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Abstract: Although ammonia–nitrogen (NH4
+–N) and nitrate–nitrogen (NO3

−–N) are the two main
forms of N absorbed and utilized by plants, the preferences of plants for these forms are still unclear.
In this study, we analyzed the growth, photosynthesis, and nutrients of pecan under different
NH4

+:NO3
− ratios (0/0, 0/100, 25/75, 50/50, 75/25, 100/0) by indoor aerosol incubation. The results

showed that additions of different N forms promoted the growth and development of pecan seedlings.
When NO3

−–N was used as the sole N source, it significantly promoted the ground diameter growth
of pecan and increased the leaf pigment content and photosynthetic rate. The NH4

+:NO3
− ratio

of 75:25 and NH4
+–N as the sole N source significantly increased the soluble sugars in stems and

roots, starch in leaves, stems and roots, soluble protein in leaves and stems, and soluble phenols in
stems and roots. Additionally, the NH4

+:NO3
− ratio of 75:25 increased plant height, leaf number,

root soluble protein, and leaf soluble phenol contents. In conclusion, regarding the physiological
aspects of pecan growth, pecans are more inclined to use NH4

+–N. Considering that the NH4
+–N as

the only N source may lead to nutrient imbalance or even toxicity, the NH4
+:NO3

− ratio of 75:25 was
most favorable for the growth and development of pecan seedlings.

Keywords: NH4
+–N; NO3

−–N; pecan; growth; physiology

1. Introduction

Nitrogen (N) is a nutrient that plays a key role in plant growth and development, and
ammonia–nitrogen (NH4

+–N) and nitrate–nitrogen (NO3
−–N) are the two main N forms

absorbed and utilized by plants [1]. NH4
+ enters the plant and combines with organic

acids to form amino acids and amides [2]; NO3
− is absorbed into plants and cannot be

used directly by plants: part of it is reduced to NH4
+ [3], and part is stored in vacuoles [4].

Different plants have different preferences for the uptake of NH4
+ and NO3

−. When both
N forms are present, plants preferentially use one of them [5,6]. The absorption of N by
plants varies with environmental conditions, such as the N concentration, temperature, and
soil pH [7]. The N concentration directly affects the plant uptake of N, and concentrations
either too high or too low may limit the uptake of N [8]. Temperature affects plant N
uptake mainly by altering plant metabolic processes, with high temperature promoting N
absorption [9] and low temperatures inhibiting N accumulation [10]. The pH affects the
proportion of NH4

+ and NO3
− entering the plant [11]. Generally, plants adapted to growth

in acidic soil prefer NH4
+ and have significantly higher rates of nutritional and, especially,

reproductive growth; in contrast, plants adapted to high pH calcareous soil preferentially
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utilize NO3
− [12]. However, it has also been shown that some woody plants adapted to

growth in acidic soil prefer NO3
− [13,14].

Moreover, with the rapid development of agroforestry, the application of N fertilizer
has become more extensive, and how to use N fertilizer accurately remains a hot research
topic. N deficiency can restrict plant growth [15], but excessive application of N fertilizer
can also reduce N use efficiency and even damage plants [16]. When the N concentration
was too high and N fertilizer was applied alone, plants were prone to ammonium toxicity
symptoms, which usually manifested as growth restriction and leaf chlorosis [3,17], while
NO3

−–N generally had no adverse effects. NH4
+ and free ammonia (NH3) are the two

main forms of inorganic NH4
+–N [7], and they are also the main source of ammonium

poisoning to plants [18]. Studies have shown that the simultaneous application of NH4
+–N

and NO3
−–N can alleviate toxicity [19]. It is easier for plants to adjust their intracellular

pH and store a portion of N through a small amount of energy to obtain higher yields and
economic effects [20,21].

However, different NH4
+:NO3

− ratios have different effects on the morphological and
physiological characteristics of plants [22,23]. Nicodemus et al. showed that NH4NO3 was
more effective in promoting growth and net photosynthetic rate than NH4

+ or NO3
− alone

in black walnut (Juglans nigra L.) [24]. Cyclocarya paliurus (Batal.) Iljinskaja had the highest
seedling growth at the NO3

−/NH4
+ ratio of 50/50, while the highest induced polyphenol

and flavonoid content in plants occurred at NO3
−/NH4

+ ratios of 100/0 and 0/100 [25].
In addition, studies have reported that NH4

+ and NO3
− can significantly increase the

nutrient concentration of plants, such as soluble sugar, soluble protein, and vitamin C
concentrations, when mixed in different proportions [21,26].

