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I am happy to have the opportunity to speak to you today on the topic of managing crop nutrition in a changing climate. My name is Tom Bruulsema, and I am a regional director for the International Plant Nutrition Institute or IPNI.In early 2012, the Intergovernmental Panel on Climate Change released a special report (SREX) on extreme weather events. While its most confident prediction is a global increase in heat waves, it also states “It is likely that the frequency of heavy precipitation or the proportion of total rainfall from heavy rainfalls will increase in the 21st century over many areas of the globe.” In particular it projects increased heavy rain events in winter months for most of the eastern and northern portions of the Corn Belt. Producers adapt to increased temperature by choosing crops and cultivars that tolerate hot weather, and by planting crops earlier. With more intense rain events, the importance of conservation tillage to protect soil and nutrients from erosion and runoff increases. This presentation will describe the implications of climate change for managing the nutrition of crops in Central and Eastern Canada. Important components of 4R Nutrient Stewardship that contribute to producers’ ability to adapt include emphases on choices of source, rate, timing and placement of nutrients, as well as learning from results through adaptive management. 



IPNI Member Companies 

IPNI Mission: 
 
“…to develop and 
promote scientific 
information about 
the responsible 
management of 
plant nutrition…” 
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IPNI is supported by 16 member companies that produce fertilizer. Its mission is to develop and promote scientific information about the responsible management of plant nutrition.
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Intense rainfall on conventional tillage moves soil. This example of soil erosion resulting from a sudden two-and-a-half inch rainstorm a few years ago is from my brother’s farm south of Hamilton, Ontario. Reports from the IPCC suggest that these kind of storms will become more intense and more frequent in this century. This talk will explore how crop nutrition practices can adapt to such changes; how the expected increases in carbon dioxide concentrations, temperature, and rainfall intensity will impact the nutrition of crops and the management of crop nutrients. 



Outline 
• Climate Forecasts 

– IPCC SREX 
– Projections for tillage and cover crops 

• Nitrogen-Climate Interactions Report 
• Implication for plant nutrition 

– Source, rate, time and place 
– Farm, regional and policy levels 
– Adaptive management 
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I’ll provide some detail on the climate forecasts in the most recent special report on extreme events (SREX). I’ll project that crop management will need to emphasize tillage that protects the soil from more intense rainstorms, including cover crops that take advantage of the longer growing seasons. I’ll highlight some findings from a report on Nitrogen-Climate Interactions from the USA. Finally, I will discuss how all this fits into the current paradigm for of 4R Nutrient Stewardship and adaptive management.



IPCC SREX 
594 pp 

• It is likely that total rainfall from heavy rainfalls will increase in 
the 21st century over many areas of the globe 

• Increased heavy rain events in winter months for most of the 
eastern and northern portions of the Corn Belt 

