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Climate Change and Adaptive Strategies in Brazil:
the economic effects of genetic breeding'

Marcel Viana Pires? and Dénis Antonio da Cunha?

Abstract: Plant breeding through the development of seeds resistant to water
stress or high temperature is an important adaptive strategy to cope climate
change. In this way, by providing an analysis of adaptation to climate change
using genetic breeding on Brazilian farms, this work aims to investigate how
climate change will affect the adoption of genetic breeding and profitability of
farmers. Temperature and rainfall projections for 2010-2099 time periods were
used, considering different climate scenarios (A1B and A2), according to the
4™ Assessment Report of IPCC (2007). A Treatment Effects model outlines the
analytical framework in this study. Our results indicate the probability of adopting
transgenic seeds will grow from 74% in the current period to 86% in 2020, 83%
in 2050, and 81% in 2080. Farmers adopting this adaptation strategy will have
higher profits. Land value tends to be higher in both climate scenarios in counties
with cultivated areas using transgenic seeds. Farmers adopting this adaptation
measure will be less exposed to adverse effects of climate change. We conclude
that it is necessary to invest in adaptation strategies so that Brazil can overcome
adverse effects of global climate change.

Key-words: Climate change, adaptation, breeding, seeds, drought, heat.

Resumo: O melhoramento genético representa importante estratégia adaptativa para
lidar com os efeitos das mudangas climdticas, principalmente mediante o desenvolvimento
de sementes resistentes a seca ou elevadas temperaturas. Dessa forma, o presente trabalho
apresenta uma andlise de adaptagdo as mudangas climdticas enfatizando a adogdo do
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melhoramento genético em fazendas brasileiras. O objetivo do trabalho foi investigar como as mudangas climdticas
irdo afetar a adogdo do melhoramento genético e o lucro dos produtores. Foram utilizadas projecoes de temperatura e
precipitagio para o periodo entre 2010-2099, considerando dois diferentes cendrios climiticos (A1B e A2), de acordo
com 0 4° Relatorio de Avaliagdo do IPCC (2007). Analiticamente, estimou-se um modelo de Efeito de Tratamento. Os
resultados indicam que a probabilidade de utilizar sementes transgénicas ird aumentar de 74% no cendrio atual para
86% em 2020, 83% em 2050 e 81% em 2080. Os produtores que adotarem essa estratégia adaptativa apresentardo
lucros maiores. Nas dreas onde o melhoramento genético é utilizado na agricultura, os valores da terra serdo maiores
em ambos os cendrios climdticos. Os produtores adaptados estardo menos expostos ds consequéncias negativas das
mudangas climdticas. Nesse sentido, verifica-se a necessidade de investimento em estratégias de adaptacio para que

o Brasil possa superar os efeitos adversos das mudancas climdticas.

Palavras-chaves: Mudangas climdticas, adaptagdo, melhoramento genético, sementes, seca, calor.

JEL Classification: Q12, Q54.

1. Introduction

The agricultural sector is one of the most
vulnerable to climate change because it
directly depends on temperature and rain-
fall (DESCHENES and GREENSTONE, 2007).
High temperatures and water deficit are com-
monly associated with reduced crop yields
(SCHLENKER and ROBERTS, 2009; LOBELL et
al., 2011), and predictions for future global warm-
ing have raised concerns regarding future yield
and food security (BATTISTI and NAYLOR, 2009;
BUTLER and HUYBERS, 2013). According to
Nelson et al. (2013), the average effect of climate
change on yields of different groups of crops and
geographic regions is a 17% decline around the
world. Effective adaptation of agriculture to cli-
mate change in the developing world will require
information about the relative risks posed by cli-
mate change and the likely mechanisms of poten-
tial damage, to prioritize among different types
of possible solution (LOBELL et al., 2011).

On a global scale, a growing recognition
is given to the significant role that adaptation
strategies play in determining the success of
climate change policies. According to Seo and
Mendelsohn (2008a), taking into account adapta-
tion in order to adequately quantify the impacts
of climate change on agriculture is mandatory
nowadays. Those analyses cannot simply esti-

mate how a particular crop will be affected, but
it should recognize farmers will change their pro-
duction decisions to maximize profit according to
each climate scenario. Thus, studies that assume
farmers will continue performing the same activ-
ities without changing their production tech-
niques certainly overestimate losses.

