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Abstract 

Potato became the fourth staple food in China in 2015 with the purpose of satisfying the food demand of the 

countryôs growing population. Due to the limitation of resources (land, water and nutrients) and considering 

the economic and environmental costs, it is important to improve the yield and the resource use efficiencies. 

The law of diminishing returns leads to a tradeoff between the yield and resource use efficiencies, and studies 

have shown correlations between the water use efficiency and nutrient use efficiencies. In this research, the 

relationships among the tuber yield, water use efficiency (WUE) and nitrogen use efficiency (NUE) in Hailar, 

Inner Mongolia, China were analyzed based on a field experiment conducted during the growing season of 

2017. Four levels of N fertilizer input (0, 184, 225 and 267 kg ha-1) and three levels of water input (0, 235 and 

280 mm) were designed in the experiment. The weights, sizes and NPK contents of different plant parts were 

also analyzed to help explaining the differences in the yield, NUE and WUE. The tuber dry yield significantly 

increased with irrigation from 0 to 235 mm (15.7 to 42.9 ton ha-1), but a further increase in irrigation did not 

push up dry yield. N input did not significantly increase yield, except for the N input of 184 and 225 kg ha-1. 

High yields were achieved with zero N input. As a result, NUEPFP (the ratio between tuber dry yield and N 

input) increased with irrigation from 0 to 235 mm while decreased with N fertilization from 184 to 267 kg ha-

1, and the optimal NUERE2 of 98% (the ratio between N uptake and N input) occurred with an irrigation of 235 

mm. Also, WUEagri
 (the ratio between the tuber dry yield over the sum of precipitation and irrigation) reached 

the peak (23 kg ha-1 mm-1) under 235 mm irrigation. However, WUEirri (the ratio between tuber dry yield and 

irrigation) decreased with irrigation from 235 to 280 mm, because the percentage increase in irrigation 

exceeded that in the tuber dry yield. No tradeoff was found between NUE and WUE. The tuber fresh yield was 

positively related to all NUEs and WUEs except NUEphysio (the ratio between the increase in tuber dry yield 

and the increase in N uptake due to N fertilization). The analyses indicate that the soil N content at sowing 

might have been high, and thus the application of N fertilizers did not benefit the yield. However, the changes 

in N uptake showed that the excessive N input was taken up by the plant, while it was not utilized to produce 

dry yield. Thus a soil test should be done before each sowing in this region considering the unknown 

management of the former crop in the rotation. It is possible that zero N fertilization is the optimal choice. 

Also, the comparison between NUERE2 and NUEIE (the ratio between tuber dry yield and N uptake) indicates 

that the increase in irrigation only improved the efficiency in uptaking N, while did not benefit the efficiency 

in utilizing the N uptake to produce dry yield. The interactions between water and N treatments were not 

significant for most variables.  

 

  



3 

Contents 

 

Preface ........................................................................................................................................................................................ 1 

Abstract ....................................................................................................................................................................................... 2 

Contents ...................................................................................................................................................................................... 3 

1. Introduction ............................................................................................................................................................................ 5 

1.1 Background ..................................................................................................................................................................... 5 

1.2 Water, nutrients and yield gaps ...................................................................................................................................... 6 

1.3 Resource use efficiencies................................................................................................................................................ 7 

1.3.1 Nitrogen use efficiency (NUE).............................................................................................................................................. 7 

1.3.2 Water use efficiency (WUE) ................................................................................................................................................ 11 

1.4 Research questions ........................................................................................................................................................ 14 

1.4.1 Major research question ........................................................................................................................................................ 14 

1.4.2 Sub-questions .......................................................................................................................................................................... 15 

2. Materials and methods ........................................................................................................................................................ 16 

2.1 Field experiment ............................................................................................................................................................ 16 

2.1.1 Site description ........................................................................................................................................................................ 16 

2.1.2 Field experiment design ........................................................................................................................................................ 18 

2.2 Data collection ............................................................................................................................................................... 20 

2.3 Data analysis .................................................................................................................................................................. 21 

2.3.1 The main model ...................................................................................................................................................................... 21 

2.3.2 Sample selection ..................................................................................................................................................................... 22 

2.3.3 Selecting definitions of NUE and WUE for data analysis and the calculations of them ...................................... 22 

2.3.4 Assumption on the root dry weights and aboveground dry weights .......................................................................... 23 

2.3.5 The relationships between the tuber yield and the water & N treatments ................................................................ 24 

2.3.6 The relationships between NUEs (or WUEs) and the water & N treatments .......................................................... 25 

2.3.7 Analyzing the explanatory variables .................................................................................................................................. 25 

2.3.8 The relationship among NUE, WUE, and yield in this field experiment .................................................................. 26 

3. Results .................................................................................................................................................................................. 27 

3.1 The relationship between the tuber yield and water & N treatment .......................................................................... 27 

3.1.1 Tuber fresh yields vs. water and N treatments ................................................................................................................ 27 

3.1.2 Tuber dry yields vs. water and N treatments ................................................................................................................... 28 

3.1.3 Tuber dry matter contents vs. water & N treatments ..................................................................................................... 29 

3.1.4 The numbers & sizes of tubers at harvest vs. water & N treatments ......................................................................... 30 

3.2 The relationships between the NUEs and water & N treatment ................................................................................ 31 

3.3 The relationships between the WUEs and water & N treatment ................................................................................ 33 

3.4 Explanatory variables .................................................................................................................................................... 35 

3.4.1 The relationships between the explanatory variables and N & water treaments ..................................................... 35 

3.4.2 The relationships between the explanatory variables and the tuber dry yield & N uptake................................... 40 

3.5 The relationships among NUEs, WUEs, and the tuber fresh yield in this field experiment .................................... 42 

3.5.1 The interactions between NUEs and WUEs .................................................................................................................... 42 

3.5.2 Tuber fresh yield vs. NUEs and WUEs ............................................................................................................................. 43 



4 

4. Discussion ............................................................................................................................................................................ 45 

4.1 The relationships between the tuber yield and the water & N treatments ................................................................. 45 

4.2 The relationships between the NUEs and the water & N treatments ......................................................................... 46 

4.3 The relationships between the WUEs and the water & N treatments ........................................................................ 47 

4.4 Explain the patterns of the tuber yield, NUEs & WUEs with the explanatory variables ......................................... 47 

4.5 The relationships among NUEs, WUEs and the tuber fresh yield in this experiment .............................................. 49 

4.6 Compare the NUEs, WUEs, and yields from our field experiments to other experiments ...................................... 50 

4.6.1 Local NUE................................................................................................................................................................................ 50 

4.6.2 Local WUE .............................................................................................................................................................................. 52 

4.6.3 China NUE ............................................................................................................................................................................... 52 

4.6.4 China WUE .............................................................................................................................................................................. 53 

4.6.5 Global NUE & WUE ............................................................................................................................................................. 53 

4.7 Based on this field experiment, to what extents can NUEs and WUEs be improved in Hailar, Inner Mongolia, 

China? And how? ................................................................................................................................................................ 54 

5. Conclusion ............................................................................................................................................................................ 56 

References ................................................................................................................................................................................ 58 

Appendices ............................................................................................................................................................................... 62 

Appendix 1: Dry yields, NUEs and WUEs ........................................................................................................................ 62 

Appendix 2: Compare the results based on the two original 3-metre samples only and that calculated from all 3-metre 

samples. ................................................................................................................................................................................ 65 

Appendix 3: Fresh & Dry yields vs. treatments ................................................................................................................ 68 

Appendix 4: Dry matter contents vs. treatments ............................................................................................................... 70 

Appendix 5: The numbers and sizes of tubers vs. treatments ........................................................................................... 71 

Appendix 6: The NUEs and WUEs vs. treatments ........................................................................................................... 74 

Appendix 7: Sizes and weights of roots and aboveground parts ...................................................................................... 78 

Appendix 8: NPK% in different plant parts at harvest ..................................................................................................... 80 

Appendix 9: The means and standard deviations of petiole N contents .......................................................................... 82 

Appendix 10: The tuber dry yield & N uptake vs. explanatory variables ....................................................................... 84 

Appendix 11: The relationships among the tuber fresh yield, NUEs and WUEs ........................................................... 86 

Appendix 12: Changes in soil NPK contents .................................................................................................................... 87 

Appendix 13: Fluctuations in petiole N contents .............................................................................................................. 88 

 

  



5 

1. Introduction  

1.1 Background 

Potato is one of the four main crops in the world (Alva et al., 2011). As of year 2013, 19 million ha of land 

across the world was used for potato cultivation, and the total production was 380 million tons (Lu, 2015). 

Originated from eight thousand years ago in Peru (Lutaladio & Castaldi, 2009), potato was introduced to China 

from the west in the 17th century (Singh & Kaur, 2016) and then widely spread in the country due to its 

resistance to the high altitude and cold weather and ability to grow with different soil types and climates (Zhang 

et al., 2017; Alva et al., 2011).  

China is currently the largest potato producer in the world (Jansky et al., 2009; Lu, 2015). Both the total 

production and the cultivation area of potato in China have been on the rise. In 2006, China produced 22% (70 

million tons) of the worldôs potatoes on 26% of the worldôs land for potato cultivation. While in 2013, 30% 

(5.8 million ha) of the worldôs potato cultivation area was located in China, and the production went up to 89 

million tons, which made up 24% of the world production. In 1998, the potato production in China was only 

56 million tons with a cultivation area of 4.1 million ha. The Ministry of Agriculture of China aims to allocate 

6.7 million ha of land to potato production by 2020 (Ministry of Agriculture of the People's Republic of China, 

2016). In 2013, six provinces (in total there are 23 provinces in China) contributed 2/3 of the total potato 

production in China (Li et al., 2015). Nearly half of the countryôs potatoes were produced in the northern part 

(Alva et al., 2011). Inner Mongolia in northern China, as one of the six provinces, takes around 10% of both 

the countryôs potato land and potato production in the recent years (Li, 2016).  

In 2015, the Ministry of Agriculture of China listed potato as the fourth staple food after rice, wheat and corn, 

in order to supply enough food for the growing population, improve the nutrition balance in Chinese cuisine, 

as well as contributing to the sustainable development (Lu, 2015; Zhang et al., 2017). As a staple food, potato 

not only provides carbohydrate, but also carries protein, minerals and vitamins with lower calories, which is 

ña near-optimum balance of nutrients for human consumptionò (Alva et al., 2011). Potato helps to release the 

stress of land and water shortage in China, where 6% of the worldôs fresh water and 9% of the worldôs 

farmlands should be well managed to feed 21% of the worldôs population (Frenken, 2012). In addition, planting 

potatoes can help reducing soil erosion. As for the food security, there is a bigger potential in increasing the 

yield of potato than that of rice, wheat or corn because the yields of the latter three in China are already high 

compared to the world levels, while the yield of potato is still lower than the world average. In 2013, the 

average potato yield in China was 15.4 ton ha-1, which was 20% lower than the world average level (18.9 ton 

ha-1), and much lower than that in the Netherlands (over 45 ton ha-1) and North America (41.2 ton ha-1) 

(Kempenaar et al., 2017; FAOSTAT, 2008). It was also lower than the target for year 2020 set by the Ministry 

of Agriculture of China, which aims to increase the yield to 19.5 ton ha-1 (Li, 2016).  
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1.2 Water, nutrients and yield gaps 

As the world population goes up to over 9 billion in the near future, crop yields of current levels will not be 

able to maintain the food security even if all existing cultivation lands are utilized, thus increasing crop yields 

is necessary for human survival (van Ittersum et al., 2013). The potential for yield increase varies for different 

regions, and it can be estimated by the yield gaps (YG) in each region. YG is defined as the gap between the 

potential yield (YP) and the actual yield (YA) under irrigated conditions, and between the water-limited 

potential yield (YW) and YA under rainfed conditions (van Ittersum et al., 2013). There are also other definitions 

of YG. According to Sadras et al. (2015), the YG defines the difference between two levels of yields, and 

different YGôs are chosen according to the research purpose.  

YP is achieved when adequate water and nutrients are supplied and weeds, pests and diseases are well 

controlled (van Ittersum et al., 2013). YP of a crop in a certain region is determined by the light, temperature, 

CO2 supply, and the genetics of the cultivar. Since the access to irrigation is different in different regions, which 

affects the level of achievable yield, the water-limited potential yield (YW) is introduced. YW is the potential 

that can be reached under rainfed conditions. When nutrients and biotic stress are not limiting, the yield of the 

crop under inadequate irrigation lies between YP and YW. Since the field topography (runoff) and the soil type 

(water holding capacity and rooting depth) influence the water supply to crops, they also contribute to the gap 

between YP and YW (van Ittersum et al., 2013; Sadras et al., 2015). YA, the actual yield of a certain cultivar in 

a region, is limited by water, nutrients, as well as all the possible biotic stress. In addition to YP, YW and YA, 

Sadras et al. (2015) defined an ñattainable yieldò, which is ñthe best yield achieved through skillful use of the 

best available technologyò  

For the situation of potato production in China, China Potato GAP 2013-2016 (Kempenaar et al., 2017) 

calculated the attainable tuber fresh yield with LINTUL growth model for five provinces including Inner 

Mongolia. The attainable yield in China ranged from 55 to 80 ton ha-1, and the yield gaps (between the 

attainable yields and YAôs) varied between 12 and 45 ton ha-1. For Dalate Qi in Inner Mongolia, the project 

proposed that the attainable yield was 72 ton ha-1, which almost doubled the local actual yield (38 ton ha-1), 

while the local actual yield was already much higher than the average level of the whole province.  

Although the yield gap indicates the potential of yield increase in a certain region, reaching the potential yield 

is not commonly preferred due to the law of diminishing returns (van Ittersum et al., 2013; Sadras et al., 2015). 

When more water or nutrients are applied, the curve of the relationship between yield and input flattens out 

(de Wit, 1992), which means a decrease in the efficiency of water or nutrient use. In other words, there is a 

trade-off between the yield and the resource use efficiencies.  

Silva et al. (2017) decomposed YG (defined to be the difference between YP and YA) into Efficiency YG, 

Resource YG and Technology YG. When two inputs (water and N) are interacted, the effects of them on the 

crop yield concern both the Efficiency YG and Resource YG. Increasing one input can narrow the Resource YG 

of this input, while better management of another input can narrow the Efficiency YG of it.  
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1.3 Resource use efficiencies 

1.3.1 Nitrogen use efficiency (NUE) 

Since the World War II, chemical fertilizers have been widely used as a result of the increasing demand for 

food and the development in technology (de Wit, 1992). However, as predicted by the law of diminishing 

returns, although the yield can still increase with larger fertilizer input, the marginal return is going down 

without new improvement in technology. Since more fertilizer input is needed to push up the yield when the 

production is already high, a large portion of the nutrient is not utilized by the plants, but lost to the environment. 