• Longer and more severe droughts? Not in central North 
America  

• Floods, tornadoes and hail? almost impossible to predict 
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The IPCC reports, if read carefully, are not nearly as controversial as they are made out to be. Predicting future climate is of course fraught with uncertainties, but some things are clear. The rising trend in carbon dioxide, the increase in global land temperatures over the past 60 years, and their continued increases over the coming decades are hard to dispute. The link between the two is presented by the IPCC as very likely, or 90% certain; that too does not seem beyond reason. When it comes to amounts and intensity of rainfall, predictions are far less certain. A recent IPCC Special Report focused on risks of extreme events. As agronomists, this should be of keen interest to us as we design, build and provide advice on cropping systems. I drew out just a few conclusions from the report’s summary that I thought most relevant to agronomy in general and crop nutrition in particular. Out of 594 pages, the one that jumped out at me the most was the prediction for future heavy rainfalls. It is likely that the total coming from heavy rainfalls will increase in the 21st century over many land areas of the globe, including North America. Likely, in IPCC language, means greater than two-thirds probability. Focusing particularly on the eastern and northern portions of the Corn Belt (middle North America) the prediction is even more specific: the increased heavy rain events will occur in the winter months. That one struck me in particular, since the trend over the past ten years has been in this direction, with the exception of the past winter. Interestingly, there is no indication of longer and more severe droughts in central North America. Really extreme events, like floods tornadoes and hail, always generate public attention to the issue of climate change, but this report acknowledges no consistent trends or predictions for these. In the next two slides, I look at the rainfall predictions in a little more detail.The Intergovernmental Panel on Climate Change recently released a special report on extreme weather events. While its most confident prediction is a global increase in heat waves, it also states “It is likely that the frequency of heavy precipitation or the proportion of total rainfall from heavy rainfalls will increase in the 21st century over many areas of the globe.” In particular it projects increased heavy rain events in winter months for most of the eastern and northern portions of the Corn Belt. The report also notes that while some areas of the world appear to be on a trend to longer and more severe droughts, central North America seems to be going the other way. Projections for floods, tornadoes and hail are acknowledged to be almost impossible to predict.IPCC, 2012: Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation. A Special Report of Working Groups I and II of the Intergovernmental Panel on Climate Change [Field, C.B., V. Barros, T.F. Stocker, D. Qin, D.J. Dokken, K.L. Ebi, M.D. Mastrandrea, K.J. Mach, G.-K. Plattner, S.K. Allen, M. Tignor, and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, UK, and New York, NY, USA, 582 pp. From pages 111-112 executive summary of chapter 3:“There is medium confidence that since the 1950s some regions of the world have experienced a trend to more intense and longer droughts, in particular in southern Europe and West Africa, but in some regions droughts have become less frequent, less intense, or shorter, for example, in central North America and northwestern Australia. There is limited to medium evidence available to assess climate-driven observed changes in the magnitude and frequency of floods at regional scales because the available instrumental records of floods at gauge stations are limited in space and time, and because of confounding effects of changes in land use and engineering.” “It is virtually certain that increases in the frequency and magnitude of warm daily temperature extremes and decreases in cold extremes will occur through the 21st century at the global scale. It is very likely that the length, frequency, and/or intensity of warm spells or heat waves will increase over most land areas.” “It is likely that the frequency of heavy precipitation or the proportion of total rainfall from heavy rainfalls will increase in the 21st century over many areas of the globe. This is particularly the case in the high latitudes and tropical regions, and in winter in the northern mid-latitudes.” [Figure 3.6 suggests high confidence in projecting increased heavy precipitation for Dec-Jan-Feb for most of the eastern and northern portions of the corn belt.]Heat wave in Europe, summer 2003 - A record drop in crop yield of 36% occurred in Italy for maize grown in the Po valley, where extremely high temperatures prevailed (Ciais et al., 2005). [p.257]4.4.6.4. Inland Flooding“There has been a likely increase in heavy precipitation in many areas of North America since 1950 (Table 3-2), with projections suggesting further increases in heavy precipitation in some regions (Table 3-3).” [especially central and eastern North America]“Beyond direct destruction of property, flooding has important negative impacts on a variety of economic sectors including transportation and agriculture. Heavy precipitation and field flooding in agricultural systems delays spring planting, increases soil compaction, and causes crop losses through anoxia and root diseases; variation in precipitation is responsible for the majority of the crop losses (Mendelsohn, 2007). In 1993, heavy precipitation flooded 8.2 million acres of American Midwest soybean and corn fields, leading to a 50% decrease in corn yields in Iowa, Minnesota, and Missouri, and a 20 to 30% decrease in Illinois, Indiana, and Wisconsin (Changnon, 1996).” Citation: Alexander, L. V., et al. (2006), Global observed changes in daily climate extremes of temperature and precipitation, J. Geophys. Res., 111, D05109, doi:10.1029/2005JD006290. “A suite of climate change indices derived from daily temperature and precipitation data, with a primary focus on extreme events, were computed and analyzed. By setting an exact formula for each index and using specially designed software, analyses done in different countries have been combined seamlessly. This has enabled the presentation of the most up-to-date and comprehensive global picture of trends in extreme temperature and precipitation indices using results from a number of workshops held in data-sparse regions and high-quality station data supplied by numerous scientists world wide. Seasonal and annual indices for the period 1951–2003 were gridded. Trends in the gridded fields were computed and  tested for statistical significance. Results showed widespread significant changes in temperature extremes associated with warming, especially for those indices derived from daily minimum temperature. Over 70% of the global land area sampled showed a significant decrease in the annual occurrence of cold nights and a significant increase in the annual occurrence of warm nights. Some regions experienced a more than doubling of these indices. This implies a positive shift in the distribution of daily minimum temperature throughout the globe. Daily maximum temperature indices showed similar changes but with smaller magnitudes. Precipitation changes showed a widespread and significant increase, but the changes are much less spatially coherent compared with temperature change. Probability distributions of indices derived from approximately 200 temperature and 600 precipitation stations, with near-complete data for 1901–2003 and covering a very large region of the Northern Hemisphere midlatitudes (and parts of Australia for precipitation) were analyzed for the periods 1901–1950, 1951–1978 and 1979–2003. Results indicate a significant warming throughout the 20th century. Differences in temperature indices distributions are particularly pronounced between the most recent two periods and for those indices related to minimum temperature. An analysis of those indices for which seasonal time series are available shows that these changes occur for all seasons although they are generally least pronounced for September to November. Precipitation indices show a tendency toward wetter conditions throughout the 20th century.”



Figure 3-7a | Projected changes (%) in 20-year return values of annual 
maximum 24-hour precipitation rates, compared to 1981-2000 (IPCC, 2012). 

