Nitrogen deposition influences the response of Potentilla tanacetifolia to
phosphorus addition
La deposición de nitrógeno influencia la respuesta de Potentilla tanacetifolia al agregado de
fósforo
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Abstract. Phosphorus is an essential macronutrient for all living
plants and plant production. Simultaneously, atmospheric nitrogen
deposition also affects plant productivity at a global scale. However,
few studies have investigated how plants respond to P addition while
simultaneously considering N deposition. We investigated plant biomass, nutrient status and stoichiometric ratios on Potentilla tanacetifolia in response to P fertilization under contrasting N addition rates
in a typical meadow steppe in Inner Mongolia, China. Aboveground
biomass of P. tanacetifolia increased under increasing levels of P fertilization under conditions of N addition. However, there was no significant change in biomass when only phosphorus was added. Plant
leaf and stem P concentrations increased linearly with P addition
when there was no N addition. Our results suggest that increased
plant P nutrition under P addition will not turn into plant growth
enhancement unless N demands are also satisfied. Nitrogen addition
significantly increased leaf N concentrations, and leaf and seed N:P
ratios, when there was no P fertilization. Nevertheless, the effects of
N addition were weakened, and eventually disappeared when P fertilization rates increased. This indicates that N-induced alterations
of the plant nutrition status and stoichiometric ratios were P availability-dependent. Overall, our results suggest that multiple-nutrient
constraints and their interactions must be considered when assessing
plant nutrient and growth responses to nutrient enrichment.
Keywords: Nitrogen; Phosphorus; N: P ratio; Plant organs.

Resumen. El fósforo es un macronutriente esencial para todas las
plantas vivas y la producción vegetal. Simultáneamente, la deposición
atmosférica de nitrógeno también afecta la productividad de las plantas a una escala global. Sin embargo, pocos estudios han investigado
como responden las plantas a la adición de P mientras se considera
la deposición atmosférica de N al mismo tiempo. Se investigaron la
biomasa vegetal, el nivel de nutrientes y relaciones estequiométricas en
Potentilla tanacetifolia en respuesta a la fertilización fosforada bajo varias tasas de adición de N en una estepa de pradera típica en el interior
de Mongolia, China. La biomasa aérea de P. tanacetifolia se incrementó con mayores niveles de fertilización fosforada bajo condiciones de
adición de N. Sin embargo, no hubo un cambio significativo en la biomasa cuando solo se agregó P. Las concentraciones de P en hoja y tallo
se incrementaron linealmente con el agregado de P cuando no hubo
adición de N. Nuestros resultados sugieren que una mayor nutrición
fosforada a la planta bajo agregado de P no determinará un mejor crecimiento vegetal a menos que también sean satisfechas las demandas
de N. El agregado de N incrementó significativamente las concentraciones de N foliares, y las relaciones N:P de la semilla y de las hojas,
cuando no hubo fertilización fosforada. De todas maneras, los efectos
de la adición de N fueron debilitados, y eventualmente desaparecieron,
cuando se incrementaron las tasas de fertilización con P. Esto indica
que las alteraciones inducidas por el N en el nivel de nutrición vegetal
y las relaciones estequiométricas fueron dependientes de la disponibilidad de P. Nuestros resultados sugieren que limitaciones de varios
nutrientes al mismo tiempo y sus interacciones deben ser consideradas
cuando se estudian las respuestas de los nutrientes y del crecimiento de
las plantas a un aumento en el nivel de nutrientes.
Palabras clave: Nitrógeno; Fósforo; Relación N:P; Organos
vegetales.

