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Abstract

The yield of onion in Poland is highly variable. The year-on-year variability depends
mainly weather conditions, including the air temperature conditions. This research
aimed to determine the effect of air temperature on the total yield of onion grown in
arable farmland. Using multiple curvilinear regression analysis, the variability of yield
was explained in 56% by the air temperature in the period ‘end of emergence -
beginning of leaf bending’ and the linear trend (consecutive years in the 1966-2005
period). Based on this equation, the critical average temperature during the end of
emergence-beginning of leaf bending (Ee-Blb) period was determined at 16.7°C, i.e.
temperature followed by a reduction in the yield of onion by 5% compared to the
long-term average. This decrease in the yield of onion caused by the occurrence of
excessive air temperature also demonstrated spatial variability. In addition to high
temperatures, the inclusion of the incidence of critical temperatures increased the
diversity in the reduction in the yield of onions in Poland to < 3% and > 15%.

Keywords: arable farming, climate risk, phenology, vegetable

Abstrakt

Badania, prowadzone na podstawie wynikdw doswiadczen z lat 1966-2005 na
terenie catej Polski, miaty na celu okreslenie wptywu temperatury powietrza na plon
0golny cebuli w uprawie polowej. Przy zastosowaniu metody analizy regresiji
wielokrotnej krzywoliniowej, zmiennosc¢ plonu cebuli wyjasniono w 56%. W roéwnaniu
regresji zmiennymi objasniajgcymi byty: trend liniowy (kolejne lata wielolecia 1966-
2005) oraz temperatura powietrza z okresu koniec wschoddéw-poczatek zatamywania
szczypioru (ee-blb). Na podstawie tego rownania wyznaczono wartos¢ krytyczng
Sredniej temperatury powietrza w okresie ee-blb. Temperatura krytyczna, przy ktérej
nastepuje potencjalne zmniejszenie plonu cebuli o 5% wartosci Sredniej wieloletniej,
wyniosta 16,7°C. Potencjalne zmniejszenie plonu cebuli powodowane wystgpieniem
zbyt wysokiej temperatury powietrza, byto zré6znicowane przestrzennie.
Uwzglednienie, oprocz wysokosci temperatury, rowniez czestosci wystepowania
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temperatury krytycznej, spowodowato zwiekszenie zréznicowania potencjalnego
zmniejszenia plonu cebuli na obszarze Polski. Wyznaczone w ten sposéb
zmniejszenie plonu wyniosto od <3% do >15%.

Stowa kluczowe: fenologia, ryzyko klimatyczne, uprawa polowa, warzywo

Detailed abstract

Temperatura powietrza stanowi, wraz z opadem atmosferycznym, gtéwny czynnik
meteorologiczny ksztattujgcy zmiennosc¢ plondéw roslin uprawnych. Cebula nalezy do
najpopularniejszych w Polsce warzyw uprawianych w polu. Jej plony podlegajg
duzym wahaniom z roku na rok, do czego przyczynia sie stosunkowo duza
wrazliwos¢ tej rosliny na zmienne warunki atmosferyczne, w tym termiczne.
Wymagania cieplne cebuli sg wyraznie zréoznicowane w poszczegolnych okresach jej
rozwoju. Prognozowane w wielu doniesieniach zmiany warunkow termicznych Polski,
sktonity autoréw do podjecia szczegétowych badan nad wptywem temperatury
powietrza na plon tej rosliny w ujeciu wieloletnim.

Badania, prowadzone na podstawie 40.letnich wynikow doswiadczeh na terenie catej
Polski (ryc. 1), miaty na celu okreslenie wptywu temperatury powietrza w okresie
krytycznym na plon ogdlny cebuli w uprawie polowej. Po usrednieniu danych
dotyczgcych ponad 40, najbardziej rozpowszechnionych w uprawie, odmian srednio
poznych cebuli (kazdego roku przecietnie 4-6 odmian), utworzono wzorzec zbiorowy
analizowanej rosliny. Zastosowanie w dalszym etapie badan wzorca zbiorowego
oparto na zatozeniu, iz r6znice wewnatrzgatunkowe nie zaciemniajg poszukiwanych
dla gatunku, ogélnych prawidtowosci.

