaking internationally. In 2013, a
candidate list of essential biodiversity variables was suggested for use internationally for
reporting, among others, on species populations, species traits, community composition, and
ecosystem structure. 12 Our individual measures of indigenous dominance and species
occupancy exactly match those suggested for the international framework, hence meeting
CBD targets. Moreover, the simultaneous recording of multiple measures at the same points
has few equivalents internationally. 13 New Zealand’s fifth report on its performance under
the CBD made explicit use of data from these plots to describe, for example, indigenous
dominance across different land covers. 14 Previous technical reports have focused on using
individual biodiversity measures in terms of status. In this report we focus principally on
trends in biodiversity over the last decade, so that DOC can gauge the effectiveness of its
management during that period, and identify areas or issues that may require management.
4.1

Indigenous dominance and species occupancy
Why report nationally?

In this report, status and trends in the indigenous dominance and species occupancy
components of ecological integrity are reported for indigenous forests on New Zealand’s
public conservation lands. These measures are based on information collected from North,
South and Stewart islands (Figure 3). Widespread systematic assessments of indigenous
dominance and species occupancy, which are the focus of this report, have the power to
detect change in widespread ecosystems and the components of them that are common. In
forests, most canopies are comprised of common tree species, and the maintenance of rarer
plant and animal species within forests is often contingent on the maintenance of the
structural complexity of forests and the capacity of canopy trees to replace themselves.
Similarly, most birds recorded are common species, but the state of commonness is not
necessarily constant (for example, birds that were widespread and common even 50 years
ago, e.g. mohua, Mohoua ochrocephala, or kākā, Nestor meridionalis, are no longer). The

12

Pereira HM, Ferrier S, Walters M, Geller GN, Jongman RHG, Scholes RJ et al. 2013. Essential biodiversity
variables. Science 339: 277–278.
13

H.M. Pereira, GEO BON chair, pers. comm., 2013.

14

Department of Conservation 2014. New Zealand’s Fifth National Report to the United Nations Convention on
Biological Diversity: Reporting period: 2009–2013. http://www.cbd.int/doc/world/nz/nz-nr-05-en.pdf
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power to detect change in populations of widespread, common species is greater than that for
rare species, 15 and can be used individually or collectively to reveal changes caused by
management (e.g. common European farmland birds declined over 20 years despite EU
policies intended to protect them 16).
DOC (and New Zealand) has internal, national and international reporting obligations to
assess whether New Zealand is meeting its goals for conserving its natural heritage.2 In 2010
the Office of the Auditor General (OAG) graded the Department as ‘needing improvement’,
with a focus on its ability to report output delivery, and also on its apparent inability to ‘…
provide sufficient context as to the external relevance or context for that delivery … such as
specific goals (for natural heritage) and measures … and the current status against those goals
… including benchmarks or quantified references to the current state. 17’ The OAG reported
on DOCs management of biodiversity in 2012. One of the recommendations is relevant to
this programme: ‘Ensure that there is effective long-term monitoring and reporting of the
effects of biodiversity management, including through the Ministry for the Environment’s
national environment reporting.’ 18 DOC also needs to know where its outcome ‘The diversity
of our natural heritage is being maintained and restored’ is being achieved and how
management interventions can be used to meet this outcome. 19 Until 2011, monitoring
programmes implemented by DOC and its predecessors were inadequate for policy needs.
Clear national goals and outcomes for biodiversity were absent; monitoring was typically
uncoordinated and unrepresentative. This made it difficult for DOC to connect management
decisions to monitoring results or to make robust statements about its progress in meeting its
biodiversity conservation objectives.5 The implementation of a programme of regular
sampling across a systematic unbiased framework at a national scale and obtaining multiple
measures from the same points, begun in 2012, 20 overcomes several of these shortcomings
and provides the context in which to place DOC’s long-term local monitoring and
management effort. The 2012 OAG report notes: ‘The development of ecological integrity
indicators and their implementation … should improve DOC’s monitoring’. It highlighted the
need for implementation of Tier 1 monitoring to assess ‘the effect that DOC, and its strategic
approach to management, is having on biodiversity at a broader level’ and that its
implementation will result in ‘a complete set of representative biodiversity information about

15

Gaston KJ 2010. Valuing common species. Science 327: 154–155.

16

Pe'er G, Dicks LV, Visconti P, Arlettaz R, Baldi A, Benton TG, Collins S, Dieterich M, Gregory RD, Hartig
F, Henle K, Hobson PR, Kleijn D, Neumann RK, Robijns T, Schmidt J, Shwartz A, Sutherland WJ, Turbe A,
Wulf F, Scott AV 2014. EU agricultural reform fails on biodiversity. Science 344: 1090–1092.
17

Controller and Auditor General 2010. Audit Report of the Department of Conservation, 5 November 2010.

18

Controller and Auditor General 2012. Department of Conservation: Prioritising and partnering to manage
biodiversity. http://www.oag.govt.nz/2012/biodiversity/docs/biodiversity.pdf
19

State Services Commission, The Treasury, and the Department of the Prime Minister and Cabinet 2014.
Performance Improvement Framework: Review of the Department of Conservation, July 2014.
http://www.ssc.govt.nz/sites/all/files/pif-review-doc-july14.PDF
20

MacLeod CJ, Affeld K, Allen RB, Bellingham PJ, Forsyth DM, Gormley AM, Holdaway RJ, Richardson SJ,
Wiser SK 2012 Department of Conservation biodiversity indicators: 2012 assessment. Landcare Research
Contract Report: LC1102 for Department of Conservation, Christchurch, New Zealand.
http://www.landcareresearch.co.nz/publications/researchpubs/department_of_conservation_biodiversity_indicat
ors_2012_assessment.pdf
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baseline condition of the monitored sites’.18 The report also notes that to be ‘able to establish
trends and effects’, data will need to be ‘consistently collected for adequate periods of
time’.18
Why focus on national parks?
National parks worldwide provide for the long-term protection of large natural or near-natural
areas, their biodiversity, underlying ecological structure and supporting ecological processes
and ecosystem services, and thereby create opportunities for education and recreation. As a
signatory to the Convention on Biological Diversity, New Zealand is required to meet and
report on the standards applied by the IUCN (International Union for Conservation of Nature)
for the planning, establishment and management of protected areas, such as national parks.
The National Parks Act 1980 provides the basis for managing national parks in New Zealand.
It confers higher levels of legal protection of the environment within national parks compared
with much of the other public conservation land. 21
Currently, DOC administers one-third of New Zealand’s land area, including 14 national
parks that cover a total land area of 2.945 million hectares 22 (Appendix 2, Figure 47). Of the
5.177 million hectares of forested ecosystems on public conservation land, 38.0% is
contained within national parks.22
In this report we evaluate whether the ecological integrity of national parks differs from that
in other public conservation land. These comparisons do not explicitly link any differences to
specific management actions, but they do indicate whether national parks contain greater
frequency and abundance of some components of indigenous biodiversity. Of 548 sample
locations in forests nationally, 207 were in national parks and 341 were on public
conservation land outside national parks (Appendix 2, Figure 47).

21

Only Nature Reserves and Scientific Reserves have greater levels of legal protection, and were sampled very
infrequently in Tier 1 reporting described here.
22

Areas defined from the Land Cover Database version 3 (LCDB3) of 2012 (based on satellite imagery from
2008/09). Total areas include all land and do not include water.
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Figure 3 Sample locations forests on public conservation land that were measured between 2002 and 2007, then remeasured between 2009 and 2013 (n = 548 sample
locations).

Approach to Reporting

Why focus on management of pest mammals?
The introduction of predatory and herbivorous terrestrial mammals to New Zealand has had a
profound effect on the country’s biota. 23,24,25 The first mammal that was introduced, kiore
(Rattus exulans; by Māori when they first settled in New Zealand, c. AD 1280), caused
extinctions of invertebrates 26 and was the probable cause of extinctions of frogs and reptiles
as well as some land birds and seabirds. 27 It is also likely that kiore altered forest composition
as a result of seed predation and herbivory of seedlings. 28 The large number of mammals
introduced accidentally and deliberately by Europeans from the 1760s onwards had a range
of detrimental effects on the indigenous biota. Predatory mammals that include mustelids
such as stoats and cats caused even more extinctions of endemic vertebrates.24,27 The
omnivorous brushtail possums, pigs (Sus scrofa), and rodents (mice Mus musculus, ship rats
Rattus rattus and Norway rats R. norvegicus) prey on birds 29 and invertebrates 30 and
consume plants, from seeds and seedlings 31 to the foliage of selected canopy trees in the case
of possums. 32 Deer (several species) and goats feed selectively on plants in both forested and
non-forested ecosystems, and can profoundly influence long-term composition and ecosystem
processes as a result. 33,34

23

Thomson GM 1922. The naturalisation of animals and plants in New Zealand. Cambridge, Cambridge
University Press.

24

King C 1984. Immigrant killers: introduced predators and the conservation of birds in New Zealand.
Auckland, Oxford University Press.
25

Allen RB, Lee WG eds 2006. Biological invasions in New Zealand. Berlin, Springer.

26

Gibbs GW 2009. The end of an 80-million year experiment: a review of evidence describing the impact of
introduced rodents on New Zealand’s ‘mammal-free’ invertebrate fauna. Biological Invasions 11: 1587–1593.
27

Worthy TH, Holdaway RN 2002. The Lost World of the Moa. Canterbury University Press, Christchurch

28

Campbell DJ, Atkinson IAE 2002. Depression of tree recruitment by the Pacific rat (Rattus exulans Peale) on
New Zealand’s northern offshore islands. Biological Conservation 107: 19–35.

29

Innes J, Nugent G, Prime K, Spurr EB 2004. Responses of kukupa (Hemiphaga novaeseelandiae) and other
birds to mammal pest control at Motatau, Northland. New Zealand Journal of Ecology 28: 73–81.

30

Meads MJ, Walker KJ, Elliott GP 1984. Status, conservation, and management of the land snails of the genus
Powelliphanta (Mollusca: Pulmonata). New Zealand Journal of Zoology 11: 277–306.
31

Allen RB, Lee WG, Rance BD 1994. Regeneration in indigenous forest after eradication of Norway rats,
Breaksea Island, New Zealand. New Zealand Journal of Botany 32: 429–439.
32

Pekelharing CJ, Parkes JP, Barker RJ 1998. Possum (Trichosurus vulpecula) densities and impacts on fuchsia
(Fuchsia excorticata) in South Westland, New Zealand. New Zealand Journal of Ecology 22: 197–203.
33

Wardle DA, Barker GM, Yeates GW, Bonner KI, Ghani A 2001. Introduced browsing mammals in New
Zealand natural forests: aboveground and belowground consequences. Ecological Monographs 71: 587–614.
34

Bellingham PJ, Wiser SK, Wright AE, Cameron EK, Forester LJ 2010. Disperser communities and legacies of
goat grazing determine forest succession on the remote Three Kings Islands, New Zealand. Biological
Conservation 143: 926–938.
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Given this large range of detrimental effects, it is unsurprising that reduction of populations
of pest mammals 35 and, locally, their complete elimination 36,37 is a major focus of
conservation in New Zealand, for which New Zealand is renowned internationally. 38 In this
report we focus principally on control efforts directed at possums and ungulates (deer, goats,
and pigs). Possum control is used throughout New Zealand to reduce predation pressure on
native birds, to reduce herbivory on native flora, and as part of a national effort to eliminate
bovine TB (since wild possum populations can be hosts for the bacterium). 39 Sustained
control has been shown to reduce mortality of some tree species that are highly palatable to
possums in some sites. 40 Possum control using aerially dropped 1080 has repeatedly been
demonstrated to be effective at reducing possum populations to low levels, as well as those of
ship rats and stoats (Mustela erminea). 41 There can, however, be negative effects of control
on birds, whether by direct poisoning via consumption of 1080 baits or suggested secondary
poisoning via consumption of arthropods. It is therefore important to compare differences in
the status of indicators (possums, ungulates, birds, palatable plants and exotic weeds) at
sampling locations with and without possum control to assess the overall effectiveness and
benefits of possum management.
During the earliest stages of invasion of forest habitats by deer and goats, the most palatable
plant species to these ungulates are often heavily browsed. 42,43 Throughout much of their
present ranges, early populations of these ungulates went through irruptions, achieving very
high densities, and eventually exceeding the carrying capacity of the native vegetation, which
caused marked declines in animal numbers to much lower densities. 44 Many forests in New
Zealand therefore bear the legacies of a century or more of past fluctuating numbers of

35

Norton DA 2009. Species invasions and the limits to restoration: learning from the New Zealand experience.
Science 325: 569–571.

36

Innes J, Lee WG, Burns B, Campbell-Hunt C, Watts C, Phipps H, Stephens T 2012. Role of predator-proof
fences in restoring New Zealand’s biodiversity: a response to Scofield et al. (2011). New Zealand Journal of
Ecology 36: 232–238.
37

Towns DR 2011. Eradications of vertebrate pests from islands around New Zealand: what have we delivered
and what have we learned? In: Veitch CR, Clout MN, Towns DR eds Island invasives: eradication and
management. Gland, Switzerland, IUCN. Pp.. 364-371.

38

Simberloff D 2002. Today Tiritiri Matangi, tomorrow the world! Are we aiming too low in invasives control?
In: Veitch CR, Clout MN eds Turning the tide: the eradication of invasive species. Gland and Cambridge, IUCN
Invasive Species Specialist Group. Pp. 4–12.
39

Parliamentary Commissioner for the Environment 2011. Evaluating the use of 1080: Predators, poisons and
silent forests. Wellington, Parliamentary Commissioner for the Environment.
40

Gormley AM, Holland EP, Pech RP, Thomson C, Reddiex B 2012. Impacts of an invasive herbivore on
indigenous forests. Journal of Applied Ecology 49: 1296–1305.
41

Nugent G, Warburton B, Thompson CC, Sweetapple PJ, Ruscoe WA 2011. Effect of prefeeding, sowing rate
and sowing pattern on efficacy of aerial 1080 poisoning of small-mammal pests in New Zealand. Wildlife
Research 38: 249–259.

42

Cockayne L 1909. Report on a botanical survey of Stewart Island. Wellington, Government Printer.

43

Mark AF, Baylis GTS 1975. Impact of deer on Secretary Island, Fiordland, New Zealand. Proceedings of the
New Zealand Ecological Society 22: 19–24.

44

Caughley G 1970. Eruption of ungulate populations, with emphasis on Himalayan thar in New Zealand.
Ecology 51: 53–72.
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ungulates. In these circumstances, unpalatable species may currently predominate, and
palatable species may still be suppressed even at low ungulate densities. 45 There can be
enduring negative effects on below-ground biota that result in reduced vigour of seedlings. 46
Fenced areas of forest (exclosures) can have much greater densities of palatable tree and
shrub species, especially in forests on fertile soils and in the wake of recent disturbance, 47
and nationally there appears to be a lower-than-predicted density of small stems of trees,
which suggests that ungulates, at their current densities, may be suppressing forests
regeneration. 48,49 Specific management efforts at managing deer focus on specific areas,
typically involving ground hunting, 50,51 although ungulates can also be killed by 1080. At
local scales, long-term records reveal that sustained hunting can increase overall levels of tree
recruitment, but that even a 92% reduction in deer densities is still insufficient to allow
recruitment of highly palatable species. 52 Even when ungulates are eradicated, there can be
low levels of recruitment of some tree species because of unpalatable understoreys of ferns
and sedges induced by their browsing.34,53 Thus it is a challenge to determine current effects
of ungulate browsing in New Zealand forests and the effects of management directed at
ungulates. 54

45

Coomes DA, Allen RB, Forsyth DM, Lee WG 2003. Factors preventing the recovery of New Zealand forests
following control of invasive deer. Conservation Biology 17: 450–459.

46

Kardol P, Dickie IA, St John MG, Husheer SW, Bonner KI, Bellingham PJ, Wardle DA 2014. Soil-mediated
effects of invasive ungulates on native tree seedlings. Journal of Ecology 102: 622–631
47

Mason NWH, Peltzer DA, Richardson SJ, Bellingham PJ, Allen RB 2010. Stand development moderates
effects of ungulate exclusion on foliar traits in the forests of New Zealand. Journal of Ecology 98: 1422–1433.
48

Coomes DA, Duncan RP, Allen RB, Truscott J 2003. Disturbances prevent stem size‐density distributions in
natural forests from following scaling relationships. Ecology Letters 6: 980–989.
49

Peltzer DA, Allen RB, Bellingham PJ, Richardson SJ, Wright EF, Knightbridge PI, Mason NWH 2014.
Disentangling drivers of tree population size distributions. Forest Ecology and Management: in press.

50

Parkes JP 1993. Feral goats: designing solutions for a designer pest. New Zealand Journal of Ecology 17: 71–
83.
51

Forsyth DM, Ramsey DSL, Veltman CJ, Allen AB, Allen WJ, Barker RJ, Jacobson CL, Nicol SJ, Richardson
SJ Todd CR 2013. When deer must die: large uncertainty surrounds changes in deer abundance achieved by
helicopter-and ground-based hunting in New Zealand forests. Wildlife Research 40: 447–458.
52

Tanentzap AJ, Burrows LE, Lee WG, Nugent G, Maxwell JM, Coomes DA 2009. Landscape‐level vegetation
recovery from herbivory: progress after four decades of invasive red deer control. Journal of Applied Ecology
46: 1064–1072.
53

Coomes DA, Allen RB, Bentley WA, Burrows LE, Canham CD, Fagan L, Forsyth DM, Gaxiola-Alcantar A,
Parfitt RL, Ruscoe WA, Wardle DA, Wilson DJ, Wright EF 2005. The hare, the tortoise and the crocodile: the
ecology of angiosperm dominance, conifer persistence and fern filtering. Journal of Ecology 93: 918–935.
54

Bellingham PJ, Lee WG 2006. Distinguishing natural processes from impacts of invasive mammalian
herbivores. In: Allen RB, Lee WG eds Biological invasions in New Zealand. Berlin, Springer. Pp. 323–336.
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Categories of pest management
(contributed by Derek Brown, David Burlace, and Andy Cox, all of DOC)
We assigned the pest management regime that attended each plot on the 8 × 8 km grid. We
used the near-analysis tool within ArcGIS to identify the distance from each plot to the
closest aerial and ground control operation for 16 individual animal pest groups and weed
control (the last without identifying which were the target weed species or the method of
weed control applied). First we assigned pest management regimes to plots for the most
recent six years, i.e. the years 2007/08 to 2012/13 inclusive. This assignment was conducted
using operational activities data. Pest management operations in any of these six years were
one of three geometry types (polygons, lines and points). Plots that lay within polygons were
assigned pest management regimes accordingly (Figure 4). For line and point data, we
applied a set of generalised distance rules for each pest management regime and its
applicability to a plot, using expert opinion (Andy Cox, Threats Manager, DOC); an iterative
process was followed, with evaluation of assignment of plots, in the establishment of the
generalised distance rules (Figure 5). We recognise that this process in particular could result
in both over-estimation and under-estimation of the areas affected by pest management
operations because we ignore effects of landscape and vegetation in our assignments. For
example, pest management may be focused mainly on an attenuated part of the landscape
(e.g. predator control along riparian areas), hence a generalised polygon derived from a point
measurement in these circumstances may not be appropriate for determining whether a plot is
affected by management. With respect to vegetation, the effects of ungulate management in
densely forested catchments vs those with fragmented forests interspersed with grasslands
could be different; these issues apply to polygons as well as to line-and-point data.
We used data derived from the Pestlink database to assign the management regime that
attended each plot before 2007/08. In contrast with information available since 2007/08, the
Pestlink database lacks information on the spatial extent of management; records only contain
coordinates for the centre of any treatment block and its size in hectares. We used the centre
point of the pest management operation as a point about which to generate a circular polygon
with its radius from the centre defined to equal the size of the treatment block. We recognise
that defining pest management operations before 2007/08 as circular polygons is a coarse
approximation, but consider that it makes maximum use of available data and that it is
preferable to using only the central coordinate.
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Figure 4 Example of assignation of management classes to Tier 1 plots (possum and deer management) when
management activities are documented as polygons.
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Figure 5 Example of assignation of management classes to Tier 1 plots (deer management) when management
activities are documented as lines.
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We did not apply any maximum distance from a plot in the assignment of its pest
management regime. The nearest pest management operation could be as much as 1.5 km
from a plot. We used expert opinion to determine whether the nearest pest management
operation was likely to have had an effect at the plot. We determined first whether a plot had
been subject to a pest management operation (‘managed’) or not (‘unmanaged’) in any given
year:
•

A plot was assigned as ‘managed’ if it lay within a polygon of a pest management
operation, or if it was within range of a line or point feature, given the set of generalised
distance rules (see above).