Planning for climate adaptation necessarily
requires comparisons of different alternatives,
accounting for the possibilities and limitations of
each technology as well as for the uncertainties
associated with climate change (PIDGEON and
FISCHHOFE 2011). The main adaptation strate-
gies in the agricultural sector include crop diver-
sification and switching, changes in planting and
harvesting seasons, adoption of irrigation prac-
tices, use of soil conservation techniques, shad-
ing and genetic breeding. Some recent works
reported the significance of irrigation as an
adaptive measure to climate change both in the
South American (SEO, 2011) and Brazilian con-
texts (CUNHA et al., 2013; CUNHA et al., 2014)
and others assessed the contribution of crop
switching to farmers in South America (SEO
and MENDELSOHN, 2008a, 2008b; SEO, 2010).
However, the extent to which the genetic breed-
ing can mitigate such temperature- and water-
related losses remains unclear (ARAUS et al.,
2008; BARNABAS et al., 2008). According to the
Brazilian Panel on Climate Change (PBMC, 2013),
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more efforts considering agricultural scenarios
that incorporate genetic improvement of crops
(mainly drought-tolerant cultivars) are necessary.

The discovery of recombinant DNA technol-
ogy allowed the development of genetically mod-
ified (GM) organism aiming to achieve, among
other traits, increased tolerance or resistance to
high temperature, drought, pathogens, and spe-
cific herbicide groups. Nowadays, both tradi-
tional breeding and genetic engineering of crop
plants have been used to improve drought and
heat resistance aiming at increasing agricultural
productivity in regions affected by global warm-
ing (OH et al., 2011). Plant breeding also allows
farmers to employ strategies for more rational
use of soil and water, weed management, and
general inputs that allow increased production
and income (DA SILVA et al., 2007). According to
the same authors, herbicide-resistant GM crops
may be useful to employ broad-spectrum herbi-
cides as well as to enable the use of less poisonous
and readily biodegradable compounds, increas-
ing the options to combat weeds (DA SILVA et al.,
2007). In recent years, developments in non-GM
DNA-based technologies have been applied to
understanding the genetic control of important
plant characteristics in crops. Such developments
have provided several effective and new oppor-
tunities for the study of plant responses to the
environment, including very complex traits such
as drought and heat resistance.

To date, GM crops occupy 8.5% of ~1.5 bil-
lion hectares of all cropland in the world (JAMES,
2013). This report showed developing coun-
tries were the main responsible for this amount.
Brazil, Argentina, China, India, and South Africa
planted 83 million hectares of GM crops in 2013,
equivalent to 47% of the global total area, and are
driving the adoption of GM crops in developing
countries. Moreover, transgenic soybean is the
main transgenic crop, occupying 85 million hect-
ares or 49% of global transgenic area, followed
by maize (60 million hectares, or 34%), cotton (20
million hectares, or 11%), and canola (10 million
hectares, or 6%). Thus, GM crops are already con-
tributing to sustainability and can help mitigate
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the effects of climate change by contributing to
food, feed and fiber security, and self-sufficiency,
including more affordable food, and by increas-
ing productivity and economic benefits to farmer
sustainability (JAMES, 2013).

Several studies that analyzed climate change
impacts on Brazilian agriculture (SIQUEIRA et
al., 1994; SANGHI et al., 1997, EVENSON and
ALVES, 1998; NOBRE et al., 2005; AVILA et al.,
2006; EMBRAPA, 2008) are unanimous in stat-
ing climate change will cause a negative impact
on the country. However, most of these studies
did not consider adaptation, which may overesti-
mate the impacts. The explicit inclusion of genetic
breeding as an adaptive strategy provides better
understanding of the impacts on the Brazilian
agricultural sector, thus contributing more effec-
tively to future public policies aimed at creating
strategies to combat the effects of global warming
on agriculture. Here we investigated how climate
variability affects the adoption of genetic breed-
ing and if this adaptation strategy will reduce the
vulnerability of Brazilian agriculture to climate
alterations. Following the studies of Mendelsohn
et al. (1994), Seo (2011) and Cunha et al. (2014),
our analysis considered Brazil as a whole and the
aggregation of all crops cultivated in the country
at the same estimation model.

2. Methodology

2.1. Analytical framework

This study tests the hypothesis that genetic
breeding (specifically transgenicseeds)asanadap-
tive strategy tends to reduce the negative effects
of global climate change on the Brazilian agri-
cultural sector. In fact, this decision is commonly
taken in a process to maximize benefits to ensure
that only optimal choices are observed regard-
less of which option was selected. This choice is
an optimization action influenced by the envi-
ronment in which farmers dwell (personal char-
acteristics, economic conditions etc.).Transgenic
seed adoption is voluntary and may be based on
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individual self-selection. Therefore, this is a clas-
sic non-random treatment assignment. In this
scenario, the traditional regression analysis may
not capture the true effects of transgenic seeds on
agricultural profits. This problem can be solved
by matching methods, using a class of estimators
called Propensity Score-Matching (PSM). This
methodology was first suggested by Rosenbaum
and Rubin (1983). In this study, the standard
matching procedure described in Heckman and
Robb (1986), Heckman et al. (1997, 1998) and
Bento et al. (2007) was adopted.

