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Abstract: Worldwide increases in nitrogen deposition rates are influenced by human activities. Al-
though the total amount of N deposition tends to be stable in our country, atmospheric N deposition
of the reactive N forms (NO4*-N, NH4*; NO3; ~-N, NO3 7) is remarkably different, and the ratios of
NH4* to NO3; ™~ change continuously. Nutrient resorption is a crucial driver of plant nutrient conser-
vation strategies and litter quality. Therefore, the plant nutrient resorption pattern has remarkable
ecological significance for nutrient cycling and the community structure of the ecosystem. However,
previous studies have found that plants have different preferences in NHs* and NO3;~, and the
response of nutrient resorption to different N forms remains unclear. In 2017 and 2018, we conducted
field experiments simulating five NO3 ™~ and NH4* addition ratios to examine the responses of the
nutrient resorption of the dominant species, Stipa capillata, in the alpine grassland of northwest China.
Results showed that N addition treatments did not affect the nutrient resorption efficiencies. The
results showed that N application had little effect on soil inorganic N composition, so there was
no significant change in the nutrient resorption efficiencies. In addition, the nutrient resorption
efficiencies were unaffected across the five different ratios of nitrate and NH4* addition, suggesting
that nutrient resorption was not only controlled by the nutrient supply and nutrient form. Our results
have important implications in understanding the significance of the frequency of N addition due to
N loss through leaching and denitrification. The results also highlight that low intensity and high
frequency N addition are required to investigate the response of plant nutrient resorption to the N
supply in the future study.

Keywords: nitrogen addition; ammonium and NO;~; nutrient resorption; nutrient concentration;
alpine grassland

1. Introduction

Global atmospheric N deposition has dramatically increased by ten-fold, from 15
to 156 Tg N yr~! between 1860 and the early 1990s [1], due to the heavy use of fossil
fuels and fertilizers by human activities over the past century [2,3], and it has complex
effects on terrestrial ecosystems [4,5]. Simultaneously, with the increased development
of agricultural production and industrial engineering, anthropogenic N deposition has
increased significantly in China during the 30 years from 1980 to 2010 [6], generally in-
creasing the availability of N in ecosystems. Since 2011, the temporal evolution of the
total N deposition in our country has changed from a rapid increase to a stable level, but
the relatively high level of N deposition still requires more attention [7]. Previous studies
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have reported that plant community composition [8], plant residuals decomposition [9],
nutrient resorption [10], and soil microbial community structure [11] were affected by N
deposition [12]. Hence, the N deposition has led to a profound alteration of structure and
function in ecosystems [3,5,6].

The atmospheric concentrations of reactive N forms (ammonium N, NH4*; nitrate N,
NO; ™) were remarkably different in the dry and wet depositions [13,14]. Although NH4*
is the dominant form of N deposition, the rate of NO3 ™~ is increased, thereby decreasing the
ratio of NHy* to NO3 ™ [5,14]. Therefore, these patterns of N deposition will lead to changes
in the terrestrial ecosystem. The impact of N deposition on the terrestrial ecosystems
depends on the direction of N inputs to the ecosystem, which rest with whether they
enter the ecosystem in the form of reduction or oxidation [15]. In the gross, various plant
species have preferences for the different forms of N utilization, and dominant species in
the community give priority to the use of N with higher chemical forms in the soil [16].
Therefore, the input of different forms of N may lead to varied plant responses and nutrient
utilization patterns in the community, and thus lead to different levels of N retention in the
ecosystem. For instance, the above ground net primary productivity (ANPP) of forbs was
considerably affected by N forms after five years of a different NH;*-N/NO3; -N ratio
addition in a natural semi-arid grassland in northern China [16], and short-term 15N tracer
experiments also indicated that plants preferred NO3;~ [17,18]. In addition, the input of
different N forms may make P restriction more prominent in grassland ecosystems, and
thus, gradually changing the nutrient restriction state from a N restriction to a P restriction
or N and P co-restriction [19]. However, previous studies mainly focused on the effects of
the amount of N addition on the ecosystem. In addition to affecting the nutrient cycling
process of grassland ecosystems, changes in the N form ratio can also significantly alter the
interspecific competition in grassland communities, resulting in changes in the community
structure and a loss of diversity [10]. Thus, studying the effects of NO3;~ and NH;* on
plant nutrient resorption in alpine grasslands is critical to effectively predict how these
ecosystems respond to N deposition.

