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Abstract Potato Solanum tuberosum is one of the world’s
four most important crops. Its cultivation is steadily increasing
in response to the need to feed a growing world population.
The yield of potato is influenced inter alia by both climate and
pests. The main defoliator pest of potato is Colorado potato
beetle Leptinotarsa decemlineata. Using data from a long-
term experiment (1958-2013) in western Poland, we show
that increasing temperature has affected the trophic relation-
ship between potato and Colorado potato beetle. The planting,
leafing, flowering and harvest dates for potato were advanced,
after controlling for different cultivars, by 2.00 days,
3.04 days, 3.80 days and 3.42 days respectively for every
1 °C increase in temperature. In contrast, first treatment
against Colorado potato beetle advanced by 4.66 days for
every 1 °C increase in temperature, and, furthermore, the num-
ber of treatments against the beetle increased by 0.204 per
1 °C increase in temperature. This suggests that the beetle
responds faster to increasing temperature than the plant does,
but both parts of the system are probably greatly modified by
farming practices.

Resumen La papa, Solanum tuberosum, es uno de los cuatro
cultivos mas importantes del mundo. Su cultivo esta
aumentando de manera estable en respuesta a la necesidad
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de alimentacion a una poblacién mundial en crecimiento. El
rendimiento de la papa es influenciado, inter alia, por ambos,
clima y plagas. La principal plaga defoliadora de la papa es el
escarabajo de Colorado Leptinotarsa decemlineata.
Utilizando datos de un experimento a largo plazo (1958—
2013) en el oeste de Polonia, mostramos que el aumento de
temperatura ha afectado la relacion trofica entre la papa y el
escarabajo de Colorado. Se adelantaron las fechas de siembra,
fase vegetativa, la floracion y cosecha de la papa, después del
control para diferentes variedades, por 2.00, 3.04, 3.80, y 3.42
dias, respectivamente, por cada incremento de 1 °C de
temperatura. En contraste, el primer tratamiento contra el
escarabajo de Colorado adelant6 4.66 dias por cada 1 °C de
aumento en la temperatura, y ain mas, el numero de
tratamientos contra el escarabajo aument6 0.204 por 1 °C de
aumento en la temperatura. Esto sugiere que el escarabajo
responde mas rapido al aumento de temperatura que la planta,
pero ambas partes del sistema son probablemente mayormente
modificadas por las practicas culturales.

Keywords Climate - Phenology - Pests - Varietas - Harvest -
Agricultural practices - Long-term experiment

Introduction

Phenological changes have been observed in many groups of
wild and ormamental plants (herbs, grasses, trees) as well as in
agricultural crops, and have been reported from different lati-
tudinal and climatic zones (Parmesan and Yohe 2003;
Richardson et al. 2013). It is well known that responses of
individual organisms to changes in ambient temperature will
affect interactions with other organisms in the same or different
trophic levels (Walther et al. 2002), which in tumn can impact
the ecology and (co-)evolution of pests and their host plants
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(Harrington et al. 1999). However, to understand interactions
between herbivorous insects and plants, detailed knowledge
from long-term series are necessary (Kort 1990; Sparks et al.
2011; Richardson et al. 2013) and is crucial to successful man-
agement of farming systems against pests under future climatic
changes (Porter etal. 1991). Increasing temperatures have been
associated recently with a shorter development period, a higher
number of generations, and a faster reproduction rate in many
herbivorous pests (Gregory et al. 2009).

Climate change may have direct impacts on yields.
Increasing crop yield in Europe in the last 50 years is largely
attributed to developments in agronomy, introduction of new
cultivars and only modestly to climate change (Haverkort and
Verhagen 2008). However, in some regions yields will be
reduced due to lower rainfall during the summer (Supit et al.
2012), and a longer growing season and a higher concentra-
tion of CO, is likely, but the crop will require irrigation.
Climate change may also have indirect impacts on yields,
due to alterations to pest-crop dynamics. Insect development
time is regulated in part by temperature, thus at higher tem-
peratures, more generations may be produced each year.
Moreover, mild winters or winters with snow cover may en-
hance overwinter survival (Hiiesaar et al. 2016).