Carya illnoinensis (Wangenh.) K. Koch (Pecan) is a member of the Juglandaceae fam-
ily [27]. It is native to the United States and northern Mexico in North America, character-
ized by a straight trunk, thin shell, and full and sweet kernels, and is a world-renowned
excellent species for both dried fruit, oil, and timber [28]. However, although there have
been many studies on pecans [29,30], there has been little research on the preferences of
this species for NH4

+–N and NO3
−–N [31]. Therefore, in this study, pecan seedlings were

used as materials to study the effects of different NH4
+:NO3

− ratios on their growth and
development. Specifically, the growth, leaf pigment content, photosynthesis, nonstructural
carbohydrates, soluble protein, and soluble phenol content were measured to address the
following questions: (A) Which NH4

+:NO3
− ratio is most helpful for the growth and devel-

opment of pecan seedlings at a given N concentration? (B) How do different NH4
+:NO3

−

ratios affect the distribution of nutrients in various organs of pecan seedlings?

2. Material and Methods
2.1. Plant Material and Experimental Design

The experiment was carried out in the greenhouse of the campus of Nanjing Forestry
University from 18 April 2021 to 9 June 2021. Seedlings of the pecan “Pawnee” were used
as the test materials. Seedlings with a height of approximately 25 cm were selected, and
the roots were cleaned with clean water, disinfected with carbendazim for 20 min, and then
transplanted to an aerosol incubator for indoor culture experiment. Each treatment had
18 replicates, arranged in a randomized complete block design. The greenhouse conditions
were as follows: natural light, 12 h/12 h day/light, day and night temperature of 30/25 ◦C,
and relative humidity of 70% ± 5%. The nutrient solution was an improved Hoagland
nutrient solution with the following formulation: 1.25 mM Ca(NO3)2, 0.5 mM Ca(H2PO4)2,
1.0 mM K2SO4, 0.5 mM MgSO4, 1.0 µM ZnSO4, 12.5 µM H3BO3, 1.0 µM MnSO4, 0.25 µM
CuSO4, 0.1 µM (NH4)6Mo7O24, 10 µM EDTA-Fe. The pH was adjusted to approximately
6.0 every other day with 24 h aeration, and the nutrient solution was changed every 7 days.
The experimental treatment was first precultured with 1/4 nutrient solution for one week,
after which the culture was continued in the full nutrient solution. According to the results
in hickory [32], the N concentration in the nutrient solution was determined to be 2 mM.
In the case of the same N supply, the five ammonia to nitrate ratios (NH4

+:NO3
−) were
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100:0, 75:25, 50:50, 25:75, and 0:100, corresponding to T1, T2, T3, T4, and T5, respectively.
The nutrient solution without N was used as the control (CK), and each treatment was
repeated three times, each with six seedlings. Regulation of the NH4

+:NO3
− ratios for each

treatment was achieved with specific source compounds (Table 1). Samples were taken
after 45 days of treatment for further determination.

Table 1. Composition of the nutrient solution under different NH4
+:NO3

− ratio treatments.

Nutrient
Source

Treatment

CK T1 T2 T3 T4 T5

Ca(H2PO4)2(mM) 0.5 0.5 0.5 0.5 0.5 0.5
K2SO4(mM) 1 1 1 1 1 1
MgSO4(mM) 0.5 0.5 0.5 0.5 0.5 0.5
ZnSO4(µM) 1 1 1 1 1 1
H3BO3(µM) 12.5 12.5 12.5 12.5 12.5 12.5
MnSO4(µM) 1 1 1 1 1 1
CuSO4(µM) 0.25 0.25 0.25 0.25 0.25 0.25

EDTA-Fe(µM) 10 10 10 10 10 10
DCD(µM) 7 7 7 7 7 7

(Na)6Mo7O24(µM) 0.1 0.1 0.1 0.1 0.1 0.1
CaCl2(mM) 1.25 1.25 1.25 1.25 1.25 1.25

(NH4)2SO4(mM) 0 0 0.25 0.5 0.75 1
Ca(NO3)2(mM) 0 1 0.75 0.5 0.25 0

2.2. Measurements
2.2.1. Measurement of Growth Parameters

To evaluate the effects of different N forms on the growth of pecans, pecan seedlings
cultivated for 0, 15, 30, and 45 d under different treatments were used for the determination
of morphological indicators. The main indicators were the leaf number (numbers), seedling
height (cm), and stem thickness (mm), which were measured with a straight edge and a
Vernier caliper.

