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Abstract: Yields of rainfed potato (Solanum tuberosum L.) in China’s semiarid region are restricted by
limited precipitation. Climate change could cause significant fluctuation in the rain-fed agricultural
production due to the spatiotemporal changes in temperature and precipitation. As adjusting
sowing dates proved to be an important management technique for improving grain yields, we
examined how potato production can be improved by altering planting date in China’s semiarid
region, thus improving potato adaptation to climate change. Field trials with five target sowing dates
(from late April to early June) were carried out in Inner Mongolia, China during four growing seasons
(2010–2013), and the effects of sowing dates on potato development, yield and water use efficiency
(WUE) were estimated. Results showed that although delayed sowing shortened the duration of
potato growth period, non-significant thermal time differences after flowering stage was found
among the treatments. However, greater precipitation was shown in three intermediate treatments.
Potato yield was significantly affected by sowing dates, and intermediate sowing dates showed
greater yield compared to the earlier or later sowing dates. Delayed sowing dates significantly
improved WUE in a drier year. As for a normal year, earlier sowing dates promoted WUE because of
less water consumption, but these increases came at the cost of reducing yields. Under the current
climate conditions in the study area, the flexible sowing time for potato was determined as from
early May to early June, and optimum sowing time was between 10 May and 27 May. In conclusion,
adjusting sowing date affected duration, thermal time, and precipitation over potato growth period,
and the optimal sowing date exhibited higher yield by obtaining greater precipitation, which could
improve potato adaption to climate change.
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1. Introduction

Currently, climate change is occurring, marked by global warming with earth’s temperature
increasing by approximately 0.72 ◦C over the past 60 years. Climate warming is expected to affect
global precipitation, evaporation, and evapotranspiration [1], and thus influence the amount and
distribution of water resources [2]. However, the changes in the precipitation and evapotranspiration
regime are proving to be neither spatially nor temporally uniform [3]. Wentsz et al. [4] have shown
that wet regions would become wetter and dry regions would become drier. Qin et al. [5] and
Wang et al. [6] established that the drought in China’s semiarid regions has also shown an aggravated
trend. Lobell et al. [7], Ahmed et al. [8], and Grenz et al. [9] showed these changes in heat and water
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resources could significantly affect crop development due to the increased thermal time, prolonged
frost-free days, and water deficiency.

Potato, as an integral part of the world’s food supply and industrial materials [10], is widely
planted around the world due to its high productivity and strong adaptability. China has the largest
potato planting area, accounting for 20–25% of the world’s total potato cultivation area. Inner Mongolia,
located in China’s semiarid area, is one traditional and dominant potato producing region and provides
almost one seventh of the China’s total potato yield. However, the potato yield per unit area in Inner
Mongolia is lower than the national average due to the limited precipitation and frequent occurrence
of droughts, as reported by Hou et al. [11] and Wu et al. [12]. Additionally, You and Shen [13] found a
significant climate warming trend in Inner Mongolia, which could cause fluctuation in the rain-fed
agricultural production [14].

Tavakkoli and Oweis [15], Bange et al. [16] have shown that adjusting sowing dates is an important
management technique for improving grain yields. Bassu et al. [17], Turner [18] explained that sowing
dates could help to have the crop growing period coincide with the concentration of precipitation,
improve water-use efficiency, and offer an escape from frost risk. The experiments of sowing dates
have been carried out for various plants including wheat (Triticum aestivum L.) by Spink et al. [19],
Yang et al. [20], and Conry [21], maize (Zea mays L.) by Cirilo and Andrade [22], Otegui et al. [23], and
sunflower (Helianthus annuus L.) by Barros et al. [24], etc. These studies mainly considered the effects
of sowing dates on the thermal time and reported that a delay of the sowing date significantly reduced
grain yield due to the decreases in the amount of heat accumulated during the growing season.

