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Abstract
Global climate change is shifting temperature and precipitation regimes, which is modifying the environments that define 
wheat yield and quality. The current work characterises the changes that have occurred in the thermal and hydric environment 
in two contrasting sites of the wheat-growing region of Argentina, allowing comparison between sites for these changes and 
for how the changes are accelerating. Temperature and precipitation variables were analysed by regression and trend testing 
(Mann Kendall), and future projections were made based upon significant relationships. The two sites compared were in 
the zones around the cities of Azul in the Province of Buenos Aires and Marcos Juárez in the Province of Córdoba, located 
approximately 500 km apart. The climate data analysed covered the period 1931–2014 for Azul and 1952–2014 for Marcos 
Juárez. At both sites, temperatures increased significantly in mean and extreme values over these periods, where the rate of 
change accelerated during the first years of the twenty-first century. The changes observed were in general more pronounced 
in Marcos Juárez than in Azul. Furthermore, in Marcos Juárez, mean precipitation increased from September to December 
and there was a higher frequency of extremes of precipitation greater than 100 mm in September and October during the early 
twenty-first century. Evidence was found for temperature rise and the occurrence of extreme temperature and precipitation 
events occurring differently between sites, as well as for its acceleration rate in the early twenty-first century. The projected 
future changes made implied that wheat yield is expected to suffer losses over the coming century.

1  Introduction

The burgeoning global demand for food, feedstuff and 
biocombustible, will require dramatic increases in wheat 
and other staple crop yields. According to Reynolds et al. 
(2009), increases of 50% in wheat yield are feasible, princi-
pally by improving potential yield (Hall and Richards 2013); 
however, to achieve this, it will be indispensable to reduce 
climate change and attenuate its effects upon crop yield 
(Asseng et al. 2015; IPCC 2018), many of them deleterious 
(World Bank 2013; Asseng et al. 2015; Zhao et al. 2017; 
IPCC 2018). In many areas of the world, climate change rep-
resents 32–39% of the annual global variability of yield for 
wheat, corn, soybeans, and rice (Ray et al. 2015). Further-
more, countries where increasing temperature causes nega-
tive impacts are typically the most food insecure (Agnolucci 
et al. 2020).

Mean earth surface temperature has risen constantly since 
the twentieth century, with the 2000s being the hottest to 
date. Also, the number and period of sub-zero temperature 
days have reduced almost without exception in each country 
where the variable has been examined (Stocker et al. 2013); 
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this is despite the hiatus reported by Chen and Tung (2014) 
though refuted by De Saedeleer (2016). Also, since 1980, 
increases have been observed in temperature and precipita-
tion for the main wheat crop regions, amongst other crop 
regions (maize, rice, and soybean) (Lobell et al. 2011).

The 2015 Paris Agreement includes the long-term global 
goal of promoting measures aimed at holding the increase in 
the global average temperature to well below 2 °C (1.5 °C, 
if possible) above pre-industrial levels (UNFCCC 2016). 
Future emissions are uncertain since they depend upon com-
plex dynamic systems determined by demographic change, 
socio-economic development, technological advance, and 
political will. IPCC scenarios project mean global tempera-
ture rise of between 1.8 and 4 °C for the decade 2090–2099 
compared to 1980–1999, with ranges between 1.1 and 6.4 °C 
(Nakicenovic et al. 2007; IPCC 2007a) and increments of 
1 °C in mean global temperatures in the period 2016–2035 
versus 1850–1900, under high greenhouse gas emission sce-
narios (Stocker et al. 2013). Furthermore, the atmosphere 
can retain an additional 7% of water vapour (Bréon et al., 
2013).

The majority of analyses of long-term climate change 
have focussed on mean values, with less emphasis on 
extremes (Alexander et al. 2006). Climatic extremes can be 
categorised into two groups: those simply based upon cli-
mate statistics (very low and very high daily temperatures or 
large quantities of daily or monthly precipitation occurring 
over a year) or more complex extremes that do not neces-
sarily occur each year at a given site (for example, drought, 
flood, or hurricane) (Easterling et al. 2000). Changes in 
temperature and precipitation extremes have been reported 
(Nicholls 1995; Karl and Knight 1998; Barros 2015) and 
coincide with a world undergoing heating: diminution in 
cold extremes and a rise in hot extremes (Easterling et al. 
2000; Alexander et al. 2006; Barros 2015).

Hence, it is necessary to study the future environments 
each crop could face if current climate trends persist or even 
worsen. We have taken wheat as a study model for the pre-
sent work, given its historical importance in Argentina.

Wheat, one of the most important cereals globally, is 
widely used for human and animal consumption. World-
wide, more than 200 million hectares is harvested, with 
China and India currently being the largest producers (FAO 
2019). Argentina is one of the producing countries, con-
tributing 2.4% of world production (FAO 2019), and an 
exporter, since current annual production (19 million tonnes 
in 2017/2018) far outstrips internal market requirements of 6 
to 7 million tonnes (Ministerio de Agricultura de Argentina 
2018). This, added to the proximity of Brazil and Mercosur, 
configures the country as an important exporter of the crop.

In wheat, as in other C3 crops, mean temperature mainly 
affects development throughout the cycle. However, during 
anthesis and critical growth periods, mean temperature can 

directly affect the yield component and/or indirectly if it 
occurs immediately before (Slafer et al., 2003). Increases 
in mean temperature accelerate the accumulation of grain 
dry matter, with an important reduction in the grain fill-
ing period, resulting in reduced interception of radiation by 
the crop and hence reduced final grain weight (Slafer et al. 
2003), even at the same photosynthetic rate. Also, water 
deficit lowers grain number in the boot stage due to the 
occurrence of pollen grain meiosis at this stage (Slafer et al. 
2003) and lowers grain weight by reductions in the rate of 
fill (Martos Núñez 2003) and its duration.

Regarding the threshold of maximum temperature that 
has negative effects on wheat yield and/or quality, there is 
a certain consensus that temperatures above 30 °C lower 
yield and quality through reductions in the rate of starch 
deposition (Jenner 1994) and in dough strength (Randall 
and Moss 1990).

