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Variation in temperature challenges crop production and animal farming. Elevated temperatures are often harmful,
though may also open opportunities at high latitudes. Impacts depend on the vulnerability of the object, produc-
tion system and their resilience to climatic variability. The station-wise temperature observations from the Finnish
Meteorological Institute for a time period of 54 years (1961-2014) were interpolated to a regular 10 km x 10 km
grid covering the whole country. Several successive time slices were used to measure the likelihood for: 1) ele-
vated temperatures of a) 21 °C above normal for three weeks, b) 22 °C above normal for two weeks and c) 23 °C
above normal for one week, and 2) heatwaves with daily maximum temperature >25 °C for: a) 5 days (short) or b)
14 days (long episode). We also estimated the likelihood of warm winds in the early growing season which may
enhance pest migration. We found large spatial and temporal variations in the likelihoods of elevated temperatures
with many impacts on crop production, animal farming and welfare. In fact, only 1 °C temperature elevation may
already be harmful, though in some cases also beneficial depending on region and vulnerability or adaptation of
the object and production system. Though we show only some examples of the potential impacts of temperature
variation on high latitude agro-ecosystems, these data are valuable as such for much wider applications in agricul-
ture and beyond that.
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Introduction

Finland is in the north temperate region above 60°N, in Boreal environmental zone (Metzger et al. 2005) with cool
growing seasons, cold winters and rains distributed throughout the year (Solantie 1990). Due to its northern loca-
tion, growing conditions in Finland encase many challenges for agricultural operations related to temperature and
its variation (Peltonen-Sainio et al. 2014). At such high latitudes, the agronomically effective part of the growing
season is short, as only part of the thermal growing season can be utilized for food, feed and biomass production
(Peltonen-Sainio et al. 2009a).

The accumulated temperature sum from sowing to harvest and the within season dynamics vary markedly from
one season to another. The typical range from sowing to harvest time is from ca. 800°Cd to 1,300°Cd (+5 °C as
a base temperature) with higher likelihoods for higher accumulation of degree days in the southern and south-
western coastal regions (Peltonen-Sainio et al. 2009a). Despite the very short growing season, shifts in time of
sowing and ripening are common. However, delays in sowing do not necessarily mean corresponding delays in
ripening in the case that elevated daily mean temperatures enhance crop development rate (Peltonen-Sainio and
Jauhiainen 2014) — and even radically so when heatwaves occur.

A low number of cumulated degree days limits both spring crop and cultivar choices and challenges the aims of
diversifying high latitude agricultural systems. Furthermore, crop production is particularly prone to temperature
variation, as crop growth and development are strongly controlled by temperature (Peltonen-Sainio and Rajala
2007). Elevated temperature causes yield losses e.g. due to a lower number of yield components such as grains
per head (Peltonen-Sainio et al. 2011). It also reduces biomass, increases lignification of forage crops and inhib-
its regrowth after cutting (Bertrand et al. 2008, Kuoppala 2010). In addition to direct effects on crop growth,
elevated temperatures may increase the need for crop protection against pests and diseases (Kurppa 1989, Hakala
et al. 2011). Hence, elevated temperatures are recognised as being among the most harmful weather events for
high latitude agriculture (Peltonen-Sainio et al. 2016). However, at late grain-filling, elevated temperatures may
advance maturation processes and, thereby, favour harvests and reduce costs caused by grain drying.
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It is recognised that high latitude agriculture as it is currently practiced is an outcome of long-term adaptation to
high latitude conditions with many specific features such as long days and a high number of climatic handicaps.
The climatic conditions as such are not, however, the greatest challenge for agriculture in these northernmost
regions of Europe, but the high fluctuation of weather conditions. This study is a trilogy, and each sub-paper con-
centrates on variation recognised for different types of weather parameter. This first paper aims to characterize
the spatial and temporal variation in temperature conditions, which are gridded across Finland for many succes-
sive time slices that, as a whole, cover the period prior to the onset of field operations in the spring to those after
harvests and sowings in the autumn.

