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ABSTRACT
Excessive or imbalanced fertilization has not only decreased 
nutrient use efficiency, but also degraded arable land and posed 
a great threat to the environment. In this study, the datasets were 
collected from field experiments for the period 1992 to 2017 in 
the main potato (Solanum tuberosum L.) production regions of 
China. We used the Quantitative Evaluation of the Fertility of 
Tropical Soils (QUEFTS) model to estimate the soil-plant bal-
anced N, P, and K requirements for the potato in China. Our 
results revealed that there were great differences in the potato 
yield and nutrient uptake. The upper and lower 2.5th percentiles 
of N, P, and K internal efficiencies (IE, kg tuber per kg nutrient in 
the total plant) data were used as maximum accumulation (a) and 
maximum dilution (d) boundary parameters in the QUEFTS 
model, which were 133 and 463 kg kg–1 for N, 652 and 3030 
kg kg–1 for P, and 119 and 790 kg kg–1 for K, respectively. The 
QUEFTS model predicted plant nutrient uptake of 4.0 kg N, 
0.7 kg P, and 3.5 kg K to produce 1 Mg of tuber in the linearly 
distributed portion, and a corresponding tuber nutrient demand 
of 2.9 kg N, 0.5 kg P, and 2.3 kg K to produce 1 Mg of tuber. 
Field validation experiments confirmed that the QUEFTS model 
could be used to simulate optimum nutrient uptake and provide 
appropriate parameters in building fertilizer recommendation, 
which helps improve nutrient use efficiency for potato in China.

Core Ideas
• This is the first report of QUEFTS model on estimating the opti-

mum nutrient requirements for potato crops in China.
• The datasets used in this study were collected from multi-year-site 

field experiments.
• Multi-site field validation experiments in potato-producing areas 

confirmed the feasibility of QUEFTS model-simulated nutrient 
uptake.

Potato plants have relatively shallow root systems and 
is grown widely in China, ranking fourth of all crop pro-
ductions. In pursuit of higher yields, farmers are applying 

tremendous amounts of fertilizers, which has led to not only 
lower yield, but low nutrient use efficiency and environmental 
problems as well (Chen et al., 2012; Liu et al., 2014). To better 
improve nutrient use efficiency and decrease environmental 
impacts, improved methods for optimum fertilizer recommen-
dations are necessary for potato production in China.

The traditional fertilization recommendation based on soil 
testing has contributed positive yield responses in potato-produc-
ing areas of China (Duan et al., 2014; Li et al., 2015). Although 
soil testing is a more accurate method to evaluate the nutrient 
availability in the soil for scientists, there are great challenges in 
terms of fertilizer application for smallholder farmers and the 
wide variety of potato cropping systems in China (Alva et al., 
2011; Bai, 2015; Cui et al., 2018). Site-specific nutrient manage-
ment (SSNM) was originally used for rice (Oryza sativa L.) and 
mainly focused on the optimization of site-specific N manage-
ment based on potential yield and yield response to the applica-
tion of fertilizer (Dobermann et al., 2002; Pasuquin et al., 2014). 
A modification of the QUEFTS model has been advocated by 
SSNM to estimate field-specific N, P, and K recommendations 
(Smaling and Janssen, 1993; Pampolino et al., 2012; Pasuquin et 
al., 2014). In the past, many nutrient management strategies have 
only focused on a single nutrient, ignoring inter-relationships 
among N, P, and K. The QUEFTS model, however, simulates N, 
P, and K interactions in soil–plant systems, as well as the balance 
between the indigenous soil nutrient supply and plant nutrient 
uptake based on different potential yields (Setiyono et al., 2010).