Nutrient resorption is an important nutrient conservation strategy for plants to reduce
their dependence on external nutrient substance supplies [20,21]. It is also a key process
of the nutrient cycle because it determines the plant’s residuals quality [21,22] and the
plant’s residuals decomposition [9], and then affects the nutrient inputs into the ecosys-
tems [23]. Nutrient resorption was generally regulated by the nutrient status of the plant
and soil [10,22,24], and the nutrient resorption capacity of plants also reflects the available
nutrient status of soils, while the effect of nutrient enrichment by N deposition alters the
nutrient resorption. Nitrogen addition improves P recovery efficiency by increasing the
plant N content and reducing N [25], thus changing the balance between total N and P re-
turned to soil, and ultimately affecting the plant and soil stoichiometric characteristics [26].
Although foliar nutrient resorption has been investigated from site to global scales [27-31],
while the results were inconsistent. For instance, N addition had negative [32] and neu-
tral [33] effects on the N resorption efficiency (NRE); those of P resorption efficiency (PRE)
are even more dramatic [33-35]. These conflicting results limit our understanding of plant
adaptation to environmental changes. A previous study on forest ecosystems reported that
plant nutrient resorption efficiency was affected by N forms, but not by the N source [36].
However, a study on alpine grassland ecosystem:s is still unclear.

The alpine grassland of Kunlun Mountain is located on the north edge of the Tibetan
Plateau and the south edge of the Taklimakan desert, is sensitive to global change factors,
and experiences atmospheric N deposition [5]. Moreover, nutrient fertilization was widely
used in the restoration and improvement of the degraded vegetation by overgrazing
in grassland management [37]. However, nitrogenous fertilizers of N addition in field
experiments differ with natural N deposition composition [14,22,35]. Hence, how does plant
nutrient resorption respond to various nitrate and NH4* additions? The uncertainty in the
answer is remarkably important for assessing the response of grasslands to climate change,
in particular, for plants with differencce preferences of N forms [17,38]. We conducted
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field experiments with a gradient of nitrate and NH,* ratios to examine the intraspecific
responses of the nutrient resorption of the dominant species, S. capillata, in the alpine
grassland of northwest China. We hypothesized the following: (i) N addition decreases N
resorption but increases P resorption. Thus, the N:P resorption ratios decrease because the
plants have sufficient N and may suffer P limitation under the amendment of N. (ii) The
variation of nitrate and NH,4* addition would alter the nutrient resorption due to preference
of plant N uptake.

2. Materials and Methods
2.1. Study Area and Experimental Setup

This study was conducted at an alpine grassland of Kunlun Mountain in 2017-2018,
northwest of China. The area has an elevation of 3186 m with specific location at 81°06' E,
36°08' N. The mean annual air temperature was 3.7 °C, ranging from —8.7 °C in December
to 14.5 °Cin July. The mean total precipitation was 600 mm (2014-2018) with more than 80%
in the growing season from May to October, and the precipitation patterns of experimental
duration as shown in Figure 1. This study site area, of more than 10,000 m?2, was fenced
since 2009 to prevent the grazing of large animals. The soil (020 cm) in the study area is
sandy loam texture [39], and the mean bulk density is 1.2 g cm 2. The soil pH is 8.0, and the
total N content, soil organic matter content, NH,* and NO; ~ content are 0.70 4 0.07 g kg !,
17.97 4+ 0.19 g kg1, 26.09 + 0.06 mg kg~ !, and 18.19 4- 0.23 mg kg~ !, respectively. The
dominant grass species are Stipa capillata, Seriphidium rhodanthum, Astragalus polycladus, and
Allium chrysanthum Regel.
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Figure 1. Experimental design (a), precipitation (b) and air temperature (c) in experimental duration
between 2017 and 2018. CK, the control; NHy*, the total NH4*; 3H1O, tripled NH;*:NO3~; 1H10,
NHj* equal to NO3; ~; 1H30, NH, *:tripled NO3; —; NO3~, total NO3 .

