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ARTICLE INFO ABSTRACT

Keywords: Northern agriculture faces a rapidly changing climate with increased weather variability. Yield resilience can be
Response diversity assessed through diversity in responses to critical weather patterns, as demonstrated in several European crops.
Weather

In this study, we extend the work to demonstrate how the response diversity of barley in Finland has developed
over time. A total of 257 barley cultivars tested in 18 locations in Finland during 1980-2020 were clustered
according to their yield responses to 12 critical agrometeorological variables. Clustering was based on the scores
of the principal component analysis used to group the agrometeorological variables based on the yield responses.
To identify the development in the response diversity, the diversity of the clusters cultivated was determined
annually. The response diversity increased at the beginning of the 21st century but has declined since 2013.
Consequently, the Northern barley cultivar selection has become more vulnerable to weather variation despite an
increase of cultivars officially tested. The principal component analysis enabled a more interpretable and
meaningful clustering than the formerly performed direct clustering of Finnish barley cultivars according to the
agrometeorological variables.

Climate resilience

Barley cultivars

Principal component analysis
Cluster analysis

1. Introduction high diversity of responses to weather has also been found in Finnish

wheat (Makinen et al., 2018; Kahiluoto et al., 2019) and grass species

Diversity in crops and cultivars has been demonstrated to improve
the resilience of plant production (Kahiluoto et al., 2014, 2019; Makinen
et al., 2015, 2018; Bowles et al., 2020). The need for diversity and the
resilience of production systems will be further emphasised in an
increasingly challenging and variable climate with more frequent and
severe extreme events (IPCC, 2012; Rummukainen, 2012; Kornhuber
et al., 2019). The latter had been explored for barley production in
Finland under anticipated future climatic conditions by Rotter et al.
(2011). Himanen et al. (2013) showed that an increase in the cultivar
diversity of barley resulted in an increase in regional yield and yield
stability. The key to this is the notable response diversity of barley
cultivars for many weather factors in Finland (Hakala et al., 2012). A
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(Makinen et al., 2015). However, the diversity of cropping fails to in-
crease the resilience of the system if the diversity of crop and cultivar
responses to different plausible weather events is not considered. For
example, in many countries in Europe, the diversity in responses of
wheat cultivars to weather events has decreased (Makinen et al., 2018;
Kahiluoto et al., 2019). While wheat response diversity has been at a
high level in Finland (Kahiluoto et al., 2019), that of barley has not
developed at the pace of its cultivar diversity (Kahiluoto et al., 2014).
To improve the resilience of crop production, we need to focus on
functional and response diversity rather than on the mere diversity of
species or cultivars. Functional diversity, i.e., diversity in functional
properties, is crucial for both ecological and economic productivity
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(Tilman et al., 1996, 1997, 2006; Tilman, 2000). Response diversity is
an important facet of functional diversity; both are threatened by land
use management systems that are too intensive (Tilman, 2000; Laliberté
et al., 2010; IPCC, 2019). According to Tondelli et al. (2013), the
establishment and progression of breeding programmes during the 20th
century contributed to the narrowing of gene pools in cultivated barley.
The cultivation of a limited number of crops and only the highest
yielding crop cultivars may be an economically judicious choice in the
short term. However, changes in the global market, environment, and
climatic conditions demand attention to response diversity in agro-
ecosystem management to insure the system against external distur-
bances and secure long-term farm income (Tilman, 2000; Kahiluoto
et al., 2014, 2019; Kahiluoto and Kaseva, 2016; Porter et al., 2014;
Savary et al., 2020).

In their global exploration of the importance of crop diversity, Jarvis
et al. (2008) emphasised two separate aspects: crop diversity can reduce
the sensitivity to immediate climate impact and provide a reserve for
future adaptive capacity. In the present study, we measure response
diversity directly, using yield responses of barley cultivars to weather
events as a case, and demonstrate a generic approach to facilitate active
adaptive management. We focus on the ways in which an individual
farmer or region or country can manage response diversity and thus
reduce sensitivity and enhance adaptive capacity. Ensuring capacity to
adapt to climate change with its uncertainties, weather variability and
extreme events would require increased diversity in response to factors
that are, in the first place, related to temperature and precipitation
(Rotter et al., 2011; Porter et al., 2014; Trnka et al., 2014).