•

If a plot lay outside a polygon or was beyond the range of the generalised distance rules
from a line or point feature, it was assigned as ‘unmanaged’.

These rules were applied using an Access database, and the output data for any plot in any
year was a binary matrix for every pest (see Appendix 1 for the schedule of pests) and
whether a plot was ‘managed’ or ‘unmanaged’.
Plots that were assigned as ‘managed’ were then subdivided according to whether the pest
management regimes in the vicinity were sustained. Determination of sustained activity was
based on expert opinion (Andy Cox), according to a conservative generalised control cycle
used to identify whether the time series of pest management constituted sustained control. We
adopted broad rules in the determining of control cycles, and they may not reflect local
variations and conditions.
The rules used to determine whether a local pest management regime was sustained were
applied by a series of logic statements within Excel to check whether the repeat cycle for
each plot vs pest management operation was within the control cycle specified for any given
pest. The following categories of management were determined for any given plot for any
given pest:
•

Sustained management from 1987 to current (B3)

•

Sustained management from 2002 to current (B1)

•

Sustained management from 2008 to current (B2)

•

Ad hoc management before 2002 (C2)

•

Ad hoc management after 2002 (C1).

Plots that were assigned as ‘unmanaged’ were then subdivided according to whether a given
pest was present or absent:
•

No management applied since 1987 and the target species is present (A1)

•

No management applied since 1987 because the target species is absent (A2).

Landcare Research
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We assigned plots to categories A1 and A2 for each pest species as present or absent using
DOC’s distributional data, 55,56 corroborated with data from plots. Figures 43, 44, and 45
(Appendix 1) show the distributions of red deer, goats, and possums nationally.
For pest mammals some caveats apply to the data and its interpretation:
•

Data used to define possum control regimes included data on possum control operations
on public conservation land from DOC and also from TBfree New Zealand
(http://www.tbfree.org.nz/; formerly the Animal Health Board, AHB). However, for
possum control operations conducted by TBfree New Zealand, the only readily
available data were from after 2007. Before 2010, possum control operations were
conducted on behalf of the AHB largely by regional councils and we have not
attempted to incorporate these data in our analysis. Therefore, we recognise that we are
likely to have underestimated the amount of public conservation land that was under
sustained possum management for the periods under investigation.

•

We have not differentiated possum control regimes that involve aerial application of
1080. Aerial application of 1080 can result in some mortality of deer, 57 as well as
rodents and stoats.41 Our delineation of area of public conservation land that is subject
to deer control has not included areas of land subject to aerial application of 1080.

•

Some areas of public conservation land that are delineated as subject to deer control
include areas in which deer are usually absent (e.g. much of Northland, in which they
were never liberated), and deer control in these areas is either focused on preventing
their spread from adjacent areas where they have established populations or control is
carried out in zones of biosecurity surveillance, i.e. where there are no established wild
populations, but escapes from farms and illegal liberations 58 pose risks that populations
could become established.

55

DOC 2007. Biodiversity Inventory. Unpublished digital database held at the Department of Conservation.

56

This dataset represents the terrestrial distribution of pest species in New Zealand (mainland New Zealand and
Chatham Islands) as at 1 July 2007. It represents this species’ final layer as part of the Natural Heritage
Management Strategy of the Department of Conservation. Spatial and textual data were collected at the Area
level by Department of Conservation Area Office and Conservancy Office staff. Polygons representing the
distribution were hand-drawn onto LINZ 260 series topo maps at 1:250 000 scale. Digitisation of the handdrawn maps was contracted to Geographx (NZ). Freshwater lakes, ponds and rivers were clipped from the layer
to represent species absence. Further digitisation work was carried out by the DOC R GIS team in Christchurch
to redefine selected polygons by species-specific distribution drivers, i.e. altitude and habitat guided by LCBD
2. The attribute table may contain references to quantitative datasets of species abundance (where such datasets
exist).
57

Nugent G, Yockney I 2004. Fallow deer deaths during aerial‐1080 poisoning of possums in the Blue
Mountains, Otago, New Zealand. New Zealand Journal of Zoology 31: 185–192.
58

Fraser KW, Cone JW, Whitford EJ 2001. A revision of the established ranges and new populations of 11
introduced ungulate species in New Zealand. Journal of the Royal Society of New Zealand 30: 419–437.
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Possum and ungulate density
Possums occupy 77% of indigenous forest on public conservation land, with a relative
abundance of 4.9% (Trap-Catch Index, TCI). Wild deer and/or feral goats occupy 73%, with
a relative abundance of 41% (Faecal Pellet Index).
Effects of management on possums, deer, and goats
(a) Possums
Of the 412 sampling locations that had information on both possum trap-catch and possum
management, 268 had received no management, 29 had received ad hoc management and 115
had received sustained management.
The general pattern from the data was a decrease in TCI with an increase in management
intensity (Figure 6). There is very strong evidence for a relationship between possum
management and possum density (Table 2). There was very strong evidence of a difference in
possum density between sustained possum management and no possum management (Padjusted
< 0.001), but no evidence of a difference between the other two pairs of contrasts (Table 3).
On average, locations with sustained management of possums had a TCI that was lower (by
3) than locations with no management.

Figure 6 Mean and median possum Trap-Catch Indices and 95% confidence intervals by possum management
class.

Table 2 ANOVA summary for possum Trap-Catch Index and management

Management
Residuals
Landcare Research

d.f.

Sum sq

Mean sq

F value

P

2

769

384.3

8.933

0.00016

409

17595

43
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Table 3 Multiple comparisons for possum Trap-Catch Index and management
Comparison

Difference

Lower

Upper

P adj

None – Ad hoc

1.94

−1.07

4.95

0.285

Sustained – Ad hoc

−1.09

−4.29

2.11

0.703

Sustained – None

−3.03

−4.75

−1.31

<0.001

(b) Deer and goats
Of the 422 sampling locations that had information on both ungulate faecal pellet indices and
ungulate management, 286 had received no management for either goats or deer, with the
remaining 136 having received some ungulate management (aggregating both ad hoc and
sustained management of either or both goats and deer). There was no apparent relationship
(Figure 7), nor evidence (Table 4) for a relationship between ungulate management and
density.

Figure 7 Mean and median ungulate Faecal Pellet Index (log) and 95% confidence intervals by management
class.

Table 4 Analysis of variance summary for ungulate Trap-Catch Index and management

Management
Residuals
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d.f.

Sum sq

Mean sq

F value

P

1

0.1

0.07

0.02

0.89

419

1539

3.7
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Carbon in forests on public conservation land

A 2013 report by the Prime Minister’s Chief Science Advisor states: ‘There is unequivocal
evidence that the Earth’s climate is changing, and there is strong scientific agreement that this
is predominantly as a result of anthropogenic greenhouse gas emissions.’ 59 Between 1990
and 2011, New Zealand’s total greenhouse gas emissions grew on average 1% per year, with
recent rates higher (e.g. 1.4% in 2010–2011). 60 Forests are an important sink for greenhouse
gases, especially in offsetting carbon dioxide emissions, 61,62 and even old-growth forests,
which have often been assumed to be ‘carbon neutral’, can be net sinks for carbon. 63
Recently, New Zealand’s indigenous forests were shown to provide an annual net carbon sink
of 4.33 million tonnes of carbon (in live trees, dead wood, roots, and litter), which is the
equivalent of 21.8% of New Zealand’s total greenhouse gas emissions in 2011.1 The great
majority of New Zealand’s indigenous forests are on public conservation land, hence this
section focuses on determining how much carbon is stored and at what rate carbon is being
sequestered on this land. Indigenous forests on public conservation land are predominantly in
areas that are unsuited to primary production; many are on steep land, infertile soils, and
often in areas of high rainfall or at high altitude (height above sea level, a.s.l.). Therefore we
examine the broad relationships between carbon stocks and sequestration with respect to
productivity across the forests on public conservation land.
Management of forests on public conservation lands for carbon is relevant not only for New
Zealand’s reports on carbon sequestration under its obligations to the UNFCCC, but is also
relevant for reporting under the CBD. For example, the Aichi Target number 15 is that ‘by
2020, ecosystem resilience and the contribution of biodiversity to carbon stocks has been
enhanced, through conservation and restoration, including restoration of at least 15 per cent
of degraded ecosystems, thereby contributing to climate change mitigation and adaptation,
and to combating desertification’. 64 However, while there is a national and global benefit in
sequestering carbon in forests on public conservation land to offset greenhouse gas
emissions, a principal focus of land management on carbon sequestration may not be

59

Office of the Prime Minister’s Science Advisory Committee 2013. New Zealand’s changing climate and
oceans: The impact of human activity and implications for the future. http://www.pmcsa.org.nz/wpcontent/uploads/New-Zealands-Changing-Climate-and-Oceans-report.pdf
60

Ministry for the Environment 2013. New Zealand Greenhouse Gas Inventory 1990–2011.
http://www.mfe.govt.nz/publications/climate/greenhouse-gas-inventory-2013/greenhouse-gas-inventory2013.pdf
61

Pan YD, Birdsey RA, Fang JY, Houghton R, Kauppi PE, Kurz WA, Phillips OL, Shvidenko A, Lewis SL,
Canadell JG, Ciais P, Jackson RB, Pacala SW, McGuire AD, Piao S, Rautianen A, Sitch S, Hayes D 2011. A
large and persistent carbon sink in the world's forests. Science 333: 988–993.
62

Ashton MS, Tyrrell ML, Spalding D, Gentry B eds 2012. Managing forest carbon in a changing climate.
Berlin, Springer.

63

Lewis SL, Lopez-Gonzalez G, Sonke B, Affum-Baffoe K, Baker TR, Ojo LO, Phillips OL, Reitsma JM,
White L, Comiskey JA, Djuikouo K M-N, Ewango CEN, Feldpausch TR, Hamilton AC, Gloor M, Hart T,
Hladik A, Lloyd J, Lovett JC, Makana J-R, Malhi Y, Mbago FM, Ndangalasi HJ, Peacock J, Peh KS-H, Sheil D,
Sunderland T, Swaine MD, Taplin J, Taylor D, Thomas SC, Votere R, Wöll H 2009. Increasing carbon storage
in intact African tropical forests. Nature 457: 1003–1006.
64

Secretariat of the Convention on Biological Diversity 2011. Strategic Plan for Biodiversity 2011–2020 and
the Aichi Targets. http://www.cbd.int/doc/strategic-plan/2011-2020/Aichi-Targets-EN.pdf
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compatible with maximising gains in biodiversity. This is especially the case in the
management of woody successions on land that is no longer used for agriculture. 65 It is less
clear whether there are relationships between maximising carbon sequestration and
maximising gains in biodiversity on public conservation land. Likewise, it is unclear whether
pest management, conducted principally for biodiversity, results in significant benefits for
carbon sequestration. It is possible that any such benefits are localised, e.g. in areas of highly
palatable early-successional vegetation and high herbivore densities where reduction in
ungulate densities could initiate rapid development of woody vegetation. 66 Moreover, in
forests there could be challenges in detecting changes in carbon stocks that are attributable to
pest mammal control if the magnitude of change is not large. 67 Relationships between carbon
storage and other components of biodiversity are also not generally known. Old-growth
forests, which typically have the largest carbon stocks, often have bird species that seldom
occur in younger forests of lower biomass, 68 yet young, secondary forests, where carbon
sequestration rates are greater even though stocks are lower, can have greater bird species
richness than old-growth forests. 69 Therefore it is useful for DOC to know whether
management of forests as a carbon sink may produce ‘co-benefits’ for biodiversity, such as
for birds.
5.1

Carbon sequestration and likely drivers

How does the amount and rate of sequestration of carbon in forests on public conservation
land relate to likely drivers of productivity (altitude, latitude, and soil nutrient
concentrations)?
Statistical methods
We used general linear models (GLMs) to test first whether the current total carbon (C)
stored in live stems, dead wood, roots, and litter in plots at the most recent measurement
period (2009–2013) were related to environmental variables (altitude, latitude, moisture
availability, and soil nutrient concentrations). We then used GLMs to test whether changes in
total C in plots between 2002–2007 (first measurement) and 2009–2013 (second

65

Mason NWH, Ausseil A-GE, Dymond JR, Overton JMcC, Price R, Carswell FE 2012. Will use of nonbiodiversity objectives to select areas for ecological restoration always compromise biodiversity gains?
Biological Conservation 155: 157–168.
66

Holdaway RJ, Burrows LE, Carswell FE, Marburg AE 2012. Potential for invasive mammalian herbivore
control to result in measurable carbon gains. New Zealand Journal of Ecology 36: 252–264.
67

Marburg AE, Carswell FE, St John MG, Holdaway RJ, Rose AB, Jacobs I 2013. Potential for invasive
mammalian herbivore control to result in measurable carbon gains. DOC Research and Development Series 334.
http://www.doc.govt.nz/Documents/science-and-technical/drds334entire.pdf
68

Franklin AB, Anderson DR, Gutiérrez RJ, Burnham KP 2000. Climate, habitat quality, and fitness in northern
spotted owl populations in northwestern California. Ecological Monographs 70: 539–590.

69

Blake JG, Loiselle BA 2001. Bird assemblages in second-growth and old-growth forests, Costa Rica:
Perspectives from mist nets and point counts. Auk 118: 304–326.
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measurement; n = 548 plots in all cases) 70 were related to environmental variables. Five
continuous variables (altitude; latitude; modelled monthly water balance ratio; measured total
soil phosphorus (P) concentrations, and measured soil carbon-to-nitrogen ratio (C:N)), and
two categorical variables (modelled available soil P and exchangeable soil calcium (Ca)
concentrations) were included in the GLMs. The modelled environmental covariates
(monthly water balance ratio, available soil P, exchangeable soil Ca) were derived from
layers that comprise the Land Environments of New Zealand (LENZ). 71 The modelled
estimates of available soil P and exchangeable soil Ca concentrations derive principally from
mapped parent materials.71 The ratio water balance ratio derives from an average of modelled
monthly values, with the rainfall surface estimated from modelled surfaces between
established rain gauges, and potential evaporation estimated from an empirical model that
incorporates monthly temperature and solar radiation.71 Total soil P and C:N were measured
directly from soils obtained from a subset of plots (n = 32).
Results
Altitude and latitude were related to the total C stocks in live stems, dead wood, roots, and
litter in plots at the most recent measurement period (2009–2013), but modelled available soil
P and exchangeable calcium (Ca) concentrations and the modelled monthly water balance
ratio were not significantly related (Table 5). A model that excluded available soil P and
exchangeable Ca concentrations and the monthly water balance ratio also showed significant
relationships with altitude and latitude (data not shown). There was a unimodal relationship
between total C in forests and altitude, with carbon peaking between c. 400 and 1000 m a.s.l,
although the total variance explained by the model was only 4.9% (Figure 8). Total C in
forests declined from south to north in New Zealand, but again the total variance explained
by a linear relationship was only 1.4% (Figure 9). A GLM conducted on the small subset of
plots for which measured total soil P concentrations and soil C:N concentrations showed no
relationship between these variables and total C in plots (data not shown).
There were no significant relationships between any environmental variables and the changes
in total C per plot between 2002–2007 and 2009–2013 (GLM on untransformed net change in
C; data not shown).