2.2.2. Measurement of Chlorophyll and Photosynthetic Parameters

To evaluate the effects of different N forms on the photosynthetic parameters of pecan
seedlings, the CIRAS-2 Photosynthetic System (CIRAS-2, PP Systems, Amesbury, UK)
was used to determine the net photosynthetic rate (Pn) and stomatal conductance (Gs),
intercellular carbon dioxide concentration (Ci), transpiration rate (E), etc. The data were
directly obtained and recorded by the instrument. Chlorophyll contents were measured
after extraction with pure acetone and calculated following Lichtenthaler [33].

2.2.3. Measurement of Major Nutrient Elements

To evaluate the effect of different N forms on the nutrient absorption of pecans, the
starch and soluble sugar concentrations in roots and leaves were determined by anthrone
colorimetry. Soluble proteins were extracted by kaumas brilliant blue G-250 method. The
determination of soluble phenol was based on the Folin–Ciocalteu colorimetric method.

2.3. Data Analysis

Before analysis of variance (ANOVA), data were checked for normality and homogene-
ity of variances. One-way ANOVA was performed to test the effects of different N forms
on photosynthetic characteristics, leaf health, and nutrient absorption of pecan seedlings.
Two-way ANOVA was performed to test the effects of N form, time, and their interactions
on the growth properties of pecan seedlings. Differences were considered significant at
p < 0.05. Correlation analysis was used to test the correlations between the physiological
growth indicators. Finally, principal component analysis (PCA) was carried out on 15 phys-
iological indicators of growth, determining the number of principal components according
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to characteristic values and cumulative contribution rates and calculating principal compo-
nent scores based on factor scores [34]. The comprehensive scores of different treatments
were calculated and sorted according to the principal component scores.

Fi = bi × X (1)

F =
m

∑
i=1

(
Vi
P

)
Fi (2)

In Equation (1), bi is the factor score and X is the arithmetic square root of eigenvalues
in each principal component. In Equation (2), (Vi/P) is the contribution rate of eigenvalues
for each principal component; i = 1, 2; Fi is the score of the principal component.

All statistical analyses were performed with SPSS 23.0 software (Version 23.0, Chicago,
IL, USA). All charts were drawn with Excel (Version 2019, Redmond, WA, USA) and
SigmaPlot (Version 14.0, Barcelona, Spain).

3. Results
3.1. Effects of N Forms on the Growth Characteristics of Pecan Seedlings

Time had extremely significant effects on the growth indicators of the pecan seedlings
(p < 0.01), while the NH4

+:NO3
− ratios of the nutrient solution only showed a significant

impact on the height and ground diameter of the seedlings (p < 0.01). There was no
significant interaction between NH4

+:NO3
− ratios and time factors (Figure 1A,C,E). T4

significantly increased the relative increase in pecan seedling height (p < 0.05) (Figure 1B),
and the other NH4

+:NO3
− treatments also increased this parameter to a certain extent,

but there was no significant difference from CK. The height of pecan seedlings of T4 also
increased the most over time (Figure 1A), indicating that T4 was the most conducive to the
height growth of pecan seedlings compared to the other NH4

+:NO3
− ratios.

The ground diameter of T1 pecan seedlings increased the fastest with time, and
the relative growth was also significantly greater than that under the other NH4

+:NO3
−

ratios and CK (p < 0.05) (Figure 1C,D). This result indicated that T1 had the best effect on
promoting the ground diameter increase of pecan seedlings.

The number of leaves of pecan seedlings under each treatment showed a trend of first
increasing and then decreasing with time, but the time point of the decrease in the number
of leaves was different (Figure 1E). On the 15th day, the number of leaves of pecan seedlings
under the NH4

+:NO3
− treatments was significantly increased relative to that under CK,

and the increase in T4 was the most obvious. On the 30th d, the number of leaves of pecan
seedlings in T2 and T4 began to decrease, and the lower leaves of the seedlings began to
wither and fall; however, for CK, T1, T3, and T5, an obvious drop in the lower leaves was
only observed at the 45th d.