Shanghai Institute of Technology, Shanghai 201418, China.
Institute of Applied Ecology, Chinese Academy of Sciences, Shenyang 1100164, China.
3
State Key Laboratory of Vegetation and Environmental Change, Institute of Botany, Chinese Academy of Sciences, Beijing 100093, China.
4
Departamento de Agronomía-CERZOS (CONICET), Universidad Nacional del Sur, 8000 Bahía Blanca, Prov. de Buenos Aires, Argentina.
Address correspondence to: Zhang Zhiguo, e-mail: zgzhang@sit.edu.cn
Received 28.IV.2016. Accepted 30.IV.2016.
1
2

FYTON ISSN 0031 9457 (2016) 85: 100-107

N deposition and P addition on plant response

INTRODUCTION
Human activities are substantially influencing the global
nutrition cycle and strongly altering the original nutritional
balance across diverse ecosystems. So far, global average N:P
ratio of fertilizer inputs has increased by 51% since 1975 (Peuelas et al., 2013). In comparison to the well-known effects of
N enrichment on plant nutrient status, we know relative less
about the influences of P additions on plant nutrient uptake
and productivity in terrestrial ecosystems. As one of the most
limiting nutrients to plant growth in these ecosystems (Elser
et al., 2007), P plays a direct role in affecting plant productivity (Vrede et al., 2004). However, a general notion holds that
soil P content limits plant growth in tropical ecosystems or
most woodlands, while N content does it in temperate regions, especially for grasslands (Elser et al., 2007). Therefore,
most of the P addition studies have been conducted in forests
and shrublands, whereas there is little understanding on how
and to what extent plant growth and production respond to
varying P supply in temperate grasslands.
In the past several decades, anthropogenic N deposition is
increasing worldwide because of increased fossil fuel combustion, fertilizer application and legume plantation (Galloway et
al., 2004). From 1995 to 2005, reactive nitrogen increased 20%
(Galloway et al., 2008); with a similar trend, the mean inorganic N wet deposition over China increased from 11.11 kg/ha/yr
in the 1990s to 13.87 kg/ha/yr in the 2000s ( Jia et al., 2014).
However, few studies have considered N deposition from the
atmosphere when investigating plant responses to P addition.
Because of the synergistic interaction between N and P in
plant metabolism (Güsewell 2004; Niklas et al. 2005), P effects on plant nutrition should also be regulated by N addition. Specifically, deposited-N may enhance plant acquisition
of P by either increasing soil P availability via decreasing soil
pH or enhancing P uptake. This might be to maintain the N:P
homeostasis when N concentrations are increased in plant tissue by N addition (Yu et al., 2011). Thereafter, plant responses
to P addition should consider atmospheric N deposition simultaneously.
Besides plant productivity, whether P addition has a significant effect on plant N or P concentration remains controversial, especially in temperate drylands. A recent study found
a positive relationship between P addition and P concentrations on Leymus chinensis in a typical steppe (Zhang, 2003). In
a phosphorus-poor soil, however, P addition showed no main
effects on plant either N and P pools or the N:P ratio (He
et al., 2015). These results indicated that P cycling in terrestrial ecosystems has a more complicated pattern than previously thought. Another unknown, but important issue, is how
plants allocate their nutrients to different tissues, especially
to reproductive organs, under varying P conditions. Seed is
an important organ of plant reproduction (O’Neill & Roberts, 2001). The environment might exert influence on plant
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responses that are later expressed in changes of seed characteristics (such as seed quality and size) (Valencia-Díaz &
Montaňa., 2005). For example, N addition reduced seed size
but increased seed N concentration on Phytolacca Americana
L. (He et al., 2005).
Potentilla tanacetifolia is a perennial herb with a wide range
of morphological and physiological plasticity under different
environmental conditions (Ren et al., 2011). The present study
was conducted on P. tanacetifolia to examine how (1) plant
biomass, nutrient status, and their allocation patterns among
different organs respond to varying P addition, and (2) these
responses change when N deposition was further considered
in a meadow grassland of northeast China.