Methodologically, we introduce an approach to reveal the response
diversity of barley using principal component analysis (PCA) for agro-
meteorological variables as an intermediate step to the clustering of
cultivars. The approach previously used for European wheat cultivars
(Kahiluoto et al., 2019) and Finnish grass species and cultivars (Makinen
et al., 2015) is applied and we determine whether structuring weather
patterns using PCA before clustering enables a more relevant and
interpretable assessment of diversity in terms of yield responses to
weather in comparison with direct clustering of yield responses of cul-
tivars to agrometeorological variables. We pose the following research
question: How has climate resilience of Northern barley developed in
the long term, including recent years?

2. Material and methods
2.1. The approach

This study consisted of five steps, beginning with selecting the crit-
ical agrometeorological variables up to the evaluation of the potential
added value of selecting a diverse set of cultivars suitable for local cli-
matic conditions. We utilised the grain yield data of 257 barley cultivars
from official Finnish variety trials coordinated by Luke for the
1980-2020 period, with weather data from the Finnish Meteorological
Institute for the same period.

Twelve agrometeorological variables, which were shown to be the
most critical for barley (Trnka et al., 2011; Hakala et al., 2012; Rotter
et al., 2013) were selected, and yield responses for all cultivars and for
every variable were estimated using linear mixed models (LMM). PCA
was used for yield response data to reveal the structure of agro-
meteorological variables that best represented the diversity of barley
yield responses to weather. In addition, cultivars were clustered based
on factor scores of the agrometeorological PCs. Annual diversity indices
were constructed based on cultivated hectares of cultivar clusters, and
the development of the response diversity index was investigated and
compared to previous results ending in 2009. Finally, relative differ-
ences in diversity indices were compared among regions in Finland.
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Table 1

Experimental sites, their latitudes, longitudes, average sowing dates and the
number of trials. For an overview of climatic conditions at the different sites, see
Fig. 1 in Rotter et al. (2013).

Location Latitude North Longitude East Sowing date Trials
Inkoo 60°20 24°00 12 May 11
Piikkié 60°23' 22°33 14 May 19
Pernaja 60°26 26°02 15 May 18
Lieto 60°30 22°27' 15 May 15
Mietoinen 60°38’ 21°55 15 May 55
Anjalankoski 60°41' 26°48' 16 May 27
Jokioinen 60°49 23°30 17 May 44
Hauho 61°10 24°33 10 May 31
Kokemaki 61°17 22°15 16 May 14
Péalkine 61°20 24°13 16 May 36
Mikkeli 61°40' 27°10' 15 May 32
Jyvaskyla 62°14 25°44 17 May 8
Tohmajarvi 62°14 30°21' 17 May 28
Laukaa 62°19 26°19 18 May 40
Ylistaro 62°57' 22°30 16 May 137
Maaninka 63°09 27°19 18 May 35
Sotkamo 64°01’ 28°22 20 May 33
Ruukki 64°40' 25°06' 20 May 61

2.2. Cultivar yields in variety trials

The official variety trial data included 15,202 yield observations
from 18 different locations around Finland (Table 1). The final data
consists of a set of 257 cultivars of both Finnish and foreign origin from
the early 1980s to the present; the southernmost site was Inkoo (60°2'N,
24°0'E), and the northernmost site was Ruukki (64°40'N, 25°06'E). All
the experiments were arranged as randomised complete block designs or
incomplete block designs, and the number of replicates ranged between
three and four. The set of cultivars varied each year, but long-term check
cultivars were used to help in the comparison of cultivars. Depending on
location and year, the plot size was 5-10 m x 1.25 m, and fertiliser use
depended on soil type and fertility and was comparable with standard
practices in Finland (Hakala et al., 2012, 2020).

2.3. Selection of agrometeorological variables

Based on the literature (e.g., Trnka et al., 2011; Hakala et al., 2012;
Kahiluoto et al., 2014), 12 agrometeorological variables expected to
have a marked influence on growth and yield formation of barley at
different phenological stages were selected. Two variables (9—10) were
selected based on the Trnka et al. (2011) and the ten variables that most
affected the yield in the variety trials were identified using regression
analysis for variables that were selected based on previous literature and
observations (for details, see Hakala et al., 2012). The Zadoks scale
(Zadoks et al., 1974) was applied to characterise crop phenology, while
the daily-based datasets of the Finnish Meteorological Institute were
used to calculate weather variables. Missing values for the phenological
development dates were substituted by estimates based on a linear
model using known dates and latitudes (Hakala et al., 2012, 2020).

