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1.  INTRODUCTION

As agricultural production is one of the sectors
of society most vulnerable to climate variability and
change (Parry & Carter 1989, Meinke et al. 2006), it is
important to explore linkages between complex agri-

cultural ecosystems, uncertain trajectories of future
climate, and land use changes over periods of a few
decades, a scale relevant to sustainable resource man-
agement.

Our focus is on crop production systems in the region
of central eastern Argentina known as the Pampas,
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one of the most important cereal- and oilseed-produc-
ing regions in the world (Hall et al. 1992). This region
has shown some of the most significant trends in pre-
cipitation during the 20th century (Giorgi 2002). A
steady increase in both annual and extreme precipita-
tion has been observed in the Pampas since the 1960s
(Rusticucci & Penalba 2000, Minetti et al. 2003, Bou-
langer et al. 2005). Rainfall changes have been distrib-
uted unevenly through the seasonal cycle: increases
concentrated in late spring to summer, whereas winter
has seen little or no change. Furthermore, the increase
has been particularly marked near the western margin
of the Pampas, displacing westward the transition to
semi-arid regions that represent the boundary of rain-
fed agriculture (Berbery et al. 2006). Different patterns
of decadal variability have been proposed for Argen-
tina, ranging from ‘regime shifts’ to linear increases in
rainfall (Minetti & Vargas 1997, Minetti et al. 2003).
Rainfall changes in the Pampas are consistent with
patterns observed elsewhere in South America. Hay-
lock et al. (2006) showed a change to wetter conditions
in Ecuador and northern Peru, as well as in southern
Brazil, Paraguay and Uruguay.

The rainfall increase has partly contributed to major
changes in land use patterns in the Pampas (Viglizzo et
al. 1995, 1997, Magrín et al. 2005, Paruelo et al. 2005,
Satorre 2005). The dynamic interaction of climate vari-
ability and economic, social, and technological drivers
has resulted in a significant expansion of the area ded-
icated to agriculture, particularly in marginal regions
of the Pampas (Schnepf et al. 2001, Paruelo et al. 2005).
In places where agriculture was previously established,
continuous cropping has widely replaced grain–pas-
ture rotations. One remarkable process has been the
impressive expansion of soybeans in the Pampas and
the rest of Argentina: introduced in the early 1970s,
soybean area (production) reached 5.1 Mha (11 Mt) in
1990 and exploded to 15.0 Mha (40+ Mt) in 2006, dis-
placing other crops, pastures, and forests.

Recent awareness of the impacts of precipitation
fluctuations on land use and production systems in the
Pampas has heightened stakeholders’ concerns about
a possible return to drier conditions. It is unclear
whether current agricultural production systems, which
evolved partly in response to enhanced climate condi-
tions, will be viable if (as entirely possible) climate
reverts to a drier epoch. Some reports already suggest
a return to lower rainfall in the Pampas (Minetti et al.
2003). Unfortunately, much uncertainty remains re-
garding the projected paths of future climate, particu-
larly on regional scales and short time horizons (25 to
30 yr hence) (Boulanger et al. 2007). Despite the uncer-
tainty, the agricultural sector is increasingly demand-
ing actionable information for these scales, as they are
highly relevant to investment and infrastructure plan-

ning. Such societal demands have motivated the pre-
sent study, which describes several plausible climate
scenarios in the Pampas and the potential impacts on
the economic sustainability of agricultural systems.

2.  THE STUDY REGION

We focus on 2 locations in the Pampas with different
climatic and ecological characteristics: Pergamino
(Buenos Aires province, 33° 56’ S, 60° 33’ W) and Pilar
(Córdoba province, 31° 41’ S, 63° 53’ W), which repre-
sent near-optimal and relatively marginal agricultural
conditions, respectively. Pergamino is in the most pro-
ductive subregion of the Pampas, whereas Pilar is in
the northern, semi-arid margin of the region (Paruelo
& Sala 1993, Dardanelli et al. 1997). Total rainfall and
the annual precipitation cycle vary between locations.
Median annual precipitation is 937 mm (738 mm) in
Pergamino (Pilar). In Pilar, the annual rainfall cycle has
a marked winter minimum that, together with limited
soil water storage, makes summer crops very depen-
dent on spring precipitation. In contrast, the winter
minimum in Pergamino is less marked. Precipitation at
both sites has varied significantly over past decades.
Median rainfall for October to March (spring to sum-
mer) in Pergamino increased by about 12% between
1931 to 1950 and 1975 to 1994; in Pilar rainfall showed
a much higher increase of 33% between the same
periods.

