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Abstract: Excessive nitrogen (N) application rate led to low N use efficiency and environmental risks
in a potato (Solanum tuberosum L.) production system in northwest China. Process-based models
are effective tools in agroecosystems that can be used to optimize integrated management practices
for improving potato yield and N use efficiency. The objectives of this study were (1) to calibrate
and evaluate the DeNitrification-DeComposition (DNDC) and soil Water Heat Carbon Nitrogen
Simulator of Vegetable (WHCNS_Veg) models using the measurements of potato yield, above-ground
biomass, N uptake, soil moisture and temperature, and soil inorganic N based on a field experiment
in northwest China (2017–2020) and (2) to explore optimal management practices for improving yield
and N use efficiency under long-term climate variability (1981–2020). Both models overall performed
well in simulating potato tuber yield (normalized root mean square error (NRMSE) = 5.4–14.9%),
above-ground biomass (NRMSE = 6.0–14.7%), N uptake (NRMSE = 18.1–25.6%), daily soil tempera-
ture (index of agreement (d) > 0.9 and Nash–Sutcliffe efficiency (EF) > 0.8), and acceptable in-soil
moisture and inorganic N content (d > 0.6 and EF > -1) for N-applied treatments. However, the two
models underestimated tuber yield and soil N content for no N fertilization treatment which was
partially attributed to the underestimated soil N mineralization rate under N stress conditions. The
sensitivity analysis showed that the greatest tuber yield and N use efficiency were achieved at the N
rate of 150–180 kg ha−1 with 2–3 splits, fertilization depth of 15–25 cm, and planting date of 25 April
to 10 May in both models. This study highlights the importance of integrated management strategies
in obtaining high N use efficiency and crop yield in potato production systems.

Keywords: DNDC model; WHCNS_Veg model; potato; nitrogen optimization; nitrogen use efficiency

1. Introduction

Potato (Solanum tuberosum L.) is the fourth staple food in China with 4.91 million ha
harvested area and 92 million tons of tuber production, which accounts for 28% and 25%
of the world total in 2019, respectively, but the average yield is 12% lower than that of the
world [1]. Potato yield is restricted by unbalanced fertilizer management [2]; for example,
55% of farmers applied N fertilizer at an unreasonable rate in northwest China based on a
field survey [3]. Nitrogen (N) is the most yield-limiting factor for potatoes in China due to
the N yield response. Compared to the no fertilizer treatment, the yield increase is about
8.6 t ha−1 under optimum N treatment, which is significantly greater than the increase of
5.9 t ha−1 and 6.6 t ha−1 under optimum phosphorus (P) and potassium (K) treatments,
respectively [4]. In addition, potato is the most N intensive crop with shallow roots and
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low N uptake efficiency [5]. The average N recovery efficiency of a farmer’s practice was
less than 30% for potato production in China [6,7] and the typical harvest index of N was
0.75 [8], which indicated that more than 78% N remained in the soil and then leached
to the groundwater or was emitted to air system, resulting in low N use efficiency and
environmental pollution [9].

For improving N use efficiency of potato, N management based on the “4R” nutrition
management principles has been suggested by Li and Jin [2]. The tuber yield increased
to 29.4 t ha−1 (increased by 57%), and the average N recovery efficiency increased to
36% for potato compared to the average farmer’s practice [7]. However, the yield gap is
still greater than other dominant potato countries such as the United States (50 t ha−1)
and Netherlands (42 t ha−1) [1], and N recovery efficiency is lower than that in Europe
(50–60%) at 150–250 kg ha−1 N input [8]. In addition, cultivation management practices
(e.g., planting date, sowing density) also had a significant effect on tuber yield [10]. Opti-
mized planting date increased tuber yield by 13–23% due to the match of water requirement
and precipitation during the growing period in northwest China [11]. Planting density
of 4.4 seed m−2 (i.e., 75 cm row spacing × 30 cm plant spacing) with right rate of N ap-
plication (150 kg N ha−1) gave the highest tuber yield through effective use of land in
Ethiopia [12]. Although many studies have been conducted on the N fertilizer application
rate and timing, and planting date and density [10,13,14], the effect of integrated manage-
ment on potato tuber and N utilization is still unclear. An improved understanding of the
interactions between N fertilizer and cultivation management could help develop better
management practices. Jiang [15] confirmed that the integration of N and cultivation man-
agement practices could further increase yield and N use efficiency for maize in northeast
China based on a modelling approach.

The process-based models are useful tools for estimating the impacts of multiple
management practices on agroecosystems [16]. More than 30 potato models have been
developed globally based on different structures and local conditions [16,17]. Some potato
models have been applied to study the effects of N fertilizer, irrigation management,
and climate change, such as soil Water Heat Carbon Nitrogen Simulator of Vegetable
(WHCNS_Veg) [18] and DeNitrification-DeComposition (DNDC) [19]. A well-calibrated
model could be used to explore optimal management practices (e.g., fertilizer application
rate, fertilization time and placement, planting date and density) based on the sensitivity
analysis [15,20]. Guo et al. [21] optimized the N application rate at 75–150 kg ha−1 for
potato based on the DNDC model in north China. The DNDC model is increasingly used to
estimate the impacts of management practices and climate change for crop production and
soil C & N cycle [22]. The WHCNS_Veg model has improved the fresh yield calculation
based on the probability distribution function [23], which is more suitable for the crops
with higher water content in grain [24]. The model has been used to determined optimal
N management for tomato in north China [25]. However, the DNDC and WHCNS_Veg
models have not been previously validated and used for optimizing management practices
for improving potato production and agronomic efficiency in northwest China.

The objectives of this study were to (1) calibrate and validate the DNDC and WHCNS_
Veg model using 4-year measurements of potato tuber yield, above-ground biomass, crop N
uptake, soil moisture, temperature, and inorganic N; (2) assess the two models’ advantages
and weakness for simulating potato growth and soil N dynamics; (3) optimize management
practices that comprised the N application rate and timing, application depth, and planting
date and density to improve tuber yield and N use efficiency in northwest China.

