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Appendix 1 – Technical review 

1 Introduction 
This technical review supports the discussions in the main body of the report. It is a source 
of more detailed discussion (and references), and was distilled down for the main body of 
the report. The sections contained within the technical review covered the three topics 
within the SLMACC (Sustainable Land Management and Climate Change) Climate 
Change Effects on Soils theme (soil carbon, soil services and soil nitrogen), and represent a 
compilation of the findings of these three groups. The evidence for the climate change 
projections for New Zealand is also presented in this technical review. The individual 
reviews were undertaken using available literature and combined with current best 
knowledge from national experts. The national experts were brought together at a 
workshop in February 2013 to investigate and debate the evidence in order to be more 
certain of the outcomes of climate change on soils.  
 
When interpreting the effects of climate change on soil carbon, soil services and soil 
nitrogen, it is important to factor in the experimental approach (type and design). 
Experiments to inform climate change effects have been undertaken at a range of scales 
from small pot experiments to large plot scale Free Air CO2 Enrichment (FACE) 
experimental installations and include one or more variables in the experimental design. 
 
FACE experiments (the nearest to a fully integrated system) are relatively few globally; 
even then, responses are likely to be site specific to the experimental conditions. 
Experiments also tend to look at the effects of large increases in CO2 whereas, in reality, 
systems are already responding to gradual elevations in CO2 rather than having to adapt 
rapidly to a large change in elevated CO2 (eCO2). There is a paucity of studies that have 
looked at the combined effects of increases in eCO2 and temperature and changes in 
precipitation. 
 
A large proportion of the literature focused on natural ecosystems and/or where external 
inputs such as nitrogen (N) via ‘deposition’ are relatively small. Whilst this will be 
relevant for low input systems, results require some extrapolation to more intensive 
systems where fertiliser inputs tend to be larger. A further complication in interpreting the 
larger scale effects from experiments is that they may indicate an effect at the plant or 
micro-plot scale but the larger scale response (paddock/farm) might be modified by other 
system responses.  
 
With these experimental limitations at play, we have reviewed the available literature and 
incorporated the views of national experts to provide a discussion on the effects of climate 
change on soil processes and the consequences on soil ecosystem services within New 
Zealand. 
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2 Climate change projections for New Zealand 
Brett Mullan1 
 
NIWA1 

 

2.1 KEY MESSAGES 

Future changes in the climate are not known with certainty. Projected changes in climate 
depend on the assumptions made about the impact of greenhouse gases. It is important to 
examine different scenarios for their likely impacts on soil processes. Table 2.1 
summarises the range of projected changes by mid-century and 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 

for year 2049 
Range predicted 
for year 2099 

Level of 
confidence in 
predicted values 

Carbon 
dioxide * 
(ppm) 

All All 480 to 530 ppm 450 to 850 ppm  Moderate to high 

Temperature 
(°C) 

All All 0.7 to 0.9 1.1 to 2.6 High 

Change in 
rainfall (%) 

Summer & 
Autumn 

South & west 
S.Is. 
Rest of NZ. 

Zero to +5% 
Up to ±5% 

Zero to +5% 
Up to ±5%, & >+5% 
in eastern Nth Island 

Moderate 

 Winter & 
Spring 

North & east 
N.Is., 
Marlborough, 
Canterbury Plains 
West N.Is., south 
& west S.Is. 

Zero to -10%  
 
Zero to +10% 

-5 to -20% 
 
Zero to +30% 

High 

Hot Days Summer 
half-year 

All lowland areas Up to 100% 
increase 

Up to 300% increase High 

Frosts Winter half-
year 

Central N.Is. & 
S.Is. 

Up to 50% 
reduction  

Up to 50-90% 
reduction 

High 

Heavy 
rainfall 

All Especially in west 
of both Islands & 
south of S.Is. 

Extremes occur up 
to 50% as often 

Extremes occur up 
to 100% (i.e. 2 
times) as often 

High 

Drought Summer 
half-year 
 

Mainly eastern 
areas 
Eastern S. Is. & 
all of N. Is.  

Up to 5-10% more 
of year 

 
 
At least 10% more of 
year  

Moderate for type of 
change; low for 
magnitude 

 

Strong 
winds 

Winter, 
Spring 
 
Summer/ 
Autumn 

All 
 
N. Is. 
S. Is. 

Increase of few % 
 
 Little change 
 Decrease of few % 

Increase up to ~10% 
in frequency 
Little change  
Decrease of few per  
cent 

Moderate for type of 
change; low for 
magnitude 
 

(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, there is high confidence in the temperature 
increase, the changes in temperature extremes (more hot days, fewer frosts) and the 
increase in heavy rainfall. There is high confidence in the pattern of winter/spring rainfall 
change, and but only moderate confidence in the summer/autumn pattern. Other changes in 



 

Ministry for Primary Industries  Review of climate change impacts on soil – Appendices • 5 

extremes (drought, strong winds) have moderate confidence in the direction of change but 
low confidence in the magnitude of change.  
 

2.2 INTRODUCTION 

There is a wide range of scenarios describing how the world may develop in terms of 
social, economic and technological change over the 21st century (Meinshausen et al., 
2009), and a large number of climate model projections of future climate change (Meehl et 
al., 2007). NIWA has produced various analyses and summaries of future projections for 
New Zealand (MfE, 2008; Mullan et al., 2011; Clark et al., 2011). These ‘what if’ 
scenarios and projections are used because we cannot predict what socio-economic choices 
the world will make, and thus what future greenhouse gas emissions will be or the 
subsequent details of climate change. For the purpose of this study, two scenarios were 
selected that represent likely extremes of future emissions and global climate changes: (1) 
a high carbon world, and (2) a rapidly decarbonising world. These scenarios were 
developed for an international conference organised by the New Zealand Climate Change 
Centre in 2009, and are described in Reisinger et al. (2010). By the end of the century, 
global average temperatures would be about 4°C above pre-industrial under the high 
carbon world scenario, whereas the temperature increase would be limited to about 2°C 
under the rapidly decarbonising world scenario.  
 
A brief description of the scenarios is provided below, with full technical details in 
Reisinger et al. (2010). The New Zealand climate change patterns are derived by 
statistically downscaling 12 global climate models (GCMs), the results of which were 
discussed in the IPCC Fourth Assessment Report (IPCC, 2007). These 12 models were 
selected because their 20th century simulations validated well against current climate in the 
New Zealand and Southwest Pacific region (MfE, 2008; Mullan and Dean, 2009). This 
present study emphasises the likely range between the extreme scenarios of the high 
carbon and rapidly decarbonising worlds, with a particular focus on the 12-model average. 
Ensemble averages are commonly used in seasonal prediction as being more reliable than 
individual models (Johnson and Bowler, 2009), and model averages tend to validate better 
on historical climate than any individual model (Mullan and Dean, 2009). In the Reisinger 
et al. (2010) study, downscaled climate changes were calculated on NIWA’s Virtual 
Climate Station (VCS) 5-km grid over New Zealand (Tait et al., 2006). The climate 
scenarios were expressed as changes between the 20-year current climate period 1980-
1999 and the future 20-year periods of 2030-2049 and 2080-2099. This 20-year averaging 
removes much, but not all, of the natural variability as represented in the models. The same 
time periods and terminology are retained here for this report. Therefore, it is important to 
note that a reference to a “2049 change”, for example, means the change between 1980-
1999 and 2030-2049.  
 
The following section first describes projected changes in 12-model averages of 
temperature and precipitation, then discusses likely changes in extremes. Potentially, the 
biggest impact of future climate change will occur with extreme events such as heavy 
rainfall and flooding, droughts, strong winds and high temperatures. However, extremes 
were not analysed explicitly for the high carbon and rapidly 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 SRES A2 emission scenario (IPCC, 2000), 
with associated climate changes over the 21st century that are about eight times larger and 
faster than those observed already over the 20th century (in terms of global average 
temperature change). This scenario represents a highly fractured world with no concerted 
efforts to reduce greenhouse gas emissions, heterogeneous socio-economic and 
technological development in different parts of the world, large rates of climate change, 
warming of almost 4°C above pre-industrial levels, and severe impacts resulting in many 
regions of the world (Reisinger et al., 2010). 
 
The rapidly decarbonising world scenario is based on the SRES B1 emissions up until mid-
century, followed by concerted global action to reduce greenhouse gas emissions and to 
limit greenhouse gas and aerosol concentrations to about 450 ppm CO2-equivalent. This 
results in a stabilisation of global temperatures by the end of the century at about 2°C 
above pre-industrial levels (but note that sea-level rise does not stabilise over this time-
frame).  
 
Figure 2.1 shows the evolution during the 21st century of atmospheric CO2 concentration 
under the Representative Concentration Pathways (RCPs) developed for the IPCC Fifth 
Assessment (Meinshausen et al., 2011). The CO2concentrations used in this report are 
indicated by the diamonds in Fig. 2.1; the mid and end of century concentrations for the 
high carbon and rapidly decarbonising scenarios fit reasonably well into the overall range 
of the newer RCP scenarios (NIWA has yet to assess GCM results derived from these Fifth 
Assessment scenarios). The divergence in CO2 concentration between the scenarios is 
pronounced by century end, but is only modest at the mid-century point. 
 

 
Fig. 2.1: Trajectories of atmospheric CO2 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 Zealand under the two emissions 
scenarios are presented in Figure 2.2. The spatial gradients in temperature change are 
weak, which is partly a consequence of smoothing that is implicit in the statistical 
downscaling algorithm. The 12-model average displays slightly greater warming in the 
north of New Zealand than in the south. Only the annual changes are presented here, since 
there is little variation seasonally in the projected temperature changes. For example, in the 
North Island, the annual temperature increase by the end of the century under the high 
carbon world is more than 2.5°C, but the seasonal differential is only about 0.3°C (with 
summers warming slightly more than winters).  
 

 

 
Figure 2.2: Projected 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 average patterns of projected precipitation change 
at 2030-2049 and 2080-2099 for the two scenarios. Because of substantial seasonal 
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differences in precipitation changes, maps are shown for both summer and winter. In 
general, autumn changes are similar to those in summer, and spring similar to winter. 
 

 

 
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 increases in the west of both islands, and 
decreases in the east of both islands and in the north of the North Island. The amplitude of 
this pattern increases with time and with the magnitude of global warming. This strong 
west-east gradient in precipitation change is driven by the increase in southern hemisphere 
westerly winds, which is a very consistent feature across virtually all global climate 
models. 
 
Summer precipitation changes are generally smaller than those of winter, and lie within 
±5% over almost the whole country for both periods of the rapidly decarbonising scenario, 
and for the first 50 years of the high carbon world. The pattern of summer rainfall change 
in the North Island, however, is noticeably different from winter: a decrease is projected 
for the southwest and an increase in the east, in the 12-model average. This pattern 
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becomes more marked under the high carbon world by the end of the century (Fig. 2.4, 
lower left panel) with up to 10% less summer rainfall in Taranaki, Wanganui and 
Manawatu, and increases of 10% or more in parts of Hawke’s Bay and Gisborne by 2080-
2099. These summer changes in the North Island are the opposite of those in winter, but 
smaller, so the winter pattern will dominate the annual average. 

Inter-model variations and natural decadal variability  

Figures 2.2-4 illustrate future changes as averaged over 12 models. The potential range of 
projected changes is obviously larger if individual models are considered. Figure 2.5 gives 
an example for projected rainfall changes by the end of the century under the low and high 
carbon scenarios. The summer distributions are quite wide, but the averages lie close to 
zero. Conversely, the winter distributions are narrower, significantly positive, and greater 
for the high carbon scenario. 
 

 
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. 

 
Figure 2.6 helps to place the projections of rainfall change in the context of natural decadal 
variability. A climatic phenomenon known as the Interdecadal Pacific Oscillation (IPO) 
has noticeable effects on long-term climate variations in New Zealand and other places in 
the Pacific. The positive phase of the IPO is associated with more frequent El Niño events 
in the Pacific and a weather regime of more frequent westerly winds over New Zealand – 
leading to increased rain in the west and reduced rainfall in the east (Fig. 2.6). The 
negative IPO phase is associated with more frequent La Niña events, weaker westerlies 
over New Zealand, and the opposite rainfall pattern.  
 
The positive phase IPO has the same pattern as the climate change signal, i.e., wetter in the 
west and drier in the east. The amplitude of the IPO-rainfall pattern is similar to that at 
mid-century under either CO2 scenario. Adding the IPO signal to the climate change signal 
could therefore double or negate the intensity of the rainfall anomaly pattern at mid-
century. Although the IPO phase appears fairly persistent over a decade or two, the 
mechanism is not fully understood and we cannot predict the 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 temperatures are probably the most robust 
findings from analyses of climate change simulations (e.g., Kharin et al., 2007). Indicative 
results for New Zealand can be found in the referenced 2008 MfE publication. Many parts 
of lowland New Zealand are likely to become virtually frost-free during the 21st century. 
New Zealand does not experience the extreme high temperatures found in Australia, for 
example, so most NIWA analyses have focussed on so-called ‘hot days’, defined as 
exceeding 25°C. Under the high carbon scenario, many locations that now have fewer than 
30 ‘hot days’ per year could experience a 3 or 4-fold increase by the end of the century.  

Precipitation extremes 

Increases in the frequency and magnitude of heavy rainfall are also a widespread finding of 
climate models. The potential low level moisture content of the atmosphere rises at about 
7-8% for each 1°C increase (MfE, 2008; Allan & Soden, 2008). Current guidance for New 
Zealand (MfE, 2008) suggests that under a local warming of about 2°C, extreme rainfall 
could occur approximately twice as often (e.g.,a 24-hour extreme that currently has a 100-
year return period could recur every 50 years) Figure 2.7 maps the current 24-hour rainfall 
accumulations associated with a 100-year return period. With the exception of central 
Otago, 100-year daily rainfall extremes are at least 100mm, and increase to more than 
500mm in Westland, Fiordland, and isolated pockets in the North Island. At Christchurch 
Airport, for example, the current 24-hour 100-year extreme is about 136 m. Under 2°C 
warming (the high carbon scenario by century end), this amount of rainfall could occur 
every 50 years and the 100-year extreme increase to 157 mm (MfE, 2008). Increasing 
flood peaks resulting from increased precipitation extremes will interact with rising sea 
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levels and could create particular challenges for some coastal settlements or low-lying 
areas. 
 

 
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 to increase in a warmer climate as 
evapotranspiration increases, unless this increase is compensated by a simultaneous 
increase in precipitation. Mullan et al. (2005) concluded from a study of two IPCC Third 
Assessment models that the current 1-in-20 year potential evapotranspiration (PET) deficit 
(defined as a ‘drought’) could occur at least twice as often in eastern parts of New Zealand 
(parts of Northland, Bay of Plenty, Wairarapa, Marlborough, Canterbury and Otago) under 
a warming of about 2°C. Figure 2.8 is taken from a more recent NIWA study of drought 
trends under climate change, and finds a similar pattern (although with large uncertainty 
depending on the model used and the methodologies of downscaling 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 increase in the frequency of strong winds 
under global warming (e.g., Rockel and Woth, 2007), but the change is very dependent on 
geographic location. The MfE (2008) climate change guidance manual suggested that up to 
a 10% increase in the strongest winds (top 1-percentile) is possible by 2090 under the 
stronger SRES emission scenarios.  
 
A recent New Zealand study (Mullan et al., 2011) presents a more complex picture: it 
suggests extreme wind speeds at the large-scale (i.e., excluding thunderstorms and frontal 
systems) might increase only a few percent by the end of the century under the middle-of-
the-road SRES A1B emission scenario. However, the seasonal distribution was likely to 
change, with an increase in the frequency (but not necessarily extreme magnitude) of 
extreme winds in almost all regions in winter, but a decrease in summer in the Wellington 
region and the South Island.  
 
Figure 2.9 (left-hand panel) gives an example from the Mullan et al. (2011) study, showing 
a decrease in pressure (i.e., deeper and more intense lows) over and south of the South 
Island in the winter season. The result was derived by tracking cyclone centres from daily 
pressure data, available from five GCMs for 20th and 21st century periods. Figure 2.9 
(right-hand panel) shows a separate result from same study pertaining to extreme winds at 
the thunderstorm scale. The figure shows a map of changes in extreme daily values of the 
modified K Index (calculated from the vertical profile in temperature and humidity), which 
weather forecasters find useful for predicting the likelihood of severe convection and 
thunderstorm activity. The 99th percentile in this convective index increases everywhere in 
the New Zealand domain (as calculated from NIWA’s Regional Climate Model (RCM) 
under a SRES A2 scenario), suggesting a future large-scale environment more conducive 
to thunderstorm activity. However, the RCM does not run at a high enough resolution to 
simulate such extreme events directly, so no quantitative 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). 

Fire risk 

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

Pearce et al. (2005) used two global climate models from the IPCC 3rd Assessment with 
contrasting spatial patterns of climate change were adopted, and used to modify observed 
fire danger records at 52 Fire Service sites under low, mid-range and high climate change 
scenarios. For both models under mid-range and high scenarios, the total number of days 
of very high or extreme forest fire danger increased by more than 50% (to 20 days) at 
several eastern sites in the North and South Islands. The model scenarios also suggested 
that fire season length could be extended in many parts of the country. 
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3 Impacts of climate change on soil natural capital and soil 
services 

Bryan Stevenson1, Nigel Bell2, Saman Bowatte2, Brent Clothier3, Ian Dickie1, Estelle 
Dominati2, Maureen O’Callaghan2, Kate Orwin1, Roger Parfitt1, Simeon Smaill4, Steve 
Wakelin2 
 
1Landcare Research, 2AgResearch, 3Plant & Food Research, 4Scion 
 

3.1 KEY MESSAGES 

Table 3.1 provides a summary of the impacts of climate change on soil physical and biotic 
natural capital (the components that make our soils and landscapes). It takes into 
consideration soil processes and in particular the interaction of C and nutrient cycling, thus 
giving an estimation of sector relevance. Key messages are outlined below. 

Soil physical natural capital and chemistry 

• Little direct effect of eCO2 on soil physical structure and chemistry is expected, but 
indirect effects will occur through changes to plant photosynthesis and organic matter 
turnover. 

• A rise in atmospheric temperature will lead to warmer soil temperatures. Warmer soil 
temperatures will primarily lead to increased rates of chemical reactions, including 
those mediated by soil biota.  

• Secondary impacts of increased temperature (from possible changes in soil C content) 
include changes to soil structure and macroporosity, soil water content and soil water 
repellency, and further changes to rates of N mineralisation. 

• The changes to soil structure and soil water content will in turn affect soil aeration, 
redox reactions, GHG production and nitrate leaching. 

• Changes in rainfall will lead to the primary impact of altered soil water content 
affecting reduction/oxidation (redox) reactions and leaching. Dryer soil will 
experience drought and induce soil water repellency, which enhances drought effects. 

• Increased plant photosynthesis and greater C turnover could potentially lead to 
acidification and leaching of nutrients in unbuffered systems where pH is not 
controlled as a part of land management. There is some evidence that this has occurred 
in forests but not in pasture soils. 

• Chemical reactions that occur relatively rapidly in soil (leaching of ions, change of 
pH, loss of silica (Si), redox reactions) will be particularly impacted by changes in 
temperature and moisture. 

• If leaching of Si is accelerated in volcanic ash soils and South Island montane soils, 
this may lead to increased production of allophane and Al-humus complexes, possibly 
leading to increased P retention. The time scale for this 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 to be fundamental to the way soil responds 
to climate change, because soil biota drive C and nutrient cycling and have been 
described as the eye of the needle through which all nutrients must pass.  

• Soil biota form a foodweb which is intricately linked with soil physical and chemical 
properties, as well as with plant communities. The complexity of feedbacks between 
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each component and the species-specific effects make it difficult to make general 
conclusions about the direct effects of climate change on soil biota.  

• There is a major knowledge gap about how climate change will indirectly change 
feedbacks in plant behaviour, community structure of plants and biota, and soils. 

• Pest and disease outbreaks are expected to increase and may negate some of the 
potential gains to plant production from eCO2.  

• Uncertainty about changes in biological N2 fixation (BNF) in the legume-rhizobial 
symbiosis warrants further investigation given New Zealand’s reliance on white 
clover/Rhizobium symbiosis. There is strong evidence that eCO2 will lead to increases 
in BNF in agricultural systems, but a reduced proportion of atmospheric N was fixed 
under eCO2 conditions in the New Zealand pasture FACE experiment. It is not known, 
however, if this was due to nutrient limitation at this site. 

• It is expected that eCO2 will alter the bacterial:fungal ratio and increase saprotrophic 
biomass. The direction of change for the ratio is difficult to predict, but a decrease 
would be expected to be slow nutrient cycling and lower nutrient loss, and an increase 
to cause the opposite. 

• Increased mycorrhizal biomass with eCO2 appears to be a common (but by no means 
certain) outcome. Mycorrhizal fungi can enhance plant nutrient acquisition through 
increased competitiveness with soil microbes, and this may be important if progressive 
nutrient limitation (PNL) occurs. However, evidence suggests that increased 
mycorrhizal biomass may have both positive and negative effects on soil C, making 
their net impact difficult to judge. 

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

• Multiple resource limitation is a key factor limiting adaption to climate change. 
Stoichiometric calculations can help predict the affects 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 

Cropping Dairy 
Extensive 
grazing 

Forestry 

Species diversity or richness 

Plant Organic matter 
decomposition 

    

Greater potential for change in species diversity and less nutrient 
management in extensive grazing and forestry 

Nutrient cycling     

Carbon dioxide and 
methane flux 

    

Soil biota Organic matter 
decomposition 

    
Species richness can influence decomposition rates in extensive grazing 
and forestry systems 

Nutrient cycling     
Some nutrient pathways are narrow and there is potential for species 
diversity to significantly influence availability 

Carbon dioxide and 
methane flux 

    
No change likely due to probable functional redundancy - except for 
importance of methanotrophic bacteria in forestry systems 

Species Biomass 

Plant Organic matter 
decomposition 

    
Changes to biomass likely in all systems. Negative changes in the 
cropping and dairy sectors will be minimised by management practices  

Nutrient cycling     
Any effect in the cropping and dairy sectors is likely to be overwhelmed by 
nutrient-management practices 

Carbon dioxide and 
methane flux 

    Likely changes across all sectors 

Soil biota Organic matter 
decomposition 

    

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

Nutrient cycling     

Carbon dioxide and 
methane flux 
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Species Composition 

Plant Organic matter 
decomposition 

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

Nutrient cycling     
Greater potential for species composition change in extensive grazing 
and forestry due to less nutrient management in these sectors 

Carbon dioxide and 
methane flux 

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

Soil biota Organic matter 
decomposition 

    Important across all sectors due to influence on many soil functions 

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

Carbon dioxide and 
methane flux 

    Important across all sectors due to regulation 

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 
 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 transforming within anthropogenic timescales (Richter 
et al., 2011) and these changes may positively or negatively affect the provision of soil 
services. Climate change is expected to accelerate soil change by altering temperature and 
precipitation, which are drivers of chemical and biological processes, and CO2 levels, 
which affect plant photosynthetic efficiency (Tubiello et al., 2007). Therefore climate 
change will drive soil change directly by changing equilibria and the rates and frequency at 
which soil processes occur, and indirectly by influencing the soil physical structure and 
composition and stocks of plant communities and soil biota.  
 
Although there is growing knowledge of soil physio-chemical and microbiological 
responses to climate change, the links between soil change and a change in the provision of 
soil services are still poorly understood because of the complex interactions behind each 
service. In particular, soil chemical and physical attributes interact with soil biota to sustain 
underlying biogeochemical processes such as C and nutrient cycling, which underpin soil 
services. Therefore, changes in soil natural capital (i.e. physical, chemical and biological 
soil properties or stocks) through time can either increase or decrease the level of services 
soils provide (Robinson et al., 2013). More understanding of these positive or negative 
shifts in soil properties and processes and the repercussion on the provision of services, 
including food production and GHGs emissions from soils (Singh et al., 2010; Bardgett et 
al., 2008; Young et al., 1998), is needed so that primary production can adapt to climate 
change in the mid- to long-term. 
 
This section focusses on the impact of climate change on soil properties and processes, and 
thereby on the provision of a variety of regulating soil services such as C and nutrient 
cycling and GHG production. It is presented in five major parts: 
3.3 Natural capital, ecological infrastructure, and ecosystem services. 
3.4 Will climate change have relevant impacts on soil physical natural capital and 

processes? 
3.5 Will climate change have relevant impacts on soil chemistry? 
3.6 Will climate change have relevant impacts on soil biotic communities? 
3.7 Will climate change have relevant impacts on soil-plant-microbe systems and 

feedback effects on soil services? 
 

3.3 NATURAL CAPITAL, ECOLOGICAL INFRASTRUCTURE, AND ECOSYSTEM 
SERVICES 

Soil has an inherent value in providing services to humans. The ecosystem services model 
provides a framework for valuing soil services (Costanza et al., 1997). Provisioning 
services are defined as the products obtained from soil (food and fibre) while regulating 
services enable humans to live in a stable, healthy and resilient environment (Table 3.2). 
This report focuses on how climate change will impact upon soil infrastructure which is the 
soil properties and processes that contribute to natural capital stocks (Bristow et al., 2012), 
and in turn provide provisioning and regulating services.  
  
Provisioning services are usually associated with commodities in existing markets, so their 
value is readily apparent. Regulating services are often more difficult to put a monetary 
value on and are often overlooked in decision making. However, costs can occur if these 
services are compromised. Direct costs include damage caused by floods and erosion or 
loss of yield from drought or pests. Indirect costs include compensation to avoid loss of 
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provisioning services, such as increased fertiliser use. Although cultural services are out of 
the scope of the review, they should be considered when 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 
services 

Provision of food, wood and 
fibre and products 

Soil physically supports plants and supplies them with 
nutrients and water. A wide range of plants are grown by 
humans and harvested for a variety of purposes. 

 Provision of raw materials1 Soil can be source of raw materials such as peat and clay.  

 Provision of support for human 
infrastructure and animals. 

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

Regulating 
services 

Flood mitigation2  Soil has the capacity to store and retain water, thereby 
mitigating flooding. 

 Nutrient and contaminant 
filtration 

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

 Carbon storage and 
greenhouse gases regulation 

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

 Detoxification and the recycling 
of wastes 

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. 

 Regulation of pest and disease 
populations 

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, chemical and biological properties that make up 
New Zealand’s landscapes and productive sectors. Some properties can be managed, such 
as altering levels of nutrients by adding fertiliser. Soils are also dynamic systems with 
various degradation and supporting processes occurring continuously. These processes 
along with natural capital form the ecological infrastructure of soil (Figure 3.1). The 
relationships between soil natural capital and the flow of ecosystem services are dependent 
on the complex interaction between natural capital stocks and soil processes. Behind each  
service, a number of soil natural capital stocks can be regulated by multiple soil processes 
and each soil process may, in turn, contribute to several stocks and services (Robinson et 
al., 2013). 
 
Zhang et al. (2007) present a framework that links the non-market services from 
agricultural ecosystems to receipt of regulating services. They also note that there are 
ecosystems disservices to agriculture as a result of pest damage, competition for 
pollination, and competition for water. As well, agriculture provides ecosystem disservices 
through habitat loss, nutrient runoff, and non-target pesticide impact. Their assessment 
shows that the impacts of climate change need to be considered from the perspective of 
both service and dis-service. In essence, this distinction can be seen in Figure 3.1, where 
Dominati et al. (2010) consider that climate change can result in changes to the soil’s 
properties that can either enhance supporting processes, or engender degradation processes 
that reduce the soil’s natural capital value by diminishing ecosystem services. 
 
 



22 • Review of climate change impacts on soil – Appendices Ministry for Primary Industries 
 

 
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 the mechanisms underlying the provision of 
services that will be affected by climate change. The delivery of soil regulating services 
and the vulnerability of the provisioning services to climate change are assessed by 
considering the underlying soil natural capital stocks and processes. 
 

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

The physical natural capital of soils is the arrangement of solid particles, water and air that 
comprise soil structure. The mineralogy and particle size of the parent material is a major 
influence on soil structure but other soil properties can modify structure, particularly C.   
 
The focus here will largely be on the impact of climate change on supporting processes 
(carbon, nitrogen and water cycling processes, and soil biological activity) and regulating 
services. The regulating services we will consider here are shown in the context of the 
mechanisms of changes driven by climate change.  
 
The results of climate change we will consider here are changes in air temperature and 
changes in rainfall. We consider how these will affect the soil’s natural capital properties 
of soil temperature, soil water content, soil carbon, macroporosity, biological activity, and 
hydrophobicity or soil water repellency (Figure 3.2). The changes in these soil properties 
have an impact on the delivery of water, gas and nutrient regulation services. 
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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 changed levels of CO2 on the delivery of soil 
ecosystem services because we believe the changes in CO2 will not greatly change the 
soil’s physical properties.  
 
The recent book by Kirkham (2011) has extensive bibliographies and provides an up-to-
date and comprehensive review of our current knowledge on the impacts of eCO2 on soil 
biophysical properties and plant-water relations. The majority of effects described in this 
book come from changes in plant physiological properties rather than the direct impact of 
eCO2 on the soil’s physical properties. 

