Manatd Ahu Matua

Ministry for Primary Industries ;ﬁg

Review of the impacts of climate
change on soil processes and the
consequences for ecosystem services
- Appendices

MPI Technical Paper No: 2018/41

Prepared for the Ministry for Primary Industries
by Soil and Land Use Alliance (SLUA)

ISBN No: 978-1-77665-921-0 (online)
ISSN No:

June 2013

New Zealand Government



Disclaimer

The information in this publication is for consultation only; it is not government policy. While
every effort has been made to ensure the information in this publication is accurate, the
Ministry for Primary Industries does not accept any responsibility or liability for error of fact,
omission, interpretation or opinion that may be present, nor for the consequences of any
decisions based on this information. Any view or opinion expressed does not necessarily
represent the view of the Ministry for Primary Industries.

Requests for further copies should be directed to:

Publications Logistics Officer
Ministry for Primary Industries
PO Box 2526

WELLINGTON 6140

Email: brand@mpi.govt.nz
Telephone: 0800 00 83 33
Facsimile: 04-894 0300

This publication is also available on the Ministry for Primary Industries website at
http://www.mpi.govt.nz/news-resources/publicatioagxa

© Crown Copyright - Ministry for Primary Industries

Enquiries to:

Bryan Stevenson: StevensonB@landcareresearch.co.nz

Loretta Garrett: Loretta.garrett@scionresearch.com

Tony van der Weerden: tony.vanderweerden@agresearch.co.nz

Report reference:
SLUA (2013). Review of the impacts of climate change on soil processes and the
consequences for ecosystem services — Appendices. Report prepared for MPI, June 2013.

Authors:

B Stevensof) L Garretf, T van der WeerdénM Bearé, P Beet§ N Bell!, S Bowatté, B
Clothief, D Curtirf, C de Kleirt, M Davis’, | Dickie?, M Dodd', E Dominatl, R Gentilé, C
Hedley, M Kirschbaum, B Mullar®, M O’Callaghat, K Orwin®, R Parfitf, M Shepher S
SmailP, S Thoma% S Wakelir.

'AgResearch’Landcare ResearcfScion,*Plant & Food °NIWA



Contents Page
Appendix 1 — Technical review 3
1 Introduction 3
2 Climate change projections for New Zealand 4
2.1 Key messages 4
2.2 Introduction 5
2.3 Changes in carbon dioxide concentrations, temperaiod precipitation 6
2.4 Changes in extremes 11
2.5 References 14
3 Impacts of climate change on soil natural capital ad soil services 16
3.1 Key messages 16
3.2 Introduction 20
3.3 Natural capital, ecological infrastructure, ands&bem services 20
3.4 Will climate change have relevant impacts on shigical natural capital and

processes? 22
3.5 Will climate change have relevant impacts on sodroistry? 32
3.6 Will climate change have relevant impacts on smtib communities? 34
3.7 Will climate change have relevant impacts on stahpmicrobe systems and

feedback effects on soil services? 52
3.8 References 60
4 Impacts of climate change on soil carbon cycling 71
4.1 Key messages 71
4.2 Introduction 73
4.3 What are the impacts of climate change on the sugfptarbon to the soil (from

plant production)? 74
4.4 What are the impacts of climate change on the dposition rate of soil carbon

(plant litter and soil organic matter decomposition 78
4.5 What are the impacts of climate change on soilaasdtabilisation and loss

processes as they affect the soil’'s carbon staragacity? 83
4.6 What are the impacts of climate change on soilaagiocks under current and

future farm and forestry systems? 88

Ministry for Primary Industries

Review of climate change impacts on soil — Appendices ¢ 1



4.7 References 92

5 Impacts of climate change on soil nitrogen cycling 99
5.1 Key messages 99
5.2 Introduction 102

5.3 What are the impacts of climate change on nitragpuats and soil biological
nitrogen processes? 103

5.4 What are the impacts of climate change on nitrdgsses from the pastoral,
cropping and forestry sectors? 107

5.5 What are the potential consequences for produgtitimin the pastoral, cropping
and forestry industries? 110

5.6 What are the impacts of climate change on futureagament of farm and

forestry systems, and likely adaptations, includengjliser management? 116
5.7 References 119
6 Knowledge gaps 124
Appendix 2 — Workshop participants 126
Appendix 3 — List of acronyms and abbreviations 127

2 « Review of climate change impacts on soil — Appendices Ministry for Primary Industries



Appendix 1 - Technical review

1 Introduction

This technical review supports the discussions@ain body of the report. It is a source
of more detailed discussion (and references), aasldistilled down for the main body of
the report. The sections contained within the texaimeview covered the three topics
within the SLMACC (Sustainable Land Management @hchate Change) Climate
Change Effects on Soils theme (soil carbon, solises and soil nitrogen), and represent a
compilation of the findings of these three groufise evidence for the climate change
projections for New Zealand is also presented imtdchnical review. The individual
reviews were undertaken using available literatur@ combined with current best
knowledge from national experts. The national etgoeere brought together at a
workshop in February 2013 to investigate and dethet@vidence in order to be more
certain of the outcomes of climate change on soils.

When interpreting the effects of climate changeoihcarbon, soil services and soil
nitrogen, it is important to factor in the experimed approach (type and design).
Experiments to inform climate change effects haaenbundertaken at a range of scales
from small pot experiments to large plot scale eeCO, Enrichment (FACE)
experimental installations and include one or m@mables in the experimental design.

FACE experiments (the nearest to a fully integratgstem) are relatively few globally;
even then, responses are likely to be site speoifice experimental conditions.
Experiments also tend to look at the effects ajdancreases in CQvhereas, in reality,
systems are already responding to gradual elewai@Q rather than having to adapt
rapidly to a large change in elevated G@CQ) There is a paucity of studies that have
looked at the combined effects of increases in £81 temperature and changes in
precipitation.

A large proportion of the literature focused onunak ecosystems and/or where external
inputs such as nitrogen (N) via ‘deposition’ aratigely small. Whilst this will be
relevant for low input systems, results require s@xtrapolation to more intensive
systems where fertiliser inputs tend to be largefurther complication in interpreting the
larger scale effects from experiments is that thay indicate an effect at the plant or
micro-plot scale but the larger scale responsedpeldfarm) might be modified by other
system responses.

With these experimental limitations at play, we éasviewed the available literature and
incorporated the views of national experts to pteva discussion on the effects of climate
change on soil processes and the consequenced enagystem services within New
Zealand.
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2 Climate change projections for New Zealand
Brett Mullant

NIWA?

2.1 KEY MESSAGES

Future changes in the climate are not known withag®y. Projected changes in climate
depend on the assumptions made about the impgceehhouse gases. It is important to
examine different scenarios for their likely impaon soil processes. Table 2.1
summarises the range of projected changes by mmitligeand end-of-century.

Table 2.1: 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 11102.6 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% -5t0-20% High
Spring N.s.,
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.Is. 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.ls. 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

In terms of confidence in the projections, therkigh confidence in the temperature
increase, the changes in temperature extremes (mbkays, fewer frosts) and the
increase in heavy rainfall. There is high confidencthe pattern of winter/spring rainfall
change, and but only moderate confidence in thexenfautumn pattern. Other changes in
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extremes (drought, strong winds) have moderateademée in the direction of change but
low confidence in the magnitude of change.

2.2 INTRODUCTION

There is a wide range of scenarios describing t@world may develop in terms of
social, economic and technological change oveRiffeentury (Meinshausen et al.,
2009), and a large number of climate model propestiof future climate change (Meehl et
al., 2007). NIWA has produced various analysessamadmaries of future projections for
New Zealand (MfE, 2008; Mullan et al., 2011; Clatkal., 2011). These ‘what if’
scenarios and projections are used because wetqamealact what socio-economic choices
the world will make, and thus what future greenteogas emissions will be or the
subsequent details of climate change. For the gerpbthis study, two scenarios were
selected that represent likely extremes of futunessions and global climate changes: (1)
a high carbon world, and (2) a rapidly decarbogisuorld. These scenarios were
developed for an international conference organigeitie New Zealand Climate Change
Centre in 2009, and are described in Reisingel €@10). By the end of the century,
global average temperatures would be about 4°Ceaprarindustrial under the high
carbon world scenario, whereas the temperatureaserwould be limited to about 2°C
under the rapidly decarbonising world scenario.

A brief description of the scenarios is providetblag with full technical details in
Reisinger et al. (2010). The New Zealand climatenge patterns are derived by
statistically downscaling 12 global climate mod@&<CMs), the results of which were
discussed in the IPCC Fourth Assessment ReporfQJRC07). These 12 models were
selected because their™2€entury simulations validated well against currgithate in the
New Zealand and Southwest Pacific region (MfE, 20@8llan and Dean, 2009). This
present study emphasises the likely range betweeaxtreme scenarios of the high
carbon and rapidly decarbonising worlds, with dipalar focus on the 12-model average.
Ensemble averages are commonly used in seasonatme as being more reliable than
individual models (Johnson and Bowler, 2009), amdleh averages tend to validate better
on historical climate than any individual model (IMa and Dean, 2009). In the Reisinger
et al. (2010) study, downscaled climate changeg walculated on NIWA'’s Virtual
Climate Station (VCS) 5-km grid over New Zealandi{et al., 2006). The climate
scenarios were expressed as changes between jlea20drrent climate period 1980-
1999 and the future 20-year periods of 2030-204PD2880-2099. This 20-year averaging
removes much, but not all, of the natural varitpiis represented in the models. The same
time periods and terminology are retained herehisrreport. Therefore, it is important to
note that a reference to a “2049 change”, for exaympeans the change between 1980-
1999 and 2030-2049.

The following section first describes projectedrdies in 12-model averages of
temperature and precipitation, then discussesylidighnges in extremes. Potentially, the
biggest impact of future climate change will ocauth extreme events such as heavy
rainfall and flooding, droughts, strong winds amghhtemperatures. However, extremes
were not analysed explicitly for the high carbou aapidly decarbonising scenarios, so
this discussion is necessarily more qualitative.
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2.3 CHANGES IN CARBON DIOXIDE CONCENTRATIONS, TEMPERATURE AND
PRECIPITATION

Carbon dioxide concentrations under the two scenarios

The high carbon world scenario is based on the SRE&mission scenario (IPCC, 2000),
with associated climate changes over the 21st petitat are about eight times larger and
faster than those observed already over the 20tiuige(in terms of global average
temperature change). This scenario representshéytirgctured world with no concerted
efforts to reduce greenhouse gas emissions, heteeogs socio-economic and
technological development in different parts of Waald, large rates of climate change,
warming of almost 4°C above pre-industrial levalsd severe impacts resulting in many
regions of the world (Reisinger et al., 2010).

The rapidly decarbonising world scenario is basethe SRES B1 emissions up until mid-
century, followed by concerted global action touesl greenhouse gas emissions and to
limit greenhouse gas and aerosol concentratioabaat 450 ppm C&equivalent. This
results in a stabilisation of global temperaturgshe end of the century at about 2°C
above pre-industrial levels (but note that seatlese does not stabilise over this time-
frame).

Figure 2.1 shows the evolution during thé' 2&ntury of atmospheric G@oncentration
under theRepresentative Concentration Pathways (RCPs) deselior the IPCC Fifth
Assessment (Meinshausen et al., 2011). Thec@®@entrations used in this report are
indicated by the diamonds in Fig. 2.1; the mid and of century concentrations for the
high carbon and rapidly decarbonising scenariagéisonably well intthe overall range
of the newer RCP scenarios (NIWA has yet to ass€3dd results derived from these Fifth
Assessment scenarios). The divergence ip €@@centration between the scenarios is
pronounced by century end, but is only modestantid-century point.

1000 w ; w w

900 RCP 8.5 < = High Carbon

800

RCP 2.6 ¢ = Low Carbon

700

600

500

CO2 Concentration (ppm)

400

300 - Il 1 1 Il | 1 1 | 1 g
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Fig. 2.1: Trajectories of atmospheric CO; concentration from 2000 to 2100 under the four RCP
scenarios, compared to a modification of the SRES scenarios as used in this report. Diamonds mark
the mid and end of century concentrations for the high carbon (red) and rapidly decarbonising (or ‘low
carbon’; blue) SRES scenarios of Reisinger et al. (2010).
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Model-average changes in temperature and precipitation under the two scenarios

Maps of temperature changes projected for New Adalader the two emissions

scenarios are presented in Figure 2.2. The sgaadients in temperature change are
weak, which is partly a consequence of smoothiagighimplicit in the statistical
downscaling algorithm. The 12-model average dispightly greater warming in the

north of New Zealand than in the south. Only theuah changes are presented here, since
there is little variation seasonally in the progettemperature changes. For example, in the
North Island, the annual temperature increase &t of the century under the high
carbon world is more than 2.5°C, but the seasaiffakential is only about 0.3°C (with
summers warming slightly more than winters).
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Figure 2.2. Prolected New Zealand annual temperature change (in °C) from 1980-1999 to 2030-2049
and to 2080-2099 for the rapidly decarbonising world (upper panels), and for the high carbon world
(lower panels), as averaged over the downscaled patterns from 12 global models (from Reisinger et
al., 2010).

Figures 2.3 and 2.4 show the 12-model averagerpatté projected precipitation change
at 2030-2049 and 2080-2099 for the two scenariesaBse of substantial seasonal
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differences in precipitation changes, maps are sHowboth summer and winter. In
general, autumn changes are similar to those inmernrand spring similar to winter.
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Figure 2.3: Projected New Zealand seasonal precipitation change (in %) from 1980-1999 to 2030-2049

(upper panels), and to 2080-2099 (lower panels), for the rapidly decarbonising world as averaged over

the downscaled patterns from 12 global models. Summer and winter seasons are shown.
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Figure 2.4: As for Figure 2.3, but for the high carbon scenario.

Winter changes have a consistent pattern of inesei@sthe west of both islands, and
decreases in the east of both islands and in titk abthe North Island. The amplitude of
this pattern increases with time and with the mtagle of global warming. This strong
west-east gradient in precipitation change is drivg the increase in southern hemisphere
westerly winds, which is a very consistent featgess virtually all global climate

models.

Summer precipitation changes are generally smiéar those of winter, and lie within
5% over almost the whole country for both periotithe rapidly decarbonising scenatrio,
and for the first 50 years of the high carbon woflde pattern of summer rainfall change
in the North Island, however, is noticeably difigréom winter: a decrease is projected
for the southwest and an increase in the eadteii2-model average. This pattern
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becomes more marked under the high carbon worttddend of the century (Fig. 2.4,
lower left panel) with up to 10% less summer rdinfaTaranaki, Wanganui and
Manawatu, and increases of 10% or more in parkéagike’s Bay and Gisborne by 2080-
2099. These summer changes in the North Islantharepposite of those in winter, but
smaller, so the winter pattern will dominate thewad average.

Inter-model variations and natural decadal variability

Figures 2.2-4 illustrate future changes as averaged12 models. The potential range of
projected changes is obviously larger if individoaldels are considered. Figure 2.5 gives
an example for projected rainfall changes by tree@rthe century under the low and high
carbon scenarios. The summer distributions are quide, but the averages lie close to
zero. Conversely, the winter distributions are o, significantly positive, and greater
for the high carbon scenario.

602080—2099 Precipitation: W&S South Island

50.
40.
30.
20.
10.
0.
-10.

-20. :

-30. ‘ ! o+ !
Summer Winter Summer Winter

Figure 2.5: Box and whisker plots showing the distribution of precipitation changes across 12 GCMs,

as projected for the west and south of the South Island (blue region in Fig. 2.5): rapidly decarbonising
(blue plots) and high carbon (red plots) scenarios.

Low Carbon High Carbon
Scenario Scénario

Change (%)
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Figure 2.6 helps to place the projections of rdirtfaange in the context of natural decadal
variability. A climatic phenomenon known as theehatecadal Pacific Oscillation (IPO)
has noticeable effects on long-term climate varatiin New Zealand and other places in
the Pacific. The positive phase of the IPO is assed with more frequent El Nifio events
in the Pacific and a weather regime of more freguassterly winds over New Zealand —
leading to increased rain in the west and reduaedall in the east (Fig. 2.6). The
negative IPO phase is associated with more fredLeeiifia events, weaker westerlies
over New Zealand, and the opposite rainfall pattern

The positive phase IPO has the same pattern adittete change signal, i.e., wetter in the
west and drier in the east. The amplitude of tl@-iRinfall pattern is similar to that at
mid-century under either GQcenario. Adding the IPO signal to the climatenggasignal
could therefore double or negate the intensityefrainfall anomaly pattern at mid-
century. Although the IPO phase appears fairlyiptnst over a decade or two, the
mechanism is not fully understood and we cannalipt¢he phase at mid-century.
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Figure 2.6: Precipitation change (%) between the negative and positive phase of the Interdecadal
Pacific Oscillation. Changes are shown for the six seasonal outlook regions used by NIWA, and
represent the average changes for 21-year periods before and after 1977.

2.4 CHANGES IN EXTREMES

Temperature extremes

Fewer frosts and increases in high maximum temypegsiare probably the most robust
findings from analyses of climate change simulai(g., Kharin et al., 2007). Indicative
results for New Zealand can be found in the refezdr2008 MfE publication. Many parts
of lowland New Zealand are likely to become virtyélost-free during the Zicentury.
New Zealand does not experience the extreme higpeetures found in Australia, for
example, so most NIWA analyses have focussed aaked ‘hot days’, defined as
exceeding 25°C. Under the high carbon scenarioyrwamations that now have fewer than
30 ‘hot days’ per year could experience a 3 orld-iiacrease by the end of the century.

Precipitation extremes

Increases in the frequency and magnitude of heanyjall are also a widespread finding of
climate models. The potential low level moisturatemt of the atmosphere rises at about
7-8% for each 1°C increase (MfE, 2008; Allan & Sod2008). Current guidance for New
Zealand (MfE, 2008) suggests that under a locamireg of about 2°C, extreme rainfall
could occur approximately twice as often (e.g.,&8dr extreme that currently has a 100-
year return period could recur every 50 years) f@gu7 maps the current 24-hour rainfall
accumulations associated with a 100-year returiogewith the exception of central
Otago, 100-year daily rainfall extremes are attlé89mm, and increase to more than
500mm in Westland, Fiordland, and isolated pocketee North Island. At Christchurch
Airport, for example, the current 24-hour 100-yegireme is about 136 m. Under 2°C
warming (the high carbon scenario by century etiil§,amount of rainfall could occur
every 50 years and the 100-year extreme increab&fAonm (MfE, 2008). Increasing
flood peaks resulting from increased precipitagatremes will interact with rising sea
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levels and could create particular challenges dones coastal settlements or low-lying
areas.

100-year Average Recurrence
Interval (ARI) 24-hour
Rainfall Total'

—NIWA_—

Taihoro Nukurangi

0 50 100 200 A
Kilometres N

1Based on the High Intensity Rainfall Design
System (HIRDS v3) model

Copyright: NIWA 2011 ©
Projection: New Zealand Map Grid

Figure 2.7: Calculated 24-hour extreme rainfall depths with a return period of 100 years under the
current climate. (From Basher et al., 2012.)

Drought

Drought magnitude and frequency are expected tease in a warmer climate as
evapotranspiration increases, unless this incisasempensated by a simultaneous
increase in precipitation. Mullan et al. (2005) clmded from a study of two IPCC Third
Assessment models that the current 1-in-20 yeamnpiat evapotranspiration (PET) deficit
(defined as a ‘droughtgould occur at least twice as often in easterrspErNew Zealand
(parts of Northland, Bay of Plenty, Wairarapa, NMdarbugh, Canterbury and Otago) under
a warming of about 2°C. Figure 2.8 is taken fromae recent NIWA study of drought
trends under climate change, and finds a similéepa(although with large uncertainty
depending on the model used and the methodolof@®mscaling and
evapotranspiration calculation).
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Figure: 2.8: Projected increase in % of year in drought for the SRES A2 emission scenario (from Clark
et al., 2011). Changes are shown for the 50th percentile across 19 climate models, for the period 2030-
2050 (left) and 2070-2090 (right), relative to 1980-1999 levels.

Extreme winds

Some international studies have suggested an seradhe frequency of strong winds
under global warming (e.g., Rockel and Woth, 2004d},the change is very dependent on
geographic location. The MfE (2008) climate chaggelance manual suggested that up to
a 10% increase in the strongest winds (top 1-pétegrs possible by 2090 under the
stronger SRES emission scenarios.

A recent New Zealand study (Mullan et al., 201Bsents a more complex picture: it
suggests extreme wind speeds at the large-saalegkcluding thunderstorms and frontal
systems) might increase only a few percent by titkod the century under the middle-of-
the-road SRES A1B emission scenario. However, ¢éasanal distribution was likely to
change, with an increase in the frequency (bunheogssarily extreme magnitude) of
extreme winds in almost all regions in winter, Butecrease in summer in the Wellington
region and the South Island.

Figure 2.9 (left-hand panel) gives an example ftbemMullan et al. (2011) study, showing
a decrease in pressure (i.e., deeper and more@tews) over and south of the South
Island in the winter season. The result was derbyettacking cyclone centres from daily
pressure data, available from five GCMs fol"2td 2% century periods. Figure 2.9
(right-hand panel) shows a separate result fromesstody pertaining to extreme winds at
the thunderstorm scale. The figure shows a mapariges in extreme daily values of the
modified K Index (calculated from the vertical gtefin temperature and humidity), which
weather forecasters find useful for predictingltkelihood of severe convection and
thunderstorm activity. The 8%ercentile in this convective index increases ywvhere in
the New Zealand domain (as calculated from NIWA&gi®nal Climate Model (RCM)
under a SRES A2 scenario), suggesting a futuredscgle environment more conducive
to thunderstorm activity. However, the RCM doesnmuot at a high enough resolution to
simulate such extreme events directly, so no gtaivie projections of extreme winds at
the small scale can be made at this time.
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Figure 2.9: Change (hPa) in mean winter cyclone central pressure, averaged over 5 GCMs (left), and
percentage change in the 99th percentile of the daily modified K index from NIWA's regional climate
model (right), comparing 20-year periods at the end of the 20th and 21st centuries (from Mullan et al.,
2011).
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Fire risk

A study by Pearce et al. (2005), adopting the mogsscenarios of Mullan et al. (2005),
found increases in a range of fire indices, esfigdéraeastern parts of New Zealand, that
were more marked under the higher warming scenarios

Pearce et al. (2005) used two global climate mofiets the IPCC % Assessment with
contrasting spatial patterns of climate change \wdapted, and used to modify observed
fire danger records at 52 Fire Service sites ulmermid-range and high climate change
scenarios. For both models under mid-range anddagharios, the total number of days
of very high or extreme forest fire danger increllsg more than 50% (to 20 days) at
several eastern sites in the North and South Islafite model scenarios also suggested
that fire season length could be extended in mantg @f the country.
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3 Impacts of climate change on soil natural capital and soil

services

Bryan Stevensdn Nigel Belf, Saman Bowatfe Brent Clothie?, lan Dicki€’, Estelle
Domin?;?, Maureen O’Callaghdn Kate Orwirt, Roger Parfift, Simeon Smaif| Steve
Wakeli

Y andcare ResearcfdgResearch®Plant & Food ResearcfScion

3.1 KEY MESSAGES

Table 3.1 provides a summary of the impacts of al@rchange on soil physical and biotic
natural capital (the components that make our smitlandscapes). It takes into
consideration soil processes and in particulairttezaction of C and nutrient cycling, thus
giving an estimation of sector relevance. Key mgssare outlined below.

Soil physical natural capital and chemistry

» Little direct effect of eC@on soil physical structure and chemistry is exgecbut
indirect effects will occur through changes to plaihotosynthesis and organic matter
turnover.

* Arise in atmospheric temperature will lead to warrsoil temperatures. Warmer soil
temperatures will primarily lead to increased rateshemical reactions, including
those mediated by soil biota.

* Secondary impacts of increased temperature (frasiple changes in soil C content)
include changes to soil structure and macroporosity water content and soil water
repellency, and further changes to rates of N ralisation.

* The changes to soil structure and soil water cantéhin turn affect soil aeration,
redox reactions, GHG production and nitrate leaghin

* Changes in rainfall will lead to the primary impa¢taltered soil water content
affecting reduction/oxidation (redox) reactions deaching. Dryer soil will
experience drought and induce soil water repellewtych enhances drought effects.

* Increased plant photosynthesis and greater C terrmwld potentially lead to
acidification and leaching of nutrients in unbuéférsystems where pH is not
controlled as a part of land management. Therensesevidence that this has occurred
in forests but not in pasture soils.

* Chemical reactions that occur relatively rapidhysail (leaching of ions, change of
pH, loss of silica (Si), redox reactions) will barpcularly impacted by changes in
temperature and moisture.

» Ifleaching of Si is accelerated in volcanic asissand South Island montane soils,
this may lead to increased production of allopheame Al-humus complexes, possibly
leading to increased P retention. The time scaléhis is uncertain but is probably in
the order of decades, if not centuries.

Soil biotic natural capital and relations to process and services

» Effects on soil microbial biomass are likely tofoadamental to the way soil responds
to climate change, because soil biota drive C anidamt cycling and have been
described as the eye of the needle through whictuaients must pass.

» Soil biota form a foodweb which is intricately liett with soil physical and chemical
properties, as well as with plant communities. Tbmplexity of feedbacks between
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each component and the species-specific effecte malkfficult to make general
conclusions about the direct effects of climatengjgaon soil biota.

* There is a major knowledge gap about how climassngk will indirectly change
feedbacks in plant behaviour, community structdrelants and biota, and solls.

* Pest and disease outbreaks are expected to inaedseay negate some of the
potential gains to plant production from e£O

* Uncertainty about changes in biological fikation (BNF) in the legume-rhizobial
symbiosis warrants further investigation given N&saland’s reliance on white
clover/Rhizobium symbiosis. There is strong evidetiat eCQwill lead to increases
in BNF in agricultural systems, but a reduced propo of atmospheric N was fixed
under eCQconditions in the New Zealand pasture FACE expenimit is not known,
however, if this was due to nutrient limitationtlais site.

e ltis expected that eCQuill alter the bacterial:fungal ratio and increasgrotrophic
biomass. The direction of change for the ratiafiscdlt to predict, but a decrease
would be expected to be slow nutrient cycling aswldr nutrient loss, and an increase
to cause the opposite.

* Increased mycorrhizal biomass with eCAppears to be a common (but by no means
certain) outcome. Mycorrhizal fungi can enhancaplautrient acquisition through
increased competitiveness with soil microbes, argmay be important if progressive
nutrient limitation (PNL) occurs. However, eviderstgggests that increased
mycorrhizal biomass may have both positive and tngaffects on soil C, making
their net impact difficult to judge.

* Because soil biota control C and nutrient cyclihgy should be included in climate
change models, but currently are not.

e Multiple resource limitation is a key factor lirmg adaption to climate change.
Stoichiometric calculations can help predict tHect of limited amounts of multiple
nutrients.
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Table 3.1: 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
management in extensive grazing and forestry

Carbon dioxide and
methane flux

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

Significant responses likely in all cases due to change in rates of activity
with altered abundances
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Species Composition

Plant Organic matter Greater potential for species composition change in forestry than cropping
decomposition and dairy sectors and even more so in extensive grazing
. . Greater potential for species composition change in extensive grazing
Nutrient 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 . . '
d o Important across all sectors due to influence on many soil functions
ecomposition

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 P g

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

Organic matter

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

Nutrient cycling Less nutrient management in extensive grazing and forestry

Carbon dioxide and
methane flux

Important across all sectors due to regulation

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

B Relatively high probability of change
Moderate probability of change

Low probability of change
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3.2 INTRODUCTION

Soils are continually evolving and transforminghamtanthropogenic timescales (Richter
et al., 2011) and these changes may positivelygatively affect the provision of soll
services. Climate change is expected to accelsadtehange by altering temperature and
precipitation, which are drivers of chemical andlbgical processes, and ¢@vels,

which affect plant photosynthetic efficiency (Tulweet al., 2007). Therefore climate
change will drive soil change directly by changeguilibria and the rates and frequency at
which soil processes occur, and indirectly by ieflaing the soil physical structure and
composition and stocks of plant communities anttsota.

Although there is growing knowledge of soil physizemical and microbiological
responses to climate change, the links betweerclsarige and a change in the provision of
soil services are still poorly understood becaddbecomplex interactions behind each
service. In particular, soil chemical and physetatibutes interact with soil biota to sustain
underlying biogeochemical processes such as C atnieémt cycling, which underpin soil
services. Therefore, changes in soil natural cifpiga physical, chemical and biological
soil properties or stocks) through time can eitherease or decrease the level of services
soils provide (Robinson et al., 2013). More underding of these positive or negative
shifts in soil properties and processes and thercegsion on the provision of services,
including food production and GHGs emissions framhsg(Singh et al., 2010; Bardgett et
al., 2008; Young et al., 1998), is needed so thatgry production can adapt to climate
change in the mid- to long-term.

This section focusses on the impact of climate gham soil properties and processes, and

thereby on the provision of a variety of regulatswgl services such as C and nutrient

cycling and GHG production. It is presented in fimajor parts:

3.3 Natural capital, ecological infrastructure, @edsystem services.

3.4  Will climate change have relevant impacts dhpoysical natural capital and
processes?

3.5  Will climate change have relevant impacts ahcemistry?

3.6  Will climate change have relevant impacts ahtsotic communities?

3.7  Will climate change have relevant impacts dh@ant-microbe systems and
feedback effects on soil services?

3.3 NATURAL CAPITAL, ECOLOGICAL INFRASTRUCTURE, AND ECOSYSTEM
SERVICES

Soil has an inherent value in providing servicesumans. The ecosystem services model
provides a framework for valuing soil services (fanga et al., 1997). Provisioning
services are defined as the products obtained $mhffood and fibre) while regulating
services enable humans to live in a stable, healtldyresilient environment (Table 3.2).
This report focuses on how climate change will iotpgoon soil infrastructure which is the
soil properties and processes that contribute tiaralecapital stocks (Bristow et al., 2012),
and in turn providg@rovisioning andregulating services.

Provisioning services are usually associated wothraodities in existing markets, so their
value is readily apparent. Regulating serviceofien more difficult to put a monetary
value on and are often overlooked in decision nakitowever, costs can occur if these
services are compromised. Direct costs include damsaused by floods and erosion or
loss of yield from drought or pests. Indirect castdude compensation to avoid loss of
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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 3.2: Provisioning and regulating ecosystem services provided by soil (Dominati et al.,

2010).

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 human  Soil represents the physical base on which human
infrastructure and animals. infrastructures and animals stand.

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.

Soil natural capital stocks are the physical, clvairand biological properties that make up
New Zealand’s landscapes and productive sectoreewooperties can be managed, such
as altering levels of nutrients by adding fertiliseoils are also dynamic systems with
various degradation and supporting processes aaguwontinuously. These processes
along with natural capital form the ecological astructure of soil (Figure 3.1). The
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 stocks lmaregulated by multiple soil processes
and each soil process may, in turn, contributeet@ial stocks and services (Robinson et
al., 2013).