In 2017 to 2018, five different ratios of NO3~ and NH4* N addition experiments (N
fertilization 16 g N m~2 yr~!) were simulated in 2 x 3 m plots with six treatments and four
replicates of each treatment. All plots were separated by at least 1 m, and each plot was
randomly arranged (Figure 1). In late April, all of N (analytically pure) was fertilized and
N was mixed with soil from the test plot and spread on the surface of the soil evenly. The
nitrogen addition treatment is as follows: (1) the control (no fertilization, defined as CK),
(2) the total NH4 ™" (defined as NH4*), (3) tripled NH;":NO;~ (defined as 3H10), (4) NH4*
equal to NO; ™~ (defined as 1H10), (5) NH,*:tripled NO3 ~ (defined as 1H30), and (6) total
NO;~ (defined as NO3 7). The NH,* of NH4Cl was applied, as well as the NO3; ™~ of KNOs.

2.2. Field Sampling and Measurements

In August, at the plant peak biomass period, from 2017 to 2018, a subplot (1 m x 1 m)
was randomly selected in each plot, and then the S. capillata plant samples were collected.
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At the same time, four soil samples (0-10 cm) were randomly collected using a 2cm diameter
soil auger from each plot, thoroughly mixed, and combined as a single composite sample.
Foliar samples were oven-dried at 75 °C for 48 h. After the samples were completely
dried, they were cooled naturally and then ground, screened, bagged, labeled, and finally
analyzed chemically. In late October, at the time when the plant was entirely senesced,
the senescent foliar of S. capillata were also collected, dried, and ground. C and N concen-
trations in plant tissues were analyzed with a CN elemental analyzer (Eurovector, Milan,
Italy). Phosphorus concentration was determined with persulfate oxidation, followed by
colorimetric analysis. All soil samples were sieved by a 2 mm mesh to remove the plant
roots and other impurities. A fresh soil sample of 20 g was weighed, 100 mL of 1 mol/L
KCl solution was added to it, and the bottle was capped tightly, before being put on an
oscillator for 30 min. After the filtration extraction, a flow injection automatic analyzer
(FIAstar 5000, Foss Tecator, Denmark) was used to determine the content of inorganic N in
the fresh soil. Soil available P concentrations were extracted by NaHCOj3, 150 rmp, shaken
for 30 min, filtered by filter paper, and analyzed using the ammonium molybdate method.
The soil inorganic N and available P concentrations were based on the dry soil weight,
which was measured by drying the soil at 105 °C for 48 h [40].

2.3. Calculation of Nutrient Resorption
N and P resorption efficiency (NuRE) was calculated by the following equations:

NuRE = (1 — Nutrientgenesced / Nutrientgreen) x 100% 1)

where Nutrientgenesced and Nutrientgreen are senesced and green leaf nutrient concentrations
(N and P), respectively, and were expressed on a dry weight mass basis [19].

A two-way ANOVA was performed to examine the year and the nutrient form effects,
as well as their interaction effects on the soil available contents, leaf nutrient concentration,
and resorption. A one-way ANOVA and independent sample t-test were performed to
examine the differences in the soil available contents, leaf nutrient concentration, and
resorption related to years and treatments. Prior to the analysis, a normality test was
performed using the Shapiro-Wilk criteria. A significance level of & = 0.05 was used in the
statistical analyses. All statistical analyses were performed in the SPSS version 19.0 (SPSS
Inc., Chicago, IL, USA).