Magnitude 
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It is one thing to forecast an increased intensity. The magnitude of the increase is also important. The report provides estimates, based on 14 different global models (GCMs) run varying number of times for each of three different future scenarios, B1, A1B and A2 . The first two scenarios have population leveling off mid-century; with A2 it increases to 2100. This figure shows the projected changes in the annual maximum rate of precipitation within a 24-hour period, as a % of that of the last 20 years of the last century. The legend shows the median line, the box indicates the range of the central 50% of the model runs, and the whiskers the full range of model results. Interestingly, regions with predictions extending into the largest magnitude also tend to have greater uncertainty, while those with more consistent ranges (all above zero change) tend to be more modest in magnitude. For central and eastern North America, most model runs project less than a 10% change by mid-century, and very few model runs project any changes exceeding 20% even by end of century. So, if the biggest storm in a 20-year period increases in intensity by 10%, can we manage? Doesn’t seem that big a deal, but we haven’t considered distribution through the year. Figure 3-7a | Projected changes (%) in 20-year return values of annual maximum 24-hour precipitation rates. The bar plots (see legend for more information) show results for regionally averaged projections for two time horizons, 2046 to 2065 and 2081 to 2100, as compared to the late 20th century (1981-2000), and for three different SRES emission scenarios (B1, A1B, A2). Results are based on 14 GCMs contributing to the CMIP3. See Figure 3-1 for defined extent of regions. Values are computed for land points only. The ‘Globe’ analysis (inset box) displays the change in 20-year return values of the annual maximum 24-hour precipitation rates computed using all land grid points (left), and the change in annual mean 24-hour precipitation rates computed using all land grid points (right). Adapted from the analysis of Kharin et al. (2007). For more details, see Appendix 3.A. The B1 storyline and scenario family describes a convergent world with the same global population that peaks in midcenturyand declines thereafter, as in the A1 storyline, but with rapid changes in economic structures toward a serviceand information economy, with reductions in material intensity, and the introduction of clean and resource-efficienttechnologies. The emphasis is on global solutions to economic, social, and environmental sustainability, includingimproved equity, but without additional climate initiatives.The A1 storyline and scenario family describes a future world of very rapid economic growth, global population thatpeaks in mid-century and declines thereafter, and the rapid introduction of new and more efficient technologies. Majorunderlying themes are convergence among regions, capacity building, and increased cultural and social interactions, witha substantial reduction in regional differences in per capita income. The A1 scenario family develops into three groupsthat describe alternative directions of technological change in the energy system. The three A1 groups are distinguishedby their technological emphasis: fossil intensive (A1FI), non-fossil energy sources (A1T), or a balance across all sources(A1B).The A2 storyline and scenario family describes a very heterogeneous world. The underlying theme is self-reliance andpreservation of local identities. Fertility patterns across regions converge very slowly, which results in continuouslyincreasing global population. Economic development is primarily regionally oriented and per capita economic growthand technological change are more fragmented and slower than in other storylines.



More intense 
precipitation  

in winter 
Figure 3-6 | Projected annual 
and seasonal changes in % of 
days with Pr > Quantile 95 for 
2081-2100 with respect to 
1980-1999, based on 17 
GCMs contributing to the 
CMIP3 (IPCC, 2012). 
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The IPCC report also includes information on seasonal distribution of changes. Shown here are projected changes in days on which the amount of rain is expected to exceed the current 95th percentile. The changes for the winter months of December January February are clearly larger than those for June July and August. For the central and eastern part of North America, it is clear that all are projected to increase. The stippling indicates where at least 16 of the 17 models agree. Other indicators suggest (but don’t show directly) that spring and fall rainfall could also become more intense. Again, how large is this change? Looking at the dark green area, it increases by 1 to 1.5 percent – I assume that means that this upper 5th percentile becomes the 6th to 6.5th percentile – a 20 to 30 percent increase in the frequency of the most intense storms. Figure 3-6 | Projected annual and seasonal changes in three indices for daily precipitation (Pr) for 2081-2100 with respect to 1980-1999, based on 17 GCMs contributing to theCMIP3. Left column: wet-day intensity; middle column: percentage of days with precipitation above the 95% quantile of daily wet day precipitation for that day of the year,calculated from the 1961-1990 reference period; right column: fraction of days with precipitation higher than 10 mm. The changes are computed for the annual time scale (top row)and two seasons (DJF, middle row, and JJA, bottom row) as the fractions/percentages in the 2081-2100 period (based on simulations under emission scenario SRES A2) minus thefractions/percentages of the 1980-1999 period (from corresponding simulations for the 20th century). Changes in wet-day intensity and in the fraction of days with Pr >10 mmare expressed in units of standard deviations, derived from detrended per year annual or seasonal estimates, respectively, from the three 20-year periods 1980-1999, 2046-2065,and 2081-2100 pooled together. Changes in percentages of days with precipitation above the 95% quantile are given directly as differences in percentage points. Color shading isonly applied for areas where at least 66% (i.e., 12 out of 17) of the GCMs agree on the sign of the change; stippling is applied for regions where at least 90% (i.e., 16 out of 17)of the GCMs agree on the sign of the change. Adapted from Orlowsky and Seneviratne (2011); updating Tebaldi et al. (2006) for additional number of indices and CMIP3 models,and including seasonal time frames. For more details, see Appendix 3.A.Coupled Model Intercomparison Project 3 (CMIP3) 



Western Lake Erie Watershed 

Baker, 2011, National Center for Water Quality Research, Heidelberg University 
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These data are from the National Center for Water Quality Research in Ohio, USA. The discharge from the Maumee River reflects overall volume of runoff-generating rainfall. The overall trend is weak, but in 2007 people began noticing much larger algal blooms in Lake Erie again, particularly in comparison with the period 1999 to 2002. When you consider that the flow-weighted mean concentration of phosphorus usually correlates to river flow – because the more intense the rain, the more phosphorus is released from the soil – and multiply the flow and concentration to get loading, the trend in loading is much stronger. Problems with Lake Erie algal blooms continued into 2011 but are likely to be less this year owing to less rainfall over the past winter and spring. 