Increased air temperatures 

Increased air temperatures will increase soil temperatures, which will impact on soil 
biological activity and the soil’s C content. These changes could have significant impacts, 
both within the soil and well beyond. 

Soil C content & CO2 regulation 

In a significant paper in Nature, Cox et al. (2000) predicted that, with the global rise in 
CO2 and temperature, the altered balance between the vegetation sink and increased soil 
respiration would mean the land would turn from being a net C sink to a net emitter by 
2050. Luke and Cox (2011) referred to this increased respiration of soil C and atmospheric 
feedback as the potential runaway influence of temperature on soil respiration, or the 
‘compost-bomb instability’. They modelled the link between global warming, soil 
temperature, soil respiration, and soil C according to the links and feedback shown in 
Figure 3.3. 
 

Driver: Climate Change

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

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

NATURAL CAPITAL

ECOSYSTEM SERVICES

Gaseous regulation, Water regulation, Nutrient regulation
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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 three things: the slope of the temperature 
response of Gross Primary Production, the q10 for soil C respiration, and surface 
temperature response to a doubling in CO2 (Luke & Cox, 2011). The q10 value is the 
change in reaction rate following a 10˚C temperature rise. For the compost-bomb to 
‘explode’, they predicted the global air temperature rise would need to be 10˚C per century 
(Figure 3.4), which is greater than current predictions. Nonetheless, increased 
decomposition of soil C from increased temperature is a concern (Figure 3.4). Although 
New Zealand’s temperature increase in is projected to be lower than global increases, 
general projections are that soil C levels are likely either to stay the same or decline (see 
discussion in section 4). Any decline in soil C will also affect nutrient and water regulation 
services. 

 
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, environmental conditions and the role of soil structure 
on N mineralisation in orchard soils were examined by Kim et al. (2011). They showed 
that warmer temperatures, combined with soils drier than saturation, will lead to greater N 
mineralisation. But the dominant effect, some 50% of the variability, was due to the soil’s 
hot water C content (Figure 3.5). Thus, should global warming decrease the soil’s C 
content, and in particular its labile, hot-water C content, the nutrient regulating service 
provided naturally by the soil will be degraded. Conversely, if there is investment of C 
through agricultural practices that increase the soil’s C content, particularly its hot water C 
content, there will be increased nutrient regulation. 
 

 
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 impact of soil C on the soil’s ability to store and 
buffer water. Contradictory findings have been reported, but there is general agreement 
that soil texture affects both soil C and soil water content. Rawls et al. (2003) hypothesised 
that the effect of soil C on water retention would depend on both the textural make-up of 
the soil and the level of soil organic matter itself. To test this they used the comprehensive 
U.S. National Soil Characterization Database. The impact of increasing soil organic C is 
greatest for soils with low initial soil C. There are large and positive increases at low clay 
contents. This highlights the benefit of using agricultural practices to maintain and enhance 
the soil’s C content in such soils, for it would provide better water regulation services. 
However, increasing organic C caused negative changes in the soil-water buffering 
capacity in soils with high clay contents. In soils with high organic matter contents, the 
water regulation services through increasing soil C contents through soil management were 
always enhanced, although of a lesser order. The framework of Rawls et al. (2003) could 
also be used to consider what impacts the rise in air temperatures may have on water 
regulation services by considering the changes in soil C predicted by models.  

Gaseous regulation services 

Using X-ray tomography, Deurer et al. (2009) showed how different soil C management 
practices between two neighbouring apple orchards affected the soil’s macropore (large 
soil pores) structure. One orchard had 3.8 kg C m–2 and the other just 2.6 kg C m–2. The 
high C soil’s connected macroporosity was dramatically higher (Figure 3.6). This indicates 
greater gaseous diffusion, which would indicate less favourable conditions for nitrous 

Y = - 0.291+ 0.001X

R
2
 = 0.495

-0.5

0.0

0.5

1.0

1.5

2.0

0 200 400 600 800 1000 1200 1400 1600

HWC (ug g -1)

N
et

 N
 m

in
er

al
is

at
io

n 
(m

g 
kg

-1
 d

-1
)



26 • Review of climate change impacts on soil – Appendices Ministry for Primary Industries 
 

oxide (N2O) production and emission. This would provide a beneficial regulating service 
for the atmosphere in terms of a reduction in atmospheric greenhouse gases. 
 

 
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 m–2. 
 
The results of van der Weerden et al. (2012) confirm this link between macroporosity, 
diffusion, and N2O emission. They found that in a New Zealand pasture soil, increased 
pore continuity shortened the duration of anaerobicity, leading to lower emissions. Indeed 
extrapolating from the regression equations for their two soils, would suggest that N2O 
emissions from the high-C soil would be 15–35 times lower than those in the low-C soil 
(Figure 3.7). 
 

 

Figure 3.7: Relative diffusivities for the two soils with different carbon levels (Ci and Co) 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 warming or agricultural practices, will alter the 
soil natural capital value by increase the soil’s macroporosity. This will improve the 
gaseous regulating services delivered by soil. 

Soil C, macroporosity and nutrient regulation 

Soil macropores are a manageable soil property that is likely to be affected by climate 
change. Macroporous networks are maintained and enhanced by sustaining soil C levels, as 
described by Deurer et al. (2009). Depending on whether the C is exogenously applied or 
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endogenously generated, these bypass networks can either provide a service or disservice. 
They can provide a valuable nutrient regulation service by limiting leaching losses (Green 
et al., 2010), or a disservice by enhancing the preferential loss of nutrients via leaching 
(Cichota et al., 2010).  
 
An example of limiting leached losses was provided by Green et al. (2010). This study 
found only 8–13% of the endogenously generated N as a result of N mineralisation in the 
soil’s matrix was wastefully leached below the roots and into the vadose zone. Rain was 
shown to fall through the macropores, thereby avoiding contact with the N mineralised 
within the soil’s matrix.  
 
Exogenous N in the form of urine patches was shown to enhance nutrient loss by Cichota 
et al. (2010). Some 45–65% of the applied N was lost to the soil-plant system after being 
picked up by rainfall and lost through the macropores.  
 
A rudimentary calculation was made by Clothier et al. (2008) suggesting that the global 
value of the ecosystem services provided by macropores in soil was US$304 billion per 
year. Investing C into the soil therefore has a huge value though its boost to macroporosity. 
First, this investment sequesters C in the soil, preventing loss to the atmosphere, and also 
enhances N mineralisation, and limits N2O emissions and the leaching of the endogenously 
mineralised N. Nonetheless, enhanced macroporosity does 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 water demand, soil water storage and 
feedbacks to water regulation are intricantly linked. Climate change will likely bring 
increased demand for irrigation created by higher temperatures and changed rainfall 
patterns. The soil water regulating service could be changed and require greater use of 
irrigation. Likewise, the way soil controls runoff to surface waters and drainage recharge to 
groundwaters will also be affected by climate. Here we report some recently published 
findings on the impacts on, and adaptation options for, future horticulture in New Zealand 
(Clothier et al., 2012). 
 
The modelling framework of SPASMO (Soil Plant Atmosphere System Model) was used 
to assess irrigation needs and the impact of horticulture on groundwater quantity and 
quality (Clothier et al., 2012). The high carbon world (A2) and rapidly decarbonising 
world (B1) climate change scenarios in 2050 were used to assess a wide range of impacts, 
including irrigation. Modelling of future irrigation requirements was carried out for apples 
in Central Hawke’s Bay, kiwifruit in the Bay of Plenty, and grapes in Marlborough. The 
irrigation requirements, now and into the future, were calculated for soils with different 
water-holding capacities, or different buffering potentials 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 demand for central Hawke’s Bay, but almost 
double the need in the Bay of Plenty. In Marlborough (Figure 3.8), water needs were 
increased, with an increase of between 20 and 50 mm of irrigation water per year required 
to meet demands that will not be supplied via the soil’s water regulating service. The study 
also showed that groundwater recharge by drainage through the rootzones of vineyard soils 
in Marlborough would be 5–8% less by 2050. In Marlborough there will be future 
pressures on water as a result of climate change, and rainfall and the soil’s water regulating 
service will not provide sufficient buffering for viticultural water requirements. 

Hydrophobicity – a degradation process? 

Soil water repellency (SWR) is when a soil does not wet up spontaneously when water is 
applied to it, and predicted decreases in rainfall in some areas under climate change mean 
that it may become more persistent. The contact angle between the water and the soil 
surface determines the degree of hydrophobicity. A high contact angle (>90˚) indicates 
hydrophobicity. The phenomenon of SWR can be considered as a disservice (Zhang et al. 
(2007)).  
 
In New Zealand, Müller et al. (2010b) found SWR reduced infiltration rates by up to a 
factor of 20 on a Waikato farm, and pasture growth was reduced between 5 and 20%. 
Jeyakumar et al. (2012) reported surveys across both islands of New Zealand showing that 
the majority of soils showed potential SWR characteristics. They also carried out 
laboratory and field-scale (simulated) rainfall and runoff experiments. The laboratory tests 
showed large-scale runoff under SWR, but the field experiments did not because surface-
vented macropores and cracks readily captured the runoff, further highlighting the service 
value of macropores. Nonetheless, ‘dry patches’ were created (see inset in Figure 3.9) 
where the water first ran off, accounting for the loss in pasture production measured there. 
Müller et al. (2010b) calculated that this ‘dry patch syndrome’ results in a loss of about 
30–40% in pasture production.  
 
Failure by SWR of the soil’s water-regulating service of 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 surface’s water content drops below a 
critical soil water threshold (CWT) value. This is likely to occur in late spring and early 
summer, and not be relieved until autumn (Figure 3.10). During the intervening summer 
period, the soil’s water regulating service is degraded because of SWR. 
 
However, not all the specific impacts of SWR are a disservice. Robinson et al. (2010) used 
this concept to understand the ecosystem service played by SWR in piñon-juniper 
woodlands. The trees induced SWR resulting in greater runoff which was captured by 
cracks that funnelled the water deep into the soil profile. The water was protected from 
surface evaporation, and was only available to the piñon and juniper trees, rather than the 
understorey of the shallow-rooted herbaceous plants. This strategy might be of benefit for 
the trees and vines of New Zealand’s horticultural systems. 
 

 
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. 
 
Müller et al. (2010a) tested whether there was a link between SWR, eCO2 and soil C 
mineralisation at the NZFACE site in the Manawatu. There are no other known reports on 
CO2 levels and SWR. No significant differences in the persistence or degree of SWR were 
found, and eCO2 had no effect on C mineralisation. They concluded that SWR does not 
contribute to increasing the long-term terrestrial sink in response to eCO2.  
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Synthesis and summry of impacts of climate change on soil physical natural capital  

In this subsection we have explored the impact of climate change on the ecosystem 
services that flow from those physical properties of the soil’s natural capital. Our focus is 
on the soil’s physical properties, so we have limited our assessments to altered temperature 
and rainfall patterns. These changes are summarised in Figures 3.11 and 3.12 along with 
critical feedbacks and inter-linkages. 

Temperature 

A rise in air temperature will lead to warmer soil temperatures, primarily leading to 
changes in the soil’s physical properties and processes, notably changed rates of N 
mineralisation and possible changes in the soil’s C content (Figure 3.11). Any change in 
the soil’s C content will eventually lead to changes in the atmosphere’s CO2 levels which 
will further impact on air temperatures (Figures 3.3 and 3.4). 
 
Changes in the soil’s C content will have secondary impasts on soil macroporosity, N 
mineralisation and soil water content and macroporosity (Figure 3.11 and 3.12). 
  
Moving to the next level in Figure 3.11, macroporosity will have a tertiary impact on soil 
aeration (Figure 3.6), nitrous oxide emission (Figure 3.7) and nitrate leaching (see Section 
on Nutrient Regulation; and Robinson et al., 2013). 
 

 
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 and soil water repellency induced by the 
secondary impact of changes in soil carbon will also affect rainfall runoff and groundwater 
recharge (Figures 3.12). 

Rainfall 

Changed patterns of rainfall as a result of climate change 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 altered patterns of drought and changed patterns in 
the ecosystem service of runoff and recharge (Clothier et al., 2012). Drought will affect the 
provision service from the soil, unless irrigation water is available to offset the lack of 
rainfall. 
 
The changed patterns in drought will have a tertiary impact on soil water repellency (SWR) 
because the timing when the soil-water content drops below the CWT (Critical Water 
Threshold) will change. If SWR increases, this will exacerbate drought, hence the feedback 
in Figure 3.12, as neither the occasional summer rains nor the drought-breaking autumnal 
rains will be as effective at rewetting the soil (Figures 3.9 and 3.10). As a consequence of 
this ineffective wetting, the rainfall runoff and groundwater recharge from the soil will also 
be affected. Note that SWR is affected by the soil’s C content (Figure 3.11), and that SWR 
appears as an impact in both Figure 3.11 in relation to temperature, and in Figure 3.12 due 
to rainfall. 
 
Figures 3.11 and 3.12 highlight the linkages between temperature and rainfall and the 
hierarchy of impacts that these will have on the delivery of ecosystem services that depend 
on the soil’s physical properties. The lynchpin in this delivery is the soil’s C content. 
Adaptation and mitigation options are nonetheless available, as soil carbon levels can be 
maintained by good agricultural practices to enable the delivery of appropriate ecosystem 
services in the face of changed air temperatures and rainfall patterns. 
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3.5 WILL CLIMATE CHANGE HAVE RELEVANT IMPACTS ON SOIL 
CHEMISTRY? 

The interaction of solid particles (soil minerals and organic complexes) with soil water and 
air also affects chemical reactions in the soil. The effect of climate change on soil chemical 
processes is not only dependent on the direct effects of climate change, but the indirect 
effects through changes in vegetation, soil physical structure and biota. Soil chemistry is 
also intricantly linked with soil management as pH in particular is often regulated in more 
intensively managed systems.  
 
Brinkman and Sombroek (1996) state that “In most cases, changes in soils by direct human 
action, on-site or off-site (whether intentional or unintended), are far greater than the direct 
climate-induced effects. Soil management measures designed to optimize the soil's 
sustained productive capacity would therefore be generally adequate to counteract any 
degradation of agricultural land by climate change. Soils of nature areas, or other land with 
a low intensity of management such as semi-natural forests used for extraction of wood 
and other products, are less readily protected against the effects of climate change but such 
soils, too, are threatened less by climate change than by human actions – off-site, such as 
pollution by acid deposition, or on-site, such as excessive nutrient extraction under very 
low-input agriculture”. With the effects of management on soil chemistry in mind, aspects 
of the soil system that are likely to change within the next century are reviewed.  
 
The most likely changes in soil-forming factors resulting from climate change are in 
organic matter supply (an indirect effect on changes to the plant community), soil 
temperature regime and soil hydrology, the latter because of changed rainfall events as 
well as changes in potential evapotranspiration. It is assumed that temperature will 
increase, but changes in rainfall patterns are uncertain.  
 
Atlhough there is evidence that large amounts of CO2 can acidify soils and increase 
weathering (Stephens and Hering, 2002, 2004), these data come from studies of volcanic 
rocks near volcanic vents with very high concentrations of CO2. The direct effecs of rising 
atmospheric CO2 concentrations (365–600 µl l–1) will be much less concentrated, and may 
cause a slight decrease in soil pH; this is likely to be small in comparison with other causes 
of pH drop.  
 
Changes to soil hydrology resuting in redox conditions can be rapid because soils can 
become anaerobic when the water table is raised and oxygen is depleted. A process called 
ferrolysis – the cyclic transformation and dissolution of clays triggered by alternating iron 
reduction and oxidation – can cause a decrease in the cation exchange capacity by 
aluminium interlayering in clay minerals (Brinkman, 1982). This effect, however, is more 
related to rainfall and drainage than to temperature. Increased temperature, however, may 
lead to a reddening of presently brown soils if increased periods with high summer 
temperatures coincide with dry conditions, so that the iron oxide haematite would be 
formed rather than ferrihydrite and goethite. This may lower the phosphorus (P) retention 
of these soils because hematite is less reactive to P. This change is unlikely to be 
noticeable over a period of about 50 years, but may occur in the longer term.  
 
Increased temperature will likely increase the rates of weathering of minerals in soils, but 
the clay mineral composition and the mineralogy of the coarser fractions would probably 
change little over hundreds of years. Changes in the surface properties of the clay fraction 
can take place faster, however. For instance, studies of weathering of granitoid rocks 
suggest that temperature (in the range of 5–35°C) can alter natural silicate weathering 
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rates. Release of potassium (K) concentrations may become elevated with respect to other 
cations due to the rapid oxidation/dissolution of biotite (White et al., 1999). In a study of 
68 watersheds underlain by granitoid rock types, Na weathering fluxes showed increases 
with precipitation, runoff, and temperature. A model that gave a prediction of weathering 
rates over climatic extremes indicated that fluxes of Si, Ca, and Mg exhibited no climatic 
correlation, implying that other processes, such as ion exchange, nutrient cycling and 
variations in lithology obscured any climatic signal. The correlation between yearly 
variations in precipitation and solute fluxes within individual watersheds was stronger than 
the correlation between precipitation and solute fluxes of watersheds with different 
climatic regimes. This correlation shows the importance of transport-induced variability in 
controlling chemistry, and the importance of distinguishing between short-term and long-
term climatic trends (White & Blum 1995).  
 
In a review on the nature of the links between weathering and the C cycle it was concluded 
that more work was needed on the relationships between weathering and erosion (Goudie 
& Viles, 2012). This is important to climate change models because of the link between 
silicate weathering and C02: hydrolytic weathering of silicate minerals may consume 
carbonic acid and thereby remove atmospheric CO2 more rapidly with increasing 
temperature (Velbel, 1993). Indeed, a critical uncertainty in models of the global C cycle 
and climate is the combined effect of organic activity, temperature, and atmospheric CO2 
on silicate weathering.  
 
Studies of dissolution rates of anorthite and augite indicate that silicate weathering in 
organic-rich solutions is not directly affected by soil CO2 but is very sensitive to 
temperature. Apparently eCO2 may accelerate silicate weathering indirectly by increasing 
organic activity and the production of organic acids (Brady & Carroll, 1994).  
 
These results were generally confirmed for forest soils in the Duke Forest FACE 
experiment where eCO2 concentration (+200 ppmv atmospheric) showed that increased 
soil CO2 accelerated the rates of soil acidification and mineral weathering. An increase of 
55% in atmospheric CO2 concentration over 2 years resulted in a 271% increase in soil 
solution cation concentration, a 162% increase in alkalinity and a 25% increase in Si 
concentration at 200-cm depth. The flux of dissolved inorganic C to groundwater increased 
by 33%, indicating a negative feedback to changes in atmospheric CO2 that could regulate 
the global C cycle over geological time. These changes to soil CO2 dynamics were most 
likely the result of increased root and rhizosphere respiration, as suggested by the changes 
to the delta 13C of soil CO2 (Andrews & Schlesinger, 2001). 
 
The ability of the soil to sorb positively charged nutrients is largely determined by the soils 
cation exchange capacity (CEC). CEC in turn, is partially determined by the C content of 
the soil. Thus, any declines in soil C will negatively affect the soil’s ability to retain any 
increase in nutrients from weathering. 
 
If leaching of Si is accelerated in volcanic ash soils and South Island montane soils, this 
may lead to increased production of allophane and Al-humus complexes (Parfitt, 2009), 
possibly leading to increased P retention. The time scale for this to occur is uncertain. If 
leaching of cations also increases, then in pasture soils the losses may include Ca, because 
bicarbonate is a dominant ion (produced by respiration in hill country) and with the charge 
balanced by Ca. In New Zealand forest soils Na and Cl tend to be the dominant ions, but 
these arise from wind-blown salts (Parfitt et al., 1999); the losses of other cations in forest 
soils will depend on the soil parent minerals and their mineralogy.  
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In summary, changes to soil chemistry from climate change are expected to be relatively 
minor in the near-term in comparison to other human impacts (such as land use change).  
 

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

The many organisms that inhabit soil are diverse and interact in complex foodwebs to 
strongly influence soil processes. Perturbations to soil that disrupt the biodiversity and/or 
functioning of the soil biota can have profound influences on the services humans gain 
from soil. Regulating services outlined by Dominati et al. (2010), in which soil biota are 
involved, include nutrient recycling and retention, degradation of organic matter, 
regulation of pest and disease populations, regulation of greenhouse gas emissions, and 
degradation of harmful compounds. The degree to which the five major changes to existing 
climate (vis: eCO2, elevated air temperature, changes in precipitation pattern and amount, 
interactions of climate change factors, and extreme weather events) impact on soil biota are 
discussed in this section. 
 
The diversity of soil organism size from the micro- to macro-scale (Figure 3.13), along 
with the diversity in biology and ecology of these organisms, mean the impacts of climate 
changes vary across organism groups.  
 
 

 
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 µm; mesofauna 100 µm to 2 mm; macrofauna 
2–20 mm and megafauna >20 mm. 
 
Body size of soil fauna is useful not only as a classifier but also indicates the soil habitats 
they occupy. Habitats may respond differently to climate change factors, for example, 
those invertebrates that occupy soil pore water spaces may be more adversely affected by 
drying conditions than those that occupy soil aggregates. In general, the smaller the 
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organism, the less we know about them, with less than 10% of the estimated total of fungi, 
bacteria, nematodes, protozoa and mites currently described, compared with more than 
50% of soil insects (Wall et al., 2001). Nematodes appear often in the climate change 
literature that deals with micro- and mesofauna, which is unsurprising given they are the 
most numerous animals on earth and have a diverse range of feeding habits that makes 
them amenable for use as indicators of changes in soil condition (Wilson & Kakouli-
Duarte, 2009). Of the macrofauna, earthworms receive attention because of their important 
role in soil process. 
 
Species diversity and resolution within groups add uncertainty to attempts to summarise 
likely changes in soil biota communities under various climate change scenarios. A further 
source of uncertainty is the often conflicting results from studies conducted in different 
countries and different soils. In most cases, there are insufficient studies conducted in 
comparable situations (e.g., grazing intensity, plant species composition, and climatic 
zone), and at similar scales, to draw definitive conclusions. 
 
In order to make this review targeted and relevant, we will largely limit this review to 
agricultural systems, most particularly pastures and forests, as these systems account for a 
large proportion of the area of managed landscape in New Zealand, making them good 
targets for any future mitigation and adaptation options. Previous reviews of impacts of 
climate change on soil biota deal with microbes (Beed et al., 2011) and invertebrates (Cock 
et al., 2011), but many of these have a northern hemisphere or non-agricultural focus. 
Where data are sparse for agricultural systems or particular organism groups, we have 
extended the review to studies in other ecosystems, particularly where these have been 
conducted under conditions which exist in at least some New Zealand agricultural 
situations.  
 
In general, elevated above-ground CO2 levels are unlikely to have a direct effect on soil 
biota given the much greater levels and fluctuations that exist in soil pores and pore water. 
Flechard et al. (2007) and Maier et al. (2010) measured soil pore CO2 levels of >3500 ppm 
at 7–10 cm depth at some times of year beneath cool, temperate European pasture 
(ungrazed) and forest, respectively. Order of magnitude greater CO2 concentrations were 
observed at greater depths, with up to 50,000 ppm occurring at 50 cm depth (Flechard et 
al., 2007). Diurnal fluctuations of 100–500 ppm were also observed (Flechard et al., 2007; 
Maier et al., 2010). Soils in those studies had pHs in the range 6–8 (Flechard et al., 2007) 
and 7–8 (Maier et al., 2010), which are higher than many New Zealand agricultural and 
forestry soils. Despite these differences in pH it is likely similarly high levels of soil pore 
CO2 exist in New Zealand soils, so predicted above-ground rises in CO2 levels from the 
current approximate 350 ppm to as much as 700 ppm are unlikely to directly impact soil 
biota.  
 
Indirect effects of eCO2 on soil biota are likely to be mediated via changes in plant 
community composition, production and subsequent litter quality and quantity. The effects 
of eCO2 on these plant factors have received some research attention in pastures (e.g., 
Allard et al., 2004, 2005, 2006; Izaurralde et al., 2011; Parsons et al., 2011) and some of 
the subsequent effects on soil biota have been revealed.  

Soil invertabrates (macro- and mesofauna) 

Soil invertebrates include arthropods, nematodes and earthworms. We discuss some 
general climate change impacts on soil invertebrates, but largely focus on nematodes and 
earthworms. Nematodes are a family of small worms. Soil invertebrates can either feed on 
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organic matter and bacteria (decomposers) or live plant material (grazers). Some groups of 
nematodes in particular are grazers, and are considered pests because they feed on plant 
parts (primarily roots) and can decrease plant yield. Earthworms feed on dead organic 
material and are important for a healthy soil as they mix organic matter and nutrients in the 
soil as they burrow. 
 
In New Zealand, increased populations of fungal feeding, omnivorous, and predacious 
nematodes, along with enchytraeid worms and earthworms, were observed in pasture soil 
subjected to eCO2 (700 vs 350 ppm) in controlled environment conditions, and these were 
related to increases in below ground plant productivity acting as increased food resources 
(Newton et al., 1996; Yeates et al., 1997). An increase in predacious nematodes was also 
observed and it is possible this was mediated via an increase in their main prey, bacterial 
feeding nematodes (Yeates et al., 1997), which would have been responding to the 
increased root exudate resource via increased bacterial abundance (Ruf et al., 2006). The 
plant community composition was also affected in this experiment with an increase in the 
proportion of legumes present (Newton et al., 1996), and a subsequent increase in 
abundance of the obligate plant-feeding Meloidogyne nematodes (Yeates et al., 1997). This 
finding that appears to be common in eCO2 conditions (Newton et al., 1995; Ross et al., 
2004; Izaurralde et al., 2011) through a compensatory mechanism for progressive N 
limitation (Newton et al., 2010), especially where no additional nutrients are supplied.  
 
In the grazed New Zealand pasture Free Air CO2 Enrichment (FACE) experiment based in 
Bulls on Pukepuke black sand soil, soil faunal changes as a result of eCO2 included a large 
increase in abundance of the obligate plant feeding nematode Longidorus elongatus 
(Yeates & Newton, 2009), which feeds on Lolium perenne as its preferred host (Boag & 
Geoghegan, 1984). The effect was observed both at 4 and 9 years after the eCO2 treatment 
(475 ppm), suggesting this is a permanent shift in abundance in comparison to ambient 
CO2 conditions. There was no concomitant change in yield of Lolium perenne, but it is 
possible that reduced L. perenne root biomass due to increased feeding by larger 
populations of the nematode (Yeates & Newton 2009) provided a negative feedback to 
plant yield under eCO2.  
 
Fungal feeding and omnivorous nematodes also showed consistent population changes 
between CO2 treatments over time in the FACE experiment (Yeates & Newton 2009). 
Neither enchytraeid worms (Yeates & Newton, 2009) nor earthworms (Chevallier et al., 
2006) showed significant populations changes in the long term, in contrast to earlier results 
of Yeates et al. (2003) that were a previous shorter term study from the FACE site. 
However, an analysis of earthworm casts showed they contained lower N concentrations 
under eCO2, apparently as a result of lowered N content of sheep dung (Chevallier et al., 
2006). This suggesting that nutrients limitation in the plants may over time alter nutrient 
uptake of higher trophic levels. 
 
In overseas FACE experiments, faunal changes have been observed with long-term eCO2, 
including significant increases in abundance of ciliate protozoa, collembola and gamasida 
mites in sandy soil beneath ungrazed continental climate grassland in Minnesota (US), 
where CO2 was increased by 180 ppm above ambient (Eisenhauer et al., 2012). While the 
changes in detritovore protozoa and collembola were likely due to changes in plant inputs, 
the gamasida mites are predominantly predatory with small soil forms predating on 
nematodes, so changes in mite abundance (ca 2× greater in eCO2 than ambient) may have 
been in response to nematode population changes. However, the populations and taxa 
richness of nematodes were not observed to be significantly different between CO2 
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treatments at this single sampling, so that temporal variation coupled with the small soil 
samples used for nematode determination (Eisenhauer et al., 2012) may have masked any 
effects.  
 
Effects of eCO2 on collembola have also been observed in a FACE experiment on cropping 
land in Germany (Sticht et al., 2006). In plots sown to wheat in a loamy sand soil where 
CO2 was elevated to 548 (vs. 377 ppm for ambient), collembolan diversity and abundance 
increased, the latter by more than 50%. The 13C results of Sticht et al. (2006) showed 
increased collembola abundance in the eCO2 treatment that was most likely linked to 
increased plant root exudates via increases in rhizosphere fungal abundance. This is similar 
to the result for bacterial feeding nematodes observed by Yeates et al. (1997). 
 