Numerous studies have attempted to quantify wheat yield 
loss due to climate change. In Europe, Moore and Lobell 
(2015) reported yield losses of 2.5% for wheat for trends of 
temperature and precipitation, with more detrimental effects 
in those southern regions unable to mitigate the impact with 
rainfall increase. An increase in global mean temperature 
over the whole growing season, reported by Lobell et al. 
(2011), resulted in yield loss of 5.5% per °C increase, in 
spite of the beneficial effects of CO2 for C3 species. Zhao 
et al. (2017), without CO2 fertilisation, effective adaptation, 
and genetic improvement, reported yield loss of 6.0 ± 2.9% 
for wheat for each °C increase in global mean temperature, 
in concurrence with Asseng et al. (2015). At lower latitudes, 
the climate change effect will be more negative, especially 
at a high level of warming with nitrogen (N) stress, where 
there would be little true CO2 compensation for C3 spe-
cies (Rosenzweig et al. 2014). Schleussner et al. (2016) 
found substantial differences in impacts between 1.5 and 
2 °C warming with local yield reduction at middle and low 
latitudes, especially for wheat and maize. Trends are particu-
larly severe for temperature in wheat evaluated at regional 
and national levels (Lobell et al. 2011), with 6 and 8% of 
yield losses for 1.5 °C and 2 °C, respectively, for wheat 
(Schleussner et al. 2016).

In Argentina, Abbate and Lázaro (2010) reported falls 
of 1.15 mg in potential grain weight (approximately 4% 
for a mean grain weight of 30 mg) for each °C increase in 
mean temperature during 35 days post-anthesis, while Verón 
et al. (2015) reported a 5.1% average yield loss in the Pam-
pas. Under moderate emission scenarios for the near future 
(2015–2039), Rolla et al. (2018) projected a 12.7% yield 
average decrease for wheat.

Numerous studies have contributed towards quantify-
ing the magnitude of climate change in Argentina. The 
long-term tendency for 1940–2007 of various agroclimatic 
indices showed heating, principally due to increments in 
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the minimum temperature (Fernández Long et al. 2008), 
although for the most recent period (1975–2007), the ten-
dency was weaker and in the opposite direction in some 
meteorological stations (Fernández Long et al. 2008). In the 
Pampas region, rises in minimum temperatures of 2 °C/cen-
tury were reported during 1959–1998 (Rusticucci and Bar-
rucand 2004) and 0.14 °C/decade increase for September, 
October, and November (García et al. 2018). Additionally, 
across this region at most of the sites evaluated, the frost 
period decreased for the period 1940–2007, by a mean of 
7 days per decade (Fernández-Long et al., 2012).

Regarding precipitation, increases have been reported 
across the planet throughout the twentieth century (Easter-
ling et al. 2000). The frequency of abundant precipitation 
has risen in South-Central USA and sectors of South Amer-
ica during 1950–2005, by 2 days/decade, and the number of 
consecutive days without rain has reduced since 1960 (Alex-
ander et al. 2006). Marked precipitation increase has been 
observed in southern Brazil and northeastern Argentina from 
November to May (Berbery et al 2006; Re and Barros 2009). 
In northeastern Argentina, the annual maximum amount of 
1- and 5-day precipitation events increased from the 1970s to 
the 2000s; the higher frequencies of precipitation variability 
favoured extreme events post-2000 even during moderate 
extreme phases of the ENSO (Lovino et al 2018). In the 
Pampas region of Argentina, mean precipitation rose by over 
150 mm during the last 30 years of the twentieth century 
compared to its beginning, especially between October and 
March (Magrin et al 2005). Regarding the future, model 
projections have suggested that there could be an increase 
in the frequency of precipitation extremes over the La Plata 
Basin during future El Niño and La Niña events (Cavalcanti 
et al. 2015).

The majority of climate studies carried out in the wheat 
region of our country have considered mean temperatures 
(Fernández Long et al. 2008, 2012; Magrin et al. 2005, 
2009), maximum and minimum temperatures (Rusticucci 
and Barrucand 2004; García et al. 2018), and extreme tem-
peratures in relation to frost (Fernández-Long et al., 2012). 
Although these studies provide a basis for the current inves-
tigation, more exhaustive studies are necessary that also 
analyse changes in extreme rainfall variables, as proposed 
by Easterling et al. (2000), and temperature in relation to the 
threshold that prejudices wheat yield and quality — which 
has increased its probability of occurrence throughout the 
post-flowering phase, from September to December (Rivelli 
et al. 2021) — as well as the situation over recent years and 
differences within the wheat region. This type of study could 
serve as a model for the elaboration of perspectives for each 
cultivar and zone in particular.

The aim of the current work was to characterise the 
trend in the change in temperature and rainfall variables 
in two contrasting sites within the wheat-growing region 

of Argentina. We focused on two sites of the Pampas, one 
towards the north of the region and the other towards the 
south, in order to discern whether there were differential 
effects of latitude, as has been suggested by modelling stud-
ies (Barros et al 1996).

2 � Materials and methods

2.1 � Sites studied

Climatic data were analysed from the meteorological sta-
tions of Azul in the Province of Buenos Aires and Mar-
cos Juárez (abbreviated as MJ) in the Province of Córdoba, 
located approximately 500 km apart (Fig. 1). Azul and MJ 
are found in different wheat-growing regions, namely IV and 
II subregion north, respectively.

The climatic conditions in wheat-growing region IV 
are adequate for crop development, with a cool temper-
ate climate of long winters and annual rainfall of around 
800–900 mm, resulting in yields generally above the national 
average. Within this region, Azul itself has a temperate cli-
mate associated with the Pampas, with a mean annual tem-
perature of 15 °C and annual rainfall exceeding 900 mm. 
The average yield in Azul over the last 10 years (2011–2021) 
was 4230.91 kg/Ha (+ / − 621.07 kg/Ha), compared with a 
national mean of 3010.90 kg/Ha (+ / − 286.87 kg/Ha). The 
sowing period is broad because of the use of cultivars vary-
ing in cycle length: long-cycled from 25/05 to 20/06, mid-
cycled from 20/06 to 20/07, and short-cycled from 20/07 to 
20/08, or until 31/08 as the limit. Anthesis occurs during the 
first days of November and harvesting runs from 20/12 to 
02/01 (pers. com. CREA (Consorcios Regionales de Experi-
mentación Agrícola) producers).

Region II subregion north gives yields similar to or 
slightly above the national average, where MJ itself has a 
humid temperate climate with maximum mean annual tem-
peratures of 24 °C and minimum mean annual tempera-
tures of 11 °C, although minimum temperatures can fall 
below − 10 °C and maximum temperatures above 41 °C. 
Annual rainfall is around 800 mm. The average yield in 
MJ over the last 10 years (2011–2021) was 3707.25 kg/Ha 
(+ / − 1024.57) against the aforementioned national mean 
of 3010.90 kg/Ha (+ / − 286.87 kg/Ha). Sowing takes place 
from 15/05 to 30/06, anthesis in October, and harvest from 
20/11 to 15/12 (pers. com. CREA producers).

Figure 2 shows the current monthly temperatures and 
rainfall for each locality, as well as phenology information.