MATERIALS AND METHODS
Study site. The experiment was conducted at the Erguna
Forest-Steppe Ecotone Research Station (50° 10' 46.1'' N,
119° 22' 56.4'' E), which belongs to the Chinese Academy
of Sciences. Mean annual precipitation at the site is approximately 375 mm, and mean annual temperature is -3 °C. The
soil is a chernozem according to the US soil taxonomy classification (Cline, 1979). The site was fenced since 2013 to prevent grazing by large animals. The dominant plant species in
the study area was Leymus chinensis, a perennial rhizomatous
grass. Our model plant species, P. tanacetifolia, accounts for
4.5% of the total aboveground biomass in the studied plant
community.
Experimental design. The P addition experiment was carried out in May 2014. Phosphorus fertilization was made using KH2PO4 at rates of 0, 2, 4, 6, 8 or 10 g P /m2/yr. Five replicates were used for each fertilizing rate. We had 6 plots (one
for each fertilization rate) on each of 5 randomly distributed
blocks. Treatments of varying P addition were further nested
either with or without N addition treatments. This is, 30 subplots received a constant N addition (NH4NO3) rate of 10g
N/m2/yr. The other 30 sub-plots were only supplied with the
various P fertilization rates. In this experiment, the effects of
K added during the KH2PO4 fertilization process were balanced by adding appropriate levels of KCl. The effects of Cl
were regulated by adding appropriate amounts of CaCl2. All
of our study plots received the same levels of K and Cl.
Field sampling and measurements. In early August 2014,
we randomly selected 3 individual plants of P. tanacetifolia in
each plot. These plants were relatively young and with no obvious symptoms of pathogen or herbivore attack. They were
manually clipped at the soil surface, and thereafter partitioned
into leaves, stems, and seeds. These samples were first ovendried at 70 °C to a constant mass and then weighed.
After being ground in a ball mill (Retsch MM 400; Retsch,
Haan, Germany), leaves were digested with H2SO4-H2O2
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(Temminghoff & Houba, 2004) to determine N and P concentrations using an auto discrete analyzer (Cleverchem 200+,
DeChem-Tech. GmbH, Gemany).
Statistical analyses. Three-way ANOVA was used to test
the effect of organs, N addition, P addition and their possible interactions on plant biomass and stoichiometry of P.
tanacetifolia. When F values were significant (P<0.05 or lower) means were compared using the Duncan test. Regression
models were used to determine the relationship between P
addition rate and various plant variables on different organs.
All analyses were conducted using R version 3.1.2 (R development core team, 2014).

RESULTS
N addition versus biomass. Stem and aboveground biomass of P. tanacetifolia increased (P<0.01) as N addition also
increased (Table 1, Fig. 1).
Table 1. Results (F-values) of repeated measures ANOVAs for the
effects of N (N) and P (P) additions on leaf biomass, stem biomass,
stem:leaf (S:L) ratio and aboveground biomass.
Tabla 1. Resultados (valores F) de ANOVAs con medidas repetidas
para los efectos de los agregados de N (N) y P (P) sobre la biomasa
foliar, biomasa de tallos, relación tallo:hoja (S:L) y biomasa aérea.

Leaf biomass

Stem biomass S:L ratio

P

0.869

0.128

0.029

P*N

1.930

0.047

0.281

N

4.004

9.128**

** P<0.01

3.231

Abovegroud
biomass
0.407

8.472**

0.539

Table 2. Results (F-values) of repeated measures ANOVAs for the
effects of N addition (N), P addition (P) and organs (O) on plant N
and P concentrations (mg/g) and N:P ratios.
Tabla 2. Resultados (valores F) de ANOVAs con medidas repetidas
para los efectos del agregado de N (N), agregado de P (P) y órganos
(O) en las concentraciones (mg/g) de N y P, y relaciones N:P de la
planta.

P

O
N

P*O
P*N

O*N

P*O*N

N

P

N:P

724.87***

136.422***

12.965***

0.183

15.199***
0.817
0.213
1.304
0.066
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23.579***
0.249