Ayres et al. (2008) showed that despite increases in plant root production, plant feeding 
nematode populations remained largely unchanged in eCO2 treatments (ca. 700 ppm) 
applied to three grassland soils from Mediterranean-type climates (California and Colorado 
(USA), and Montpellier (France). There were increases in one family of plant feeding 
nematodes at one site and decreases in another at a separate site under eCO2 treatments but, 
given the 20–30% increases in root biomass at the sites (Ayres et al., 2008), it is surprising 
more nematode population effects were not observed. Ayres et al., suggested that a lack of 
observable effect on herbivorous nematode populations despite increases in plant 
production might be due either to changes in plant root quality or to regulatory effects of 
predators and pathogens, and few studies have included assessments of these factors. 
Those studies where single population samplings have been taken, especially at the end of 
a crop growing season, may merely reflect the net result of changes in herbivore and 
subsequent predator and pathogen populations throughout the year. This approach would 
therefore overlook any temporal variation that might demonstrate plant-herbivore relations 
more clearly. 
 
In a meta-analysis of largely unmanaged ecosystems, Blankinship et al. (2011) showed that 
eCO2 had greater effects on the microfauna compared to other studied soil animals, leading 
to increases in abundance. They also showed that the effects of experimental eCO2 across 
all soil biota lessened with increasing experimental duration. 

Increases in temperature  

Increased temperatures due to climate change are likely to have a range of effects on soil 
biota, depending on their biological thermal optima (e.g., Stamou et al., 1995; Verschoor et 
al., 2001; Stelzer, 2005; Šustr & Pižl, 2010). Increasing temperature could result in more 
generations per year for some soil invertebrates provided food and other resources were 
not limiting. This may have an impact on functioning of some parts of the soil community.  
 
One of the most well-known impacts of soil warming on soil biota function is that of 
increasing populations and soil organic matter turnover by encyhtraeids in peatlands 
(Briones et al., 2007). However, this effect has often been observed in high latitude, cool 
climate peatlands where small changes in temperature have a disproportionately large 
impact on soil biota. The effect of warming will depend on the ecosystem in which it 
occurs, with cool, dry sites being more susceptible to change than other sites (Blankinship 
et al., 2011). 
 
As well as potential impacts of soil warming on local soil biota function, global increases 
in temperature will potentially affect the distribution of soil organisms. Yeates and Boag 
(1998) used the climate matching function of the climate simulation model CLIMEX 
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(Sutherst & Maywald, 1985) to predict the spread of an herbivorous nematode 
(Paratrichodorus minor) within Australia and Africa. We have extended their analysis to 
New Zealand by using the matched location they employed (Grafton, NSW, Australia) and 
a more recent CLIMEX model (v 3.0). This was done after validating their findings with 
respect to Australia. P. minor is present in New Zealand and is known to have a localised 
distribution (Sturhan et al., 1997; Bell & Watson, 2001, pers. obs.). In the current analysis 
conducted for this report, we have used the fine resolution climate data for 1961–1990 
available from the CliMond website (https://www.climond.org/Default.aspx; see Kriticos 
et al. ( 2012) for details of data derivation) along with the 2070 fine resolution data for the 
A1B and A2 climate change scenarios developed by CSIRO, Australia (CSIRO Mk 3.0) 
and the Centre for Climate Research, Japan (MIROC-H) respectively. These two 
combinations of scenarios and models were chosen to represent moderate and more severe 
climate changes respectively. The Combined Match Index level was set at 0.57 (with all 
but the relative humidity factor selected as contributing to the climate match) as this 
produced a current distribution most closely resembling that given by Sturhan and Yeates 
(1997) and observed from a number of national samplings (pers. obs.). Under the two 
climate change scenarios examined here, the P. minor distribution in New Zealand spread 
southward (Figure 3.14), with increasingly strong matches to those sites currently 
identified as being suitable for this nematode. 

A  

B  C  
 
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. minor feeding has only weak to moderate effects on plant yield, so its spread into other 
areas may not cause much extra loss of pasture production. However, the herbivorous 
nematode genera Meloidogyne is among the most damaging nematode pests globally, and 
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in New Zealand there is at least one species with a currently restricted distribution which 
seem to be related to climate factors. M. trifoliophila is a clover-feeder that causes large 
reductions in yield of this important pasture component (Mercer et al., 2008) and is 
currently limited to sites in the North Island of New Zealand (Mercer et al., 1997; Bell et 
al., 2006). It has also been found in sites on the NSW and Queensland border in Australia 
(Zahid et al., 2001), and in the south western corner of Tennessee in the US (Bernard & 
Jennings, 1997). By paramatersing the species model within CLIMEX for M. trifoliophila 
using data published for a similar species found in New Zealand (Mercer & Grant, 1993) 
and adjusting abiotic stress variables in the model it was possible to calculate the CLIMEX 
Ecoclimatic Index (EI; see Svobodová et al., 2013) for sites in Australia and the US 
(Figure 3.15). The EI gives an indication of suitability of sites for establishment and long-
term persistence of an organism and, in this case, gave distributions in Australia and the 
US in line with observed distributions.  
 
 
A B 

 

 

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. 3.16) shows that the calculated site EIs with 
no climate change scenario added to the model gives good agreement with the observed 
current New Zealand M. trifoliophila distribution, which is from Northland to Palmerston 
North and Wellington (Mercer et al., 1997). The climate change A1B scenario (data for 
which includes changes in both temperature and rainfall) shows M. trifoliophila EI scores 
becoming stronger for the North Island’s central plateau and an extended distribution into 
the Wairarapa. In the South Island the calculations show areas suitable for M. trifoliophila 
establishment and survival spreading down both east and west coasts as far south as 
Canterbury and Greymouth. The A2 scenario shows limited extension of possible range 
from the A1B scenario, but the increasingly large EI scores indicate increased likelihood of 
establishment and survival in the areas indicated by the A1B scenario.  
 
Nematodes have limited self-dispersal capabilities, so human-assisted dispersal would be 
the main route for extensions in distribution to areas that become suitable. Dispersal of soil 
would be the highest risk pathway for human-assisted movement of Meloidogyne 
nematodes, so any measures that limit soil movement, particularly between North and 
South Islands, would help reduce spread of these pests. 
 

Tennessee 
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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 biota of changes in level and distribution of precipitation has been 
investigated either alone or as interactions with other climate change factors such as CO2. 
For example, Kardol et al. (2010) used a Tennessee long-term climate change experiment 
with old-growth sub-shrub and Fescue plants, to study impacts of increased moisture, 
temperature and CO2 on soil nematode communities. They found that increased moisture 
had a greater effect than increased temperature or CO2. Increased moisture resulted in 
increased populations of total nematodes and all feeding groups (except fungal feeders) in 
soil from random between-plant spaces, and most feeding groups (except ectoparasites) in 
soil beneath specific plants. However, the moisture level was ca. 12 times higher in the 
high treatment than the low, which equated to about 10% greater soil moisture by volume, 
and it is not clear if this increase is realistic under current climate change scenarios. 
Increased moisture also resulted in increased plant biomass, so it is possible the observed 
nematode effects were mediated via plant productivity and litter inputs. There was a 
significant positive CO2 effect only on nematode root hair feeders in the between-plant 
soil, and a significant negative temperature effect only on bacterial feeders in the between-
plant soil and endoparasites in plant-specific soil. This study calculated abundance rather 
than percent composition; the percentage data may have helped clarify whether the 
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changes observed were changes in nematode community composition or merely scaling 
effects from an increased total nematode abundance.  
 
Reductions in mite and collembola abundance have been observed with reduced 
precipitation in Minnesota grassland (Eisenhauer et al., 2012). Although enchytraeid 
populations did not decline with increased drought intensity and frequency in heathland 
sites in Wales, the Netherlands, and Denmark, there was a strong and persistent effect on 
species richness and community structure, which was strongest at the driest sites 
(Holmstrup et al., 2012). Negative impacts of decreased moisture and increased 
temperature regimes on nematode and protozoa total populations have been observed in 
Danish heathland (Stevnbak et al., 2012). Similarly, enchytraeid populations were reduced 
with decreased moisture. However, the soil samples used for nematode determinations in 
that study were rather small (3–16 g), making it more difficult to generalise results. In a 
low rainfall cool temperate fescue grassland in Hungary, the largest effect on nematode 
abundance was soil moisture, with increased temperature impacting on community 
diversity (Bakonyi et al., 2007). 
 
From their meta-analysis, Blankinship et al. (2011) concluded that changes in precipitation 
would have positive impacts on soil biota abundance in forest ecosystems and for the 
mesofauna. They also showed that the effects of altered precipitation significantly 
decreased with increasing mean annual temperature, presumably through an effect of 
temperature on evapotranspiration. The effects of changes in precipitation also increased 
with the duration of experimental studies, suggesting that community, and presumably 
function, effects are permanent. 

Indirect effects 

Elevated CO2 has differential effects on earthworm (Lumbricus terrestris) biomass 
depending on the the diversity of the plant community in defaunated grassland soil 
microcosms maintained in glasshouses in the UK (Milcu et al., 2011). For microcosms 
with the most diverse plant communities (8 vs. 4 or 1 species), earthworms lost 
significantly less biomass under eCO2 (600 ppm) conditions compared to ambient CO2. It 
was suggested this was due to the significantly greater soil moisture in the eCO2 
treatments, coupled with greater soil N in more diverse plant community microcosms 
(Milcu et al., 2011).  
 
Of course, not only do climate change factors interact to impact on the soil biota, but 
different components of the soil biota themselves interact, and those interactions may also 
be modified by climate change. Uvarov (2009) showed in a laboratory experiment that the 
impact of earthworm feeding on the detrital nematode community changed with variations 
in diurnal temperature fluctuations. Earthworms also have impacts on microbial C 
breakdown and the magnitude of these impacts vary with temperature in a non-linear 
fashion (Wolters & Ekschmitt, 1995). 
 
It is also clear that not only do climate change factors impact on soil biota but that the 
reverse also occurs: soil biota have an influence on climate change factors. For example, 
earthworms are known to emit N2O and N2 as part of their digestion process (Karsten & 
Drake, 1997; Wüst et al., 2009), but it is likely the impacts are small. 
 
Climate change scenarios predict an increase in extreme weather events in some areas 
resulting, for instance, in the increased frequency and severity of flooding and droughts. It 
has been suggested that earthworms would be impacted by decreased intervals between 
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flooding via a reduction in their ability to advance from cocoons through to reproductive 
adults, possibly leading to local extinction (Thonon & Klok, 2007). In areas where 
flooding is currently a problem, a drying trend from climate change would make these 
areas more amenable to earthworm survival. 
 
The indirect effects of alteration of soil biotic communities by climate change are further 
discussed in section 3.6.  

Microbial communities 

Although soil microbial communities regulate many functions associated with soil nutrient 
cycling and plant health (Figure 3.17), there is no straightforward answer to the question of 
how provision of soil ecosystem services will be impacted by climate change. 
Understanding how climate change will affect soil community composition and 
biodiversity and resultant effects on functions such as nutrient cycling will be needed 
before it will be possible to predict the fate of global C and N cycles (Pritchard, 2011) and 
functioning of New Zealand’s natural and managed ecosystems. Soil ecosystems are 
comprised of complex communities of bacteria, archaea and eukaryotic taxa. The diversity 
(species richness) of soils is incredibly high; in fact the highest of any ecosystem known 
(Curtis et al., 2002). Estimates of the diversity of life in soil vary widely but for the 
bacteria alone a general consensus of richness is in the order of thousands to tens-of-
thousands of species per gram of agricultural soil (Curtis et al., 2002; Torsvik et al., 2002; 
Schloss & Handelsman, 2006).  
 
Microbial communities play key roles in determining rates of important ecosystem 
processes such as trace gas formation (Schimel & Gulledge, 1998), C cycling and 
sequestration (Waldrop et al., 2000; Schimel & Schaeffer, 2012), decomposition (Hendrix 
et al., 1986), soil N biogeochemistry (Balser & Firestone, 2005; Cavigelli & Robertson, 
2000), and disease suppression (Mendes et al., 2011). Many of the microbial species 
present in soil are at low abundance, i.e. are considered to be part of the ‘rare biosphere’ 
(Elshahed et al., 2008). However, even these numerically rare taxa have been shown to be 
highly responsive to changes in soil conditions, and to play an important role in supporting 
ecosystem processes, such as the biogeochemical cycling of sulphur (S; e.g. Pester et al., 
2010) and N (e.g. Mertens et al., 2009). 
 
While numerous studies have sought to understand projected impacts of climate change on 
soil biology and function, many have been conducted in systems such as tropical forests, 
tundra, deserts and so forth, far fewer have investigated impacts in temperate agricultural 
and grassland ecosystems that are relevant to agroecological conditions prevalent in New 
Zealand. Here we assess the potential impacts of climate change with a focus on temperate 
soils under grassland and agricultural use. 
 
Soil type is a key driver affecting the structure and diversity of most soil microbial 
communities. This is, for a significant part, driven by pH-related effects that control the 
range of bacteria and fungi present. However, within the existing range of soil types 
present in New Zealand, and considering adjustment of soil pH as a key aspect of farming 
system management, the effects of climate-associated drivers are likely to be important: 
changes in temperature, precipitation, alteration in CO2, and increased variation in rainfall, 
temperature, and occurrence of extreme events. Also important are secondary effects: 
increased intensification of farming systems, alteration of land use, use of different crop 
and pasture species, adoption of new farming management practices, and so forth. Because 
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it is difficult to speculate on the nature and extent of these secondary effects, we focus on 
potential impacts of factors directly associated with climate change.   
 
 
 

 
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 change on microbial community structure and 
function vary widely, and the level of resolution/sensitivity of methods can impact 
conclusions drawn.  
 
In an Australian native grassland soil, the impacts of elevated temperature (ambient plus 
2°C) and CO2 (ambient plus 550 ppm) on soil bacterial, archaeal, and fungal communities 
was examined (Hayden et al., 2012). The study was conducted at a long-term climate 
change experimental site (TasFACE). It attempted to link the microbial community to 
variation in soil nutrient status and physicochemical conditions occurring as a result of 
altered plant growth using a combination of low- and high-resolution molecular methods. 
Findings associated with the archaeal community composition varied with analytical 
method; the relatively low resolution approach of terminal restriction fragment length 
polymorphism (TRFLP community fingerprinting) showed strong separation of 
community structure by CO2

 enrichment, yet no separation was observed when the 
PhyloChip microarray tool was used. Fungal community composition, assessed only with 
TRFLP, was responsive to CO2, a combination of warming x CO2, and a range of other 
variables. Bacterial community structure, when assessed using TRFLP, was not influenced 
by CO2 or warming, but when assessed using the high-resolution microarray approach, 
specific influences on various phyla were found. At the phyla level, Actinobacteria and 
Alphaproteobacteria increased with warming, while Bacteriodetes and Firmicutes 
increased with CO2 enrichment. A number of operational taxonomic units (OTUs) varied 
in response to CO2 x temperature. These findings demonstrate that taxonomic resolution is 
important when investigating the impacts of second-order influences on microbial 
community assemblage. In particular, high-resolution tools may be required to unravel 
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subtle changes in community composition, particularly in low nutrient / low input systems 
such as native grasslands.     

Microbial community response to increased temperature and atmospheric CO2 

In an experimental study by Bardgett et al. (1999) the microbial community response to 
change in ambient temperature of 2°C was measured in a low input soil system (Ecotron). 
The experiment was run over successive plant generations to allow for the ongoing 
succession development of the microbial community with regards to the plant life cycle. In 
the first generation, increases in fast-growing bacterial species (‘r’ strategists) were 
detected under the high-temperature regime, but other taxa, including fungi, were 
unchanged. Plant inputs into the soil were also unchanged, indicating that the bacterial 
response detected was directly temperature related. Overall, in the low nutrient status soils, 
the effect of temperature on the microbial community was considered negligible. Similar 
findings were found in an Ecotron study by Kandeler et al. (2002), where the influence of 
temperature (ambient plus 2°C) and CO2 (ambient plus 200 ppm) on soil microbial 
communities was assessed. In a field-based study, Niklaus et al. (2003) undertook 
comprehensive assessment of biology in soil undergoing CO2 enrichment (ambient and 
1.7x ambient) over six growing seasons. Microbial biomass, community composition, 
nematodes, and microarthropods were assessed alongside soil physicochemical properties. 
The community of soil microorganisms did not respond to CO2, either in terms of biomass, 
composition, or metabolic quotient (qCO2).   

Interactions are important yet complex 

The magnitude of effects of climate change associated drivers on soil microbiology is 
highly interactive, and the interactions can be differentially expressed on the various 
components of the soil ecosystem.  
 
The Old-Field Community, Climate, and Atmosphere Manipulation (OCCAM) experiment 
has investigated the above and belowground impacts of CO2 enrichment, rainfall 
exclusion, elevated temperature (+3°C over ambient), and irrigation (Castro et al., 2010; 
Gray et al., 2011). They found that (i) fungal abundance increased with temperature, (ii) 
bacterial abundance increased in warm plots but only when CO2 was elevated, and (iii) 
different taxa within the bacterial and fungal populations varied (+/-) with precipitation. In 
a scenario with increased temperatures, increased CO2 and increased precipitation, there 
would therefore be an overall shift towards a bacterial dominated system, but the types of 
bacteria and fungi present would also vary within this. 
 
Cheng et al. (2011) investigated the impacts of eCO2 in soils undergoing N addition. Under 
conditions of eCO2 (1.5x ambient), increased plant residue C and N inputs were deposited 
to the soil and, concomitantly, microbial biomass and heterotrophic respiration were 
elevated. These effects manifested after several years of the trial commencement, emerging 
as the soil N status increased. Thus, compared with studies conducted in low fertility soil 
ecosystems, the impacts of CO2 enrichment in improved (fertilised) agroecosystems may 
be significantly enhanced.  
 
Hu et al. (2006) conducted an analysis of experimental studies investigating the role of N 
on plant residue inputs and microbial decomposition. The findings showed that the initial 
ecosystem N status was an important attribute regulating N biogeochemistry under eCO2 
conditions. The effects of CO2 in improved agricultural systems will, therefore, differ to 
those in non-improved systems.   
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Effect of precipitation patterns 

Climate change models predict an increase in the variation of rainfall patterns, leading to 
increased variation in soil moisture content. The impacts of drying-rewetting frequency are 
potentially an important driver of alteration in microbial communities.  
 
Fierer et al. (2003) examined the impacts of drying-rewetting on community structure in 
soil under grassland and found no evidence for change in the community structure with 
increased frequency of stress. However, effects on bacterial communities were found in 
soils under oak canopies when exposed to wet-dry stress (Fierer et al., 2003). Bapiri et al. 
(2010) explored dry-rewetting impacts on bacterial and fungal communities. Fungi were 
generally more tolerant of the impacts of drying than the bacteria, resulting in an increase 
in fungal dominance. The findings demonstrate that the impacts of drying-rewetting vary 
between the evaluated systems and are likely to be due to factors associated with the 
environmental history of the samples (i.e. if they are normally not exposed to such 
impacts), and/or the original composition of the microbial community. This is reflected in 
studies that find that land-use management, whether extensively or intensively managed, 
changes the soil microbial community structure and functional composition (Wakelin et 
al., 2013), and impacts soil food web structure and the resistance and resilience of trophic 
communities to climate change (de Vries et al., 2012). 
 
The potential impacts of warming appear to be strongly influenced by precipitation 
patterns. Shiek et al. (2011) conducted a study on the soil bacterial community at a long-
term global warming experimental field site (KFFL; Kessler Farm Field Laboratory). The 
trial site has replicated plots with treatments artificially held at ambient and ambient + 2°C. 
In years receiving normal precipitation, warming increased the soil microbial population 
size overall (40–150%), but significantly reduced the richness and evenness of bacterial 
species and also altered community composition. However, in years of low rainfall, the 
elevated temperatures resulted in strong moisture deficit and reduced plant production; this 
combination of factors also impacted the soil bacterial community. This study is important 
as it highlights the significance of rainfall in the regulation of the microbial community 
response to elevated ambient temperatures. Furthermore, as the biological components of 
the ecosystem differed significantly in response to to the climate-related forcings, this is 
likely to have wide and disruptive impact on overall soil function.   

Interactions between soil moisture and temperature and eCO2 

Interactions between soil moisture content and temperature, or soil moisture and CO2, have 
clear impacts on the soil microbial community (Shiek et al., 2011). Under elevated 
temperatures and in dry soils, the abundance of Firmicute-type bacteria increased; these 
bacteria are stress tolerant and can form resistant structures. The less hardy gram-negative 
bacteria decreased in abundance in the dry samples. Under elevated temperatures the 
abundance of saprophytic fungi was decreased, which may have been indirectly driven 
through increases in nematode abundance. The importance of trophic interactions on 
down- or up-regulating the impacts of temperature on saprophytic fungi has also been 
demonstrated in other soil ecosystems (A’Bear et al., 2012). Such indirect effects, evident 
here though food web interactions, add to the level of overall complexity in understanding 
climate-change impacts on soil microbiology. Certainly ecosystem-level approaches are 
required. 
 
Various groups of soil taxa respond quite differently to climate-associated influences. Here 
we examine the climate change effects on two specific groups of organisms that are 
important for the functioning of pastoral ecosystems. Effects on specific taxa with close 
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root association may have important outcomes for plant health and ecosystem productivity, 
but may be non-observable when assayed using tools at high taxonomic level (e.g., phylum 
level investigations). 

Microbial symbionts - Rhizobia 

There is strong evidence that increases in atmospheric CO2 will lead to increases in 
biological N2 fixation (BNF) in the legume-rhizobial symbiosis in agricultural systems. 
Typically, more N is fixed because of an increase in plant size, resulting in greater nodule 
mass per plant, rather than an increase in N fixation per unit nodule mass (Edwards et al., 
2006).  
 
A recent meta-analysis of N dynamics in grain crops and legume pasture systems under 
elevated atmospheric CO2 concentrations reported a 38% increase in the amount of N fixed 
by legumes, which was accompanied by increased numbers of nodules (33%), nodule mass 
(39%), and nitrogenase activity (37%; Lam et al., 2012). Under levels of increased CO2, 
plant photosynthesis increases resources to legume nodules that can result in increased N-
fixation by the rhizobial symbiont. Such effects have been observed on lucerne under eCO2 
conditions in the Swiss FACE trial, where effectively nodulated plants increased by 50% 
compared with plants in the ambient control (Luscher et al., 2000). Similarly, increases in 
populations of N2-fixing bacteria rhizobia in the rhizosphere of white clover plants exposed 
to eCO2 have been reported (Schortemeyer et al., 1996) and increases in the size and 
number of root nodules on soybean (Serraj et al., 1998) have been reported in soils 
exposed to increased atmospheric CO2. However, these effects may not be universal, but 
rather vary with legume species and N status of the soil (West et al., 2005). In natural 
(unfertilised) soil ecosystems, the ability of legumes to respond to eCO2 can be limited by 
supply of other nutrients, such as P, thereby reducing the expression of this ‘CO2 
fertilisation’ effect (Rogers et al., 2009). Furthermore, there is a risk that as atmospheric 
CO2 levels increase, enhancement in legume biomass through increased symbiotic N-
fixation will only occur when the host-symbiont relationship is efficient at N2-fixation; if 
they are poor N-fixers, negative growth responses may occur and this may be influenced 
by soil N content (Luscher et al., 2000).  
 
New Zealand pastoral agriculture is highly dependent on the N-fixation through the 
symbiosis between white clover Trifolium repens and Rhizobium (Ledgard, 2001; Parfitt, 
2006). BNF by white clover has been found to increase under eCO2 in controlled 
environments (Ryle et al., 1992), open top chambers (Manderscheid et al., 1997), and in 
the field (Zanetti et al., 1996), under non-limiting soil nutrient conditions. In contrast, in 
the only relevant study carried out in New Zealand, Watanabe et al. (unpublished) found 
lower numbers of nifH genes and gene transcripts in nodules on white clover growing 
under eCO2 in the FACE experiment (Newton et al., 1996), which corresponded to reduced 
proportion of atmospheric N fixed under these conditions. There was no difference in 
nodule numbers, and the strains present were the same in both treatments. The mechanism 
of inhibition is not known, but there is evidence that P is as limiting as N at the NZFACE 
site (Gentile et al., 2012). Edwards et al. (2006) found that white clover grown in a mixed 
sward with buffalo grass under eCO2 fixed significantly more N than plants grown under 
ambient CO2 but only in the presence of high soil phosphorus. The authors suggested that 
where soil P availability was low, eCO2 would not increase BNF and pasture quality could 
decrease because of a reduction in aboveground N. Given New Zealand’s reliance on the 
white clover/Rhizobium symbiosis, these findings warrant further investigation.  
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Ammonia oxidising bacteria 

Ammonia oxidising bacteria (AOB) convert NH4
+ to NO3

–. Because this is the rate limiting 
step in nitrification, AOB have a central role in global N cycling. AOB are an ideal model 
group for microbial ecology studies as they are ubiquitous, of significant environmental 
importance as a functional group, sensitive to environmental changes including simulated 
global changes, and carry the gene amoA, which can be used as a molecular marker, 
allowing detection and quantification of AOB without direct need for laboratory culture 
(Kowalchuk & Stephen, 2001; Niklaus & Kandeler, 2001).  
 
Soil AOB community composition was assessed in soils collected from long term 
concentration gradients established by CO2-emitting vents from natural cold CO2 springs in 
Northland, New Zealand (Bowatte et al., 2008). The site had been exposed to eCO2 for 
several decades. Soil nitrification activity decreased with increasing CO2 levels, in 
association with a change in the composition of the AOB community, with the response 
probably due to changes in the input of soil C from the plants. Increased flux of C to soil at 
eCO2 has been shown to stimulate growth of heterotrophs, which can out-compete AOB 
for available NH4

+.  
 
Horz et al. (2004) previously examined the effects of multiple climate change parameters 
(increased atmospheric CO2, precipitation, temperature, and N deposition) on the AOB 
community in grassland soil. Their study reported changes in AOB community structure 
and a decrease in total abundance of AOB in grassland soil exposed to eCO2, thought to be 
related to competition with heterotrophic bacteria. The decrease in AOB abundance was 
most pronounced when precipitation was increased. Increases in nitrification were 
associated with shifts in the AOB community but not changes in abundance.  
 
A more recent study (Malchair et al., 2010) examined the effects of plant species richness 
and a 3°C increase in ambient air temperature on potential nitrification, basal respiration 
and AOB communities in an experimental grassland scenario. Plant species mixtures were 
derived from nine species of three functional plant groups: forbs, legumes, and grasses. 
AOB richness and community structure were not affected by warming but were associated 
with plant species richness, indicting the important role of plants species in structuring the 
soil microbial community. There was no clear relationship between AOB richness and 
potential nitrification. Avrahami et al. (2003) had previously reported that temperature was 
a selective factor for AOB, but that study looked at larger temperature shifts (>5oC), 
unlikely in current mid-century climate change scenarios forecast for New Zealand.  

Rhizosphere bacteria and Pseudomonas 

Microorganisms in the rhizosphere appear to be more impacted by CO2 than those in the 
bulk soil. Using samples taken from under pasture in a FACE experiment, Montealegre et 
al. (2002) demonstrated that bulk soil communities were largely unaffected by CO2. 
However, metabolically active bacteria increased by 170% in the rhizophere of CO2-
treated plants, presumably due to either increases in root exudation or more rapid turnover 
of the plant roots.  
 
Pseudomonas bacteria are important root colonisers with widely differing phenotypes and 
functions, ranging from beneficial behaviour such plant growth promotion and suppression 
of plant disease, through to causing a range of plant diseases.  
 
Pseudomonas populations were shown to increase in frequency in the rhizosphere of 
perennial ryegrass after 3 years under elevated eCO2, but there was a decrease in the 
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rhizosphere of white clover (Marilley et al., 1999). Frequency of selected functions carried 
out by Pseudomonas strains (production of auxins, siderophores and hydrogen cyanide – 
indicative of biocontrol strains) were tracked in Pseudomonas populations associated with 
two perennial grasses (Lolium perenne and Molinia coerulea) grown at ambient and eCO2 
in the Swiss FACE experiment (Tarnawski et al., 2006). Frequencies of siderophore 
producers and nitrate dissimilating strains were higher and those of hydrogen cyanide 
producers lower under eCO2, demonstrating the potential for selection of particular 
bacteria that may impact on the fitness of the plant, and thereby affect primary 
productivity, in the longer term. 

Plant pathogens  

Energy flow through fungal pathways may be enhanced relative to bacterial pathways in 
response to both warming and atmospheric CO2 enrichment. Whether fungal domination of 
soils will lead to increased severity of soil borne fungal plant diseases is unknown 
(Pritchard, 2011). Soil-borne plant pathogens account for significant crop losses and can 
often be more difficult to control than foliar diseases, but it is currently unclear how 
climate change will affect plant-pathogen interactions. Outcomes are likely to be different 
depending on the plant-pathogen combination. The geographical range of some plant 
pathogens depends on environmental variables, most often temperature (Shaw & Osborne, 
2011).   

Microbial community summary 

Soil microbial communities drive processes and functions that deliver soil ecosystem 
outcomes (Fig. 3.1). The rich diversity of microbial species in soils is essential as it 
supports the capacity of the ecosystem to change with varying selective pressures (Figure 
3.17), and provides necessary layers of niche overlap and functional redundancy that 
facilitate ecosystem resilience and resistance. Shifts in the diversity or structural 
composition of communities, whether by climate change or other factors, may therefore 
impact on the provision of soil ecosystem services. 
 