2. Materials and Methods
2.1. Field Experiment and Measurements

A four-year field experiment was conducted from 2017 to 2020 in Wuchuan County,
Inner Mongolia Autonomous Region (41◦8′ N, 111◦17′ E, altitude 1570 m) which is the
typical one-season cropping area in northwest China. The annual and seasonal (from May
to September) average precipitation were 350 mm and 296 mm (1981–2020), and the annual
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and seasonal average temperature were 4.2 ◦C and 16.5 ◦C, respectively (Figure S1). Potato
was planted from late April to early June with normal planting date of the middle May and
harvested in late September before the first frost day based on local farmer practice. The soil
type is classified as Kastanozems according to World Reference Base for Soil Resource [26]
and the soil texture is sandy loam based on the soil texture calculator of United State
Department of Agriculture [27]. Representative soil samples were collected from the upper
0.20 m depth before planting to determine the chemical and textural properties (SOC
contents, pH, bulk density, and clay fraction), which are shown in Table S1.

Experimental design was a randomized complete block with three replicates. The
five N fertilizer treatments include N0 (0 kg N ha−1), N1 (50% recommended N rate),
N2 (75% recommended N rate), N3 (100% recommended N rate), and N4 (150% recom-
mended N rate). The recommended N application rate was obtained based on the potato
Nutrient Expert® software (Chinese Academy of Agricultural Sciences, Beijing, China).
The N fertilization rate and timing, planting and harvest dates, sowing density, and cultivar
information are shown in Table 1. The N3 fertilization rates were different during the
experimental years due to the fact that it was recalculated with the yield response of the
last year [28]. Urea (46% N) and potassium chloride (52% K) were applied as N and K
fertilizer sources. Urea was applied in banding on the ridges and immediately covered
with 10 cm depths soil after application at planting and hilling stages, and the remained
urea was applied at the surface soil during the tuber bulking stage. The P fertilizer was
applied as diammonium phosphate (18% N and 23% P) for all treatments. The P and K
fertilizer were applied as basal at the planting except for K fertilizer in 2018, which was
applied 50% as basal and 50% for dressing at the emergence stage (Table S2).

Table 1. The management practices information for potato from 2017 to 2020 at experimental site.

Year Treatment Cultivar
Planting Harvest Density

(seed m−2)
Seeds

(kg ha−1)
N application Rate (kg ha−1)

(Day of Year) Basal Emergence Tuber Bulking

2017

N0 Connebeck 132 258 5 2250 0 0 0
N1 Connebeck 132 258 5 2250 27 36 27
N2 Connebeck 132 258 5 2250 41 54 41
N3 Connebeck 132 258 5 2250 54 72 54
N4 Connebeck 132 258 5 2250 81 108 81

2018

N0 Jizhang 12 130 259 5 2250 0 0 0
N1 Jizhang 12 130 259 5 2250 36 48 36
N2 Jizhang 12 130 259 5 2250 54 72 54
N3 Jizhang 12 130 259 5 2250 72 96 72
N4 Jizhang 12 130 259 5 2250 108 144 108

2019

N0 Jizhang 12 130 259 4 1800 0 0 0
N1 Jizhang 12 130 259 4 1800 26 26 52
N2 Jizhang 12 130 259 4 1800 39 39 78
N3 Jizhang 12 130 259 4 1800 52 52 105
N4 Jizhang 12 130 259 4 1800 78 78 157

2020

N0 Huasong 7 131 260 4 1800 0 0 0
N1 Huasong 7 131 260 4 1800 22 22 45
N2 Huasong 7 131 260 4 1800 33 33 67
N3 Huasong 7 131 260 4 1800 45 45 89
N4 Huasong 7 131 260 4 1800 67 67 134

The measured data include tuber yield, above-ground biomass, N uptake, soil mois-
ture and temperature, and soil inorganic N content (0.4 m). Potatoes were harvested
manually and all tubers of each plot (30 m2) were weighted. The weight of tuber yields
was converted to ton per hectare. The dry matter of the above-ground biomass included
stems, leaves, and tubers, which were dried at 105 ◦C for 30 min, and then dried to a con-
stant weight at 75 ◦C in an oven (XMTD-8222; Shanghai Jing Hong Instruments Co., Ltd.,
Shanghai, China). The N content of the above-ground dry matter was determined with the
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Kjeldahl method [29] and multiplied by the dry matter to calculate the plant N uptake. Soil
samples were taken at the emergence, tuber bulking, and maturity stage to determine the
soil moisture and inorganic N content. The soil moisture was determined by the drying
method, and the soil inorganic N was extracted with 0.01mol/L CaCl2, and the continuous
segmented flow analyzer (AA3-SEAL Analytical; BL-TECH (TIANJIN) Co., Ltd., Tianjin,
China) was used to determine the inorganic N concentration, and then converted to content
by multiplying soil bulk density and depth. In addition, the conventional tillage with
moldboard ploughing (0.20 m depth) was conducted within a week before planting in this
study. Sowing, applying basal fertilizer, and ridging were manually operated, and the
ridge width was generally 60 cm with two rows in a ridge. The drip irrigation system was
used during the potato growth period with 200, 240, 280, and 200 mm of irrigation water
for 2017−2020, respectively. The drip pipes were placed on the surface of the ridge and in
the middle of two plant rows with a diameter of 16 mm and the hole spacing of 30 cm, and
the water flow rate was 1.38 L h−1. The herbicides and pesticides were semi-mechanically
sprayed according to the recommendations of local plant protection technicians.

2.2. DNDC and WHCNS_Veg Model Description
2.2.1. DNDC Model

The DNDC model (version 95) is a process-based biogeochemistry model for predict-
ing crop yield, soil carbon sequestration, nitrogen leaching, and greenhouse gas (GHG)
emissions in agroecosystems [30,31]. Over the past 20 years, DNDC has been improved
in crop growth simulations, hydrological features, alternative farming management prac-
tices (the use of nitrification inhibitors, slow-release fertilizers, plastic film mulching, and
sprinkler and drip irrigation), and greenhouse gas emissions [22]. The model consists
of six sub-models [32], including the soil climate, crop growth, decomposition, nitrifica-
tion, denitrification, and fermentation sub-models, which are driven by four ecological
drivers (i.e., climate, soil, vegetation, and management practices). The specific geochem-
ical or biochemical reaction employed classical laws of physics, chemistry, biology, and
empirical equations.

