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Abstract

Adaptability of a seed variety to a wide range of envi-

ronmental conditions is important in farmers' variety 

adoption decisions, especially with the increased environ-

mental volatility induced by climate change. Despite the 

apparent need for information, variety trial reports gen-

erally report average relative yields, but they do not pro-

vide farmers with measures of variety adaptability. Our 

theoretical model postulates that the adaptability of seed 

varieties matters in farmers' variety adoption choices. To 

test this conjecture, and to measure the magnitude of the 

effect, we develop a new measure of variety adaptability 

and estimate an empirical model of adoption in Western 

Canada. We find that a 1% increase in the adaptability of 

a variety will increase its adoption by 0.45%. This effect 

is statistically and economically significant. Our results 

imply that adding a measure of variety adaptability to 

crop variety guides could enhance the adoption of supe-

rior crop varieties, benefiting both farmers and breeders.
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1  |   INTRODUCTION

The lag between variety release and variety adoption is quantitatively important for profitabil-
ity, consumer welfare, and food security. With the annual world grain and oilseed production 
over 3 billion tonnes (FAOSTAT, 2020a) and annual genetic gain exceeding 0.8% per year (Li 
et al., 2018), even a one-year delay in the adoption of the new varieties reduces global produc-
tion by at least 24 million tonnes per year. For Canada, which currently produces grain and 
oilseeds worth over USD 17 billion per year (FAOSTAT, 2020b), accelerating the adoption of 
new varieties by just 1 year would increase the economic surplus by USD 136 million per year, 
enough resources to fund nearly all Canadian crop breeding.

In making their variety adoption decisions, producers have an incentive to use available 
information to select the varieties that maximise their expected return. These decisions have 
become even more complex as climate change makes weather and cropping conditions increas-
ingly variable (Diffenbaugh et al., 2012; Lemmen et al., 2008; Mearns & Norton, 2010; Wheeler 
& von Braun, 2013). The negative effects of climate variability on agriculture are particularly 
important for Australia (Anderson, 1979; Anwar et al., 2015; Kingwell, 2006; Ray et al., 2015; 
Wang et al., 2015). Ray et al. (2015) identify regions where more than 60% of yield variability is 
attributed to climate variability. These regions include Midwestern U.S. and the Chinese Corn 
Belt for maize, and Western Europe and Australia for wheat. They also attribute 34%–45% 
of the variability in wheat yields in countries such as the U.S., Canada, the U.K., Turkey and 
Argentina to climate variability.

In Australia, Canada, the U.S., the U.K. and several other countries, producers rely heavily 
on crop variety guides generated from public- and producer-funded variety performance trials, 
where the relative performance of competing varieties is assessed in side-by-side randomised 
small plot designs.1 Conventional agronomic advice would typically recommend the adoption 
of the variety with the highest relative performance in nearby testing sites. However, we show 
theoretically that this heuristic advice is at best incomplete and can be a misleading indication 
of the variety with the highest expected performance. Because performance trials are condi-
tioned by the specific weather that occurred at each site in each year, the short history of rela-
tive variety performance in any given location may not reflect expected relative performance 
over the distribution of weather conditions likely to occur at that location. In particular, 
adaptable seed varieties with an ability to perform reasonably well over a wide range of envi-
ronmental conditions can have a higher expected yield than a less adaptable variety with supe-
rior performance in a specific variety trial. Anecdotally, the ability of a seed variety to adapt 
to a wide range of environmental conditions, that is, variety adaptability, is recognised by crop 
breeders and has become increasingly important in their variety selection.

To explore this issue empirically, this study develops a new measure, variety specificity, 
which is the mathematical inverse of variety adaptability. Estimating a model for canola vari-
ety adoption data for Western Canada, we find that a 1% increase in the adaptability of a vari-
ety will increase its adoption by 0.45%. This effect is statistically and economically significant.

Despite this recognition, measures of variety adaptability are typically not reported in the 
crop variety guides which producers consider when making adoption decisions. Our results 
suggest that enhanced ex ante analysis and reporting of new measures of variety adaptability 
in these guides could assist producers in making faster and better-informed variety adoption 
decisions. The findings also have direct implications for the design of and allocation of public, 
private and producer resources to breeding programmes as well as evaluation and registration 
processes, especially in the face of climate change.

 1We use crop variety guide as a single term to refer to all variety performance reports that exist under various names in different 
countries, provinces, etc.
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844  |      TORSHIZI and GRAY

In the remainder of this paper, we first provide a review of the literature. The analysis of the 
relationship between adaptability and adoption is made in three stages: we first present a brief 
background on the concepts of adaptability and adoption; second, the theoretical relationship 
between adaptability and adoption is laid out; third, the empirical analysis and results are 
presented. Last, conclusions and policy recommendations are discussed.

2  |   LITERATURE

Since Griliches (1957) and Rogers (1983) provided the cornerstones of the economic literature 
on agricultural innovation adoption models, many have explored technology adoption in a 
broader context. Feder et al. (1985), Feder and Umali (1993) and Weersink and Fulton (2020) 
provide reviews of technology adoption studies. Most of these studies build upon the technol-
ogy traits that Rogers (1983) recognised as determinants of the rate of adoption.

Profitability, risk and learning are perhaps the most discussed aspects of technology adop-
tion in agriculture. Abadi Ghadim et al. (2005), Cary and Wilkinson (1997), Marra et al. (2003), 
Michler et al. (2018) and Pannell et al. (2006), for example, examine the effect of expected prof-
itability and relative advantage on the adoption of farm innovations. Weersink et al.  (2010) 
use acreage response models to study the effects of yield potential, risk and climate change 
patterns on acreage allocation.

