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Summary

This is a review of published (mostly) peer-reviewed scientific and economic
evidence relating to some of the important economic and environmental impacts of
biotech crops, following their commercial introduction in 1996. It examines the
economic impacts on yields, key costs of production, direct farm income and the
production base of the four main crops of soybeans, maize, cotton and canola. The
analysis shows that there have been substantial net economic benefits at the farm
level, amounting to $14 billion in 2010 and $78.4 billion for the fifteen year period.
Biotech crops have also made important contributions to increasing global
production of the four main crops; adding, for example, 97.5 million tonnes and 159
million tonnes to global production of soybeans and maize respectively. It also
examines the impact of changes in pesticide use and greenhouse gas emissions
arising from the use of biotech crops. The technology has reduced pesticide
spraying by 443 million kg (9.1%) and, as a result, decreased the environmental
impact associated with herbicide and insecticide use on these crops (as measured
by the indicator the Environmental Impact Quotient (EIQ) by 17.9 %. The technology
has also significantly reduced the greenhouse gas emissions from this cropping
area, which, in 2010, was equivalent to removing 8.6 million cars from the roads.
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This paper presents an assessment of the global economic and environmental
impact of GM crops since their commercial introduction in 1996. It is based on two
papers by the authors in the peer reviewed journal GM Crops1. This article is
a synopsis of those specific papers, so we have adopted a slightly different
referencing system to that normally adopted.

Introduction

since their commercial introduction in 1996. It is based on two papers by the
authors in the peer reviewed journal GM Crops1.    This article is a synopsis of those
specific papers, so we have adopted a slightly different referencing system to that
normally adopted.

Although the first commercial genetically modified (GM) crops were planted in 1994
(tomatoes), 1996 was the first year in which a significant area of crops containing
GM traits was planted (1.66 million hectares). Since then there has been a significant
increase in plantings and by 2010/11, the global planted area reached over 139
million hectares.

GM traits have largely been adopted in four main crops; canola, maize, cotton and
soybeans, although small areas of GM sugar beet (adopted in the USA and Canada
since 2008), papaya (in the USA since 1999 and China since 2008) and squash (in the
USA since 2004) have also been planted. GM traits accounted for 42% of the global
plantings to soybeans, maize, cotton and canola in 2010.

The main traits so far commercialised have essentially been derived from bacteria
and convey:

Tolerance to specific herbicides (notably glyphosate and glufosinate) in maize,
cotton, canola (spring oilseed rape) and soybeans2. The technology allows for the
‘over the top’ spraying of crops with the trait, of these specific broad-spectrum
herbicides, that target both grass and broad-leaved weeds;
Resistance to specific insect pests of maize and cotton. This ‘Bt’ technology offers
farmers resistance in the plants to major pests such as corn borers and
rootworm (e.g. Ostrinia nubilalis, Diabrotica spp.) in maize and
bollworm/budworm (Heliothis spp.) in cotton. The analysis provides an
assessment of some of the key economic and environmental impacts associated
with the global adoption of biotech crops. The aim is to contribute to greater



understanding of the impact of this technology and facilitate more informed
decision making, especially in countries where crop biotechnology is currently not
permitted.

The environmental impact analysis focuses on:

Changes in the amount of insecticides and herbicides applied to the biotech
crops relative to conventionally grown alternatives and;
The contribution of biotech crops towards reducing global GHG emissions.

It is widely accepted that increases in atmospheric levels of greenhouse gases such
as carbon dioxide, methane and nitrous oxide are detrimental to the global
environment3. Therefore, if the adoption of crop biotechnology contributes to
a reduction in the level of greenhouse gas emissions from agriculture, this
represents a positive development for the world.

The economic analysis concentrates on farm income because this is a primary
driver of adoption amongst farmers and also quantifies the (net) production impact
of the technology. The authors recognise that an economic assessment could exam-
ine a broader range of potential impacts (e.g. on labour usage, households, local
communities and economies).

However, these are not included because undertaking such an exercise would add
considerably to the length of the paper and an economic assessment of wider
economic impacts would probably merit a separate assessment in its own right.