According to Bento et al. (2007), let Y, be the
potential outcome in the treated state, which is
the land value of the county that adopted trans-
genic seeds, and Y, is the potential outcome that
would have happened in non-adopted trans-
genic seeds counties. The farmer profitability was
represented by land values because, according
to Mendelsohn et al. (1994), they are simply the
present value of profits (or net revenues). These
are called potential outcomes because only one
of (Y,,Y;) is observed for each county. Let D=1
indicate a county with areas that use transgenic
seeds and let D=0 indicate a county without such
areas. Finally, let X be a vector of observed covari-
ates affecting both transgenic seeds adoption and
outcomes. These covariates, such as soil, climatic
characteristics and socioeconomic aspects of the
counties will be detailed below.

The effect of transgenic seeds adoption on
farm profitability (measured by land values) is
the parameter of interest. It is calculated by the
mean effect of being in a county with areas that
use transgenic seeds versus an observationally
equivalent county, as measured by X, that does
not use transgenic seeds. Formally, the parameter
of interest is:

ATT=E(Y.-Y, | D=1) 1)

where ATT refers to the average treatment effect
on the treated observations.

The matching method consists of finding
a proxy for Y,, since Y, is not observed for this
treated observation (e.g., D=1) (BENTO et al.,
2007). This proxy is called counterfactual outcome,

e.g., the one that would have resulted in case an
individual farmer had not used transgenic seeds.
Propensity score estimator will be defined as an
estimator for E(Y, | D=1), using an appropri-
ate subset of the D=0 data. Matching estimators
pair each treated observation with one or more
observationally similar non-treated observations,
using the conditioning variables, X, to iden-
tify similarity. This methodology is justified if it
can be argued that conditional on these X’'s out-
comes are independent of the selection process.
Rosenbaum and Rubin (1983) demonstrated this
independence condition holds conditional on the
propensity score P(X) as well, which leads to the
propensity score matching method.

The model estimation was carried out in
three stages. First, a probit model of transgenic
seed adoption was estimated. The probit equa-
tion representing the adoption is:

Yi* = (X,'Xi + o (2)

where Y/ is latent variable representing the
transgenic seed adoption; X; is the vector of vari-
ables associated to the adoption; and p is the
error term [E(p;)~N(0,1)]. The value of Y; actually
observed is:

1if n™>n
i:{0 if t™<n 3)
where 1™ and = indicates, respectively, the prof-
its under adoption and non-adoption of trans-
genic seeds.
The probability of transgenic seed adoption,
conditional to the values of the variables present
in X is given by:

p(Yn =1 | Xi) = G(Olo"' ouXiit...+ OLkai) (4)

where G is the standard normal cumulative dis-

tribution function

G(z)=d(z)= fq)(z)dz

The values of p(Y,=1|X;) are strictly
between 0 and 1 for all values of parameters,
which is guaranteed by the choice of G. The esti-
mated coefficients of the probit model were used
to predict the probability of using transgenic
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seeds for each observation, e.g., the propensity
score.

In the second stage, the data were divided
into treatment (counties that used transgenic
seeds) and control group (non-adopted trans-
genic seeds counties, but presented similar char-
acteristics to those that adopted them), using the
propensity scores. In the last step, it was esti-
mated a counterfactual for each treated observa-
tion (Y, | D=1,P[X]) based on (Y, | D =0,P[X])
the kernel matching. Average effect of treatment
on the treated (conditional mean difference), e.g.,
the impact of use transgenic seeds on farmers
who actually adopted them is:

ATT ={Y,-Y, | D=1}
=E[E{Y.- Y, | D=1,P[X]}] (5)
— g[E{Y | D=1,P[X]} -
-E{Y, | D=0,P[X]} | D=1

As this research aimed to analyse the medium
and long-term effects of climate change on agricul-
ture, some time simulations were performed. Thus,
projections of temperature and rainfall were used
for three time periods: 2010-2039, 2040-2069 and
2070-2099. We considered two climate scenarios
(A1B and A2), according to the Intergovernmental
Panel on Climate Change (IPCC, 2007).
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2.2. Description of the data set

Three variables categories (climatic, agro-
nomic and socioeconomic) were used to com-
pose the X vector (Table 1). The observation unit
of each variable was the Minimum Comparable
Area (MCA), which refers to aggregated area
of the smallest number of counties needed to
ensure comparisons of same geographical area at
different periods. Since MCAs represent munic-
ipality-level observations, we will refer to them
as counties. The use of farm-level data for each
variable would be ideal. However, our main
data source (Instituto Brasileiro de Geografia e
Estatistica — IBGE) only provides these data with-
out identifying geographic coordinates (latitude
and longitude) to preserve the confidentiality of
the farmers who answered to the Agricultural
Census’ questionnaires. Therefore, to assign val-
ues of climate variables to each farmer become
impossible (CUNHA et al.,, 2014). Accordingly,
the model was applied considering 3123 coun-
ties (instead of farmers) and the aggregation of
all crops planted and harvested.