Materials and methods

All meteorological data except the data used in calculation of warm winds enhancing pest migration were based
on weather observations made by the Finnish Meteorological Institute (FMI), where it was quality checked and
stored in a climate database. The station-wise weather observations were interpolated to a regular 10 km x 10 km
grid covering the whole country using similar spatial interpolation method as applied by Aalto et al. (2013) for
monthly data. The method is routinely applied for all spatial climate analyses in the Finnish Meteorological Insti-
tute. The time period studied was 54 years (1961-2014). The reference period (1981-2010) was used to calculate
deviations from the mean values.

Elevated temperatures were measured as also described in Peltonen-Sainio et al. (2016). Probabilities (%) for higher
than normal temperatures during the growing season (15 April to 30 September) were estimated using three dif-
ferent criteria: 1) daily mean temperatures that were at least 1 °C higher than normal temperatures and lasted
for three weeks, 2) 2 °C higher than normal and lasted for two weeks, and 3) 3 °C higher than normal and lasted
for one week. The comparison was done daily wise, i.e. each day’s temperature had to be higher than the long
term (1981-2010) mean for that day. The highest temperature elevation of >3 °C for one week had the highest
probabilities. The calculations were made twice a month (on the 15" and the last day of the month). The procedure
for estimating probability for 3 °C higher than normal temperature for one week is shown here by giving an example
for mid-August: 1) for each year in 1961-2014 the number of days with higher than normal daily mean tem-
peratures was calculated for the preceding week to August 15. If the actual daily mean temperature was higher
than the normal value by +3 °C, the number of days increased by one; 2) the average temperature for the period
was calculated; 3) if more than six days with higher than normal temperatures was recorded and the average tem-
perature for the period was equal or higher than the normal temperature plus 3 °C, the year was considered to
fulfil the condition; and 4) the probability (%) was expressed according to Eq. [1].

100 x [number of accepted years / total number of years (=54)] Eq. [1]

Heatwaves were considered to take place when the daily maximum temperature exceeded 25 °C. Two definitions
for heatwaves were considered: 1) heat lasting at least five consecutive days (short episode), and 2) heat lasting
at least 14 days (prolonged heat) with no more than two days having a daily maximum temperature lower than
25.1 °C during the two week period. The probabilities were calculated from 15 April to 30 September on the 15%
and the last day of each month according to Eq. [1].

Warm winds having the potential to enhance pest migration were considered to take place when three condi-
tions were fulfilled: 1) the wind direction was from 90 to 270 degrees, 2) the mean daily temperature was above
0 °C, and 3) the daily maximum temperature was 5 °C above the normal. From the ERA-Interim reanalysis (Dee
et al. 2011), values of 2 m temperature and 10 m wind were retrieved for years 1979-2009. For each grid point,
the number of days when all three conditions were fulfilled for each year was counted for the period from 15
April to 31 May. The negative binomial distribution (NBD) was fitted to the counts. NBD is a mixture of Poisson
distributions with the mean distributed as a gamma distribution, parametrized by the mean p and the dispersion
parameter size. In practice, u of NBD and the mean A of the Poisson distribution were identical and size controls
the density so that smaller count values were better modelled.
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Results

A short period lasting for one week with daily mean temperatures exceeding the normal by 3 °C (Figs. 1a and 1b)
was more common than two weeks period with daily mean temperatures exceeding the normal by 2 °C (Figs. 2a
and 2b) or three weeks period exceeding the normal by 1 °C (Figs. 3a and 3b). Highly elevated temperatures lasting
for one week were particularly probable in early summer: from the end of May to the end of June. The risk was
particularly high at the end of May (Fig. 1a) when the probabilities ranged from 9 to 11% in the prime field crop
production region. In some southern regions, the probability of highly elevated temperatures (by 3 °C) was even
up to 15%, whereas next to the coast the likelihood was lower (4-8 %) again. The differences between regions
were, however, high (e.g. 4-15% for the end of May), and the probabilities shifted from one region to another
depending on the time of the season. Highly elevated temperatures lasting for 7 days were, however, also rather
common in late July to early August in some inland and/or eastern parts of the country, whilst they were most
likely to occur in mid-July and September in northern parts of the country (Figs. 1a and 1b).