Pergamino has a long agricultural history, whereas
agriculture has developed more recently in the area
around Pilar. Currently, crop rotations at both sites
include maize, soybean, and a wheat/soybean double
crop (wheat followed by short-cycle soybean). Crop
production technologies are similar at both locations.
Contrasting agroecological conditions between sites
allow us to explore differences in the vulnerability of
the current agricultural systems to changing climate.

3.  APPROACH

To assess how agricultural systems of the Pampas
might respond to inter-decadal climate variability, we
followed 5 main steps. First, we used historical climate
records to define a set of plausible and relevant climate
scenarios 25 yr into the future. Second, we used a
semi-parametric weather generator to downscale
regional scenarios into multiple realizations of daily
weather consistent with proposed decadal scenarios.
Third, synthetic daily weather series, crop growth
models, and realistic input and output prices were used
to simulate agricultural outcomes (yields, economic
returns) for a trend of interest (a plausible decrease in
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annual precipitation). Fourth, we explored how eco-
nomic returns and risk metrics (probability of eco-
nomic failure) might evolve for current cropping
practices in the absence of adaptation, and given the
prescribed precipitation trends. Finally, we investi-
gated adaptive responses (e.g. changing allocation of
farm land among crops) based on different types of
decision-makers’ reactions to climate trends. In the
following sections we present a brief description of
each step.

3.1.  Definition of plausible climate trajectories

Substantial progress in global and regional modeling
at medium to high spatial resolution provides the op-
portunity for using atmospheric–ocean global general
circulation models (AOGCMs) to generate regional
projections of temperature and precipitation (Tebaldi
et al. 2006). There are concerns, however, that these
models still are not capable of simulating regional cli-
mate for short time horizons to the levels of accuracy
desirable to support effective and defensible policies
or actions (Rosenzweig et al. 2004, Tebaldi et al. 2006).
Boulanger et al. (2006, 2007) studied South American
temperature and precipitation projections for the end
of the 21st century; whereas they found consistency in
projected temperature changes, there was consider-
able divergence among models in precipitation pro-
jections. Lack of consistency in AOGCM projections
requires that we explore alternative approaches to the
definition of climate scenarios for the 25 to 30 yr time-
frame on which we focus.

Our definition of climate scenarios followed Orlow-
sky et al. (2007). This approach was proposed as a rea-
sonable starting point for regional impact studies. The
central assumption is that weather states that have
occurred in the past may occur again or very similarly
in the near future. The dominance in short time hori-
zons of natural variability over human-induced climate
change underlies this assumption. Climate scenarios
are constructed by resampling from historical series.
The resampling is constrained by parameters from a
regression line, which describe an observed trend in
a certain climate variable.

Selection of plausible climate scenarios was based
on past rainfall trends at each location. We computed
total annual precipitation for Pergamino (1931 to 2004,
74 yr) and Pilar (1931 to 2005, 75 yr). Then, we fitted
linear trends to precipitation totals over a series of
overlapping 25 yr windows shifted by 1 yr. For exam-
ple, the first window for Pilar encompassed 1931 to
1955, the second one, 1932 to 1956, and so forth. The
moving windows allow us to identify wet/dry epochs of
arbitrary onset and duration and to avoid the assump-

tion that climate varies in an idealized cyclic manner
(Mauget 2003). To assess the robustness of trend
estimates, we used different fitting methods: ordinary
least-squares regression, a robust regression that
minimized the impact of outliers, and non-parametric
methods; we also tested 20 and 30 yr window spans.

All trend estimation methods yielded fairly similar
results; for brevity we show the results for ordinary
regression. Fig. 1 shows annual precipitation totals
and the linear trends fitted for each 25 yr window.
Various patterns are apparent: (a) a precipitation
decrease in Pergamino between the 1930s and the
1950s (although in Pilar this decrease is not as consis-
tent), (b) a marked increase between the end of the
1950s and the early 1990s at both locations, and (c) a
considerable decreasing trend in Pilar over the last
15 yr (this second decrease in Pergamino was not as
consistent as in Pilar).