We cannot conclude exactly how many small,
medium or large farmers have been included in
the sample. It was known that average county har-

Table 1. Climatic, agronomic and socioeconomic variables used in this work

Variable

Description

Climatic variables
Summer temperature
Summer rainfall
Winter temperature
Winter rainfall
Temperature variability
Rainfall variability

Winter total rainfall (mm)

Summer average temperature (°C)
Summer total rainfall (mm)
Winter average temperature (°C)

Second moment of temperature distribution
Second moment of rainfall distribution

Agronomic variables

Water resources

High agricultural potential
Low agricultural potential

Number of agricultural establishments with water resources
Proportion of land area in the county with high soil quality
Proportion of land area in the county with low soil quality

Socioeconomic variables
Farm income

Age of head

Education of head

Without technical guidance
Seeds costs

Land value

Value of income earned by the farms (1000 R$)

Number of farms run by someone from 25 to 45 years old
Number of farms managed by someone graduated
Number of farms which has not any technical guidance
Mean value of seed cost per county (R$)

County land value (1000 R$)

Source: Research data.
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vested area with transgenic seeds was around 590
hectares, according to the Brazilian Agricultural
Census. That was the Agricultural Census varia-
ble used to perform propensity score estimation.
However, it was observed in our sample some
counties in which average harvested area with
transgenic seeds was less than 1 hectare. That is
a strong evidence that even small farmers could
be adopted this adaptive strategy in Brazil. Thus,
we can consider that different classes of farmers
were indirectly included in our study.

Socioeconomic variables and those related
to access to water resources were obtained from
the 2006 Agricultural Census, published by IBGE
(Table 1). The agronomic aspects used referring
to types of soil were provided by the Ntcleo
de Estudos e Modelos Espaciais Sistémicos
(NEMESIS/IPEA). These variables were created
by overlaying geo-referenced county bound-
aries over geo-referenced land-attribute data.
Andersen and Reis (2007) were responsible for
the compatibility of the database used in this
study (Table 1).

The observed temperature and rainfall data
for each county was extracted from CL 2.0 10’
dataset, produced by the Climate Research Unit —
CRU/University of East Anglia. The observed cli-
mate variables are temperature (°C) and rainfall
(mm/month), for the 1961-1990 period. Monthly
values were averaged to create two seasonal
means: December through February (summer)
and June through August (winter). According
to Féres et al. (2008), “this seasonal specification
decreases information losses associated with the
conventional use of one month from each season
and, at the same time, maintains a measure of the
trends in intra-annual variation”. In order to con-
struct those variables, all climate data were con-
verted by NEMESIS/IPEA into arcGIS shapefiles
using their XY coordinates, and these grid-points
were joined to the county boundary layer. Finally,
average temperature and rainfall were calculated
for each county (FERES et al., 2008). The construc-
tion of climate variables database was performed
by NEMESIS/IPEA. Unlike of some analysis
already carried out for Brazil, which included

only the first moments of temperature and rain-
fall distributions (SIQUEIRA ef al., 1994; SANGHI
et al., 1997, EVENSON and ALVES, 1998; NOBRE
et al., 2005; AVILA et al., 2006; EMBRAPA, 2008), in
our study climate variability was considered and
the second moments of these distributions were
included.

Itisimportant to highlight the decision of con-
sidering only summer and winter temperature
and rainfall instead of all four seasons. According
to Seo and Mendelsohn (2008b) and Seo (2010,
2011), such specification is more appropriate to
studies related to South America, since this region
does not present four well defined seasons, as
observed in the USA or Europe. However, several
specifications that also included all seasons were
tested. The estimated models, with variables
related to summer, autumn, winter, and spring,
presented few statistically significant coefficients
(data not shown), confirming their low adequacy
to the Brazilian case.

Following Oliveira et al. (2013) and Cunha et
al. (2014) we used average data of 10 Atmospheric-
Oceanic General Circulation Models (AOGCMs)
to avoid individual model biases. According to
these authors, an average of climate variables
from different climate models is likely to be
more representative than estimates of any indi-
vidual model. The following AOGCMs were
used: CNRM_cm3, CSIRO_MK3.0, GFDL CM2.1,
GISS ER, IPSL_CM4, MIROC3.2_medres, MPI
ECHAMS5, MRI CGCM2.3.2, UKMO_HADCM3,
and UKMO_HadGEML1.