W latach 1966-2005 Srednia krajowa wielkos¢ plonu cebuli podlegata duzym
wahaniom, od okofo 11 t-ha™ do prawie 70 t-ha™ (tab. 1). Sposréd zbadanych
zaleznosci pomiedzy zmiennos$cig plonu cebuli a srednig temperaturg powietrza w jej
okresach rozwoju, najsilniejszy zwigzek stwierdzono pomiedzy plonem i temperaturg
z okresu koniec wschodow-poczatek zatamywania szczypioru (ee-blb).

Przecietna temperatura powietrza w Polsce w okresie ee-blb cebuli wynosita srednio
16,3°C (tab. 1). W poszczegolnych latach wielko$¢ odchylenia od sredniej siegata
prawie 2°C (ryc. 2). Najzimniejsze okresy ee-blb wystgpity w latach 1974-1987, z
minimum w roku 1974. Od roku 1992 wtgcznie srednia temperatura powietrza w
okresie ee-blb z reguty byta wyzsza od sredniej wieloletniej (ryc. 3). W Polsce
rozktady przestrzenne temperatury w stosunkowo dtugim okresie ee-blb w
poszczegodlnych latach wielolecia byty zazwyczaj do siebie podobne (ryc. 4).

W opracowanym réwnaniu regresji (tab. 2) zmienno$¢ plonu cebuli w 56% objasnity:
trend liniowy, bedacy odpowiednikiem postepu technologicznego, jaki nastgpit w
latach 1966-2005 oraz temperatura powietrza z okresu koniec wschodéw — poczatek
zatamywania szczypioru (ee-blb). O tym, ze rdwnanie wystarczajgco dobrze opisato
badang zalezno$¢, Swiadczy obliczony sredni wzgledny btgd prognozy ARFE <10%
oraz duza czestosc¢ niskich wartosci wzglednych btedéw prognozy (tab. 2).

Na podstawie tego réwnania wyznaczono warto$¢ krytyczng Sredniej temperatury
powietrza w okresie ee-blb. Temperatura krytyczna, przy ktérej nastepuje potencjalne
zmniejszenie plonu cebuli 0 5% wartosci sredniej wieloletniej, wyniosta 16,7°C. Przy
wzroscie temperatury powietrza z okresu ee-blb do ok. 18°C, potencjalne
zmniejszenie plonu cebuli zwigksza sie do ok. 14% (ryc. 5). Najwieksze potencjalne
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zmniejszenie plonu, >12%, powodowane wystgpieniem zbyt wysokiej temperatury
wystgpito w Polsce srodkowej, w dolinie Wisty od Krakowa do Torunia i na niewielkim
obszarze w srodkowowschodniej czesci kraju (ryc. 6). Najmniejsze zmniejszenie
plonu, <9%, wystgpito na potnocy oraz na potudniu Polski, na obszarach
podgorskich. Niekorzystna dla cebuli temperatura powietrza (16,7°C) wystepuje w
Polsce stosunkowo czesto, bo $rednio prawie raz na 2,5 roku (ryc. 7). Najwieksza
czestos$¢ wystepowania temperatury 16,7°C charakteryzuje $rodkows i
Srodkowozachodnig czesc¢ Polski, Kotline Sandomierskg potozong w potudniowo-
wschodniej czesci kraju oraz niewielki obszar na srodkowym wschodzie (ryc. 8).

Uwzglednienie, oprécz wysokosci temperatury, rowniez czestosci wystepowania
temperatury krytycznej, spowodowato zwiekszenie zréznicowania potencjalnego
zmniejszenia plonu cebuli na obszarze Polski (ryc. 9). Wyznaczone w ten sposob
zmniejszenie plonu wyniosto od <3% we wschodniej czesci wybrzeza oraz w
rejonach podgérskich do >15% w Kotlinie Sandomierskiej.

