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ABSTRACT

New avenues are being explored to increase food production in the extensive agriculture of highly produc-
tive temperate regions. Intensifying the use of land by sequencing two crops in a season (double cropping)
may enhance annual land productivity in relation to single annual crops. Single soybean (Glycine max L.
Merr.) and maize (Zea maize L.) are widespread in the Argentine Pampas while wheat (Triticum aestivum
L.)-soybean double crop system is the most common land-intensive cropping system. The possibility for
expanding the double cropping system is large although it has received insufficient attention. The objec-
tives of the present study were to (i) describe the association between major environmental variables
and grain yield of wheat-soybean double crop, maize and soybean single crops and (ii) compare their
annual grain yield over a wide range of environments as a basis to evaluate the possible contribution to
productivity expected from wheat-soybean double crop compared with maize and soybean single crops.
Yield data from farms widely distributed across the Argentine Pampas and meteorological information
from 30 stations distributed in the region were recorded and analyzed. A five-year period of on-farm
yields were obtained from 132 groups of farmers nested in 11 zones. Variables analyzed were crop grain
yields, glucose equivalents grain yields, rainfall, temperature, radiation, and frost-free period. The ratio
between radiation and temperature (photo-thermal quotient; PTQ) was also considered as a grain yield
determinant for wheat. Mean daily temperature during crop reproductive stages was an important deter-
minant of maximum yields for all crops as described by a boundary-function fit. The highest grain yields
of maize and soybean were obtained at moderate summer temperatures (21.8-23.5°C and 21.8-23.8°C,
respectively). Wheat maximum yields increased with low spring temperatures (<18.3 °C), following high
photo-thermal quotients during reproductive stages. In contrast, the highest yields of double crop soy-
bean were obtained at high summer temperatures (>21.2 °C), which were associated with extended frost
free periods. High yields of the wheat-soybean double crop system were obtained with cool tempera-
tures during spring combined with arelatively extended frost free period and substantial summer rainfall.
On-farm yields below the boundary-function appeared associated to low rainfall scenarios, especially in
double cropped soybean fields. The geographical patterns of yield for wheat-soybean double crop sys-
tem tended to be similar to that of maize and soybean single crops. The most highly productive area
for the three cropping systems evaluated was located in the center of the Argentine Pampas. However,
wheat-soybean double crops were more productive than soybean at any site, but their yields were slightly
lower than those of maize. In addition, the work helped to identify possible areas where wheat-soybean
double crop system may give relative higher advantages; particularly, in some of the currently least pro-
ductive areas. Since nowadays, almost 60% of the studied area is sown with single soybean, the results
suggest that there is an effective possibility to have a substantial increase in on-farm productivity, while
still producing soybean, simply by expanding the double crop system.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Abbreviations: PTQ, photothermal quotient; PCA, principal component analysis; There is consensus that most of the increase needed in food pro-

PCP, principal component.
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duction in the next decades will come from currently exploited
agricultural land (Hall and Richards, 2013). Genetically improved
varieties and changes in farm management are therefore needed
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to sustainably increase crop systems productivities, including more
holisticand complex approaches to decision-making, processes and
novel technologies (Satorre, 2000, 2012; Tilman et al., 2002). Arele-
vant, but somewhat unexplored, alternative to achieve these goals
is land use intensification. In highly productive temperate areas,
the understanding of interactions among environmental factors
that define yield variations of both intensified and non-intensified
cropping systems is a necessary first step to identify and eval-
uate possibilities of expansion of land-intensive crop production
systems.

Wheat, maize and soybean are among the main few crops on
which a great part of world food supply relies (Bunting et al.,
1982; http://www.fao.org). The Argentine Pampas is one of the
most highly productive areas of food in the world (Loomis and
Connor, 1992). Argentina currently contributes 20% of global soy-
bean (Glycine max L. Merr.) production, and 2% of both maize (Zea
maize L.) and wheat (Triticum aestivum L.) global production, and
it is among the main exporters of grain and products from these
crops in the world market. Since the early 90s, there was a signif-
icant increase in overall grain production and sown area in this
region; i.e. total annual production has almost tripled, from 35
to almost 100 million tons and sown area has expanded from 20
to almost 35 million hectares since then. Wheat, maize and soy-
bean alone explain more than 90% of that production. The area
cropped with soybean covers more than 20 million hectares every
year, which is approximately 60% of overall cropland in Argentina
(http://www.fao.org; http://www.siia.gov.ar). This transformation
was partially supported by the adoption of new technologies, such
as no-tillage cropping, an increased use of new crop varieties
(mostly transgenic), agrochemicals, and fertilizers (Satorre, 2012).

