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Understanding the response of the plant community to increasing nitrogen (N) deposition is helpful for
improving pasture management in semi-arid areas. We implemented a 5-year N addition experiment
in a Stipa krylovii steppe of Inner Mongolia, northern China. The aboveground biomass (AGB) and
species richness were measured annually. Along with the N addition levels, the species richness declined
significantly, and the species composition changed noticeably. However, the total AGB did not exhibit
a noticeable increase. We found that compensatory effects of the AGB occurred not only between

the grasses and the forbs but also among Gramineae species. The plant responses to N addition,

from the community to species level, lessened in dry years compared to wet or normal years. The N
addition intensified the reduction of community productivity in dry years. Our study indicated that the
compensatory effects of the AGB among the species sustained the stability of grassland productivity.
However, biodiversity loss resulting from increasing N deposition might lead the semi-arid grassland
ecosystem to be unsustainable, especially in dry years.

Nitrogen (N) is the primary limiting nutrient for plant growth in many terrestrial ecosystems'. Therefore, N
fertilization has been widely used to improve soil N availability and promote plant productivity in N-limited eco-
systems®. Because of increasing anthropogenic emissions, atmospheric N deposition has substantially increased
on a global scale and is a large N source for many terrestrial ecosystems®. In semi-arid areas of northern China,
the current rate of total N deposition is likely to be greater than 1.5g N m~2 yr~'°. In addition, a higher N deposi-
tion rate could occur in the future®. Increasing the N input would strongly affect the plant community and would
further affect ecosystem functions, such as global carbon cycles”!°.

N enrichment usually increases community productivity by stimulating plant growth!!'-13. However, increased
N input would reduce the niche dimension, lead to long-term biodiversity loss'*, and further decrease ecosystem
functions'. Individual species and functional groups of the plant community respond to N enrichment differ-
ently as a result of the inherent differences of N-use efficiency and strategies'"!®, causing cascading effects on
competitive exclusion, species composition change and biodiversity loss*®!”. Thus, a better understanding of how
the productivity, biodiversity, species and community structure respond to N enrichment is essential for manag-
ing and protecting ecosystems.

Studies on N deposition and its effects on natural vegetation primarily concern temperate humid regions of
the northern hemisphere®. In arid and semi-arid ecosystems, plant diversity and primary production are lim-
ited by both water and N'>!3, These grasslands are sensitive to N enrichment because the availability of N is
chronically low in these regions'>'°. In these ecosystems, even small amounts of N fertilization may have impor-
tant repercussions for their biodiversity and ecosystem functions®. Previous studies have suggested that plant
responses to N addition are greater in mesic than in dry ecosystems'!, and that the N thresholds for calcareous
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Growing season (April to September)
Average monthly Average monthly Annual
Year temperature (°C) precipitation (mm) | precipitation (mm)
2010 13.30+1.30a 67.05+7.67 a 492.60
2011 13.15+1.02a 36.38+3.43b 260.10
2012 13.47+0.81a 68.20+8.97a 487.90
2014 14.00£0.74a 54.50+£3.21a 371.90
2015 13.22+0.81a 60.53+5.25a 440.10

Table 1. Climate characteristics during the experiment (2010-2015). Different letters represent significant
interannual differences for average monthly temperature or precipitation at p < 0.05, tested by one-way ANOVA
(n=6); mean =+ standard error is shown.

grasslands are higher than those for acid grasslands®!. However, how semi-arid ecosystems respond to N enrich-
ment remains unknown.

Drought is an extreme climatic event that occurs frequently in semi-arid zones. The frequency and severity of
droughts are expected to increase in these zones??. Drought reduces plant cover and productivity* and changes
the composition of species by restraining dominant species or reducing the emergence of annual plants*. With
the resumption of rainfall after a drought, both vegetation cover and productivity recover?*?%. N addition would
accelerate the productivity of aboveground tissues, resulting in increased evaporative demands, higher drought
susceptibility and weakened competitive species performance®. Furthermore, N addition can enhance grassland
recovery after a drought in arid environments?*. However, the effect of N addition on semi-arid grassland with
fluctuating precipitation has not been well demonstrated.