3.2. Effects of N Forms on the Photosynthetic Characteristics of Pecan Seedlings

One-way ANOVA showed that the NH4
+:NO3

− ratios of the nutrient solution had a
significant effect on Ci and Pn (p < 0.05) but had no significant effect on E and Gs (Table 2).
There was no significant difference in Ci between the NH4

+:NO3
− treatments and the CK,

but that of T5 was significantly greater than that of T1 (p < 0.05). E in this experiment was
generally low, which may have been caused by the high humidity in the greenhouse. The
changing trend of Pn with the increase in the proportion of NH4

+ was completely opposite
to that of Ci. The Pn of T1 was significantly larger than that of CK and T5 (p < 0.05).
There was no significant difference between T2, T3, T4, T5, and CK. T1 improved the
photosynthetic capacity of pecan seedlings.
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Figure 1. Differences of seedling height, ground diameter, and leaf number of pecan seedlings
under varying NH4

+:NO3
− ratios. Changes in seedling height of pecan seedlings over time un-

der varying NH4
+:NO3

− ratios (A). Relative growth of seedling height of pecan seedlings under
varying NH4

+:NO3
− ratios (B). Changes in ground diameter of pecan seedlings over time under

varying NH4
+:NO3

− ratios (C). Relative growth of ground diameter of pecan seedlings under vary-
ing NH4

+:NO3
− ratios (D). Changes in leaf number of pecan seedlings over time under varying

NH4
+:NO3

− ratios (E). Uppercase letters indicate differences between NH4
+:NO3

− ratio treatments,
at p < 0.05.
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Table 2. Differences of Ci (internal CO2 concentration), E (transportation rate), Gs (stomatal conductance) and Pn (pho-
tosynthesis rate) of pecan seedlings under varying NH4

+:NO3
− ratios. Uppercase letters indicate differences between

NH4
+:NO3

− ratio treatments, at p < 0.05.

Treatment Ci (ppm) E (mmol m−2 s−1) Gs (mmol m−2 s−1) Pn (µmol m−2 s−1)

CK 453.33 ± 29.95 AB 0.68 ± 0.13 57.25 ± 13.29 2.93 ± 1.03 B
T1 310.00 ± 35.68 B 0.70 ± 0.13 68.00 ± 10.65 11.00 ± 1.40 A
T2 455.50 ± 60.19 AB 0.68 ± 0.14 64.25 ± 12.63 5.7 ± 0.84 AB
T3 409.00 ± 50.42 AB 0.73 ± 0.08 72.00 ± 9.90 8.25 ± 2.00 AB
T4 470.67 ± 62.41 AB 0.58 ± 0.05 54.50 ± 2.53 6.57 ± 2.77 AB
T5 528.00 ± 64.84 A 0.53 ± 0.08 47.75 ± 6.26 4.10 ± 1.40 B

3.3. Effects of N Forms on the Chlorophyll and Lutein Concentrations of Pecan Seedlings

The results showed that the NH4
+:NO3

− ratios of the nutrient solution had a sig-
nificant effect on the concentrations of chlorophyll a and b, total chlorophyll and lutein
(p < 0.05) (Figure 2). Both T1 and T3 significantly increased the chlorophyll a and b con-
centrations of pecan seedlings (p < 0.05), and there was no significant difference between
the other NH4

+:NO3
− treatments and the CK (Figure 2A,B). The NH4

+:NO3
− treatments

significantly increased the total chlorophyll concentration (p < 0.05), among which T1
and T3 were not significantly different and were significantly greater than T2, T4, and T5
(p < 0.05) (Figure 2C).

Figure 2. Differences of chlorophyll a, chlorophyll b, total chlorophyll, and lutein concentra-
tion of pecan seedlings under varying NH4

+:NO3
− ratios. Chlorophyll a concentration of pecan

seedlings under varying NH4
+:NO3

− ratios (A). Chlorophyll b concentration of pecan seedlings
under varying NH4

+:NO3
− ratios (B). Total chlorophyll concentration of pecan seedlings under

varying NH4
+:NO3

− ratios (C). Lutein concentration of pecan seedlings under varying NH4
+:NO3

−

ratios (D). Uppercase letters indicate differences between NH4
+:NO3

− ratio treatments, at p < 0.05.

Except for T2, the other NH4
+:NO3

− treatments significantly increased the lutein
concentrations of pecan seedlings (p < 0.05), and T1 and T3 caused significantly greater
concentrations than T4 and T5 (p < 0.05) (Figure 2D). This indicated that each NH4

+:NO3
−

treatment promoted the formation of chlorophyll and lutein, but the promoting effect of
the T1 and T3 treatments was the most obvious.
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3.4. Effects of N Forms on the Accumulation of Nutrient Substances in Pecan Seedlings

In addition to the soluble sugar concentration in the leaves, the NH4
+:NO3

− ratios of
the nutrient solution had a significant effect on the nutrient concentrations in the tissues
of pecan seedlings (p < 0.05) (Figure 3). In the stems of pecan seedlings, except T1 and
T3, the other NH4

+:NO3
− treatments significantly increased the soluble sugar concen-

tration (p < 0.05). Among them, T4 resulted in significantly greater concentrations than
T2 (p < 0.05). T4 and T5 significantly increased the soluble sugar concentrations in the
roots (p < 0.05). Among them, the values under T5 were significantly greater than under
T3, but there was no significant difference in the other NH4

+:NO3
− treatments (p < 0.05).