30 April

[0.01-0.03
[70.04-0.06
[70.07 - 0.08
N 0.09-0.11
-0.15

15 June

30 June

.o )

[0.01-0.03 [ 0.01-0.03
[70.04-0.06 [70.04 - 0.06
[[70.07 - 0.08 [710.07 - 0.08
N 0.09-0.11 N 0.09 - 0.11

0.12 - BN0.12-0.15

0.15

Fig. 1a. Probabilities of elevated temperatures of 23 °C that lasted for at least one week for the periods that ended on 30 April to 15 July
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Fig. 1b. Probabilities of elevated temperatures of 23 °C that lasted at least for one week for the periods that ended on 31 July to 30
September
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Regional distribution of probabilities of having two weeks of 2 °C or three weeks of 1 °C elevation of daily mean
temperature differed depending on timing and region (Figs. 2a to 3b). The probability of having three weeks of
+1 °C was more likely to occur close to sowing than was a two-week period with +2 °C. The highest likelihood
for coastal regions of three weeks of +1 °C was in mid-September by even up to 15%. Elsewhere and at differ-
ent time periods the likelihoods typically ranged from 1 to 6% (up to 8% in mid-June). Virtually, probabilities of
two weeks of temperatures elevated by 2 °C did not exceed 6% at all, and they were highest during the growing
season (Figs. 2a and 2b).
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Fig. 2a. Probabilities of elevated temperatures of >2 °C that lasted for at least two weeks for the periods that ended on 30 April to 15 July
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Fig. 2b. Probabilities of elevated temperatures of 22 °C that lasted for at least two weeks for the periods that ended on 31 July to
30 September

49



AGRICULTURAL AND FOOD SCIENCE

P. Peltonen-Sainio et al. (2016) 25: 44-56

30 April

Fig. 3a. Probabilities of elevated temperatures of >1 °C that lasted for at least three weeks for the periods that ended on 30 April to 15 July.
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Fig. 3b. Probabilities of elevated temperatures of 21 °C that lasted for at least three weeks for the periods that ended on 31 July
to 30 September
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Heatwaves with maximum daily temperatures exceeding 25 °C on at least for five successive days occurred most
frequently from mid-June to the end of July (Fig. 4). The likelihood was highest, up to 15%, for south-east coastal
and inland regions, and particularly so in July. On the other hand, long-lasting heatwaves (up to 12-14 days) were
only recorded for eastern Finland at a 2-5% likelihood by mid-July and for south-eastern regions with 5-10% like-
lihood by the end of July (data not shown).

15 August

0.1 -0.15

Fig. 4. Probabilities of heatwaves with daily maximum temperatures >25°C that lasted for at least five days (short episode) for
the periods that ended on 31 May to 15 August
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Based on the grid wise probability distributions, the probability of enhanced pest migration conditions existing
was calculated (Fig. 5a) and then the mean number of days fulfilling the conditions was calculated (Fig. 5b). The
conditions were fulfilled more often in southern than in northern Finland. In most of Finland, the probability of
at least one day per year was >50%, but the mean number of days was still less than four in the whole of Finland.
Largest values were in east-central Finland and in southern coastal areas of Finland.
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Fig. 5. a) The probability that the number of days fulfilling the conditions for enhanced pest migration is at least one, and b) the mean
number of days favouring pest migration

Discussion

This study highlighted the risks of elevated temperatures for high latitude agriculture according to past data cov-
ering 54 years, and it demonstrated high spatial and temporal (within seasonal) differences in the probabilities of
elevated temperatures. Variation in temperature has a large number of direct and indirect impacts on agriculture
ranging considerably in harmfulness (Peltonen-Sainio et al. 2014, 2016). Here, we show only some examples of
impacts of elevated temperatures on the agricultural sector to encourage the many-sided use of the datasets that
were produced in on-going project on climatic variability. However, due to climate change, elevated temperatures
and extreme heat are likely to become more common in the future (IPCC 2012, 2013). This calls for an adaptation
strategy with identified, large scale actions in the agricultural sector, but also beyond that in other sectors (MMM
2014). The datasets shown here might also serve as a retrospect for a variety of future-oriented studies.