To understand how plant communities respond to increasing N deposition in a semi-arid ecosystem, we con-
ducted a 5-year field experiment with six levels of N addition to simulate N deposition in a Stipa krylovii steppe
of Inner Mongolia. The aims of this study are to investigate the response of aboveground biomass and species
richness to N addition, and the interannual differences of these responses.

Methods

Studyarea. Theexperimentalsite islocated at Taibus Banner in Inner Mongolia, China (115°29'10”E/42°06/44"N).
The altitude is 1450 m. It is a typical semi-arid agro-pastoral ecotone between the North China Plain and the
Inner Mongolia Plateau. The climate is continental and has a mean annual temperature of 1.6 °C, annual precip-
itation of 400 mm, and annual pan evaporation of 1900 mm. The growing season usually starts in late April and
ends in late September. The temperature and precipitation were in a normal range during the years of experiment
(2010-2015), except for a drought in 2011. In 2011, the precipitation during the growing season was much less
than that in the other years (Table 1). The soil is a light chestnut soil (pH =7.5). The organic carbon content and
total nitrogen content are 17.44 g kg~! and 1.80 g kg !, respectively®. The annual natural N deposition is approx-
imately 3.43 g N m~2 yr~! %. The experimental grassland is Stipa krylovii steppe, which is a typical grassland of
the Eurasian steppe. Dominant species are Stipa krylovii and Artemisia frigida. The permanent experimental area
(>100 ha) has been fenced with barbed wire since 1998 to exclude grazing.

Experimental design. The N addition experiment pre-treatment was conducted on the fenced area in May
2010. The experimental site was divided into 18 plots of 3 x 6 m with additional 1-m buffer zone between the
plots. The plot corners were marked with polyvinyl chloride (PVC) stakes that were approximately 1 m tall. The
N addition experiment was implemented starting in 2011 with six treatments: 0 (N0), 2 (N2), 5 (N5), 10 (N10),
25 (N25), and 50 g N m~2 yr~! (N50). The six treatments were randomly assigned to the 18 plots (three replicate
plots per treatment). The NaNOj; solution was sprayed two times per year in early June and early July, with half of
the annual amount applied each time. All plots received the same additional amount of water, which was approx-
imately 0.5% of the annual rainfall. The N addition from well water was <0.005g N m—2yr~".

Sampling and measurements. Sampling and measurements were carried out in early September of each
year, beginning in 2010. The aboveground plant material was harvested in three 0.5m x 0.5 m quadrats for each
plot. After harvest, we sorted all living plants to the following species: Stipa krylovii, Artemisia frigida, Convolvulus
ammannii, Cleistogenes squarrosa, Leymus chinensis, and remaining species. All species were divided into two
functional groups: grasses and forbs. The remaining species were almost all forbs; thus, they were classified as
forbs. Samples were oven dried at 65 °C for 48 hours to constant weight. All biomass variables were converted to
units of g m~2. Species richness was surveyed as the number of species in each plot.

Statistical analyses. The aboveground biomass (AGB) and species richness of each plot in 2010 prior to
treatment were used as a baseline against which all treatments comparisons were made. The response ratios (R)*
of the AGB and species richness were calculated to quantify the impacts of N application by comparing the vari-
ables of the after-treatment (2011-2015) to that of the pre-treatment (2010). The response ratio was calculated as