Many studies, including some of those mentioned previously, have focussed specifically 
on the adoption of new crops or varieties of crops. These studies examine seed and farmer 
characteristics that affect adoption. Dixon et al.  (2006) provide a summary of studies that 
explore adoption of improved wheat varieties in developing countries. Covey (2012) and Dahl 
et al. (1999) test the effect of relative yield and other factors on adoption of wheat varieties. 
There is a consensus that relative yield is the most salient determinant of adoption.

Relative yield is generally reported as an average and does not account for yield variability. 
To tackle this problem, some incorporate a measure of yield or revenue variance in their adop-
tion models (Abadi Ghadim et al., 2005; Barkley & Porter, 1996; Gambrell, 2004). In a mixed-
multinomial logit model, Useche et al. (2009) estimate the effects of both seed and farmer/farm 
characteristics on the adoption of corn seed varieties. They suggest that their methodology 
can be improved by paying attention to ‘differences in yield variances’. There also have been 
attempts to show that increased volatility due to climate change influences crop yields and 
thus crop choices (De Giorgi & Pistaferri, 2013).

In addition to the studies mentioned above, many others (Asrat et al.,  2010; Cavatassi 
et al., 2011; Coromaldi et al., 2015; Wale & Yalew, 2007) highlight the importance of variety 
adaptability in adoption decisions. To the best of our knowledge, however, there have been no 
attempts to explicitly investigate the role of variety adaptability, as defined in plant breeding, 
in adoption decisions. This study fills this gap by incorporating the adaptability of seed vari-
eties in farmers' profit-maximisation problem and empirically measuring its effect on variety 
adoption.

3  |   ADAPTA BILITY A N D ADOPTION

This section presents the conceptual foundations of the relationship between adaptability and 
adoption. After defining variety adaptability, we discuss how variance can be a misleading 
measure of adaptability. A new measure of adaptability, variety specificity, is then introduced.

Adaptability refers to genotype × location (GL) interaction and is defined as ‘reduced 
variation in performance across locations’ (Roy & Kharkwal, 2004). Stability, on the con-
trary, refers to genotype × year (GY) interaction and is defined as ‘reduced variation in 

 14678489, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1467-8489.12491 by U

N
IV

E
R

SIT
Y

 O
F M

IN
N

E
SO

T
A

 170 W
IL

SO
N

 L
IB

R
A

R
Y

, W
iley O

nline L
ibrary on [16/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



       |  845ADAPTABILITY AND VARIETY ADOPTION

performance across years (Roy & Kharkwal, 2004)’. Breeders have traditionally focussed 
on exploiting the GL interaction rather than the GY interaction or other types of geno-
type × environment (GE) interaction. This is because the information obtained from GY 
interactions is unlikely to be of ‘practical importance’ due to the unpredictability of future 
weather and climate (i.e. unrepeatability) (Annicchiarico,  2002). Also, in many seed in-
dustries (e.g. Canadian canola) varieties are released for only a few years, leaving a short 
history of temporal variability.

However, in any given year, different locations experience different weather scenarios. 
Therefore, variations in performance of a variety across various locations, particularly in a 
vast farming region, reflect how a variety responds to various land characteristics as well as 
various weather conditions across those locations. As demonstrated in this study, a variety 
that performs consistently well across various longitudes and latitudes of a vast region in a 
given year is also more likely to yield consistently well across time than a variety that performs 
well only under specific conditions or in a specific area.

The key to understanding the importance of adaptability in an individual farmer's adoption 
decision lies in the unpredictability of future weather for the farmer. For simplicity, let us as-
sume that there are only two (equally likely) possible weather scenarios, wet and dry, and two 
available varieties, A and B. In the closest trial location with wet conditions, Variety A has per-
formed 5% higher than Variety B. In another more distant trial location with dry conditions, 
Variety A has performed 10% lower than Variety B. Without the knowledge of future weather, 
even a risk-neutral farmer picks Variety B—that is, the more adaptable variety—as it has 2.5% 
higher expected performance.

Thus, measurement of variety adaptability will help producers identify the most suitable 
variety—that is, the one with the highest expected performance. When making varietal choices, 
producers seldom have much experience with new varieties, and historical data are, by defini-
tion, time limited. Similarly, crop variety guides such as seed guides and variety trial reports 
generally do not report a measure of adaptability for the tested varieties.2 Thus, it is left to the 
farmer to calculate or to form conjectures about the adaptability of different varieties to envi-
ronmental variability. Farmers could use reported relative performance of the varieties in vari-
ous (non-mutually exclusive) locations of the farming region to calculate such a measure. In the 
absence of better information, farmers also rely on their own observations and experience, and 
professional and social networks (e.g. local input retailers, agronomists and neighbours) to ob-
tain information about the relative performance of different varieties over a distribution of 
weather conditions. Many Canadian farmers actively participate in social media forums to ex-
change information about the performance of different technologies including seed. Also, since 
new varieties are often built upon the old ones, it is possible for farmers to use name, pedigree, 
technology or even brand of a variety as a proxy for its adaptability.

Economists use yield variance as a regressor in crop adoption models to capture the effect 
of variability in performance across locations on adoption of crop varieties (Abadi Ghadim 
et al., 2005; Barkley & Porter, 1996; Gambrell, 2004). Although variance captures overall vari-
ability in performance, it can be a misleading measure of adaptability.

Yield variance (and yield average) is often calculated based on the performance across 
reported test locations or across farms. This often implies a selection bias, because varieties 
tend to be tested most in locations where they are likely to perform well. Similarly, varieties 
are only grown by producers who have adopted the technology, not all the potential adopters.