The two emission scenarios adopted (A1B
and A2) are based on the 4™ Assessment Report of
IPCC (2007). For each model, climate data for four
time series were provided: 1961-1990 (named
current), 2010-2039 (2020), 2040-2069 (2050), and
2070-2099 (2080). Time series were used rather
than single year projections in order to prevent
selection of an outlier projection-year, and pro-
vide a better measure of overall trend (FERES et
al., 2008). Data on projected climate change were
provided by NEMESIS/IPEA. Table 2 summa-
rizes the climate scenarios of our three models for
three time periods.
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Table 2. Brazilian average AOGCM climate scenarios

Current Period A1BScenario A2Scenario
. Treated Control Treated Control
Variables
Treated ~ Control ~ 2010-  2040-  2070- 2040-  2070-  2010- 2040- 2070- 2010- 2040-  2070-
2039 2069 2099 2069 2099 2039 2069 2099 2039 2069 2099
Summer temperature 24.65 24.20 2570  26.69 27.68 2599 27.03 2566 2669 2817 2499 2603 27.52
Summer rainfall 15841 19044 153.32 156.46 158.98 182.93 18593 185.04 154.87 156.52 158.75 182.67 183.13 185.49
Winter temperature 20.48 19.59 22.00 2299 2394 2199 2298 2192 2287 2444 2087 2185 2347
Winter rainfall 56.10 51.28 6324  63.00 68.80 6237 6248 6289 6263 6274 6177 6220 62.63

Notes: 1) A1B and A2 refer to the Intergovernmental Panel on Climate Change scenarios (IPCC, 2007); 2) Current refers to the baseline climate for

1961-1990.

Source: Climate Research Unit — CRU/University of East Anglia; Nticleo de Estudos e Modelos Espaciais Sistémicos (NEMESIS/IPEA).

Finally, the dependent variable of Treatment
Effect Model is land value. This variable is mea-
sured in terms of monetary units (1000 R$) and
it is provided by the IBGE 2006 Agricultural
Censuses. Land values represent the best estima-
tions by farmers of the value of their land without
any improvements, such as buildings. Following
Schlenker et al. (2005), we have omitted all urban
counties because the strong influence of urban-
ization on farmland values could cause bias. All
statistical procedures were performed using the
Stata 12.0 software system (Stata Corp LE College
Station, TX, USA).

3. Results and discussion

Among 3123 counties considered in this work,
2039 (~65% of total sample) presented areas
where transgenic seeds were adopted. It was
observed that counties using transgenic seeds
were exposed to higher temperatures in both
summer and winter seasons. On the other hand,
those counties were exposed to a lower volume
of rainfall during summer. Both productions are
also exposed to high rainfall and low temperature
variability (Table 3)*. These results are in agree-
ment with adoption of adaptive strategies, as evi-
dence of use of heat or drought resistant seeds.

4. Values of temperature and rainfall (summer and winter)
presented in Table 3 are related to average of 30 years con-
sidering aggregated data of all Brazilian regions.

Drought is a pivotal environmental factor
limiting the productivity of crops worldwide.
Climate change models predict greater variabil-
ity in rainfall patterns, and increased periods
of summer drought will affect many regions,
including temperate grasslands. Furthermore,
raising temperature is expected to cause severe
water deficit in crop plants and, eventually, food
shortages. The irregular rainfall patterns lead to
seasonal soil water deficit and decreased pro-
ductivity. Population growth will also require
more of the available water to be used for domes-
tic and industrial use, rather than for irrigating
crops, giving a double benefit for productive
crops exhibiting enhanced drought resistance
and water use efficiency. Climate changes may
also lead to increased incidence of pathogens,
such as diseases caused by Fusarium, which are
more severe in dry environments (BOOTH, 1971;
SCHAAFSMA and HOOKER, 2007). Changes in
temperature and rainfall patterns may affect the
susceptibility of plants to pathogens. Plants grow-
ing in optimal temperature, water and nutrient
conditions are able to tolerate a certain degree
of infection. However, in less favorable environ-
mental conditions, such as those resulting from
climate change, plants become less tolerant and
more susceptible to pathogen infection (ROBERT
et al., 2000; CHAKRABORTY and NEWTON,
2011; PAUTASSO et al., 2012). Thus, the use of GM
crops resistant or tolerant to drought and patho-
gens becomes an essential tool for increasing
productivity, especially in regions where climate
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Table 3. Descriptive statistic on agricultural production in Brazil

Variable Treated Control

Mean Std Mean Std
Summer temperature 24.64 1.97 24.19 1.96
Summer rainfall 158.41 74.80 190.44 68.47
Winter temperature 20.48 4.00 19.59 3.43
Winter rainfall 56.09 52.10 51.28 50.51
Temperature variability 3.71 3.19 3.80 2.12
Rainfall variability 5,361.03 3,792.87 5,649.12 3,209.85
Water resources 224.93 270.41 81.91 125.05
High agricultural potential 0.13 0.27 0.07 0.22
Low agricultural potential 0.52 0.41 0.64 0.43
Farm income 10,425.38 31,087.42 11,276.70 28,151.00
Age of head 425.01 428.77 176.20 209.08
Education of head 29.11 37.29 31.12 3291
Without technical guidance 17.88 42.43 39.72 85.78
Seed costs 278.31 1,056.13 335.94 6,842.60
Land value (R$ 1000) 56,531.79 113,714.10 44,516.75 83,516.48
Number of counties 2039 - 1084 -

Note: Treated refers to counties with cultivated areas using transgenic seeds and Control refers to counties without areas using transgenic seeds.