Among the different organs of pecan seedlings, except for T1 and T3, the soluble sugar
concentration in leaves was significantly greater than that in stems and roots (p < 0.05),
and under the other NH4

+:NO3
− treatments, leaves had significantly higher concentra-

tions than stems (p < 0.05), while stems had significantly higher concentrations than roots
(p < 0.05) (Figure 3A).

Figure 3. Differences of soluble sugar, starch, soluble protein, and soluble phenol concentrations of
pecan seedlings under varying NH4

+:NO3
− ratios. Soluble sugar concentrations in leaves, stems and

roots of pecan seedlings under varying NH4
+:NO3

− ratios (A). Starch concentrations in leaves, stems
and roots of pecan seedlings under varying NH4

+:NO3
− ratios (B). Soluble protein concentrations

in leaves, stems and roots of pecan seedlings under varying NH4
+:NO3

− ratios (C). Soluble phenol
concentrations in leaves, stems and roots of pecan seedlings under varying NH4

+:NO3
− ratios (D).

Uppercase letters indicate differences between NH4
+:NO3

− treatments, and lowercase letters indicate
differences between organs, at p < 0.05.

In the different organs of pecan seedlings, the NH4
+:NO3

− treatments significantly
increased the starch concentration (p < 0.05), and that under T4 was significantly greater
than under the other NH4

+:NO3
− treatments (p < 0.05). In addition to CK and T1, the

starch concentration between different organs showed no significant difference between
leaves and stems and was significantly greater than that of roots (p < 0.05). There was
no significant difference between the starch concentrations in the roots, stems, and leaves
under the other NH4

+:NO3
− treatments (Figure 3B).

T4 and T5 significantly increased the soluble protein concentrations in the leaves and
stems of pecan seedlings (p < 0.05), while only T4 significantly increased the soluble protein
concentration in the roots (p < 0.05). There was no significant difference in the soluble
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protein concentration between roots, stems, and leaves of CK, T3, and T4, but for T1 and
T2, the leaves had significantly higher levels than the roots (p < 0.05); for T5, there was no
significant difference between the leaves and the stems, but they had significantly higher
levels than the roots (p < 0.05) (Figure 3C).

The concentration of soluble phenol in leaves and stems showed a trend of first
decreasing, then increasing and then decreasing with the increase of NH4

+ ratio in the
nutrient solution. Although the changing trend of soluble phenol in roots was inconsistent,
the maximum values were reached under T4, which showed that T4 significantly increased
the soluble phenol concentrations of various organs (p < 0.05). At the same time, T5 also
significantly increased the soluble phenol concentration in stems and roots (p < 0.05),
T1 only increased the soluble phenol concentration in stems (p < 0.05), and the other
NH4

+:NO3
− treatments had no significant difference with CK. Among the different organs,

except T4 roots, stems, and leaves, there was no significant difference in the concentrations
of soluble phenol. Other NH4

+:NO3
− ratio treatments showed no significant difference

between leaves and stems, but the levels were significantly higher than those of roots
(p < 0.05) (Figure 3D). This indicates that T4 and T5 were the most beneficial in promoting
the accumulation of nutrients in pecan seedlings.

3.5. Correlation Analysis of Growth Physiological Indexes of Pecan

According to Table 3, the results of the correlation analysis showed that shoot height
was significantly positively correlated with starch, soluble protein, and soluble phenol
concentrations in stems and starch concentrations in roots (p < 0.05). Pn had a very signifi-
cant negative correlation with Ci (p < 0.01), and a significant positive correlation with Gs,
chlorophyll b, and lutein (p < 0.05). The total chlorophyll concentration was extremely sig-
nificantly positively correlated with chlorophyll a, chlorophyll b, and lutein (p < 0.01), but
was significantly negatively correlated with the leaf soluble sugar concentration (p < 0.05).
The soluble sugar, starch, soluble protein, and soluble phenol concentrations of each organ
showed a positive correlation with the total concentration, and most of them showed
significant (p < 0.05) and extremely significant (p < 0.01) differences.