The slopes of fitted lines (Fig. 1) were used to project
plausible trajectories of annual precipitation for the
25 yr from the end of existing data (i.e. 2005 to 2029
and 2006 to 2030 for Pergamino and Pilar, respectively;
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Fig. 1. Total annual precipitation for Pergamino (1931 to 2004)
and Pilar (1931 to 2005). Light grey lines indicate the trends
(fitted by ordinary least-squares regression) for overlapping 
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Fig. 2). Here we focus on 1 pattern only: a decrease in
annual precipitation. Two reasons justify this choice.
First, agriculture in the Argentine Pampas is largely
rain fed, so production is highly sensitive to precipita-
tion deficits. Second, stakeholders’ concerns about a
possible return to a drier epoch are growing, particu-
larly for marginal regions where changes may be felt
earlier. Nevertheless, we stress that by focusing on
decreasing rainfall we do not imply that such trajectory
is the likeliest. Indeed, the spread of fitted trends
(Fig. 2) suggests a broad range of plausible scenarios.

To select a plausible decrease in future precipita-
tion in Pilar, we averaged the estimated slopes for
the 10 most recent 25 yr windows: this average trend

(indicated on Fig. 2, lower panel) was –6.3 mm yr–1.
In Pergamino, in contrast, recent evolution of precipi-
tation was less consistent: both positive and negative
slopes were observed. For this reason, we estimated
the average magnitude of consistently increasing
trends for Pergamino between the 1950s and 1990s
and then reversed its sign. That is, we assumed that
precipitation could decrease at a rate comparable to
previously observed increases. The resulting trend
was –5.5 mm yr–1 (Fig. 2, upper panel). The starting
point for projected rainfall trajectories was the
median annual precipitation for the 10 most recent
years on record: 980 mm (Pergamino) and 775 mm
(Pilar).

3.2.  Temporal downscaling of selected rainfall
trajectories

The second step involved the temporal disaggrega-
tion of the selected climate trajectories into daily syn-
thetic (simulated) series of the weather variables re-
quired by crop simulation models (maximum and
minimum temperature, total daily precipitation, and
solar radiation). We coupled a semi-parametric (or
hybrid) method for the generation of daily weather
sequences (Apipattanavis et al. 2007) and a biased re-
sampling algorithm (Yates et al. 2003) that can repli-
cate an observed low-frequency trend or simulate a
hypothetical climate trajectory.

The semi-parametric approach to stochastic weather
generation proposed by Apipattanavis et al. (2007)
has 2 main components: (a) a Markov chain for gener-
ating the precipitation state (i.e. no rain, rain, or
heavy rain) and (b) a k-nearest neighbor (k-NN) boot-
strap re-sampler (Rajagopalan & Lall 1999) for gen-
erating the remaining weather variables. The Mar-
kov chain correctly describes rainfall spell statistics,
whereas the k-NN bootstrap captures the distribu-
tional and lag-dependence statistics of other vari-
ables.

Relevant climate scenarios can easily be incorpo-
rated into the weather generator framework. Re-
sampling of the historical record is biased according
to the trend one wishes to reproduce or simulate.
Each historical year is weighted according to its
‘closeness’ (in terms of the conditioning variables) to
the scenario for which weather sequences are to be
generated (Yates et al. 2003, Clark et al. 2004). This
step produced an ensemble of 100 equally likely
sequences (each 25 yr long) of simulated daily
weather at each location. Each ensemble was consis-
tent with the decadal trends considered. As an exam-
ple, Fig. 3 displays boxplots of simulated annual pre-
cipitation for Pilar.
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Fig. 2. Historical annual precipitation totals; grey lines: all lin-
ear trends (fitted by ordinary least-squares regression) for
overlapping 25 yr windows. Left sides of the figures show pre-
cipitation totals for 10 most recent years of available data
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totals for these periods (980 mm for Pergamino, 775 mm for Pi-
lar) were used as the point of departure for projections based
on estimated trends. Thick black lines: 2 decreasing trends
selected for further analysis. Histograms of projected precipi-
tation totals 25 yr into the future are shown on the right side of
each panel. An empirical density was fit to the histogram to
facilitate visualization of the distribution of trends. However,
the histograms and densities should not be interpreted as a 
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3.3.  Simulation of crop yields and economic results

