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Preface

The Ministry for Primary Industries (MPI) Sustaihalbhand Management and Climate
Change (SLMACC) programme provides funding for agsle to understand the impacts of
a changing global climate. The programme describ¢hais report is part of the SLMACC
investment priorities for 2012/13 that deals witk tmpacts of climate change on soil
services, soil carbon and soil nitrogen cyclingeAm of people from the four Crown
Research Institutes (CRIs) that comprise the Saild Use Alliance(SLUA) was
assembled along with staff from another CRI (NIW&produce a multi-CRI review to
synthesise the evidence for climate change impactoil services, soil carbon processes
and stocks and soil nitrogen cycling under farmang forestry systems. This multi-CRI
review is a link of three contracts with MPI undlee SLMACC programme: LCR30796
for soil services (Landcare Research led), FRI3G6680il carbon processes and stocks
(Scion led), AGR30693 for soil nitrogen cycling (Rgsearch led). This project provides a
comprehensive review of key international and mati@locuments, reports, and published
peer-reviewed literature, as well as identifyingga the current knowledge base. A key
component of the review process was a national stami that involved experts in a
facilitated discussion to ensure the review cajptdine latest thinking in relation to climate
change impacts on soil services, soil carbon aitchmgen cycling.

YThe Soil and Land Use Alliance (SLUA) is a collattimn among AgResearch, Landcare
Research, Scion, and Plant & Food Research thatsfeom their shared purpose in
enhancing New Zealand’s soil and land resourcesubh sustainable management. The
collaboration recognises that the best outcomed®w Zealand will result from co-
ordinated investments, research activities and bdjya development across the range of
landscapes, sectors and land uses that the SLUA#aresnganisations represent. The
priority for SLUA is to deliver research that coibites to economic growth for New
Zealand, essentially contributing to a green groatfenda, in close collaboration with

our stakeholders.

This report identifies those impacts on soil ectssyisservices (resulting fron
climate change to soil natural capital stocks and processes) that will be

the most significant for New Zealand's primary ldbased productive sector
by 2049 and beyond.
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Key messages

Net production from New Zealand’s primary land-lshpeoductive sectors could increase
under a changing climate. However, climate changg atso negatively affect the ability

of soil to regulate water and erosion, nutrients pests. If the regulating services provided
by soil are not carefully monitored, the negatiffeats on these services could offset any
gains in production.

Climate change in New Zealand

Projected changes to New Zealand’s climate inchigker atmospheric carbon dioxide
concentrations, higher temperatures, wetter weségions, drier eastern regions, and

more extreme weather events by 2049 and 2099. hegehese changes will lead to a
more variable and extreme climate that will havéhlpmsitive and negative impacts on
primary land-based sectors.

Impact on ecosystem services

Soil processes, in particular those that affedd@arand nitrogen cycling, are important
both to provisioning ecosystem services (produatibfood and fibre) and regulating
services (regulation of water, nutrients and pgstsyided by soil. The increase in net
primary production could be a positive benefit frolmate change if it results in greater
yields of desirable products. However, more drosigtdrms and weaker regulation of
water, nutrients and pests by soil have the patktticounter increases in net primary
production. Direct costs incurred by loss of rega@services include damage caused by
floods/erosion and loss of yield from drought oif-borne pests and diseases. Indirect
costs include compensation to avoid loss of prowisig services such as increased
fertiliser use, pesticide use, or erosion mitigatioeasures.

Impact on soil natural capital and processes

Soil is a dynamic system composed of physical, ¢b&rand biotic components (soil
natural capital stocks) that comprise our landssa@mel productive sectors. Soil natural
capital stocks are influenced by soil supportind dagrading processes, which together
form soil infrastructure and provide the servicaslans obtain from soil.

Climate change will affect soil through accelerateitrient cycling, possible loss of soll
carbon, and more frequent extreme events (suchoagtit or heavy rain that leads to
erosion). Extreme events will affect all primarpdabased sectors. Soilborne organisms
that cause disease or are considered pests dyetbkacrease because of warmer
temperatures and greater plant stress caused t@ased drought and/or intense rainfall.
The impacts are generally expected to be lowenarctopping and intensive pastoral
sectors as these are more highly managed thaxtdese/e pastoral and forestry sectors.

Soil carbon and nitrogen are closely linked; bottle through the soil and associated
biotic systems. The processes that contributertmoceand nitrogen cycling are negatively
affected by external soil-degradation processes) ag erosion. Plants take up nitrogen,
removing it from the soil so productivity may belveed if the availability of nitrogen and
other nutrients (particularly phosphorus) is lirdit®/hen nutrients (and water) are not
limited, the net primary production of plants igegted to increase as a result of warmer
temperatures and higher levels of carbon dioxidéelis known about how climate
change will affect the soil biota that control camkand nitrogen cycling processes and this
lack of information is one of the largest knowledgos in predicting the impacts of
climate change on soil.
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Impact on land management

Land management practices are likely to alter spo@se to climate change. Changes will
be aimed at avoiding limitations of nutrients anatev and maximising any increase in the
net primary production of plants as a result ofmeartemperatures and more carbon
dioxide. While the main focus of this report isdigscuss climate change impacts on soil
processes, natural capital and regulating servicissalso appropriate to provide
comments on potential changes to land managemactiqges in response to climate
change. Indeed, changes in land management algtiikkkave a greater impact on soil
natural capital than changes in climate. Usingatbst possible management practices and
new technologies could enhance net primary prodadiut they may have further
negative consequence for regulating services itamafully implemented.

Knowledge gaps and recommendations

Accurately predicting the possible impacts of clieaehange on soil systems is difficult.
Reasons for this include the inherent complexitgaf systems, the variable effects of
climate change in different areas of New Zealand, alack of knowledge on key aspects
of soil systems.

More information is required on how:

« Interactions between increased levels of carbomid® increased temperature and
changes in rainfall will affect soil regulating seces(to obtain a better understanding
of the complexity of impacts at a farm-system scale

* Soil biota respond to both direct and indirect dita variableqto improve
projections on carbon and nitrogen cycling procgsse

* To develop more reliable modalscarbon and other natural capital stocks (tgguto
changes in soil natural capital across New Zeatdradregional/national scale as well
as on a farm/paddock scale).

« To develop improved indicato(® measure ecosystem services and to improve the
projection of climate-change impacts on soil sexs)c

* To establish base-line levels of soil natural calito allow for an assessment of land
management responses to climate change).
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Introduction

New Zealand’s climate is changing and will continae€hange. It will also become more
varied and more variable. Under a changing climed# processes that support New
Zealand’s primary land based productive sectoregpected to be impacted upon. These
primary land-based sectors are a mainstay of Nealadd’'s economy. For example,
agriculture is expected to have export revenu@®i8 of $21.1 billion and forestry $4.5
billion ™. Uncertainty associated with the impacts of clingttange on soil and the
ecosystem services they provide (including foodtanbter production), is one of the
biggest threats to mankind globally.

Soil is a critical, but often overlooked, componehNew Zealand’s land-based productive
sectors. New Zealand’s soil types are diverse daelarge range of parent materials. The
majority of soil types under the productive sectme mineral soils. In general, North
Island soil types are influenced by volcanic defsoand South Island soil types are from
river, wind and glacial deposits. Soil temperatanejsture content and nutrient levels are
all affected by climate and will be impacted byrdite change. It is critical for New
Zealand’s economic future to understand how clinshenge will affect soil, as changes in
soil properties will impact on the productivity tbfe land.

Recent European research has focused largely amfaet of climate change on soil
carbon content rather than on soil ecosystem st soil nitrogen cycling'. Key

findings from that work indicate that, althoughneite change will impact on soil carbon

in the longer term, it will have less of an imptd@n changes in land use and management.
Because soil management has a significant impasbibcarbon, adequate management
could mitigate the impacts of climate change.

This stakeholder report assesses the possiblasetita changing climate on New
Zealand’s soil and land-based sectors. It alsoligigis what future research is needed to
inform gaps in current knowledge. This report addes the question: “how might climate
change impact on New Zealand'’s soil resources drat are the consequences for land-
based sectors?”

Methodology

Information on the impacts of climate change oh s&nvices, soil carbon processes and
stocks and soil nitrogen cycling was collected éyiewing published and unpublished
national and international literature. This infotroa was presented at a national workshop
held in Wellington, New Zealand during February 20Rarticipants included New
Zealand’s leading soil scientists as well as clar@atperts from NIWA and key staff from
MPI (a list of participants is provided in Appendx The workshop group investigated
and debated the available evidence regarding dictzinge on soil and also identified key
knowledge gaps that need to be addressed in argieovide more certainty around the
outcomes. All the information obtained was colldcaed integrated into a detailed
technical report (Appendix 1). Further synthesid amaluation were undertaken to
generate this stakeholder report. This procedgdrated in Figure 1.
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Figure 1: Process used to assess the possible effects of a changing climate on New
Zealand’s soil and land-based sectors.

CLIMATE CHANGE IN NEW ZEALAND

Future changes in the climate are not known withag®y. Projected changes in climate
are dependent on the assumptions made about tlaetimipgreenhouse gases. It is
important to examine different scenarios for thi&ely impacts on soil processes. Two
scenarios, “high carbon” and “rapidly decarboni§jngere selected for this study. They
represent the likely extremes of future emissiargglobal climate changes for the
periods 2030-2049 and 2080-2099. Global averagpdeatures would be about 4 °C
above pre-industrial levels by 2099 under the “laghbon” scenario but only 2 °C higher
under the “rapidly decarbonising” world scenari¢h€ predicted changes include an
increase in carbon dioxide concentration, changeainfall timing and severity, and a
greater frequency of extreme events (number oflhgs above 28C, droughts, and strong
winds), Table 2.