However, the impact of sowing dates on the amount of rainfall obtained during the growing
season has not been fully studied, and few studies linked the sowing date to climate change, particularly
in the northern semiarid region in Inner Mongolia, China. Therefore, we wonder if potato adaptation
can also be improved to avoid the negative impact of climate change by adjusting sowing dates in
China’s semiarid region. The objectives of this study were (1) to obtain the detailed plant growth
characteristics (including leaf area index, dry biomass, and yield) in several sowing dates; (2) to make
clear the changes in thermal time and precipitation during different growth stages causing by adjusting
sowing dates; and (3) determine the flexible and optimal sowing date for potato based on the long-term
climate records in the study area. Additionally, the impacts of climate change during the past 50 years
on the potato sowing date were discussed.

2. Methods and Materials

2.1. Study Area

This study was conducted in the experimental fields at the Scientific and Observing Experimental
Station of Agro-environment (SOESA) (41◦06′ N, 111◦28′ E) in Wuchuan county, Inner Mongolia
during 2010–2013 (Figure 1).

Wuchuan County has a typical continental climate characteristic, i.e., dry summer with abundant
solar radiation, short frost-free period, as well as cold and windy winter. The annual precipitation is
about 340 mm and 85.5% of the rainfall occurs between May and September. Daily temperature and
accumulated precipitation during potato growing season in 2010–2013 is presented in Figure 2.

Because of a severe dry growing season in 2010 with total precipitation in May and June only
20.5 mm, three supplemental irrigations were applied, i.e., 42.4 mm on 1 June, 38.2 mm on 28 June,
and 42.4 mm on 26 July. No supplemental irrigation was done in the last three years, because 2011 was
a normal year, 2012 and 2013 were relatively wet years.
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Figure 1. Map showing the location of the study area in Inner Mongolia, China. 

 
Figure 2. Daily temperature and accumulated precipitation during potato growing season in 2010–2013. 
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Potato was sown on five different dates (D1–D5) from late April to early June with an about 10-day 
interval. The detailed sowing and harvesting dates in the different years are shown in Table 1. 

The experimental design was a fully randomized block with four complete replications, and the five 
sowing dates were randomly distributed in each of the five blocks. The size of each plot was 5 m × 5 m with 
10 rows. The row spacing was 0.5 m and the distance between plants in each row was also 0.5 m, 
providing a sowing density of 40,000 plants/ha. 

As all experiments were conducted in a single field with an area of 0.1 ha, soil physical and 
chemical properties were assumed to be spatially uniform. The soil type in the study area is 
Kastanozems with pH values ranging from 8.24 to 8.27 according to the World Reference Base for Soil 
Resources [20]. In the top 30-cm soil layer, the contents of total nitrogen, available phosphorus, 
available potassium, and organic matter are 1.09 g/kg, 4.96 mg/kg, 105.27 mg/kg, and 1.34%, 
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Figure 1. Map showing the location of the study area in Inner Mongolia, China.
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Figure 2. Daily temperature and accumulated precipitation during potato growing season in 2010–2013.

2.2. Experimental Design

Potato was sown on five different dates (D1–D5) from late April to early June with an about
10-day interval. The detailed sowing and harvesting dates in the different years are shown in Table 1.

The experimental design was a fully randomized block with four complete replications, and the
five sowing dates were randomly distributed in each of the five blocks. The size of each plot was
5 m × 5 m with 10 rows. The row spacing was 0.5 m and the distance between plants in each row was
also 0.5 m, providing a sowing density of 40,000 plants/ha.

As all experiments were conducted in a single field with an area of 0.1 ha, soil physical and
chemical properties were assumed to be spatially uniform. The soil type in the study area is Kastanozems
with pH values ranging from 8.24 to 8.27 according to the World Reference Base for Soil Resources [20].
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In the top 30-cm soil layer, the contents of total nitrogen, available phosphorus, available potassium,
and organic matter are 1.09 g/kg, 4.96 mg/kg, 105.27 mg/kg, and 1.34%, respectively. Basal fertilizers
were incorporated into the top 15 cm of soil layer before sowing with urea (N content 46.3%) 90 kg/ha,
ammonium dihydrogen phosphate (N content 18%, P2O5 content 46%) 75 kg/ha, and potassium
chloride (K2O content 60%) 60 kg/ha, and no extra fertilizer was applied during the potato growth
period. Potato was sown and harvest manually, and weed control was performed by hand weeding
throughout the growing season.