Climate change and crop yield 

• DSSAT models predict 41% to 77% increases in biomass and 
yield of ‘biofuel wheat’ in southern Saskatchewan in the 2050s 
compared to 1961-1990, for IPCC A1B, A2 and B1 scenarios 
combined effects of increased temperature, precipitation and 
CO2 (Wang et al., 2012, CJPS) 

• BUT these models did not account for heat shock >32°C during 
grain filling 
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So as far as climate projections go, we can count on higher temperatures, rising CO2, increasing precipitation coming down in larger storms, gradually over time. A recent paper in our Canadian Journal of Plant Science noted that DSSAT models actually predict some rather hefty increases in wheat biomass and yield in response to some of these changes, for southern Saskatchewan. But it also acknowledges that extremes were not taken into account. For example the known response of wheat to heat shock during grain filling is not in the DSSAT models. A lot more could be said about predicted impacts on crop production, but I would like to narrow the focus to crop nutrition. Wang, H., He, Y., Qian, B., McConkey, B., Cutforth, H., McCaig, T., McLeod, G., Zentner, R., DePauw, R., Lemke, R., Brandt, K., Liu, T., Qin, X., White, J., Hunt, T. and Hoogenboom, G. 2012. Short Communication: Climate change and biofuel wheat: A case study of southern Saskatchewan. Can. J. Plant Sci. 92: 421–425. This study assessed potential impacts of climate change on wheat production as a biofuel crop in southern Saskatchewan, Canada. The Decision Support System for Agrotechnology Transfer-Cropping System Model (DSSAT-CSM) was used to simulate biomass and grain yield under three climate change scenarios (CGCM3 with the forcing scenarios of IPCC SRES A1B, A2 and B1) in the 2050s. Synthetic 300-yr weather data were generated by the AAFC stochastic weather generator for the baseline period (1961–1990) and each scenario. Compared with the baseline, precipitation is projected to increase in every month under all three scenarios except in July and August and in June for A2, when it is projected to decrease. Annual mean air temperature is projected to increase by 3.2, 3.6 and 2.7°C for A1B, A2 and B1, respectively. The model predicted increases in biomass by 28, 12 and 16% without the direct effect of CO2 and 74, 55 and 41% with combined effects (climate and CO2) for A1B, A2 and B1, respectively. Similar increases were found for grain yield. However, the occurrence of heat shock (>32°C) will increase during grain filling under the projected climate conditions and could cause severe yield reduction, which was not simulated by DSSAT-CSM. This implies that the future yield under climate scenarios might have been overestimated by DSSAT-CSM; therefore, model modification is required. Several measures, such as early seeding, must be taken to avoid heat damages and take the advantage of projected increases in temperature and precipitation in the early season.



Nitrogen-Climate 
Interactions 
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Nitrogen is a key link between climate change and crop nutrition. The nitrogen cycle impacts climate change, and climate change impacts the nitrogen cycle. The complex interactions between nitrogen and climate have recently been explored by a group of US scientists in connection with the International Nitrogen Initiative. ��



Nitrogen-Climate 
Interactions 

• 7 chapters 
• 208 pages 
• “improved nutrient use 

management will be 
increasingly challenging 
under climate change 
scenarios of more 
variable climatic 
patterns” 
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The study effort, coordinated by Eric Davidson and Emma Suddick of the Woods Hole Research Center, aimed to provide information to the US National Climate Assessment. This report will be the theme of a session at the Soil Science Society of America meetings in Cincinnati this coming October. One of the report’s seven chapters focuses on agriculture. It notes that it will be increasingly challenging to improve the management of crop nutrition given climate change scenarios of more variable patterns. But it also notes that “Striving for NUE reduces impact of climate on crop N use, and impact of crop N use on climate.” In the next few slides I will highlight some of the research it cites.



Climate and soil organic N 
• Soil N mineralization increased by temperature but reduced 

by higher C/N ratios (Brevik, 2012, Soil Horizons) 
• Nutrients: “Soil C sequestration under elevated CO2 is 

constrained both directly by N availability and indirectly by 
nutrients [P, K, Mo] needed to support N2 fixation” (van 
Groenigen et al, 2006, PNAS) 

• Progressive N limitation: “Soil N supply is probably an 
important constraint on global terrestrial responses to 
elevated CO2” (Reich et al, 2006, Nature) 