2.2 � Datasets and variables evaluated

Daily data of maximum (Tmax), minimum (Tmin), and 
mean (Tmean) temperatures and rainfall were provided 
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by the National Meteorological Service (Servicio Meteor-
ológico Nacional, SMN). All measurements were made in 
the “Observational field”, the maximum temperatures and 
minimum dry and wet thermometers were obtained in the 
meteorological shelter located at 1.5 m of height. The max-
imum and minimum temperatures are taken at 09:00 and 
21:00 Argentine official hour (HOA) and only the highest 
and lowest are considered, respectively. Average tempera-
ture is calculated with the four main hours 03:00, 09:00, 
15:00, and 21:00 HOA. Precipitation is measured at 09:00 
on 1 day to 09:00 on the next HOA with a rain gauge within 
the mentioned field.

The original weather station in Azul (station A, 36°45′S 
59°50′O 132 m, WMO station code 87,641) was deactivated 
in 1994 and a new station was immediately activated 10 km 
away (station B, 36° 50′S 59° 50′O 147 m, WMO station 
code 87,642). Station B is surrounded by farms in a rural 
setting and is 6.6 km from the centre of Azul.

The data  f rom these  (or iginal  s ta t ion A: 
1 / 1 / 1 9 3 1 – 1 5 / 1 2 / 1 9 9 4  a n d  n ew  s t a t i o n  B : 
16/12/1994–28/2/2015) were cross-checked with a third 
station (Tandil aero, 37°14′S 59°20′O), in order to verify 
that the 10-km distance had not significantly affected the 
measurements; this procedure showed that the original and 
new stations could be considered one and the same.

The data from MJ were provided by the station located 
at 32°42′S 62°10′O (WMO station code 87,467), and cov-
ered the period 1/7/1952 to 28/02/2015. This station is also 
rurally located amongst farms, 5.2 km from the centre of MJ.

The study of the monthly temperature series included 
Tmax, Tmin, Tmean, and daily thermal range (DTR). The 
duration of the period in each year with minimum tem-
peratures equal to or below 0 °C (Du T ≤ 0 °C) was also 
determined. Extreme monthly temperature values included 
maximum (Vmax) and minimum (Vmin) temperatures, 
number of days with temperatures equal to or above 30 °C 
(ND T ≥ 30 °C), and accumulated degrees above 30 °C (°C 
T ˃ 30 °C). The rainfall monthly variables (which included 
rainfall of less than 1 mm) were the number of days with 
precipitation (ND PP) and total precipitation (mmt PP). 
Extreme rainfall variables as number of days with precipi-
tation equal to or below 5 mm (ND PP ≤ 5 mm), equal to or 
above 50.8 mm (ND PP ≥ 50.8 mm), and equal to or above 
101.6 mm (ND PP ≥ 101.6 mm) were included according 
to Easterling et al. (2000) (2 and 4 in. equal to 50.8 and 
101.6 mm, respectively). Accumulated precipitation from 
September to December each year (mm PP4 months) was 
also included. By their nature, variables ND T ≥ 30 °C, °C 
T ˃ 30 °C, ND PP ≤ 5 mm, ND PP ≥ 50.8 mm, and ND 
PP ≥ 101.6 mm included many values equal to 0.

Fig. 1   Location of the sites analysed (Azul, Bs. As.; and Marcos Juárez, Córdoba) and map of the wheat-growing regions and subregions (upper 
right) (Molfese, 2016)
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Hence, 15 variables, to which prior data quality control 
was applied, were analysed for September, October, Novem-
ber, and December for the whole period of years for each 
site (Azul: 1931–2014; MJ:1952–2014); these months were 
chosen since they cover the critical period in the wheat cycle 
for yield and quality determination. Comparisons were made 
between the months at the two sites; the same month was 
compared at both sites due to the wide range of sowing dates 
and to allow extrapolation to other months and crops.

2.3 � Data analysis

2.3.1 � Analysis of each site

Linear regression was applied to all variables over time 
from both sites using the software Infostat version 2016 (Di 

Rienzo et al. 2016). The periods analysed (83 years for Azul, 
62 years for MJ, plus the last 15 years of both series) allowed 
the removal of the Niño effect and volcanic activity, which 
are observed during periods of less than 5 years, as well as 
the effect of the solar cycle observed over periods below 
11 years (De Saedeleer 2016). This was a deliberate deci-
sion for the current work in order to homogenise the dataset, 
although study of shorter periods could form the basis of 
future work. The regression analyses showed homogeneous 
distribution of residuals; nonetheless, since these are sensi-
tive to the seasonality of the data, the analysis used to assess 
trends was the Mann–Kendall trend test (MK) (Mann 1945; 
Kendall 1975) (software RStudio 0.99.902 2009–2016), 
since it lacks the limitations of regression analysis and hence 
makes the predictions more robust, being a non-parametric 
test that works for all types of distribution, provided there 

Fig. 2   Mean monthly maximum temperatures (Tmax), mean monthly 
mean temperatures (Tmean), mean monthly minimum temperatures, 
and accumulated precipitation (PP) over the last year in A Azul and B 

Marcos Juárez. The dates of sowing (SO) for long cycle ( LC), inter-
mediate cycle (IC), and short cycle (SC), anthesis (ANT), and harvest 
maturity (HM) are pointed at with arrows
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is no serial correlation (Blain 2013). For this last analysis, 
the year was considered a factor and the remaining vari-
ables were considered time series. From the MK analysis, 
the value of the statistic tau (τ) (a coefficient indicative of a 
correlation between variables) and the two-tailed probability 
value (p) were obtained.

2.3.2 � Differences between sites

The sites were analysed by principal components (PC) for 
the whole period of years in common (1952–2014) and for 
the first 15 years of the current century (2000–2014).

Additionally, the linear regression slopes from the whole 
period for each site for those cases where the value of tau 
from MK was significant were compared by t-test (see 
Eq. 1).

where X1 and X2 are the slopes from the regression equa-
tion of sites “1” and “2”, respectively, and “errors” 1 and 2 
are the associated errors from their mean squares. The work-
ing significance level of the regressions was 5%.

2.3.3 � Impact of the last years on the general tendency 
for the constructed variables

The extreme variables ND T ≥ 30  °C, °C ≥ 30  °C, ND 
PP ≤ 5 mm, ND PP ≥ 50.8 mm, and ND PP ≥ 101.6 mm were 
analysed as proportions, evaluating the significance of the 
proportion that represented the period 2000–2014 against 
the period 1952–2014 using the software STATISTICA 
(StatSoft Inc. 2004), which computes the level of signifi-
cance for the difference between two proportions according 
to Eq. 2.

where p1 is the proportion of the first sample (Azul); p2 
is the proportion of the second sample (MJ); N1 is the size 
of the first sample (Azul); N2 is the size of the second sam-
ple (MJ); p = (p1*N1 + p2*N2)/(N1 + N2); q = 1 − p and the 
degrees of freedom are calculated as (N1 + N2) − 2.