Although regional productivity has increased by expanding
the cultivated area with grain crops and by intensifying the use
of energy subsidies, the possibilities for continued expansion of
croplands within the Argentine Pampas is being reduced. As a con-
sequence, new production avenues are being explored by farmers
as an adaptive response to increase productivity and profitabil-
ity of land. During the last decades, innovative growers intensified
the use of land by intercropping different species or by frequently
sequencing two crops in a season, i.e. double cropping (Calvifio and
Monzon, 2009). Land use intensification can enhance annual land
productivity because of an increment in resource capture in rela-
tion to single crops (Caviglia et al., 2004; Rao and Willey, 1983; Van
Opstal et al., 2011), improving the ratio between seasonal grain
yield and annual available resources. Due to the amount and distri-
bution of annual rainfall and the extension of the frost free period,
it is possible to cultivate a winter crop followed by a late sum-
mer crop in a year in almost the entire Argentine Pampas. In fact,
wheat-soybean double crop has been extensively practiced since
the late 80s and is still the most representative land intensive pro-
duction system in this region (approximately 2.5 million hectares).
However, the proportion of overall area under double cropping
has been steadily reduced in the last 20 years, from an estimated
21% to 6.5% in the last year, showing that the increase of sown
area was mainly supported by the expansion of single crops. The
reduction (http://www.siia.gov.ar) in the area sown to wheat due
to internal regulations of grain market and low relative grain prices
have also led to a recently less intensified land use in the region.
Despite the influence of political, economic or social reasons on
the change of cropping systems, environmental factors are a cru-
cial determinant of yield and yield variability. Knowing how these
factors affect productivity at a regional scale may certainly help to
conduct successful adaptive responses by farmers as grain demand
increases.

Both single and double crop system performances are subject
to the availability of resources like water and radiation and to
the influence of other environmental factors, such as temperature

(Assengetal., 2011; Lobell and Field, 2007; Lobell et al., 2005, 2011;
Wang et al., 2014). However, a differential response of each crop
to environmental variations could be expected since optimal tem-
peratures for maize and soybean growth are higher than that of
wheat (Andrade et al., 1993; Larcher, 1980), whereas wheat is com-
monly grown under low vapor pressure deficit in the cool season
(Satorre et al., 2004), and double cropped soybean is usually sown
with low initial water in soil due to wheat previous consumption
(Calvifio et al., 2003). Analyzing on-farm crops at a regional scale
could lead to better understanding of interactions among environ-
mental factors that define crop yield variation. This is necessary
to develop a deeper insight into crops performance and identify
where land-intensive crop systems are actually better than single
crops, as a basis to design and evaluate possibilities of expansion
for more land-intensive crop production systems. Despite the fact
that the Argentine Pampas appears as a homogeneous region, the
influence of environmental factors on individual crop yields may
be large and different among crops (Satorre, 2000; Satorre et al.,
2004). Moreover, the influence of such factors is expected not only
to differ among individual crops but also with respect to double
crops. Double crops tend to use more resources than single crops,
so we hypothesize that the geographical pattern of double crop
yield will tend to be similar to that of the yield of the more pro-
ductive crops in the region; i.e. being higher the productivity of
the wheat-soybean double crop system where more resources and
less limiting factors are present. However, since double crops use
resources differently from single crops, it is expected that the pat-
tern of relative advantages of double crops will differ from that of
productivity from single crops.

The main objectives of this study were to (i) describe the asso-
ciation between major environmental variables and grain yield
of wheat-soybean double crop, maize and soybean single crops
and (ii) compare their annual grain yield over a wide range of
environments as a basis to evaluate the possible contribution to
productivity expected from wheat-soybean double crop compared
with maize and soybean single crops. For this purpose, yield data
from farms widely distributed across the Argentine Pampas and
meteorological information were recorded and analyzed.

2. Materials and methods

The studied area covered most of the Argentine Pampas, from
30° to 39°S and from 58° to 65°W. Soils, weather and agricul-
tural management vary greatly across the region. The annual mean
temperature ranges from 14°C to 17 °C in the southern and north-
ern regions, respectively. Annual rainfall varies between 600 and
1000 mm, increasing from south-west to north-east. The most fre-
quently cropped soils in this region are Mollisols, with prevalence
of the Typic Argiudoll (Hall et al., 1992; Satorre, 2000). Soils are
either sandy or clayey in the north, sandy in the south-west, and
loamy or clayey in the south-east (Dardanelli et al., 2004; Hall et al.,
1992). In this last area, soils are shallow because of the presence of
a petrocalcic horizon (Pazos and Mestelan, 2002).

In Argentina, the private farmer’s association AACREA
(Argentine Association of Agricultural Experimentation Con-
sortiums; http://www.crea.org.ar) is one of the main sources
of information on major cropping systems at on-farm level. In
AACREA, professional consultants advise groups of 8—12 farmers (a
CREA group) on the basis of both on-farm trials and records of crop,
soil, weather and economic data. Along the past 15 years the asso-
ciation, which presently incorporates approximately 3000 farmers
and 200 professional consultants, has developed a comprehensive
database on local cropping systems that has been instrumen-
tal in the analysis of current and novel production techniques
(Menéndez and Satorre, 2007; Mercau et al., 2001, 2007).
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Table 1

Latitude (°S), longitude (°W), main soil type (Hall et al., 1992; Pazos and Mestelan, 2002), grain yield of maize, soybean, wheat and double cropped soybean, expressed as
kilograms of grain per hectare, and double crop relative grain glucose-equivalent yields for 11 zones of the Argentine Pampas. Grain yield data is presented as the average
for the period 2003-2008. Relative area cropped with maize, soybean and wheat is indicated between brackets (%), and the percentage of wheat harvest area cultivated
with double cropped soybean is also indicated. W-S DC: wheat-soybean double crop. W-S DC/maize: ratio between wheat-soybean double crop and maize yields; W-S

DC/soybean: ratio between wheat-soybean double crop and soybean yields.