2.2.2. WHCNS_Veg Model

The WHCNS_Veg model (version 2.0) combines a vegetable growth module of the
N_ABLE model and a soil water heat carbon nitrogen simulator (WHCNS) model [24,33].
The model is driven by climate data, soil hydraulic properties, crop physiology, and
field management practices [25]. The main difference from other crop models is that
the fresh yield computation employs a general method of converting total dry matter to
fresh marketable yield for vegetables based on a probability distribution [23]. The model
includes five sub-models including soil, crop, management, weather, and nitrogen-carbon
modules. The simulated processes involve soil movement, soil water evaporation, crop
transpiration, soil N transport and transformation (net N mineralization, nitrification,
ammonia volatilization, and denitrification), and vegetable growth [34].

2.3. Model Parameterization, Calibration, and Validation

The DNDC and WHCNS_Veg models require input parameters including daily cli-
mate (e.g., maximum and minimum air temperature, solar radiation, daily precipitation);
field management practices (e.g., planting/harvest dates, tillage, fertilizer rate and timing,
fertilizer types, application depth, and irrigation); soil property data (e.g., soil bulk density,
texture, soil organic C, pH, and soil hydraulic parameters); crop physiology (e.g., grow-
ing degree days, biomass portioning, and maximum root depth); and initial conditions
(e.g., soil temperature and moisture, inorganic N content, and organic matter). The climate
data of experiment site from 2017 to 2020 were obtained from a local weather station in
Wuchuan County (Figure S1).

Calibration and validation are preconditions for model application. The “trial and
error” approach was used to calibrate the crop growth and soil N transformation parame-
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ters in the DNDC and WHCNS_Veg models. The optimal parameters were determined by
minimizing the normalized root mean square error (NRMSE) between the simulated and
measured values (tuber fresh yield, biomass, plant N uptake, soil moisture, soil tempera-
ture, and soil inorganic N) of N3 treatment from four experimental years. The remaining
dataset from other four treatments were used to validate the model performance and
applicability in simulating potato cropping system. The calibrated parameters were listed
in Tables S3 and S4. The growing degree days (GDD) in DNDC (2100 ◦C) is higher than the
WHCNS_Veg (1400 ◦C) model because the GDD were calculated from sowing to harvest in
DNDC compared to the GDD calculation from emergence to maturity in WHCNS_Veg. A
ten-year spin-up was run before the beginning of the experiment to stabilize water, C, and
N pools in crop models in the DNDC model.

2.4. Model Performance Statistics

To evaluate the model performance, four statistics were used including normalized
average relative error (NARE), normalized root mean square error (NRMSE), index of
agreement (d), and Nash-Sutcliffe efficiency (EF) [35–37] (see Equations (1)–(4) below).

NARE = ∑n
i =1(Si−Mi)

nM × 100 (1)

NRMSE =

√
∑n

i =1(Si−Mi)
2

n
M × 100

(2)

d = 1− ∑n
i =1(Si−Mi)

2

∑n
i =1(|Si−M|+|Mi−M|)2 (3)

EF = 1− ∑n
i =1(Si−Mi)

2

∑n
i =1(Mi−M)2 (4)

where n is the number of samples, Si and Mi are the simulated and measured values, and
M is the average of measured values.

The NARE value can estimate if simulated values were lower or higher than the
measured values. When NARE ≤ ±15%, the model performance was satisfactory for
yields and biomass [38]. The NRMSE ≤15%, 15–30%, and >30%, respectively, represent
“good”, “fair”, and “poor” model performance [39,40]. The d (0–1) represents the ratio
of the mean square error and the potential error with higher values indicating better
agreement between simulated and measured values. d ≥ 0.75 and EF ≥ 0 are the minimum
threshold values for crop growth, while d≥ 0.60 and EF≥−1.0 are the minimum threshold
values for soil output validation [39].

One-way ANOVA and difference test (LSD) were used to check the difference between
the data with the “agricolae” package (Universidad Nacional Agraria La Molina, Lima,
Peru) in R (4.0.3) software (R Core Team, Vienna, Austria).

2.5. Sensitivity Analysis

The sensitivity analyses of the DNDC and WHCNS_Veg models were used to ex-
plore best management practices, including N application rate and timing, fertilization
depth, planting date, and planting density (Table 2) under long-term climate variabil-
ity (1981–2020) (Figure S1). The N application rate was set to 0 to 300 kg N ha−1 with
a 30 kg N ha−1 interval. The N application timing include 100% basal at planting, two-
splitting (planting and emergence, or planting and tuber bulking growth stages), and
three-splitting fertilization (planting, emergence, and tuber bulking growth stages). The
application ratio for each application scenario was shown in Table 2. The sensitivity level
of the fertilization depth ranged from 0 to 30 cm with 5 cm intervals. The conventional
fertilization depth was 10 cm in the N3 treatment that was the baseline scenario for com-
pared with optimized scenarios. The planting date ranged from 20 April (110) to 5 June
(156) at an interval of 5 days according to the suggestion of Tang et al. [41]. The planting
density ranged from 3.5 to 7 seed m−2 with a 0.5 seed m−2 interval simulated only by
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the WHCNS_Veg model as the DNDC model is incapable of adjusting planting density.
The best management practices were determined based on the average yield and N use
efficiency results of sensitivity analysis under the 40-year historical weather conditions
(Figure S1).

Table 2. The variable levels for sensitivity analysis.