Przeprowadzone analizy pozwolity na stwierdzenie, ze utrzymanie sie
obserwowanych w Polsce tendencji zmian temperatury powietrza moze spowodowac
pogorszenie klimatycznych warunkéw uprawy cebuli.

Wskazane jest wiec kontynuowanie badan nad czasowgq i przestrzenng zmiennoscig
krytycznych wartosci temperatury powietrza, przy uwzglednieniu zmian
zachodzgcych w przebiegu terminéw agrofenologicznych cebuli w uprawie polowe.

Introduction

The onion is one of the most common vegetables in the world, with recognized
nutritional, health and taste values. Among the countries of the European Union,
Poland has one of the largest total areas on which onion is grown; in individual years
from 2000-2011, onions were grown on 24 to 37 thousand hectares (FAO, 2013). Itis
also one of the few common vegetables (the others being: cabbage, carrots, beets,
tomatoes and cucumbers) in Polish arable farming. Onion yields in Poland, however,
are among the lowest in the European Union, with the average national yield at about
21 t-ha™ in the period 2000-2011, compared to the EU average at 29.1 t-ha™*
(Juszczak, 2005; FAO, 2013). The reasons for the differences in yield between
Poland and the EU include lower quality of agricultural production, lower spending on
means of production, deficiency of irrigation and less effective production
technologies (Chudzik, 2007).

In the years 2000-2011 the total onion harvest in Poland ranged from 580 to 720
thousand tonnes. A significant year-on-year variation resulted from great changes in
the acreage of cultivation and also in yield. In the years 1965-2004 the maximum
yield of onions in Poland was higher than the minimum six times (i.e. six years), and
higher than the average twice (Kalbarczyk, 2010). Air temperature and atmospheric
precipitation are the main meteorological factors that decide harvest variation.
Expected changes in the thermal conditions in Poland against the established
thermal requirements of the onion, different in its individual stages of development,
were the main reasons behind our research on the effect of air temperature on onion
yield. The findings of this paper are supplemented by our other publications on how
onion yield in Poland is influenced by precipitation (Kalbarczyk et al., 2011) and by
meteorological conditions (temperature, radiation and precipitation) taken as a whole
(Kalbarczyk, 2010).
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As the year-on-year variation depends mainly on weather conditions (variable in time
and space), including the air temperature conditions (Mierwinski, 1985; Cieslak-
Wojtaszek, 2000; Kalbarczyk et al., 2011), the aim of this study was to determine the
effect of the air temperature in the critical period on the volatility of the total yield of
onions in Poland.

Materials and Methods

The study analyzed the size of the total yield and agronomic and phenological dates
for medium-late varieties of onions (Allium cepa L.) in the years 1966-2005. These
data included the results of experiments conducted in 17 experimental stations of the
Research Centre for Cultivar Testing in Stupia Wielka (COBORU) (Fig. 1).
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Figure 1. Locations of experimental (M) and meteorological stations (@) in Poland

Agrophenological dates in the study included: sowing (Sg), the end of emergence
(Ee), the beginning of leaf bending (BIb), and harvest (H). After averaging the data for
over 40 of the most widely cultivated medium-late cultivars of onion (each year, an
average of 4-6 cultivars), a collective pattern for the analyzed plants was created.
The use of the collective pattern was based on the assumption that intraspecies
differences do not obscure the overall regularities.

Onions were grown in fertile soils with a high water content, permeable, easily heated
in spring and not creating crust on the surface. Mineral fertilizers were used at an
average rate of 370 kg per hectare, including N (120 kg), P>Os (80 kg) and K,O (170
kg). Cereals and legumes were usually used as a forecrop.