v, (1)
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No N2 N5 N10 N25 N50 F P
The total AGB 126.25417.59 109.48 +-14.74 132.66+10.03 90.28+11.77 | 128.21£6.67 104254849 | 1.826 | 0.175
Species richness 6.73+0.59 6.40£0.50 6.13+£0.18 5.67+0.37 6.27+0.18 5.80+0.46 | 0909 | 0.507
Grasses group 35.5943.74 39.06+6.61 46.121+4.66 46.28 +5.31 40.96+9.13 28234115 | 0.873 | 0.527
Functional groups
Forbs group 90.66+15.6 70.42+19.13 86.541+11.98 44.01+9.34 87.25+11.61 76.02+10.5 1.668 | 0.217
Artemisia frigida 62.67+13.95 61.484+1891 32.5612.44 12.78 +4.06 51.85413.01 4831+149 | 2279 | 0.112
Stipa krylovii 24.58+7.78 26.99410.54 32.31£10.21 27.1+1.26 28.0345.41 22.594+8.56 | 0.172 | 0.968
Leymus chinensis 2.49+1.18 2.58+1.93 4.31+£1.56 6.78+3.99 4.02£0.46 0.49+0.37 | 1.138 | 0.392
Common species
Convolvulus ammannii 3.6240.84 342+ 1.11 11.61£7.06 9.15+3.95 4.17£1.55 13.234+9.93 | 0.678 | 0.648
Cleistogenes squarrosa 8.52+6.67 9.50+2.43 9.50+4.29 12.40+0.86 8.91+£3.27 5.15+3.52 0.352 0.872
Remaining species 25.06+5.81 17.52£5.18 29.2543.48 24.59+11.61 27.84+9.75 21.144+4.37 | 0.348 | 0.874

Table 2. Mean =+ standard error of the total aboveground biomass (AGB), species richness, the AGB
of functional groups and common species before the N addition experiment (2010) assigned to the six
treatments. Differences between N treatments are indicated with p-values (one-way ANOVA, Num df=5).
Note: The units of the biomass are g m~2.

where V, is the value of the variable in each plot with the N application and V} is the pre-treatment value of the
same variable in the same plot.

To exclude the effects caused by other factors, we revised the response ratios by the correction factor (cf)®.
The cfwas calculated as

Cf — ‘/PNO
Vi )

where Voo is the mean pre-treatment value of the variable in the control plot (N0) and Vi is the mean
after-treatment value of the same variable in the control plot.

To perform statistical analyses, we calculated the relative effects of N addition (E) by transforming the revised
response ratios to the natural log, which was calculated as

E= In(R X ¢f) (3)

where R is the response ratios and cf is the correction factor.

Then, we calculated the relative effects of each N treatment on the total AGB, species richness, the AGB of
functional groups and the common species in each N treatment year. The relative effects would be zero, positive
or negative if no change, increased or decreased effects occurred with the N addition, respectively.

The relative effects of N addition on these variables were tested in a repeated-measure analysis of variance
(ANOVA). The year was treated as a repeated effect. N treatments entered the model as class variables, and they
were defined as continuous variables. The Student-Newman-Keuls (SNK) post-hoc test was performed to evaluate
the differences in the relative effects at different N treatments and among experimental years for each variable.
Least-squares regression line was applied in describing the relationship between the relative effects and nitrogen
loads. All analyses were carried out using the statistical software SPSS21.0 (IBM Company, Armonk, NY, USA).

Results

Basic community characteristics in pre-treatment year.  The total AGB of the treatments ranged from
90.28 to 132.66 g m~2 in 2010, before the experiment was implemented (Table 2). Perennial grasses and forbs
accounted for 34% and 65% of the total AGB, respectively, whereas the annuals accounted for less than 1%.
Thirty-three species presented in the experimental site. The species richness of the treatments ranged from 5.80
to 6.73. The common species were Stipa krylovii, Artemisia frigida, Convolvulus ammannii, Cleistogenes squar-
rosa and Leymus chinensis. These common species accounted for almost 75% of the total AGB of the community
(Fig. 1). There were no significant differences in the total AGB, the AGB of the functional groups, the AGB of
common species and the species richness among the treatments in 2010 (Table 2).