70

Estimated total C and live-stem C stocks for each plot at both measurements were calculated using methods of
Holdaway RJ, Easdale TA, Mason NWH, Carswell FE 2013. LUCAS natural forest plot analysis: is New
Zealand’s natural forest a source or sink of carbon? Wellington, Ministry for the Environment.
71

Leathwick J, Morgan F, Wilson G, Rutledge D, McLeod M, Johnston K 2003. Land environments of New
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Table 5 GLM model of the relationships between five environmental variables and total above-ground carbon in
live trees in 542 plots in forests on public conservation land. Residual d.f. = 542; AIC = 7095.701
Coefficient

SE

t

P

−26.968

113.874

−0.237

0.813

Altitude

0.052

0.022

2.377

0.018

Latitude

−5.583

2.764

−2.020

0.044

Modelled available soil phosphorus

−5.316

6.675

−0.796

0.426

Modelled soil exchangeable calcium

11.856

12.314

0.963

0.336

0.333

0.187

1.783

0.075

Intercept

Modelled monthly water balance ratio

Discussion
A mid-altitude (400–1000 m) peak in total C is characteristic of elevation trends in forest
biomass. Towards treelines worldwide, there is typically a reduction in biomass 72 that results
in part from declining tree height. In some New Zealand treelines (typically 1000 to 1500
m 73) there is also a prevalence of some species with low wood densities (e.g. Olearia spp. 74)
which is also likely to result in lower biomass and C stocks. Lower biomass (hence C in live
stems and roots) at lower altitude, below 400 m, is likely to be a result of a number of factors.
The total forested area in New Zealand below 400 m is much reduced from its former extent
as a result of human deforestation. Much of the forest contained within public conservation
land at low altitude will have been logged or represents secondary forest that has regenerated
on land that was burned or formerly farmed (e.g. in the northern North Island 75 and in Abel
Tasman National Park 76). Thus recent human disturbance is a widespread feature of many
forested areas at low altitude 77 During successions of up to 200 years, the total C stored
(140–150 Mg ha-1) 78 is similar to the mean of those from a systematic plot network at low
altitude (0–50 m, Figure 8).
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Whittaker RH, Niering WA 1975. Vegetation of the Santa Catalina Mountains, Arizona. V. Biomass,
production, and diversity along the elevation gradient. Ecology 56: 771–790.
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Cieraad E, McGlone MS, Huntley B 2014. Southern Hemisphere temperate tree lines are not climatically
depressed. Journal of Biogeography 41: doi 10.1111/jbi.12308.
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Wardle P, Field TRO, Spain AV 1971. Biological flora of New Zealand 5. Olearia colensoi Hook. f.
(Compositae) Leatherwood, tupari. New Zealand Journal of Botany 9: 186–214.
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Esler AE, SJ Astridge SJ 1974. Tea tree (Leptospermum) communities of the Waitakere Range, Auckland,
New Zealand. New Zealand Journal of Botany 12: 485–501.
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Williams PA 1992. Hakea salicifolia: Biology and role in succession in Abel Tasman National Park, New
Zealand. Journal of the Royal Society of New Zealand 22: 1–18.
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Wiser SK, Hurst JM, Wright EF, Allen RB 2011. New Zealand’s forest and shrubland communities: a
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506–523.
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200 years of woody succession in lowland New Zealand. New Zealand Journal of Ecology 36: 191–202.
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The weak decline of C stored in forests from south to north is probably for similar reasons.
There are few mid- to high-altitude forests at the lowest latitudes (e.g. Te Moehau, at only
892 m, is the highest peak north of 37.5º S in New Zealand). Likewise, most northern New
Zealand forests are fragmented; little old-growth forest remains, and secondary forests are
widespread.77 In contrast, the largest extents of old-growth forests are at higher latitudes,
predominantly in the South Island (e.g. the near-continuous extent from Kahurangi National
Park to Fiordland National Park), and many of these contain old-growth stands between 400
and 1000 m a.s.l. that have the highest stocks of C (Figure 8).
Relationships between forest biomass and soil nutrient concentrations were not apparent from
modelled values of available P or exchangeable Ca. More data from measured concentrations
of soil nutrients within plots will be needed to determine any such relationships, because we
know that soils that develop from the same parent material (the basis for the modelled values)
can be highly variable in concentration of P and N along gradients of topography 79 or
according to the length of time since the parent material was last exposed (e.g. by
glaciation 80). Forest biomass is often related to soil nutrient concentrations, including soil C,
N, and P concentrations, 81 but relationships are not straightforward; maximum above-ground
biomass (hence live-stem C) in forests is often on soils where both N and P are becoming
limiting to plant growth.81,82
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Richardson SJ, Allen RB, Doherty JE 2008. Shifts in leaf N: P ratio during resorption reflect soil P in
temperate rainforest. Functional Ecology 22: 738–745.
80

Richardson SJ, Peltzer DA, Allen RB, McGlone MS, Parfitt RL 2004. Rapid development of phosphorus
limitation in temperate rainforest along the Franz Josef soil chronosequence. Oecologia 139: 267–276.
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Wardle DA, Walker LR, Bardgett RD 2004. Ecosystem properties and forest decline in contrasting long-term
chronosequences. Science 305: 509–513.
82

Vitousek PM, Reiners WA 1975. Ecosystem succession and nutrient retention: a hypothesis. BioScience 25:
376–381.
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Figure 8 Relationship between total carbon stored in live trees (stems and roots), dead wood and litter per plot
and each plot’s altitude. The median is displayed as the solid vertical lines within each box that represents a bin
size of 100-m intervals between 0 and 1350 m. The box extends to one interquartile range, whiskers (light
vertical lines) extend to the most extreme data point that is no more than 1.5 times the interquartile range from
the box. The line represents a linear relationship (R2 = 0.049, P < 0.001).

Figure 9 Relationship between total carbon stored in live trees (stems and roots), dead wood and litter per plot
and each plot’s latitude. The median is displayed as the solid vertical lines within each box that represents a bin
size of 1 degree of latitude intervals between 48ºS and 34ºS. The box extends to one interquartile range,
whiskers (light vertical lines) extend to the most extreme data point that is no more than 1.5 times the
interquartile range from the box. The line represents a linear relationship (R2 = 0.014, P = 0.005).
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5.2

Carbon in national parks

How much carbon is stored in forests in national parks and at what rate is it being
sequestered?
Statistical methods
We compared national parks with other public conservation land in terms of the total C stored
in live stems, dead wood, roots, and litter in 548 forest plots at the most recent measurement
period (2009–2013), and changes in C stocks in the same plots between the first (2002–2007)
and most recent measurements, using t-tests. We estimated total C stocks across national
parks and other public conservation land by taking the means of per-hectare estimates from
plots and using the Land Cover Database (LCDB3) to convert those to the areas mapped as
forest within national parks and within other kinds of public conservation land. The
comparison between plots within 14 national parks compared with one area outside is
potentially problematic since neither the national park areas nor the areas in other public
conservation land are distributed randomly, so we addressed this issue using Generalised
least-squares (GLS) models. 83
Results
At a plot scale, forests in national parks in New Zealand stored more total C (288.8 ± 11.3
Mg ha–1) than forests on other public conservation land (246.0 ± 8.2 Mg ha–1, t = 3.058 tested
using raw means, d.f. = 412.126, P = 0.002; Figure 10A). A GLS that used spatial correlation
structure was a slight improvement over one without (AIC = 7082.9 vs 7075.9; Residual d.f.
=545, P = 0.003). Mean values, spatially corrected through this model were lower than raw
means, and still significantly different (285.6 ± 12.4 Mg C ha–1 for national parks vs 238.8 ±
8.2 Mg C ha–1 for other public conservation land, t = 25.426, P < 0.001).
The total C stored in in forests in New Zealand’s national parks is 0.59 billion tonnes across
2,044,420.50 ha of forests within national parks. There are 0.85 billion tonnes of C stored
across 3,465,691.44 ha of forests across other public conservation land.
There was no significant difference between the rate of C sequestration in live stems above
ground between forests in national parks (from 282.5 ± 11.2 Mg C ha–1 in 2002–2007 to
288.8 ± 11.3 Mg C ha–1 in 2009–2013) vs those on other public conservation land (from
243.9 ± 8.3 Mg C ha–1 to 246.0 ± 8.2 Mg C ha–1; t = 1.327, d.f. = 466.202, P = 0.185; Figure
10B).
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Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team 2014. nlme: Linear and Nonlinear Mixed Effects
Models. R package version 3.1-117, http://CRAN.R-project.org/package=nlme
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Discussion
Forests in New Zealand’s national parks store on average 17% more carbon per hectare in
live stems, roots, dead wood, and litter than forests on the remainder of New Zealand’s public
conservation land. This is a significant ecosystem service provided by national parks,
reflecting the quality of the forests in these areas. Forests in national parks store about 41% of
the C found on public conservation land and 32% of the C from across all New Zealand’s
forests.1
Relative to other public conservation land, national parks are predominantly in southern New
Zealand, have soils of lower fertility (especially in P), and are in zones of higher rainfall
(Appendix 2, Figure 46b, c, e). All of these factors could result in slower tree growth, 84,85
hence we might expect that, for the same species of tree occurring in national parks and on
other public conservation land, it could have slower rates of C sequestration in national parks
but there is no evidence this is the case (Figure 10B).

Figure 10 (A) Total carbon (Mg C ha–1) measured between 2009 and 2013, and (B) change in total C (Mg ha–1)
between 2002–2007 and 2009–2013, from 542 plots located within national parks and from other public
conservation land (PCL). The median is displayed as the solid vertical lines within each box. The box extends to
one interquartile range; whiskers (light vertical lines) extend to the most extreme data point that is no more than
1.5 times the interquartile range from the box. Plots with total C values beyond the 1.5× interquartile values are
displayed individually.
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Herbert DA, Fownes JH 1995. Phosphorus limitation of forest leaf-area and net primary production on a
highly weathered soil. Biogeochemistry 29: 223–235.
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Tanner EVJ, Vitousek PM, Cuevas E 1998. Experimental investigation of nutrient limitation of forest growth
on wet tropical mountains. Ecology 79: 10–22.
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5.3

Carbon sequestration and mammals

How does the amount and rate of sequestration of carbon in forests on public conservation
land relate to current mammal abundances and to DOC’s management of pest mammals?
Statistical methods
We used linear regressions to evaluate relationships between total C and two indices of
abundance of non-native herbivorous mammals, i.e. ungulate faecal pellet density at and
around each plot (deer and goat; no attempt was made to distinguish between their pellets),
and possum density assessed by trap catch (Figure 2). We evaluated relationships between
DOC’s pest mammal management and both current stocks of live above-ground C (2009–
2013 measurement) and changes in C stocks between the 2002–2007 and 2009–2013
measurements.70 To do this, we aggregated DOC’s classes of pest mammal management:
•

Mammal absent (any management applied is often sustained, e.g. against illegal
liberations, but we excluded these from the ‘sustained management’ category)

•

Mammal present and no management applied

•

Mammal present and subject to ad hoc management

•

Mammal present and subject to sustained management.

We used linear models to evaluate current C stocks and changes in C stocks across these four
aggregated categories of management. This enabled us to determine the relationship between
C and deer management classes. We also applied successive linear contrasts among the
management classes. For both linear models and successive linear contrasts, current C stock
values were square-root-transformed after a Box–Cox analysis showed that this normalised
residuals.
Results
Linear models showed no significant relationship between total C (2009–2013) and ungulate
pellet numbers (R2 = 0.002, d.f. = 73, P = 0.70; Figure 11A), or with trap-catch of possums
(R2 = 0.019, d.f. = 74, P = 0.24; Figure 11B). Similarly, between net change in total C
between 2002–2007 and 2009–2013 (Mg ha–1) and ungulate pellet numbers (R2 = 0.003, d.f.
= 73, P = 0.65; Figure 12A), or between change in total C and trap-catch numbers of possums
(R2 =0.003, d.f. = 74, P = 0.65; Figure 12B).
Linear models showed no significant differences in total C with respect to categories of
management of deer (F3, 544 = 2.018; P = 0.11), goats (F3, 544 = 0.829; P = 0.48), or possums
(F3, 544 = 1.467; P = 0.22) (Figure 13). There were also no differences when the ‘sustained
management’ category was further refined to exclude sites where sustained management of
any of the three mammals had only been applied since 2007 (data not shown). Successive
linear contrasts applied post hoc showed lower total C in sites where deer were absent than in
sites where no deer management was conducted, but no significant differences among the
other management classes (t = 2.49, P = 0.013; square-root-transformed data; Figure 13A;
model R2 = 0.012). Successive linear contrasts applied post hoc showed lower total C in sites
where possums were absent than in sites where no possum management was conducted, but
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no significant differences among the other management classes (t = 2.20, P = 0.028; squareroot-transformed data; Figure 13C; model R2 = 0.011). There were no significant differences
in total C with respect to management categories for goats (Figure 13B; model R2 = 0.004).
Linear models showed no significant differences between management classes for mean net
change in C between measurements for management of deer (F3, 544 = 0.604, P = 0.613;
Figure 14A), goats (F3, 544 = 1.904, P = 0.13; Figure 14B), or possums (F3, 544 = 0.02, P =
0.99; Figure 14C).
Discussion
The independence of introduced-mammal abundances and current stocks of carbon stored in
live stems above ground in New Zealand’s indigenous forests suggests that, at a national
scale, current densities of deer, goats, and possums are not greatly affecting C stocks in the
forests. This is not to imply that they have not had an impact in shaping the composition and
structure of current forests, especially during initial irruptive stages of their populations,
which may have shifted compositions of some forests towards understorey dominance by
non-palatable species, or retarded recruitment in understoreys resulting in a regeneration
‘gap’.45 All of these effects on structure will have affected C storage in the forests, but the
current pattern of C gain and mammal abundance appears unrelated. There have been
significant shifts in composition and structure in some New Zealand forests, for example in
the southern Ruahine Range in the North Island, where tall forests at low to mid-altitude were
replaced in the mid-20th century by short-statured forests in which tree ferns (which have low
total C content) are abundant. Such changes almost certainly resulted in reduced aboveground C stocks. Some consider that the combined effects of ungulates and possums were the
principal cause of this; 86 if so, there can be large legacy effects in some forests of past
abundances of these mammals. There is strong evidence to link the local reduction and even
local extinction of some tree species within forests to the effects of these herbivores, e.g.
kōtukutuku (Fuchsia excorticata) by possums in montane Westland,32 tutu (Coriaria
arborea) by possums in alluvial forests near Wellington, 87 and orihou (Pseudopanax
colensoi) by red deer on Secretary Island.43 The loss of such species may not impact total C
because all of these species have low wood density. However, some species browsed have
high wood density; for example, the combined effects of browsing by possums and drought
were implicated in the deaths of adult trees of northern rātā (Metrosideros robusta), 88 which
has high wood density, and at local scales, this would result in substantial loss of live stocks
of above-ground C, although their logs decay very slowly. In summary, the complex
interactions of the legacy of past effects of introduced mammals, natural disturbances and
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abiotic gradients are greater than any current effects of mammal populations on existing
carbon stocks and rates of sequestration. 89
At a national scale, there is no evidence that DOC’s management activities focused on
controlling deer, goats, or possums influenced either current C stocks or changes in them
during the past decade. What little evidence there was of differences in C stocks was in sites
where deer were absent or possums were absent (in both cases C stocks were lower than
where the animals were present but unmanaged). This is unlikely to be caused by introduced
mammals and is probably due to processes mentioned above. For example, deer are absent
from forests in Northland and it is apparent that these forests are of low biomass (Figure 9).
The few sites from which possums were absent were all on islands (Figure 47, Appendix 1),
including islands in Fiordland where wind-shearing may reduce forest height, 90 hence
biomass, or islands in northern New Zealand where forests are mostly early successional after
fire and agriculture. 91 There are environmental biases in where DOC’s management of these
mammals occurs (Appendix 3), but any such biases do not seem to affect C stocks or
sequestration.
The inability to detect any evidence of change in C stocks or their total amount as a result of
management directed at pest mammals does not mean that management is ineffective at local
scales either for the enhancement of C or for protection of biodiversity. Forest successions at
low altitudes on fertile soils often feature highly palatable plant species, and ungulates in
particular can retard succession, promoting grass swards. 92 Therefore the greatest potential
for management activities to maximise C gain are in and around recently disturbed forests,
successional shrublands, and deforested sites that can be restored through successions.66,67,93
Management of pest mammals is likely to have the greatest impact on C sequestration and
storage in sites where they are preventing or retarding successions towards forest.
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Figure 11 Plots of (A) ungulate (deer and goat, not distinguished) pellets and (B) trap-catch of possums against
total C measured in plots between 2009 and 2013. Both relationships are non-significant (P > 0.05).

Figure 12 Plots of (A) ungulate (deer and goat, not distinguished) pellets and (B) trap-catch of possums, both
measured in 2009–2013 against net changes in total C measured in plots between a measurement in 2002–2007
and a second in 2009–2013. Both relationships are non-significant (P > 0.05).
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Figure 13 Total carbon (Mg C ha–1) measured between 2009 and 2013, with respect to four categories of management of (A) deer, (B) goats, and (C) possums from 542 plots
located within public conservation land. The median is displayed as the solid vertical lines within each box. The box extends to one interquartile range; whiskers (light
vertical lines) extend to the most extreme data point that is no more than 1.5 times the interquartile range from the box. Management categories: Absent = sites where the
mammal is absent (includes sustained control to prevent colonisation), None = sites where no management against the mammal has been conducted since 1987, Ad hoc =
sites where only ad hoc management has been conducted against the mammal, Sustained = sites where management against the mammal has been sustained (including since
1987, since 2002, and since 2007).
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Figure 14 Change in total carbon (Mg C ha–1) between 2002–2007 and 2009–2013, from 542 plots located within public conservation land with respect to four categories of
management of (A) deer, (B) goats, and (C) possums from 542 plots located within public conservation land. The median is displayed as the solid vertical lines within each
box. The box extends to one interquartile range; whiskers (light vertical lines) extend to the most extreme data point that is no more than 1.5 times the interquartile range
from the box. Management categories: Absent = sites where the mammal is absent (includes sustained control to prevent colonisation), None = sites where no management
against the mammal has been conducted since 1987, Ad hoc = sites where only ad hoc management has been conducted against the mammal, Sustained = sites where
management against the mammal has been sustained (including since 1987, since 2002, and since 2007).
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5.4

Carbon and native plant species dominance and richness

What is the relationship between carbon storage and sequestration in forests on public
conservation land and dominance by native plant species, and richness of native plants?
Statistical methods
We used generalised additive models (GAMs) to determine the relationship between the total
C per plot,70 and changes in C stocks between two measurements, with two measures of
dominance by native plant species. These were: (i) the proportion of native plants to nonnative plants, as a measure of dominance by indigenous plants; (ii) the native species richness
per plot, both determined from relevés 94 that comprised all plants that occurred within each
400-m2 plot. Total C per plot, corrected for a slope-corrected estimate of plot size (i.e.
planimetric area), was determined for the first (2002–2007) and second (2009–2013)
measurements. We assigned the biostatus (native and non-native 95) and tallied total native
and non-native species per plot. We omitted from analyses any taxa on any plot where
identification of a plant was to genus only, and where genera present in New Zealand contain
native and non-native species (e.g. Agrostis, Geranium, Poa, Ranunculus). We evaluated
relationships between total C at the most recent measurement, and changes in C between
measurements, with both native:non-native plants and native plant richness (both assessed in
the 2009–2013 measurement). GAMs were used because these relationships were clearly
non-linear. GAM models for the proportion of native plants to non-native plants were
binomial models.
Results
The proportion of native to non-native plants in each plot rose rapidly from c. 0.85 to 0.98 as
the total C increased from 0 to c. 150 Mg C ha–1. At higher C stocks complete dominance by
native plants was typical (Figure 15A); a GAM from a binomial model of the relationship
explained 37.8% of total deviance (residual d.f. = 536, P < 0.001). All of the plots in which
the proportion of native to non-native plants was <0.8 were below 1000 m a.s.l. (data not
shown); i.e. low-altitude to lower montane zones. The number of native plants per plot did
not differ greatly along a gradient of increasing C per plot (Figure 15B); a GAM of this
relationship explained only 4.9% of total deviance (residual d.f. = 535.7, P = 0.002).
The most frequently occurring non-native plants in forests (i.e. in >1% of plots in 2002–
2007) were all herbaceous (Table 6) and unlikely to impact directly on C stocks. The nonnative composite herb, wall lettuce (Mycelis muralis), was the most frequent and it increased
in frequency from 9.52% of plots at the first measurement to 11.38% of plots at the most
recent measurement (Table 6). Sweet vernal (Anthoxanthum odoratum) was the most frequent
non-native grass in plots (c. 4% of plots at both measurements). In forests, the most frequent
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non-native conifer was radiata pine (Pinus radiata), present in 0.55% of plots in 2002–2007
and 0.73% of plots in 2009–2013. Other non-native conifers in forest plots were Douglas-fir
(Pseudotsuga menziesii; 0.37% of plots in 2002–2007, 0.18% of plots in 2009–2013) and
lodgepole pine (Pinus contorta; not found in plots in 2002–2007, but in 0.18% of plots in
2009–2013).
Along a gradient of loss or gain of C between 2002–2007 and 2009–2013, there was no
associated change in the proportion of native to non-native plants in the most recent
measurement period (Figure 16A); the plots that had the lowest proportion of native to nonnative plants exhibited little or no change in C. The GAM from a binomial model of this
relationship explained 6.11% of total deviance (residual d.f. = 535.6, P < 0.001). However,
native richness was responsive along this gradient with greater native plant richness in plots
that either substantially lost or substantially gained C between 2002–2007 and 2009–2013
(Figure 16B), but note that a GAM of this relationship explained only 1.1% of total deviance
and was not significant (residual d.f. = 540.7, P = 0.256).
Discussion
Overall, the proportion of native plants across the plots in forests was very high, even though
some non-native plants can invade mature forests. 96,97 Disturbance often promotes invasions
by plants, 98,99 but often invasive plants that colonise disturbed sites in forests do not persist as
canopies close. 100
The pattern found across New Zealand forests of a growing proportion of native to non-native
species as biomass increases is consistent with this general trend, although it is clear that
some invasive plant species can persist once they have invaded. 101,102 However, if
disturbance is a primary driver of plant invasions, it either operates at a longer timescale than
the measurement period investigated or invasive plants have not yet colonised sites that were

96

Wiser SK, Allen RB, Clinton PW, Platt KH 1998. Community structure and forest invasion by an exotic herb
over 23 years. Ecology 79: 2071–2081.
97

Wiser SK, Allen RB 2006. What controls invasion of indigenous forests by alien plants? In: Allen RB, Lee
WG eds Biological invasions in New Zealand. Heidelberg, Springer. Pp. 195–209.
98

Hobbs RJ, Huenneke LF 1992. Disturbance, diversity, and invasion: implications for conservation.
Conservation Biology 6: 324–337.
99

Daehler CC 2003. Performance comparisons of co-occurring native and alien invasive plants: implications for
conservation and restoration. Annual Review of Ecology, Evolution, and Systematics 34: 183–211.
100

Catford JA, Daehler CC, Murphy HT, Sheppard AW, Hardesty BD, Westcott DA, Rejmánek M, Bellingham
PJ, Pergl J, Horwitz CC, Hulme PE 2012. The intermediate disturbance hypothesis and plant invasions:
implications for species richness and management. Perspectives in Plant Ecology, Evolution and Systematics
14: 231–241.
101

Standish RJ, Robertson AW, Williams PA 2001. The impact of an invasive weed Tradescantia fluminensis
on native forest regeneration. Journal of Applied Ecology 38: 1253–1263.