The QUEFTS model has been used for rice (Xu et al., 2015), 
wheat (Chuan et al., 2013a, 2013b), soybean [Glycine max (L.) 
Merr.] (Yang et al., 2017), rapeseed (Brassica napus L.) (Ren et 
al., 2015), cassava (Manihot esculenta Crantz) (Byju et al., 2016) 
and sweet potato [Ipomoea batatas (L.) Lam.] crops (Kumar et 
al., 2016) over large areas. Years of field validation have demon-
strated that this model is adaptable to different crops, produc-
tion areas, climates, and soil types, and therefore could possibly 
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be used to estimate potato nutrient demands for potential yields 
in China (Sattari et al., 2014). The purposes of the present study 
were to: (i) determine the relationship between potato nutrient 
uptake and yield; (ii) estimate the optimal N, P, and K require-
ments for potato crops; and (iii) evaluate the QUEFTS model-
simulated nutrient uptakes using field validation.

MATERIALS AND METHODS
Data Sites

Based on cultivated regions and administrative divisions, six 
distinct potato-producing areas were divided in China (Teng 
et al., 1989; Li and Jin, 2011): the Northeast (NE), Northwest 
(NW), north-central (NC), the Middle and lower reaches of 
Yangtze River (MLYR), Southeast (SE), and Southwest (SW) 
(Fig. 1, Table 1). The NE and NW regions use a monocropping 
system in which potato is planted in late March and harvested 
in early October. With cool temperatures, vast cropland area, 
and sufficient sunshine, the NE and NW are both important 
high-quality seed potato production regions in China. Potato 
in the NC and MLYR areas is grown from late February to 
mid-June, or from August to early November, avoiding the 
higher temperatures between mid-June and August. Potato in 
the SE is grown from mid- or late October to late December 
or early January, or from mid-January to early or mid-April. 
Rice–potato–rice, rice–-potato–potato–rice, and autumn 
potato–winter potato systems are common in the SE, where 
farmers realize high profits catering to potato demand during 
the winter. The SW plant either single or double potato crops 
per year, depending on elevation. Since the climate at altitudes 
over 2000 m is similar to that found in the NE and NW, a 
single cropping system is employed in these areas. The climate 
at elevations between 1000 and 2000 m is similar to that of 
the NC and MLYR, and conditions below 1000 m in the SW 
are similar to those found in the SE. There has been a steady 
increase in potato hectareage in the SE and SW following 
the rice crops in winter, and the continuous potato cropping 

system is still common in areas with two annual crops. Climate 
and soil nutrient characteristics for all six potato-producing 
areas are shown in Table 1.

Data Sources

To assess the relationship between nutrient uptake and tuber 
yield for potato in China, the datasets for QUEFTS model were 
collected from field experiments conducted by the International 
Plant Nutrition Institute (IPNI) China Program from 1992 
to 2012 and 2017 that conducted by our group, and related 
published field experiments in peer reviewed journals of China 
Knowledge Resource Integrated database from 2000 to 2016 
(www.cnki.net). Fertilization treatments included farmers’ 
practice, optimal fertilization, and a series of nutrient omission 
plots of N, P, or K based on optimal fertilization treatment. In 
the optimal fertilization treatment, N, P, and K were applied in 
accordance with soil test and yield targets in the IPNI experi-
ments. In published studies, the optimal fertilization treatment 
was selected by the highest yield and good field performance. In 
the farmers’ practices treatment, fertilizer and field management 
were in accordance with farmers’ traditional practice.

The QUEFTS Model

The QUEFTS model was used to simulate optimal nutrient 
uptake and used a large number of databases to evaluate rela-
tionship between tuber yield and nutrient uptake following a 
linear–parabolic–plateau model, the interactions of N, P, and K 
were considered to avoid deviation where a single or a few data 
to guide fertilizer application (Janssen et al., 1990, Smaling 
and Janssen, 1993; Witt et al., 1999). The maximum accumula-
tion (a) and maximum dilution (d) boundary were calculated 
from the data set which removed outliers or potential errors, 
and used to estimate nutrient requirements by using QUEFTS 
model. The lower and upper 2.5 (Set I), 5.0 (Set II), and 7.5 (Set 
III) percentiles of the N, P, and K internal efficiency [IE, kg 
tuber per kg nutrient in the total plant nutrient (both tuber and 