HOW THIS REPORT WORKS

This review addresses each of the following keystjaes in a separate section:

* Natural capital and ecosystem services of selWhat are they and why are they
important?

« Impact of climate change on soil ecosystem service®/hat are the resulting
impacts of climate change on regulating and pransig services, and will these
impacts vary among the different primary sectodiaises (pastoral, cropping,
horticulture, forestry)?

* Impact of climate change on New Zealand soil natutacapital stocks and
processes how might climate change be expected to impacbodmatural capital,
soil process and how they link to regulating andvsioning services important to
New Zealand’s primary land based productive seors

« Impact on land management- How will land management be impacted by climate
change?

* Recommendations for future research What are the recommendations for future
research to ensure the prosperity of soil servinddew Zealand’s primary land
based productive sectors under a changing climate?
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Table 2: Predicted ranges for key climate variables based on diverging scenarios of carbon
dioxide increase (1). The range in values provided a guide for magnitude of climate change
effects we assess in the report. Changes are relative to 1980-1999 levels.

Variable Season Region of NZ Range predicted Range predicted Level of
for year 2049 for year 2099 confidence in
predicted values
Carbon All All 480 to 530 ppm 450 to 850 ppm Moderate to high
dioxide *
(ppm)
Temperature Al All 0.7t00.9 111026 High
(°C)
Change in Summer &  South & west Zero to +5% Zero to +5% Moderate
rainfall (%) Autumn S.ls. Up to £5% Up to 5%, & >+5%
Rest of NZ. in eastern Nth Island
Winter & North & east Zero to -10% -510-20% High
Spring N.Is.,
Marlborough, Zero to +10% Zero to +30%
Canterbury Plains
West N.Is., south
& west S.Is.
Hot Days Summer All lowland areas  Up to 100% Up to 300% increase  High
half-year increase
Frosts Winter half-  Central N.Is. & Up to 50% Up to 50-90% High
year S.ls. reduction reduction
Heavy All Especially in west  Extremes occurup  Extremes occur up High
rainfall of both Islands &  to 50% as often to 100% (i.e. 2
south of S.s. times) as often
Drought Summer Mainly eastern Up to 5-10% more Moderate for type of
half-year areas of year change; low for
Eastern S. Is. & At least 10% more of  magnitude
all of N. Is. year
Strong Winter, All Increase of few % Increase up to ~10%  Moderate for type of
winds Spring in frequency change; low for
N. Is. Little change Little change magnitude
Summer/ S.Is. Decrease of few %  Decrease of few per
Autumn cent

(1 From the “high carbon” and the “rapidly decarbonising” world scenarios

* Current level of carbon dioxide is 395 ppm

Ministry for Primary Industries
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Ecosystem services and soil natural capital
‘What are they and why are they important?

Soil has an inherent value in providing servicesumans. The ecosystem services model
provides a framework for valuing soil servid@sProvisioning services are defined as the
products obtained from soil (food and fibre) whibgulating services enable humans to
live in a stable, healthy and resilient environm@ratble 1). This report focuses on how
climate change will impact upon soil infrastructft€the soil properties and processes
that contribute to natural capital stocks) thatvpies bothprovisioning andregulating
services.

Provisioning services are usually associated wathmaodities in existing markets, so their
value is readily apparent. Regulating servicesoften more difficult to put a monetary
value on and are often overlooked in decision n@kttowever, costs can occur if these
services are compromised. Direct costs include damaused by floods and erosion or
loss of yield from drought or pests. Indirect castdude compensation to avoid loss of
provisioning services, such as increased fertiliser. Although cultural services are out of
the scope of the review, they should be considetezh taking ecosystem services as a
whole into account.

Table 1: Provisioning and regulating ecosystem services provided by soil [3l. Key services
addressed in this report are shown in bold.

Type of Service Service delivered Description
Provisioning Provision of food, wood and  Soil physically supports plants and supplies them with
services fibre and products nutrients and water. A wide range of plants are grown by
humans and harvested for a variety of purposes.
Provision of raw materials’ Soil can be source of raw materials such as peat and clay.
Provision of support for Soil represents the physical base on which human
human infrastructure and infrastructures and animals stand.
animals.
Regulating Flood mitigation? Soil has the capacity to store and retain water, thereby
services mitigating flooding.

Nutrient and contaminant
filtration

Carbon storage and
greenhouse gases regulation

Detoxification and the recycling
of wastes

Regulation of pest and
disease populations

Soil can absorb and retain nutrients and contaminants, which
prevents them from being released into water bodies.

Soil can store carbon and regulate the production of
greenhouse gases.

Harmful compounds can be physically absorbed by soil or
destroyed by organisms that exist in soil. These organisms
also degrade dead organic matter, which improves soil
structure and releases nutrients.

The nature of the habitat provided by soil controls the
proliferation of pests (crops, animals or humans) and harmful
disease vectors (viruses, bacteria), and regulates populations
of beneficial species.

1 Largely not applicable to New Zealand’s cropping, pastoral and forestry primary sectors.
2 The ability of soil to mitigate flooding is also linked to erosion mitigation and soil-moisture supply.

Soil natural capital stocks are the physical, clvatand biological properties that make up
New Zealand’s landscapes and productive sectorae$woperties can be managed, such
as altering levels of nutrients by adding fertiliseoils are also dynamic systems with
various degradation and supporting processes aeguontinuously. These processes
along with natural capital form the ecological adtructure of soil (Figure 2). The
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relationships between soil natural capital andfliwe of ecosystem services are dependent
on the complex interaction between natural capitatks and soil processes. Behind each
service, a number of soil natural capital stockslmaregulated by multiple soil processes
and each soil process may, in turn, contributetesal stocks and servicks

SolL ECOLOGICAL INFRASTRUCTURE SolL ECOSYSTEM SERVICES

Soil Natural Capital
Soil
Inherent Degradation > Cultural Services 1

Properties | g~ -----------------

X P r\ Degradation i Self-actualisation
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i ' . .
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l i Supporting ! Social
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Figure 2: Conceptual diagram of relationship between climate change drivers, soil natural
capital, soil processes and ecosystem services (adapted from Dominati et al. [°]).

Climate change will alter the balance between thperting and degrading processes
occurring in soil so will lead to changes in satural capital. This, in turn, will impact on
the ecosystem services provided by the soil. Tipeogeh taken in this review focuses on
the mechanisms underlying the provision of servibas will be affected by climate
change. The delivery of soil regulating serviced @re vulnerability of the provisioning
services to climate change are assessed by congjdlee underlying soil natural capital
stocks and processes.
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Impact of climate change on soil ecosystem services

What are the resulting impacts of climate changesgulating and provisioning services,
and will these impacts vary among the differeninay sector land uses (pastoral,
cropping, horticulture, forestry)?

The flow of regulating and provisioning servicesleived from the soil ecological
infrastructure (which encompasses both soil natapital and processes, Figure 2). The
supporting carbon and nitrogen cycling processéscfware closely linked) are important
as they impact other natural capital stocks andgm®es. Soil degradation processes, such
as erosion, reduce the ability of carbon and nérogycling to support soil natural capital.
This Section summarises the impacts of climate gham regulating and provisioning
services.

REGULATING SERVICES

Regulation of flood and erosion

Soil natural capital includes the capacity to byfééore and retain water, thereby
mitigating flooding and erosion. Under a changihmate, the capacity of soil to regulate
floods and erosion will be determined by physicunal capital, which is largely
determined by inherent soil properties such asitextlepth, and structure. Soil structure is
influenced by manageable soil properties, suclohsarbon content, and soil biota. For
example, soil carbon stocks may decline in somuagdns and/or there may be an increase
in dry conditions that negatively impact on soitai leading to an increase in soil water
repellency (or hydrophobicity). These changes lmilit the capacity of soil natural capital

to mitigate floods and erosion.

Soil water regulation for plant growth will also lmepacted by changes to soil structure
and therefore, closely linked to regulation of flsand erosion. A decrease in soill
structure will negatively impact on soil water réagion.

Regulation of nutrient supply

Nutrient regulation for plant growth (particulafiyr nitrogen and phosphorus) is mediated
by the interactions between plant, soil and micsols®il moisture is also important and,
where it is limiting nutrient supply, will be negatly impacted. The general consensus
from the review was that climate change would alleweaken the capacity of soil to
regulate nutrient levels. Faster cycling of carbad nutrients under climate change
conditions will increase the availability of nutnis. These could either be taken up by
plants or lost through leaching. Greater demandddmutrients by plants will have the
positive benefit of increasing net primary prodaotbut may lead to nutrient deficiencies
in the soil over time, known as progressive nitroge nutrient limitation. The capacity of
soil to store nutrients will be adversely affecysamy decline in soil carbon stocks.

The greatest uncertainty lies in the effect of eliexchange on the interactions among
plants, microbes and soil. Plant diversity (ancftects on soil biota) is likely to be an
important issue in extensive pasture and possiy einderstorey vegetation in forestry
but less so in intensive pasture (rye grass/claamd)cropping systems where species
composition is more closely controlled.
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Regulation of carbon storage and greenhouse gases

Carbon storage

Soil has the capacity to store carbon and to régttee production of greenhouse gases
thus impacting on the extent of climate changeb@lly, soil represents a large and
extremely important carbon reservoir that is lathan the atmospheric and vegetation
carbon reservoirs combined. New Zealand’s soilmadiocks are expected to remain
similar or decline under climate change. Even alldoss in soil carbon stocks can result
in significant respiration of carbon dioxide to @tenosphere. A consequential increase in
carbon dioxide may result in further warming themforcing the climate-change cycle.