3. Results

Various N form fertilization increased the soil NO3~-N and inorganic N contents,
but did not affect the soil NH;*-N and available P contents compared with the control
(Table 1, Figure 2). Soil NO3;~-N contents increased in 2017, but no changes were observed
in 2018, as well as inorganic N. In addition, soil NO3 ~-N and inorganic N contents showed
a decreasing trend in 2018 under different proportions of N fertilizer treatments. In 2017
and 2018, no significant differences were found among various N form fertilization treat-
ments, except for the soil NHs*-N contents in 2017 (p < 0.05). Different N fertilization had
significant effects on the soil NO3~-N, while the overall effect on the soil nutrient content
was small, and the available P contents of 2018 were higher than those of 2017. However,
the soil NH4"-N contents were lower than in 2017.

In general, the N application treatment promoted the N and P contents of the green and
senesced leaf compared to the control treatment, but the effects of the different proportions
of N fertilizer on the N and P contents of green and senesced leaf was inconsistent. The
green leaf N concentrations (Ng) and senesced leaf N concentrations (Ns) of 2017 increased
after N fertilization (p < 0.05). However, no significant changes were found in 2018 (p > 0.05)
(Figure 3). On the contrary, N fertilization reduced the senesced leaf P concentrations (Ps) in
2018. In 2017 and 2018, no significant differences in leaf nutrient contents among various N
form fertilization treatments were observed. Different treatment years significantly affected
Ng, Ns, and green leaf P concentrations (Pg), but did not affect Ps.
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Table 1. Results of the two-way ANOVA for nutrient concentrations and nutrient resorption efficien-
cies as dependent on years (Y), treatments (T), and their interactions.

Factors df NO;—-N NH;*-N IN AP Ng Pg N:Pg Ns Ps NPs NRE PRE NRE:PRE
T 5 5.1 * 2.1 2.7* 1.0 9.4 *** 2.5 3.8* 24 1.6 9.6** 0.7 12 0.2
Y 1 97.4 *** 284.5 *** 3.0 49.2 *** 15 23.3 *** 13.4 ** 203** 0.1 586**  15.9** 8.1** 69.9 ***
TxY 10 14 33 13 13 15 14 2.2 0.7 1.0 14 0.5 1.0 1.1

The F-values with the level of significance presented. NO3; ™ -N represents soil nitrate N, NH4*-N represents
soil ammonium N, IN represents soil inorganic N, AP represents soil available P, Ng and Pg represent N and
P concentrations in green leaves, respectively; Ns and Ps represent N and P concentration in senesced leaves,
respectively; NRE and PRE represent N resorption efficiency and P resorption efficiency, respectively. * p < 0.05;
**p <0.01;** p <0.001.
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Figure 2. Response of soil NO3~™-N (a), NH4*-N (b), inorganic N (c) and available P (d) to various
N form fertilizations. The asterisks and ns above the white and gray bar graphs represent the
significance between 2017 and 2018. The asterisks and ns following the number of years inside the
little figure represent the significance in control (n = 4) and N addition (average, n = 20). The asterisks
and ns following the number of years outside the figure represent the significance in N addition
groups. * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant.

N fertilization significantly affected the green and senesced leaf N:P ratios (Figure 4).
Although there was no significant difference in N:P ratio between 2017 and 2018, the N:P
ratio of green leaf in 2017 was higher than that in 2018 under N application (p < 0.01), while
N:P ratio of senesced leaf in 2018 was significantly higher (p < 0.001). In addition, the
different treatment years significantly affected the N addition treatments; no significant
changes were observed in the control group.