Methodology

The results are based on extensive analysis of existing farm level impact data for
GM crops. Whilst primary data for impacts of commercial cultivation were not
available for every crop, in every year and for each country, a substantial body of
representative data are available and these have been used as the basis for the
analysis. Further details of the methodology, data sources and references4 can be
found in the two GM Crops journal papers referred to above.

Readers of this paper are therefore encouraged to read the original papers
(available from the journal on open access). The considerable body of literature
examining the impact of the technology, available in peer reviewed literature forms
the cornerstone of this analysis.

Results and discussion

Environmental impacts of insecticide and herbicide use Since 1996, the use of
pesticides on the biotech crop area has been reduced by 443 million kg of active
ingredient (9.1% reduction), and the environmental impact associated with
herbicide and insecticide use on these crops, as measured by the EIQ indicator5,
has reduced by17.9% (Table 1).



In absolute terms, the largest environmental gain has been associated with the
adoption of GM insect resistant (IR) cotton (a 23.9% reduction in the volume of
active ingredient used and a 26% reduction in the EIQ indicator 1996-2010). This
reflects the significant reduction in insecticide use that the technology facilitated in
what has traditionally been an intensive user of insecticides.

The quantity of herbicide active ingredient used in biotech soybean crops also
decreased by 34 million kg (1996-2010), a 1.7% reduction, whilst the overall
environmental impact associated with herbicide use on biotech soybeans decreased
by a significantly larger 16.4%. This highlights the switch in herbicides used with
most GM herbicide tolerant (HT) crops to active ingredients with a more
environmentally benign profile than those generally used on conventional crops.

In maize, herbicide and insecticide use decreased by 212.8 million kg (1996-2010)
and the associated environmental impact of pesticide use decreased, due to a
combination of reduced insecticide use (37.7%) and a switch to more
environmentally benign herbicides (11.5%). In canola, biotech farmers reduced
herbicide active ingredient use by14.4 million kg (18.2%) and the associated
environmental impact of herbicide use on this crop area fell by 27.6%, again owing
to use of more environmentally benign herbicides.

The environmental benefits associated with reduced insecticide and herbicide use
(Table 2) shows a reduction between 1996 and 2010, respectively in developed and
developing countries of 55% and 45%. Over three-quarters (76%) of the
environmental gains in developing countries have been from the use of GM IR
cotton.

In some regions where GM HT crops have been widely grown, some farmers (eg, in
the USA and Argentina) have relied too much on the use of single herbicides, like
glyphosate, for weed control and this has contributed to the development of
resistant weed populations.

The development of weeds resistant to herbicides, or of gene flow from crops to
wild relatives, is not new in agriculture and is, therefore, not an issue unique to the
adoption of crop biotechnology. All weeds have the ability to adapt to selection
pressure, and there are examples of weeds that have developed resistance to a
number of herbicides and also to mechanical methods of weed control (e.g.
prostrate weeds such as dandelion which can survive mowing).

Weed resistance occurs mostly when the same herbicide(s), with the same mode of
action, has been applied on a continuous basis over a number of years.

There are hundreds of resistant weed species confirmed in the International Survey
of Herbicide Resistant Weeds (www.weedscience.org). Worldwide, there are 24
weed species that are6 resistant to glyphosate, compared to 107 weed species
resistant to ALS herbicides and 69 weed species resistant to triazine herbicides, such
as atrazine.



Several of the confirmed glyphosate resistant weed species have also been found in
areas where no GM HT crops have been grown. For example, there are currently 13
weeds recognised in the US as exhibiting resistance to glyphosate, of which two are
not associated with glyphosate tolerant crops.

A few of the glyphosate resistant species, such as marestail (Conyza canadensis) and
palmer pigweed (Amaranthus palmeri) are now widespread in the USA. In Argentina,
development of resistance to glyphosate in weeds such as Johnson grass (Sorghum
halepense) is also reported.