102

Martin PH, Canham CD, Marks PL 2009. Why forests appear resistant to exotic plant invasions: intentional
introductions, stand dynamics, and the role of shade tolerance. Frontiers in Ecology and the Environment 7:
142–149.
Page 36

Landcare Research

Carbon in forests on public conservation land

disturbed within the last decade, because sites with large losses of biomass (hence C) within
the last decade showed no sign of major invasion (Figure 16A).
Most of the invaders of forests are herbaceous species (Table 6). Even though they are of low
biomass, they can potentially disrupt tree regeneration by competing with establishing
seedlings,101,103 or by influencing below-ground biota and soil nutrients and thus influencing
successional pathways. 104 Non-native conifers are major invaders of non-forested ecosystems
in New Zealand, 105 but it is also clear that, while at low levels (<1% of plots) they are also
invading forests. Because they are shade-intolerant, 106 it was surprising that two non-native
pines (radiata and lodgepole) were found in indigenous forests, the former showing a 70%
increase in the number of plots invaded. It was also surprising that the more shade-tolerant
Douglas-fir110 showed a 50% reduction in the number of forest plots invaded, given its
exponential increase in area of non-forested ecosystems invaded over the last decade. 107
Although high-altitude grasslands, and adjacent forests near treeline, are invaded by some
non-native species, 108 the low-biomass (low C stocks) sites that were most invaded by nonnative plants were all at lower altitude (< 1000 m a.s.l.) sites. These plots may be subject to
greater propagule pressure from adjacent land uses or may be successional communities in
sites that had previously been deforested. 109 It is apparent that the ratio of native to nonnative plants is not driven to any great extent by the number of native plant species, which
remained remarkably invariant across a large range of C stocks (Figure 15B), but by the
number of non-native species. In forests in New Zealand96 and elsewhere, 110 a pattern is
emerging that greater native species richness is not a barrier to invasion by non-native plants;
indeed sites richer in native species often also have greater numbers of non-native species.
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Table 6 The most frequently occurring non-native plant species in 542 plots in forests at two measurements, in
descending order of frequency at the first measurement
Species

Common name

Frequency
2002–2007
(% plots)

Frequency
2009–2013
(% plots)

Mycelis muralis

Wall lettuce

9.52

11.38

Hypochaeris radicata

Catsear

5.13

6.42

Anthoxanthum odoratum

Sweet vernal

3.85

4.22

Cirsium vulgare

Scotch thistle

3.85

4.22

Holcus lanatus

Yorkshire fog

3.85

3.67

Agrostis capillaris

Browntop

3.30

3.12

Lotus pedunculatus

Birdsfoot trefoil

3.11

3.30

Digitalis purpurea

Foxglove

2.93

3.49

Jacobaea vulgaris

Ragwort

2.93

2.57

Pilosella officinarum

Mouse-ear hawkweed

2.38

1.84

Cerastium fontanum

Mouse-ear chickweed

2.20

2.02

Crepis capillaris

Smooth hawksbeard

1.83

3.67

Hieracium lepidulum

Tussock hawkweed

1.83

2.02

Prunella vulgaris

Selfheal

1.83

2.02

Trifolium repens

White clover

1.83

1.65

Juncus effusus

Common rush

1.65

0.37

Dactylis glomerata

Cocksfoot

1.47

1.47

Conyza sumatrensis

Broad-leaved fleabane

1.28

0.92

Ranunculus repens

Creeping buttercup

1.10

1.47

Rumex acetosella

Sheep’s sorrel

1.10

0.92
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Figure 15 Relationship between total carbon in 542 plots, measured between 2009 and 2013, and (A) the
proportion of native plant species to non-native plant species as a measure of indigenous dominance; and (B) the
number of native plant species in each plot. The solid line represents a GAM. The median is displayed as the
solid vertical lines within each box that represents a bin size of 50 Mg ha–1 intervals between 0 and 600 Mg ha–1.
The box extends to one interquartile range; whiskers (light vertical lines) extend to the most extreme data point
that is no more than 1.5 times the interquartile range from the box.

Figure 16 Relationship between the change in total carbon in 526 plots between 2002–2007 and 2009–2013,
and (A) the proportion of native plant species to non-native plant species as a measure of indigenous dominance
in plots measured between 2009 and 2013; and (B) the number of native plant species per plot, measured
between 2009 and 2013. The solid line represents a GAM. The median is displayed as the solid vertical lines
within each box that represents a bin size of 50 Mg ha–1 intervals between 0 and 600 Mg ha–1. The box extends
to one interquartile range; whiskers (light vertical lines) extend to the most extreme data point that is no more
than 1.5 times the interquartile range from the box.
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5.5

Carbon and native bird species dominance and richness

What is the relationship between carbon storage and sequestration in forests on public
conservation land and dominance by native bird species, and richness of native birds?
Statistical methods
We used generalised additive models (GAMs) to determine the relationship between the total
C in live stems, roots, dead wood, and litter per plot, and changes in carbon stocks between
two measurements, with two measures of dominance by native bird species. These were: (i)
the proportion of native birds to non-native birds, as a measure of dominance by indigenous
birds; (ii) the native bird species richness per plot, both determined from the five samples
taken within and around each 400-m2 plot (Figure 2),and measured between 2012 and 2014.
Relationships between total C per plot and the two measures of the bird communities were
computed for 278 plots, with total C per plot determined for the first (2002–2007)
measurement period. 111 Relationships between changes in carbon stocks (2002–2007 vs
2009–2013)70 and the two measures of the bird communities were computed for 77 plots (a
subset of the 278 plots). All estimates of total C were corrected for a slope-corrected estimate
of plot size (i.e. planimetric area). We used GAMs to evaluate non-linear relationships. GAM
models for the proportion of native birds to non-native birds were binomial models. We used
linear models in other cases.
Results
The proportion of native to non-native birds in each plot rose rapidly from c. 0.65 to 0.8 as
the total C increased from 0 to c. 200 Mg C ha–1. At higher C stocks the proportion of native
birds continued to increase but less steeply (Figure 17A); a GAM from a binomial model of
the relationship explained 18.1% of total deviance (residual d.f. = 273.187, P < 0.001). The
richness of native birds increased monotonically from c. 7 to 10 native bird species per plot
as total C increased from 0 to c. 600 Mg C ha–1 (Figure 17B); however, a linear model of this
relationship explained only 4.5% of total deviance (residual d.f. = 276, P < 0.001).
Neither the proportion of native:non-native birds (Figure 18A) nor the richness of native bird
communities (Figure 18B), both measured between 2012 and 2014, were significantly related
to changes in carbon stocks at the same point over the previous decade. The GAM from a
binomial model for the relationship between change in C stocks and the proportion of native
to non-native birds explained 0.9% of total deviance (residual d.f. = 75, P = 0.436), and the
GAM of the relationship between change in C stocks and native bird richness explained 1.3%
of total deviance (residual d.f. = 75, P = 0.325).

111

In contrast to all other estimates of C in this report, the estimated total C calculated for each plot was
calculated using methods of: Beets PN, Kimberley MO, Goulding CJ, Garrett LG, Oliver GR, Paul TSH 2009.
Natural forest plot data analysis: carbon stock analysis and remeasurement strategy. Prepared for the Ministry
for the Environment by Scion. Wellington, Ministry for the Environment.
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Discussion
A rise in the proportion of native birds as carbon stocks increase is consistent with patterns
shown between forested and non-forested ecosystems, i.e. a greater proportion of native birds
in forests. 112 It is also consistent with studies that have shown that non-native birds are more
common at forest margins (typically low in C), and that non-native birds are less species-rich
in old-growth forests in New Zealand, 113 which generally have greater biomass (hence C
stocks). The continued increase in the proportion of native birds, and the richness of native
birds, as C stocks increase may reflect the provisioning of habitats, such as hole nest sites
(e.g. for mohua or yellow-crowned kākāriki, Cyanoramphus auriceps 114) or cavities for
colonies of long-tailed bats 115 (Chalinolobus tuberculatus), that are typical of large-diameter
old trees, 116 which typically store large amounts of C. 117 Large trees are also important
foraging sites for small insectivorous birds because they provide a large habitat (i.e. surface
area) for their prey. 118 Overall, results indicate that standing C, rather than C sequestration
rates, may be associated with greater vegetation height, structural complexity and niche space
for native birds.

112

Bellingham PJ, Richardson SJ, Gormley AM, MacLeod CJ, Forsyth DM 2013. Department of Conservation
biodiversity indicators: 2013 assessment. Landcare Research Contract Report: LC1621 for the Department of
Conservation, Christchurch
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Kikkawa J 1964. Breeding density of land birds on Little Barrier Island. Physiology and Ecology 12: 127–
138.
114

Elliott GP, Dilks PJ, O'Donnell CFJ 1996 Nest site selection by mohua and yellow‐crowned parakeets in
beech forest in Fiordland, New Zealand. New Zealand Journal of Zoology 23: 267–278.
115

Sedgeley JA, O'Donnell CFJ 1996. Roost selection by the long-tailed bat, Chalinolobus tuberculatus, in
temperate New Zealand rainforest and its implications for the conservation of bats in managed forests.
Biological Conservation 88: 261–276.
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Wilson PR, Karl BJ, Toft RJ, Beggs JR, Taylor RH 1998. The role of introduced predators and competitors
in the decline of kaka (Nestor meridionalis) populations in New Zealand. Biological Conservation 83: 175–185.
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Barlow J, Peres CA, Lagan BO, Haugaasen T 2003. Large tree mortality and the decline of forest biomass
following Amazonian wildfires. Ecology Letters 6: 6–8.
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Zealand Wildlife Service Occasional Publication No. 10, Wellington.
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Figure 17 Relationship between total carbon (C) in 278 plots (calculated from 2002–2007 measurements) and
(A) the proportion of native to non-native bird species as a measure of indigenous dominance, measured
between 2009 and 2014 and (B) the number of native bird species per plot, measured between 2009 and 2014.
The solid line represents a GAM in (A) and a linear relationship in (B). The median is displayed as the solid
vertical lines within each box that represents a bin size of 50 Mg ha–1 intervals between 0 and 500 Mg ha-1. The
box extends to one interquartile range; whiskers (light vertical lines) extend to the most extreme data point that
is no more than 1.5 times the interquartile range from the box.

Figure 18 Relationship between the change in total carbon (C) in 77 plots between 2002–2007 and 2009–2013,
and (A) the proportion of native bird species to non-native bird species as a measure of indigenous dominance in
plots measured between 2012 and 2014; and (B) the number of native bird species, measured between 2012 and
2014. The solid line represents a GAM. The median is displayed as the solid vertical lines within each box that
represents a bin size of 50 Mg ha–1 intervals between 0 and 500 Mg ha–1. The box extends to one interquartile
range; whiskers (light vertical lines) extend to the most extreme data point that is no more than 1.5 times the
interquartile range from the box.
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5.6

Carbon and native tree species

Which tree species in New Zealand’s indigenous forests are the most important for storage
and sequestration of carbon?
Statistical methods
The amount of C stored by individual tree species was calculated for each of 542 plots, and
converted to a total mass per area using a slope-corrected estimate of plot size (i.e.
planimetric area) for the first (2002–2007) and second (2009–2013) measurements. We
determined those tree species that contributed mean live-stem C ≥ 1 Mg ha–1 at the first
measurement, then calculated their mean total C in live stems at both measurements. To
determine whether the amount of C stored in live trees above ground by individual species
changed between measurement periods, we used a mixed model in R (lme4 119) for 526 of the
542 plots, varying intercept–constant slope random effects terms for the groups of plot (n =
526) and the total C at both measurements (log-transformed) for the species that stored
≥ 1 Mg ha–1 of C (n = 16), giving the total number of observations of 3558. Time between
plot establishment and remeasurement for each plot was used as a fixed effect. Varying slope
models did not fit the data satisfactorily.
Results
Sixteen tree species contributed ≥ 1 Mg C ha–1 in both measurement periods, i.e. on average
66% of total C across all species in the first measurement period and 65% in the second
(Table 7). Four widespread common beech species – silver beech (Lophozonia menziesii), red
beech (Fuscospora fusca) and black and mountain beech (F. solandri and F. cliffortioides) –
contributed between them 36% (both measurements) of the total C stored above ground in
live trees in forests on public conservation land. Kāmahi (Weinmannia racemosa) also
contributed substantially (9% of total above-ground C stocks in live stems, both
measurements). Five endemic podocarps (rimu, Dacrydium cupressinum, miro, Prumnopitys
ferruginea, mataī, Prumnopitys taxifolia, Hall’s tōtara, Podocarpus cunninghamii, and
kahikatea, Dacrycarpus dacrydioides) collectively contributed 7% of total above-ground C
stocks in live stems (both measurements (Table 7)).
There were no significant changes in the amount of C stored by the 16 individual species in
live stems above ground between the two measurement periods (mixed-model coefficients:
intercept = 7.016 ± 2.054 [SEM], t = 3.416; time = 0.250 ± 0.108, t = 2.309).

119

Bates D, Maechler M, Bolker B, Walker S. 2014. lme4: Linear mixed-effects models using Eigen and S4. R
package version 1.1-6. http://cran.r-project.org/web/packages/lme4/index.html
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Discussion
It is remarkable that a mere 16 species (7.4%) of New Zealand’s 215 tree species contribute
nearly two-thirds of the national C stocks in live stems. The 16 species are abundant and
widespread and not composed disproportionately of species with high wood density: among
the species include those with low wood-density values (e.g. māhoe, Melicytus ramiflorus) as
well as high values (e.g. southern rātā, Metrosideros umbellata). Many of the other trees are
local in occurrence, so that while other species may be regionally important as contributors to
C stocks (e.g. kauri, Agathis australis, and taraire, Beilschmeidia tarairi, in Northland), their
national contribution is small.
The dominant role of beech species in the storing of C in forests on public conservation land
is not unexpected, given the widespread occurrence of beech species in upland forests on
steep slopes. 120,121 These forest areas often remain because of their remoteness and value for
catchment conservation (e.g. the perceived risk of erosion 122). Moreover, some beech species
are typically found on infertile soils unsuitable for agriculture and, although they have been
used for timber, they have not been logged to the same extent as native conifers.120,121 Thus
beeches are prominent and disproportionately represented among the country’s remaining
forests.77 Kāmahi is probably the most widespread tree within New Zealand’s forests and
stores a large amount of C, distributed from the Bay of Plenty southwards within the
country’s humid forests; the drier forests from which it is absent are in the eastern regions, 123
which are the most severely deforested by people. The key role of these species as stores of C
is in addition to the other ecosystem services that they provide, including provision of clean
water, 124 and habitat for wildlife.114,115,116 New Zealand’s conifers, including its podocarps,
are widespread, often scattered but sometimes locally dominant components of its forests.
Their wood densities are, on average, lower than those of New Zealand’s angiosperm trees, 125
hence they store less C per unit volume, but because of the large size that many can attain
they can be locally important for C storage, both as live- and dead-wood components of
forests.
The focus on the role of storage of C in live stems by individual species (Table 7) overlooks
the contribution of these species to dead wood. The same most abundant trees that store livestem C in this study are almost the same rank order as those that make up the bulk of dead
wood in New Zealand’s forests, with beech species and kāmahi comprising 58% of the mass
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of dead wood that could be identified to species. 126 Some of the species that store large
amounts of C in live stems also have slow decay rates after their death, notably red beech 127
and southern rātā, 128 further underscoring the importance of these species in national C
sequestration. New inputs of dead wood can occur at large scales, such as occurred during
Cyclone Ita (April 2014) 129 after it affected indigenous forests along the west coast of the
South Island. Dead wood also plays key roles for major components of biodiversity including
invertebrates 130,131 and fungi, 132,133 as well as providing key regeneration sites for some tree
species 134
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Table 7 The 16 tree species that comprise the largest proportion of total carbon (C) in live stems in forests on public conservation land throughout New Zealand; values
derived from measurement of 542 plots at two measurement periods, 2002–2007 and 2009–2013, and species ranked in descending order at the most recent measurement.
Slope derives from mixed models to assess change between the two measurement intervals. *also includes F. cliffortioides and hybrids
–1

Total C in live stems (Mg C ha )
Species

Family

Measurement 1
(2002–2007)

Measurement 2
(2009–2013)

Mean ± SEM

Mean ± SEM

Change
(slope)