The 12 selected agrometeorological variables selected were: (1)
precipitation during one month before sowing (mm); (2) deviation from
a fixed early sowing date (May 1) (d); (3) precipitation during 3-7 weeks
after sowing (mm); (4) heat stress and (5) extreme heat stress at anthesis
(number of days with maximum temperatures of 25 °C (heat stress) or
28 °C or higher (extreme heat stress) during a period from 1 week before
to 2 weeks after heading); (6) temperature sum (Tsyy, >5 °C) accumu-
lation from 14 days prior to heading until heading (°C); (7) Tsym accu-
mulation from heading to yellow ripeness (°C), (8) mean daily Tsym
accumulation from heading to yellow ripeness (°C); (9) the sum of global
radiation (MJ m~2) from sowing to yellow ripeness; (10) the sum of
growing days from sowing to yellow ripeness (d); (11) the number of
days with rain (>1 mm) from sowing to yellow ripeness (d); and (12)
seasonal precipitation from sowing to yellow ripeness (mm).
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Among the agrometeorological variables, there were differences in
conditions. Variables (1—2) correspond to wet soil that prevents field-
work, where a delay in sowing may lead to early growth conditions
that are too warm and dry for optimal yield formation (Hakala et al.,
2012; Peltonen-Sainio et al., 2015). Variable (3) is related to the for-
mation of yield potential; if the growing conditions are too dry during
the period of grain number determination, the figure for grain m~2 may
decrease, leading to yield penalties (Rajala et al., 2009, 2011; Hakala
et al., 2012, 2020). Variables (4) and (5) refer to the effects of very high
temperatures during anthesis, which may lead to a permanent reduction
in the number of flowers and seed, and thereby yield reduction (Hakala
et al., 2012, 2020; Ingvordsen et al., 2018). Variable (6) refers to the
increased rate of development at high temperatures, which in the period
of yield potential formation may result in a decreased number of seeds
and yield (Hakala, 1998). Variables (7) and (8) describe warm condi-
tions that may shorten the period of grain filling and thereby result in a
decreased yield (Peltonen-Sainio et al., 2011, 2016; Hakala et al., 2012).
Variable (9) describes the importance of radiation, which is essential for
photosynthesis and crop growth. The number of sunshine hours in June
correlated negatively with cereals yields in Estonia (Ingver et al., 2010),
while in a recent report on wheat (Makinen et al., 2018), there was no
correlation between effective global radiation and yield in the highest
latitudes. Variable (10) refers to the length of the growing season, which
could improve the yield, unless it is related to high precipitation (Hakala
et al., 2020). Variable (11) refers to drought and possible high precipi-
tation events that can lead to flooding, to which barley is sensitive
(Hakala et al., 2012). Lastly, variable (12) refers to precipitation in
general. High precipitation during the growing season has been shown
to reduce barley yield (Hakala et al., 2020).

2.4. Responses of cultivars to weather

Cultivars with at least 20 yield observations were included in the
previous analysis of response diversity of Finnish barley for a shorter
time period and with a direct clustering excluding the intermediary step
of PCA (Kahiluoto et al., 2014). Due to changes in the field trial evalu-
ation procedure in the 2010s, often resulting in only 10-15 observations
per cultivar, the limit was reduced to ten for new cultivars. However,
because we were interested in the success of the newest cultivars and
because we wanted to compare the updated approach most effectively
with the previous one per se in 1980-2010, a limit of 20 observations
was used until 2009, and a limit of 10 observations after 2009. Although
this difference in the chosen limit of observations could slightly increase
the variability of yield responses in 2010s, we did not want to diminish
the previous results just to make the data more consistent without the
expected benefit. The 12 agrometeorological variables were classified
into three categories of equal numbers of observations, because the re-
lations between yield and the agrometeorological variables were
nonlinear in most cases. Even though this caused a loss of information, it
enabled the comparison of the yield effects under clearly different
weather circumstances. The chosen classification aimed at enough
cultivar-wise observations for the extreme categories (low and high) to
minimize the number of missing yield differences in the next step. For
example, rain during one month before sowing was classified according
to monthly rainfall at up to 25 mm (low), 25-40 mm (moderate), and
40-113 mm (high) precipitation in a month. Interactions of agro-
meteorological variables with cultivars were analysed using the
following mixed model:

Yijkim = P + cultivar; + category; + cultivar X category;; + site X year x trial
(category)ximj + Eijkim

where yjjam is the observed yield, p is the intercept, cultivar; is the
average yield level of the ith cultivar, categoryj is average yield level at
the jth level of categorized environment (j = 1,2,3), and cultivar x
category;jj is the cultivar-by-environment interaction. All the effects
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above are fixed in the model. Site x year x trial(category)xim; is the
random effect of the kth site, Ith year, and mth trial within the jth
category, and g;jk is the normally distributed residual error.