Zhang et al. (2007) present a framework that |lthiksnon-market services from

agricultural ecosystems to receipt of regulatimyises. They also note that there are
ecosystems disservices to agriculture as a rekplst damage, competition for

pollination, and competition for water. As well reglture provides ecosystem disservices
through habitat loss, nutrient runoff, and non-¢anqgesticide impact. Their assessment
shows that the impacts of climate change need tmbsidered from the perspective of

both service and dis-service. In essence, thigidigin can be seen in Figure 3.1, where
Dominati et al. (2010) consider that climate chacge result in changes to the soil's
properties that can either enhance supporting psese or engender degradation processes
that reduce the soil’s natural capital value byidighing ecosystem services.
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Figure 3.1: Conceptual diagram of relationship between climate change drivers, soil natural
capital, soil processes and ecosystem services (adapted from Dominati et al., 2010).

The approach taken in this review focuses on thehar@sms underlying the provision of
services that will be affected by climate chandge @elivery of soil regulating services
and the vulnerability of the provisioning servideslimate change are assessed by
considering the underlying soil natural capitacksand processes.

3.4 WILL CLIMATE CHANGE HAVE RELEVANT IMPACTS ON SOIL PHYSICAL
NATURAL CAPITAL AND PROCESSES?

The physical natural capital of soils is the aremgnt of solid particles, water and air that
comprise soil structure. The mineralogy and patstte of the parent material is a major
influence on soil structure but other soil propetcan modify structure, particularly C.

The focus here will largely be on the impact ofidie change on supporting processes
(carbon, nitrogen and water cycling processessaiidiological activity) and regulating
services. The regulating services we will consltene are shown in the context of the
mechanisms of changes driven by climate change.

The results of climate change we will consider r@eechanges in air temperature and
changes in rainfall. We consider how these wileeffthe soil’'s natural capital properties
of soil temperature, soil water content, soil casbmacroporosity, biological activity, and
hydrophobicity or soil water repellency (Figure)3.Phe changes in these soil properties
have an impact on the delivery of water, gas andeni regulation services.
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Driver: Climate Change

\ ¢

Mechanisms: A(Air temperature) & A(Rainfall)

NATURAL CAPITAL @

Soil Properties: Soil temperature, Soil Carbon
Soil water content, Hydrophobicity
Biological activity, Macroporosity

ECOSYSTEM SERVICES :

Gaseous regulation, Water regulation, Nutrient regulation

Figure 3.2: The mechanisms of climate change (temperature and rainfall), and the impact such
changes will have on the soil’s delivery of the ecosystem services of water, gas and nutrient
regulation.

We will not consider the direct impact of changedels of CQon the delivery of soll
ecosystem services because we believe the chan@€3 will not greatly change the
soil’s physical properties.

The recent book by Kirkham (2011) has extensivédgbaphies and provides an up-to-
date and comprehensive review of our current kndgdeon the impacts of eGOn soil
biophysical properties and plant-water relatiortse majority of effects described in this
book come from changes in plant physiological proge rather than the direct impact of
eCQ on the soil's physical properties.

Increased air temperatures

Increased air temperatures will increase soil teatpees, which will impact on soil
biological activity and the soil's C content. Thet®nges could have significant impacts,
both within the soil and well beyond.

Soil C content & CO; regulation

In a significant paper iNature Cox et al. (2000) predicted that, with the glotse in

CO, and temperature, the altered balance betweeretietation sink and increased soil
respiration would mean the land would turn fronmigea. net C sink to a net emitter by
2050. Luke and Cox (2011) referred to this incrdasspiration of soil C and atmospheric
feedback as the potential runaway influence of emapire on soil respiration, or the
‘compost-bomb instability’. They modelled the libktween global warming, soil
temperature, soil respiration, and soil C accordintie links and feedback shown in
Figure 3.3.
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Figure 3.3: The links and feedback between global warming, soil temperature, soil respiration and soil
carbon modelled by Luke and Cox (2011).

The criterion for this instability depends on thtkmgs: the slope of the temperature
response of Gross Primary Production, thef@r soil C respiration, and surface
temperature response to a doubling in,@@ke & Cox, 2011). The g value is the

change in reaction rate following a 10°C tempemtige. For the compost-bomb to
‘explode’, they predicted the global air temperattise would need to be 10°C per century
(Figure 3.4), which is greater than current predid. Nonetheless, increased
decomposition of soil C from increased temperaisigeconcern (Figure 3.4). Although
New Zealand’s temperature increase in is projettidsk lower than global increases,
general projections are that soil C levels ardyileither to stay the same or decline (see
discussion in section 4). Any decline in soil Clhwalkso affect nutrient and water regulation
services.
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Figure 3.4: The rate of rise in global warming (°C per century) and predicted time course of changes in
the stocks of soil C (Luke & Cox, 2011)
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Nutrient regulation

The effects of soil C management, environmentaditamms and the role of soil structure
on N mineralisation in orchard soils were examibgdim et al. (2011). They showed
that warmer temperatures, combined with soils dhian saturation, will lead to greater N
mineralisation. But the dominant effect, some 53%he variability, was due to the soil’s
hot water C content (Figure 3.5). Thus, should gletarming decrease the soil's C
content, and in particular its labile, hot-watec@tent, the nutrient regulating service
provided naturally by the soil will be degraded n@ersely, if there is investment of C
through agricultural practices that increase thkss0 content, particularly its hot water C
content, there will be increased nutrient regutatio

2.0 4

15 .

Y =-0.291+ 0.001X

1.0 1

0.5 A

0.0

Net N mineralisation (mg kg-1 d-1)

-0.5

0 200 400 600 800 1000 1200 1400 1600

HWC (ugg™)

Figure 3.5: The correlation between the soil’s hot water carbon content (HWC) and N
mineralisation (Kim et al., 2008).

Water regulation services

Many studies have aimed to determine the impasbiC on the soil’s ability to store and
buffer water. Contradictory findings have been réguh but there is general agreement
that soil texture affects both soil C and soil watentent. Rawls et al. (2003) hypothesised
that the effect of soil C on water retention wod&pend on both the textural make-up of
the soil and the level of soil organic matter its€b test this they used the comprehensive
U.S. National Soil Characterization Database. hingaict of increasing soil organic C is
greatest for soils with low initial soil C. Thereedarge and positive increases at low clay
contents. This highlights the benefit of using aegjtural practices to maintain and enhance
the soil’'s C content in such soils, for it wouldpide better water regulation services.
However, increasing organic C caused negative asaimgthe soil-water buffering

capacity in soils with high clay contents. In saeilsh high organic matter contents, the
water regulation services through increasing sab@tents through soil management were
always enhanced, although of a lesser order. Emedwork of Rawls et al. (2003) could
also be used to consider what impacts the rise termperatures may have on water
regulation services by considering the changesilrCspredicted by models.

Gaseous regulation services

Using X-ray tomography, Deurer et al. (2009) showed different soil C management
practices between two neighbouring apple orchdidstad the soil's macropore (large
soil pores) structure. One orchard had 3.8 kg'€amd the other just 2.6 kg CmThe

high C soil’'s connected macroporosity was drambyicegher (Figure 3.6). This indicates
greater gaseous diffusion, which would indicats esourable conditions for nitrous

Ministry for Primary Industries Review of climate change impacts on soil - Appendices ¢ 25



oxide (N:O) production and emission. This would provide adjeial regulating service
for the atmosphere in terms of a reduction in aphesc greenhouse gases.

Top of the sample

Typical macropore
structure of the

organic orchard

Typical macropore
structure of the

integrated orchard

+ Macroporosity: 8.3%

Bottom of the sample

Figure 3.6. X-ray tomographic images of two identical soils that have undergone different C
investment strategies, resulting in a different ecological infrastructure with relation to macroporosity.
The soil on the left has 2.6 kg C m-2 and the soil on the right has 3.8 kg C m2.

The results of van der Weerden et al. (2012) confiris link between macroporosity,
diffusion, and NO emission. They found that in a New Zealand pasioil, increased
pore continuity shortened the duration of anaeibhiteading to lower emissions. Indeed
extrapolating from the regression equations foir o soils, would suggest that®
emissions from the high-C soil would be 15-35 tinosger than those in the low-C soill
(Figure 3.7).
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Figure 3.7: Relative diffusivities for the two soils with different carbon levels (C; and C,) from Figure
3.6, in relation to the nitrous oxide emissions measured by van der Weerden et al. (2012).

Thus increases in soil C, whether by global warngnggricultural practices, will alter the
soil natural capital value by increase the soila&cnoporosity. This will improve the
gaseous regulating services delivered by soil.

Soil C, macroporosity and nutrient regulation

Soil macropores are a manageable soil propertyshikely to be affected by climate
change. Macroporous networks are maintained ananeeld by sustaining soil C levels, as
described by Deurer et al. (2009). Depending ontldrehe C is exogenously applied or
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endogenously generated, these bypass networksthangrovide a service or disservice.
They can provide a valuable nutrient regulatiowviserby limiting leaching losses (Green
et al., 2010), or a disservice by enhancing théepeatial loss of nutrients via leaching
(Cichota et al., 2010).

An example of limiting leached losses was providgdsreen et al. (2010). This study
found only 8-13% of the endogenously generated &lrasult of N mineralisation in the
soil’'s matrix was wastefully leached below the sand into the vadose zone. Rain was
shown to fall through the macropores, thereby augidontact with the N mineralised
within the soil’'s matrix.

Exogenous N in the form of urine patches was shimsnhance nutrient loss by Cichota
et al. (2010). Some 45-65% of the applied N waistothe soil-plant system after being
picked up by rainfall and lost through the macresor

A rudimentary calculation was made by Clothierle{2008) suggesting that the global
value of the ecosystem services provided by macespa soil was US$304 billion per

year. Investing C into the soil therefore has aghwgue though its boost to macroporosity.
First, this investment sequesters C in the sady@nting loss to the atmosphere, and also
enhances N mineralisation, and limitgONemissions and the leaching of the endogenously
mineralised N. Nonetheless, enhanced macropordséyg generate a disservice in relation
to regulating exogenously applied nutrients.

Soil water storage, drought, and water regulation

The effects of climate change on drought, soil wdenand, soil water storage and
feedbacks to water regulation are intricantly lidk€limate change will likely bring
increased demand for irrigation created by higaeieratures and changed rainfall
patterns. The soil water regulating service co@ahanged and require greater use of
irrigation. Likewise, the way soil controls runedf surface waters and drainage recharge to
groundwaters will also be affected by climate. Heeereport some recently published
findings on the impacts on, and adaptation optfonguture horticulture in New Zealand
(Clothier et al., 2012).

The modelling framework of SPASMO (Soil Plant Atrpbsre System Model) was used
to assess irrigation needs and the impact of hditie on groundwater quantity and
quality (Clothier et al., 2012). The high carbonrldqA2) and rapidly decarbonising

world (B1) climate change scenarios in 2050 wereslus assess a wide range of impacts,
including irrigation. Modelling of future irrigatiorequirements was carried out for apples
in Central Hawke’s Bay, kiwifruit in the Bay of Ply, and grapes in Marlborough. The
irrigation requirements, now and into the futurergvcalculated for soils with different
water-holding capacities, or different bufferinggatials against drought.
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Figure 3.8: The requirement for irrigation water in 2050 for grapes growing in Marlborough on soils
with different water holding capacities. The symbols are for the median water requirement (50%

security) and the upper bar is the requirement that will meet needs 8 years out of 10 (from Clothier et
al., 2012).

The results showed little increase in water denfandentral Hawke’s Bay, but almost
double the need in the Bay of Plenty. In Marlboto(igigure 3.8), water needs were
increased, with an increase of between 20 and 5®Mimgation water per year required
to meet demands that will not be supplied via thiksswater regulating service. The study
also showed that groundwater recharge by drairfagegh the rootzones of vineyard soils
in Marlborough would be 5-8% less by 2050. In Martugh there will be future
pressures on water as a result of climate chamgeranfall and the soil's water regulating
service will not provide sufficient buffering forticultural water requirements.

Hydrophobicity — a degradation process?

Soil water repellency (SWR) is when a soil doeswett up spontaneously when water is
applied to it, and predicted decreases in raiivisgdlome areas under climate change mean
that it may become more persistent. The contadedrejween the water and the soil
surface determines the degree of hydrophobicitigigh contact angle (>90indicates
hydrophobicity. The phenomenon of SWR can be censttias a disservice (Zhang et al.
(2007)).

In New Zealand, Miiller et al. (2010b) found SWRueed infiltration rates by up to a
factor of 20 on a Waikato farm, and pasture growsis reduced between 5 and 20%.
Jeyakumar et al. (2012) reported surveys acrossislainds of New Zealand showing that
the majority of soils showed potential SWR chanasties. They also carried out
laboratory and field-scale (simulated) rainfall andoff experiments. The laboratory tests
showed large-scale runoff under SWR, but the #periments did not because surface-
vented macropores and cracks readily capturedutinafy further highlighting the service
value of macropores. Nonetheless, ‘dry patcheséwegated (see inset in Figure 3.9)
where the water first ran off, accounting for thed in pasture production measured there.
Miller et al. (2010b) calculated that this ‘dry gasyndrome’ results in a loss of about
30—-40% in pasture production.

Failure by SWR of the soil’'s water-regulating seevof infiltration leads to a loss in the
provision service of pasture growth.
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Figure 3.9: The plot shows the contact angle as a function of soil C content. When the contact angle
exceeds 90° the soil is water repellent. Inset: Dry patch syndrome, a phenomenon caused by soil
water repellency, which limits pasture growth and enhances runoff.

The phenomenon of SWR occurs when the soil sugagater content drops below a
critical soil water threshold (CWT) value. Thidilely to occur in late spring and early
summer, and not be relieved until autumn (Figui®3.During the intervening summer
period, the soil's water regulating service is @elgd because of SWR.

However, not all the specific impacts of SWR adisservice. Robinson et al. (2010) used
this concept to understand the ecosystem senige@lby SWR in pifion-juniper
woodlands. The trees induced SWR resulting in greanoff which was captured by
cracks that funnelled the water deep into themaiile. The water was protected from
surface evaporation, and was only available tgpthen and juniper trees, rather than the
understorey of the shallow-rooted herbaceous pldiis strategy might be of benefit for
the trees and vines of New Zealand’s horticultaystems.
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Figure 3.10: A hypothetical plot of the soil’s water content throughout the year, highlighting
the period when the water content drops below the Critical Water Threshold value (CWT, here
say 22%) when the soil exhibits hydrophobicity, or soil water repellency.

Muller et al. (2010a) tested whether there waslaletween SWR, eCand soil C
mineralisation at the NZFACE site in the Manawdtiiere are no other known reports on
CO; levels and SWR. No significant differences in pleesistence or degree of SWR were
found, and eC®had no effect on C mineralisation. They concluthed SWR does not
contribute to increasing the long-term terressiak in response to eGO
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Synthesis and summry of impacts of climate change on soil physical natural capital

In this subsection we have explored the impactiofate change on the ecosystem

services that flow from those physical propertiethe soil’s natural capital. Our focus is

on the soil’'s physical properties, so we have kahibur assessments to altered temperature
and rainfall patterns. These changes are summangédures 3.11 and 3.12 along with
critical feedbacks and inter-linkages.

Temperature

A rise in air temperature will lead to warmer deinperatures, primarily leading to
changes in the soil's physical properties and @®eg, notably changed rates of N
mineralisation and possible changes in the soil®@tent (Figure 3.11). Any change in
the soil’'s C content will eventually lead to chasgethe atmosphere’s G@evels which
will further impact on air temperatures (Figure3 8nd 3.4).

Changes in the soil's C content will have secondapasts on soil macroporosity, N
mineralisation and soil water content and macrogioyqFigure 3.11 and 3.12).

Moving to the next level in Figure 3.11, macropdnrowill have a tertiary impact on soil
aeration (Figure 3.6), nitrous oxide emission (FegB.7) and nitrate leaching (see Section
on Nutrient Regulation; and Robinson et al., 2013).
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Figure 3.11: The link between air temperature and its impacts on the soil’s physical properties
and the soil ecosystem services that flow from them. Solid lines indicate direct effects, and
dashed lines indicate feedback cycles.

The changed patterns of soil water content andnsaiér repellency induced by the
secondary impact of changes in soil carbon wilb @ect rainfall runoff and groundwater
recharge (Figures 3.12).

Rainfall

Changed patterns of rainfall as a result of clintdt@nge will have their primary impact on
the soil’'s water content.
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Figure 3.12: The link between rainfall and its impacts on the soil’s physical properties and the soil
ecosystem services that flow from them. Solid lines indicate direct effects, and dashed lines indicate
feedback cycles.

Altered soil water content will lead to alteredtpats of drought and changed patterns in
the ecosystem service of runoff and recharge (@&o#t al., 2012). Drought will affect the
provision service from the soil, unless irrigativater is available to offset the lack of
rainfall.

The changed patterns in drought will have a tertigpact on soil water repellency (SWR)
because the timing when the soil-water contentslbmow the CWT (Critical Water
Threshold) will change. If SWR increases, this wkhcerbate drought, hence the feedback
in Figure 3.12, as neither the occasional summes reor the drought-breaking autumnal
rains will be as effective at rewetting the soig{ires 3.9 and 3.10). As a consequence of
this ineffective wetting, the rainfall runoff andogindwater recharge from the soil will also
be affected. Note that SWR is affected by the sdil'content (Figure 3.11), and that SWR
appears as an impact in both Figure 3.11 in relabdemperature, and in Figure 3.12 due
to rainfall.

Figures 3.11 and 3.12 highlight the linkages betwteenperature and rainfall and the
hierarchy of impacts that these will have on thievdey of ecosystem services that depend
on the soil’'s physical properties. The lynchpirthis delivery is the soil’'s C content.
Adaptation and mitigation options are nonethelesdable, as soil carbon levels can be
maintained by good agricultural practices to enéiibedelivery of appropriate ecosystem
services in the face of changed air temperaturdsainfall patterns.
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3.5 WILL CLIMATE CHANGE HAVE RELEVANT IMPACTS ON SOIL
CHEMISTRY?

The interaction of solid particles (soil minerafslaorganic complexes) with soil water and
air also affects chemical reactions in the soik €ffect of climate change on soil chemical
processes is not only dependent on the directteftdaclimate change, but the indirect
effects through changes in vegetation, soil physitacture and biota. Soil chemistry is
also intricantly linked with soil management asiphbarticular is often regulated in more
intensively managed systems.

Brinkman and Sombroek (1996) state that “In mosesachanges in soils by direct human
action, on-site or off-site (whether intentionalumintended), are far greater than the direct
climate-induced effects. Soil management measwesigioed to optimize the solil's
sustained productive capacity would therefore beegaly adequate to counteract any
degradation of agricultural land by climate chari§@ls of nature areas, or other land with
a low intensity of management such as semi-natarasts used for extraction of wood

and other products, are less readily protectechagthe effects of climate change but such
soils, too, are threatened less by climate chamae by human actions — off-site, such as
pollution by acid deposition, or on-site, such asessive nutrient extraction under very
low-input agriculture”. With the effects of managemh on soil chemistry in mind, aspects
of the soil system that are likely to change witthia next century are reviewed.

The most likely changes in soil-forming factorsuléag from climate change are in
organic matter supply (an indirect effect on changethe plant community), soil
temperature regime and soil hydrology, the latesrdoise of changed rainfall events as
well as changes in potential evapotranspiratiois. dissumed that temperature will
increase, but changes in rainfall patterns arertsice

Atlhough there is evidence that large amounts of € acidify soils and increase
weathering (Stephens and Hering, 2002, 2004), thasecome from studies of volcanic
rocks near volcanic vents with very high concerdrat of CQ. The direct effecs of rising
atmospheric C@concentrations (365-6Q0 | ™) will be much less concentrated, and may
cause a slight decrease in solil pH; this is likelpe small in comparison with other causes
of pH drop.

Changes to soil hydrology resuting in redox condii can be rapid because soils can
become anaerobic when the water table is raised@aygen is depleted. A process called
ferrolysis — the cyclic transformation and diss@intof clays triggered by alternating iron
reduction and oxidation — can cause a decreaseioation exchange capacity by
aluminium interlayering in clay minerals (Brinkmai982). This effect, however, is more
related to rainfall and drainage than to tempeeatincreased temperature, however, may
lead to a reddening of presently brown soils iféased periods with high summer
temperatures coincide with dry conditions, so thatiron oxide haematite would be
formed rather than ferrihydrite and goethite. Ty lower the phosphorus (P) retention
of these soils because hematite is less reactiRe This change is unlikely to be
noticeable over a period of about 50 years, but atayr in the longer term.

Increased temperature will likely increase thegateweathering of minerals in soils, but
the clay mineral composition and the mineralogthefcoarser fractions would probably
change little over hundreds of years. Changesarstinface properties of the clay fraction
can take place faster, however. For instance, efuafiweathering of granitoid rocks
suggest that temperature (in the range of 5-35a@ Jatter natural silicate weathering
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rates. Release of potassium (K) concentrationsheagme elevated with respect to other
cations due to the rapid oxidation/dissolution iotite (White et al., 1999). In a study of
68 watersheds underlain by granitoid rock typeswsathering fluxes showed increases
with precipitation, runoff, and temperature. A mbihat gave a prediction of weathering
rates over climatic extremes indicated that fluseSi, Ca, and Mg exhibited no climatic
correlation, implying that other processes, sucibm®xchange, nutrient cycling and
variations in lithology obscured any climatic sigrnghe correlation between yearly
variations in precipitation and solute fluxes witimdividual watersheds was stronger than
the correlation between precipitation and soluigdk of watersheds with different
climatic regimes. This correlation shows the impoce of transport-induced variability in
controlling chemistry, and the importance of digtirshing between short-term and long-
term climatic trends (White & Blum 1995).

In a review on the nature of the links between Wweiang and the C cycle it was concluded
that more work was needed on the relationshipsdetweathering and erosion (Goudie
& Viles, 2012). This is important to climate changedels because of the link between
silicate weathering and @Chydrolytic weathering of silicate minerals maysame
carbonic acid and thereby remove atmospheri€ @@re rapidly with increasing
temperature (Velbel, 1993). Indeed, a critical utatety in models of the global C cycle
and climate is the combined effect of organic atgtitemperature, and atmospheric £O
on silicate weathering.

Studies of dissolution rates of anorthite and a&uigitiicate that silicate weathering in
organic-rich solutions is not directly affecteddwnil CO, but is very sensitive to
temperature. Apparently eG@ay accelerate silicate weathering indirectlyfogréasing
organic activity and the production of organic adiBrady & Carroll, 1994).

These results were generally confirmed for foregs sn the Duke Forest FACE
experiment where eC@oncentration (+200 ppmv atmospheric) showedititaeased

soil CG, accelerated the rates of soil acidification anderal weathering. An increase of
55% in atmospheric C{xoncentration over 2 years resulted in a 271%essx in soll
solution cation concentration, a 162% increasdkaliaity and a 25% increase in Si
concentration at 200-cm depth. The flux of dissdlverganic C to groundwater increased
by 33%, indicating a negative feedback to changegmospheric C&that could regulate
the global C cycle over geological time. These dgearto soil C@dynamics were most
likely the result of increased root and rhizosphespiration, as suggested by the changes
to the deltd>C of soil CQ (Andrews & Schlesinger, 2001).

The ability of the soil to sorb positively chargaatrients is largely determined by the soils
cation exchange capacity (CEC). CEC in turn, isigir determined by the C content of
the soil. Thus, any declines in soil C will negatvaffect the soil’s ability to retain any
increase in nutrients from weathering.

If leaching of Si is accelerated in volcanic asissand South Island montane soils, this
may lead to increased production of allophane ardufus complexes (Parfitt, 2009),
possibly leading to increased P retention. The soae for this to occur is uncertain. If
leaching of cations also increases, then in pastife the losses may include Ca, because
bicarbonate is a dominant ion (produced by respmah hill country) and with the charge
balanced by Ca. In New Zealand forest soils Na@nénd to be the dominant ions, but
these arise from wind-blown salts (Parfitt et 8099); the losses of other cations in forest
soils will depend on the soil parent minerals dr&rtmineralogy.
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In summary, changes to soil chemistry from clin@tange are expected to be relatively
minor in the near-term in comparison to other humapacts (such as land use change).

3.6 WILL CLIMATE CHANGE HAVE RELEVANT IMPACTS ON SOIL BIOTIC
COMMUNITIES?

The many organisms that inhabit soil are diverskiateract in complex foodwebs to
strongly influence soil processes. Perturbatiorsotbthat disrupt the biodiversity and/or
functioning of the soil biota can have profounduehces on the services humans gain
from soil. Regulating services outlined by Domirettal. (2010), in which solil biota are
involved, include nutrient recycling and retentidegradation of organic matter,

regulation of pest and disease populations, reigulaf greenhouse gas emissions, and
degradation of harmful compounds. The degree tahwthie five major changes to existing
climate (vis: eCQ, elevated air temperature, changes in precipitgigdtern and amount,
interactions of climate change factors, and extremather events) impact on soil biota are
discussed in this section.

The diversity of soil organism size from the mictoimacro-scale (Figure 3.13), along

with the diversity in biology and ecology of themganisms, mean the impacts of climate
changes vary across organism groups.
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Figure 3.13: Size of soil organisms according to body width (Swift et al., 1979), with groups included
in this review circled. On this scale microfauna are <100 um; mesofauna 100 um to 2 mm; macrofauna
2-20 mm and megafauna >20 mm.

Body size of soil fauna is useful not only as asifer but also indicates the soil habitats
they occupy. Habitats may respond differently tmate change factors, for example,
those invertebrates that occupy soil pore watecespenay be more adversely affected by
drying conditions than those that occupy soil aggtes. In general, the smaller the

34 « Review of climate change impacts on soil — Appendices Ministry for Primary Industries



organism, the less we know about them, with leas #0% of the estimated total of fungi,
bacteria, nematodes, protozoa and mites curreatigribed, compared with more than
50% of soil insects (Wall et al., 2001). Nematodppear often in the climate change
literature that deals with micro- and mesofaunactvis unsurprising given they are the
most numerous animals on earth and have a divangg rof feeding habits that makes
them amenable for use as indicators of changeslicandition (Wilson & Kakouli-

Duarte, 2009). Of the macrofauna, earthworms recaiftention because of their important
role in soil process.

Species diversity and resolution within groups addertainty to attempts to summarise
likely changes in soil biota communities under @as climate change scenarios. A further
source of uncertainty is the often conflicting fésérom studies conducted in different
countries and different soils. In most cases, theeansufficient studies conducted in
comparable situations (e.g., grazing intensitynp$pecies composition, and climatic
zone), and at similar scales, to draw definitiveatosions.

In order to make this review targeted and relevastwill largely limit this review to
agricultural systems, most particularly pastures fanests, as these systems account for a
large proportion of the area of managed landsaapeeiv Zealand, making them good
targets for any future mitigation and adaptatiotians. Previous reviews of impacts of
climate change on soil biota deal with microbese@et al., 2011) and invertebrates (Cock
et al., 2011), but many of these have a northemmdghere or non-agricultural focus.
Where data are sparse for agricultural systemsuicplar organism groups, we have
extended the review to studies in other ecosystparticularly where these have been
conducted under conditions which exist in at lsashe New Zealand agricultural
situations.

In general, elevated above-ground Q€yels are unlikely to have a direct effect orl soi
biota given the much greater levels and fluctuatithrat exist in soil pores and pore water.
Flechard et al. (2007) and Maier et al. (2010) messoil pore Colevels of >3500 ppm
at 7-10 cm depth at some times of year beneath tsyoperate European pasture
(ungrazed) and forest, respectively. Order of magel greater C©Oconcentrations were
observed at greater depths, with up to 50,000 pgrurang at 50 cm depth (Flechard et
al., 2007). Diurnal fluctuations of 100-500 ppm &afso observed (Flechard et al., 2007,
Maier et al., 2010). Soils in those studies had pHke range 6-8 (Flechard et al., 2007)
and 7-8 (Maier et al., 2010), which are higher thmamy New Zealand agricultural and
forestry soils. Despite these differences in pid likely similarly high levels of soil pore
CO; exist in New Zealand soils, so predicted abovengdarises in C@levels from the
current approximate 350 ppm to as much as 700 pprardikely to directly impact soll
biota.

Indirect effects of eC@on soil biota are likely to be mediated via chanigeplant
community composition, production and subsequétet lquality and quantity. The effects
of eCQ on these plant factors have received some resa#testtion in pastures (e.g.,
Allard et al., 2004, 2005, 2006; Izaurralde et2011; Parsons et al., 2011) and some of
the subsequent effects on soil biota have beeraleye

Soil invertabrates (macro- and mesofauna)

Soil invertebrates include arthropods, nematoddseanthworms. We discuss some
general climate change impacts on soil invertebrdtet largely focus on nematodes and
earthworms. Nematodes are a family of small woisasl. invertebrates can either feed on
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organic matter and bacteria (decomposers) or liaetpnaterial (grazers). Some groups of
nematodes in particular are grazers, and are cenesigpests because they feed on plant
parts (primarily roots) and can decrease plantlyiearthworms feed on dead organic
material and are important for a healthy soil &ytmix organic matter and nutrients in the
soil as they burrow.

In New Zealand, increased populations of fungallifeg omnivorous, and predacious
nematodes, along with enchytraeid worms and earthg,overe observed in pasture soll
subjected to eC£X700 vs 350 ppm) in controlled environment comdhig, and these were
related to increases in below ground plant progitgtacting as increased food resources
(Newton et al., 1996; Yeates et al., 1997). An@ase in predacious nematodes was also
observed and it is possible this was mediatedvimerease in their main prey, bacterial
feeding nematodes (Yeates et al., 1997), which avbal’e been responding to the
increased root exudate resource via increasedri@@bundance (Ruf et al., 2006). The
plant community composition was also affected is &xperiment with an increase in the
proportion of legumes present (Newton et al., 1986y a subsequent increase in
abundance of the obligate plant-feedMgloidogynenematodes (Yeates et al., 1997). This
finding that appears to be common in e@0Onditions (Newton et al., 1995; Ross et al.,
2004; Izaurralde et al., 2011) through a compemgai@chanism for progressive N
limitation (Newton et al., 2010), especially whe@additional nutrients are supplied.