Consider the following example. Canola varieties A and B are adopted by farmers in equal-
size farms on the horizontal (Location) axis in Figure 1, as in Hotelling's linear city model 
(Hotelling,  1929). The vertical axis represents yield. As it is conventional in Hotelling-type 

 2See examples of seed guides here: https://sasks​eed.ca/seed-guide​s/, and examples of canola performance trial reports here: https://
www.canol​aperf​orman​cetri​als.ca/.
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846  |      TORSHIZI and GRAY

models (Malla & Gray, 2005; Torshizi et al., 2018), yield levels are ranked in descending (as-
cending) order for variety A (variety B). Variety A is designed for locations on the left, while va-
riety B is best suited for locations on the right. Canola variety A provides higher performance 
and is seeded in locations 1–6, while B provides better performance and is seeded in locations 
7–20. To focus on the relationship between variance and adaptability, yield levels are chosen 
such that the two varieties have the same yield average and variance.

Based on the first and the second moment measures, one might suspect that varieties A 
and B are very similar, at least with respect to adoption. However, the two varieties are in fact 
different; they are bred to respond to different needs, and they have different degrees of adapt-
ability. Variety A is clearly less adaptable than B—that is, A has higher ‘reduced variation in 
performance across locations’ than B—and it is adopted in fewer locations than B. Therefore, 
for the purpose of explaining adoption rates, variance of yield levels may not be an appro-
priate measure as it may fail to distinguish varieties with respect to their adaptability levels. 
Specifically, varieties with the same yield variance may not be equally adaptable.

Our proposed measure of adaptability, variety specificity, makes better use of the infor-
mation presented in Figure 1 by linking adaptability—a plant breeding concept—to the eco-
nomic literature on product differentiation. Variety specificity is defined as follows: the rate 
at which the yield of a variety decreases as its area under cultivation expands from the best-
yielding location to the second-best location to the third-best location and so on. A variety is 
considered very specific if its yield drops rapidly when its area expands beyond its top-yielding 
location. A variety is not considered very specific if it provides consistent yield levels across 
various locations. In other words, specificity is the mathematical inverse of adaptability; a 
higher degree of variety specificity implies a lower degree of adaptability.

Graphically, variety specificity is the slope of the curve that is formed when yield levels of 
a variety in various locations are ranked in descending order. For variety B in Figure 1, for 
example, variety specificity is equal to the slope of its yield curve (0.5). Similarly, for variety 
A, variety specificity is characterised by the slope of a line that best fits its yield curve (0.96). 
With the higher degree of variety specificity (i.e. higher average rate of drop in yield as the area 
expands), variety A is more specific and, thus, less adaptable than variety B.

Assuming yield levels of variety i are distributed uniformly as Yi ∈ u
(

y̌i , ŷi
)

, where ŷi and ŷi 
are the yield levels of variety i in the highest- and lowest-yielding locations, variety specificity 
for variety i is simplified as follows:

F I G U R E  1   Two seed varieties with the same yield average and variance but different adaptability 
levels. [Colour figure can be viewed at wileyonlinelibrary.com]

0

2

4

6

8

10

12

0

2

4

6

8

10

12

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Y
B
: Y

ie
ld

 o
f B

 (t
on

ne
/h

a)

Y
A
: Y

ie
ld

 o
f A

 (t
on

ne
/h

a)

X: Location

Yield Curve of Variety A (Average=5.5, Varaince=8.8)
Yield Curve of Variety B (Average=5.5, Variance=8.8)

←  Yield potential  →= 10 = 10

= 0.96 = 0.5←  Specificity  →

 14678489, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1467-8489.12491 by U

N
IV

E
R

SIT
Y

 O
F M

IN
N

E
SO

T
A

 170 W
IL

SO
N

 L
IB

R
A

R
Y

, W
iley O

nline L
ibrary on [16/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/


       |  847ADAPTABILITY AND VARIETY ADOPTION

 when yield levels of variety i, Yi, are ranked in descending order across locations X.
The uniform distribution assumption is a key to the analysis. In Figure 1, for example, �A 

reflects the overall adaptability of variety A. If the uniform distribution assumption does not 
hold, �A may be a misleading measure of adaptability for variety A. As long as the uniform 
distribution assumption holds, however, variety specificity is a sufficiently reliable device for 
measuring adaptability. Chi-squared tests fail to reject the null of uniformity for the yield 
levels of all the varieties in this study. Yield curve of a canola variety in Manitoba is presented 
in Appendix S2 as an example. This yield curve is indicative of a uniform distribution. Other 
common distributions such as normal and beta result in non-linear yield curves. In such cases, 
adaptability varies across the yield curve and, thus, Equation (1) provides an overall approxi-
mation of adaptability. Torshizi et al. (2018) discuss this approximation.

Variety specificity is analogous to degree of horizontal differentiation in differentiated prod-
uct models; a steeper yield curve—that is, a higher degree of variety specificity—implies that 
the seed variety is more (horizontally) differentiated. This allows for a direct economic inter-
pretation that is rooted in the product differentiation literature—a feature that becomes useful 
in the theoretical model where we derive the demand for differentiated seed varieties.

The example presented in Figure 1 illustrates that variety specificity can explain the rela-
tionship between yield variability and adoption when variance fails to do so, at least for cases 
similar to the one presented in Figure 1. This leads to a question for empirical research: how 
prominent are such cases? Or, how well can variety specificity explain the relationship between 
adaptability and adoption for a broadacre crop?

4  |   TH EORETICA L MODEL

The objective of the theoretical model is to lay out the theoretical foundations of the rela-
tionship between variety adaptability and crop adoption. The complete theoretical model is 
presented in Appendix S1. In the theoretical model, we first incorporate variety specificity, 
as a measure of adaptability, in farmers' variety adoption decisions. Next, we derive farmers' 
demand functions for multiple seed varieties. Seed demand functions are then used in the seed 
producers' profit-maximisation problem to find the equilibrium conditions. Dictated by the 
nature of the seed industry, the model allows for differentiated farmers and seed varieties, both 
differentiated with respect to multiple characteristics.