Zone n Lat (°S) Lon ("W) Main soil type Grain yield (kgha™1) Relative grain yield
Maize Soybean Wheat DC soybean W-S DC/maize W-S DC/soybean

COR 28 31.0 63.8 Typic Haplustoll 6832 (26) 2443 (47) 1877 (27) 2153(88) 0.72 1.44
SFC 30 314 61.6 Typic Argiudoll 5838 (24) 2141 (46) 2173 (30) 1926 (100) 0.87 1.79
LIS 54 32.0 59.1 Vertic Argiudoll 5507 (21) 2041 (64) 2929 (15) 1821 (100) 1.00* 1.82
SSF 64 33.2 61.9 Typic Argiudoll 8261 (25) 3099 (45) 3331(30) 2377 (100) 0.80 1.52
CEN 43 335 64.0 Entic Hapludoll 6733 (31) 2869 (50) 2418 (19) 2324 (87) 0.86 1.40
NBA 33 343 60.5 Typic Argiudoll 7671 (27) 3121(45) 3730(28) 2190 (100) 0.89 1.53
OAR 53 35.7 63.4 Entic Haplustoll 6061 (29) 2408 (56) 2626 (15) 1997 (59) 0.88 1.57
OES 51 35.7 61.9 Entic Hapludoll 7605 (23) 2758 (55) 3540 (22) 2078 (93) 0.84 1.65
SUE 62 36.2 58.9 Entic Hapludoll 6439 (17) 2390 (55) 3626 (28) 1801 (100) 0.92 1.78
suo 34 37.6 60.9 Entic Haplustoll 4332 (8) 1820 (28) 2396 (64) 1085 (11) 1.11° 1.60
MYS 57 37.9 59.4 Petrocalcic Argiudoll 6139 (8) 2145 (38) 3662 (54) 1030 (61) 0.86 1.69
SE 0.14 0.15 271.4 93.4 172.0 933 0.049 0.090
DF 508 508 489 488 452 425 401 406

SE: standard error; DF: degrees of freedom.
4 Quotient non-statistically different from 1 (confidence interval: 95%).

On-farm yield data for rainfed maize, soybean, wheat and dou-
ble cropped soybean were obtained from AACREA records. More
than 110,000 field crops nested in 132 CREA groups were included
in the analysis. Yield records distributions were explored to elimi-
nate aberrant values and then data analysis was carried out with the
average yield of every crop for each CREA group by season to reduce
the impact of individual values and obtained a robust and adequate
estimate for the scale intended. The data series was restricted to 5
seasons (2003-2008) to allow for a reasonable range of weather
conditions while meeting the assumption of unchanged technol-
ogy (Calvifio and Sadras, 1999). Results of crops by CREA groups
and seasons were then organized in 11 zones (Table 1 and Fig. 1),
initially established by AACREA, on the basis of agro-ecological

similarities. Ideally a 132 x 5 average yield data base should be used
foreach cropifsowninall CREA groups; in some cases,a CREA group
did not sow a crop in a particular season and the total number of
data used may slightly differed in particular comparisons.
Characterizing soils at an on-farm level is very difficult in the
Argentine Pampas, since they are usually presented as soil com-
plexes in the field. For this reason main soil types will be indicated
(Table 1) but not used as a determining variable in this paper.
Variables analyzed were crop grain yields, rainfall, temper-
ature, radiation, and frost-free period. Meteorological variables
were obtained from 30 stations distributed in the region. The ratio
between radiation and temperature (photo-thermal quotient; PTQ)
was also considered as a grain yield determinant for wheat (Magrin

Latitude (°S)-
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Fig. 1. Zones evaluated within the Argentine Pampas: Cérdoba (COR), Santa Fe Centro (SFC), Litoral Sur (LIS), Centro (CEN), Sur de Santa Fe (SSF), Norte de Buenos Aires
(NBA), Oeste Arenoso (OAR), Oeste (OES), Sudeste (SUE), Sudoeste (SUO) and Mar y Sierras (MYS), bounded by dotted lines, and spatial distribution of CREA groups (black

dots) and meteorological stations (stars).
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Table 2

Average records of rainfall during each crop growth stage, frost-free period (FFP), mean daily summer radiation, summer temperature and spring photo-thermal quotient

(PTQ) for 11 CREA zones of the Argentine Pampas during the period 2003-2008.