Levels Fertilizer Rate N application Ratio Planting Day Fertilizer Depth Density

(kg N ha−1) Basal Emergence Tuber Bulking (Day of Year) (cm) (seed m−2)

1 0 1 - - 110 0 3.5
2 30 1/2 1/2 - 115 5 4.0
3 60 1/2 - 1/2 120 10 4.5
4 90 1/3 2/3 - 125 15 5.0
5 120 1/3 - 2/3 130 20 5.5
6 150 2/3 1/3 - 135 25 6.0
7 180 2/3 - 1/3 140 30 6.5
8 210 1/3 1/3 1/3 145 7.0
9 240 1/4 1/4 1/2 150
10 270 1/4 1/2 1/4 156
11 300 1/2 1/4 1/4

2.6. Nitrogen Use Efficiency

In this study, three indicators were used to evaluate N use efficiency including N par-
tial factor productivity (PFP), N fertilizer agronomic use efficiency (AEN) and N recovery
rate (REN) [42]. Calculated as follows Equations (5)–(7):

PFP = TYN
Nrate

(5)

AEN = TYN−TYN0
Nrate

(6)

REN = UN−UN0
Nrate

× 100 (7)

where TYN is the tuber fresh yield (kg ha−1) for N-applied treatments, and TYN0 is the
tuber fresh yield for N0 treatment; UN is the plant N uptake at maturity (kg N ha−1)
for N-applied treatments, and UN0 is the plant N uptake for at maturity (kg N ha−1) N0
treatment. Nrate is the N application rate for one growing season.

3. Results and Discussion
3.1. Model Calibration and Validation
3.1.1. Crop Growth

Calibration of the DNDC and WHCNS_Veg models showed “good” agreements
between the simulated and measured tuber fresh yield and above-ground biomass in the N3
treatment based on the values of NRMSE (5.4–11.6%), NARE (−6.1–2.4%) (Figures 1 and S2,
Table 3). For the validation, both models indicated “good” performance for the tuber yield
and above-ground biomass for N-applied treatments based on the statistical values of
NRMSE < 15% and NARE≤ ±15% (Table 4). For N0 treatment, however, the DNDC model
showed “poor” and “fair” performance in the simulation of yield (NRMSE = 31.6%) and
biomass (NRMSE = 24.9%), and the WHCNS_Veg model indicated “fair” performance on
both yield and biomass (NRMSE = 26.7–27.9%). Both models underestimated the tuber
yield and above-ground biomass for N0 treatment with the NARE values ranging from
−25.9% to −13.6%. Similar performance of the DNDC model for crop yield simulation
under N stress conditions had been reported by Jiang et al. [15]. This could be partially
due to how the crop models underestimated the soil mineralization N content under N0
treatment, which resulted in serious N stress and yield decrease. Another possibility was
that the models did not consider the physiological and biochemical adaptive mechanisms
of crops under N stress [16]. For example, Zhang et al. [43] reported that root/shoot ratio
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and main root length were increased in N stress conditions, which improved the ability
to absorb water and nutrients. However, there was no correlation equation describing
physiological changes which need to be further monitored and integrated into crop models.
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Figure 1. Measured and simulated potato tuber fresh yield from 2017 to 2020 for different N
application treatments using the DNDC and WHCNS_Veg models in Wuchuan, China. (a) N0
treatment; (b) N1 treatment (c) N2 treatment (d) N3 treatment (e) N4 treatment. Vertical bars are
standard deviations (n = 3). The N3 treatment was used to the calibrate the model parameters.

Table 3. Statistical calibration between the simulated and measured potato tuber yield, above-ground biomass and nitrogen
uptake of N3 treatment using the DNDC and WHCNS_Veg models in Wuchuan, China.

Index Model Measured Simulated Sample No. 1 NRMSE (%) NARE (%)

Yield (t ha−1)
DNDC 38.25 37.18 12 5.61 −2.61

WHCNS_Veg 38.25 37.32 12 5.43 −2.44
Above-ground biomass

(kg ha−1)
DNDC 9075 8519 12 11.63 −6.13

WHCNS_Veg 9075 8717 12 5.99 −3.95

N uptake (kg ha−1)
DNDC 192.6 183.9 12 20.76 −4.51

WHCNS_Veg 192.6 183.0 12 22.33 −4.99
1 Sample No., number of measurements; NRMSE, normalized root mean square error; NARE, normalized average relative error.
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Table 4. Statistical validation between the simulated and measured potato tuber yield, above-ground biomass and nitrogen
uptake using the DNDC and WHCNS_Veg models in Wuchuan, China.

Index Treatment Model Measured Simulated Sample No. 1 NRMSE (%) NARE (%)

Yield
(t ha−1)

N0 DNDC 28.70 22.31 12 31.57 −21.94
N1 DNDC 33.58 35.07 12 14.90 4.98
N2 DNDC 36.33 40.13 12 13.44 10.38
N4 DNDC 36.28 39.41 12 13.71 8.46
N0 WHCNS_Veg 28.70 21.52 12 26.71 −25.03
N1 WHCNS_Veg 33.58 34.67 12 10.14 3.23
N2 WHCNS_Veg 36.33 35.27 12 12.77 −2.90
N4 WHCNS_Veg 36.28 37.54 12 8.74 3.45

Above-ground
biomass
(kg ha−1)

N0 DNDC 6554 5663 12 24.87 −13.60
N1 DNDC 7672 7958 12 14.70 3.73
N2 DNDC 8261 8556 12 8.69 3.57
N4 DNDC 7999 8471 12 12.11 5.90
N0 WHCNS_Veg 6554 4858 12 27.93 −25.88
N1 WHCNS_Veg 7672 7858 12 10.95 2.42
N2 WHCNS_Veg 8261 8044 12 13.95 −2.64
N4 WHCNS_Veg 7999 8246 12 11.93 3.09

N uptake
(kg ha−1)

N0 DNDC 116.8 134.6 12 32.63 15.25
N1 DNDC 150.4 173.9 12 25.63 15.63
N2 DNDC 174.6 184.6 12 18.10 5.70
N4 DNDC 183.0 183.0 12 23.53 0.02
N0 WHCNS_Veg 116.8 134.2 12 20.24 14.91
N1 WHCNS_Veg 150.4 150.2 12 24.75 −0.14
N2 WHCNS_Veg 174.6 172.6 12 19.50 −1.17
N4 WHCNS_Veg 183.0 183.7 12 25.10 0.37