Source: Research data.

variability is characterized by low rainfall and
high temperatures (BARIANA et al., 2007; ELLIS
et al., 2007).

Some intriguing differences can be observed
in agronomic and socioeconomic characteristics
(Table 3). First, counties with croplands using
transgenic seeds had more access to water and
soil with high quality. These data indicate the use
of transgenic seeds is related to agronomic condi-
tions of croplands, because it would not be eco-
nomically viable to adopt this strategy in areas
where conditions were not satisfactory. Second,
average of counties where there are farms that
did not receive technical guidance was lower
among those using transgenic seeds; these coun-
ties also had farmers with more experience than
those not using transgenic seeds. On the other
hand, access to higher education did not present
significant differences. In general, counties with
these characteristics are expected to have farm-
ers with good knowledge about genetic breed-
ing technology and therefore are more likely to
adopt the strategy. Finally, average land values
of counties that use transgenic seeds were higher
than those of counties that have not adopted
this strategy. This is the first evidence that use

of transgenic seeds to reduce the risk associated
to climate variability generates higher income to
farmers and is an effective adaptation strategy.

Following the proposed methodological
framework, the first part of the analysis consisted
of estimating a probit model in order to obtain
the propensity score (Table 4). The dependent
variable received value 1 if there were areas using
transgenic seeds in a given county and 0, other-
wise. All explanatory variables included were
described in Table 1. The model was highly sig-
nificant according to the Likelihood ratio statis-
tics. The parameters are mostly significant at 1%
and 10% level, and all climate coefficients are sta-
tistically different from zero.

The estimated probit model indicates agro-
nomic, socioeconomic, and climate conditions
affect the use of transgenic seeds in Brazilian
counties. Accesses to water resources and avail-
ability of land in good conditions for agricultural
practice (in terms of soil quality) are important
aspects. Moreover, adoption decision is also con-
ditioned by technical expertise and management
capacity of farmers, which involves the under-
standing of potentials and limitations, as well as
operation and functioning of such technique. It
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Table 4. Probit estimateof transgenic seed adoption in Brazil

Variable Estimate P-value"©
Summer temperature 0.3249874%*** 0.0000
Summer rainfall -0.0055190%*** 0.0000
Winter temperature 0.2428232%** 0.0000
Winter rainfall -0.0041580%*** 0.0000
Temperature variability 0.2162869%** 0.0000
Rainfall variability 0.0000425%** 0.0020
Water resources 0.0014623*** 0.0030
High agricultural potential 0.2011681* 0.0760
Low agricultural potential -0.1367245* 0.0500
Farm income 0.0000015* 0.0870
Age of head 0.0010751%*** 0.0000
Education of head -0.0006022Ns 0.4790
Without technical guidance 0.0008311N8 0.4270
Seed costs -0.0000037~ 0.3910
Intercept 3.160977*** 0.0000

Notes: 1) The Likelihood ratio statistics for the model is 1,677.69 with P<0.00001; 2) P-Value'® denotes heterosce-
dasticity consistent P values; 3) * indicates significance at 10% and *** indicates significance at 1% of probabil-

ity; 4) N refers to no significant difference.

Source: Research data.

was also observed transgenic seeds have been
adopted as a response to temperature changes
rather than decreased rainfall. Those results
allowed confirming the hypothesis that adoption
of transgenic seeds is influenced by climate varia-
tions and, thus, can effectively be modeled as an
adaptive strategy.

After propensity score estimation, it was pos-
sible to evaluate the performance of both coun-
ties that use and do not use transgenic seeds
in current and future climate change scenar-
ios proposed by IPCC (2007). This analysis was
performed by calculating the average effect of
treatment on the treated (ATT), for which the
variable of interest was land value. Possible bene-
fits of transgenic seeds as adaptive measure were
evaluated as well as losses related to decision of
not using these seeds. Figure 1 shows mean esti-
mates of land value for each period of time and
climate scenario.

Simulations were performed by changing
the climatic conditions and maintaining socio-
economic and agronomic conditions unchanged
(MENDELSOHN et al., 1994; SEO, 2011; CUNHA
et al., 2014). It is worth highlighting that many
aspects other than climate will change in the

future, e.g., technological features, economic
development, agricultural policy, international
trade, etc. However, Seo (2011) explains that this
kind of simulation aims to separate the effects
of climate from other changes in economic
conditions.

Results on Figure 1 show returns associated
to use of transgenic seeds are always higher than
the non-adopted systems in future simulations.
Differences between two groups of counties are
statistically significant at less than 1%. Land val-
ues of counties where transgenic seeds are used
tend to increase (although it was observed slight
reduction in the period 2070-2099 in comparison
to 2040-2069, in A1B scenario). Moreover, there
is a significant reduction in land value of coun-
ties where agricultural production is performed
exclusively without transgenic seeds. More spe-
cifically, losses can range from R$ 21.7 million
(scenario A1B) in a short term to R$ 15.8 million
(scenario A2) in a long term®.

