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Abstract. Climate change will impact agricultural produc- 1 Introduction

tion both directly and indirectly, but uncertainties related to

likely impacts constrain current political decision making Biophysical processes of agroecosystems are strongly af-
on adaptation. This analysis focuses on a methodology fofected by environmental conditions. The projected increases
applying probabilistic climate change projections to assessn greenhouse gases will affect agroecosystems either di-
modelled wheat yields and nitrate leaching from arable landrectly (primarily by increasing photosynthesis at higher,CO

in Denmark. The probabilistic projections describe a rangeconcentrations; Long et al., 2006) or indirectly via effects on
of possible changes in temperature and precipitation. Twalimate (e.g., temperature and precipitation affecting several
methodologies to apply climate projections in impact mod- aspects of ecosystem functioning, Olesen and Bindi, 2002).
els were tested. Method A was a straightforward correctionThe exact responses depend on the sensitivity of the particu-
of temperature and precipitation, where the same correctiotar ecosystem and on the relative changes in the controlling
was applied to the baseline weather data for all days in thdactors.

year, and method B used seasonal changes in precipitation Many studies have assessed effects of climate change (CC)
and temperature to correct the baseline weather data. Basegh agricultural productivity in Europe (e.g., Harrison et al.,
on climate change projections for the time span 2000 to 210®000; Maracchi et al., 2005; Olesen et al., 2007, 2011;
and two soil types, the mean impact and the uncertainty of theChallinor et al., 2009). Much fewer studies have attempted
climate change projections were analysed. Combining probto quantify the effect of the uncertainty of the climate change
ability density functions of climate change projections with projections on crop production. Such assessments are needed
crop model simulations, the uncertainty and trends in nitro-to properly identify the changes required to agricultural pol-
gen (N) leaching and grain yields with climate change wereicy to account for CC.

quantified. The uncertainty of climate change projections |ncreasing the atmospheric G@oncentration stimulates
was the dominating source of uncertainty in the projectionsyield of Cz crops and to a lesser extent €rops (Fuhrer,

of yield and N leaching, whereas the methodology to sea2003). However, recent estimates of the yield benefit from
sonally apply climate change projections had a minor effectincreasing C@ are smaller than earlier ones (Ainsworth and
For most conditions, the probability of large yield reductions |_ong, 2005; Tubiello et al., 2007), and the average annual
and large N leaching losses tracked trends in mean yields anicrease over the next decades is marginal compared with
mean N leaching. The impacts of the uncertainty in climatewhat has been achieved through conventional crop manage-
change were higher for loamy sandy soil than for sandy soilsment and breeding (Berntsen et al., 2006).

due to generally higher yield levels for loamy sandy soils. |ncreasing temperatures affect crops primarily via plant
There were large differences between soil types in responsgevelopment. With warming, active growth starts earlier,
to climate change, illustrating the importance of including plants develop faster, and the potential growing season is ex-
soil information for regional studies of climate change im- tended. This may have the greatest effect in colder regions.
pacts on cropping systems. However, increased temperatures reduce crop duration. In
wheat, an increase by’ C during grain filling has been found

to reduce the length of the grain-filling phase by 5%, and

Correspondence taC. D. Bgrgesen yield declines by a similar amount (Olesen et al., 2000; Kris-
BY

(christen.borgesen@agrsci.dk) tensen et al., 2011). The effect of increased temperature
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leading to yield reductions will often be more than coun- the uncertainty of CC projections representing the time span
terbalanced by the effect of increased ££@h crop photo- 2000 to 2100. The study of Harris et al. (2010) provided
synthesis. For moderate changes in temperature and rainfal;C probabilistic projections for the analysis from an emu-
the combination of both climate and G@ffects will lead  lator that samples the uncertainty space on a regional scale
to small to moderate yield increases compared with yield(300x 300 km grid scale) and produces stochastic estimates
simulated for the present situation (Ghaffari et al., 2002; vanof temperature and precipitation change.
Ittersum et al., 2003).

Climate changes also have an impact on some environ- _
mental aspects of crop production. Nitrate that leaching from? Materials and methods
farmland, under current climatic conditions, has a large im-

. . e 2.1 Crop model

pact on the aquatic environment and on the natural life in the

aquatic ecosystems (Kronvang et al., 2005). The riskis espery gptain nitrate leaching and crop yield response sur-

cially high where field drainage is through tile drains. Nitrate faces, we used the soil-water-crop-atmosphere model Daisy
leaching from the root zone is a function of the concentra-(Hansen et al., 1991; Abrahamsen and Hansen, 2000). The
tion of mineral nitrogen (N) in the soil water and the amount 56| is 4 one-dimensional mechanistic and deterministic

of excess water percolating through the soil profile. Largemodel, simulating crop and soil processes as affected by en-

amounts of precipitation during autumn and winter inCrease, jronmental conditions. The model simulates the water bal-

the percolation rates, which increase nitrate leaching (Simyznce N balance and losses, soil organic matter turnover and
melsgaard, 1998) to the level where the nitrate concentrag, o growth and yield from information on soil, weather and
tions are diluted. Temperature and radiation affect soll tem'management. The model has been validated on independent

perature, which in turn influences the mineralization of soil datasets with good results (de Willegen, 1991; Diéigler et
organic N (Turner and Henry, 2009; Thomsen et al., 2010).;; 1995: Smith et al. 1997). ' ’