Greenhouse gases

Nitrous oxide (NO) and methane (Clare both greenhouse gases. Increases in the
atmospheric concentrations of these gases carasetbe temperature of the Earth,
thereby potentially creating a positive feedbaakpldNitrous oxide production is likely to
increase as a result of climate change becauseg tisimperatures will increase the rates of
nitrification and denitrification, two processestlyenerate nitrous oxide. Emissions of
nitrous oxide will also increase if predicted ireses in urine deposition and fertiliser and
legume inputs occur. These processes are dealtwath thoroughly in the Section on
nitrogen cycling. Increasing temperatures are ety to stimulate methane emissions
through increased rates of microbial metabolicvatgtby methane producing microbes.
However, other microbes consume methane, anddatignown with any certainty what
the effect of climate change will be on these nbem The degree to which the methane
consumers counteract increases in methane produetilcdetermine the net effect of
climate change.

Regulation of pests and disease populations

The regulation of soil-borne pest and disease @jomis could arguably be one of the
most problematic aspects of climate change for Mealand’s production systems as there
will likely be an increase in pests and diseasegeheral, dry weather favours insect
vectors and viruses, while wet weather favours ifang bacteria. This may lead to
changes in the type and predictability of soil pgin effects.

The range, abundance, fecundity and activity cé¢tsand microbial plant pathogens are
predicted to be altered by climate change as wgetha effectiveness of biocontrol agents.
In particular, warmer temperatures enable organtsnaser-winter more frequently and/or
incorporate more generations per year resultingareased abundances and ranges of
various pests. Cold soil in winter kills many pajkaic species, so milder winters due to
climate change may substantially increase pathedeads. Plant and pathogen phenology
will both change with increasing temperature sangles in the timing and efficacy of
fertilisers and pesticides will need to be consddrom a management perspective.

Extreme events are also expected to increase pathiogd due to increased plant stress.
The general trend is likely to be a substantialease in plant disease, but with some
variability, as other aspects of climate change neayice some pests and diseases. For
example, drier summers may reduce pathogen abuadanc

Invasions of exotic plant species are also mordyliko occur due to changing climatic
conditions because native plants may become str@sgbless competitive. For example,
increasing carbon dioxide concentrations are exgetct increase productivity of
important N-fixing forest shrub weeds such as garsgbroom. This will lead to increased
competition during forest establishment, and thedrfer greater weed control.
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Summary of climate change effects on regulating services

Regulating services flowing form soil natural capare expected to be reduced as a result
of climate change, particularly the supply of watad nutrients for vegetation growth. The
key climate change related impacts on soil reguiggiervices for New Zealand’s cropping,
pastoral and forestry sectors are outlined in Téble

12 « Review of climate change impacts on soil Ministry for Primary Industries



Table 6: Summary of anticipated climate change related impacts on soil regulating services
by sector (in the absence of adaptation).

Regulating Expected relevant impacts by sector
Services Cropping Pastoral Forestry
Regulation of  No change or decreased No change or decreased where No change or decreased due
flood and where carbon declines and carbon declines and soil structure is  to increased heavy rainfall
erosion’ soil structure is lost lost events increasing erosion risk
Future soil moisture deficits in ~ Future soil moisture deficits in after harvesting
areas where less rainfall is areas where less rainfall is Future soil moisture deficits in
expected plus more expected plus more areas where less rainfall is
hydrophobicity and/or hydrophobicity and/or expected plus more
evapotranspiration evapotranspiration hydrophobicity and/or
Decreased with corresponding  Decreased with corresponding evapotranspiration
increase in hydrophobicity in increase in hydrophobicity in areas
areas with less rainfall with less rainfall
Decreased with increased likelihood
of heavy rainfall events increasing
erosion risk (particularly for hill
country soil)
Regulating Decreased and more reliance  Decreased and more reliance on Decreased and more reliance
Nutrient on fertiliser legumes and possibly fertiliser on legumes and fertiliser
supply Potential for more nitrogen No change to minor loss for No change to minor nitrogen
loss with increased reliance on  extensive pasture from more loss from more nitrogen
fertilisers nitrogen demand in biomass — demand in biomass and none
potential for nitrogen limitation, or very low nitrogen input into
possible more reliance on legumes  the system — potential for
and fertiliser PNL, possible more reliance
Decreased with increasing soil water On fertiliser
deficits, however extreme weather ~ Decreased where soil water
events (e.g. drought-breaking rain)  deficits occur
may ‘reset’ some nutrient cycling
processes
Changes to nitrogen leaching less
certain
Carbon No soil carbon change or No soil carbon change or No soil carbon change or
storage and decrease due to increased decrease possible due to increased  decrease due to increased
greenhouse carbon mineralisation carbon mineralisation carbon mineralisation
gases Decreased soil carbon with Decreased with erosion (hill country) Decreased with extreme
regulation wind erosion — exacerbated by - exacerbated by extreme heavy heavy rainfall events after

drought events mainly in
eastern areas

More ammonia and nitrous
oxide from increased fertiliser
usage and decreased soil
structure

More gaseous nitrogen loss as
soil buffering and filtering
capacity decreases

rainfall events

More ammonia and nitrous oxide
from increased fertiliser usage in
intensive pastures

harvesting
More nitrous oxide from
increased fertiliser usage

Increased through soil
stabilisation in erosion-prone
areas

Reduced carbon dioxide
through biomass accumulation

Regulation of
pests and
disease
populations

Decreased as reduced cold
winters

Decreased for plants under
water stress (i.e. more
susceptible to disease)

Decreased as reduced cold
winters

Decreased for plants under water

stress (i.e. more susceptible to
disease)

Decreased as reduced cold
winters

Decreased for plants under
water stress (i.e. more
susceptible to disease)

1 Linked to water regulation
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PROVISIONING SERVICES

The impact of climate chan?e on net primary produacacross sectors in New Zealand has

been discussed by Clark et'dl. In summary, the impacts of climate change on BfP

* Cropping:modelling suggests small yield losses and potefotigyield increases,
depending on region and crop type. In generalgtbatest benefits were to be found
in southern regions growing temperate cereals ara)é brassicas, while crops such
as potatoes and maize showed more variation, weater frequency of reduced
yields due to water stress and shortening growtkesy

e Pastoral: Small increases in pasture production are pretlict¢he absence of water
and nutrient limitations, with temperate speciesnghg larger yield increases than
subtropical species. There will be changes in sedgmtterns of growth with
increased growth rates during winter and springtduearmer temperatures. Autumn
will be more variable and there will be an earbeset of summer with more soil
water limitations to growth.

»  Forestry: Productivity responses are generally positivehait expected modelled
national average increase of 19% by 2040 and 372089 in the absence of water
and nutrient limitations. Responses will vary rewgilhy with greater benefits in the
south of New Zealand due to larger benefits ofitiy@act of increasing temperature on
net primary production.

Provisioning services, particularly net primary gwotion flowing from soil natural capital,
are expected to improve with climate change buy aiilere soil water and nutrients are
non-limiting. The key climate-change related imgamt soil provisioning services for
cropping, pastoral and forestry sectors are outlinelable 7.

Table 7: Summary of anticipated climate change related impacts on key soil provisioning
services by sector (in the absence of adaptation).

Provisioning Expected relevant impacts by sector

Services Cropping Pastoral Forestry

Net primary  Potential for increases where  Potential for increases where there  Potential for increases where
production  there are no water or nutrient  are no water or nutrient limitations there are no water or nutrient

limitations Decreased where soil moisture limitations
Decreased with increased limited and irrigation not possible Decreased where soil
wind increasing wind-erosion  pecreased with increased heavy moisture limited
risk rainfall events increasing erosion Decreased with increased
risk — net primary production heavy rainfall events
reduced 20% on erosion scars increasing erosion risk
Decrease with drought events and ~ Potential for nitrogen limitation
resulting soil hydrophobicity — long-term decrease
Physical No change or decreased No change or decreased support No change or decreased with
support support where soil physical where soil physical natural capital increased heavy rainfall
natural capital negatively negatively impacted events increasing erosion risk

rainfall events increasing erosion
risk (e.g. loss of support for roads)

A changing climate may increase net primary productvhen water and
nutrients are not limiting, however it may also aggely affect the capacity

of soil to regulate water, nutrients and pests
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Impacts of climate change on New Zealand soil stocks and

processes

‘How might climate change be expected to impacmhnatural capital and soil process,
and how they link to regulating and provisioningvéees important to New Zealand’s
primary land based productive sectors?’

This report focuses mainly on changes to soil miapital stocks that are manageable
(Figure 2) as it is unlikely that most inherentl gwoperties will change substantially
within the next century. One exception is erosighich has the potential to greatly alter
soil properties. Weathering of soil minerals magoahcrease over time but change in soil
mineral composition is not considered a major isaule timeframe of this report. Soil
natural capital is influenced by soil supportingl @legradation processes (Figure 2). The
carbon and nitrogen cycles within soil greatlyurfhce the availability of nutrients to
plants and animals, so are important both to pravisg and regulating ecosystem
services. Soil degradation processes, such aaresduce the cycling of carbon and
nitrogen so impact on soil natural capital.

SOIL PHYSICAL STOCKS AND PROCESSES

The physical natural capital of soil is the arrangat of solid particles, water and air that
comprise soil structure. The mineralogy and patsite distribution of the parent material
are major influences on soil structure but othdr@operties can modify structure,
particularly carbon content and source (FigurelBg degrees of aeration, water
infiltration, nutrient supply and resistance tosom of a particular soil are determined by
its structure and are crucial in sustaining prohitgtand environmental quality. The
interaction of solid particles (soil minerals andanic complexes) with soil water and air
also affects soil chemistry.