5. The results that support this discussion are in the
Appendix (Table Al). To explore the sensitivity of estimates
to unobserved variables, as well as to confirm robustness
of our model, we performed the test of Rosenbaum limits.
The result (Table A2) showed there is nonsignificant bias
arising from omitted variables in our model.
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Figure 1. Impact of climate scenarios on conditional land value of treated and non-treated Brazilian farmers.
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Notes: 1) Treated refers to counties with cultivated areas using transgenic seeds and Control refers to counties without areas using transgenic seeds;

2) Land values are represented in R$ 1000.

Source: Research data.

According to Schlenker et al. (2005), bene-
fits and costs are capitalized in future land val-
ues. Thus, profits achieved with transgenic
seed adoption outweigh its costs under climate
change scenarios. This result is consistent with
those presented by Margulis and Dubeux (2010).
According to these authors, the relationship
between cost of investment in genetic breeding
and benefit (measured by losses avoided) seems
to be advantageous, ranging from 8% in 2020 to
5% in 2070 for soybean production, and 8% to
11% for rice production.

The prior expectations that adoption of
genetic breeding could be used as an adaptive
strategy to cope climate variations was confirmed
by our results. Our results suggested counties
where there are areas cultivated using transgenic
seeds will be less exposed to negative effects of
climate change. Average global temperatures
have been continuously growing since the past
decades and will continue to increase in com-
ing years, which may present high frequency
of extremely hot days (ASSENG et al., 2011).
Temperature rise is expected to accelerate pheno-
logical processes of plant development, resulting
in a short growing season. A wide range of crops
are vulnerable to thermal stress. Wheat plants
exposed to high temperature, for example, show
rapid leaf senescence and reduction of about 50%

of grain yield (ZHAO et al., 2007). Furthermore,
interactions between the predicted increase in air
temperature (and, consequently, in soil tempera-
ture), dormancy and seed viability could lead to
decreased agricultural productivity, especially in
developing countries located at lower latitudes.
According to our results, by using transgenic
seeds tolerant or resistant to high temperature,
Brazilian counties will decrease risks related to
changes in weather pattern, avoiding direct and
indirect losses.

According to FAO (2003) and Gornall et al.
(2010), changes in water availability are another
important consideration. Water deficit lim-
its growth and development of plants and this
problem tends to worsen in climate change sce-
narios. About 70% of water in our planet is used
for agricultural purposes; it is estimated that
about 3000 liters of water are necessary to feed
one person per day. Water use has increased sub-
stantially with agricultural productivity improve-
ment, which can lead to depletion of surface and
underground water. Drought resulting from cli-
mate change can lead to sharp increases in food
prices and poverty in developing countries.
This trend should persist because of changes in
weather patterns resulting from climate change
(FAO, 2003; GORNALL et al., 2010). The use of
GM crops less vulnerable to drought, obtained
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from a group of genes that collectively optimize
water use, is an economically viable alternative
to overcome predicted impacts of climate change.
Thus, addressing temperature and water issues
requires most realistic estimates that are possible
of plant response to climate change.

Sensitivity to heat is clearly increased in
extreme drought situations, with even the cool-
est sites hurt by warming in absence of ade-
quate soil moisture. Thus, agronomic measures
to improve soil moisture and genetic breeding
efforts to produce drought-tolerant crops are not
only beneficial for managing present and future
risks of drought, but are also probably impor-
tant strategies to deal with future global warm-
ing. Conversely, improvements in heat tolerance
may also limit losses during drought conditions
(BATTISTI and NAYLOR, 2009).

However, there are still legal and cultural
barriers against use of transgenic seeds in Brazil.
Much has been said about the dangers to envi-
ronment and human health related to GM
crops. Nowadays, there are few transgenic lines
approved and commercially available in Brazil.
Regardless of political and speculative issues, this
study aimed to simply analyse the cost and ben-
efit of use of transgenic seeds in a perspective of
global climate change. It is known that transgenic
seeds adoption involves several reductions in
production costs, such as demands for water, pes-
ticides and herbicides. Furthermore, GM crops
have increased their productivity, since annual
yields are higher. Thus, it is believed legal and
cultural restrictions on GM crops adoption will
be relieved in coming years, given the upcoming
effects of climate change.