Response of species composition to nitrogen addition. The species composition changed noticeably
after three years of N addition. In 2014 and 2015, along with N addition levels, the proportion of grasses increased
whereas that of forbs decreased; the proportion of Leymus chinensis increased whereas that of Stipa krylovii and
Artemisia frigida decreased. In particular, Leymus chinensis became one of the most dominant species in the high
N treatments (Fig. 1).

Effects of nitrogen addition on the total AGB and species richness. The total AGB did not have
a noticeable increase in the N addition experiment, as indicated by the almost neutral overall relative effects
(Fig. 2a). The repeated measures ANOVA analysis also showed that the N addition had no significant effects
on the total AGB (F=1.811, p=0.185, Table 3). However, the year had a significant effect on the total AGB
(F=19.994, p < 0.05, Table 3). N addition had an obvious negative effect on the total AGB in 2011. However, the
relative effects on the total AGB were positive in other experimental years (Fig. 2a).
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Figure 1. Proportion of AGB of the functional groups and common species.
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Figure 2. Relative effects of N addition on the total AGB (a) and species richness (b). Horizontal lines indicate
neutral effects. Fitted lines are based on the least-squares regression (Supplementary Table S1).

There was an obvious decrease in species richness with N addition in our experiment, as indicated by the neg-
ative relative effects on species richness both in the whole experimental period and in individual years (Fig. 2b).
Furthermore, the N addition and the year had significant effects on the species richness (F=6.040, p=0.005;
F=6.235, p=0.007; respectively, Table 3). The species richness decreased with increasing N addition and exper-
imental time (Fig. 2b).

Effects of nitrogen addition on the AGB of the functional groups. The grasses and the forbs had
opposite responses to N addition. The relative effects of N addition on the AGB of grasses were negative in the
lower N treatments (N 2, N5 and N10) and positive in the higher N treatments (N 25 and N 50) overall (Fig. 3a).
In contrast, the relative effects on the AGB of forbs were positive in the lower N treatments and negative in the
higher N treatment overall (Fig. 3b).

The results of the repeated measures ANOVA showed that the N addition had no significant effects on the
AGB of grasses (F=1.757, p=0.196, Table 3). However, the year had a significant effect on the biomass of grasses
(F=4.009, p=0.015, Table 3). The AGB of grasses increased significantly with N addition over the experimen-
tal time (Fig. 3a). The N addition, the year, and the interaction of N x Year had significant effects on the AGB of
forbs (F=3.278, p=0.043; F=5.808, p=0.002; F=3.609, p = 0.001; respectively, Table 3). The relative effects
on the AGB of forbs increased with increasing N application and experimental time (Fig. 3b). More notably, the
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The total AGB 1.811 0.185 19.994 | 0.000* | 1.350 | 0.225
Species richness 6.040 0.005* 6.253 0.007* | 1.246 | 0.314
Grasses group 1.757 0.196 4.009 0.015* | 1.320 | 0.241
Functional groups
Forbs group 3.278 0.043* 5.808 0.002* | 3.609 | 0.001*
Artemisia frigida 24.804 0.000* | 15.001 | 0.000* | 10.476 | 0.000*
Stipa krylovii 0.935 0.493 2.519 0.110 1.704 | 0.151
Leymus chinensis 2.208 0.121 7.573 0.005* | 3.721 | 0.008*
Common species
Convolvulus ammannii 0.489 0.778 3.480 0.026* | 1.738 | 0.087
Cleistogenes squarrosa 3.244 0.044* 9.081 0.000* | 3.183 | 0.002*
Remaining species 0.750 0.602 4.310 | 0.011* | 0.755 | 0.714

Table 3. Repeated measures ANOVA for the relative effects of the total aboveground biomass (AGB),
species richness, the AGB of functional groups and common species to N addition from 2011 to 2015.
Note: *p < 0.05 indicates significant differences from repeated measures ANOVA.
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Figure 3. Relative effects of N addition on the AGB of grasses (a) and forbs (b). Horizontal lines indicate
neutral effects. Fitted lines are based on the least-squares regression (Supplementary Table S1).