In the grazed New Zealand pasture Free Aip E@richment (FACE) experiment based in
Bulls on Pukepuke black sand soil, soil faunal ¢gesnas a result of eG@cluded a large
increase in abundance of the obligate plant feedematodé.ongidorus elongatus
(Yeates & Newton, 2009), which feeds loolium perennes its preferred host (Boag &
Geoghegan, 1984). The effect was observed botlaatl® years after the eg@eatment
(475 ppm), suggesting this is a permanent shébimndance in comparison to ambient
CO, conditions. There was no concomitant change ild ypeLolium perenngbut it is
possible that reducdd perennaoot biomass due to increased feeding by larger
populations of the nematode (Yeates & Newton 2@08yided a negative feedback to
plant yield under eC9O

Fungal feeding and omnivorous nematodes also showmrsgistent population changes
between CQ@treatments over time in the FACE experiment (Ye&dewton 2009).
Neither enchytraeid worms (Yeates & Newton, 2009)earthworms (Chevallier et al.,
2006) showed significant populations changes indhg term, in contrast to earlier results
of Yeates et al. (2003) that were a previous shoeten study from the FACE site.
However, an analysis of earthworm casts showeddbetained lower N concentrations
under eCQ apparently as a result of lowered N content oéphdung (Chevallier et al.,
2006). This suggesting that nutrients limitatiortha plants may over time alter nutrient
uptake of higher trophic levels.

In overseas FACE experiments, faunal changes hes® tserved with long-term egO
including significant increases in abundance o&t@l protozoa, collembola and gamasida
mites in sandy soil beneath ungrazed continentalaté grassland in Minnesota (US),
where CQ was increased by 180 ppm above ambient (Eisenleaabr, 2012). While the
changes in detritovore protozoa and collembola Wwkeeé/ due to changes in plant inputs,
the gamasida mites are predominantly predatory svithll soil forms predating on
nematodes, so changes in mite abundance (ca 2tegmre@CQ than ambient) may have
been in response to nematode population changege\o, the populations and taxa
richness of nematodes were not observed to beisamtly different between CO
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treatments at this single sampling, so that temp@@ation coupled with the small soil
samples used for nematode determination (Eisentehabr, 2012) may have masked any
effects.

Effects of eCQ@on collembola have also been observed in a FAQEr@xent on cropping
land in Germany (Sticht et al., 2006). In plots sdw wheat in a loamy sand soil where
CO, was elevated to 548 (vs. 377 ppm for ambient)eodbolan diversity and abundance
increased, the latter by more than 50%. Tieresults of Sticht et al. (2006) showed
increased collembola abundance in the gt€atment that was most likely linked to
increased plant root exudates via increases iwsplzere fungal abundance. This is similar
to the result for bacterial feeding nematodes oleskby Yeates et al. (1997).

Ayres et al. (2008) showed that despite increasgtant root production, plant feeding
nematode populations remained largely unchange@ @ treatments (ca. 700 ppm)
applied to three grassland soils from Mediterrarigpe climates (California and Colorado
(USA), and Montpellier (France). There were incesas one family of plant feeding
nematodes at one site and decreases in anotheepagate site under eg@eatments but,
given the 20—-30% increases in root biomass atitee @\yres et al., 2008), it is surprising
more nematode population effects were not obseAwas et al., suggested that a lack of
observable effect on herbivorous nematode populsii@spite increases in plant
production might be due either to changes in plaot quality or to regulatory effects of
predators and pathogens, and few studies havaledlassessments of these factors.
Those studies where single population samplinge baen taken, especially at the end of
a crop growing season, may merely reflect the emilt of changes in herbivore and
subsequent predator and pathogen populations thootighe year. This approach would
therefore overlook any temporal variation that midéamonstrate plant-herbivore relations
more clearly.

In a meta-analysis of largely unmanaged ecosystBhaskinship et al. (2011) showed that
eCQ had greater effects on the microfauna comparethier studied soil animals, leading
to increases in abundance. They also showed thaftbcts of experimental eG@cross

all soil biota lessened with increasing experimettaation.

Increases in temperature

Increased temperatures due to climate changekatyg to have a range of effects on soil
biota, depending on their biological thermal optifeay., Stamou et al., 1995; Verschoor et
al., 2001; Stelzer, 2005; Sustr & PiZl, 2010). &asing temperature could result in more
generations per year for some soil invertebratesiged food and other resources were
not limiting. This may have an impact on functiaiof some parts of the soil community.

One of the most well-known impacts of soil warmomgsoil biota function is that of
increasing populations and soil organic matterduen by encyhtraeids in peatlands
(Briones et al., 2007). However, this effect hasmbeen observed in high latitude, cool
climate peatlands where small changes in temperai@we a disproportionately large
impact on soil biota. The effect of warming willmnd on the ecosystem in which it
occurs, with cool, dry sites being more susceptiblehange than other sites (Blankinship
et al., 2011).

As well as potential impacts of soil warming ondbsoil biota function, global increases
in temperature will potentially affect the distrimn of soil organisms. Yeates and Boag
(1998) used the climate matching function of themate simulation model CLIMEX
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(Sutherst & Maywald, 1985) to predict the spreadrmherbivorous nematode
(Paratrichodorus minorwithin Australia and Africa. We have extendeditlamalysis to
New Zealand by using the matched location they eygal (Grafton, NSW, Australia) and
a more recent CLIMEX model (v 3.0). This was dofteravalidating their findings with
respect to Australid?. minoris present in New Zealand and is known to haaealised
distribution (Sturhan et al., 1997; Bell & Wats@901, pers. obs.). In the current analysis
conducted for this report, we have used the fiseltgion climate data for 1961-1990
available from the CliMond websitétfps://www.climond.org/Default.aspsee Kriticos

et al. ( 2012) for details of data derivation) agamith the 2070 fine resolution data for the
A1B and A2 climate change scenarios developed HROSAustralia (CSIRO Mk 3.0)
and the Centre for Climate Research, Japan (MIRQ@spectively. These two
combinations of scenarios and models were choseptesent moderate and more severe
climate changes respectively. The Combined Matdexrievel was set at 0.57 (with all
but the relative humidity factor selected as cditing to the climate match) as this
produced a current distribution most closely rederglihat given by Sturhan and Yeates
(1997) and observed from a number of national sexggkpers. obs.). Under the two
climate change scenarios examined herePthainordistribution in New Zealand spread
southward (Figure 3.14), with increasingly strongtches to those sites currently
identified as being suitable for this nematode.

Figure 3.14: Distribution of Paratichodorus minor herbivorous nematode using Grafton, NSW as
matching climate under: A) 1961-1990 temperature and moisture; B) Scenario A1B for 2070 using
CSIRO model; C) Scenario A2 for 2070 using MIROC-H model.

P. minorfeeding has only weak to moderate effects on pleehd, so its spread into other
areas may not cause much extra loss of pastureigiod. However, the herbivorous
nematode genetdeloidogynds among the most damaging nematode pests globailtly
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in New Zealand there is at least one species watlri@ntly restricted distribution which
seem to be related to climate factdvs trifoliophila is a clover-feeder that causes large
reductions in yield of this important pasture comgat (Mercer et al., 2008) and is
currently limited to sites in the North Island oéW Zealand (Mercer et al., 1997; Bell et
al., 2006). It has also been found in sites o8&/ and Queensland border in Australia
(Zahid et al., 2001), and in the south western @oaf Tennessee in the US (Bernard &
Jennings, 1997). By paramatersing the species matteh CLIMEX for M. trifoliophila
using data published for a similar species foundemw Zealand (Mercer & Grant, 1993)
and adjusting abiotic stress variables in the madeas possible to calculate the CLIMEX
Ecoclimatic Index (El; see Svobodova et al., 2GbB}kites in Australia and the US
(Figure 3.15). The EI gives an indication of suilihof sites for establishment and long-
term persistence of an organism and, in this geses distributions in Australia and the
US in line with observed distributions.

£ A v Tennessee

N

Figure 3.15: Distribution of Meloidogyne trifoliophila herbivorous nematodes based on
CLIMEX Ecoclimatic Index>0: A) Australia; and B) USA using 1961-1990 temperature and
moisture.

Extending this analysis to New Zealand (Fig. 3d&)ws that the calculated site Els with
no climate change scenario added to the model gwed agreement with the observed
current New ZealanM. trifoliophila distribution, which is from Northland to Palmerston
North and Wellington (Mercer et al., 1997). Theradie change A1B scenario (data for
which includes changes in both temperature andalishowsM. trifoliophila El scores
becoming stronger for the North Island’s centratghu and an extended distribution into
the Wairarapa. In the South Island the calculatghtsv areas suitable ff. trifoliophila
establishment and survival spreading down bothaa$tvest coasts as far south as
Canterbury and Greymouth. The A2 scenario showisddrextension of possible range
from the A1B scenario, but the increasingly lardesé&ores indicate increased likelihood of
establishment and survival in the areas indicajethé A1B scenario.

Nematodes have limited self-dispersal capabiliseshuman-assisted dispersal would be
the main route for extensions in distribution teas that become suitable. Dispersal of soil
would be the highest risk pathway for human-asgistevement oMeloidogyne
nematodes, so any measures that limit soil moverpartcularly between North and
South Islands, would help reduce spread of thesis pe
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Figure 3.16: Distribution of the herbivorous nematode Meloidogyne trifoliophila based on CLIMEX
Ecoclimatic Index>0: A) 1961-1990 temperature and moisture; B) Scenario A1B for 2070 using CSIRO
model; C) Scenario A2 for 2070 using MIROC-H model.

Changes in moisture availability

The impact on soil biotaf changes in level and distribution of precipitatieas been
investigated either alone or as interactions witteoclimate change factors such as,CO
For example, Kardol et al. (2010) used a Tenndssgeterm climate change experiment
with old-growth sub-shrub arfeescueplants, to study impacts of increased moisture,
temperature and G@n soil nematode communities. They found thataased moisture
had a greater effect than increased temperatut®arincreased moisture resulted in
increased populations of total nematodes and edlifg groups (except fungal feeders) in
soil from random between-plant spaces, and modirfgegroups (except ectoparasites) in
soil beneath specific plants. However, the moiskewel was ca. 12 times higher in the
high treatment than the low, which equated to ali0&b greater soil moisture by volume,
and it is not clear if this increase is realisti@lar current climate change scenarios.
Increased moisture also resulted in increased piantass, so it is possible the observed
nematode effects were mediated via plant produgtand litter inputs. There was a
significant positive C@effect only on nematode root hair feeders in thigveen-plant

soil, and a significant negative temperature eféedy on bacterial feeders in the between-
plant soil and endoparasites in plant-specific. Stiis study calculated abundance rather
than percent composition; the percentage data mes helped clarify whether the
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changes observed were changes in nematode comnsomiyosition or merely scaling
effects from an increased total nematode abundance.

Reductions in mite and collembola abundance haga bbserved with reduced
precipitation in Minnesota grassland (Eisenhauat.e012). Although enchytraeid
populations did not decline with increased drougtensity and frequency in heathland
sites in Wales, the Netherlands, and Denmark, tlvagea strong and persistent effect on
species richness and community structure, whichstraggest at the driest sites
(Holmstrup et al., 2012). Negative impacts of dasesl moisture and increased
temperature regimes on nematode and protozoguopailations have been observed in
Danish heathland (Stevnbak et al., 2012). SimiJahchytraeid populations were reduced
with decreased moisture. However, the soil samyesl for nematode determinations in
that study were rather small (3—16 g), making itemdifficult to generalise results. In a
low rainfall cool temperate fescue grassland in g, the largest effect on nematode
abundance was soil moisture, with increased tenyoeranpacting on community
diversity (Bakonyi et al., 2007).

From their meta-analysis, Blankinship et al. (20ddncluded that changes in precipitation
would have positive impacts on soil biota abundanderest ecosystems and for the
mesofauna. They also showed that the effects efegltprecipitation significantly
decreased with increasing mean annual tempergitggymably through an effect of
temperature on evapotranspiration. The effecthahges in precipitation also increased
with the duration of experimental studies, suggesthat community, and presumably
function, effects are permanent.

Indirect effects

Elevated CQ@has differential effects on earthwortrunbricus terrestrisbiomass
depending on the the diversity of the plant comrnyuini defaunated grassland soil
microcosms maintained in glasshouses in the UKdvt al., 2011). For microcosms
with the most diverse plant communities (8 vs. 4 gpecies), earthworms lost
significantly less biomass under e£®00 ppm) conditions compared to ambient,GO
was suggested this was due to the significantlgtgresoil moisture in the eGO
treatments, coupled with greater soil N in moreedde plant community microcosms
(Milcu et al., 2011).

Of course, not only do climate change factors ateto impact on the soil biota, but
different components of the soil biota themselwgsract, and those interactions may also
be modified by climate change. Uvarov (2009) shoiwmeal laboratory experiment that the
impact of earthworm feeding on the detrital nematodmmunity changed with variations
in diurnal temperature fluctuations. Earthworm®dlave impacts on microbial C
breakdown and the magnitude of these impacts vahytamperature in a non-linear
fashion (Wolters & Ekschmitt, 1995).

It is also clear that not only do climate chang#des impact on soil biota but that the
reverse also occurs: soil biota have an influemcelionate change factors. For example,
earthworms are known to emit® and N as part of their digestion process (Karsten &
Drake, 1997; Wust et al., 2009), but it is likehgtimpacts are small.

Climate change scenarios predict an increase reragtweather events in some areas
resulting, for instance, in the increased frequeary severity of flooding and droughts. It
has been suggested that earthworms would be inthbgtdecreased intervals between
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flooding via a reduction in their ability to advanfrom cocoons through to reproductive
adults, possibly leading to local extinction (Thar& Klok, 2007). In areas where
flooding is currently a problem, a drying trendrfrelimate change would make these
areas more amenable to earthworm survival.

The indirect effects of alteration of soil biotisramunities by climate change are further
discussed in section 3.6.

Microbial communities

Although soil microbial communities regulate manpdtions associated with soil nutrient
cycling and plant health (Figure 3.17), there isstraightforward answer to the question of
how provision of soil ecosystem services will bgauted by climate change.
Understanding how climate change will affect soinenunity composition and
biodiversity and resultant effects on functionshtsas nutrient cycling will be needed
before it will be possible to predict the fate édlwpl C and N cycles (Pritchard, 2011) and
functioning of New Zealand’s natural and managexbgstems. Soil ecosystems are
comprised of complex communities of bacteria, aeeh@nd eukaryotic taxa. The diversity
(species richness) of soils is incredibly highfaot the highest of any ecosystem known
(Curtis et al., 2002). Estimates of the diversityife in soil vary widely but for the

bacteria alone a general consensus of richnesghg iorder of thousands to tens-of-
thousands of species per gram of agricultural(ghittis et al., 2002; Torsvik et al., 2002;
Schloss & Handelsman, 2006).

Microbial communities play key roles in determinirages of important ecosystem
processes such as trace gas formation (Schimellledge, 1998), C cycling and
sequestration (Waldrop et al., 2000; Schimel & &tflea, 2012), decomposition (Hendrix
et al., 1986), soil N biogeochemistry (Balser &dsitone, 2005; Cavigelli & Robertson,
2000), and disease suppression (Mendes et al.).2@ahy of the microbial species
present in soil are at low abundance, i.e. areiderexd to be part of the ‘rare biosphere’
(Elshahed et al., 2008). However, even these nealbrirare taxa have been shown to be
highly responsive to changes in soil conditiong| gmplay an important role in supporting
ecosystem processes, such as the biogeochemidialgoytsulphur (S; e.g. Pester et al.,
2010) and N (e.g. Mertens et al., 2009).

While numerous studies have sought to understamjdqted impacts of climate change on
soil biology and function, many have been conduatezystems such as tropical forests,
tundra, deserts and so forth, far fewer have inyat&d impacts in temperate agricultural
and grassland ecosystems that are relevant toajoggcal conditions prevalent in New
Zealand. Here we assess the potential impactsnohte change with a focus on temperate
soils under grassland and agricultural use.

Soil type is a key driver affecting the structune aliversity of most soil microbial
communities. This is, for a significant part, diivey pH-related effects that control the
range of bacteria and fungi present. However, withe existing range of soil types
present in New Zealand, and considering adjustioieswil pH as a key aspect of farming
system management, the effects of climate-assdoathieers are likely to be important:
changes in temperature, precipitation, alteratin@®,, and increased variation in rainfall,
temperature, and occurrence of extreme events.ifportant are secondary effects:
increased intensification of farming systems, alien of land use, use of different crop
and pasture species, adoption of new farming mamexgepractices, and so forth. Because
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it is difficult to speculate on the nature and exiaf these secondary effects, we focus on
potential impacts of factors directly associatethwiimate change.

*» Functional stabilit . . . g
i ranity Soil microbial communities
* Resilience / resistance
*» Reservoir of taxa for key Total size, total diversity, community structure,
plant-microbe interactions trophic interactions, energy flows, energy storage,
. L source / sink nutrients, rare-biosphere
« Generalised v specialised processes

Soil functions

Decomposition of plant and animal waste

Soil ecosystem services

Biogeochemical cycling of major and minor elements «
[~

Species diversity -

Plant symbiosis (parasitic, commensal, beneficial) 4| _ source of antibiotics, chemicals, enzymes etc

Degradation of chemicals - Production of plants and animals -

Greenhouse gases (COz, CHy, N2O), | food, milk wool, et
nitrate leaching Clean water

Soil C storage I Reduced emissions of atmospheric pollutants

Development and stability of soils - soil strength,
aggregate formation, water holding capacity
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Soil development (glacial retreat, flipping,
organic matter formation)

Figure 3.17: Conceptual diagram of how soil microbial communities and the diversity of species and
community composition therein support soil functions and thereby soil ecosystems services.

Methodology affects study outcomes

Methods used to assess impacts of climate changaavabial community structure and
function vary widely, and the level of resoluticersitivity of methods can impact
conclusions drawn.

In an Australian native grassland soil, the impattslevated temperature (ambient plus
2°C) and CQ (ambient plus 550 ppm) on soil bacterial, archasad fungal communities
was examined (Hayden et al., 2012). The study waducted at a long-term climate
change experimental site (TasFACE). It attemptdthkothe microbial community to
variation in soil nutrient status and physicochehconditions occurring as a result of
altered plant growth using a combination of lowd &mgh-resolution molecular methods.
Findings associated with the archaeal communitypmsition varied with analytical
method; the relatively low resolution approachesfiinal restriction fragment length
polymorphism (TRFLP community fingerprinting) shahg&trong separation of
community structure by C£&nrichment, yet no separation was observed when the
PhyloChip microarray tool was used. Fungal comnyuroimposition, assessed only with
TRFLP, was responsive to G combination of warming x G{Qand a range of other
variables. Bacterial community structure, when ssse using TRFLP, was not influenced
by CO, or warming, but when assessed using the highugsolmicroarray approach,
specific influences on various phyla were foundth# phyla level, Actinobacteria and
Alphaproteobacteria increased with warming, white®riodetes and Firmicutes
increased with C®enrichment. A number of operational taxonomic si(@TUs) varied
in response to C£x temperature. These findings demonstrate thaniaxic resolution is
important when investigating the impacts of secorakr influences on microbial
community assemblage. In particular, high-resolut@mols may be required to unravel
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subtle changes in community composition, partidularlow nutrient / low input systems
such as native grasslands.

Microbial community response to increased temperature and atmospheric CO;

In an experimental study by Bardgett et al. (1988)microbial community response to
change in ambient temperature of 2°C was measuaradiaw input soil system (Ecotron).
The experiment was run over successive plant geoesao allow for the ongoing
succession development of the microbial communiti vegards to the plant life cycle. In
the first generation, increases in fast-growingéxdal species (‘'r’ strategists) were
detected under the high-temperature regime, bt ¢éxa, including fungi, were
unchanged. Plant inputs into the soil were alsdanged, indicating that the bacterial
response detected was directly temperature rel@eetall, in the low nutrient status soils,
the effect of temperature on the microbial commuwias considered negligible. Similar
findings were found in an Ecotron study by Kandelkeal. (2002), where the influence of
temperature (ambient plus 2°C) and g@mbient plus 200 ppm) on soil microbial
communities was assessed. In a field-based stullgus et al. (2003) undertook
comprehensive assessment of biology in soil undeggdO, enrichment (ambient and
1.7x ambient) over six growing seasons. Microbiahiass, community composition,
nematodes, and microarthropods were assessed ide®sgd physicochemical properties.
The community of soil microorganisms did not regphtm CQ, either in terms of biomass,
composition, or metabolic quotieGO,).

Interactions are important yet complex

The magnitude of effects of climate change assedidtivers on soil microbiology is
highly interactive, and the interactions can béedéntially expressed on the various
components of the soil ecosystem.

The Old-Field Community, Climate, and Atmospherenipalation (OCCAM) experiment
has investigated the above and belowground impd«E©, enrichment, rainfall
exclusion, elevated temperature (+3°C over amhiend irrigation (Castro et al., 2010;
Gray et al., 2011). They found that (i) fungal atbaimce increased with temperature, (ii)
bacterial abundance increased in warm plots bytwhen CQwas elevated, and (iii)
different taxa within the bacterial and fungal plgns varied (+/-) with precipitation. In
a scenario with increased temperatures, increaSedQd increased precipitation, there
would therefore be an overall shift towards a baateominated system, but the types of
bacteria and fungi present would also vary withiis.t

Cheng et al. (2011) investigated the impacts of £@®oils undergoing N addition. Under
conditions of eCQ(1.5x ambient), increased plant residue C andpNtsywere deposited

to the soil and, concomitantly, microbial biomasd &eterotrophic respiration were
elevated. These effects manifested after seveeaty#d the trial commencement, emerging
as the soil N status increased. Thus, comparedsiuitties conducted in low fertility soll
ecosystems, the impacts of €éhrichment in improved (fertilised) agroecosystenay

be significantly enhanced.

Hu et al. (2006) conducted an analysis of expertaiestudies investigating the role of N
on plant residue inputs and microbial decomposifidre findings showed that the initial
ecosystem N status was an important attribute atiggl N biogeochemistry under egO
conditions. The effects of GOn improved agricultural systems will, therefoddfer to
those in non-improved systems.
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Effect of precipitation patterns

Climate change models predict an increase in thati@n of rainfall patterns, leading to
increased variation in soil moisture content. Theacts of drying-rewetting frequency are
potentially an important driver of alteration inarobial communities.

Fierer et al. (2003) examined the impacts of dryiegetting on community structure in
soil under grassland and found no evidence forgdamthe community structure with
increased frequency of stress. However, effectsamterial communities were found in
soils under oak canopies when exposed to wet-degss{Fierer et al., 2003). Bapiri et al.
(2010) explored dry-rewetting impacts on bactearad fungal communities. Fungi were
generally more tolerant of the impacts of dryingrttthe bacteria, resulting in an increase
in fungal dominance. The findings demonstrate tih@timpacts of drying-rewetting vary
between the evaluated systems and are likely thubeo factors associated with the
environmental history of the samples (i.e. if tlaeg normally not exposed to such
impacts), and/or the original composition of therbial community. This is reflected in
studies that find that land-use management, whetktensively or intensively managed,
changes the soil microbial community structure famattional composition (Wakelin et
al., 2013), and impacts soil food web structure thredresistance and resilience of trophic
communities to climate change (de Vries et al., 2201

The potential impacts of warming appear to be giisoimfluenced by precipitation
patterns. Shiek et al. (2011) conducted a studyersoil bacterial community at a long-
term global warming experimental field site (KFHessler Farm Field Laboratory). The
trial site has replicated plots with treatment#iaially held at ambient and ambient + 2°C.
In years receiving normal precipitation, warmingreased the soil microbial population
size overall (40-150%), but significantly reducld tichness and evenness of bacterial
species and also altered community composition.é¥ew in years of low rainfall, the
elevated temperatures resulted in strong moistefieidland reduced plant production; this
combination of factors also impacted the soil bd@teommunity. This study is important
as it highlights the significance of rainfall irethegulation of the microbial community
response to elevated ambient temperatures. Furtineyas the biological components of
the ecosystem differed significantly in responswtthe climate-related forcings, this is
likely to have wide and disruptive impact on ovesail function.

Interactions between soil moisture and temperature and eCO>

Interactions between soil moisture content and &Fatpre, or soil moisture and gMave
clear impacts on the soil microbial community (&he¢ al., 2011). Under elevated
temperatures and in dry soils, the abundance aofi€irte-type bacteria increased; these
bacteria are stress tolerant and can form resistanttures. The less hardy gram-negative
bacteria decreased in abundance in the dry sanyheler elevated temperatures the
abundance of saprophytic fungi was decreased, whashhave been indirectly driven
through increases in nematode abundance. The iampa©f trophic interactions on
down- or up-regulating the impacts of temperatursaprophytic fungi has also been
demonstrated in other soil ecosystems (A'Bear.e@ll2). Such indirect effects, evident
here though food web interactions, add to the lef’/elverall complexity in understanding
climate-change impacts on soil microbiology. Cettaecosystem-level approaches are
required.

Various groups of soil taxa respond quite diffeletd climate-associated influences. Here
we examine the climate change effects on two spegibups of organisms that are
important for the functioning of pastoral ecosyssefgffects on specific taxa with close
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root association may have important outcomes fantghealth and ecosystem productivity,
but may be non-observable when assayed usingabbigh taxonomic level (e.g., phylum
level investigations).

Microbial symbionts - Rhizobia

There is strong evidence that increases in atmosp@6€, will lead to increases in
biological N, fixation (BNF) in the legume-rhizobial symbiosisagricultural systems.
Typically, more N is fixed because of an increasplant size, resulting in greater nodule
mass per plant, rather than an increase in N @éirgter unit nodule mass (Edwards et al.,
2006).

A recent meta-analysis of N dynamics in grain crapd legume pasture systems under
elevated atmospheric G@oncentrations reported a 38% increase in the ahafuh fixed

by legumes, which was accompanied by increased etswb nodules (33%), nodule mass
(39%), and nitrogenase activity (37%; Lam et @12). Under levels of increased ¢O
plant photosynthesis increases resources to legochdées that can result in increased N-
fixation by the rhizobial symbiont. Such effectvbdeen observed on lucerne under gCO
conditions in the Swiss FACE trial, where effeclyveodulated plants increased by 50%
compared with plants in the ambient control (Lusatel., 2000). Similarly, increases in
populations of M-fixing bacteria rhizobia in the rhizosphere of wehtlover plants exposed
to eCQ have been reported (Schortemeyer et al., 1996)nanelases in the size and
number of root nodules on soybean (Serraj et 888 have been reported in soils
exposed to increased atmospheric,dbwever, these effects may not be universal, but
rather vary with legume species and N status ostlilg\West et al., 2005). In natural
(unfertilised) soil ecosystems, the ability of leggs to respond to eG©@an be limited by
supply of other nutrients, such as P, thereby redube expression of this ‘GO
fertilisation’ effect (Rogers et al., 2009). Funim®re, there is a risk that as atmospheric
CO; levels increase, enhancement in legume biomassghrincreased symbiotic N-
fixation will only occur when the host-symbionta®bnship is efficient at Nfixation; if

they are poor N-fixers, negative growth responsag atcur and this may be influenced
by soil N content (Luscher et al., 2000).

New Zealand pastoral agriculture is highly dependerthe N-fixation through the
symbiosis between white clovérifolium repens andRhizobium (Ledgard, 2001; Parfitt,
2006). BNF by white clover has been found to insesander eC@n controlled
environments (Ryle et al., 1992), open top chamfederscheid et al., 1997), and in
the field (Zanetti et al., 1996), under non-limgisoil nutrient conditions. In contrast, in
the only relevant study carried out in New ZealahNatanabe et al. (unpublished) found
lower numbers ofifH genes and gene transcripts in nodules on whitecigrowing

under eCQin the FACE experiment (Newton et al., 1996), whidhresponded to reduced
proportion of atmospheric N fixed under these cbods. There was no difference in
nodule numbers, and the strains present were the saboth treatments. The mechanism
of inhibition is not known, but there is evidenbatt P is as limiting as N at the NZFACE
site (Gentile et al., 2012). Edwards et al. (2006nd that white clover grown in a mixed
sward with buffalo grass under egixed significantly more N than plants grown under
ambient CQ but only in the presence of high soil phosphofie authors suggested that
where soil P availability was low, eG@ould not increase BNF and pasture quality could
decrease because of a reduction in abovegroundvidn®lew Zealand’s reliance on the
white clover/Rhizobium symbiosis, these findinggnaat further investigation.
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Ammonia oxidising bacteria

Ammonia oxidising bacteria (AOB) convert iyHo NO;™. Because this is the rate limiting
step in nitrification, AOB have a central role ilolgal N cycling. AOB are an ideal model
group for microbial ecology studies as they areuibdous, of significant environmental
importance as a functional group, sensitive tormwental changes including simulated
global changes, and carry the gam@A which can be used as a molecular marker,
allowing detection and quantification of AOB withalirect need for laboratory culture
(Kowalchuk & Stephen, 2001; Niklaus & Kandeler, 2D0

Soil AOB community composition was assessed irssmllected from long term
concentration gradients established by,@@nitting vents from natural cold G&prings in
Northland, New Zealand (Bowatte et al., 2008). $ite had been exposed to ed0r
several decades. Soil nitrification activity deae@ with increasing CQevels, in
association with a change in the composition ofAE community, with the response
probably due to changes in the input of soil C fibm plants. Increased flux of C to soil at
eCQ has been shown to stimulate growth of heterotrophg;h can out-compete AOB

for available NH".

Horz et al. (2004) previously examined the effeftsultiple climate change parameters
(increased atmospheric GQrecipitation, temperature, and N depositionjlenAOB
community in grassland soil. Their study reportedriges in AOB community structure
and a decrease in total abundance of AOB in gnadsail exposed to eGOthought to be
related to competition with heterotrophic bactefiae decrease in AOB abundance was
most pronounced when precipitation was increaseuleases in nitrification were
associated with shifts in the AOB community but dlednges in abundance.

A more recent study (Malchair et al., 2010) examitiee effects of plant species richness
and a 3°C increase in ambient air temperature tgngal nitrification, basal respiration
and AOB communities in an experimental grasslaetago. Plant species mixtures were
derived from nine species of three functional pgnoups: forbs, legumes, and grasses.
AOB richness and community structure were not &by warming but were associated
with plant species richness, indicting the impartate of plants species in structuring the
soil microbial community. There was no clear r@aship between AOB richness and
potential nitrification. Avrahami et al. (2003) hptkviously reported that temperature was
a selective factor for AOB, but that study lookédaager temperature shifts (35),

unlikely in current mid-century climate change séws forecast for New Zealand.

Rhizosphere bacteria and Pseudomonas

Microorganisms in the rhizosphere appear to be nmopacted by C@than those in the
bulk soil. Using samples taken from under pastare FACE experiment, Montealegre et
al. (2002) demonstrated that bulk soil communitvese largely unaffected by GO
However, metabolically active bacteria increased 9% in the rhizophere of GO
treated plants, presumably due to either increiasest exudation or more rapid turnover
of the plant roots.

Pseudomonabacteria are important root colonisers with widgiffering phenotypes and
functions, ranging from beneficial behaviour sudmpgrowth promotion and suppression
of plant disease, through to causing a range oit plseases.