Our results are regarding to Brazil as a whole
and constitute a first attempt to understand the
role of genetic breeding as an adaptive measure.
Consequently, different regions and biomes may
have different answers according to their speci-
ficities. In this sense, Brazilian public authorities
need to consider regional differences when devel-
oping policies for adaptation to climate because
their effects will not be identical throughout the
country. At the same time, we need to reflect
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about the weight of this strategy in compari-
son to other agricultural practices. Margulis and
Dubeux (2010) reported genetic breeding is more
cost effective than irrigation for rice and bean. On
the other hand, some adaptive measures such as
changes in planting and harvesting seasons or
shading may be less expensive. However, the
Brazilian Panel on Climate Change (PBMC, 2013)
advised that as climate conditions become more
severe, the adoption of new cultivars adapted to
new weather patterns become of pivotal impor-
tance. Then reinforces that GM adoption must
be combined with alternative agricultural tech-
niques such as no-till farming or integrated pro-
duction systems in order to ensure increased crop
yield and food security.

4. Conclusions

The results presented in this study confirmed
prior expectations that adoption of genetic breed-
ing is influenced by climate variations and should
be modeled as an adaptive strategy. The main
contribution of this work was to provide esti-
mates of impacts of climate change in different
future scenarios as well as modeling adaptation
in an endogenous way to the model.

Probit estimates analysis revealed that trans-
genic seeds have been adopted as a response to
temperature variations rather than to reduced
rainfall under current conditions. This trend sug-
gests variations in precipitation are less impor-
tant for adoption of transgenic seeds in Brazil
than temperature, but probably also results from
a strong covariance between temperature and
precipitation that makes inclusion of the latter
partially redundant.

Altogether the results that were found in this
work clearly demonstrated the average land val-
ues of counties with cultivated areas using trans-
genic seeds tend to be more stable, demonstrating
their effectiveness as an adaptive measure. In
addition, it provided novel insights into the role
of GM crops to improve agricultural performance
of the country, making Brazil less vulnerable to
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climate change. It is confirmed, thus, the need
to include adaptation measures in estimation,
providing good assessment of the actual events.
Ignoring the adjustment makes the estimation of
impacts overestimate damages, sometimes dra-
matically. Losses to Brazilian agricultural yield
from increased temperature and water deficit
are almost certainly overestimated if adaptation
is not accounted for. Here we have shown that
genetic breeding could decrease average frac-
tional losses. Nevertheless, our results should
not lead to an inappropriate conclusion that all
Brazilian cultivars should be transgenic. We have
only demonstrated GM adoption as an alterna-
tive, among other adaptive strategies, which can
be succeed in future climate change scenarios.

However, it is necessary to point out some
limitations of this study. Our work did not cap-
ture the full range of adjustments that can be
performed; in particular, when assuming fixed
portions of land, it was not possible to consider
how the pattern of land use for (non) agricultural
purposes will change. Since it is a partial equilib-
rium study, it does not deal with implications of
these results in terms of effects on other sectors
of economy. The results presented here suggest
that further analysis should consider these issues.

It is also important to note that studies of
crosstalk simulations of different adaptive mea-
sures, such as an integrative view of the relations
between irrigation and genetic breeding, must
be of great value to understand the magnitude
of impacts. Furthermore, there are also potential
benefits to warming that we have not included
in our model, such as greater flexibility in plant-
ing times, a longer growing season and opportu-
nities for cultivating new regions. Finally, more
efforts are needed to clarify the overall signifi-
cance of regional impacts of climate change in
different biomes and crops grown in Brazil, par-
ticularly in scenarios of increased temperature
and decreased rainfall patterns.

Although our results indicate a less pessimis-
tic scenario for effects of climate change, public
policies such as national breeding programmes
should seek strategies to combat the effects of

global warming in agriculture sector. Given the
importance of genetic breeding to mitigate effects
of climate change, specific credit policies for
future research in this area should be encouraged.
Moreover, the prospect that adaptation strategies
could have such a significant influence on future
yields provides impetus for further study.
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Appendix

Table 1A. Impact of climate scenarios on conditional land value of treated and non-treated Brazilian farmers

Variable Treated Control ATT P-value

Land value (current period) 56,134.57 42,134.19 14,000.37 0.001
A1B Scenario

Land value (2010-2039) 63,303.41 41,570.25 21,733.15 0.000
Land value (2040-2069) 56,184.08 42,045.39 14,138.68 0.000
Land value (2070-2099) 55,121.21 40,635.91 14,485.29 0.000
A2 Scenario

Land value (2010-2039) 56,607.35 43,864.05 12,743.29 0.006
Land value (2040-2069) 56,348.82 43,068.50 13,280.32 0.000
Land value (2070-2099) 56,531.78 40,736.71 15,795.07 0.001

Notes: 1) Treated refers to counties with cultivated areas using transgenic seeds and Control refers to counties without areas using transgenic seeds;
2) Land values are represented in R$ 1000; 3) ATT was estimated by kernel matching; 4) P-values based on the standard error were calculated by
bootstrap.

Source: Research data.

Table 2A. Test of Rosenbaum limits

Variable T Pvalue
1.0 0.0000

1.1 0.0000

Land Values 12 0.0000
13 0.0000

14 0.0000

15 0.0000

Source: Research data.
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