Physical characteristics and structure

Air temperature and moisture are two of the maintabdrivers of soil processes. These
factors influence soil temperature, water and aardamtents, macroporosity, biological
activity, nitrogen mineralisation, and water repelly of soil. So, changes in temperature
and rainfall due to climate change will affect ffiteysical natural capital of soil. Many of
these effects are interrelated (Figures 3 & 4).dx@ample, a rise in air temperature will
lead to warmer soil and increase rates of bioldgioacesses. This will impact the carbon
content of soil, which in turn will impact soil atture, porosity, nitrogen mineralisation,
water content, and water repellency, Figure 3.
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Figure 3: Direct and indirect impacts on the physical properties of soil from the driver of air
temperature.

Soil types with a high carbon content are expetddthve higher connected porosity on a
macro scale than soil types with a low carbon aurite The connectedness of the
macropores translates into greater diffusion oégawhich has potential to alter
greenhouse gas emissions. Changes in macroponabihave knock-on effects on soll
aeration, nitrous oxide emission, nitrate leachpigs runoff and recharge (Figure 3). For
example, increased pore continuity has led to redilevels of anaerobic activity and
consequently lower nitrous oxide emissions in dysassoil™. An increase in carbon
content will generally improve water retention, egtfor soil types with a high clay
content where the opposite effect can o&@irChanges in soil carbon content will also
affect soil water content and water repellency.sehén turn, will affect rainfall runoff and
groundwater recharge, Figure 3.

Clearly changes in amount and timing of rainfall @irectly affect water content of soll
(Figure 4). The changed pattern of soil water aointéll lead to altered patterns of
drought and changed patterns in the ecosystencsarf/runoff and recharge. Drought
will also contribute to greater water repellencyiad soil further contributing to decreased
soil moisture content.
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Figure 4: direct and indirect impacts on the physical properties of soil from the driver of
rainfall.

Since soil carbon content has such important effestthe physical state of the soil it is
arguably the most important manageable soil prgpbtaintaining soil carbon through
land management will enable the delivery of appeatprecosystem services in the face of
changed air temperatures and rainfall patterns.

SOIL CHEMICAL STOCKS AND PROCESSES

Soil carbon stocks and cycling

Globally, soil represents a large and extremelyartgnt carbon reservoir (stock), larger
than the atmospheric and vegetation carbon ressreombined. Carbon stocks present in
New Zealand soil from the surface to a depth of@&@imetres are estimated at 2890 billon
of tonnes and are vulnerable to the changing cém@aarbon stocks are important for the
long-term storage and cycling of organic matter #nedefore productivity. Soil carbon is
also a key component of soil physical natural epit

Total carbon stocks

Limited information about New Zealand soil carbaiises, so predicting the magnitude of

change on total carbon stocks by modelling of ffects of a changing climate on New

Zealand'’s total soil carbon have a low level otaiety. Although the soil carbon cycle has

been well studied there is no clear understandirnlyeinteractions between the factors

controlling soil carbon stocks and climate charRyedictions made to dates indicate that:

«  There will be little net change in soil carbon $®¢Y or possibly a reduction of 1.5%
for production forest8?. There are no modelled predictions for other ssdtoNew
Zealand.

* Climate change will impact on soil carbon cyclimggesses which are strongly
influenced by temperature and soil moisture.

* The net change in national soil carbon stocks,ushiefy erosion, is expected to be
small, remain similar or decrease, over the corugrguries across sectors. Climatic
extreme events will potentially have the greategiact on soil carbon stocks under a
changing climate, in particular through erosion.
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Soil type effect

Soil type is an important consideration in deteingrclimate change impacts on soil
carbon stocks. New Zealand has a diverse rangaldf/ges that are classified into 15 soil
orders. These orders categorise soil types intopgrof similar properties all of which
influence soil carbon stocks. The highest levelsasbon stocks are found in Organic soill
followed by Podzol soil and Allophanic soil and tbevest are found in weakly developed
soil such as Recent soil and Raw soil. Under agihgrclimate, the susceptibility of the
carbon stored in various soil types may be infleehdifferently as a result of how the soil
carbon is protected or how easily the soil carlsoaccessed for decomposition. For
example soil types with low chemical activity (eRecent soil and Raw soil) could
potentially lose a higher percentage of soil catbwaugh accelerated decomposition
under a changing climate than soil types whererthprity of the soil carbon is well
protected (e.g. Podzol soil and Allophanic soifr Boil types that have low soil carbon
stocks, losing even a low percentage can negatingdgct on the soil quality and the
ability of the soil to function in providing ecosggm services. Conversely, for soil types
that have a large soil carbon stock even a smatepéage loss could result in a large
amount of carbon released to the atmosphere meguttia possible critically important
feedback effect for future atmospheric carbon aiexadoncentrations.

New Zealand’s soil can contain protected soil carth@t has come from historical
indigenous forest land cover. This soil carbon @doon) can be protected by the mineral
soil for a considerable length of time, bufferimg/a&hange (e.g. the spatial variability in
historical soil carbon can be greater than theceffef current land-use chand€). The
amount of historical protected carbon in differsoil types is also varied and often
uncertain, but, for some soil types the bulk of¢b#é carbon is from indigenous forest
cover. Knowledge of how climate change affects ichjpm newly added soil carbon does
exist but it is uncertain if historical protecteml<arbon is less vulnerable to climate
change due to a limited understanding of the mash@nprotecting historical soil carbon.
Given that historical carbon can dominate the tstiatk in many New Zealand soil types,
the effect of climate change on the historic carfsagtion should be of considerable
interest. The potential for change in carbon steskarge if the historic carbon fraction
were liberated.

Soil carbon cycling

Soil carbon cycling processes are strongly infleehiocy temperature and soil moisture
content, so will be affected by climate change. ifiiteal source of carbon to the system is
net primary production of plants. Additional proses then occur that deliver this plant
carbon either on or below the soil surface (FigQte

Once it is part of the soil, carbon may undergoodgmosition then be released as carbon
dioxide to the atmosphere or may also be lost tiiralissolved organic carbon transport to
ground water or through erosion. Alternativelyniy be stabilised in some way that
prevents short- or long-term decomposition. Thea$#f of climate change are expected to
increase plant growth leading to greater carbontsghrough increased net primary
production and also faster carbon decompositia@sraipacts on soil carbon stabilisation
and loss will vary. The effects of changes in tHas#ors on various primary production
sectors are summarised in Table 3.
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Figure 7: Key processes in the soil organic carbon (C) cycle in primary production systems.

Table 3: Summary of the impacts of climate change on carbon cycling and stocks for various
rimary production sectors.

Soil carbon factor

Production Sector

Cropping Pasture intensive Pasture extensive Forestry
(e.g. dairy) (e.g. dry stock)
Supply 2 2 2 2
Decomposition r r 2 7
Stabilisation - - - -

carbon

Loss from dissolved organic

Loss from erosion

Stock levels

Direction of change and certainty in science knowledge
#  Overall, most likely to increase

8 Overall, most likely to decrease neither certain nor uncertain
=  Overall, most likely to remain unchanged
7
3

[ ] reasonably certain of effects

Could increase, remain unchanged or decrease

Impacts are reasonably uncertain; therefore the
direction of change cannot be predicted.
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Soil carbon supply

Plants can acclimatise to changes in temperatutenaa certain range, so in general,
increased temperature will result in increasedonietary production. Increases in
temperature high enough to damage plants are adigbed for New Zealand.
Temperatures low enough to limit plant growth skdducome less frequent. The effects of
temperature on plant production are likely to bthfer modified over time as higher
temperatures increase nutrient supply via greateenalisation rates. This process may
mitigate the expected effects of elevated carboride levels on nutrient limitation.

Water deficits will have detrimental effects on pamary production and biomass
accumulation in all plant production systems. Ondther hand, increased rainfall
intensity can also reduce net primary producti@anexcessive soil moisture levels and
cause crop damage. Interactions between carbordditevels, temperature and rainfall
changes are readily observed and thus very impartaletermining actual future net
primary production outcomes for any given locatml species combination. For
example, the effect of increased carbon dioxidelkewn primary production is greater at
higher temperatures. This positive effect will Ind@nced under drier conditions if water-
use efficiency increases. Little information is iésale on the effects of increased
frequency of extreme weather events on net primpesgluction, but it is reasonable to
assume that more extreme conditions will reducenetary production.

Changes in net primary production can be expeaddnslate directly into changes in
overall carbon supply to the soil interface in terofi shoot litter, root inputs and animal
excreta (in grazed pastures). However, the expdxtkohce between these pathways may
also change under climate change, with resultapaats on the degree to which carbon is
retained in soil. In particular:

* Root inputs are expected to increase comparettdoilnputs under elevated carbon
dioxide conditions. Soil carbon inputs from roattover has implications for soil
carbon stabilization if, as has been suggested{ sadscarbon is derived from root
inputs.

* Roots exude various compounds and these procassespected to accelerate.
Exudates contain easily decomposed carbon whichprmayote the decomposition of
less decomposable carbon, reducing soil carborlistdion.

* The biochemical composition of the carbon supplgdiis likely to alter, with
implications for the processes that decompose oarbsoil. Nitrogen-fixing plants
(legumes) grow faster under elevated carbon diosaaglitions adding nitrogen to the
soil. In the absence of legumes, the faster gra@f/filants under elevated carbon
dioxide is expected to produce litter of a highaton to nitrogen ratio (i.e. less
decomposable), reducing decomposition. Howeves,dhange is expected to have
less impact on decomposition than the variatidiitter availability with season.