High mineralization rates in autumn and winter, combined 1, parameterisation of the Daisy soil organic matter

with little crop N uptake and high percolation, will increase (SOM) model was revised based on the carbon content of
the risk of nitrate Ieachin'g. Nitrate leaching is also strongly Danish long-term field experiments (Bruun et al., 2003). The
dependent on crop rotation, crop management and N fertilye,iseq parameterisation takes into account higher C input to
ization rate, and CC effects on these factors will, therefore,g ) (includes rhizodeposition), and the turnover rates of soil
also affect N leaching (Jeppesen et al., 2011). C are adjusted in order to reflect especially the medium-term

Coupled Atmosphere-Ocean General Circulation Modelsy,noyer observed experimentally. This revised parameteri-
(AOGCMs) are widely used for CC projections on both gaiinn petter resembles the trends in soil organic matter con-
global and regional scales (Mearns et al., 2001). Differentgnt of panish arable farming systems than the original pa-
methods to ascertain the uncertainty in projections of key . eterisation (Olesen et al., 2004) and was, therefore, used
climate parameters have been reported (Murphy et al., 2007, he present study.

2009). In our analysis, we use a probabilistic approach 0 g photosynthesis in Daisy is calculated using a light sat-
impact assessment, in addition to a methodological analyy, ation response curve. However, the effect of,@0ncen-

sis of uncertainties associated with applying climate changg,aion is not included in the standard Daisy model. As,CO
projections. Having a probabilistic description means thatconcentration is linked with CC and affects both photosyn-
impacts can be expressed in terms of the risk of certain OUttheasis and transpiration, we have changed the Daisy parame-

comes being exceeded at certain times in the future, whichg g conirolling: (1) Saturated photosynthesis rate; (2) N con-
may be applied to analysing probability of having crop yields ¢onrations of all vegetative plant organs; and (3) Potential

that are too low to be economically viable (Luo et al., 2007). yangpiration. Appendix 1 describes in detail the changes in

However, as argued by Olesen et al. (2007), the uncertainties, ameterisation dealing with the effects of changes ia CO
of the methods used to apply climate model output can play &, ncentration.

larger role than the uncertainty associated with the different
GCM or regional climate model (RCM) projections. 2.2 Projected climate change and meteorological data

The aim of this study is to propose and evaluate a method-
ology to estimate mean effects and the uncertainties assocBDaily meteorological data are needed as input in the Daisy
ated with probabilistic projections of CC on crop production simulations. Daily meteorological (observed) data interpo-
and N leaching. There are additional uncertainties associtated to a 50< 50 km grid across Europe were extracted
ated with the impact model used, but this is not includedfor the period 1976—2005 from the MARS-STAT database
here. The specific objectives are (i) to develop a comprehenfGenovese, 2004). The grid box values for the grid cov-
sive method for analysing the effect of probabilistic projectedering northern Fuenen in the centre of Denmark were used
CC on winter wheat yields and N leaching; (ii) obtaining the as baseline in this study, and for producing meteorologi-
uncertainty in projections and the probabilities of exceedingcal datasets characterising the variation of projected future
critical thresholds of N leaching and wheat yields based onclimatic conditions. The data include global radiation, air
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7 . . S Two types of projection data were available: mean pro-
o ST BRI jections on an annual timescale and mean projections on a
6 | seasonal timescale (four seasons; winter (Dec—Feb, DJF),
spring (Mar—May, MAM), summer (Jun—Aug, JJA) and au-
5 | tumn (Sep—Nov, SON)). Figure 1a shows an example of the
10000 projected changes in annual mean temperature and
4. precipitation for Denmark for the period 2061-2080. Based
on these projections, a joint Probability Density Function
3 (PDF) was generated by first obtaining the probability of CC

for each grid cell (of dimensions°C x 10 % change in pre-
cipitation) and then using these data as input in the interpo-
lation of the contour plot of the joint PDF (Fig. 1b). The
PDF contour plot gives a better visual impression of the dis-
tribution of projected changes (variability) than Fig. 1a and

Temperature change (°C)

7 b an improved appreciation of the mean change in precipitation
and temperature.
6 1 Two different methodologies — method A (annual pro-
jected CC) and B (seasonal projected CC) — were tested for
5 applying CC projections in the simulation of grain yield and
N leaching. For both methods the range in CC presented in
4 4 g g the 10000 observations was used in the generation of ma-
4 trices of changes in temperature and precipitation. For each
3 6 of the methods A and B the matrix consisted of 42 meteo-
= 8 rological datasets. Each dataset was generated by systemat-
2 - = 12 ically changing temperature and precipitation of the original
— MARS-STAT dataset. We used steps of*€lfrom the mini-
1 ;

' ‘ . ‘ . | mum to the maximum (0 to +C) in the annual observations
15 10 5 O 5 10 15 2 of temperature change, and stepsif0 % from the mini-
Precipitation change (%) mum to the maximum change in annual precipitatieBQ %
to +30%). However, where projected CC did not span this
Fig. 1. Projections of annual mean change in temperature and prefull range of changes in temperature and rainfall, the range
cipitation for Denmark for the years 2061-2080 for the A1B emis- with reduced to capture the projected range plus the neigh-
sion scenariga), and the joint probability density function (PDF) bouring range. Thus, for the example in Fig. 1la this means
obtained based on number of observations within e4€hx 10 % that the range was set to 1 t6@ change in temperature and
cell (b). The scale for shading ifb) shows the percentage of ob- _20t0 30 % change in precipitation.
servations in each of the’C x 10 % cells (data from Harris et al., For method A, the daily observed temperature and precip-
2010). itation were changed by the same value all year round. This
is similar to theA-change method by Olesen et al. (2007).