The difference in estimated yield between the high and the low
categories was calculated for each cultivar and agrometeorological
variable. For example, if a positive yield response indicated a better
yield after a high precipitation season, a negative response indicated
better yield in a low precipitation season. If more than a third of the
twelve yield responses of a single cultivar was missing, it was excluded.
The data for the multivariate analysis in the following steps consisted of
the yield responses of 257 cultivars to 12 agrometeorological variables.

2.5. Principal component analysis of cultivar responses

PCA was used to group agrometeorological variables, some of which
correlated strongly, leading to multicollinearity in the regression anal-
ysis. The purpose of PCA is to reveal the internal structure of the com-
plex, correlated data and to reduce the data set to a lower dimension to
reveal simplified structures. Only a few principal components (PCs) are
required to contain most of the information, and an attempt is not even
made to capture all variances with the PCs, because there is obviously
much noise in such a dataset. The first PC always accounts for most of
the variation, and the last PC accounts for the least.

To achieve the most interpretable solution, an orthogonal varimax
rotation was used. The PCA was also fitted with a few alternative
techniques (e.g., promax and the use of correlation matrix), but the
structure was very stable, with four interpretable PCs. PC scores,
combining the information of agrometeorological variables with PC
scores, were calculated for every PC. To obtain the PC scores, multiple
imputation (MI) for missing yield responses (8.1%) was used. The effects
of MI on the structure of PCs were studied and found to be minor. The
SAS procedure MI uses the multivariate normal approach via the Markov
Chain Monte Carlo (MCMC) method.

2.6. Classification of cultivars

A cluster analysis using the hierarchical Ward’s method (Ward,
1963), which starts with n clusters of size one and continues until all the
observations are included in one cluster, was employed for the PC scores
created as a by-product of PCA. This data consisted of the yield responses
of 257 cultivars to four agrometeorological PCs.

The number of clusters was selected based on the dendrogram, the
pseudo t?-criterion and the variation of r-square (Yeo and Truxillo,
2005), and the squared Euclidean distances between data points were
used. PC scores were left unstandardised to give less weight to a po-
tential noise element and to reduce the sensitivity of clustering results to
the number of PCs retained (Mimmack et al., 2001). To weight the
average yield responses to the agrometeorological variables, PC loadings
were used. These PC loadings were squared and divided by the eigen-
value of each PC, and the weighted means and SEs for each combination
of PC and cluster were thus calculated according to the following
equation:

n
Zw,x,-
X=" ,SE =

n
oW
i=1

where w; is the weight and x; is the average yield response of cultivars to
the ith agrometeorological variable.

2.7. Assessing response diversity
The differences between the cultivar type diversity index and

response diversity index were studied at regional and country levels.
While the type diversity index uses every cultivar as a unit, the response
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Fig. 1. Cultivar clusters. Division of cultivars in clusters according to their yield responses to the weather patterns based on PCs (Table 2). Nine clusters were selected
based on this dendrogram, the pseudo t>-criterion and the variation of r-square. Details about the clusters are shown at the bottom of the figure. Cultivation areas for

the clusters are given as a percentage of the total barley area from 1996 to 2020.

diversity index uses clusters as units. The scale of indices differs based on
the maximum number of units, and therefore only the shapes and trends
of indices during a period were compared. To calculate the Shannon-
Weaver indices (H) for two regions and for the whole country in
1996-2020, the following equation was used:

H= - Z:(Pi)(lnpi):

where p; is the proportion of cultivar or response cluster i from a sample
and S is the number of cultivars or response clusters of a sample.
However, H is known to be highly nonlinear, and thus the effective
number of cultivars or response clusters was interpreted based on the
exponential of the Shannon index, which is known to be the correct
measure of true diversity (Jost, 2007). All statistical analyses were
performed using the GLIMMIX, MIXED, HPMIXED, FACTOR, MI, and
REG procedures in the SAS Enterprise Guide 7.15 (SAS Institute Inc.,
Cary, NC, USA). The dendrogram of Fig. 1 was produced in R (R Core
Team, 2021) using the package dendextend (Galili, 2015).