2.3.4 � 10‑, 50‑, and 100‑year future projections 
for both sites

Using the regression equations for the complete period of 
each site, estimations were made of future projections for the 
next 10, 50, and 100 years for the variables with significant 
trends. Projections were also made of future wheat yield 

(1)
X1 − X2

√
(error1)2 −

√
(error2)2

(2)�t� =

��
(N1 ∗ N2)∕(N1 + N2)

�
∗ �p1 − p2�

√
(p ∗ q)

losses due to global heating, based upon an estimated 5.1% 
loss in yield per °C increase in mean (Verón et al. 2015) and 
4% per °C increase in min temperature (García et al. 2016).

3 � Results

3.1 � Analysis of temperature

The monthly mean temperature variables increased sig-
nificantly over the years in certain months at both sites 
(Table 1): in Azul, the maximum daily temperatures monthly 
mean in September and October (Fig. 3A), the minimum 
daily temperatures monthly mean in November and Decem-
ber, and the mean daily temperatures monthly mean in all 
4 months (October Fig. 3C); and in Marcos Juárez (MJ), 
Tmax in September, October (Fig. 3B), and November, 
Tmin in October and November, and Tmean in September, 
October (Fig. 3D), and November. With the exception of 
Tmax and Tmean in December, the regression coefficients 
in MJ were consistently higher than those in Azul. For exam-
ple, the regression coefficients for Tmax, Tmin, and Tmean 
for October in MJ were approximately threefold higher than 
those in Azul (Tmin non-significant in Azul). These obser-
vations imply that, in general for the temperature variables, 
the rate of climate change in MJ was higher than that in 
Azul.

In contrast, the DTR and Du T ≤ 0 °C showed no signifi-
cant changes at either site (Table 1).

From these results, it appears that the variables in general 
are by no means showing similar changes over the study 
period; further evidence for this is provided by the analy-
sis of variables focused upon more extreme temperature 
phenomena: Tmax, Tmin, ND T ≥ 30 °C, and °C ≥ 30 °C 
(Table 1). While no significant regressions were observed for 
Vmax, Vmin did show such regressions, although in Azul 
only in October (albeit with a regression coefficient higher 
than those observed for the temperature variables mentioned 
above); in contrast, in MJ, the regressions were significant 
in October, November, and December, with slopes higher 
than those observed in Azul. Just as in the case of the vari-
ables Tmax, Tmin, and Tmean mentioned above, this again 
implies that the rate of climate change in MJ was generally 
more pronounced than that in Azul.

Further evidence for differences between sites was pro-
vided by the monthly number of days with temperatures 
equal to or above 30 °C and accumulated degrees above 
30 °C, for which significant regressions were only observed 
in MJ, in October and November for the former variable, 
and in October for the latter, with regression coefficients 
amongst the highest observed for all the variables analysed. 
Hence, there seems to be no appreciable climate change for 
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these characters in Azul, in contrast to MJ, where the rate of 
change was considerable.

In conclusion, of all the thirty-three combinations 
of comparisons carried out (eight variables for which 
4 months were analysed per variable, plus one variable 
(the duration of period in each year with minimum temper-
atures equal to or below 0 °C) analysed over the 4 months 
as a whole (Table 1)), there were (i) seven combinations 
(Tmax Septembers, Tmax Octobers, Tmin Novembers, 
Tmean Septembers, Tmean Octobers, Tmean Novem-
bers, and Vmin Octobers) that gave significant, positive, 
regression coefficients in both Azul and MJ, where the 
magnitude of the coefficient in MJ was always numerically 
greater than that in Azul, including significantly so for two 
of them (Tmax Octobers and Tmean Octobers), according 

to application of Eq. 1 (Table 1); (ii) seven combinations 
(Tmax Novembers, Tmin Novembers, Vmin Novembers, 
Vmin Decembers, ND T ≥ 30 °C Octobers, ND T ≥ 30 °C 
Novembers, and °C T ˃ 30 °C Octobers) that gave sig-
nificant, positive, regression coefficients in MJ, but non-
significant regressions in Azul, where the magnitude of 
the coefficient in MJ was, as would be expected, always 
numerically higher than that in Azul; and (iii) only two 
combinations (Tmin Decembers and Tmean Decembers) 
that opposed these trends, since they gave significant, posi-
tive, regression coefficients in Azul, but non-significant 
regressions in MJ. These results imply that, for those com-
binations showing significant climate change, the rate of 
change was, with notably few exceptions, considerably 
higher in MJ than that in Azul.

Fig. 3   Mean monthly maximum temperatures (Tmax) over years in A Azul and B Marcos Juárez and mean monthly mean temperatures (Tmean) 
over years in C Azul and D Marcos Juárez
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3.2 � Analysis of rainfall

Of all the rainfall variables analysed (Table 1), only the 
regression of the accumulated precipitation from September 
to December each year in MJ was significant (p, MK), show-
ing that, firstly, there was generally relatively little climate 
change over the years for rainfall, and, secondly, where there 
was change, this was only observed in MJ.

Regarding variables associated with extreme rainfall phe-
nomena, i.e. the number of days with precipitation equal to 
or below 5 mm per month, the number of days with precipi-
tation equal to or above 50.8 mm per month, and the number 
of days with precipitation equal to or above 101.6 mm (for 
the latter two variables, the distribution of the residual errors 
was non-random), no significant differences were found over 
the months analysed for either site, again supporting the idea 
that there was relatively little climate change observed for 
rainfall (Table 1).

3.3 � Multivariate comparison between sites

Having provided evidence that for individual variables the 
sites showed notable differences in their rates of climate 
change, we applied principal component (PC) analysis to 
see to what extent the sites differed when all variables were 
considered as a whole across the whole period (1952–2014) 
(Fig. 4).

The sites clearly differed for PC 1, since all MJ data 
points had higher values for PC 1 than those in Azul, com-
ponent positively correlated with the temperature variables 
Tmin, Tmean, and Tmax, together covering the 4 months 

under study, and negatively correlated with the duration of 
the period with temperatures equal to or below 0 °C, albeit 
that the correlations were low in magnitude (Table 2).

For the period 2000–2014, PC 1 was related to temper-
ature variables and Du T ≤ 0 °C in a similar way to that 
observed for the whole period, as well as to variables asso-
ciated with extreme events (Vmax and ND T > 30 °C), and 
there was also a slight tendency to be related to rainfall vari-
ables (Table 2).

In general, the sites were not discriminated by PC 2 
(Fig. 4) or any other PC (results not shown).

Taken as a whole, together with the results for individ-
ual variables described earlier, the data confirm that MJ is 
clearly the warmer of the two sites (for the variables more 
correlated with PC 1, such as the temperature variables).