For method B, the meteorological data were changed us-
temperature, precipitation, wind speed and humidity. Ref-ing seasonal projected changes in precipitation and tempera-
erence evapotranspiration was calculated using the Penmaare. As the seasonal changes cannot be represented by two
equation (Penman, 1956). Projected CC for the A1B emis-dimensions as for method A (annual temperature change, an-
sion scenario relative to 1961-1990 was provided by Har-nual change in precipitation), but have four seasonal tem-
ris et al. (2010) representing uncertainties among and withirperature changes (DJF, MAM, JJA, SON) and four seasonal
GCM projections of climate change. Gridded European datachanges in precipitation (DJF, MAM, JJA, SON), the total
on a 300x 300 km spacing were available, representing pe-number of dimensions will be 16. Simplifications of the pro-
riods of 20 yr: 2001-2020, 2011-2030, ..., 2081-2100. Thgected CC were introduced to reduce the number of com-
single datasets consist of 10 000 “observations” of projectecinations to 2 dimensions. The seasonal projections were
changes in precipitation (%) and temperattt@)( sampled  normalised into the same number of combinations as for
across the uncertainty space of GCM projections. Harris emethod A, but instead of using annual changes, mean sea-
al. (2010) corrected the data lying outside the 1st and 99ttsonal changes in temperature and precipitation were added
percentiles of temperature and precipitation change to valto the daily meteorological data. This was done by: (1) clas-
ues equal to the 1st and 99th percentiles, respectively. Thisifying the CC data according to the mean annual change
was done to remove the effect of distant outliers, which havein temperature and precipitation using the same steps as
reduced confidence. for method A of +1°C and +10% precipitation; and (2)

(@]
N
al
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Fig. 2. Regression between the optimal N fertilizer rate and grain 22
yield of winter wheat at the optimal N rate. Based on simulated data @ .
of Olesen et al. (2007).
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calculating mean seasonal change in temperature and precip-

itation for each of the 42 combinations. To illustrate, meanFig. 3. Mean simulated N leaching (kg N hid) (a andb) and
seasonal changes in precipitation were calculated from therain yield (Mg DM hal) of winter wheat(c and d) as contour
seasonal observations underlying each of the annual observéires for loamy sand in Denmark for changes in temperature and
tions within each of the grids in Fig. 1a. The mean seasonaPrecipitation using method Aa(andc) and method BH, d). The

changes were used to change temperature and precipitatidickground shading shows the probability (%) of changes in air
in the meteorological datasets. temperature and precipitation during 2061-2080 for Denmark com-

ed to the baseline period 1961-1990. The simulations used the

I
Ta_bl_e 1_ shows mean E_inm_Jal and _seasonal temperf’;\tures a@%z concentration for 2070 (611 ppm). The legend for the shading
precipitation for all projection periods. Before using the i shown in Fig. 1.

data as input in the Daisy model, the precipitation was cor-
rected to apply to the soil surface with a mean +10% cor-
rection applied throughout the year according to Allerup etpyt we assume that this has only a minor influence on the
al. (1998). The correction was found by comparing standardrends in the simulations compared to other uncertainties. An
meteorological measurements of precipitation at 1.5 m heighgqually important issue is that the method of CC projections
with measurement at the soil surface, and is primarily causegpplied here does not account for changes in frequency and
by turbulence effects around the measurement rain gauge furation of droughts and intense precipitation events.
1.5m height.
The projected C@ concentrations for the A1B scenario 2.3 Crop management and soil types
were taken from Houghton et al. (2001) as the ISAM model
results. This impacts the modelled photosynthesis rate, trankiodel simulations were run for continuous winter wheat on
spiration and critical N concentrations in the vegetative partswo typical Danish soil types: Sand (S) (4 % clay and 2.2 %
of the plant. A detailed description of how the Daisy model organic matter in the topsoil, 60 mm root zone water hold-
parameters were modified, is given in Appendix A. ing capacity, RZWC) and loamy sand (LS) (12 % clay and
The first six years of the meteorological data were used2.3% organic matter in the topsoil, 245 mm RZWC). The
as an initialisation period for the Daisy simulations of soil soils were assumed to be free draining and, thus, not af-
water and organic matter contents and the last 24 yr as théected by high ground water table, nor were they irrigated.
result period. Projections of CC included only changes inThe two soil types were used to illustrate potential soil type-
precipitation and temperature. Global radiation, wind speeddependent differences in grain yield and N leaching response
and humidity were kept unchanged as these parameters ate change in climatic conditions.
generally less affected by CC and because they mostly have For each combination of soil type (S and LS), meteo-
little impact on crop yield and N leaching. rological datasets (42) and CC projection methodology (A
We are aware that the baseline time series (1961-1990and B), the optimum N fertilization rate was initially calcu-
from which climate change was calculated (Harris et al.,lated. A regression function describing the relation between
2010) is different from the MARS-STAT series (1975-2005), soil- and climate-potential yield and optimum N rate (Fig. 2)
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was used to calculate the optimum N rate. The regressioffertilizer in Denmark showed an average annual N leach-
was found from simulations with five soil types, nine Eu- ing of 52kgNha?l (Kristensen et al., 2008). Kronvang et
ropean climates, and five N rates (50, 100, 150, 200, andl. (2009) studied the N leaching from different catchments
250kgNha?l) (Olesen et al., 2007). The maximum grain in Denmark and found average annual N leaching from the
yield was initially simulated at a high N rate (no simulated root zone of 78 kg N hal for sandy soils and 47 kg N h&
N stress on crop yield) and subsequently the economical opfor loamy soils. The thresholds chosen, therefore, represents
timum N rate was calculated. Adjusting the N application high N leaching rates that should not be exceeded.
rate to track changes in grain yield due to changed climatic The projected probability of N leaching exceeding a cer-
conditions is an important assumption on adaptation to cli-tain threshold Pleaching is calculated as:
mate change that also affects the response of the simulated N
leaching under future climatic conditions.
o . . +7°C +30%