Thus the excess application of chemical fertilizer not only brings a larger economic cost, but also causes 

environmental pollution, which makes the fertilizer use efficiencies important indicators of the sustainable use 

of fertilizers. 

Every ton of potato tubers removes about 3.8 kg N, 0.6 kg P and 4.4 kg K from the soil, and insufficient or 

unbalanced supply of fertilizers has limited the yields in some regions in China (Alva et al., 2011). Compared 

with other nutrients, N management has been considered the most important for potato yield. The demand for 

N is the highest among the demands for NPK fertilizers, and it keeps rising across the world (CƛƎǳǊŜ м). Also, 

while the N surplus largely flows into the environment, the P surplus is reserved in soil (Bouwman et al., 2017). 

Bouwman et al. argued that making use of accumulated soil P and increasing NUE would allow continuing 

increase of yield in China. 

 

 
CƛƎǳǊŜ мΥ !ύ ¢ƘŜ ŦƻǊŜŎŀǎǘǎ ŦƻǊ ǘƘŜ ǿƻǊƭŘ ŘŜƳŀƴŘ ŦƻǊ ŦŜǊǘƛƭƛȊŜǊǎ ŦƻǊ ȅŜŀǊ нлмр Ϥ нлмфΤ .ύ ¢ƘŜ ŦƻǊŜŎŀǎǘǎ ŦƻǊ ǘƘŜ ŘŜƳŀƴŘ 

ŦƻǊ b ŦŜǊǘƛƭƛȊŜǊ ƛƴ ŘƛŦŦŜǊŜƴǘ ǊŜƎƛƻƴǎ ŀǊƻǳƴŘ ǘƘŜ ǿƻǊƭŘ ŦƻǊ ȅŜŀǊ нлмр Ϥ нлмфΦ ό{ƘŀǊƳŀ ϧ .ŀƭƛΣ нлмуύ 

 

Definitions of NUE 

Different definitions of NUE are used in research. Some of them are based on the plant physiological processes, 

some are established regarding the agronomic management, while others are defined for the local development. 
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For a same system, different definitions of NUE usually have different values, and describe different aspects 

of the system.  

Based on the mass balance principle, one category of the definitions calculates the ratio of N output over N 

input, and the definitions of N outputs and N inputs vary for different industries. NUEout/in, NUEfert, and 

NUEREôs (¢ŀōƭŜ м) show three typical thoughts in adapting it for agricultural systems (EU Nitrogen Expert 

Panel, 2015; Raun & Johnson, 1999; Dobermann, 2005; Conant et al., 2013). NUEout/in calculates the ratio 

between the total N output from the system (removed with the harvested products) and the total N input to the 

system from all sources, and it plays a good role as an indicator of the sustainability of an agroecological 

system. NUEfert sees soil N stock as a source of N input instead of a part of the system. Since N in harvested 

crops comes from fertilizers, soil N stock and N deposition in rainfall, NUEfert deducts N from soil N stock 

and N from deposition from the N output in the numerator and uses N from fertilizer as the denominator to 

show the conveyance of the fertilizer N.  

NUEREôs (recovery efficiency of fertilizer) ignore the former arguments that the N output in harvested crops 

come from different sources (fertilizer, soil, rainfall), and calculate the ratio between the N in harvested crops 

(also called N uptake) and the N from fertilizers. Conant et al. (2013) used a term called ñexternal N inputsò, 

which contains fertilizer, manure and fixed N, as the denominator of the recovery efficiency (NUERE2, ¢ŀōƭŜ м). 

The ñexternalò sources by Conant et al. were all fertilizer-like sources, while the contributions of soil N stock 

and rainfall were not considered. Recovery efficiencies of fertilizer are often used as NUE in researches (Yan 

et al., 2014). One advantage is that they are determined by the equilibrium of the plantôs demand for N and the 

fertilizerôs release of N, which is influenced by the crop genotype and the fertilizer application method, and 

thus very useful in planning fertilization (EU Nitrogen Expert Panel, 2015). Two types of recovery efficiencies 

are commonly employed in research. One of them (NUERE1, also called ñapparent recovery efficiencyò) takes 

the difference in N uptake between fertilized and unfertilized crops as the numerator, while the other (NUERE2) 

simply used the N uptake as the numerator.  

The second category of NUE maps N input to the crop yield. Moll et al. (1982) defined NUE as the ratio 

between the crop dry weight and the amount of N available (NUEuptake*utilization, ¢ŀōƭŜ м). They separated the 

NUE into two components based on the physiological process: the uptake efficiency from the total N available 

to N uptake, and the utilization efficiency from N uptake to the crop dry weight. NUEPFP (partial factor 

productivity of applied N) is distinguished from NUEuptake*utilization by using the amount of fertilizer N as the 

denominator (EU Nitrogen Expert Panel, 2015; Dobermann, 2005). NUEPFP is one of the most meaningful 

definitions for agricultural practice, as it shows the efficiency of fertilization in production explicitly. Another 

widely used NUE, the agronomic efficiency (NUEAE, ¢ŀōƭŜ м), is defined as the multiplication of the apparent 

recovery efficiency of fertilizer (NUERE1) and the physiological efficiency of applied N (NUEphysio) (EU 

Nitrogen Expert Panel, 2015). NUEphysio shows the plantôs ability to transform the N uptake into yield. 

Extremely low NUEphysio suggests ódeficiency of other nutrients or mineral toxicityô or too much N application. 

While NUEuptake*utilization employs the total N available as the denominator, both NUEPFP and NUEAE use the 

amount of N from fertilizers. The only difference between the equations of NUEPFP and NUEAE is that the yield 

without N fertilizer application (Y0) is deducted from the numerator in NUEAE.  

NUEphysio belongs to the third category of NUEs (NUEIE, NUEphysio and NUEN_prod*res_time, ¢ŀōƭŜ м), which shows 
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the transforming of N uptake into crop yield. Internal utilization efficiency of N (NUEIE) is defined as the ratio 

of crop dry weight over N uptake. The differences between NUEIE and NUEphysio lie in whether to deduct the 

yield and N uptake without N fertilization (Y0 & U0) from the numerator and the denominator respectively. 

NUEN_prod*res_time represents ñthe dry weight which can be produced per unit of N taken upò (Berendse & Aerts, 

1987). This NUE definition introduces the concepts of N residence time & N productivity in the plant. 

NUEN_prod*res_time is calculated as the multiplication of N residence time (days) and N productivity in the plant 

(g dry weight g-1 N day-1), where the residence time means the ñmean period during which nitrogen can be 

used for carbon fixationò.  

There are also other views on the definition of NUE. Chapin (1980) reviewed the crop responses under nutrient 

stress and showed that the efficiency defined as the amount of dry matter produced per unit of nutrient was 

also the inverse of tissue concentration. He pointed out that since the NUE could be influenced by processes 

like development of fibre and sugars, use ñrespiration, photosynthetic, or net assimilation rate per g nutrientò 

might be a better measure of efficiency. 

 

¢ŀōƭŜ мΥ b¦9 ŘŜŦƛƴƛǘƛƻƴǎ 

Category Name Equation 

1. From N 

input to N 

output  

NUEout/in NUEout/in = N output in harvested products (kg) / N input (kg) 

where N input = N input to the system from all sources (e.g. 

atmospheric deposition, biological fixation, crop residues, planting 

materials) 

(EU Nitrogen Expert Panel, 2015) 

NUEfert 

 

NUEfert = (N output (kg ha-1) ï N from soil N stock (kg ha-1) ï N 

deposited in rainfall (kg ha-1)) / fertilizer N (kg ha-1) 

(Raun & Johnson, 1999) 

NUERE1  

 

NUERE1 = (UN ï U0) / Napp 

where UN = N uptake with N fertilizer & manure application (kg) 

     U0 = N uptake without N fertilizer & manure application (kg) 

Napp = N applied (kg)  

= N from fertilizer (kg) + N from manure (kg) 

(Dobermann, 2005) 

NUERE2 NUERE2 = N in harvested grain (kg)/ external N inputs (kg) 

where external N inputs = N from fertilizer (kg) + N from manure 

(kg) + fixed N (kg) 

(Conant et al., 2013) 

2. From N 

input to crop 

yield  

NUEuptake*utilization 

[g dry weight g-1 N] 

NUEuptake*utilization  

= N uptake efficiency (%) * utilization efficiency (g dry weight g-1 N) 

= (Nt / Na) * (Gw / Nt)     

= Gw / Na                              

where Gw = crop dry weight (g dry weight per plant) 

  Na = N available (g N per plant) 

  Nt = total N in the plant at maturity (g N per plant) 
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(Moll et al., 1982) 

NUEPFP 

[kg yield kg-1 N] 

NUEPFP = YN / Nfert 

       = Y0/Nfert + NUEAE 

where PFP = partial factor productivity of fertilizer N 

      YN = yield with N fertilizer application (kg) 

Y0 = yield without N fertilizer application (kg) 

      Nfert = N from fertilizer (kg) 

(EU Nitrogen Expert Panel, 2015; Dobermann, 2005) 

NUEAE 

[kg yield kg-1 N] 

NUEAE = (YN ï Y0) / Nfert  

       = RE * PE 

where AE = agronomic efficiency of fertilizer N 

RE = apparent recovery efficiency of fertilizer N  

= (UN ï U0) / Nfert 

         PE = physiological efficiency of fertilizer N  

= (YN ï Y0) / (UN ï U0) 

      YN = yield with N fertilizer application (kg) 

      Y0 = yield without N fertilizer application (kg) 

      UN = N uptake with N fertilizer application (kg) 

      U0 = N uptake without N fertilizer application (kg) 

      Nfert = N from fertilizer (kg) 

(EU Nitrogen Expert Panel, 2015; Dobermann, 2005) 

3. From N 

uptake to crop 

yield 

(Utilization 

efficiencies) 

NUEphysio 

[kg dry weight kg-1 N] 

NUEphysio = (YN ï Y0) / (UN ï U0)  

Where YN = yield with N fertilizer application (kg) 

      Y0 = yield without N fertilizer application (kg) 

      UN = plant N uptake with N fertilizer application (kg) 

      U0 = plant N uptake without N fertilizer application (kg) 

(Chen et al., 2012) 

NUEIE 

[kg dry weight kg-1 N] 

NUEIE = crop dry weight (kg ha-1) / N uptake (kg ha-1) 

where IE = internal utilization efficiency of N 

(EU Nitrogen Expert Panel, 2015; Dobermann, 2005; Shaver & 

Melillo, 1984; Brown, 1978) 

NUEN_prod*res_time 

[g dry weight g-1 N] 

NUEN_prod*res_time = A/Ln,                                             

where A = N productivity (g dry weight g-1 N day-1), 

Ln = the N required per unit of N present in the plant (gN g-1N 

day-1) 

1/Ln = mean residence time (day)  

= the mean period during which N can be used for carbon 

fixation, 

(Berendse & Aerts, 1987) 
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NUE in China 

China is the largest fertilizer user in the world, with a fertilizer nutrient consumption of 47.66 million tons as 

of year 2005, which equals 32% of the world total consumption (Jin, 2012). But the fertilizer use efficiency in 

China is low. The NUERE2 was reported to be 30% ~ 35% and the NUEAE was only half of the world average 

level. And NUEs1 in China have been decreasing since the year of 1970 (Bouwman et al., 2017). According 

to Jin (2012), in China approximately 34% of the N from chemical fertilizer was lost through nitrification and 

denitrification, 11.5% through ammonia volatilization, 5% through soil erosion, and 2% through leaching.  

In case of potato production, a research in Guangxi Province (southern China) showed that the NUERE1 was 

between 35.16% and 39.99%. And the 15N-labeled experiment showed that 46% ~ 52% of the N uptake by 

potato was from N fertilizers applied in that season, while the other 48% ~ 54% was from soil and seed tubers 

(Wei et al., 2016). In Heilongjiang Province (north-eastern China), a field experiment fertilized with urea had 

a NUERE1 of 34.9% (Jiang, 2002), which was similar to the level in Guangxi Province. However, in the same 

province, the NUERE1 of soil testing formulated fertilization reached 81.7% in a field experiment in 2011 (Liu 

et al., 2011). According to IPNI (the International Plant Nutrition) cooperative network, the average NUEAE in 

China was 34 kg tuber fresh yield kg-1 N from fertilizer between the year of 2000 and 2006 (Jin, 2012).  

 

1.3.2 Water use efficiency (WUE) 

Globally, 6225 m3 freshwater is available per capita, and 75% of the human water consumption is used on 

agriculture (Jia et al., 2016; Frenken, 2012). China, with a per capita fresh water availability of only 1/3 of the 

world level, also has to push up its total agricultural production by 30% in 2030 to meet the needs of the rising 

population.  

With a 4000-year history of irrigation, as of 2006 the area equipped with irrigation in Mainland China reached 

62.6 million ha (total arable land & area under permanent crops: 124 million ha), of which 91.2% was covered 

with annual or food crops (Frenken, 2012). Oher areas with irrigation were used for orchards, forests, pasture 

and other crops. As of 2016, the irrigated land contributed 80% of the countryôs food production (Jia et al., 

2016).  

The water resource allocation in China is extremely imbalanced between the south (25,000 m3 per year per 

inhabitant) and the north (500 m3 per year per inhabitant) (Frenken, 2012). Northern China, with only 20% of 

the countryôs water resourses, is producing half of the countryôs grain and almost all of its maize and wheat on 

65% of the countryôs cultivated land, and contributing 45% to the countryôs GDP. The water deficiency in 

northern China is expected to be 25 ~ 46 km3 in 2030, which is two to four times of the national level. 

Nowadays, almost 13% of the cultivated land in northern China suffers from droughts every year. Due to the 

conflict in droughts and large demand for water in production, northern China relies on groundwater (Frenken, 

2012). 65% of the water withdrawal in the five northern provinces including Inner Mongolia is from 

                                                   
1 The definition of NUE that is used by Bouwman et al. is the ratio between the amount of N in harvested crop parts and N inputs 
(fertilizer, manure, atmospheric deposition, and biological N fixation) (Bouwman et al., 2017).  
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groundwater, which has largely depleted the groundwater reservoir and caused lower water tables.  

The Water and Soil Conservation Law and the Water Law were introduced by the government in 1991 and 

2002 repectively for ñrational useò of water resources and protecting the environment (Frenken, 2012). 

Increasing WUE is one of the focuses of the Water Law.  