4.176*
0.036
0.411
0.006

27.761***
7.425**
3.533*
0.252
0.729
0.011

N addition altered plant stoichiometry parameters.
There was a strong link (P<0.05) between P addition versus P
concentration and N: P ratio under the scenario of no N addition (Table 2). P concentrations in leaves, stems and seeds all
increased (P<0.001) as P addition rates also increased when
there was no N addition (Fig. 2). Even more, P concentration in seeds was higher (P<0.001) under no N than N addition when no P was added to the substrate (Fig. 2). When N
was added, however, leaf P concentrations increased (P<0.01)
when P addition rates also increased (Fig. 2). Besides, P concentrations were significantly higher (P<0.05) in seeds than
those on leaves and stems when there was no N addition (Table 2). Leaf and seed N:P ratios declined (P<0.05 or lower)
with increasing P inputs when N was either added or not to
the substrate (Fig. 2).
It is important to highlight that N:P ratios on leaves and
seeds were higher (P<0.001) when N was added than when it
was not to the substrate (Fig. 2).
Leaf N concentrations were greater when N was added
than when it was not added to the substrate under all P addition rates (Fig. 2). However, the difference was only significant (P<0.01) when there was no P addition (Fig. 2). Finally,
plant N concentrations were greater (P<0.01) when there was
N addition than when there was not on average for all P addition rates and plant organs (Table 2, Fig. 2).

DISCUSSION
The aboveground biomass of P. tanacetifolia, especially
that on stems, increased with N input under various levels
of P addition. We found that P addition had no significant
effect on P. tanacetifolia biomass. This agrees with a study conducted in a typical steppe on the dominant species Leymus
chinensis. In this study, the biomass of different organs, as well
as the total biomass, showed no response to P fertilization
(Zhang, 2003). Addition of P alone increased P concentrations but had negligible effects on biomass, indicating luxury
consumption. These results suggest that plant growth might
not be limited by P availability in our study grassland, at least
during the first few years of P fertilization. In the current
study, for example, data came from the first year of P fertilization. The response of plants to P fertilization, however, might
show up with time from this nutrient addition (Prietzel &
Stetter, 2010). It means that if biomass would either increase
or not after P addition on P. tanacetifolia requires further longterm studies.
Davidson (2004) found that grasses grew better in a N+P
treatment, compared with only P addition. This indicated
that N was the most important limiting nutrient for the grass
(Oliveira, 2001; LeBauer, 2008). The biomass of P. tanacetifolia increased only when N was also added. This might be
because when available N is supplied into the ecological sys-
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Fig. 1. Effects of N (N0 = 0 g N/m2/yr, N1 = 10 g N/m2/yr) and P addition on stem and leaf biomasses on the grassland plant Potentilla
tanacetifolia in northeastern China. Data are means ± SE of n=5. Symbols with asterisks are significantly different (P<0.05) from those
in the control treatments.
Fig. 1. Efectos de los agregados de N (N0 = 0 g N/m2/año, N1= 10 g N/m2/año) y P en las biomasas de tallo y hoja en la planta de pastizales
naturales Potentilla tanacetifolia en el noreste de China. Los datos son promedios ± EE of n=5. Los símbolos con asteriscos son significativamente diferentes (P<0,05) de aquellos en los tratamientos control.
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Fig. 2. Responses of leaf (a, d, g), stem (b, e, h) and seed (c, f, i) N and P concentrations, and N:P ratios to phosphorus addition under
contrasting nitrogen treatments (N0 = 0 g N/m2/yr, N1 = 10 g N/m2/yr). Data are means ± SE of n=5. Symbols with asterisks are significantly different (P<0.05) from those corresponding to the control treatments.
Fig. 2. Respuestas de las concentraciones de N y P foliar (a, d, g), tallo (b, e, h), y semilla (c, f, i), y relaciones N:P al agregado de fósforo bajo
tratamientos de nitrógeno contrastantes (N0 = 0 g N/m2/año, N1 = 10 g N/m2/año). Los datos son promedios ± EE of n=5. Los símbolos con
asteriscos son significativamente diferentes (P<0,05) de aquellos en los tratamientos control.
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tem, phosphatase activity is substantially stimulated, and it increases levels of available phosphorus in the soil (Marklein &
Houlton, 2012). The result is that adequate levels of N and P
are supplied for plant and microbial growth, further enhancing the productivity of the ecosystems. Similarly, large amount
of studies on grasslands had confirmed that aboveground net
primary productivity increases as N addition also increases
(Yu et al., 2009; Lü et al., 2012; Blanke et al., 2012; Zhang
et al., 2015), even in arctic ecosystems ( Jonasson et al., 1999).
Our results also indicated that increments in aboveground
biomass were mostly the result of increases on stem rather
than on leaf biomass. As the supporting organ of the plant,
the stem plays an important role in light competition (Tilman, 1988). This suggests that as nutrient limitation is alleviated, plants start to allocate more C to stem growth which
positively contributes in the process of competition for light.
Many studies showed that plant productivity in grasslands
had either a lower or no response to P addition (Huff & Potts,
2015). This happened when the interactive effects with N addition were not considered. However, our study indicated that
the effects of P addition on plant growth might be enlarged
under a N deposition scenario (e.g., Fig. 1).
Plant stoichiometry in P. tanacetifolia in response to
nutrient addition. We found that leaf N concentration increased with N input (Table 2, Fig. 2). This was reported by
various previous studies (Menge & Field, 2007; Blanke et al.,
2012). Leaf is the main organ for plant photosynthesis ( Jones,
1992), and it requires more N investment to reach higher rate
of photosynthetic activity (Yang et al., 2014; Wright et al.,
2004). As a result, high leaf N concentrations under N addition will significantly increase plant photosynthetic activity, and subsequent plant biomass production (Kerkhoff et al.,
2006; Marschnert et al., 2006). N addition in our study significantly alleviated N limitation; plant productivity, however,
might also be limited by other elements such as P. Koerselman and Meuleman (2008) found that thresholds of foliar
N:P ratios were <14 for N limitation and >16 for P limitation on European wetland plants. Our study found that the
mean leaf N:P ratio was <14, indicating a scarcity of N in
our research. Our results suggested that N addition without
P supply might contribute to relieve N limitation in the study
system (N:P =14.4). This agrees with results reported on other
prairie grasslands (Clark & Tilman, 2008) under the scenario
of N limitation.
Seed P concentration decreased with N addition. We
found that N addition leads to decreases in seed P concentrations when no P was added. These results indicate that N
input might trigger a relative shortage of P in the reproductive organs. Our results are similar to those found in an annual grassland where N fertilization decreased P concentrations in Avena. This might be because N addition increases