Silver beech

Lophozonia menziesii

Nothofagaceae

28.03 ± 2.49

28.03 ± 2.41

1.170

Red beech

Fuscospora fusca

Nothofagaceae

20.87 ± 2.26

20.60 ± 2.31

0.852

Kāmahi

Weinmannia racemosa

Cunoniaceae

15.51 ± 1.30

15.49 ± 1.30

0.621

Black/mountain beech

Fuscospora solandri*

Nothofagaceae

12.74 ± 1.36

12.91 ± 1.35

0.504

Rimu

Dacrydium cupressinum

Podocarpaceae

6.65 ± 1.11

6.77 ± 1.13

0.236

Southern rātā

Metrosideros umbellata

Myrtaceae

5.97 ± 1.25

6.05 ± 1.19

0.207

Tawa

Beilschmiedia tawa

Lauraceae

5.40 ± 0.91

5.56 ± 0.92

0.184

Hard beech

Fuscospora truncata

Nothofagaceae

4.47 ± 0.97

4.73 ± 1.02

0.145

Pāpāumu

Griselinia littoralis

Griseliniaceae

2.09 ± 0.39

1.91 ± 0.38

0.030

Miro

Prumnopitys ferruginea

Podocarpaceae

1.89 ± 0.34

1.76 ± 0.31

0.022

Mataī

Prumnopitys taxifolia

Podocarpaceae

1.51 ± 0.60

1.65 ± 0.69

0.013

Tāwheowheo

Quintinia serrata

Paracryphiaceae

1.60 ± 0.26

1.50 ± 0.24

0.010

Northern rātā

Metrosideros robusta

Myrtaceae

1.48 ± 0.75

1.42 ± 0.73

0.006

Hall’s tōtara

Podocarpus cunninghamii

Podocarpaceae

1.41 ± 0.25

1.34 ± 0.24

0.003

Māhoe

Melicytus ramiflorus

Violaceae

1.32 ± 0.29

1.34 ± 0.30

0.001

Kahikatea

Dacrycarpus dacrydioides

Podocarpaceae

1.14 ± 0.43

1.13 ± 0.45

−0.008

170.01 ± 4.76

172.18 ± 4.74

All species
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5.7

Pest management and tree maintenance

What is the relationship between DOC’s management of pest mammals, current abundances
of pest mammals, and the maintenance of palatable trees that store and sequester carbon?
Statistical methods
We used first three linear models to test for differences in the above-ground live C stored
among plant species preferred by deer, goats, and possums compared with that stored in
species that are either avoided or eaten in proportion to their abundance (‘non-selected’) by
each the three herbivorous mammal species. Then, to evaluate the maintenance of species
that are selected by the three mammals, we used both mixed models and linear models to
determine whether there were significant differences between the rates of change in C storage
between groups of ‘selected’ and non-selected’ tree species by each of the mammals between
the first (2002–2007) and second (2009–2013) measurements.
Results
The total live-stem C stored above ground among species that are selected in the diets of
deer, goats, and possums was significantly less than the combined total above-ground livestem C stored in species that are either avoided or eaten in proportion to their abundance
(‘non-selected’). For each of the three herbivorous mammal species, this pattern was evident
for both the 2002–2007 and 2009–2013 measurement periods (Figure 19; linear models;
P < 0.001 for both measurement intervals for all aggregated groups of plant species).
Slope coefficients from the mixed model showed consistent decreases between 2002–2007
and 2009–2013 in the C stored in species selected in the diets of all three mammals (−0.40 ±
0.88 (SE) Mg yr–1 for species selected by deer, −0.27 ± 0.88 Mg yr–1 for those selected by
goats, and 0.34 ± 0.95 Mg yr-1 for those selected by possums; Figure 19). However, all values
of the SE exceed those of the slope coefficients, so these changes are not statistically
significant. Slope coefficients from mixed models conversely showed increases of ‘nonselected’ species (0.35 ± 0.62 Mg yr–1 for those of deer, 0.29 ± 0.67 Mg yr–1 for those of
goats, and 0.32 ± 0.67 Mg yr–1 for those of possums; Figure 19), but again, in all cases, since
the SE values exceed the slope coefficients, these increases are not statistically significant.
Linear models showed no significant difference between the total above-ground live-stem C
in the two groups of species (selected and ‘non-selected’ groups of species) between 2002–
2007 and 2009–2013 for deer (F = 0.1, P = 0.75), goats (F = 0.092, P = 0.76), and possums
(F = 0.092, P = 0.76). An interaction term in this linear model would detect any differences
in changes between selected and ‘non-selected’ groups of species between the two
measurement periods; consistent with results from mixed models, there were no significant
interaction effects, either for deer (F = 0.15, P = 0.70), goats (F = 0.07, P = 0.79), or possums
(F = 0.08, P = 0.78).
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Discussion
Traits of species that are palatable to mammals are also often related to species that have low
C, e.g. low wood density that is often, although not always, related to rapid growth rates, thin
leaves with high foliar nutrient contents and little investment in defence chemistry (e.g.
tannins, phenols) or construction (e.g. fibre), and short tree-lifespans. These plants are also
often restricted in space (e.g. to more fertile soils) or time (e.g. to canopy gaps) and therefore
are naturally uncommon. Therefore their comparatively low contribution to total biomass is
to be expected. Among the 16 species that store the most C in forests, only 3 are palatable to
deer and goats (i.e. kāmahi, pāpāumu (Griselinia littoralis), and māhoe, Table 7) and 5 are
palatable to possums (i.e. kāmahi, southern and northern rātā, Hall’s tōtara, and māhoe, Table
7). Over the last decade, the contribution of these palatable species to national C stocks has
been stable (Table 7).
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Figure 19 Means ± SEM of above-ground live-stem carbon (C) at two measurement intervals (2002–2007 and 2009–2013) across 542 plots across public conservation land
for groups of species that are selected (i.e. consumed disproportionately relative to their abundance; clear symbols) by (A) deer, (B) goats, and (C) possums, and for groups of
species that are non-selected (i.e. consumed in proportion to their abundance or seldom consumed relative to their abundance; filled symbols).
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Sustaining plant diversity

New Zealand’s native plants are a key component of its natural heritage. Before human
settlement, most of New Zealand was forested, 135 and natural forests are a major habitat for
endemic plant and animal taxa. For example, 98% of New Zealand’s 215 tree species (those
that can grow to 6 m or more) are endemic,4 and forest understoreys and canopies are the
principal habitat of life-forms such as epiphytes, lianas, and many species of herbs and ferns
that depend on humid, shaded conditions. 136 Hence, in this section, we focus mainly on the
maintenance of plant diversity in forests on public conservation land, recognising that forests
provide the principal habitat of many endemic vertebrates (birds, bats, frogs, and some
lizards) and invertebrates.
Forests are dynamic ecosystems and compositional changes are inevitable, reflecting longterm influences (e.g. soil weathering and climatic changes), and disturbances ranging from
large-scale (e.g. effects of past glaciation or periodic movements of major faults) to smallscale (e.g. local wind storms and landslides).89 Disturbances allow redistribution of resources,
particularly nutrients, light and space, and often provide critical regeneration niches for major
groups of forest plants. Thus we expect that long-term effects of disturbance will leave
imprints in tree population dynamics and size class structure.49,137
The human settlement of New Zealand is sufficiently recent (c. 730 years ago) that a few of
today’s forest canopy trees, long-lived conifers in particular, were already canopy
constituents then. Most others have grown up in a period of novel influences caused by
humans that range from the extinction of dispersers, pollinators, and herbivores (such as
moa), introduction of new seed predators (rats), browsing mammals such as sheep and goats,
new competing plants, and new disturbance regimes, notably fire and fragmentation. All of
these will likewise leave imprints in tree population dynamics and size-class structure.
At local scales, it is clear that introduced browsing mammals can affect tree size structures,
especially those of palatable trees. Some of the best evidence for this comes from fenced
exclosures, in which there can be many small stems of palatable trees represented, whereas
outside the exclosures, where deer or goats have access, there may be few of these stems. 138
Even when numbers of browsing mammals are maintained at low levels, these effects can be
manifest,52 and may be resulting in shifts in size structures of palatable species at a
widespread scale.49 Adult trees can be affected by browsing possums, and adult populations
of some species that are palatable to possums have been substantially reduced in some
areas.32 Yet there is also evidence that other tree species that are known to be palatable to
possums have populations of trees in which recruitment rates match or even exceed mortality
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rates. 139 Therefore, a focus in this section is to determine the effects of browsing introduced
mammals on plant populations at a widespread scale, while attempting to distinguish these
effects from those of natural disturbance.
6.1

Maintenance of dominant trees

Have populations of widespread, dominant trees been maintained in forests on public
conservation land during the last decade?
Statistical methods
We modelled the changes in stem distribution for 26 tree species and 3 tree-fern species that
occurred in at least 10% of the 548 forest plots. We standardised all stem diameters for each
species by dividing by their respective 99.5th percentile values. This process allows
comparison of stem diameters on roughly equivalent scales because the largest stems of some
species in the plots used in the analyses exceeded 1 m in diameter (e.g. red beech,
Fuscospora fusca, and rimu, Dacrydium cupressinum), whereas others did not exceed 10 cm
in diameter (Coprosma tayloriae). To test whether the stem diameter distribution differed
between measurements, we used two-sample Kolmogorov–Smirnov tests. This nonparametric procedure tests whether two -samples (in this case, samples of stem diameters) are
drawn from the same probability distribution. The probability of a statistically significant
difference was bootstrapped using 1000 samples. We interpreted statistically significant
departures using plots of the empirical cumulative probability function (empirical CDF). The
empirical CDF plots the ordered stem diameters against the number of the observation in the
sequence divided by the total number of observations.
Results
There was no statistically significant change in the stem distribution between the first (2002–
2007) and the second (2009–2013) measurements, either for the most common species (those
that occurred in >20% of plots, Figure 20), or for the moderately common species (those that
occurred in 10–20% of plots, Figure 21).
Discussion
Size structures of the most common tree species throughout New Zealand’s forests during the
last decade remained constant. Size structures can be disrupted as a result of widespread
disturbances that impact upon larger stems, such as severe El Niño droughts 140 or intense

139

Bellingham PJ, Stewart GH, Allen RB 1999. Tree species richness and turnover throughout New Zealand
forests. Journal of Vegetation Science 10: 825–832.

140

Williamson GB, Laurance WF, Oliveira AA, Delamônica P, Gascon C, Lovejoy TE, Pohl L 2000
Amazonian tree mortality during the 1997 El Niño drought. Conservation Biology 14: 1538–1542
Landcare Research

Page 51

Sustaining Plant Diversity

extra-tropical cyclones that track to high latitudes; 141,142 the recent Cyclone Ita (April
2014)129 may have such an effect in the upcoming measurement period. Conversely, chronic
depletion of understoreys by browsing mammals could result in depletion of smaller sizeclasses under intact canopies,48,49 yet there is no evidence of alteration of size structures,
including the smallest size-classes of three tree species that are highly palatable to goats and
deer; e.g. putaputāwētā (Carpodetus serratus), māhoe, and kāmahi (Figure 20 a,g,l). This
subject is explored in more detail in section 6.2.
Stem distributions of three tree ferns (kātote, Cyathea smithii, and whekī, Dicksonia
squarrosa; Figure 20 m,n), and ponga, Cyathea dealbata, Figure 21 c) differ from those of
the trees because they exhibit negligible radial growth, and almost all growth increment is
comprised by growth in height. All three tree ferns showed strong recruitment (i.e. new stems
growing tall enough to reach 1.3 m); with a 7% population increase during the measurement
interval for kātote, 8% for whekī, and 15% for ponga (Figures 20, 21).

Zotov VD, Elder NL, Beddie AD, Sainsbury GOK, Hodgson EA 1938. An outline of the vegetation and ﬂora
of the Tararua Mountains. Transactions and Proceedings of the Royal Society of New Zealand 68: 259–324.
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Figure 20 Relative stem frequency against standardised stem diameter by measure for the species that occupy 20% or more of the remeasured forest plots. Kolmogorov–
Smirnov two-sample test statistics (D) and associated bootstrapped P-values comparing the stem diameter distribution for first measures with the stem diameter distribution
for second measurements are shown on the plots, along with the total number of plots in which the species occurs (N) and the number of stems recorded at each measure (n1
and n2). Relative stem frequency is derived from stem frequency by diameter size-classes, scaled such that the areas under the curves are equal to 1. Standardised stem
diameters were obtained by dividing each stem diameter by the 99.5th percentile diameter. Note Fuscospora solandri (d) also includes F. cliffortioides.
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Figure 21 Relative stem frequency against standardised stem diameter by measure for the species that occupy 10–20% of the remeasured forest plots. Kolmogorov–Smirnov
two-sample test statistics (D) and associated bootstrapped P-values comparing the stem diameter distribution for first measures with the stem diameter distribution for second
measurements are shown on the plots, along with the total number of plots in which the species occurs (N) and the number of stems recorded at each measure (n1 and n2).
Relative stem frequency is derived from stem frequency by diameter size classes, scaled such that the areas under the curves are equal to 1. Standardised stem diameters were
obtained by dividing each stem diameter by the 99.5th percentile diameter.
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6.2

Maintenance of palatable trees

Have populations of widespread trees that are palatable to pest mammals been maintained in
forests on public conservation land during the last decade?
Statistical methods
We standardised all stem diameters for each tree species by dividing by their respective 99.5th
percentile values. This process ensures that the stem diameters are being measured on an
equivalent scale so that they can be combined into palatability classes. Standardisation is
necessary because of the large variability in the maximum diameter that the species can attain
(see section 6.1). To test whether the stem diameter distribution differed by palatability class
and between measurements we used two-sample Kolmogorov–Smirnov tests. This nonparametric procedure tests whether two samples (in this case, samples of stem diameters) are
drawn from the same probability distribution. The probability of a statistically significant
difference was bootstrapped using 1000 samples. We interpreted statistically significant
departures using stem-diameter frequency plots. We evaluated species in the forest plots for
which there is sufficient information, from dietary studies, to determine whether they are
selected preferentially (hereafter ‘selected’) by possums, deer, and goats.10 We compared the
effects of palatability both when the target herbivore (deer, goat, possum) was present and
when it was absent, and determined whether there had been any change between the first and
second plot measurements. Of the 30 species selected by possums, 2 were also selected by
goats, 2 by deer and 9 by goats and deer. Of the 23 species selected by goats, 3 were also
selected by deer, 2 by possums and 9 by possums and deer. Of the 21 species selected by
deer, 3 were also selected by goats, 2 by possums and 9 by goats and possums. We did not
analyse separately those tree species that are palatable to deer, goats, and possums (e.g.
kāmahi, māhoe).
Results
(a) Deer
There was greater relative abundance of the combined stems of tree species that are palatable
to deer in the smallest diameter classes (measured 2009–2013) in sites where deer were
present compared with sites where they were absent (Figure 22a); this was also the case for
the combined stems of species that are avoided by deer (Figure 22b). Whether deer were
present or absent, there were greater numbers of stems in small size-classes of species that are
selected by deer compared with those deer avoid (Figures 22c and 22d), although the
difference was more pronounced in sites where deer were absent (Figure 22d).
During the last decade, there has been no significant change in the size structures of species
that are selected by deer, whether deer were present or absent (Figures 23a, b), and the leftskewed distribution of stems of these species shows no evidence of recruitment failure when
deer are present (Figure 23a). In contrast, there were statistically significant, though slight,
changes in the size structures of species avoided in the diet of deer, in sites both where deer
were present and absent (Figures 23c, d). In sites where deer are absent, there was a decline
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between 2002–2007 and 2009–2013 in the representation of smaller size classes of stems that
deer avoid in their diet (Figure 23d).
(b) Goats
Among tree species that are selected in the diet of goats, there were slight but highly
significantly greater numbers of stems in sites where goats were present compared with sites
where goats are absent (Figure 24a). Size structures of species avoided by goats also differed;
there was a greater representation in the smallest diameter classes where goats were absent
(Figure 24b). Whether goats were present or absent, there were greater numbers of stems in
small size-classes of species that are selected by goats compared with those goats avoid
(Figures 24c, d), although the difference was more pronounced in sites where goats were
absent (Figure24d).
There have been no significant changes in the size structures of tree species that are palatable
to goats during the last decade, and with left-skewed distributions, there is no evidence of
recruitment failure of these species over that period (Figure 25a, b). Likewise, where goats
are present, there has been no significant change in the size structures of tree species that
goats avoid in their diet, and these also show no sign of recruitment failure (Figure 25c). In
contrast, there has been a subtle shift towards very slightly greater representation of stems
avoided by goats into larger size classes in sites where goats are absent (Figure 25d).
(c) Possums
Where possums are present, there was a greater representation of stems in the smallest
diameter classes of tree species that are avoided by possums than of those that are selected,
and a greater representation in slightly larger stems of selected species compared with those
avoided by possums in their diet (Figure 26a). There was no significant change during the last
decade in the size-class structure of species that are selected by possums in their diet, and the
left-skewed diameter distribution shows no evidence of widespread recruitment failure of
these species (Figure 26b). In contrast there was a slight, but highly significant shift towards
larger stems in the size structure of species that are avoided by possums in their diet (Figure
26c). In contrast to deer and goats, we have not made explicit comparisons between the great
majority of sites where possums were present (Appendix 1, Figure 45) and the nine sites from
which they were absent. These sites were on islands that are geographically disjunct (islands
off Fiordland and Stewart Island and islands off the north-east coast of New Zealand). Within
these sites there were no significant differences between the size structures of species that
possums select and those that they avoid, and there were no significant changes in the size
structures of avoided or selected species during the last decade (data not shown).
Discussion
Continuous regeneration of tree species palatable to deer and goats is a widespread feature of
New Zealand’s forests. The individual results of more pronounced regeneration in sites where
deer and goats are present more than where these ungulates individually are absent needs to
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be considered in light of the fact that many goats are present in many sites where deer are
absent (e.g. Northland, northern Taranaki 143,144) and vice versa (compare Figures 43 and 44,
Appendix 1). Strong suppression of regeneration of palatable tree species by deer and goats
has been demonstrated from some areas of forest fenced to exclude them, compared with
immediately adjacent areas (e.g. in successional forests on dunes near Auckland138).
Widespread continuous regeneration of trees palatable to deer and goats confirms findings
from an earlier smaller sample20 and implies that evidence of regeneration failure and
suppression from deer and goat exclosures 145 is the exception, not the norm, across New
Zealand’s forests. It implies that the subjectively-sited exclosures are in areas where palatable
species are most likely to regenerate; such areas are often on comparatively fertile soils and
in early-successional forests where light is not limiting.47 These areas may also have high
carrying capacity for deer and goats. 146
Over much of New Zealand, deer abundances were much greater in the 1950s–1970s than
they are now. 147,148 The modifications of the understoreys of New Zealand’s forests during
the peaks of deer and goat abundance are likely to have enduring legacies that impact on
current regeneration of palatable species.45 For example, when deer were very abundant they
are likely not only to have suppressed regeneration of palatable species but also potentially
promoted the regeneration of unpalatable species.45 Paradoxically this may have beneficial
effects for the regeneration of palatable tree species in modern forests because uncommon
palatable species in a matrix of unpalatable neighbours can have better growth and survival
than when they occur in thickets of other palatable species. 149
While widespread regeneration of palatable trees is evident throughout New Zealand’s
forests, it does not follow that deer and goats are not having widespread effects on tree
regeneration. Nationally, densities of small stems in New Zealand forests are less than
expected from empirical predictions and this could be caused by chronic depletion of
regeneration by deer and goats.48
Possums, the most widespread herbivore, may be depressing recruitment of species that they
consume preferentially at a widespread scale,49 as seen in the depression of stems in the
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smallest size classes of palatable species compared with those avoided by possums. The
difference in size structure between palatable and avoided species has been maintained over
the last decade. At a species level, the depression of recruitment of palatable species will be
most pronounced among those species that are palatable to deer, goats, and possums, where
all three herbivores co-occur and are abundant. Nonetheless, among widespread abundant
species palatable to all three herbivores (e.g. kāmahi and māhoe), there is evidence of
continuous regeneration and population maintenance (Figure 20g, l).