Pseudomonapopulations were shown to increase in frequendkierrhizosphere of
perennial ryegrass after 3 years under elevateg,dit®there was a decrease in the
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rhizosphere of white clover (Marilley et al., 199Bjequency of selected functions carried
out byPseudomonastrains (production of auxins, siderophores ardtdgen cyanide —
indicative of biocontrol strains) were trackedPseudomonagopulations associated with
two perennial grassekd@lium perennendMolinia coeruleg grown at ambient and eGO

in the Swiss FACE experiment (Tarnawski et al.,806requencies of siderophore
producers and nitrate dissimilating strains weghér and those of hydrogen cyanide
producers lower under eGQlemonstrating the potential for selection of igatar

bacteria that may impact on the fitness of thetplamd thereby affect primary
productivity, in the longer term.

Plant pathogens

Energy flow through fungal pathways may be enhamekdive to bacterial pathways in
response to both warming and atmospherig &€®@chment. Whether fungal domination of
soils will lead to increased severity of soil bofoagal plant diseases is unknown
(Pritchard, 2011). Soil-borne plant pathogens aettar significant crop losses and can
often be more difficult to control than foliar deses, but it is currently unclear how
climate change will affect plant-pathogen interaas. Outcomes are likely to be different
depending on the plant-pathogen combination. Tlogmgghical range of some plant
pathogens depends on environmental variables, oftest temperature (Shaw & Osborne,
2011).

Microbial community summary

Soil microbial communities drive processes and fions that deliver soil ecosystem
outcomes (Fig. 3.1). The rich diversity of micrdl@pecies in soils is essential as it
supports the capacity of the ecosystem to chantiewarying selective pressures (Figure
3.17), and provides necessary layers of niche aperhd functional redundancy that
facilitate ecosystem resilience and resistancdtsShithe diversity or structural
composition of communities, whether by climate deor other factors, may therefore
impact on the provision of soil ecosystem services.

Based on the ecology and biogeography of soil hial@ommunities, it is clear that
climate-related factors, for example temperatungeaand soil moisture deficit, are
important controls affecting microbial life in s®ilAs such, variation in climatic conditions
is likely to influence soil microorganisms, and iagp soil function. This has been
experimentally validated in numerous studies (labmy microcosms and field-based
FACE studies). Furthermore, the findings of theseiss project that the strongest effects
are likely to be seen in improved (fertilised) spthis means that microbial life and
processes in agricultural soils are particularlycgptible to climate change influences.
Following this, the movement from extensive land,sich as grazing of grasslands, to
intensive agricultural production is likely to réisim soil ecosystems more susceptible to
climate change impacts.

Fungal Communities

Soil fungal communities divide into three major ¢tinnal groups based on their source of
carbon: mycorrhizal fungi, saprotrophic fungi, grathogenic fungi.

Mycorrhizal fungi

Most agricultural and horticultural species livetoalistically with arbuscular mycorrhizal
fungi (AMF), including rye grass, most grains, aoyvand most horticultural crops. The
fungi can represent 5-50% of the microbial biomas®il underneath these crops, with
the wide range reflecting uncertainty of measurenf@itsson et al., 1999). Regardless of

48 « Review of climate change impacts on soil — Appendices Ministry for Primary Industries



the exact quantity, supporting mycorrhizal biomemsies at a C cost to the host plant on
the order of 5—-10% of total photosynthetic C g&iryla & Eissenstat, 2005; Fitter et al.,
2011). In many crops the biomass of arbuscular migczal fungi is reduced by high P
levels from fertilisation, and no plant growth enbament by arbuscular mycorrhizas is
observed (Ryan & Graham, 2002). Nonetheless, 0p®86 of the plant P uptake may be
obtained through mycorrhizal hyphae even wherelaotgrowth enhancement by
arbuscular mycorrhizal fungi is observed. As suicorrhizal fungi are probably best
understood as a part of the soil-plant ecosystegardless of positive or negative effects
on plant growth.

Mycorrhizas are also very important in the forestegtor: Pines, Douglas-Fir, Eucalyptus,
and Beech all associate with ectomycorrhizal fuAdithese trees are highly dependent on
ectomycorrhiza (EcM), as seen in the failure of ynearly plantings of non-native tree
species without their co-evolved mycorrhizal fufigickie et al., 2010). At present
ectomycorrhizal fungal inoculum is widespread imoeercial production nurseries, hence
a lack of mycorrhizal infection no longer is a ltation on tree establishment by planting
(Walbert et al., 2010).

Sensitivity of mycorrhizal fungi to elevated C

Although it is often expected that mutualisms Ww#l negatively affected by global climate
change, this finding is based largely on pollinatamd seed dispersal mutualisms, and may
not apply to mycorrhizal mutualisms (Tylianakisaét 2008). Several studies show
increased AMF and EcM biomass with eJQukac et al., 2003; Hu et al., 2005), which
appears to be a fairly common, but by no meansicexutcome (Tylianakis et al., 2008).
As mycorrhizal fungi link directly to plants, it sde difficult to separate indirect effect of
CO, via enhanced plant growth from any direct effeft€O, on mycorrhizal fungi (Fitter
et al., 2000). Free-air G@nrichment experiments in Minnesota, USA, sugmebtect
effects of eC@on AMF (Antoninka et al., 2011). Interestinglyethffect on AMF

biomass was primarily a G@ffect on plant growth regardless of species, evhie effect
on community composition of AMF was largely via t@mposition of the plant
community.

Increased mycorrhizal fungi can enhance plant enittiacquisition through increased
competitiveness with soil microbes (Hu et al., 20@%y resulting increase in above-
ground productivity and C may be constrained byraairient levels or other limiting
resources, such that an initial increase in proditicis not maintained. The effects of
increased mycorrhizal biomass on soil C may alstnbe-scale dependent. In the short
term, an increased AMF biomass may result in nétGsloss, not gain (Cheng et al., 2012;
Kowalchuk, 2012). However, models suggest thatéomgrm accumulation of recalcitrant
compounds derived from mycorrhizal fungi may regsuhet C gain (Verbruggen et al.,
2012)

Sensitivity of mycorrhizal fungi to increased tenapares

As with elevated C, it is difficult to separateatit effects of temperature on mycorrhizal
fungi from indirect effects via plants. Controlledvironment growth chamber
experiments suggest that increased temperaturca@ase AMF abundance and root
infection, but not all fungal species are respomnsovtemperature (Staddon et al., 2004).
Similarly, in EcM it has been shown that differémbgal species vary substantially in their
ability to acclimate to higher temperatures (Matedt al., 2008).
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A key point in understanding the variability in noychizal responses to elevated
temperature is that mycorrhizal fungal communisies highly diverse, with as many as
100 species of fungi for every one species of agtmtplant (Dickie, 2007). This diversity
may be key to the resilience of fungal functioninghe face of global climate change.
Productive forests in New Zealand are atypicalawiig relatively low fungal diversity
(Walbert et al., 2010), reflecting the non-nativiegim of pine and Douglas-fir and their
limited capability to utilize native fungi (Dickiet al., 2010). This may make the New
Zealand forestry sector more vulnerable than mighinferred from studies of pine or
Douglas-fir responses in the Northern Hemisphere.

Sensitivity of mycorrhizal fungi to altered rairiffahd extreme events

As with temperature, the response of mycorrhizagifuo altered rainfall tends to vary
across fungal species (Staddon et al., 2004). Selterature reviews suggest that
mycorrhizal fungi tend to make plants more resistamrought, independent of
mycorrhizal effects on plant nutrient uptake (Ergtyal., 2002; Ruiz-Lozano et al., 2012).
Although the mechanism for greater drought resggas uncertain, it appears that the
mycorrhial association physiologically alters thanp so that it is less susceptible to
drought stress.

All fungi produce hydrophobic proteins in their tnge, and many fungi also have
hydrophobic exudates (Rillig, 2005; Spohn & Rill&f)12). Hydrophobicity of soil can be
induced by drying and can subsequently reducehlttigyaof a soil to re-wet, increasing
the risk of surface flow and runoff. As droughte &kely to increase with global climate
change, better understanding of the links betwargif hydrophobic proteins, and soil
water repellency should be a high priority for ietuesearch.

Saprotrophic fungi

Traditionally, it has been assumed that decompuwsiti agricultural soils was dominated
by bacteria, with very limited role of fungi. Whig®me studies support this view (e.qg.,
Macdonald et al., 2009), other studies have fotatl 50% or more of soil microbial
biomass or activity is fungal, with particularlyghi fungal dominance in no-tillage crops
(Frey et al., 1999; Wardle et al., 1999). Molecutaathods have also revealed a high
diversity of saprotrophic fungi in agricultural BiFor example, a sampling under maize
crops from a single location in North America fourehrly 100 species of basiodiomycete
fungi (Lynch & Thorn, 2006). A similar study in Eape found 115 species of fungi across
five agricultural soils, but no more than 34 spedreany one soil (Klaubauf et al., 2010).
The difference may reflect substrate quality, vimthize producing a more woody detritus
than other crops. High fungal:bacterial ratio steisd to have lower N leaching and lower
NO, emissions than low fungal:bacterial soils. In &ddito recycling of soil nutrients,
saprotrophic fungi may play a role in suppressibpathogenic fungi (Sarathchandra et
al., 2005).

Sensitivity of saprotrophic fungi to eGO

There are unlikely to be any direct effects of @0 saprotrophic fungi, as these fungi
typically occur in microhabitats with extremely hi§@0O; levels.

Sensitivity of saprotrophic fungi to increased tengpure

It is probably safest to state that we have no @& saprotrophic fungi will respond to
increased temperature. Experimental warming hasisherge increases (Zhang et al.,
2005; A'Bear et al., 2012), large decreases (Rral,,2008), or no change in the
fungal:bacterial ratio (Bergner et al., 2004; Sditvacher et al., 2011). Where increases in
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fungal dominance are observed, they can be semsitilierbivory (Zhang et al., 2005) or
fungivory (A'Bear et al., 2012).

Sensitivity of saprotrophic fungi to altered railffand extreme events

There are few systematic studies of fungal respottseoil moisture (Rousk & Baath,
2011). Nonetheless, at least one study found thlafungi are more responsive to moisture
than soil bacteria, resulting in increased bionzassgreatly increased relative dominance
of fungi with increased soil moisture (Frey et &B99). As with mycorrhizal fungi,
increased drought may cause the development oivaebdr repellency, at least partially
due to hydrophobic proteins of fungal origin.

Pathogenic fungi

Fungi and fungi-like soil organisms (e.Bhytophthora are very common causes of plant
disease, with significant costs for the producteetor in New Zealand. About 30% of
emerging infectious diseases are fungal. New Zéakaparticularly sensitive to pathogens
due to reliance on low diversity of plant specieg ( kiwi fruit, P. radiatg, making
catastrophic economic loss through a single emgngathogen possible. Between 1988
and 1997, three new fungi were recorded in the Fuckarea per year (Ridley et al.,
2000). There are predictions that global climateng/e will contribute not just to the
spread and effects of existing disease, but alfzetoate of emergence of new diseases
(Anderson et al., 2004). The recent example ofdisase in kiwi highlights the
vulnerability of some sector of the economy. Theedse was first detected in Nov 2010,
and by Jan 2013 more than 6500 kiwi vines acroge tfan 2000 orchards had been
affected (http://www.kvh.org.nz), with an expectaxst of $310-$410 million over the
next five years (Greer & Saunders, 2012).

Sensitivity of pathogenic fungi to eg€O

Increased C@can modify plant foliar physiology in ways thatiease resistance to
pathogens (Chakraborty et al., 2000). Despite #msncrease in plant pathogens is often
observed with increased GQl'ylianakis et al., 2008)

Sensitivity of pathogenic fungi to increased terapges

Overwintering soil temperature is a key limitatimm many pathogenic species (Pfender &
Vollmer, 1999; Garrett et al., 2006). Milder wirdetue to global climate change may
therefore substantially increase pathogenic loggikahakis et al., 2008). Insect vectors
may also increase in population size, have morergéions per year, and expand range
limits (Pautasso et al., 2012). The general trerikely to be a substantial increase in
plant disease, but with some variability (Pautassal., 2012). Both plant and pathogen
phenology will change under increased temperakran a management viewpoint this
can be important when considering the timing arfidafy of treatments (Chakraborty et
al., 2000).

Sensitivity of pathogenic fungi to altered rainfatld extreme events

In general, dry weather favours insect vectors\anges while wet weather favours fungi
and bacteria (Anderson et al., 2004). This may teathanges in the type and
predictability of pathogen effects. Extreme eveggserally increase pathogen load due to
increased plant stress (Anderson et al., 2004),
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3.7 WILL CLIMATE CHANGE HAVE RELEVANT IMPACTS ON SOIL-PLANT-
MICROBE SYSTEMS AND FEEDBACK EFFECTS ON SOIL SERVICES?

The previous sections show that climate chang&etylto have direct effects on the
abundance and composition of soil biota. Theseggmmay in turn affect the processes
that underpin ecosystem services. Climate changlsaslikely to have significant effects
on plant community attributes, such as plant liggeality, plant community composition,
and plant diversity. These changes indirectly affgocesses mediated by the soil, and
therefore the delivery of ecosystem services. Asleen previously mentioned, the
indirect effects to soil biota (particularly frorhanges to plant attributes) could potentially
be larger than direct effects of climate change.

Here, we summarise previous research that isaetdwe predicting how climate change
impacts on plant and soil community attributes, boa subsequent changes to plant-soll
feedbacks may affect the delivery of ecosystemisesvrom New Zealand’s primary
sectors. We first describe how plant communities glant behaviour may respond to
climate change, and discuss the consequencess# thanges for ecosystem services.
Finally, we discuss how alterations to soil biatmmunities may influence the provision
of services. The discussion below is not alwayswvaaht to all sectors: the consequences of
changes in plant productivity and litter qualityg awhereas the consequences of changes in
plant species richness and composition are moegyltk be important for ecosystem
services in forests and extensively grazed pastheesin sectors where plant species
composition is more intensively managed, such @gping and dairy pasture systems.

Plant community attributes

One of the key ways in which climate change mayraudly influence the provision of soil
ecosystem services is by influencing the structoie@nass, and activity of the plant
community. Among other effects, changes in plamifaites directly influence the C inputs
and nutrients into soil (both from litter and r@xtudates), thus changes in plant
community attributes are important to consider fribi perspectives of soil C and nuteint
cycling as well as soil biota.

Climate change may directly influence plant produist through the CQfertiliser effect,
as the increase in G@nhances the efficiency of photosynthesis. Fomgta, eCQ has
been found to increase crop productivity by up@®&2and immature tree productivity by
up to 30% (Tubiello et al., 2007). Warmer tempaegican increase growing season
length, and combined with increased precipitatian increase nutrient availability
(Davidson & Janssens, 2006), presumably by incceagaover of organic matter over a
longer part of the year. Increased nutrient avditglmay also enhance plant productivity
(Burke et al., 1997; Lukac et al., 2010). Thesatpeseffects may be limited in reality,
however, as extreme events are likely to reduaet pleoductivity (Reyer, 2013), the GO
fertilisation effect may be reduced if other resms such as N or water become limiting
(Saxe et al., 1998), and warmer temperatures ntaceesoil water availability, which
may in turn reduce responses. Although it is gdlyeoalieved that eC@will increase
primary productivity, the net effect of all the asfs of climate change make the extent of
this increase difficult to predict.

Climate change-driven increases in plant produgtialong with other plant behavioural
responses, may alter soil-mediated processes thitetgymain mechanisms: altered plant
litter quality and increased below-ground C inplrtsreased productivity due to egO
places greater demands on soil nutrient reseragsnially leading to nutrient deficiencies
that decrease the quality of plant litter (Saxalgt1998; Newton et al., 2010).
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Immobilisation of nutrients in plant or soil orgampools (primarily N or P) can lead to
progressive nutrient limitation (Luo et al., 200A% previously mentioned, P may be
limiting production as much as N at the NZFACE expent (Gentile et al., 2012).

Climate change may also indirectly affect litteafjty by influencing the environmental
signals used to coordinate endogenous resouragtda in plants (Bazzaz et al., 1987).
For example, eC&has been associated with increased sugar andagedr&l content in
foliage, whereas increased temperature has indheenbposite effect (Curtis et al., 1998;
Tingey et al., 2003).

Litter quality may also be altered by changes iw Iptants defend themselves from pests
and diseases. The basal allocation of plant ressuocdefence when not threatened is
largely dependent on the balance of C and nutrevdgable to the plant (Bazzaz et al.,
1987). Climate change-driven alterations to C aumdient availability are likely to alter
the basal level of defence maintained by plantierg@lly influencing the initial
susceptibility and response of plants to pathogelspredation, and subsequently the
quality of their litter. For example, improved r&since to fungal attack through greater
lignification has been observed with increased tnapire (Fuhrer, 2003), and high lignin
contents are often indicative of lower litter qtyaliBerg, 2000). Resource availability will
also have some degree of influence on the typdsfehce products plants synthesise in
response to a pathogen attack, but given the comyplef plant secondary metabolism,
uniform predictions of the effects of climate charam the production and activity of these
molecules cannot be made (Bidart-Bouzat et al.800

Climatic triggers and nutrient availability are@important signals in the synchronization
of reproductive effort (Smaill et al., 2011), andsitherefore likely that climate change
will induce alterations to the extent and frequeatthe production of reproductive tissue,
which is a source of high quality litter. Overailis likely that litter quality will be
influenced by climate-induced changes in plantiantrdemand and availability, plant
allocation to pathogen or herbivore defence, aedithing of reproductive effort.

Increases in productivity in response to climatenge should also result in increased C
inputs belowground, due to the greater productigphotosynthate and increased turnover
of plant biomass (Smith et al., 2008). For examipigher productivity may mean higher
litter inputs to soil, and as plant demand for iaumnts increases while C becomes more
available, plants may allocate more C to belowgdosymbionts such as mycorrhizal fungi
(Ceulemans et al., 1999; Rillig et al., 2000). kart climate change may alter the relative
allocation of resources to above and belowgrouadtgiomass, and to the turnover rate
of that biomass. For example, e£iias been observed to stimulate allocation of ressu
to root biomass when under water stress, but nenwimder nutrient stress (Wang et al.,
2010). Studies conducted under various land usesgy indicates that eCOncreases
below-ground C inputs through greater root bionaassturnover (Kimball et al., 2007;
Lichter et al., 2008; Peralta & Wander, 2008), a@liph the extent of the increase may be
limited by the availability of N (Pregitzer et @2000). Examination of responses to
increased temperature suggests decreased biorttasdiah to roots is likely in some
species (Way & Oren, 2010), but this is not corsity observed and is liable to be
overcome by the effects of eg(@ieleman et al., 2012).

These predicted changes in C inputs to soil atet juality have immediate implications
for the saprotrophic and decomposer communitiectlyr supported by plant litter, root
exudates, and other plant-derived substances.ntheased exudation of labile C caused
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by eCQ may facilitate the degradation of more complexi@ail organic matter, and the
loss of soil C, by priming microbial activity (Dralet al., 2011). A counter argument to
this position has been made based on the concaphtiteased inputs of labile C will
cause the soil microbial community to shift to prentially degrade this material,
therefore reducing the rate at which litter andeotinore complex forms of C are
decomposed, and reducing £émissions from these sources (Singh et al., 2R&5ults
from FACE studies in forest and pasture demonsinateased losses of C from soil
organic matter can occur with eg(¥an Kessel et al., 2000; Gielen et al., 2005),
providing support for the priming effect, althouigiither work is needed to determine the
longevity of this effect. Other studies provide gap for the concept that activity relating
to the degradation of labile substrates will bepsufed over that of the degradation of
more recalcitrant substrates (He et al., 2010)nGesa in litter quality will also have some
influence on the structure of saprotrophic and dgmmser communities and decomposition
rates (Pritchard, 2011), but a synthesis of segtualies suggests that the significance of
any climate-change induced effects on the decompaidoe minimal, at least for eGO
alone (Norby et al., 2001).

Although climate change-induced changes in plandpectivity and litter quality are likely
to elicit some alterations to saprotrophic and dgoaser communities and activity, the
network of dependencies between plants and theustrophic and functional groups
present in soil suggest that the wider effectshainges in C and litter inputs could be more
significant (Pritchard, 2011). Changes in resosugaply, particularly C availability, will
substantially affect the flow of energy into saildethe relationships between plants and
soil biota. These changes are likely to cascadmigir multiple trophic levels within the
soil, with unpredictable consequences for plantataism, above- and belowground
community composition, ecosystem productivity agdaultural yields (Pritchard, 2011).
Although some predictions can be made for individispects of climate change, the
extent and consistency of the response of C ingnudditter quality to the combined
components of climate change is largely unclearst\dtudies have considered short-term
responses to variations in a single factor (e.@z)®nown to have leverage over C or litter
inputs (Smith et al., 2008). Longer term studiemattiple factors, accounting for
interactions and offsetting effects, are requiedientify the ongoing changes in plant C
and litter inputs resulting from climate changej &me response of the soil community.

As well as individual changes in plant C and nutrigynamics, it is likely that the
composition and diversity of plant communities willange in response to climate change,
with potential consequences for soil-mediated estesy services. The positive effect of
eCQ on productivity is generally found to be stronfmrC3 plants compared to C4

plants, whereas warming is thought to benefit Ghis over C3 plants. Legumes have also
been found to respond positively to eJ®atterson et al., 1999, Fuhrer, 2003; Tubiello et
al., 2007; Jaggard et al., 2010), unless nutrigrgdimiting (see discussion on Rhizobia at
the NZFACE site). The direct effects of climate mp@ on environmental conditions may
increase the susceptibility of ecosystems to imrgsas invasive species are thought to be
well-adapted to take advantage of a wide rang@wodlitions, especially those associated
with disturbance (Davidson et al., 2011). Any adgl direct plant responses to climate
change may alter competitive balances and theréfiereclative abundance of existing
species, and potentially the number of specielgpth forest understories and extensively
grazed systems.

As an example of how plant species composition alynge in response to climate
change, a recent grassland study found that tagwelabundance of grasses declined with
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warming and warming combined with drought, whetbasrelative abundance of legumes
increased with warming (Cantarel et al., 2013)¥ohest systems, understory legumes may
become more abundant, as long as other resourckesasyphosphorus and water do not
become limiting (Reverchon et al., 2012). Variod<CE studies in forests have also found
that some understory species increase their relgtiowth rates (Mohan et al., 2007), and
that the relative abundance of understory woodgispdas opposed to herbaceous
species) can increase (Souza et al., 2010).

As well as direct effects on the existing plant comnity, climate change may alter plant
species composition and diversity indirectly, Mieeges to the abundance of herbivorous
insects and microbial pathogens, and the effeatisgf biocontrol agents. The range,
abundance, fecundity, and activity of insects amndebial plant pathogens are predicted to
be altered by climate change (Patterson et al9;18frrett et al., 2011). In particular,
warmer temperatures may result in increased pestdamce and increased ranges, as
insects will be able to over-winter more frequerthd/or incorporate more generations per
year (Patterson et al., 1999; Fuhrer, 2003). Exg¢rements such as drought may increase
the incidence of insect outbreaks (Fuhrer, 200®8)easpects of climate change,
however, may reduce some pests and diseases. &uopkx drier summers may reduce
pathogen abundance (Patterson et al., 1999). Hutential outcomes also apply to
biocontrol agents that are currently used to conindesirable plants or insects (Patterson
et al., 1999; Colagiero et al., 2011). The effemtiess of pests and disease will also be
modified by climate-change induced alterationd®groduction of defensive compounds
by the host plant, as discussed above (Garrelt, @04.1).

Changes in plant behaviour will also affect therdego which pests and disease impact on
plant species. The stimulation of resource allocato root biomass in response to eCO
has the potential to increase the activity of metdating insects (Johnson & McNicol,
2010). For example, one study found that e@3ulted in enhanced nodulation of white
clover, and a subsequent increase in the abundsrtice larvae of the clover root weevil
(Sitona lepidusJohnson & McNicol 2010). Extended growing seasamslongation of a
developmental phase where plant disease suscéptibiéenhanced may allow for greater
pest and pathogen abundance as the window fortmyedand/or infection is expanded
(Garrett et al., 2011).

Any climate change-driven disruption to the syncization of plant and pest/pathogen
behaviour is also likely to result in changes ia télative effect on plant health and
survival. Alterations in the temporal developmehplants relative to populations of
above-ground herbivores have been found to indadews outcomes for plant
performance (Pritchard, 2011), but it is largelkmown how below-ground pest and
pathogen populations will respond. These climatnge-induced changes in the
effectiveness of pests, diseases, and bioconteritagombined with the differential direct
responses of plant species to climate changelaly tio have consequences for the
relative abundance of plant species and the spachagess of plant communities.

Climate change-induced changes in plant commutniigtsire may affect soil biota and
the supporting and regulating services they proJiiiferent plant species have been
shown to have significant effects on several aspefcsoil systems, such as pH, N
mineralisation rates, phosphatase activity, andgtheture of the soil microbial
community (Bardgett et al., 1999; Orwin & Wardl®08; Orwin et al., 2010), all of which
modify nutrient cycling in soil. These effects havaen linked to plant traits, with plants
that have fast growth rates and high quality lideing associated with bacteria-dominated
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microbial communities and high rates of N cycliigrhan & Wedin, 1991; van der Krift
& Berendse, 2001; Orwin et al., 2010). Litter depasition rates have also been
successfully linked to plant chemical traits susiCaN ratios and lignin contents, and leaf
structural traits such as leaf dry matter contet specific leaf area (Garnier et al., 2004;
Quested et al., 2007; Cornwell et al., 2008). Atshiplant communities towards those
that produce lower quality litter should therefoeeuce decomposition rates and
potentially increase soil C storage. For exampidnarease in low-productivity species in
response to warming in a meadow ecosystem redustor&ye in soils initially as a result
of reduced C inputs to the soil, but was predittexhcrease soil C in the long term as a
result of reduced decomposition rates in respamseduced litter quality (Saleska et al.,
2002). Added to this, a recent study showed thdividual plant species responses to
warming, eCQand drought in a mixed-plant community influendee expression of soll
microbial enzymes involved in P, S and C cyclingu@ol et al., 2010). This provides
direct evidence of plant species modulating miabt#sponses to climate change.

As well as changes in the species compositionaritgiommunities, changes in their
species richness and evenness (the degree to wkimmmunity is dominated by one or
more species) may also alter the delivery of edesyservices. Plant species richness
and/or diversity (i.e. the number of species prodeas been shown to increase plant
productivity (Hooper et al., 2005), which, as shaatnove, can have significant effects on
belowground processes. More diverse communitieglsamresult in greater nutrient
retention in plant biomass (Hooper et al., 2005k wotential consequences for litter
quality and microbial nutrient cycling. Plant specrichness can also affect how plant
community biomass responds to disturbances sudloaght (van Ruijven & Berendse,
2010), which is also likely to influence how soibta and processes respond. Recent
evidence also suggests that subtle changes iresp@oenness influences ecosystem
services such as nutrient cycling, leaching, and {fi@es (Orwin et al., unpublished data;
Maestre et al., 2012). The extent to which plaetcsgs richness and evenness will interact
with aspects of climate change other than drowgbtirently poorly investigated.
However, a grassland warming experiment has shdadvarming counteracted the
positive effect of species richness on root bionjResBoeck et al., 2007), and that plant
species richness only had a positive effect onniatienitrification rates under warmed
conditions (Malchair et al., 2010). A further studyind that the eC{ncreased
earthworm cast production in a model calcareousstpad, but only at high plant species
richness (Arnone et al., 2013). These results sighat climate change-induced changes
in plant species richness and composition may keyeficant influences on soil-mediated
processes that underpin ecosystem services.

Soil biotic community attributes

Changes in plant communities, along with the diedfects of climate change, are likely to
affect the biomass, diversity, and compositionaf lsiotic communities (see details in
Soil Biota and section above). For example, ixigeeted that eCOwill alter the
bacterial:fungal ratio and increase saprotrophiertaiss and mesofauna (Blankinship et al.,
2011; Pritchard, 2011). Interactions of eG&th other climate change factors and the
indirect effects of changes in plant communitied treir behaviour may modify these
responses, making it difficult to predict how daibta will respond to overall climate
change (Kardol et al., 2010; Blankinship et al120 Although we do not currently know
the specific details of which soil species witheamamunities will change most in response
to climate change, we can use the general ecoldderature in this area to assess
whether changes in biomass, diversity, and compaosibtay have flow-on effects to the
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provision of ecosystem services. Changes in sotldodcommunity attributes are likely to
be relevant to all sectors.

Species richness, or the number of species in antonty, may change in response to
climate change. There is considerable debate whéther the species richness of soil
biota is likely to influence ecosystem processesi@et al., 2012). For soil microbes in
particular, this is due to the incredibly high nienbf species found in any one soil and
because many processes can be performed by anlamgeer of those species, which is
thought to lead to functional redundancy (Hoopeale2005). However, there is some
evidence that soil biotic diversity can influencadtioning. The species richness of
mycorrhizal fungi has been shown to influence pfaoductivity (van Der Heijden et al.,
1998; Jonsson et al., 2001) via increased nutdptake (van Der Heijden et al., 1998).
Two meta-analyses of over 20 studies have alsadfthet soil biotic diversity can have
positive effects on C cycling (Srivastava et dd02; Nielsen et al., 2011), and the stability
of some processes (e.g., denitrification) may lgédri in more diverse systems (Hallin et
al., 2012). However, many studies have used ust&agradients of species richness, i.e.
unrealistically low species numbers that wouldl®found under natural conditions
(Gessner et al., 2010; Nielsen et al., 2011), ntpkidifficult to extrapolate results to the
real world. When this is taken into consideratitong with other studies that show that
even the loss of 99.99% of the soil's microbialedtsity does not reduce C mineralisation,
nitrification or denitrification rates (Wertz et @2006), and a general lack of studies that
look at diversity across trophic levels, the consapes for ecosystem services of any
change in species richness of soil biota in resptmslimate change remains unclear
(Wurst et al., 2012).

In contrast to species richness effects, theresiatgr certainty that the composition of soll
biota is important. Mycorrhizal species are knowmave differential effects on plant
community composition, plant water use, root biosnasd plant productivity (Rillig &
Mummey, 2006), with potential consequences fordislevery of ecosystem services such
as nutrient retention and food production. For gxanresearch with Scots pine and a
selection of ectomycorrhizal fungi suggests thatdavelopment of associations with
particular mycorrhizal species can reduce the sre of nutrient deficiencies by enabling
access to a broader pool of soil nutrients, allgwalimate change-driven productivity
increases to be realised (Gorissen et al., 200D)iter quality to remain constant.
Different mycorrhizal species also differ in thanchitecture and hyphal production rate
(Rillig & Mummey, 2006), which may influence sotrgcture and subsequently soil
process rates.