Soil carbon decomposition

Soil microbes play an important role in carbon sygby decomposing dead organic
matter. A projected increase in temperature is egokto accelerate the decomposition of
soil carbon but is dependent on the initial temfpeea For example, the rate of
decomposition increased more than six-fold at teatpees below 6 °C, but be less than
four-fold above 10 °¢'Y. Although the capacity of microbes to decomposgguoic carbon
increases with increasing temperature, there mdgdsematerial available for
decomposition at warmer times of the year.
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Some forms of soil carbon are chemically inert sadre resistant to decomposition.
Other forms may be physically contained within thatrix structure of soil so may also be
less accessible to microbes. Understanding thetaffencreasing temperature on the rate
of decomposition of these “recalcitrant” forms ofl €arbon is critical for understanding
how soil ecosystems react to climate change. Tisaaetive debate over whether fractions
with different recalcitrance have the same or déif temperature dependencies. One
possible theory is that the effect of increasinggerature on the rate of decomposition
will increase with the recalcitrance of organic teat

The rate of soil organic matter decompositionngéd to water availability, with
decomposition processes inhibited in drier soiisT& an important interaction for two
reasons. Firstly, climate change may cause changester availability through changed
rainfall patterns. Secondly, increased temperatdwesto climate change will lead to
increased rates of water loss, and elevated catiosrde will lead to increased plant
evapotranspiration. Consequently soil will be dtiatess these changes are also
accompanied by increased rainfall. The reduceddedfedecomposition in drier soil
should partly offset increased decomposition calbgeaigher temperatures, but this
interaction has not yet been explored quantitativel

Soil carbon stabilisation

Processes that stabilise carbon within soil ddoakt it up indefinitely, just reduce the rate
of carbon decomposition relative to unstabilisedboa. Such processes include physical
containment of carbon within soil aggregates arehtbal stabilisation by binding with
clay minerals or metal oxides. Soil carbon stasiien is indirectly influenced by climate
change through impacts on the soil carbon supplyd®eomposition processes. Little is
known about specific processes involved in soiboarstabilisation and how these might
respond to a changing climate. Both positive arghtiee responses are expected due to
increasing temperature and changes in soil moisture

Soil carbon loss

Carbon can be lost from soil through decompositi@erbon can also be lost form the soil
through the drainage of dissolved organic carbaheansion. These processes will
increase with climate change in areas with increé&sgh rainfall events. Erosion
negatively impacts on soil carbon through distudeaand removal from a site. More
frequent extreme events will increase ero$idrsoil carbon losses, particularly in erosion-
prone hill and steepland country. Soil carbon mov#aite may become buried lower in
the catchment or eventually in ocean sinks offsgttinis loss.

Climate change will accelerate soil nutrient cygdlin

Soil nitrogen cycling

The effects of climate change on soil nitrogen iogchre partly dependent on soil organic
matter content, carbon cycling and soil biota. Matthe nitrogen cycle is also influenced
by soil floral/faunal communities. The ways in wiigitrogen moves through the soil,
plant and animals are complex and include manyant®ns and feedback loops (Figure
8). The nitrogen cycle is similar in pastoral, @op and forestry ecosystems, but the
relative size of different components will differ.
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Figure 8: The nitrogen cycle, summarising the main sources and processes considered in
this report.

The nitrogen cycle is made up of nitrogen inputscpsses and losses:
* Inputs/transferExternal (atmospheric inputs; nitrogen fixatiortifeser), and
recycled (crop residues; litter/root exudationluefht ; excreta)
* ProcessesMineralisation immobilisation turnover (MIT); nification.
» Losses/removalGaseous ammonia; denitrification (of nitrogen aittbus oxide);
leaching of minerals containing nitrogen and digsdlorganic nitrogen (DON).

Climate change impacts nitrogen cycling througlvagied temperature, elevated carbon
dioxide levels and changing rainfall distributiomdeamount. These impacts are further
modified by an increase in extremes: more hot dgrgster frequency of drought and
more storm events. All these conditions will intdrieading to a net overall effect on
nitrogen transformations and processes. In coriagléne likely effects, it is important to
factor in the difference between those responsesrgeed in an experimental situation and
the larger-scale response of the entire ecosystamp{lant community structure).
Experiments are useful for providing informatioroabspecific nitrogen processes but
cannot really deal with interactions and complegityhe ecosystem level. Parsons et al.
[ provide a salutary warning:

“The complexity and time scales of response ofgixdéem defy understanding by
observation and experiment alone, to the exteritdtiampts to manipulate the system
without prior careful analysis of the potential oames, could prove at best
ineffective, and at worst counter-productive.”

Bearing these limitations and associated unceraiim mind, inputs of nitrogen are
expected to increase with climate change, whilartigacts of climate change on nitrogen
processes, nitrogen losses and the availabilitytodgen for plant growth will be variable.
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The impacts of climate change on soil nitrogeniagcinputs, processes and losses in
various primary production sectors are summaris€khble 4.

Table 4: Summary of the impacts of climate change on nitrogen cycling.

Soil nitrogen factor Production Sector
Cropping Pasture Pasture extensive Forestry
intensive (e.g. (e.g. dry stock)
dairy)

Inputs/transfer | Atmospheric inputs 2 2 2 2
Nitrogen fixation 2 2
Fertiliser Nitrogen ?
Crop residues 2 nla n/a 2
Litter/ root exudation 2 2 2 2
Effluent Nitrogen n/a 7 nla n/a
Excreta Nitrogen nfa 2 - n/a

Processes Net mineralisation - - - 2
Nitrification 2 2 2

Losses/removal | Product 2
Ammonia (NHs) 2 ” 2 2

(minor) (minor)
Gaseous nitrogen 2 ? 2 >
(N2) & nitrous oxide
(N20)
Nitrate (NOs) - 2
N

Dissolved organic - - -
nitrogen (DON)

Direction of change and certainty in science knowledge

#  Overall, most likely to increase B reasonably certain of effects

N Overall, most likely to decrease neither certain nor uncertain
=>  Overall, most likely to remain unchanged
?
Y]

. . n/a Not applicable
Could increase, remain unchanged or decrease PP

Impacts are reasonably uncertain; therefore the direction
of change cannot be predicted.

Inputs

Inputs of nitrogen from the atmosphere are suppbesbil through rainfall so will increase
if rainfall increases. Increases in ammonia vakattion due to increasing temperatures
may also lead to greater deposition of nitrogenwveieer it should be noted that, at a
systenievel, there may be no net change due to volatitia being replaced by deposition
of nitrogen from an upwind source.

The amounts of plant residues and root exudatelskate to increase with increased
biomass production under climate change. Howelieretfect of reduced quality of plant
biomass due to a lower nitrogen content of residueshigher carbon to nitrogen ratio) is
likely to be minor.

Nitrogen fixation will probably increase with clireachange in areas with mixed
grass/clover pastures or legume crops and alswasts with an understorey of
leguminous (nitrogen-fixing) weeds. The number arass of root nodules in various
legumes (including white clover) will also incredsading to an increase in populations of
associated rhizobia. Increased carbon dioxide $deel to an increase in the biomass of
legumes in a free-air carbon dioxide enrichmentGEAexperiment conducted in New
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Zealand*® Nitrogen accumulation in grain-producing leguntesriopping systems also
increased. Increased nitrogen fixation will resulan increase in nitrogen inputs into farm
and forestry systems where legumes are preselan@sas other nutrients (or water) are
non-limiting. However, if more nitrogen is removieg harvesting grain than is fixed by
the crop, then more soil and fertiliser nitrogeputs may be required.

Increasing nitrogen inputs through the applicabbmore fertiliser is an adaptive response
to increased levels of carbon dioxide to ensur@gén availability does not limit crop
yields. Furthermore, the increased production Ewépasture are likely to be fully utilised
by increasing stocking rates and consequently iatditamounts of excreta and effluent.

Processes

Climate change is expected to accelerate the termafwnitrogen. For example, increases
in temperature will increase nitrogen transfornratiates unless limited by other key
variables (e.g. moisture). Mineralisation-immolatisn turnover, nitrification,

volatilisation and denitrification rates would b expected to increase within the range of
temperature increases predicted by various cliroaégge models. In contrast to
temperature, elevated levels of carbon dioxideuali&gely to have any direct effects on
process rates but there will be indirect effectsemidue amount and quality that will affect
carbon supply and biomass levels.

While the rate of mineralisation-immobilisationniorer is likely to increase, it is unclear
whether climate change will result in net nitrogemmobilisation or net nitrogen
mineralisation. Results of an analysis of varieesearch studies indicate that elevated
carbon dioxide levels are unlikely to increase wical nitrogen immobilisation and have
only a small effect on mineralisation. Nitrogen igafaility in low-nitrogen soil may
increase as a consequence of these changes. bitteagperatures are likely to increase
rates of nitrification rates. Elevated levels oftman dioxide may have only small effects
on nitrification. Overall, rates of nitrificationilivincrease, although a decrease in net
mineralisation will reduce the supply of ammoniwns available for nitrification, thereby
limiting the net supply of nitrate.

The net effect of increasing temperatures and &evaarbon dioxide will be further
modified by other environmental changes such a®pged dry conditions in eastern
regions and wetter conditions in western regiomstdases in the frequency of hot days
and droughts are likely to reduce nitrogen tramsfiions if water supply becomes
limiting. Summer droughts will reduce growth andguce a flush of mineralisation on
rewetting. This effect was observed in the NZFA&E&fiment”G]. No long-term effects
of drought-induced dieback or fire in forests axpexted as a result of climate change.
However, open areas within forest will generallys@a short-term increases in nitrogen
mineralisation.