To incorporate variety specificity in farmers' adoption decisions, we assume that each va-
riety has a yield potential of ŷi that determines the highest yield level that the variety could 
potentially reach. Each variety reaches this level at a certain parcel of land. As the area of 
a variety expands from the best-suited parcel to the second best and so on (not necessarily 
around the best-yielding parcel), the yield of that variety drops. Assuming that land is uni-
formly distributed between the best-suited and the worst-suited parcels, and that land parcels 
are arbitrarily small, then the decline in yield of variety i is a continuous and linear function of 
the amount of land allocated to that variety. Thus, the relationship between yield and area of 
variety i can be written as:

where Yi is the yield of variety i per hectare, ŷi is the potential yield of variety i per hectare (i.e. 
yield at the best-suited parcel), Xi is the area or number of parcels allocated to variety i, and �i is 
the decrease in yield of variety i as its area expands by one unit. A graphical illustration of this 
relationship is presented in Figure 1. This relationship holds for any variety in a region. With a 

(1)�i =
�Yi

�X
,

(2)Yi = ŷi − �iXi ,
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848  |      TORSHIZI and GRAY

non-uniform distribution of parcels, the relationship in Equation  (2) becomes non-linear, and 
with parcels that are not arbitrarily small the continuous linear function turns into a step function.

Equation (2) indicates that variety i yields most at a particular parcel of land and its yield 
drops in a linear fashion by the rate of �i as the area—that is, number of parcels—allocated to 
this variety Xi expands. In other words, �i or the yield response of variety i to a change in its cor-
responding land and environmental characteristic reflects the degree of specificity of variety i. 
A larger �i means that the yield of variety i drops at a higher average rate as its area expands, 
and this implies that variety i is more specific to particular parcels of land, and vice versa.

The theoretical model uses Equation (2) to form a Lagrangian function for farmers' sur-
plus from varieties i = 1, … , n (See Appendix S1 for details). The Lagrangian maximises the 
region's total surplus by translating the demand for n differentiated varieties into the demand 
for one production factor, land, and using a single land constraint to find the optimum acreage 
for each variety. Demand for each variety is then obtained by solving the first-order condi-
tions (FOCs) of the Lagrangian. Demand functions for varieties are used in the seed produc-
ers' profit-maximisation problem to find the equilibrium conditions. The Nash equilibrium 
is found for two, three and then n varieties. The equilibrium conditions lead to at least two 
propositions regarding farmers' adoption decisions:

Proposition 1  Assuming the varieties have the same yield potentials, the more specific a variety, 
the lower its adoption by farmers.

Proposition 2  A higher yield potential results in a higher adoption rate for own variety and a 
lower adoption rate for the rival variety.

Proofs of these propositions and some corollaries are presented in Appendix S1.

5  |   EM PIRICA L A NA LYSIS

This section empirically tests Propositions 1 and 2, which state the effect of variety specificity 
and yield potential on the adoption of seed varieties by farmers, respectively. We first describe 
the calculation of yield potential and variety specificity. Then, the regression model, data, an 
overview of the industry and estimation results are presented. Finally, we discuss some of the 
limitations and robustness tests.

5.1  |  Calculation of yield potential and variety specificity

Following Equation (2), we start calculating the yield potential and variety specificity for can-
ola seed varieties in each year, by ranking yield levels of each variety in different locations in 
descending order in a fashion similar to Figure 1. Yield potential of variety i in year t is meas-
ured as the yield level of variety i at the highest-yielding location in year t. Variety specificity 
for variety i in year t is measured as described in Equation (1). Locations refer to rural munici-
palities (RMs) of Manitoba, Canada. All data originates from farmers' fields rather than trial 
information. This is because realised yields are likely to be a more reliable source of informa-
tion to farmers than controlled trials. As mentioned earlier, Equations (1) and (2) assume that 
yield levels of each variety are distributed uniformly across all locations. Chi-squared tests fail 
to reject the null of uniformity for all the seed varieties that are used in this study.

It is worth noting that variety specificity of variety i measures the average rate the yield 
of variety i drops from its highest-, to its lowest-yielding location. Variety specificity is deter-
mined by the interaction of seed and land (and environmental) characteristics over a spectrum 
of locations, not the distance between those locations. By definition, variety specificity aims 
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       |  849ADAPTABILITY AND VARIETY ADOPTION

to measure whether a variety can be planted in many different locations or is very specific to a 
certain cluster of locations, regardless of the distance between the locations.

5.2  |  Regression model

This study applies a fixed-effects (FEs) panel regression with varieties as FEs to account for the 
differentiated nature of seed varieties. A poolability F-test also indicates that the FEs model 
is preferred to a pooled model. Results of both panel and pooled regressions are presented in 
Table 2 for comparison. The FEs model is also preferable to a random effects model because, 
firstly, this study is concerned with a specific set of n varieties; and secondly, the variety (fixed) 
effects are likely not independent of the set of regressors. For example, the FEs, which represent 
characteristics intrinsic to each variety, are likely to affect some of the regressors such as yield 
potential. The following equation represents the FEs model that is estimated in this study:

with i denoting seed varieties, t denoting time, Xit representing the adoption rate of canola variety 
i in Manitoba in year t, and Mit representing the set of regressors. � is a scalar and � is the set of 
parameters to be estimated. Baltagi (2005) defines the one-way error component uit as:

where Zi is the set of variety dummies that capture observable and unobservable time-invariant 
seed traits such as brand; � i is the set of fixed parameters to be estimated; and vit captures the 
remainder stochastic disturbances and is assumed to be IID

(

0, �2
v

)

. The differential effect of va-
rieties on adoption creates heteroscedasticity. In addition, there is potential for cross-sectional 
dependency. To estimate standard errors that are corrected for cross-sectional dependence, po-
tential autocorrelation and heteroscedasticity, the Panel Estimated Generalized Least Square 
(EGLS) method is used along with the Panel Corrected Standard Errors (PCSE) method with 
the error-variance covariance matrix modelled as cross-section Seemingly Unrelated Regressions 
(Cross-section SUR) (Reed & Ye, 2011). An advantage of the panel regression approach is that the 
FEs capture the effect of all time-invariant seed traits.