Figure 22 Relative stem frequency by standardised stem diameter, deer presence and deer palatability.
Kolmogorov–Smirnov two-sample test statistics (D) and associated bootstrapped P-values are shown for
comparing between the standardised stem diameter distributions for plants of different palatability, at plots with
and without deer. Data are pooled stem samples across species for each palatability class from the second
measurement of each plot. Relative stem frequency is derived from stem frequency by diameter size classes,
scaled such that the areas under the curves are equal to 1. Statistical tests were performed on the raw
standardised stem data. Data plotted are: (a) Deer present vs deer absent for deer-selected species; (b) Deer
present vs deer absent for deer-avoided species; (c) Deer-selected vs deer-avoided species when deer are
present; (d) Deer-selected vs deer-avoided species when deer are absent.
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Figure 23 Relative stem frequency by standardised stem diameter, deer presence, deer palatability and
measurement (Mmt1 = 2002–2007; Mmt2 = 2009–2013). Kolmogorov–Smirnov two-sample test statistics (D)
and associated bootstrapped P-values are shown for comparing between the standardised stem diameter
distributions between measurements for plants of the same palatability, at plots with and without deer. Data are
pooled stem samples across species for each palatability class from the first or second measurements of each
plot. Relative stem frequency is derived from stem frequency by diameter size classes, scaled such that the areas
under the curves are equal to 1. Statistical tests were performed on the raw standardised stem data. Data plotted
are: (a) Deer-selected species when deer are absent; (b) Deer-selected species when deer are absent; (c) Deeravoided species when deer are present; (d) Deer-avoided species when deer are absent.
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Figure 24 Relative stem frequency by standardised stem diameter, goat presence and goat palatability.
Kolmogorov–Smirnov two-sample test statistics (D) and associated bootstrapped P-values are shown for
comparing between the standardised stem diameter distributions for plants of different palatability, at plots with
and without goats. Data are pooled stem samples across species for each palatability class from the second
measurement of each plot. Relative stem frequency is derived from stem frequency by diameter size classes,
scaled such that the areas under the curves are equal to 1. Statistical tests were performed on the raw
standardised stem data. Data plotted are: (a) Goats present vs goats absent for goat-selected species; (b) Goats
present vs goats absent for goat-avoided species; (c) Goat-selected vs goat-avoided species when goats are
present; (d) Goat-selected vs goat-avoided species when goats are absent.
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Figure 25 Relative stem frequency by standardised stem diameter, goat presence, goat palatability and
measurement (Mmt1 = 2002–2007; Mmt2 = 2009–2013). Kolmogorov–Smirnov two-sample test statistics (D)
and associated bootstrapped P values are shown for comparing between the standardised stem diameter
distributions between measurements for plants of the same palatability, at plots with and without goats. Data are
pooled stem samples across species for each palatability class from the first or second measurements of each
plot. Relative stem frequency is derived from stem frequency by diameter size classes, scaled such that the areas
under the curves are equal to 1. Statistical tests were performed on the raw standardised stem data. Data plotted
are: (a) Goat-selected species when goats are absent; (b) Goat-selected species when goats are absent; (c) Goatavoided species when goats are present; (d) Goat-avoided species when goats are absent.
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Figure 26 Relative stem frequency by standardised stem diameter, possum presence and possum palatability
measurement (Mmt). Kolmogorov–Smirnov two-sample test statistics (D) and associated bootstrapped P-values
are shown for comparing between the standardised stem diameter distributions for plants of different
palatability, at plots with and without possums. Data are pooled stem samples across species for each
palatability class from the second measurement of each plot. Relative stem frequency is derived from stem
frequency by diameter size classes, scaled such that the areas under the curves are equal to 1. Statistical tests
were performed on the raw standardised stem data. Data plotted are: (a) Possum-selected vs possum-avoided
species when possums are present (second measurement only); (b) Possum-selected species when possums are
present (measurement 1 vs measurement 2); (c) Possum-avoided species when possums are present
(measurement 1 vs measurement 2).
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6.3

Maintenance of palatable trees in national parks

Have populations of widespread trees that are palatable to pest mammals been maintained in
forests in national parks during the last decade?
Statistical methods
Again we standardised all stem diameters for each species by dividing by their respective
99.5th percentile values. This process ensures that the stem diameters are being measured on
a roughly equivalent scale so that they can be combined into palatability classes.
Standardisation is necessary because some species can exceed 1 m in diameter whereas
others did not exceed 10 cm in diameter. To test whether the stem diameter distribution
differed by palatability class, national park status and between measurements we used 2sample Kolmogorov–Smirnov tests. This non-parametric procedure tests whether 2-samples
(in this case, samples of stem diameters) are drawn from the same probability distribution.
The probability of a statistically significant difference was bootstrapped using 1000 samples.
We interpreted statistically significant departures using plots of the standardised size class
distributions. These distributions are standardised such that the area under the curves are
equal to 1.
Results
(a) Deer
There was greater relative abundance of the combined stems of tree species that are
preferentially selected by deer in the smallest diameter classes (measured between 2009–
2013) in forests in national parks than in those on other public conservation land (Figure
27a). For the combined stems of species that are avoided by deer there was a slightly greater
proportion of stems in national parks in size classes greater than the smallest size class
(Figure 27b). There were strongly left-skewed distributions of the size structures of groups of
tree species both selected and avoided by deer in their diets, suggesting that regeneration of
both was continuous whether in national parks or on other public conservation land. In both
national parks and on other public conservation land, there were significantly greater
numbers of stems in small size classes of species that are selected by deer compared with
those deer avoid (Figures 27c, d).
During the last decade, there has been a slight but significant decline in the representation of
stems of species that are selected by deer in the smallest size class in national parks (Figure
28a), but there was no significant change in the size structure of tree species that are selected
by deer on other public conservation land (Figure 28b). For groups of tree species that are
avoided in the diet of deer, there was slight, but significant, shift in size structures towards
greater representation of stems larger than the smallest size class during the last decade in
national parks and on other public conservation land (Figures 28c, d).
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(b) Goats
The size structures of stem diameters of trees that are in the diets of goats were significantly
different between national parks (slightly but significantly greater representation of the
smallest size classes) and other public conservation land (Figure 29a). There was a more
striking, and significant, difference in the size structure of groups of species avoided in the
diet of goats. Stems in the smallest size class were much more abundant on other types of
public conservation land, and stems in the small-to-medium size were more abundant in
national parks (Figure 29b). As a result, in national parks, there were distinct differences in
the size structures of groups of species selected by goats (strongly left-skewed, suggesting
continuous recruitment) compared with those that are avoided (biased towards larger stems,
suggesting less frequent recruitment; Figure 29c). On other kinds of public conservation land,
although significantly different, the size structures were only subtly different: both selected
and avoided groups of species in the diets of goats exhibited quite similar, left-skewed
distributions, suggesting continuous regeneration (Figure 29d).
Over the last decade, the only significant change in size structure has been of stems that are
avoided in the diet of goats within national parks; a slight increase in the representation of
larger size classes (Figure 30c); for the same species on other public conservation land, there
was no significant change in stem size structure (Figure 30d). There was no significant
change in the size structures of groups of species that are selected in the diet of goats over the
last decade, whether in forests within national parks (Figure 30a) or on other public
conservation land (Figure 30b).
(c) Possums
At the most recent measurement (2009–2013), there was a significantly greater representation
in national parks of trees in the smallest diameter size class among species selected
preferentially in the diets of possums compared with those in forests on other public
conservation lands (Figure 31a); the strongly left-skewed distribution suggested no evidence
of recruitment failure of these species, especially in national parks. In contrast there was
greater representation on other public conservation land, compared with national parks, of the
smallest diameter size class among species avoided in the diets of possums (Figure 31b). In
forests both in national parks and on other public conservation land, there were significant
differences between the size structures of stems preferentially selected and those avoided in
the diets of possums: in both cases there was greater representation of stems in the smallest
size classes of species selected by possums, and no apparent differences in larger size classes,
which could be expected if possums were causing disproportionate mortality of adult trees of
species that they select (Figures 31c, d).
Over the last decade, the only significant change in size structure has been of stems that are
avoided in the diet of possums within national parks; a slight decline in the representation of
smaller size classes and subtle increases in medium size classes (Figure 31c); for the same
species on other public conservation land, the change in stem size structure was similar but
very subtle (Figure 32d). There was no significant change in the size structures of groups of
species that are selected in the diet of possums over the last decade, whether in forests within
national parks (Figure 32a) or on other public conservation land (Figure 32b).
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Discussion
Species that are palatable to deer, goats, and possums are regenerating widely across New
Zealand’s national parks and other public conservation land and this state of affairs has been
maintained throughout the last decade. Indeed, there is more evidence of continuous
regeneration of palatable species than of those avoided in the diets of these mammals. There
was consistently greater representation of small stems of palatable tree species in the smallest
size class (i.e. more evidence of continuous recruitment) in national parks than on other
public conservation land, although the absolute difference was not great. This pattern was
consistent for trees palatable to each of deer, goats, and possums – there is considerable
overlap in the diets of the former two but only slight overlap with the latter. This may reflect
concerted control against some of these mammals within national parks (e.g. red deer in the
Murchison Mountains, Fiordland National Park,52 and goats on Mt Taranaki, Egmont
National Park 150).
Stems in larger size classes of palatable tree species can be vulnerable to browsing by
possums and there was no difference in their representation in national parks compared with
other kinds of public conservation land. Catchment-scale death of palatable trees has taken
place at intervals of one to four decades and this has been ascribed to browsing by
possums, 151 but during the last decade there has been no change in the population structure of
trees palatable to possums, including of large stems, detectable at a national scale, whether
across national parks or other public conservation land.
Relative to other public conservation land, national parks are biased towards southerly
latitudes and sites that might have slower rates of primary production and forest dynamism
because they are on comparatively nutrient-poor soils in zones of higher rainfall (Appendix
2). All of these reasons might diminish opportunities for regeneration of palatable species,
many of which grow on more nutrient-rich soils and in canopy gaps that form more readily in
more dynamic forests. However, continuous recruitment of palatable species suggests that the
environmental biases in national parks do not exert an over-riding influence on tree
regeneration.
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Figure 27 Relative stem frequency by standardised stem diameter, deer palatability and national park status
(inside national parks or on other public conservation land (PCL)). Kolmogorov–Smirnov two-sample test
statistics (D) and associated bootstrapped P-values are shown for comparing between the standardised stem
diameter distributions for plants of different palatability, at plots inside and outside of national parks. Data are
pooled stem samples across species for each palatability class from the second measurement of each plot.
Relative stem frequency is derived from stem frequency by diameter size-classes, scaled such that the areas
under the curves are equal to 1. Statistical tests were performed on the raw standardised stem data. Data plotted
are: (a) Inside national parks vs other PCL for deer-selected species; (b) Inside national parks vs other PCL for
deer-avoided species; (c) Deer-selected vs avoided inside national parks; (d) Deer-selected vs avoided in other
PCL.
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Figure 28 Relative stem frequency by standardised stem diameter, national park status (inside national parks or
on other public conservation land), deer palatability and measurement (Mmt1 = 2002–2007; Mmt2 = 2009–
2013). Kolmogorov–Smirnov two-sample test statistics (D) and associated bootstrapped P-values are shown for
comparing between the standardised stem diameter distributions between measurements for plants of the same
palatability, at plots inside and outside of national parks. Data are pooled stem samples across species for each
palatability class from the first or second measurements of each plot. Relative stem frequency is derived from
stem frequency by diameter size-classes, scaled such that the areas under the curves are equal to 1. Statistical
tests were performed on the raw standardised stem data. Data plotted are: (a) Deer-selected species inside
national parks; (b) Deer-selected species on other DOC lands; (c) Deer-avoided species inside national parks;
(d) Deer-avoided species on other DOC lands.
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Figure 29 Relative stem frequency by standardised stem diameter, goat palatability and national park status
(inside national parks or on other public conservation land (PCL)). Kolmogorov–Smirnov two-sample test
statistics (D) and associated bootstrapped P-values are shown for comparing between the standardised stem
diameter distributions for plants of different palatability, at plots inside and outside of national parks. Data are
pooled stem samples across species for each palatability class from the second measurement of each plot.
Relative stem frequency is derived from stem frequency by diameter size classes, scaled such that the areas
under the curves are equal to 1. Statistical tests were performed on the raw standardised stem data. Data plotted
are: (a) Inside national parks vs other PCL for goat-selected species; (b) Inside national parks vs other PCL for
goat-avoided species; (c) Goat-selected vs avoided inside national parks; (d) Goat-selected vs avoided in other
PCL.
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Figure 30 Relative stem frequency by standardised stem diameter, national park status (inside national parks or
on other public conservation land (PCL)), goat palatability and measurement (Mmt1 = 2002–2007; Mmt2 =
2009–2013). Kolmogorov–Smirnov two-sample test statistics (D) and associated bootstrapped P-values are
shown for comparing between the standardised stem diameter distributions between measurements for plants of
the same palatability, at plots inside and outside of national parks. Data are pooled stem samples across species
for each palatability class from the first or second measurements of each plot. Relative stem frequency is
derived from stem frequency by diameter size classes, scaled such that the areas under the curves are equal to 1.
Statistical tests were performed on the raw standardised stem data. Data plotted are: (a) Goat-selected species
inside national parks; (b) Goat-selected species on other PCL; (c) Goat-avoided species inside national parks;
(d) Goat-avoided species on other PCL.
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Figure 31 Relative stem frequency by standardised stem diameter, possum palatability and national park status
(inside national parks or on other public conservation land (PCL)). Kolmogorov–Smirnov two-sample test
statistics (D) and associated bootstrapped P-values are shown for comparing between the standardised stem
diameter distributions for plants of different palatability, at plots inside and outside of national parks. Data are
pooled stem samples across species for each palatability class from the second measurement of each plot.
Relative stem frequency is derived from stem frequency by diameter size classes, scaled such that the areas
under the curves are equal to 1. Statistical tests were performed on the raw standardised stem data. Data plotted
are: (a) Inside national parks vs other PCL for possum-selected species; (b) Inside national parks vs other PCL
for possum-avoided species; (c) Possum-selected vs avoided inside national parks; (d) Possum-selected vs
avoided in other PCL.
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Figure 32 Relative stem frequency by standardised stem diameter, national park status (inside national parks or
on other public conservation land (PCL)), possum palatability and measurement (Mmt1 = 2002–2007; Mmt2 =
2009–2013). Kolmogorov–Smirnov two-sample test statistics (D) and associated bootstrapped P-values are
shown for comparing between the standardised stem diameter distributions between measurements for plants of
the same palatability, at plots inside and outside of national parks. Data are pooled stem samples across species
for each palatability class from the first or second measurements of each plot. Relative stem frequency is
derived from stem frequency by diameter size classes, scaled such that the areas under the curves are equal to 1.
Statistical tests were performed on the raw standardised stem data. Data plotted are: (a) Possum-selected species
inside national parks; (b) Possum-selected species on other PCL; (c) Possum-avoided species inside national
parks; (d) Possum-avoided species on other PCL.
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6.4

Palatable tree response to DOC management

How do changes in populations of widespread trees that are palatable to pest mammals
during the last decade relate to DOC’s management?
Statistical methods
Using measurements of tagged individual stems, we standardised all stem diameters for each
species by dividing by their respective 99.5th percentile values. This process ensures that the
stem diameters are being measured on an equivalent scale so that they can be combined into
palatability classes. Standardisation is necessary because some species can potentially grow
to be large trees with substantial girths (>1 m diameter at breast height (dbh)), whereas other
species might generally only attain a maximum dbh of 20–30 cm. We tested whether the stem
diameter distribution differed by palatability class (species selected preferentially relative to
their abundance in the diets of deer, goats, and possums, and those avoided by each of these)
with respect to the following aggregated DOC classes of pest mammal management:
•

Mammal absent (any management applied is often sustained, e.g. against illegal
liberations, but we excluded these from the sustained management category)

•

Mammal present and no management applied

•

Mammal present and subject to ad hoc management

•

Mammal present and subject to sustained management.