Common farm management practice in relation to tim- , Z Z P P _ @
ing of sowing and fertilization was used in the simulations. = 2" clm- Tcim, leaching
To adopt the effect of increased temperature on manage-

ment, the date of sowing was delayed by five days for ev'WherePdm is the probability calculated for a given CC pro-

ery 1°C of temperature increase (Olesen et al., 2000). Th'section andPim, feachingi the probability of N leaching ex-

Is to guard against too advanced crop development durlnéeeding the soil specific threshold value at the given CC. The

autumn, which may lead to susceptibility to winter frost : o L :
: . rojected probability of a grain yield reduction larger than
damage. Harvest day was simulated when maturation wa 2 ) o )
0% compared to baseline is calculated in a similar way:

reached in the simulations.

T=0°C P=-30%

2.4 Effects of climate change +7°C +30%
Pyield = Z Z Peim: Pclm,yield (2)
Examples of simulated grain yield and N leaching combined T=0°CP=-30%

with the PDFs of CC are presented in Fig. 3. A straight-

forward method to obtain the most likely response would bewhere Peim, yield is the probability of a yield reduction of

to simulate the response from the mean value of CC pro=>20% compared to the average yield baseline. Average
jection (e.g., approximately no change in precipitation andgrain yields are calculated using a similar equation substitut-
+3°C warming for 20612080, Fig. 3). The validity of this ing Pcim, yield in Eq. (2) with Agim, yield (average simulated
method is based on an assumed linear response of grain yiefgrain yield) and average N leaching is found by substituting
and N leaching to changes in temperature and precipitationfcim, Leachingin EQ. (1) WithAcim, Leaching(@verage simulated
which would be seen in Fig. 3 as parallel and equidistant conN leaching).

tour lines of grain yield and N leaching within the response Equations (1) and (2) estimate the probability of exceeding
surface. The simulated responses are clearly not linear. Wehresholds for individual years. However, it is also of interest
therefore, used an alternative method for deriving the mosto know if projected average grain yield and N leaching ex-
likely effects of CC on yield and N leaching by calculating ceed the above-mentioned thresholds. In this case, the prob-
a probability weighted effect of the different CC projections. ability of average N leaching exceeding a specified threshold
This is done by calculating the stochastic probability of cli- was calculated as:

mate change for each of the grid cells (Fig. 3), multiplying

it by the simulated value obtained for that grid cell and then

adding the results over the entire probability space. L7°C 430%
Two types of simulation results are obtained: (1) averagePeaching= » . Y Pom- o (Acimleaching Athresteaching  (3)
results @Ayield,, Aleaching and (2) probability for exceeding T=0°CP=-30%

a threshold valueRyield, Peaching. The average results give
information on the long-term mean effects, whereas the prob-
ability of exceeding threshold values gives estimates on fre*
quencies of extremes (years with high N leaching or years
with low grain yields). Threshold values of 20 % reduction Where Acim, leaching iS the average simulated N leaching
in annual grain yield compared to baseline and the probfor the specified climate andinresieaching is the leaching
ability of exceeding a threshold of soil specific N leach- threshold, which was set to 50 kg Nafor LS soil and

ing level larger than 50 kg N hid (LS) and 70kgNhal (S)  70kgNha for S soil.

were calculated. These values correspond to current levels The probability for average grain yield being lower than
of nitrate leaching from winter cereal cropping in Denmark. the specified thresholds of 20 % less than the mean grain
The average measured N leaching from a wide range of exyield under baseline conditions was calculated in a similar
periments in winter cereals mostly fertilized with mineral way.

1 for Acim,leaching™> Athresleaching

(Aclm,leaching Athresleaching) = {0 otherwise
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Table 1. Mean seasonal and annual precipitation (mmhycorrected to soil surface and mean air temperatt@ ¢f the baseline period
(1961-1990, which was scaled to the observation period 1982—-2005) and the projected climate scenarios obtained for all periods for the
study area in Denmark. The change shows the difference between 2081-2100 and 1961-1990.

Precipitation (mm) Mean temperatur&l)
Years DJF MAM JJA SON Annual DJF MAM JJA  SON Annual
1961-1990 148 133 193 205 679 1.2 6.4 155 94 8.2
2001-2020 153 136 184 208 682 2.3 7.5 169 106 94
2011-2030 156 139 187 211 693 2.8 7.8 17.2 109 9.7
2021-2040 159 141 187 214 701 3.1 8.0 175 11.3 10.0
2031-2050 159 141 188 214 702 34 8.3 18.0 118 104
2041-2060 159 141 188 214 703 3.9 8.7 185 123 10.8
2051-2070 161 142 185 216 704 4.5 9.2 189 127 11.3
2061-2080 161 142 184 215 702 4.7 9.4 193 131 116
2071-2090 160 142 184 215 700 4.9 9.7 199 134 11.9
2081-2100 160 141 183 215 699 53 9.9 204 138 123
Change 12 8 —-10 10 20 4135 49 4.4 4.2
3 Results for winter wheat grown on the LS soil type. The results of us-
ing methods A and B in simulation of grain yields are shown
3.1 Projected climate change in Fig. 3c, d, respectively. For both methods, grain yield de-

creased with increasing temperature and decreasing precip-

These projected seasonal changes in precipitation differegation. Generally, the decrease in yield was slightly larger
considerably from annual changes (Table 1). There wergor method A than method B. The distance between contour
generally only moderate changes in projected annual preciplines indicates the sensitivity at a certain range of changes
itation with an increase of 20mn1y by 2100, which, for  in annual temperature and precipitation. For both methods
method A, means that the annual precipitation increases byhe reduction in yields was larger for temperature increases
3% compared with baseline (1961-1990). For the seasong{etween +2 to +4C than for increases from 0 to +£C.
E:g;;pétsasv(génltg egigosns leJOle\r?{_\y'\f ;]é]SApZESVZ(;NéZi_m_ Overlaid on the contour lines in Fig. 3 is the joint PDF for