3. Results
3.1. Weather patterns critical to yield

Four agrometeorological PCs critical to yield were formed according
to the sensitivity of cultivars to the twelve chosen agrometeorological
variables: a high Tg,y, around heading and rapid accumulation of Tsym
after heading (PC1); precipitation or drought (PC2); effective Tgym
(>5°C) and radiation (PC3); and precipitation before sowing (PC4,
Table 2). These four PCs explained 71% of the total variation of the yield
responses. Strong loadings of agrometeorological variables in the same
PC indicate a similar effect on yield level.

At PC1, the loadings were strongest for the variables (4) and (5) (heat
stress and extreme heat stress at anthesis) and (8) (mean daily Tgyny
accumulation from heading to yellow ripeness). The strongest variables
for PC2 were (11) (the number of days with rain (>1 mm) from sowing
to yellow ripeness) and (12) (seasonal precipitation from sowing to
yellow ripeness). Ts,m accumulation from 14 days prior to heading until
yellow ripeness (6) and the sum of global radiation from sowing to
yellow ripeness (9) were the strongest indicators for PC3, and precipi-
tation during one month before sowing (1) was the strongest indicator

for PC4 (Table 2).

3.2. Yield responses to weather patterns by cultivar clusters

Cultivars were grouped in nine clusters according to their yield re-
sponses to the weather patterns based on the PCs (Fig. 1). The structure
of the nine clusters explained 64% of the total variation in yield re-
sponses measured in PC scores, and the clusters consisted of 5-71 cul-
tivars with an average of 29 cultivars each. On average, the newest
cultivars were found in the 7th cluster (regarding the launch year,
X =2014) and the oldest ones in the 2nd cluster (x =1991). In addition,
the highest yield level, 21% above average, was found in the 7th cluster,
and the lowest, 11% below average, in the 2nd cluster (Fig. 1). Clusters
2, 4, and 7 consisted mainly of two-row cultivars, whereas six-row
cultivars were dominant in the 5th and 6th cluster.

To determine which clusters benefited, and which suffered, from
specific weather patterns, the means of yield responses were estimated
for all combinations of PCs and clusters (Fig. 2). The differences between
the clusters were detected based on the average yield responses to PCs.
For example, the 2nd and 3rd clusters were quite similar, but their
average yield response to PC1 differed most as the 2nd cluster clearly
benefitted from a low Ty, around heading. Whereas the 2nd, 3rd, and
6th clusters were more stable irrespective of the weather patterns, the
yield response of the last three clusters showed much more variation
among the weather patterns. A quarter of yield responses were bigger
than 500 kg ha™!, and these were mainly due to the Ty, around
heading. PC4 had a negative effect on all clusters but was most negative
on the modern and unstable cluster (9th). The best ability to benefit from
photosynthetically effective radiation (PC3) was found in the modern
clusters (9th and 7th), with a positive yield response of
250-300 kg ha~!, which suggests a profitable return of inputs in con-
ditions that are especially favourable. However, if temperatures are too
high for optimal grain number or grain filling (PC1), or the growing time
is shorter than optimal, e.g., because of abundant precipitation before
sowing (PC4), the yield loss of cultivars in the 7th cluster can be
500-900 kg ha™!. Although this would be a significant yield loss for a
cultivar with a modest yield level, it only brings yields of this cluster to
an average level or higher than that in the oldest cluster (2nd), which
explains the recent increase in the cultivation area of the most recent
cluster (7th). All clusters suffered from a high Tg,, around heading
(PC1), but the 3rd and 6th clusters suffered least (about 100 kg ha’l),
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Table 2

Principal component (PC) loadings of the Varimax-rotated pattern of 12 agro-
meteorological variables, based on principal component analysis (PCA). Highly
loaded variables (>]0.50|) are in bold. The total variance explained (71%) by
the PCs are presented for each PC in the bottom row.

Agrometeorological Tsum Precipitation Effective Precipitation
variable around or drought Tsum and before sowing
heading radiation
(4) Heat stress at 0.92 -0.20 0.00 0.08
anthesis (d)
(8) Mean daily Tsym 0.89 -0.25 -0.06 0.08
accumulation from
heading to yellow
ripeness (°C)
(5) Extreme heat stress 0.85 0.29 0.19 -0.01
at anthesis (d)
(11) The number of -0.14 0.85 -0.03 0.05

days with rain from
sowing to yellow
ripeness (d)
(12) Seasonal 0.01 0.83 -0.09 0.16
precipitation from
sowing to yellow
ripeness (mm)
(3) Precipitation -0.08 0.67 -0.08 -0.41
during 3-7 weeks
after sowing (mm)
(6) Tsum accumulation 0.22 -0.19 0.67 0.16
from 14 days prior to
heading until
heading (°C)
(9) Sum of global -0.27 -0.35 0.63 -0.36
radiation from
sowing to yellow
ripeness (MJ m™2)