Fig. 1. Distribution of experimental sites in different potato-producing regions of China.
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aboveground)] were used as a and d values. The nutrient require-
ments calculated by the QUEFTS model were similar for all 
three sets, except at the yield target approaching the potential 
yield. Since 2.5included a larger range of variability, it was then 
used to estimate balanced nutrient uptake and the relationship 
between tuber yield and nutrient accumulation, which were 
similar to previous reports (Witt et al., 1999; Liu et al., 2006; 
Xu et al., 2013). The balanced nutrient uptake from QUEFTS 
model was used to balance soil and plant based P and K nutrient 
maintenance in Nutrient Expert system.

The Nutrient Expert system is a nutrient decision support 
system based on SSNM and a modified QUEFTS model devel-
oped by the IPNI (Pampolino et al., 2012; Chuan et al., 2013a). 
In the Nutrient Expert, the fertilizer recommendation for N 
was determined by the yield response (yield gap between full 
NPK fertilizer application and N omission plot) and agronomic 
efficiency of N fertilizer application. The P and K rates were 
determined by yield response and plant-soil nutrient balance of 
P and K uptake for different target yield, and simulated nutrient 
uptake from the QUEFTS model was used to balance soil and 
plant maintenance of P and K for certain tuber yield targets.

On-farm field validation was conducted in the potato-produc-
ing provinces of Inner Mongolia (11), Jilin (5), Guizhou (8), and 
Sichuan (11) in 2017 based on Nutrient Expert method (Tables 

2 and 3), to compare the difference between observed and simu-
lated nutrient uptake. The fertilizer applications were 164 to 
228 kg N ha–1, 79 to 135 kg P2O5 ha–1, and 109 to 240 kg K2O 
ha–1, and all experiments followed a standardized experimental 
protocol guided by local agricultural technicians. We collected 
both the senesced or the dead leaves and the alive leaves, and the 
tubers at harvest trying to collect all the leaves. The N, P, and K 
concentrations were measured for tuber and aboveground bio-
mass at harvest.

Model Validation and Statistical Analyses

The root-mean-square error (RMSE), mean error (ME), 
normalized-RMSE (n-RMSE), and index of agreement (d) were 
used to evaluate deviations between QUEFTS model-simulated 
values and observed N, P, and K uptakes.

RMSE=
n

i

n

s mi i−( )
=
∑ 2

1  [1]

ME=
n

i

n

s mi i−( )
=
∑

1  [2]

Table 1. Summary of experimental sites in different potato-producing regions of China.
 
 

Region†

 
 

Province

 
 

Climate

 
 

Main soil type

 
 

pH

 
Organic 
matter

Alkali-
hydrolyzable 

N 

 
Available  

P

 
 

NH4OAc-K

 
Yield 
range

 
 

Case‡
% ————— mg kg–1 ————— Mg ha–1

NE Heilongjiang, Jilin, 
Liaoning

Cool 
temperate

Black soil, meadow soil 4.9–8.3 0.2–7.6 60.9–314.9 9.8–123.0 58.0–287.0 10.0–53.5 126

NW Gansu, Inner 
Mongolia, Ningxia, 
Qinghai, Shaanxi, 

Xinjiang

Temperate Loessial soil, fluvo-aquic 
soil, dark loessial soil, gray 
calcareous soil, chestnut 
soil, irrigation silting soil, 

cinnamon soil

6.0–8.9 0.2–5.1 19.2–211.0 4.3–168.0 14.0–338.2 1.1–74.5 641

NC Hebei, Shandong, 
Shanxi, Henan

Temperate Fluvo-aquic soil, meadow 
soil, cinnamon soil, loessial 

soil, chestnut soil

4.8–8.6 0.8–3.9 21.0–145.0 4.5–172.0 33.1–171.4 3.7–75.8 32

MLYR Anhui, Zhejiang, 
Hubei, Hunan, 
Jiangxi, Jiangsu

Temperate 
sub-tropical

Yellow-brown soil, yellow 
soil

4.5–7.8 1.0–3.0 103.0–300.0 5.3–84.5 33.1–196.0 0.4–54.2 54

SE Fujian, 
Guangdong, 

Guangxi

Tropical Fluvo-aquic soil, paddy soil 4.7–7.1 0.3–3.9 40.0–166.3 6.2–188.0 18.0–248.4 3.9–59.5 26