The irrigation WUE2 in China was about 45%, which was much lower than that in the developed countries 

(around 70% ~ 80%) (Jia et al., 2016). China has been spending US$2 billion every year to improve the WUE, 

and the agricultural WUE3  went up by 10% in the past ten years (Frenken, 2012). The amount of water 

withdrawal decreased while the total production increased. However, in year 2009, the economic water 

productivity (WP)4 in China was still only US$3.6 per m3, which was very low compared to that in other 

middle income countries (average US$4.8 per m3) and was only 1/10 of that in high-income countries (US$35.8 

per m3)  

 

Definitions of WUE and water productivity (WP) 

There have been discussions around the definitions of WUE and WP. In a multi-country research report from 

FAO (Sadras et al., 2011), it was pointed out that the term of ñefficiencyò, especially WUEagri (¢ŀōƭŜ н), was 

often ñmisused or used without clear definitionò in literature. According to Sadras et al., WUE was originally 

established ñfrom the viewpoint of engineering and irrigationò as the ñconveyance efficiencyò (WUEengineer, 

¢ŀōƭŜ н), where the excess of water (water at point 1 minus water at point 2) goes to ñspills, leakage and 

evaporation from the water surfaceò. For agriculture, this report proposed the ñfield application efficiencyò 

(WUEfield application, ¢ŀōƭŜ н) for which the excess of water (total water delivered to the field minus water delivered 

to the plant root zone) goes to runoff, percolation, or soil surface evaporation.  

In the definitions of WUEengineer and WUEfield application, Sadras et al. (2011) regarded ñefficiencyò as a 

dimensionless ratio of which the value ranges from 0 to 1, while they defined WP as the ratio of the net benefit 

from an agricultural system to the water consumption. For example, WPeconomic, which set the economic and 

social benefits as the numerator, has a unit. But back to the year of 2006, Sadras defined WUEY/ET as the ratio 

between the grain yield (kg ha-1) and the seasonal evapotranspiration (mm) (Sadras & Angus, 2006). This 

definition was later regarded as ñevapotranspiration WPò (Sadras et al., 2011). The agronomic efficiency 

(WUEagri, ¢ŀōƭŜ н), also referred to as agronomic WP, is widely used by agronomists for the relationship 

between crop yield and water usage (Sadras et al., 2011; van Ittersum et al., 2013). A definition that is similar 

to WUEagri is WUEirri, which uses irrigation water as the denominator instead of the total water used 

(Fairweather et al., 2003). If the climate (precipitation, temperature, radiation, for example) in an area is stable, 

the definition WUEirri can be of practical use for agricultural production.  

According to Fairweather et al. (2003), WUE, when used for the relationship between water input and 

agricultural product or economic return, is actually a water use index. They pointed out that WUE is also 

                                                   
2 A definition of the irrigation WUE used in this paper was ƴƻǘ ŦƻǳƴŘΦ !ƭǘƘƻǳƎƘ ǘƘŜ ǘŜǊƳ ǳǎŜŘ ǿŀǎ άƛǊǊƛƎŀǘƛƻƴ ²¦9έΣ ƛǘ Ƙŀǎ ŘƛŦŦŜǊŜƴǘ 
definition from WUEirri in Table 2.  
3 ! ŘŜŦƛƴƛǘƛƻƴ ƻŦ ǘƘŜ ŀƎǊƛŎǳƭǘǳǊŀƭ ²¦9 ǳǎŜŘ ƛƴ ǘƘƛǎ ǊŜǇƻǊǘ ǿŀǎ ƴƻǘ ŦƻǳƴŘΦ !ƭǘƘƻǳƎƘ ǘƘŜ ǘŜǊƳ ǳǎŜŘ ǿŀǎ άŀƎǊƛŎǳƭǘǳǊŀƭ ²¦9έΣ ƛǘ Ƙŀǎ 
different definition from WUEagri in Table 2.  
4 A definition of the economic WP used in this report was not found. But we expect it to be similar to WPeconomic in Table 2. 
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commonly used to describe ñthe effectiveness of irrigation water delivery and useò, which is similar to the idea 

of WUEengineer and WUEfield application in ¢ŀōƭŜ н. They proposed that WUE should be regarded as a toolbox which 

included two parts, one of which was dimensionless (based on the water balance), and the other had ña suite 

of performance indicesò like crop yield per mm water input. 

 

¢ŀōƭŜ нΥ 5ŜŦƛƴƛǘƛƻƴǎ ƻŦ ²¦9 ŀƴŘ ²t 

Name Equation 

WUEengineer 

[%] 

WUEengineer  

= water available at point 1 (mm) / water available at point 2 (mm), 

where point 1 & 2 are different points of channels in the irrigation system. 

(Sadras et al., 2011)  

WUEfield application 

[%] 

WUEfield application  

= water delivered to the plant root zone (mm) / total water delivered to the 

field (mm) 

(Sadras et al., 2011) 

WPeconomic  

[ha-1 mm-1] 

WPeconomic = economic and social benefit / water used (mm)  

(Sadras et al., 2011) 

WUEY/ET, 

WPY/ET 

[kg ha-1 mm-1] 

WUEY/ET = grain yield (kg ha-1) / seasonal evapotranspiration (mm)  

(Sadras & Angus, 2006; Sadras et al., 2011). 

WUEagri, 

WPagri 

[kg ha-1 mm-1] 

WUEagri = grain yield (kg ha-1) / water used (mm) 

where water used  

= plant-available soil water at planting (mm) 

     + in-season rainfall (mm) 

     + applied irrigation (mm) 

        ï residual plant available water in the root zone at maturity (mm). 

(Sadras et al., 2011; van Ittersum et al., 2013) 

WUEirri 

[kg ml-1] 

WUEirri = yield (kg) / irrigation water applied (ml)  

(Fairweather et al., 2003) 

 

Relationships among WUE (or WP), NUE and crop yield 

Adequate supplies of water and nutrient fill the yield gaps. However, as mentioned above, maximizing only 

one of WUE (or WP), NUE or crop yield is not commonly preferred due to the tradeoffs. These tradeoffs are 

inherent features resulted from the biophysical processes and cannot be eliminated (Sadras et al., 2015). 

Between NUE and WUE (WP), while adequate N input is needed for a high WUE, NUE will be dragged down 

when more N is supplied according to the law of diminishing returns. A comparison among the flooded and 

aerobic rice in the Philippines and rainfed and irrigated maize in USA has shown this pattern (CƛƎǳǊŜ н). This 

data in the Philippines (tropical regime) also showed the tradeoff between WUE and the yield (CƛƎǳǊŜ о). Rice 

with a higher WUEagri (aerobic) had a lower grain yield than that with a lower WUEagri (flooded). However, 
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there is an example from Japan (temperate regime) where the WUEagri of aerobic rice outperformed that under 

flooded condition without a penalty on the yield (Sadras et al., 2011). This might be due to that the increase in 

the grain yield from higher water supply (the numerator in the definition of WUEagri) won over or tied with the 

increase in the water amount (the denominator in the definition of WUEagri) in this case. Thus although the 

tradeoffs are inherent in the agricultural systems, the ranges vary for different regions and need to be further 

explored.  

 
CƛƎǳǊŜ нΥ ¢ƘŜ ǘǊŀŘŜƻŦŦ ōŜǘǿŜŜƴ ²¦9ǎ ό²tǎύ ŀƴŘ b¦9ǎΦ όŀύ ϧ όōύΥ ²¦9ŀƎǊƛ ϧ b¦9L9 ƻŦ ŦƭƻƻŘŜŘ ϧ ŀŜǊƻōƛŎ ǊƛŎŜ ƛƴ 

tƘƛƭƛǇǇƛƴŜǎΤ όŎύ ϧ όŘύΥ ²¦9¸κ9¢ ϧ b¦9L9 ƻŦ ǊŀƛƴŦŜŘ ϧ ƛǊǊƛƎŀǘŜŘ ƳŀƛȊŜ ƛƴ ¦{!Φ ό{ŀŘǊŀǎ Ŝǘ ŀƭΦΣ нлмрύ 

 

 
CƛƎǳǊŜ оΥ /ƻƳǇŀǊƛǎƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ ǊƛŎŜ ƎǊƻǿǘƘ ǳƴŘŜǊ ŀŜǊƻōƛŎ ŎƻƴŘƛǘƛƻƴ ŀƴŘ ǳƴŘŜǊ ŦƭƻƻŘŜŘ ŎƻƴŘƛǘƛƻƴ ƛƴ ǘƘŜ 

tƘƛƭƛǇǇƛƴŜǎΦ όŀύ ²¦9ŀƎǊƛΤ όōύ ƎǊŀƛƴ ȅƛŜƭŘΦ ό{ŀŘǊŀǎ Ŝǘ ŀƭΦΣ нлмрΤ {ŀŘǊŀǎ Ŝǘ ŀƭΦΣ нлммύ 

 

1.4 Research questions 

1.4.1 Major research question 

What is the relationship among the NUE, WUE and tuber fresh yield in a field experiment of potato 

production in Hailar, Inner Mongolia, China conducted in 2017?  

Interrelationships among the NUE, WUE and tuber fresh yield have been shown from literature. In our 
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experiment, do the NUE, WUE and tuber fresh yield show tradeoffs? Are there domains within which these 

three values go up simultaneously?  

 

1.4.2 Sub-questions 

1) What are the relationships between N & water inputs and the tuber yield?  

Tuber fresh yields, tuber dry matter contents, and the numbers and sizes of harvested tubers are analyzed.  

2) What are the relationships between N & water inputs and the NUE? 

3) What are the relationships between N & water inputs and the WUE? 

4) What variables can be used to help explaining the relationships between the treatments and the yield, NUE 

and WUE? 

The explanatory variables to be discussed in this thesis were selected according to the physiological 

processes and the availability of the experimental data. The sizes, weights and NPK contents of different 

plant parts were selected due to their possible influences on the plantsô ability to uptake and utilize water 

& nutrients, the photosynthesis and other processes.  

5) Based on this field experiment, to what extents can NUE and WUE be improved in Hailar, Inner Mongolia, 

China? And how? 

6) What are the differences in NUEs, WUEs, and tuber yields between the results of our field experiment and 

other experiments in the same region or the global levels?  
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2. Materials and methods 

2.1 Field experiment 

2.1.1 Site description 

1) Location 

The field experiment was conducted in Hailar, Inner Mongolia, China, which is one of the main potato 

producing regions in the country. Potato production is not evenly distributed in northern China, where Gansu 

Province in the west and Inner Mongolia Autonomous Region in the east are outstanding. Most of the land in 

northern China lies on the plateaus (Qinghai-Tibet Plateau, Loess Plateau, and Inner Mongolian Plateau).  

Due to the mountains and different distances from the ocean, the effects of the atmospheric circulation and 

ocean currents on the climate various across northern China. Also, the three plateaus have different 

topographies and soil conditions. 

Hailar (longitude119Á28ǋ~120Á34ǋ E, latitude 49Á06ǋ~49Á28ǋ N, altitude 603 m ~ 743 m, CƛƎǳǊŜ п) belongs to 

the Hailar inland fault depression basin in the centre of Hulunbuir Grassland (Hailar, 2017). It is the district 

where Hailar River and Yimin River confluence, and where Mongolian Plateau meets Greater Khingan 

Mountains. 

 

 

CƛƎǳǊŜ пΥ ¢ƘŜ ƭƻŎŀǘƛƻƴ ƻŦ IŀƛƭŀǊΣ LƴƴŜǊ aƻƴƎƻƭƛŀΣ /Ƙƛƴŀ ƛǎ ƳŀǊƪŜŘ ƛƴ ǘƘŜ ƳŀǇ ǿƛǘƘ ŀ ǎƳŀƭƭ ŎƛǊŎƭŜΦ {ƻǳǊŎŜΥ [ƻŎŀǘƛƻƴ ƻŦ 

IŀƛƭŀǊ ƻƴ ŀ ƳŀǇ ό²ƻǊƭŘŀǘƭŀǎΣ нлмуύΦ 

 

2) Climate 

Summers in Hailar are mild and short, while winters are extreme and long (The Bureau of History Archives of 

Hailar, 2016). As a result of its medium-temperate semi-arid continental monsoon climate, the inland location 

and the barrier effect of the Greater Khingan Mountains, Hailar is windy and dry (low precipitation and high 
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evapotranspiration) in spring, and relatively wetter in summer. While the radiation in Hailar is abundant 

throughout the year, the monthly temperature ranges from -30.8ÁC in January to 25.84 ÁC in July (historical 

average), and the precipitation ranges between 3.36 mm in February and 99.38 mm in July (historical average) 

(National Meteorological Center of China Meteorological Administration, 2017). 

 

3) Soil conditions 

Soil types: Among the five common types of soil in Hailar, Kastanozems and Chernozems are the most 

common (People's Government of Hailar, 2016). The experimental farm is located on the high plains in eastern 

Hailar.  

Soil physical properties & chemical contents: Physical properties and chemical contents of a soil sample 

taken in July, 2015 in Hailar (¢ŀōƭŜ о) were used when planning NPK application in the field experiment. Soil 

samples of 20 cm depth from the experimental field were also taken before sowing and after harvest of this 

experiment (¢ŀōƭŜ п and ¢ŀōƭŜ р). These soil samples were sent to a local laboratory for tests, and the results 

were received after the experiment.  

 

¢ŀōƭŜ оΥ {ƻƛƭ ǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ϧ ŎƘŜƳƛŎŀƭ ŎƻƴǘŜƴǘǎ ŦǊƻƳ ǘƘŜ ǎŀƳǇƭŜǎ ǘŀƪŜƴ ƛƴ IŀƛƭŀǊ ƛƴ WǳƭȅΣ нлмр όaƻǎŀƛŎΣ нлмрύΦ 

Content Amount 

Organic Matter (%) 1.64 

NH4-N (kg ha-1) 11.8 

NO3-N (kg ha-1) 29.2 

P (kg ha-1) 35 

K (kg ha-1) 223.2 

Ca (kg ha-1) 7598.2 

Mg (kg ha-1) 1133.2 

S (kg ha-1) 41.4 

Cu (kg ha-1) 0.4 

Mn (kg ha-1) 3.8 

Zn (kg ha-1) 1 

B (kg ha-1) 4.96 

pH  8.05 

Ca/Mg  6.7 

Mg/K  5.1 

* Sample depth: 0~20 cm; soil type: loam. 
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¢ŀōƭŜ пΥ {ƻƛƭ ǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ϧ ŎƘŜƳƛŎŀƭ ŎƻƴǘŜƴǘǎ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ŦƛŜƭŘ ōŜŦƻǊŜ ǇƭŀƴǘƛƴƎ ƛƴ aŀȅΣ нлмтΦ hƴŜ ǎƻƛƭ 

ǎŀƳǇƭŜ ǿŀǎ ǘŀƪŜƴ ŦǊƻƳ ŜŀŎƘ ǎǳōǇƭƻǘ όǎŜŜ {ŜŎǘƛƻƴ нΦмΦнύΣ ǘƘŜ ǊŜǎǳƭǘǎ ōŜƭƻǿ ǎƘƻǿ ǘƘŜ ŀǾŜǊŀƎŜǎ ƻƴ ŀƭƭ ǎǳōǇƭƻǘǎΣ ǘƘŜ 

ƳŀȄƛƳǳƳǎ ŀƴŘ ǘƘŜ ƳƛƴƛƳǳƳǎΦ 

 Minimum Maximum Average 

SOM% 1.83  2.72  2.18  

pH 5.80  7.66  6.46  

Alkali-hydrolyzable N (kg ha-1) 304  634  422  

Available P content (kg ha-1) 77  224  134  

Available K content (kg ha-1) 387  659  509  

* Sample depth: 0~20 cm; soil bulk density: 1.6 g cm-3; soil dry weight of 20 cm: 3.2*106 kg ha-1;  

soil type: sandy loam.  