(2) Deviation from a -0.09 0.25 0.62 0.18
fixed early sowing
date (d)

(7) Tsum accumulation 0.27 -0.26 0.60 -0.14

rate from heading to
yellow ripeness (°C)

(10) Sum of growing -0.38 0.40 0.56 -0.32
days from sowing to
yellow ripeness (d)

(1) Precipitation 0.06 0.03 0.02 0.89
during one month
before sowing (mm)

Variance explained 22.8 20.7 16.4 10.9
(%)

while the 4th, 8th, and 9th clusters suffered about 1000 kg ha™l.
While the four most unpopular clusters accounted for only 0-2% of
the cultivation area during the study period, cultivation of the modern
cluster (7th) with the highest yielding and newest cultivars has been
increasing for the last 5-6 years (Fig. 3b). These cultivars benefit from
long and warm growing seasons with high radiation (Fig. 2). The
growing cluster (5th) was cultivated throughout Finland, with seven
brand new cultivars entering the market. Of the other popular clusters,
the first also had seven new cultivars, while the 6th cluster had only one
new cultivar. The old popular (2nd) cluster with the earliest launch year
on average also had a few potential two-row cultivars, indicating that all
clusters have some potential new cultivars for the near future (Fig. 3).

3.3. Development of the dominance of the clusters

The cultivars from the oldest cluster (2nd) representing rather stable
yield responses to weather patterns dominated the cultivation area in
Finland until 2000, after which the cluster gradually faded away (Fig. 4).
The cultivation areas of the most popular clusters (6th, 5th, and 1st)
representing low Tg,y around heading and resistance to precipitation
have grown rapidly, in that order. Together, they had covered about
80% of the total field area under barley cultivation by 2020. While
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cultivars in the 6th cluster are older and yield less, the newest cultivars
in both clusters (5th and 6th) yielded up to 20-30% more than the
present average, which may explain their increasing cultivation areas.
The most stable cluster (3rd) emerged after 2009 but has decreased since
2014. In 2002-2010, the 6th cluster lost its position but grew again in
area thereafter and is now the second most cultivated cluster, and is
especially dominant in the north of Finland (Fig. A1b). The most culti-
vated cluster (5th) has grown in area annually throughout the country,
while the development of the 1st cluster was fastest between 2004 and
2010 (Fig. 4b). Although the first cluster is still popular in southern
Finland (Fig. Ala), it has almost faded away in the north. Overall, there
seems to be a transition from one dominant cluster to a few new ones in
southern Finland, while the variation is more complex in northern
Finland (Fig. A1b).

3.4. Value added of response diversity

Diversity indices for cultivation areas of cultivars were calculated for
1996-2020 (Fig. 5). The type diversity index refers to the diversity of
individual cultivars, whereas the response diversity index refers to the
diversity of the cultivar clusters. Both indices increased until 2000, after
which the increase was moderate until the mid-2010s. The division of
the cultivated area into new cultivars then continued, stabilising at the
current level in 2013. True diversity, which is the exponential of the
Shannon diversity index, for cluster responses in 2000-2013 increased
by 56% but has decreased slightly since, being 36% higher in 2020 than
in 2000 due to the dominance of the three clusters (Fig. 5). At the same
time, true diversity for individual cultivars has grown 120% since 2000.
Consequently, cultivar use is 2.2 times as diverse in 2020 as in 2000,
while the true response diversity of clusters is only 1.4 times higher in
2020 than in 2000.

The annual diversity indices were also studied regionally by dividing
Finland into two parts (Fig. A2). Both indices increased in southern
Finland until 2016, but in the north, the decline had already started in
2013. The country-level indices approximately reflect the average of the
two regions, as the cultivation areas of both regions are quite similar in
size.

4. Discussion
4.1. Identifying cultivar clusters

The results indicated more diverse barley cultivation after 2009
compared to Kahiluoto et al. (2014). A cluster dominant in the earlier
study was now divided into three clusters, which the previous method
could not identify (Fig. 4a), thus reflecting the value added of including
PCA. Although the cultivar type diversity and the number of cultivars to
select from increased steadily throughout the study period, the response
diversity started to decrease after 2013, indicating increased vulnera-
bility and decreased resilience, which was not revealed merely by the
cultivar diversity. This demonstrates that the response diversity is a
more targeted measure for resilience to weather variability whereas the
type diversity does not recognize the similarity of individual cultivars.