Additionally, the points for the years 2000–2014 (light 
symbols) for MJ (triangles) are slightly displaced towards 
higher values of PC 1 than the remaining years at this site, 
whereas this is not so for Azul, implying that the more recent 
years at MJ are warmer than previous years and indicating 
a possible acceleration in climate change at this site for the 
variables correlated with PC 1.

3.4 � Impact of the period 2000–2014

Following this lead, analysis of the frequency of extreme 
temperature and rainfall events for the period 2000–2014 
compared with that for 1952–2014 (Table  3) showed 
that in the more recent period, it was found that, at both 
sites, there were increases in variables associated with the 
30 °C limit (ND T ≥ 30 °C and °C T > 30 °C) in October. 

Fig.4   Principal components (PC) 1 and 2 for both sites during the period September to December 1952–2014. Circles: Azul; triangles: Marcos 
Juárez; dark symbols: years 1952–1999; light symbols: 2000–2014
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Additionally, all events of rainfall of 101.6 mm or more have 
been recorded in MJ in September and October during more 
recent years (Table 3).

The analysis of differences between proportions (Eq. 2) 
of the first 15 years of the century compared to the whole 
period showed that the temperature extremes (ND T ≥ 30 °C 
and °C ≥ 30 °C) had become more frequent at both sites 

in September, differentially so (p value of 0.03 and 0.02, 
respectively).

Regarding rainfall extremes, this was also observed for 
ND PP ≥ 50.8 mm for September (p value of 0.01).

Hence, climate change appears to have become more 
marked in recent years compared to previous ones, seem-
ingly more so in MJ than in Azul.

Table 2   Loadings of the 18 main variables that most discriminate between Azul and Marcos Juárez in the periods 1952–2014 and 2000–2014

Abbreviations: Tmax mean monthly maximum temperatures, Tmin mean monthly minimum temperatures, Tmean mean monthly mean tempera-
tures, DTR mean monthly thermal range, Du T ≤ 0 °C the duration of period in each year with minimum temperatures equal to or below 0 °C, 
ND T ≥ 30 °C monthly number of days with temperatures equal to or above 30 °C, ND PP monthly number of days with precipitation, mmt PP 
monthly total precipitation, ND PP ≤ 5 mm monthly number of days with precipitation equal to or below 5 mm, ND PP ≥ 50.8 mm monthly num-
ber of days with precipitation equal to or above 50.8 mm

1952–2014 2000–2014

Variables e1 e2 Variables e1 e2

Du T ≤ 0 °C (no. of days)  − 0.14  − 0.18 Du T ≤ 0 °C (no. of days)  − 0.16  − 0.18
DTR December (°C)  − 0.07  − 0.28 ND PP ≤ 5 mm November (no. of days)  − 0.12  − 8.40E–05
ND PP ≤ 5 mm November (no. of days)  − 0.06 0.07 ND PP September (no. of days)  − 0.1 0.18
mmt PP September (mm)  − 0.05 0.09 mmt PP September (mm)  − 0.1 0.2
ND PP October (no. of days)  − 0.05 0.2 ND PP October (no. of days)  − 0.1 0.19
ND PP ≤ 5 mm October (no. of days)  − 0.05 0.14 ND PP ≤ 5 mm October (no. of days)  − 0.1 0.14
ND PP November (no. of days)  − 0.05 0.16 DTR December (°C)  − 0.1  − 0.22
ND PP September (no. of days)  − 0.04 0.13 ND PP ≥ 50.8 mm September (no. of days)  − 0.07 0.13
ND PP ≥ 50.8 mm September (no. of days)  − 0.02 0.02 ND PP November (no. of days)  − 0.07 0.14
Tmean December (°C) 0.2  − 0.04 Vmax September (°C) 0.2 0.01
Tmean September (°C) 0.21 0.05 Tmax November (°C) 0.2  − 0.1
Tmax October (°C) 0.21  − 0.01 Tmin November (°C) 0.2 0.04
Tmax November (°C) 0.21  − 0.11 ND T > 30 °C November (nº of days) 0.2  − 0.1
Tmin November (°C) 0.21 0.07 Tmin December (°C) 0.2 0.09
Tmin December (°C) 0.21 0.08 Tmax September (°C) 0.21  − 0.01
Tmax September (°C) 0.22  − 0.02 Tmax October (°C) 0.21 0.01
Tmean October (°C) 0.22 0.08 Tmean October (°C) 0.21 0.11

Table 3   Proportions explained for the most recent 15 years for the extreme variables compared to the 1952–2014 series

Abbreviations: T ≥ 30 °C number of days with temperatures equal to or above 30 °C, ND T ≥ 30 °C monthly number of days with temperatures 
equal to or above 30 °C, ND PP monthly number of days with precipitation, mmt PP monthly total precipitation, ND PP ≤ 5 mm monthly num-
ber of days with precipitation equal to or below 5 mm, ND PP ≥ 50.8 mm monthly number of days with precipitation equal to or above 50.8 mm, 
ND PP ≥ 101.6 mm monthly number of days with precipitation equal to or above 101.6 mm

Period 
2000 – 
2014

Month ND T ≥ 30 °C 
(no. of days)

°C T ˃ 
30 °C (°C)

ND PP (no. 
of days)

mmt PP (mm) ND PP ≤ 5 mm 
(no. of days)

ND 
PP ≥ 50.8 mm 
(no. of days)

ND 
PP ≥ 101.6 mm 
(no. of days)

Azul 9 0.00 0.00 28.57 29.52 29.39 37.50 -
10 35.00 44.20 27.85 25.68 29.33 23.08 -
11 23.45 24.04 24.51 25.92 25.15 35.71 -
12 28.44 30.58 22.50 19.77 23.91 20.00 0.00

MJ 9 29.76 34.47 24.50 23.91 25.18 0.00 100.00
10 30.43 34.65 23.39 25.92 23.45 38.46 100.00
11 29.36 31.58 22.16 23.16 21.25 23.53 -
12 22.96 20.24 22.40 24.31 20.13 15.00 0.00
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3.5 � Future projections

From the above results, twenty-four of the variables ana-
lysed were found to be changing significantly and we made 
projections over the next 10, 50, and 100 years based upon 
our regression coefficients over the whole period (Table 4). 
Given that the changes appear to have accelerated over the 
first 15 years of the century, these will likely be underesti-
mates of the expected changes, which in any case will, of 
course, depend upon future greenhouse gas emission sce-
narios and a host of other factors.

For example, October and November maximum tempera-
tures in MJ are expected to reach around 30 °C by 2064 and 
a further 2 °C in October or 0.75 °C in November by 2114 
(Table 4). Furthermore, within the next 50 years, the number 
of days with temperatures equal to or above 30 °C could rise 
by 27% in October and 23% in November, accumulating 
6.68 °C above the current value for October (Table 4).