The dependent variable Xit in Equation (3) is measured and used in the regression models 
in two forms: hectares (Area) and percentage share (Market Share). The set of regressors Mit 
includes the following: the varieties' age as a third-degree polynomial (T, T 2 and T 3); the first 
lag of variety specificity (Lag Variety Specificity); the first lag of yield potential (Lag Yield 
Potential); the first lag of relative yield (Lag Relative Yield); and the first lag of yield variance 
(Lag Variance). All information-related variables are in lag form to reflect the fact that farm-
ers use the previous year's information to select their varieties for each coming year. The logic 
behind choosing these regressors is presented below.

5.2.1  |  Varieties' age

The concepts of ‘diffusion of innovation’ and ‘S-shaped adoption curves’ are key in technol-
ogy adoption literature (Dixon, 1980; Knudson, 1991; Mahajan & Muller, 1996; Mahajan & 
Peterson,  1985). Many studies recognise that the length of time that a variety has been in 
the market as an important determinant of the variety's adoption level (Covey,  2012; Dahl 
et al., 1999; Gambrell, 2004). Also, the age of a variety is an important determinant of the 
stage of life cycle of the variety. Following the literature, a third-degree polynomial is used to 
capture the effect of age, measured in months, on a variety's life cycle.

(3)X
it
= � +M

it
� + u

it
; i = 1, … , n; t = 1, … ,T ;

(4)uit = Zi� i + vit,
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5.2.2  |  Variety specificity and yield variance

Our theoretical framework suggests that the combination of yield potential and variety speci-
ficity determines seed varieties' adoption. The impact of variety specificity on adoption has not 
been explored in the literature. Many have investigated the effect of risk on adoption decisions 
(Feder, 1980; Fischer et al., 1996; Lindner & Gibbs, 1990). Generally, a measure of variability 
such as variance is used to incorporate risk in adoption models (Abadi Ghadim et al., 2005). 
As discussed earlier, however, variance can be a misleading measure of adaptability, at least 
intuitively and within this context. For comparison purposes, however, we provide estimates 
of the impact of both variety specificity and yield variance on adoption.

5.2.3  |  Yield potential and relative yield

Relative advantage is a key factor in adoption of farm innovations (Abadi Ghadim et al., 2005; 
Cary & Wilkinson, 1997; Marra et al., 2003; Pannell et al., 2006). The theoretical model dem-
onstrates that a higher yield potential results in a higher adoption rate for a seed variety. 
Relative yield (ratio of the average yield of a variety to that of a check variety), as a measure 
of relative advantage, is used in crop adoption models (Abadi Ghadim et al., 2005; Barkley & 
Porter, 1996; Dahl et al., 1999). For comparison purposes, we estimate the impact of both yield 
potential and relative yield on adoption.

The impact of other relevant variables on the findings is discussed in Section 5.6.

5.3  |  Data

The data set includes acreage, yield levels and age of 42 canola varieties in 105 Rural 
Municipalities in Manitoba, Canada, from 2004 to 2013—that is, n = 42, T = 10. After ad-
justments for 1 missing observation and lags, the estimations are run as unbalanced panels 
with 377 observations. Data on area and yield are obtained from the Manitoba Agricultural 
Services Corporation (MASC). Data on the varieties' age are obtained from Canadian Food 
Inspection Agency's (CFIA) variety registration database.

Summary statistics of the variables are presented in Appendix S2. Average yield potential 
across the 42 varieties ranges between 2.07 tonnes per hectare in 2007 and 3.07 tonnes per hect-
are in 2013. Standard deviations suggest very low variation in each year. Average total area of 
all the varieties in the province ranges from 48,591 hectares in 2006 to 77,773 hectares in 2012, 
with high standard deviations in most years, suggesting that few varieties in the Canadian 
canola industry are very successful—some obtain close to half a million hectares—while others 
fail to capture more than a few thousand hectares. Variety specificity is the lowest (0.41) in 2004 
and the highest (0.88) in 2011. The relatively high standard deviations for this variable suggest 
that the 42 varieties are also quite different with respect to their adaptability levels. Average 
variety age ranges between 24 and 42 months in 2012 and 2006, respectively. The high standard 
deviations for this variable suggest that some varieties have much longer life cycles than other.

5.4  |  Industry background

After the introduction of hybrid varieties in the late 1990s, the Canadian canola seed industry 
became highly consolidated. In the study period, most of the market was captured by varie-
ties that contained either Liberty Link (LL) or Roundup Ready (RR), patented herbicide-
resistance technologies owned by Bayer and Monsanto, respectively (Malla & Brewin, 2015). 
Strategic behaviour such as mergers and acquisitions, common ownership, cross-licensing and 
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       |  851ADAPTABILITY AND VARIETY ADOPTION

joint ventures are common in this industry (Howard, 2009; Malla & Brewin, 2015; Torshizi 
& Clapp, 2021). During a wave of mergers and acquisitions that took place between 2015 and 
2017, Bayer acquired Monsanto and sold LL lines to BASF (Torshizi & Clapp, 2021).

A prime example of a LL variety in our data set is InVigor 5440 (hereafter ‘5440’), one of the 
most successful hybrid canola varieties in Canada (MASC, n.d.). Introduced in 2007 under the 
InVigor brand (Canadian Food Inspection Agency, n.d.), this variety rapidly became popular 
amongst farmers (Malla & Brewin, 2015). Although not always the highest-yielding variety, 
5440 dominated the Canadian canola seed market from 2009 to 2014 and was only discontin-
ued after 2017 (MASC, n.d.). In 2014, 7 years after its introduction, 5440 still had the highest 
market share in Manitoba (MASC, n.d.). Appendix S4 provides more details on 5440 and the 
LL technology in general.