Based on the ecology and biogeography of soil microbial communities, it is clear that 
climate-related factors, for example temperature range and soil moisture deficit, are 
important controls affecting microbial life in soils. As such, variation in climatic conditions 
is likely to influence soil microorganisms, and impact soil function. This has been 
experimentally validated in numerous studies (laboratory microcosms and field-based 
FACE studies). Furthermore, the findings of these studies project that the strongest effects 
are likely to be seen in improved (fertilised) soils; this means that microbial life and 
processes in agricultural soils are particularly susceptible to climate change influences. 
Following this, the movement from extensive land use, such as grazing of grasslands, to 
intensive agricultural production is likely to result in soil ecosystems more susceptible to 
climate change impacts.   

Fungal Communities 

Soil fungal communities divide into three major functional groups based on their source of 
carbon: mycorrhizal fungi, saprotrophic fungi, and pathogenic fungi.  

Mycorrhizal fungi 

Most agricultural and horticultural species live mutualistically with arbuscular mycorrhizal 
fungi (AMF), including rye grass, most grains, clover, and most horticultural crops. The 
fungi can represent 5–50% of the microbial biomass in soil underneath these crops, with 
the wide range reflecting uncertainty of measurement (Olsson et al., 1999). Regardless of 
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the exact quantity, supporting mycorrhizal biomass comes at a C cost to the host plant on 
the order of 5–10% of total photosynthetic C gain (Bryla & Eissenstat, 2005; Fitter et al., 
2011). In many crops the biomass of arbuscular mycorrhizal fungi is reduced by high P 
levels from fertilisation, and no plant growth enhancement by arbuscular mycorrhizas is 
observed (Ryan & Graham, 2002). Nonetheless, up to 100% of the plant P uptake may be 
obtained through mycorrhizal hyphae even where no plant growth enhancement by 
arbuscular mycorrhizal fungi is observed. As such, mycorrhizal fungi are probably best 
understood as a part of the soil–plant ecosystem, regardless of positive or negative effects 
on plant growth. 
 
Mycorrhizas are also very important in the forestry sector: Pines, Douglas-Fir, Eucalyptus, 
and Beech all associate with ectomycorrhizal fungi. All these trees are highly dependent on 
ectomycorrhiza (EcM), as seen in the failure of many early plantings of non-native tree 
species without their co-evolved mycorrhizal fungi (Dickie et al., 2010). At present 
ectomycorrhizal fungal inoculum is widespread in commercial production nurseries, hence 
a lack of mycorrhizal infection no longer is a limitation on tree establishment by planting 
(Walbert et al., 2010).  

Sensitivity of mycorrhizal fungi to elevated C  

Although it is often expected that mutualisms will be negatively affected by global climate 
change, this finding is based largely on pollination and seed dispersal mutualisms, and may 
not apply to mycorrhizal mutualisms (Tylianakis et al., 2008). Several studies show 
increased AMF and EcM biomass with eCO2 (Lukac et al., 2003; Hu et al., 2005), which 
appears to be a fairly common, but by no means certain, outcome (Tylianakis et al., 2008). 
As mycorrhizal fungi link directly to plants, it can be difficult to separate indirect effect of 
CO2 via enhanced plant growth from any direct effects of CO2 on mycorrhizal fungi (Fitter 
et al., 2000). Free-air CO2 enrichment experiments in Minnesota, USA, suggest indirect 
effects of eCO2 on AMF (Antoninka et al., 2011). Interestingly, the effect on AMF 
biomass was primarily a CO2 effect on plant growth regardless of species, while the effect 
on community composition of AMF was largely via the composition of the plant 
community. 
 
Increased mycorrhizal fungi can enhance plant nutrient acquisition through increased 
competitiveness with soil microbes (Hu et al., 2005). Any resulting increase in above-
ground productivity and C may be constrained by soil nutrient levels or other limiting 
resources, such that an initial increase in productivity is not maintained. The effects of 
increased mycorrhizal biomass on soil C may also be time-scale dependent. In the short 
term, an increased AMF biomass may result in net soil C loss, not gain (Cheng et al., 2012; 
Kowalchuk, 2012). However, models suggest that longer term accumulation of recalcitrant 
compounds derived from mycorrhizal fungi may result in net C gain (Verbruggen et al., 
2012) 

Sensitivity of mycorrhizal fungi to increased temperatures 

As with elevated C, it is difficult to separate direct effects of temperature on mycorrhizal 
fungi from indirect effects via plants. Controlled environment growth chamber 
experiments suggest that increased temperature can increase AMF abundance and root 
infection, but not all fungal species are responsive to temperature (Staddon et al., 2004). 
Similarly, in EcM it has been shown that different fungal species vary substantially in their 
ability to acclimate to higher temperatures (Malcolm et al., 2008).  
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A key point in understanding the variability in mycorrhizal responses to elevated 
temperature is that mycorrhizal fungal communities are highly diverse, with as many as 
100 species of fungi for every one species of associated plant (Dickie, 2007). This diversity 
may be key to the resilience of fungal functioning in the face of global climate change. 
Productive forests in New Zealand are atypical in having relatively low fungal diversity 
(Walbert et al., 2010), reflecting the non-native origin of pine and Douglas-fir and their 
limited capability to utilize native fungi (Dickie et al., 2010). This may make the New 
Zealand forestry sector more vulnerable than might be inferred from studies of pine or 
Douglas-fir responses in the Northern Hemisphere. 

Sensitivity of mycorrhizal fungi to altered rainfall and extreme events  

As with temperature, the response of mycorrhizal fungi to altered rainfall tends to vary 
across fungal species (Staddon et al., 2004). Several literature reviews suggest that 
mycorrhizal fungi tend to make plants more resistant to drought, independent of 
mycorrhizal effects on plant nutrient uptake (Entry et al., 2002; Ruiz-Lozano et al., 2012). 
Although the mechanism for greater drought resistance is uncertain, it appears that the 
mycorrhial association physiologically alters the plant so that it is less susceptible to 
drought stress.  
 
All fungi produce hydrophobic proteins in their hyphae, and many fungi also have 
hydrophobic exudates (Rillig, 2005; Spohn & Rillig, 2012). Hydrophobicity of soil can be 
induced by drying and can subsequently reduce the ability of a soil to re-wet, increasing 
the risk of surface flow and runoff. As droughts are likely to increase with global climate 
change, better understanding of the links between fungi, hydrophobic proteins, and soil 
water repellency should be a high priority for future research. 

Saprotrophic fungi 

Traditionally, it has been assumed that decomposition in agricultural soils was dominated 
by bacteria, with very limited role of fungi. While some studies support this view (e.g., 
Macdonald et al., 2009), other studies have found that 50% or more of soil microbial 
biomass or activity is fungal, with particularly high fungal dominance in no-tillage crops 
(Frey et al., 1999; Wardle et al., 1999). Molecular methods have also revealed a high 
diversity of saprotrophic fungi in agricultural soils. For example, a sampling under maize 
crops from a single location in North America found nearly 100 species of basiodiomycete 
fungi (Lynch & Thorn, 2006). A similar study in Europe found 115 species of fungi across 
five agricultural soils, but no more than 34 species in any one soil (Klaubauf et al., 2010). 
The difference may reflect substrate quality, with maize producing a more woody detritus 
than other crops. High fungal:bacterial ratio soils tend to have lower N leaching and lower 
NO2 emissions than low fungal:bacterial soils. In addition to recycling of soil nutrients, 
saprotrophic fungi may play a role in suppression of pathogenic fungi (Sarathchandra et 
al., 2005). 

Sensitivity of saprotrophic fungi to eCO2  

There are unlikely to be any direct effects of eCO2 on saprotrophic fungi, as these fungi 
typically occur in microhabitats with extremely high CO2 levels. 

Sensitivity of saprotrophic fungi to increased temperature 

It is probably safest to state that we have no idea how saprotrophic fungi will respond to 
increased temperature. Experimental warming has shown large increases (Zhang et al., 
2005; A'Bear et al., 2012), large decreases (Frey et al., 2008), or no change in the 
fungal:bacterial ratio (Bergner et al., 2004; Schindlbacher et al., 2011). Where increases in 
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fungal dominance are observed, they can be sensitive to herbivory (Zhang et al., 2005) or 
fungivory (A'Bear et al., 2012). 

Sensitivity of saprotrophic fungi to altered rainfall and extreme events  

There are few systematic studies of fungal responses to soil moisture (Rousk & Baath, 
2011). Nonetheless, at least one study found that soil fungi are more responsive to moisture 
than soil bacteria, resulting in increased biomass and greatly increased relative dominance 
of fungi with increased soil moisture (Frey et al., 1999). As with mycorrhizal fungi, 
increased drought may cause the development of soil water repellency, at least partially 
due to hydrophobic proteins of fungal origin. 

Pathogenic fungi 

Fungi and fungi-like soil organisms (e.g., Phytophthora) are very common causes of plant 
disease, with significant costs for the productive sector in New Zealand. About 30% of 
emerging infectious diseases are fungal. New Zealand is particularly sensitive to pathogens 
due to reliance on low diversity of plant species (e.g., kiwi fruit, P. radiata), making 
catastrophic economic loss through a single emerging pathogen possible. Between 1988 
and 1997, three new fungi were recorded in the Auckland area per year (Ridley et al., 
2000). There are predictions that global climate change will contribute not just to the 
spread and effects of existing disease, but also to the rate of emergence of new diseases 
(Anderson et al., 2004). The recent example of Psa disease in kiwi highlights the 
vulnerability of some sector of the economy. The disease was first detected in Nov 2010, 
and by Jan 2013 more than 6500 kiwi vines across more than 2000 orchards had been 
affected (http://www.kvh.org.nz), with an expected cost of $310–$410 million over the 
next five years (Greer & Saunders, 2012). 

Sensitivity of pathogenic fungi to eCO2  
Increased CO2 can modify plant foliar physiology in ways that increase resistance to 
pathogens (Chakraborty et al., 2000). Despite this, an increase in plant pathogens is often 
observed with increased CO2 (Tylianakis et al., 2008) 

Sensitivity of pathogenic fungi to increased temperatures  

Overwintering soil temperature is a key limitation on many pathogenic species (Pfender & 
Vollmer, 1999; Garrett et al., 2006). Milder winters due to global climate change may 
therefore substantially increase pathogenic loads (Tylianakis et al., 2008). Insect vectors 
may also increase in population size, have more generations per year, and expand range 
limits (Pautasso et al., 2012). The general trend is likely to be a substantial increase in 
plant disease, but with some variability (Pautasso et al., 2012). Both plant and pathogen 
phenology will change under increased temperature. From a management viewpoint this 
can be important when considering the timing and efficacy of treatments (Chakraborty et 
al., 2000). 

Sensitivity of pathogenic fungi to altered rainfall and extreme events  

In general, dry weather favours insect vectors and viruses while wet weather favours fungi 
and bacteria (Anderson et al., 2004). This may lead to changes in the type and 
predictability of pathogen effects. Extreme events generally 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 change is likely to have direct effects on the 
abundance and composition of soil biota. These changes may in turn affect the processes 
that underpin ecosystem services. Climate change is also likely to have significant effects 
on plant community attributes, such as plant litter quality, plant community composition, 
and plant diversity. These changes indirectly affect processes mediated by the soil, and 
therefore the delivery of ecosystem services. As has been previously mentioned, the 
indirect effects to soil biota (particularly from changes to plant attributes) could potentially 
be larger than direct effects of climate change.  
 
 Here, we summarise previous research that is relevant to predicting how climate change 
impacts on plant and soil community attributes, and how subsequent changes to plant-soil 
feedbacks may affect the delivery of ecosystem services from New Zealand’s primary 
sectors. We first describe how plant communities and plant behaviour may respond to 
climate change, and discuss the consequences of those changes for ecosystem services. 
Finally, we discuss how alterations to soil biotic communities may influence the provision 
of services. The discussion below is not always relevant to all sectors: the consequences of 
changes in plant productivity and litter quality are, whereas the consequences of changes in 
plant species richness and composition are more likely to be important for ecosystem 
services in forests and extensively grazed pastures than in sectors where plant species 
composition is more intensively managed, such as cropping and dairy pasture systems.  

Plant community attributes 

One of the key ways in which climate change may indirectly influence the provision of soil 
ecosystem services is by influencing the structure, biomass, and activity of the plant 
community. Among other effects, changes in plant attributes directly influence the C inputs 
and nutrients into soil (both from litter and root exudates), thus changes in plant 
community attributes are important to consider from the perspectives of soil C and nuteint 
cycling as well as soil biota.  
 
Climate change may directly influence plant productivity through the CO2 fertiliser effect, 
as the increase in CO2 enhances the efficiency of photosynthesis. For example, eCO2 has 
been found to increase crop productivity by up to 20%, and immature tree productivity by 
up to 30% (Tubiello et al., 2007). Warmer temperatures can increase growing season 
length, and combined with increased precipitation can increase nutrient availability 
(Davidson & Janssens, 2006), presumably by increased turnover of organic matter over a 
longer part of the year. Increased nutrient availability may also enhance plant productivity 
(Burke et al., 1997; Lukac et al., 2010). These positive effects may be limited in reality, 
however, as extreme events are likely to reduce plant productivity (Reyer, 2013), the CO2 
fertilisation effect may be reduced if other resources such as N or water become limiting 
(Saxe et al., 1998), and warmer temperatures may reduce soil water availability, which 
may in turn reduce responses. Although it is generally believed that eCO2 will increase 
primary productivity, the net effect of all the aspects of climate change make the extent of 
this increase difficult to predict.  
 
Climate change-driven increases in plant productivity, along with other plant behavioural 
responses, may alter soil-mediated processes through two main mechanisms: altered plant 
litter quality and increased below-ground C inputs. Increased productivity due to eCO2 
places greater demands on soil nutrient reserves, potentially leading to nutrient deficiencies 
that decrease the quality of plant litter (Saxe et al., 1998; Newton et al., 2010). 
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Immobilisation of nutrients in plant or soil organic pools (primarily N or P) can lead to 
progressive nutrient limitation (Luo et al., 2004). As previously mentioned, P may be 
limiting production as much as N at the NZFACE experiment (Gentile et al., 2012).  
 
Climate change may also indirectly affect litter quality by influencing the environmental 
signals used to coordinate endogenous resource allocation in plants (Bazzaz et al., 1987). 
For example, eCO2 has been associated with increased sugar and decreased N content in 
foliage, whereas increased temperature has induced the opposite effect (Curtis et al., 1998; 
Tingey et al., 2003).  
 
Litter quality may also be altered by changes in how plants defend themselves from pests 
and diseases. The basal allocation of plant resources to defence when not threatened is 
largely dependent on the balance of C and nutrients available to the plant (Bazzaz et al., 
1987). Climate change-driven alterations to C and nutrient availability are likely to alter 
the basal level of defence maintained by plants, potentially influencing the initial 
susceptibility and response of plants to pathogens and predation, and subsequently the 
quality of their litter. For example, improved resistance to fungal attack through greater 
lignification has been observed with increased temperature (Fuhrer, 2003), and high lignin 
contents are often indicative of lower litter quality (Berg, 2000). Resource availability will 
also have some degree of influence on the types of defence products plants synthesise in 
response to a pathogen attack, but given the complexity of plant secondary metabolism, 
uniform predictions of the effects of climate change on the production and activity of these 
molecules cannot be made (Bidart-Bouzat et al., 2008).  
 
Climatic triggers and nutrient availability are also important signals in the synchronization 
of reproductive effort (Smaill et al., 2011), and it is therefore likely that climate change 
will induce alterations to the extent and frequency of the production of reproductive tissue, 
which is a source of high quality litter. Overall, it is likely that litter quality will be 
influenced by climate-induced changes in plant nutrient demand and availability, plant 
allocation to pathogen or herbivore defence, and the timing of reproductive effort.  
 
Increases in productivity in response to climate change should also result in increased C 
inputs belowground, due to the greater production of photosynthate and increased turnover 
of plant biomass (Smith et al., 2008). For example, higher productivity may mean higher 
litter inputs to soil, and as plant demand for nutrients increases while C becomes more 
available, plants may allocate more C to belowground symbionts such as mycorrhizal fungi 
(Ceulemans et al., 1999; Rillig et al., 2000). Further, climate change may alter the relative 
allocation of resources to above and belowground plant biomass, and to the turnover rate 
of that biomass. For example, eCO2 has been observed to stimulate allocation of resources 
to root biomass when under water stress, but not when under nutrient stress (Wang et al., 
2010). Studies conducted under various land uses strongly indicates that eCO2 increases 
below-ground C inputs through greater root biomass and turnover (Kimball et al., 2007; 
Lichter et al., 2008; Peralta & Wander, 2008), although the extent of the increase may be 
limited by the availability of N (Pregitzer et al., 2000). Examination of responses to 
increased temperature suggests decreased biomass allocation to roots is likely in some 
species (Way & Oren, 2010), but this is not consistently observed and is liable to be 
overcome by the effects of eCO2 (Dieleman et al., 2012). 
 
These predicted changes in C inputs to soil and litter quality have immediate implications 
for the saprotrophic and decomposer communities directly supported by plant litter, root 
exudates, and other plant-derived substances. The increased exudation of labile C caused 
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by eCO2 may facilitate the degradation of more complex C in soil organic matter, and the 
loss of soil C, by priming microbial activity (Drake et al., 2011). A counter argument to 
this position has been made based on the concept that increased inputs of labile C will 
cause the soil microbial community to shift to preferentially degrade this material, 
therefore reducing the rate at which litter and other more complex forms of C are 
decomposed, and reducing CO2 emissions from these sources (Singh et al., 2010). Results 
from FACE studies in forest and pasture demonstrate increased losses of C from soil 
organic matter can occur with eCO2 (Van Kessel et al., 2000; Gielen et al., 2005), 
providing support for the priming effect, although further work is needed to determine the 
longevity of this effect. Other studies provide support for the concept that activity relating 
to the degradation of labile substrates will be supported over that of the degradation of 
more recalcitrant substrates (He et al., 2010). Changes in litter quality will also have some 
influence on the structure of saprotrophic and decomposer communities and decomposition 
rates (Pritchard, 2011), but a synthesis of several studies suggests that the significance of 
any climate-change induced effects on the decomposer will be minimal, at least for eCO2 
alone (Norby et al., 2001). 
 
Although climate change-induced changes in plant productivity and litter quality are likely 
to elicit some alterations to saprotrophic and decomposer communities and activity, the 
network of dependencies between plants and the various trophic and functional groups 
present in soil suggest that the wider effects of changes in C and litter inputs could be more 
significant (Pritchard, 2011). Changes in resource supply, particularly C availability, will 
substantially affect the flow of energy into soil and the relationships between plants and 
soil biota. These changes are likely to cascade through multiple trophic levels within the 
soil, with unpredictable consequences for plant metabolism, above- and belowground 
community composition, ecosystem productivity and agricultural yields (Pritchard, 2011). 
Although some predictions can be made for individual aspects of climate change, the 
extent and consistency of the response of C inputs and litter quality to the combined 
components of climate change is largely unclear. Most studies have considered short-term 
responses to variations in a single factor (e.g., CO2) known to have leverage over C or litter 
inputs (Smith et al., 2008). Longer term studies of multiple factors, accounting for 
interactions and offsetting effects, are required to identify the ongoing changes in plant C 
and litter inputs resulting from climate change, and the response of the soil community. 
 
As well as individual changes in plant C and nutrient dynamics, it is likely that the 
composition and diversity of plant communities will change in response to climate change, 
with potential consequences for soil-mediated ecosystem services. The positive effect of 
eCO2 on productivity is generally found to be stronger for C3 plants compared to C4 
plants, whereas warming is thought to benefit C4 plants over C3 plants. Legumes have also 
been found to respond positively to eCO2 (Patterson et al., 1999, Fuhrer, 2003; Tubiello et 
al., 2007; Jaggard et al., 2010), unless nutrients are limiting (see discussion on Rhizobia at 
the NZFACE site). The direct effects of climate change on environmental conditions may 
increase the susceptibility of ecosystems to invasion, as invasive species are thought to be 
well-adapted to take advantage of a wide range of conditions, especially those associated 
with disturbance (Davidson et al., 2011). Any of these direct plant responses to climate 
change may alter competitive balances and therefore the relative abundance of existing 
species, and potentially the number of species, in both forest understories and extensively 
grazed systems.  
 
As an example of how plant species composition may change in response to climate 
change, a recent grassland study found that the relative abundance of grasses declined with 
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warming and warming combined with drought, whereas the relative abundance of legumes 
increased with warming (Cantarel et al., 2013). In forest systems, understory legumes may 
become more abundant, as long as other resources such as phosphorus and water do not 
become limiting (Reverchon et al., 2012). Various FACE studies in forests have also found 
that some understory species increase their relative growth rates (Mohan et al., 2007), and 
that the relative abundance of understory woody species (as opposed to herbaceous 
species) can increase (Souza et al., 2010).  
 
As well as direct effects on the existing plant community, climate change may alter plant 
species composition and diversity indirectly, via changes to the abundance of herbivorous 
insects and microbial pathogens, and the effectiveness of biocontrol agents. The range, 
abundance, fecundity, and activity of insects and microbial plant pathogens are predicted to 
be altered by climate change (Patterson et al., 1999; Garrett et al., 2011). In particular, 
warmer temperatures may result in increased pest abundance and increased ranges, as 
insects will be able to over-winter more frequently and/or incorporate more generations per 
year (Patterson et al., 1999; Fuhrer, 2003). Extreme events such as drought may increase 
the incidence of insect outbreaks (Fuhrer, 2003). Other aspects of climate change, 
however, may reduce some pests and diseases. For example, drier summers may reduce 
pathogen abundance (Patterson et al., 1999). These potential outcomes also apply to 
biocontrol agents that are currently used to control undesirable plants or insects (Patterson 
et al., 1999; Colagiero et al., 2011). The effectiveness of pests and disease will also be 
modified by climate-change induced alterations to the production of defensive compounds 
by the host plant, as discussed above (Garrett et al., 2011). 
 
Changes in plant behaviour will also affect the degree to which pests and disease impact on 
plant species. The stimulation of resource allocation to root biomass in response to eCO2 
has the potential to increase the activity of root predating insects (Johnson & McNicol, 
2010). For example, one study found that eCO2 resulted in enhanced nodulation of white 
clover, and a subsequent increase in the abundance of the larvae of the clover root weevil 
(Sitona lepidus; Johnson & McNicol 2010). Extended growing seasons or elongation of a 
developmental phase where plant disease susceptibility is enhanced may allow for greater 
pest and pathogen abundance as the window for predation and/or infection is expanded 
(Garrett et al., 2011).  
 
Any climate change-driven disruption to the synchronization of plant and pest/pathogen 
behaviour is also likely to result in changes in the relative effect on plant health and 
survival. Alterations in the temporal development of plants relative to populations of 
above-ground herbivores have been found to induce various outcomes for plant 
performance (Pritchard, 2011), but it is largely unknown how below-ground pest and 
pathogen populations will respond. These climate change-induced changes in the 
effectiveness of pests, diseases, and biocontrol agents combined with the differential direct 
responses of plant species to climate change are likely to have consequences for the 
relative abundance of plant species and the species richness of plant communities. 
 
Climate change-induced changes in plant community structure may affect soil biota and 
the supporting and regulating services they provide. Different plant species have been 
shown to have significant effects on several aspects of soil systems, such as pH, N 
mineralisation rates, phosphatase activity, and the structure of the soil microbial 
community (Bardgett et al., 1999; Orwin & Wardle, 2005; Orwin et al., 2010), all of which 
modify nutrient cycling in soil. These effects have been linked to plant traits, with plants 
that have fast growth rates and high quality litter being associated with bacteria-dominated 



56 • Review of climate change impacts on soil – Appendices Ministry for Primary Industries 
 

microbial communities and high rates of N cycling (Tilman & Wedin, 1991; van der Krift 
& Berendse, 2001; Orwin et al., 2010). Litter decomposition rates have also been 
successfully linked to plant chemical traits such as C:N ratios and lignin contents, and leaf 
structural traits such as leaf dry matter content and specific leaf area (Garnier et al., 2004; 
Quested et al., 2007; Cornwell et al., 2008). A shift in plant communities towards those 
that produce lower quality litter should therefore reduce decomposition rates and 
potentially increase soil C storage. For example, an increase in low-productivity species in 
response to warming in a meadow ecosystem reduced C storage in soils initially as a result 
of reduced C inputs to the soil, but was predicted to increase soil C in the long term as a 
result of reduced decomposition rates in response to reduced litter quality (Saleska et al., 
2002). Added to this, a recent study showed that individual plant species responses to 
warming, eCO2 and drought in a mixed-plant community influenced the expression of soil 
microbial enzymes involved in P, S and C cycling (Kardol et al., 2010). This provides 
direct evidence of plant species modulating microbial responses to climate change.  
 
As well as changes in the species composition of plant communities, changes in their 
species richness and evenness (the degree to which a community is dominated by one or 
more species) may also alter the delivery of ecosystem services. Plant species richness 
and/or diversity (i.e. the number of species present) has been shown to increase plant 
productivity (Hooper et al., 2005), which, as shown above, can have significant effects on 
belowground processes. More diverse communities can also result in greater nutrient 
retention in plant biomass (Hooper et al., 2005), with potential consequences for litter 
quality and microbial nutrient cycling. Plant species richness can also affect how plant 
community biomass responds to disturbances such as drought (van Ruijven & Berendse, 
2010), which is also likely to influence how soil biota and processes respond. Recent 
evidence also suggests that subtle changes in species evenness influences ecosystem 
services such as nutrient cycling, leaching, and CO2 fluxes (Orwin et al., unpublished data; 
Maestre et al., 2012). The extent to which plant species richness and evenness will interact 
with aspects of climate change other than drought is currently poorly investigated. 
However, a grassland warming experiment has showed that warming counteracted the 
positive effect of species richness on root biomass (De Boeck et al., 2007), and that plant 
species richness only had a positive effect on potential nitrification rates under warmed 
conditions (Malchair et al., 2010). A further study found that the eCO2 increased 
earthworm cast production in a model calcareous grassland, but only at high plant species 
richness (Arnone et al., 2013). These results suggest that climate change-induced changes 
in plant species richness and composition may have significant influences on soil-mediated 
processes that underpin ecosystem services.  

Soil biotic community attributes 

Changes in plant communities, along with the direct effects of climate change, are likely to 
affect the biomass, diversity, and composition of soil biotic communities (see details in 
Soil Biota and section above). For example, it is expected that eCO2 will alter the 
bacterial:fungal ratio and increase saprotrophic biomass and mesofauna (Blankinship et al., 
2011; Pritchard, 2011). Interactions of eCO2 with other climate change factors and the 
indirect effects of changes in plant communities and their behaviour may modify these 
responses, making it difficult to predict how soil biota will respond to overall climate 
change (Kardol et al., 2010; Blankinship et al., 2011). Although we do not currently know 
the specific details of which soil species within communities will change most in response 
to climate change, we can use the general ecological literature in this area to assess 
whether changes in biomass, diversity, and composition may have flow-on effects to the 
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provision of ecosystem services. Changes in soil biotic community attributes are likely to 
be relevant to all sectors.  
 
Species richness, or the number of species in a community, may change in response to 
climate change. There is considerable debate as to whether the species richness of soil 
biota is likely to influence ecosystem processes (Wurst et al., 2012). For soil microbes in 
particular, this is due to the incredibly high number of species found in any one soil and 
because many processes can be performed by a large number of those species, which is 
thought to lead to functional redundancy (Hooper et al., 2005). However, there is some 
evidence that soil biotic diversity can influence functioning. The species richness of 
mycorrhizal fungi has been shown to influence plant productivity (van Der Heijden et al., 
1998; Jonsson et al., 2001) via increased nutrient uptake (van Der Heijden et al., 1998). 
Two meta-analyses of over 20 studies have also found that soil biotic diversity can have 
positive effects on C cycling (Srivastava et al., 2009; Nielsen et al., 2011), and the stability 
of some processes (e.g., denitrification) may be higher in more diverse systems (Hallin et 
al., 2012). However, many studies have used unrealistic gradients of species richness, i.e. 
unrealistically low species numbers that would not be found under natural conditions 
(Gessner et al., 2010; Nielsen et al., 2011), making it difficult to extrapolate results to the 
real world. When this is taken into consideration along with other studies that show that 
even the loss of 99.99% of the soil’s microbial diversity does not reduce C mineralisation, 
nitrification or denitrification rates (Wertz et al., 2006), and a general lack of studies that 
look at diversity across trophic levels, the consequences for ecosystem services of any 
change in species richness of soil biota in response to climate change remains unclear 
(Wurst et al., 2012).  
 
In contrast to species richness effects, there is greater certainty that the composition of soil 
biota is important. Mycorrhizal species are known to have differential effects on plant 
community composition, plant water use, root biomass, and plant productivity (Rillig & 
Mummey, 2006), with potential consequences for the delivery of ecosystem services such 
as nutrient retention and food production. For example, research with Scots pine and a 
selection of ectomycorrhizal fungi suggests that the development of associations with 
particular mycorrhizal species can reduce the incidence of nutrient deficiencies by enabling 
access to a broader pool of soil nutrients, allowing climate change-driven productivity 
increases to be realised (Gorissen et al., 2000) and litter quality to remain constant. 
Different mycorrhizal species also differ in their architecture and hyphal production rate 
(Rillig & Mummey, 2006), which may influence soil structure and subsequently soil 
process rates.  
 