SW Yunnan, Guizhou, 
Sichuan, 

Chongqing, Tibet

Temperate 
sub-tropical

Red soil, yellow-brown 
soil, purple soil, paddy soil

4.5–8.2 0.4–6.1 47.5–330 3.8–112.1 25.0–950.0 1.3–75.9 107

† Region: NE, Northeast; NW, Northwest; NC, north-central; MLYR, Middle and lower reaches of the Yangtze River; SE, Southeast; SW, Southwest 
(equivalent to the acronyms found in the article text).
‡ The number of nutrient uptake data.

Table 2. The characteristics of field experimental sites and soil properties (0–20 cm profile) in four provinces.
 
Region†

 
Province

Hectareage 
ratio‡

Main  
soil type

 
pH

Organic 
matter

Total  
N

Alkali- 
hydrolyzable N

Available  
P

 
NH4OAc-K

 
Precipitation

% % g kg–1 ——————— mg kg–1 ——————— mm
NE Jilin 1.3 Black soil 5.8 2.6 107 44.6 182.2 398
NW Inner Mongolia 9.7 Chestnut soil 7.5–8.0 1.1–3.7 1.37–1.5 64.2–172.4 3.0–47.4 59–160 304
SW Guizhou 13.0 Yellow soil 4.7–7.8 2.1–3.7 0.47–1.0 116.2–145.3 6.6–46.7 187–408.6 1000
SW Sichuan 14.3 Paddy soil 5.7–6.3 0.9–1.6 0.40–0.6 113.4 17.8–44.7 125.8–199.4 1200
† The region where the province belong.
‡ The provinces’ acreage ratio of the total potato hectareage in the country.
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Here, mi and si are the observed and simulated values, respec-
tively; n is the number of observed values, and m  is the total 
mean of the observed data across all experiments. The RMSE 
and ME were used to determine discrepancies for values having 
the same units of measure, while n-RMSE allowed comparison 
between values having different measurement units. The d value 
was used for comparisons between simulated and observed 
values in the range (0–1). If d value was less than 0.5, the model-
simulated results were poor (Ren et al., 2015; He et al., 2018). 
The SPSS 19.0 software was utilized to analyze the significance 

differences between the means of simulated and observed values 
using the t test at the 5% significance level.

RESULTS
Characteristics of Yield and Nutrient Uptake

The overall average tuber yield (85% moisture content) for the 
field experiments in China was 25.1 Mg ha–1, with a wide range 
of 0.4 to 75.9 Mg ha–1 (including the omission plots) (Table 4). 
The average HI was 0.74, with a range of 0.40 to 0.95, and 95% 
of the HI values were between 0.52 and 0.87 (Fig. 2).

The average N, P, and K concentrations in tubers were 16.8, 
3.1, and 20.1 g kg–1, with ranges of 3.5 to 38.8, 0.8 to 8.2, and 
2.3 to 90.9 g kg–1. The average nutrient concentrations found in 
the aboveground were 20.2 g N kg–1, 3.1 g P kg–1, and 21.8 g K 
kg–1, with ranges of 0.2 to 45.2 g N kg–1, 0.6–8.9 g P kg–1, and 
2.8 to 72.7 g K kg–1 (Table 4). The average N, P, and K accumu-
lations in tubers were 2.2, 3.0, and 2.5 times those of aboveg-
round biomass, respectively. In addition, the nutrient harvest 

Table 3. The experimental management details for the field study in four provinces.
 