Table 1 presents area, market share, variety specificity, yield potential, yield variance and 
average of canola seed varieties in Manitoba in 2010. Variety specificity is calculated as de-
scribed in Figure 1 and Equation (1). At 40%, 5440 has significantly more market share than 
other varieties, although it does not have the lowest yield variance or the highest yield potential 
or average. However, this variety has the lowest level of variety specificity, 0.39.

Table 1 also presents other varieties (e.g. 5030, 45H28 and NX4-105 RR) that despite a higher 
average yield and a lower yield variance than 5440 have very small market shares. These less 
successful varieties seem to have a higher degree of specificity. Overall, we find that variet-
ies with the highest adoption rate do not necessarily have the highest yield potential, highest 
average yield or lowest yield variance, but do seem to have a lower degree of specificity. This 
preliminary glance at variety specificity and adoption of canola varieties suggests that the 
relationship between these two variables may be worth exploring further.

5.5  |  Estimation results

Estimation results are reported in Table 2. In models (1)–(3), the dependent variable is adop-
tion as measured by area under cultivation of each variety in hectares. Model (1) is a simple 
pooled regression that is estimated using OLS. Variety FEs are included in models (2) and 
(3), while time FEs are rejected by F-test. In models (4) and (5), the dependent variable is the 
market share of each variety in percentage form. Accordingly, a two-limit Tobit approach 
is used to estimate these models. While models (1), (2) and (4) test the impact of variety 
specificity and yield potential on adoption, models (3) and (5) are estimated using average 
and variance of yield levels. Following the theoretical model, variety specificity and yield 
potential are used together. Similarly, following the literature, average and variance of yield 
are used together.

We first discuss the findings of the Base model (2) and then make comparisons with the 
other models. The panel regressions offer a much higher explanatory power than the pooled 
regression, confirming that importance of variety heterogeneity. As presented in Table 2, 
the regressors in the Base model (2) explain 65% of the variations in adoption of canola seed 
varieties in Manitoba in the study period. The regression provides plausible signs for all 
regressors. Also, all variables except the cubic term of a variety's age and the constant are 
statistically significant at the 99% confidence level. The insignificance of the cubic term is 
not unexpected, considering the shape of canola varieties' life cycles and their short lives 
(average of 24–42 months) in the sample. This indicates hill-shaped adoption curves for the 
varieties.

One may argue that a higher (lower) adoption may result in an increase (decrease) in a vari-
ety's age as successful varieties might be kept in the market longer than unsuccessful varieties, 
potentially creating a reverse causality problem. However, the length of the time a variety is 
in the market is, to a great extent, predetermined by the seed producer, independent of the 
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852  |      TORSHIZI and GRAY

success of the variety. That is, when a variety is introduced, the seed producer keeps the vari-
ety in the market for several years, regardless of the variety's success. This is because once the 
variety is developed, tested and registered the cost of keeping the variety in the market (e.g. re-
production and bagging costs) is minimal. If the variety is in fact successful, the seed producer 
might try to develop a new version of the variety—often with an additional trait—that can be 
sold at a higher price. Also, it is more likely that the length of a variety's life cycle would be 
determined by its yield potential and variety specificity rather than adoption, per se, because 
adoption itself is a function of yield potential and variety specificity as well. Therefore, it is 
more likely that lengths of the product cycles are determined by yield potential and degree 
of variety specificity rather than adoption. Moreover, the age of a variety is recorded at the 
beginning of each growing season while adoption is recorded after seeding is complete. It is 
not possible for adoption rates to go back in time and influence a seed producer's decision to 
whether discontinue a variety. As suggested by Bellemare et al. (2017), this natural sequence in 
the timing of events removes any concern for reverse causality.

The negative sign for Lag Variety Specificity in the Base model (2) in Table 2 provides ad-
ditional evidence for validity of Proposition 1 regarding the negative relationship between va-
riety specificity and adoption. Variety specificity indicates how many kilograms of yield, on 
average, are sacrificed as the area allocated to a variety expands from the highest-yielding 
location to the second-best location and so on. The estimated parameter for this variable sug-
gests that, in our sample, a 1-kilogram increase in variety specificity results in an average 869.5 
hectare decrease in adoption of a variety.

Farmers are likely to look at yield potential of a variety when deciding which varieties of 
canola to grow. As presented in the Base model (2) in Table 2, the estimated parameter for Lag 
Yield Potential suggests that, for an average variety in our sample, 1 kilogram per hectare in-
crease in yield potential results in approximately 21.6 hectares increase in adoption.

The elasticities for variety specificity and yield potential are calculated to be −0.45 and 0.86, 
respectively. The relative magnitude of elasticities provides a key insight for breeders: farmers 

TA B L E  1   Descriptive statistics, 2010

Variety
Area
(ha)

Market 
Share
(%)

Variety 
Specificity
(kg/ha)

Yield 
Potential 
(kg/ha) Variance

Average 
(kg/ha)

5440 411,674 40 21.9 2,931.1 683.7 1,776.6

5770 111,491 11 27.5 3,020.7 678.1 1,883.0

5030 59,143 6 31.4 2,712.5 538.0 1,804.6

72-65 RR 57,487 6 31.4 2,746.1 599.7 1,742.9

8440 100,090 10 32.5 3,026.3 666.9 1,911.1

72-55 RR 40,180 4 32.5 2,488.3 543.6 1,552.4

45H28 37,994 4 33.1 2,701.3 532.4 1,838.2

NX4-105 RR 34,882 3 34.7 2,701.3 482.0 1,883.0

9553 27,273 3 36.4 2,533.1 498.8 1,709.3

5020 34,758 3 47.6 2,886.2 723.0 1,647.7

9590 38,160 4 51.0 2,858.2 723.0 1,608.4

1145 31,190 3 67.8 3,149.6 767.8 1,866.2

71-45 RR 11,863 1 71.2 2,421.1 482.0 1,597.2

45H29 13,958 1 81.8 3,110.4 700.5 1,922.3

V1037 17,595 2 86.9 2,443.5 594.1 1,406.7

Source: MASC (n.d.).
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854  |      TORSHIZI and GRAY

are willing to trade 1% yield potential for 1.91% increase in adaptability. In other words, if a 
new variety is 1.9% less adaptable than an old one, it must have a yield potential that is at least 
1% higher for it to have the same adoption rate as the old one.