AGB of forbs decreased obviously in 2011, as indicated by a large negative effect. However, it had recovered to
pre-treatment levels in 2012, as indicated by a positive effect (Fig. 3b).

Effects of nitrogen addition on the AGB of common species. Species showed different overall
responses to N addition in the experiment. The relative effect on AGB of Leymus chinensis was positive and
increased more in the higher N treatments (Fig. 4c). It was positive in the lower N treatments (N2, N5, and N10)
and negative in the higher N treatments (N25 and N50) for Stipa krylovii and Artemisia frigid (Fig. 4a,d). It was
negative and declined more in the higher N treatments for Cleistogenes squarrosa and the remaining species
(Fig. 4b,f). It was negative and unchanged among the six N treatments for Convolvulus ammannii (Fig. 4e). More
notably, there was a clear compensatory effect of biomass among Gramineae species. Along with the N addi-
tion levels, the biomass of Stipa krylovii and Cleistogenes squarrosa decreased whereas that of Leymus chinensis
increased (Fig. 4a—c).

Species responses to N addition were lessened in 2011 compared to the other experimental years. In the year
2011, the response differences were minimal among the six N treatments for all species, as indicated by a slope of
almost zero. However, the N addition enhanced the response of species in the other years because the response
differences increased with increasing N application and experimental time (Fig. 4a—f).

Discussion
Response of the total AGB to N addition from community to species. The total AGB of the grass-
land did not change significantly in the N addition experiment. N addition generally have a positive effect on
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Figure 4. Relative effects of N addition on the AGB of the common species. Horizontal lines indicate neutral
effects. Fitted lines are based on the least-squares regression (Supplementary Table S1).

overall

grassland productivity!*. This could be because the N addition lessens the N limitation by increasing soil N
availability and thus stimulates plant growth?!. However, many experiments have found that few or no productiv-
ity changes occurred with N addition in the Inner Mongolian steppe® and for some other grasslands®**. The lack
of grassland AGB response to N addition in our experiment might be largely attributed to the three factors that
follow. First, primary production was co-limited by available water and N in semi-arid ecosystems'>%3*, Hence,
water availability mediated the response of productivity to N addition®. The slope of the total AGB along with N
addition was more gentle in the dry year (annual rainfall was approximately 260.10 mm in 2011) in our experi-
ment (Fig. 2a). Though the increasing N additions enhanced the soil N availability, the limited precipitation might
have restrained the productivity response to N addition in our experiment. Second, our experiment was launched
in an area with a high natural N deposition of approximately 3.43 g N m~2yr—!%. Previous studies have suggested
that high background N deposition might weaken the effects of N addition®. Furthermore, there was a lower N
saturation threshold of less than 10g N m~2 yr! in a similar grassland of the Inner Mongolian steppe®2. Therefore,
the amount of the added N might have easily reached or exceeded the N saturation threshold in our experiment,
which might have reduced the sensitivity of the vegetation to N additions*. Finally, there were opposite responses
with respect to AGB between the grasses and the forbs (Fig. 3), which might have buffered the responses of com-
munity AGB to N addition and increased community stability>.