Although there were no significant changes in the nutrient resorption efficiencies
between N fertilization and control treatments, both the N and P resorption efficiencies
showed an upward trend (Figure 5). In 2017 and 2018, no significant differences in the
nutrient resorption efficiencies were observed among various N form fertilization treat-
ments, but different treatment years significantly affected N addition treatments, and no
changes in control were found. In addition, NRE:PRE changed from an increase in 2017 to a
decrease under N application, and showed an opposite trend under different N application
proportions in 2017 and 2018.
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Figure 3. Response of leaf nutrient concentrations (including green leaf N (a) and P (b), senesced
leaf N (c) and P (d)) to various N fertilization forms. The asterisks and ns above the white and gray
bar graphs represent the significance between 2017 and 2018. The asterisks and ns following the
number of years inside the little figure represent the significance in control (1 = 4) and N addition
(average, n = 20). The asterisks and ns following the number of years outside the figure represent the
significance in N addition groups. * p < 0.05; *** p < 0.001; ns, not significant.
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Figure 4. Response of ratios of N:P in green (a) and senesced leaf (b) to various N form fertilizations.
The asterisks and ns above the white and gray bar graphs represent the significance between 2017
and 2018. The asterisks and ns following the number of years inside the little figure represent the
significance in control (n = 4) and N addition (average, n = 20). The asterisks and ns following
the number of years outside the figure represent the significance in N addition groups. ** p < 0.01;
*** p < 0.001; ns, not significant.
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Figure 5. Response of leaf nutrient resorption efficiencies (including NRE (a), PRE (b), NRE:PRE (c))
to various N form fertilizations. The asterisks and ns above the white and gray bar graphs represent
the significance between 2017 and 2018. The asterisks and ns following the number of years inside
the little figure represent the significance in control (n = 4) and N addition (average, n = 20). The
asterisks and ns following the number of years outside the figure represent the significance between
N addition groups. ** p < 0.01; *** p < 0.001; ns, not significant.

4. Discussion

In this study, we set up a field experiment to research the nutrient resorption of Stipa
capillata by changing the addition ratio of NO3;~ and NH4*. Our results showed that the N
application increased the soil NO3™-N content on the whole, but had no significant effect
on soil NH4*-N and available P contents, and there was no obvious change in the plant leaf
nutrient content under the five N fertilizer addition ratios. Contrary to our hypothesis, our
results showed that the nutrient resorption efficiencies of ambient conditions in the studied
alpine grassland have no significant changes compared with N addition treatments, as well
as across the five different ratios of nitrate and NH4* addition. However, N resorption
decreased and P resorption increased; thus, reduction in the N:P resorption ratios was
found in 2017, compared with 2018 (Figure 5). Since plant growth was previously limited
only by N, the absorption of N by plants increased during the initial N addition, which
promoted plant growth. At the same time, plant non-restrictive nutrient P was consumed,
and plants tended to absorb more P and improve the resorption efficiency of P to maintain
the dynamic balance of the N/P ratio. Although N addition increased soil inorganic N
content, it may also increase soil leaching and the N,O emission rate without changing the
total N content [41]. Therefore, the change of the N addition ratio may have little effect
on soil nutrients, and thus have no obvious change on plant nutrient uptake. Previous
studies found that plants have different preferences in nitrate and NH,* [17,18], while our
results clearly showed that the fertilization of different N forms had no effects on S. capillata
nutrient resorption efficiencies in an alpine grassland.

Soil available P contents in 2018 were significantly more than two times higher than
those in 2017 (Figure 2), and it is possible that the higher inorganic N content may stimulate
the activity of phosphatase [42], enabling plants and microorganisms to allocate excess N
to phosphatase enzymes, thus relieving P restrictions [43]. Moreover, our results showed
that the soil NO3 ~-N contents of 2017 were significantly lower than those of 2018, whereas
NH,*-N showed contrasting results with that of NO3;~-N (Figure 2). However, N fertil-
ization did not increase the soil available N contents in 2018, and they were conflicting
with other reports that the available N contents were positive with N addition rates [10,22].
These novel results might be attributed to higher soil available P in 2018 which relieved the
P limitation of nitrifying bacteria and stimulated their activity and enhance nitrification.
Hence, NO3™-N increased and NH,*-N pools decreased, leading to N loss by greenhouse
gas emission [44].