Dynamic, process-level crop models simulate crop
growth and development as a function of daily
weather, soil type, and crop genetic characteristics. We
used models in the Decision Support System for
Agrotechnology Transfer (DSSAT) package (Jones et
al. 1998). These models have been calibrated and vali-
dated in many production environments including the
Pampas (Meira et al. 1999, Mercau et al. 2007). Model
inputs such as ‘genetic coefficients’, describing physio-
logical processes and developmental differences among
genotypes, and soil parameters, including soil mois-
ture and N content at the beginning of simulations,
were provided by Asociación Argentina de Consorcios
Regionales de Experimentación Agrícola (AACREA,
www.aacrea.org.ar), a non-profit farmers’ group that
entered a partnership with us for the present study.

In consultation with AACREA experts, we defined
representative current practices for each crop and
location. To explore adaptation options, we also de-
fined a suite of realistic alternative management con-
ditions. In all, 12 (11) different crop/management com-
binations were defined for Pergamino (Pilar); details
are shown in Table 1. For each management condition,
crop yields were simulated by the DSSAT models
using the 100 realizations of synthetic daily weather:
2400 simulated yields were obtained for each crop/
management condition, 1 for each cropping cycle
(24 cycles can be simulated from 25 calendar years of
synthetic weather) and realization.

A constant economic context (crop prices and input
costs) was assumed for all analyses, providing an ‘all
else being equal’ situation that helps isolate the
effects of changing climate from impacts of quite dif-
ferent factors that sometimes may be closely inter-
connected (Parry 1985). For each crop/management
condition, we computed economic profits per hectare,
defined as the difference between gross income and
costs. Gross income per hectare was the product of
simulated yields and the median of crop prices from
2000 to 2005. Cost calculations were based on a rep-
resentative 600 ha farm operated by its owner (i.e. no
land rental costs were considered) and included both
direct and indirect costs. Direct costs are associated
with a particular crop/management condition and, in
turn, can be divided into fixed costs (which do not
depend on crop yields, e.g. seed, agrochemicals) and
variable costs (that are a function of crop yields,
e.g. transportation, commercialization). Indirect costs
include farm-wide expenses such as real estate taxes
and maintenance of farm structures; following local
experts, indirect costs were assumed to be $70 ha–1

for both locations.

3.4.  Impacts of changing climate on current
agronomic practices

Simulated economic profits were used to quantify
impacts of rainfall decrease on current agricultural
practices in the absence of adaptation. Fig. 4a shows a
smoothed trajectory of simulated economic profits from
the typical current management attributes (indicated
in bold face in Table 1) for each crop and location.

The probability of negative economic returns (PNER)
was used to quantify economic risks to production
associated with climate trends. For the typical current
management conditions for each crop, we computed
PNER as the proportion of the 100 realizations for each
cropping cycle in which simulated economic profits
were negative. Fig. 4b shows smoothed variations in
PNER along the simulated sequences for each crop
and location.

3.5.  Adaptive responses to changing climate

We explored the consequences of various types of
adaptive responses based on different possible reac-
tions to changing climate. For each type of adaptation,
the response of a hypothetical farmer was character-
ized by the land allocation (i.e. the proportion of land
allocated to each crop/management condition) that
maximized a specific objective function or choice
criterion.
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The objective function that decision-makers seek to
maximize has been the object of theoretical and empir-
ical investigation for centuries (Machina 1987). The
expected utility (EU) model has been widely used in
agricultural economics. Despite its strengths, EU
maximization as the sole objective of risky choice has
recently encountered opposition (Gintis 2000, Jager et
al. 2000, Shaw & Woodward 2008). There is both
experimental and real-world evidence that individuals
often do not behave in a manner consistent with
EU theory (Camerer 2000).