There was a compensatory effect of N addition on AGB between the grasses and the forbs in this experi-
ment. The results are consistent with previous experiments that were conducted in the Inner Mongolian steppe;
the biomass of grasses increased with N addition, whereas that of forbs decreased®**. In addition, we found
that there was a clear compensatory effect of biomass among Gramineae species, i.e., Stipa krylovii, Cleistogenes
squarrosa and Leymus chinensis. After three years of the experiment (2014 and 2015), Leymus chinensis became
one of the most dominant species in high N plots (Fig. 1). It indicated that Leymus chinensis was better able to
take advantage of the increased N, thus resulting in an increased dominance of competition*’. Additionally, the
competitive advantages of the species that are consistently dominant in a low N environment were dwindling with
increasing N addition®!. This could be explained by the difference in their fine root morphology, the favorable
effects of nitrogen and the subsequent growth responses resulting from their different nitrogen and water use
efficiencies®*>**. Species showed differential responses to N addition, which led to a reordering of species com-
position in this study. Similar results have been obtained from research in grassland ecosystems®#. This may be
a consequence of interspecific competition caused by interspecific differences in resource-use strategies and in N
re-sorption proficiency.
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Response of species richness to N addition. There was a noticeable decrease in species richness with
N addition in our experiment. It has been verified in the Inner Mongolian steppe®!*!** and other regions of
the world*>*, that N addition causes an obvious reduction in species richness. Our results indicate that species
had differential growth responses to N enrichment (Fig. 4). This might be a result of their inherent difference in
N-use efficiency and strategies'"'¢. The differential growth responses thus cause cascading effects on competitive
exclusion®!”. However, our results support the hypothesis of asymmetric competition, specifically, that the initial
densities and establishment timing of competing species have large effects on the dynamics of plant competi-
tion because they lead to asymmetries in plant size and resource capture®’. The grasses increased whereas the
forbs decreased with N addition (Fig. 3) and N addition suppressed litter decomposition, especially grasses litter
decomposition in our experiment (Supplementary Fig. S1). Accordingly, litter biomass increased with N addition
in our experiment (Supplementary Fig. S2). The increase in grasses might result in increased litter accumulation
and decreased light intensities at the ground surface in the community, thereby suppressing seed germination,
inhibiting seedling establishment and increasing the mortality of small plants®. Moreover, the eutrophication
caused by N addition simplifies habitats by decreasing their niche dimensionality, which would lead to loss of
biodiversity'.

Interannual differences in response to N addition. Our findings suggested that plant responses to N
addition were lessened in the dry year (2011) than in wet or normal years. The results are consistent with pre-
vious studies, which suggested that the response of plants to N was dependent on the amount of rainfall, with
a more noticeable response as a result of high amounts of precipitation'>!®. It indicates that nitrogen and water
availability is tightly linked through biogeochemical feedbacks!®. In addition, N addition had an obvious negative
effect on the total AGB in the dry year (Fig. 2a). A previous study suggested that N addition resulted in decreased
soil moisture®* and that it exacerbated the decrease of water availability in soil as a result of drought conditions.
Then, the decrease of water availability might increase NH,* concentration and accelerate acid producing soil
processes*®#. Finally, increased soil acidification suppresses plant growth and yield*’. Accordingly, our results
indicate that N addition exacerbates the impacts of moisture stress on the ecosystems in this arid area and that
increasing N deposition might intensify productivity reductions that are caused by drought conditions.

Our findings suggested that the total AGB and species richness had a tendency to recover with N addition
after drought conditions (2012). The results agree with previous research that drought conditions depress seed
germination and plant growth and that increased N input can enhance grassland recovery after a drought?*.
Moreover, our findings indicate that the recovery may be a result of an increase of the forbs (Fig. 3b). This could
be explained by the increased probabilities of a new species entering a community as a result of increased resource
availability and altered disturbance regimes®'.

Conclusions

The differential responses of species and the compensatory effects of AGB between grasses and forbs or among
Gramineae species might sustain the stability of grassland productivity in the context of increased N addition.
However, biodiversity loss resulting from increasing N deposition might lead the semi-arid grassland ecosystem
to be more unsustainable, especially in dry years. Long-term studies are needed to further test these findings and
uncover their possible mechanisms.