In accordance with the conclusions of Hakala et al. (2012), the PCA
model constructed in this present study showed more diversity in
response to the variables related to temperature than to precipitation. A
high diversity of barley cultivars in their responses to high temperatures
around heading and to a high rate of Ty, accumulation prior to grain
filling was also revealed by the PCA model in the present study. The
correlation between yield responses to weather revealed by the
trial-based data and those assessed on farmers’ fields was also studied
with PCA and found satisfactory already in our previous study, although
it was not reported then. However, we hypothesized and evaluated the
new method to be more stable and to have more interpretable results for
the response diversity using unstandardised PC scores in clustering. This
appears to reduce noise in data, although the previously used
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Fig. 2. Yield responses of the cultivar clusters
to the weather patterns. The yield effects of four
weather patterns (PCs) critical to the barley
yield for the nine identified cultivar clusters (in
the x-axis) are shown in the y-axis. The effects
of each PC on the weighted mean yields are
marked with a symbol, and the standard error is
shown by vertical bars. The yield effects are
presented for a large amount of mentioned
weather patterns; for example, a high accumu-
lation of Ty, around heading (PC1) will lead to
yield loss in every cluster. In the second PC,
positive values indicate the benefit of precipi-
tation and negative values the benefit of
drought.

T stress (-850 kg/ha)
Delayed sowing (-500 kg/ha)

T stress (-1200 kg/ha)
Precipitation (-550 kg/ha)
Delayed sowing (-850 kg/ha)

The size of the sack reflects the cultivation area in 1996-2020
The sacks on the left have, on average, an older launching year
The cultivars with coloured names were launched after 2015
The underlined names represent six-row cultivars
The main yield responses are given at the bottom of the sack

Fig. 3. Cultivars according to popularity or future potential. Each sack contains modern cultivars even when the average age (presented by the arrow) of the cultivars
is high. Choosing cultivars from different sacks would diversify barley cultivation in Finland in terms of resilience to weather variability. T stress refers to tem-

perature stress.
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Fig. 5. Development of cultivar diversity. The
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Mahalanobis distances between yield responses are theoretically a more
straightforward way to cluster yield responses. The standardisation of
PC scores seems to lead to quite similar results, but we have found this a
more sophisticated method to also take into account the eigenvalues of
PCs.

Modern cultivars are usually tested with only 10-15 trials each, so
we had to reduce the limit of observations per cultivar required. This
may reduce the reliability of estimated yield responses for each agro-
meteorological variable when cultivar-specific estimates are based on
fewer observations, and the limit was thus reduced only for the new
data. We controlled this issue of reliability by requiring that each added
cultivar have estimated yield responses at least for two thirds of the
agrometeorological variables. The structure of PCs changed little after
the addition of new data, which also suggests that the datasets were
consistent. Overall, the benefits of adding 60 modern cultivars with a
lower observation limit were considered more important than the

potential disadvantages.

Although, the use of best linear unbiased predictions (BLUP) is
common in genotypic modelling, the use of best linear unbiased esti-
mates (BLUE) allowed us to compare the most recent decade with the
previous study and to use kilograms throughout the analysis and report
the actual yield effects in kilograms per hectare for factors and clusters
also. Also due to the inherent variation in cultivars yields, e.g. for growth
time and type of spikelet (two- and six-row cultivars), the use of random
effects has previously been found to underestimate the differences be-
tween cultivars in our studies. In this study, we were most interested in
the genotype by agrometeorological variable interaction, which makes
the interpretation of that random GxE interaction more complex than
using it as a fixed effect.
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more complex.

4.2. Farmers’ practices

As found in the previous study, the decline in the cultivation area of
the dominant cluster in the 2000s is probably due to the modest yields of
the rather old cultivars in this cluster, despite their yield reliability and
stability in most weather conditions. The lack of reactions to weather
indicates not only reliability, but also an inability to benefit from
exceptionally favourable conditions. Farmers’ income is often based on
area-based subsidies rather than profits from grain sales. Therefore,
modern full-time farmers may prefer to take at least some risk at the cost
of yield reliability. The fact that the number of farms in Finland is
decreasing, while the size of farms is increasing (www.luke.fi/econo-
mydoctor), also suggests a trend of farming becoming more professional.
In accordance with this, a recent study in Finland showed that the
intention of farmers to try new crops and cultivars is higher the bigger
the farm is (Peltonen-Sainio et al., 2020). The yields of the new cultivars
in the oldest (2nd) cluster are developing favourably, which may help to
increase the area of cultivation of this weather-stable cluster in the
future, especially if the extreme events brought by climate change and
cultivation risks thereby increase (IPCC, 2012), as assessed for Finland
by Rotter et al. (2013).