In general, cool growing conditions favour yield formation at high latitude conditions (Peltonen-Sainio et al.
2011, Hakala et al. 2012), but again low temperatures exhibit a risk of delayed harvests, quality and yield losses,
harvest failures and higher energy costs for seed drying (Peltonen-Sainio et al. 2014). Postponed harvests may
also mean that field operations are carried out in conditions that may risk damaging the soil structure (Alakukku
et al. 2003). Contrary to this, elevated temperatures advance crop development and often enable harvesting in
good conditions, but are likely to cause yield and quality penalties such as reduced grain size in cereals (Mukula
and Rantanen 1989a, 1989b, 1989c, Rotter et al. 2011, Peltonen-Sainio and Jauhainen 2014).
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The highly elevated temperatures (by >3 °C) lasting for one week and being particularly detrimental for
yield formation (Rotter et al. 2011) were particularly probable in the early growing season. Interestingly,
the particularly detrimental short periods with high temperature elevation were more common than lon-
ger periods with a more reasonable increase in daily mean temperatures (Figs. 1a to 3b). The probability was
already high by the end of May (9-11%) when seedlings of spring-sown crops emerge and/or plant stands are
established. At that time, autumn sown crops are also close to heading and flowering. This phenomenon was
found throughout the prime agricultural region of Finland (Fig. 1a), but with some regional differences in like-
lihoods for high temperature elevation. It was notable that the risk of a 3 °C temperature elevation shifted
from one region to another along with time (i.e. towards the eastern parts of the country) as do also the sow-
ings and timing of phenophases (Peltonen-Sainio and Jauhiainen 2014). Such parallel shifts make the spring-sown
cereals across the country prone to losses caused from elevated temperatures (Peltonen-Sainio et al. 2011,
Rotter et al. 2011).

Elevated temperatures may also increase the risk of pest invasion and disease outbreaks, because e.g. the
developmental rate and the number of generations of offspring are often higher at elevated temperatures (Bale
et al. 2002, Hakala et al. 2011). Warm winds in late spring and/or early summer may also favour the long-range
migration of pest species that are not capable of overwintering due to harsh winter conditions. Therefore, their
outbreaks result solely from immigration. The probability of warm winds was highest in east-central Finland and
in southern coastal areas of Finland (Fig. 5), which agrees in general with the observations on pest migration.
For example, in 2013 and 2014 warm winds favoured early summer migration of Plutella xylostella. Outbreaks of
P. xylostella and severe damage caused to oilseed crops have occurred especially in warm seasons (e.g. 1995,
2010, 2013 and 2014) when early migrants have arrived as early as in May (Erja Huusela-Veistola, personal com-
munication, 20 March 2015). Long-range migration is important also for outbreaks of Rhopalosiphum padi espe-
cially in early spring when local domestic populations are still as the nymph stage in their winter host Prunus pa-
dus (Kurppa 1989). The early arrivals in the fields are often correlated with the abundance of aphids and severity
of damage because the risk is greatest during the seedling stage of spring cereals. Furthermore, the epidemics of
barley yellow dwarf virus (BYDV) have clearly been connected with outbreaks of R. padi (Kurppa 1989). Temporal
and spatial variation in the abundance and importance of pest insects is typical in arable cropping and the risk of
pest migration is highest in southern and eastern Finland. Therefore, a pest immigration warning system based
on weather radars and trap monitoring would be an important integrated pest management tool for farmers
(Leskinen et al. 2011).