For potato, climate change may indirectly impact yield by
altering interactions between potato Solanum tuberosum and
its insect pests, in particular, the Colorado potato beetle
Leptinotarsa decemlineata. Colorado potato beetle is one of
the most destructive arthropod pests affecting Solanaceous
crop production (Alyokhin et al. 2008). Reproductively,
Colorado potato beetle has the ability to be extremely prolific
and fecund from both overwintered and recently emerged
adults (Peferoen et al. 1981). The larvae progress through a
series of four instars over a period of 10 to 20 days, depending
on host plant quality, environmental conditions (Dolezal et al.
2007) and location (Pulatov et al. 2016). In a typical summer,
Colorado potato beetle populations undergo two successive
full generations in most parts of Europe (Kung et al. 1992;
Pulatov et al. 2016).

Phenology research can provide information on how plants
respond to a changing climate. Worldwide there are many phe-
nological data but the main problem is interpretation of the
results in a regional and ecological context. While there are
many papers showing how climate change is affecting phenol-
ogy, a realization that species respond at different rates and that
climate change varies regionally is necessary (Schwartz 1999).

The aim of our study is (1) to investigate how changes in
ambient temperature may be driving the phenology of the
potato crop and (2), to determine how such temperature
changes may be mediating the phenological matching of the
potato crop and its primary insect pest, the Colorado potato
beetle. Finally, we discuss the implications of phenological
changes to both the potato plant and its primary pest to potato
production, and how growers may respond to such changes.

Materials and Methods
Study Area

Our study is based on a long-term experiment established in
1957. The original aim was to demonstrate how fertilizers
affected soil fertility under continuous cropping. The experi-
ment was at the Brody Experimental Station (52°26'N, 16°18’
E) of the Agronomy Department of Poznan University of Life
Sciences, located 50 km west of Poznan in the Wielkopolska
region of Poland. It was established as a randomized block
design of four replicates on a podzolic soil. The soil texture
was sandy loam with underlying loams. At the start of the
experiment the soil had a pH of about 6.0 (pH in mol KCl
dm™), a very high phosphorus content, average magnesium
and potassium content, and contained about 7 g kg ' of or-
ganic carbon. Annual precipitation averaged 595 mm during
the study period (range 288—840 mm). Potato was grown con-
tinuously since 1958 on the same plots. This is one of the
oldest experiments in Poland, and one of only three
designed in a similar way in Europe, based on a valid
statistical design. More details on the study area with
information on soil fertility are provided in Blecharczyk
et al. (2008, 2016) and Szajdak et al. (2004).

Potato Data

During the 56 years of records (1958-2013) six different cul-
tivars of potato have been grown (Table 1) both as part of a
rotation and as a continuously cropped monoculture.
Phenological observations on potato were made using the
BBCH (Biologische Bundesanstalt, Bundessortenamt und
Chemische Industrie) scale (Hack et al. 1993). The BBCH
scales are well known worldwide and are used for research,
agronomy and in phenology. In this study we recorded the
following development stages of potato: planting date
(BBCH 02); first leaves beginning to extend (BBCH 10); first
open flowers (BBCH 60); harvest (BBCH 91-97), and yields
from both types of cultivation were also recorded. All dates
were converted to days of the year (DOY; 1 = Jan st etc.)
prior to analysis.

Traditionally the main crop is harvested when the vines and
tubers are mature. From 1958 to 1965 a potato spinner was
used during harvest, and subsequently an elevator potato dig-
ger. Potatoes were then gathered by hand, placed into con-
tainers and transported from the field.