1 Sample No., number of measurements; NRMSE, normalized root mean square error; NARE, normalized average relative error.

For the plant N uptake, both models showed “fair” performance for N-applied
treatments in calibration and validation based on the NRSME (18.1–25.6%) and NARE
(−4.5–15.6%) values, and the DNDC and WHCNS_Veg model respectively showed “poor”
(32.6%) and “fair” (20.2%) performance for the validation of N0 treatment based on the
NRMSE values (Table 4, Figure 2). There was no significant difference between measure-
ments and simulations across all the treatments (p = 0.42–0.99). It is noted that, for the
N0 treatment, the yield was underestimated but the N uptake was overestimated in both
models (Table 4). Similar findings were reported by Jiang et al. [15] and He et al. [44]
with the DNDC model. This is possibly due to the N uptake-relative parameters (i.e.,
biomass C/N ratio in DNDC (Table S3) and the minimum N concentration in WHCNS_Veg
(Table S4)), which were calibrated using the N uptake measurements of N3 treatment;
however, the measured tuber N content of N0 treatment (1.69 and 1.75% N in straw and
tuber) was significantly lower than that of the N3 treatment (1.95 and 2.15% N in straw and
tuber) in this study (Table S5) and other previous field experimental results [45]. Therefore,
the simulations that used the calibrated N uptake-related parameters of N3 will cause an
overestimation of N uptake for N0 treatment.

3.1.2. Soil Temperature

The simulated dynamics of soil temperature were in excellent agreement with the
measurements in the 0.1 m and 0.3 m soil depths in both models (Figure 3) with the
statistical values of EF > 0.8 and d > 0.9 (Tables 5 and 6). The DNDC model overpredicted
soil temperature of 0.1 m soil layer based on NARE > 0, but the WHCNS_Veg model
underpredicted (NARE < 0). He et al. [20,44] previously reported the excellent performance
of the DNDC model in the simulating of topsoil temperature. Both models underestimated
the soil temperature at 0.3 m soil depth, and the WHCNS_Veg model (0.93) was more
accurate than the DNDC model (0.87) based on the EF values (Table 6) due to the DNDC
model overestimating temperature of the 0–0.3 m soil layer for the first 60 days of the year
(Figure 3). Meanwhile, the linear regression results also showed a good agreement between
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the measured and simulated soil temperature (Figure S3), and the slopes ranged from 0.82
to 0.95 (R2 = 0.91–0.98, p < 0.001).
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Figure 2. Measured and simulated potato plant N uptake from 2017 to 2020 for different N application
treatments using the DNDC and WHCNS_Veg models in Wuchuan, China. (a) N0 treatment; (b) N1
treatment (c) N2 treatment (d) N3 treatment (e) N4 treatment. Vertical bars are standard deviations
(n = 3).
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Figure 3. Daily soil temperature was compared to measurements at (a) 0.1 m and (b) 0.3 m soil
depths using the DNDC and WHCNS_Veg models in Wuchuan, China.



Agronomy 2021, 11, 1858 10 of 18

Table 5. Statistical calibration between the simulated and measured soil temperature, soil moisture and soil inorganic
nitrogen using the DNDC and WHCNS_Veg models in Wuchuan, China.

Index Depth
(m) Model Measured Simulated Sample

No. 1
NRMSE

(%)
NARE

(%) EF d

Soil temperature
(◦C)

0.1 DNDC 7.19 7.23 365 59.24 8.13 0.86 0.96
0.1 WHCNS_Veg 7.19 6.55 365 30.34 −8.86 0.96 0.99

Soil moisture
(cm3 cm−3)

0–0.2, 0.2–0.4 DNDC 0.23 0.23 24 29.01 1.88 −0.26 0.69
0–0.2, 0.2–0.4 WHCNS_Veg 0.23 0.22 24 16.70 −5.16 0.58 0.91

Soil inorganic N
(kg ha−1)

0–0.2, 0.2–0.4 DNDC 59.22 63.43 24 69.06 7.12 −0.04 0.68
0–0.2, 0.2–0.4 WHCNS_Veg 59.22 64.16 24 73.71 8.35 −0.19 0.67

1 Sample No., number of measurements; NRMSE, normalized root mean square error; NARE, normalized average relative error; EF,
Nash–Sutcliffe efficiency; d, index of agreement.

Table 6. Statistical validation between the simulated and measured soil temperature, soil moisture and soil inorganic
nitrogen under different N treatments using the DNDC and WHCNS_Veg models in Wuchuan, China.

Index Depth
(m) Treatment Model Measured Simulated Sample

No. 1
NRMSE

(%)
NARE

(%) EF d

Soil temperature (◦C) 0.3 N3 DNDC 7.13 6.90 365 51.57 −3.24 0.87 0.96
0.3 N3 WHCNS_Veg 7.13 6.04 365 38.78 −15.26 0.93 0.98

Soil moisture
(cm3 cm−3)

0–0.2, 0.2–0.4 N0 DNDC 0.24 0.21 24 22.98 −10.41 −0.18 0.72
0–0.2, 0.2–0.4 N1 DNDC 0.24 0.22 24 18.92 −6.12 −0.10 0.79
0–0.2, 0.2–0.4 N2 DNDC 0.24 0.22 24 23.28 −8.80 −0.84 0.71
0–0.2, 0.2–0.4 N4 DNDC 0.25 0.23 24 21.65 −4.90 −0.6 0.67
0–0.2, 0.2–0.4 N0 WHCNS_Veg 0.24 0.22 24 22.12 −9.17 −0.09 0.80
0–0.2, 0.2–0.4 N1 WHCNS_Veg 0.24 0.21 24 23.48 −12.22 −0.70 0.64
0–0.2, 0.2–0.4 N2 WHCNS_Veg 0.24 0.22 24 21.58 −9.55 −0.58 0.78
0–0.2, 0.2–0.4 N4 WHCNS_Veg 0.25 0.22 24 23.63 −11.57 −0.91 0.73

Soil inorganic N
(kg ha−1)

0–0.2, 0.2–0.4 N0 DNDC 43.76 10.22 24 103.2 −76.65 −0.74 0.51
0–0.2, 0.2–0.4 N1 DNDC 50.50 31.95 24 64.37 −36.74 0.10 0.69
0–0.2, 0.2–0.4 N2 DNDC 53.83 46.02 24 67.49 −14.52 0.37 0.75
0–0.2, 0.2–0.4 N4 DNDC 70.61 97.80 24 98.46 38.51 −0.54 0.53
0–0.2, 0.2–0.4 N0 WHCNS_Veg 43.76 13.57 24 105.9 −68.99 −0.83 0.44
0–0.2, 0.2–0.4 N1 WHCNS_Veg 50.50 20.03 24 84.08 −60.33 −0.54 0.65
0–0.2, 0.2–0.4 N2 WHCNS_Veg 53.83 33.85 24 70.28 −37.12 0.31 0.79
0–0.2, 0.2–0.4 N4 WHCNS_Veg 70.61 145.8 24 155.2 106.44 −2.82 0.35

1 Sample No., number of measurements; NRMSE, normalized root mean square error; NARE, normalized average relative error; EF,
Nash–Sutcliffe efficiency; d, index of agreement.

