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the stoichiometric characteristics of N were different from 
that of P for this desert plant species. Results also show that 
the intraspecific variations in the main element traits (N, 
P, and N:P ratios) were consistent at the whole-plant level. 
Our results also suggest that N should be part of any short-
term fertilization plan that is part of a management strategy 
designed to restore degraded desert grassland. These find-
ings highlight that nutrient addition by atmospheric N dep-
osition and human activity can have significant effects on 
the internal use of N and P by plants. Therefore, establish-
ing a nutrient-conservation strategy for desert grasslands is 
important.

Keywords Aboveground and fine root · Desert 
grassland · Stoichiometry · Nutrient concentration · N input

Introduction

Nitrogen (N) and phosphorus (P) are the main nutrient ele-
ments in terrestrial ecosystems, and these elements control 
many biogeochemical processes (Lü et  al. 2013; Sterner 
and Elser 2002). Global climate changes and human activi-
ties have influenced the dynamics of nutrient cycling in 
most ecosystems (Aerts et al. 2007; Kozovits et al. 2007). 
The deposition of atmospheric N has rapidly increased as 
a result of increased human activities and global climate 
change, and this deposition has led to an increased avail-
ability of N in various ecosystems (Galloway et al. 2004).
Moreover, N fertilization is widely used as a primary means 
of improving grassland productivity and restoring degraded 
grasslands (Li et  al. 2015). In previous years, numerous 
studies have drawn their attention toward the stoichiometry 
of plants, which could reflect the nutrient cycling dynamics 
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and function of ecosystems under N fertilized conditions 
(Lü et al. 2013; Van Heerwaarden et al. 2003).

Increased N availability in soils can alter plant commu-
nity composition through its effects on nutrient cycling and 
storage in plants (Li et  al. 2016). In general, the addition 
of N fertilizer enhances the availability of inorganic soil 
N while increasing the N concentration and N:P ratio in 
plant green leaves (Lü et al. 2012a; Van Heerwaarden et al. 
2003; Xia and Wan 2008). However, Kozovits et al. (2007) 
reported that four years of N addition did not significantly 
affect N concentrations in four of five plant species grown 
on a dystrophic soil in central Brazil. Some field experi-
ments were conducted to investigate the effects of N addi-
tion on green leaf P concentrations. However, results are 
conflicting with either positive (Lü et al. 2013), negative or 
no significant effects (Van Heerwaarden et al. 2003). These 
inconsistent results indicated that plant nutrient concentra-
tions are influenced by site- and species-specific nutrient 
availability under various environmental conditions. Con-
sidering these diverse results, the majority of the existing 
studies have not demonstrated a clear relationship between 
tissue chemistry with both stoichiometric ratios and N sup-
ply among plants. Hence, additional evidence from vari-
ous types of ecosystems is needed to identify the general 
patterns in plant tissue stoichiometry in response to N 
addition.

Nutrient availability is an important factor in control-
ling plant productivity. Fine roots, usually defined as roots 
that are <2 mm in diameter, are important for the uptake 
and internal use of nutrients in plants of terrestrial ecosys-
tems (Gordon and Jackson 2000; Ostertag 2001; Yuan et al. 
2011). The nutrient dynamics and status of aboveground 
biomass, which includes leaves, stems, and reproduc-
tive organs, are important in plant nutrient economy and 
ecosystem nutrient cycling (Lü et  al. 2012b). Hence, the 
dynamic changes of nutrient concentrations in the above-
ground and fine roots of plants in response to N fertilization 
should be investigated. In previous years, researchers have 
recognized that a strong link exists between the above- and 
below-ground components of plants (Geng et  al. 2014). 
This observation signifies that N and P concentrations as 
well as the N:P ratios of leaves and fine roots are posi-
tively correlated (Geng et al. 2014; Holdaway et al. 2011; 
Liu et al. 2010). However, the relationship between above-
ground biomass and the fine root stoichiometry of plants 
has not been extensively analyzed.