105

plant growth, with a dilution effect on P concentrations under
higher plant biomasses, which qualify N addition as the best
candidate for an increasing P demand (Menge & Field, 2007).
Many studies suggested that N enrichment was the main
driver for the loss of plant species diversity (Goldberg & Miller, 1990; Stevens et al., 2004; Clark & Tilman, 2008; Bai et
al., 2010; Stevens et al., 2010; Roth et al., 2013). This may be
because nitrogen addition could decrease germination rate of
seeds (Luzuriaga et al. 2005). However, whether these reduced
seed germination rates were caused by a relative shortage of
P in seeds needs further investigation. Moreover, seeds, as the
reproductive organs, should keep high nutrient concentrations to ensure plant reproduction. We showed that N and P
concentrations in seeds were significantly higher than those in
other vegetative organs. Our results provide further evidence
that N deposition coupled with P nutrition may change plant
vegetative and reproductive stoichiometry, which might be a
potential mechanism for inducing the disappearance of plant
species (Drenovsky & Richards, 2005).

CONCLUSIONS
Although leaf and stem P concentrations increased linearly
with P fertilization without simultaneous N addition, these
increased plant P levels might not stimulate plant growth if
N demands are not satisfied. Nitrogen deposition alone (i.e,
without P addition) can change plant stoichiometry. As the
P addition rates increased, however, the effects of N fertilization were weakened. This suggests that N deposition-induced
alteration of plant nutrition status and N:P ratio also rely on
P availability. This study may improve our understanding of
the tight and very complicated linking between the N and P
cycling at a plant and ecosystem scales. Thereafter, multiplenutrient constraints and their interactions must be considered
when assessing plant nutrients and growth responses to nutrient enrichment.
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