 

 

¢ŀōƭŜ рΥ {ƻƛƭ ǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ϧ ŎƘŜƳƛŎŀƭ ŎƻƴǘŜƴǘǎ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ŦƛŜƭŘ ŀŦǘŜǊ ƘŀǊǾŜǎǘ ƛƴ {ŜǇǘŜƳōŜǊΣ нлмтΦ hƴŜ 

ǎƻƛƭ ǎŀƳǇƭŜ ǿŀǎ ǘŀƪŜƴ ŦǊƻƳ ŜŀŎƘ ǎǳōǇƭƻǘ όǎŜŜ {ŜŎǘƛƻƴ нΦмΦнύΣ ǘƘŜ ǊŜǎǳƭǘǎ ōŜƭƻǿ ǎƘƻǿ ǘƘŜ ŀǾŜǊŀƎŜǎ ƻƴ ŀƭƭ ǎǳōǇƭƻǘǎΣ ǘƘŜ 

ƳŀȄƛƳǳƳǎ ŀƴŘ ǘƘŜ ƳƛƴƛƳǳƳǎΦ 

 Minimum Maximum Average 

Alkali-hydrolyzable N (kg ha-1) 269 720 365 

Available P content (kg ha-1) 58 163 93 

Available K content (kg ha-1) 262 93 432 

* Sample depth: 0~20 cm; soil bulk density: 1.6 g cm-3; soil dry weight of 20 cm: 3.2*106 kg ha-1.  

 

2.1.2 Field experiment design 

The field experiment (Wang, 2017) employed a randomized block split-plot design with three water treatments 

(three levels of irrigation) and four N treatments (four amounts of N fertilizer). As shown in CƛƎǳǊŜ р, the 

experimental field (2721 m2) was divided into four blocks (block index = 1, 2, 3, 4 from north to south), each 

of which had three wholeplots (wholeplot index = 1, 2, 3 from west to east). Three water treatments were 

randomly allocated to the three wholeplots of each block (¢ŀōƭŜ !м). Each wholeplot consisted of four subplots 

(subplot index = 1, 2, 3, 4 from west to east), and four N treatments were randomly allocated to the four 

subplots. It needs to be noticed that N3 was designed to have the largest N input from fertilizers, while N4 has 

the same amount of N from fertilizers as in the practice of local farmers. Each subplot had an area of 43.2 m2, 

and consisted of four 12-metre-long ridges. The cultivar of potatoes planted in the field experiment was 

Innovator, which was the same as in the local farms. Seed potatoes were entire tubers, and the growing season 

(from emergence to maturity) was 95 days. Since local farms were seeded with tuber cuts, four subplots A~D 

seeded with cuts were added on the west of the experimental field. Comparisons between using entire tubers 

and cuts are not included in the thesis, but the data was collected and available in the database. For further 

information please read the internship report Conducting a Field Experiment for Nitrogen and Water use 

Efficiencies of Potato Production in Hailar, Inner Mongolia, China of Xiaohan Zhouôs MSc program in 

Wageningen University. 



19 

Three water treatments 

1) Full irrigation: the soil water contents of wholeplots with full irrigation treatment were kept above 80% of 

the field capacity from mid-May to mid-August (early and rapid growing period), and between 60% and 

65% start from mid-August (late growing period); 

2) Local irrigation: the frequencies and amounts of irrigation for wholeplots with local irrigation treatment 

followed the practice of local farmers. The information on irrigation plan of local farmers was obtained by 

daily communication with local farmers. 

3) No irrigation: wholeplots with this treatment were not irrigated throughout the growing season.  

A watermark detector was installed in each wholeplot and soil water potentials (kPa) were measured daily 

(Section 3.2 in Xiaohan Zhouôs MSc Internship Report). The timings and amounts of irrigation were decided 

according to the soil water potential records, which indicated the soil water contents.  

 

 

CƛƎǳǊŜ рΥ CƛŜƭŘ ŜȄǇŜǊƛƳŜƴǘ ŘŜǎƛƎƴ ό²ŀƴƎΣ нлмтύΦ ²м Ϥ мн ŀǊŜ ǿƘƻƭŜǇƭƻǘǎΦ ²мΣ ²пΣ ²фΣ ²мн ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ ƴƻ 

ƛǊǊƛƎŀǘƛƻƴΣ ²нΣ ²сΣ ²уΣ ²мм ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ ŀƴŘ ²оΣ ²рΣ ²тΣ ²мл ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴΦ 

9ŀŎƘ ǿƘƻƭŜǇƭƻǘ ǿŀǎ ŘƛǾƛŘŜŘ ƛƴǘƻ ŦƻǳǊ ǎǳōǇƭƻǘǎ όŜŀŎƘ Ŏƻƴǎƛǎǘǎ ƻŦ п ǊƛŘƎŜǎ ƻŦ мнπƳŜǘǊŜ ƭƻƴƎύΣ ŀƴŘ ǘƘŜ ǎƳŀƭƭ ƴǳƳōŜǊ ƛƴ 

ŜŀŎƘ ǎǳōǇƭƻǘ ƛƴ ǘƘŜ ŦƛƎǳǊŜ ƛƴŘƛŎŀǘŜǎ ǘƘŜ b ǘǊŜŀǘƳŜƴǘ ǘƘŀǘ ǿŀǎ ŀǇǇƭƛŜŘΦ 9ŀŎƘ ōƭƻŎƪ Ƙŀǎ ǘƘǊŜŜ ǿƘƻƭŜǇƭƻǘǎΥ .ƭƻŎƪ м 

Ŏƻƴǎƛǎǘǎ ƻŦ ²м Ϥ оΤ .ƭƻŎƪ н Ŏƻƴǎƛǎǘǎ ƻŦ ²п Ϥ сΤ .ƭƻŎƪ о Ŏƻƴǎƛǎǘǎ ƻŦ ²т Ϥ фΤ .ƭƻŎƪ п Ŏƻƴǎƛǎǘǎ ƻŦ ²мл Ϥ мнΦ tƭƻǘǎ !Σ .Σ / 

ŀƴŘ 5 ƻƴ ǘƘŜ ƭŜŦǘ ǎƛŘŜ ƻŦ ǘƘŜ ŦƛƎǳǊŜ ǿŜǊŜ ǎŜŜŘŜŘ ǿƛǘƘ ǘǳōŜǊ ŎǳǘǎΣ ŦŜǊǘƛƭƛȊŜŘ ǿƛǘƘ bо ŀƴŘ ǿŀǘŜǊŜŘ ǿƛǘƘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴΦ 

¢ƘŜ ǎǘŀǊ ƛƴ ŀ ǎǳōǇƭƻǘ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ ǿŀǘŜǊƳŀǊƪ ǎŜƴǎƻǊ ŦƻǊ ǘƘŜ ǿƘƻƭŜǇƭƻǘ ǿŀǎ ōǳǊƛŜŘ ƛƴ ǘƘƛǎ ǎǳōǇƭƻǘΦ  

 

 

N 

E 
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Four N treatments 

Urea was used as N fertilizer in the field experiment. Base fertilizers were buried in the soil (depth 25 cm) at 

the time of sowing, and top dressings were carried out twice during the growing season (2nd and 3rd in ¢ŀōƭŜ с). 

The amount of N applied each time for each treatment is shown in ¢ŀōƭŜ с. For all the four treatments, N 

fertilizers were applied at the same time.  

 

¢ŀōƭŜ сΥ bƛǘǊƻƎŜƴ ŦŜǊǘƛƭƛȊŀǘƛƻƴ όƪƎ b ƘŀπмύΦ CƻǳǊ ƭŜǾŜƭǎ ƻŦ b ǘǊŜŀǘƳŜƴǘǎ όbмΣ bнΣ bоΣ bпύ ǿŜǊŜ ŀǇǇƭƛŜŘ ǘƘǊŜŜ ǘƛƳŜǎ ό.ŀǎŜ 

ŦŜǊǘƛƭƛȊŀǘƛƻƴΣ нƴŘ ŦŜǊǘƛƭƛȊŀǘƛƻƴΣ оǊŘ ŦŜǊǘƛƭƛȊŀǘƛƻƴύΦ  

 N1 N2 N3 N4 Method 

Total 0 184 267 225 --- 

Base 0 120 174 146 Solid urea buried 25 cm deep in soil 

2nd (July 2nd ~ 5th)  0 37 53 45 Root watering 

3rd (July 28th ~ 30th) 0 27 40 34 Micro sprinkler irrigation system  

 

2.2 Data collection 

Data from the field experiment was collected during Xiaohan Zhouôs MSc internship, and the data of other 

studies in the same area and the global levels were derived from literature. Data collecting methods and 

equipment used in the field experiment are recorded in Xiaohan Zhouôs MSc Internship Report.  

According to the original experiment plan, at harvest two 3-metre samples should be taken from the two central 

ridges of each subplot. But since some of the subplots showed severe lodging in the original 3-metre samples 

and strange yields compared to other subplots, one or two new 3-metre samples were taken from these subplots. 

Details are recorded in Xiaohan Zhouôs MSc Internship Report.  

From the field experiment 

1. Soil physical properties and chemical contents: soil organic matter content (SOM), soil bulk density and 

pH may cause the differences between the field experiment and the literature. They were collected before 

the field experiment. Soil NPK contents were collected before planting and after harvest. The N measured 

was in the form of Alkali-hydrolyzable N.  

2. NPK contents in tubers, roots, and aboveground parts (main stems, lateral stems and leaves): tested from 

two original 3-metre samples taken at harvest.  

3. Aboveground (main stems, lateral stems and leaves) biomass and sizes: aboveground heights and canopy 

diameters of three plants randomly selected from each subplot were recorded once a month during the 

growing season. Aboveground heights were measured three times (June 24th, July 17th and August 16th), 

while canopy diameters were only measured twice (June 24th and July 17th) because the aboveground parts 

had lodged in mid-August and thus the canopy diameters could not be measured. Fresh weights of 

aboveground parts of two original 3-metre samples were measured at harvest; 
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4. Dry yields and fresh yields: fresh yields and percentages of dry matter contents in harvested tubers were 

measured from all 3-metre samples (both original and new) taken at harvest. The number and sizes of 

harvested tubers per sample were also recorded; 

5. Precipitation and temperatures: precipitation and temperatures were recorded every day. Precipitation was 

measured with a rain gauge installed in the experimental field. The highest and lowest temperatures of a 

day, as well as the local average highest and lowest temperatures of the same day in the past years were 

derived from the China Weather website; 

6. Irrigation and soil water contents: soil water potentials and the timings and amounts of irrigation in each 

wholeplot were recorded; 

7. Diseases, pests and weeds: the phenomena, area of infection and time were recorded; 

8. Phenologic stages: emergence, tuber initiation and maturity were recorded when 50 % of the plants in a 

subplot show certain phenomena;  

9. Petiole N contents: measured every 10 days from 16 sample petioles randomly picked from the two side 

ridges of each subplot (8 samples from each ridge).  

From literature 

Information on the NUEs, WUEs and yields of potato production in other studies in the same area and globally 

were collected from literature. Information on the influencing factors (cultivar, climate, soil characteristics, 

etc.) were also collected this way. Literature used was selected from journals and reports by official institutions 

such as universities, the United Nations and the governments.  

 

2.3 Data analysis 

2.3.1 The main model 

The relationship between a result variable and the water & N treatments in the field experiment with 

randomized block split-plot design was modelled as Equation 1 (Ott & Longnecker, 2008). Result variables 

include all the variables we measured during or at the end of the field experiment which are results of the 

treatments. Subplots treated with no irrigation and N1 (no N fertilizer applied) were set as the reference (mean 

yield = ɛ). Parameters Űi and k represent the fixed effects of the ith water treatment and the kth N treatment 

on the result variable respectively. The effect of block j (j) is random.  

Yijk = ɛ + Űi + j + Űij +k +Űik + Ůijk,       Ůijk ~ N(0, Ů
2) independent         (Equation 1) 

where i = water treatment index = 2, 3 (2 = local irrigation, 3 = full irrigation); 

j = block index = 2, 3, 4 
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k = N treatment index = 2, 3, 4; 

Yijk = the value of the result variable under the ith level of water treatment and the kth level of 

N treatment in the jth block;  

ɛ = the mean value of the result variable of the reference group (treated with no irrigation & 

N1 in block 1); 

Űi = main effect for the ith level of water treatment; 

j = effect due to block j (random effects); 

Űij = interaction between the ith level of water treatment and the jth block 

k = main effect for the kth level of N treatments; 

Űik = interaction between the ith level of water treatment and the kth level of N treatment 

Ůijk = random error.                                 

 

2.3.2 Sample selection 

As is mentioned in Data Collection (Section 2.2), additional 3-metre samples were taken from subplots with 

severe lodging and unexpected yields. Only the tuber fresh yields, tuber dry matter contents, average numbers 

of main stems per m2, average numbers of tubers per m2, the numbers of tubers with lengths smaller than 6 cm, 

and the fresh weights of tubers with lengths smaller than 6 cm were measured from the new 3-metre samples, 

while other variables were not. Tests of significant differences between the results from the two original 3-

metre samples and that from all 3-metre samples were conducted on these six variables by Kruskal-Wallis 

Tests with 95% CI derived in R (!ǇǇŜƴŘƛȄ н). The tests were firstly done on all subplots, and then within the 

group of each N or water treatment. Since no significant difference was shown, data analyses in this thesis 

were based on all 3-metre samples. More discussion on lodging is provided in !ǇǇŜƴŘƛȄ н.  

  

2.3.3 Selecting definitions of NUE and WUE for data analysis and the calculations of them 

The focus of this thesis is on the process from planting to yield, which is the main interest of the producers. 