Mycorrhizal associations may also be particulamyportant in acquiring phosphorus (P)
when it is limiting. Since P can often be the limgt nutrient (or co-limiting with N), and P
cycling has not been explored in other sectionsgdaveo briefly here. The P cycle differs
somewhat from other nutrient cycles (Condron e2&l05) in that in systems where P has
not been added, the largest form of availabled?ten in the organic form. The release of
plant-available P from soil minerals is slow, andhe soils (Allophanic Soils in particular)
strongly sorb available P. Therefore, P is lesslyiko leach than other nutrients, but is
susceptible to loss from surface erosion.

In many systems, the availability of P is deterrdibg the mineralisation of the organic
material. Just as with N, the increased plant gndvdm eCQ can result in P limitation
(Finzi et al., 2010), but this may be less of aypgm in agricultural soils where additional
P has been added as fertiliser. There have bedéewar studies on P (as opposed to N)
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dynamics during climatic change. In a meta-studgnlye and Field (2007) suggest that
only when there are increases in NPP (often intlyrélerough N addition) does climate
change have an effect on decreasing P availalitityuch situations, specific mycorrhizal
associations that maximise P uptake to the host play provide a competitive advantage
over other plants that do not posses similar agsons.

Mycorrhizal fungi also vary in the quality and gtignof C they produce. As much of this
C enters the pools with slower turnover rates engil, changes in mycorrhizal species
composition may alter the amount of C stored irsgstems (Treseder & Allen, 2000;
Orwin et al., 2011). On the other hand, recentawi@ also suggests that, under gGle
presence of arbuscular mycorrhizal fungi might éase the decomposition of organic
matter through release of easily decomposable rab(ee., the priming effect where
release of easily decomposable material stimutagegdecomposition of more recalcitrant
material), and so increase C loss from soils (Cletrad., 2011). Mycorrhizal fungal
composition, along with the composition of otheit fngi, may also influence soil water
repellency as different species produce differgatrdphobic proteins (Smits et al., 2003;
Rillig, 2005; Rillig & Mummey, 2006).

The community composition of other soil biota hE®deen shown to be important for
ecosystem processes. For example, denitrifier baktgentity can influence

denitrification rates, including under climate cgarscenarios (Salles et al., 2009; Cantarel
et al., 2012), soil microbial community structuenanfluence C (Strickland et al., 2009;
Nielsen et al.m 2011), and N cycling rates (Baké&iirestone, 2005), and the composition
and traits of macrofauna species can explain méitteovariation in litter decomposition
(Heemsbergen et al., 2004). Soil pathogens caraffisct plant growth significantly, but
effects tend to be species-specific (Kulmatiskalet2008; Maron et al., 2011). Increases
in the fungal:bacterial ratio are associated wittréased nutrient retention (including
when there are wet—dry cycles), slower nutrientiogcand higher soil C (Wardle et al.,
2004; de Vries & Bardgett, 2012). Further, primeftects were found to be lower where
fungi and actinomycete abundance was reduced angdasition altered by fumigation
(Garcia-Pausas & Paterson, 2011).

Climate change can also influence the expressigeés within microbial communities.
For example, Zhou et al. (2012) found that the eggion of genes involved in the
degradation of labile substrates, denitrificatiang N fixation were enhanced by warming,
whereas those that are involved in degrading mewralcitrant substrates were not. These
results suggest that changes in the compositioraetity of soil biotic communities in
response to climate change are likely to have rfgignt effect on ecosystem services
(Wurst et al., 2012).

It is also likely that the biomass of soil biotdlwhange in response to climate change.
Increases in biomass may result in increased l@fdismctioning. Evidence for this view-
point comes from studies where, for example, badtbiomass was positively correlated
to N fluxes and soil respiration (Cantarel et20]12), increased microbial biomass was
associated with increases in enzyme activities we@€y (Drissner et al., 2007) and meta-
analyses that suggest increases in micro- and e@s@fabundance can increase above-
ground plant productivity (Sackett et al., 2010).

Effects may be system specific, however. For examptreases in soil fauna were found
to have much stronger effects on plant productivitgystems where N is limiting (e.g.,
coniferous forests) compared with systems thatatnetl legumes (Sackett et al., 2010).
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Also, as has been previously discussed, greatebexsmof specific biotic groups (such as
root-feeding nematodes), may decrease productirgphic cascades (the alteration of
lower trophic levels by a key predator, such agpsegsion of prey numbers) may limit the
extent to which increases or decreases in bionfess acosystem services (Wardle,
2002). Overall, it is clear that changes in therass and composition, and possibly the
species richness, of soil biota, could have a aamt effect on the delivery of ecosystem
services. However, it is difficult to predict whditection these changes in soil biotic
communities will take, and what their consequenadde.

Greenhouse gas emissions

Given that soil microorganisms regulate terresgrakenhouse gas (GOCH; and NO)

flux, there is significant potential for feedbacitaractions to occur as climate change
alters conditions within soil, but there is stiluoh dispute over the extent and longevity of
any effect.

A principle factor driving increased emissionshie sensitivity of soil microbial

metabolism to temperature. Increased temperatareanes the rate of respiration more
than photosynthesis, suggesting a net increas©jprpduction is likely to occur in the
soil-plant system (Woodwell et al., 1998). Attemiatpredict the extent of the change in
microbial respiration are complicated by differemaethe forms and stability of C pools in
soil, but integrated models suggest that increasgdsions, albeit over varying timescales,
are the most likely outcome (Knorr et al., 2009)eTncreased exudation of labile C is
also likely to stimulate respiration by enhancihg decomposition of more complex soll
organic matter, as discussed previously (Van Kestsal, 2000; Gielen et al., 2005; Drake
et al., 2011).

The long-term effects on microbial respiration, lewer, will be significantly influenced

by the extent of any nutrient limitations that noaeur as plants capture greater volumes
of nutrients to support increased biomass prododongh et al., 2010). Such limitations
are likely to cause shifts to fungal-dominated eyst that are inherently low respiration.
The role of soil water is also debated as increasadture availability may stimulate
respiration in some regions but decrease oxygematiothers, whereas less moisture will
decrease microbial metabolism but increase oxygamat existing swamps and peat lands
(Singh et al., 2010). This will have a major infhee on nitrous oxide (}D) production

and emission from soils: more discussion on clincange impacts onJ® emissions can
be found in section 5.4.

Alterations to CH dynamics in soil are of great importance becausdgh@s
approximately 25 times the global warming poterafaCO, on a molecular basis, and
other than atmospheric chemical oxidation, is aalgtured by methanotrophs in aerobic
soils (Le Mer & Roger, 2001). Increased temperatsifikely to stimulate methane
emissions by increasing rates of microbial metabaditivity (Woodwell et al., 1998; Singh
et al., 2010), but the determining factor in thegderm will likely be the effects of climate
change on the activity of methanotrophs. Basedoomparisons of climatic conditions
across various regions it is highly probable thid, Consumption in wetter soils will
decrease due to reduced oxygenation. Elevatedh@®the potential to reduce Ctptake
substantially, but the mechanisms for this areumaerstood (Dalal et al., 2008; Singh et
al., 2010). While there is likely to be some intoby effects of moisture and eGOn
methanogenic soil bacteria, there is no reasosdorae this will match the substantial
inhibition of methanotrophs that has been repoi@ahsequently, it is reasonable to
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assume that climate change will stimulate decre@&dconsumption in soils, producing
a net increase in emissions.

Combined, these results suggest that the effeaknafite change on ecosystem services
that are mediated by plants, soil biota and therattions between them are likely to
depend on both individual and community-level res@s. Individual responses at the
organismal level may be relatively rapid and ocsiihin a few years, while changes in
community structure may occur over years to marmades (Bardgett et al., 2013). This
means that the overall effect of climate changéherdelivery of ecosystem services will
change over time. Any decoupling caused by diffeaénesponses of plant and soil
communities to climate change may have significamsequences for the processes they
mediate, an effect which is more likely over longare scales as more major changes in
community structure occur due to the immigratiod koss of species (Bardgett et al.,
2013).
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4 Impacts of climate change on soil carbon cycling

Loretta Garrett Roberta Gentife Carolyn Hedley; Mike Dodd, Simeon Smail| Miko
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41 KEY MESSAGES

The changing climate will impact on the soil carl{@®) cycling processes that are strongly
influenced by temperature and soil moisture conter impacts of climate change on New
Zealand'’s primary land based sectors will vary assalt of different land use and management.
Although the soil C cycle has been well studiedrehs no clear understanding of the interactions
between the factors controlling soil C stocks andate change factors i.e. carbon dioxide ;O
temperature and moisture. The key results are piexsén Table 4.1, which shows the predicted
changes to the soil C cycle process and resulaigsstocks for cropping, pastoral (dairy,
extensive grazing), and forestry. The general dor®f change and level of certainty are
specified.
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Table 4.1: Summary of the impacts of climate change on carbon cycling and stocks.

Factors Cropping  Pasture Pasture Forestry  Justification

potentially intensive extensive (e.g.

affected (e.g. dairy)  dry stock)
Increasing temperature and CO2 concentrations will increase Net Primary Production (NPP) where there are no
soil moisture or nutrient limitations. An expected increase in soil C supply from increased root exudation and
turnover.

Soil C supply 2 ? 2 2 In the absence of legumes, eCO2 leads to plant tissue of higher C:N ratio that is less labile, resulting in reduced
decomposition rates.
Extreme events reduce NPP and soil C supply, through droughts inducing moisture deficits, heavy rainfall
increasing erosion risk for hill country, and increased windiness increasing erosion risk in cropping sectors.
Decomposition of soil organic matter is driven by soil micro-organisms and is very temperature sensitive,
increasing with higher temperature across all sectors.

Soil C 2 2 2 2 Seasonal changes in soil C supply are likely to alter the temperature dependence of decomposition, due to

decomposition changing amounts and biochemical quality of litter.
The biochemical quality of the C supply to soils in the absence of legumes is likely to be higher, resulting in
slower decomposition.
Soil C stabilisation is indirectly impacted by soil C supply and soil C decomposition. An increase in soil C supply

SoilC promotes increased C protection where there is no cultivation or soil disturbance.

stabilisation ) ) ) ) Increased temperatures may increase or decrease soil C chemical protection.
Altered precipitation (wetting and drying cycles) may increase or decrease physical C protection.

Soil C loss - Increase in high rainfall events has the potential to increase dissolved organic carbon (DOC) loss through

DOC ) ] ] ] drainage.
Increase in windiness will increase risk of wind erosion for cropping sectors.

Soil C loss - No anticipated change in erosion for dairy.

erosion Increase in extreme heavy rainfall events will increase the risk of erosion for erosion-prone hill country in both the
pastoral sector and forestry in the post-harvest phase.
Increase in windiness will increase risk of wind erosion for cropping sectors.

Soi Increase in extreme heavy rainfall events will increase the risk of erosion for erosion-prone hill country in both the

oil C stocks ;

pastoral sector and forestry in the post-harvest phase.
High uncertainty around the impact of CC on existing protected old C decomposition or loss across all sectors.

Direction of change and certainty in science knowledge

?  Overall, most likely to increase Could increase, remain unchanged or decrease B Reasonably certain of effects

("N

A Overall, most likely to decrease
= Overall, most likely to remain unchanged -

Neither certain nor uncertain

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

Soil carbon (C) is an important part of the gloBatycle and is critical to the soil
supporting processes (e.g. nutrient cycling) anichsdural capital. The extent to which
soils and soil C will play a role in climate changéigation is not well understood.
Globally, soils represent a large and extremelyartgnt C reservoir, larger than the
atmospheric and vegetation C reservoirs combinedi{l3on and Janssens, 2006). In New
Zealand the total soil C stock to 30 cm depth isreded at 2,890 Tg (Tate et al., 2005)
and a small loss of soil C can result in a lardease of respired C dioxide (GQo the
atmosphere. Moreover, soil organic C is linkeddib guality (Lal, 2004; 2005). There is a
need to understand whether climate change wilegxe or decrease soil C. Although the
soil C cycle has been well studied there is noralkeaerstanding of the interactions
between the factors controlling soil C stocks alimdate change factors: carbon dioxide
(COy), temperature and moisture.

Net primary production (NPP) is the initial souafeC to the system, followed by
additional processes whereby plant C is deliveodtie soil, either on or below the soill
surface (Fig. 4.1). Once part of the soil, the G mmadergo decomposition and be released
as CQ to the atmosphere, or be stabilised and protestdte short- to long-term from
decomposition. Soil C may also be lost throughahgs] organic carbon (DOC) transport
to ground water or through erosion. Climate chaagpected to impact the C cycle
process with greater C inputs and faster C decoitimosates, and variable impacts on
soil C stabilisation and loss.

Net primary
production
I
\ N
Animal Rootallocation
intake
Senescing shoot N Senescing root
litter litter
Excreta = Rootexudation
‘On soil’ ‘In soil’
Carbon dioxide @ | |
Soil surface
Erosioncarbon [~
loss
Carbon F il carb ‘
decomposition ree s%jar on ? l/
Chemical carbon Physical carbon
stabilisation stabilisation

‘ dissolved organic carbon loss ‘
I

v
Figure 4.1: Key processes in the soil organic carbon cycle in primary production systems.
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Projections made by NIWA indicate that future climahange in New Zealand will

involve increases in temperature and changesmfatgiincluding a greater frequency of
extreme storm events and drought, as well as @datospheric C{xoncentrations.

The impacts of soil erosion, a key process in@ddss, have been reviewed (Basher et al.,
2012). However, much uncertainty exists aroundrtipacts of other key processes such
as soil C inputs, decomposition and stabilisatiot iateractions with the N cycle on soill
carbon. The changing climate is expected to havuenpact on soil C stocks in the long-
term, however the magnitude and direction of chang®il C at the national level is
uncertain. Land use significantly impacts on sodt@cks and processes, as forests contain
more biomass and capture more carbon than pastocabpping systems. Furthermore,
site management influences the incorporation daserC residues into the soil. It is
possible that indirect effects of climate changdam use and management patterns may
exceed direct effects on soil C.

This section reviews current understanding of itkelyf changes in soil C processes and
soil C stocks under a changing climate for theghmemary production systems (pastoral,
arable and production forestry) and their assamatiith the main climate change factors:
elevated atmospheric GQeCQ), increased temperature, changes in rainfall aokased
frequency of extreme weather events. The intenastad eCQ, temperature and rainfall
are also considered.

We examine the impact of climate change on solirGugh four key questions:

1. What are the impacts of climate change onstiygply of C to the soil(C inputs from plant
production)?

2. What are the impacts of climate change ondéxeomposition rate of soil ((plant litter and
soil organic matter decomposition)?

3.  What are the impacts of climate changesoi C stabilisation and loss processess they
affect the soil's carbon storage capacity?

4. What are the impacts of climate change on the ahahgpil C stocksunder current and
future farm and forestry systems?

4.3 WHAT ARE THE IMPACTS OF CLIMATE CHANGE ON THE SUPPLY OF
CARBON TO THE SOIL (FROM PLANT PRODUCTION)?

Scope and limitations

Net primary production (NPP) is the initial souafeC to the systems but there are
additional processes whereby that plant C is dedivéo the soil (either on or below the
soil surface, Fig. 4.1). Other sections cover theothposition of organic C on/in soil
leading to losses of stabilised soil C and respinatAn important caveat is that few
studies actually measure NPP or the processesdaliv\C to the soil — most measure
biomass accumulation, which in crops may be haedegield, and in pastures is actually
an estimate of animal intake. So the assumptifnredgiently made that increases in
measured biomass accumulation reflect increasi® i

Effect of elevated atmospheric carbon dioxide

Elevated CQconcentration is expected to increase NPP inlatitgproduction systems
(Friend, 2010) in the absence of other limitingdas (e.g. soil fertility). This has been
demonstrated in empirical studies, both laborasony field-based, across the three
primary production systems of relevance to New @l pastoral (Newton et al., 2001),
arable (Morgan et al., 2005), and forestry (DeLuwtial., 2005). Leaf photosynthesis
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increases by 30-50% in@rasses and 10-25% in @rasses with a doubling of GO
(Soussana & Luscher, 2007). The difference betwikeand G species is due to the
greater efficiency of the Rubisco C-assimilatioaygne in G plants as stomatal GO
increases (Sage & Kubien, 2007). Despite the obsledownregulation of photosynthetic
capacity, stimulation of leaf photosynthesis ismt@ined over time (Leakey et al., 2009)
but short and long-term plant growth responsegddtie to soil feedback factors affecting
nutrient availability (Soussana & Luscher, 2007wt et al., 2010; Norby et al., 2010).
Increased NPP generally translates into increasgd|, Yacross a range of crops, a doubling
of CO, increases biomass production by ~30% jrsfecies but <10% insGpecies
(Hatfield et al., 2011). In forests, growth hasrbsebown to increase by a median of 23%
across a range of site productivity levels (Norbgle 2005). This general effect is
supported by C@enrichment experiments on young pine trees in Kealand (Atwell et
al., 2003). Recent estimates of the magnitudeee#tpected plant growth response are
typically lower than earlier estimates. Specifigafree air CQ enrichment (FACE)

studies have indicated on average 50% less resgongeared to chamber studies, due to
the elimination of light and temperature artefaxgsociated with chamber studies (Long et
al., 2006).

Effect of increased temperature

Plant species vary in the defined range of mininaptimum-maximum temperatures
within which growth occurs. Thus, increased tempeeawill either increase or decrease
NPP and biomass accumulation in plant productictesys, depending on location and
species (Hatfield et al., 2011). Plants are gelyeasle to acclimate to temperature
changes, and in general increased temperatureesillt in increased NPP in grassland
(Wan et al., 2005; Zha et al., 2013) and biomasas€tal., 2011; Lu et al., 2013),
particularly in the temperate climates of New Zadlavhere damaging high temperatures
are not projected and growth-limiting low temperastuwill become less frequent.
Increased temperatures generally accelerate prgoalalevelopment, which can shorten
growing seasons for annual crops and thus reduée(KiPschbaum, 2004a). On the other
hand increased temperatures will lengthen the grgweason for perennial crops such as
pastures and trees (Way & Oren, 2010). In mixeatisgegasture, shifts in the dominance
of species in response to temperature changeikakg k.g. G to G, grasses, with the
latter better adapted to higher temperatures (&agebien, 2007). This will change the
pattern of production response to temperature.€fieets of temperature on plant
production are likely to be further modified ované as higher temperatures increase
nutrient supply via greater mineralisation ratesi@us 2007), which may mitigate
expected C@effects on nutrient limitation (Luo et al., 2004).

Effect of changes in rainfall

Moisture availability has a large influence on NP ugh stomatal conductance and
resultant photosynthetic rates (Lawlor & CornicQ2)) Water deficits in particular will
have detrimental effects on NPP and biomass acaiionlin all plant production systems
(Barker et al., 1985; Prince et al., 2001; Richandst al., 2002). On the other hand,
increased rainfall intensity can also reduce NRPexicessive soil moisture levels
(McFarlane et al., 2003) and cause crop damagee(RRoig et al., 2002), though in the
short-term the associated tissue senescence n@geap an increase in C supply to soil.
For production forests, small changes in rainfedjgcted for New Zealand are expected to
have relatively minor effects on tree growth, mosly overshadowed by C{and
temperature effects (Kirschbaum et al., 2012b).dfopping systems, negative effects on
yield are projected in a limited number of drylasitks (Teixeira & Brown, 2012). Pastoral
production appears likely to be the most negatiralyacted sector from a drought

Ministry for Primary Industries Review of climate change impacts on soil - Appendices ¢ 75



perspective, with model projections from the Eawoelie project indicating production
losses in the North Island and Eastern regionghgrisom increased frequency and
severity of drought years (Baisden et al., 2008).

Effect of interactions between CO., temperature and rainfall changes

Interactions between GOtemperature and rainfall changes are readilyrobgde.g.
Shaw et al., 2002; Tubiello et al., 2007; Morgaalet2011) and thus very important in
determining actual future NPP outcomes for anymgieeation and species combination
(Kirschbaum, 2004a).

Due to increases in photorespiration with incregs@mperature in £species (Sage &
Kubien, 2007) the C@effect on primary production is greater at higteenperatures.
Decreases in stomatal conductance and canopy exespiration under eCGOnean that
the water use efficiency (WUE) of all plants isre&sed (Kimball & Idso 1983; Wand et
al., 1999) and reduced depletion of soil watehiseoved (Newton et al., 2006). Thus, the
positive effect of eC@will be enhanced under drier conditions for bothe@d G species
due to higher WUEs (Leakey et al., 2009; Hatfidldle 2011). So in general plants should
be less sensitive to lower precipitation under e@a this may mitigate losses in NPP due
to temperature-induced moisture stress. In thedoteym, the increased growth of C
species at higher temperatures may be offset by-@@Dced nutrient limitation (Dodd et
al., 2010).

Effect of increasing frequency of extreme weather events

There is very little information on the effectsinfreasing frequency of extreme weather
events, because few studies have addressed tlfiests éTubiello et al., 2007), with the
exception of some modeling studies focused on yigld losses (e.g. Rosenzweig et al.,
2002). Strong winds are associated with lower greevth rates (Watt et al., 2010) and
increase the risk of tree damage (Dunningham g2@1.2). There are indications of lower
average rates of long term crop yield increaseeasawith more extreme conditions
(Porter & Semenov, 2005). Extreme climatic evenét involve disturbance of plant
communities are likely to lead to reductions in doeninance of existing species in favour
of invasive species adapted to disturbance (e.gnBual grasses compared tppérennial
grasses, White et al., 2001) with variable effectNPP.

At larger scales the effects of more frequent em&r@vents on erosion rates in hill country
will reduce long-term pasture productivity by ~2@Rosser & Ross 2011), and also forest
productivity, but to a lesser extent because ofddeiced incidence of shallow landslide
erosion under forests (Reid & Page, 2002). Therg eaas-yet unexplored interactions
between the direct effects of G@emperature and rainfall on plant productivitgdahus
plant cover and root mass) that mitigate or exaterthe vulnerability of soils to erosion
(Basher et al., 2012).

Effects on supply of carbon to soil

Changes in NPP can be expected to translate giiatdl changes in overall C supply to
the soil interface in terms of shoot litter, romputs and animal excreta (in grazed
pastures). However, the expected balance betwese frathways may also change, with
resultant impacts on the degree to which C ismethin soil. Root inputs in particular have
been shown to increase under e@Opastures, in terms of both root exudation and
turnover (Allard et al., 2005; Allard et al., 2006ewton et al., 2006). This effect has also
been shown in forests (Norby et al., 2004; Philépal., 2011). Increased root turnover in
pastures in response to increased temperaturettrigsited to greater availability of
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photosynthate and nutrients (Fitter et al., 1989yrazed pastures the balance of C supply
under eCQappears to have shifted toward root inputs and/dman shoot and excreta
inputs (Ross et al., 2013). This has implicatiarssbil C stabilisation if, as has been
suggested, most soil C is derived from root ingR&sse et al., 2005). Conversely, the C in
root exudates is highly labile, so greater inpditthis material are unlikely to contribute to
soil C stabilisation, and may act to reduce stsdiion by promoting the decomposition of
more recalcitrant C (Allard et al., 2006; Hyvonéralk, 2007).

In addition, the biochemical quality of the C supfa soils is likely to alter (see section
3.6), with implications for the processes that aepose C in soils. In the absence of
legumes, eC@can lead to plant tissue of higher C:N ratio ikdéss labile (Norby &
Cotrufo, 1998; Saxe et al., 1998; Korner, 2000;|&iik et al., 2001; Newton et al., 2010)
and will have reduced decomposition rates. Howesleanges in plant tissue quality do not
always correlate to changes in litter quality, aseMorption during senescence can vary
with the amount of N present in the plant tissughwore N translocated from low C:N
tissue compared to high C:N tissue. This effectpoes litter that is essentially of
equivalent quality despite originating from plaisstie of differing quality (Norby &
Cotrufo, 1998), and has been observed in grazadneaqAllard et al., 2004). Further
research into this process is required to undedtstamrelative significance for litter
guality, although it is apparent it will not be sificant across all sectors.

In systems where legumes are present, their grgatetth responsiveness to e£O
(Newton et al., 2006) has been found to maintaimenease the quality of litter inputs by
increasing nitrogen availability, leading to protlan of organic matter of lower C:N ratio
(Allard et al., 2005). Moreover, in grazed pastutespresence of legumes and the effects
of animal decoupling of C and N in excreta canraltesupply (Newton et al., 2006).
Increased proportion of legumes in edastures can lead to increased litter mass loss
rates (assumed to equate to C supply via deconositvhich can be mitigated by slower
mass loss rates from animal excreta (Allard e2&il04).

Changes in the combinations of plant species aadhed conditions may lead to different
rooting depth profiles and thus changes in thetigpuoot-derived C through the soil
profile. This is important because inputs deepeoihare regarded as having slower
turnover times, leading to greater stabilisatiosaf C (Baisden et al., 2011). Plant root
profiles will also respond to changing rainfall aedthperature patterns as these impact the
depth distribution of soil water content.

Changes in the attributes of soil biotic commusitill also impact on soil C supply, and
are reviewed in section 3.5. Changes to organitemdécomposition, which also impacts
on soil C supply, are reviewed in section 4.4. thelications of changes in soil C supply
for soil C storage are discussed in sections 4d>4ab

Modelling

Given the large ranges in potential responsesftdrdint plant species to climate change,
and the uncertainty regarding what climatic chamgéisactually occur, modelling studies
represent the only feasible way of making crop- sitel specific projections on the effects
of climate change on NPP. This approach also eitesthe substantial cost of multi-
factor empirical studies that incorporate the neagsinteractions (Mikkelsen 2008).
Consequently, numerous such analyses have beertaketeacross many production
systems globally (e.g., Riedo et al., 2000; Yangle2005). The additional benefit of
modelling is that specific effects on soil C supfdgyond NPP) can be assessed. The
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drawback is that models are open to critique abmitiegree to which they are validated

and incorporate all the relevant underpinning psees (e.g. Cfeffects, microbial

processes) and long-term feedbacks (e.g. nutnigaglyg). Three recent modelling
approaches for the pastoral, arable and produfdi@st sectors in New Zealand are worth
noting, since they have included g®@mperature and moisture effects and interactions

e Teixeira & Brown (2012) used crop-specific ‘Plantbdules within the process-based
model APSIM to investigate the effects of prediatbdnges in temperature and
rainfall under two emission scenarios on crop @elddross four regions and two soill
types. The results indicated both positive (duE@ fertilisation and greater WUE)
and negative (due to shorter growth cycles andoediwater availability) effects on
yield which were species and site specific.

* Kirschbaum et al. (2012b) used the process-basei@in@enW to investigate the
effects of projected changes in temperature amdai&{from three emissions
scenarios) on wood productivity across all of Nesaldnd at a resolution of 0.25°. In
general, wood productivity was affected more byjguted temperature changes than
predicted rainfall changes, resulting in incregsextiuctivity in the south, but
decreased productivity in the north and at lowgtuales.

» Lieffering et al. (2012) used the ‘AgPasture’ madaf APSIM to investigate the
effects of two emissions scenarios on the seag@stlire production patterns of case
study farms in three regions. The results showekased overall production in the
Waikato and Southland and a slight decrease in idaay, but all regions showed
changes in seasonal patterns which were then asdtine farm system impacts
and adaptations.

4.4 WHAT ARE THE IMPACTS OF CLIMATE CHANGE ON THE
DECOMPOSITION RATE OF SOIL CARBON (PLANT LITTER AND SOIL
ORGANIC MATTER DECOMPOSITION)?

Temperature dependence of soil organic matter decomposition

One of the key factors determining the Earth’s oese to climate change is the
temperature dependence of soil organic matter deositon (SOMD) (e.g. Jones et al.,
2005; Sitch et al., 2008; Kirschbaum, 2010). Ifbglbwarming leads to significant losses
of soil C it will constitute a dangerous feedbdaéttcould significantly increase future
warming (e.g. Cox et al., 2000; Hayes et al., 20DEppite ongoing research efforts the
ranges of uncertainty predicted by modelling oftdraperature response function of
organic matter decomposition are large (Fig. 4.2b}l the resultant soil C changes (Fig.
4.2a) are of similar magnitude to the cumulativeeléase from land-use change or half of
the cumulative fossil fuel emissions since the heigig of industrialisation (Denman et al.,
2007; Sitch et al., 2008). These global modelsbhsaapplied to New Zealand using our
projected temperature changes as reported in 8€ztio
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Figure 4.2: Five dynamic global vegetation models, run under SRES A1F1 scenario (a) and
calculated extra-tropical mean residence time of soil C (b). Tropical residence times are
similar between models. Redrawn from Sitch et al. (2008).

Therefore, different empirical approaches giveatdght apparent sensitivities. Jones et al.
(2005) showed that use of a simple one-pool orgeaniicon model leads to a predicted
greater soil C feedback (i.e. greater effect on BPkbmpared to other models with a
number of pools with different turnover times, tatter being a more accurate simulation.
The various predictions from global modelling sasdihus hinge on the model structure
that is employed (Jones et al., 2005) and paraimatien, especially the strength of the
temperature-decomposition relationship (Sitch e28l08; Kirschbaum, 2010). This is
partly because of our incomplete understanding@¥8, which is evolving as new
methods emerge to study the nature of organic m&erherefore SOMD mechanisms
are a critical focus of current climate change aes® with modelling playing an important
role in our understanding.

The temperature sensitivity of soil organic mattecomposition can be described using a
“Q1o’ relationship, i.e. the proportional increase ativaty per 10-degree increase in
temperature. This sensitivity changes with tempeeatwith a proportionally greater
change in activity at lower temperatures than g hemperatures (Fig. 4.3). The,@as
been shown to exceed 6-fold at temperatures bet@ylgut be less than 4-fold above
10°C (Fig. 4.3).
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Figure 4.3: Temperature sensitivity as inferred from four different experimental approaches
(a) and as used in the two most widely used soil organic matter models together with a
simple Q1o function with Q1o = 2 (b). Redrawn from Kirschbaum (2000).

Temperature dependencies have been obtained thiagtatory incubations

(Kirschbaum, 1995, 2000), measurements of soilir&spn with seasonally varying
temperatures (Lloyd & Taylor, 1994), soil warmingeriments and study &fC

enrichment of soil organic matter along altitudigeddients (Trumbore et al., 1996). These
different methods derive reasonably consistentnedés of the temperature dependence of
SOMD rates once interactions between the inheesnpérature sensitivity and changing
substrate availability has been explicitly taketo iaccount (Kirschbaum, 2004b, 2013). In
essence, when conditions are favourable for rapodhposition, the resulting fast rate can
deplete the pool of available substrate, leadingdniced subsequent decomposition rates.
The rate of SOMD may become constrained by inadegubstrate supply to the
decomposing micro-organisms. This has been notediinvarming experiments
(Kirschbaum, 2004b; Eliasson et al., 2005) wheaoait limit the stimulatory effect of soil
warming after a number of years of experiments (eug et al., 2001). It can also be a
problem in laboratory experiments, although if igr@eed its extent and importance as a
confounding factor can be minimised under thesalitimms (e.g. Nicolardot et al., 1994).