The desert grassland on the northern slope of Kunlun 
Mountain in northwest China contains infertile sites with 
low vegetation coverage dominated by Seriphidium koro-
vinii (Poljak.) Poliak. While data related to the deposition 
of atmospheric N are unavailable in this area, studies from 
other grasslands in China suggest atmospheric N depo-
sition and N input caused by human activity can have a 

significant effect on nutrient and water use in the ecosystem 
(Lü et al. 2012b, 2013). A field experiment was conducted 
at the grasslands of Kunlun Mountain to test the follow-
ing hypotheses: (1) artificial N addition would increase N 
concentrations while decreasing P concentrations of above-
ground and fine roots of S. korovinii; (2) for both N and 
P, the stoichiometric relationship between aboveground and 
fine roots are positively correlated.

Materials and methods

Study site and experimental design

The investigation was performed in the desert grassland 
of Kunlun Mountain in south central Xinjiang Autono-
mous Region in northwest China at an elevation of 2400 m 
(36°22′54"N, 80°43′38"E). The meteorological data were 
collected from 2011 to 2013 by weather station. The mean 
annual temperature was 3 °C, and the mean annual precipi-
tation varied from 80 to 100  mm. More than 85% of the 
total precipitation occurred during the growing season from 
May to October. The brown desert soil supported a vegeta-
tion type of desert grasses. The study area had been fenced 
since 2009 to prevent the grazing of large animals. The per-
ennial grass S. korovinii dominated the plant community at 
this site, and represented almost 80% of the total vegetation. 
S. korovinii is the main source of forage for local livestock, 
and its growing period is mainly between April and Sep-
tember. Other companion species also occur here including 
Corispermum mongolicum Iljin, Bassia dasyphylla (Fisch. 
& C. A. Mey.) Kuntze, and Ceratoides lateens (J.F.Gmel.) 
Revealet Holmgren.

This study was conducted from May to September 2013. 
Five levels of N addition were used in the experiment (i.e., 
0, 0.4, 0.8, 1.6, and 3.2  mol  N  m−2  year−1of urea), and 
0.05  mol  P  m−2 of  KH2PO4 was added to each plot (Lü 
et al. 2013; Yu et al. 2010). Treatments were laid out in a 
randomized block design with four replicates of 4 × 4  m 
plots. The four replicates of five nitrogen addition treat-
ments created a total of these 20 plots. All plots were sepa-
rated from each other by a 1 m buffer area. On May 20, all 
fertilizers were applied to the plot surfaces and were thor-
oughly mixed with soil.

Plant and soil sampling and measurements

On September 2, the aboveground biomass of S. koro-
viniiin one 1  m × 1  m subplots within each plot was 
collected, and any impurities, dry tissue, and litter 
were removed. The root material was collected in each 
subplot within a depth of 0–20  cm. Subsequently, liv-
ing roots (fine roots with a diameter of <2  mm) were 
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separated from dead roots based on the water content 
of roots. All root samples were washed with running 
water. The aboveground biomass and fine roots were 
oven-dried at 75  °C for 48  h. Next, root samples were 
ground and evenly mixed for elemental analysis. The 
total N concentrations (% of dry mass) of the above-
ground and fine roots were determined colorimetrically 
using the Kjeldahl acid-digestion method with an Alp-
kem Auto Analyzer (Kjeldahl System 1026 distilling 
unit, Hillerød, Denmark). This method was performed 
after N in the tissue samples was extracted with sulfuric 
acid. The total P concentrations (% of dry mass) were 
determined colorimetrically after wet digestion with 
 H2SO4 + HClO4(Parkinson and Allen 1975).

On September 2,  four subsamples of soil (0–20  cm) 
were randomly collected from each plot using a 2  cm-
diameter soil auger. These soil subsamples were thor-
oughly mixed and combined as a single composite sam-
ple. All soil samples were sieved through a 2-mm mesh 
to remove any roots and impurities. Inorganic N (e.g., 
ammonium and nitrate nitrogen) in the soil samples was 
measured with a flow injection autoanalyzer (FIAstar 
5000, Foss Tecator, Hillerød, Denmark). The available 
P concentrations in the soil samples were determined by 
initially extracting P with 0.5 mol L−1 of  NaHCO3 from 
air-dried soil samples. The extracted P was analyzed via 
the ammonium molybdate method (Sparks et  al. 1996). 
The concentrations of inorganic N and available P in 
the soil were determined based on the soil dry weight; 
soil dry weight was determined after drying the soil at 
105 °C for 48 h (Yu et al. 2010).