Where this has occurred, farmers have had to adopt reactive weed management
strategies incorporating a mix of herbicides. While the overall level of weed
resistance in areas planted to GM HT crops is still relatively low, growers of GM HT
crops are increasingly being advised to be more proactive and include other
herbicides in combination with glyphosate in their weed management programmes,
even where weed resistance to glyphosate has not been found, in order to reduce
the risk of resistance developing.

This is because proactive weed management programmes generally require fewer
herbicides and are more economical than reactive programmes. The adoption of
both reactive and proactive weed management programmes in GM HT crops has
already begun to influence the mix, total amount and overall environmental profile
of herbicides applied to GM HT soybeans, cotton, maize and canola and this is
reflected in the data presented in this paper.

For example, in the USA GM HT soybean crop in 2010, just over a third of the area
received an additional treatment of one of the following active ingredients7, 2 4 D,
chlorimuron, clethodim and flumioxazin, compared with 13% of the crop which
received one of these four herbicides in 2006. As a result, the average amount of
herbicide active ingredient applied to GM HT soybeans in the US (per hectare) has
increased by about a third over the last five years (the associated EIQ value has
increased by about 27%).

Nevertheless, this compares with the average amount of herbicide active ingredient
applied to conventional (non GM) soybean, which increased by 15% over the same
period (the associated EIQ value for conventional soybeans increased by 27%). The
increase in the use of herbicides on conventional soybeans in the US can also be
partly attributed to the development of weed resistance to herbicides commonly
used and highlights that the development of weed resistance to herbicides is a
problem faced by all farmers, regardless of production method. Currently, the
environmental profile of GM HT crops (as measured by the EIQ indicator) continues
to represent an improvement compared to the conventional alternative.

Impact on GHG emissions

The scope for biotech crops contributing to lower levels of GHG emissions comes
from two principle sources8:



a) Reduced fuel use from less frequent herbicide or insecticide applications and a
reduction in the energy used in soil cultivation. The fuel savings associated with
making fewer spray runs (relative to conventional crops) and the switch to
conservation, reduced and no-till farming systems reduced carbon dioxide
emissions by 1,715 million kg, arising from reduced fuel use of 642.2 million litres in
2010 (Table 3). The largest reductions in carbon dioxide emissions have come from
GM HT soybeans (about 85% of total savings), particularly in South America.

Over the period 1996 to 2010, the cumulative permanent reduction in fuel use of
4,582 million litres has been equivalent to 12,232 million kg of carbon dioxide..

b) The use of ‘no-till’ and ‘reduced-till’ farming systems. These production systems
have increased significantly with the adoption of GM HT crops. The technology has
improved growers’ ability to control competing weeds, reducing the need to rely on
soil cultivation and seed-bed preparation as means of weed control. As a result, in
addition to reduced fuel use for tillage, soil quality is enhanced and soil erosion
reduced. In turn more carbon remains in the soil and this leads to lower GHG
emissions.

Based on savings arising from the rapid adoption of no till/reduced tillage farming
systems in North and South America, an extra 4,805 million kg of soil carbon is
estimated to have been sequestered in 2010 alone (equivalent to 17,634 million
tonnes of carbon dioxide that has not been released into the global atmosphere:
Table 3).

Since 1996, the equivalent of 133,639 million tonnes of carbon dioxide has not been
released into the global atmosphere9. The reader should note that this increase in
soil carbon is based on savings arising from the rapid adoption of NT/RT farming
systems in North and South America (Argentina and Southern Brazil), for which the
availability of GM HT technology, has been cited by many farmers as an important
facilitator.

GM HT technology has, therefore, probably been an important contributor to
increased soil carbon sequestration, no doubt aided by the availability of relatively
cheap generic glyphosate (the real price of glyphosate fell threefold between 1995
and 2000 once patent protection for the product expired). Cumulatively, the amount
of carbon sequestered may be higher than these estimates due to year-on-year
benefits to soil quality (e.g. increased organic matter, reduced soil erosion, greater
water retention and reduced levels of nutrient run off).

However, it is equally likely that the total cumulative soil sequestration gains have
been lower because only a proportion of the crop area will have remained in NT/RT.
It is not possible to estimate confidently cumulative soil sequestration gains that
take into account reversions to conventional tillage because of a lack of data.