• Air quality research: Climate change to increase N deposition 
in eastern USA by 3 to 14% by 2055 (Civerolo et al, 2008, 
Atmos Environ) 
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Soil organic matter and the nitrogen it contains influence the nitrogen nutrition of crops strongly, and is also heavily influenced by climate change. Its fate under climate change is uncertain. Higher temperatures increase its mineralization, as pointed out in a recent Soil Horizons article by Eric Brevik, but higher carbon dioxide levels may mean greater input to the soil of crop residues richer in carbon but lower in nitrogen, thus decomposing more slowly. Thus many expect that soil organic matter will benefit from higher CO2 levels, but as pointed out by van Groenigen et al in 2006, progressive nitrogen limitation under enriched CO2 can constrain soil carbon storage, and in addition nutrients like phosphorus, potassium and molybdenum may constrain biological nitrogen fixation in future climates as well. A paper in Nature by Reich et al agrees that N supply from the soil may constrain the response of terrestrial plants to elevated CO2. However, a paper by Civerolo et al, applying air quality models to predict changes in air pollution arising from climate change, forecasts an increase in N deposition in the eastern USA by 3 to 14% by 2055. This increase is primarily due to the direct effects of climate change on atmospheric conditions and chemistry. From the perspective of maintaining and building soil organic matter, this increase in deposition may be welcome. But altogether, there seems to be considerable lack of certainty as to what will happen to soil organic nitrogen.Brevik, EC. 2012. Soils and Climate Change: Gas Fluxes and Soil Processes. Soil Horizons. According to the Intergovernmental Panel on Climate Change, global temperatures are expected to increase 1.1 to 6.4°C during the 21st century, and precipitation patterns will be altered by climate change. Soils are intricately linked to the atmospheric–climate system through the carbon, nitrogen, and hydrologic cycles. Altered climate will, therefore, have an effect on soil processes and properties, and at the same time, the soils themselves will have an effect on climate. Study of the effects of climate change on soil processes and properties is still nascent, but has revealed that climate change will impact soil organic matter dynamics, including soil organisms and the multiple soil properties that are tied to organic matter, soil water, and soil erosion. The exact direction and magnitude of those impacts will be dependent on the amount of change in atmospheric gases, temperature, and precipitationamounts and patterns. Recent studies give reason to believe at least some soils may become net sources of atmospheric carbon as temperatures rise and that this is particularly true of high latitude regions with currently permanently frozen soils. Soil erosion by both wind and water is also likely to increase. However, there are still many things we need to know more about. How climate change will affect the nitrogen cycle and, in turn, how the nitrogen cycle will affect carbon sequestration in soils is a major research need, as is a better understanding of soil water–CO2 level–temperature relationships. Knowledge of the response of plants to elevated atmospheric CO2 given limitations in nutrients like nitrogen and phosphorus and associated effects on soil organic matter dynamics is a critical need. There is also a great need for a better understanding of how soil organisms will respondto climate change because those organisms are incredibly important in a number of soil processes, including the carbon and nitrogen cycles.van Groenigen, K.-J., J. Six, et al. (2006). "Element interactions limit soil carbon storage." Proceedings of the National Academy of Sciences 103(17): 6571-6574.	Rising levels of atmospheric CO2 are thought to increase C sinks in terrestrial ecosystems. The potential of these sinks to mitigate CO2 emissions, however, may be constrained by nutrients. By using metaanalysis, we found that elevated CO2 only causes accumulation of soil C when N is added at rates well above typical atmospheric N inputs. Similarly, elevated CO2 only enhances N2 fixation, the major natural process providing soil N input, when other nutrients (e.g., phosphorus, molybdenum, and potassium) are added. Hence, soil C sequestration under elevated CO2 is constrained both directly by N availability and indirectly by nutrients needed to support N2 fixation.Reich, P. B., S. E. Hobbie, et al. (2006). "Nitrogen limitation constrains sustainability of ecosystem response to CO2." NATURE 440: 922-925.Enhanced plant biomass accumulation in response to elevated atmospheric CO2 concentration could dampen the future rate of increase in CO2 levels and associated climate warming. However, it is unknown whether CO2-induced stimulation of plant growth and biomass accumulation will be sustained or whether limited nitrogen (N) availability constrains greater plant growth in a CO2-enriched world. Here we show, after a six-year field study of perennial grassland species grown under ambient and elevated levels of CO2 and N, that low availability of N progressively suppresses the positive response of plant biomass to elevated CO2. Initially, the stimulation of total plant biomass by elevated CO2 was no greater at enriched than at ambient N supply. After four to six years, however, elevated CO2 stimulated plant biomass much less under ambient than enriched N supply. This response was consistent with the temporally divergent effects of elevated CO2 on soil and plant N dynamics at differing levels of N supply. Our results indicate that variability in availability of soil N and deposition of atmospheric N are both likely to influence the response of plant biomass accumulation to elevated atmospheric CO2. Given that limitations to productivity resulting from the insufficient availability of N are widespread in both unmanaged and managed vegetation, soil N supply is probably an important constraint on global terrestrial responses to elevated CO2.Civerolo, K. L., C. Hogrefe, et al. (2008). "Simulated effects of climate change on summertime nitrogen deposition in the eastern US." ATMOS ENVIRON 42(9): 2074-2082.	It is anticipated that climate change may impact regional-scale air quality and atmospheric deposition in the coming decades. To simulate the effects of climate change on nitrogen (N) deposition across numerous watersheds in the eastern US, we applied the NASA Goddard Institute for Space Studies General Circulation Model (GISS-GCM), Fifth Generation Pennsylvania State University/National Center for Atmospheric Research Mesoscale Model (MM5), Sparse Matrix Operator Kernel Emissions (SMOKE) modeling system, and the US Environmental Protection Agency Community Multiscale Air Quality (CMAQ) Model. Keeping chemical initial and boundary conditions, land use, and anthropogenic area and point source emissions fixed, this modeling system was applied over five summers (June-August) from 1993 to 1997 and five summers from 2053 to 2057. Over these eastern US watersheds, the modeling system estimated 3-14% increases in summertime N deposition as a result of climate change. This increase is primarily due to the direct effects of climate change on atmospheric conditions and chemistry. Wet N deposition is predicted to increase as a result of increased precipitation, while dry N deposition is predicted to increase as higher surface temperatures favor gas-phase nitric acid to particulate nitrate. The simulated increase suggests that additional reductions in N oxides and/or ammonia may be needed to fully realize the anticipated benefits of planned reduction strategies, including the Clean Air Interstate Rule (CAIR). &COPY; 2007 Elsevier Ltd. All rights reserved.	