Statistical analysis

Statistical analyses were performed in SPSS version 
16.0 (SPSS Inc., Chicago, IL, USA). Data were tested 
for normality using the Kolmogorov–Smirnov test and 
for equality of the error variance using Levene’s test. 
General linear regression models (y = ax + b) and nonlin-
ear regression models (y = axb) were used to determine 
(1) the relationship between the N application rate and 
available soil nutrients, (2) the relationship between N 
application rates and N as well as P concentrations in 
both aboveground and fine root (and the relationship 
between N application rates and N:P ratios), (3) the rela-
tionship between available soil nutrients and N as well 
as P concentrations in both aboveground or fine root 
(and the relationship soil nutrients and N:P ratios), (4) 
the relationship between N as well as P concentrations 
in aboveground (as well as N:P ratios) and those of fine 
root.

Results

N addition significantly enhanced the soil N avail-
ability with available N increasing from 5.74 ± 0.23 to 
29.66 ± 1.02  mg  kg−1 with increased N input; soil N 
availability was positively correlated with N addition 
rates (P < 0.001, R2 = 0.91). Meanwhile, the available soil 
P did not change significantly with increasing N input 
(P = 0.320). Available soil N:P ratios were positively corre-
lated with N addition rates and increased from 1.35 ± 0.11 
to 6.03 ± 0.28 with increased N input (P < 0.001, R2 = 0.90; 
Fig. 1).

The N concentrations in aboveground were positively 
correlated with N addition rates (P < 0.001, R2 = 0.80).In 
contrast, the P concentrations in aboveground were nega-
tively correlated with N addition rates (P < 0.01, R2 = 0.40). 
These results showed that the aboveground N:P concentra-
tion ratios were positively correlated with N addition rates 
(P < 0.001, R2 = 0.83; Fig.  2). Similarly, the N concentra-
tions and N:P ratios of fine roots were also positively corre-
lated with N addition rates (P < 0.001, R2 = 0.60; P < 0.001, 
R2 = 0.67; respectively). Meanwhile, the P concentrations 
of fine roots were negatively correlated with N addition 
rates (P < 0.001, R2 = 0.44; Fig.  3). Negative relationships 
were found between N and P concentrations in both the 
aboveground and fine roots (R2  = 0.40 and 0.48, respec-
tively; Fig. 4).

The relationships among the N and P concentrations as 
well as the N:P ratios of aboveground biomass and avail-
able soil nutrients were consistent, such that all of the for-
mer were positively correlated with the latter (available 
soil nutrients) (P < 0.001, R2 = 0.64; P < 0.01, R2 = 0.29; 
P < 0.001, R2 = 0.64; respectively; Fig.  5). The N concen-
trations and N:P ratios of the fine roots were similar to 
those of the aboveground biomass (P < 0.001, R2 = 0.48; 
P < 0.001, R2 = 0.39; respectively), whereas the P concen-
trations of the fine roots did not exhibit significant changes 
(P = 0. 055; Fig. 6). The stoichiometry of the aboveground 
biomasswas positively correlated with fine root biomass 
in S. korovinii(P < 0.001, R2 = 0.71; P < 0.01, R2 = 0.85; 
P < 0.001, R2 = 0.78; respectively; Fig. 7).