Substrate quality and quantity affects soil organic matter decomposition

Substrate quality will affect its biodegradabilitgr example, the seasonal variations in
pasture quality and growth result in seasonal tiana in the availability of labile
substrate, and this seasonal variability confouhdgemperature dependence of SOMD
(see Section 4.2). The soil organic matter is @nibt replenished through new litter
influx, and the varying substrate supply of differplant species at different times of the
year should be incorporated into climate changeS@MD models to improve their
prediction accuracy. Therefore, changes in the pblabile substrate typically counteract
the effect of temperature in that these pools atally smaller at times with most
favourable temperatures for decomposition, i.e.rmentime. It illustrates that strong
intrinsic temperature dependence can easily tumarweaker apparent temperature
dependence due to varying substrate availability.
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Impact of increasing temperature at cold and warm sites

These empirically-derived temperature sensitivitiage also been used in the two most
widely used soil organic matter models, Roth-C @aNTURY. There is also an
important difference between temperature dependsticr short-term and longer-term
applications. Including short-term seasonal tentpeedluctuations in models, instead of
annually averaged values, changes SOMD predictidms greater the annual temperature
range, the greater the deviation from the predictegonse based on annual mean
temperature alone. This is further illustrated ig. B.4, which shows relative annual
decomposition activity as a function of mean anneisdperature, with the symbols
representing global locations with various tempematanges. The graph illustrates several
key aspects. For the same annual mean temperttialeecomposition activity increases
with magnitude of the annual temperature rangds Soih a low annual mean
temperature, but a wide temperature range, experiamarger part of the year at high
temperature than a soil with the same mean temperhtt a lesser temperature range.
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Fig. 4.4: Calculated annual decomposition activity (relative to the rate of optimum
temperature) as a function of annual mean temperature. Different symbols refer to the annual
temperature range at respective locations (Kirschbaum, 2010).

In colder places, there are more sites with a greatnual temperature range (e.g. at high
altitudes in New Zealand). This means that the ingaorrelation between annual mean
temperature and the temperature range partly cosapenhfor the lower SOMD at lower
temperature and the derived temperature respoisssisteep for annual mean
temperature responses based on data from the ddadtrédution of temperatures across the
world than would be based on a simple applicatidih® short-term temperature
dependence that ignores this interaction with sesldemperatures (Kirschbaum, 2010).
Models using short time steps (e.g. monthly) leacktiuced sensitivity of soil C stock
estimates to warming, especially for cold regighan would be predicted for simulations
using annual time steps. This effect also helpgdoncile some apparent differences in
temperature dependencies obtained by different evernksing different approaches.

However, there are a number of complicating featofehis simple picture. For example,
Dungait et al. (2012) recently provided evidenc the conceptual slow and resistant soil
organic carbon (SOC) pools used in computer sinaulahodels (e.g. in RothC and
CENTURY) are questionable because contemporary@ecel approaches suggest that the
chemical composition of these pools is not necdggaedictable from their chemical
composition, i.e. that there is not necessarilyegdlcitrant” fraction. Specifically, the
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concept of biochemical recalcitrance, i.e. a mdeacstructure inherently resistant to
microbial decomposition, which has previously begtely accepted, is now called into
guestion because of the lack of an adequate malecumechanistic definition. Dungait et
al. (2012) instead suggested that decompositi@Qi is a function of accessibility by
microorganisms in the soil matrix, and not chemstability per se.

Impact of soil microbes and soil natural capital

The physical pathway connecting the decomposeromiganism with the organic matter
is the route that has to be navigated before thanc matter can be decomposed, and is
influenced by motility of microorganism or the maowvent of exo-enzyme and the organic
matter, pH, soil pore size, length, connectivitg &ortuosity, strength of the soil organic
matter (SOM) sorption on soil particles, occlusibmiween clay layers and within
aggregates, efficiency of enzyme activity, as \@sltemperature. This research therefore
suggests that SOMD is impacted by soil physicallt@mn and biological activity as well
as its chemical make-up, and models that accouméyement through the soil matrix of
all factors required for decomposition (i.e. miaeborganic material (e.g. root growth),
moisture, temperature, nutrients) may give graagghts into the factors that control
SOMD and how they may respond to future global wagn

Modelling

Conceptual models are used to understand how thecesystem impacts on SOMD, and
Conant et al. (2011) presented a model that disishgs SOM available for decomposition
from that which can be assimilated into microbialnbass. Their model distinguishes the
different steps of the decomposition process (gptakchanisms and microbial
catabolism) from the processes that make SOM dlaifar decomposition
(adsorption/desorption and aggregate turnover)y Thaclude that understanding the net
effect of rising temperature on soils requires ust@ading of all these component
processes and their interactions, because decobifitysaf the bulk soil OM is a function
of several independent processes (Kleber, 2010).

Apparent differences in model predictions can akseesolved by considering co-varying
factors, such as the size of the substrate poasdst global models still do not use nutrient
cycle feedback limitations even though it is likétat the inclusion of nutrient cycling
would lessen any response to external driving facd¥hen conditions are favourable for
rapid decomposition, then the fast rate can defitet@ool of available substrate leading to
reduced subsequent decomposition rates (Kirschb20h3). Therefore changing nutrient
substrate supply confounds the effect of tempesaiarSOMD.

However the more critical question for system resgs to global warming is the relative
temperature dependence of decomposition of the negedcitrant fractions of organic
matter. There is active debate going on as to vendthctions with different recalcitrance
have the same or different temperature dependenvditssa theory being advanced that
increasing recalcitrance of organic matter shoel@ddrrelated with greater temperature
dependence (e.g. Bosatta & Agren, 1999). The debatepart fuelled by the emerging
new definition of “recalcitrance” as being physlggirotected by the soil’s structural
matrix (Dungait et al., 2012), rather than chentycalert to decomposition.

Water limitation impacts

Another climate change impact on SOMD is watertitnon, because drier soils inhibit
decomposition processes (Moyano et al., 2012).¢bast al. (2012) examined how
warming and altered precipitation affected the eaté temperature sensitivity of
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heterotrophic respiration (R Drought reduced {Rooth annually and during the growing
season. During the summer, whenviRas highest, they found evidence for a threshold,
hysteretic response to soil moisturg:decreased rapidly when volumetric soil moisture
dropped below ~15% or exceeded ~26%, hunBreased gradually when soil moisture
rose from the lower threshold. It is possible thé is explained by these threshold values
representing the optimum soil moisture range farrahial activity and plant growth in
their study’s loamy over gravelly sandy loam sohis is an important interaction, not
only because climate change may cause changeden availability through changed
precipitation patterns, but also because warmswlfitvill lead to enhanced rates of water
loss and thus drier soils unless warming is also@panied by increased rates of
precipitation. The inhibitory effects of drying sbils will partly negate the warming-
enhanced stimulation of SOMD, but this interacti@s not yet been explored
quantitatively, and may be offset once droughtlragken by decomposition of the organic
carbon that has been stabilised and mineralisadglthre dry period.

Summary

This technical review section has discussed climasgage impacts on soil organic matter
decomposition, and the uncertainty associated exitsting models. Ecosystem responses
to climate change can be non-additive and nonli(arkett et al., 2005) and both plants
and microbes can exhibit threshold responses. ameidentify these nonlinearities and
thresholds we will be better positioned to redum@e of the uncertainties associated with
our climate change decision making (Zhou et al0&0

4.5 WHAT ARE THE IMPACTS OF CLIMATE CHANGE ON SOIL CARBON
STABILISATION AND LOSS PROCESSES AS THEY AFFECT THE SOIL’S
CARBON STORAGE CAPACITY?

Soil C stabilisation processes do not protect @findtely, but rather serve to reduce the
rate of C decomposition relative to unprotected@ldock & Skjemstad, 2000). The main
mechanisms of soil C stabilisation that reduce &lalility for decomposition include
physical protection within soil aggregates and dieahprotection through organo-mineral
associations (Baldock & Skjemstad, 2000; Six et24l02a; von Litzow et al., 2006).
Physical protection involves the occlusion of smganic C within soil aggregates where it
is physically isolated from decomposers and coongiare less suitable for aerobic
decomposition (Tisdall & Oades, 1982). Chemicatgerton refers to binding interactions
of soil organic C with mineral surfaces of silt asldy particles or metal oxides (Hassink,
1997). In addition to mineralisation to @&oil C may also be lost from a system due to
DOC leaching to surface or groundwater or erosion.

We have little understanding of the specific prgessnvolved in soil C stabilisation and
DOC fluxes, let alone how these might respond nging climate variables. Greater
elevated atmospheric G@oncentrations will have indirect impacts on godcesses by
increasing primary productivity and C supply (sect#.2). Increased temperatures will
stimulate biological activity and change chemi@alations. Changes in precipitation
patterns will influence soil processes by contngjlsoil moisture conditions and water
flows. Here we review available literature on haaele of these predicted climate change
effects may impact on soil C stabilisation and jossesses.

Physical protection

Soil aggregates are the units in which C is phylsigaotected in the soil by separating it
from decomposing microorganisms and creating canditwithin the aggregate interior
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that may limit aerobic decomposition (Ladd et 8093; Six et al., 2004; Tisdall and
Oades, 1982). Therefore, aggregate stability ambuer can play an important role in
controlling C stabilisation. Major factors thatludnce soil aggregation include soil fauna,
soil microorganisms, roots, inorganic binding ageartd environmental variables (Six et
al., 2004). Soil mineralogy will also affect theopesses involved in aggregate formation
and stabilisation, because moderately weatherésl\with 2:1 clay minerals
predominantly form aggregates due to organic bopdigents, whereas highly weathered
soils with 1:1 clay minerals and oxides may forngragates due to electrostatic
interactions (Six et al., 2002b). New Zealand cmista range of soil orders with differing
mineralogy and metal oxide contents (Percival e28I00), which will likely influence
aggregate response to climate change a on a saifispoasis. While this review explores
possible direct impacts of climate change on gygragate stability and turnover through
changing environmental variables, climate changg imdirectly influence physical soil C
protection due to impacts on other aggregate faomdactors.

Increased atmospheric G@oncentrations will not directly alter soil aggatg dynamics,
but will have indirect impacts due to potentialre&ses in soil C supply and changes in C
guality. Aggregate formation and degradation ameaayic processes linked to C inputs
and microbial activity, thus soil structure and $dinteract to increase soil aggregation
and physically protect soil C. Elevated £€xperiments have shown increases in
aggregate-protected C when soil C stocks haveaserkin forest and grassland systems
(Hoosbeek & Scarascia-Mugnozza, 2009; Jastrow,2@05). Six et al. (2001) observed
an increase in aggregation and aggregate-prot€ctedier perennial ryegrass after 6 years
of elevated C@even though total soil C stocks were not chanbgeavever, Moran &
Jastrow (2010) found that management effects segedsany increase in soil C or
aggregate fractions due to elevated,@0an arable cropping system. While physical C
stabilisation should increase with elevated,(Bis affect will be modified by the extent
of change to soil C inputs and management factors.

Little information is available in the literatur@ temperature effects on aggregate
dynamics and C protection. We have a low certaabiyut the impact of increased
temperatures on aggregate turnover and physicabt&qtion. Increased temperatures may
both stimulate C inputs that stabilise aggregatesiacrease the decomposition of organic
binding agents. In a prairie soil exposed to aicowous 2°C warming for 9 years, Cheng et
al. (2011) did not observe any effect on soil aggte distribution or stability. In this
experiment, increased inputs in C with warmingtireant were offset by accelerated
decomposition resulting in no change in soil C. the temperature sensitivity of
aggregate stability will likely depend on the natdmce between C inputs and
decomposition. Freeze-thaw cycles generally iner@ggregate turnover, though the
effect of this disturbance depends on soil moistGreoncentration, and clay content (Six
et al., 2004). An increase in temperature and @sere frosts may reduce freeze-thaw
cycles in some areas of New Zealand and have d sffedt on promoting physical C
protection.

Changes in future precipitation patterns will aeil moisture content and drying and
wetting cycles. Drying and wetting can be disruptir enhancing forces and the severity
or speed of each process will control the balari@ggregate turnover. Rapid drying and
wetting can decrease soil aggregation due to ndfiorumshrinking or swelling of the clay
fraction or compression of entrapped air causirgsses and cracks to develop (Dexter,
1991). Additionally, the physical impact of raingsomay cause aggregate breakdown
depending on soil cover and moisture levels (Sed.e2004). Alternatively, slow drying
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can draw C into small pores and increase moleadswociations between soil C and clay
minerals as water films retract, thereby stabifjssoil aggregates (Degens, 1997).

Soil C content may affect the stabilising influerdealrying, as Haynes & Swift (1990)
found that drying increased aggregate stabilitigh C pasture soil, but decreased
aggregate stability of low C arable soil. AdditilpaPark et al. (2007) observed that
additions of glucose-C maintained aggregate stgfiliring drying and wetting cycles.
Similarly, drying and wetting cycles in the presermé growing plants have shown an
increase in aggregate stability, which may belaited to the presence of C sources and
root exudates during drying (Materechera et aB41®Reid & Goss, 1982).

Aggregate disruption due to fast drying and wettimgy be a short-term effect, as
aggregates have been observed to become resstargiakdown upon repeated cycles
(Denef et al., 2001). This may be due to aggregfataility increasing with time or the
disintegration and reorganisation of particlesaint stronger bonds (Denef et al., 2001;
Dexter, 1991; Materechera et al., 1994). The imp&ctimate change on aggregate
stability and protection of soil C will depend dretchanges in rainfall distribution.
Possibly areas in which rainfall decreases duiliegaet winter months or areas in which
rainfall increases during the dry summer month$ exiperience greater wetting and drying
cycles. These physical stresses may increase oFadecthe physical protection of soil C
in aggregates depending on factors such as thefrateisture change, C availability and
soil mineralogy. Thus we have a low to moderatéagaty about the direction of change in
physical C stabilisation due to changing preciptapatterns.

Chemical protection

Soil carbon may be stabilised from decompositiorttgmical or physicochemical
interactions with soil minerals and metal oxide & al., 2002a; von Lutzow et al.,
2006). Several studies have shown soil C conteinictease with increasing clay content
due to the greater reactive surface area of cleycfes increasing the soil chemical
stabilisation capacity (Hassink, 1997; Six et2002a). However, in an analysis of soil C
contents of New Zealand pasture soils, Percival.¢2000) found that pyrophosphate-
extractable Al was better correlated with C thaydontent, suggesting that C
complexation with Al-oxides may be a dominant mexéia of C stabilisation in these
soils. Chemical stabilisation of soil C potentidlyolves multiple bonding mechanisms
between mineral surfaces and C compounds inclldjagd exchange, cation bridging,
electrostatic interaction, hydrophobic interactidmgdrogen bonding, and van der Waals
forces (Sollins et al., 1996; von Lutzow et al.08Q The type of bonding present in a
given soil will depend on the nature of the sot@npounds as well as the soil minerals
present, and will likely involve multiple mechanisnAdsorption and desorption processes
in soils are not well understood due to this hejeneity and complexity of bonding
interactions. Hence we have great uncertainty tabdishing any trends of climate change
impacts on the chemical protection of soil C uwl can understand the mechanisms
involved.

As with soil C physical protection, elevated atnmuspc CQ concentrations may have
indirect impacts on C chemical protection by insieg the quantity of C inputs. The
stabilisation of C by clay minerals would be expédo increase with increased soil C, but
there are few studies examining this specific §istion mechanism. Increases have been
found in silt and clay-associated C in responsgduvated C@for whole soil (Jastrow et

al., 2000) and aggregate-associated fractions (pémds& Scarascia-Mugnozza, 2009).
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Thus increases in soil C in response to elevategdb@uld increase the association of C
with soil minerals and metal oxides.

As soil C adsorption and desorption are chemiaatgsses, they should be subject to
kinetic theory and their rates influenced by terapge. However, due to the complexity
of the interactions involved, we have little infation about the activation energies of
these processes (Davidson & Janssens, 2006). Cenaln{2011) recently reviewed the
literature on temperature controls of adsorpti@ctiens. They divided C-mineral
interactions into high-affinity and low-affinity agtions. High-affinity reactions are
regulated by thermodynamics with adsorption asxathermic process and desorption as
an endothermic process. Increased temperaturefldlavour desorption over adsorption
and result in decreased stabilisation of C for fagity reactions. Conversely, low-
affinity reactions are slower and determined bydifieision of C compounds to mineral
surfaces. Thus increased temperatures should emliandiffusion of C substrates and
also promote binding sites on minerals due to gesor of high-affinity reactions.
Therefore, increased temperatures should resiritieased C stabilisation for low-affinity
reactions. These opposing predictions for the teatpee dependence of adsorption
processes highlight the need to understand thengmdechanisms involved in soil C
protection in order to adequately predict the impdiéncreased temperatures on C
stabilisation.

Changes in future precipitation patterns will akeil moisture contents and mineral
weathering. According to adsorption isotherm thethrg quantity of C adsorbed will
increase with increasing C concentrations in sotu(Stevenson, 1994). Concentrations of
DOC increase upon rewetting (Kalbitz et al., 2080)C adsorption would be expected to
increase after dry periods. Conversely, high pittipn and soil moisture contents can
dilute DOC concentrations (Kalbitz et al., 2000yl @nus favour desorption processes
reducing C protection. Berhe et al. (2012) condiietéield experiment in a Californian
grassland simulating increased future rainfall migivinter and spring seasons. They found
that the seasonality of changes in precipitatidlmémced changes in soil C stabilisation,
with increased rainfall during the wet winter seadecreasing soil C stabilisation by Fe
and Al oxides. Conversely, increased precipitasibould increase mineral weathering
rates and increase allophane and extractable édeltly promoting C stabilisation (Percival
et al., 2000).

Dissolved organic carbon transport

Dissolved organic C transport is a potential pathefesoil C loss if it is leached through
the soil profile into groundwater reserves or entanface water flow. In New Zealand,
DOC exports to streams in Waikato catchments updsture and forest have been
measured at 20.2-27.4 kghgr* (Quinn & Stroud, 2002). Concentrations and flugés
DOC in the soil are controlled by biotic and aliqgirocesses involving the nature of the
organic matter, microbial activity, soil mineralghg soil solution properties, and
environmental conditions (Kalbitz et al., 2000).a&het al. (2007) measured DOC
concentrations by chemical extraction in New Zedlsunrface soils and found large
variability and seasonal fluctuations in conceitra ranging from 73-718 mg C kgoil.
The greatest concentrations were found in alloghswils in Waikato and during the
winter season. Climate change may modify DOC camagans and fluxes from the soil
profile by altering environmental variables thatdrflux processes.

Elevated atmospheric G@nay indirectly impact DOC concentrations and flsioy
altering soil C inputs and soil moisture regimesyAncrease in C inputs due to €0
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stimulation of plant productivity is likely to inease soil C pools including DOC. In the
New Zealand FACE experiment, Ross et al. (2013¢esl that extractable C
concentrations increased after a 10 year exposwelevated C@ In a German FACE
experiment involving a cropping system, Siemera.g2012) found that elevated €O
increased DOC leaching not due to higher DOC canatons but because of reduced
evapotranspiration leading to increased soil magstontent and groundwater recharge.
Increased soil moisture with elevated Q@atment was also observed in the New Zealand
FACE experiment (Ross et al., 2013). Thus incre&@glevels may indirectly increase

the potential for DOC leaching due to increased DfOfcentrations and increased water
flow through the soil profile.

Dissolved organic C flux is the balance of proceskat both release and remove carbon
from solution. Increased temperature both stimslatel organic mineralisation and the
release of DOC as well as microbial decompositiwh r@moval of DOC leading to no
clear trend in DOC flux (Kalbitz et al., 2000). Ewimation of DOC fluxes in forest soils
has shown temperature to have a positive effeatk@oet al., 2011) and no effect
(Michalzik et al., 2001) on DOC concentrations. Ataranalysis by Lu et al. (2013) found
that DOC pools increased by 12.1% with experimentaiming. Therefore, increases in
temperature may lead to increased DOC losses.

Altered precipitation is the climate change fadtat should have the greatest impact on
potential DOC losses. Hydrological controls areggatly more important for DOC fluxes
than biotic factors (Kalbitz et al., 2000). Concatibns of DOC increase upon rewetting
of dried soil and under anaerobic conditions (Kzlet al., 2000). Dissolved organic C
fluxes increase with increased precipitation antewaovement through the soil profile
(Borken et al., 2011; Kalbitz et al., 2000; Michklet al., 2001). These observations
indicate that DOC losses will increase in areasiv@ng increased precipitation, but
decrease in the areas where precipitation decredsascrease in heavy precipitation
events and flood risk with climate change will alsorease potential DOC losses. Water
movement and solute leaching through the soil [@efill be influenced by hydrological
conditions and soil type (e.g. Ghani et al. (20di88erved higher DOC losses in a gley soil
than allophanic soil under pastures in New Zealand)

Erosion

Erosion can negatively impact on soil C throughutlsance and removal. Climate change
impacts on erosion in New Zealand have been rgcemtlewed by Basher et al. (2012).
They concluded that increased incidence of storniaiés would increase shallow
landsliding, earthflows, gully and sheet erosiohjol may be counteracted in the north
and east due to increased temperatures and loiméalls Increased drought periods and
increased windiness would also increase risk ofiveirosion, particularly in the east of the
country. Many areas in the east of both islandh Wighest potential for erosion
(landslides, gully erosion and earthflows) are @ctgd to have a decrease in mean annual
rainfall, so the impact of climate change will degen changes to extreme rainfall and
extra-tropical cyclone activity. The precipitatiertremes projected would possibly have
the greatest impact on soil loss, particularlyhest00-year return period for 24 hour
extreme storms is projected to double. Soil C mafédite may become buried lower in
the catchment or eventually in ocean sinks ofisgttiis loss (Dymond, 2010).
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4.6 WHAT ARE THE IMPACTS OF CLIMATE CHANGE ON SOIL CARBON
STOCKS UNDER CURRENT AND FUTURE FARM AND FORESTRY
SYSTEMS?

Climate change impacts on soil carbon stocks

Globally, soils represent a large and extremelyartgnt C reservoir, larger than the
atmospheric and vegetation C reservoirs combingd¢Kbaum, 2000). Soil C stocks are
determined by the balance between C inputs anditsytwhich will vary with each soil-
climate-land use/management combination. Soil acg@rstocks can increase or decrease
when the soil C cycle processes controlling theltrgutput balance are changed. Global
warming is likely to reduce soil organic C by stiating rates of decomposition, while
increased C®levels will simultaneously increase soil organispply through enhanced
net primary production. How much C is stabilisedha soil is influenced by the change in
soil C supply and decomposition, as well as s@étyGlobal warming is likely to reduce
stabilisation and increased precipitation couldaeenmore dissolved organic C, with
heavy rainfall events increasing the risk of solb€s through erosion. Here we review
available literature on how each of these predictedate change effects may impact on
New Zealand's soil C stocks.

The quantification of soil C stock change as altediclimate change is limited by the
data available and an understanding of how soydlegrocesses respond to climate
variables and their interactions over the long téfhre impact of individual climate
variables on soil C cycle processes has a modienatkeof certainty, with a moderate to
high level of certainty for the impact on soil Ccdenposition, in predicting a change in
soil C stocks.

Effect of increased temperature

Temperature changes significantly impact on sale€Composition with modelled
equilibrium changes from laboratory incubation dgtawing that with every degree
increase in temperature, soil C stocks decreage-6%, with more pronounced losses
from soils at lower temperatures with small seaktamaperature variation (Kirschbaum,
2000). With the slow turnover of soil organic mateols, it is likely, however, to take
many centuries before these equilibrium changefullyerealised. The long term impact
of global warming, in particular on decompositimexpected to be influenced by
seasonal temperature variations changing substvaitability and substrate C quality,
which could weaken the temperature dependenciesurehin laboratory incubations
(Kirschbaum, 2010, 2013).

Effect of elevated carbon dioxide

Results from the New Zealand FACE experiment witlreéasing C®in the atmosphere
(475 ppm) measured an increase in soil C stocis28b per year in a sandy soil under
pasture (Ross et al., 2013), which is consistetit thie mean value from a meta analysis of
international literature by De Graaff et al. (200B)e soil C response to increased
atmospheric C@concentration depends on soil nitrogen availahilitith soil C stocks

only increasing under high nitrogen availabilityg(Braaff et al., 2006). These results
indicate that there would be greater soil C segagsh under high nitrogen input systems
in New Zealand. The projected increase in atmospla, to values of 480-530 ppm for
New Zealand by mid century would indicate that veheitrogen is not limiting we could
expect an increase in soil C supply and soil Ckstemder elevated G@nly.
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Effect of change in precipitation

Climatic changes in precipitation are projectestdoy over New Zealand and with season
(see Table 2.1). The projected changes in pretigmtavill impact on soil moisture
availability, of which limited moisture negativeiypacts on soil C decomposition and
resulting soil C stocks (Kirschbaum, 2010). Whexriefall is plentiful, precipitation
changes could have both positive and negative itapAdNew Zealand study that re-
sampled pastoral soil after 20-30 years (Schippal.,€2007) did find that decadal scale
differences in seasonal patterns of temperatureanthll (warmer and dryer) were
associated, although not significantly, with theal#al scale patters in soil C and N
dynamics (reduced soil C stocks under warmer ayer dronditions).

Impact of soil type

The different soil types in New Zealand have sigaiift differences in C stocks. This is
due to the influence of different soil propertiesswil C stabilisation, and climate factors
that influence soil processes (Dodd et al., 20Ah)analysis of the upper ranges of mineral
soil C stocks in New Zealand found Organic soilsentbe highest, followed by Podzol

and Allophanic soils. The lowest soil C stocks wierend in weakly developed soils such
as Recent and Raw soils (Jones et al., 2012).

Under a changing climate the susceptibility of @stored in different soil types may be
influenced by how the soil C is protected. For eglmsoil types with low chemical
activity (e.g. Raw soils) could potentially los@igher percentage of soil C through
accelerated decomposition under a changing clithaie soils in which the majority of

soil C is chemically protected (e.g. Podzol andphianic soils). For soil types that have a
low soil C stock, losing even a low percentage ragatively impact on the soil quality
and the ability of the soil to provide ecosystemviees (Knoepp et al., 2000; Lal et al.,
2007). Conversely, even a small percentage chan@Gestocks for soil types that have
large C stocks could result in a large C releasethe atmosphere, resulting in a possible
critically important feedback effect for future aigpheric C@ concentrations
(Kirschbaum, 2010; Baldock et al., 2012).

New Zealand’s soils can have protected soil Chilhatcome from historical indigenous
forest land cover (Beets et al., 2002; Meder e2807). This soil C (old carbon) can be
protected by the mineral soil for a considerabtgytk of time, buffering any change; for
example, the spatial variability in historical sGilcan be greater than current land-use
change effects. The amount of historical prote@ed different soil types is also variable
and uncertain, but for some soils the bulk of i€G is from indigenous forest cover. We
know how climate change effects impact on newlyealdsbil C, but are uncertain about
whether old protected soil C is less vulnerablelitmate change. Given that historical C
can dominate the total stock in many New Zealarild,gbe effect of climate change on
the historic C fraction should be of considerableriest, because if this is liberated the
potential for change in C stocks is large. Limitewlerstanding of the mechanisms
protecting historical soil C means that uncertasmtiemain in predicting the soil C stock
response to climate change scenarios for New Zealan

Impact of land management

The impact of climate change on soil C stock isfaonded by type of land management
practice. Under a changing climate, the land mamage practices that will have the most
impact on the soil C cycle and resulting soil Gcktowill be soil disturbance resulting in
vulnerability to erosion and loss (Kirschbaum et 2009). Soil disturbance can often go
beyond 30 cm depth (Yang & Wander, 1999; Olivaalgt2004), the depth to which soil C

Ministry for Primary Industries Review of climate change impacts on soil - Appendices * 89



stocks are currently reported (Tate et al., 20086}.only does erosion remove soil C from
the site, but the resultant erosion scars ten@toeése productivity (20% in pastoral)
relative to intact land, thereby reducing soil @@y (Rosser & Ross, 2011). This loss
may be offset by soil C moved off site becomingdditower in the catchment or
eventually in ocean sinks (Dymond, 2010).

Effect of climatic extremes

Projected extreme climatic events are often loedlisiowever, are likely to have the

greatest impact on New Zealand’s soil C stocksoth the short and long term:

* The projected precipitation extremes will probalye the most significant impact on
soil C stocks on site by increasing erosion risagfiger et al., 2012).

* The projected extreme temperatures resulting irerhot days will impact on the soil
moisture balance, soil C cycle processes and et shocks.

« Increasing evapotranspiration under a warming ¢knaad an increase in drought
magnitude and frequency will reduce soil moisttinereby reducing NPP and the
supply of C to the soil. It can be expected thagmehsoil moisture is already a limiting
factor, soil C stocks will be relatively unaffect&here soil moisture is not limiting,
positive and negative impacts on soil C stockseapected.

e Extreme wind events are also expected to incrdasagks of NPP reduction
(Dunningham et al., 2012) and wind erosion (Baghat., 2012), both of which could
have a negative impact on soil C stocks.

* Finally, fire risk is projected to increase. Sorharcoal can remain in the soil in a
stable form, resulting in an increase in soil G&kso(von Litzow et al., 2006). Fire
negatively impacts on NPP and soil C supply tosthie

Total soil carbon stocks

Limited information about New Zealand soil C exjss predicting the magnitude of
change on total C stocks by modelling of the effaita changing climate on New
Zealand'’s total soil C have a low level of certgirAlthough the soil C cycle has been well
studied there is no clear understanding of theactens between the factors controlling
soil C stocks and climate change. Predictions niade@tes indicate that:

* Modelled soil C stock changes due to climate chaegearios for New Zealand show
that the net change in soil C stocks, excludingierg is expected to be small
(Kirschbaum, 2000) or decrease (Kirschbaum eR@ll2b) over the coming centuries.

* Modelled results for planted forests predict arrage C loss of 1.5% with increasing
CO, concentrations, with lesser reductions from regiaith higher growth
enhancements that partly offset the faster C deosimipn rate under climate change
(Kirschbaum et al., 2012b).

e There are no modelled predictions on soil C std@nge specifically made for other
New Zealand sectors.

* Areview from a European perspective concludedttiexie is little evidence for an
overall combined positive or negative impact ofnate change on soil C stocks, and
that any impact is expected to be far less tharmnitiesct effects of land use change,
land use and land management impacts (Schils, @0f8). This is also expected to be
the case in New Zealand.

There are two types of uncertainty related to ingpaa soil and soil C stocks: one is due
to incomplete knowledge, and the other to the diaeof possible combinations of factors
in the real world. The degree of certainty of timelerlying science is presented in Table
4.1. Given the large range of potential respon$esibC stocks to climate change and the
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uncertainty regarding which climatic changes wiliually occur and where, modelling
studies represent the only feasible way of makitegspecific projections.