References
1. Vitousek, P. M. & Howarth, R. Nitrogen limitation on land and in the sea: how can it occur? Biogeochemistry 13, 87-115 (1991).
2. Vitousek, P. M. et al. Human alteration of the global nitrogen cycle: sources and consequences. Ecol. Appl. 7, 737-750 (1997).
3. Galloway, J. N. et al. Transformation of the nitrogen cycle: recent trends, questions, and potential solutions. Science 320, 889-892
(2008).
4. Sutton, M. A. et al. Nitrogen Deposition, Critical Loads and Biodiversity (Springer Science & Business Media, 2014).
. Xu, W. et al. Quantifying atmospheric nitrogen deposition through a nationwide monitoring network across China. Atmos. Chem.
Phys. 15, 12345-12360 (2015).
. Liu, X. et al. Enhanced nitrogen deposition over China. Nature 494, 459-462 (2013).
. Gruber, N. & Galloway, J. N. An earth-system perspective of the global nitrogen cycle. Nature 451, 293-296 (2008).
. Cleland, E. E. & Harpole, W. S. Nitrogen enrichment and plant communities. Ann. NY Acad. Sci. 1195, 46-61 (2010).
. Lan, Z. & Bai, Y. Testing mechanisms of N-enrichment-induced species loss in a semiarid Inner Mongolia grassland: critical
thresholds and implications for long-term ecosystem responses. Philosophical Transactions of the Royal Society B: Biological Sciences
367,3125-3134 (2012).
10. Stevens, C. J. et al. Anthropogenic nitrogen deposition predicts local grassland primary production worldwide. Ecology 96,
1459-1465 (2015).

11. Xia, J. & Wan, S. Global response patterns of terrestrial plant species to nitrogen addition. New Phytol. 179, 428-439 (2008).

12. Bai, Y. et al. Primary production and rain use efficiency across a precipitation gradient on the Mongolia plateau. Ecology 89,
2140-2153 (2008).

13. Lee, M., Manning, P, Rist, J., Power, S. A. & Marsh, C. A global comparison of grassland biomass responses to CO, and nitrogen
enrichment. Philosophical Transactions of the Royal Society of London B: Biological Sciences 365, 2047-2056 (2010).
14. Harpole, W. S. & Tilman, D. Grassland species loss resulting from reduced niche dimension. Nature 446, 791-793 (2007).
15. Loreau, M. Biodiversity and ecosystem functioning: current knowledge and future challenges. Science 294, 804-808 (2001).
16. Standish, R. J., Fontaine, J. B., Harris, R. J., Stock, W. D. & Hobbs, R. J. Interactive effects of altered rainfall and simulated nitrogen
deposition on seedling establishment in a global biodiversity hotspot. Oikos 121, 2014-2025 (2012).

17. Tilman, D. Secondary succession and the pattern of plant dominance along experimental nitrogen gradients. Ecol. Monogr. 57,
189-214 (1987).

18. Hooper, D. U. & Johnson, L. Nitrogen limitation in dryland ecosystems: responses to geographical and temporal variation in
precipitation. Biogeochemistry 46, 247-293 (1999).

19. Yang, H. et al. Plant community responses to nitrogen addition and increased precipitation: the importance of water availability and
species traits. Global Change Biol. 17, 2936-2944 (2011).

20. Kieft, T. L. et al. Temporal dynamics in soil carbon and nitrogen resources at a grassland-shrubland ecotone. Ecology 79, 671-683
(1998).

v

O 0 N

SCIENTIFICREPORTS | 6:31919 | DOI: 10.1038/srep31919 7



www.nature.com/scientificreports/

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41

43.

44.

45.

46.

47.

48.

49.

50.
51.

Tipping, E., Henrys, P. A., Maskell, L. C. & Smart, S. M. Nitrogen deposition effects on plant species diversity; threshold loads from
field data. Environ. Pollut. 179, 218-223 (2013).

Parry, M. L. Climate Change 2007-Impacts, Adaptation and Vulnerability: Working Group II Contribution to the Fourth Assessment
Report of the IPCC (Cambridge University Press, 2007).

Hoover, D. L., Knapp, A. K. & Smith, M. D. Resistance and resilience of a grassland ecosystem to climate extremes. Ecology 95,
2646-2656 (2014).