Colorado Potato Beetle Data
From 1969 the number of treatments, using insecticides ap-
proved for use in Poland at that date, against Colorado potato

beetle was recorded. In this study the timing and number of
beetles was not directly recorded and farmers’ decisions on
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Table 1 A summary of mean =+ SE yield and cultivation phenology for potato crops at Brody, Poland 19582013
Cultivar Period n Rotation Mono- culture planting leafing flowering harvest
Yield Yield date date date date
t/ha t/ha DOY DOY DOY DOY
Lenino 1958-64 7 24.6+2.5 188 +1.7 127 +£2 148 +2 183 +2 273 +4
Uran 1965-85 21 30.7+1.8 133+£1.3 111 +£2 141 +£2 179 +£2 259 +1
Tarpan 1986-95 10 25.8+2.6 163+1.9 112+3 139+3 178 £2 270 +3
Ania 1996-98 3 423+3.7 232+3.8 113+4 142 +2 182+6 275+4
Sante 1999-2009 11 284+22 13.8+1.7 109 £2 139+2 173 £2 253 +2
Wineta 2010-13 4 28.5+29 132+1.9 105+3 136 +3 173 +£2 252+3
All 1958-2013 56 29.1+1.1 152 +£0.8 112 +1 141 £1 178 1 262 £ 1
ANOVA p 0.024 0.042 <0.001 0.093 0.055 <0.001
Regression R’ 0.1% 22% 232% 11.9% 11.1% 13.6%
p 0.800 0.274 <0.001 0.009 0.012 0.005
residual trend R? 24.0% 30.3% 42.5% 18.4% 19.1% 53.1%
p 0.295 0.010 0.119 0.315 0.777 0.516

The ANOVA p value summarises differences between cultivars, the regression p value summarises whether a long-term trend exists (ignoring cultivar
changes), and the residual trend p value summarises whether a long-term trend can be detected after controlling for cultivar effects

treatment applications were based on perceived negative im-
pact on potato yield. The dates of the first and any subsequent
treatments were recorded and converted to days of the year.
The first treatment date is considered as a surrogate of early
beetle activity.

Temperature Data

Mean monthly temperatures for 1959-2013 were obtained
from the Brody Experimental Station’s meteorological station
and were recorded according to the World Meteorological
Organisation guidelines. Data were not available for 1958.

Analysis

Mean potato yields and phenology were compared against
cultivar to check for differences that could be attributed to
the latter using one way ANOVA. One problem we have is
that cultivar and time are confounded so it is difficult to sep-
arate cultivar effects from long-term trends, for example in
temperature. For the same variables, linear regression on year
was carried out to see if there were any long-term trends ig-
noring cultivar effect. We then regressed the same variables on
cultivar and year to see if there were any residual trends
through time once cultivar effects were controlled for.
Trends in mean monthly temperature were identified using
correlations with year. Responses of potato phenology to
mean monthly temperature were examined using regression
techniques before and after controlling for any potential con-
founding factors (e.g. cultivar) or confounding variables (e.g.
planting date). Suitable months for temperature were identi-
fied by preliminary screening based on correlations. A similar
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approach was adopted for Colorado potato beetle treatment
phenology but without controlling for cultivar or potato phe-
nology. The number of Colorado potato beetle treatments was
compared to mean monthly temperature data using Poisson
regression.

Results
Potato Yields

There were significant differences between cultivars in both
rotational and monoculture mean potato yields (Table 1). The
yield of the latter is now typically about one half of that
achieved under a crop rotation (Fig. 1). No trends in yields
were detected (ignoring cultivar effects) but once cultivar ef-
fects had been incorporated a significant decline in monocul-
ture yields was detected.