Land management adaptation impacts on soil carbon stocks

Land management changes are likely with climateagbdDynes et al., 2010; Clark et al.,
2012), and this in turn will have implications fawil C stocks. Examples are increased
irrigation of pastoral and cropping systems wheagewlimits growth, and change in
species or genotypes that perform better undechibeging climate. Increased use of
nitrogen (N) fertiliser to enhance NPP where nimodgpecomes limiting is also likely (see
nitrogen cycling section).

Climate change adaptation to alleviate moistur&ditions or droughts through irrigation
will increase the soil moisture status, removingstue limitation to soil C decomposition
or soil C supply. In a long term South Island iatign study in Winchmore, Kelliher et al.
(2012) found that soil C stocks to 1 m depth w&®39.1 t/ha irrigated vs 13.4 t/ha
dryland) lower due to irrigation as required durswgnmer. They estimated that the
irrigation treatment had increased soil C supph86%6 but increased soil C losses via
respiration by 97%. Long-term observations in g 75 mm of soil in the same
experiment (Schipper et al., 2012) showed thatdiffisrence in stocks was maintained
despite both treatments accumulating soil C ove6thyears since border-dyke
establishment. Globally, there are few publishedliss on irrigation effects on soil C in
grasslands (e.g. Rixon, 1966; Xiao et al., 200hd)et al., 2008), and unique site factors
are highly influential (Conant, 2001) and genegdleans cannot be made.

Change in the use of different species or genotigpasdapted to climate change will likely
impact on the soil C supply to the soil. Plant fimal types influence C distribution in
the soil profile through biomass allocation andtmistribution effects on the placement
and quantity of C inputs (Fornara & Tilman, 2008bBagy & Jackson, 2000). Changes in
crop and pasture species, particularly those inngldeeper rooting species, may have
some impacts on soil C stocks or on processesiming C stocks (Skinner et al., 2006).
Moreover, in planted forests the impact of différeae species on soil C stocks is
uncertain. Broad forest types (e.g. broadleaf tsjeme often referred to in the
international literature on soil organic C instedidndividual species, because the lack of
data on single species results in considerablertaioty about their impacts. Broadleaf
tree species typically have higher soil organiddclss than coniferous species (Guo &
Gifford, 2002; Paul et al., 2002; Laganiére et20]0), and N-fixing tree species sequester
more soil organic C than other tree species (Reah,&002; Binkley, 2005; Kasel et al.,
2011). This suggests it is safe to conclude tlthtaamge in tree species in response to
climate change will impact on the soil C stocks.

Increased use of nitrogen (N) fertiliser is not@sted to change soil C stocks in high N
input systems in New Zealand where N supply doé¢éimd NPP. Where N is limiting, or
becomes limiting through climate change inducedyfassive Nitrogen Limitation (PNL),
N fertiliser application will increase the soil Gpply. Increased soil C stocks in response
to N fertiliser applications have been observeN-lmited New Zealand planted forests
due to increased soil C supply, despite elevates iaf soil C decomposition induced by
the N fertiliser (Huang et al., 2011). Further poi@ outcomes of increased soil C supply
for soil C stocks are discussed in detail in theGaupply section.

The greatest impact of management adaptationrtatd change on soil C stocks would be
any change that reduces soil disturbance and \abilgy to erosion and loss. This is

Ministry for Primary Industries Review of climate change impacts on soil - Appendices ¢ 91



likely to be influenced by best management prastared practices to sequester soil C or
minimise soil erosion (Paustian et al., 1997; PA05; Prescott, 2010; Basher et al., 2012).
Moreover, land use change is likely to occur witmate change, particularly afforestation
of erosion-prone hill country, and impacts on sbstocks of these changes have been
evaluated elsewhere (Kirschbaum et al., 2012a).
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5 Impacts of climate change on soil nitrogen cycling

Tony van der WeerdénMark Shepherd Murray Davié, Steve ThomédsBryan
Stevensof) Denis Curtifi, Cecile de Kleih

'AgResearch?Scion,’Plant and Food Researéhandcare Research

5.1 KEY MESSAGES

Climate change impacts nitrogen (N) cycling throetgvated temperature, egénd
changing rainfall distribution and amount. Theseagts are further modified by an
increase in extremes: more hot days, greater frexyuef drought and more storm events.

These conditions will interact to provide a neeetfon N transformations and processes.
In deliberating the likely effects, we also needdctor in the difference between response
in an experiment and a larger scale response dystem (e.g. plant community
structure). Experiments tend to provide informatidaout the details of N processes but
cannot really deal with interactions and complexrityhe farm system level. Parsons et al.
(2013) provide a salutary warning:

The complexity and time scales of response ob¥stem defies understanding by
observation and experiment alone, to the exteritdttampts to manipulate the system
without prior careful analysis of the potential oaimes, could prove at best
ineffective, and at worst counter-productive.

An assessment of the likely impact of climate clegaog N cycling and N losses in

agricultural and forestry systems needs to consider

» Direct effects on process rates in soils and plants

* Indirect effects, e.g. on sources of N and C,

* Interactions between the above,

* Impacts of changed weather patterns on modifyieggéneral trends in increased
temperature and eGO

This latter point is especially important; whilseéwan extrapolate from experiments about
general effects of temperature and @(®e complexity derives from some of the
extremes, most notably drought effects, which cagigate any benefits from eg@n
productivity (Walthall et al., 2012). Furthermofer pastoral systems we have not
considered the contribution from risk of reducetrat performance due to hotter days
under climate change.

This review showed that there are limited New Zedlspecific datasets directly
applicable to our farm and forest systems for assgshe potential changes of eCah N
processes. All of the New Zealand specific datgastoral systems is from the NZFACE
experiment near Palmerston North in the Manawagiore(single site, one soil type, sheep
grazed pasture). There is a risk of being too dégetnon a single dataset. There are no
specific local data for cropping or forest systems.

Table 5.1 summarises the estimated impacts of &il@ange on the N cycling processes
for each ecosystem. The following assumptions adan
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« Dairy vs dry stock farming: we have used this gside to ‘intensity’, assuming dairy
systems will be reliant on external N inputs (feséir and feed), which will not be
sustained by potential benefits to legume produciione. In contrast, we have
assumed that the dry stock systems will be drivenarily by N fixation,
supplemented with N fertiliser on parts of the fanwhere economics allow.

» Atmospheric N inputs will increase as a resultligfirgly more rainfall. Given the low
rates of atmospheric deposition in NZ, change aal$owill be small. Increases in
ammonia volatilisation may also increase atmosphiposition of N.

* N fixation will increase because the balance oflente suggests that egfavours
legume growth.

* Increased N fertiliser inputs are assumed to bd tsenitigate against PNL and are
not limited by regulation; we have assumed leguwi#de sufficient to mitigate PNL
on dry stock farms (i.e. where N fertiliser inphts/e traditionally been low).

« Excreta and effluent returns in pasture systemisingtease as a result of more pasture
growth.

« Increases in temperature and substrate availakiiityenerally increase microbial
activity so that mineralisation-immobilisation tower (MIT) and nitrification may
increase. The net effects on MIT are uncertain.

* Anincrease in the rate of ammonia volatilisatiguliiven by increased temperature
and periods of drought. Sources (manure, urinlyeaft, fertiliser etc.) may also
increase.

* Anincrease in the denitrification rate is drivenibcreased temperature, mild winters
and high water contents where plants become moteraae efficient and use less
water, and due to periods of increased rainfalir&ess (manure, urine, effluent,
fertiliser etc.) may also increase.

* Nitrate leaching will be a balance of other proessaffecting the amount of mineral N
remaining in the soil at times of drainage. Thereiasufficient data on leaching of
dissolved organic nitrogen (DON).

* Removal of N in products (food and fibre) shouldrease where N and water are non-
limiting due to eCQfertilisation.

100 « Review of climate change impacts on soil — Appendices Ministry for Primary Industries



Table 5.1: Summary of the impacts of climate change on N cycling.

Soil nitrogen factor Production Sector Justification
. Pasture intensive ~ Pasture extensive
Cropping (e.g. dairy) (e.g. dry stock) Forestry
Ninputs/  Atmospheric . 2 2 2 Increase slightly due to slightly more rainfall and small increases in ammonia volatilisation.
transfers  inputs
N fixation 7 2 Increase due to balance of evidence suggesting eCO: favours legume growth.
. Increased inputs will be used to mitigate against PNL, limited by regulation. Assumed
Fertiliser N 2 ) - "
legumes will be sufficient to mitigate PNL on dry stock farms.
Crop residues r n/a n/a 2 Increased forest productivity will increase residues at harvest
Litter/ root 2 2 2 Increased due to increased NPP and legume growth.
exudation
Effluent N n/a 2 n/a n/a Increase in dairy systems as a result of more pasture production.
Excreta N n/a 2 n/a Increase in dairy systems as a result of more pasture production.
Process  Net 2 Increases in temperature and substrate availability will generally increase microbial
rates mineralisation activity, however net effects are uncertain. Evidence indicates an increase in forests.
Nitrification 2 2 2 Likely to be a small increase due to small temperature increases, uncertain effects in
forestry
Losses/ Where N and water are non-limiting yield should increase due to eCO: fertilisation. More
Product ” o
removal certain in forests.
NH 2 2 2 ? Increase driven by increased temperature and periods of drought. Sources (manure, urine,
3 (minor) (minor) effluent, fertiliser etc.) may also increase. Effect on cropping likely to be small.
N2 & NoO 2 2 2 > Increase driven by mpreased temperg_ture, mild winters apd periods of increased rainfall.
Sources (manure, urine, effluent, fertiliser etc.) may also increase.
- Balance of other processes affecting the amount of mineral N remaining in the soil at times
NOs N of drainage. Will increase with increasing occurrence of drought and drought breaking rain.
Will increase in forests where N-fixing shrubweeds present.
DON Insufficient data on leaching of DON. Small increases possible where rainfall increases.

Key Direction of change and certainty of prediction:
Overall, most likely to increase.
Overall, most likely to decrease.

Overall, most likely to remain unchanged.

LNy N

Could increase, remain unchanged or decrease.

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

B Reasonably certain of effects
Neither certain nor uncertain
n/a Not applicable
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5.2 INTRODUCTION

The N cycle is complex, with many interactions &edback loops as N moves through

the soil-plant or soil-plant-animal continuum (Figlb.1). Processes are common between
ecosystems but the relative size of fluxes wilfedif Thus, although there are some
commonalities in the likely response of N cyclimgctimate change, each ecosystem needs
to be considered separately. Section 5.3 providee kommentary on the generic effects
of likely climate change scenarios on these saitgsses.

In this review we explore the impacts of climatawhe by focusing on the following four

guestions:

1. What are the impacts of climate change on N inpatksoil biological N processes
(including immobilisation, mineralisation, nitrition and denitrification)?

2. What are the impacts of climate change on N logs@snonia volatilisation,
denitrification/nitrous oxide emissions and N leiag from the pastoral, cropping
and forestry sectors?

3. What are the potential consequences for produgtitimin the pastoral, cropping and
forestry industries?

4. What are the impacts of climate change on futureagament of farm and forestry
systems, and likely adaptations, including feelimmanagement?

Milk,
—"meat
Carbon & Nitrogen sources: Fertiliser N Feed N ) 7
: . B~~~
* Plantresidues/litter \ O\ NH
* Nitrogen fixation \ ?
* Root exudates N,O, N,
* Excreta
* Fertiliser f\ IOrganic-N Urea-N
siow /
N03 NHa‘J
l fast
leaching
Soil b"_’t_‘-‘" Sectors differ in the
* Activity :
. " detail:
* Function & Composition
* Management
interventions

* |Interactions
Feedbacks

Figure 5.1: The N cycle, summarising the main sources and processes considered in this report.
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We reviewed results from experiments exploringdfiect of climate change on the
following processes and transformations:
* N Inputs/transfers:
- External: atmospheric inputs; N fixation; fertilidé (though this will be a farm
managementesponsdo climate change),
- Recycled: crop residues; litter/root exudationtuefiit N; excreta N.
* Process rates: mineralisation immobilisation tuerdIT); nitrification.
* Losses/removal:
- Gaseous: Ngvolatilisation; denitrification (Nand NO),
- Leaching of mineral N and dissolved organic N (DON)
- N removal in food and fibre.

5.3 WHAT ARE THE IMPACTS OF CLIMATE CHANGE ON NITROGEN INPUTS
AND SOIL BIOLOGICAL NITROGEN PROCESSES?

Effect on inputs

Plant material serves as the C and N source thaegsdthe N cycling system (the ‘fuel’)
through litter deposition, root exudation and reemescence (Hu et al., 2006) as well as
via ingestion and excretion by grazing animals (Jumine and, indirectly, effluent).
Changes in rainfall may lead to small changesnmoapheric N inputs in rainfall (Parfitt et
al. 2006).

Nitrogen fixation can also be a significant inpusbme systems. Conversely, increased
pest and disease pressures can reduce potentiappdaluctivity and yield, thereby
influencing soil N cycling. Understanding the impatclimate change on plant
composition and productivity is therefore an egséfitst step in predicting responses of
N cycling processes to climate change.

Generic plant responses to climate change: implication for nitrogen

Elevated CQincreases photosynthesis ig [@@ants and decreases stomatal conductance
and transpiration in £and G plants (Long et al., 2004) by, on average, 22%raps and
grassland species (Lenka & Lal, 2012). Some autgyge that increased soil moisture
arising from lower transpiration increases plamvgh in dry conditions and also affects
soil processes. However, this assumes that efbbssrved at the individual leaf level also
occur at the canopy, field and ecosystem level KaefaLal, 2012); increased leaf area
and/or increased soil evaporation due to incretmmgeratures might negate these effects
(Reich et al., 2006).

Responses will not be fully expressed if otherieuats (or water) are limiting. For
example, eC@has been reported to increase N fixation in legurHewever, in two long-
term experiments where this effect was short livlkd,subsequent decline in N fixation
was associated with shortages of other nutrienddylmdenum (Hungate et al., 2003); or
low soil P availability (Niklaus & Kérner 2004).

Species-specific responses to eCO,: implications for nitrogen

Tubiello et al. (2007a) provided a synthesis oparesponse data to e hey reported
an increase in photosynthesis under optimal carditof 30-50% in &plants and 10-25%
in C, species from a doubling of atmosphericL&0ncentration, a crop yield response of
10-20% for G species and 0-10% for,Gpecies (Cincreased from 380 to 550 ppm),
and pasture yield response of ca. 10% for grassk2@P6 for legumes.
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Tubiello et al. (2007a) also postulated that fulQf® levels would favour g€species but

that warming would favour £species, such that there is uncertainty abougffedtts.

Dodd et al. (2010) suggest that other factors aé=m to be considered: competitiveness of
C,4 species with other species, selection effectsadigg animals and soil biogeochemical
feedbacks. They concluded that wheges@ecies dominated, competition fromspecies
would be limited by progressive N limitation (PNliscussed in detail later); wherg C
species dominated, their ability to benefit fronrmvang would be limited by PNL unless
fertiliser was added.

Legumes, including white clover, can benefit froB(s by increasing the number and
mass of root nodules (Zanetti et al., 1996). Theothial population composition can also
be influenced by eCOThus, eCQ@can lead to an increase in N inputs into agricaltu
systems if legumes are present. An increase imegauiomass under eG@as noted in
the NZFACE experiment (Ross et al., 2004). In croggystems, eC{ncreases grain N
accumulation in legumes. In a meta-analysis Laal.g(2012) found that eCOncreased
N fixation by 38%, accompanied with increases idule number (+33%), nodule mass
(+38%) and nitrogenase activity (+37%). Howeveryrend was taken off as grain than
fixed by the crop (Lam et al., 2013; Lam et al.12)) requiring more soil and fertiliser N
inputs.

Elevated CQ@has been shown to enhance productivity or dommaifthe understory of
N-fixing woody speciefRobiniaandEleagnusn forests (Mohan et al., 2007, Norby &
Zac, 2011) which would be expected to increasexiition. Thus, N inputs from important
understory N-fixing species such as gotdiex europeusand broomCytisus scopariys
and other N-fixing species that occur in the unibeey of New Zealand forests (kgtus
pedunculatusCoriaria arboreg should increase due to eg@rovided their growth is not
limited by soil moisture or other nutrients.

Effects of residues on nitrogen processes

To understanding how plants respond to e@@l temperature change it is important to
understand how soil inputs will be affected bydesis. The quantity of surface residue is
likely to increase in eC£environments where more biomass is produced (Btial.,
2004). Dieleman et al. (2012) concluded that fdNazoncentrations in living plants
decrease significantly in combined e£&hd warming treatments, which may lead to an
increase in C:N ratios of resulting residues. T&ul'ang (2008) reviewed 10 hypotheses
for the mechanism(s) but tended to favour a contimnaf dilution of N in plant material
due to increased C compounds derived from photbaymtand decreases in N uptake.

In most arable systems, the crop harvest indextfieeharvested fraction of total plant
biomass) is marginally affected by e€@leijel& Uddling, 2011). This will mean that as
grain yield increases, the amount of residue, ethethe surface or incorporated into soill,
will also increase by the same proportion. Basedroimternational meta-analysis, the
effects on C:N ratios may be crop specific. Fromirthnalysis Lam et al. (2012) found
that, overall, C:N ratios in C3 crops increasedbgut 16%, while those in legumes
increased by about 8%. There was no effect of g@CC:N ratios in C4 crops. However,
changes in C:N ratio may be nil or small whereghsra strategy to attain increased yields
under eCQor to ensure high N grain concentrations to mpetiéic quality objectives.

Initial thoughts were that the higher C:N ratigptdint material and an increased content of
lignins and phenolic compounds under e@@uld reduce the quality of litter and its rate
of decomposition. Reviews of the data, howeverghat shown this to be the case (Hu et
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al., 2006; Reich et al., 2006). Hu et al. (2006)gast that eC@induced changes in
guantity of C would dominate decomposition and Menalisation and that any changes in
substrate N content may play a secondary role.

Effects of climate change on soil biological processes

Much of the N cycle is mediated by soil floral/falicommunities (the ‘engine’) and we
need to consider the direct (warming) and indifeerming, eCQ Progressive N
limitation, extreme weather events) effects of elienchange on the activity and
composition of these populations (Pritchard, 2011).

Warming

Temperature effects on N cycling processes arévelawell understood: an increase in
temperature on its own will tend to increase tranmsftion rates unless something else is
limiting (e.g. moisture). Thus, soil microbial agty, mineralisation-immobilisation
turnover (MIT), nitrification, volatilisation andethitrification rates would all be expected
to increase within temperature increases predictéite current climate change scenarios.

eCO;

In contrast to temperature, e€® not reported to have direct effects on procates: the
effects of eCQwill be indirect, e.g. on residue amount and duathus affecting C supply
and the biomass. These interactions provide theffestt of climate change, further
modified by other environmental or management charlyat may be direct or indirect
effects of climate change.

Soil microbes utilise C in the soil as an energyrse, so if eC@increases soil C inputs
via litter deposition or root exudation, soil biossds likely to respond positively. Hu et al.
(2006) reviewed up to 40 papers and found an isereabiomass C reported in 19 of 40
observations (no negative effects, average incr28%g); and an increase in biomass N in
12 of 27 observations (no negative effects, averagease 24%). A similar trend was also
found with microbial respiration. Recent observiasidrom a FACE experiment with
loblolly pine Pinus taedain low N soil (North Carolina, USA) indicate thiaing term

CO, enrichment may stimulate microbial activity and soganic matter decomposition
and increase soil N mineralisation (Phillips et 2011; Drake et al., 2011). In contrast, a
long-term open top chamber study withradiataand red beeciNpthofagus fusgan

New Zealand with eC@Qncreased microbial activity but did not affect he

mineralisation or nitrification (Ross et al., 200Bpwever, the most consistent effect was
increased soil heterotrophic respiration in the waajority of experiments in response to
eCQ and warming (Dieleman et al., 2012), although sdegree of acclimation is likely
(Pritchard, 2011). Zak et al. (2000) estimated ftompublished data that soil respiration
increased by an average of 51% under grasslandh{ete CQ concentrations were
typically ambient CQconcentration + 360 ppm). Pritchard (2011) ex@dithis by

greater root exudation under e @hich ‘primes’ the food web leading to higheresbf
organic matter decomposition.

FACE experiments have demonstrated that &3 only a small effect on bacterial and
fungal community composition in forests, despiteréased below-ground litter inputs
(Norby and Zac 2011). Further, although the agtigftthe microbial community and N
cycling rates may be increased by eCifie magnitude of response is much less than that
observed due to spatial variation in soil propstttemporal changes in environmental
conditions and plant community composition.
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There has also been some suggestion that globalimgucould favour soil fungi over
bacteria (Pritchard, 2011), mediated by a widewin@:N ratio of litter and root exudates
(Hu et al., 2006), thereby altering the microb@atenunity structure (Hu & Zhang 2004).
Reviews by Hu et al. (2006) and Pritchard (201 Tjcbaded that mycorrizal growth will
increase.

Combined warming and eG@xperiments are rare. The majority of experimbatge
focused on eC®O However, even though the combined effects of £&1 increased
warming, for example, are rarely additive, combitedperature and eG@esponses have
been shown to be similar to eg@nly treatments (Dieleman et al., 2012). Uncetitasin
response increase with combined effects.

Progressive N limitation (PNL)

The impact of PNL (Hu et al., 2006) on a systenity to express a C&Xertilisation

effect needs to be understood. N availability sdediunder eC{due to increased N
uptake, while warming typically increases soil Ngability due to increased
mineralisation (Dieleman et al., 2012). A major ertainty in predicting effects of climate
change on soil N cycling is estimating the rela¥iects of climate change on net primary
production, i.e., will a Cofertilisation effect be sustained?

Systems that rely on low external N inputs (andinbgrence, where legume contribution
through fixed N is also low) are at risk of a yielecline due to PNL (Hu et al., 2006;
Reich et al., 2006). The nature and magnitude t#real N inputs, the initial N status of
the ecosystem and changes in soil C stocks wiltally determine if and when PNL
occurs; PNL is unlikely to occur in ecosystems tieaeive substantial external inputs (Hu
et al., 2006).

While in the short term eCGtimulates growth and increases the N (and Ckstoplant
biomass and in soil organic matter, over longeropksrproductivity may become limited
by an insufficient N supply due to immobilisatiop jplant biomass and, where soil C
stocks are increasing, by soil organic C, resuliimg negative feedback to plant growth.

Thus, changes in soil C stocks influence the lil@id of PNL occurring. It is uncertain
whether soil C stocks will increase, remain constandecline over time. Lu et al. (2013)
assessed the effect of warming on ecosystem Ohgyttirough a meta-analysis of 130
studies, and concluded that increases in planteiC influxes offset any increase in C
losses to the extent that ecosystems may be a €nsatk. However, this analysis did not
include the combined effects of increasing tempeesand eCQ

Modelling of the effect of eC£and increasing temperatures on soil C stockSamesstry
system suggests that soil C stocks are more liketgmain constant or decline with time
(Kirschbaum et al., 2012). In the FACE experimeRMtdL has so far only developed at one
of five forest sites, despite the forests beingniited (Norby & Zac, 2011). Under
grassland systems with low external N inputs (ew.N fixation by legumes in
grass/clover swards) the effect of PNL can be b&iéRoss et al., 2004; Hu et al., 2006)
and temporary, as suggested by the “re-settingfthssland system with drought-
breaking rain (Newton et al., 2010). It is critigamportant to remember that given many
of the eCQ experiments focus on low N systems, it is posditde these trends may differ
where N supply is less limited (e.g. by the additd fertiliser N at rates > 200 kg
N/halyear).
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PNL may induce a management response that coulacingm the overall effect of climate
change on N cycling processes. As an example, @@nammonia volatilisation, which is
mainly a chemico-physical process. Increased teatyer will increase volatilisation, as
will lengthier periods of drought, if there is ifBaient moisture to facilitate transfer of N
sources into the soil matrix and/or transform amiaamo other N forms. However, in
order to assess the net effects of climate chandbki®s response, sources also need to be
considered, e.q. fertiliser inputs, dung, urine afiiient deposition. If the management
response is to apply less N fertiliser in timesl@fught, the net effect on volatilisation
from this source could be a decrease; if more jiegh through the year to counteract
PNL, the volatilisation would increase. If a resperis to switch from urea to a nitrate
based fertiliser then volatilisation would similadecrease. If more pasture was grown
with more grazing animals supported, then volaile from more excreta would
increase. Furthermore, Niolatilised from neighbouring systems upwind may b
deposited downwind, which may balance the effethafeased volatilisation rates. Thus,
extrapolation to a system response needs to factdr considerations.

Extreme weather events

Changing temperature and rainfall patterns anchgities can have either a negative or a
positive impact on N mineralisation. Longer periaf$igh soil water deficits following
increases in the frequency of hot, dry days wilpatt N transformations in the absence of
irrigation. Effects include summer droughts, whiahl reduce growth and produce a flush
of mineralisation on rewetting (Xiang et al., 200&wton et al., 2010).

Major forest disturbances such as dieback, fird,vaimd-throw that create forest gaps
generally lead to short-term increases in N mimgmibn (Atiwill &Adams, 1993) and
potential for N-fixing shrubweed invasion, so iresed climate change-induced
disturbance should increase soil N mineralisatiore may also increase nitrification
(Knoepp & Swank, 1995), however moderate increaséee frequency may not affect
long term ecosystem N storage (Smithwick et al0930Drought effects on soil processes
are uncertain. Although microbial activity will lighibited in dry soils, death of microbes
may result in increased N availability (Rennenbetrgl., 2009).

Whilst clearly the long-term annual effects of ches in climate are important, we do also
need to consider the impacts of these extremeteffétalthall et al. (2012) cite the
uncertainty of precipitation and the extreme (hethperatures as factors that will limit
agricultural and forestry productivity and there&f@verride the effects of average changes
in climate on N cycling processes in extreme season

5.4 WHAT ARE THE IMPACTS OF CLIMATE CHANGE ON NITROGEN LOSSES
FROM THE PASTORAL, CROPPING AND FORESTRY SECTORS?

Elevated CQand temporal and spatial rainfall variability wik key factors affecting NH
volatilisation, denitrification, MO emissions and N leaching responses.

Ammonia volatilisation

Ammonia volatilisation in pasture systems predomilyaoccurs from applied fertiliser,
deposited urine and effluent/manure. Increased ¢eatyre increases ammonia
volatilisation; increased precipitation decreasalatiisation; increased drought increases
volatilisation (Meisinger, 2000). If there is arcirase in %N in the diet due to increased
clover content, a greater proportion of a grazinignal’s dietary N may be partitioned to
urine, resulting in a greater volatilisation rigdlard et al., 2003). Ammonia volatilization
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from urine, effluent and inorganic fertiliser agations may increase due to to increased
temperature and drought (Butterbach-Bahl & Dannemma011), which may influence
associated emission factors. Similarly, increasddriMiser inputs, particularly urea
fertiliser, to maximise eCgeffects on crop production will increase p¥blatilisation.
Increased volatilisation losses from forests mayp alccur if foresters increase urea usage
to avoid development of PNL in response to,@tilisation of forests (Kirschbaum et al.,
2012).

Denitrification/N20 emissions

Denitrification is affected mainly by soil C avaii#ity, soil oxygen levels, N supply and
temperature. Below-ground C inputs will increasdameCQ, leading to changes in root
biomass, depth, distribution and exudation (ChentpBnson, 1998; de Graaff et al., 2007;
Pritchard & Rogers, 2000) and soil respiration (filas et al., 2000). Changes in soil
organic matter cycling are dependent on soil Nlaldity. Decomposition of soil organic
matter increases at high N, while at low N conaaiuns it decreases (Cheng & Johnson,
1998). It has been proposed that increased C immigtshe soil could stimulate soil
respiration (and increase soil oxygen consumptime)easing periods or sites of soll
anoxia and thereby stimulating denitrification (Bubach-Bahl & Dannenmann, 2011).
Increased precipitation and warmer temperaturesintagase denitrification and,®
emissions because of increased microbial actiwitytd increased soil moisture contents
occurring for longer periods (Butterbach-Bahl & DBanmann 2011; Brown et al. 2012),
with some evidence suggesting a decrease in 18eNy ratio (Smith 1997). Furthermore,
deeper rooting and root exudation could lead teemeed subsoil denitrification that could
reduce the risk of nitrate leaching (Butterbach{Eatd Dannenmann, 2011). In contrast,
prolonged periods of drought may decreag® Bmissions (Hartmann & Niklaus 2012).

Meta-analyses of 49 international published studfesyricultural and natural systems
suggest that eCOncreased PD emissions by 19% mainly due to increased roahbgs
(van Groenigen et al., 2011). A larger increas2/@b was determined by Lam et al.
(2012) from their meta-analysis of 127 studies afydamics in grain crop & legume
pasture systems. Greatest responses@dynissions occur in higher N input systems
while responses are consistently low and non-saanit in unfertilised trials (Dijkstra et
al., 2012). Indirect eCgeffects have been attributed to: more labile haarhizosphere;
more soil moisture due to effects of e{Ji increased water use efficiency (Arnone lii &
Bohlen, 1998) and stimulation of soil biologicatigity. There is a suggestion that e€O
may decrease the,®:N, ratio (Baggs et al., 2003).

Increasing temperature has inconsistent or relgtsmall effects on pD emissions

(Dijkstra et al., 2012). These researchers sudbasthe size of the relative responses to
eCQ and temperature reflects the differences in treatmapplied; they observed that in
most studies eC{roncentrations were doubled whereas soil temperatareases were
relatively small. There is little experimental inmfieation on the combined effects of e£O
and increasing temperature and where experimehlisnfeed length and replication) have
been conducted no significant interactive effeetgehbeen observed (Dijkstra et al., 2012).

NO losses from forestry are low compared to othed lases, particularly grazed pastures
(Saggar et al. 2008), with little evidence to sigjdleat climate change will impact on
emission levels from forestry systems. Warmingrasbeen found to have large direct
effects on MO emissions (Barnard et al 2005). In a study byeBwt al. (2012) of
deciduous forest in Massachusetts USA, soil warrBfQ for seven years) did not have
any discernible effect onJQ fluxes. To determine the effects of e N,O emissions,

108 « Review of climate change impacts on soil — Appendices Ministry for Primary Industries



Barnard et al. (2005) conducted a meta-analysg)axperiments which included both
forest and herbaceous systemgONuxes were not significantly altered by e©f&hen
measured either in the field or in the laboratory.

Nitrogen leaching

Climate change will impact on N leaching by affagtthe source (i.e. the quantity of N
available for leaching) and the transport of thig?hbvement through the soil/drains). The
process of leaching will be therefore driven byiaige (precipitation) and size of the
available N pool. Although Larsen et al. (2011)rfduhat precipitation increased N
leaching, estimates of the effect of climate chamgéeaching are uncertain due to the
competing processes of source vs. transport (Setiaft, 2011). For example, Torbert et
al. (1996) observed lower leaching losses belovbsay and sorghum grown in elevated
CO, compared to ambient GQand attributed this largely to increased uptéaksod N.