Mycorrhizal associations may also be particularly important in acquiring phosphorus (P) 
when it is limiting. Since P can often be the limiting nutrient (or co-limiting with N), and P 
cycling has not been explored in other sections, we do so briefly here. The P cycle differs 
somewhat from other nutrient cycles (Condron et al., 2005) in that in systems where P has 
not been added, the largest form of available P is often in the organic form. The release of 
plant-available P from soil minerals is slow, and some soils (Allophanic Soils in particular) 
strongly sorb available P. Therefore, P is less likely to leach than other nutrients, but is 
susceptible to loss from surface erosion.   
 
In many systems, the availability of P is determined by the mineralisation of the organic 
material. Just as with N, the increased plant growth from eCO2 can result in P limitation 
(Finzi et al., 2010), but this may be less of a problem in agricultural soils where additional 
P has been added as fertiliser. There have been far fewer studies on P (as opposed to N) 
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dynamics during climatic change. In a meta-study, Menge and Field (2007) suggest that 
only when there are increases in NPP (often indirectly through N addition) does climate 
change have an effect on decreasing P availability. In such situations, specific mycorrhizal 
associations that maximise P uptake to the host plant may provide a competitive advantage 
over other plants that do not posses similar associations. 
 
Mycorrhizal fungi also vary in the quality and quantity of C they produce. As much of this 
C enters the pools with slower turnover rates in the soil, changes in mycorrhizal species 
composition may alter the amount of C stored in ecosystems (Treseder & Allen, 2000; 
Orwin et al., 2011). On the other hand, recent evidence also suggests that, under eCO2, the 
presence of arbuscular mycorrhizal fungi might increase the decomposition of organic 
matter through release of easily decomposable material (i.e., the priming effect where 
release of easily decomposable material stimulates the decomposition of more recalcitrant 
material), and so increase C loss from soils (Cheng et al., 2011). Mycorrhizal fungal 
composition, along with the composition of other soil fungi, may also influence soil water 
repellency as different species produce different hydrophobic proteins (Smits et al., 2003; 
Rillig, 2005; Rillig & Mummey, 2006).  
 
The community composition of other soil biota has also been shown to be important for 
ecosystem processes. For example, denitrifier bacterial identity can influence 
denitrification rates, including under climate change scenarios (Salles et al., 2009; Cantarel 
et al., 2012), soil microbial community structure can influence C (Strickland et al., 2009; 
Nielsen et al.m 2011), and N cycling rates (Balser & Firestone, 2005), and the composition 
and traits of macrofauna species can explain much of the variation in litter decomposition 
(Heemsbergen et al., 2004). Soil pathogens can also affect plant growth significantly, but 
effects tend to be species-specific (Kulmatiski et al., 2008; Maron et al., 2011). Increases 
in the fungal:bacterial ratio are associated with increased nutrient retention (including 
when there are wet–dry cycles), slower nutrient cycling and higher soil C (Wardle et al., 
2004; de Vries & Bardgett, 2012). Further, priming effects were found to be lower where 
fungi and actinomycete abundance was reduced and composition altered by fumigation 
(Garcia-Pausas & Paterson, 2011).  
 
Climate change can also influence the expression of genes within microbial communities. 
For example, Zhou et al. (2012) found that the expression of genes involved in the 
degradation of labile substrates, denitrification, and N fixation were enhanced by warming, 
whereas those that are involved in degrading more recalcitrant substrates were not. These 
results suggest that changes in the composition and activity of soil biotic communities in 
response to climate change are likely to have a significant effect on ecosystem services 
(Wurst et al., 2012).   
 
It is also likely that the biomass of soil biota will change in response to climate change. 
Increases in biomass may result in increased levels of functioning. Evidence for this view-
point comes from studies where, for example, bacterial biomass was positively correlated 
to N fluxes and soil respiration (Cantarel et al., 2012), increased microbial biomass was 
associated with increases in enzyme activities under eCO2 (Drissner et al., 2007) and meta-
analyses that suggest increases in micro- and mesofauna abundance can increase above-
ground plant productivity (Sackett et al., 2010).  
 
Effects may be system specific, however. For example, increases in soil fauna were found 
to have much stronger effects on plant productivity in systems where N is limiting (e.g., 
coniferous forests) compared with systems that contained legumes (Sackett et al., 2010). 
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Also, as has been previously discussed, greater numbers of specific biotic groups (such as 
root-feeding nematodes), may decrease productivity. Trophic cascades (the alteration of 
lower trophic levels by a key predator, such as suppression of prey numbers) may limit the 
extent to which increases or decreases in biomass affect ecosystem services (Wardle, 
2002). Overall, it is clear that changes in the biomass and composition, and possibly the 
species richness, of soil biota, could have a significant effect on the delivery of ecosystem 
services. However, it is difficult to predict what direction these changes in soil biotic 
communities will take, and what their consequences will be. 

Greenhouse gas emissions 

Given that soil microorganisms regulate terrestrial greenhouse gas (CO2, CH4 and N2O) 
flux, there is significant potential for feedback interactions to occur as climate change 
alters conditions within soil, but there is still much dispute over the extent and longevity of 
any effect.  
 
A principle factor driving increased emissions is the sensitivity of soil microbial 
metabolism to temperature. Increased temperature increases the rate of respiration more 
than photosynthesis, suggesting a net increase in CO2 production is likely to occur in the 
soil-plant system (Woodwell et al., 1998). Attempts to predict the extent of the change in 
microbial respiration are complicated by differences in the forms and stability of C pools in 
soil, but integrated models suggest that increased emissions, albeit over varying timescales, 
are the most likely outcome (Knorr et al., 2005). The increased exudation of labile C is 
also likely to stimulate respiration by enhancing the decomposition of more complex soil 
organic matter, as discussed previously (Van Kessel et al., 2000; Gielen et al., 2005; Drake 
et al., 2011).  
 
The long-term effects on microbial respiration, however, will be significantly influenced 
by the extent of any nutrient limitations that may occur as plants capture greater volumes 
of nutrients to support increased biomass production (Singh et al., 2010). Such limitations 
are likely to cause shifts to fungal-dominated systems that are inherently low respiration. 
The role of soil water is also debated as increased moisture availability may stimulate 
respiration in some regions but decrease oxygenation in others, whereas less moisture will 
decrease microbial metabolism but increase oxygenation in existing swamps and peat lands 
(Singh et al., 2010). This will have a major influence on nitrous oxide (N2O) production 
and emission from soils: more discussion on climate change impacts on N2O emissions can 
be found in section 5.4. 
 
Alterations to CH4 dynamics in soil are of great importance because CH4 has 
approximately 25 times the global warming potential of CO2 on a molecular basis, and 
other than atmospheric chemical oxidation, is only captured by methanotrophs in aerobic 
soils (Le Mer & Roger, 2001). Increased temperature is likely to stimulate methane 
emissions by increasing rates of microbial metabolic activity (Woodwell et al., 1998; Singh 
et al., 2010), but the determining factor in the long term will likely be the effects of climate 
change on the activity of methanotrophs. Based on comparisons of climatic conditions 
across various regions it is highly probable that CH4 consumption in wetter soils will 
decrease due to reduced oxygenation. Elevated CO2 has the potential to reduce CH4 uptake 
substantially, but the mechanisms for this are not understood (Dalal et al., 2008; Singh et 
al., 2010). While there is likely to be some inhibitory effects of moisture and eCO2 on 
methanogenic soil bacteria, there is no reason to assume this will match the substantial 
inhibition of methanotrophs that has been reported. Consequently, it is reasonable to 
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assume that climate change will stimulate decreased CH4 consumption in soils, producing 
a net increase in emissions. 
 
Combined, these results suggest that the effects of climate change on ecosystem services 
that are mediated by plants, soil biota and the interactions between them are likely to 
depend on both individual and community-level responses. Individual responses at the 
organismal level may be relatively rapid and occur within a few years, while changes in 
community structure may occur over years to many decades (Bardgett et al., 2013). This 
means that the overall effect of climate change on the delivery of ecosystem services will 
change over time. Any decoupling caused by differential responses of plant and soil 
communities to climate change may have significant consequences for the processes they 
mediate, an effect which is more likely over longer time scales as more major changes in 
community structure occur due to the immigration and loss of species (Bardgett et al., 
2013). 
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4 Impacts of climate change on soil carbon cycling 
Loretta Garrett1, Roberta Gentile2, Carolyn Hedley3, Mike Dodd4, Simeon Smaill1, Miko 
Kirschbaum3, Peter Beets1, Mike Beare2 
 
1Scion, 2Plant and Food Research, 3Landcare Research, 4AgResearch 
 

4.1 KEY MESSAGES 

The changing climate will impact on the soil carbon (C) cycling processes that are strongly 
influenced by temperature and soil moisture content. The impacts of climate change on New 
Zealand’s primary land based sectors will vary as a result of different land use and management. 
Although the soil C cycle has been well studied, there is no clear understanding of the interactions 
between the factors controlling soil C stocks and climate change factors i.e. carbon dioxide (CO2), 
temperature and moisture. The key results are presented in Table 4.1, which shows the predicted 
changes to the soil C cycle process and resulting soil C stocks for cropping, pastoral (dairy, 
extensive grazing), and forestry. The general direction of 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 
potentially 
affected  

Cropping Pasture 
intensive 
(e.g. dairy) 

Pasture 
extensive (e.g. 
dry stock) 

Forestry Justification 

Soil C supply  � � � � 

• 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.  

• 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. 

Soil C 
decomposition  

� � � � 

• Decomposition of soil organic matter is driven by soil micro-organisms and is very temperature sensitive, 
increasing with higher temperature across all sectors.  

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

- - - - 

• Soil C stabilisation is indirectly impacted by soil C supply and soil C decomposition. An increase in soil C supply 
promotes increased C protection where there is no cultivation or soil disturbance.  

• 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 - 
DOC  

- - - - • Increase in high rainfall events has the potential to increase dissolved organic carbon (DOC) loss through 
drainage. 

Soil C loss - 
erosion  

� � � � 

• Increase in windiness will increase risk of wind erosion for cropping sectors.  

• No anticipated change in erosion for dairy. 

• 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. 

Soil C stocks  
� 

� 
� 

� 
� 

� 
� 

� 

• Increase in windiness will increase risk of wind erosion for cropping sectors.  

• 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. 

• 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 
Overall, most likely to decrease 
Overall, most likely to remain unchanged 

� 

� 
- 

Could increase, remain unchanged or decrease  
 
Impacts are reasonably uncertain; therefore the direction of 
change cannot be predicted 

� 

� 
Reasonably certain of effects 
Neither certain nor uncertain 
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4.2 INTRODUCTION  

Soil carbon (C) is an important part of the global C cycle and is critical to the soil 
supporting processes (e.g. nutrient cycling) and soil natural capital. The extent to which 
soils and soil C will play a role in climate change mitigation is not well understood. 
Globally, soils represent a large and extremely important C reservoir, larger than the 
atmospheric and vegetation C reservoirs combined (Davidson and Janssens, 2006). In New 
Zealand the total soil C stock to 30 cm depth is estimated at 2,890 Tg (Tate et al., 2005) 
and a small loss of soil C can result in a large release of respired C dioxide (CO2) to the 
atmosphere. Moreover, soil organic C is linked to soil quality (Lal, 2004; 2005). There is a 
need to understand whether climate change will increase or decrease soil C. Although the 
soil C cycle has been well studied there is no clear understanding of the interactions 
between the factors controlling soil C stocks and climate change factors: carbon dioxide 
(CO2), temperature and moisture.  
 
Net primary production (NPP) is the initial source of C to the system, followed by 
additional processes whereby plant C is delivered to the soil, either on or below the soil 
surface (Fig. 4.1). Once part of the soil, the C may undergo decomposition and be released 
as CO2 to the atmosphere, or be stabilised and protected in the short- to long-term from 
decomposition. Soil C may also be lost through dissolved organic carbon (DOC) transport 
to ground water or through erosion. Climate change is expected to impact the C cycle 
process with greater C inputs and faster C decomposition rates, and variable impacts on 
soil C stabilisation and loss. 
 

 
Figure 4.1: Key processes in the soil organic carbon cycle in primary production systems. 

Net primary 

production

Animal 

intake

Root allocation

Senescing shoot 
litter

Senescing root 
litter

Root exudationExcreta

‘On soil’ ‘In soil’

Free soil carbon

Physical carbon 

stabilisation

Chemical carbon 

stabilisation

Carbon 

decomposition

dissolved organic carbon loss

Erosion carbon 

loss

Soil surface
Carbon dioxide



74 • Review of climate change impacts on soil – Appendices Ministry for Primary Industries 
 

 
Projections made by NIWA indicate that future climate change in New Zealand will 
involve increases in temperature and changes in rainfall, including a greater frequency of 
extreme storm events and drought, as well as elevated atmospheric CO2 concentrations. 
The impacts of soil erosion, a key process in soil C loss, have been reviewed (Basher et al., 
2012). However, much uncertainty exists around the impacts of other key processes such 
as soil C inputs, decomposition and stabilisation and interactions with the N cycle on soil 
carbon. The changing climate is expected to have an impact on soil C stocks in the long-
term, however the magnitude and direction of change in soil C at the national level is 
uncertain. Land use significantly impacts on soil C stocks and processes, as forests contain 
more biomass and capture more carbon than pastoral or cropping systems. Furthermore, 
site management influences the incorporation of surface C residues into the soil. It is 
possible that indirect effects of climate change on land use and management patterns may 
exceed direct effects on soil C. 
 
This section reviews current understanding of the likely changes in soil C processes and 
soil C stocks under a changing climate for the three primary production systems (pastoral, 
arable and production forestry) and their association with the main climate change factors: 
elevated atmospheric CO2 (eCO2), increased temperature, changes in rainfall and increased 
frequency of extreme weather events. The interactions of eCO2, temperature and rainfall 
are also considered.  
 
We examine the impact of climate change on soil C through four key questions:  
1. What are the impacts of climate change on the supply of C to the soil (C inputs from plant 

production)?  
2. What are the impacts of climate change on the decomposition rate of soil C (plant litter and 

soil organic matter decomposition)?  
3. What are the impacts of climate change on soil C stabilisation and loss processes as they 

affect the soil’s carbon storage capacity?  
4. What are the impacts of climate change on the change of soil C stocks under 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 source of C to the systems but there are 
additional processes whereby that plant C is delivered to the soil (either on or below the 
soil surface, Fig. 4.1). Other sections cover the decomposition of organic C on/in soil 
leading to losses of stabilised soil C and respiration. An important caveat is that few 
studies actually measure NPP or the processes delivering C to the soil – most measure 
biomass accumulation, which in crops may be harvested yield, and in pastures is actually 
an estimate of animal intake. So the assumption is frequently made that increases in 
measured biomass accumulation reflect increases in NPP.  

Effect of elevated atmospheric carbon dioxide 

Elevated CO2 concentration is expected to increase NPP in all plant production systems 
(Friend, 2010) in the absence of other limiting factors (e.g. soil fertility). This has been 
demonstrated in empirical studies, both laboratory and field-based, across the three 
primary production systems of relevance to New Zealand: pastoral (Newton et al., 2001), 
arable (Morgan et al., 2005), and forestry (DeLucia et al., 2005). Leaf photosynthesis 
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increases by 30-50% in C3 grasses and 10-25% in C4 grasses with a doubling of CO2 
(Soussana & Lüscher, 2007). The difference between C4 and C3 species is due to the 
greater efficiency of the Rubisco C-assimilation enzyme in C3 plants as stomatal CO2 
increases (Sage & Kubien, 2007). Despite the observed downregulation of photosynthetic 
capacity, stimulation of leaf photosynthesis is maintained over time (Leakey et al., 2009) 
but short and long-term plant growth responses differ due to soil feedback factors affecting 
nutrient availability (Soussana & Lüscher, 2007; Newton et al., 2010; Norby et al., 2010). 
Increased NPP generally translates into increased yield; across a range of crops, a doubling 
of CO2 increases biomass production by ~30% in C3 species but <10% in C4 species 
(Hatfield et al., 2011). In forests, growth has been shown to increase by a median of 23% 
across a range of site productivity levels (Norby et al., 2005). This general effect is 
supported by CO2 enrichment experiments on young pine trees in New Zealand (Atwell et 
al., 2003). Recent estimates of the magnitude of the expected plant growth response are 
typically lower than earlier estimates. Specifically, free air CO2 enrichment (FACE) 
studies have indicated on average 50% less response compared to chamber studies, due to 
the elimination of light and temperature artefacts associated with chamber studies (Long et 
al., 2006). 

Effect of increased temperature 

Plant species vary in the defined range of minimum-optimum-maximum temperatures 
within which growth occurs. Thus, increased temperature will either increase or decrease 
NPP and biomass accumulation in plant production systems, depending on location and 
species (Hatfield et al., 2011). Plants are generally able to acclimate to temperature 
changes, and in general increased temperature will result in increased NPP in grassland 
(Wan et al., 2005; Zha et al., 2013) and biomass (Liu et al., 2011; Lu et al., 2013), 
particularly in the temperate climates of New Zealand where damaging high temperatures 
are not projected and growth-limiting low temperatures will become less frequent. 
Increased temperatures generally accelerate phenological development, which can shorten 
growing seasons for annual crops and thus reduce NPP (Kirschbaum, 2004a). On the other 
hand increased temperatures will lengthen the growing season for perennial crops such as 
pastures and trees (Way & Oren, 2010). In mixed-species pasture, shifts in the dominance 
of species in response to temperature changes are likely, e.g. C3 to C4 grasses, with the 
latter better adapted to higher temperatures (Sage & Kubien, 2007). This will change the 
pattern of production response to temperature. The effects of temperature on plant 
production are likely to be further modified over time as higher temperatures increase 
nutrient supply via greater mineralisation rates (Niklaus 2007), which may mitigate 
expected CO2 effects on nutrient limitation (Luo et al., 2004). 

Effect of changes in rainfall 

Moisture availability has a large influence on NPP through stomatal conductance and 
resultant photosynthetic rates (Lawlor & Cornic, 2002). Water deficits in particular will 
have detrimental effects on NPP and biomass accumulation in all plant production systems 
(Barker et al., 1985; Prince et al., 2001; Richardson et al., 2002). On the other hand, 
increased rainfall intensity can also reduce NPP via excessive soil moisture levels 
(McFarlane et al., 2003) and cause crop damage (Rosenzweig et al., 2002), though in the 
short-term the associated tissue senescence may represent an increase in C supply to soil. 
For production forests, small changes in rainfall projected for New Zealand are expected to 
have relatively minor effects on tree growth, most likely overshadowed by CO2 and 
temperature effects (Kirschbaum et al., 2012b). For cropping systems, negative effects on 
yield are projected in a limited number of dryland sites (Teixeira & Brown, 2012). Pastoral 
production appears likely to be the most negatively impacted sector from a drought 
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perspective, with model projections from the Ecoclimate project indicating production 
losses in the North Island and Eastern regions arising from increased frequency and 
severity of drought years (Baisden et al., 2008). 

Effect of interactions between CO2, temperature and rainfall changes 

Interactions between CO2, temperature and rainfall changes are readily observed (e.g. 
Shaw et al., 2002; Tubiello et al., 2007; Morgan et al., 2011) and thus very important in 
determining actual future NPP outcomes for any given location and species combination 
(Kirschbaum, 2004a). 
 
Due to increases in photorespiration with increasing temperature in C3 species (Sage & 
Kubien, 2007) the CO2 effect on primary production is greater at higher temperatures. 
Decreases in stomatal conductance and canopy evapo-transpiration under eCO2 mean that 
the water use efficiency (WUE) of all plants is increased (Kimball & Idso 1983; Wand et 
al., 1999) and reduced depletion of soil water is observed (Newton et al., 2006). Thus, the 
positive effect of eCO2 will be enhanced under drier conditions for both C3 and C4 species 
due to higher WUEs (Leakey et al., 2009; Hatfield et al., 2011). So in general plants should 
be less sensitive to lower precipitation under eCO2 and this may mitigate losses in NPP due 
to temperature-induced moisture stress. In the longer term, the increased growth of C4 
species at higher temperatures may be offset by eCO2-induced nutrient limitation (Dodd et 
al., 2010). 

Effect of increasing frequency of extreme weather events 

There is very little information on the effects of increasing frequency of extreme weather 
events, because few studies have addressed these effects (Tubiello et al., 2007), with the 
exception of some modeling studies focused on crop yield losses (e.g. Rosenzweig et al., 
2002). Strong winds are associated with lower tree growth rates (Watt et al., 2010) and 
increase the risk of tree damage (Dunningham et al., 2012). There are indications of lower 
average rates of long term crop yield increase in areas with more extreme conditions 
(Porter & Semenov, 2005). Extreme climatic events that involve disturbance of plant 
communities are likely to lead to reductions in the dominance of existing species in favour 
of invasive species adapted to disturbance (e.g. C4 annual grasses compared to C3 perennial 
grasses, White et al., 2001) with variable effects on NPP. 
 
At larger scales the effects of more frequent extreme events on erosion rates in hill country 
will reduce long-term pasture productivity by ~20% (Rosser & Ross 2011), and also forest 
productivity, but to a lesser extent because of the reduced incidence of shallow landslide 
erosion under forests (Reid & Page, 2002). There may be as-yet unexplored interactions 
between the direct effects of CO2, temperature and rainfall on plant productivity (and thus 
plant cover and root mass) that mitigate or exacerbate the vulnerability of soils to erosion 
(Basher et al., 2012). 

Effects on supply of carbon to soil 

Changes in NPP can be expected to translate directly into changes in overall C supply to 
the soil interface in terms of shoot litter, root inputs and animal excreta (in grazed 
pastures). However, the expected balance between these pathways may also change, with 
resultant impacts on the degree to which C is retained in soil. Root inputs in particular have 
been shown to increase under eCO2 in pastures, in terms of both root exudation and 
turnover (Allard et al., 2005; Allard et al., 2006; Newton et al., 2006). This effect has also 
been shown in forests (Norby et al., 2004; Phillips et al., 2011). Increased root turnover in 
pastures in response to increased temperature was attributed to greater availability of 
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photosynthate and nutrients (Fitter et al., 1999). In grazed pastures the balance of C supply 
under eCO2 appears to have shifted toward root inputs and away from shoot and excreta 
inputs (Ross et al., 2013). This has implications for soil C stabilisation if, as has been 
suggested, most soil C is derived from root inputs (Rasse et al., 2005). Conversely, the C in 
root exudates is highly labile, so greater inputs of this material are unlikely to contribute to 
soil C stabilisation, and may act to reduce stabilisation by promoting the decomposition of 
more recalcitrant C (Allard et al., 2006; Hyvönen et al., 2007). 
 
In addition, the biochemical quality of the C supply to soils is likely to alter (see section 
3.6), with implications for the processes that decompose C in soils. In the absence of 
legumes, eCO2 can lead to plant tissue of higher C:N ratio that is less labile (Norby & 
Cotrufo, 1998; Saxe et al., 1998; Körner, 2000; Niklaus et al., 2001; Newton et al., 2010) 
and will have reduced decomposition rates. However, changes in plant tissue quality do not 
always correlate to changes in litter quality, as N re-sorption during senescence can vary 
with the amount of N present in the plant tissue, with more N translocated from low C:N 
tissue compared to high C:N tissue. This effect produces litter that is essentially of 
equivalent quality despite originating from plant tissue of differing quality (Norby & 
Cotrufo, 1998), and has been observed in grazed pastures (Allard et al., 2004). Further 
research into this process is required to understand the relative significance for litter 
quality, although it is apparent it will not be significant across all sectors. 
 
In systems where legumes are present, their greater growth responsiveness to eCO2 
(Newton et al., 2006) has been found to maintain or increase the quality of litter inputs by 
increasing nitrogen availability, leading to production of organic matter of lower C:N ratio 
(Allard et al., 2005). Moreover, in grazed pastures the presence of legumes and the effects 
of animal decoupling of C and N in excreta can alter C supply (Newton et al., 2006). 
Increased proportion of legumes in eCO2 pastures can lead to increased litter mass loss 
rates (assumed to equate to C supply via decomposition), which can be mitigated by slower 
mass loss rates from animal excreta (Allard et al., 2004). 
 
Changes in the combinations of plant species and edaphic conditions may lead to different 
rooting depth profiles and thus changes in the input of root-derived C through the soil 
profile. This is important because inputs deeper in soil are regarded as having slower 
turnover times, leading to greater stabilisation of soil C (Baisden et al., 2011). Plant root 
profiles will also respond to changing rainfall and temperature patterns as these impact the 
depth distribution of soil water content.  
 
Changes in the attributes of soil biotic communities will also impact on soil C supply, and 
are reviewed in section 3.5. Changes to organic matter decomposition, which also impacts 
on soil C supply, are reviewed in section 4.4. The implications of changes in soil C supply 
for soil C storage are discussed in sections 4.5 and 4.6. 

Modelling 

Given the large ranges in potential responses of different plant species to climate change, 
and the uncertainty regarding what climatic changes will actually occur, modelling studies 
represent the only feasible way of making crop- and site- specific projections on the effects 
of climate change on NPP. This approach also eliminates the substantial cost of multi-
factor empirical studies that incorporate the necessary interactions (Mikkelsen 2008). 
Consequently, numerous such analyses have been undertaken across many production 
systems globally (e.g., Riedo et al., 2000; Yang et al., 2005). The additional benefit of 
modelling is that specific effects on soil C supply (beyond NPP) can be assessed. The 
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drawback is that models are open to critique about the degree to which they are validated 
and incorporate all the relevant underpinning processes (e.g. CO2 effects, microbial 
processes) and long-term feedbacks (e.g. nutrient supply). Three recent modelling 
approaches for the pastoral, arable and production forest sectors in New Zealand are worth 
noting, since they have included CO2, temperature and moisture effects and interactions: 
• Teixeira & Brown (2012) used crop-specific ‘Plant’ modules within the process-based 

model APSIM to investigate the effects of predicted changes in temperature and 
rainfall under two emission scenarios on crop yields across four regions and two soil 
types. The results indicated both positive (due to CO2 fertilisation and greater WUE) 
and negative (due to shorter growth cycles and reduced water availability) effects on 
yield which were species and site specific. 

• Kirschbaum et al. (2012b) used the process-based model CenW to investigate the 
effects of projected changes in temperature and rainfall (from three emissions 
scenarios) on wood productivity across all of New Zealand at a resolution of 0.25°. In 
general, wood productivity was affected more by projected temperature changes than 
predicted rainfall changes, resulting in increased productivity in the south, but 
decreased productivity in the north and at lower altitudes. 

• Lieffering et al. (2012) used the ‘AgPasture’ module of APSIM to investigate the 
effects of two emissions scenarios on the seasonal pasture production patterns of case 
study farms in three regions. The results showed increased overall production in the 
Waikato and Southland and a slight decrease in Hawke’s Bay, but all regions showed 
changes in seasonal patterns which were then used to examine 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 response to climate change is the 
temperature dependence of soil organic matter decomposition (SOMD) (e.g. Jones et al., 
2005; Sitch et al., 2008; Kirschbaum, 2010). If global warming leads to significant losses 
of soil C it will constitute a dangerous feedback that could significantly increase future 
warming (e.g. Cox et al., 2000; Hayes et al., 2011). Despite ongoing research efforts the 
ranges of uncertainty predicted by modelling of the temperature response function of 
organic matter decomposition are large (Fig. 4.2b), and the resultant soil C changes (Fig. 
4.2a) are of similar magnitude to the cumulative C release from land-use change or half of 
the cumulative fossil fuel emissions since the beginning of industrialisation (Denman et al., 
2007; Sitch et al., 2008). These global models can be applied to New Zealand using our 
projected temperature changes as reported in Section 2.  
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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 give different apparent sensitivities. Jones et al. 
(2005) showed that use of a simple one-pool organic carbon model leads to a predicted 
greater soil C feedback (i.e. greater effect on SOMD) compared to other models with a 
number of pools with different turnover times, the latter being a more accurate simulation. 
The various predictions from global modelling studies thus hinge on the model structure 
that is employed (Jones et al., 2005) and parameterisation, especially the strength of the 
temperature-decomposition relationship (Sitch et al., 2008; Kirschbaum, 2010). This is 
partly because of our incomplete understanding of SOMD, which is evolving as new 
methods emerge to study the nature of organic materials. Therefore SOMD mechanisms 
are a critical focus of current climate change research, with modelling playing an important 
role in our understanding.  
 
The temperature sensitivity of soil organic matter decomposition can be described using a 
“Q10” relationship, i.e. the proportional increase in activity per 10-degree increase in 
temperature. This sensitivity changes with temperature, with a proportionally greater 
change in activity at lower temperatures than at high temperatures (Fig. 4.3). The Q10 has 
been shown to exceed 6-fold at temperatures below 6°C, but 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 Q10 function with Q10 = 2 (b). Redrawn from Kirschbaum (2000). 
 