Prospect theory and its extension, cumulative
prospect theory (CPT), have become the most promi-
nent alternatives to EU theory (Tversky & Kahneman
1992, Fennema & Wakker 1997). For this reason, the
CPT value is the choice criterion to be maximized in

this work. The CPT value is defined in terms of relative
gains or losses, that is, positive or negative deviations
from a reference point. Value, therefore, is determined
by changes in wealth, rather than absolute wealth as in
utility theory (Kahneman 2003). The CPT value func-
tion is steeper for losses than for gains. This feature
models loss aversion, i.e. the observation that the neg-
ative experience or disutility of a loss of a given magni-
tude is larger than the positive experience or utility of
a gain of the same magnitude. The curvature of the
function in each domain (gains and losses) reflects
diminishing sensitivity in the evaluation of outcomes
farther from the reference point. In another deviation
from EU theory, CPT predicts that risk attitudes
depend on how a problem is framed: risk-averse
behavior will predominate if outcomes are perceived
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Table 1. Description of managements simulated for each crop in Pergamino and Pilar. Rows in bold: the management most repre-
sentative of current practices for each crop. The table also shows the average trend in yields of each crop management along the
simulated sequence of decreasing precipitations. The average yield trend was computed as the average of differences between 

smoothed yields in consecutive years of the sequence

Crop ID Crop management
Genotype Planting date Fertilizer Planting density Avg. yield trend

(kg N ha–1) (ind. m–2) (kg ha–1 yr–1)

Pergamino
Soybean Soy1 DM-3700 15 Oct 0 35.0 1.7

Soy2 DM-4800 15 Oct 0 35.0 5.6
Soy3 DM-4800 15 Nov 0 35.0 –1.2
Soy4 DM-4800 15 Dec 0 35.0 2.2

Maize Ma1 DK-682 15 Sept 140 7.5 7.9
Ma2 DK-682 15 Sept 110 6.0 9.2
Ma3 DK-682 20 Oct 140 7.5 19.4
Ma4 DK-682 20 Oct 110 6.0 14.4

Wheat/soybean WS1 D. Enrique (wheat) 1 Jul a 115 320.00 –9.5
DM-4800 (soybean) 0 35.0 –5.7

WS2 D. Enrique (wheat) 1 Jul a 158 320.00 –10.9
DM-4800 (soybean) 0 35.0 –5.7

WS3 Guapo (wheat) 1 Jun a 115 280.00 –17.0
DM-4800 (soybean) 0 35.0 1.8

WS4 Guapo (wheat) 1 Jun a 158 280.00 –17.5
DM-4800 (soybean) 0 35.0 1.8

Pilar
Soybean Soy1 DM-3700 1 Nov 0 35.0 –23.4

Soy2 DM-4800 1 Nov 0 35.0 –24.5
Soy3 DM-4800 1 Dec 0 35.0 –19.8

Maize Ma1 AW190 20 Oct 0 5.5 –86.0
Ma2 AW190 20 Oct 65 6.5 –92.6
Ma3 AW190 10 Dec 0 5.5 –76.4
Ma4 AW190 10 Dec 65 6.5 –76.5

Wheat/soybean WS1 D. Enrique (wheat) 15 Jun a 0 320.00 –19.6
DM-4800 (soybean) 0 35.0 –12.30

WS2 D. Enrique (wheat) 15 Jun a 65 320.00 –19.7
DM-4800 (soybean) 0 35.0 –12.20

WS3 Guapo (wheat) 30 Apr a 0 280.00 –14.5
DM-4800 (soybean) 0 35.0 –16.50

WS4 Guapo (wheat) 30 Apr a 65 280.00 –14.7
DM-4800 (soybean) 0 35.0 –16.40

aThe planting date corresponds to wheat. Short-cycle soybean is planted immediately after the wheat harvest
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as gains, whereas risk-seeking behavior will prevail if
outcomes are perceived as losses. Finally, CPT involves
a weighting function that transforms objective proba-
bility distributions (Stott 2006).

We considered 3 kinds of adaptive responses to
changes in climate. First, we simulated a ‘naïve’ farmer,
who does not react to varying conditions. Throughout
the simulated sequence, this farmer continues to follow
the land allocation identified as optimal during the ini-
tial portion (Cropping Cycles 1 to 4) of the sequence.
Second, we simulated a ‘clairvoyant’ farmer, who is
perfectly aware of the range of expected climate con-
ditions in each cropping cycle. Expected conditions in
each cycle depend, on the one hand, on its position in
the simulated sequence (cycles towards the end of the
sequence are drier) and, on the other hand, on the
natural variability contained in the 100 realizations of
simulated weather. This case represents the complete

opposite of the ‘no management change’ previously
explored, as the farmer changes land allocation in each
cropping cycle. Finally, a third group of simulations
represents an intermediate situation in which a farmer
changes his/her actions in each cropping cycle, but
selects optimal land allocations based on the climate
prevailing during the previous 4 cycles. For example,
in Cycle 6 this farmer follows the optimal crop alloca-
tion derived using the 400 simulated profits for Cycles
2 to 5.