Problems like the effect on the environment are not included. Combining this purpose and the limitation by 

the data we collected from the field experiment, six NUEs from ¢ŀōƭŜ м (NUEPFP, NUEAE, NUERE1, NUERE2, 

NUEIE and NUEphysio) and two WUEs from ¢ŀōƭŜ н (WUEagri and WUEirri) were calculated. As mentioned in 

Section 1.3.1, the differences in NUEPFP & NUEAE, NUERE1 & NUERE2, and NUEIE & NUEphysio lie in that 

whether the levels of variables under zero N fertilizer input are deducted. The reasons for calculating both of 

them are: (1) to avoid that the conclusions become different from the literature due to the choices of NUE 
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definitions; (2) by eliminating the NUEs reached by initial soil N, NUEAE, NUERE1 & NUEphysio can help 

explaining the patterns of NUEPFP, NUERE2 & NUEIE; (3) to show the effects of different NUE definitions on 

the conclusions through comparisons of these pairs of NUEs,  

Calculations of variables in these definitions were modified according to the data collected. N uptake in the 

definitions NUEIE, NUEphysio, NUERE1 and NUERE2 was calculated as the total amount of N contained in the 

harvested tubers, roots at harvest and aboveground parts at harvest in this thesis, although in NUERE2 the 

numerator is N in harvested grain according to Conant et al. (2013) and the N uptake was defined as the N in 

the aboveground parts by Dobermann (2005). Since there was no manure application or N fixation in the field 

experiment, the ñexternal N inputsò in NUERE2 equals N from fertilizer (Nfert).   

ñWater usedò for the definition WUEagri was calculated as the sum of water irrigated and rainfall (¢ŀōƭŜ т). The 

soil water balances were ignored because during the long transportation of sending soil samples to the 

laboratories for water content measurements, large portions of water were lost and thus made the results 

inaccurate. And according to these results, the soil water balances were small compared to the irrigation and 

precipitation.  

According to Fairweather et al. (2003), the unit of irrigation water applied in the definition WUEirri is milliliter 

(ml) and the unit of yield is kg. In the calculations of WUEs in this thesis, mm for irrigation water and kg ha-1 

for yield were used (1 ml ha-1 equals 100 mm of water irrigated). The units of Nfert in all NUE definitions were 

also modified to kg ha-1. Also, as shown in ¢ŀōƭŜ м, in some papers it is not clearly defined whether the yield is 

dry yield or fresh matter (ñyieldò in NUEphysio, NUEAE, NUEPFP & WUEirri, and ñgrain yieldò in WUEagri). In 

this thesis, tuber dry yield was used for all definitions in order to eliminate the effect from tuber water content 

when discussing the influences of water treatments. And the unit of the tuber dry yield in the calculations of 

NUEs and WUEs was kg ha-1.  

 

¢ŀōƭŜ тΥ ²ŀǘŜǊ ǳǎŜŘ όƳƳύ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ŀǎ ǘƘŜ ǎǳƳ ƻŦ ǇǊŜŎƛǇƛǘŀǘƛƻƴ όƳƳύ ŀƴŘ ƛǊǊƛƎŀǘƛƻƴ όƳƳύΦ 

Water treatment 

index 

Water treatment 

name 

Precipitation (mm) Irrigation (mm) Water used (mm) 

1 No irrigation 154 0.0 154 

2 Local irrigation 154 235 389 

3 Full irrigation 154 280 434 

 

2.3.4 Assumption on the root dry weights and aboveground dry weights 

The root dry weights and aboveground dry weights were not measured from the field experiment. They were 

calculated from the tuber dry yields and a set of assumed dry matter partitioning to tubers, roots and 

aboveground parts. According to the results of LINTUL growth model ran in the project China Potato GAP 

2013 ï 2016 (Kempenaar et al., 2017), based on the environmental data of China, around 75% of the dry mass 

is partitioned to the tubers at the end of the growing season. The experiment by Jenkins & Mahmood (2003) 
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supported the value proposed by China Potato GAP 2013 ï 2016. It showed that on the 92th day after 

emergence, the harvest index ranged from 69% to 80% and the dry weight partitioned to roots ranged from 

1.5% to 2.1% no matter whether it was treated with high or low N input. Oliveira et al. (2016) compared the 

growth of three cultivars (Bondi, Fraser, and Russet Burbank) in non-limiting conditions and showed that the 

fractions of DM partitioned into tubers of these three cultivars converged as the growing season came to the 

end, and the fractions were around 70% ~ 80%. In this thesis, it was assumed that 75% of the DM was 

partitioned into tubers, 23.2% was partitioned into the aboveground parts, and 1.8% was partitioned into roots 

(the median of the results by Jenkins & Mahmood (2003)).  

 

2.3.5 The relationships between the tuber yield and the water & N treatments 

Three groups of result variables were analyzed for this part: (1) tuber fresh yields & tuber dry yields vs. water 

& N treatments; (2) tuber dry matter contents (DM contents) vs. water & N treatments; (3) the numbers and 

sizes of tubers at harvest vs. water & N treatments (the number of harvested tubers per m2 & the fraction of 

tubers shorter than 6 cm). They were all fitted with the main model (Equation 1) using R. The tuber fresh yield, 

dry yield, and DM content were analyzed separately because the NUEs and WUEs were calculated based on 

the tuber dry yield, while the tuber fresh yield is commonly used in the market. Analyzing the DM contents 

can help explaining the relationships between the tuber fresh yield, NUEs and WUEs.  

Whether the change in N or water input has significant effects on the afore mentioned result variables were 

concluded from the p-values in the ANOVA of the model derived from R. The conclusions were based on a 

significance level of 0.05. The assumptions on the residual of a linear model were checked. For the 

comparisons between treatments, figures of the values predicted by the models are provided in the Results 

(Section 3) rather than plots of the mean values. Because the main model has taken into consideration the 

blocking effects brought by the randomized block split-plot design of the field experiment, while the mean 

values were simply averages of the repetitions. Figures will be shown with the result variable on the vertical 

axis, N treatments on the horizontal axis, and water treatments distinguished with solid or dashed lines. In case 

water or N treatment significantly influenced the result variable (p value in ANOVA with 95% CI) while the 

effect is not clearly shown with afore mentioned figure, another figure with the result variable on the vertical 

axis and this treatment on the horizontal axis will be added. The pairwise comparisons (LSD tests with 95% 

CI) for predicted values between different N or water treatments were used together with the model parameter 

estimates and their t-tests to explain the pattern of the changes. It needs to be noted that although an average 

LSD bar is shown in the figures, the pairwise comparisons were based on the LSD value for each certain pair. 

Sample means and variances were also reported. In case the variance of a variable was large, it is mentioned 

in the Results to notice the possible failure of model prediction.  

For the sizes of tubers, the fraction of tubers shorter than 6 cm were discussed because such small tubers were 

rejected by the buyers. Two types of fractions were calculated: (a) the fraction based on the number of tubers; 

(b) the fraction based on the fresh weights of tubers.  
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2.3.6 The relationships between NUEs (or WUEs) and the water & N treatments 

The relationship between a NUE (or WUE) and the water & N treatments was also fitted with the main model 

(Equation 1). The analyzing methods were similar to that in Section 2.3.5. Since NUEAE, NUEPFP, NUEphysio, 

NUERE1 & NUERE2 are not defined when the amount of N from fertilizer equals zero, the levels with treatment 

N2 (184 kg ha-1) and zero irrigation was used as the references in these five models. Similarly, for WUEirri, the 

level with local irrigation and N1 treatment (0 kg ha-1) was set as the reference.  

 

2.3.7 Analyzing the explanatory variables 

Explanatory variables were used to help explaining the relationships between the N & water treatments and 

the yield, NUEs & WUEs. Firstly, the relationships between the explanatory variables vs. N & water treatments 

were explored by fitting the explanatory variable into the main model (Equation 1); then, the relationships 

between the explanatory variables and the NUEs & WUEs were explored.  

For the second step, it was tested statistically whether an explanatory variable was correlated to the tuber dry 

yield or N uptake, because NUEs and WUEs only contain the N or water input, the tuber dry yield or N uptake 

in their definitions. The explanatory variable was fitted into a linear regression model with the tuber dry yield 

and the N uptake respectively. The intermediate variable was the predictor and the tuber dry yield or N uptake 

was set as the predictand. Due to the nature of a randomized block split-plot design, the random effects of 

blocks and wholeplots were also included in these regression models. Conditional R-squared of these models 

were reported.  

In case an explanatory variable was shown to be related to the tuber dry yield or N uptake by the p-value of 

the ANOVA (95% CI), a scatter plot of the experimental data with the tuber dry yield or N uptake on the 

vertical axis and the explanatory variable on the horizontal axis with a linear trend line (intercept and slope 

derived from the regression model) was plotted. It needs to be noticed that in the physiological processes, the 

N uptake influences some of the explanatory variables instead of being influenced by them, but in all the linear 

regressions, N uptake was set as the predictand. Because the purpose for this step is only to get to know whether 

an explanatory variable was related to the N uptake, and to show the relationships between this explanatory 

variable and NUEs & WUEs together with the definition equations. Note that how the N uptake changed with 

the N and water inputs was not statistically tested because the amount of N in roots and aboveground parts 

were calculated based on the assumption stated in Section 2.3.4, and thus depending on the tuber dry yield and 

NPK contents (%) in the roots and aboveground parts.   

As mentioned in Data Collection (Section 2.2), aboveground heights were measured three times (June 24th, 

July 17th and August 16th) and canopy diameters were measured twice (June 24th and July 17th). Also, petiole 

N contents were measured six times during the field experiment (July 13th, July 23rd, August 2nd, August 12th, 

August 22nd, and September 1st). The regression models were established separately for each date to see which 

stages of the aboveground growth were important in influencing the tuber dry yield and N uptake. 



26 

2.3.8 The relationship among NUE, WUE, and yield in this field experiment 

The interactions between NUEs & WUEs: linear regressions were run in R with an NUE as the predictand 

and a WUE as the predictor, the random effects of blocks and wholeplots were considered. The conditional R-

squared and p-values of the ANOVAs were reported. In case an ANOVA p-value was smaller than 0.05, a 

scatter plot with this NUE on the vertical axis and WUE on the horizontal axis was plotted with the 

experimental data. A trend line with the intercept and slope derived from the linear regression was drawn.  

Tuber fresh yield vs. NUEs & WUEs: Linear regressions run in Rwith an NUE or a WUE as the predictand 

and the tuber fresh yield as the predictor were used to show the relationship between this NUE or WUE and 

the fresh yield. A scatter plot of the experimental data with a trend line showing the regression equation was 

plotted when the ANOVA p-value of a regression was smaller than 0.05.  
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3. Results 

3.1 The relationship between the tuber yield and water & N treatment 

To show the pattern of tuber yield in this experiment and to help explain the relationships between the tuber 

fresh yield, NUEs and WUEs, three groups of variables were analyzed for their relationships with N & water 

treatments: (1) Tuber fresh yields (Section 3.1.1) & tuber dry yields (Section 3.1.2); (2) tuber DM contents 

(Section 3.1.3); (3) the numbers and sizes of tubers at harvest (Section 3.1.4). As mentioned in Section 2.3.5, 

while the tuber fresh yield is commonly used as the indicator of potato yield in both research and market, the 

tuber dry yield is used in the definitions of NUEs and WUEs. The tuber DM content will be used to help 

explain the relationships between the tuber fresh yield, NUEs, and WUEs. The number of tubers harvested per 

m2 can show the pattern of tuber yield from another aspect. For the sizes of tubers, since tubers shorter than 6 

cm were rejected by the main buyers, the fraction of small tubers was calculated (based on both the numbers 

and the fresh weights).  

 

3.1.1 Tuber fresh yields vs. water and N treatments 

The factors that had significant effect on the tuber fresh yield were the main effect of water and N treatments, 

while the interactions between water and N treatments were not significant (ANOVA, ¢ŀōƭŜ !оπм). The sample 

means of the fresh yields with no irrigation, local irrigation (235 mm irrigation) and full irrigation (280 mm 

irrigation) were 15.7, 42.9 and 43.5 ton ha-1 respectively (¢ŀōƭŜ !оπн), which showed a big gap between non-

irrigated and irrigated situations. This pattern was proved statistically by the pairwise comparisons (LSD tests 

with 95% CI) of the values predicted by the model (CƛƎǳǊŜ сπόŀύ). The sample mean tuber fresh yields with 0 

(N1), 184 (N2), 225 (N4), and 267 kg ha-1 (N3) N from fertilizer ranged between 30.6 and 36.1 ton ha-1. The 

pattern of predicted fresh yields vs. N treatments is shown in CƛƎǳǊŜ сπόōύ: 1) the application of 184 kg ha-1 N 

brought a lower predicted fresh yield than zero N fertilization, but the difference was not significant; 2) while 

application of 225 kg ha-1 N resulted in significantly higher fresh yield than 184 kg ha-1 N, increase N 

fertilization to 267 kg ha-1 did not push up the fresh yield further. It needs to be noticed that the assumption of 

constant variance on the error term for the linear regression was not satisfied (CƛƎǳǊŜ !оπм) and that the variance 

of fresh yields under each N treatment was big (¢ŀōƭŜ !оπо).  
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CƛƎǳǊŜ сΥ όŀύ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǘǳōŜǊ ŦǊŜǎƘ ȅƛŜƭŘ όǘƻƴ Ƙŀπмύ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ǿŀǘŜǊ ŀƴŘ ƴƛǘǊƻƎŜƴ 

ǘǊŜŀǘƳŜƴǘǎ ōȅ ǘƘŜ ƳƻŘŜƭ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /LύΦ ΨǿŀǘŜǊΩ мΣ н ϧ о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор 

ƳƳύ ŀƴŘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴ όнул ƳƳύ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ƭƛƴŜǎ ŎƻƴƴŜŎǘƛƴƎ Ǉƻƛƴǘǎ Řƻ ƴƻǘ ƳŜŀƴ Ŏƻƴǘƛƴǳƻǳǎ ŘŀǘŀΣ ǘƘŜȅ ǎƘƻǿ 

ǿƘƛŎƘ ŦƻǳǊ Ǉƻƛƴǘǎ ŀǊŜ ǳƴŘŜǊ ŀ ǎŀƳŜ ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎΦ όōύ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǘǳōŜǊ ŦǊŜǎƘ ȅƛŜƭŘ όǘƻƴ Ƙŀπмύ ŦƻǊ b 

ǘǊŜŀǘƳŜƴǘǎ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /ƻƴŦƛŘŜƴŎŜ ƛƴǘŜǊǾŀƭύΦ  

 

3.1.2 Tuber dry yields vs. water and N treatments 

As is shown with the p-values in ANOVA (¢ŀōƭŜ !оπп), water treatments had significant effects on the tuber dry 

yield while N treatments did not. The difference in tuber dry yields between non-irrigated and irrigated plots 

was big, but there was no significant difference between the model predicted means for ólocalô and ófullô 

irrigation (CƛƎǳǊŜ т). In other words, the tuber dry yield went up from zero irrigation to 235 mm irrigation, 

while further increase in irrigation did not make any difference. Tuber dry yields (ton ha-1) were calculated 

from the fresh yields (ton ha-1) and tuber DM contents (%), and are reported in !ǇǇŜƴŘƛȄ м. 