Climate change and water quality 
• Prince Edward Island: nitrate leaching not affected more than 

1% by future climate scenarios for 2040-2069, but increases 5 
to 30% with more corn and soybeans, less pasture (DeJong et 
al, 2008, CJSS). 

• Sweden: “Simulations… indicated an increased rate of N 
mineralisation (+2 kg ha-1 year-1) and increased N leaching to 
the drain pipes (+0.06 kg ha-1 year-1) as a result of climate 
change” (Ulén and Johansson, 2009). 

• Chesapeake Bay: “Assuming that farmers do not respond to 
changes in temperature, precipitation, and atmospheric CO2 
levels could lead to mistaken conclusions about the magnitude 
and direction of environmental impacts” (Abler et al, 2002).  
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A few studies have looked at crop nutrition and the fate of crop nutrients. One example is a study for Prince Edward Island cropping systems by Reinder DeJong et al reported in 2008. Running 4 different global climate models, they reported little effect at all on nitrate leaching from future climate scenarios on their own. However, they found that if producers change to more intensive production, replacing pastures and forages with corn and soybeans to adapt to the longer growing seasons, nitrate leaching increased by 5 to 30 percent. Similarly,  a study in Sweden, by Ulen and Johansson, ran simulations for arable land and found that climate change increased the rate of soil N mineralization of only 2 kg per hectare, and a tiny increase in nitrate leaching. In the Chesapeake Bay watershed, Abler et al noted that nitrogen loading to the Bay was highly sensitive to future climates scenarios, and assumptions about how crops respond to elevated CO2 and particularly, how they respond to market signals by selecting different crops. These three studies agree that environmental impacts depend more on management choices than on climate change on its own.DeJong, R., B. Qian, et al. (2008). "Modelling nitrogen leaching in Prince Edward Island under climate change scenarios." CAN J SOIL SCI 88(1): 61-78.	Projected climate change in Canada and its impact on crop yield and production have been studied, but the impacts on soil and water quality are less well known. The objective of this study was to model and evaluate the potential impacts of climate change on soil nitrogen (N) leaching in Prince Edward Island. Residual soil nitrogen (RSN), the quantity of inorganic soil N at the time of harvest, was calculated from an annual N budget, based on Census of Agriculture data. RSN was "added" to the soil in the fall and subject to leaching until the start of the next growing season. Water and N movement in and through the soil were calculated with a modified version of the Versatile Soil Moisture Budget. The provincial averages of RSN and N leaching under historic (1971-2000) climate and management conditions were calculated to be 30.8 kg N ha(-1) and 27.9 kg N ha(-1), i.e., 91% of the RSN was lost via leaching. With no changes in agricultural practices, N leaching under four climate change (2040-2069) scenarios remained very similar (+/- 1%) to that simulated under historic climatic conditions. With agricultural intensification, in response to climate change and economic conditions, RSN levels increased to 35.7 kg N ha(-1) and estimates of soil N leaching increased by 5 to 30% beyond historic levels.Ulén, B. and G. Johansson (2009). "Long-term nutrient leaching from a Swedish arable field with intensified crop production against a background of climate change." ACTA AGR SCAND SECT B SOIL PL 59(2): 157-169.	Leaching of nutrients was studied at a tile drain outlet and in two pairs of groundwater pipes in an arable field in central Sweden in order to identify trends and impacts of the climate. In the study period (1973-2005), crop production was dominated by spring barley, winter wheat, rape and, in later years, potatoes. Winter crops were cultivated 60% of the time. Leaching of total nitrogen (TotN) and total phosphorus (TotP) to drain water was low, on average 10 kg ha-1 year-1 for TotN and 0.07 kg ha-1 year-1 for TotP based on measurements. Nitrogen fertilisation increased slightly from 121 to 142 kg ha-1 year-1 during the period in a balanced way in line with increasing crop yields of cereals, from 5.8 to 6.6 tonnes year-1. For the entire study period, the temperature was estimated to increase significantly by a total of +2 C for the growing season (April-September). Precipitation (+16 mm) and humidity (+11%) were also estimated to have increased significantly, mainly in June. Simulations with a deterministic and coupled N-leaching database model (SOILN-DB) indicated an increased rate of mineralisation (+2 kg ha-1 year-1) and increased N leaching to the drain pipes (+0.06 kg ha year-1) as a result of climate changes. In this simulation spring tillage instead of autumn tillage was estimated to reduce N leaching by 10%. Mineral P fertilisers were applied to winter crops in autumn until 1999, but thereafter all mineral P fertilisers were applied in spring by drilling in bands. A weak trend for decreasing concentration of dissolved reactive phosphorus was indicated based on the measurements in the tile drain outlet.Abler, D., J. Shortle, et al. (2002). "Climate change, agriculture, and water quality in the Chesapeake Bay Region." CLIMATIC CHANGE 55(3): 339-359.	Research on climate change and agriculture has largely focused on production, food prices, and producer incomes. However, societal interest in agriculture is much broader than these issues. The objective of this paper is to analyze the potential impacts of climate change on an important negative externality from agriculture, water quality. We construct a simulation model of maize production in twelve watersheds within the U. S. Chesapeake Bay Region that has economic and watershed components linking climate to productivity, production decisions by maize farmers, and nitrogen loadings delivered to the Chesapeake Bay. Maize is an important crop to study because of its importance to the region's agriculture and because it is a major source of nutrient pollution. The model is run under alternative scenarios regarding the future climate, future baseline (without any climate change), whether farmers respond to climate change, whether there are carbon dioxide (CO2) enrichment effects on maize production, and whether agricultural prices facing the region change due to climate change impacts on global agricultural commodity markets. The simulation results differ from one scenario to another on the magnitude and direction of change in nitrogen deliveries to the Chesapeake Bay. The results are highly sensitive to the choice of future baseline scenario and to whether there are CO2 enrichment effects. The results are also highly sensitive to assumptions about the impact of climate change on commodity prices facing farmers in the Chesapeake Bay region. The results indicate that economic responses by farmers to climate change definitely matter. Assuming that farmers do not respond to changes in temperature, precipitation, and atmospheric CO2 levels could lead to mistaken conclusions about the magnitude and direction of environmental impacts.
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Nitrogen – Carbon Interaction 