Heatwaves, meaning that the maximum daily temperatures exceeded 25 °C for at least five successive days,
occurred most frequently from mid-June to the end of July. This means again during the most vulnerable yield
determination phase and also at the early onset of grain filling of the spring sown grain and seed crops. Winter
sown crops are at that time already in the grain filling phase and can hence partly, escape from the yield losses
(Peltonen-Sainio et al. 2011). In the dairy regions, heatwaves are most likely experienced around and after the
first cut of the forage crops, thereby causing early lignification and reduced regrowth as discussed also in relation
to elevated daily mean temperatures. The likelihood was indeed highest, up to 15%, in the south-east coastal and
inland regions and particularly so in July (Fig. 4).

Contrary to elevated temperature-induced yield penalties often experienced by the most commonly grown crops,
some minor crops such as peas (Pisum sativum L.) (Peltonen-Sainio et al. 2011) and faba beans (Vicia faba L.)
(Stoddard et al. 2009) may even favour warm growing conditions. Also, cultivation of higher yielding and more
robust oilseed rape (Brassica napus L.) is encouraged (and anticipated to replace turnip rape, B. rapa L.) in the
regions with a higher likelihood of higher cumulated degree days during the growing season (Peltonen-Sainio et
al. 2009a). These are all crops that are envisaged as being among the first crops having a higher potential to be
grown as major and not only minor crops in Finland due to climate change (Peltonen-Sainio et al. 2009b, 2009c,
2013a). Currently, the cultivation areas of these crops fluctuate greatly from one year to another as they are con-
sidered to suffer from unstable yields mainly caused by climatic variation (Peltonen-Sainio et al. 2013a). However,
they may gradually become ossified when farmers have encouraging experience during warm summers.
Actually, our recent paper supports this, as farmers readily benefit from later maturing cultivars and late maturing
wheat instead of early maturing barley after warm growing seasons (Peltonen-Sainio et al. 2013b). Furthermore,
after becoming familiar with the warm summers of the 2000s, farmers have recently been keen on testing for-
age maize (Zea mays L.) even up to 64 °N. Though not yet showing any promise of expansion beyond test sites in
Finland (Elsgaard et al. 2012), farmers gradually become familiar with this novel crop, which may support proac-
tive adaptation to climate change.
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As referred to above, the likelihood of temperature elevation differs depending on time and region. The risk of
elevated temperature stress and/or heatwaves coincided with the critical growth phases of forage crops in their
northern and eastern production regions. This may impair regrowth after cutting and thereby reduce the num-
ber of cuts, enhance lignification processes and, in general, cause great variation in quality, nutritive value and
digestibility of pasture, hay and/or silage (Bertrand et al. 2008, Kuoppala 2010). Thereby, quality and yield losses
of forage crops induced by temperature variation may have a major economic impact on animal farms, but may
also reflect on animal welfare in many ways — also through direct and indirect health risks (Gauly et al. 2013).

The likelihood of actual heatwaves was low (0-4%) for the Finnish Arctic as one might expect (Fig. 4), but tem-
peratures that elevated above the mean were more common (up to a 15% probability) and occurred in early Sep-
tember in Lapland. The probabilities of temperature shifts were then comparable to or even exceeded those ob-
served elsewhere (Figs 1b, 2b and 3b). These regions are not, however, agronomically important, but elevated
temperatures may influence Arctic reindeer (Rangifer tarandus) e.g. by changes in vegetation, its biomass and
quality, the degree of insect harassment and associated parasitism (Welad;ji et al. 2003, Weladji and Holand 2006,
Dobson et al. 2015).

Conclusions

We found large spatial and temporal variation in the likelihood of elevated temperatures according to the long-term
climatic data of the Finnish Meteorological Institute. Such variations in temperature conditions per se have many
proven impacts on not only crop production, but also animal farming and animal welfare. Furthermore, a tem-
perature elevation of only 1 °C may already have many harmful or, contrary to that, beneficial impacts depending
on region and vulnerability and/or adaptation of the organism (such as crops, weeds, animals, pathogens, and
pests and their predators). Though, we only “scratch the surface” with our examples on the potential impacts of
elevated temperatures, the spatial and temporal data of a 10 x 10 grid on temperature variation introduced here
are valuable as such for much wider use in agriculture and even beyond.
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