Consequently, the estimate of 133,639 million tonnes of carbon dioxide
not released into the atmosphere should be treated with caution as it is not possible
to confidently estimate the probable soil carbon sequestration gains since 1996.



These carbon dioxide emission reductions for 2010 are equivalent:

To removing 0.76 million cars from the road.
The additional probable soil carbon sequestration gains are equivalent to
removing 7.84 million cars from the roads.

Impact on farm income

GM technology has had a significant positive impact on farm income derived from a
combination of

enhanced productivity and efficiency gains (Table 4).

In 2010, the direct global farm income benefit from biotech crops was $14 billion.
This is equivalent to adding 4.3% to the value of global production of the soybean,
maize, canola and cotton crops. Since 1996, GM technology has increased farm
incomes by $78.4 billion.

The largest gains in farm income in 2010 are from cotton, largely from yield gains,
with $5 billion of additional income generated by GM insect resistant (GM IR) cotton
in 2010. This is equivalent to adding 14% to the value of the crop in the biotech
growing countries, or adding the equivalent of 11.9% to the $42 billion value of the
global cotton crop in 2010.

Substantial gains have also arisen in maize through a combination of higher yields
and lower costs. In 2010, maize farm income in the biotech adopting countries
increased by almost $5 billion and since 1996, the sector has benefited from an
additional $21.6 billion. The 2010 income gains are equivalent to adding 6% to the
value of the maize crop in these countries, or 3.5% to the $139 billion value of total
global maize production.

This is a substantial increase in value added terms for two new maize seed
technologies. Significant increases in farm incomes have also resulted in the
soybean and canola crops. GM HT technology in soybeans increased farm incomes
by $3.3 billion in 2010, and since 1996 has delivered over $28 billion of extra farm
income (the highest cumulative increase in farm income of the biotech traits). For
canola, (largely in North American) an additional $2.7 billion has been generated
between 1996 and 2010.

At the country level (Table 5), US farmers have been the largest beneficiaries of
higher incomes, realising over $35 billion in extra income between 1996 and 2010.
This is not surprising given that US farmers were the first to make widespread use
of GM crop technology and for several years the GM adoption levels in all four US
crops have been in excess of 80%.

Important farm income benefits ($17.7 billion) have occurred in South America
(Argentina, Bolivia, Brazil, Paraguay and Uruguay), mostly from GM technology in
soybeans and maize. GM IR cotton has also been responsible for an additional $20
billion additional income for cotton farmers in China and India.



In 2010, 54.8% of the farm income benefits were earned by farmers in developing
countries. The vast majority of these gains have been from GM IR cotton and GM HT
soybeans. Over the fifteen years, 1996-2010, the cumulative farm income gain
derived by developing country farmers was $39.24 billion, equal to 50% of the total
farm income during this period.

The cost to farmers for accessing GM technology, across the four main biotech
crops, in 2010, was equal to 28% of the total value of technology gains (defined as
the farm income gains referred to above plus the cost of the technology payable to
the seed supply chain10). 

In developing countries the total cost was equal to 17% of total technology gains
compared with 37% in developed countries.

Whilst circumstances vary between countries, the higher share of total technology
gains accounted for by farm income in developing countries relative to developed
countries reflects factors such as weaker provision and enforcement of intellectual
property rights in developing countries and the higher average level of farm income
gain per hectare derived by farmers in developing countries compared to those in
developed countries.

Crop production effects

Based on the yield impacts used in the direct farm income benefit calculations
above and taking account of the second soybean crop facilitation in South America
(see below), biotech crops have added important volumes to global production of
corn, cotton, canola and soybeans since 1996 (Table 6).

The biotech IR traits, used in corn and cotton, have accounted for 98% of the
additional corn production and 99.4% of the additional cotton production. Positive
yield impacts from the use of this technology have occurred in all user countries
(except for GM IR cotton in Australia11) when compared to average yields derived
from crops using conventional technology (such as application of insecticides and
seed treatments).