N addition significantly elevated the green and senesced leaf N, consistent with
the results of previous studies. For instance, the leaf N of two dominant plant species
(Leymus chinensis and Stipa grandis), perennial rhizomatous and bunchgrass, positively
increased with the N addition rate ranging from 0-64 g N m 2 yr~! [22]. However, leaf P
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of senesced decreased, not affecting those of green. Although other studies have reported
the positive [22] and neutral effects [33,35] of N application on leaf N, our results suggested
that N application improves P demand and limitation, thereby resulting in a conservative P
use [17,24,45]. Plants could alter their nutrient resorption to reduce the dependence on soil
available nutrient [20,21], and it is a theoretical possibility that the N application increases
the available N by reducing NRE, while PRE increases in order to maintain stoichiometric
stability due to high P requirements. Contrary to our initial hypothesis, NRE and PRE
showed no response to N addition, consistent with a global meta-analysis that more than
half of cases of nutrient resorption (NRE, 63%, n = 60 and PRE, 57%, n = 37) showed no
response to the increased nutrient availability [20]. This finding suggested that nutrient
supply has unclear nutritional controls on nutrient resorption efficiency. Our previous
study indicated that N addition reduced the NRE, and the values of NRE were higher
than in this study [10]. We speculate that these findings may relate to higher leaf nutrient
concentrations [27], reflecting that nutrient resorption was not only controlled by nutrient
supply [20].

Generally, plants absorb N from the soil in the form of nitrate and ammonium, and
the preference of plants for absorption is nitrate [18]. These unexpected results indicate
that the variations of the N form had no effects on the plant leaf concentrations and
nutrient resorption efficiencies (Figure 5). Previous studies demonstrated the occurrence
of simultaneous nitrification and denitrification after the addition of NO3;~ and NH4*
fertilizers, and most N rapidly disappeared by the emission of gas N. For example, after
applying N, approximately 25% to 75% of the added NO3;™-N and nearly 50% of the
NH,*-N disappeared within 7 days [46]. Therefore, the simultaneous nitrification and
denitrification treatment kept the composition of soil inorganic N unchanged regardless
of the form of initial N fertilization, and thus had no effect on plant nutrient uptake. Our
results highlight that the study of plant nutrient resorption response to the N source should
increase the frequency of N addition to maintain the fertilizing effect in the future given that
various N sources were tested in the previous field experiments. Significant differences were
found between the two years of treatment; NRE decreased and PRE increased, resulting
in decreased NRE:PRE ratios in the second year compared with the first year (Figure 5).
Precipitation was the main determinant of the influence of the NH4* /NO;3 ™ ratios on plant
growth [16]; moreover, precipitation patterns showed a remarkable difference between
the experimental duration. These partial results are in line with our first hypothesis
which suggested that plants decreased the demand of N and increased the P intraspecific
cycling, indicating an interannual effect of nutrient addition on plant nutrient resorption
by precipitation.

We observed stoichiometry control, nutrient limitation control, and nutrient concen-
tration control for leaf nutrient resorption [27]. Our results showed that resorbed N:P was
positively correlated with senesced leaf N:P, suggesting that the plant nutrient resorption
pattern was regulated by stoichiometry control. On the contrary, NRE:PRE was negatively
correlated with senesced leaf N:P (Figure 6), indicating that plants adopt a nutrient limita-
tion control strategy. Moreover, in theory, resorbed N:P would be positively correlated with
senesced leaf N:P, following a 1:1 line. Our results showed that most data fall below the 1:1
line, indicating that more P was resorbed, fitting well into the N addition and leading to a
P-limitation of the alpine grassland. In summary, these results were consistent with a study
from a secondary forest ecosystem, indicating that stoichiometric and nutrient limitation
controls were coexistent [27].

In conclusion, the results from this study showed that the simultaneous nitrification
and denitrification, after the addition of NO3~ and NH,* fertilizers, kept the composition of
soil inorganic N unchanged, so the leaf concentration and nutrient resorption efficiencies of
plants in the studied alpine grassland were not affected, indicating that nutrient resorption
was not only controlled by the nutrient supply. Moreover, our results showed that across
the five different ratios of nitrate and NH* addition, the nutrient resorption efficiencies
were unaffected. Furthermore, our results have important implications for the potential
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risks of a one-time N application due to N loss by nitrification—denitrification, and a high
frequency N addition is required to avoid the potential risks from the response of plant
nutrient resorption to the N supply.

(a) 30 > b 1.4
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Figure 6. Relationship between senesced leaf N:P ratios and resorbed N:P ratios (a) and NRE:PRE
ratios (b). The dash line represents the 1:1 line.
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