Results of the two-limit Tobit model (4) are consistent with those of the FEs model (2). Both 
models suggest that a higher degree of variety specificity results in lower adoption and a higher 
yield potential results in higher adoption, although the estimated parameter for yield poten-
tial is significant only at the 90% confidence level. Similarly, the estimated parameters of the 
pooled model (1) are consistent with those of the FEs model (2).

Overall, comparisons of the Base FEs model (2) with the pooled model (1) and the Tobit 
model (4) reveal two points. First, the findings of this study regarding the negative effect of 
variety specificity and positive effect of yield potential on adoption hold whether the depen-
dent variable is measured in hectare or in percentages. Second, these findings hold whether the 
specification is pooled, FE or two-limit Tobit.

Model (3) replaces Lag Variety Specificity and Lag Yield Potential with Lag Variance and 
Lag Relative Yield. The estimated parameters in model (3) have plausible signs. However, 
the Lag Variance in this model has a lower significance level compared with the Lag Variety 
Specificity in model (2). Similarly, the t-statistic for Lag Relative Yield in model (3) is 3.1, which 
is significantly less than 5.3 for Lag Yield Potential in model (2). Also, model (3) provides lower 
R-squared and Adjusted R-squared compared with model (2). Similar evidence can be found 
from comparison of models (4) and (5). Overall, these comparisons reveal that, at least in the 
data set that is used in this study, variety specificity and yield potential are better determinants 
of farmers' adoption choices than yield variance and average.

Fixed-effects vector decomposition (FEDV), presented in Appendix S4, allows us to discuss 
the role of variety heterogeneity and different technologies and brands in adoption. The FEVD 
reveals that in the canola seed industry very few varieties become extremely successful while 
most varieties struggle; only 8 out of the 42 varieties have positive FEs. Even within those 8 
varieties, the FE of the top variety is larger than the next 5 combined.

5.6  |  Limitations and robustness tests

In this section, we first explain why some potentially relevant variables are not included in the 
empirical analysis and whether their exclusion could affect the main findings. Then, we discuss 
the results of multiple robustness tests.

5.6.1  |  Agronomic traits and seed brands

Agronomic traits such as resistance to certain diseases, height and standability could affect 
variety adoption. Similarly, it may be argued that certain seed producers are more popular 
amongst canola producers, especially if their previous varieties have been successful. The ef-
fect of agronomic traits and seed brands on adoption is not the primary focus of this study. 
Nevertheless, one may be concerned about whether leaving out these variables would create 
an omitted variables problem and bias the results. Agronomic traits and seed brands, however, 
are time invariant. For example, if a variety's resistance level to a certain disease is reported as 
‘susceptible’, the level of resistance does not change over time and is reported as ‘susceptible’ 
in various years' seed guides. This is particularly true for canola varieties because they are hy-
brids. The time-invariant factors are captured by the variety FEs and, therefore, do not cause a 
bias in the estimated parameters. Nevertheless, the FEVD in Appendix S4: Table D.1 provides 
some insights into the effect of seed producer brands on adoption.
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5.6.2  |  Varieties' price

The theoretical model endogenises the effect of seed prices on adoption in exogenous vari-
ables. As illustrated in Appendix S1: Equation (A.13), variety prices are a function of exog-
enous variables including yield potential and variety specificity. Appendix S1: Equation (A.14) 
indicates that equilibrium adoption for a variety is a function of the same set of exogenous 
variables. As such, it is redundant to include the variety seed prices variable in a regression 
model that estimates the adoption rate of seed varieties and already includes yield potential 
levels and variety specificity as regressors. Also, prices for individual canola seed varieties in 
Canada are not available.

5.6.3  |  Relative yield potential and relative variety specificity

To remain consistent with the theoretical model, absolute values of the yield potential and vari-
ety specificity are used in the regression models in Table 2. Nevertheless, a regression analysis 
is also performed using relative yield potential and relative variety specificity. The results, 
presented in Appendix S3, confirm the main findings of the study.

5.6.4  |  Number of available varieties

The theoretical model demonstrates that adoption of each variety is also a function of the 
number of available varieties in the market. Number of available varieties in the study period 
does not vary significantly. Thus, this variable is not used in the Base model. Nevertheless, 
Appendix S3 examines the effect of this variable. Results indicate that this variable is not sta-
tistically significant and including it in the model changes the estimated parameters for variety 
specificity and yield potential by a negligible amount.

5.6.5  |  Cross-sectional weights

The main regressions presented in Table 2 assume equal weights for all the different varieties 
(cross sections). As presented in the FEVD in Appendix S4: Table D.1, however, a handful of 
canola seed varieties in the market are significantly more successful than others. Appendix S3 
examines the possibility that allocating different weights to different varieties based on their 
adoption rates would affect the findings. Results indicate that variety heterogeneity is im-
portant and allowing for cross-section weights could result in a higher explanatory power. 
Nevertheless, allowing for cross-section weights does not change the previous findings regard-
ing the impact of variety specificity and yield potential on adoption.