P . ! ’ C (2061-2080) calculated in a similar way to that shown in
erally, the temperature rises at nearly the same rate for al ig. 1. Figure 4a shows mean yields and the standard devi-
four seasons, although there is a tendency for the largest in- 2" ™

creases to occur in the summer period (JJA) and the smallesattIon obtained for the two soil types, S and LS, and the two

in spring (MAM). The annual mean temperature increasedmethods A and B. The mean wheat yields were obtained by
o L . : ombining the simulation results (results presented as con-
by 4.2°C during the analysed period. Temperature mcrease(four lines in Fig. 3) with the PDF using Eq. (2). The stan-
approximately linearly during the whole period. ~Table 1 dard deviation cle the yields was calculatea frc.)m a gener-
only presents the projected mean changes in temperaturgted sample of 10000 simulation results taken as the mean
and precipitation, whereas the results of Harris et al. (2010)

. s .7~ simulated results for each of the 42 combinations of the cli-
used here also included the uncertainties in the projections

and this uncertainty further increased future projections. It"nalte space replicated a number of times corresponding to

should be noted that 1961-1990 was used as the baseline pg]-e PDF'.W?'gh.t of the respgctlye grid in Fig. 1a. _Th|s stan-
o X o ; . ard deviation is an approximation that does not include the
riod in the climate projections in Harris et al. (2010), but ob- ~ .~ "~ - - X .
: .v&mablhty within years and within each grid. Differences
served data from 1982—2005 was used as the baseline perio . .
for the crop simulations in mean yield due to_methodolqu are_relatlvely sma!l com-
' pared to the uncertainty associated with the CC projections
(standard deviation shown with error bars in Fig. 4a). There

are large differences in simulated grain yield between soil

Mean wheat grain yields and N leaching were simulated fortyP€S, with the highest yields on the LS soil. The absolute
a range of combinations of temperature and precipitationyi€ld decrease during the period was simulated to be largest
changes using methods A and B (see Sect. 2.2). The joinfl‘_)r the LS soil, in particular during the latter part of the pe-
response of temperature and precipitation changes (includ?od (2030 to 2090).

ing the change of atmospheric @@oncentration) on grain The probability of yield reductions in individual years
yields and N leaching is illustrated as contour lines in Fig. 3larger than 20 % compared to mean yields under baseline

3.2 Effects on grain yield

Nat. Hazards Earth Syst. Sci., 11, 252553 2011 www.nat-hazards-earth-syst-sci.net/11/2541/2011/



C. D. Bgrgesen and J. E. Olesen: A probabilistic assessment of climate change impacts on yield 2547

ée%%%x}%w és{zV%MTJTVH
=R PP =4 h )
?§2§”H%m gz{j”%“”’w

o
o

8o b 8o b ) 'lL
- l y 0 < L n O
Z 60 I | L 2 60 1 Los L9
I 1 g R 1 v )
g vl | EERENERN
o 40 | [ v [ 1 o 40 : [ - {
o I v 1 J S I J {
Sl v T 3 7]
> 20 ) z20 Y
o 0 ———— —
2010 2020 2030 2040 2050 2060 2070 2080 2090 2010 2020 2030 2040 2050 2060 2070 2080 2090
Year Year

Fig. 4. Mean winter wheat grain yielth) and N leachindgb) under Fig. 5. Probability of yield reductions in individual years larger

projected climate for two soil types (sand S and loamy sand LS).than 20 % compared to mean yield simulated for baseline and prob-

Results are shown for methodsand B. The error bars show the ability of N leaching in individual years exceeding threshold levels

standard deviation. of 50kg N ha? for loamy sand and 70 kg N ha for sandy soils.
Results were calculated for projected climate conditions at 10-yr in-
tervals during the 21st century for the A1B emission scenario using

conditions (yielg) Was calculated using Eg. (2) and is shown the two methodologies A and B.

in Fig. 5a. The simulated grain yields under baseline

climate and CQ@ concentrations (353 ppm) were 3.7 and

6.1MgDMha® for S and LS soils, respectively, and the probability of changes in mean yields than in probabilities

corresponding simulated grain yields for 2010 were 3.3 andof low yields for individual years (compare Figs. 5a and 6a).