Regarding Tmean, increases of between 1.15 and 
1.34  °C are expected for Azul and between 1.98 and 
3.65 °C for MJ, depending on the month involved; i.e. 
considerably higher increases are expected for MJ than 
for Azul. Assuming a 5.1% loss in yield per °C increase in 
Tmean as proposed by Verón et al. (2015), these increases 
translate into potential yield losses of between 5.86 and 
6.83% for Azul and between 10.09 and 18.615% for 
MJ, again depending upon the month (Table 4). Hence, 
expected yield losses for MJ are considerably higher than, 
possibly double, those expected for Azul. If we also con-
sider the usual anthesis dates at each site and the greater 
impact of high temperatures in anthesis (García et  al. 
2015), the damage to yield may be greater in November 
in Azul and in October in MJ.

Table 4   Current and future (10, 50, and 100 years) values for the variables giving significant regressions and Mann–Kendall tests, and projected 
% yield losses at 100 years assuming 5.1 (Verón et al. 2015) for Tmean, and 4% (García et al. 2016) for Tmin of % fall in yield per °C increase

Abbreviations: Tmax mean monthly maximum temperatures, Tmin mean monthly minimum temperatures, Tmean mean monthly mean tempera-
tures, Vmax monthly maximum temperatures, Vmin monthly minimum temperatures, ND T ≥ 30 °C monthly number of days with temperatures 
equal to or above 30 °C, °C T ˃ 30 °C accumulated degrees above 30 °C, mm PP4 months accumulated precipitation from September to Decem-
ber each year

Variable Value in 2014 Projected value at: Projected % yield 
loss at 100 years

10 years 50 years 100 years

Tmean Septembers Azul (°C) 13.04 13.16 13.62 14.19 5.860
Tmean Octobers Azul (°C) 16.12 16.25 16.79 17.46 6.830
Tmean Novembers Azul (°C) 17.78 17.91 18.44 19.09 6.681
Tmean Decembers Azul (°C) 20.94 21.07 21.59 22.24 6.630
Tmean Septembers MJ (°C) 15.90 16.10 16.89 17.88 10.090
Tmean Octobers MJ (°C) 20.31 20.68 22.14 23.96 18,615
Tmean Novembers MJ (°C) 20.61 20.84 21.76 22.90 13.209
Tmin Octobers MJ (°C) 12.76 13.09 14.42 16.07 13.240
Tmin Novembers Azul (°C) 11.15 11.31 11.95 12.75 6.400
Tmin Novembers MJ (°C) 12.78 13.00 13.89 15.00 8.880
Tmin Decembers Azul (°C) 13.46 13.64 14.34 15.21 7.000
Tmax Septembers Azul (°C) 18.12 18.27 18.89 19.66
Tmax Octobers Azul (°C) 22.25 22.39 22.96 23.66
Tmax Septembers MJ (°C) 23.35 23.61 24.67 25.99
Tmax Octobers MJ (°C) 27.86 28.27 29.92 31.98
Tmax Novembers MJ (°C) 28.45 28.68 29.60 30.75
Vmin Octobers Azul (°C) 2.30 2.49 3.25 4.19
Vmin Octobers MJ (°C) 5.00 5.55 7.75 10.49
Vmin Novembers MJ (°C) 6.20 6.66 8.49 10.77
Vmin Decembers MJ (°C) 6.00 6.41 8.07 10.13
ND T ≥ 30 °C Octobers MJ (no. of days) 8.00 8.43 10.17 12.34
ND T ≥ 30 °C Novembers MJ (no. of days) 14.00 14.64 17.19 20.38
°C T ˃ 30 °C Octobers MJ (°C) 37.50 38.84 44.19 50.87
mm PP4meses MJ (mm) 356.90 372.13 433.07 509.23
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4 � Discussion

The analysis of historical climate data from Azul, Prov-
ince of Buenos Aires, and Marcos Juárez, Province of 
Córdoba, sites in two contrasting zones representing the 
wheat-growing region of Argentina, allowed the character-
isation of past and possible future changes in temperature 
and rainfall variables during the months in which wheat 
is grown in this country. Changes in mean and extreme 
temperatures and rainfall variables observed were largely 
consistent with those reported in the relevant literature 
(Alexander et al. 2006, Nakicenovic et al. 2007, IPCC 
2007a, Trenberth et al. 2007, Fernández Long et al. 2008, 
Stocker et al. 2013, Verón et al. 2015, García et al. 2018, 
Rivelli et al. 2021, amongst others).

4.1 � Considerations for each site

4.1.1 � Mean temperature values

The maximum temperatures (Tmax) in September and 
October in Azul and MJ have increased significantly over 
the years (Table 1), more intensely so in the latter site, 
where besides significant increases were observed in 
November. At this rate, increases of 0.15 °C and 0.25 °C 
per decade in September in Azul and MJ, respectively, 
would be expected, higher than those reported by Magrin 
et al. (2009) for the Pampas region for this month (0.07 
between 1930 and 2000, and 0.00 between 1970 and 
2000). On the other hand, the expected increases for 
October were similar to those reported in the same study 
(for Azul, 0.14 °C in our study against 0.13 °C between 
1930 and 2000, and, for MJ, 0.41 °C in our study against 
0.43 °C between 1970 and 2000). For November, the pro-
jections for MJ (0.23 °C) were higher than those indicated 
in the same study for 1930–2000 and lower than those 
estimated for 1970–2000 (0.00 and 0.47 °C, respectively). 
The comparison with Magrin et al. (2009) is interesting 
because the trends are established at the same months in 
the same region, albeit that the model used in that study 
is outdated today.

Regarding the minimum temperatures (Tmin), these 
increased significantly over the years in November at both 
sites (Table 1), and additionally in December at Azul and 
in October in MJ. At this rate, increases in October in 
MJ of 0.03 °C per decade would be expected, similar to 
those from the Magrin et al. (2009) study for 1930–2000 
(0.36 °C), although less than those from the same study for 
1970–2000 (0.58 °C). The increases expected for Novem-
ber for Azul and MJ are less than those previously reported 
in this study (0.16 °C in Azul and 0.22 °C in MJ against 

0.39 °C between 1970 and 2000, and 0.61 °C between 
1970 and 2000) (Table 1). The increments in this vari-
able in October and November in MJ (Table 1) are notably 
greater than those projected by Rusticucci and Barrucand 
(2004) of 2 °C per 100 years for the Pampas region, and, 
in November, the increment is also notably greater than 
the projection of García et al. (2018) of 0.14 °C/decade. 
Furthermore, increments of 0.18 °C per decade in Decem-
ber are projected for Azul (Table 1).