Presenter
Presentation Notes
I would like to point out a specific example of a management choice that may become more feasible with climate change. This figure shows soil organic carbon levels in a 39-year study from Kentucky. Continuous corn was grown with zero, 168 or 337 kg/ha of annual N application, under no-tillage or moldboard plowing. An important feature of this cropping system is the winter cereal cover crop—feasible now in Kentucky; with climate change, more feasible in the Northern Corn Belt as well. The high rate of N provided probably more N than the corn would need on its own, and would have been a complete waste without the cover crop. But with the cover crop to absorb it, the additional nitrogen turned into valuable soil organic matter– to the extent that with no-till, the highest N rate resulted in restoration of levels of soil organic carbon found in continuous grass sod. Here is a crop management strategy, coupled with a crop nutrition strategy, that takes advantage of nitrogen-carbon interactions to help adapt to climate change.
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Presenter
Presentation Notes
The nitrogen cover crop study from Kentucky is just one example of a management strategy that can adapt to or take advantage of climate change. I would now like to turn our attention to other opportunities for the management of plant nutrition. This spring, IPNI published a 4R Plant Nutrition Manual that provides a complete overview of a concept relating crop nutrition practices to their impacts on agricultural sustainability. The premise is defining the right source, rate, time and place of nutrient application as those that produce the social, economic and environmental impacts desired by stakeholders. This publication is available for purchase at the IPNI web site. Currently in hardcopy, it will also soon be available in electronic formats as well.



ACTION 
Change in practice 

Farm Level 
Producers,  
Crop advisers 

DECISION  
Accept, revise, or reject 

EVALUATION of OUTCOME   
Cropping System  

Sustainability Performance 

OUTPUT  
Recommendation of right source, 

rate, time, and place (BMPs) 

    Regional Level 
Agronomic scientists, 

Agri-service  
providers 

DECISION SUPPORT based 
on scientific principles 

Policy Level – Regulatory,  
Infrastructure, Product Development LOCAL SITE 

FACTORS 
•Climate 
•Policies 
•Land tenure 
•Technologies 
•Financing  
•Prices 
•Logistics 
•Management 
•Weather 
•Soil 
•Crop demand 
•Potential 
losses 

•Ecosystem 
vulnerability 

4R Adaptive Management for Plant Nutrition 

Presenter
Presentation Notes
The 4R Nutrient Stewardship concept includes adaptive management. This diagram depicts ongoing cycles of assessment for all management decisions or choices of source rate time and place. Local site factors vary from place to place, and with climate change over time. At the farm level, decisions need to be evaluated annually, and as climate change progresses, the same choices of source rate time and place may not produce the same results. On each farm and field, producers and crop advisers need to be assessing recommendations, tools and technologies for getting source, rate, time and place right. At the regional level, agronomic scientists need to continually assess whether the decision support they are providing adequately addresses the changes that are occurring: climatic changes as well as changes within the industry and the ecosystem. Do the decision support tools account for the weather? Are the recommendations documented well enough to be credible, not only to producers, but to the full range of stakeholders? Agri-service providers need to assess whether their operations have capacity to deliver the right sources of nutrients at the right time, and custom applicators include right rate and place as well. At the policy level, governments need to ensure that scientists are adequately supported and appropriately engaged. Producers need to be supported with programs that recognize and reward their adoption of advanced tools and technologies that achieve the non-economic dimensions of sustainability. The larger industry needs to evaluate its infrastructure to ensure that logistical bottlenecks aren’t constraining the application of the right source at the right rate, time and place. We all need to be working toward the same goals – enhanced cropping system sustainability performance. We need to be engaging stakeholders so that we all have our definitions of sustainability performance in alignment. 