6.0 Mg DM ha 1. The change in probability of low yields is The probability of low average yields increased almost lin-

related to changes in mean yields (Fig. 4a). A general re-early over time for the LS soil from about 0 in 2010 to about

duction in average yields increases the probability of yield50 % in 2080. For probability of low average yields for the

reductions larger than 20%. There is a small increase irS soil increased at a similar rate from about 20% in 2010

probability of low yields for S soil and a larger increase for to about 60% in 2050, and remained at this high level for

LS soil. The minor increase for S is due to the lower root the rest of the period. The apparent drop in probability from

zone capacity of this soil type making the crop growth on S2050 to 2060 is mostly an artefact of the division into grid

soils more sensitive to periods with low precipitation during cells (see Fig. 1a). It would probably not have been there if a

the growing season already under current climate. For LS théiner grid of temperature and precipitation changes had been

larger root zone capacity leads to projections of low probabil-used for calculating the response surface.

ities of low yields for the decades up to 2040, but increasing

probabilities in the later decades associated with lower mear3.3 Effects on nitrate leaching

yields and the increased uncertainty in projected grain yield,

which increases the risk of low yields (Fig. 4a). Simulated N leaching is affected more by temperature than

Figure 6a shows the probabilities of average yields be-precipitation changes within the range investigated (Fig. 3a,
ing lower than the threshold of 20 % less than the averagé). Increased precipitation leads to a small reduction in N
of baseline yields. There is a considerably larger change ifeaching at current temperature, but to larger leaching at
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but this is also coupled to an increase in projection uncer-
a tainty, which in this case reduces the probability of high N
leaching events.

The probability of average N leaching exceeding the
threshold increases considerably from almost zero in 2020
to about 60—70 % by 2050 for LS soil (Fig. 6b), whereas the
increase is smaller for S soil, though by 2090 the probabil-
ity of mean N leaching above the soil specific thresholds is
above 40 % for both soil types. The effect of the method of

@
o

60 -

40

"
% ~@- Sand (A)
v

Prob. of low mean yields (%)

20 - (O - Sand (B) application of the CC projections (A or B) varies between the
;§/ —W- Loamy sand (A) two soil types with the highest probability for method A for
—/%/ —/— Loamy sand (B) the S soil and no difference between methods for the LS soil.
0 T T T T T T T
b 3.4 N fertilization and N use efficiency

The N fertilizer rate is directly related to expected yields us-
ing the empirical relation in Fig. 2. The changes in N fertil-
ization rates (Fig. 7a) generally follows the changes in grain
yield over time (Fig. 4a). The N rate decreases for both soils
due to a decrease in yields during the analysed period, and
there is little difference in response for the two methods.

The N use efficiency was calculated as the harvested N in
grain divided by the applied fertilizer N rate. The soil type
has a large effect on N use efficiency with N use efficiencies
generally less than 60 % on S soil, whereas N use efficiency
is mostly above 80 % for LS soil. There is a reduction in N
use efficiency over time for both soil types, but again LS is
Year most affected.

60 -

40

20

Prob. of high mean N leaching (%)

2010 2020 2030 2040 2050 2060 2070 2080 2090

Fig. 6. Probability of mean yield reduction larger than 20 % com-

pared to yield simulated for baseline and probability of mean N4 Discussion

leaching exceeding threshold levels of 50 kg Nhéor loamy sand

and 70kg N hat for sandy soils. Results were calculated for pro- 4.1  Grain yield responses

jected climate conditions at 10-yr intervals during the 21st century

for the A1B emission scenario using methodologies A and B. Temperature and precipitation both greatly influence mod-
elled grain yield in winter wheat (Wolf et al., 1996). Increas-
ing temperatures reduce yield by shortening crop growth du-

higher temperatures. Increased temperature leads to highestion and, thus, the period of active growth (Challinor et

N leaching, in particular, for temperature increases aboveal., 2004; Kristensen et al., 2011). Higher temperatures dur-

+3°C. ing grain-filling will lead to particularly large yield reduc-

N leaching is generally largest for S soils due to the low tions. Precipitation and temperature also affect the amount of
root zone capacity (Fig. 4b). The uncertainty in N leaching soil water available for transpiration. The effect of changes
associated with CC projections is generally highest for thein precipitation and evapotranspiration is assumed to be
LS soil. There is little difference in mean N leaching betweenlarger on soils with a low root zone water-holding capacity
the methods for both soil types. (i.e., higher response on shallow sandy soils compared with

The probability @Peaching Of nitrate leaching exceed- deeper loamy sand soils). However, the simulations show
ing soil specific N leaching levels (70kgNhhafor S and  that absolute yield reductions under CC are larger for LS
50kgNhal for LS) for individual years was calculated compared with the S soils (Fig. 4a). This is a consequence
from Eq. (1) (Fig. 5b). The threshold leaching levels should of larger yields on the LS soil and similar projected relative
be compared with simulated mean N leaching under baseyield decreases (about 30 %) for the two soil types for the
line conditions of 41 and 21kgNhé for S and LS soils, entire projection period.
respectively. The trends over time show a small increase in The simulations with the Daisy model show a nonlinear
probability for high N leaching levels for S soils and a con- response to temperature change that also depends on precip-
siderably larger change for LS soils. There is little change initation (Fig. 3). Under baseline climatic conditions in North-
probability of high N leaching of S soils, despite a consider- ern Europe (Denmark), the simulations show very little re-
able increase in mean N leaching over the projection periodsponse of grain yield to changing temperature (changes of

Nat. Hazards Earth Syst. Sci., 11, 252553 2011 www.nat-hazards-earth-syst-sci.net/11/2541/2011/