3.1.3. Soil Moisture

The simulated daily soil moisture was compared to the observations in the 0–0.2 m and
0.2–0.4 m soil layers in the 2018 potato growth season (Figure 4). Both models showed “fair”
performance in simulating soil moisture for calibration and validation treatments based on
the values of NRMSE (16.7–29.0%), and the values of EF > −1 and d > 0.6 (Tables 5 and 6);
in addition, the linear regression between measured and simulated soil moisture was
significantly correlated (R2 = 0.93–0.97, p < 0.001) with slopes ranging from 0.83 to 0.99 for
all treatments (Figure S4). The DNDC model performance can be improved in the future
if the algorithms of rainfall interception and root distribution are developed [20]. Liang
et al. [25] reported that the WHCNS_Veg model had a “good” performance (NRMSE < 8%)
for greenhouse soil water content simulation with the inclusion of Richards equation.
However, the soil spatial variability, preferential flow, and microclimate condition were not
considered in WHCNS_Veg [20,25], which may lead to inaccurate simulation in this study.
The performance of both models needs to be validated based on more field measurements
of soil water content over a long-term period.
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Figure 4. Daily simulated and measured soil moisture in the 0–0.2 m (the left of the figure) and
0.2–0.4 m (the right of the figure) in Wuchuan, China. (a) N0 treatment; (b) N1 treatment (c) N2
treatment (d) N3 treatment (e) N4 treatment. Vertical bars represent standard deviations (n = 3).

3.1.4. Soil Inorganic N

The simulated daily soil inorganic N was compared to the measurements at the
0–0.2 m and 0.2–0.4 m soil layers during the growing season in 2018 (Figure 5). For the
calibration of N3 treatment, the two models’ performance was “acceptable” in simulating
inorganic N content of 0–0.2 and 0.2–0.4 m soil layers based on the values of EF > −1 and
d > 0.6 (Table 5). For the model validation (Table 6), the two models showed “acceptable”
performance in the N1 and N2 treatments according to the values of EF (−0.54–0.37) and
d (0.56–0.79), but both models showed “poor” performance for N0 (N stress) and N4
(excess N) treatments (Figure S5). The under-prediction of soil inorganic N content for
N0 treatment was likely due to the over-predicted above-ground biomass and crop N
uptake under N stress conditions (Table 4), which is consistent with Jiang et al. [15] and
He et al. [20]. Both models over-predicted soil inorganic N for N4 treatment based on the
average values of NARE (38.5–106.4%), which was mainly attributed to the underestimated
N uptake (Figure 2). Thus, an improved simulation of potato growth and N uptake in crop
models could contribute towards the estimation of soil inorganic N. The difference between
the simulated and measured soil inorganic N for N4 treatment was not significant (p = 0.34)
in DNDC with the slope of the linear regression of 0.97 (R2 = 0.61, p < 0.001, Figure S5).
However, the soil inorganic N simulations in WHCNS_Veg were significantly higher than
the measurements, especially in the 0.2-0.4 m soil layer (Figure 5). The slope of the linear
regression between the observations and simulations was 1.24 (R2 = 0.52, p < 0.001), which
showed a poor performance of the WHCNS_Veg model. This may be because the model
underestimated N losses in terms of ammonia volatilization, nitrous oxide, and N leaching
under excess N conditions. Liang et al. [25] reported a “poor” to “good” performance of
the WHCNS_Veg model in simulating soil nitrate concentration at 0.5 and 0.9 m soil depths
in over-applied N treatment based on the values of EF (−0.9–0.5) and d (0.43–0.83). Thus,
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the data of ammonia volatilization, nitrous oxide emissions, and N leaching response to
different N applications should be observed in the field experiments for adjusting relevant
model parameters and improving the simulation of soil inorganic N.
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Figure 5. Daily simulated and measured soil inorganic N content at soil layer of 0–0.2 m (the left
of the figure) and 0.2–0.4 m (the right of the figure) in Wuchuan, China. (a) N0 treatment; (b) N1
treatment (c) N2 treatment (d) N3 treatment (e) N4 treatment. Vertical bars represent standard
deviations (n = 3).

3.2. Sensitivity Analysis for Tuber Yield and Agronomic Efficiency

Sensitivity analysis was used to evaluate the response of the simulated results to the
variation of the input parameters. The well-calibrated DNDC and WHCNS_Veg models
were used to test how potato tuber yield was influenced by N fertilizer management (e.g.,
application rate, timing, and depth) and cultivation practices (planting date and density)
(Table 2). The management practices of N3 treatment as baseline scenario compared with
the scenarios under the situation of changing one of the input parameters while keeping the
remaining parameters constant. The simulation results were observed with the response
curves of the tuber yield to the different management practices (Figures 6 and S7). The
tested input parameters, except for plant density, had significant impacts on tuber yield.

3.2.1. Fertilizer N Application Rate and Timing

There was a linear increase and platform in potato tuber yield when the fertilizer
N rates ranged from 0 to 300 kg N ha−1, and the average maximum yields (39.3 and
40.3 t ha−1) were observed at 167 and 185 kg N ha−1 fertilization in the DNDC and
WHCNS_Veg model, respectively (Table S6 and Figure S6). The simulated tuber yield of
DNDC was lower than that of WHCNS_Veg under the same N application rate. Especially,
there was a larger difference for tuber yield at 30–180 kg ha−1 N application rate between
two models (Figure 6a), which may be due to the different responses of yield to N-stress
for the two models.
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Figure 6. Sensitivity of potato tuber yield to (a) N application rate, (b) planting density,
(c,d) fertilization depth, and (e,f) planting day from 1981 to 2020 using the DNDC and WHCNS_Veg
models in Wuchuan, China.