Zone Rainfall (mm) FFP (days) Summer radiation (MJ m~2) Summer temperature (°C) Spring PTQ (MJm~—2°C1)
Maize Soybean Wheat DC soybean

COR 466 540 205 518 297 20.3 22.2 0.98
SFC 474 546 309 547 264 222 238 1.04
LIS 541 567 528 508 273 213 24.2 1.05
SSF 438 517 271 504 235 20.9 225 1.09
CEN 484 567 252 546 251 21.0 22.0 1.11
NBA 484 536 393 457 244 20.6 223 1.12
OAR 460 485 300 448 221 22.0 23.1 1.16
OES 520 559 359 499 247 213 22.1 1.20
SUE 433 488 405 411 217 204 20.5 1.21
SUO 425 459 357 361 203 203 20.2 1.36
MYS 372 433 372 355 201 20.6 21.0 1.14
SE 20.6 235 20.6 27.7 7.1 0.34 0.27 0.017
DF 403 385 409 382 332 226 332 226

SE: standard error; DF: degrees of freedom.

et al., 1993; Menéndez and Satorre, 2007). Since wheat phenology
commonly differs among locations, an overall spring photothermal
quotient (PTQ) was obtained to analyze the effect on grain yield
(Fischer, 1985; Savin and Slafer, 1991). The spring PTQ was com-
puted as the ratio between daily mean incident solar radiation and
air temperature for the period between 21st September and 21st
December to assure that wheat critical periods are considered in
the spring PTQ for any crop management and location within the
studied area, while keeping reasonable variability for a regional
study.

Latitude and longitude of each CREA group were determined
by the central position of the individual farm locations to geo-
reference each data point. Daily incident global radiation, daily tem-
perature, and frost-free period were obtained from INTA (National
Institute of Agricultural Technology; http://www.inta.gob.ar)
meteorological records, while rainfall data for each CREA group
were obtained from a database provided by SMN (National Mete-
orological Service; http://www.smn.gov.ar). The nearest SMN or
INTA meteorological station within a 60-km range was used for
each CREA group. Rainfall during the period September-January
was assumed relevant for maize, from October to February
for sole soybean, from May to November for wheat, and
from December to March for double cropped soybean crops
(Satorre et al., 2004).

Crop yield was expressed as kilograms of dry grain per hectare
(kgha=1; Table 1) and in glucose-equivalent terms, i.e. expressed as
kilograms of glucose equivalent per hectare (kg g.e.ha1) to com-
pare crops and cropping systems with different grain composition.
Glucose equivalent is the amount of glucose necessary to produce
a kg of grain, something which depends on grain chemical com-
position. Penning de Vries et al. (1983) established that 1kg of
glucose is equivalent to 0.83 kg of carbohydrates, 0.33 kg of lipids
or 0.41kg of proteins. Many reports describe wheat, maize and
soybean grain composition (e.g. Gooding and Davies, 1997; Stone
and Savin, 1999; Watson and Ramstad, 1987; Weilenmann de Tau
and Suarez, 1998), allowing to determine an equivalent value of
glucose per kg of grain for each crop. It was determined as 1.28,
1.32 and 1.86kg g.e. per kg of wheat, maize and soybean grain,
respectively. Grain yields are presented as kilograms per hectare in
Table 1, and then transformed to glucose equivalent units. Relative
grainyields were obtained as the quotient between wheat-soybean
double crop grain glucose-equivalent yield and maize or soybean
grain glucose-equivalent yield as single crops. The quotients were
calculated only for those CREA groups that grew both cropping sys-
tems in ayear. Hereinafter, we will refer to grain glucose-equivalent
yield as grain yield.

Variables were grouped by zone and analyzed using descrip-
tive statistics and Student’s t-test for comparison of means.
Tables 1 and 2 summarize the grain yield of all crops and environ-
mental variables analyzed in this work as the average of the 5 years
considered for each zone. Additionally, Table 1 presents the main
soil type for each zone but, as mentioned before, this is not con-
sidered for further analysis. Finally, the influence of overlapping
between the growing periods of the crops on their yield corre-
lation was analyzed. The overlapping period between two crops
was estimated as the number of days when both crops are growing
simultaneously divided by the number of days when at least one
crop is growing, using average emergence and maturity dates for
the region (Satorre et al., 2004). The entire data set was subjected to
principal component analysis (PCA) and Pearson correlation anal-
ysis (Di Rienzo et al., 2011) to describe zones and investigate the
association between environmental factors and crop yields.

Temperature effects on maximum grain yield were determined
by boundary-function analysis. First, temperature records were
ordered from the lowest to the highest. Maximum yields out
of 20 consecutive temperature records were used to build the
boundary-function by regression analysis, which was used as an
indicator of potential on-farm grain yield (van Ittersum et al., 2013).
After that, the relative distance (%) of each yield record to the
boundary-function line was calculated. Then, rainfall records were
also ordered from the lowest to the highest and clustered in groups
of 20 consecutive records. Finally, average relative yield distances
were correlated with the average rainfall values of each cluster.

Spatial analysis patterns of average yields from each CREA group
were explored using Kriging ordinary method (Wackernagel, 2003),
whereas parameters for spherical variograms were estimated with
R statistical software (v 2.2.0, R Development Core Team, 2008).