The study also used daily and ten-day average data regarding air temperatures from
all the weather stations operating at the COBORU experimental sites and 51 stations
of the Institute of Meteorology and Water Management (IMGW) (Fig. 1). Based on
data collected from the stations, the mean air temperature was calculated for times
corresponding to average Polish agrophenological periods for onions: sowing - end
of emergence (Sg-Ee, 09 April — 10 May), end of emergence - beginning of leaf
bending (Ee-Blb, 11 May — 04 August) and beginning of leaf bending - harvest (Blb-
H, 05 August — 02 September). The study did not take into account regions located in
the south-western and south-eastern Poland, because of the very high diversity of
physiographic conditions and altitudes often above 500 m above mean sea level,
considerably limiting the possibility of arable farming.
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The effect of air temperature on the yield of onion (yj, t-ha™) was determined by
multiple curvilinear regression analysis. The relationship is expressed by an equation
in which the parameters of the regression function were determined by least squares.
The fit of the regression function to empirical data was measured by correlation
coefficient (r), coefficient of determination (R?, %) and an indicator describing the
difference between the standard deviation of the dependent variable and the
standard error of estimation for the SD-Sy equation (t-ha™*) (Dobosz, 2001). Al
statistical analyses were carried out using Statistica (Version 10.0, StatSoft Inc.,
Tulsa, USA). Relevance of quantitative forecasts determined for the equation was
determined by the relative forecast error:

RFE = %-100% (1)

and the average relative forecast error:
ARFE = 1Z|R|=E| )
Nz

which was determined for all analyzed COBORU stations and all years in the 1966-
2005 period. In formulas (1) and (2) the applied symbols denote the following:

Yp — projected yield according to the regression equation, t-ha™,

Yo — actual yield, t-ha’®,

n — number of years adopted for a time series (humber of stations x number of
years).
The study also identified the number of times the relative forecast error for 1966-2005
was |RFE|<5% (very good forecast) and 5% < |RFE|<10% (good forecast).

Based on the regression equation the threshold value of air temperature was
determined, i.e. the temperature which would result in an at least a 5% reduction in
the total yield of onion below the long-term average for the period 1966-2005. Then
the equation describing the effect of air temperature during the Ee-Blb period on the
size of the total yield of onion was supplemented with the average air temperature for
each IMGW and COBORU station separately. The average was calculated only on
the basis of the years in which the temperature exceeded a designated threshold.
The differences between the long-term real yield of onion determined for the whole
country and the yields calculated according to the procedure described above
allowed determination of the reduction in the total yield of onion caused by
unfavorable air temperatures.

The incidence of excessive air temperature (above the determined threshold) during
Ee-Blb in the period from 1966 to 2005 was calculated by the formula (P, %):

P, = % .100% 3)

where:

ni1 - number of periods with excessive air temperature,

N - the number of all the periods under consideration.
The risk to onion cultivation in arable farming in Poland was determined by a Kw
indicator (4), taking into account onion yield losses caused by excessive air
temperatures and the frequency of occurrence (Kalbarczyk, 2007):

KW=2 4 Boxt %+ Box )+ A 22k @)
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where:
P - number of years with unfavorable air temperature in the period 1966-2005,
n, - number of years in the period 1966-2005,
X1 - linear trend, which is further analyzed in the multi-year period 1966-2005,
Xo - air temperature, °C,
B, - intercept,
B1, B2, B3 - regression coefficients,
yk - average yield in years with favorable air temperatures.

Results and Discussion

In the years 1966-2005 the national average yield of onion was subject to large
fluctuations from about 11 t-ha™ to almost 70 t-ha™ (Table 1). There were also
significant variations in weather conditions, including air temperature. The role of
temperature as an important climate factor shaping crop yields is often described in
literature (Lancaster et al., 1996; Baker and Reddy, 2001; Goldblum, 2009; Krishnan
et al., 2011; Hasanuzzaman et al., 2013).

Table 1. Statistical characteristics of the total yield of onion and air temperature
during the period ‘end of emergence - beginning of leaf bending’ in Poland in the
years 1966-2005

Variable Characteristics Vs. %
x+SD Min Max Q1 Qs '

Yo, t-ha™ 32.0+11.3 10.8 67.2 23.2 38.8 355

X2, °C 16.3+1.1 14.4 18.2 15.5 17.2 6.7

yo — total yield of onion (t-ha™), x, — air temperature in the period 'end of emergence -
beginning of leaf bending' (°C), X — average, SD — standard deviation, Min — the
minimum value, Max — the maximum value, Q; — lower quartile, Qs — upper quartile,
Vs — variability coefficient (%)

Thermal requirements of onions are often reported to be higher during the periods of
seed germination, formation of bulbs, as well as leaf bending and maturation. Among
the examined relationship between the volatility of the yield of onion and average air
temperature during the periods sowing-end of emergence (Sg-Ee), end of
emergence-beginning of leaf bending (Ee-Blb), beginning of leaf bending—harvest
(BIb-H), and sowing-harvest (Sg-H), the most significant relationship between yield
and air temperature was found in the Ee-Blb period.