Potato Phenology

A significant advance over time was detected in all four phe-
nology variables (Table 1, Fig. 2). However, differences be-
tween cultivars were only significant for planting and harvest
date and were only marginal (p < 0.10) for leafing and
flowering date. Long-term trends were not detected after cul-
tivar effects had been controlled for. Please note that the mean
planting date of the most recent cultivar (Wineta) was 15 days
earlier than that of the original cultivar (Lenino), leafing date
was 7 days earlier, flowering date 5 days earlier and harvest
date 11 days earlier.
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Colorado Potato Beetle Treatment Phenology

There was a significant advance in the first treatment for
Colorado potato beetle (—0.381 + 0.117 days year ',
R? = 21.3%, p = 0.002) but no significant change over time in
the number of treatments (Poisson regression: 0.012 £ 0.008

treatments yeafl, Deviance R? = 5.5%, p = 0.121; Fig. 3).
Temperature Influences on Potato Phenology

Planting date is arguably a direct human decision, but that
decision will be influenced by the preceding and prevailing
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weather. Regressing planting date on mean January—March
temperature produced a coefficient of —2.16 + 0.43 days
°C" (R? = 32.6%, p < 0.001; Fig. 4), suggesting an advance
of planting date by just over two days for every 1 °C increase
in temperature between January and March (Fig. 1). In case
planting date was influenced by cultivar choice the regression
was repeated controlling for cultivar and produced a coeffi-
cient of similar magnitude (—2.00 = 0.39 days °C',
R? =57.6%, p < 0.001).

Leafing date was regressed on mean March—May temper-
ature to produce a coefficient of —2.70 + 0.68 days °C '
(R? = 22.7%, p < 0.001; Fig. 4). Controlling for cultivar
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Fig. 2 Changes in potato phenological stages expressed as days afterlst January (Y-axis) during the years 1958-2013 (X-axis). Single smoothed

(lowess) lines have been superimposed
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Fig. 3 Changes in the first

treatment date (day of the year 200
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panel) and number of treatments 190

(Y-axis; right panel) for Colorado

potato beetle in the years 1969—
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changed this to —3.04 + 0.84 days °C"' (R* = 32.7%,
p = 0.001). After controlling for both cultivar and planting
date the influence of temperature (May only) was
—-1.34 + 0.55 days °C ' (R* = 52.8%, p = 0.019).
Comparable regressions for flowering date produced coeffi-
cients of —3.80 + 0.67 days °C"' (R? = 37.7%, p < 0.001;
Fig. 4), —3.82 % 0.85 days °C "' (R* = 42.7%, p < 0.001),
and —2.35 + 0.62 days °C™"' (R? = 49.2%, p < 0.001) respec-
tively. When regressed on Mean July—September dates,

first treatment

1980

number of treatments

1990 2000 2010 1960 1970 1980 1990 2000 2010

harvest date had a coefficient of —3.42 + 1.13 days °C "’
(R = 14.8%, p = 0.004; Fig. 4). This was not significant after
controlling for cultivar and/or planting date.

Temperature Influences on Colorado Potato Beetle
Treatment Phenology and Severity

The timing of the first Colorado potato beetle treatment on
mean January—June temperatures produced a coefficient of
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Fig. 4 Plot of planting date against mean January—March temperature,
leafing date and flowering date both against mean March—May
temperature, harvest date against mean July—September temperature,

and date of first (Colorado potato beetle) treatment and number of
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treatments both against mean January—June temperature. All dates
shown as day of the year (DOY on Y-axis), all temperatures in °C (X-
axis). Single smoothed (lowess) lines have been superimposed
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—4.66 + 0.93 days °C "' (R* =39.3%, p < 0.001; Fig. 4). The
effect of mean January—June temperature on the number of
treatments was to increase the number of treatments by
0.204 + 0.074 treatments °C”" (Deviance R* = 17.6%,
p = 0.006; Fig. 4). First Colorado potato beetle treatment
timing was not significantly correlated with either first leafing
date (r = 0.164, p = 0.305) or flowering date (» = 0.240,
p = 0.131) suggesting no synchrony with potato phenology.