3. Results
3.1. Major environmental effects on crop grain yields

Principal components (PC) 1 and 2 explained 64.3% of total
data variability (Fig. 2). A positive correlation between two vari-
ables establishes that zones prone to high values for a variable
also present high values for the other. On the contrary, a nega-
tive correlation between two variables means that zones with high
values for a variable present low values for the other. For these
reasons, in multivariate analysis (Fig. 2), vectors of positively cor-
related variables conformed angles close to 0°, whereas negatively
correlated variables conformed angles close to 180°, while linearly
uncorrelated variables tend to present angles close to 90°.
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Fig. 2. Result of principal component analysis: eleven zones (MYS, SUO, SUE, LIS,
NBA, OES, OAR, SFC, SSF, CEN and COR) represented as dots and ordered accord-
ing to crop system productivities and environmental variables (vectors). Near dots
correspond to similar zones for the studied variables, while distant dots repre-
sent dissimilarity between zones. Discontinuous vectors represent autovectors for
each environmental variable [rainfall, temperature, radiation and spring photother-
mal quotient (PTQ)]. Continuous vectors represent autovectors for each crop yield
[maize, soybean, wheat, double cropped (DC) soybean and wheat-soybean double
crop (DC) grain yield and double crop relative yield against maize and soybean as
single crops].

On the one hand, for the wheat crop, grain yield, spring PTQ,
wheat rainfall, and double crop grain yield relative to those of single
crops were positively associated by values on PC 1. Negative asso-
ciations of wheat yield were mainly related to spring temperature.
When considering the yield of single summer crops and the dou-
ble crop system (which were strongly correlated), summer rainfall,
frost free period, and spring temperature were positively correlated
on PC 1. On the other hand, positive values of PC 2 corresponded
to high grain yield of wheat, but it was also associated with high
maize, soybean and wheat-soybean double crop yields; while neg-
ative values of this component were associated with high double
crop yield relative to those of single crops (Fig. 2).

Based on Pearson linear correlation analysis (Table 3), dou-
ble cropped soybean and wheat, separately, linearly responded
to temperature during their reproductive stages (r=0.30 and
—0.44, respectively; p<0.001). Moreover, the grain yields of these
crops were highly correlated with other environmental variables
partially associated with temperature. Wheat grain yield was pos-
itively correlated with spring PTQ (r=0.43, p<0.001), while grain
yield of double cropped soybean was associated with the frost free
period (r=0.43, p<0.001). In contrast, maize and soybean yields
were not linearly associated with changes in mean summer tem-
perature (p>0.05).

The boundary-function analysis performed on the association
between mean daily temperature during the reproductive stages

and grain yield showed differences among crops (Fig. 3). The
highest estimated potential yields, i.e. maximum yields for wheat
were obtained with mean daily spring temperatures below 18.3 °C,
whereas the double cropped soybean highest yields occurred with
summer mean daily temperatures above 21.2 °C(Fig. 3). The bound-
ary analysis performed on maize and soybean single crops showed
that the highest grain yields were reached in a narrow range
of moderate mean daily summer temperatures (21.8-23.5°C and
21.8-23.8°C, respectively), and that low and high mean tempera-
tures had detrimental effects on the possibilities to reach high grain
yields on these crops (Fig. 3).

According to Pearson correlation analysis, rainfall during the
crop cycle was also a determinant of maize, soybean and wheat
yields (r=0.29, 0.30 and 0.36, respectively; p<0.001), but it had
a much stronger effect on double cropped soybean grain yield
(r=0.51; p<0.001; Table 3). The average relative yield distance to
the estimated potential was reduced as rainfall during crop growth
cycle increased (Fig. 4). For double cropped soybean, average yield
distance was reduced approximately 10% per every 100 mm of
rainfall increase up to 600 mm. However, maize and soybean aver-
age relative yield distances were reduced at a rate of 4.4 and
2.8% per 100 mm of rainfall increase, respectively. Wheat average
relative yield distance presented a bi-linear response to rainfall;
yield distances to potential tended to be independent of rainfall
above 378 mm rainfall in the crop cycle. Results pointed out that,
even at the highest rainfall records, average relative yield dis-
tance to the estimated potentials were never less than 15% for
any crop.

3.2. Comparative analysis of crop yields

Grain yields of soybean and maize were highly correlated
(p<0.001; Fig. 5b). In addition, grain yields of wheat plus dou-
ble cropped soybean were strongly correlated with soybean and
maize grainyields (p <0.001; Fig. 5a and c), although the correlation
between wheat and double cropped soybean was not significant
(p=0.471; Fig. 5d). Pairing all possible crop combinations, it was
found that correlation between crop yields (1) increased as the over-
lapping of crop system growing periods increased, regardless of
species composition (Fig. 6).

In terms of overall relative productivity, maize was the
most productive crop. The slope of regressions forced through
0:0 in Fig. 5 indicates that the glucose-equivalent grain yield
per unit area of maize was 92% greater than that of soy-
bean (Fig. 5b), whereas wheat-soybean double crop yielded
59% more than soybean, but only 15% less than maize (Fig. 5a
and c).