3.6. Comprehensive Evaluation of Photosynthesis and Growth of Pecan

In order to objectively evaluate the effects of the five NH4
+:NO3

− treatments on
the photosynthetic capacity, growth, and development of pecan seedlings, a principal
component analysis was carried out on 15 physiological growth traits, and the two principal
components with the largest characteristic values were extracted. The characteristic values
of the first and second principal components were 6.438 and 5.870, respectively, and the
cumulative contribution rate of the two principal components was 82.051% (Table 4),
indicating that the common factor can contain 82.051% of the original data information
without losing variables. The factor loadings of the first and second principal components
were performed on the X-axis and Y-axis, respectively (Figure 4). In the first principal
component, the indexes with higher load (>0.7) were Gs, E, Ci, soluble protein, and
soluble sugar, indicating that these were the main factors determining the first principal
component. In the second principal component, the indicators with larger load (>0.7) were
chlorophyll b, soluble phenol, lutein, starch, total chlorophyll, and Pn, which were the main
factors determining the second principal component. The contribution rates of principal
components were weight, and the comprehensive scores under different NH4

+:NO3
−

treatments were calculated, and then were ranked (Table 5). The results showed that the
comprehensive scores of the different treatments were T4 > T5 > T2 > T1 > T3 > CK. Except
for T4 and T5, the scores of all other treatments were negative, indicating that T4 and T5
had a better promoting effect on the photosynthetic capacity and growth and development
of pecan seedlings than did the other treatments.
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Table 3. Correlation analysis of growth physiological indexes of pecan. * p < 0.05; ** p < 0.01.

Seedling
Height

Ground
Diameter Pn

Total
Chloro-
phyll

Total
Soluble
Sugar

Total
Starch

Total
Soluble
Protein

Total
Soluble
Phenol

Ci 0.041 0.173 −0.727 ** 0.333 0.101 0.032 0.510 * 0.331
E 0.045 0.065 0.344 0.001 0.125 0.008 0.283 0.413

Gs 0.006 0.096 0.497 * 0.155 0.116 0.030 0.271 0.328
Chlorophyll a 0.302 0.198 0.502 0.990 ** 0.279 0.203 0.109 0.023
Chlorophyll b 0.194 0.180 0.519 * 0.986 ** 0.060 0.341 0.109 0.041

Lutein 0.278 0.197 0.518 * 0.991 ** 0.223 0.246 0.050 0.008
Leaf Soluble Sugar 0.231 0.073 0.047 −0.514 * 0.863 ** 0.334 0.390 0.308

Stem Soluble
Sugar 0.263 0.272 0.026 0.153 0.808 ** 0.740 ** 0.748 ** 0.617 **

Root Soluble Sugar 0.268 0.016 0.258 0.048 0.910 ** 0.610 ** 0.501 * 0.338
Leaf Starch 0.302 0.361 0.177 0.158 0.530 * 0.994 ** 0.689 ** 0.718 **
Stem Starch 0.505 * 0.400 0.311 0.168 0.501 * 0.991 ** 0.588 ** 0.694 **
Root Starch 0.491 * 0.403 0.339 0.075 0.506 * 0.993 ** 0.620 ** 0.640 **
Leaf Soluble

Protein 0.350 0.218 0.141 0.004 0.441 * 0.566 ** 0.876 ** 0.687 **

Stem Soluble
Protein 0.460 * 0.027 0.133 0.325 0.526 * 0.509 * 0.863 ** 0.487 *

Root Soluble
Protein 0.146 0.322 0.306 0.036 0.193 0.334 0.587 ** 0.644 **

Leaf Soluble
Phenol 0.360 0.209 0.305 0.170 0.252 0.396 0.533 * 0.822 **

Stem Soluble
Phenol 0.453 * 0.190 0.197 0.032 0.447 * 0.520 * 0.514 * 0.820 **

Root Soluble
Phenol 0.035 0.386 0.233 0.009 0.353 0.605 ** 0.719 ** 0.756 **

Table 4. The rate of eigenvalue, contribution, and cumulative contribution in principal components.

Principal
Components Eigenvalues Contribution Rate/% Cumulative

Contribution Rate/%

1 6.438 42.920 42.920
2 5.870 39.131 82.051

Table 5. Scores of NH4
+:NO3

− ratio treatments in the principal component and comprehensive evaluation.