Temperature dependencies have been obtained through laboratory incubations 
(Kirschbaum, 1995, 2000), measurements of soil respiration with seasonally varying 
temperatures (Lloyd & Taylor, 1994), soil warming experiments and study of 14C 
enrichment of soil organic matter along altitudinal gradients (Trumbore et al., 1996). These 
different methods derive reasonably consistent estimates of the temperature dependence of 
SOMD rates once interactions between the inherent temperature sensitivity and changing 
substrate availability has been explicitly taken into account (Kirschbaum, 2004b, 2013). In 
essence, when conditions are favourable for rapid decomposition, the resulting fast rate can 
deplete the pool of available substrate, leading to reduced subsequent decomposition rates. 
The rate of SOMD may become constrained by inadequate substrate supply to the 
decomposing micro-organisms. This has been noted in soil warming experiments 
(Kirschbaum, 2004b; Eliasson et al., 2005) where it can limit the stimulatory effect of soil 
warming after a number of years of experiments (e.g. Luo et al., 2001). It can also be a 
problem in laboratory experiments, although if recognised its extent and importance as a 
confounding factor can be minimised under these conditions (e.g. Nicolardot et al., 1994). 

Substrate quality and quantity affects soil organic matter decomposition 

Substrate quality will affect its biodegradability; for example, the seasonal variations in 
pasture quality and growth result in seasonal variations in the availability of labile 
substrate, and this seasonal variability confounds the temperature dependence of SOMD 
(see Section 4.2). The soil organic matter is constantly replenished through new litter 
influx, and the varying substrate supply of different plant species at different times of the 
year should be incorporated into climate change and SOMD models to improve their 
prediction accuracy. Therefore, changes in the pool of labile substrate typically counteract 
the effect of temperature in that these pools are usually smaller at times with most 
favourable temperatures for decomposition, i.e. summer time. It illustrates that strong 
intrinsic temperature dependence can easily turn into a weaker 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 sensitivities have also been used in the two most 
widely used soil organic matter models, Roth-C and CENTURY. There is also an 
important difference between temperature dependencies for short-term and longer-term 
applications. Including short-term seasonal temperature fluctuations in models, instead of 
annually averaged values, changes SOMD predictions. The greater the annual temperature 
range, the greater the deviation from the predicted response based on annual mean 
temperature alone. This is further illustrated in Fig. 4.4, which shows relative annual 
decomposition activity as a function of mean annual temperature, with the symbols 
representing global locations with various temperature ranges. The graph illustrates several 
key aspects. For the same annual mean temperature, total decomposition activity increases 
with magnitude of the annual temperature range. Soils with a low annual mean 
temperature, but a wide temperature range, experience a larger part of the year at high 
temperature than a soil with the same mean temperature but a lesser temperature range. 
 
 

 
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 greater annual temperature range (e.g. at high 
altitudes in New Zealand). This means that the negative correlation between annual mean 
temperature and the temperature range partly compensates for the lower SOMD at lower 
temperature and the derived temperature response is less steep for annual mean 
temperature responses based on data from the actual distribution of temperatures across the 
world than would be based on a simple application of the short-term temperature 
dependence that ignores this interaction with seasonal temperatures (Kirschbaum, 2010). 
Models using short time steps (e.g. monthly) lead to reduced sensitivity of soil C stock 
estimates to warming, especially for cold regions, than would be predicted for simulations 
using annual time steps. This effect also helps to reconcile some apparent differences in 
temperature dependencies obtained by different workers using different approaches.  
 
However, there are a number of complicating features of this simple picture. For example, 
Dungait et al. (2012) recently provided evidence that the conceptual slow and resistant soil 
organic carbon (SOC) pools used in computer simulation models (e.g. in RothC and 
CENTURY) are questionable because contemporary analytical approaches suggest that the 
chemical composition of these pools is not necessarily predictable from their chemical 
composition, i.e. that there is not necessarily a “recalcitrant” fraction. Specifically, the 
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concept of biochemical recalcitrance, i.e. a molecular structure inherently resistant to 
microbial decomposition, which has previously been widely accepted, is now called into 
question because of the lack of an adequate molecular or mechanistic definition. Dungait et 
al. (2012) instead suggested that decomposition of SOM is a function of accessibility by 
microorganisms in the soil matrix, and not chemical stability per se.  

Impact of soil microbes and soil natural capital 

The physical pathway connecting the decomposer microorganism with the organic matter 
is the route that has to be navigated before the organic matter can be decomposed, and is 
influenced by motility of microorganism or the movement of exo-enzyme and the organic 
matter, pH, soil pore size, length, connectivity and tortuosity, strength of the soil organic 
matter (SOM) sorption on soil particles, occlusion between clay layers and within 
aggregates, efficiency of enzyme activity, as well as temperature. This research therefore 
suggests that SOMD is impacted by soil physical condition and biological activity as well 
as its chemical make-up, and models that account for movement through the soil matrix of 
all factors required for decomposition (i.e. microbes, organic material (e.g. root growth), 
moisture, temperature, nutrients) may give greater insights into the factors that control 
SOMD and how they may respond to future global warming.  

Modelling 

Conceptual models are used to understand how the soil ecosystem impacts on SOMD, and 
Conant et al. (2011) presented a model that distinguishes SOM available for decomposition 
from that which can be assimilated into microbial biomass. Their model distinguishes the 
different steps of the decomposition process (uptake mechanisms and microbial 
catabolism) from the processes that make SOM available for decomposition 
(adsorption/desorption and aggregate turnover). They conclude that understanding the net 
effect of rising temperature on soils requires understanding of all these component 
processes and their interactions, because decomposability of the bulk soil OM is a function 
of several independent processes (Kleber, 2010).  
 
Apparent differences in model predictions can also be resolved by considering co-varying 
factors, such as the size of the substrate pools. Most global models still do not use nutrient 
cycle feedback limitations even though it is likely that the inclusion of nutrient cycling 
would lessen any response to external driving factors. When conditions are favourable for 
rapid decomposition, then the fast rate can deplete the pool of available substrate leading to 
reduced subsequent decomposition rates (Kirschbaum, 2013). Therefore changing nutrient 
substrate supply confounds the effect of temperature on SOMD.  
 
However the more critical question for system responses to global warming is the relative 
temperature dependence of decomposition of the more recalcitrant fractions of organic 
matter. There is active debate going on as to whether fractions with different recalcitrance 
have the same or different temperature dependencies, with a theory being advanced that 
increasing recalcitrance of organic matter should be correlated with greater temperature 
dependence (e.g. Bosatta & Agren, 1999). The debate is in part fuelled by the emerging 
new definition of “recalcitrance” as being physically protected by the soil’s structural 
matrix (Dungait et al., 2012), rather than chemically inert to decomposition.  

Water limitation impacts 

Another climate change impact on SOMD is water limitation, because drier soils inhibit 
decomposition processes (Moyano et al., 2012). Suseela et al. (2012) examined how 
warming and altered precipitation affected the rate and temperature sensitivity of 
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heterotrophic respiration (Rh). Drought reduced Rh both annually and during the growing 
season. During the summer, when Rh was highest, they found evidence for a threshold, 
hysteretic response to soil moisture: Rh decreased rapidly when volumetric soil moisture 
dropped below ~15% or exceeded ~26%, but Rh increased gradually when soil moisture 
rose from the lower threshold. It is possible that this is explained by these threshold values 
representing the optimum soil moisture range for microbial activity and plant growth in 
their study’s loamy over gravelly sandy loam soil. This is an important interaction, not 
only because climate change may cause changes in water availability through changed 
precipitation patterns, but also because warming itself will lead to enhanced rates of water 
loss and thus drier soils unless warming is also accompanied by increased rates of 
precipitation. The inhibitory effects of drying of soils will partly negate the warming-
enhanced stimulation of SOMD, but this interaction has not yet been explored 
quantitatively, and may be offset once drought has broken by decomposition of the organic 
carbon that has been stabilised and mineralised during the dry period. 

Summary 

This technical review section has discussed climate change impacts on soil organic matter 
decomposition, and the uncertainty associated with existing models. Ecosystem responses 
to climate change can be non-additive and nonlinear (Burkett et al., 2005) and both plants 
and microbes can exhibit threshold responses. If we can identify these nonlinearities and 
thresholds we will be better positioned to reduce some of the uncertainties associated with 
our climate change decision making (Zhou et al., 2008).  
 

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 C indefinitely, but rather serve to reduce the 
rate of C decomposition relative to unprotected C (Baldock & Skjemstad, 2000). The main 
mechanisms of soil C stabilisation that reduce C availability for decomposition include 
physical protection within soil aggregates and chemical protection through organo-mineral 
associations (Baldock & Skjemstad, 2000; Six et al., 2002a; von Lützow et al., 2006). 
Physical protection involves the occlusion of soil organic C within soil aggregates where it 
is physically isolated from decomposers and conditions are less suitable for aerobic 
decomposition (Tisdall & Oades, 1982). Chemical protection refers to binding interactions 
of soil organic C with mineral surfaces of silt and clay particles or metal oxides (Hassink, 
1997). In addition to mineralisation to CO2, soil 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 processes involved in soil C stabilisation and 
DOC fluxes, let alone how these might respond to changing climate variables. Greater 
elevated atmospheric CO2 concentrations will have indirect impacts on soil processes by 
increasing primary productivity and C supply (section 4.2). Increased temperatures will 
stimulate biological activity and change chemical reactions. Changes in precipitation 
patterns will influence soil processes by controlling soil moisture conditions and water 
flows. Here we review available literature on how each of these predicted climate change 
effects may impact on soil C stabilisation and loss processes.  

Physical protection  

Soil aggregates are the units in which C is physically protected in the soil by separating it 
from decomposing microorganisms and creating conditions within the aggregate interior 
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that may limit aerobic decomposition (Ladd et al., 1993; Six et al., 2004; Tisdall and 
Oades, 1982). Therefore, aggregate stability and turnover can play an important role in 
controlling C stabilisation. Major factors that influence soil aggregation include soil fauna, 
soil microorganisms, roots, inorganic binding agents and environmental variables (Six et 
al., 2004). Soil mineralogy will also affect the processes involved in aggregate formation 
and stabilisation, because moderately weathered soils with 2:1 clay minerals 
predominantly form aggregates due to organic binding agents, whereas highly weathered 
soils with 1:1 clay minerals and oxides may form aggregates due to electrostatic 
interactions (Six et al., 2002b). New Zealand contains a range of soil orders with differing 
mineralogy and metal oxide contents (Percival et al., 2000), which will likely influence 
aggregate response to climate change a on a soil specific basis. While this review explores 
possible direct impacts of climate change on soil aggregate stability and turnover through 
changing environmental variables, climate change may indirectly influence physical soil C 
protection due to impacts on other aggregate formation factors.  
 
Increased atmospheric CO2 concentrations will not directly alter soil aggregate dynamics, 
but will have indirect impacts due to potential increases in soil C supply and changes in C 
quality. Aggregate formation and degradation are dynamic processes linked to C inputs 
and microbial activity, thus soil structure and soil C interact to increase soil aggregation 
and physically protect soil C. Elevated CO2 experiments have shown increases in 
aggregate-protected C when soil C stocks have increased in forest and grassland systems 
(Hoosbeek & Scarascia-Mugnozza, 2009; Jastrow et al., 2005). Six et al. (2001) observed 
an increase in aggregation and aggregate-protected C under perennial ryegrass after 6 years 
of elevated CO2 even though total soil C stocks were not changed. However, Moran & 
Jastrow (2010) found that management effects superseded any increase in soil C or 
aggregate fractions due to elevated CO2 in an arable cropping system. While physical C 
stabilisation should increase with elevated CO2, this affect will be modified by the extent 
of change to soil C inputs and management factors. 
 
Little information is available in the literature on temperature effects on aggregate 
dynamics and C protection. We have a low certainty about the impact of increased 
temperatures on aggregate turnover and physical C protection. Increased temperatures may 
both stimulate C inputs that stabilise aggregates and increase the decomposition of organic 
binding agents. In a prairie soil exposed to a continuous 2°C warming for 9 years, Cheng et 
al. (2011) did not observe any effect on soil aggregate distribution or stability. In this 
experiment, increased inputs in C with warming treatment were offset by accelerated 
decomposition resulting in no change in soil C. Thus the temperature sensitivity of 
aggregate stability will likely depend on the net balance between C inputs and 
decomposition. Freeze-thaw cycles generally increase aggregate turnover, though the 
effect of this disturbance depends on soil moisture, C concentration, and clay content (Six 
et al., 2004). An increase in temperature and decrease in frosts may reduce freeze-thaw 
cycles in some areas of New Zealand and have a small effect on promoting physical C 
protection. 
 
Changes in future precipitation patterns will alter soil moisture content and drying and 
wetting cycles. Drying and wetting can be disruptive or enhancing forces and the severity 
or speed of each process will control the balance of aggregate turnover. Rapid drying and 
wetting can decrease soil aggregation due to non-uniform shrinking or swelling of the clay 
fraction or compression of entrapped air causing stresses and cracks to develop (Dexter, 
1991). Additionally, the physical impact of raindrops may cause aggregate breakdown 
depending on soil cover and moisture levels (Six et al., 2004). Alternatively, slow drying 
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can draw C into small pores and increase molecular associations between soil C and clay 
minerals as water films retract, thereby stabilising soil aggregates (Degens, 1997).  
 
Soil C content may affect the stabilising influence of drying, as Haynes & Swift (1990) 
found that drying increased aggregate stability of high C pasture soil, but decreased 
aggregate stability of low C arable soil. Additionally, Park et al. (2007) observed that 
additions of glucose-C maintained aggregate stability during drying and wetting cycles. 
Similarly, drying and wetting cycles in the presence of growing plants have shown an 
increase in aggregate stability, which may be attributed to the presence of C sources and 
root exudates during drying (Materechera et al., 1994; Reid & Goss, 1982).  
 
Aggregate disruption due to fast drying and wetting may be a short-term effect, as 
aggregates have been observed to become resistant to breakdown upon repeated cycles 
(Denef et al., 2001). This may be due to aggregate stability increasing with time or the 
disintegration and reorganisation of particles to form stronger bonds (Denef et al., 2001; 
Dexter, 1991; Materechera et al., 1994). The impact of climate change on aggregate 
stability and protection of soil C will depend on the changes in rainfall distribution. 
Possibly areas in which rainfall decreases during the wet winter months or areas in which 
rainfall increases during the dry summer months will experience greater wetting and drying 
cycles. These physical stresses may increase or decrease the physical protection of soil C 
in aggregates depending on factors such as the rate of moisture change, C availability and 
soil mineralogy. Thus we have a low to moderate certainty about the direction of change in 
physical C stabilisation due to changing precipitation patterns. 

Chemical protection 

Soil carbon may be stabilised from decomposition by chemical or physicochemical 
interactions with soil minerals and metal oxides (Six et al., 2002a; von Lützow et al., 
2006). Several studies have shown soil C content to increase with increasing clay content 
due to the greater reactive surface area of clay particles increasing the soil chemical 
stabilisation capacity (Hassink, 1997; Six et al., 2002a). However, in an analysis of soil C 
contents of New Zealand pasture soils, Percival et al. (2000) found that pyrophosphate-
extractable Al was better correlated with C than clay content, suggesting that C 
complexation with Al-oxides may be a dominant mechanism of C stabilisation in these 
soils. Chemical stabilisation of soil C potentially involves multiple bonding mechanisms 
between mineral surfaces and C compounds including ligand exchange, cation bridging, 
electrostatic interaction, hydrophobic interactions, hydrogen bonding, and van der Waals 
forces (Sollins et al., 1996; von Lützow et al., 2006). The type of bonding present in a 
given soil will depend on the nature of the soil C compounds as well as the soil minerals 
present, and will likely involve multiple mechanisms. Adsorption and desorption processes 
in soils are not well understood due to this heterogeneity and complexity of bonding 
interactions. Hence we have great uncertainty in establishing any trends of climate change 
impacts on the chemical protection of soil C until we can understand the mechanisms 
involved.  
 
As with soil C physical protection, elevated atmospheric CO2 concentrations may have 
indirect impacts on C chemical protection by increasing the quantity of C inputs. The 
stabilisation of C by clay minerals would be expected to increase with increased soil C, but 
there are few studies examining this specific stabilisation mechanism. Increases have been 
found in silt and clay-associated C in response to elevated CO2 for whole soil (Jastrow et 
al., 2000) and aggregate-associated fractions (Hoosbeek & Scarascia-Mugnozza, 2009). 
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Thus increases in soil C in response to elevated CO2 should increase the association of C 
with soil minerals and metal oxides. 
 
As soil C adsorption and desorption are chemical processes, they should be subject to 
kinetic theory and their rates influenced by temperature. However, due to the complexity 
of the interactions involved, we have little information about the activation energies of 
these processes (Davidson & Janssens, 2006). Conant et al. (2011) recently reviewed the 
literature on temperature controls of adsorption reactions. They divided C-mineral 
interactions into high-affinity and low-affinity reactions. High-affinity reactions are 
regulated by thermodynamics with adsorption as an exothermic process and desorption as 
an endothermic process. Increased temperatures should favour desorption over adsorption 
and result in decreased stabilisation of C for high-affinity reactions. Conversely, low-
affinity reactions are slower and determined by the diffusion of C compounds to mineral 
surfaces. Thus increased temperatures should enhance the diffusion of C substrates and 
also promote binding sites on minerals due to desorption of high-affinity reactions. 
Therefore, increased temperatures should result in increased C stabilisation for low-affinity 
reactions. These opposing predictions for the temperature dependence of adsorption 
processes highlight the need to understand the binding mechanisms involved in soil C 
protection in order to adequately predict the impact of increased temperatures on C 
stabilisation. 
 
Changes in future precipitation patterns will alter soil moisture contents and mineral 
weathering. According to adsorption isotherm theory, the quantity of C adsorbed will 
increase with increasing C concentrations in solution (Stevenson, 1994). Concentrations of 
DOC increase upon rewetting (Kalbitz et al., 2000), so C adsorption would be expected to 
increase after dry periods. Conversely, high precipitation and soil moisture contents can 
dilute DOC concentrations (Kalbitz et al., 2000) and thus favour desorption processes 
reducing C protection. Berhe et al. (2012) conducted a field experiment in a Californian 
grassland simulating increased future rainfall during winter and spring seasons. They found 
that the seasonality of changes in precipitation influenced changes in soil C stabilisation, 
with increased rainfall during the wet winter season decreasing soil C stabilisation by Fe 
and Al oxides. Conversely, increased precipitation should increase mineral weathering 
rates and increase allophane and extractable Al, thereby promoting C stabilisation (Percival 
et al., 2000). 

Dissolved organic carbon transport  

Dissolved organic C transport is a potential pathway of soil C loss if it is leached through 
the soil profile into groundwater reserves or enters surface water flow. In New Zealand, 
DOC exports to streams in Waikato catchments under pasture and forest have been 
measured at 20.2-27.4 kg ha-1 yr-1 (Quinn & Stroud, 2002). Concentrations and fluxes of 
DOC in the soil are controlled by biotic and abiotic processes involving the nature of the 
organic matter, microbial activity, soil mineralology, soil solution properties, and 
environmental conditions (Kalbitz et al., 2000). Ghani et al. (2007) measured DOC 
concentrations by chemical extraction in New Zealand surface soils and found large 
variability and seasonal fluctuations in concentrations ranging from 73-718 mg C kg-1 soil. 
The greatest concentrations were found in allophanic soils in Waikato and during the 
winter season. Climate change may modify DOC concentrations and fluxes from the soil 
profile by altering environmental variables that drive flux processes. 
 
Elevated atmospheric CO2 may indirectly impact DOC concentrations and fluxes by 
altering soil C inputs and soil moisture regimes. Any increase in C inputs due to CO2 
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stimulation of plant productivity is likely to increase soil C pools including DOC. In the 
New Zealand FACE experiment, Ross et al. (2013) observed that extractable C 
concentrations increased after a 10 year exposure to elevated CO2. In a German FACE 
experiment involving a cropping system, Siemens et al. (2012) found that elevated CO2 
increased DOC leaching not due to higher DOC concentrations but because of reduced 
evapotranspiration leading to increased soil moisture content and groundwater recharge. 
Increased soil moisture with elevated CO2 treatment was also observed in the New Zealand 
FACE experiment (Ross et al., 2013). Thus increased CO2 levels may indirectly increase 
the potential for DOC leaching due to increased DOC concentrations and increased water 
flow through the soil profile. 
 
Dissolved organic C flux is the balance of processes that both release and remove carbon 
from solution. Increased temperature both stimulates soil organic mineralisation and the 
release of DOC as well as microbial decomposition and removal of DOC leading to no 
clear trend in DOC flux (Kalbitz et al., 2000). Examination of DOC fluxes in forest soils 
has shown temperature to have a positive effect (Borken et al., 2011) and no effect 
(Michalzik et al., 2001) on DOC concentrations. A meta-analysis by Lu et al. (2013) found 
that DOC pools increased by 12.1% with experimental warming. Therefore, increases in 
temperature may lead to increased DOC losses. 
 
Altered precipitation is the climate change factor that should have the greatest impact on 
potential DOC losses. Hydrological controls are generally more important for DOC fluxes 
than biotic factors (Kalbitz et al., 2000). Concentrations of DOC increase upon rewetting 
of dried soil and under anaerobic conditions (Kalbitz et al., 2000). Dissolved organic C 
fluxes increase with increased precipitation and water movement through the soil profile 
(Borken et al., 2011; Kalbitz et al., 2000; Michalzik et al., 2001). These observations 
indicate that DOC losses will increase in areas receiving increased precipitation, but 
decrease in the areas where precipitation decreases. An increase in heavy precipitation 
events and flood risk with climate change will also increase potential DOC losses. Water 
movement and solute leaching through the soil profile will be influenced by hydrological 
conditions and soil type (e.g. Ghani et al. (2010) observed higher DOC losses in a gley soil 
than allophanic soil under pastures in New Zealand).  

Erosion 

Erosion can negatively impact on soil C through disturbance and removal. Climate change 
impacts on erosion in New Zealand have been recently reviewed by Basher et al. (2012). 
They concluded that increased incidence of storm rainfalls would increase shallow 
landsliding, earthflows, gully and sheet erosion, which may be counteracted in the north 
and east due to increased temperatures and lower rainfalls. Increased drought periods and 
increased windiness would also increase risk of wind erosion, particularly in the east of the 
country. Many areas in the east of both islands with highest potential for erosion 
(landslides, gully erosion and earthflows) are projected to have a decrease in mean annual 
rainfall, so the impact of climate change will depend on changes to extreme rainfall and 
extra-tropical cyclone activity. The precipitation extremes projected would possibly have 
the greatest impact on soil loss, particularly as the 100-year return period for 24 hour 
extreme storms is projected to double. Soil C moved off site may become buried lower in 
the catchment or eventually in ocean sinks offsetting this 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 extremely important C reservoir, larger than the 
atmospheric and vegetation C reservoirs combined (Kirschbaum, 2000). Soil C stocks are 
determined by the balance between C inputs and outputs, which will vary with each soil-
climate-land use/management combination. Soil organic C stocks can increase or decrease 
when the soil C cycle processes controlling the input-output balance are changed. Global 
warming is likely to reduce soil organic C by stimulating rates of decomposition, while 
increased CO2 levels will simultaneously increase soil organic C supply through enhanced 
net primary production. How much C is stabilised in the soil is influenced by the change in 
soil C supply and decomposition, as well as soil type. Global warming is likely to reduce 
stabilisation and increased precipitation could remove more dissolved organic C, with 
heavy rainfall events increasing the risk of soil C loss through erosion. Here we review 
available literature on how each of these predicted climate change effects may impact on 
New Zealand’s soil C stocks. 
 
The quantification of soil C stock change as a result of climate change is limited by the 
data available and an understanding of how soil C cycle processes respond to climate 
variables and their interactions over the long term. The impact of individual climate 
variables on soil C cycle processes has a moderate level of certainty, with a moderate to 
high level of certainty for the impact on soil C decomposition, in predicting a change in 
soil C stocks.  

Effect of increased temperature 

Temperature changes significantly impact on soil C decomposition with modelled 
equilibrium changes from laboratory incubation data showing that with every degree 
increase in temperature, soil C stocks decrease by 5–6%, with more pronounced losses 
from soils at lower temperatures with small seasonal temperature variation (Kirschbaum, 
2000). With the slow turnover of soil organic matter pools, it is likely, however, to take 
many centuries before these equilibrium changes are fully realised. The long term impact 
of global warming, in particular on decomposition, is expected to be influenced by 
seasonal temperature variations changing substrate availability and substrate C quality, 
which could weaken the temperature dependencies measured in laboratory incubations 
(Kirschbaum, 2010, 2013).  

Effect of elevated carbon dioxide 

Results from the New Zealand FACE experiment with increasing CO2 in the atmosphere 
(475 ppm) measured an increase in soil C stocks of 1.2% per year in a sandy soil under 
pasture (Ross et al., 2013), which is consistent with the mean value from a meta analysis of 
international literature by De Graaff et al. (2006). The soil C response to increased 
atmospheric CO2 concentration depends on soil nitrogen availability, with soil C stocks 
only increasing under high nitrogen availability (De Graaff et al., 2006). These results 
indicate that there would be greater soil C sequestration under high nitrogen input systems 
in New Zealand. The projected increase in atmospheric CO2 to values of 480–530 ppm for 
New Zealand by mid century would indicate that where nitrogen is not limiting we could 
expect an increase in soil C supply and soil C stocks under elevated CO2 only.  
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Effect of change in precipitation 

Climatic changes in precipitation are projected to vary over New Zealand and with season 
(see Table 2.1). The projected changes in precipitation will impact on soil moisture 
availability, of which limited moisture negatively impacts on soil C decomposition and 
resulting soil C stocks (Kirschbaum, 2010). Where rainfall is plentiful, precipitation 
changes could have both positive and negative impacts. A New Zealand study that re-
sampled pastoral soil after 20-30 years (Schipper et al., 2007) did find that decadal scale 
differences in seasonal patterns of temperature and rainfall (warmer and dryer) were 
associated, although not significantly, with the decadal scale patters in soil C and N 
dynamics (reduced soil C stocks under warmer and dryer conditions).  

Impact of soil type 

The different soil types in New Zealand have significant differences in C stocks. This is 
due to the influence of different soil properties on soil C stabilisation, and climate factors 
that influence soil processes (Dodd et al., 2011). An analysis of the upper ranges of mineral 
soil C stocks in New Zealand found Organic soils were the highest, followed by Podzol 
and Allophanic soils. The lowest soil C stocks were found in weakly developed soils such 
as Recent and Raw soils (Jones et al., 2012).  
 
Under a changing climate the susceptibility of the C stored in different soil types may be 
influenced by how the soil C is protected. For example, soil types with low chemical 
activity (e.g. Raw soils) could potentially lose a higher percentage of soil C through 
accelerated decomposition under a changing climate than soils in which the majority of 
soil C is chemically protected (e.g. Podzol and Allophanic soils). For soil types that have a 
low soil C stock, losing even a low percentage can negatively impact on the soil quality 
and the ability of the soil to provide ecosystem services (Knoepp et al., 2000; Lal et al., 
2007). Conversely, even a small percentage change in C stocks for soil types that have 
large C stocks could result in a large C release into the atmosphere, resulting in a possible 
critically important feedback effect for future atmospheric CO2 concentrations 
(Kirschbaum, 2010; Baldock et al., 2012).  
 
New Zealand’s soils can have protected soil C that has come from historical indigenous 
forest land cover (Beets et al., 2002; Meder et al., 2007). This soil C (old carbon) can be 
protected by the mineral soil for a considerable length of time, buffering any change; for 
example, the spatial variability in historical soil C can be greater than current land-use 
change effects. The amount of historical protected C in different soil types is also variable 
and uncertain, but for some soils the bulk of the soil C is from indigenous forest cover. We 
know how climate change effects impact on newly added soil C, but are uncertain about 
whether old protected soil C is less vulnerable to climate change. Given that historical C 
can dominate the total stock in many New Zealand soils, the effect of climate change on 
the historic C fraction should be of considerable interest, because if this is liberated the 
potential for change in C stocks is large. Limited understanding of the mechanisms 
protecting historical soil C means that uncertainties remain in predicting the soil C stock 
response to climate change scenarios for New Zealand. 

Impact of land management  

The impact of climate change on soil C stock is confounded by type of land management 
practice. Under a changing climate, the land management practices that will have the most 
impact on the soil C cycle and resulting soil C stocks will be soil disturbance resulting in 
vulnerability to erosion and loss (Kirschbaum et al., 2009). Soil disturbance can often go 
beyond 30 cm depth (Yang & Wander, 1999; Oliver et al., 2004), the depth to which soil C 
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stocks are currently reported (Tate et al., 2005). Not only does erosion remove soil C from 
the site, but the resultant erosion scars tend to decrease productivity (20% in pastoral) 
relative to intact land, thereby reducing soil C supply (Rosser & Ross, 2011). This loss 
may be offset by soil C moved off site becoming buried lower in the catchment or 
eventually in ocean sinks (Dymond, 2010).  