Split N application was recommended to increase crop fertilizer N utilization by
improving the synchrony between N supply in soil and crop N demand [46,47]. In this
study, the sensitivity results of the N application rate and timing were different between
the two models (Figure S7). For the DNDC model, the maximum tuber yield and AEN
was obtained at 180 kg N ha−1 with the 1/4:1/4:1/2 applied ratio at planting, emergence,
and tuber bulking (Table 7), which reduced 30 kg ha−1 N input and achieved increased
N recovery efficiency by 12% than that under the baseline scenario. Overall, three-split N
fertilization had a higher yield and N use efficiency compared to two-split (Table 7). Li
and Jin [2] advised that three or four splits application could improve yield and N use
efficiency for potato in high irrigation or precipitation areas. For the WHCNS_Veg model,
the maximum tuber yield and N use efficiency were obtained at 150 kg N ha−1 application
rate with the 2/3:1/3 applied ratio and two-splitting application at planting and emergence
stages. Rens et al. [47] reported that the N application at emergence had a large impact on
tuber yield, which supported the simulated result of the WHCNS_Veg model. However, Li
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and Jin [2] indicate that N was accumulated rapidly during the tuber bulking stage, and
the recommended application ratios were 2/5 and 3/5 of total N amount at the planting
and tuber bulking stage, respectively. The different response of N stress on potato growth
in the two models resulted in the difference of fertilizer N application rate and timing. The
actual N uptake is limited by the difference in availability of N with demand N that is
calculated based on the optimum daily crop growth and the plant C/N ratio in DNDC [32].
In contrast, N uptake was simulated based on the function of GDD, and crop actual, critical
and minimum N content in WHCNS_Veg [48]. Thus, more field experiments need to be
conducted to verify the modelling results and provide data for further model development.

Table 7. Recommendations of field management practices based on the sensitivity analyses using the DNDC and
WHCNS_Veg models in Wuchuan, China.

Model Index 1 Default Nitrogen Fertilizer Ratio and Depth Combined
Optimization1/2:0:1/2 2 1/4:1/4:1/2 25 (cm)

DNDC

N application rate (kg N ha−1) 210 150 180 150 180 150 180 150 180
Tuber yield (t ha−1) 39.23 34.63 38.42 35.90 39.22 39.29 39.31 40.39 40.42

PFP (kg N kg−1) 186.8 230.9 213.5 239.4 217.9 261.9 218.4 269.3 224.6
AEN (kg N kg−1) 48.7 37.5 52.3 46.0 56.8 68.6 57.3 76.0 63.5

REN (%) 36.7 41.7 41.4 44.3 42.8 51.5 42.9 52.7 43.9

2/3:1/3:0 1/2:1/4:1/4 25 (cm)

WHCNS_Veg

N application rate (kg N ha−1) 210 150 180 150 180 150 180 150 180
Tuber yield (t ha−1) 40.28 40.47 40.51 40.39 40.50 40.51 40.52 40.74 40.64

PFP (kg N kg−1) 224.1 269.8 225.1 269.3 225.0 270.0 225.1 271.6 225.8
AEN (kg N kg−1) 53.7 76.4 64.0 75.9 63.9 76.7 64.0 78.3 64.6

REN (%) 34.3 47.9 40.2 47.8 40.1 48.2 40.3 44.3 38.8
1 PFP: partial factor productivity; AEN: agronomic efficiency of N; REN: recovery efficiency of N. 2 Nitrogen fertilizer ratio of 1/2:0:1/2
indicates the 1/2, 0 and 1/2 of total N input rate and application at planting, emergence and tuber bulking stage.

3.2.2. Fertilization Depth

The DNDC model had greater sensitivity for the N fertilization depth than the
WHCNS_Veg model (Figure 6c,d). Urea surface fertilization largely reduced the potato
tuber yield based on the DNDC modelling. In contrast, the yield sharply increased
when the fertilization depth was 5 cm and then gradually increased when N fertiliza-
tion depth ≥ 10 cm. Interestingly, when the N fertilization depth ≥ 20 cm, the potato tuber
yield of 150 kg N ha−1 application was close to the yield of 180 kg N ha−1 application,
which indicated that optimizing N applied depth could reduce N application rate. For the
WHCNS_Veg model simulations, the tuber yield at 180 kg ha−1 N application was not
affected by fertilization depth, but the tuber yield of 150 kg ha−1 N application was close
to the yield of 180 kg ha−1 N fertilization when fertilization depth ≥ 15 cm. Haque [49]
also indicated that the tuber yield under urea deep fertilization (7 cm depth) increased by
38% compared with the broadcast. Nkebiwe et al. [50] used meta-analysis to illustrate that
the urea applied observed a 9.4% yield increase for tuber crops at > 10 cm depth than the
broadcast fertilization. In our study, the yield of deep fertilization averagely increased by
24.1% (ranging from 0.5 to 59.3%) compared to that of surface fertilization. This is mainly
due to how the urea deep placement prolonged the duration of N availability for about
2 months and effectively minimized NH3 volatilization losses [51]. Overall, this study
suggested urea fertilization depth at 15–25 cm for potato.

3.2.3. Planting Density

The sensitivity analysis indicated that the potato tuber yield was not sensitive to
planting density as N applied rate at 180 kg ha−1 with the WHCNS_Veg model. However,
the tuber yield raised gradually with the planting density from 3.5 to 6 seed m−2 at 150 kg
ha−1 N applied rate, and when planting density≥ 6 seed m−2, the yield almost approached
the yield of 180 kg ha−1 N applied rate (Figure 6b). Getie et al. [52] revealed that a planting
density of 6.67 seed m−2 obtained the optimum yield (36 t ha−1) with 110 kg ha−1 N
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application rate based on the experiment results in Eastern Ethiopia. Previous report
indicated that leaf type could affect potato planting density. For example, Duan et al. [53]
suggested that the planting density for types of spreading-leaf and uprush-leaf were 5.7
and 7.1 seed m−2, respectively, which had a reasonable canopy structure and a higher
commodity rate and yield. The WHCNS_Veg model did not consider the impact of leaf
type on planting density, which was a limitation of the current model. In addition, the
DNDC model is not able to simulate the impacts of planting density on crop growth, which
needs to be developed in the future based on more field experiments.