Table 1. Sowing date and harvesting date in the different years.

Years Treatments Sowing Date Harvesting Date Years Treatments Sowing Date Harvesting Date

2010 D1 28 April 27 August 2012 D1 26 April 26 August
D2 8 May 8 September D2 6 May 10 September
D3 18 May 10 September D3 16 May 10 September
D4 28 May 16 September D4 26 May 10 September
D5 8 June 20 September D5 31 May 10 September

2011 D1 26 April 22 August 2013 D1 26 April 25 September
D2 6 May 2 September D2 6 May 25 September
D3 16 May 4 September D3 16 May 25 September
D4 26 May 8 September D4 26 May 25 September
D5 5 June 9 September D5 31 May 25 September

Note: Potato was harvested when all the plants over ground withered.

2.3. Data Analyses

The dates of potato growing stages for the five treatments were recorded, i.e., sowing date (SD),
seeding emergence stage (SE), flowering stage (FL), and maturity stage (MA). Three adjacent plants
were taken as sampled plants at a sampling interval of 15 days shortly after seeding emergence
in each plot, and the leaf area of each sampled plant was measured using a Portable Area Meter
(Model: LI-3000C, LI-COR, Nebraska, NE, USA) immediately after sampling. The leaf area index (LAI)
of a single plant is calculated as follows:

LAI =
lea f area (m2/plant)

plant projected ground area (m2)
(1)

Biomass (including both above-ground and below-ground biomass) was then measured by the
oven drying method (105 ◦C for 30 min, then 80 ◦C for 8 h) and expressed as dry-matter mass per plant
(g/plant) in each plot. Harvest was performed when all leaves became dry, and started from D1 to D5.

Gravimetric soil water contents in 0~100 cm soil column at 10 cm interval in each plot were
measured using the oven-dried method (105 ◦C, 12 h). The total soil water storage (SWS) was
calculated in each plot as follows:

SWS =
n

∑
i=1

(0.1ρθihi) (2)

where ρ is the soil bulk density (g cm−3), θi and hi are the gravimetric soil water content (g/g %), and
soil layer thickness (cm) in soil layer i, respectively.

Yield was determined by harvesting potatoes in two 5-m row sections in the center of each plot.
Potatoes were weighed and marketable yield was determined as the total weight of tubers with greater
than 100 g weight. Both total yield and marketable yield values were expressed as ton/ha.

Water use efficiency (WUE, kg (mm ha)−1) was the ratio of total yield per unit area (Y) to water
consumption during the growing season (ET) and given by Hu et al. [25].

WUE = Y/ET (3)

ET was calculated according to soil water balance formula:

ET = P + I + ∆W − R− D (4)
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where P is precipitation during the potato growth period, I is irrigation, ∆W is the difference in
0–100 cm soil moisture between sowing and harvesting time, R is runoff, no runoff in the experiment
plot, and D is soil water infiltration (not considered here, = 0).

2.4. Statistical Analyses

Since each treatment had four replications, and the yield data were repeatedly from the
experimental units, thus, a single-factor analysis of variance with repeated observations in a
randomized block design was conducted on the total yield and marketable yield using the analysis
of variance (ANOVA; SAS Institute, 2008). Thermal time (unit ◦C day), which is the accumulated
temperature over 0 ◦C during a period, was calculated in this study. A series of regression analyses
between thermal time and plant performances (LAI, dry biomass, yield) were performed.

3. Results

3.1. Precipitation and Duration (in Days and Thermal Time) at Different Potato Growth Stages

The averaged data (from 2010 to 2012) for precipitation and duration (in days and thermal time)
of different potato developmental phases in five trials (D1–D5) are shown in Figure 3.
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Figure 3. Precipitation, duration (in days and thermal time) of different developmental phases
for potato in five different sowing dates. Phases are: sowing date (SD), seeding emergence (SE),
SE–flowering (FL), FL–maturity (MA). D1–D5 labeled the five different sowing dates. Results are
averaged from the data in 2010, 2011 and 2012.