The mean temperatures (Tmean) have also risen during 
the months analysed at both sites over the years, except 
for December in MJ. These rises are consistent with those 
reported by Stocker et al. (2013) for the twentieth century. 
The rises were more marked in MJ than in Azul (Table 1). 
At this rate, increases in Azul of 0.12 °C per decade in 
September and of 0.13 °C in October, November, and 
December would be expected, while in MJ rises of 0.2, 
0.37, and 0.23 °C per decade for September, October, and 
November, respectively, would be expected. It is interest-
ing to note that in October, the differences between the 
sites for this variable were threefold and the expected 
increases for MJ almost duplicated those stipulated by the 
IPCC in their fourth report for the decades 2007–2017 
and 2017–2027 (0.2 °C per decade for a range of emission 
scenarios, including for those where the concentrations of 
greenhouse gas and aerosols stayed at year 2000 values, 
IPCC 2007a). Barros (2015) found a trend of increases in 
the annual mean temperature of 0.5 °C for Azul and 1 °C 
for Marcos Juárez; our study gave less pronounced trends, 
although it did not include the summer months.

The increases in mean temperatures found, due to the 
rises in maximum temperatures in September and October, 
and in minimum temperatures in November and December, 
could reduce potential yield in wheat (Magrin and Trav-
aso 2002, Nuñez et al. 2008) due to the shortened grain 
fill period not compensated for by higher rates of filling, 
as affirmed by Stone and Savin (1999) for temperatures 
above 15 °C. Elevated temperatures reduce the capture 
of resources, as well as affecting the partition of biomass 
to harvestable organs (Magrin et al. 2005). Instead, the 
period between spike growth and grain-setting in wheat is 
more sensitive to high temperature (7%/°C of increase in 
night temperature or 10%/°C of increase in mean tempera-
ture during this period; García et al. 2015).

The temperature rises in October, November, and 
December might imply possible deleterious effects on 
potential yield and quality at both sites, in spite of the 
different sowing dates between sites, due to current grow-
ing temperatures being close to optimal. Furthermore, the 
changes are generally more severe in MJ (i.e. 18.61% yield 
loss in October MJ, Table 4) than those in Azul (6.83 in 
Azul, Table 4), when the data is considered as a whole. 
This is a warning sign for food safety because yield losses 
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are expected to occur in spite of the potential beneficial 
effects of increased CO2 concentration (Lobell et al. 2011).

Further consideration of the possible consequences for 
yield of temperature rise at the two sites is given later in 
the “Discussion”.

Although a better use of increased CO2 by the crop can 
be achieved from added nitrogen (N) (McGrath and Lobell 
2013), if yield falls, N requirements would also fall and N 
translocation affected, due to the grain of stressed plants 
having less N than control plants (Vignjevic et al. 2015). 
If stress due to elevated temperature acted early during 
post-anthesis, cultivars would have reduced the capability 
for synthesising UPP (unextractable polymeric protein) 
and hence reduce their capacity for tolerance for quality.

In contrast to that reported by Fernández Long et al. 
(2008) and Verón et al. (2015), the increases in Tmax, 
Tmin, and Tmean did not result in changes in the thermic 
amplitude for the period at either site.

Regarding the duration of the period with minimum 
temperatures equal to or less than 0 °C, no significant dif-
ferences were observed (Table 1), coinciding with Alex-
ander et al. (2006), Easterling et al. (2000) and Easterling 
(2002).

4.1.2 � Extreme temperature

Extreme temperature values have also been subject to 
change. For example, (i) mean minimum monthly tem-
peratures have risen significantly at both sites in October 
(0.019 °C/year in Azul against 0.055 °C in MJ) and also in 
MJ in November and December (0.046 °C and 0.041 °C, 
respectively); (ii) the number of days with temperatures 
equal to or above 30 °C rose significantly in MJ in Octo-
ber (0.43 days/decade) and November (0.64 days/decade); 
and (iii) the degrees accumulated above 30 °C also rose 
in October at MJ (Table 1). Furthermore, for the variables 
in (ii) and (iii), the proportion explained for the period 
2000–2014 compared to that in the period 1952–2014 at 
both sites was significant in September (Table 3). These 
findings coincide with those reported by Plummer et al. 
(1999) for New Zealand (threshold of 30 °C), although 
not with those of Easterling et al. (2000) for the USA 
(threshold of 32.2 °C). Our findings are in agreement with 
Rivelli et al. (2021), who reported that the probability of 
occurrence of the number of days with temperatures above 
30 °C increased throughout the post-flowering phase, from 
September to December.

In terms of yield, temperatures in excess of 30 °C lead to 
floret or grain abortion (Saini and Aspinall, 1982), while for 
industrial wheat quality, these temperatures break the posi-
tive relationship between grain protein content and dough 

strength, resulting in possible negative effects on quality, 
with an increase in the gliadin to glutenin ratio.

4.1.3 � Mean and extreme rainfall values

Accumulated rainfall for September to December in MJ 
increased significantly (Table 1), which is consistent with 
Alexander et al. (2006) at the global level, Easterling et al. 
(2000) in the USA, and Barros et al. (1996), Magrin et al. 
(2009), and Barros (2015) in Argentina, while it differed 
from Verón et al. (2015) for this site, who reported a reduc-
tion of precipitation for wheat. Additionally, increases in 
extreme events have been reported by Barros (2015) for 
1960–2010 and in our work this phenomenon was detected 
by the observation that all rainfall events equal to or greater 
than 101.6 mm in MJ in September and October occurred 
between 2000 and 2014, with none before that (Table 3). 
Gelmi and Seoane (2013) found a greater frequency of 
occurrence of extreme precipitation events over years in 
the zone including Azul between 1971 and 1999 compared 
to 1951 to 1970, implying long-term changes appear to be 
underway at both sites.

Regarding the consequences of these changes, the 
increase in abundant rainfall events could provoke N leach-
ing and therefore changes in agronomic practices that could 
mean that regions of the country hitherto not apt for wheat 
growing could become so, and vice versa. Future changes 
could be even more dramatic than the projected changes 
given in Table 4, since these are likely to be underesti-
mates, given the apparent acceleration of change signalled 
by the results from 2000 to 2014. Nonetheless, it ought to 
be remembered that regional precipitation changes can be 
projected with less certainty than temperature (Zhao et al. 
2017).

4.2 � Differences between sites

As seen from the results given in Table 4 for the whole 
period, the variables that changed significantly at both sites 
did so more pronouncedly in MJ than in Azul, implying 
more extreme future conditions at the former site. In con-
trast, Zhao et al. (2017) found similar impacts at site scale 
due to temperature increase.