Optimal land allocations for the different situations
were identified using a genetic algorithm (GA), a tech-
nique that mimics biological evolution as a problem-
solving strategy (Gilbert & Troitzsch 1999). GAs work
with a population of ‘individuals,’ each of which—in
this case—represents a possible land allocation solu-
tion. An individual (or solution) was described by a
‘chromosome’ involving 20 integer-valued ‘genes’; the
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value of each gene ranged from 1 to 11 (12), i.e. the
number of crop/management conditions considered in
Pilar (Pergamino). This representation is equivalent to
partitioning a farm into 20 equal-sized cells (i.e. the
solution has a resolution of 5%), each allocated to a
given crop/management condition. Each individual
has a ‘fitness’: annual economic profits for a given allo-
cation were calculated as an area-weighted combina-
tion of profits from all crop/management condtions
involved; these profits were then converted into a CPT
value representing the fitness of a solution.

The GA uses various heuristic operators to evolve an
initial population of solutions so that each successive
generation has, on average, a higher fitness than its
predecessor. The process continues until the average
fitness of a population has converged to an optimal
value: the land allocation that maximizes the CPT
value. Our implementation of the GA was verified
against an exhaustive search procedure. We set the
initial population at 150 individuals, which was a trade-
off between the diversity of solutions and computation
time. We used cloning, simple mutation, adjacent
mutation, and crossover operators (Seppelt & Voinov
2002).

To perform the optimizations, parameters of the CPT
value function had to be selected. This function is
defined by: (1) a reference value w that separates out-
comes perceived as gains and losses, (2) a risk prefer-
ence parameter α, and (3) a loss aversion parameter λ
that quantifies the relative impact of losses over gains.
The combination of all 3 parameters, together with the
probability weighting function, determines observed
levels of risk taking in CPT (Fennema & Wakker 1997).
We estimated w as the income effortlessly achievable
by renting out one’s land instead of farming it; this
income was assumed to be $170 ha–1 ($230 ha–1) for
Pilar (Pergamino). We used nominal (or typical) α and
λ values proposed by Tversky & Kahneman (1992):
0.88 and 2.25, respectively. Nominal values were also
used for the curvature parameter γ in the CPT’s proba-
bility weighting function: 0.61 for gains and 0.69 for
losses.

4.  RESULTS

4.1.  Impacts of changing climate on current
agronomic practices

The decreasing precipitation trends explored had
quite different impacts on the economic profits of cur-
rent practices at each location (Fig. 4a). In Pergamino,
profits for summer crops changed only slightly. In con-
trast, profits in Pilar showed a clear reduction: Pilar is a
relatively marginal production area of the Pampas, and

crop production is very sensitive to climate variability.
In Pilar, the most dramatic decrease was for the

wheat/soybean double crop, which started with an
average profit of about $80 ha–1 and, by the end of the
24 yr sequence, reached average profits close to zero.
For maize, the decrease in economic returns reached
75% of the initial value by the end of the 24 yr
sequence. Soybean was the least affected crop, as its
average economic returns decreased to about 40% of
the initial value.

In Pergamino, profits for all crops increased slightly
during the initial years of the simulated sequences.
Despite the decreasing trend, rainfall in Pergamino
apparently remained sufficient to maintain or even
slightly increase yields and profits of summer crops.
The moderate profit increases may be related to higher
radiation levels and decreases in minimum tempera-
tures associated with a progressive decrease in the
number of rainy days. However, near the end of the
simulated sequences, water became a limiting resource
and yields and profits of all crops decreased.

In Pilar, there was no interaction between the cli-
mate scenario and crop returns: full-cycle soybean
always showed the highest economic profits, followed
by maize, and, finally, by wheat/soybean. In con-
trast, in Pergamino, the ordering of crop profitability
changed: wheat/soybean (the most water-demanding
strategy) showed the highest economic returns during
the early years of the sequences, but soybeans became
most profitable after Cycles 15 and 16. Maize always
showed the lowest profits. Of course, these results are
based on the economic context typical of the last few
years; the relative profitability of each crop may vary if
the context changes.