The optimal temperature for seed germination, depending on the cultivar, ranges
from 10 to 20°C, although the seeds begin to germinate at temperatures as low as 5-
6°C (Miedema, 1992; Parmar et al., 2001; Adamicki and Nawrocka, 2005). According
to Miedema (1992), the optimal temperature for the rooting of onion is between 10
and 15°C. Minimum air temperature for the growth of onion leaves is 6°C (Brewster,
1997). After the emergence and in the period of rapid leaf growth, the thermal
requirements of onion are relatively low. Development of the root system during this
period is enhanced by an air temperature of 12-15°C and a relatively short day
(Adamicki and Nawrocka, 2005). After this period, thermal requirements of onion start
to increase. During the growth of bulbs, optimum temperature ranges from 16 to
20°C. An even higher air temperature, 20°C or more, is optimal during leaf bending
and maturation (Steer, 1980ab).
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Figure 2. Deviations of air temperature during the period ‘end of emergence -
beginning of leaf bending’ from the long-term average in the years 1966-2005 in
Poland

The average air temperature in Poland in the Ee-Blb period of onions was 16.3°C
(Table 1). In some years the deviation from the average reached almost 2°C (Fig. 2).
The coldest Ee-Blb periods occurred in the years 1974-1987, with the minimum in
1974 (Fig. 3). Since 1992, the average air temperature during the Ee-Blb period was
generally higher than the long-term average. The warmest Ee-Blb period appeared in
2002.
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Figure 3. The average air temperature during the period ‘end of emergence -
beginning of leaf bending’ in the years 1966-2005 in Poland

In Poland, the spatial distribution for air temperature during the relatively long Ee-Blb
period was usually similar between years (Fig. 4). The coldest were the northern
Baltic coast, and the foothills and mountain areas in the south. The warmest were the
lowlands in the center of the country and in the Sandomierz Basin between the
Vistula and San rivers. These spatial regularities were maintained also in the hottest
and coldest years (2002 and 1974).
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Table 2. The regression equation and its characteristics describing the relationship
between the overall yield of onion and the air temperature during the period ‘end of
emergence - beginning of leaf bending’ in Poland in the years 1966-2005

Variable and Frequency of the
intercept of the Characteristics occurrence
equation of |RFE | in range
R’ SD-Sy ARFE 0-5 5-10
Symbol  Value t P r (%) thad) (%) (%) (%)
Bo -88.899 3.242 0.01

BiX1 0.331 6.125 0.01
BoXz -60.1035 -4.684 0.01 0.751 56.4 1.7 9.1 49.1 43.3

Baxo’ 1.675 4.243 0.01

X1 — linear trend, which is further analyzed across the multi-year period 1966-2005, x,
— air temperature in the period 'end of emergence - beginning of leaf bending' (°C), B,
— intercept of the equation, B, B, B3 — regression coefficients, t - Student’s t-test, P —
level of significant, r — correlation coefficient, R? — determination coefficient (%), SD-
Sy — indicator describing the difference between the standard deviation of the
dependent variable and the standard error of estimation of the regression equation
(t-ha), ARFE — average relative forecast error (%), RFE — relative forecast error (%)
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In the regression equation (Table 2) the variability of yield of onions was 56%
explained by the linear trend, equivalent to the technological progress made in the
years 1966-2005, and the air temperature in the Ee-Blb period. The fact that the
equation sufficiently described the relationship is shown by the average relative
forecast error ARFE < 10% and a high frequency of low relative forecast errors. The
equation (Table 2) was used to calculate the threshold average air temperature
during Ee-Blb at 16.7°C. With an increase in average air temperature in the Ee-Blb
period to about 18°C, the decrease in the yield of onion was approximately 14% (Fig.
5). The negative effects of excessive air temperatures during Ee-Blb on yield,
observed in this study, are consistent with the aforementioned thermal requirements
of onions during its development. The results confirm the lower thermal requirements
of onions grown in Poland in the period preceding leaf bending.
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Figure 5. Average decline in the total yield of onion (%) caused by excessive air