The growth period, thermal time, and rainfall for the entire potato growing season were about
115 days, 1900 ◦C day, and 235 mm in the study area, respectively. Significant differences among the
five treatments in the plant growth period and thermal time was shown from SD to SE, as the sowing
date delayed, both the growth period and thermal time from SD to SE decreased, i.e., potatoes for the
first sowing date (D1) needed more days to emerge than other treatments. The range of rainfall for the
SD–SE phase was slightly variable among different sowing dates, and the precipitation only accounted
for 11.5% of the total rainfall over the entire growing period. Both thermal time and growth period in
SE–FL phase slightly varied among different sowing dates. Almost 60% of precipitation happened in
FL–MA phase, and D1 had less rainfall compared to other treatments due to the advanced harvest.
As for the whole growth period, earlier sowing dates exhibited larger thermal time and potato growth
period compared to D5, however, greater precipitation was shown in three intermediate treatments,
i.e., D2, D3, and D4.

3.2. Potato Yield

Mean values for potato total yield and marketable yield are shown in Table 2. Compared to the
last sowing date (between end of May and beginning of June, D5), D3 and D4 significantly increased
potato total yield by 18.2% and 17.7%. D3 and D4 also showed the highest marketable yields, and the
increases compared to D5 were 31.7% and 26.0%, respectively. As for the ratio of marketable yield
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to total yield, D1 and D5 provided the highest and lowest ratio with the ratio values 73.5%, 60.8%,
respectively, and the ratios of marketable yield to total yield for D2, D3, and D4 were all about 65%.

Table 2. Mean values of potato total yield (weights in ton/ha), marketable yield (weights in ton/ha),
and ratio of marketable yield to total yield (%) for the different years and sowing dates. The standard
deviations for total yield are shown in parenthesis.

Years D1 D2 D3 D4 D5

Total yield (ton/ha)

2010 13.7b (0.5) 16.7ab (0.9) 20.9a (1.4) 21.1a (0.6) 20.1a (2.3)
2011 18.1a (2.8) 22.4a (0.9) 24.8a (2.7) 20.5a (1.5) 18.5a (1.7)
2012 19.6ab (0.4) 18.3b (1.0) 19.5ab (1.4) 21.9a (0.7) 21.1ab (1.4)
2013 31.6a (1.4) 24.4b (1.5) 30.7a (1.0) 31.6a (1.2) 21.6b (1.0)

Mean 20.8 20.7 24.0 23.9 20.3

Marketable yield (ton/ha)

2010 11.1b 13.4ab 15.8ab 16.6a 15.7ab
2011 13.3bc 17.8ab 20.4a 13.3bc 11.3c
2012 13.3a 8.8c 10.6abc 10.7abc 12.6ab
2013 19.9a 14.1b 18.1ab 21.3a 9.6c

Mean 14.4 13.5 16.2 15.5 12.3

Ratio of marketable yield to
total yield (%)

2010 81.04 80.67 75.14 78.53 77.70
2011 80.01 79.36 82.40 65.23 61.04
2012 67.90 48.49 54.03 48.78 59.68
2013 62.65 57.94 59.29 67.66 44.92

Mean 72.90 66.62 67.72 65.05 60.84

Note: Different letters (a, b and c) indicate significant differences among the treatments (p < 0.05).

3.3. Water Use Efficiency (WUE)

WUE for all sowing dates exhibited different changing characteristics among different
precipitation years. In drought year (i.e., 2010), delayed sowing dates (D3, D4 and D5) significantly
improved WUE compared to D1 and D2 (Figure 4), and D1 showed smallest WUE value. Earlier
sowing dates (D1, D2 and D3) promoted WUE compared to D4 and D5 in 2011 (normal year) because
of less water consumption, however, these increases for WUE came at the expense of reducing yields.
In wet year (i.e., 2013), the WUE values in the D4 and D5 treatments were significantly higher than
those in earlier sowing dates.
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Figure 4. Water use efficiency (WUE) for the different years and sowing dates. Note: Missing soil
moisture data for 2013.