Province

Farm  
location

No. of  
experiment

 
Varieties

 
Population

Plot  
size

Havest  
size

Sowing  
date

Harvest  
date

plant ha–1 ————— m2 —————
Jilin Changling county 3 Favorita 60, 000 30 30 20 May 5 Oct.

Changling county 2 Favorita
Inner 
Mongolia

Wuchuan county 10 Kangnibeike, Kexin-1 40, 000
50, 000

45 45 15 May 20 Sept.
Jining district 1 Kangnibeike

Guizhou Huaxi district 2 Weiyu-5 57, 142 30 30 8 Mar. 26 Sept.
Qianxi county 1

Weining county 3
Weining county 2

Sichuan Wuling county 8 Favorita 85, 333 30 15 10 Sept. 12 Dec.
Wuling county 3 Zhongshu-2

Table 4. Characteristics of yield and nutrient uptake of potato crops.
Parameter Unit Number† Mean SD 25%Q‡ Median 75%Q
Tuber yield Mg ha–1 6733 25.1 11.9 16.7 24.2 32.2
Harvest index kg kg–1 654 0.74 0.09 0.69 0.75 0.79
[N] in tuber g kg–1 568 16.8 6.0 12.2 16.3 20.1
[P] in tuber g kg–1 501 3.1 1.4 2.1 2.9 3.7
[K] in tuber g kg–1 521 20.1 12.3 13.9 17.1 23.5
[N] in aboveground g kg–1 424 20.2 8.0 14.5 19.4 23.6
[P] in aboveground g kg–1 378 3.1 1.7 1.5 2.8 4.2
[K] in aboveground g kg–1 395 21.8 16.3 9.7 17.5 29.1
Tuber N uptake kg ha–1 580 87.7 55.7 46.8 76.5 112.0
Tuber P uptake kg ha–1 511 15.8 10.3 7.6 14.5 21.1
Tuber K uptake kg ha–1 521 91.9 62.7 38.6 83.1 128.5
Aboveground N uptake kg ha–1 429 39.8 26.8 20.2 31.8 50.8
Aboveground P uptake kg ha–1 389 5.3 4.0 2.4 4.2 7.4
Aboveground K uptake kg ha–1 408 37.1 30.3 15.3 31.5 49.3
Plant N kg ha–1 606 129.9 69.7 82.0 118.2 162.8
Plant P kg ha–1 465 21.0 11.3 12.6 19.3 27.0
Plant K kg ha–1 497 131.8 81.2 69.5 122.4 180.4
NHI§ kg kg–1 404 0.67 0.12 0.59 0.69 0.76
PHI kg kg–1 342 0.76 0.10 0.69 0.78 0.84
KHI kg kg–1 382 0.73 0.13 0.64 0.74 0.84
† Number of observations.
‡ 25%Q, Median, and 75%Q represent the 25th, 50th, and 75th percentiles of each dataset, respectively.
§ NHI, nutrient harvest index of N; PHI, nutrient harvest index of P; KHI, nutrient harvest index of K.
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indices of N (NHI), P (PHI), and K (KHI) were 0.67, 0.76, and 
0.73 kg kg–1, respectively (Table 4). Potato tubers absorbed a 
substantial proportion of the nutrients.

Internal and Reciprocal Internal Efficiencies

The average IE of N, P, and K were 252.5, 1598.8, and 276.3 kg 
kg–1, respectively. The average reciprocal internal efficiency (RIE, 
total plant nutrient requirement both tuber and aboveground 
to produce 1 Mg of tuber yield) of N, P, and K were 4.4, 0.7, 
and 4.4 kg Mg–1, respectively (Table 5). Since the data for yields 
with at least one N, P, or K nutrient uptake were included, the 
IE (112.5–740.7 kg kg–1 N, 525.4–3822.8 kg kg–1 P, and 99.8–
1111.8 kg kg–1 K) and the RIE (1.4–8.9 kg N Mg–1, 0.3–1.9 kg P 
Mg–1, and 0.9–5.4 kg K Mg–1) both varied tremendously.