3.2.4. Planting Date

Optimizing planting date had a large potential in increasing yield and N use efficiency
by adjusting thermal time and precipitation [11,54]. According to the sensitivity analysis,
the simulated yields based on the two models responded differently to the planting dates
(Figure 6e,f), and the maximum yield was recorded at the planting date of day 115 (25 April)
and 130 (10 May) with the DNDC and WHCNS_Veg model, respectively. The optimal
planting date of the DNDC model was 15 days earlier than that of the baseline scenario.
Hospers-Brands et al. [55] reported that the early planting date in the Netherlands (29
March to 1 April) and the United Kindom (10 April to 3 May) obtained a higher yield than
the late planting date (1 May to 17 May). The optimal planting date of the WHCNS_Veg
model was comparable to the planting date of the baseline scenario. Tang et al. [41]
reported that the optimized planting date was day 140 (May 20) in the same area based
on the simulation of the APSIM-potato model. This inconsistency may be partially due
to the different potato growth responses to planting dates in different models. The crop
growth is simulated driven by the accumulative temperature, N uptake, and water stress in
DNDC [32], while the accumulated daily dry matter is calculated according to the Monteith
function [56] which is related to the leaf area, radiation, and energy conversion coefficient
in WHCNS_Veg.

3.3. Combination of Optimized Management Practices

Based on sensitivity analysis, the optimized management practices were combined
to simulate yield and N use efficiency. The optimized N application rate and depth were
150–180 kg N ha−1 and 25 cm for both models (Table 7). The recommended N fertilization
split ratio was 1/4:1/4:1/2 at the planting, emergence, and tuber bulking, respectively, and
potato seeding date was at day 115 for the DNDC model. For the WHCNS_Veg model, the
optimal N fertilizer was applied at planting and emergence with a 2/3:1/3 ratio, and potato
seeding date was at day 130 with 6 seed m−2 planting density. Potato tuber yield and N use
efficiency increased when all optimized management practices were combined (Table 7).
The simulations of both models under the combined optimal management practices could
reduce 30–60 kg N ha−1 N fertilizer rate, and increase the tuber yield, PFPN, AEN and
REN by 1.1–3.0%, 21.2–44.2, 45.7–56.0 kg kg−1, and 7.3–10%, compared with the baseline
scenario. Getie et al. [52] also demonstrated that the optimized N rate of 110 kg N ha−1

combined planting density of 6.67 seed m−2 obtained the maximum tuber yield, PFP, and
AEN. Therefore, integrated management practices have great potential in achieving high
yield and N use efficiency with reduction of N fertilizer input.

4. Conclusions

The DNDC and WHCNS_Veg models were tested based on a four-year potato experi-
ment in the northwestern China. The models performed well in simulating potato tuber
yield, above-ground biomass, crop N uptake, and soil temperature in N-applied treatments,
and showed reasonable performance in simulating soil moisture and inorganic N content.
However, both models performed “poor” or “fair” in simulating soil inorganic N under N0
and N4 treatments, which was likely due to the underestimation of soil N mineralization
under N stress and under-predicted crop N uptake under excess N conditions. This is
related to the shortage of the response of the physiological changes of crops under stress
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conditions in current models. The suggestion for further studies is that the effect of different
N application rates on the responses of the physiological characteristics and potato yield
based on long-term field experiments should be explored and incorporated into the model
for improving the performance. Furthermore, a specific-site measurement for assessing the
performance of crop models is usually limited; thus, additional multi-location experimental
datasets over a range of climate variability need to be conducted for understanding the
model performance at the regional level. The sensitivity analyses of different variables and
interaction effect of multiple variables (fertilizer application rate, timing and depth, and
planting date and density) on yield and N uptake based on the validated models indicated
that the potato yield and N use efficiency could be further improved with integrated fertil-
izer and cultivation management practices. This study illustrates a modeling approach is
an effective way for optimizing multiple management practices, which is useful to provide
fertilization management recommendations for policy decisions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11091858/s1, Figure S1: Annual and seasonal average climate conditions of the
experimental site across the years from 1981 to 2020. Figure S2: Measured and simulated potato
above-ground biomass from 2017 to 2020 under different N application treatments using the DNDC
and WHCNS_Veg models in Wuchuan, China. Figure S3: The linear regression between measured
and simulated soil temperature (n = 365) using the DNDC and WHCNS_Veg models at (a) 0.1 m and
(b) 0.3 m soil depths. Figure S4: The linear regression between simulated and measured soil moisture
(n = 24) with (a) DNDC model and (b) WHCNS_Veg model for different treatments. Figure S5:
The linear regression between simulated and measured soil inorganic nitrogen content (n = 24)
with (a) DNDC and (b) WHCNS_Veg models for different treatments. Figure S6: The linear plus
platform regression between N application rate and simulated potato tuber yield using the DNDC
and WHCNS_Veg model. Figure S7: Sensitivity of potato tuber yields to N fertilizer application ratio
of (a1,b1) two-time splitting (fertilization at planting and emergence or tuber bulking stage) and
(a2,b2) three-time splitting (fertilization at planting, emergence and tuber bulking stage) in the (a1–2)
DNDC and (b1–2) WHCNS_Veg model. Table S1: Soil physical and chemical properties at 0–0.6
layer in the experimental site. Table S2: Fertilizer application rate of nitrogen (N), phosphorus (P),
and potassium (K) across all the treatments from 2017 to 2020. Table S3: The default and calibrated
parameters of the DNDC model for potato at experimental site. Table S4: The default and calibrated
parameters of the WHCNS_Veg model for potato at experimental site. Table S5: Potato straw and
tuber N content in different treatments across 4-year experiment. Table S6: Statistical analysis of
potato tuber yield and plant nitrogen uptake for different treatments across the 4-year experiment.
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