C. D. Bgrgesen and J. E. Olesen: A probabilistic assessment of climate change impacts on yield 2549

200 The projected effects on yield and N leaching shown here
a only reflect changes in mean temperature and rainfall. If
190 1 > . changes in inter-annual variability of temperature and pre-
480 | ’**\,A#,}_A cipitation _had also b_een included, this might have led to in-
£ ’w\\;& ‘ creased risk of low yields (Wolf et al., 1996).
Z 170 - TR
< A 4 4.2 N leaching responses
£ 160 |
- 150 | O/Q‘O\C}O Simulated nitrate leaching was higher for sandy soils at
’@\Q\& 59 kg N ha'l (average over the entire projection period) com-
140 ~O pared with 41 kg N ha! for sandy loamy soils (Fig. 4b). The
‘ ‘ ‘ ‘ difference between the two soil types agrees with measured
100 1b yv_ . data from Danish field experiments (Simmelsgaard, 1998).
o ﬁx‘\ﬁ!\ﬁ Several factors related to CC affect N cycling and, thus,
90 e y N leaching in agroecosystems. Higher £€&ncentrations
g —@®— Sand(A) e lead to higher C@ assimilation with concomitant increases
~ 80{ O Sand(B) *Q:\\,/v\ : ) . )
3 —_w— Loamy sand (A) S m_plant C/l_\l. ratios (Soussana anaﬂs’.cher, 2007), higher
2 70 {_A— Loamysand (B) rhizodeposition (release of dead organic substrates from the
g roots to the soil) (Bazot et al., 2008) and reduced crop tran-
z 60 1 O*@\ﬂ\o\@ spiration (Kruijt et al., 2008), which influences plant N up-
— take and soil C and N dynamics (Sowerby et al., 2005).
50 1 O\Q\CL@ In many environments this leads to more N-efficient crops,
40 i . , , which reduces the risk of N leaching. However, under Dan-
2000 2020 2040 2060 2080 2100 ish climatic conditions N efficiency for winter wheat is pro-
Year jected to decline over time due to lower yields and especially

to increased N leaching levels.
Fig. 7. N fertilization rate optimized to the annual mean yields and  Higher temperatures and elevated L£W®ill also entalil
the N use efficiency (N in grain harvested divided by N fertilization changes in planting and harvesting times as well as in fer-
rate). Results were calculated for projected climate conditions atjjization rates and strategies (Olesen et al., 2007, 2011). In
10-yr intervals during the 21st century for the A1B emission sce-the current simulations it is assumed that winter wheat would
nario using methodologies A and B. be sown later and that fertilization rates would follow the ex-

pected yield level. This resulted in reduced N fertilizer rates

over time, in particular, for the loamy sand soils. An earlier
up to +1°C). This is largely in line with empirical observa- harvest and later planting of winter wheat may result in a pro-
tions in Denmark showing yield reductions of about 3—-4 % |onged period of bare soil in autumn, which will increase the
for each PC temperature increase, but with increased yieldyisk of N loss (Olesen et al., 2004), particularly in connection
reductions at higher temperatures (Kristensen et al., 2011). wjth increased autumn and winter precipitation in temperate

The yield reductions, caused by higher temperatures, areegions (Eckersten et al., 2001).
to some extent offset by the increasedf@0Oncentration that There was a strong nonlinear response of N leaching to
enhances photosynthesis and lowers transpiration. Becaugganges in precipitation and temperature (Fig. 3a, b). For
the effect of elevated COconcentration shows a nonlin- method A with similar changes in precipitation this re-
ear response with declining effects at higher concentrationgults mostly in reduced N leaching at higher precipitation
(Olesen and Bindi, 2002), the yield benefits of enhanceg CO (Fig. 3a), primarily because reductions in summer precipi-
are more pronounced in the near term than towards the enghtion can cause crop failure and low N uptake that increases
of the projection period. risk of N leaching. The same was seen for method B, even
The lack of a full compensatory effect of G@an also  though this produced larger increases in winter than in sum-

be partly attributed to the method of estimating the yield mer precipitation. Increased N leaching was simulated only
changes in Fig. 4. These are based on a weighted averagd high precipitation. This effect only showed up as increased
of results from the full uncertainty range of CC projections. N leaching at high precipitation for large increases in temper-
Since there is a nonlinear response of grain yield to CC re-ature. However, in total, there is little difference between the
sulting in considerably higher yield losses at increasinglytwo methods in projected mean N leaching and probability
large CCs (increased temperature and lower summer precigf exceeding the leaching thresholds.
itation), which results in overall lower grain yields compared Warming is expected to increase soil organic matter
to simulated grain yield changes at the median changes iturnover provided sufficient water is available, and experi-
temperature and precipitation. ments have shown that increases in net N mineralisation rates
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may be considerably higher than the increases in soil respitemperature and precipitation increases over time, there is
ration (Rustad et al., 2001). A longer period in autumn with also an increase in the uncertainty of simulated yield and N
bare soil under a warmer climate (Olesen et al., 2004) — ineaching during the projection period (Fig. 4).

combination with increased soil organic matter turnover due The methodology had little effect on average projected
to higher temperatures (Turner and Henry, 2010) — may in-grain yield or N leaching (Fig. 4) for both soil types. The
crease the risk of N loss, in particular through N leaching.only effect was found for the probability of high mean N
This is probably the main reason for the increased risk of Nleaching for S soil (Fig. 6b). Neither of the two methods
leaching at higher temperatures (Fig. 3a, b). of applying climate projections considered changes in fre-

The projected increase in nitrate leaching with higher tem-quency of dry and wet periods, which may affect both N
peratures is in line with an independent simulation study byleaching and crop yield, although the response is likely to
Patil et al. (2011) that showed increasing N leaching frombe small (Patil et al., 2010). As for the observed effects of
winter wheat in Denmark with increasing temperature, inchanges in mean precipitation, any changes in precipitation
particular, for a sandy loam soil at temperature increases ointensity and duration of dry periods would be expected to be
above 2C. They also found higher simulated soil mineral most severe for the sandy loam soils. It would be expected
N concentrations at crop harvest and, thus, higher risk of Nthat using seasonally corrected CC should give the most re-
leaching during winter, which was ascribed to less N uptakeliable projections of changes in grain yield and N leaching.
by the crop and increased N mineralisation from soil organicHowever, the effect seems to be small compared to the un-
matter. certainty associated with CC projections.