Table 3
Pearson correlation coefficients among crop productivities and environmental variables analyzed. PTQ: spring phothermal quotient; DC: double cropped.
1 2 3 4 6 7 8 9 10 11 12 13 14 15
1  Maize rainfall (mm) 1.00
2 Soybean rainfall (mm) 0.86 1.00
3 Wheat rainfall (mm) 0.42 0.21 1.00
4 DC soybean rainfall (mm) 0.62 0.81 -0.08 1.00
5  Frost free period (days) 0.34 0.31 -0.06 0.34 1.00
6  Spring radiation (Mjm~2d-") -0.08 -0.12 -0.08 -0.04 -0.23 1.00
7  Summer radiation (MJm~2d-1) -0.15 -0.15 -0.04 -0.15 0.00 0.48 1.00
8  Spring temperature (°C) 0.32 035 -0.25 0.45 0.49 0.34 0.31 1.00
9  Summer temperature (°C) 0.23 0.14 0.03 0.16 0.35 0.48 0.44 0.78 1.00
10 Spring PTQ (MJm~2°C1) -038 -045 0.08 -045 -035 024 -0.04 -0.83 -048 1.00
11 Maize yield (kgg.e.ha™') 0.29 0.36 -0.05 0.37 0.19 -0.09 -0.21 0.09 -0.10 -0.06 1.00
12 Soybeanyield (kgg.e.ha 1) 0.25 0.30 -0.12 0.33 0.10 0.05 -0.23 0.10 -0.08 0.04 0.77 1.00
13 Wheat yield (kgg.e.ha') -0.05 -0.05 036 -0.18 -0.25 -0.01 -0.13 -044 -0.23 043 038 035 1.00
14  DC soybean yield (kgg.e.ha™') 0.42 049 -0.19 0.51 0.43 0.14 -0.07 0.52 030 -033 054 066 -0.04 1.00

15  Wheat-soybean DC yield (kg g.e.ha~!) 0.25 0.29 0.13 0.22

0.11 0.10 -0.14 0.04 0.04 0.12 0.65 0.70 0.72 0.67 1.00
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3.3. Grain yield spatial patterns

Latitude was an important determinant of the variability of crop
yields within the region since it was closely correlated with envi-
ronmental factors. Increases in latitude were negatively associated
with average daily temperature (Fig. 7c and d) and frost-free period
(Fig. 7b), but positively correlated with average spring PTQ (Fig. 7a).

The spatial patterns of the average grain yield highlighted the
existence of important intra-region variability (Fig. 8). Wheat aver-
age yields were the highest toward the south-east. On the contrary,
double cropped soybean yield increased toward the north-west. In
spite of spatial differences between wheat and double cropped soy-
bean, overall productivity pattern of wheat-soybean double crop

was similar to those of maize and soybean single crops; i.e. areas
with the highest productivity were located in the center of the
region while the least productive areas were radially distributed
around the edges of the region (Fig. 8).

Single soybean yields were lower than those obtained by grow-
ing wheat-soybean double crop in all zones [confidence interval
(CI): 95%; Table 1 and Fig. 8]; however, wheat-soybean double crop
yields were never higher than those of maize single crop (CI: 95%;
Table 1 and Fig. 8). Moreover, double crop yields relative to those of
single summer crops appeared to increase toward less productive
environments; i.e. in the north-eastern zones (LIS and SFC) and the
southern zones (SUO and MYS; Figs. 8 and 9).

4. Discussion
4.1. Major environmental factors and grain yield

Rainfall and temperature were the main environmental factors
affecting crop grain yields (Tables 1-3 and Figs. 2-4). Rainfall and
crop water availability are among the most important limiting fac-
tors in rainfed cropping systems around the world (Bunting et al.,
1982; Hall et al., 1992); whereas temperature is known as a univer-
sal determining factor of crop potential grain yield (van Ittersum
and Rabbinge, 1997). Both factors explained an important part of
intraregional yields of the various crop systems studied; while for
thisdataset, daily incident radiation presented low variation within
the region during the period analyzed (Table 2).

In a mostly large flat area as the Argentine Pampas, it is expected
that temperature variation follows major geographical patterns
(for example, latitude; Fig. 7) while rainfall will be exposed to a
large inter-annual variability (Hall et al., 1992; Podesta et al., 1999;
Prohaska, 1976). Also, water may be stored in the soil, so that
growing season rainfall does not necessarily indicate the amount of
water available for the crops. Unlike previous research works that
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used in the analysis.

implemented crop simulation models (Asseng et al., 2011; Lobell
etal., 2005; Magrin et al., 1997), in this work the temperature effect
on crops was first determined with a boundary-function analysis
of maximum yields under presumably no-limiting situations, and
then rainfall effects were studied with the distance of data to that
boundary.