Nitrogen losses

The effect of climate change on nitrogen losse@sasonably simple to predict for purely
temperature-driven processes. However, the natteffgprocesses also influenced by
substrate supply and soil organisms is more difficupredict. For example, an increase in
nitrogen lost via ammonia volatilisation is predutt due to increasing temperatures
directly influencing this chemical process. Howe\kere is less certainty about the effect
of climate change on gaseous nitrogen losses widrifieation, as losses from this process
will be influenced by the net supply of nitrate sovia nitrification. These may increase or
decrease depending on whether net nitrogen imnsabiin or net nitrogen mineralisation
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occurs. When considering the effect of temperatgether with increased periods of
rainfall and more water remaining in soil due toreased water-use efficiency by plants, it
is likely that losses via denitrification will inease.

Changes in nitrogen leaching will be a balance betwcompeting processes. Plants may
reduce the amount of water uptake required forasustl growth due to increased water-
use efficiency. Less water removal by plants veild to increased soil water content,
which may increase the risk of drainage and theed&aching. However, an increase in
plant production is likely to increase nitrogenak#, thereby reducing the quantity of
nitrogen available for leaching. Effects of increésainfall will be greatest in regions
where there is currently insufficient drainagedadh nitrogen below plant rooting depths.
These same regions will also have increased risk#rogen leaching following intensive
rainfall events. However, if climate change resuitbwer drainage, leaching will be
reduced. There are large uncertainties associatedhanges in nitrogen leaching because
of the balance between competing processes (odtidin rates, nitrogen supply and
uptake, rainfall and drainage). Also, it is higplpbable that the effects will be site
specific, depending on local rainfall patterns eags of mineralisation immobilisation
turnover and nitrification.

Whilst clearly the long-term average effects ofras in climate are important, it is
important to consider the impacts of extreme effscich as increased frequency of storms
and droughts. Uncertainty around the timing andwarhof rainfall and the likelihood of
extreme (hot) temperatures will limit agricultueadd forestry productivity, overriding any
consideration of the effects on nitrogen-cyclinggasses in extreme seasons.

Progressive nitrogen limitation (including nutrient limitations)

Progressive nitrogen limitation (PNL) is a soilrogen limitation process that occurs in
low-nitrogen soil. As the name suggests, nitrogecoimes limited over time as a result of
increased nitrogen uptake due to enhanced plawnitigrdVhile increased carbon dioxide
levels stimulate plant productivity in the shornte productivity may be limited over
longer periods by an insufficient supply of nitragdhis effect will occur because more
soil nitrogen will become sequestered into plasgue and immobilised by soil organic
carbon, resulting in a negative feedback loop émpgrowth. Immobilisation by soill
organic matter is partly dependent on soil carliooks increasing with time. However, it
Is unclear whether soil carbon stocks will increaseain constant, or decline over time.
Recent modelling of a forestry system suggestssthiatarbon stocks are more likely to
remain constant or declifé!. In such situations, progressive nitrogen limitativill be
more variable and may only occur if the amountitbgen is sequestered into plant
biomass in sufficient quantities.

The nature and magnitude of external nitrogen mpand the initial nitrogen status of the
ecosystem will critically determine if and when gressive nitrogen limitation occurs.
This process is unlikely to occur in ecosystems itheeive substantial external inputs
(such as fertiliser nitrogen in cropping and inteapastoral systems). There is less
information available on the likelihood of a niteaglimitation occurring on managed
pastures receiving fertiliser nitrogen inputs ajuard 200 kg of nitrogen per hectare each
year. The productivity of nitrogen-fixing legumesdaother nitrogen fixation processes
may increase with elevated levels of carbon digxd@ch may offset some progressive
nitrogen limitation. Progressive nitrogen limitatics also probably less likely to occur in
ecosystems where soil carbon stocks are decliimtegyestingly, signs of progressive
nitrogen limitation were observed by decreasindyrasyields during the first four years
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of the NZFACE experiment on a low nitrogen inpustosal systent®. Drought-breaking
rainfall ‘reset’ the system in year 4 causing a&lfllof mineralisation. However, signs of
progressive nitrogen limitation were again obselnwneslibsequent years.

Progressive nitrogen limitation has the potenbdidave a major effect on the accuracy of
predictions about the impact of climate changemhnstrogen cycling. In turn, this will
affect predictions about the relative effects ahelte change on net primary production,
i.e. will increased levels of carbon dioxide hav&uatained fertiliser effect? However,
progressive nitrogen limitation is unlikely to océlinitrogen supply is already limited to
the extent that plants do not respond positiveintoeased levels of carbon dioxide.

This potential impact is not restricted to nitrogbuat is also applicable to other potentially
limiting nutrients, particularly phosphorus. A comagion of different studies suggested
that only when there were increases in net prirpaoguction (often indirectly through
nitrogen addition) does climate change have arcefiie decreasing phosphorus
availability ™). However, given the generally low plant availapf®sphorus levels in

New Zealand soils, and evidence from the NZFACE tiat phosphorus may be limiting
(8 further confirmation of the role of phosphorugphogressive nutrient limitation is
warranted.

Soil chemistry

The rate of soil chemical reactions will increasesail temperature increases. The
chemical reactions that occur rapidly on an anbaals are leaching of nutrients, change
of pH, loss of silicates, reduction/oxidation (r&flceactions, changes to mineral surfaces,
and changes to soil organic matter.

Elevated carbon dioxide levels can cause acidifingiower pH) of soil indirectly through
increased root and microbial respiratibh This increase in acidity then leads to increased
weathering and leaching of nutrients deeper ingosthil. It is important to note that pH is
externally controlled by application of lime in serproduction lands so changes in this
soil property may be insignificant.

A major uncertainty in how climate change affedtsgl carbon cycling is the combined
effect of organic activity, temperature, and atnt@sp carbon dioxide on silicate
weathering. Experimental studies of how fast sorreerals dissolve have indicated that
dissolution of silicates in organic-rich solutiofasmeasure of silicate weathering) is not
directly affected by soil carbon dioxidet is very sensitive to temperature. Increasing
levels of carbon dioxide may accelerate silicatativering indirectly by the increased
production of organic acids. Also, weathering titate minerals may consume carbonic
acid and thereby remove atmospheric carbon diaxiolee rapidly with increasing
temperaturé®®.

Accelerated leaching of silicates from volcanic-ash types or South Island montane soil
types may lead to increased productiomlaiminium silicate clayand aluminium-humus
complexes. These processes may possibly leadreased phosphorus retention but the
timeframe for these changes is uncertain. Leacbimgitions may also increase. Calcium
bicarbonate is a dominant salt in pasture soilaiiionate ions are produced by respiration
from carbon decomposition and loss of bicarbonallea¥go result in loss of calcium.
Sodium and chloride ions often dominate in foredtas sea salt is wind-blown inland.
Losses of other cations in forest soil will depemdthe soil parent minerals and their
mineralogy. Changes in soil carbon have a largegnpn cation-exchange capacity
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(the ability of the soil to hold on to positivelip@ged compounds such as calcium and
magnesium), so any reduction in soil carbon willuee the capacity of soil to retain
nutrients.

Soil nutrient cycling

More rapid nutrient cycling and possible decrease®il pH are likely to occur under
climate change making ecosystems more susceptilhbss$ of some nutrients. Increased
net primary production as a result of increaseélkwof carbon dioxide may reduce
nutrient losses through increased plant uptaketeTisealso likely to be increased nutrient
inputs from recycled plant residues and root degwsiln grazed pasture, additional
nutrients will be available as a result of increbeyels of excreta. Changes in the
composition and amount of soil organic matter Wale a large impact on nutrient
retention.

The complex interactions between plants, microlnelssail make it difficult to predict the
effects of climate change on nutrient cycling vatty certainty. For example, different
plant species will vary in their physiological resges to climate change and this
variability will affect not only below-ground prosses but also the composition and stocks
of soil organisms. The way in which particular glapecies respond to climate change will
also affect the quality of resulting plant residudswever, changes in the quality of plant
residues are likely to be less important than chamg residue quantity. It must be
remembered that the quantity of plant residuesalsasbeen shown to affect microbial
community composition. The balance of nutrientthm soil itself can affect microbial
functioning. For example, lack of sufficient nutrie (primarily nitrogen or phosphorus)
can limit rate of microbial processing.

Overall, climate change will result in a many comnpg effects that will have a direct
bearing on nutrient supply and retention. Themdss considerable debate as to whether or
not the diversity of soil organisms is likely tdlirence ecosystem processes so the
consequences for ecosystem services remain untleegrtainty also exists about how
changes in organism diversity will affect soil blére is more clarity about how climate
change will affect the composition of soil biotienamunities and nutrient dynamics.
Mycorrhizal fungi vary in the extent to which theghance nutrient availability, as well as
the quality and quantity of carbon they produceari@es in the composition of

mycorrhizal communities are therefore likely taealthe amount of carbon stored in
ecosystems. Irrespective of specific results, abarmof studies have indicated that
changes in the composition and activity of soilamigms in response to climate change are
likely to have a significant effect on nutrient plyp

SOIL BIOLOGICAL STOCKS AND PROCESSES

The organisms (biota) that inhabit soil are diversemerous and interact in complex food
webs (Figure 5) that strongly influence soil pr@ass Any changes to soil that disrupt the
biodiversity and/or functioning of soil organismdlwave profound influences on the flow
of ecosystem services from soil natural capitabriges in temperature and moisture will
directly and indirectly affect soil organisms. Irefit effects to soil biota include changes to
soil chemistry and structure, and plant communiyposition that in turn, affect the

biota. These changes could potentially be grehtar tlirect effects. The direction and
magnitude of indirect effects are very difficultqoantify because food webs are
extremely complex and certain effects will be spsapecific. Lack of reliable information
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in this area is one of the major knowledge gapbam climate change will affects soil
natural capital and soil processes.