temperature during the period ‘end of emergence - beginning of leaf bending’ in

Poland

A decrease in the yield of onion caused by the occurrence of excessive air
temperatures varied spatially. The largest temperature-related decrease in the yield,
> 12%, occurred in central Poland, in the Vistula river valley from Krakéw to Torun
and a small area in the central eastern part of the country (Fig. 6).
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Figure 6. The spatial distribution of the potential to reduce the total yield of onion (%)
caused by excessive air temperature during the period ‘end of emergence -
beginning of leaf bending’ in Poland
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The smallest decrease in the yield, < 9%, occurred in the north and the south of
Poland in foothill areas. Excessive air temperature may also cause crop losses of
other plants grown in Poland, e.g. potato, wheat and spring triticale (Nowicka, 1993;
Kalbarczyk E., 2010). In addition, it is also important how often this reduction in yield
may occur. In the case of onions, this risk can be assessed as relatively high.
Unfavorable air temperatures for onions occur relatively commonly in Poland, on
average nearly every 2.5 years (Fig. 7). Temperatures resulting in the largest
reduction in the yield of onion, i.e. 18.0°C, occur only once every 20 years.
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Figure 7. The mean frequency (%) of air temperature 216.7°C during the period ‘end
of emergence - beginning of leaf bending’ in Poland

The highest incidence of temperature of 16.7°C can be found in the central and west-
central part of Poland, Sandomierz Basin located in the southeastern part of the
country, and a small area in the central-eastern part (Fig. 8). There, temperatures
causing a 5% reduction in yield may occur more frequently than each other year. The
incidence of adverse air temperature decreases south- and northwards. The lowest
frequency, less than 10%, is found along the Baltic coast and in the mountainous
areas.
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Figure 8. The spatial distribution of Figure 9. The spatial distribution of the
frequency (%) of air temperature 216.7°C  reduction in the total yield of onion (%)

during the period ‘end of emergence - caused by excessive air temperature and
beginning of leaf bending’ in Poland frequency during the period ‘end of
emergence - beginning of leaf bending’
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The spatial distribution of the potential to reduce the yield of onion, taking into
account the combined effects of excessive temperature and the frequency of its
occurrence, was much more diverse (Fig. 9). The largest reduction in onion yield, >
15%, is possible in the Sandomierz Basin. A significant reduction, >12%, may occur
in the central-western and central Poland, as well as in the central valley of the
Vistula river. The smallest potential reduction in yield, <3%, was found for the eastern
part of the coast and in the mountainous areas.

Observations of long-term temperature changes in the months corresponding Ee-Blb
period were conducted both by region and for the entire Poland (Zmudzka, 2004;
Kozuchowski and Degirmendzic, 2005; Michalska and Kalbarczyk, 2005; Zawora,
2005; Zarski et al., 2007; Kalbarczyk et al., 2010). Analyses of air temperature
changes in Poland showed that the most frequent trends included an increase in air
temperature in both the cold and warm half of the year. It seems likely that if the
trends are maintained, natural conditions for the cultivation of onion and other plants
may considerably deteriorate in central Poland.

Conclusion

Onion yield variability is most correlated with air temperature variability in the Ee-Blb
period. An air temperature of 16.7°C-18°C during the Ee-Blb period would result in a
decrease in the yield by 5%-14%. A decrease in the yield of onion caused by the
occurrence of excessive air temperature is spatially differentiated in Poland. It is
therefore advisable to continue the study of temporal and spatial variability of the
threshold temperatures, taking into account changes in agrophenological periods of
onions cultivated in arable farming.
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