Estimating Optimum Nutrient Uptakes

The constants a and d were 133 and 463 kg kg–1 for N, 652 
and 3030 kg kg–1 for P, and 119 and 790 kg kg–1 for K, respec-
tively, and adopted to estimate the relationship between target 
yield and balanced plant N, P, and K requirements for different 
potential yields (30–60 Mg ha–1) using QUEFTS model. The 
model estimated a linear relationship between target yield and 
optimum nutrient uptake until the target yield reached approxi-
mately 60 to 70% of the potential yield (Fig. 3).

Since the average potato yield in China was among 0.4 to 
75.9 Mg ha–1 with averaged 25.1 Mg ha–1 across all sites, a 
potential yield of 60 Mg ha–1 was used to simulate the plant 
N, P, and K uptakes and the tuber yield rarely exceeded this 
level in China (Table 6). The QUEFTS model simulated plant 
nutrient requirements of 4.0 kg N, 0.7 kg P, and 3.5 kg K in the 
linear section of the uptake curve to produce 1 Mg of tubers, 
with corresponding tuber nutrient demands of 2.9 kg N, 0.5 kg 
P, and 2.3 kg K to produce 1 Mg of tubers. The optimal N/P/K 
ratios were 1.0:0.2:0.9 for total potato plants and 1.0:0.2:0.8 for 
tubers. Since 71.8% N, 69.9% P, and 66.1% K were in the tubers 
themselves and thus were removed from the fields, balanced 
fertilization may avoid the luxury uptake of K in tubers.

Field Validation

The relationship between QUEFTS model-simulated and 
Nutrient Expert treatment-observed nutrient uptakes was ana-
lyzed (Fig. 4). The RMSE, n-RMSE, ME, and d values were 35.6kg 
ha–1, 24.4%, –8.2 kg ha–1, and 0.88 for N; 9.7 kg ha–1, 37.7%, –1.4 

kg ha–1, and 0.70 for P; and 116.4 kg ha–1, 62.8%, –66.9 kg ha–1, 
and 0.53 for K, respectively. The points around the 1:1 line showed 
some deviation and luxury uptake for observed K in Guizhou 
and Sichuan. The observed K uptake (P < 0.05) was significantly 
higher than simulated in Sichuan and Guizhou, respectively. The 
observed N and K uptake in Nutrient Expert treatment (P < 0.05) 
were significantly lower than simulated in Jilin, respectively.

DISCUSSION
The average tuber yield in the present study was higher than 

the national average of 15.4 Mg ha–1 and the global average of 
17.9 Mg ha–1 from 2000 to 2016 (FAO, 2016). Potato production 
co-exists with poverty and is more adaptable to resource-poor 
areas in China than other food crops. Regions benefiting from 
improved potato varieties, better field management techniques, 
and more favorable soil nutrient and climate conditions experi-
enced great improvements in potato yield (Bélanger et al., 2001; 
Moinuddin et al., 2006; Devaux et al., 2014; Tein et al., 2014).

The HI was slightly affected by N, P, and K supply levels and 
more stable than total biomass from the study of Sandaña and 
Kalazich (2015). The HIs lower than 0.40 were excluded as 
crops suffered from either disease or some sort of water, abiotic, 
or biotic stress in this case (Hay, 1995; Witt et al., 1999). And 
potato normally has a higher HI than other crops (0.4–0.5), 
such as wheat, corn (Zea mays L.), and rice (Hay, 1995; Sandaña 
and Kalazich, 2015).

White et al. (2009) estimated the average nutrient concen-
trations in tubers to be 15.6 g N kg–1, 2.4 g P kg–1, and 20.0 g 
K kg–1 between and within potato species, with ranges of 

Fig. 2. Distribution of yield and harvest index of potato crops. † n is number of observations. ‡ HIs lower than 0.40 were excluded in the 
Quantitative Evaluation of the Fertility of Tropical Soils (QUEFTS) model.