The Soil Food Web
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Figure 5: An example of a soil food web. Image courtesy of the United States Department of
Agriculture Natural Resources Conservation Service.

Elevated atmospheric carbon dioxide levels arekahlito have a direct effect on soil
organisms given the much greater levels and fldictas that exist in soil pores and pore
water. Indirect effects of elevated carbon dioxadesoil organisms are likely to be
mediated via changes in plant community composifwaduction and subsequent litter
guality and quantity. This section summarises ffects of climate change on three
important groups of organisms: soil invertebratathfopods, nematodes and earthworms),
bacteria and fungi.

An estimation of sector relevance is provided ibl€&® as a summary of the impacts of
climate change on soil processes, taking into clemation the interaction of carbon and
nutrient cycling. All primary production sectorsliMde affected by climate change.
However, the impacts of climate change on croppimg)intensive pastoral sectors are
expected be lower than those for the extensiveopsind forestry sectors. In particular,
both the composition and biomass of soil organiantsplant behaviour will change
across all sectors.
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Table 5: The impacts of climate change on soil processes considering the interactions between plants and soil organisms. The colours of the boxes
represent which sectors are most likely to be impacted. There is a reasonable certainty of a change occurring in some sectors but there is high
uncertainty in both the direction and magnitude of any changes.

Factors potentially affected
by climate change

Processes influenced
by factors

Probability (by sector) that change to a factor will
sufficiently affect a process to a relevant degree

Justification

Extensive

Cropping Dairy grazing

Forestry

Species diversity or richness

Plant

Organic matter
decomposition

Nutrient cycling

Greater potential for change in species diversity and less nutrient

Carbon dioxide and
methane flux

management in extensive grazing and forestry

Soil biota Organic matter Species richness can influence decomposition rates in extensive grazing
decomposition and forestry systems
. . Some nutrient pathways are narrow and there is potential for species
Nutrient cycling - o . S~
diversity to significantly influence availability
Carbon dioxide and No change likely due to probable functional redundancy - except for
methane flux importance of methanotrophic bacteria in forestry systems
Species Biomass
Plant Organic matter Changes to biomass likely in all systems. Negative changes in the
decomposition cropping and dairy sectors will be minimised by management practices
, . Any effect in the cropping and dairy sectors is likely to be overwhelmed by
Nutrient cycling . .
nutrient-management practices
Carbon dioxide and .
Likely changes across all sectors
methane flux
Soil biota Organic matter

decomposition

Nutrient cycling

Carbon dioxide and
methane flux

Species Composition

Significant responses likely in all cases due to change in rates of activity
with altered abundances
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Plant Organic matter Greater potential for species composition change in forestry than cropping
decomposition and dairy sectors and even more so in extensive grazing
Nutri . Greater potential for species composition change in extensive grazing

utrient cycling . .
and forestry due to less nutrient management in these sectors

Carbon dioxide and Greater potential for species composition change in forestry than cropping
methane flux and dairy sectors and even more so in extensive grazing

Soil biota Organic matter Important across all sectors due to influence on many soil functions
decomposition P y

Some nutrient pathways are highly influenced by species composition,
importance moderated by fertiliser use

Nutrient cycling

Carbon dioxide and

Important across all sectors due to regulation
methane flux

Plant Behaviour (changes in productivity, carbon inputs, and litter quality)

Organic matter

o Important across all sectors due to influence on many soil functions
decomposition

Nutrient cycling Less nutrient management in extensive grazing and forestry

Carbon dioxide and

Important across all sectors due to regulation
methane flux

Direction of change and the probability that change to a factor will sufficiently affect a process to a relevant degree
I Relatively high probability of change
Moderate probability of change

Low probability of change
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Little is known about how climate change will affé® soil biota that contro

carbon and nitrogen cycling processes

Soil Invertebrates

Soll invertebrates include arthropods, nematoddseanthworms. Some climate change
impacts on soil invertebrates in general are inetljdut this section focuses largely on
nematodes and earthworms. Nematodes are a fansiyaf worms that collectively are the
most abundant animals on Earth. Solil invertebredeseither feed on organic matter and
bacteria (decomposers) or live plant material (@rs)z Some groups of Nematodes in
particular are considered pests as they feed ont p&ats (primarily roots) and can decrease
plant yield. Earthworms feed on dead organic maltand are important for a healthy soil as
they mix organic matter and nutrients in the ssitteey burrow.

The largest effects on soil invertebrates from aflegt carbon dioxide levels will be the
indirect effects from changes in plant productiod &tter quality. In general, an increase in
the abundance of both decomposer and plant fesgihgvertebrates has been linked to an
increase in plant growth from elevated carbon diexAn increased abundance of plant-
feeding soil invertebrates, however, could leashtoeased consumption of plants. This effect
may limit any gains in plant yield from elevatedlman dioxide levels. Increases in
invertebrate abundance may be lower or non-exigtemiitrient-limited systems. In one study
of increased carbon dioxide levels, earthworm castsained lower concentration of
nitrogen, indicating a reduced ability to utiligeMer quality substrate for food although
population levels were not directly affectéd.

Increases in temperature with future climate chargdikely to have a range of effects on
soil invertebrates, depending on the optimal teiefjpee of individual species. Some species
may reproduce more frequently resulting in increasgopulation size. The geographic
distribution of species will also be affected. Cyas in geographic range of some species will
have little impact on productive sectors, but fthvevs (e.g. pest species) the consequences
may be negative. For instance, the distributiothefclover-root knot nematode is predicted
to increase under certain climate change scen@figare 6). This species is a pest because it
feeds on a clover causing large reductions in yoélithis important pasture component.

Direct effects of changes in soil moisture on imelrates include changes in activity
(movement, reproduction) and indirect effects amsé on plant productivity and quality.
Earthworms require a moist, well-aerated soil andation of dry land increases their
abundance. Climate change leading to increasethiiaslikely to have the same effect to
some extent. Conversely, for those areas wher&ahamreduced, earthworm abundance and
activity are likely to decline. Extreme events sashdrought will exacerbate such impacts.

Any reduction in decomposition by soil fauna agsuitt of climate change will impact not
only nutrient cycling but possibly also the healftgrazing livestock (due to increased
incidence of facial eczema — a condition causethizyobes that proliferate on plant litter).
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Figure 6: Predicted distribution of clover root knot nematode from a simulation model. A: using
1961-1990 temperature and moisture levels; B: using 2070 levels predicted using a moderate
climate change scenario. Notice that under climate change the range of the pest is much greater
in the North Island and extends to portions of the South Island.

Bacteria and fungi

The diversity of microbial communities in soil leethighest of any ecosystem. Microbial
communities play key roles in various critical eggiem processes, such as trace gas
formation, carbon cycling and sequestration, deamsition, soil nitrogen cycling, and disease
suppression. Climatic factors such as temperanatesail moisture are important controls
affecting microbial life in soil. Unfortunately, ¢hne is no straightforward answer to the
guestion of how these processes will be affectedibyate change.

The microbial composition of low-nutrient systenien changed very little in laboratory
experiments that varied carbon dioxide and tempezdévels. Systems with high-levels of
nutrients (by applying fertiliser) may to be moemnsitive to change. Results from field
experiments that varied more than one climate faadta time indicate that elevated levels of
carbon dioxide have more effect on microbial comitiesiwhen combined with changes in
temperature and moisture than alone.

Results from field experiments have varied but &a&t abundance may increase with
increased temperature in the presence of elevarbdmc dioxide. Consequently, a climate-
change scenario with increased temperatures, calib&itde and rainfall may cause a shift in
the overall microbial community towards a bactdyidbminated system. However, other
studies considering a single factor (such elevesebon dioxide levels) have suggested an
increase in fungi. The results are likely to beeatetent upon the specific land use (and
possibly nutrient availability within that land Qs& the community under study.

Soil type also affects the structure, diversity eamage of most soil microbial communities,
largely because of differences in soil acidity. Hwer, adjustment of soil acidity is already
common practice in many agricultural sectors sk léffect is expected as a result of climate
change.

Here we focus on how climate change will affect tve@terial communities of major
importance to primary sector productivity. Rhizobra important for nitrogen fixation in
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ryegrass/clover pasture systems. Ammonia-oxidibaxgeria convert ammonium (NH ions
into nitrate (NQ) ions that are a key source of nitrogen nutritibime importance of different
groups of fungi on soil ecosystem processes isedamined.

Rhizobia

White clover takes nitrogen from the air and fikda the soil through a symbiotic
relationship withRhizobiumspecies of bacteria. New Zealand'’s pastoral aljui@isector is
highly dependent on this process. There is streidpace that increases in atmospheric
carbon dioxide will lead to increases in biologindfogen fixation under non-limiting soil
nutrient conditions. Results from one study showadRhizobiumspecies exhibited
increased nitrogen fixation under elevated carbioride conditions, but only when
phosphorus was added to the system. In contrastiueed proportion of atmospheric
nitrogen was fixed under elevated carbon dioxiddi@ns in the NZFACE experimeHf..
The reasons for these different results are nowvknaut there is evidence that sug}gests that
phosphorus may be as limiting to plant productismi&rogen at the NZFACE sité. Effects
are likely to depend on the specific species ofdr&cinvolved as some species are more
efficient at fixing nitrogen than others.