While increasing temperatures are expected to aseréhe rate of soil N processes such as
mineralisation and nitrification, there may be mgngicant effect on N leaching (Turner &
Henry, 2010) for pastoral, arable and forestryesyst However, eC{ran lead to higher
soil water contents through improved plant water ef§iciency, which may lead to
increased risk of leaching losses or provide camastmore conducive to denitrification
(Prior et al., 2011). This may be compensated bseased plant production where water
availability may otherwise be limiting. The soilmeral N pool may be decreased by gCO
(Zhang et al., 2005) due to increased uptake d6Ns¢Torbert et al., 1996) . Subsoil
denitrification promoted by increased labile C itgoun larger amounts and deeper in the
profile may reduce N losses (Thomas et al., 20bh2pw fertility systems the benefits may
be greater due to soil N immobilisation reducing #imount of available NGor leaching.

It is probable that annual and seasonal leachitigrpa will be highly responsive to
temporally-spatially (regional) variable rainfaligperns. We might expect intra- and inter-
annual spatial and temporally variable patternsdahasimilar to the crop responses
predicted by modelling approaches using NIWA clienstenarios in Figure 5.3 (Teixeira
& Brown, 2012). Modelling approaches may offer aameto better understand the risk of
leaching under different climate change scenaBasgesen & Olesen, 2011; Sjoeng et al.,
2009), but these have not been applied for futlee Kealand climate scenarios. For
example, increased temperatures may lead to l@rgenng seasons when plants are
actively extracting water and taking up soil N.

As noted above, a greater proportion of grazinghats’ dietary N may be partitioned to
urine if there is an increase in %N in the diet tlugncreased clover content (Allard et al.,
2003), which may enhance N leaching. However, miogebf a dairy farm under a range
of climate change scenarios (e£©levated temperature, drought or increased rain)
suggested a decrease in N leaching, but increaskmitrification and volatilisation

(Dueri et al., 2007).

In regions that are already wet, additional preatmn may not have a large effect on the
transport of available N through the soil profg@ce a large proportion of it may have
been leached anyway. Effects will be larger wherthout climate change, there was
insufficient drainage to result in N leaching thgbiuthe soil profile.

As well as nitrate forms, N can leach as dissolwgghnic N (DON). Wachendorf et al.
(2005) measured c. 50 kg N/ha as DON leached fiattreairine patches. According to
van Kessel et al. (2009), DON is the missing Nutrient budgets in that it is a much
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overlooked source of N loss. They reported that 26%oluble N can be as DON, on
average. DON is usually the major form of N leacfrech native forests and exotic forests
planted on ex-pasture sites (McGroddy et al., 20G8/s et al., 2012). Losses from New
Zealand soils have been significant, with up to B4 N/ha being measured from shallow
lysimeters (Ghani et al., 2007; 2010). Further wisrkequired to understand the impacts of
moisture, temperature and vegetation type (e.ggr@dses) to help determine the impact of
climate change on losses of DON.

Compared to other land uses, N leaching losses fiooestry are generally low (Binkley et
al., 1999; Elliot et al., 2005; Larned et al, 2Q0#ijorest growth increases in response to

increased C@concentrations, demand for N by both the cropsaildmicrobes should

also increase. This increase in demand shouldindounterbalance any increased N that
may become available because of soil warming-erdthNcmineralisation, and N leaching
should not increase above present low levels.

In some forests, N-fixing species may become arortapt part of the vegetation after
forests are harvested and before full site occupbgdhe next rotation crop, for example
on sand dunes whekeipinus arboreusnay be present, on other soils where gorse and
broom occur, or at some ex-pasture forest siteseMegumes such dsifolium or Lotus
were present in the pasture. N leaching from feresth a pasture or N- fixing shrubweed
history is higher than from forests without sudhistory (Parfitt et al 2002; Quinn &
Ritter, 2003; Dauvis et al., 2012). In these sitadiincreased atmospheric £0
concentrations may be expected to increase praabycind N-fixation by N-fixing
species where they develop after harvest (Mohah,e2007; Norby & Zac, 2011). Thus,
where N-fixing species are an important part ofitier-rotation vegetation, NOleaching
may be expected to increase. Any increase in lagakimost likely to occur when N
demand by the forest crop is low as in the latéet pf the rotation, and immediately after
harvest (Parfitt et al., 2002; Quinn & Ritter, 2D0Bor most forests, where N-fixing
species do not form an important part of the int¢ation vegetation, NOleaching is
unlikely to be affected by CCenrichment.

Climate change may lead to an increase in majestatisturbances such as dieback, fire,
and wind-throw that create forest gaps resultinghiart-term localised increases in N
mineralisation (Atiwill & Adams, 1993). Enhanced B@aching is likely to occur in such
gaps up until the time the gaps are revegetatetdeyls or by re-planting (Parfitt et al.,
2002). Gap revegetation is usually rapid so N le$sen such gaps are likely to be short
term in nature.

5.5 WHAT ARE THE POTENTIAL CONSEQUENCES FOR PRODUCTION WITHIN
THE PASTORAL, CROPPING AND FORESTRY INDUSTRIES?

Pastoral systems

The key features of the pastoral system that @iffeates it from the other ecosystems are:
* Returns of N (and C) are spatially variable aceopaddock (dung, urine), so we need
to consider the likely impacts of differential \¢hC) supply on processes (Figure

5.2).

» Effluent/manure and fertiliser N can be applieda@m of the dung and urine patches.
* Animals mediate the N returns in dung and urinewmadheed to consider the impacts
of changes to the composition of ingested foragthese N returns (Allard et al.,

2003).
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* There is a heavy reliance on legumes to fix angblgud in some systems.

* There are temporal fluctuations between legumegaasis populations, with this co-
existence of the two species adjusting to flucaregiin soil mineral N supply
(Schwinning & Parsons, 1996).

* Sward composition can change with time, becaugasture management and the
environmental conditions.

» Different enterprises (usually associated withetiéht landscapes) vary in the size of
N process fluxes, although the transformation gees are generally the same.

* Animals and animal products are the measure ofyatodty from pastoral farms: any
effects on animals need to be considered when demsg performance of the pastoral
sector under climate change.

Fertiliser N Effluent/manure
Between
Urine patch ——ou 4 / urmifatch
‘background’

Dung ===l -

Figure 5.2: Representation of the spatial variation of nitrogen sources in a paddock.

Progressive N limitation (PNL) is often cited agaential issue under eG@nd this may
well be the case in systems relying on low extekhaiputs, or in the absence of legumes.
For example, in monocultures bof perenneresponse to eGQvas only apparent at high N
input (Schneider et al., 2004). This response vaased by removing the N limitation.

However, in legume/grass pastures, PNL may beoteas issue. The interaction between
grass and clover populations is complex but follewwdN-based competitive trade-off
between the two species (Schwinning & Parsons, )198&n soil mineral N is low, clover
is favoured and when high, grass is favoured. Tdindy cycling, the two species establish
an intermediate level of soil mineral N where tleay both co-exist. Thus, understanding
the long-term effects of climate change on thisripliay between grass and legumes is
critical to understanding the consequences forymtion in New Zealand pastoral
systems.

Experiments suggest that global warming will favlagume growth and N fixation
(Zanetti et al., 1996; Ross et al., 2004). Thudange in the plant community structure,
with an increase in legumes, could supply addilidbhto the system. Tubiello et al.
(2007a) postulate that N limitation might be remibtg an increase in biological N
fixation under eCQ Legumes increased in the NZFACE experiment, aljhahis
appeared insufficient to completely remove a PNeatf(Newton et al., 2010).

If PNL can be overcome by sufficient N additiongghuctivity could increase, which, in
turn, will lead to increased grazing and N remamgroducts such as milk, meat and
wool. Pasture yield may increase by ca. 10% fosgga and 20% for legumes under e CO
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(from 380 to 550 ppm; Tubiello et al., 2007a). Matalysis (Long et al., 2004) suggests
on average a 20% vyield response from e@DC; species and a response of <5% fgpr C
species. There is uncertainty about net effectausreCo@levels would favour €

species, but warming would favouy €pecies (Tubiello et al., 2007a). Other management
factors will influence competition between spedieedd et al., 2010), as well as greater
cyclical variation over time in N fixation and Ngly in legume/grass pastures.

An example of additional N supply modifying PNL w@smonstrated by Newton et al.
(2010) in the NZFACE experiment. In this case thveas evidence of pasture yield
decreasing over a 4 year period, but this N linotatvas broken after a severe drought
that provided a flush of mineral N. There was emnmethat PNL again started to occur in
the years after the drought/rewetting effect.

Dieleman et al. (2012) concluded that foliar N camteations in plants decrease
significantly in combined eC£and warming treatments. However, when scaledap fr
individual plant species to the plant communitys tilution effect has not always been
noted because the composition of the plant commuaisb responds to eG(Reich et al.
(2006) also suggest that any effects of eG@decomposition rate are more likely to be
due to eCQ@altering plant community composition. Indeed, HM&-ACE experiment
noted a reduced N concentration in individual spean the sward, but also a change in
species composition under e@@ith a move to species such as legumes with aehilyh
content (Allard et al., 2003). While this offseetlower N concentration in the forage
tissue, it led to greater partitioning of N inton& by grazing livestock, which has
implications for N leaching and volatilisation.

Even if above ground biomass increase is limite® Ny, eCQ stimulation of
photosynthesis often results in increased allonasfcC below ground (Hu & Zhang,

2004). This has been attributed variously to aneiase in root growth, root exudates and C
supply to symbionts. This will serve as a usefodrce for soil biological activity.

Animal health and performance

An assessment of the impact of climate change onamealth and performance was
outside the scope of the report. However, the adnsr@bviously integral to the pastoral
system, and West (2003) suggests that the effdwaifstress on animal performance
could be a signicant impact of climate change. Whthclimate change scenario for New
Zealand suggesting a 50% increase in hot days, d@oession on climate change effects
on animal health is warranted.

Walthall et al. (2012) suggests that under clintéitnge scenarios in the US, animal
productivity will be reduced. In turn, N cycling grazed pastoral systems may be reduced.
Certainly, studies suggest that warming in theid®pnd in the subtropics during warm
months has adverse effects on livestock reproduetia production, including reduced
animal weight, decreased dairy production, andflesd conversion efficiency (Klinedinst
et al., 1993). However, results are mixed for intpat temperate and cooler regions and it
Is suggested that the health and performance aféfed livestock may improve (due to
more forage). Also, warming during the cold periodgemperate areas may be beneficial
to livestock production, which could see N cyclthgough the soil-plant-animal system
increase in southern South Island. Campbell €18P6) suggest that productivity of dairy
farms might be adversely affected by a southwaiftl ghundesirable subtropical grass
species, such @aspalum dilatatugnwhich currently affect the upper North Island.
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Effects of extreme weather on crop/forage productivity

Similarly, Walthall et al. (2012) cite the uncentyi of precipitation patterns and the likely
increase in droughts as key factors that will redoiductivity under climate change in
the US. Thus, whilst the scope of this report isoihN processes, this risk to production
and N inputs needs to be carefully considered.

Arable systems

Globally, climate impacts on crop production aregyaphically heterogeneous. Overall,
larger crop yield losses are projected for theit®than for temperate and mid-latitude
countries (Fischer, 2009; Fischer et al., 2008r\Patral., 2005). Uncertainties in current
projections include the magnitude of eCfertilisation effect and yield responses to
temperature, soil nutrient supply, soil water aaaility and pest damage at different scales
- farm, regional and global — where different fastmteract, and responses to extreme
weather events rather than to average changesnatel (Long et al., 2005; Tubiello et al.,
2007a; Tubiello et al., 2007Db).

For New Zealand in the 2040s, without considerixigezne events and biotic stresses,
modelling studies indicate relatively mild yieldskes and potential for increases in crop
yields in response to higher temperatures and,C€xeira & Brown, 2012). Crop
responses were modelled using the NIWA high cavborid scenario (A2) and ‘rapidly
decarbonising’ world scenario (B2) for between 288 2049 for the four major cropping
regions (Canterbury, Southland, Hawke’s Bay andkéta). Average temperature
increases ranged from 0.9 to 1.5°C for the peand, rainfall changes ranging from -14%
to +34% in a given season and location. Impacteddargely depending on location,
management and crop type (Figure 5.3).

By 2040 wheat and barley yields were predictechtogase by about 12%, with largest
increases in Canterbury and Southland (Figure B@&hpto, field peas and maize yield
responses were more variable and showed more fiegatential for decline in some
scenarios. Positive yield responses were due &leretion in canopy expansion due to
higher temperature, increased photosynthesis dG&©idertilisation and higher
temperatures, and longer cycle lengths for wirdesdes. Negative responses included
early flowering, reducing the period for intercegtisolar radiation and shortening growth
cycles, and water stress due to reduced rainfathgsome seasons. For example, potato
yields in Waikato were predicted to decline by 2086 in most scenarios due to increases
in temperature-induced shortening of the crop ¢ywlth a consequent reduction in
intercepted photosynthetic radiation. Comparisoounfent and future scenarios suggests
that current photosynthetic conditions for growpagatoes in the Waikato are close to
optimum, i.e. there were no improvements in radratise efficiency with increased
temperature. In general, greatest benefits occomare southerly regions, particularly for
temperate cereals, green feed and forage brasBmakarvested crops such as grain and
potatoes, this is an N removal from the soil amchfaystem. Predicted changes in rainfall
patterns, and therefore soil water availabilityd ladarge impact on crop yield and inter-
annual variability. This was most pronounced withps grown on shallow soils (Figure
5.3). Yield responses to irrigation also varied elydbetween regions with responses
ranging from 5% in Southland (heavy soil) to 60%nterbury (light soil).
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Figure 5.3: Wheat median grain dry matter yield for baseline climate from 1 January 1980 to 31
December 1999 and percent changes for 20 year simulations considering two future climate change
scenarios (high carbon (A2) and ‘rapidly decarbonising (B1) worlds), four locations, two soil types and
two water supply conditions (dryland or irrigated) (Source: Teixeira & Brown, 2012).
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Forestry systems

Increasing C@concentrations are expected to increase foreduptivity (Bazzaz &
Miao, 1993; Ceulemans et al., 1999; Norby & Zad PZac et al., 2011), through
increased photosynthesis and reduced stomatal cvithy and an increase in water use
efficiency (Silva et al., 2010). Increasing £€€ncentrations may also lead to increased
root growth (Ceulemans et al., 1999; Norby & Za&lP) and deeper rooting systems.

As a consequence of increasing underground plahtracrobial biomass stocks in GO
enriched environments, more N will become immobdiswhich may lead to progressive
N limitation (PNL) in unfertilised and infertile esystems (Luo et al., 2004; Dieleman et
al., 2012; Garten et al., 2011; Melillo et al., 398Blorby et al., 2010; Norby & Zac, 2011).
However, increased N availability arising from ented N mineralisation caused by soil
warming may counteract such limitation. A meta—gsialwhich included 14 studies (50%
forest or woody species), where the combined effettvarming and eCQOwere

examined, showed that on average N immobilisatias @ounterbalanced by increased
organic matter mineralisation, resulting in litheerall change in N availability relative to
control treatments (Dieleman et al 2012). The aislgiso showed that foliar N
concentrations declined under combined @ soil warming treatments, indicating that
at N limited sites PNL is ultimately likely to oacu

With declining N concentrations in plant tissued\ €oncentrations in forest residues
(thinnings, prunings, harvest residues) will inseand such residues will take longer to
decompose and immobilise increased N in the protass contributing to PNL
development. In the FACE experiments, PNL has sority developed at one of five
forest sites despite the forests being N limitedry & Zac, 2011). Several possible
reasons for this have been suggested, includingrtbafficient time had elapsed for an
effect to develop, increased soil exploration Imgfroots, stimulation of mineralisation by
fungal activity, and the type of mycorrhizae. Tlaist was suggested because the
experiment where PNL became apparent was Wghidamburwhich forms arbuscular
mycorrhizas, in contrast to the remaining sitesrelike species form ectomycorrhizas.

A difficulty with a number of forestry studies isat large step changes in soil temperature
of around 8C have been used, so their relevance to the Nelaaituation, where an
approximately IC temperature rise is expected, is questionableeder in a modelling
study based oRinus radiatagrowing under a Canberra (Australia) climate, Klogum
(1999) found that increasing temperature 8§ ihcreased N mineralisation rates, and that
the increase was qualitatively similar when cowdisi were changed gradually or as a
single step change.

In New Zealand, climate change is predicted togase wood production by an average of
19% by 2040 and 37% by 2090 (Kirschbaum et al.220lhe response is expected to be
due more to eC&xoncentrations than to temperature or moistuecesf Any response

will be dependent on maintenance of the presehtestility levels in plantations, which
tends to be generally adequate, although it mdgdadly limiting. Should increased
productivity lead to development of PNL, wood dénss likely to increase because N
fertilisation and legume presence has been showedicce mean, early and late wood
density (Beets et al., 2001).

YoungPinus radiatais sensitive to moisture competition, for exammeom has been
shown to reduce productivity of two-year-old pinel®-fold at a dryland site (Watt et al.,
2003). Enhanced growth of N-fixing shrubweeds \@tB, enrichment (Mohan et al.,
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2007; Norby & Zac, 2011) may therefore reduce fiopesductivity because of increased
competition for moisture. However reduced stometalductivity and improved water use
efficiency of both crop and weed species should teahigher soil moisture contents and
partially counteract the increased competition.d8se increased N may reduce wood
density (Beets et al., 2001), increased produgtaitd N-fixation by N-fixers may also
lead to reductions in wood density at sites whergads otherwise limiting.

5.6 WHAT ARE THE IMPACTS OF CLIMATE CHANGE ON FUTURE
MANAGEMENT OF FARM AND FORESTRY SYSTEMS, AND LIKELY
ADAPTATIONS, INCLUDING FERTILISER MANAGEMENT?

The main effects of climate change on agricultarad forestry systems are likely to be:

* Increased growth arising from eg@nd increased temperatur@iher factors do not
become limitingThese other factors could be water, nutrientstsper diseases and
extreme weather events.

* Potential for more legume growth in mixed swardtipeas and N-fixing shrubweed
growth in forests — again if other factors do netdeme limiting.

*  More winter growth (mild winters) ...

* ... but some of this might be offset by increasedagksrof summer drought

* More extreme storm events increasing the risk dfesosion, particularly in hill
country regions, and flooding, both of which witipact on NPP.

* Increase in frequency of hot days, which may impacanimal performance in
pastoral systems.

Whilst there will be subtle changes to processeésti@msformation rates, the effects
decribed below are probably the main high leved@f.

Pastoral sector

The main limitations that may occur are:

* Progressive N limitation, where N from legumes admeet the shortfalls,

* Increased risk of drought reducing soil N inputs,

* Increased pest and disease pressure reducing sguls,

* Increased temperature affecting animal performartgeh could lead to both positive
and negative impacts on N cycling.

Based on the above, a likely response is:

» A focus on ensuring that factors do not limit yiplkokential e.g. greater N fertiliser
use, where PNL is limiting pasture production,

e And/or increased legume use,

* Increasing use of irrigation, especially in theedeast and possibly north,

« Developing feed strategies to meet shortfalls duadreased summer drought
frequency e.g. more on-farm supplement productioimcrease in purchased feeds,

» Utilising the extra pasture that is grown througbtreased stocking rates,

* Increased steps to minimise adverse effects ofifigg on animal performance.
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Arable sector

The main limitations that may occur are:

* Reduced yield potentials and crop suitability,

* Increased risk of drought reducing soil N inputs,

e Increased pest and disease pressure reducing spuls,
* Increased crop damage risk from extreme weathertgve

Based on the above, a likely response is:

* Afocus on ensuring that factors do not limit yiplokential e.g. greater N fertiliser
use,

* Increasing use of irrigation, especially in theedeast and possibly north,

* Reduced tillage to conserve soil moisture,

* Increasing use of mulches and other soil waterewasion methods,

* Modifying crop selection and rotation to responapportunities and risks, including
development of new or existing overseas markets.

Forestry sector

The main limitations that may occur are:

* Progressive N limitation, where soil N or N fromdem-storey legumes cannot meet
the shortfalls,

* Increased risk of drought and fire leading to reatusoil N inputs,

* Increased pest and disease pressure leading toeédail N inputs,

* Increased competition from N-fixing shrubweeds.

Based on the above, a likely response is:

* Increased monitoring of soil and plant tissue teuea potential growth responses to
eCQ are not nutrient limited,

» Greater N fertiliser use, where PNL is limitingéstry production,

« Improved fire surveillance and adoption of meastwagduce drought impacts,

e Selection for nutrient uptake efficiency, and drougnd disease tolerance,

* Increased use of herbicides to control N-fixingudlweeds, gorse and broom.

These management responses do not factor in angefiao policy/regulation, e.qg.
restrictions on N fertiliser use or irrigation atastion.

Identification of the knowledge and opportunity gaps for future work

To make progress, we need to:

* Understand impacts of individual elements of clenegltange on N processes (semi-
quantitatively),

* Improve our understanding of the net effects aohalie change at both a farm-scale
and at individual processes level (e.g. through etiodgy),

* Understand the drivers of net directional changeesthese will depend on individual
circumstances,

* Have sufficient detailed understanding to aid mixaig|

* Anticipate management response to climate chamge ¢his adds another level of
complexity to assessing climate change effectseasystem scale.

Whilst this literature review demonstrates that@ypoogress has been made in many of
these aspects, there are still gaps in knowledge:
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Dissolved Organic Nitrogen (DON)- there is accumulating evidence that this form of
soluble N can contribute a significant proportidrieachable N, yet little is known about
this in the context of climate change. It couldhlypothesised that this will become an
increasingly important loss pathway for solublenNaihigh C world.

Urine patch dynamics under climate change- urine patches are the engine room of N
cycling in pastoral systems. More information igtked on climate change response of
urine patch dynamics. Scenarios could be hypoteesidere leaching or denitrification
losses decrease (more pasture growth and N remavialgrease (summer drought

limiting N removal). There is also a need to untherd detailed processes (immobilisation,
MIT). The impacts of climate change on urinary Nie@ (pasture species and dry matter
intakes) would also need to be quantified.

Responses in a ‘nitrogen-rich’ pastoral system much of the research has been
undertaken in low N inputs systems. There is arcatmbn that PNL becomes less
important in systems with more N. This needs toelséed, as does the systems response.
We are extrapolating much of the information taglaiystems, whereas more research is
needed in dairy systems. This is to confirm th@oese of dairy N cycling to climate
change and to assess likely responses to climategeh

Implications of summer drought on overall respons®f the system- with the scenario

of an increased likelihood of drought, then we nieldetter understand the implications of
this on farm and forest systems and on N transfooms One possibility would be to use
the 2008 and 2013 droughts as case studies.

Long-term dynamics and feedback effects understanding the longer-term dynamics
between PNL and grass and clover populations, &hdand forest production and
ecosystem N, is central to understanding climagngh impacts on pasture and forestry
systems.

Predicting farm responses to climate changecropping systems models are used to
project yield responses to climatic drivers atdistale. The extrapolation of plant
temperature and GQesponses to much larger scales (e.g. ecosystamgertain, with
the science for linking models and data at diffesmales (plant, crop, paddock, farm,
regional and global) in integrated assessmentsrsthe early stages of development.

Predicting the interactive effects of plant water e, crop and soil management and
climate on soil water conditions driving N processe- plants will become more water
use efficient under eCGConditions, producing more biomass per unit ofendtowever it

is difficult to predict if future water use will anease, remain the same, or decline
compared to now. In cropping systems actual wagerwill also depend on other factors
including changes in evaporative losses, croppyates and changes in rotation. Improved
understanding of how these interactions impactadnasater is required to better assess
climate change impacts on N processes and losses.

Role of subsoll, soil and plant processes for reqating N losses the impact on N losses
of increasing labile C inputs through rhizosphem@psses in subsoils is poorly understood
or quantified. Increased C inputs via root exudatiould stimulate denitrification, which

on one hand could reduce potential nitrate leaclusgges, but on the other could lead to
increased BD emissions.
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6 Knowledge gaps

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.

Four catergoreies of knowledge gaps in research haen identified and prioritised across
the research topics. The highest priorities are&katawith an H. The use of and
development of robust long-term data sets and expets are essential to addressing
many of the knowledge gaps outlined below.

Soil natural capital

H Does stable soil carbon exist? What is the size of the carbon pool and under what time scales is this carbon
stabilised? What is the temperature sensitivity of stabilised carbon?

H What is the spatial variability of soil carbon stocks? We can model them at a national scale, however, with large
uncertainty. Models need to be refined to understand the spatial changes and related soil processes.

H What are the stocks and turnover rates of ‘new’ labile carbon, and ‘old’ protected carbon in New Zealand soils and
can they be adequately represented in models to estimate national soil carbon stocks and change with climate
change?

« What are the implications of soil type on nitrogen loss?

» What s the effect of increasing temperature on chemical stabilisation?

« What are the interrelationships between changes in vegetation and consequences for abundance and composition
of the soil biotic community?

« Does climate change effect biota deep in the soil (> 30 cm depth) and if so does this have consequences for
processes and services?

« How important are fungi in pastoral and cropping systems?

Soil cycling processes

H How does the composition of the soil biotic community affect soil processes, can we model these affects?

H How does spatial variability (e.g. urine patch dynamics on pasture; distribution of nitrogen in soil) influence nitrogen
supply and losses under a changing climate?

H Can droughts and drought-breaking rain be better predicted so that we can understand their impact under
contrasting land uses across different regions?

H What is the impact of climate change on nitrogen fixing plants that we are highly reliant on for nitrogen supply
(pasture and legumes)?

« What are the processes responsible for dissolved organic nitrogen leaching, and how much is leached, as losses
are likely to increase under a high carbon world?

» How can we improve our nutrient and carbon modelling to improve our understanding of nitrogen losses?

» What are the processes responsible for positively linking soil carbon with hydrophobicity (dry spots in paddock)?

« Does progressive nitrogen limitation occur under high nitrogen systems (e.g. cropping and intensive pastoral
systems)?

» How does drought affect decomposition processes (via change in litter quality) and micro-nutrient availability?

« How can we better quantify interactions between temperature, moisture and carbon dioxide on carbon pathways of
carbon supply to soils (as opposed to individual effects)?

» What are the impacts of increased climate variability on all relevant processes and carbon stocks?

Soil ecosystem services

H How can we predict ecosystem functional changes from soil carbon change to better understand the impact of
climate change on soil ecosystem services?

H Changes in the soils ability to regulate pest/disease during climate change (beneficial organisms vs.
pathogens/invaders) — this could be a major issue under climate change?

» What is the risk of net primary production under climate change being limited by a combination of nutrients?

* Does belowground (microbial) diversity affect regulating services?

« What is the effect of increasing temperature on chemical stabilisation?

» How does drought affect decomposition processes (via change in litter quality) and micro-nutrient availability?

» What are the processes responsible for positively linking soil carbon with hydrophobicity (dry spots in paddock)?
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Land management

H What are the interactions of land management responses to climate change on the soil?

H Can land use specific models take into account management/plant species differences when addressing the impact
of climate change on soil carbon?

H Are we managing for ecosystem function to provide economic and environmental benefits from soil?

« Will market drivers impact New Zealand’s soil more than climate change?

« What are the climate change impacts on trans-national carbon cycling (foot-printing e.g. life-cycle analysis)

» What alternate technologies e.g. biochar, could be used to regulate nitrogen processes and cycles and stock
management?
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Appendix 2 — Workshop participants

List of all the workshop participants at the saiddand use alliance (SLUA) workshop
held in Wellington on the 25-36of February 2013 to share, discuss and evaluéaderse
for climate change impacts on soil processes afigcoil carbon stocks, soil nitrogen
cycling and soil services, and what this meangdmstry and farming in New Zealand.

Person Company Person Company

Adrian Lill Ministry for Primary Industries Paul Mudge Landcare Research
Brent Clothier Plant & Food Paul Newton AgResearch

Brett Mullan NIWA Pete Millard Landcare Research

Bryan Stevenson

(Workshop Science co- | Landcare Research Peter Beets Scion
ordinator)
Carolyn Hedley Landcare Research Peter Kuikman International
Cecile de Klein AgResearch Roberta Gentile Plant & Food
Dean Meason Scion Simeon Smaill Scion
Denis Curtin Plant & Food Steve Thomas Plant & Food
Edmar Teixeira Plant & Food Steve Wakelin AgResearch
Estelle Dominati AgResearch Surinder Saggar Landcare Research
Frank Kelliher Agresearch Tim Clough Lincoln University
Gavin Lear University of Auckland Tim Payn Scion
Tony van der Weerden
Gerald Rys Ministry for Primary Industries (Workshop Science co- AgResearch
ordinator)
lan Dickie Landcare Research Troy Baisden GNS
Joanna Sharp Plant & Food Val Snow AgResearch

Kate Parlane
(Workshop organiser)

NZ Agricultural Geenhouse
Gas Research Centre

Kate Orwin

Landcare Research

Kevin Tate

Landcare Research

Leo Condron

Lincoln University

Liz Keller GNS

Loretta Garrett

(Workshop Science co- | Scion

ordinator)

Mark Shepherd AgResearch
mlgcr:]iﬁltftcf{r;] sh Participatory Techniques Ltd
Mike Beare Plant & Food

Mike Dodd AgResearch
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Appendix 3 - List of acronyms and abbreviations

AOB Ammonia oxidising bacteria
AMF Arbuscular mycorrhizal fungi
APSIM Agricultural Production Systems sIMulator

BNF Biological N Fixation

CenW Carbon, Energy, Nutrients and Water

CSIRO Commonwealth Scientific and Industrial Reske&rganisation
CWT Critical Water Threshold

DOC Dissolved Organic Carbon

DON Dissolved Organic Nitrogen

eCO elevated atmospheric GO

EcM Ectomycorrhizal fungi

El Ecoclimatic Index

DOC Dissolved organic carbon

FACE Free Air CQ Enrichment experiment

GCM Global Climate Model

GHG Greenhouse Gases- generally refers tg, C8, and NO
IPCC Intergovernmental Panel on Climate Change

IPO Interdecadal Pacific Oscillation

MIT Mineralisation Immobilisation Turnover

NIWA National Instititue of Water and Atmosphergsearch
NPP Net Primary Production

NZFACE New Zealand Free Air GEnrichment (FACE) experiment
PET Potential EvapoTranspiration

PNL Progressive Nitrogen (or nutrient) Limitation

RCP Representative Concentration Pathways

SLMACC Sustainable Land Management and Climate Géan
SOC Soil Organic Carbon

SOM Soil Organic Matter

SOMD Soil Organic Matter Decomposition

SRES Special Report on Emissions Scenarios

SWR Soil Water Repellency

TRFLP Terminal Restriction Fragment Length Polynism
WUE Water Use Efficiency
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