 

 

CƛƎǳǊŜ тΥ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǘǳōŜǊ ŘǊȅ ȅƛŜƭŘ όǘƻƴ Ƙŀπмύ ōŀǎŜŘ ƻƴ ŀƭƭ оπƳŜǘǊŜ ǎŀƳǇƭŜǎ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ 

ǿŀǘŜǊ ŀƴŘ ƴƛǘǊƻƎŜƴ ǘǊŜŀǘƳŜƴǘǎ ōȅ ǘƘŜ ƳƻŘŜƭ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /LύΦ ΨǿŀǘŜǊΩ мΣ н ϧ о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ 

ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор ƳƳύ ŀƴŘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴ όнул ƳƳύ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ƭƛƴŜǎ ŎƻƴƴŜŎǘƛƴƎ Ǉƻƛƴǘǎ Řƻ ƴƻǘ ƳŜŀƴ Ŏƻƴǘƛƴǳƻǳǎ 

ŘŀǘŀΣ ǘƘŜȅ ǎƘƻǿ ǿƘƛŎƘ ŦƻǳǊ Ǉƻƛƴǘǎ ŀǊŜ ǳƴŘŜǊ ŀ ǎŀƳŜ ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎΦ  
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3.1.3 Tuber dry matter contents vs. water & N treatments 

The sample mean tuber dry matter content (DM content, %) across all treatments was 20.0% (variance = 0.3 

) (¢ŀōƭŜ !пπм ϧ !пπн). Both N and water treatments significantly influenced the tuber DM contents (p-value 

< 0.05), while the interactions between water and N treatments were not significant (ANOVA, ¢ŀōƭŜ !пπо). The 

pairwise comparisons of predicted mean DM contents showed that, for water treatments, both the increase 

from 0 mm to 235 mm irrigation and the decrease from 235 mm to 280 mm irrigation were significant (CƛƎǳǊŜ 

уπόŀύ). As for N treatments, the decrease of DM content from 0 kg ha-1 to 184 kg ha-1 N fertilizer input was 

significant (CƛƎǳǊŜ уπόōύ). The predicted mean tuber DM content for each combination of N and water treatments 

are shown in CƛƎǳǊŜ ф.  

The tuber DM content decreased with N input while the tuber fresh yield increased with N input, although 

between different pairs of N treatments. It suggests that a higher N input enhanced tuberôs ability to uptake or 

store water. The fact that DM content increased with irrigation amount from 0 to 235 mm, which was the same 

as the change in tuber fresh yield, can explain the increase in dry yield between the same pair of water 

treatments.  

 
CƛƎǳǊŜ уΥ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǘǳōŜǊ ŘǊȅ ƳŀǘǘŜǊ ŎƻƴǘŜƴǘ ό҈ύ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /Lύ ŦƻǊ όŀύ ²ŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎΦ  

²ŀǘŜǊ ǘǊŜŀǘƳŜƴǘ мΣ н ϧ о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор ƳƳύ ŀƴŘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴ όнул ƳƳύ ǊŜǎǇŜŎǘƛǾŜƭȅΤ όōύ 

b ǘǊŜŀǘƳŜƴǘǎΦ 

 

CƛƎǳǊŜ фΥ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǘǳōŜǊ ŘǊȅ ƳŀǘǘŜǊ ŎƻƴǘŜƴǘ ό҈ύ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ǿŀǘŜǊ ŀƴŘ ƴƛǘǊƻƎŜƴ 

ǘǊŜŀǘƳŜƴǘǎ ōȅ ǘƘŜ ƳƻŘŜƭ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /LύΦ ΨǿŀǘŜǊΩ мΣ н ϧ о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор 

ƳƳύ ŀƴŘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴ όнул ƳƳύ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ƭƛƴŜǎ ŎƻƴƴŜŎǘƛƴƎ Ǉƻƛƴǘǎ Řƻ ƴƻǘ ƳŜŀƴ Ŏƻƴǘƛƴǳƻǳǎ ŘŀǘŀΣ ǘƘŜȅ ǎƘƻǿ 

ǿƘƛŎƘ ŦƻǳǊ Ǉƻƛƴǘǎ ŀǊŜ ǳƴŘŜǊ ŀ ǎŀƳŜ ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎΦ  

b ŦǊƻƳ ŦŜǊǘƛƭƛȊŜǊǎ όƪƎ Ƙŀπмύ 
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3.1.4 The numbers & sizes of tubers at harvest vs. water & N treatments 

The sample mean number of harvested tubers per m2 in the irrigated plots (local & full irrigation) almost 

doubled that in the non-irrigated plots (¢ŀōƭŜ !рπм), while the means for different N treatments stayed between 

22.5 and 23.6 per m2 (¢ŀōƭŜ !рπн). The main effects of water treatments and the effects of the interactions 

between water and N treatments were both significant for the number of harvested tubers per m2 (ANOVA, 

¢ŀōƭŜ !рπо). The mean numbers of harvested tubers predicted by the model are shown in CƛƎǳǊŜ мл. Without 

separating the interactions from the main effects, the pairwise comparisons of predicted means showed that 

the increases in the number of harvested tubers per m2 from 0 mm to 235 mm irrigation and from 235 mm to 

280 mm irrigation were both significant (CƛƎǳǊŜ мм). N input only influenced the number of harvested tuber per 

m2 when the irrigation was 235 mm (p-value for t-test, ¢ŀōƭŜ !рπо). At 235 mm irrigation, the number of 

harvested tubers per m2 with 267 kg ha-1 N fertilization was higher than that with other N treatments, since 

other N treatments did not make a significant difference from the reference level, while 267 kg ha-1 N 

fertilization had positive effects (Estimate of parameters, ¢ŀōƭŜ !рπо). 

As for the fraction of harvested tubers with lengths smaller than 6 cm, irrigation was the only significant factor 

for both the results based on the numbers and that based on the fresh weights (ANOVA, ¢ŀōƭŜ !рπп ϧ !рπр). 

Based on the numbers (CƛƎǳǊŜ мнπόŀύ), the predicted mean fraction of small tubers significantly decreased with 

irrigation from 0 mm to 235 mm (local), and did not show significant change when irrigation continued 

increasing. But the fraction under 0 mm and 280 mm irrigation (full) were not significantly different. However, 

when based on the fresh weights (CƛƎǳǊŜ мнπόōύ), the predicted mean fraction of small tubers under full irrigation 

was significantly lower than that under zero irrigation.  

As shown in Section 3.1.1, the tuber fresh yields under irrigation (local & full) were nearly three times of that 

under rain-fed condition. Compared to the changes in the number of harvested tubers, it suggests that the 

average fresh weight of each tuber increased with irrigation from 0 to 235 mm. It agrees with the decrease in 

the fraction of small tubers based on fresh weights, which is favored  

 

CƛƎǳǊŜ млΥ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƘŀǊǾŜǎǘŜŘ ǘǳōŜǊǎ ǇŜǊ Ƴн ŦƻǊ ŘƛŦŦŜǊŜƴǘ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ǿŀǘŜǊ ŀƴŘ ƴƛǘǊƻƎŜƴ 

ǘǊŜŀǘƳŜƴǘǎ ōȅ ǘƘŜ ƳƻŘŜƭ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /LύΦ ΨǿŀǘŜǊΩ мΣ н ϧ о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор 

ƳƳύ ŀƴŘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴ όнул ƳƳύ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ƭƛƴŜǎ ŎƻƴƴŜŎǘƛƴƎ Ǉƻƛƴǘǎ Řƻ ƴƻǘ ƳŜŀƴ Ŏƻƴǘƛƴǳƻǳǎ ŘŀǘŀΣ ǘƘŜȅ ǎƘƻǿ 

ǿƘƛŎƘ ŦƻǳǊ Ǉƻƛƴǘǎ ŀǊŜ ǳƴŘŜǊ ŀ ǎŀƳŜ ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎΦ  
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CƛƎǳǊŜ ммΥ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƘŀǊǾŜǎǘŜŘ ǘǳōŜǊǎ ǇŜǊ Ƴн ŦƻǊ ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ 

/LύΦ ²ŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎ мΣ н ϧ о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор ƳƳύ ŀƴŘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴ όнул ƳƳύ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 

 

 
CƛƎǳǊŜ мнΥ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǘƘŜ ŦǊŀŎǘƛƻƴ ƻŦ ƘŀǊǾŜǎǘŜŘ ǘǳōŜǊǎ ǎƘƻǊǘŜǊ ǘƘŀƴ с ŎƳ ŦƻǊ ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎ ǿƛǘƘ ŀǾŜǊŀƎŜ 

[{5 ōŀǊ όфр҈ /LύΦ ²ŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎ мΣ н ϧ о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор ƳƳύ ŀƴŘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴ όнул 

ƳƳύ ǊŜǎǇŜŎǘƛǾŜƭȅΦ όŀύ .ŀǎŜŘ ƻƴ ƴǳƳōŜǊǎΤ όōύ ōŀǎŜŘ ƻƴ ŦǊŜǎƘ ǿŜƛƎƘǘǎΦ  

 

3.2 The relationships between the NUEs and water & N treatment 

NUEs of six definitions are analyzed in this section for their relationships with water and N treatments. NUEAE 

& NUEPFP show the entire process from the N input to the tuber dry yield (Section 3.2.1), NUERE1 & NUERE2 

show the process from the N input to the N uptake (Section 3.2.2), while NUEIE & NUEphysio show the 

utilization of N uptake to produce tuber dry mass (Section 3.2.3). The six NUEs will be used to explain the 

potato growth. And analyzing the pair of NUEs for each process can avoid unfair conclusion due to whether 

the value with zero N fertilizer input was deducted from the definition.  

 

3.2.1 NUEAE and NUEPFP 

The sample means of NUEAE ranged from -0.27 to 1.15 kg kg-1 for different N treatments, and from -2.04 to 

2.64 kg kg-1 for different water treatments (¢ŀōƭŜ !сπм ϧ !сπн). Negative NUEAE occurred when the tuber dry 

yield without N fertilization (Y0) exceeded those with N fertilization (YN). Fitted with the main model, neither 

water nor N treatment significantly influenced NUEAE (F-test p-value for the main effects of water treatments 

= 0.151, p-value for the main effects of N treatments = 0.539, p-value for the effects of interactions between 

²ŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎ b
ǳ
Ƴ
ō
Ŝ
Ǌ
 
ƻ
Ŧ
 
Ƙ
ŀ
Ǌ
Ǿ
Ŝ
ǎ
ǘ
Ŝ
Ř
 
ǘ
ǳ
ō
Ŝ
Ǌ
ǎ
 
Ǉ
Ŝ
Ǌ
 
Ƴ

н
  

(a) 

²ŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎ 

C
Ǌ
ŀ
Ŏ
ǘ
ƛ
ƻ
ƴ
 
ƻ
Ŧ
 
ǎ
Ƙ
ƻ
Ǌ
ǘ
 
ǘ
ǳ
ō
Ŝ
Ǌ
ǎ
 

π 
ƴ
ǳ
Ƴ
ō
Ŝ
Ǌ
 

 

(b) 

²ŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎ 

C
Ǌ
ŀ
Ŏ
ǘ
ƛ
ƻ
ƴ
 
ƻ
Ŧ
 
ǎ
Ƙ
ƻ
Ǌ
ǘ
 
ǘ
ǳ
ō
Ŝ
Ǌ
ǎ
 

ς 
ǿ
Ŝ
ƛ
Ǝ
Ƙ
ǘ

 



32 

water and N treatments = 0.359). This can be explained by the fact that the differences between the tuber dry 

yield without N fertilization (Y0) and those with N fertilization (YN) were close to zero (¢ŀōƭŜ !оπо), and thus 

the a change in the denominator (Nfert) did not make a difference.  

For NUEPFP, the influences of water treatments, N treatments, and the interactions between them were all 

significant (ANOVA, ¢ŀōƭŜ !сπр). As shown in CƛƎǳǊŜ мо, NUEPFP decreased with N fertilizer input from 184 kg 

ha-1 to 267 kg ha-1, and increased with irrigation amount from 0 mm to 235 mm (local irrigation). There was 

no significant change on NUEPFP by increasing the irrigation from 235 mm to 280 mm (full irrigation). 

According to the pairwise comparisons of predicted mean NUEPFPôs, both the change from 184 kg ha-1 to 225 

kg ha-1 N fertilizer input and the change from 225 kg ha-1 to 267 kg ha-1 N fertilizer input were significant. 

This pattern of change is due to that the numerator of NUEPFP (YN) increased with irrigation from 0 to 235 mm 

(Section 3.1.2), while the denominator equals the amount of N fertilization (Nfert). The interaction between 

water and N treatments was only significant at the highest N input (p-value for t-test, ¢ŀōƭŜ !сπр). At 267 kg 

ha-1 N treatment, increase in irrigation from 235 to 280 mm brought a lower NUEPFP (Estimate of parameter, 

¢ŀōƭŜ !сπр).  

It needs to be noticed that the variances of NUEs within each treatment group were big. Especially for NUEAE, 

the standard deviation under each N treatment ranged from 5 to 15 times of the mean value (¢ŀōƭŜ !сπм ϧ !сπ

н).  

 

CƛƎǳǊŜ моΥ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ b¦9tCt όƪƎ ŘǊȅ ȅƛŜƭŘ ƪƎπм bύ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ǿŀǘŜǊ ŀƴŘ ƴƛǘǊƻƎŜƴ ǘǊŜŀǘƳŜƴǘǎ 

ōȅ ǘƘŜ ƳƻŘŜƭ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /LύΦ ΨǿŀǘŜǊΩ мΣ н ϧ о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор ƳƳύ ŀƴŘ Ŧǳƭƭ 

ƛǊǊƛƎŀǘƛƻƴ όнул ƳƳύ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ƭƛƴŜǎ ŎƻƴƴŜŎǘƛƴƎ Ǉƻƛƴǘǎ Řƻ ƴƻǘ ƳŜŀƴ Ŏƻƴǘƛƴǳƻǳǎ ŘŀǘŀΣ ǘƘŜȅ ǎƘƻǿ ǿƘƛŎƘ ŦƻǳǊ 

Ǉƻƛƴǘǎ ŀǊŜ ǳƴŘŜǊ ŀ ǎŀƳŜ ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎΦ  

 

3.2.2 Recovery efficiencies: NUERE1 and NUERE2 

Samples means of NUERE1 ranged from 4.5% to 11.8% for all N treatments and from -1.8% to 14.4% for all 

water treatments. Negative NUERE1 occurred when the N uptake with N fertilization (UN) was smaller than 

that without N fertilization (U0), which suggests that the soil N stock before sowing was adequate for growth. 