4.1.1. Temperature effect on crop yields

The boundary-function analysis indicated that the highest yields
for maize or soybean were obtained at moderate temperatures
(Fig. 3). On the one hand, below the optimal range of temperature,
yields decreased because of low radiation use efficiency (Andrade
et al., 1992; Larcher, 1980; Magrin et al., 1997), and due the con-
comitant reduction of the frost free period (Fig. 7; Wang et al., 2007,
2014) which implies the use of short cycle cultivars and more risk
of crop damage by the direct effect of low temperature (Baker et al.,
1989; Boote et al., 2005; Kurosaki and Yumoto, 2003; Ohnishi et al.,
2010). On the other hand, exceeding the optimal range of tem-
perature also reduced maize and soybean maximum yields since
developmental periods are reduced and, hence, the intercepted
radiation (Andrade et al., 1996; Andrade and Sadras, 2000). Other
authors have found similar patterns analyzing climate change effect
on maize and soybean yields in temperate areas of United States,
Africa and China (Lobell and Asner, 2003; Lobell et al., 2011; Wang
et al, 2014).

Unlike single summer crops, the highest wheat yields were
achieved under low spring temperatures (<18.3 °C; Fig. 3b), follow-
ing high spring photothermal quotients (PTQ; Fig. 2 and Table 3;
Magrin et al,, 1993; Menéndez and Satorre, 2007). It is recog-
nized that high temperatures during the growing season reduce
grain yield of wheat crops under field conditions (Asseng et al.,

2004; Evans et al., 1975; Lobell and Ortiz-Monasterio, 2007;
Manderscheid et al., 2003). This behavior reflected the strong influ-
ence of latitude on wheat productivity (Table 3).

On the contrary, double cropped soybean maximum yields
decreased in cool environments (summer daily temperature
<21.2°C), with larger detrimental effects of low temperatures than
those on single soybean crops. The reason is that late sowing dates
of double cropped soybean, after wheat harvest, exposed it to low
temperatures toward the end of the summer season when yield
is determined (Calvifio et al., 2003; Monzon et al., 2007). More-
over, wheat harvest commonly occurs later in cool (southern) than
in warm (northern) environments, increasing the sowing delay of
double cropped soybean.

4.1.2. Rainfall effect on crop yields

Rainfall effect on grain yields was statistically significant for
all crops (Table 3). Moreover, the variability of yields found
for all crops at any temperature was highly explained by rain-
fall. As expected, all crops reduced the relative yield distance
to the estimated potential yield with increasing rainfall (Fig. 4).
However, double cropped soybean yields were more affected by
scarce rainfall scenarios than any other crop, possibly because
stored soil water at wheat harvest is usually low (Hamblin and
Tennant, 1987) and the double cropped soybean tend to be imme-
diately sown after the previous crop harvest. In contrast, the
yield response to rainfall was the lowest for wheat crops, which
are cultivated during the cool season with low water demand
and frequently large amounts of soil water stored (Dardanelli
et al., 2004).

Large variability was found for the correlations between rainfall
and the gap between the actual yields and the estimated potentials
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Fig. 8. Crop systems average grain yields spatial distribution (Kriging ordinary method), expressed as kilograms of glucose equivalents per hectare, in the Argentine Pampas
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Fig.9. Wheat-soybean double crop relative yield to those of (a) maize and (b) soybean single crops (Kriging ordinary method), as the average for the period 2003-2008. Relative
yield quartiles (Q) are indicated with different colors. Increasing relative yield pattern goes from light colored areas to dark colored areas. Quartiles for the ratio between
the double crop and maize: 1°Q=0.74-0.83; 2°Q=0.83-0.88; 3°Q=0.88-0.94; 4°Q = 0.94-1.04. Quartiles for the ratio between the double crop and soybean: 1°Q=1.31-1.48;
2°Q=1.48-1.61;3°Q=1.61-1.74; 4°Q=1.74-1.92.

for each temperature record (Fig. 4). This may be due to the fact stress relative to critical period of yield determination in each crop
that water condition for crops is not only determined by rainfall. also influences the crop response.

Initial water available in soil, effective infiltration, soil water reten- Unexpectedly, when large amount of water was available there
tion capacity, vapor pressure deficit, and specific moment of water was still approximately 15% of average yield distance to the
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boundary-function line. This, pointed out the importance of others
factors such as unexplored thermal conditions (due to tempera-
ture amplitude and frost) or crop management (due to nutrient
deficiencies, biotic stresses, etc.), or technology. However, this
result was consistent with previous investigations on yield gaps
in the Argentine Pampas (Aramburu Merlos et al., 2014; Monzon
et al, 2013).

4.2. Comparative grain yields

Grain yield of maize and soybean single crops were highly
correlated because of their similar optimal thermal requirements
and crop growing periods (Figs. 3, 5b and 6). Wheat and double
cropped soybean explored different yield determining periods. No
crop cycle overlapping (Fig. 6) and large dependence of double
cropped soybean on climatic conditions after wheat maturity deter-
mined a low correlation between these crop yields in the whole
region (Figs. 2 and 5d). Although this may be interpreted as a pos-
sible way to obtain more yield stability, when overall productivity
is considered (wheat +double cropped soybean) high correlations
were found with either single maize or soybean yields (Table 3;
Figs. 2, 5a and c), since overall growth cycles are greatly overlapped
(Fig. 6).