Ammonia-oxidising bacteria

Ammonia-oxidising bacteria convert ammonium ione initrate ions. This process is the rate
limiting step of nitrification so Ammonia-oxidisingacteria have a central role in global
nitrogen cycling.

In a field study monitoring high levels of carbaoxdde (emitted from vents), a change in the
composition of the ammonia-oxidising bacteria comityuresulted in a decrease in soil-
nitrification potentiaf?®. However, it was suggested that this effect wastdtindirect
changes in the input of soil carbon from plantas®ugain illustrates the large impact indirect
effects can have on the biotic community and saitpsses

One study found that plant species compositionahlagiger effect on ammonia-oxidising
bacteria richness than soil warming, but a clelaticmship between ammonia-oxidising
bacteria richness and potential nitrification contrd be found®®. Another study manipulated
multiple climate-change factors. The abundancenahania-oxidising bacteria decreased
with elevated carbon dioxide levels, but the desge@as most pronounced when rainfall was
increased. Increases in nitrification were assediatith shifts in the composition of the
ammonia-oxidising bacteria community but not chanigeabundancgé®.

Fungal communities

Soil fungal communities can be divided into thregonfunctional groups based on their
source of carbon: mycorrhizal fungi, saprotrophiedi, and pathogenic fungi. It is important
to note that productive forests in New Zealand heavelatively low fungal diversity
compared to forests overseas. This low diversitiuis to the non-native origin of the most
widely gown forest species radiata pine and Doufjtaend their limited capability to utilise
native fungi. This could potentially make the Neealand forestry sector more vulnerable to
changes in fungal communities as a result of ckncatange than might be inferred from
studies of these trees in their native Northern Idphere ranges.

Mycorrhizal fungi

Mycorrhizal fungi are a symbiotic relationship beem plants and fungi. Fungi acquire
carbon from the plant while the plant acquiresieats from the fungi. Most plant species
used in agricultural and horticultural applicatiorly on mycorrhizal fungi. Mycorrhizal
fungi can represent 5 — 50% of soil microbial bissyassociated with some crops. Up to
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100% of a plant’'s phosphorus uptake may be obtaimedigh mycorrhizal hyphae.
Mycorrhizal fungi are also very important in thedstry sector with radiata pine and
Douglas-fir both highly dependent on specific ecyoarrhiza for successful establishment
after planting.

Under elevated carbon dioxide, increased mycorrhinenass has been a common but not
universal finding. Increased mycorrhizal biomass eahance the ability of the plants to
obtain nutrients which may be an advantage if antriimitation occurs.

Increased temperature can increase mycorrhizabftaigindance and root infection, but
response to temperature is species specific. Slynitzeir ability to acclimate to higher
temperatures also differs. Mycorrhizal fungi teadrtake plants more resistant to drought
(though the mechanism for this is not known), lg4ia this varies by species.

Changes in mycorrhizal abundance may also affeélctadoon levels. In the short term, an
increased biomass may result in net soil carbasiddsHowever, models suggest that longer-
term accumulation of recalcitrant compounds derivech mycorrhizal fungi may result in

net carbon gaiff”.

Saprotrophic fungi

Saprotrophic fungi are important because they dpose complex sources of carbon and can
have very high species diversity. Soil with a hig¥el of fungal biomass generally leaches
less nitrogen and emits less nitrous oxide thamgyawil. In addition to recycling of soil
nutrients, saprotrophic fungi may play a role ipession of pathogenic fungi.

Saprotrophic fungi typically occur in microhabitatgh extremely high levels of carbon
dioxide so they are unlikely to be directly affettey elevated carbon dioxide levels. There
are few studies of fungal responses to soil mastilmought at least one study found that soil
fungi are more responsive to increased soil madtuan soil bacteria, resulting in increased
biomass and greatly increased relative dominanéengfi with increased soil moistul&’.

The response to increased temperatures (as wialieaactions between carbon dioxide,
temperature and rainfall) is also unknown as tieli¢tle evidence to suggest how changing
climate conditions in New Zealand will affect théaagi.

Pathogenic fungi

Fungi and fungi-like organisms (e.&hytophthoraspecies) are very common causes of plant
disease, resulting in a significant cost to thenpriy productive sector in New Zealand. There
are predictions that global climate change willtcitwite not just to the spread and effects of
existing disease, but also to the rate of emergehnew diseases. The recent example of a
fungal disease (Psa) in kiwi fruit highlights th@rnerability of some sectors of New
Zealand’s agricultural economy. Some data inditaéelevated carbon dioxide levels and
increased temperatures can positively enhance maistance to fungal infection, but there
are few data available on individual pathogenicgseand no proposed mechanism for how
this occurs.
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Impact on land management
How will land management be impacted by climatenge&

The primary focus of this report is to present @ienchange impacts on soil processes,
natural capital and regulating services. Howe\vas, appropriate to provide a comment on
potential changes to land management practicesstare water or nutrients do not become
limiting, and pests or diseases do not increased lbmanagement and land use will change
according to the risks and opportunities presetddand owners and stakeholders. This
adaptation is likely to have a greater impact dhrsdural capital than any climate change
impacts.

Brinkman, and Sombrodk’ state that “in most cases, changes in soil byctireman action,
on-site or off-site (whether intentional or unindex), are far greater than the direct climate-
induced effects”. Therefore, management measurggroel to optimise the sustained
productive capacity of soil would be generally adstg to counteract any degradation of
agricultural land by climate change. Soil in undeped areas or other land with a low
intensity of management is less readily protectgdrest the effects of climate change.
However, such soil is threatened less by climassmgk than by human actions, such as
excessive nutrient extraction under very low-inggticulture.

The main effect of climate change on agriculturad forestry systems is an increase in net

primary production of plants. The most likely angpiortant limitations to increased net

primary production are:

* Progressive nitrogen limitation, where nitrogemirtegumes cannot meet nitrogen
shortfalls.

* Increased risk of storm events, droughts, and fdires, pests and diseases.

* Increased temperatures affecting animals in graystms.

Adaptation options for New Zealand’s land basedosediave been described by Clark et al.

[l Land owners will adapt to these limitations thgbichanges to land management and land

use. Such changes may include, but are not restriot

» Greater nitrogen fertiliser use and/or increasgdnee use, where progressive nitrogen
limitation affects pasture, crop and forestry prciean.

« Increased irrigation for crop and pasture produciiothe dry eastern regions of New
Zealand and possibly northern regions.

There will also be sector-specific land managenadaptations:

» Pastoralmay include the development of feed strategiesdet shortfalls due to
increased frequency of summer drought, increasedisig rates to utilise extra pasture
production and increased steps to minimise adwedfsets of hot days on animal
performance.

e Forestryafforestation may increase in erosion-prone stdépountry. Increased use of
herbicides to control nitrogen-fixing shrub-weesisch as gorse and broom.

* CroppingLand management and land-use changes may inatddeed tillage to
conserve soil moisture, modifying crop speciesenagype selection, crop rotation in
response to the changing climate, and developniarévw overseas markets.

Possible changes to policy or regulation, sucteasictions on use of nitrogen fertiliser or
water, have not been factored into any of theseaggament responses.
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New technologies to maintain and enhance prodigtiauld improve soil natural capital.
For example, exploring future targets for efficiese of nutrients will become an important
consideration for New Zealand’s land based secasrspore nitrogen will be needed to
capture potential benefits from increased levelsanbon dioxide. On the other hand, there
may be trade-offs with future adaptations resultmgeduced natural capital. An example of
this is the potential for expansion of irrigationto soil that is susceptible to sediment loss,
erosion and compaction. This could be triggeredigation enables sloping paddocks to be
more intensively grazed.

“Changes in land management are likely to haveeatgr impact on soil

natural capital than changes in climate”
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Recommendations for future research

What are the recommendations for future researamgure the prosperity of soil services in
New Zealand’s primary land based productive sectmider a changing climate?

Based on this review and the identification of kifexige gaps, future research in the
following areas is recommended:

Soil natural capital and processes

1.

2.

3.

Improve the understanding of soil biota and how tlespond to climate variables in
order to obtain improved projections on carbon mitrdgen cycling processes.

Develop more reliable national models to proje@ndes in soil natural capital spatially
across New Zealand, including soil carbon stocksdiytype.

Improve the understanding of soil carbon stockstantbver rates of active (labile)
carbon and protected carbon and how interactiomsitoients (nitrogen and phosphorus)
and plant/microbial communities affect these pools.

Improve the understanding of interactions betweereiased carbon dioxide, increased
temperature and changes in rainfall on soil praeesas the farm system scale.

Improve the understanding of how spatial variapiit a local scale (e.g. paddock urine
patch dynamics on pasture; distribution of nitrogesoil) influences nitrogen supply
and losses under a changing climate.

Improve prediction of droughts and drought-breaking and their impacts on nitrogen
cycling under different land-use sectors acrosmge of regions.

Improve and understand the impact of climate chamgeitrogen-fixing plants and their
ability to increase soil nitrogen for plant growtbg¢using on species (e.g. mixed sward
pastures, legumes) that New Zealand’s economyglgyhreliant on.

Improve the understanding of climate change effentsoil biota and inclusion of biotic
controls of carbon and nutrient cycling in models.

Incorporate relationships between nutrients (egjoechiometric approach that quantifies
limits of multiple nutrients (carbon, nitrogen, @pdorus and calcium) on soil biota and
functioning) into climate change models. Limitatioihmore than one resource is a key
factor limiting adaption to land use and climatarmte.

Soil ecosystem services
10. Continue to develop soil indicators that can belusemeasure ecosystem services to

improve the projection of climate change impactsoihservices.

Land management
11. Establish base-line levels of soil natural capehllow for an assessment of land

management responses to climate change.
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