Treatments Z1 Z2 Comprehensive Score Ranking

CK −0.45 −3.29 −1.48 6
T1 −2.76 1.50 −0.60 4
T2 0.06 −0.76 −0.27 3
T3 −2.67 −0.09 −1.18 5
T4 2.57 2.34 2.02 1
T5 3.26 0.29 1.51 2
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Figure 4. Factor loads of PCA. The soluble sugar, starch, soluble protein, and soluble phenol in the
figure represent the total concentration of roots, stems and leaves.

4. Discussion
4.1. Growth of Pecan Seedlings under Different NH4

+:NO3
− Ratios

The nutritional growth of plants is influenced by many intrinsic and extrinsic factors,
and productivity can be effectively increased by changing some of them [35,36]. Numerous
studies have demonstrated that exogenous N addition is one of the most effective ways
to increase productivity [37,38], and the results of this work were consistent with the fact
that N addition to the nutrient solution increased the growth of pecan to varying degrees
compared to the N deficiency treatment (Figure 1B,D).

However, the relative dominance of NH4
+–N and NO3

−–N as the main forms of
inorganic N uptake by higher plants has been controversial for different plants and phys-
iological processes [15]. According to the theory that acid-loving plants prefer to take
up NH4

+–N, pecan should grow better under treatments dominated by NH4
+–N. Our

results were not identical, with only a significant increase in seedling height (p < 0.01)
under the T4 treatment (Figure 1B). Instead, ground diameter increased significantly
(p < 0.05) with NO3

−–N as the sole N source (Figure 1D), consistent with studies on tomato
(Lycopersicon esculentum Miller) [39], and this may have been caused by the culture method,
since NO3

−–N is considered as the main form of N available to rainfed crops [40]. While
direct uptake of NH4

+ could theoretically reduce energy consumption, the specificity of the
assimilation site of NO3

− in the plant makes it more energy-available, leading to greater
biomass and yield [41].

Previous studies have shown that even though some plants are tolerant to NH4
+–N,

they are still susceptible to toxicity to varying degrees when NH4
+–N is the only N

source [17]. In contrast, the growth of pecan in this experiment under sole NH4
+–N

was not significantly different from that under the N deficiency treatment (Figure 1B,D),
and we considered that the poisoning was caused by the ammonium salts, but the poison-
ing was not significant; however, it could also be that the N deficiency treatment was short,
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and the N stored in the plant was sufficient to supply the plant’s needs. In addition, the
experimental results showed a significant increase in the leaf number of T4-treated pecan
seedlings (Figure 1E), which was consistent with the findings of Zhang et al. [42].

4.2. Photosynthetic Capacity of Pecan Seedlings under Different NH4
+:NO3

− Ratios

Photosynthesis in plants is a very complex photochemical and biochemical process
that can be used to reflect plant development, and Pn, Gs, E, Ci, and leaf pigment contents
can directly or indirectly indicate the photosynthetic capacity of plants [43]. In the present
study, there was a significant positive correlation between Pn and chlorophyll b and lutein
(p < 0.05) (Table 3), indicating that the photosynthetic rate of the plant increased with plant
pigmentation, which is consistent with previous study results [44].

Proper N fertilization promotes photosynthesis in plants [45], while the N form also
affects the consumption of ATP and NADPH produced by the photosynthetic system of
plants [23]. The results of this work showed that different NH4

+:NO3
− ratio treatments

increased the leaf pigment content as well as Pn to some extent, compared with the N
deficiency treatment, with the T1 treatment having the most significant effects (p < 0.05)
(Table 2, Figure 2A–D). Ci, which was highly significantly negatively correlated with Pn,
was significantly lower under the T1 treatment than the other treatments (Tables 2 and 3).
This suggests that the photosynthetic capacity of pecan seedlings is strongest when NO3

− is
used as the sole N source, which was consistent with previous study results [39], suggesting
that the increase in photosynthetic rate appears to be driven by changes in the plant–water
relationship when NO3

− concentrations were higher. However, there are many different
views, and studies by Zhang et al. showed that NH4

+–N-dominated N fertilization mixes
most strongly promote photosynthesis [46], but the discrepancies may be due to species
differences. In addition, the photosynthetic rate of plants was significantly inhibited when
NH4

+ was the only N source (Table 2), and leaf development was directly and negatively
affected, which was consistent with the findings of Cruz et al. [47].