Effect of climatic extremes 

Projected extreme climatic events are often localised, however, are likely to have the 
greatest impact on New Zealand’s soil C stocks in both the short and long term: 
• The projected precipitation extremes will probably have the most significant impact on 

soil C stocks on site by increasing erosion risk (Basher et al., 2012).  
• The projected extreme temperatures resulting in more hot days will impact on the soil 

moisture balance, soil C cycle processes and net soil C stocks.  
• Increasing evapotranspiration under a warming climate and an increase in drought 

magnitude and frequency will reduce soil moisture, thereby reducing NPP and the 
supply of C to the soil. It can be expected that where soil moisture is already a limiting 
factor, soil C stocks will be relatively unaffected. Where soil moisture is not limiting, 
positive and negative impacts on soil C stocks are expected. 

• Extreme wind events are also expected to increase the risks of NPP reduction 
(Dunningham et al., 2012) and wind erosion (Basher et al., 2012), both of which could 
have a negative impact on soil C stocks.  

• Finally, fire risk is projected to increase. Some charcoal can remain in the soil in a 
stable form, resulting in an increase in soil C stocks (von Lützow et al., 2006). Fire 
negatively impacts on NPP and soil C supply to the soil. 

Total soil carbon stocks 

Limited information about New Zealand soil C exists, so predicting the magnitude of 
change on total C stocks by modelling of the effects of a changing climate on New 
Zealand’s total soil C have a low level of certainty. Although the soil C cycle has been well 
studied there is no clear understanding of the interactions between the factors controlling 
soil C stocks and climate change. Predictions made to dates indicate that: 
• Modelled soil C stock changes due to climate change scenarios for New Zealand show 

that the net change in soil C stocks, excluding erosion, is expected to be small 
(Kirschbaum, 2000) or decrease (Kirschbaum et al., 2012b) over the coming centuries.  

• Modelled results for planted forests predict an average C loss of 1.5% with increasing 
CO2 concentrations, with lesser reductions from regions with higher growth 
enhancements that partly offset the faster C decomposition rate under climate change 
(Kirschbaum et al., 2012b).  

• There are no modelled predictions on soil C stock change specifically made for other 
New Zealand sectors.  

• A review from a European perspective concluded that there is little evidence for an 
overall combined positive or negative impact of climate change on soil C stocks, and 
that any impact is expected to be far less than the indirect effects of land use change, 
land use and land management impacts (Schils et al., 2008). This is also expected to be 
the case in New Zealand. 

 
There are two types of uncertainty related to impacts on soil and soil C stocks: one is due 
to incomplete knowledge, and the other to the diversity of possible combinations of factors 
in the real world. The degree of certainty of the underlying science is presented in Table 
4.1. Given the large range of potential responses of soil C stocks to climate change and the 
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uncertainty regarding which climatic changes will actually occur and where, modelling 
studies represent the only feasible way of making site-specific projections.  

Land management adaptation impacts on soil carbon stocks  

Land management changes are likely with climate change (Dynes et al., 2010; Clark et al., 
2012), and this in turn will have implications for soil C stocks. Examples are increased 
irrigation of pastoral and cropping systems where water limits growth, and change in 
species or genotypes that perform better under the changing climate. Increased use of 
nitrogen (N) fertiliser to enhance NPP where nitrogen becomes limiting is also likely (see 
nitrogen cycling section). 
 
Climate change adaptation to alleviate moisture limitations or droughts through irrigation 
will increase the soil moisture status, removing moisture limitation to soil C decomposition 
or soil C supply. In a long term South Island irrigation study in Winchmore, Kelliher et al. 
(2012) found that soil C stocks to 1 m depth were 32% (9.1 t/ha irrigated vs 13.4 t/ha 
dryland) lower due to irrigation as required during summer. They estimated that the 
irrigation treatment had increased soil C supply by 36% but increased soil C losses via 
respiration by 97%. Long-term observations in the top 75 mm of soil in the same 
experiment (Schipper et al., 2012) showed that this difference in stocks was maintained 
despite both treatments accumulating soil C over the 60 years since border-dyke 
establishment. Globally, there are few published studies on irrigation effects on soil C in 
grasslands (e.g. Rixon, 1966; Xiao et al., 2007; Denef et al., 2008), and unique site factors 
are highly influential (Conant, 2001) and generalisations cannot be made.    
 
Change in the use of different species or genotypes to adapted to climate change will likely 
impact on the soil C supply to the soil. Plant functional types influence C distribution in 
the soil profile through biomass allocation and root distribution effects on the placement 
and quantity of C inputs (Fornara & Tilman, 2008; Jobbágy & Jackson, 2000). Changes in 
crop and pasture species, particularly those involving deeper rooting species, may have 
some impacts on soil C stocks or on processes influencing C stocks (Skinner et al., 2006). 
Moreover, in planted forests the impact of different tree species on soil C stocks is 
uncertain. Broad forest types (e.g. broadleaf forests) are often referred to in the 
international literature on soil organic C instead of individual species, because the lack of 
data on single species results in considerable uncertainty about their impacts. Broadleaf 
tree species typically have higher soil organic C stocks than coniferous species (Guo & 
Gifford, 2002; Paul et al., 2002; Laganière et al., 2010), and N-fixing tree species sequester 
more soil organic C than other tree species (Resh et al., 2002; Binkley, 2005; Kasel et al., 
2011). This suggests it is safe to conclude that a change in tree species in response to 
climate change will impact on the soil C stocks. 
 
Increased use of nitrogen (N) fertiliser is not expected to change soil C stocks in high N 
input systems in New Zealand where N supply does not limit NPP. Where N is limiting, or 
becomes limiting through climate change induced Progressive Nitrogen Limitation (PNL), 
N fertiliser application will increase the soil C supply. Increased soil C stocks in response 
to N fertiliser applications have been observed in N-limited New Zealand planted forests 
due to increased soil C supply, despite elevated rates of soil C decomposition induced by 
the N fertiliser (Huang et al., 2011). Further potential outcomes of increased soil C supply 
for soil C stocks are discussed in detail in the soil C supply section. 
 
The greatest impact of management adaptation to climate change on soil C stocks would be 
any change that reduces soil disturbance and vulnerability to erosion and loss. This is 
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likely to be influenced by best management practices and practices to sequester soil C or 
minimise soil erosion (Paustian et al., 1997; Lal, 2005; Prescott, 2010; Basher et al., 2012). 
Moreover, land use change is likely to occur with climate change, particularly afforestation 
of erosion-prone hill country, and impacts on soil C stocks of these changes have been 
evaluated elsewhere (Kirschbaum et al., 2012a).  
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5 Impacts of climate change on soil nitrogen cycling 
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5.1 KEY MESSAGES 

Climate change impacts nitrogen (N) cycling through elevated temperature, eCO2 and 
changing rainfall distribution and amount. These impacts are further modified by an 
increase in extremes: more hot days, greater frequency of drought and more storm events. 

These conditions will interact to provide a net effect on N transformations and processes. 
In deliberating the likely effects, we also need to factor in the difference between response 
in an experiment and a larger scale response of the system (e.g. plant community 
structure). Experiments tend to provide information about the details of N processes but 
cannot really deal with interactions and complexity at the farm system level. Parsons et al. 
(2013) provide a salutary warning: 

The complexity and time scales of response of this system defies understanding by 
observation and experiment alone, to the extent that attempts to manipulate the system 
without prior careful analysis of the potential outcomes, could prove at best 
ineffective, and at worst counter-productive. 

 
An assessment of the likely impact of climate change on 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 modifying the general trends in increased 

temperature and eCO2. 
 
This latter point is especially important; whilst we can extrapolate from experiments about 
general effects of temperature and eCO2, the complexity derives from some of the 
extremes, most notably drought effects, which could negate any benefits from eCO2 on 
productivity (Walthall et al., 2012). Furthermore, for pastoral systems we have not 
considered the contribution from risk of reduced animal performance due to hotter days 
under climate change. 
 
This review showed that there are limited New Zealand specific datasets directly 
applicable to our farm and forest systems for assessing the potential changes of eCO2 on N 
processes. All of the New Zealand specific data for pastoral systems is from the NZFACE 
experiment near Palmerston North in the Manawatu region (single site, one soil type, sheep 
grazed pasture). There is a risk of being too dependent on a single dataset. There are no 
specific local data for cropping or forest systems. 
 
Table 5.1 summarises the estimated impacts of climate change on the N cycling processes 
for each ecosystem. The following assumptions are made: 
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• Dairy vs dry stock farming: we have used this as a guide to ‘intensity’, assuming dairy 
systems will be reliant on external N inputs (fertiliser and feed), which will not be 
sustained by potential benefits to legume production alone. In contrast, we have 
assumed that the dry stock systems will be driven primarily by N fixation, 
supplemented with N fertiliser on parts of the farms where economics allow. 

• Atmospheric N inputs will increase as a result of slightly more rainfall. Given the low 
rates of atmospheric deposition in NZ, change in loads will be small. Increases in 
ammonia volatilisation may also increase atmospheric deposition of N. 

• N fixation will increase because the balance of evidence suggests that eCO2 favours 
legume growth. 

• Increased N fertiliser inputs are assumed to be used to mitigate against PNL and are 
not limited by regulation; we have assumed legumes will be sufficient to mitigate PNL 
on dry stock farms (i.e. where N fertiliser inputs have traditionally been low). 

• Excreta and effluent returns in pasture systems will increase as a result of more pasture 
growth. 

• Increases in temperature and substrate availability will generally increase microbial 
activity so that mineralisation-immobilisation turnover (MIT) and nitrification may 
increase. The net effects on MIT are uncertain. 

• An increase in the rate of ammonia volatilisation is driven by increased temperature 
and periods of drought. Sources (manure, urine, effluent, fertiliser etc.) may also 
increase. 

• An increase in the denitrification rate is driven by increased temperature, mild winters 
and high water contents where plants become more water-use efficient and use less 
water, and due to periods of increased rainfall. Sources (manure, urine, effluent, 
fertiliser etc.) may also increase. 

• Nitrate leaching will be a balance of other processes affecting the amount of mineral N 
remaining in the soil at times of drainage. There are insufficient data on leaching of 
dissolved organic nitrogen (DON). 

• Removal of N in products (food and fibre) should increase where N and water are non-
limiting due to eCO2 fertilisation.  
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Table 5.1: Summary of the impacts of climate change on N cycling. 
Soil nitrogen factor Production Sector Justification 

 Cropping 
Pasture intensive 

(e.g. dairy) 
Pasture extensive 

(e.g. dry stock) 
Forestry 

 

N inputs/ 
transfers  

Atmospheric 
inputs 

� � � � 
• Increase slightly due to slightly more rainfall and small increases in ammonia volatilisation. 

N fixation � � � � • Increase due to balance of evidence suggesting eCO2 favours legume growth. 

 Fertiliser N � � � � 
• Increased inputs will be used to mitigate against PNL, limited by regulation. Assumed 

legumes will be sufficient to mitigate PNL on dry stock farms. 

 Crop residues � n/a n/a � • Increased forest productivity will increase residues at harvest  

 
Litter/ root 
exudation 

� � � � • Increased due to increased NPP and legume growth. 

 Effluent N n/a � n/a n/a • Increase in dairy systems as a result of more pasture production. 

 Excreta N n/a �  n/a • Increase in dairy systems as a result of more pasture production. 

Process 
rates 

Net 
mineralisation 

   � 
• Increases in temperature and substrate availability will generally increase microbial 

activity, however net effects are uncertain. Evidence indicates an increase in forests. 

 Nitrification � � �  • Likely to be a small increase due to small temperature increases, uncertain effects in 
forestry 

Losses/ 
removal 

Product � � � � 
• Where N and water are non-limiting yield should increase due to eCO2 fertilisation. More 

certain in forests. 

NH3 
� 

(minor) � � 
� 

(minor) 
• Increase driven by increased temperature and periods of drought. Sources (manure, urine, 

effluent, fertiliser etc.) may also increase. Effect on cropping likely to be small. 

 N2 & N2O � � � � 
• Increase driven by increased temperature, mild winters and periods of increased rainfall. 

Sources (manure, urine, effluent, fertiliser etc.) may also increase. 

 NO3 
� 
� 

 � 
� 

� 

• Balance of other processes affecting the amount of mineral N remaining in the soil at times 
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. � Reasonably certain of effects 
� Overall, most likely to decrease. � Neither certain nor uncertain 

� Overall, most likely to remain unchanged.  n/a Not applicable 
� 

� 
Could increase, remain unchanged or decrease. 

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

The N cycle is complex, with many interactions and feedback loops as N moves through 
the soil-plant or soil-plant-animal continuum (Figure 5.1). Processes are common between 
ecosystems but the relative size of fluxes will differ. Thus, although there are some 
commonalities in the likely response of N cycling to climate change, each ecosystem needs 
to be considered separately. Section 5.3 provides more commentary on the generic effects 
of likely climate change scenarios on these soil processes. 
 
In this review we explore the impacts of climate change by focusing on the following four 
questions: 
1. What are the impacts of climate change on N inputs and soil biological N processes 

(including immobilisation, mineralisation, nitrification and denitrification)? 
2. What are the impacts of climate change on N losses (ammonia volatilisation, 

denitrification/nitrous oxide emissions and N leaching) from the pastoral, cropping 
and forestry sectors? 

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

4. What are the impacts of climate change on future management of farm and forestry 
systems, and likely adaptations, including fertiliser management? 

 

 
 
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 exploring the effect of climate change on the 
following processes and transformations: 
• N Inputs/transfers:  

- External: atmospheric inputs; N fixation; fertiliser N (though this will be a farm 
management response to climate change), 

- Recycled: crop residues; litter/root exudation; effluent N; excreta N. 
• Process rates: mineralisation immobilisation turnover (MIT); nitrification. 
• Losses/removal: 

- Gaseous: NH3 volatilisation; denitrification (N2 and N2O), 
- 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 that drives the N cycling system (the ‘fuel’) 
through litter deposition, root exudation and root senescence (Hu et al., 2006) as well as 
via ingestion and excretion by grazing animals (dung, urine and, indirectly, effluent). 
Changes in rainfall may lead to small changes in atmospheric N inputs in rainfall (Parfitt et 
al. 2006). 
 
Nitrogen fixation can also be a significant input in some systems. Conversely, increased 
pest and disease pressures can reduce potential plant productivity and yield, thereby 
influencing soil N cycling. Understanding the impact of climate change on plant 
composition and productivity is therefore an essential first step in predicting responses of 
N cycling processes to climate change. 

Generic plant responses to climate change: implication for nitrogen 

Elevated CO2 increases photosynthesis in C3 plants and decreases stomatal conductance 
and transpiration in C3 and C4 plants (Long et al., 2004) by, on average, 22% in crops and 
grassland species (Lenka & Lal, 2012). Some authors argue that increased soil moisture 
arising from lower transpiration increases plant growth in dry conditions and also affects 
soil processes. However, this assumes that effects observed at the individual leaf level also 
occur at the canopy, field and ecosystem level (Lenka & Lal, 2012); increased leaf area 
and/or increased soil evaporation due to increased temperatures might negate these effects 
(Reich et al., 2006). 
 
Responses will not be fully expressed if other nutrients (or water) are limiting. For 
example, eCO2 has been reported to increase N fixation in legumes. However, in two long-
term experiments where this effect was short lived, the subsequent decline in N fixation 
was associated with shortages of other nutrients: molybdenum (Hungate et al., 2003); or 
low soil P availability (Niklaus & Körner 2004). 

Species-specific responses to eCO2: implications for nitrogen 

Tubiello et al. (2007a) provided a synthesis of crop response data to eCO2. They reported 
an increase in photosynthesis under optimal conditions of 30-50% in C3 plants and 10-25% 
in C4 species from a doubling of atmospheric CO2 concentration, a crop yield response of 
10-20% for C3 species and 0-10% for C4 species (CO2 increased from 380 to 550 ppm), 
and pasture yield response of ca. 10% for grasses and 20% for legumes. 
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Tubiello et al. (2007a) also postulated that future CO2 levels would favour C3 species but 
that warming would favour C4 species, such that there is uncertainty about net effects. 
Dodd et al. (2010) suggest that other factors also need to be considered: competitiveness of 
C4 species with other species, selection effects of grazing animals and soil biogeochemical 
feedbacks. They concluded that where C3 species dominated, competition from C4 species 
would be limited by progressive N limitation (PNL, discussed in detail later); where C4 
species dominated, their ability to benefit from warming would be limited by PNL unless 
fertiliser was added.  
 
Legumes, including white clover, can benefit from eCO2 by increasing the number and 
mass of root nodules (Zanetti et al., 1996). The rhizobial population composition can also 
be influenced by eCO2. Thus, eCO2 can lead to an increase in N inputs into agricultural 
systems if legumes are present. An increase in legume biomass under eCO2 was noted in 
the NZFACE experiment (Ross et al., 2004). In cropping systems, eCO2 increases grain N 
accumulation in legumes. In a meta-analysis Lam et al., (2012) found that eCO2 increased 
N fixation by 38%, accompanied with increases in nodule number (+33%), nodule mass 
(+38%) and nitrogenase activity (+37%). However, more N was taken off as grain than 
fixed by the crop (Lam et al., 2013; Lam et al., 2012), requiring more soil and fertiliser N 
inputs.  
 
Elevated CO2 has been shown to enhance productivity or dominance of the understory of 
N-fixing woody species Robinia and Eleagnus in forests (Mohan et al., 2007, Norby & 
Zac, 2011) which would be expected to increase N-fixation. Thus, N inputs from important 
understory N-fixing species such as gorse (Ulex europeus) and broom (Cytisus scoparius) 
and other N-fixing species that occur in the understorey of New Zealand forests (eg Lotus 
pedunculatus, Coriaria arborea) should increase due to eCO2, provided their growth is not 
limited by soil moisture or other nutrients. 

Effects of residues on nitrogen processes 

To understanding how plants respond to eCO2 and temperature change it is important to 
understand how soil inputs will be affected by residues. The quantity of surface residue is 
likely to increase in eCO2 environments where more biomass is produced (Prior et al., 
2004). Dieleman et al. (2012) concluded that foliar N concentrations in living plants 
decrease significantly in combined eCO2 and warming treatments, which may lead to an 
increase in C:N ratios of resulting residues. Taub & Wang (2008) reviewed 10 hypotheses 
for the mechanism(s) but tended to favour a combination of dilution of N in plant material 
due to increased C compounds derived from photosynthate and decreases in N uptake. 
 
In most arable systems, the crop harvest index (i.e. the harvested fraction of total plant 
biomass) is marginally affected by eCO2 (Pleijel& Uddling, 2011). This will mean that as 
grain yield increases, the amount of residue, either on the surface or incorporated into soil, 
will also increase by the same proportion. Based on an international meta-analysis, the 
effects on C:N ratios may be crop specific. From their analysis Lam et al. (2012) found 
that, overall, C:N ratios in C3 crops increased by about 16%, while those in legumes 
increased by about 8%. There was no effect of eCO2 on C:N ratios in C4 crops. However, 
changes in C:N ratio may be nil or small where there is a strategy to attain increased yields 
under eCO2 or to ensure high N grain concentrations to meet specific quality objectives.  
 
Initial thoughts were that the higher C:N ratio of plant material and an increased content of 
lignins and phenolic compounds under eCO2 would reduce the quality of litter and its rate 
of decomposition. Reviews of the data, however, have not shown this to be the case (Hu et 
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al., 2006; Reich et al., 2006). Hu et al. (2006) suggest that eCO2-induced changes in 
quantity of C would dominate decomposition and N mineralisation 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/faunal communities (the ‘engine’) and we 
need to consider the direct (warming) and indirect (warming, eCO2, Progressive N 
limitation, extreme weather events) effects of climate change on the activity and 
composition of these populations (Pritchard, 2011).  

Warming 

Temperature effects on N cycling processes are relatively well understood: an increase in 
temperature on its own will tend to increase transformation rates unless something else is 
limiting (e.g. moisture). Thus, soil microbial activity, mineralisation-immobilisation 
turnover (MIT), nitrification, volatilisation and denitrification rates would all be expected 
to increase within temperature increases predicted in the current climate change scenarios. 

eCO2  

In contrast to temperature, eCO2 is not reported to have direct effects on process rates: the 
effects of eCO2 will be indirect, e.g. on residue amount and quality, thus affecting C supply 
and the biomass. These interactions provide the net effect of climate change, further 
modified by other environmental or management changes that may be direct or indirect 
effects of climate change. 
 
Soil microbes utilise C in the soil as an energy source, so if eCO2 increases soil C inputs 
via litter deposition or root exudation, soil biomass is likely to respond positively. Hu et al. 
(2006) reviewed up to 40 papers and found an increase in biomass C reported in 19 of 40 
observations (no negative effects, average increase 26%); and an increase in biomass N in 
12 of 27 observations (no negative effects, average increase 24%). A similar trend was also 
found with microbial respiration. Recent observations from a FACE experiment with 
loblolly pine (Pinus taeda) in low N soil (North Carolina, USA) indicate that long term 
CO2 enrichment may stimulate microbial activity and soil organic matter decomposition 
and increase soil N mineralisation (Phillips et al., 2011; Drake et al., 2011). In contrast, a 
long-term open top chamber study with P. radiata and red beech (Nothofagus fusca) in 
New Zealand with eCO2 increased microbial activity but did not affect net N 
mineralisation or nitrification (Ross et al., 2006). However, the most consistent effect was 
increased soil heterotrophic respiration in the vast majority of experiments in response to 
eCO2 and warming (Dieleman et al., 2012), although some degree of acclimation is likely 
(Pritchard, 2011). Zak et al. (2000) estimated from the published data that soil respiration 
increased by an average of 51% under grassland (elevated CO2 concentrations were 
typically ambient CO2 concentration + 360 ppm). Pritchard (2011) explained this by 
greater root exudation under eCO2, which ‘primes’ the food web leading to higher rates of 
organic matter decomposition. 
 
FACE experiments have demonstrated that eCO2 has only a small effect on bacterial and 
fungal community composition in forests, despite increased below-ground litter inputs 
(Norby and Zac 2011). Further, although the activity of the microbial community and N 
cycling rates may be increased by eCO2, the magnitude of response is much less than that 
observed due to spatial variation in soil properties, temporal changes in environmental 
conditions and plant community composition.  
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There has also been some suggestion that global warming could favour soil fungi over 
bacteria (Pritchard, 2011), mediated by a widening of C:N ratio of litter and root exudates 
(Hu et al., 2006), thereby altering the microbial community structure (Hu & Zhang 2004). 
Reviews by Hu et al. (2006) and Pritchard (2011) concluded that mycorrizal growth will 
increase. 
 
Combined warming and eCO2 experiments are rare. The majority of experiments have 
focused on eCO2. However, even though the combined effects of eCO2 and increased 
warming, for example, are rarely additive, combined temperature and eCO2 responses have 
been shown to be similar to eCO2-only treatments (Dieleman et al., 2012). Uncertainties in 
response increase with combined effects. 

Progressive N limitation (PNL) 

The impact of PNL (Hu et al., 2006) on a system’s ability to express a CO2 fertilisation 
effect needs to be understood. N availability declines under eCO2 due to increased N 
uptake, while warming typically increases soil N availability due to increased 
mineralisation (Dieleman et al., 2012). A major uncertainty in predicting effects of climate 
change on soil N cycling is estimating the relative effects of climate change on net primary 
production, i.e., will a CO2 fertilisation effect be sustained? 
 
Systems that rely on low external N inputs (and, by inference, where legume contribution 
through fixed N is also low) are at risk of a yield decline due to PNL (Hu et al., 2006; 
Reich et al., 2006). The nature and magnitude of external N inputs, the initial N status of 
the ecosystem and changes in soil C stocks will critically determine if and when PNL 
occurs; PNL is unlikely to occur in ecosystems that receive substantial external inputs (Hu 
et al., 2006). 
 
While in the short term eCO2 stimulates growth and increases the N (and C) stock in plant 
biomass and in soil organic matter, over longer periods productivity may become limited 
by an insufficient N supply due to immobilisation by plant biomass and, where soil C 
stocks are increasing, by soil organic C, resulting in a negative feedback to plant growth.  
 
Thus, changes in soil C stocks influence the likelihood of PNL occurring. It is uncertain 
whether soil C stocks will increase, remain constant, or decline over time. Lu et al. (2013) 
assessed the effect of warming on ecosystem C cycling through a meta-analysis of 130 
studies, and concluded that increases in plant derived C influxes offset any increase in C 
losses to the extent that ecosystems may be a small C sink. However, this analysis did not 
include the combined effects of increasing temperature and eCO2. 
 
Modelling of the effect of eCO2 and increasing temperatures on soil C stocks in a forestry 
system suggests that soil C stocks are more likely to remain constant or decline with time 
(Kirschbaum et al., 2012). In the FACE experiments, PNL has so far only developed at one 
of five forest sites, despite the forests being N limited (Norby & Zac, 2011). Under 
grassland systems with low external N inputs (e.g. low N fixation by legumes in 
grass/clover swards) the effect of PNL can be variable (Ross et al., 2004; Hu et al., 2006) 
and temporary, as suggested by the “re-setting” the grassland system with drought-
breaking rain (Newton et al., 2010). It is critically important to remember that given many 
of the eCO2 experiments focus on low N systems, it is possible that these trends may differ 
where N supply is less limited (e.g. by the addition of fertiliser N at rates > 200 kg 
N/ha/year).  
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PNL may induce a management response that could impact on the overall effect of climate 
change on N cycling processes. As an example, consider ammonia volatilisation, which is 
mainly a chemico-physical process. Increased temperature will increase volatilisation, as 
will lengthier periods of drought, if there is insufficient moisture to facilitate transfer of N 
sources into the soil matrix and/or transform ammonia into other N forms. However, in 
order to assess the net effects of climate change on this response, sources also need to be 
considered, e.g. fertiliser inputs, dung, urine and effluent deposition. If the management 
response is to apply less N fertiliser in times of drought, the net effect on volatilisation 
from this source could be a decrease; if more is applied through the year to counteract 
PNL, the volatilisation would increase. If a response is to switch from urea to a nitrate 
based fertiliser then volatilisation would similarly decrease. If more pasture was grown 
with more grazing animals supported, then volatilisation from more excreta would 
increase. Furthermore, NH3 volatilised from neighbouring systems upwind may be 
deposited downwind, which may balance the effect of increased volatilisation rates. Thus, 
extrapolation to a system response needs to factor in all considerations. 

Extreme weather events 

Changing temperature and rainfall patterns and intensities can have either a negative or a 
positive impact on N mineralisation. Longer periods of high soil water deficits following 
increases in the frequency of hot, dry days will impact N transformations in the absence of 
irrigation. Effects include summer droughts, which will reduce growth and produce a flush 
of mineralisation on rewetting (Xiang et al., 2008; Newton et al., 2010). 
 
Major forest disturbances such as dieback, fire, and wind-throw that create forest gaps 
generally lead to short-term increases in N mineralisation (Atiwill &Adams, 1993) and 
potential for N-fixing shrubweed invasion, so increased climate change-induced 
disturbance should increase soil N mineralisation. Fire may also increase nitrification 
(Knoepp & Swank, 1995), however moderate increases in fire frequency may not affect 
long term ecosystem N storage (Smithwick et al., 2009). Drought effects on soil processes 
are uncertain. Although microbial activity will be inhibited in dry soils, death of microbes 
may result in increased N availability (Rennenberg et al., 2009). 
 
Whilst clearly the long-term annual effects of changes in climate are important, we do also 
need to consider the impacts of these extreme effects. Walthall et al. (2012) cite the 
uncertainty of precipitation and the extreme (hot) temperatures as factors that will limit 
agricultural and forestry productivity and therefore override the effects of average changes 
in climate on N cycling processes in extreme seasons. 
 

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

Elevated CO2 and temporal and spatial rainfall variability will be key factors affecting NH3 
volatilisation, denitrification, N2O emissions and N leaching responses. 

Ammonia volatilisation 

Ammonia volatilisation in pasture systems predominantly occurs from applied fertiliser, 
deposited urine and effluent/manure. Increased temperature increases ammonia 
volatilisation; increased precipitation decreases volatilisation; increased drought increases 
volatilisation (Meisinger, 2000). If there is an increase in %N in the diet due to increased 
clover content, a greater proportion of a grazing animal’s dietary N may be partitioned to 
urine, resulting in a greater volatilisation risk (Allard et al., 2003). Ammonia volatilization 
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from urine, effluent and inorganic fertiliser applications may increase due to to increased 
temperature and drought (Butterbach-Bahl & Dannenmann, 2011), which may influence 
associated emission factors. Similarly, increased N fertiliser inputs, particularly urea 
fertiliser, to maximise eCO2 effects on crop production will increase NH3 volatilisation. 
Increased volatilisation losses from forests may also occur if foresters increase urea usage 
to avoid development of PNL in response to CO2 fertilisation of forests (Kirschbaum et al., 
2012).  