5.6.6  |  Time fixed effects

Although time FEs are rejected by the F-test, Appendix S3 tests whether including time FEs 
would change the main findings. Including time FEs results in a negligible change in the esti-
mated parameters of the Base model (2).

Overall, the robustness tests presented in Appendix S3 and the results of models (1) and (4) 
validate the main findings regarding the impact of variety specificity and yield potential on 
adoption. Also, these tests suggest that the results of the Base model (2) are highly robust.
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6  |   CONCLUSIONS A N D POLICY RECOM M EN DATIONS

Variety adoption decisions are important to farmers' income. Farmers can often choose from 
dozens of differentiated seed varieties that embody various traits making the decision to adopt 
a variety that suits a farmer's land a difficult one. There is some urgency in the producers' 
adoption decisions because new varieties on average perform better than older varieties. As 
such, a significant opportunity cost is associated with postponing a decision to adopt a new 
variety until several years of local performance data are available.

While conventional agronomic advice would typically recommend the adoption of the 
variety with the highest relative performance in nearby testing sites, we show theoreti-
cally that this heuristic advice is at best incomplete and can be a misleading indication 
of the variety with the highest expected performance. This is due to the unpredictability 
of environmental conditions. Because performance trials are conditioned by the specific 
weather that occurred at each site in each year, the highest performing variety at any given 
location may not ref lect expected relative performance over the distribution of weather 
conditions likely to occur at that location. More adaptable seed varieties with an ability 
to perform reasonably well over a wide range of environmental conditions can have higher 
expected yield than a less adaptable variety with similar historical performance at a spe-
cific location.

Our empirical results also indicate that varietal adaptability influences producer adop-
tion. Our data set includes acreage, yield levels and age of 42 canola varieties in 105 Rural 
Municipalities in Manitoba, Canada, from 2004 to 2013. The reported yield data are used 
to develop an index of specificity for each variety, which is the inverse of variety adaptability. 
Under a number of alternative specifications and robustness checks, the results indicate that 
variety adaptability has a positive (and statistically significant) effect on variety adoption. 
This effect is also economically significant as the estimated coefficients imply large impacts 
on variety adoption. A 1% increase in adaptability (or reduction in specificity) of a variety 
will increase its adoption by 0.45%. Each year, over 8 million hectares of land is allocated to 
canola in Canada (Statistics Canada, 2022). It is not unusual for some varieties to cover several 
million hectares of land (Malla & Brewin, 2015). As such, the estimated effect suggests that 
adaptability is an important factor considered by producers in their adoption decisions. As 
we discuss below, this large response to adaptability could be somewhat muted by incomplete 
producer information.

When making varietal choices, producers seldom have much experience with new varieties, 
and historical data are, by definition, time limited. To assist producers with variety selec-
tion, reports of independent randomised variety performance trials are published each year 
by either producer or government bodies. Seed marketers and farmers rely on these guides to 
identify new varieties with the greatest potential for their farm. These guides typically report 
the average yield of each variety and other phenotypic information (or yield relative to a check 
variety) within specific regions or at specific test locations.

Ironically, however, these guides generally do not report a measure of adaptability for the 
varieties. Thus, it is left to the farmer to calculate or to form conjectures about the adaptabil-
ity of different varieties to environmental variability. It is recommended that the institutions 
that provide farmers with crop variety guides present farmers with information regarding the 
adaptability of the available varieties. This will help farmers make more informed decisions in 
an increasingly volatile climate. This will also speed up the adoption of new and often superior 
varieties, benefiting both farmers and breeders.

Great efforts are made to improve the yield levels of various crops. Very often, however, 
these efforts result in seed varieties that perform well under specific conditions and, therefore, 
are rejected by most farmers. In the data set used in this study, for example, out of 42 varieties, 
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the top three varieties capture 39% of the total area while 24 varieties capture less than 1% of 
the area each over the 2004–2013 period. The findings have a clear message for plant breeders: 
adaptability is important to farmers, and it is likely to become even more important as climate 
change exacerbates environmental variability. As such, there should be further emphasis on 
variety adaptability, rather than performance under specific conditions, in the design of the 
breeding programmes. Regulatory agencies can facilitate this process by considering measures 
of adaptability in the evaluation and registration of new varieties. While this would reduce the 
producers' choice set to more adaptable varieties, it would also reduce the incentives and the 
ability of breeders to licence a variety based on hand-picked results. Correcting this asymme-
try of information would increase the incentives of private and public breeders to incorporate 
adaptability into their breeding objectives.

While our empirical analysis was confined to one crop in one province in Canada, the 
context for the study is not at all unique. Many regions of the world are subject to a great deal 
of weather variation that is anticipated to increase with climate change. The use of indepen-
dent regional randomised plot trials, as a tool to foster faster and better-informed adoption of 
crop varieties, exists for many crops in many countries (e.g. France, UK, Germany, Australia, 
Canada and the U.S.). To our knowledge, measures of variety adaptability are not included in 
any of the reports of these trials. At the very least, we are posing a research question of whether 
additional measurement and reporting of variety adaptability would benefit these crop inno-
vation systems.

Further research is needed on the effect of adaptability on adoption of agricultural inno-
vations, particularly in the seed sector. Evidence from various crops in different countries can 
attract the attention of stakeholders. This is particularly important as climate change brings 
about more volatility in weather conditions. As mentioned in the Introduction, there is a grow-
ing body of evidence linking climate change and yield variability. A theoretical framework can 
be employed to further extend this link to the seed producers' incentives in the face of increased 
volatility. Effects on competition, pricing and incentives to invest under different institutional 
settings (e.g. end-point royalty versus market price systems) are also worth exploring. While we 
discuss only two measures of adaptability, variance and degree of specificity, the suitability of 
other measures such as those used in risk models should be investigated.
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