We tested for differences among stem diameter distributions using two-sample Kolmogorov–
Smirnov tests. This non-parametric procedure tests whether two samples (in this case,
samples of stem diameters) are drawn from the same probability distribution. The probability
of a statistically significant difference was bootstrapped using 1000 samples. We interpreted
statistically significant departures using plots of the standardised size-class distributions.
These distributions are standardised such that the area under the curves are equal to 1. We
compared the effects of palatability by DOC management class, and determined whether
there had been any change between the first (2002–2007) and second (2009–2013) plot
measurements.
Results
(a) Deer
Size structures of the diameters of all tree species in 2009–2013, whether selected
preferentially in the diets of deer or avoided by them, differed significantly according to
DOC’s management regimes (Figure 33). A striking difference was that in areas subject to
sustained control there were fewer stems in the smallest size classes of tree species selected
in the diets of deer than in areas where no deer management was conducted (Figure 33c).
When sites that have only been subject to sustained control of deer since 2008 were omitted
from this analysis the same pattern was apparent and still highly significant (data not shown).
There was a similar but less pronounced difference between sites that received ad hoc deer
management, which had fewer stems in the smallest size class than areas that were not
Page 72

Landcare Research

Sustaining Plant Diversity

subject to any kind of deer management (Figure 33b). Although significantly different, there
were large numbers of stems in the smallest diameter size classes of tree species selected by
deer in sites where no management of deer was conducted, and where deer were present,
comparable with those where deer are absent (Figure 33a). Numbers of small stems of tree
species that are avoided by deer in their diets were greater in areas where deer were present
but not subject to any management than in areas subject to sustained control (Figure 33g) or
from which deer were absent (Figure 33e).
During the last decade there have been no significant changes in the stem diameter size-class
structure of species selected by deer in their diets, regardless of management regime if deer
are present (Figures 34b, c, d); the same also was the case in forests from which deer are
absent (Figure 34a). There were significant but subtle changes in the size structures of tree
species avoided by deer in sites subject to no management and ad hoc management during the
last decade (Figures 34f, g).
(b) Goats
There were greater numbers of stems of species preferentially selected in the diets of goats in
the sites from which goats are absent compared with sites where goats were present but no
management took place (Figure 35a). A similar pattern was found with stems of species
avoided by goats (e.g. Figure 35e). There were slightly more stems of species selected by
goats in the smallest size class in sites where goats are present but not managed compared
with sites subject to both ad hoc and sustained control of goats (Figures 35b, c).
There were no significant changes in the stem diameter size-classes of species selected by
goats during the past decade, regardless of whether goats were absent (Figure 36a), present
but not managed (Figure 36b), or present subject to some form of management (Figures 36c,
d). Among plant species avoided by goats in their diet, there was slight, significant shift in
the stem-diameter size structure in sites subject to ad hoc management of goats (Figure 36g).
(c) Possums
Among tree species that are selected preferentially in the diet of possums, there was
significantly greater representation of stems in the smallest diameter class in 2009–2013 in
sites subject to ad hoc management of possums than those that were either not subject to
control (Figure 37a) or subject to sustained control (Figure 37c). Sites that were subject to
management also had greater representation of smaller stems than sites subject to sustained
control of possums (Figure 37e). Sites not subject to management of possums also had
greater representation of small stems of species avoided by possums in their diet compared
with sites where possums are subject to ad hoc or sustained control (Figure 37d, f). Excluding
sites that were subject to sustained control of possums only since 2008 did not change these
patterns (data not shown).
During the last decade there has been a slight but significant shift towards greater numbers of
stems of small diameter among the plant species preferentially selected in the diets of
possums where ad hoc management of possums has been applied (Figure 38b). There were
significant shifts towards fewer of the smallest stems of species that are avoided in the diet of
possums in sites where ad hoc and sustained management of possums was carried out
(Figures 38e, f). In the sites where possums were absent (islands in the far south and far north
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of New Zealand), size structures of both groups of selected and avoided species in the diets of
possums did not change significantly during the last decade (data not shown).
Discussion
The evidence that deer or goat management by DOC, ad hoc or sustained, resulted in fewer
small stems of preferred plant species seems counterintuitive but the reason could be that
original and current deer densities differ between areas that received no management
compared with those that did. Areas subject to sustained control may have been selected
because they have higher carrying capacity for deer or goats and provide more suitable
habitat for palatable species. However, there was no difference in ungulate density between
managed and unmanaged sites (Figure 7). Managed sites might have a greater carrying
capacity of ungulates than unmanaged sites and the effect of management may be to reduce
densities to that equivalent of areas with lower carrying capacity; this hypothesis could be
tested experimentally.
Fertile sites can support high densities of palatable species47 and have high carrying capacity
for ungulates146,152: both could be reasons why sites have been chosen for sustained control.
However, the areas of public conservation land that are subject to sustained control of deer
and goats were modelled as having generally low available soil available P concentrations
(Appendix 3, Figures 48c, 49c). On the other hand, sites subject to sustained control of goats
were modelled as having high concentrations of exchangeable Ca (Appendix 3, Figure 49d).
More site-specific data are needed on soil nutrients and other likely drivers of productivity,
assemblages of palatable plant species, and carrying capacity of ungulates.
There is no obvious explanation why sites subject to ad hoc management of possums should
have greater densities of small stems than those that received either no management or
sustained management. It does not seem to be related to possum densities since densities in
sites subject to ad hoc management were not significantly different from either sites that
received no management or those that received sustained management (the latter two were
significantly different from one another; Table 3).
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Olff H, Ritchie ME, Prins HHT 2002. Global environmental controls of diversity in large herbivores. Nature
415: 901–904.
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Figure 33 Relative stem frequency by standardised stem diameter, deer palatability and management status.
Kolmogorov–Smirnov two-sample test statistics (D) and associated bootstrapped P-values are shown for
comparing between the standardised stem diameter distributions for plants of different palatability, at plots with
different management classes. Data are pooled stem samples across species for each palatability class from the
second measurement of each plot. Relative stem frequency is derived from stem frequency by diameter size
classes, scaled such that the areas under the curves are equal to 1. Statistical tests were performed on the raw
standardised stem data. Data plotted are: (a) No management with and without deer present; (b) No
management vs ad hoc management for deer-selected species; (c) No management vs sustained management for
deer-selected species; (d) Ad hoc management vs sustained management for deer-selected species; (e) No
management with and without deer present for deer-avoided species; (f) No management vs ad hoc management
for deer-avoided species; (g) No management vs sustained management for deer-avoided species; (h) Ad hoc
management vs sustained management for deer-avoided species.
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Figure 34 Comparison of relative stem frequency by standardised stem diameter between measurements (Mmt1
= 2002–2007; Mmt2 = 2009–2013), for different palatability to deer and management status. Kolmogorov–
Smirnov two-sample test statistics (D) and associated bootstrapped P-values are shown for comparing between
the standardised stem diameter distributions for measurements 1 and 2. Data are pooled stem samples across
species for each palatability class from the firsst or second measurement of each plot. Relative stem frequency is
derived from stem frequency by diameter size classes, scaled such that the areas under the curves are equal to 1.
Statistical tests were performed on the raw standardised stem data. Data plotted are: (a) No management and
deer absent for deer-selected species; (b) No management and deer present for deer-selected species; (c) Ad hoc
management for deer-selected species; (d) Sustained management for deer-selected species; (e) No management
and deer absent for deer-avoided species; (f) No management and deer present for deer-avoided species; (g) Ad
hoc management for deer-avoided species; (h) Sustained management for deer-avoided species.
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Figure 35 Relative stem frequency by standardised stem diameter, goat palatability and management status.
Kolmogorov–Smirnov two-sample test statistics (D) and associated bootstrapped P-values are shown for
comparing between the standardised stem diameter distributions for plants of different palatability, at plots with
different management classes. Data are pooled stem samples across species for each palatability class from the
second measurement of each plot. Relative stem frequency is derived from stem frequency by diameter size
classes, scaled such that the areas under the curves are equal to 1. Statistical tests were performed on the raw
standardised stem data. Data plotted are: (a) No management with and without goats present for goat-selected
species; (b) No management vs ad hoc management for goat-selected species; (c) No management vs sustained
management for goat-selected species; (d) Ad hoc management vs sustained management for goat-selected
species; (e) No management with and without goats present for goat-avoided species; (f) No management vs ad
hoc management for goat-avoided species; (g) No management vs sustained management for goat-avoided
species; (h) Ad hoc management vs sustained management for goat-avoided species.
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Figure 36 Comparison of relative stem frequency by standardised stem diameter between measurements (Mmt1
= 2002–2007; Mmt2 = 2009–2013), for different palatability to goats and management status. Kolmogorov–
Smirnov two-sample test statistics (D) and associated bootstrapped P-values are shown for comparing between
the standardised stem diameter distributions for measurements 1 and 2. Data are pooled stem samples across
species for each palatability class from the first or second measurement of each plot. Relative stem frequency is
derived from stem frequency by diameter size classes, scaled such that the areas under the curves are equal to 1.
Statistical tests were performed on the raw standardised stem data. Data plotted are: (a) No management and
goats absent for goat-selected species; (b) No management and goats present for goat-selected species; (c) Ad
hoc management for goat-selected species; (d) Sustained management for goat-selected species; (e) No
management and goats absent for goat-avoided species; (f) No management and goats present for goat-avoided
species; (g) Ad hoc management for goat-avoided species; (h) Sustained management for goat-avoided species.
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Figure 37 Relative stem frequency by standardised stem diameter, possum palatability and management status.
Kolmogorov–Smirnov two-sample test statistics (D) and associated bootstrapped p-values are shown for
comparing between the standardised stem diameter distributions for plants of different palatability, at plots with
different management classes. Data are pooled stem samples across species for each palatability class from the
second measurement of each plot. Relative stem frequency is derived from stem frequency by diameter size
classes, scaled such that the areas under the curves are equal to 1. Statistical tests were performed on the raw
standardised stem data. Data plotted are: (a) No management vs ad hoc management for possum-selected
species; (b) No management vs sustained management for possum-selected species; (c) Ad hoc management vs
sustained management for possum-selected species; (d) No management vs ad hoc management for possumavoided species; (e) No management vs sustained management for possum-avoided species; (f) Ad hoc
management vs sustained management for possum-avoided species.
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Figure 38 Comparison of relative stem frequency by standardised stem diameter between measurements (Mmt1
= 2002–2007; Mmt2 = 2009–2013), for different palatability to possums and management status. Kolmogorov–
Smirnov two-sample test statistics (D) and associated bootstrapped p-values are shown for comparing between
the standardised stem diameter distributions for measurements 1 and 2. Data are pooled stem samples across
species for each palatability class from the first or second measurement of each plot. Relative stem frequency is
derived from stem frequency by diameter size classes, scaled such that the areas under the curves are equal to 1.
Statistical tests were performed on the raw standardised stem data. Data plotted are: (a) No management and
possums present for possum-selected species; (b) Ad hoc management for possum-selected species;
(c) Sustained management for possum-selected species; (d) No management and possums present for possumavoided species; (e) Ad hoc management for possum-avoided species; (f) Sustained management for possumavoided species.
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6.5

Maintenance of ferns and herbs

Have populations of ferns and herbs, including those that are palatable to pest mammals,
been maintained during the last decade in forests on public conservation land?
Statistical methods
We determined the presence or absence of selected fern and herb species across all of the
relevé plots in forests (species recorded within each 400-m2 plot) for the first (2002–2007)
and second (2009–2013) measurements. The analysis was restricted to those species with
known palatability (selected or avoided) to deer, goats and/or possums from dietary studies.
We compared occupancy (proportion of plots in which the species was present) between the
first and second measurements using linear mixed models assuming binomially distributed
errors. We fitted separate models for deer, goat and possum species-palatability. Each model
included measurement, palatability and their interaction as fixed effects. Additional fixedeffects environmental covariates were latitude, altitude, modelled monthly water balance
ratio, and modelled acid-soluble P concentrations in soils. Random intercept terms for plot
identity and species were also included. We tested for over-dispersion by comparing the base
model with a model that also included an observation-level random intercept. 153 To
determine whether palatability affected plot occupancy (i.e. whether unpalatable species were
more likely to expand their range over the time period) we looked for a dependence of
measurement (first or second) on palatability.
Results
For species selected or avoided by deer and possums, there was no significant difference in
occupancy between the first and second measurements (P > 0.05; Figure 39a,d). However,
for fern and herb species avoided or selected by goats, there was a small but significant
increase in occupancy over the period (P < 0.05; Figure 39c). However, this increase was
unrelated to their palatability to goats (P > 0.05).
Discussion
The herbaceous communities across New Zealand’s forests, whether species-poor or speciesrich, remained stable over a decade. There are few studies of changes in understorey
composition in New Zealand’s native forests with which to compare these results. Across a
9000 ha monodominant mountain beech forest in the eastern South Island, sites that were
species-rich in herbs remained so over 8 years,96 but it is unknown whether there was
compositional turnover during that period. In forests in Wisconsin, U.S.A., which are affected
by hyper-abundant deer, there were significant shifts in the herbaceous communities over a c.
50-year period. 154 In New Zealand’s forests, current densities of deer and goats have had no
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significant effects on palatable herbs and ferns over the last decade. Past high densities of
these mammals may have reduced the abundance of those herbaceous species to a level at
which they have remained since, maintained by current mammal densities.45 The lack of
change across New Zealand forests compared with those in Wisconsin could also be because
of the much shorter interval between remeasurements (c. 7 years in New Zealand vs. c. 50
years in Wisconsin). Compositional change in herbaceous communities in forests could be a
process that takes place naturally over several decades. Herbaceous communities in the
understoreys of New Zealand forests may be particularly slow to change. For example,
unpalatable ferns and sedges persisted at similar levels of abundance, occupying the same
patches (1–4 m2), in forest understoreys on the Three Kings Islands for more than 50 years
after goats were eradicated.34

Figure 39 Plot occupancy in the first measurement period (2002–2007; measurement 1) against plot occupancy
in the second measurement period (2009–2013; measurement 2) for ferns and herbs with palatability
assessments. Plotted values are: (a) All species (24 species); (b) species selected and avoided by deer (11
species); (c) species selected and avoided by goats (11 species); (c) species selected and avoided by possums (9
species). The line is the 1:1 line indicating no change between the first and second measurement.
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6.6

Mortality and recruitment of palatable trees

Is there an imbalance between mortality and recruitment rates of tree species that are
palatable to pest mammals during the last decade in forests on public conservation land?
Methods
For each plot, we determined the number of stems that had died and the number of stems that
were newly recruited, i.e., grew into the minimum size class (≥2.5 cm diameter at 1.3 m
height). A stem was said to have died if it was measured in the first measurement of the plot
but not measured in the second plot measurement. Stems were recorded as newly recruited if
they were not observed during the first measurement but were newly tagged at the second.
We modelled these stem counts using generalised mixed models assuming Poisson errors.
The two stem counts for each plot were assigned their respective status category (‘new
recruits’ or ‘deaths’). We sought to identify if there was a difference in the mean number of
stems that were newly recruited or had died per plot and whether this difference depended on
whether a stem was preferentially selected or avoided by herbivores (deer, possums or goats).
We therefore included stem status, palatability, and their interaction, and the length of time
between the first and second measurement of each plot as fixed effects. We fitted a random
intercept term for each plot, a random intercept term for each species, as well as an
observation-level random intercept to account for over-dispersion.152 We fitted separate
models for the preferences of each of the herbivores. Only species for which a preference was
known (i.e. ‘selected’ or ‘avoided’) were included. Significance of terms in the model was
assessed by calculating 95% highest probability density intervals. Estimates of the effect
sizes for the model were calculated using the ‘effects’ package 155 in the statistical software R
(www.R-project.org/).
Results
(a) Deer
There was a significant difference between plants of different deer palatability in the number
of newly recruited stems relative to the number of stem deaths of the monitoring period
(Figure 40a; status by palatability interaction, P < 0.05). More stems (6683 in total) died over
the monitoring period than were recruited (5757) for deer-selected species. This pattern was
reversed for deer-avoided species with 8464 stems dying and 9386 newly recruited.
(b) Goats
As with deer there was also a significant difference between plants of different goat
palatability in the number of newly recruited stems relative to the number of stem deaths of
the monitoring period (Figure 40b; status by palatability interaction, P < 0.05). Mortality
(6309 stems) was higher than recruitment (4955 stems) for goat-selected species. However,
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mortality was lower (7603 stems) than recruitment (9468 stems) for goat-avoided species
over the same period.
(c) Possums
Overall levels of mortality and recruitment were higher for possum-selected species than
possum-avoided species (Figure 40c). A significant difference between plants of different
possum palatability in the number of newly recruited stems relative to the number of stem
deaths of the monitoring period was also observed (Figure 40c; status by palatability
interaction, P < 0.05). For possum-selected species, mortality was higher (9007 stems) than
recruitment (8502 stems). By contrast mortality (5440 stems) was lower than recruitment
(6594 stems) for possum-avoided species.
Discussion
There was a consistent pattern across tree species palatable to deer, goats, and possums of
mortality rates of stems exceeding recruitment rates over the last decade. In contrast,
recruitment rates of tree species avoided in the diets of deer and goats, and, to a lesser extent,
those avoided by possums exceeded recruitment rates. This has not yet translated into
alterations of size structures of either palatable or unpalatable tree species (Figures 22–26),
but is an early warning that they may change if these differences between mortality and
recruitment rates persist. That is, we might expect fewer smaller stems of palatable tree
species than of species avoided in the coming decade. Most tree mortality occurs in smallest
stems as a result of self-thinning and shading by canopy trees, as well as by herbivory; once
trees grow to become part of the canopy, rates of mortality decline substantially, then trend
up once trees become very large. 156,157 Since there are more palatable stems than avoided
stems in small size classes (e.g. Figures 22c, 24c), the relative imbalances between mortality
and recruitment rates may reflect their different densities in these small size classes.
However, since many palatable trees do not grow to attain large stem diameters (e.g.
Araliaceae trees) high mortality in small size classes that is not offset by recruitment could be
of concern in maintaining their populations.
The only comparable data about mortality and recruitment rates in New Zealand forests is for
individual species in forest plots throughout the country measured for periods of 8 to 27 years
(1970s to 1990s) 139, although recruitment and mortality rates were reported for larger trees
(≥10 cm diameter) than we have reported nationally. In that earlier study, mortality rates of
Hall’s tōtara, which is palatable to possums, exceeded recruitment rates in four of six sites,139
and this is consistent with the national pattern across all possum-palatable species over the
last decade (Figure 40c). However, recruitment rates of kāmahi, which is palatable to deer,
goats, and possums, exceeded mortality rates in six of nine sites,139 the opposite of the
widespread patterns among possum-palatable species.
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Figure 40 Modelled mortality and recruitment effects by palatability for (a) deer, (b) goats and (c) possums.
The points show the estimated mean number of stems per plot (± 95% confidence limits) after averaging over
the other terms in the model. Legend:  and dashed line are avoided species;  and solid line are selected
species.
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6.7