4.3. Nutrient Accumulation in Pecan Seedlings under Different NH4
+:NO3

− Ratios

The N form affects plant nutrient consumption and accumulation [48]. During the
plant life cycle, seed germination and seedling growth are dependent on in vivo stores
of soluble sugars (sucrose, glucose, and fructose), which are transformed to each other
in various plant organs and are necessary for cell growth and maintenance of osmotic
homeostasis [49]. In the present study, we found that the N form did not affect the
distribution of soluble sugars in the organs of pecan seedlings, with most soluble sugars
stored in leaves. However, the treatment dominated by NH4

+ significantly increased
soluble sugars in stems and roots (p < 0.05) (Figure 3A), indicating that pecan seedlings
grew better with increasing NH4

+ in the nutrient solution. This is in agreement with
previous studies, where Yusuf and Deepa found that using NH4

+ as the sole N source
significantly increased soluble sugar content [50], while Petropoulos et al. showed that
soluble sugar contents were highest when the NH4

+:NO3
− ratio was 75:25 [51].

Starch is the most widespread and abundant storage carbohydrate in plants and is
insoluble glucose that is interconvertible with soluble sugars [52]. In this experiment,
starch was equally distributed among the organs, and all NH4

+:NO3
− ratios significantly

increased the starch content of each organ, with NH4
+ being the dominant promoter

(p < 0.05) (Figure 3B). The study by Poucet et al. [53] showed a significant increase in the
starch content of tomatoes when NH4

+ was used as the sole N source. However, we found
that the promoting effect was significantly reduced when NH4

+ was the sole N source,
probably because of the high content of NH4

+, which has to be converted into organic
compounds before it can complete its self-detoxification, a process that may lead to nutrient
depletion [23].

Proteins are one of the basic substances that make up plant cells, and soluble proteins
refer to those that can be soluble in water or other solvents in a small molecular state
and are usually used as important indicators in plant physiological experiments [54]. We
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found that the distribution of the soluble protein contents among organs in pecan was
as follows: leaves > stems > roots (Figure 3C), which was consistent with the study of
flowering Chinese cabbage (Brassica campestris L. ssp. chinensis var. utilis Tsen et Lee) [21].
The results of previous studies on the effect of N form on soluble protein content varied.
Xun et al. showed that NH4

+–N increased soluble protein in roots and leaves [55], while
Zhu et al. found that the treatment dominated by NH4

+ reduced leaf soluble protein
instead [56]. In this experiment, the T4 and T5 treatments significantly increased the
soluble protein in each organ (p < 0.05) (Figure 3C). Soluble proteins increase under the
conditions of external environmental stress, resulting in increased plant adaptation and
thus stress mitigation [57]. Therefore, the increase in soluble protein content of leaves and
stems when NH4

+ is the sole source of N is likely to be a detoxification mechanism for
plant resistance to ammonium toxicity.

A large number of phenolic compounds present in plants as secondary metabolites
are commonly referred to as phenolics [58]. These compounds consist of simple phenols,
benzoic and cinnamic acids, coumarins, tannins, lignans, lignans, and flavonoids [59].
Among them, lignin provides mechanical strength to plants and has a significant protective
function [60]. However, there are limited studies on the effect of N form on plant-soluble
phenolic contents, and Petropoulos et al. showed that the highest content of total phenolic
compounds occurred at the NH4

+:NO3
− ratio of 25:75 [51]. However, we found that the

dominance of NH4
+ significantly increased the soluble phenolic contents in all organs,

especially in roots (p < 0.05) (Figure 3D).

5. Conclusions

In this study, we found that not only the N concentration but also the balance between
NH4

+–N and NO3
−–N affected the growth and development of pecans. We found that

addition of different N forms promoted the growth and development of pecan seedlings
in different ways and with different intensities. Among them, using NO3

−–N as the only
N source significantly promoted the ground diameter growth of pecan and increased
the leaf pigment content and photosynthetic rate. The NH4

+:NO3
− ratio of 75:25 and

NH4
+–N as the sole N source significantly increased the soluble sugar in stems and roots,

starch in leaves, stems and roots, soluble protein in leaves and stems, and soluble phenols
in stems and roots. Additionally, the NH4

+:NO3
− ratio of 75:25 promoted increases in

the plant height, leaf number, root soluble protein, and leaf soluble phenol contents. In
conclusion, regarding the physiological aspects of pecan growth, pecans are more inclined
to use NH4

+–N. Considering that the NH4
+–N as the only N source may lead to nutrient

imbalance or even toxicity, the NH4
+:NO3

− ratio of 75:25 is the most favorable for the
growth and development of pecan seedlings.
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