Table 5. Characteristics of the internal efficiency (IE, kg tuber per 
kg nutrient in the total plant) and its reciprocal internal efficiency 
(RIE, total plant nutrient requirement both tuber and aboveg-
round to produce 1 Mg of tuber yield) for potato plants in China.
Parameter Unit n† Mean SD 25%Q‡ Median 75%Q
IE-N kg kg–1 507 252.5 89.0 186.9 239.6 297.6
IE-P kg kg–1 373 1598.8 652.3 1063.3 1470.1 1997.8
IE-K kg kg–1 439 276.3 150.6 183.9 240.0 330.5
RIE-N kg Mg–1 507 4.4 1.4 3.4 4.2 5.4
RIE-P kg Mg–1 373 0.7 0.3 0.5 0.7 0.9
RIE-K Kg Mg–1 439 4.4 1.7 3.0 4.2 5.4
† Number of observations.
‡ 25%Q, Median, and 75%Q represent the 25th, 50th, and 75th percen-
tiles of each dataset, respectively.
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11.2 to 19.9 g N kg–1, 1.3 to 3.0 g P kg–1, and 13.8 to 21.3g K 
kg–1. These average values were higher than those found in the 
present study. Earlier studies, though not statistically robust, 
confirmed that higher-yielding varieties were observed in lower 
nutrient concentrations than lower-yielding varieties (Tekalign 
and Hammes, 2005; White et al., 2009).

Duan et al. (2014) estimated an average required nutrient 
uptake of 5.3 kg N, 0.6 kg P, and 5.0 kg K to produce 1 Mg of 
tubers. Their experiments were long-term and multi-site and fea-
tured optimal management, which located in Wuchuan county 
and Chayouzhongqi in Inner Mongolia of China. Their uptake 
values ranged from 4.0 to 7.6 kg N Mg–1, 0.4 to 1.1 kg P Mg–1, 
and 3.0 to 7.8 kg K Mg–1 and the average yield was 37.4 Mg 
ha–1 (24.4–60.2 Mg ha–1). The higher RIEs of N and K in 
Duan et al. (2014) study were likely related to the higher yield 
levels (Yang et al., 2017). However, overfertilization and high 
soil nutrient availability led to an increasing rate of higher RIEs 

with lower yields, confirming the presence of luxury consump-
tion throughout the potato growth cycle (Kang et al., 2014). 
Furthermore, given the large supply of indigenous soil nutrients, 
the fertilization recommendation based on RIE was not reliable 
(Rosen et al., 2014; Ruark et al., 2014). Soil nutrient conditions, 
plant nutrient demands, and the interactions between N, P, and 
K must be taken into consideration when proposing a fertilizer 
recommendation. The optimal N/P/K ratios were 1.0:0.2:0.9 
for potato plants in the present study, while Kumar et al. (2018) 
estimated the optimal N:P:K ratio was 1.0:0.2:1.3 with higher 
potassium demand using QUEFTS model.

Field validation results showed that widespread unreason-
able fertilization existed in the farmers’ practice treatment, and 
also that Nutrient Expert combined with QUEFTS model 
provided a feasible fertilization recommendation that reduced 
the risk of environment pollution and increase yield (Pampolino 
et al., 2012). Since the points around the 1:1 line showed some 

Fig. 3. Relationship between potato yield and N, P, and K accumulations for different potential yields simulated by the Quantitative 
Evaluation of the Fertility of Tropical Soils (QUEFTS) model for potato crops in China. The boundary lines correspond to the lines of 
maximum accumulation (YA) and maximum dilution (YD), YU represent balance nutrient uptake as predicted by QUEFTS model. The 
yield potential ranged from 30 to 60 Mg ha–1.

Table 6. Balanced nutrient requirement of the reciprocal internal efficiencies of N, P, and K as simulated by the Quantitative Evaluation of 
the Fertility of Tropical Soils (QUEFTS) model for particular target yields of potato crops in China (60 Mg ha–1 potential yield).