Ratio of native to non-native plants

Has the ratio of native to non-native plant species changed during the last decade in forests
on public conservation land?
Statistical methods
We determined native plant species and non-native plant species from relevés91 that
comprised all plants that occurred within each 400-m2 plot in forests on public conservation
land; we assigned the biostatus (native and non-native92) and tallied total native and nonnative species per plot. Using a generalised linear mixed model assuming binomially
distributed errors, we tested whether the proportion of species in each plot that were nonnative differed between the first (n = 546 plots; 2002–2007) and second measurements (n =
539 plots; 2009–2013). Our model included measurement number (first or second, modelled
as a factor), distance to the nearest road, modelled acid-soluble phosphorus,71 modelled
monthly water balance ratio,71 latitude and altitude as fixed effects. All continuous variables
were standardised before model fitting. We included plot as a random intercept and tested for
over-dispersion by comparing the fitted model with a similar model that also included an
individual random effect.
Results
There were on average 26.6 ± 0.4 vascular plant species per 400-m2 plot (mean ± SE) in
forests on public conservation land during the first (2002–2007) measurement period, of
which 25.8 ± 0.4 were native species and 0.8 ± 0.1 were non-native, i.e. on average 3% nonnative plants in forests nationally. During the most recent (2009–2013) measurement, these
values hardly changed: 26.4 ± 0.4 vascular plant species per plot; 25.6 ± 0.4 native plant
species and 0.8 ± 0.1 non-native species. 374 out of the 546 forest plots (68.4%) during the
first measurement and 368 of the 539 forest plots (68.3%) during the second measurement
contained no non-native plant species at all. Unsurprisingly, there was no significant
difference between the first and second measurements in the proportion of species in each
plot that were non-native (P > 0.05). There was a higher proportion of non-native plant
species per plot at sites that were drier than sites that were wetter (P < 0.05).
Discussion
The percentage comprised by non-native plant species in New Zealand’s indigenous forests
are low (on average 3% of the species present within 400 m2 plots). They are much lower
than the levels of invasion in non-forested ecosystems in New Zealand, in which on average
13.6% of the plant species present were non-native.20 Low levels of species richness
comprised by non-native plant species in indigenous forests is also consistent with patterns
worldwide. 158 However, there is growing evidence of invasions by non-native plant species
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not only of light-demanding species that invade canopy gaps,98,99 but also of shade-tolerant
plants that invade and persist in forest understoreys.101,102,159 The non-native naturalised flora
of New Zealand now exceeds the native flora in number of species and continues to grow, 160
so we might expect that the percentage of non-native species in New Zealand’s indigenous
forests will increase in future.
More than two-thirds of the plots nationally have been invaded by non-native plant, and the
percentage remained constant during the last decade. However, individual species can
become more widespread in New Zealand’s forests over a comparable period. For example,
the non-native herb Hieracium lepidulum in monodominant mountain beech forests sampled
over 9000 ha was present in 11% of plots in 1970 and 57% of plots in 1993.96 The herb
Mycelis muralis is the most widespread non-native plant in New Zealand’s forests and
increased from 9.52% of plots invaded between 2002 and 2007 to 11.38% between 2009 and
2013 (Table 6), and at local scales the percentage increase in plots invade by this species has
increased by more than 30% in a decade.97 The constant percentages in plots invaded and of
non-native richness may also belie changes in biomass, and when plant species invade and
persist in forest understoreys101 or which grow into forest canopies,159 they can potentially
affect regeneration101 and persistence of native species. 161
6.8

Spatial patterns of mortality

Are there spatial patterns associated with either mortality or recruitment of any common
native tree species across forests on public conservation land?
Methods
Using the data on individually tagged stems, we estimated the number of dead stems and the
number of new recruits between the first and second measurements for each of the 14 most
common tree species. At the plot level, dead stems at measurement period 2 (2009–2013)
were modelled as a proportion of the live stems at period 1 (2002–2007) using models
assuming binomial errors. Recruitment was modelled as the proportion of stems that were
newly tagged at the second measurement, also assuming binomial errors.
We fitted six models and compared them using the small-sample Akaike statistic (AICc 162).
Smaller values of this statistic identify models with a more parsimonious fit to the data (i.e.
explaining the most variance in the data for the fewest number of parameters) than larger
values. The first three models represented our hypotheses about spatial structuring of
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mortality and recruitment. The first model was an intercept-only model and represented no
spatial structuring. The second model modelled two major environmental gradients and their
interaction. The first gradient was a moisture gradient represented by the modelled monthly
water balance ratio. The second gradient was a latitudinal gradient. The third model was a
generic GAM is x − y space. For this model, latitude, longitude and their interaction were
used as predictors to test whether there was spatial structuring of mortality and recruitment
that was not necessarily associated with any key environmental gradients. The final three
models were identical to the first three, except for the addition of an individual-level random
effect to account for over-dispersion in the data.129 Where a spatial model was the most
parsimonious representation of the data, we report the difference in AICc (ΔAICc) between
that and the equivalent non-spatial model.
Results
In all cases, models incorporating an observation-level random effect fitted the data best,
indicating significant over-dispersion relative to that assumed by the binomial model. Where
spatial patterns were identified, in all cases they were associated with the environmental
gradients rather than the generic spatial model.
Kāmahi (Weinmannia racemosa; ΔAICc = 3.1) and the tree fern whekī (Dicksonia
squarrosa; ΔAICc = 9.8) were the only common tree species that showed evidence of spatial
patterns of recruitment (Figure 41l,n). For both species, a model of latitude and modelled
monthly water balance ratio, with over-dispersion, was the most parsimonious model for the
data. Recruitment of kāmahi was highest in the wetter areas especially in the north of its
range. By contrast there was less recruitment of whekī in the far south than in the north.
The tree Myrsine divaricata (ΔAICc = 2.2) and kāmahi (ΔAICc = 29.5) were the only
common tree species that showed evidence of spatial patterns of mortality (Figure 42h,l).
Highest mortality of M. divaricata and kāmahi occurred in the north of their range. Mortality
of kāmahi was also much higher than average in wetter areas, but only in the north of its
range.
Discussion
High turnover of kāmahi (i.e. high rates of mortality matched by high rates of recruitment) in
the north of the range of this very widespread tree compared with the south of its range
matches that found in an earlier study across all species across 14 forested sites throughout
New Zealand forests,139 and is consistent with global patterns of declining turnover at higher
latitudes. 163 It is surprising that other common widespread species (e.g. the beeches) did not
show a similar trend. Rapid canopy turnover in northern New Zealand139 is likely to lead to

163

Stephenson NL, van Mantgem PJ 2005. Forest turnover rates follow global and regional patterns of
productivity. Ecology Letters 8: 524–531.
Page 88

Landcare Research

Sustaining Plant Diversity

more frequent canopy-gap formation and this could explain the greater levels of recruitment
of the tree fern whekī, which is recruited readily into canopy gaps. 164,165
While more rapid turnover of widespread species in northern New Zealand is expected, it is
also plausible that mortality of kāmahi could be related to climate. Kāmahi is sensitive to
drought123,166,167 and mortality of adult trees in the Kaimai Range, near its northern limit, has
been attributed to rare drought events. 168 Mortality of Myrsine divaricata at a local scale
could be related to increasing canopy closure: its rapid recruitment as canopies open followed
by subsequent declines has been shown near treelines. 169

164

Smale MC, Burns BR, Smale PN, Whaley PT 1997. Dynamics of upland podocarp/broadleaved forest on
Mamaku Plateau, central North Island, New Zealand. Journal of the Royal Society of New Zealand 27: 513–
532.
165

Bystriakova N, Bader M, Coomes DA 2011. Long-term tree fern dynamics linked to disturbance and shade
tolerance. Journal of Vegetation Science 22: 72–84.
166

Jane GT, Green TGA 1983. Utilisation of pressure-volume techniques and non-linear least squares analysis
to investigate site induced stresses in evergreen trees. Oecologia 57: 380–390.
167

Jane GT, Green TGA 1983. Patterns of stomatal conductance in six evergreen tree species from a New
Zealand cloud forest. Botanical Gazette 146: 413–420.
168

Jane GT, Green TGA 1986. Etiology of forest dieback areas within the Kaimai Range, North Island, New
Zealand. New Zealand Journal of Botany 24: 513–527.
169

McGlone MS, Wilmshurst JM, Wiser SK 2000. Lateglacial and Holocene vegetation and climatic change on
Auckland Island, Subantarctic New Zealand. The Holocene 10: 719–728.
Landcare Research

Page 89

Page 90

Figure 41 Relative recruitment for the most common tree species as distributed across New Zealand. Points are shaded red when their predicted value was greater than or
equal to the median and blue when less than the median.

Figure 42 Relative mortality for the most common tree species as distributed across New Zealand. Points are shaded red when their predicted mortality was greater than or
equal to the median and blue when less than the median.
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Conclusions

Trends in vegetation during the last decade show an accumulation of carbon across
indigenous forests on public conservation land, which is an important ecosystem service
contributed by protected areas such as national parks. Areas that have highest total carbon
stocks (live and dead stems) have the greatest richness of native bird species and the greatest
dominance of native plants over non-native plants. Fluxes in carbon caused by the formation
of canopy gaps during the last decade have had little effect on these relationships, but major
disturbances, such as that caused by Cyclone Ita in April 2014, could change this. Despite the
richness of New Zealand’s tree flora, two-thirds of the carbon stored in live stems is stored in
just 16 tree species.
Across the indigenous forests on public conservation land, populations of palatable trees are
regenerating widely, although there are known to be local sites where pest mammals prevent
their regeneration. Population size structures of palatable trees have been maintained for the
last decade. Mortality rates of palatable trees during the last decade have exceeded their
recruitment rates into small size classes so current regeneration patterns may not be
maintained.
We lack trend data in bird community composition and in pest mammals that is comparable
with that of carbon stocks and plant communities. We therefore do not know whether bird
communities and pest mammals show patterns of general stability (as in many measures of
vegetation), increases (as in stocks of carbon), or early warnings of possible change (as in
potentially diminished recruitment of palatable trees). Future measurements will enable not
only trends to be ascertained within individual measures, but also the interrelationships
between vegetation, birds, pest mammals, and carbon. Future measurements will also provide
the context of national change to determine the difference made at intensively managed sites
at which comparable measurements are made.
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Appendix 1 – Schedule and distribution of pests
Provided by David Burlace and Derek Brown (DOC, Christchurch)
All tier 1 plots were intersected with pest species held in DOC’s Biodiversity Inventory,55 to
produce a presence/absence (1/0) at each location for each pest.
BDI species analysed in RAW_DATA tab:
BennettsWallaby

Hedgehog

SambarDeer

BrushtailedRockWallaby

HimalayanThar

ShipRat

Chamois

Kiore

SikaDeer

DamaWallaby

Mouse

Stoat

FallowDeer

NorwayRat

SwampWallaby

FeralCat

ParmaWallaby

Wapiti

FeralGoat

Possum

Weasel

FeralPig

Rabbit

WhitetailedDeer

Ferret

RedDeer

Hare

RusaDeer

The species were subsequently grouped for presence/absence (1/0) at each location:
Cat

Ferret

Rabbit

Chamois

Hare

Stoat

DeerGroup

Hedgehog

Thar

Rat

Mice

Weasel

Wallaby

Pig

FeralGoat

Possum
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Figure 43 Areas of New Zealand where deer (Cervidae) are present as wild populations (in red).55
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Figure 44 Areas of New Zealand where feral goats (Capra hircus) are present as wild populations (in red).55
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Figure 45 Areas of New Zealand where brushtail possums (Trichosurus vulpecula) are present (in red).55

Page 98

Landcare Research

Appendices

Appendix 2 – Distribution of national parks
How are national parks related to the range of altitudes, latitudes and soil nutrients across
public conservation land?
Statistical methods
We evaluated whether plots located in national parks were distributed similarly to in other
classes of public conservation land with respect to environmental variables. We assessed
plots in two classes (those in national parks vs non-national parks, i.e. those on other public
conservation land) with respect to: altitude; latitude; modelled available soil P concentrations
(acid-soluble P); modelled exchangeable soil Ca concentrations (Ca); and the modelled
monthly water balance ratio (i.e. the ratio of monthly mean rainfall to potential evaporation;
R:PE), and measured total soil P concentrations, and measured ratio of soil C to N (C:N). The
modelled environmental covariates were derived from layers that comprise the Land
Environments of New Zealand (LENZ).71 Total soil P and C:N were measured directly from
soils obtained from a subset of plots (national parks (n = 12); non-national parks (n = 20)).
Altitude, latitude, modelled R:PE, total soil P concentrations, and soil C:N are continuous
variables whereas modelled available soil P and exchangeable soil Ca concentrations are
categorical variables.
We used two-sample Kolomogorov–Smirnoff tests for the five continuous variables to
compare the distribution of plots in national parks with the distributions in non-national
parks. We bootstrapped P-values for the Kolomogorov–Smirnoff tests as the standard test is
sensitive to tied values (multiple identical values of the covariate) using function ‘ks.boot’ in
the R package ‘Matching’. 170 We used chi-square tests to test for differences in the allocation
of plots across the classes of the two categorical variables. P-values for the chi-square test
were also obtained by bootstrap as there were a number of cells with expected values < 5
rendering the asymptotic P-values unreliable. For each test we generated 1000 bootstrap
samples. We present the results graphically as frequency distributions of plots with respect to
each measured or modelled covariate.
Results
There were statistical differences in the distribution of forest plots inside and outside national
parks for latitude, modelled available soil P and exchangeable soil Ca concentrations. Plots in
national parks were more concentrated in the south of New Zealand than the north compared
with plots in non-national parks (Figure 46b). Plots in national parks were more frequent on
soils of lower modelled available P concentrations than those outside national parks (Figure
46c) and, although not significant, the same trend towards lower values in national parks was
apparent for total soil P concentrations measured directly in the subset of plots (data not
shown). Plots in national parks were generally wetter sites than plots outside national parks,
and drier environments were poorly represented in national parks (Figure 46e).

170
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Figure 46 Relative frequency by value of environmental covariate and national park status. Test statistics and
associated bootstrapped P-values are shown on the plots. Covariates are: (a) Altitude; (b) Latitude; (c) Acidsoluble phosphorus; (d) Exchangeable calcium; (e) Monthly water balance ratio; (f) Plot-measured total
phosphorus; (g) Plot-measured carbon to nitrogen ratio. Steeper parts of the curves indicate a higher density of
plots for that range of the covariate than when the curve is shallower.
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Figure 47 Distribution of sampling locations (n = 548) on public conservation lands in relation to in national parks (n = 207; i.e. 341 not in national parks). .
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Appendix 3 – Environmental bias in pest management
Is there an environmental bias in mammal pest management on public conservation land?
Statistical methods
We evaluated whether plots in areas that were subject to mammal pest management were
distributed similarly with respect to environmental variables as areas that were not subject to
mammal pest management. We carried out these tests separately for areas subject to
management of possums, deer, and goats. We first describe the areas for which each of these
three mammals were absent (category C2, section 4.1; Appendix 1, Figures 43, 44, and 45),
and exclude these from further analyses. Our comparisons were between areas that were
subject to:
1. No recent management (amalgamating categories A1 – No management applied since
1987 and the target species is present, and C2 – Ad hoc management before 2002);
2. Ad hoc management (category C1 – Ad hoc management after 2002);
3. Sustained management (first amalgamating categories B1 – Sustained management
from 2002 to current, and B3 – Sustained management from 1987 to current; then
amalgamating these categories with B2 – Sustained management from 2008 to
current).
We compared four classes of pest management (no management, ad hoc management, and
sustained management excluding and including recent (post-2008) initiatives) for possums,
deer, and goats. Our analyses among the four classes with respect to environmental variables
followed the same approach as for national parks (Appendix 2). That is, we conducted
Kolomogorov–Smirnoff tests for the relationships between the four classes of management
and five continuous variables (altitude, latitude, modelled monthly water balance ratio,
measured total soil P concentrations, and measured soil C:N), and we conducted chi-square
tests to evaluate any differences among the four classes of management with respect to two
categorical variables (modelled available soil P and exchangeable soil Ca concentrations).
Results
(a) Deer
Areas from which deer are absent (hence no deer management applied, Appendix 1) tended
to be concentrated at low altitude, at low (i.e. most northerly) latitudes and in dry areas
(Figure 48; see also Appendix 1, Figure 43). Sites subject to deer control were more
concentrated at higher (i.e. more southerly) latitudes than those where deer were present but
not subject to control (Figure 48b). Sites subject to sustained deer control were concentrated
at mid- to high latitudes with ad hoc control more common than other levels of control at low
latitudes. Sustained control was also more focused in sites modelled as having low to
moderate available soil P concentrations (Figure 48c). No other significant effects of the
environmental covariates were detected.
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(b) Goats
Areas from which goats are absent (hence no goat management applied, Appendix 1, Figure
44) tended to be concentrated at high (i.e. most southerly) latitudes and in wetter
environments (Figure 49). Goat control was more concentrated at mid- to high altitude sites
than in sites where goats were present but not subject to control (Figure 49a). Very little goat
control occurred at high (i.e. more southerly) latitudes, and most goat control occurred in the
mid-latitudes (Figure 49b). Sustained control of goats was more clustered in sites modelled as
having low to moderate available soil P relative to sites where goats were present but not
subject to control (Figure 49c). Sites subject to control of goats were also those modelled as
having higher exchangeable soil Ca concentrations (Figure 49d). All regimes of goat control
were more skewed toward drier areas than sites where goats were present but not subject to
control (Figure 49e).
(c) Possums
There were only nine plots that did not receive possum control because possums were absent.
These were on islands that lack possums, namely those adjacent to Stewart Island and in
Fiordland, several in the Hauraki Gulf (Appendix 1, Figure 45). In general sites without
possums tended to be at low altitude and at latitudinal extremes (Figure 50a,b). Sustained
control of possums tended to be focused at either the southernmost (highest latitudes) or
northernmost sites (lowest latitudes), with comparatively less at mid-latitudes (Figure 50b).
In contrast, ad hoc control of possums occurred at mid- to low latitudes with little at
southernmost sites (Figure 50b). Sustained control of possums also tended to be slightly
distributed towards sites modelled as having high available soil P relative to sites with no
possum control, but this only applied when we included regimes of sustained possum control
that had been applied only since 2008 (Figure 50c). Ad hoc control of possums was more
common at sites modelled as having low to mid- available soil P concentrations compared
with both sites that were subject to sustained control of possums and those that were not
subject to possum control (Figure 50c).
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Figure 48 Relative frequency of plots by environmental covariate and level of deer control. Test statistics and
associated bootstrapped p-values are shown on the plots. For continuous variables, D1, D2 and D3 relate to the
test statistic (Kolomogorov-Smirnoff test, D) for the comparison between no control and ad hoc control,
sustained control excluding B1, and sustained control including B1 respectively. For categorical covariates, χ2
relates to comparison across all three groups with two tests excluding and including B1 (subscript 1 and 2
respectively). Covariates are: (a) Altitude; (b) Latitude; (c) Modelled acid soluble phosphorus; (d) Modelled soil
exchangeable calcium concentration; (e) Monthly water balance ratio. Control levels with less than 20 datapoints for a variable have been omitted.
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Figure 49 Relative frequency of plots by environmental covariate and level of feral goat control. Test statistics
and associated bootstrapped p-values are shown on the plots. For continuous variables, D1, D2 and D3 relate to
the test statistic (Kolomogorov-Smirnoff test, D) for the comparison between no control and ad hoc control,
sustained control excluding B1, and sustained control including B1 respectively. For categorical covariates, χ2
relates to comparison across all three groups with two tests excluding and including B1 (subscript 1 and 2
respectively). Covariates are: (a) Altitude; (b) Latitude; (c) Modelled acid soluble phosphorus; (d) Modelled soil
exchangeable calcium concentration; (e) Monthly water balance ratio. Control levels with less than 20 datapoints for a variable have been omitted.
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Figure 50 Relative frequency of plots by environmental covariate and level of possum control. Test statistics
and associated bootstrapped p-values are shown on the plots. For continuous variables, D1, D2 and D3 relate to
the test statistic (Kolomogorov-Smirnoff test, D) for the comparison between no control and ad hoc control,
sustained control excluding B1, and sustained control including B1 respectively. For categorical covariates, χ2
relates to comparison across all three groups with two tests excluding and including B1 (subscript 1 and 2
respectively). Covariates are: (a) Altitude; (b) Latitude; (c) Modelled acid soluble phosphorus; (d) Modelled soil
exchangeable calcium concentration; (e) Monthly water balance ratio. Control levels with less than 20 datapoints for a variable have been omitted.
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