When trying to achieve the highest possible yield with
wheat-soybean double crop, factors tended to counterbalance in
the region: spring cool environments potentially allow the high-
est grain yield for wheat (Table 3; Figs. 2 and 3), but they reduce
the frost free period (Fig. 7) increasing the risk of detrimental
effects on double cropped soybean toward the end of the summer
season (Calvifio et al., 2003). On the contrary, spring tempera-
tures are high in the north of the region, and wheat yields tend
to be low but, summer temperatures are high and frost free
periods are long allowing for good double cropped soybean yields.
Moreover, substantial summer rainfall is required to compensate
the low initial soil water availability under the double cropped
soybean.

4.3. Spatial patterns of crop grain yields

When feasibility and productivity of crop systems is considered,
the results obtained showed that temperature is a crucial factor. As
expected from Figs. 3 and 7, the highest average yields of summer
crops tended to concentrate in the central portion of the region,
while the highest average yields of wheat crops were found in the
southern part of the region (Fig 8). The frost free period and tem-
perature increased northwards (Fig. 7), which led to high double
cropped soybean average yields to the north (Fig. 8). The interac-
tion of major controlling factors for summer crops (frost free period,
temperature and rainfall) and winter crops (temperature, spring
PTQ and rainfall) determined a consistent productivity pattern for
maize, soybean and wheat-soybean double crop (Fig. 8). The radial
pattern observed (Fig. 8) may be attributed to the interaction of
temperature and crop water availability (considering rainfall and
stored water). Rainfall decreases from north-east to south-west but
the deep, loamy, more productive soils are found in the central
part of the region (Table 1; Hall et al., 1992). Since wheat-soybean
double crops demand large amounts of resources and yields were
highly correlated to summer crop yields, the overall pattern of pro-
ductivity was similar to that of the summer single crops (Fig. 8).

Summer single crops and wheat-soybean double crop dif-
fered in average grain yields, in spite of similar spatial patterns.
Productivity of maize and wheat-soybean double crop exceeded
that of single soybean in the entire region. Maize is commonly
more efficient than soybean in the use of intercepted radiation
because of its C4 metabolism, absence of symbiotic energy costs and
lower canopy light extinction coefficient (Hesketh, 1963); whereas

double cropping increases the resource capture in comparison with
single soybean crops (Andrade et al., 2015; Caviglia et al., 2004;
Van Opstal et al., 2011). In terms of glucose-equivalent productiv-
ity, the results evidenced great opportunities to the expansion of
maize and double crop production systems in the region. This alone,
may greatly increase grain yield productivity in the region. More-
over, differently to what was expected, relative contributions and
opportunities of double cropping may be greater in some of the
presently considered marginal areas of the region.

Double crop relative yields increased toward less productive
zones in the north-east, following the historical greater annual iso-
hyets pattern (Hall et al., 1992). Only 15% of the analyzed cropland
was cultivated with double crops in LIS during the studied period
by CREA farmers (Table 1), indicating that possibilities of expansion
of land intensive systems are likely to take place in those areas. In
addition, high relative yields were also registered in the south as
a consequence of increasing wheat yields and decreasing summer
crop yields. Expansion possibilities, however, are subjected to mar-
ket prices and trade policies, which in fact have been reducing the
wheat sown area in Argentina during the past 5 years, as mentioned
in Section 1.

Regional studies such as the one presented here, do not consider
individual interactions among crop genotype, environment and
management which may greatly modified the yields at a field level.
However, average yield values and environmental variables were
useful to point out the relative influence of major determinants of
crop success and to draw the variability pattern of productivity in
the region from on-farm yields and present technologies. Such an
analysis may be used as a first step to evaluate new avenues for the
development of presumably more productive systems including
different grain crops or new crop managements and technologies,
with similar or different analytical techniques, in this and other
regions.

5. Conclusions

This work implemented a simple and innovative analysis to
determine the effect of several environmental factors on the grain
yield of the main cropping systems of the Argentine Pampas,
analyzing complex interactions inherent to large-scale rainfed pro-
ductions systems. In the analysis, maximum yields of all crops were
associated with temperature and actual yields were greatly related
to rainfall. A differential response of each crop to environmental
variations was found although regional yield pattern was similar
among maize, soybean and wheat-soybean double crop systems.
However, across the region, single maize yields were the highest
and soybean yields the lowest. Wheat-soybean double crops were
more productive than soybean at any site, but their yields were
slightly lower than those of maize. Wheat-soybean double crops
were then feasible in any part of the studied area. Since at present
almost 60% of the studied area is sown with single soybean crops,
the results suggest that there is an effective possibility to have a
substantial increase in on-farm productivity, while still producing
soybean, simply by expanding the double crop system (an already
proven technology). In addition, the work helped to identify pos-
sible areas where wheat-soybean double crop system may give
relative higher advantages; particularly, in some of the presently
least productive areas.
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