For Pergamino, PNER (i.e. the risk of economic
losses) for all crops was always close to zero and did
not change noticeably with decreasing precipitation
(Fig. 4b). Conversely, increases in PNER were much
higher in Pilar: the PNER for maize increased almost
4-fold throughout the 24 yr sequence, from 0.15 to
0.55. The risk increase was also very high for full-cycle
soybean: the PNER rose from 0.05 to 0.20. The chance
of negative profits for the wheat/soybean double crop
increased from 0.35 to 0.65.

4.2.  Adaptation of crop management to decadal
climate trends

Fig. 5a shows the temporal evolution of farm-wide
economic returns in Pilar for the 3 different types of
adaptation we explored: a ‘naïve’ farmer, a ‘clairvoyant’
farmer, and the intermediate situation of basing adap-
tation on conditions during the previous 4 cropping
cycles. Profits in Pilar are clearly different (signifi-
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cantly lower) for farmers who do not adapt to de-
creasing precipitation. In contrast, differences between
‘clairvoyant’ and delayed adaptations are not as
marked, although profits from instant adaptation are
somewhat better, reflecting the unrealistic ‘perfect ex-
pectations’ of climate conditions. In short, even belated
adaptation is better than no adaptation.

Similar conclusions can be derived from Fig. 5b, which
shows the probability of farm-wide negative economic
returns in Pilar for the various adaptation types. In the
absence of adaptation, the probability of economic fail-
ure increases rapidly with decreasing precipitation,
and towards the end of the sequence reaches about
0.35 (initially around 0.20). On the other hand, both
types of adaptation appear to help stabilize the proba-
bility of negative returns, which remains fairly con-
stant throughout the sequence.

Although our focus is not on the agronomic details of
adaptation, in the following we discuss briefly the main
land allocation patterns selected. In Pilar, at the begin-
ning of the sequence (when precipitation still is suffi-
cient), optimal allocation involves a large proportion of
maize. This crop is profitable in Pilar because soils
have a limited agricultural history and fertility is high
(thus reducing the cost of fertilization). As rainfall
decreases, land allocations switch to a combination of
early planting soybean and wheat/soybean. In the sec-
ond half of the sequence, optimal land allocation is
dominated by late-planting soybean. This shift reflects
the fact that Pilar has very dry winters and crop suc-
cess is highly dependent on spring and summer rain-
fall. As precipitation decreases, a delay in planting
date may be necessary to allow for water accumulation
in the soil.

In Pergamino, there are no marked differences in
profits or economic risks between the adaptation and
no adaptation situations; therefore, no results are
shown. Despite the lack of response of profits to
decreasing rainfall, land allocations identified as opti-
mal change throughout the sequences. For most of the
24 cropping cycles (up to Cycles 16 and 17) the optimal
allocation involves about one-fourth of the land in
wheat/soybean and three-fourths in full-cycle soy-
bean. In the last portion of the sequence, however,
optimal allocation changes to 100% soybean.

5.  DISCUSSION

The present paper explored the potential impacts of
plausible climate conditions 25 yr into the future on
agricultural systems in the Argentine Pampas. Inter-
decadal climate variability—together with changes in
the economic and technological contexts—have con-
tributed to recent, important changes in land use in the
Pampas. Although there is still considerable uncer-
tainty about the projected paths of future climate
change, there is growing concern among stakeholders
in the Pampas that agricultural production systems that
evolved partly in response to increased rainfall may
not be economically sustainable if climate reverts to a
drier epoch.

Two locations in the Pampas, Pergamino and Pilar,
representing, respectively, climatically optimal and
marginal conditions, were selected for detailed analy-
ses. Because of divergence in climate projections, par-
ticularly on short temporal horizons, we estimated
plausible climate scenarios from fluctuations observed
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in the historical record (Orlowsky et al. 2007). Two
decreasing linear trends consistent with previously
experienced fluctuations, –5.5 and –6.3 mm yr–1 for
Pergamino and Pilar, respectively, were chosen for
detailed analysis. Nevertheless, we stress again that
our focus on decreasing rainfall is a response to the
concerns of stakeholders and does not imply that these
particular trajectories are the most likely. Indeed, future
studies should explore other equally plausible trends.