Furthermore, changes in extreme temperature phenomena 
related to the threshold temperature were only found in MJ, 
not in Azul. If, besides, we consider that MJ is, according to 
its mean and maximum temperatures for each of the months 
analysed, approximately 5 °C warmer than Azul, the con-
sequences for yield and quality in MJ could be more severe 
than those in Azul. Naturally, future change is related to 
future gas emission scenarios, as stated by the fourth report 
of the IPCC, but in general, the indications are that climate 
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change will continue and accelerate unless dramatic action 
is taken to counter it.

The sites were strikingly different in their rates of change 
for maximum and median temperatures in October across 
the whole period (Table 1). In more recent years, the sites 
are beginning to differ for the number of days equal to or 
above 30 °C and the accumulated degrees above 30 °C in 
September. These changes can increase variability in yield 
(Hawkins et al., 2013) and quality. In general, more variables 
have been subject to change, and more intensely, in MJ than 
in Azul. Nevertheless, adaptation also significantly influ-
enced yield, with adapted crops yielding on average 7–15% 
greater than non-adapted crops (Challinor et al. 2014). The 
different impact of climate change in these two cities should 
encourage differential agricultural practices and more stud-
ies of climate change impact at the local level. In addition, 
more extreme measures will probably need to be adopted 
to ameliorate these changes for yield and quality at these 
sites, involving, for example, earlier sowing to escape the 
more extreme months for certain critical stages of plant 
development.

4.3 � Consequences of these findings for wheat 
cultivation

Our findings suggest climate change is expected in the 
wheat-growing region under study, the magnitude of which 
will depend upon the particular site involved. A special 
report of the IPCC (IPCC 2018) shows the consequences 
for crop production in general, and wheat production in 
particular, of these sorts of changes. It states that limiting 
global warming to 1.5 °C, compared with 2 °C, is projected 
to result in smaller net reductions in yields than would oth-
erwise occur in maize, rice, wheat, and potentially other 
cereal crops, particularly in sub-Saharan Africa, Southeast 
Asia, and Central and South America, as well as in smaller 
reductions in the CO2-dependent nutritional quality of 
rice and wheat. Temperature and precipitation trends have 
reduced crop production and yields, with the most negative 
impacts being on wheat and maize, and climate variability 
has been found to explain more than 60% of maize, rice, 
wheat, and soybean yield variation in the main global bread-
basket areas, with the percentage varying according to crop 
type and scale. Additionally, the report provides evidence 
that higher atmospheric CO2 concentration will not com-
pensate for increased temperatures, stating that observations 
of trends in actual crop yields indicate that reductions as a 
result of climate change remain more common than crop 
yield increases, despite increased atmospheric CO2 concen-
trations. Furthermore, production stimulation at increased 
atmospheric CO2 concentrations was mostly driven by 
differences in climate and crop species, while yield vari-
ability due to elevated CO2 was only about 50–70% of the 

variability due to the climate. A significant reduction has 
been projected for global wheat production of 6.0 ± 2.9% for 
each degree Celsius increase in global mean temperature, 
and it should be noted that crop production is also nega-
tively affected by the increase in climate extremes, including 
changes in rainfall extremes, increases in hot nights (Welch 
et al. 2010; Okada et al. 2011; García et al. 2018), extremely 
high daytime temperatures, and water stress.

In addition to the consequences for yield, the faster 
growth rates induced by elevated CO2 have been found to 
coincide with lower protein content in several important C3 
cereal grains (Myers et al. 2014), consistent with the reduced 
grain protein content and hence nutritional quality observed 
by Taub et al. (2008) and Pleijel and Uddling (2012).

Hence, the changes we are projecting in the study have 
potentially serious consequences for wheat production 
in Argentina. Assuming the aforementioned 5.1% fall in 
yields per degree Celsius increase in global mean tempera-
ture (Verón et al. 2015), our mean projections suggest that 
yields in Azul and Marcos Juaréz could fall by as much as 
approximately 6.5% and 14%, respectively, over the com-
ing 100 years; the true figures will depend upon many fac-
tors, including the coincidence of the temperature changes 
with the critical yield determining periods in the wheat 
plant cycle. Although the increase in CO2 could to some 
extent counteract the negative effects of warming on yield, 
this would be expected to reach a plateau due to possible 
feedback mechanisms (Long et al. 2006), whereas the tem-
peratures would be expected to continue to exert deleterious 
effects in an increasing manner over time.

This in turn suggests that considerable countrywide 
changes in wheat production practices might be needed 
in the future. The changes in precipitation mentioned by 
Lovino et al. (2011) (see “Introduction”) have already led 
to land use changes. It may be the case, as previously men-
tioned, that some current wheat-growing areas will cease to 
be apt for this purpose, representing enormous challenges 
that might only be offset by the conditions in some cur-
rently non-wheat-growing areas changing to allow wheat to 
be grown there. This pattern would be expected to occur in 
wheat-growing regions across the globe, unless large-scale 
remedial actions are implemented.

In this shifting regional and global scenario, what seems 
certain is that uncertainty lies ahead.

5 � Conclusions

Two contrasting sites in the current wheat-growing region 
of Argentina (Azul, Province of Buenos Aires; and Mar-
cos Juárez, Province of Córdoba) showed changes, broadly 
consistent with previous studies on climate change (Alex-
ander et al. 2006; Nakicenovic et al. 2007; IPCC 2007b; 
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Trenberth et al. 2007; Fernández Long et al. 2008; Stocker 
et al. 2013; García et al. 2018), in both mean and extreme 
temperatures and rainfall values, by analysing climate data 
from the period of the year in which wheat yield and qual-
ity are broadly defined. The possible future scenarios that 
could result from these changes show greater severity for 
Marcos Juárez than for Azul, implying greater problems 
for yield and quality, unless measures can be found that 
ameliorate the changes; this is in spite of the fact that the 
two sites are only separated by approximately 500 km. As 
far as we are aware, extreme temperature and rainfall vari-
ables had not been previously analysed in the context of 
wheat production for these sites.

The first 15 years of the current century gave greater rates 
of change than the complete period, implying that future 
conditions could be even more acute than the simple projec-
tions imply, suggesting that new and severe challenges for 
agronomic production will have to be faced in the future. 
And, as previously mentioned, detrimental effects on yield 
due to temperature increase will not be totally countered by 
CO2 increases, since these are expected to reach a plateau 
(Long et al. 2006), while temperature increases are expected 
to continue to rise. Also, the percentage fall in yield due to 
high temperatures depends on the moment of the cycle and 
the temperature range, in addition to the sensitivity of the 
genotypes: aspects that need to be explored. This type of 
study could help redefine the current “core” regions of dif-
ferent crops in the future.

We consider that the root causes of climate change need 
to be tackled and where this proves inadequate, alterna-
tive remedial action needs to be taken to avert prejudicing 
crop production in terms of both yield and quality, which 
would add serious uncertainty to a world already facing 
enormous challenges in feeding its burgeoning population.
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