No treatment significantly influenced NUERE1 (F-test p-value for the main effects of water treatments = 0.104, 

p-value for the main effects of N treatments = 0.639, p-value for the effects of interactions between water and 

N treatments = 0.747). Similar to NUEAE, this is due to that the differences between UN and U0 were close to 

zero. The N amounts in plant parts can explain it further (explanatory variables, Section 3.4.1-(3)). 
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The sample mean of NUERE2 for zero irrigation was 40.6%, which was smaller than half of that with irrigation 

(¢ŀōƭŜ !сπн). NUERE2 was only influenced by water treatments (ANOVA, ¢ŀōƭŜ !сπс). As shown in CƛƎǳǊŜ мп, 

the increase of NUERE2 from no irrigation to local irrigation (235 mm) was obvious, while there was no 

significant difference between local and full irrigation (280 mm). Similar to NUEAE and NUEPFP, the variances 

of NUERE1 and NUERE2 under each treatment were also large (¢ŀōƭŜ !сπм ϧ !сπн).  

 

 

CƛƎǳǊŜ мпΥ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ b¦9w9н ŦƻǊ ŘƛŦŦŜǊŜƴǘ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ǿŀǘŜǊ ŀƴŘ ƴƛǘǊƻƎŜƴ ǘǊŜŀǘƳŜƴǘǎ ōȅ ǘƘŜ ƳƻŘŜƭ ǿƛǘƘ 

ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /LύΦ ΨǿŀǘŜǊΩ мΣ н ϧ о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор ƳƳύ ŀƴŘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴ όнул ƳƳύ 

ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ƭƛƴŜǎ ŎƻƴƴŜŎǘƛƴƎ Ǉƻƛƴǘǎ Řƻ ƴƻǘ ƳŜŀƴ Ŏƻƴǘƛƴǳƻǳǎ ŘŀǘŀΣ ǘƘŜȅ ǎƘƻǿ ǿƘƛŎƘ ŦƻǳǊ Ǉƻƛƴǘǎ ŀǊŜ ǳƴŘŜǊ ŀ ǎŀƳŜ 

ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎΦ  

 

3.2.3 Utilization efficiencies: NUEphysio and NUEIE 

Fitted with the main model, the ANOVAs showed that neither NUEphysio nor NUEIE was influenced by the 

treatments (¢ŀōƭŜ !сπт). Explanations will be made with the N amounts in plant parts at harvest (explanatory 

variable, Section 3.4.1-(3)). Similar to what was shown in Section 3.2.1 & 3.2.2, the sample variances of 

NUEphysio and NUEIE under a certain treatment were large (¢ŀōƭŜ !сπм ϧ !сπн). The sample mean NUEphysio was 

24.5 kg kg-1 across all treatments, while the mean NUEIE was 42.8 kg kg-1.  

 

3.3 The relationships between the WUEs and water & N treatment 

WUEirri was only influenced by the water treatments (ANOVA in ¢ŀōƭŜ !сπу, CƛƎǳǊŜ мрπόŀύ), while WUEagri was 

influenced by both the main effect of water treatments and the interaction between N and water treatments 

(ANOVA in ¢ŀōƭŜ !сπф, CƛƎǳǊŜ мрπόōύ). WUEirri decreased with irrigation from 235 mm (sample mean 38.2 kg 

ha-1 mm-1) to 280 mm (sample mean 31.8 kg ha-1 mm-1), because the tuber dry yield stayed the same as the 

water input increased in this range. Since WUEirri is not defined at zero irrigation, the change with irrigation 

from 0 mm to 235 mm is unknown.  

As shown in CƛƎǳǊŜ мсπόŀύ, the increase of WUEagri from 0 (sample mean 20.6 kg ha-1 mm-1) to 235 mm irrigation 

(sample mean 23.0 kg ha-1 mm-1) and the decrease from 235 mm to 280 mm irrigation (sample mean 20.5 kg 
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ha-1 mm-1) were both significant. The increase of WUEagri from zero to local irrigation was due to that the 

percentage increase in the tuber dry yield was higher than that in the water used. As for N treatments (CƛƎǳǊŜ 

мсπόōύ), the pairwise comparisons showed that WUEagriôs were the same between any pair of the N treatments. 

The t-tests on the estimates of model parameters however showed that the interactions of treatments 235 mm 

irrigation & N3 (267 kg ha-1 N from fertilizer), 280 mm irrigation & N3, and 280 mm irrigation & N4 (225 kg 

ha-1 N from fertilizer) made WUEagri different from the reference level (under zero irrigation & zero N input). 

In other words, interactions between water and N treatments became effective on WUEagri when the input of 

water and N were both high. The increase in WUEagri from 0 to 235 mm irrigation was larger at 267 kg ha-1 N 

treatment compared to other N treatments, because the estimate of parameter of the interaction between 235 

mm irrigation & N3 was larger than 0, while the interaction between 235 mm irrigation & N2 and that between 

235 mm irrigation & N4 did not bring significant difference from the reference level (¢ŀōƭŜ !сπф). Similarly, 

the decrease in WUEagri from 235 to 280 mm irrigation was also larger at 267 kg ha-1 N input. At 280 mm 

irrigation, WUEagri increased with N input from 0 to 225 kg ha-1, and decreased with N input from 225 to 267 

kg ha-1 (Estimate of parameter & p-value for t-test, ¢ŀōƭŜ !сπф). 

 

  

CƛƎǳǊŜ мрΥ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ²¦9ǎ όƪƎ Ƙŀπм ƳƳπмύ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ǿŀǘŜǊ ŀƴŘ ƴƛǘǊƻƎŜƴ ǘǊŜŀǘƳŜƴǘǎ ōȅ 

ǘƘŜ ƳƻŘŜƭ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /LύΦ ΨǿŀǘŜǊΩ мΣ н ϧ о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор ƳƳύ ŀƴŘ Ŧǳƭƭ 

ƛǊǊƛƎŀǘƛƻƴ όнул ƳƳύ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ƭƛƴŜǎ ŎƻƴƴŜŎǘƛƴƎ Ǉƻƛƴǘǎ Řƻ ƴƻǘ ƳŜŀƴ Ŏƻƴǘƛƴǳƻǳǎ ŘŀǘŀΣ ǘƘŜȅ ǎƘƻǿ ǿƘƛŎƘ ŦƻǳǊ 

Ǉƻƛƴǘǎ ŀǊŜ ǳƴŘŜǊ ŀ ǎŀƳŜ ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎΦ όŀύ ²¦9ƛǊǊƛΤ όōύ ²¦9ŀƎǊƛΦ   

 

 

CƛƎǳǊŜ мсΥ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ²¦9ŀƎǊƛ όƪƎ Ƙŀπм ƳƳπмύ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /Lύ ŦƻǊ όŀύ ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎΦ ²ŀǘŜǊ 

ǘǊŜŀǘƳŜƴǘ мΣ н ϧ о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор ƳƳύ ŀƴŘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴ όнул ƳƳύ ǊŜǎǇŜŎǘƛǾŜƭȅΦΤ όōύ b 
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3.4 Explanatory variables 

Explanatory variables were employed to explain how the water & N treatments influenced the tuber yield, 

NUEs, and WUEs. Firstly, the relationships between the explanatory variables and the treatments were 

analyzed (Section 3.4.1). Then, it was explored how these explanatory variables were connected with the tuber 

dry yield or the N uptake (Section 3.4.2). Since the tuber dry yield and the N uptake were the only variables 

contained in the definitions of NUEs and WUEs besides the N & water input, the relationships between the 

explanatory variables and the NUEs & WUEs can be inferred this way.  

 

3.4.1 The relationships between the explanatory variables and N & water treaments 

1) Sizes and weights of plant parts (aboveground height, canopy diameter, the fresh weight of 

aboveground part, and the fresh weight of roots) 

Aboveground heights measured in July showed different patterns from those measured in June and August. In 

June and August, aboveground heights were not influenced by N treatments (ANOVA, ¢ŀōƭŜ !тπо), and only 

increased with irrigation from 0 to 235 mm (CƛƎǳǊŜ мт). CƛƎǳǊŜ мтπόŀύ shows a slight drop of model-predicted 

aboveground height from 235 to 280 mm irrigation on June 24th. The drop was not significant and the 

aboveground height on June 24th with 280 mm irrigation was still significantly bigger than that with 0 mm 

irrigation. In July, however, the aboveground height kept increasing as irrigation increased from 235 to 280 

mm (CƛƎǳǊŜ муπόŀύ), and was positively related to N input between 0 and 184 kg ha-1. The decrease of 

aboveground height from 225 to 267 kg N ha-1 shown in CƛƎǳǊŜ муπόōύ was not significant, and the difference 

between 0 and 267 kg ha-1 was significant. 

Canopy diameters were not measured in August due to lodging. In June, the model-predicted canopy diameter 

significantly increased when irrigation went up from 0 to 235 mm (CƛƎǳǊŜ мф). In July, the canopy diameter not 

only significantly increased with irrigation from 0 to 235 mm (CƛƎǳǊŜ нлπόŀύ), but also significantly increased 

with N input from 184 to 225 kg ha-1 (CƛƎǳǊŜ нлπόōύ). The increase from 0 to 184 kg ha-1 and the decrease from 

225 to 267 kg ha-1 shown in CƛƎǳǊŜ нлπόōύ were not significant.  

The fresh weights of aboveground parts and roots were not influenced by the treatments (ANOVA, ¢ŀōƭŜ !тπ

п). The increase of aboveground size (aboveground height & canopy diameter) with irrigation from 0 to 235 

mm and the unchanged aboveground fresh weight indicates a decrease in the density of aboveground parts 

(fresh weight per unit volume). And since the aboveground and root dry weights were calculated based on the 

assumption of fixed dry matter partitioning (Section 2.3.4) and the tuber dry weight increased with irrigation 

from 0 to 235 mm, it suggests that the aboveground and root dry weights increased while the aboveground and 

root water contents decreased.  

The sample means and standard deviations of the sizes and fresh weights of plant parts are reported in ¢ŀōƭŜ 

!тπм ϧ тπн. The variances are acceptable.  
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CƛƎǳǊŜ мтΥ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǘƘŜ ŀōƻǾŜƎǊƻǳƴŘ ƘŜƛƎƘǘǎ όŎƳύ ŦƻǊ ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /LύΦ 

²ŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎ мΣ н ϧ о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор ƳƳύ ŀƴŘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴ όнул ƳƳύ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 

όŀύ !ōƻǾŜƎǊƻǳƴŘ ƘŜƛƎƘǘǎ ƳŜŀǎǳǊŜŘ ƻƴ WǳƴŜ нпǘƘΤ όōύ !ōƻǾŜƎǊƻǳƴŘ ƘŜƛƎƘǘǎ ƳŜŀǎǳǊŜŘ ƻƴ !ǳƎǳǎǘ мсǘƘΦ  

 

 

CƛƎǳǊŜ муΥ όŀύ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǘƘŜ ŀōƻǾŜƎǊƻǳƴŘ ƘŜƛƎƘǘǎ όŎƳύ ƳŜŀǎǳǊŜŘ ƻƴ Wǳƭȅ мтǘƘ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ 

ǿŀǘŜǊ ŀƴŘ ƴƛǘǊƻƎŜƴ ǘǊŜŀǘƳŜƴǘǎ ōȅ ǘƘŜ ƳƻŘŜƭ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /LύΦ ΨǿŀǘŜǊΩ мΣ н ϧ о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ 

ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор ƳƳύ ŀƴŘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴ όнул ƳƳύ ǊŜǎǇŜŎǘƛǾŜƭȅΦ όōύ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǘƘŜ ŀōƻǾŜƎǊƻǳƴŘ ƘŜƛƎƘǘǎ 

όŎƳύ ƳŜŀǎǳǊŜŘ ƻƴ Wǳƭȅ мтǘƘ ŦƻǊ b ǘǊŜŀǘƳŜƴǘǎ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /LύΦ ¢ƘŜ ƭƛƴŜǎ ŎƻƴƴŜŎǘƛƴƎ Ǉƻƛƴǘǎ Řƻ ƴƻǘ ƳŜŀƴ 

Ŏƻƴǘƛƴǳƻǳǎ ŘŀǘŀΣ ǘƘŜȅ ǎƘƻǿ ǿƘƛŎƘ ŦƻǳǊ Ǉƻƛƴǘǎ ŀǊŜ ǳƴŘŜǊ ŀ ǎŀƳŜ ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎΦ  

 

 

CƛƎǳǊŜ мфΥ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǘƘŜ ŎŀƴƻǇȅ ŘƛŀƳŜǘŜǊǎ όŎƳύ ƳŜŀǎǳǊŜŘ ƻƴ WǳƴŜ нпǘƘ ŦƻǊ ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎ ǿƛǘƘ ŀǾŜǊŀƎŜ 

[{5 ōŀǊ όфр҈ /LύΦ ²ŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎ мΣ н ϧ о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор ƳƳύ ŀƴŘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴ όнул 
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CƛƎǳǊŜ нлΥ όŀύ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǘƘŜ ŎŀƴƻǇȅ ŘƛŀƳŜǘŜǊǎ όŎƳύ ƳŜŀǎǳǊŜŘ ƻƴ Wǳƭȅ мтǘƘ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ǿŀǘŜǊ 

ŀƴŘ ƴƛǘǊƻƎŜƴ ǘǊŜŀǘƳŜƴǘǎ ōȅ ǘƘŜ ƳƻŘŜƭ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /LύΤ όōύ tǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǘƘŜ ŎŀƴƻǇȅ ŘƛŀƳŜǘŜǊǎ 

όŎƳύ ƳŜŀǎǳǊŜŘ ƻƴ Wǳƭȅ мтǘƘ ŦƻǊ b ǘǊŜŀǘƳŜƴǘǎ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /LύΦ  

 

2) The number of main stems per m2 

As shown in ¢ŀōƭŜ у, the number of main stems per m2 was not influenced by water or N treatments. The 

variance under each treatment is acceptable. Thus the number of main stems will be regarded was an irrelevant 

variable in this experiment.  