While farmers are tempted to cultivate high-yielding cultivars, they
also tend to sow cultivars with different growing times, both to secure
their maturation in the short Finnish growing season and to diversify
harvesting times in the autumn (Palosuo et al., 2015). In Europe as a
whole, farmers have also been shown to react to the changing climate by
changing the time window of cultivation and choosing a more diverse
selection of crops and crop cultivars (Olesen et al., 2011), taking into
account the perceived shifts in favourable weather for the pre- and
post-anthesis periods of the growing cycle. Most cultivars in the most
popular clusters (5th and 6th) are cultivars with a short growing time,
which secures their maturation before the autumn rains. In addition, the
6th cluster, in particular, was shown to be about as tolerant to different
weather events as the old popular cluster (2nd), which would increase
its yield stability in less favourable conditions. The tolerable yield levels
with the short growing time and the reliability of cultivation may be the
reasons for the significant share of this cluster in the cultivation area of
barley in Finland. Another reason is that the short growing time of the
cultivars in this cluster means some of them can also be grown in the
north of Finland, where the growing season is extremely short. More-
over, the cultivars are mainly used for fodder and are cultivated for that
purpose in all areas in Finland, both in the south and in the north. The
number of promising newcomers with yield levels exceeding
6000 kg ha~! suggests that the most popular clusters (5th and 6th) will
continue to be among the dominant clusters in the near future.

Barley, which is the most cultivated crop in Finland, is more sensitive
to high than to low precipitation (Hakala et al., 2020). However,
drought in early growth phases, when the amount of grain per area is
determined also, significantly decreases barley yields (Hakala et al.,
2012). In the present study, all the clusters with large cultivation areas
had low sensitivity or even benefited from abundant precipitation (PC2).
Tolerating at least some excess moisture is a beneficial trait in barley
cultivation especially with the increased occurrence of extreme rain
events during the growing season in the future climate (Ruosteenoja
et al., 2016).

The most modern clusters (7th and 9th) were the only ones clearly
benefiting from effective Ty, and radiation (PC3). At the same time,
they suffered from high precipitation before sowing (PC4). These qual-
ities suggest that these clusters would succeed best in future warmer
conditions with long growing seasons and high temperature sums,
allowing the realisation of a high yield potential. Accordingly, the
cultivation area of the most modern cluster (7th) has started to increase
recently, mainly in southern Finland. The potential of this cluster in the
market is likely to increase further if climate warming with higher Tsyms
and longer growing seasons continues in Finland in the 21st century
(Ruosteenoja et al., 2016). The fact that the same increase is not shown
for the other modern but unstable cluster (9th), found extremely sensi-
tive to precipitation during growing season, suggests that tolerance of or
even benefiting from increased precipitation is one of the crucial qual-
ities for future conditions with an increased risk of heavy rain events and
interannual weather variability (IPCC, 2012; Rummukainen, 2012).

5. Conclusions

The significant increase in the number of barley cultivars during the
first decade of the 21st century in Finland has now stagnated. Further-
more, response diversity as the most critical factor for the resilience of
barley cultivation to weather variability levelled off earlier has begun a
decline since the mid-2010s. Attention therefore needs to be paid to
ensure that this recent decline does not continue. The identification of
response diversity critically enhances the understanding of resilience
and adaptive capacity of cropping. Moreover, the demonstrated
approach including PCA to structure the weather patterns based on yield
responses provides a generic method to promote resilience in practice. A
practical tool based on the method is directly applicable to farms and
regions in Finland and can be adjusted to serve other regions and
countries. The approach presented in the present study for barley can be
used to identify the most critical gaps and the highest gains by diversi-
fication, and underpin and demonstrate the value of response diversity
for enhancing resilience. Generally, this applies more for the response of
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Fig. A2. Annual type and response diversity indices measured by the Shannon diversity index (H) in a) southern and b) northern Finland by each cultivar cluster for
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indices, which are a logarithm of the numbers of cultivars or clusters, respectively. Both indices increased in southern Finland during 2016, but in northern Finland

the decline had already started in 2013.

crop diversity to weather, production line or farm activity to price
fluctuations, and even for supplier diversity to plausible supply distur-
bances or changes in demand (Kahiluoto et al., 2020).
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