3.4. Leaf Area Index and Dry Mass

The potato’s leaf area index (LAI) showed a high relationship with thermal time after sowing
(R = 0.73, p < 0.05), as shown in Figure 5a.
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The best fitted curve for LAI exhibited a bell shape and peaked at 2.0 as the thermal time was
equal to 1300 ◦C day. Dry biomass was significantly affected by thermal time after sowing, and a strong
positive relationship (R = 0.94, p < 0.01) was founded between them. Dry biomass increased rapidly as
the thermal time increased from 900 to 1500 ◦C day (Figure 5b), and then the curve became flat and
stayed stable at about 600 g m−2 after the thermal time reached about 1800 ◦C day. This phenomenon
could be explained well by combining the dry biomass and LAI curves: LAI reached the maximum
value in the period of 900–1500 ◦C day over the entire potato growing season, leading to the highest
photosynthesis and rapidly increased biomass, and after this period the biomass slightly increased
due to the decreased LAI.

3.5. Flexible Sowing Date

According to the daily temperature condition, the elasticity of sowing date can be determined in
following steps. First, determine first and last frost dates. In meteorology, frost day is defined as the
day with the daily minimum air temperature <2 ◦C. Based on the daily minimum temperature data
over the period 1960 to 2012 in the study area, first frost date (20 September) and last frost date (5 May)
was calculated (Figure 6 Step 1).

Second, determine the last sowing date. Set the first frost date as the starting point, then aggregate
sum temperature backward from the starting point until the thermal time reaches the recommended
thermal time for potato (Figure 5b showed that potato dry biomass stayed stable after about 1800 ◦C
day, which was considered to be the potato recommended thermal time in this study area), and that
point is defined as the last sowing date, i.e., 6 June. Therefore, flexible sowing time was between the
last frost date (5 May) and the last sowing date (6 June).

Optimal sowing time, which produced higher potato yield by matching potato critical water stage
with peak precipitation, was further calculated. The potato critical water stage showed highest LAI
and higher increasing gradient for dry biomass, i.e., the period when the thermal time after sowing
was from 900 to 1500 ◦C day, as shown in Figure 5.

Based on the changes in the annual cycle of rainfall from 1960 to 2012 in the study area, the
greatest precipitation occurred from 17 July (199th day of year, marked by RFirst) to 6 August (219th
day of year, marked by REnd), as shown in Figure 7. Setting REnd as the starting point and counting
1500 ◦C day thermal time backward from REnd, the first optimal sowing date was calculated as 10 May.
Similarly, aggregating temperature backward from RFirst until the thermal time reaching 900 ◦C day,
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the last optimal sowing date was determined as 27 May (see Figure 6). The optimal sowing time for
potato in study area, which is the intersection between flexible sowing date and possible optimal
sowing dates, was then determined as between 10 May and 27 May.
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4. Discussion

4.1. Impact of Sowing Date on Potato Growth, Development and Yield

Previous studies reported that yields are strongly reduced by a delay of sowing for different crops
within a certain sowing range, e.g., sunflower [26,27], soybean [28], and maize [29,30]. Goyne et al. [31]
found that crop growth was hastened by a delayed sowing date because the crops encountered higher
temperatures during the plant growing period, thus reduce the total dry biomass at harvest. However,
the trials carried out in this study showed that D3 and D4 treatments produced both higher potato
total and marketable yields compared to the earlier (D1) and later (D5) sowing date. We found that
although earlier sowing treatment produced longer growth period and higher thermal time, but it
showed greater days and thermal time in SD–SE period, and exhibited non-significant differences in
FL–MA period. In addition, precipitation, particularly occurred during the growing season, is the main
limiting factor for potato yield besides thermal time, as reported by Song and Hou [32]. The results in
this study showed greater precipitation received in three intermediate treatments, i.e., D2, D3, and
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D4; peculiarly, D1 had less rainfall in the FL–MA phase compared to other treatments due to the
advanced harvest.