Discussion

During our analysis we detected changes in the phenology of
both the host plant (potato) and the treatment for its pest spe-
cies (Colorado potato beetle), and their interaction with local
temperatures. The mean planting date advanced considerably,
as confirmed elsewhere (Sacks et al. 2010). In our study the
most recent cultivar had a mean planting date 15 days earlier
than that of the original cultivar. Unfortunately we do not have
data on a single cultivar of potato for the entire duration of the
study because of changing commercial practices in which
turnover in cultivars is common. Part of the role of the exper-
imental research station was to provide topical agronomic ad-
vice to the local farmers, especially big state farms, and hence
cultivars had to be changed. Not only is the climate changing,
but also the agricultural calendar that dictates dates for execu-
tion of field work (Sparks et al. 2005, Estrella et al. 2007).
However, for example in Germany, the change in manage-
ment timing is not progressing as fast as the changing phenol-
ogy of the plants (Menzel et al. 2006). The timing of spring
sowing depends on the type of soil, preceding, prevailing and
forecast weather conditions, as well as the judgement and
custom of the farmer. In Finland the timing of planting pota-
toes has advanced in response to climate change; between
1965 and 1979 potato planting advanced 3.4 days decade ',
and since the 1980s accelerated to 4.5 days decade '
(Kaukoranta and Hakala 2008).

In our research the flowering date of the most recent cultivar
was 5 days earlier than that of the original cultivar. Phenology
stages are shorter in a warmer environment allowing faster
growth and earlier harvesting. However, potato is a plant that
likes cooler weather and yields are influenced by summer pre-
cipitation. The higher yields in Europe are in north west and
west Europe where the rainfall is higher (Supit et al. 2012).
Temperature and water content control the photosynthetic pro-
cess and have a substantial impact on the accumulation of dry
matter (Haverkort 1990) and have a greater impact on yield
than choice of cultivar (Kleinwechter et al. 2016). These same
factors also have an impact on animal behaviour and perfor-
mance (Maracchi et al. 2005); temperature is the most impor-
tant factor controlling diapause, and humidity has an impact on
post diapause development. Photoperiod has a relatively small
impact on these (Kort 1990). In research on German annual and

perennial crops, strong negative correlations between tempera-
ture and phenology were detected for each crop species with an
average response of —4 days °C™" (Estrella et al. 2007).

Although we used only one temperature variable (monthly
average temperature), we clearly found that temperature influ-
enced the timing and frequency of treatment against Colorado
potato beetle. This is consistent with research in other coun-
tries. In Russia, Scandinavia and Northern Europe climate
change has been shown to influence the distribution and the
number of generations of this species (Popova 2014; Pulatov
et al. 2014, 2015; Rafoss and Saethre 2003).

The life cycle of insects is controlled by environmental fac-
tors (Danks 2006). Soil temperature and accumulated heat (day
degree sums) predicted the emergence date of beetles. In areas
with warmer winters, Colorado potato beetle needs less accu-
mulated heat compared to beetles from colder areas.
Temperature influences both emergence dates as well as growth
rates (Lehmann et al. 2015) and diapause induction of beetles is
mostly controlled by photoperiod. However, diapause can by
modified by temperature and food quality (Hiiesaar et al. 2016).
Under warmer conditions, beetles have a reduced sensitivity to
photoperiod (Hare 1990). Our results confirm the general trend
of advancing phenology in both plants and insects. The conse-
quences of the different rates of development of the plant and its
enemies are not entirely clear. There is a need for further re-
search investigating the role of this phenomenon for future
potato yields and food security. Management of potato cultiva-
tion should consider changing growing conditions, temperature
and rainfall. Management can be improved, for example,
through proper selection of cultivars, irrigation, and modifying
the planting date. Cultivars with a shorter period of develop-
ment can be less vulnerable to Colorado potato beetle because
the pest’s appearance and activity are strongly correlated with
photoperiod and temperature.
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