Discussion

Our results clearly show that short-term N addition affected 
the stoichiometry of N and P in the aboveground as well as 
the fine root and affected their relationship for this domi-
nant desert grass species, S. korovinii. In the current study, 
the N:P ratio in the aboveground and fine root was lower 
than the critical value reported previously (Güsewell 2004), 
suggesting this grass species was N-limited. Therefore, 
short-term N fertilization should be used as a management 
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strategy to restore the degraded desert grasslands of the 
Kunlun Mountain area. Our results clearly show that for 
both aboveground and fine roots in plants, N addition posi-
tively increased the N concentration while the P concen-
tration decreased. These results suggest that desert plants 
differ in their stoichiometric characteristics in terms of N 

and P use. Significant positive relationships were observed 
between the aboveground and fine root stoichiometry, sug-
gesting that nutrient concentrations and transport to above-
ground and fine roots in individual plants are tightly con-
nected. Such knowledge would increase our understanding 
of the internal N or P use of different tissues and help land 

Fig. 1  Relationships between N addition rates and soil available 
nutrient by general linear regression analysis

Fig. 2  Relationships between N addition rates and aboveground N 
(a), P (b) concentrations and N:P ratios (c) in Seriphidium korovinii 
by nonlinear regression analysis
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managers develop management strategies for desert grasses 
in response to the nutrient additions caused by climate 
change or human activities.

The addition of N fertilizer can provide extra available 
N in the soil pool for plant uptake, as indicated by the 
increased N concentrations observed in plant tissues after 

N fertilization (Holub and Tůma 2010; Lü et al. 2013). Pre-
vious studies have reported that N concentrations in plant 
tissues are positively correlated with P concentrations 
(Geng et  al. 2014; Kerkhoff et  al. 2006; Liu et  al. 2010). 
In our study, however, N concentrations of both above-
ground and fine roots increased with fertilizer N addition, 
whereas P concentrations in plant decreased. Interestingly, 
the initial N addition from 0 to 11.2 g resulted in drastically 
decreased plant P concentration whereas increasing the 
N fertilization rate resulted in a much smaller decrease in 
plant P. The addition of N fertilizer thus resulted in a nega-
tive relationship between N and P concentrations in both 
the aboveground and fine roots of S. korovinii. Similar neg-
ative relationships between plant N and P concentrations 
were also reported previously by Menge and Field (2007) 
and Van Heerwaarden et al. (2003).

N and P are both critical constituents of many mol-
ecules in plant tissues, and these constituents are strongly 
linked to each other. A previous study reported that criti-
cal N:P values determine the cutoff for N or P limitation 

Fig. 3  Relationships between N addition rates and fine roots N (a), 
P (b) concentrations and N:P ratios (c)  in Seriphidium korovinii by 
nonlinear regression analysis

Fig. 4  Relationships between aboveground (a), or fine roots (b) 
N and P concentrations in Seriphidium korovinii by general linear 
regression analysis
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for terrestrial plants that range from 10 to 20 in terrestrial 
foliage in a study that ignored species-specific adaptations 
to their environment (Güsewell 2004). Our results indi-
cated that S. korovinii was N-limited rather than P-limited, 
as indicated by the N:P ratios of 3.31 and 2.19, and these 
ratios increased after N fertilization for the aboveground 

and fine roots, respectively. However, Drenovsky and Rich-
ards (2004) reported that the critical N:P values obtained 
from their experiment were inaccurate in a desert ecosys-
tem. Plant N:P ratios are primarily regulated through the 
adjustment of N and P uptake rates induced by whole-
plant signaling mechanisms (Forde 2002; Imsande and 

Fig. 5  Relationships between soil available nutrient and aboveground 
N (a), P (b) concentrations and N:P ratios (c) in Seriphidium korovi-
nii by general linear regression analysis

Fig. 6  Relationships between soil available nutrient and fine roots N 
(a), P (b) concentrations and N:P ratios (c) in Seriphidium korovinii 
by general linear regression analysis
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Touraine 1994).These results suggested that plants regu-
lated the N and P uptake rates by both positive and nega-
tive patterns. Furthermore, N-deficient plants of S. korovi-
nii could enhance the rate of N uptake and reduce the rate 
of P uptake. Hence, the results of the present study speci-
fied that N fertilization caused a larger N pool and smaller 

P pool of both aboveground biomass and fine roots of S. 
koroviniiin degraded desert grassland. Therefore, N fertili-
zation should be appropriate when short-term fertilization 
is used as a management strategy to restore degraded desert 
grassland in this region.