The increasing uncertainty in CC projections with longer  An additional uncertainty related to the methodology con-
projection times is probably the reason why the probability of cerns the use of a grid of fixed changes at regular intervals
high N leaching does not increase for S soils towards the endf temperature and precipitation (Fig. 1a). The resolution of
of the century, even though the weighted mean N leachinghis grid (i.e., the spacing of the intervals) will affect the es-

increases (Figs. 4, 5). timated mean yield, their variability and also the estimated
probabilities of exceedance of thresholds. The effect of grid
4.3 Sources of uncertainty resolution was not assessed in this study. However, itis likely

that at least some of the variation over time in estimated prob-
The methodology for applying CC projections had little ef- apjlity of low mean yield for the S soil is associated with the
fect on projections of both grain yield and N leaching and grid resolution (Fig. 6a). The grid resolution should reflect
this effect can, therefore, be largely ignored. The reason fothe main sensitivity of the model in response to the environ-
the small response to method for constructing the responsgental variables. In our case, it would mean that a higher
surfaces was probably that the model responded mostly tgrid resolution is required for temperature than for rainfall
changes in temperature and less so to changes in precipitggig. 3). It would probably have been advisable to have used
tion, and the seasonal changes in climate change projectiong grid resolution of 0.5C instead of the 1C that was actu-
were greater for precipitation than for temperature (Table 1) ally applied.

The projections of probabilities of low yields or high N Two typical Danish soil types were chosen to represent soil
|eaChing showed little response over time for S soill WherEtype effects on crop y|e|ds and N |eaching under CC. The or-
individual years was concerned (Fig. 5), whereas there waganic matter content is relatively high for soils in Denmark
a considerable increase over time in the probability of mearcompared to arable soils in warmer regions of Europe. Since
values of grain yield and N leaching exceeding the threshsoj| organic matter influences the N cycling through the con-
olds (Fig. 6). For the LS soil, the probability of exceeding tribution of mineralisation of organic N, the high mineralisa-
the threshold increased ConSiderably more over time for thQ|0n rates under warmer climates may part|y exp|ain the rel-
mean values of both grain yield and N leaching than for theatively high N use efficiencies and relatively high N leaching

assessment of individual years. These differences betweefvels obtained in this study (Fig. 7b and Fig. 4b, respec-
responses of probabilities for individual years and for av-tjvely).

erage responses reflect changes in both average grain yield

and N leaching and in the uncertainty of their predictions. A

more uncertain prediction will tend to reduce the probability 5 Conclusions

for exceedance for individual years, but to increase it for the

average response. A new method for obtaining probabilistic CC projections of
The uncertainty in CC projections was found to be the N leaching and grain yield due to climate change was applied

dominating source of uncertainty for the projections of grain for winter wheat in Denmark. The method involves simulat-

yield. The uncertainty of CC projections on grain yield and ing the response of crop growth and N leaching to systematic

N leaching was generally highest for LS soil. The larger un-variations in temperature and precipitation using a dynamic

certainty in projected yield for LS is most likely caused by crop model (Daisy). The resulting response surface is then

the higher yield level. Because the uncertainty in projectedcombined with probabilistic projections of CC for different
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future periods. The uncertainty of future CC, representedThe photosynthesis in Daisy is reduced if the N concentration
by probabilistic projections, was found to be the dominat-in green leaves is below a critical level. The minimum, max-
ing source of the uncertainty in simulations of yield and N imum and critical N concentrations of all vegetative plant or-
leaching. Different methodologies to apply seasonal CC progans were all reduced by 20 % for a doubling of £n-
jections to produce impact response surfaces were tested amentration (Soussana et al., 1996). The shape of the response
estimates of uncertainties in projected grain yield and leacheurve was assumed to be the same as for stomatal conduc-
ing were obtained. Compared to the CC projections them+tance:

selves, the methods of applying projections had only a minor

effect on N leaching and grain yield. We found that the un-* = 0.6+141/Ca (A4)

certainty in CC had a higher impact on LS soil than on Syyhereq is the relative effect of Coon N concentrations.
soils due to generally higher yield levels for LS soils. Winter  The specific leaf area will also be reduced with increasing
wheat grain yields were projected to decline over time and NCO, concentration. However, this response is slightly less

leaching to increase. Probability of high grain yield reduc- than for N concentrations (Wand et al., 1999; Kimball et al.,
tions and low N leaching followed the trends in mean yields 2002), and the following function was used:

and mean N leaching.
B=0.674+117/C4 (A5)

whereg is the relative effect of C&on specific leaf area.
The potential transpiration was reduced with increasing
. e : ; CO, concentrations according to the function proposed by
The photosynthesis in Daisy is calculated using a light sat- ) _ o
P y y gang Olesen et al. (2000). This relation reduced the transpiration

uration response curve. However, the effect of,Gfon- by ab 10% f doubli ¢ heric-CO
centration is not included in the standard Daisy model. The y about 6 for a doubling of current atmosphericC

response of light saturated photosynthesis r&tg @nd ini- concentration.
tial light use efficiency) to atmospheric C@concentration  AcknowledgementsiVe thank Glen Harris, Met Office Hadley

Appendix A

was calculated from Goudriaan et al. (1985): Centre, for providing probabilistic climate change projections. This
work was conducted within the EU FP6 ENSEMBLES project
Ca—T (contract GOEC-CT-2003-505539).
Fm=C _FgC Fmr (A1)
' Edited by: T. Carter
Ca—T Reviewed by: two anonymous referees
= €0 (A2)
Ca+2I
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