If precipitation decreases as projected and currently
prevailing crop management conditions are not modi-
fied, stakeholders in Pilar might experience much
lower profits and higher probabilities of negative eco-
nomic results in the future. The riskiest crop in Pilar is
wheat/soybean, as it demands greater amounts of
water. The probability of economic losses for this crop
doubles from once in 3 yr to twice in 3 yr. Similarly,
farmers in Pilar growing maize, who currently experi-
ence economic losses once every 6 or 7 yr, may, in the
future, lose money in 5 of 10 yr.

There have been 2 equally unrealistic extremes in
modeling farmers’ adaptation to climate variability and
change: a naïve farmer, who does not notice a chang-
ing context and makes decisions as always, and a
‘clairvoyant’ farmer, who tracks fluctuating climate
precisely and follows the best adaptation strategies
(Schneider et al. 2000). In reality, farmers are neither
naïve nor clairvoyant (Risbey et al. 1999), but these
extreme situations help us bracket possible responses.
In between these 2 extremes, we also simulated a
farmer who adapts to changing climate after a few
cropping cycles. Profits in Pilar are clearly lower for
farmers who do not adapt to decreasing precipitation.
In contrast, differences between ‘clairvoyant’ and de-
layed adaptations are not as marked (although obvi-
ously profits from instant adaptation are slightly better).
That is, any type of adaptation (including adaptation
that is delayed) can help reduce the negative impacts
of unfavorable climate scenarios such as the rainfall
decrease we considered.

Although land allocations identified as optimal
changed throughout the simulated sequences for Per-
gamino, profits and economic risks did not change sig-
nificantly, even in the absence of adaptation. Clearly, if
precipitation changes are greater than those simulated
here, even this region may show negative impacts. In
contrast, both sets of simulated results (with and without
adaptation) for Pilar highlight the much greater sensitiv-
ity of climatically marginal regions: the decrease in prof-
its and increase in risks was much more marked than in
Pergamino. A trend towards drier conditions may endan-
ger future viability of continuous agriculture in marginal
regions of the Pampas, where farmers already operate
near the limits of profitability and have a slender buffer
against hardship.

Forthcoming advances in agricultural technology
may affect not only the sector’s productivity, but also
its vulnerability to climate changes (McKenney et
al. 1992). Future studies should consider adaptation
options that involve, not only changes in proportions of
currently available genotypes or management condi-
tions (as we have done), but also technological innova-
tions. For instance, it is relevant to ask whether crop
breeding can keep pace with projected yield decreases
associated with the rainfall trends considered. For
Pilar, simulated yield decreases for different maize
management conditions range from 76 to 93 kg ha–1 yr–1

(Table 1). Crop breeding, in contrast, has produced
recent average yield increases of 100 to 250 kg ha–1 yr–1

(Luque et al. 2006). Projected decreases in full-cycle
soybean yields in Pilar are 20 to 25 kg ha–1 yr–1 (Table 1).
Unlike maize, projected drops in soybean yields com-
pare unfavorably with recent breeding increases of
12 to 16 kg ha–1 yr–1 (Santos et al. 2006). In any case, it
would be critical to assess whether realistic rates of
yield enhancement would be enough to compensate
for the negative impacts of unfavorable climate trends.

To plan for adaptation, it is important to anticipate
the technological changes that may shape agriculture
over the next decades. One of the most anticipated
developments in agricultural biotechnology is the
introduction of genes to enhance drought tolerance in
plants (Babu et al. 2003, Masle et al. 2005). Maize is the
main alternative to soybean in the Pampas, and its
yields are very sensitive to drought-related stresses.
The availability of drought-tolerant maize may allow
cropping in a marginal area that becomes even drier.
Furthermore, rotations including drought-tolerant maize
would become more attractive in a drier climate and
partially alleviate concerns about soybean mono-crop-
ping.

In the next few decades, complex interactions be-
tween decadal climate variability, technological inno-
vations, and other drivers will force agricultural stake-
holders and policy-makers to face unavoidable trade-
offs between productivity, stability, and sustainability
in agroecosystems of the Pampas (Viglizzo & Roberto
1998). The growing tension between multiple and con-
flicting objectives, coupled with incomplete and uncer-
tain information about expected climate trajectories
and other valid societal concerns offer opportunities
for salient scientific knowledge to inform decision-
making and policy.
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