Denitrification/N2O emissions 

Denitrification is affected mainly by soil C availability, soil oxygen levels, N supply and 
temperature. Below-ground C inputs will increase under eCO2, leading to changes in root 
biomass, depth, distribution and exudation (Cheng & Johnson, 1998; de Graaff et al., 2007; 
Pritchard & Rogers, 2000) and soil respiration (Thomas et al., 2000). Changes in soil 
organic matter cycling are dependent on soil N availability. Decomposition of soil organic 
matter increases at high N, while at low N concentrations it decreases (Cheng & Johnson, 
1998). It has been proposed that increased C inputs into the soil could stimulate soil 
respiration (and increase soil oxygen consumption), increasing periods or sites of soil 
anoxia and thereby stimulating denitrification (Butterbach-Bahl & Dannenmann, 2011). 
Increased precipitation and warmer temperatures may increase denitrification and N2O 
emissions because of increased microbial activity due to increased soil moisture contents 
occurring for longer periods (Butterbach-Bahl & Dannenmann 2011; Brown et al. 2012), 
with some evidence suggesting a decrease in the N2O:N2 ratio (Smith 1997). Furthermore, 
deeper rooting and root exudation could lead to increased subsoil denitrification that could 
reduce the risk of nitrate leaching (Butterbach-Bahl and Dannenmann, 2011). In contrast, 
prolonged periods of drought may decrease N2O emissions (Hartmann & Niklaus 2012). 
 
Meta-analyses of 49 international published studies of agricultural and natural systems 
suggest that eCO2 increased N2O emissions by 19% mainly due to increased root biomass 
(van Groenigen et al., 2011). A larger increase of 27% was determined by Lam et al. 
(2012) from their meta-analysis of 127 studies of N dynamics in grain crop & legume 
pasture systems. Greatest responses in N2O emissions occur in higher N input systems 
while responses are consistently low and non-significant in unfertilised trials (Dijkstra et 
al., 2012). Indirect eCO2 effects have been attributed to: more labile N in the rhizosphere; 
more soil moisture due to effects of eCO2 on increased water use efficiency (Arnone Iii & 
Bohlen, 1998) and stimulation of soil biological activity. There is a suggestion that eCO2 
may decrease the N2O:N2 ratio (Baggs et al., 2003). 

Increasing temperature has inconsistent or relatively small effects on N2O emissions 
(Dijkstra et al., 2012). These researchers suggest that the size of the relative responses to 
eCO2 and temperature reflects the differences in treatments applied; they observed that in 
most studies eCO2 concentrations were doubled whereas soil temperature increases were 
relatively small. There is little experimental information on the combined effects of eCO2 
and increasing temperature and where experiments (of limited length and replication) have 
been conducted no significant interactive effects have been observed (Dijkstra et al., 2012).  

N2O losses from forestry are low compared to other land uses, particularly grazed pastures 
(Saggar et al. 2008), with little evidence to suggest that climate change will impact on 
emission levels from forestry systems. Warming has not been found to have large direct 
effects on N2O emissions (Barnard et al 2005). In a study by Butler et al. (2012) of 
deciduous forest in Massachusetts USA, soil warming (5oC for seven years) did not have 
any discernible effect on N2O fluxes. To determine the effects of eCO2 on N2O emissions, 
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Barnard et al. (2005) conducted a meta-analysis of 20 experiments which included both 
forest and herbaceous systems. N2O fluxes were not significantly altered by eCO2 when 
measured either in the field or in the laboratory.  

Nitrogen leaching 

Climate change will impact on N leaching by affecting the source (i.e. the quantity of N 
available for leaching) and the transport of this N (movement through the soil/drains). The 
process of leaching will be therefore driven by drainage (precipitation) and size of the 
available N pool. Although Larsen et al. (2011) found that precipitation increased N 
leaching, estimates of the effect of climate change on leaching are uncertain due to the 
competing processes of source vs. transport (Stuart et al., 2011). For example, Torbert et 
al. (1996) observed lower leaching losses below soybean and sorghum grown in elevated 
CO2 compared to ambient CO2, and attributed this largely to increased uptake of soil N.  
 
While increasing temperatures are expected to increase the rate of soil N processes such as 
mineralisation and nitrification, there may be no significant effect on N leaching (Turner & 
Henry, 2010) for pastoral, arable and forestry systems. However, eCO2 can lead to higher 
soil water contents through improved plant water use efficiency, which may lead to 
increased risk of leaching losses or provide conditions more conducive to denitrification 
(Prior et al., 2011). This may be compensated by increased plant production where water 
availability may otherwise be limiting. The soil mineral N pool may be decreased by eCO2 
(Zhang et al., 2005) due to increased uptake of soil N (Torbert et al., 1996) . Subsoil 
denitrification promoted by increased labile C inputs in larger amounts and deeper in the 
profile may reduce N losses (Thomas et al., 2012). In low fertility systems the benefits may 
be greater due to soil N immobilisation reducing the amount of available NO3 for leaching. 
 
It is probable that annual and seasonal leaching patterns will be highly responsive to 
temporally-spatially (regional) variable rainfall patterns. We might expect intra- and inter-
annual spatial and temporally variable patterns that are similar to the crop responses 
predicted by modelling approaches using NIWA climate scenarios in Figure 5.3 (Teixeira 
& Brown, 2012). Modelling approaches may offer a means to better understand the risk of 
leaching under different climate change scenarios (Borgesen & Olesen, 2011; Sjoeng et al., 
2009), but these have not been applied for future New Zealand climate scenarios. For 
example, increased temperatures may lead to longer growing seasons when plants are 
actively extracting water and taking up soil N. 
 
As noted above, a greater proportion of grazing animals’ dietary N may be partitioned to 
urine if there is an increase in %N in the diet due to increased clover content (Allard et al., 
2003), which may enhance N leaching. However, modelling of a dairy farm under a range 
of climate change scenarios (eCO2, elevated temperature, drought or increased rain) 
suggested a decrease in N leaching, but increases in denitrification and volatilisation 
(Dueri et al., 2007). 
 
In regions that are already wet, additional precipitation may not have a large effect on the 
transport of available N through the soil profile, since a large proportion of it may have 
been leached anyway. Effects will be larger where, without climate change, there was 
insufficient drainage to result in N leaching through the soil profile.  
 
As well as nitrate forms, N can leach as dissolved organic N (DON). Wachendorf et al. 
(2005) measured c. 50 kg N/ha as DON leached from cattle urine patches. According to 
van Kessel et al. (2009), DON is the missing N in nutrient budgets in that it is a much 
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overlooked source of N loss. They reported that 26% of soluble N can be as DON, on 
average. DON is usually the major form of N leached from native forests and exotic forests 
planted on ex-pasture sites (McGroddy et al., 2008; Davis et al., 2012). Losses from New 
Zealand soils have been significant, with up to 117 kg N/ha being measured from shallow 
lysimeters (Ghani et al., 2007; 2010). Further work is required to understand the impacts of 
moisture, temperature and vegetation type (e.g. C4 grasses) to help determine the impact of 
climate change on losses of DON. 
 
Compared to other land uses, N leaching losses from forestry are generally low (Binkley et 
al., 1999; Elliot et al., 2005; Larned et al, 2004). If forest growth increases in response to 
increased CO2 concentrations, demand for N by both the crop and soil microbes should 
also increase. This increase in demand should in turn counterbalance any increased N that 
may become available because of soil warming-enhanced N mineralisation, and N leaching 
should not increase above present low levels.  
 
In some forests, N-fixing species may become an important part of the vegetation after 
forests are harvested and before full site occupancy by the next rotation crop, for example 
on sand dunes where Lupinus arboreus may be present, on other soils where gorse and 
broom occur, or at some ex-pasture forest sites where legumes such as Trifolium or Lotus 
were present in the pasture. N leaching from forests with a pasture or N- fixing shrubweed 
history is higher than from forests without such a history (Parfitt et al 2002; Quinn & 
Ritter, 2003; Davis et al., 2012). In these situations increased atmospheric CO2 
concentrations may be expected to increase productivity and N-fixation by N-fixing 
species where they develop after harvest (Mohan et al., 2007; Norby & Zac, 2011). Thus, 
where N-fixing species are an important part of the inter-rotation vegetation, NO3

- leaching 
may be expected to increase. Any increase in leaching is most likely to occur when N 
demand by the forest crop is low as in the latter part of the rotation, and immediately after 
harvest (Parfitt et al., 2002; Quinn & Ritter, 2003). For most forests, where N-fixing 
species do not form an important part of the inter-rotation vegetation, NO3

- leaching is 
unlikely to be affected by CO2 enrichment. 
 
Climate change may lead to an increase in major forest disturbances such as dieback, fire, 
and wind-throw that create forest gaps resulting in short-term localised increases in N 
mineralisation (Atiwill & Adams, 1993). Enhanced NO3

- leaching is likely to occur in such 
gaps up until the time the gaps are revegetated by weeds or by re-planting (Parfitt et al., 
2002). Gap revegetation is usually rapid so N losses from 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 differentiates it from the other ecosystems are: 
• Returns of N (and C) are spatially variable across a paddock (dung, urine), so we need 

to consider the likely impacts of differential N (and C) supply on processes (Figure 
5.2). 

• Effluent/manure and fertiliser N can be applied on top of the dung and urine patches. 
• Animals mediate the N returns in dung and urine and we need to consider the impacts 

of changes to the composition of ingested forage on these N returns (Allard et al., 
2003). 
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• There is a heavy reliance on legumes to fix and supply N in some systems. 
• There are temporal fluctuations between legume and grass populations, with this co-

existence of the two species adjusting to fluctuations in soil mineral N supply 
(Schwinning & Parsons, 1996). 

• Sward composition can change with time, because of pasture management and the 
environmental conditions. 

• Different enterprises (usually associated with different landscapes) vary in the size of 
N process fluxes, although the transformation processes are generally the same. 

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

 
 

 
 

Figure 5.2: Representation of the spatial variation of nitrogen sources in a paddock. 
 
Progressive N limitation (PNL) is often cited as a potential issue under eCO2, and this may 
well be the case in systems relying on low external N inputs, or in the absence of legumes. 
For example, in monocultures of L. perenne, response to eCO2 was only apparent at high N 
input (Schneider et al., 2004). This response was caused by removing the N limitation. 
 
However, in legume/grass pastures, PNL may be less of an issue. The interaction between 
grass and clover populations is complex but follows an N-based competitive trade-off 
between the two species (Schwinning & Parsons, 1996); when soil mineral N is low, clover 
is favoured and when high, grass is favoured. Through N cycling, the two species establish 
an intermediate level of soil mineral N where they can both co-exist. Thus, understanding 
the long-term effects of climate change on this interplay between grass and legumes is 
critical to understanding the consequences for production in New Zealand pastoral 
systems. 
 
Experiments suggest that global warming will favour legume growth and N fixation 
(Zanetti et al., 1996; Ross et al., 2004). Thus, a change in the plant community structure, 
with an increase in legumes, could supply additional N to the system. Tubiello et al. 
(2007a) postulate that N limitation might be removed by an increase in biological N 
fixation under eCO2. Legumes increased in the NZFACE experiment, although this 
appeared insufficient to completely remove a PNL effect (Newton et al., 2010). 
 
If PNL can be overcome by sufficient N addition, productivity could increase, which, in 
turn, will lead to increased grazing and N removal in products such as milk, meat and 
wool. Pasture yield may increase by ca. 10% for grasses and 20% for legumes under eCO2 
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(from 380 to 550 ppm; Tubiello et al., 2007a). Meta-analysis (Long et al., 2004) suggests 
on average a 20% yield response from eCO2 for C3 species and a response of <5% for C4 
species. There is uncertainty about net effects because eCO2 levels would favour C3 
species, but warming would favour C4 species (Tubiello et al., 2007a). Other management 
factors will influence competition between species (Dodd et al., 2010), as well as greater 
cyclical variation over time in N fixation and N supply in legume/grass pastures. 
 
An example of additional N supply modifying PNL was demonstrated by Newton et al. 
(2010) in the NZFACE experiment. In this case there was evidence of pasture yield 
decreasing over a 4 year period, but this N limitation was broken after a severe drought 
that provided a flush of mineral N. There was evidence that PNL again started to occur in 
the years after the drought/rewetting effect. 
 
Dieleman et al. (2012) concluded that foliar N concentrations in plants decrease 
significantly in combined eCO2 and warming treatments. However, when scaled up from 
individual plant species to the plant community, this dilution effect has not always been 
noted because the composition of the plant community also responds to eCO2. Reich et al. 
(2006) also suggest that any effects of eCO2 on decomposition rate are more likely to be 
due to eCO2 altering plant community composition. Indeed, the NZFACE experiment 
noted a reduced N concentration in individual species in the sward, but also a change in 
species composition under eCO2 with a move to species such as legumes with a higher N 
content (Allard et al., 2003). While this offset the lower N concentration in the forage 
tissue, it led to greater partitioning of N into urine by grazing livestock, which has 
implications for N leaching and volatilisation.   
 
Even if above ground biomass increase is limited by PNL, eCO2 stimulation of 
photosynthesis often results in increased allocation of C below ground (Hu & Zhang, 
2004). This has been attributed variously to an increase in root growth, root exudates and C 
supply to symbionts. This will serve as a useful C source for soil biological activity. 

Animal health and performance 

An assessment of the impact of climate change on animal health and performance was 
outside the scope of the report. However, the animal is obviously integral to the pastoral 
system, and West (2003) suggests that the effect of heat stress on animal performance 
could be a signicant impact of climate change. With the climate change scenario for New 
Zealand suggesting a 50% increase in hot days, some discussion on climate change effects 
on animal health is warranted.  
 
Walthall et al. (2012) suggests that under climate change scenarios in the US, animal 
productivity will be reduced. In turn, N cycling in grazed pastoral systems may be reduced. 
Certainly, studies suggest that warming in the tropics and in the subtropics during warm 
months has adverse effects on livestock reproduction and production, including reduced 
animal weight, decreased dairy production, and less feed conversion efficiency (Klinedinst 
et al., 1993). However, results are mixed for impacts in temperate and cooler regions and it 
is suggested that the health and performance of forage-fed livestock may improve (due to 
more forage). Also, warming during the cold periods in temperate areas may be beneficial 
to livestock production, which could see N cycling through the soil-plant-animal system 
increase in southern South Island. Campbell et al. (1996) suggest that productivity of dairy 
farms might be adversely affected by a southward shift of undesirable subtropical grass 
species, such as Paspalum dilatatum, which 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 uncertainty of precipitation patterns and the likely 
increase in droughts as key factors that will reduce productivity under climate change in 
the US. Thus, whilst the scope of this report is on soil N processes, this risk to production 
and N inputs needs to be carefully considered.  

Arable systems 

Globally, climate impacts on crop production are geographically heterogeneous. Overall, 
larger crop yield losses are projected for the tropics than for temperate and mid-latitude 
countries (Fischer, 2009; Fischer et al., 2008; Parry et al., 2005). Uncertainties in current 
projections include the magnitude of eCO2 fertilisation effect and yield responses to 
temperature, soil nutrient supply, soil water availability and pest damage at different scales 
- farm, regional and global – where different factors interact, and responses to extreme 
weather events rather than to average changes in climate (Long et al., 2005; Tubiello et al., 
2007a; Tubiello et al., 2007b). 
 
For New Zealand in the 2040s, without considering extreme events and biotic stresses, 
modelling studies indicate relatively mild yield losses and potential for increases in crop 
yields in response to higher temperatures and eCO2 (Teixeira & Brown, 2012). Crop 
responses were modelled using the NIWA high carbon world scenario (A2) and ‘rapidly 
decarbonising’ world scenario (B2) for between 2030 and 2049 for the four major cropping 
regions (Canterbury, Southland, Hawke’s Bay and Waikato). Average temperature 
increases ranged from 0.9 to 1.5°C for the period, and rainfall changes ranging from -14% 
to +34% in a given season and location. Impacts varied largely depending on location, 
management and crop type (Figure 5.3).  
 
By 2040 wheat and barley yields were predicted to increase by about 12%, with largest 
increases in Canterbury and Southland (Figure 5.3). Potato, field peas and maize yield 
responses were more variable and showed more frequent potential for decline in some 
scenarios. Positive yield responses were due to acceleration in canopy expansion due to 
higher temperature, increased photosynthesis due to CO2 fertilisation and higher 
temperatures, and longer cycle lengths for winter forages. Negative responses included 
early flowering, reducing the period for intercepting solar radiation and shortening growth 
cycles, and water stress due to reduced rainfall during some seasons. For example, potato 
yields in Waikato were predicted to decline by 5 to 20% in most scenarios due to increases 
in temperature-induced shortening of the crop cycle, with a consequent reduction in 
intercepted photosynthetic radiation. Comparison of current and future scenarios suggests 
that current photosynthetic conditions for growing potatoes in the Waikato are close to 
optimum, i.e. there were no improvements in radiation use efficiency with increased 
temperature. In general, greatest benefits occur in more southerly regions, particularly for 
temperate cereals, green feed and forage brassicas. For harvested crops such as grain and 
potatoes, this is an N removal from the soil and farm system. Predicted changes in rainfall 
patterns, and therefore soil water availability, had a large impact on crop yield and inter-
annual variability. This was most pronounced with crops grown on shallow soils (Figure 
5.3). Yield responses to irrigation also varied widely between regions with responses 
ranging from 5% in Southland (heavy soil) to 60% in Canterbury (light soil).  
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Baseline Absolute Values Future Relative Changes 

Hawke’s Bay  
  

  
Canterbury  

  
Southland  

  
 

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 CO2 concentrations are expected to increase forest productivity (Bazzaz & 
Miao, 1993; Ceulemans et al., 1999; Norby & Zac, 2011; Zac et al., 2011), through 
increased photosynthesis and reduced stomatal conductivity, and an increase in water use 
efficiency (Silva et al., 2010). Increasing CO2 concentrations may also lead to increased 
root growth (Ceulemans et al., 1999; Norby & Zac, 2011) and deeper rooting systems.  
 
As a consequence of increasing underground plant and microbial biomass stocks in CO2-
enriched environments, more N will become immobilised, which may lead to progressive 
N limitation (PNL) in unfertilised and infertile ecosystems (Luo et al., 2004; Dieleman et 
al., 2012; Garten et al., 2011; Melillo et al., 1993; Norby et al., 2010; Norby & Zac, 2011). 
However, increased N availability arising from enhanced N mineralisation caused by soil 
warming may counteract such limitation. A meta–analysis which included 14 studies (50% 
forest or woody species), where the combined effects of warming and eCO2 were 
examined, showed that on average N immobilisation was counterbalanced by increased 
organic matter mineralisation, resulting in little overall change in N availability relative to 
control treatments (Dieleman et al 2012). The analysis also showed that foliar N 
concentrations declined under combined eCO2 and soil warming treatments, indicating that 
at N limited sites PNL is ultimately likely to occur.  
 
With declining N concentrations in plant tissues, C:N concentrations in forest residues 
(thinnings, prunings, harvest residues) will increase and such residues will take longer to 
decompose and immobilise increased N in the process, thus contributing to PNL 
development. In the FACE experiments, PNL has so far only developed at one of five 
forest sites despite the forests being N limited (Norby & Zac, 2011). Several possible 
reasons for this have been suggested, including that insufficient time had elapsed for an 
effect to develop, increased soil exploration by fine roots, stimulation of mineralisation by 
fungal activity, and the type of mycorrhizae. This last was suggested because the 
experiment where PNL became apparent was with Liquidambur which forms arbuscular 
mycorrhizas, in contrast to the remaining sites where the species form ectomycorrhizas. 
 
A difficulty with a number of forestry studies is that large step changes in soil temperature 
of around 5oC have been used, so their relevance to the New Zealand situation, where an 
approximately 1oC temperature rise is expected, is questionable. However in a modelling 
study based on Pinus radiata growing under a Canberra (Australia) climate, Kirshbaum 
(1999) found that increasing temperature by 2oC increased N mineralisation rates, and that 
the increase was qualitatively similar when conditions were changed gradually or as a 
single step change. 
 
In New Zealand, climate change is predicted to increase wood production by an average of 
19% by 2040 and 37% by 2090 (Kirschbaum et al., 2012). The response is expected to be 
due more to eCO2 concentrations than to temperature or moisture effects. Any response 
will be dependent on maintenance of the present soil fertility levels in plantations, which 
tends to be generally adequate, although it may be locally limiting. Should increased 
productivity lead to development of PNL, wood density is likely to increase because N 
fertilisation and legume presence has been shown to reduce mean, early and late wood 
density (Beets et al., 2001). 
 
Young Pinus radiata is sensitive to moisture competition, for example broom has been 
shown to reduce productivity of two-year-old pine by 10-fold at a dryland site (Watt et al., 
2003). Enhanced growth of N-fixing shrubweeds with CO2 enrichment (Mohan et al., 
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2007; Norby & Zac, 2011) may therefore reduce forest productivity because of increased 
competition for moisture. However reduced stomatal conductivity and improved water use 
efficiency of both crop and weed species should lead to higher soil moisture contents and 
partially counteract the increased competition. Because increased N may reduce wood 
density (Beets et al., 2001), increased productivity and N-fixation by N-fixers may also 
lead to reductions in wood density at sites where N was 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 agricultural and forestry systems are likely to be: 
• Increased growth arising from eCO2 and increased temperature if other factors do not 

become limiting. These other factors could be water, nutrients, pests or diseases and 
extreme weather events. 

• Potential for more legume growth in mixed sward pastures and N-fixing shrubweed 
growth in forests – again if other factors do not become limiting. 

• More winter growth (mild winters) … 
• … but some of this might be offset by increased periods of summer drought  
• More extreme storm events increasing the risk of soil erosion, particularly in hill 

country regions, and flooding, both of which will impact on NPP. 
• Increase in frequency of hot days, which may impact on animal performance in 

pastoral systems. 
 
Whilst there will be subtle changes to processes and transformation rates, the effects 
decribed below are probably the main high level effects. 

Pastoral sector 

The main limitations that may occur are: 
• Progressive N limitation, where N from legumes cannot meet the shortfalls, 
• Increased risk of drought reducing soil N inputs, 
• Increased pest and disease pressure reducing soil N inputs, 
• Increased temperature affecting animal performance which 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 yield potential e.g. greater N fertiliser 

use, where PNL is limiting pasture production, 
• And/or increased legume use, 
• Increasing use of irrigation, especially in the drier east and possibly north, 
• Developing feed strategies to meet shortfalls due to increased summer drought 

frequency e.g. more on-farm supplement production, or increase in purchased feeds, 
• Utilising the extra pasture that is grown through increased stocking rates,  
• Increased steps to minimise adverse effects of hot days 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, 
• Increased pest and disease pressure reducing soil N inputs, 
• Increased crop damage risk from extreme weather events. 
 
Based on the above, a likely response is: 
• A focus on ensuring that factors do not limit yield potential e.g. greater N fertiliser 

use, 
• Increasing use of irrigation, especially in the drier east and possibly north, 
• Reduced tillage to conserve soil moisture, 
• Increasing use of mulches and other soil water conservation methods, 
• Modifying crop selection and rotation to respond to opportunities 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 from under-storey legumes cannot meet 

the shortfalls, 
• Increased risk of drought and fire leading to reduced soil N inputs, 
• Increased pest and disease pressure leading to reduced soil N inputs, 
• Increased competition from N-fixing shrubweeds. 
 
Based on the above, a likely response is: 
• Increased monitoring of soil and plant tissue to ensure potential growth responses to 

eCO2 are not nutrient limited, 
• Greater N fertiliser use, where PNL is limiting forestry production, 
• Improved fire surveillance and adoption of measures to reduce drought impacts,  
• Selection for nutrient uptake efficiency, and drought and disease tolerance, 
• Increased use of herbicides to control N-fixing shrubweeds, gorse and broom. 
 
These management responses do not factor in any changes to policy/regulation, e.g. 
restrictions on N fertiliser use or irrigation abstraction. 

Identification of the knowledge and opportunity gaps for future work 

To make progress, we need to: 
• Understand impacts of individual elements of climate change on N processes (semi-

quantitatively), 
• Improve our understanding of the net effects of climate change at both a farm-scale 

and at individual processes level (e.g. through modelling),  
• Understand the drivers of net directional change, since these will depend on individual 

circumstances, 
• Have sufficient detailed understanding to aid modelling, 
• Anticipate management response to climate change since this adds another level of 

complexity to assessing climate change effects at the system scale. 
 
Whilst this literature review demonstrates that good progress 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 proportion of leachable N, yet little is known about 
this in the context of climate change. It could be hypothesised that this will become an 
increasingly important loss pathway for soluble N in a high C world. 
 
Urine patch dynamics under climate change – urine patches are the engine room of N 
cycling in pastoral systems. More information is needed on climate change response of 
urine patch dynamics. Scenarios could be hypothesised where leaching or denitrification 
losses decrease (more pasture growth and N removal) or increase (summer drought 
limiting N removal). There is also a need to understand detailed processes (immobilisation, 
MIT). The impacts of climate change on urinary N source (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 an indication that PNL becomes less 
important in systems with more N. This needs to be tested, as does the systems response. 
We are extrapolating much of the information to dairy systems, whereas more research is 
needed in dairy systems. This is to confirm the response of dairy N cycling to climate 
change and to assess likely responses to climate change. 
 
Implications of summer drought on overall response of the system – with the scenario 
of an increased likelihood of drought, then we need to better understand the implications of 
this on farm and forest systems and on N transformations. 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, and PNL and forest production and 
ecosystem N, is central to understanding climate change impacts on pasture and forestry 
systems. 
 
Predicting farm responses to climate change - cropping systems models are used to 
project yield responses to climatic drivers at field scale. The extrapolation of plant 
temperature and CO2 responses to much larger scales (e.g. ecosystem) is uncertain, with 
the science for linking models and data at different scales (plant, crop, paddock, farm, 
regional and global) in integrated assessments still in the early stages of development. 
 
Predicting the interactive effects of plant water use, crop and soil management and 
climate on soil water conditions driving N processes - plants will become more water 
use efficient under eCO2 conditions, producing more biomass per unit of water. However it 
is difficult to predict if future water use will increase, remain the same, or decline 
compared to now. In cropping systems actual water use will also depend on other factors 
including changes in evaporative losses, cropping cycles and changes in rotation. Improved 
understanding of how these interactions impact on soil water is required to better assess 
climate change impacts on N processes and losses. 
 
Role of subsoil, soil and plant processes for regulating N losses - the impact on N losses 
of increasing labile C inputs through rhizosphere processes in subsoils is poorly understood 
or quantified. Increased C inputs via root exudation could stimulate denitrification, which 
on one hand could reduce potential nitrate leaching losses, but on the other could lead to 
increased N2O emissions. 
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6 Knowledge gaps 
Accurately predicting the possible impacts of climate-change on soil systems is difficult. 
Reasons for this include the inherent complexity of soil systems, the variable effects of 
climate change in different areas of New Zealand, and a lack of knowledge on key aspects 
of soil systems.  
 
Four catergoreies of knowledge gaps in research have been identified and prioritised across 
the research topics. The highest priorities are marked with an H. The use of and 
development of robust long-term data sets and experiments are essential to addressing 
many of the knowledge gaps outlined below. 
 
Soil natural capital 

Η 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?  

Η 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.   

Η 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 is 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 

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

Η 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? 

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

Η 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 

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

Η 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 

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

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

Η 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 soil and land use alliance (SLUA) workshop 
held in Wellington on the 25-26th of February 2013 to share, discuss and evaluate evidence 
for climate change impacts on soil processes affecting soil carbon stocks, soil nitrogen 
cycling and soil services, and what this means for forestry 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-
ordinator) 

Landcare Research  
 

Peter Beets Scion 

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 

Gerald Rys Ministry for Primary Industries 
 Tony van der Weerden 

(Workshop Science co-
ordinator) 

AgResearch  

Ian 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-
ordinator) 

Scion  
 

  

Mark Shepherd AgResearch    

Michelle Rush 
(Facilitator) 

Participatory Techniques Ltd 
 

  

Mike Beare Plant & Food    

Mike Dodd AgResearch    

Mike Hedley Massey University    

Miko Kirschbaum Landcare Research    

Murray Davis Scion    

Nigel Bell  AgResearch    

Paul Johnstone Plant & Food    
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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 Research Organisation 

CWT Critical Water Threshold 

DOC Dissolved Organic Carbon 

DON Dissolved Organic Nitrogen 

eCO2  elevated atmospheric CO2 

EcM             Ectomycorrhizal fungi  

EI Ecoclimatic Index 

DOC Dissolved organic carbon 

FACE  Free Air CO2 Enrichment experiment 

GCM Global Climate Model 

GHG Greenhouse Gases- generally refers to CO2, CH4 and N2O 

IPCC Intergovernmental Panel on Climate Change  

IPO Interdecadal Pacific Oscillation 

MIT Mineralisation Immobilisation Turnover 

NIWA National Instititue of Water and Atmospheric research 

NPP Net Primary Production 
NZFACE New Zealand Free Air CO2 Enrichment (FACE) experiment 

PET Potential EvapoTranspiration 

PNL Progressive Nitrogen (or nutrient) Limitation 

RCP Representative Concentration Pathways 

SLMACC Sustainable Land Management and Climate Change 

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 Polymorphism 

WUE Water Use Efficiency 

 
 