 

¢ŀōƭŜ уΥ ¢ƘŜ ƳŜŀƴǎ ŀƴŘ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴǎΣ ŀƴŘ ǘƘŜ ǇπǾŀƭǳŜǎ ŦƻǊ CπǘŜǎǘ ŦǊƻƳ !bh±! ƻŦ ǘƘŜ ƴǳƳōŜǊ ƻŦ Ƴŀƛƴ ǎǘŜƳǎ 

ǇŜǊ ƳнΦ ²мΣ ²н ŀƴŘ ²о ƳŜŀƴǎ лΣ нор ŀƴŘ нул ƳƳ ƛǊǊƛƎŀǘƛƻƴ ǊŜǎǇŜŎǘƛǾŜƭȅΤ bмΣ bнΣ bо ŀƴŘ bп ƳŜŀƴǎ лΣ мупΣ нст ŀƴŘ 

ннр ƪƎ Ƙŀπм b ŦŜǊǘƛƭƛȊŀǘƛƻƴ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ΨLƴǘŜǊŀŎǘƛƻƴΩ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ǿŀǘŜǊ ŀƴŘ b 

ǘǊŜŀǘƳŜƴǘǎΦ 

 W1 W2  W3  N1  N2 N3 N4 Interactions 

Mean  12.9 13.0 13.0 12.8 12.9 13.4 12.9 --- 

Sd 1.30 1.34 1.19 1.32 1.11 1.22 1.44 --- 

p-value (ANOVA) 0.961 0.722 0.832 

 

3) NPK contents (%) in different plant parts (tubers, aboveground parts and roots), and the amount of 

NPK in tubers (kg ha-1) 

P contents (%) in tubers, aboveground parts and roots were not influenced by the water or N treatments 

(ANOVA, ¢ŀōƭŜ !уπн). N contents (%) in tubers and roots were influenced by both the water and N treatments, 

while in aboveground parts it was only influenced by N treatments. The interactions between water and N 

treatments significantly influenced N content in roots. K contents (%) in aboveground parts and roots were 

influenced by both the water and N treatments, as well as the interactions between the two treatments. The K 

content in tubers was influenced by water treatments only. The samples means and standard deviations of NPK 

contents in each plant part for different treatments are reported in ¢ŀōƭŜ !уπм. The variance of the data under 

each treatment was acceptable.  
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As shown in CƛƎǳǊŜ нм, the effective change of irrigation was between 0 and 235 mm. Tuber N & K content, 

aboveground K content, and roots N & K content all went down when irrigation increased from 0 to 235 mm. 

The effects of N treatments are plotted in CƛƎǳǊŜ !уπм, since they are not clearly shown in CƛƎǳǊŜ нм. Tuber N 

content went up when N input from fertilizer increased from 0 to 225 kg ha-1, while the change between 0 & 

184 kg ha-1 and that between 184 & 225 kg ha-1 were not significant (CƛƎǳǊŜ !уπмόŀύ). Aboveground and root N 

contents went up as N input increased from 0 to 184 kg ha-1 (CƛƎǳǊŜ !уπмόōύϧόŎύ), while aboveground K content 

went up from 225 to 267 kg ha-1 N input (CƛƎǳǊŜ !уπмόŘύ). Root K content, however, was negatively related to 

N input between 0 and 184 kg ha-1 (CƛƎǳǊŜ !уπмόŜύ).   

The levels of NPK contents might be influenced by the dry weights of the plant parts. But since the dry weights 

of aboveground parts and roots were calculated from a set of assumed dry matter partitioning, only the tuber 

NPK amounts (kg ha-1) were analyzed here to complement the analysis of NPK contents. According to the 

ANOVA, the amount of N in tubers at harvest was influenced by both the water and the N treatments, as well 

as the interactions between the two treatments (ANOVA, ¢ŀōƭŜ !уπо). As shown in CƛƎǳǊŜ ннπόŀύ, the tuber N 

amount increased with irrigation from 0 to 235 mm, which contradicted the results of the tuber N content (%). 

But the change with N treatments in tuber N amount was similar to that in tuber N content, namely going up 

as N input increased from 0 to 225 kg ha-1 and no significant changes between 0 & 184 kg ha-1 or between 184 

& 225 kg ha-1 (CƛƎǳǊŜ !уπн). As shown in CƛƎǳǊŜ ннπόōύ ϧ όŎύ, the tuber P & K amounts also significantly increased 

with irrigation from 0 to 235 mm (F-test p-value for P = 0.000, F-test p-value for K = 0.000). 

 

 

CƛƎǳǊŜ нмΥ aƻŘŜƭ ǇǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ btY ŎƻƴǘŜƴǘǎ ό҈ύ ƛƴ ŘƛŦŦŜǊŜƴǘ Ǉƭŀƴǘ ǇŀǊǘǎ ŀǘ ƘŀǊǾŜǎǘ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ŎƻƳōƛƴŀǘƛƻƴǎ 

ƻŦ ǿŀǘŜǊ ŀƴŘ ƴƛǘǊƻƎŜƴ ǘǊŜŀǘƳŜƴǘǎ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /LύΦ ¢ƘŜ ƘƻǊƛȊƻƴǘŀƭ ŀȄŜǎ ŀǊŜ b ǘǊŜŀǘƳŜƴǘǎΦ ΨǿŀǘŜǊΩ мΣ н ϧ 

о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор ƳƳύ ŀƴŘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴ όнул ƳƳύ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ƭƛƴŜǎ ŎƻƴƴŜŎǘƛƴƎ Ǉƻƛƴǘǎ 

Řƻ ƴƻǘ ƳŜŀƴ Ŏƻƴǘƛƴǳƻǳǎ ŘŀǘŀΣ ǘƘŜȅ ǎƘƻǿ ǿƘƛŎƘ ŦƻǳǊ Ǉƻƛƴǘǎ ŀǊŜ ǳƴŘŜǊ ŀ ǎŀƳŜ ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎΦ όŀύΣ όōύ ŀƴŘ όŎύ ǎƘƻǿǎ 

b҈ ƛƴ ǘǳōŜǊǎΣ ŀōƻǾŜƎǊƻǳƴŘ ǇŀǊǘǎ ŀƴŘ Ǌƻƻǘǎ ǊŜǎǇŜŎǘƛǾŜƭȅΤ όŘύΣ όŜύ ŀƴŘ όŦύ ǎƘƻǿǎ Y҈ ƛƴ ǘǳōŜǊǎΣ ŀōƻǾŜƎǊƻǳƴŘ ǇŀǊǘǎ ŀƴŘ 

Ǌƻƻǘǎ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 

(a) 

¢ǳōŜǊ b ŎƻƴǘŜƴǘ ό҈ύ 

(a) 

!ōƻǾŜƎǊƻǳƴŘ b ŎƻƴǘŜƴǘ ό҈ύ 

(b) 

wƻƻǘ b ŎƻƴǘŜƴǘ ό҈ύ 

(c) 

¢ǳōŜǊ Y ŎƻƴǘŜƴǘ ό҈ύ 

(d) (e) 

!ōƻǾŜƎǊƻǳƴŘ Y ŎƻƴǘŜƴǘ ό҈ύ wƻƻǘ Y ŎƻƴǘŜƴǘ ό҈ύ 

(f) 

b ŦǊƻƳ ŦŜǊǘƛƭƛȊŜǊǎ όƪƎ Ƙŀπмύ 
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CƛƎǳǊŜ ннΥ aƻŘŜƭ ǇǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǘƘŜ ŀƳƻǳƴǘ ƻŦ btY ƛƴ ǘǳōŜǊǎ όƪƎ Ƙŀπмύ ŀǘ ƘŀǊǾŜǎǘ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ 

ǿŀǘŜǊ ŀƴŘ ƴƛǘǊƻƎŜƴ ǘǊŜŀǘƳŜƴǘǎ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /LύΦ ¢ƘŜ ƘƻǊƛȊƻƴǘŀƭ ŀȄŜǎ ŀǊŜ b ǘǊŜŀǘƳŜƴǘǎΦ ΨǿŀǘŜǊΩ мΣ н ϧ о 

ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор ƳƳύ ŀƴŘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴ όнул ƳƳύ ǊŜǎǇŜŎǘƛǾŜƭȅΦ όŀύ ǘǳōŜǊ b ŀƳƻǳƴǘΤ όōύ ǘǳōŜǊ 

t ŀƳƻǳƴǘΤ όŎύ ǘǳōŜǊ Y ŀƳƻǳƴǘΦ    

 

4) The fluctuation of petiole N contents 

Petiole N contents (NO3-N, ppm) were measured on July 13th, July 23rd, August 2nd, August 12th, August 22nd 

and September 1st, 2017. The sample means ranged from 4058 (full irrigation, September 1st) to 11288 ppm 

(no irrigation, August 2nd) for different water treatments, and from 1639 (N1, September 1st) to 8892 ppm (N3, 

August 2nd) for different N treatments (¢ŀōƭŜ !фπм). They are high compared to other experiments. According 

to a research on the white potato production in Virginia, USA, the yield does not respond to additional N 

application when the petiole N content is higher than 1500 ppm (Reiter et al., 2009).  

The fluctuations of mean petiole N contents for each treatment from July 13th to September 1st were shown in 

!ǇǇŜƴŘƛȄ мо. N fertilizers were applied on July 2nd ~ 5th and July 28th ~ 30th. The reason for the rise in petiole 

N contents from July 13th to July 23rd might be due to the continuing uptake of N that was applied during July 

2nd ~ 5th. And the second fertilization explains why on August 2nd the petiole N contents were higher than that 

on July 23rd under some treatments. On August 13th, Cyazofamid (C13H13ClN4O2S), which contains N, was 

applied for potato late blight. It might be the reason for the increase in petiole N contents between August 12th 

and August 22nd under some treatments. But the amount of N applied with Cyzofamid was only 10.37 g ha-1, 

which was small compared to N fertilization.  

On all the six dates, petiole N contents increased with N treatments from 0 to 184 kg ha-1 (CƛƎǳǊŜ !фπм), and 

decreased with irrigation from 0 to 235 mm (CƛƎǳǊŜ но). There were also some other significant changes: on 

July 23rd petiole N content decreased with irrigation from 235 to 280 mm, on August 22nd it increased with N 

input from 225 to 267 kg ha-1, and on August 2nd and September 1st it increased with N input from 184 to 225 

kg ha-1, but these changes were small, although they were statistically significant. The effect from the 

interactions between N and water treatments were significant in August (ANOVA, ¢ŀōƭŜ !фπн).  

The significant increases of petiole N contents with N input from 0 to 184 kg ha-1 were consistent with the 

results of the aboveground N content (%, Section 3.4.1-(3)). But the aboveground N content was not influenced 

¢ǳōŜǊ b ŀƳƻǳƴǘ όƪƎ Ƙŀπмύ 

(a) 

¢ǳōŜǊ t ŀƳƻǳƴǘ όƪƎ Ƙŀπмύ 

(b) 

¢ǳōŜǊ Y ŀƳƻǳƴǘ όƪƎ Ƙŀπмύ 

(c) 

b ŦǊƻƳ ŦŜǊǘƛƭƛȊŜǊǎ όƪƎ Ƙŀπмύ 
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by water treatments.  

 

CƛƎǳǊŜ ноΥ aƻŘŜƭ ǇǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ƻŦ ǇŜǘƛƻƭŜ b ŎƻƴǘŜƴǘǎ όbhоπbΣ ǇǇƳύ ƳŜŀǎǳǊŜŘ ƻƴ ǎƛȄ ŘŀǘŜǎ ŦƻǊ ŘƛŦŦŜǊŜƴǘ 

ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ǿŀǘŜǊ ŀƴŘ ƴƛǘǊƻƎŜƴ ǘǊŜŀǘƳŜƴǘǎ ǿƛǘƘ ŀǾŜǊŀƎŜ [{5 ōŀǊ όфр҈ /LύΦ ¢ƘŜ ƘƻǊƛȊƻƴǘŀƭ ŀȄŜǎ ŀǊŜ b ǘǊŜŀǘƳŜƴǘǎΦ 

ΨǿŀǘŜǊΩ мΣ н ϧ о ƳŜŀƴǎ ȊŜǊƻ ƛǊǊƛƎŀǘƛƻƴΣ ƭƻŎŀƭ ƛǊǊƛƎŀǘƛƻƴ όнор ƳƳύ ŀƴŘ Ŧǳƭƭ ƛǊǊƛƎŀǘƛƻƴ όнул ƳƳύ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ƭƛƴŜǎ 

ŎƻƴƴŜŎǘƛƴƎ Ǉƻƛƴǘǎ Řƻ ƴƻǘ ƳŜŀƴ Ŏƻƴǘƛƴǳƻǳǎ ŘŀǘŀΣ ǘƘŜȅ ǎƘƻǿ ǿƘƛŎƘ ŦƻǳǊ Ǉƻƛƴǘǎ ŀǊŜ ǳƴŘŜǊ ŀ ǎŀƳŜ ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘǎΦ όŀύ 

Wǳƭȅ моǘƘΤ όōύ Wǳƭȅ ноǊŘΤ όŎύ !ǳƎǳǎǘ нƴŘΤ όŘύ !ǳƎǳǎǘ мнǘƘΤ όŜύ !ǳƎǳǎǘ ннƴŘΤ όŦύ {ŜǇǘŜƳōŜǊ мǎǘΣ нлмтΦ 

   

3.4.2 The relationships between the explanatory variables and the tuber dry yield & N uptake 

The root fresh weight (kg ha-1), the number of main stems per m2, the NPK contents (%) of the roots and the 

aboveground parts at harvest, the P amount in harvested tubers (kg ha-1), and the petiole N contents measured 

during growth (NO3-N, ppm) were not related to the tuber dry yield (ton ha-1) or the N uptake (kg ha-1). The 

fresh weight of aboveground parts (ton ha-1), the aboveground heights in July and August (cm), the canopy 

diameter in July (cm) and the amounts of N & K in harvested tubers (kg ha-1) were positively related to the 

tuber dry yield (CƛƎǳǊŜ нп). The fresh weight of aboveground parts, the aboveground heights and canopy 

diameters in all months, the tuber N content (%), and N & K amounts in harvested tubers (kg ha-1) were 

positively related to the N uptake (CƛƎǳǊŜ нр). The N uptake was positively related to the tuber N content (%) 

& tuber N amount (kg ha-1) because it was calculated based on these variables.  

The data points are shown to be divided into two groups in each scatter plot, which indicates the significant 

increases of these variables with water treatments: the values of the variables were similar with local (235 mm) 

and full (280 mm) irrigation (2/3 of the data points), while much higher than that with zero irrigation (1/3 of 

the data points). The conditional R-squared and ANOVA p-values of the regression models are reported in 

¢ŀōƭŜ !млπм ϧ !млπн.  

tŜǘƛƻƭŜ b ŎƻƴǘŜƴǘ ς {ŜǇǘŜƳōŜǊ м όǇǇƳύ 

(f) 

tŜǘƛƻƭŜ b ŎƻƴǘŜƴǘ ς !ǳƎǳǎǘ нн όǇǇƳύ 

(e) 

tŜǘƛƻƭŜ b ŎƻƴǘŜƴǘ ς !ǳƎǳǎǘ мн όǇǇƳύ 

(d) 

tŜǘƛƻƭŜ b ŎƻƴǘŜƴǘ ς !ǳƎǳǎǘ н όǇǇƳύ 

(c) 

tŜǘƛƻƭŜ b ŎƻƴǘŜƴǘ ς Wǳƭȅ но όǇǇƳύ 

(b) 

tŜǘƛƻƭŜ b ŎƻƴǘŜƴǘ ς Wǳƭȅ мо όǇǇƳύ 
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b ŦǊƻƳ ŦŜǊǘƛƭƛȊŜǊǎ όƪƎ Ƙŀπмύ 


































































