The nutrient concentrations in leaf tissue were consist-
ently correlated with that in roots, implying that trade-offs 
exist in managing plant organ economics and stoichiomet-
ric regularities of plant organs (Geng et al. 2014; Kerkhoff 
et al. 2006). Hence, the main focus of research related to N 
use and limitation should be to understand the role of plant 
organs (Freschet et al. 2010). We recognized that the rela-
tionships between N, P, and N:P ratios with aboveground 
biomass and fine roots have similar patterns with those rela-
tionships in leaves and roots (Geng et al. 2014; Holdaway 
et al. 2011; Kerkhoff et al. 2006; Liu et al. 2010). Freschet 
et al. (2010) reported that the nutrient content of root tis-
sues tended to be similar to that in leaves and stems. These 
researchers further suggested that the N and P concentra-
tions as well as the N:P ratios of the aboveground and fine 
roots are consistently correlated. Our results provide strong 
evidence that intraspecific variations in the main element 
traits (N, P, and N:P ratios) are consistent not only at the 
level of individual plant organ, but are also consistent at the 
whole-plant level. The patterns of the relationships between 
aboveground and fine root maybe caused by the adaptive 
strategy used by S. korovinii to thrive in areas with rela-
tively infertile soils.

In general, the nutrient concentrations of plant tissues 
are positively correlated with soil nutrients (Hendricks 
et al. 2000; Lü et al. 2013; Nadelhoffer 2000). Our results 
showed that fine root P concentrations were marginally 
significantly related to available soil nutrients (P = 0. 055; 
Fig.  6); however, those of aboveground were determined 
to be significantly related to available soil nutrients. We 
assumed that N fertilizer alters the original status of nutri-
ent limitation in plants, resulting in conservative P use. 
Therefore, plants preferentially transported P from the fine 
roots to the aboveground because of the increased demand 
for P in plant photosynthetic tissues. In addition, N:P ratios 
were also regulated by the stoichiometry of plant tissues 
and directly affected by soil nutrient availability.

Previous studies reported that the geometric means of 
leaf N and P concentrations were 18.6 and 1.21  mg  g−1, 
respectively, with an N:P ratio of 14.4 (Han et  al. 2005). 
Geng et  al. (2014) claimed that the average values of the 
fine root N and P concentrations of 139 species in north-
west China were 11.4 and 0.83 mg g−1, respectively, with 
an average N:P ratio of 13.73. Meanwhile, the global 
means of the fine root concentrations of N and P were 11.7 
and 1.1 mg g−1, respectively, with an average N:P ratio of 
11(Jackson et al. 1997). Our results showed that the N and 
P concentrations of the aboveground of S. korovinii without 

Fig. 7  Relationships between aboveground and fine roots in N (a), P 
(b) concentrations and N:P ratios (c) of Seriphidium korovinii by gen-
eral linear regression analysis
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N fertilizer input were 9.87 and 2.98 mg g−1, respectively, 
with an N:P ratio of 3.31. Furthermore, the N and P con-
centrations of the fine roots of S. korovinii were 4.95 and 
2.28 mg g−1, respectively, with an N:P ratio of 2.19. This 
finding suggested that the N concentrations of the above-
ground and fine roots of S. korovinii were much lower than 
the global average, whereas those of P was much higher 
than the global or China’s geometric means, resulting in a 
lower N:P ratio. These results may account for the species-
specific adaptive strategy of S. korovinii, which adapts to 
low N conditions by have lower N requirements or tighter 
N recycling.

In conclusion, this study demonstrated the conserva-
tive nature of the response of stoichiometry in the above-
ground and fine roots of N-deficient plants to N addition 
in an infertile area. N input resulted in a higher N pool. 
However, the P pool did not change significantly in the soil 
after 1 year of N addition. Short-term N addition resulted 
in conservative P use. These results suggest that N fertilizer 
should be employed when short-term fertilization is used 
as a management strategy to restore degraded desert grass-
lands in this region. The N:P ratios were regulated by both 
positive and negative patterns. Moreover, we determined 
that plants tend to transport P from the fine root to above-
ground for photosynthesis, and the intraspecific variations 
in the main element traits (N, P, and N:P ratios) were con-
sistent at the whole-plant level.
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