4.2. Flexible Sowing Time and Optimal Sowing Time

Since sowing date is one of the most important management factors affecting crop production
and quality [33,34], determinations of appropriate sowing dates for various crops in different regions
were documented in some previous literatures (e.g., Chen and Chen [35]; Dennett et al. [36]; Olasantan
and Bello [37]; Sharma et al. [38]). Most of these studies determined the appropriate sowing dates
through analyzing the relationship between the sowing date and yields in the years of trial, so these
results might be affected by the environmental conditions (e.g., temperature, rainfall) in the trial
years. However, if potato was sown during the flexible sowing period, thermal time may play a
non-significant role in controlling potato yield because the difference in the thermal time was small,
and the differences in potato yields might only come from the inter-annual variation of precipitation
and particularly the precipitation amount during the potato growing season. As reported by Spink [19],
the optimal sowing date depended mainly upon the timing of rainfall in a given region, which was
beneficial to potato yield by making potato critical water stage matches the period of the precipitation
peak. Actually, we also determined the optimal sowing date through taking long-term precipitation
and temperature conditions in the study area into account. However, unlike temperature, precipitation
showed greater variation between years, so the optimal sowing date might also vary a lot for different
years and it only indicated an approximate range of sowing time. We think the optimal sowing date
could be determined with an uncertainty of a few days for a given year in the future as the accuracy of
precipitation forecast improved. In addition, different cultivars of potato will exhibit different flexible
and optimal sowing times, due to the various demands for heat and water during the growth period.

4.3. Climate Change

IPCC [39] reported that currently, climate change marked by global warming has occurred over
the past 100 years. Hu et al. [40] revealed Inner Mongolia also experienced warming climate, and this
could significantly affect potato-sowing date because of the increased thermal time and prolonged
frost-free days. Here, we explored the changes of the flexible sowing dates in the study area over the
period 1960 to 2012 based on the long-term climate data, as shown in Figure 8.
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Figure 8. Changes of flexible sowing time, first frost date, and last frost date in study area over the
period 1960 to 2012. Trend lines were fitted for last frost date, first frost date, and last sowing date.
Results showed the flexible sowing time has increased by 5.1 day/decade due to the advanced last
frost date (1.7 day/decade) and delayed last sowing date (3.4 day/decade).
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The flexible sowing dates in the study area had increased by 5.1 day/decade over the past 50 years
due to the advanced last frost date (1.7 day/decade) and delayed last sowing date (3.4 day/decade).
The delayed last sowing date resulted from two factors: (1) the first frost date was delayed, and
potato now could be harvested later than in previous years; (2) increased air temperature determined
that the number of days to reach the recommended thermal time for potato growth was less than
those in previous years. As for precipitation in potato growing season, an analysis of a long-term
time series (over the period 1960 to 2012) of precipitation was also carried out. Results showed that
precipitation exhibited great fluctuations among different years, but there was no significant increasing
or decreasing trend in the long-term time series of precipitation. Therefore, the temporal variation of
the optimal sowing date due to precipitation inter-annual variation was not studied in this paper.

5. Conclusions

Sowing date strongly affected potato yield, the delay from an optimum seeding date may cause a
yield reduction. Two intermediate sowing dates produced higher potato yields compared to the earlier
or later sowing date. In a drier year, delayed sowing dates significantly improved WUE, while higher
WUE was found for earlier sowing date in a normal year due to less water consumption. Both the
duration and thermal time of potato development period decreased as the sowing date was delayed.
However, non-significant thermal time differences in FL–MA period were found among the treatments,
because an earlier sowing date showed greater duration and thermal time from sowing to emergence.
In addition, intermediate treatments exhibited greater precipitation over the whole growing season,
particularly in FL–MA phase. Under the current climate conditions in the study area, the flexible
sowing dates for potato were determined as from early May to early June, and optimum sowing time
was from 10 May to 27 May. Based on the long-term climate record, the flexible sowing period has
been prolonged because of the climate warming.
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