4R Context 

• Changing climate will change the mix of crops and rotations, 
production potentials, and opportunities for cover crops. 

• More intense winter rain could lead to greater importance for 
conservation tillage and cover crops. 

• Implications for source, rate, time and place of nutrient 
application. 



Right Source 

• Form: rising [CO2] and implications for NH4
 + versus NO3

- 

• Plant dependence on NH4
 + versus NO3

- changes with [CO2] 
(Bloom et al, 2002; Epstein and Bloom, 2005) 

• If preference for NH4
+ increases, greater crop response may be 

expected from:  
– nitrification inhibitors (nitrapyrin, dicyandiamide)  
– other means of slowing the conversion of ammonium to nitrate 

(urease inhibitors, polymer coated urea, later time of application) 

• Adapting to higher [CO2] could thus lead to less nitrate 
leaching 

• Forms suitable for placement in conservation tillage 

Presenter
Presentation Notes
Many changes may apply under the source category, since changes to rate, timing and placement may affect choice of source as well. One specific nutrient form that may be affected by rising CO2 levels is the choice between ammonium and nitrate. Most fertilizer sources are in the ammoniacal form, but soil processes often result in most of the uptake occurring in the nitrate form. As CO2 levels rise, plant photosynthesis becomes more efficient and more focused on carbon assimilation, leaving less surplus energy for nitrate reduction, and thus in some cases an increasing preference for ammonium over nitrate has been demonstrated. Thus nitrification inhibitors or controlled-release forms of nitrogen may be more strongly preferred, giving larger crop responses, and also leading perhaps to less nitrate leaching. Given increased need and opportunity for conservation tillage, forms suitable for placement into the soil will be needed, to prevent the contact between urea and crop residue that results in ammonia volatilization.Epstein, Emanuel and Arnold J. Bloom. 2005. Mineral Nutrition of Plants: Principles and Perspectives. 2nd edition. Sinauer Associates. Page 186.Bloom, A. J., D. R. Smart, et al. (2002). "Nitrogen assimilation and growth of wheat under elevated carbon dioxide." Proceedings of the National Academy of Sciences 99(3): 1730-1735.	Simultaneous measurements of CO2 and O2 fluxes from wheat (Triticum aestivum) shoots indicated that short-term exposures to elevated CO2 concentrations diverted photosynthetic reductant from NO or NO reduction to CO2 fixation. With longer exposures to elevated CO2, wheat leaves showed a diminished capacity for NO photoassimilation at any CO2 concentration. Moreover, high bicarbonate levels impeded NO translocation into chloroplasts isolated from wheat or pea leaves. These results support the hypothesis that elevated CO2 inhibits NO photoassimilation. Accordingly, when wheat plants received NO rather than NH as a nitrogen source, CO2 enhancement of shoot growth halved and CO2 inhibition of shoot protein doubled. This result will likely have major implications for the ability of wheat to use NO as a nitrogen source under elevated CO2.



Right Rate 

• Proportional to crop demand 
• Will attainable crop yield be harder to predict? 
• Adapting N rates to weather: 

– More variable crop yield and rainfall-related N losses may make it 
more important. 

– Cover crop response to surplus N may make it less important. 

Presenter
Presentation Notes
Rate. If yield goals were hard to set in the past, they may be even more difficult to predict in the future. If you felt you needed a little extra for insurance with normal weather, the temptation may increase when weather becomes more variable. There are alternatives! Particularly for nitrogen, you can use crop sensors and/or weather-driven crop models as decision support tools to take into account the dynamic changes in weather.



Right Time 

• If winter rains are more intense, fall application, even for P and 
K, may be less effective 

• If crop yields are more variable, more benefit to split 
applications [more decision points] 
 

Presenter
Presentation Notes
Time. Splitting the dose into multiple applications can help minimize risk of loss and maximize nutrient supply to the crop. Does your equipment enable you to take advantage of narrow application windows that open up? Can you respond to short-term forecasts that assure that applied nutrients will stay in the soil? Can you fit your application timing to the growth stages of crops that might happen earlier than usual? 



Right Place 

• If winter rains are more frequent and 
intense: 

– More impact on water quality from: 
• Fall-applied P left on the surface 
• Stratification of P in soil  

– More benefit from band-applied P 

Presenter
Presentation Notes
Place. If rainstorms are more frequent and intense, leaving nutrients on the soil surface makes even less sense than before. Placing nutrients in the soil close to where the roots are growing adds resiliency to your crop management. Invest in equipment that can place the right nutrients in the soil at the right time, rapidly enough to fit application windows that might be shorter and at different times than in the past.



Summary 

• Adaptation to a warmer climate with enriched CO2 and 
more intense rainstorms will require us to adapt source, 
rate, time and place of nutrient application to conservation 
soil management (tillage, fertility and organic matter). 

– More emphasis on source, timing and placement 
options. 

– More emphasis on including weather—past, current, 
and forecast—in decision support for crop nutrition. 



Comments 
Welcome 

 
 

nane.ipni.net 
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