Yield
Plant RIE† Tuber RIE‡ Ratio in tuber§

N P K N P K N P K
Mg ha–1 —————————— kg nutrient Mg–1 yield —————————— ————— % —————
0 0 0 0 0 0 0 0 0 0
6 4.0 0.7 3.5 2.9 0.5 2.3 71.8 69.9 66.1
12 4.0 0.7 3.5 2.9 0.5 2.3 71.8 69.9 66.1
18 4.0 0.7 3.5 2.9 0.5 2.3 71.8 69.9 66.1
24 4.0 0.7 3.5 2.9 0.5 2.3 71.8 69.9 66.1
30 4.0 0.7 3.5 2.9 0.5 2.3 72.4 70.4 66.6
35 4.2 0.7 3.6 3.0 0.5 2.4 72.2 70.3 66.5
40 4.4 0.8 3.8 3.2 0.5 2.5 72.2 70.3 66.5
45 4.6 0.8 4.0 3.3 0.6 2.7 72.2 70.3 66.4
48 4.8 0.9 4.2 3.5 0.6 2.8 72.2 70.3 66.4
50 5.0 0.9 4.3 3.6 0.6 2.9 72.2 70.3 66.4
55 5.6 1.0 4.8 4.0 0.7 3.2 72.2 70.2 66.4
56 5.8 1.0 5.0 4.2 0.7 3.3 72.2 70.2 66.4
57 6.0 1.1 5.2 4.3 0.7 3.4 72.2 70.2 66.4
58 6.3 1.1 5.4 4.5 0.8 3.6 72.2 70.3 66.4
59 6.7 1.2 5.8 4.8 0.8 3.8 72.2 70.3 66.5
60 8.1 1.4 7.0 6.7 1.1 5.3 82.0 79.8 75.5
† Expressed as kilogram of total plant nutrient requirement (both tuber and aboveground matter) to produce per megagram of tuber yield.
‡ Expressed as kilogram of tuber nutrient requirement to produce per megagram of tuber yield.
§ Expressed as the ratio of nutrient in tuber of total plant.
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deviation and luxury uptake for observed K in Guizhou and 
Sichuan (Fig. 4), which had greater initial K availability in 
the soil (Table 2). The high soil NH4OAc-K content and high 
K2O application were the major reason to a luxury K uptake 
in Guizhou (Kang et al., 2014), we should do field experiments 
and correct K recommendation further. However, in Inner 
Mongolia, only one point was far from the 1:1 line, indicat-
ing that there was no clear luxury K uptake in this site, mainly 
because the initial K availability in the soil was much lower than 
in Guizhou and Sichuan sites.

CONCLUSIONS
There was a wide variation in tuber yield and nutrient uptake 

corresponding to the broad range of climatic conditions, soil 
types, and cropping systems found in China. The average tuber 
yield of potato crops in China was 25.1 Mg ha–1. The average 
N, P, and K accumulations were 87.7, 15.8, and 91.9 kg ha–1 
in tubers, and 39.8, 5.3, and 37.1 kg ha–1 in the aboveground, 
respectively. The QUEFTS model predicted that target yield 
and nutrient uptake would be linearly distributed until the 
target yield reached approximately 60 to 70% of the potential 
yield. The QUEFTS model simulated that 4.0 kg N, 0.7 kg P, 
and 3.5 kg K were required for total plant to produce 1 Mg of 
tuber in the linearly distributed portion of the uptake curve, as 
well as corresponding requirements of 2.9 kg N, 0.5 kg P, and 
2.3 kg K for tuber to produce 1 Mg of tuber. Tuber N, P, and 
K accounted for 71.8, 69.9, and 66.1% of the nutrients in the 
potato plant in the linearly distributed portion, respectively. 
Field validation demonstrated that the QUEFTS model could 
be used to simulate potato nutrient uptake and provide appro-
priate parameters for Nutrient Expert system, and thus help to 
optimize fertilization recommendations in China.
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