The average yield impact across the total area planted to these traits over the 15
years since 1996 has been +9.6% for maize and +14.4% for cotton (Figure 1).
Although the primary impact of biotech HT technology has been to provide more
cost effective (less expensive) and easier weed control, as opposed to improving
yields, the improved weed control has, nevertheless, delivered higher yields in some
(especially developing12) countries (e.g. HT soybeans in Romania, Bolivia and
Mexico, HT corn in Argentina and the Philippines).

Biotech HT soybeans have also facilitated the adoption of no tillage production
systems, shortening the production cycle. This enables many farmers in South
America to plant a crop of soybeans immediately after a wheat crop in the same
growing season. This second crop, additional to traditional soybean production, has



added 96.1 Mt to soybean production in Argentina and Paraguay between 1996 and
2010 (accounting for 98.5% of the total biotech-related additional soybean
production).

Concluding comments

During the last 15 years, the adoption of crop biotechnology (by 15.4 million farmers
in 2011) has delivered important economic and environmental benefits by
facilitating more environmentally friendly farming practices.

More specifically:

biotech IR traits have mostly delivered higher incomes through improved yields,
and environmental gains, mostly from decreased use of insecticides;
The gains from biotech HT traits have come from a combination of effects. The
farm income gains have mostly arisen from reduced costs of production.
Environmental improvements are associated with the increased use of more
environmentally benign herbicides and the facilitation of changes in farming
systems. Thus, biotech HT technology (especially in soybeans) has played an
important role in enabling farmers to capitalise on the availability of a low cost,
broad- spectrum herbicide (glyphosate) and in turn, facilitated the move away
from conventional to low/no-tillage production systems in both North and South
America. This change in production system has delivered reduced levels of GHG
emissions (from reduced tractor fuel use and additional soil carbon
sequestration).

Over reliance on the use of glyphosate by some farmers, in some regions, has
contributed to the development of weed resistance.

As a result, farmers are increasingly adopting a mix of reactive and proactive weed
management strategies incorporating a mix of herbicides.

Nevertheless, the overall environmental gains arising from the use of biotech crops
have been, and continue to be, substantial.

Even though there is a considerable body of evidence, in peer reviewed literature,
and summarised in this paper, that quantifies these positive economic and
environmental impacts of crop biotechnology, many remain opposed to the
technology.

These groups, who are ideologically opposed to GM technology and often have
vested interests in other forms of agricultural production, continue to denigrate GM
technology. Almost all of the papers cited by these groups to ‘support’ their claims
tend not to be published in peer review journals. Some are inaccurate or misleading
and make inappropriate use of official data.

The ‘inconvenient truth’ that those opposed to GM crop technology fail to address is
that the rate of adoption and use of crop biotechnology in global agriculture since
the mid-1990s has been rapid and widespread.



The analysis in this paper provides insights into the reasons why so many farmers
around the world have adopted and continue to use the technology. Readers are
encouraged to read the peer reviewed papers cited, and the many others who have
published on this subject (and listed in the references of Brookes and Barfoot) and
to draw their own conclusions.
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Figures

Figure 1.
Table 1 Effect of changes in the use of herbicides and insecticides in global biotech crops,
1996-2010 (ai, active ingredient; EIQ, environ- mental impact quotient – see Kovach et al.,
1992

Figure 2.



Table 2 Effect of lower insecticide and herbicide use 1996-2010 in biotech crops for
developing compared with developed countries. (EIQ, environmental impact quotient –
see Kovach et al., 1992

Figure 3.
Table 3. Effect of biotech crops on fuel usage, carbon dioxide emis- sions and carbon
sequestration in 2010.

Figure 4.



Table 4. Global farm income benefits from growing biotech crops 1996-2010.

Figure 5.
Table 5. Overall benefits of GM crop farm income 1996-2010 for selected countries (M US
$).

Figure 6.
Table 6. Additional crop production arising from positive yield effects of biotech crops
(Mt).



 

Figure 7.
Figure 1. Average increase in yield (%) of biotech IR traits 1996-2010 by country and trait
(IRCB, resistant to corn boring pests; IRCRW, resistant to corn rootworm; IR, insect
resistant cotton.
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