Kinugasa, T., Tsunekawa, A. & Shinoda, M. Increasing nitrogen deposition enhances post-drought recovery of grassland
productivity in the Mongolian steppe. Oecologia 170, 857-865 (2012).

Friedrich, U. et al. Nitrogen deposition increases susceptibility to drought - experimental evidence with the perennial grass Molinia
caerulea (L.) Moench. Plant Soil 353, 59-71 (2012).

Qi, Y., Mulder, ], Duan, L. & Huang, Y. M. Short-term effects of simulating nitrogen on soil organic carbon in a Stipa krylovii steppe.
Acta Ecologica Sinica 4, 1104-1113 (2015). (in Chinese with English abstract).

Zhang, J. et al. Monitoring nitrogen deposition on temperate grassland in Inner Mongolia. Environmental Science 9, 3552-3556
(2013). (in Chinese with English abstract).

Hedges, L. V., Gurevitch, J. & Curtis, P. S. The meta-analysis of response ratios in experimental ecology. Ecology 80, 1150-1156
(1999).

Cole, D. N. & Bayfield, N. G. Recreational trampling of vegetation: standard experimental procedures. Biol. Conserv. 63, 209-215
(1993).

Liu, X. et al. Nitrogen deposition and its ecological impact in China: an overview. Environ. Pollut. 159, 2251-2264 (2011).

Bai, Y. et al. Tradeoffs and thresholds in the effects of nitrogen addition on biodiversity and ecosystem functioning: evidence from
Inner Mongolia grasslands. Global Change Biol. 16, 358-372 (2010).

Xu, X. et al. Response of aboveground biomass and diversity to nitrogen addition along a degradation gradient in the Inner
Mongolian steppe, China. Sci. Rep. 5, 10284 (2015).

Phoenix, G. K. et al. Impacts of atmospheric nitrogen deposition: responses of multiple plant and soil parameters across contrasting
ecosystems in long-term field experiments. Global Change Biol. 18, 1197-1215 (2012).

Harpole, W. S., Potts, D. L. & Suding, K. N. Ecosystem responses to water and nitrogen amendment in a California grassland. Global
Change Biol. 13, 2341-2348 (2007).

Sala, O. E., Gherardi, L. A., Reichmann, L., Jobbagy, E. & Peters, D. Legacies of precipitation fluctuations on primary production:
theory and data synthesis. Philosophical Transactions of the Royal Society B: Biological Sciences 367, 3135-3144 (2012).

Hedwall, P. O., Nordin, A., Strengbom, J., Brunet, J. & Olsson, B. Does background nitrogen deposition affect the response of boreal
vegetation to fertilization? Oecologia 173, 615-624 (2013).

Emmett, B. A. Nitrogen saturation of terrestrial ecosystems: Some recent findings and their implications for our conceptual
framework. Water, Air & Soil Pollution: Focus 7, 99-109 (2007).

Zavaleta, E. S. et al. Grassland responses to three years of elevated temperature, CO,, precipitation, and N deposition. Ecol. Monogr.
73, 585-604 (2003).

Fang, Y., Xun, E, Bai, W,, Zhang, W. & Li, L. Long-term nitrogen addition leads to loss of species richness due to litter accumulation
and soil acidification in a temperate steppe. Plos One 7, €47369 (2012).

Bobbink, R., Hornung, M. & Roelofs, J. G. The effects of air-borne nitrogen pollutants on species diversity in natural and semi-
natural European vegetation. J. Ecol. 86, 717-738 (1998).

. Harpole, W. S. & Tilman, D. Non-neutral patterns of species abundance in grassland communities. Ecol. Lett. 9, 15-23 (2006).
42.

Zhang, H., Li, X., Jiang, E, Lin, G. & Du, L. Effects of different water supply on the reproduction of Stipa krylovii and Artemisia
frigida populations in degraded steppe. Acta Agrestia Sinica 13, 106-110 (2005). (in Chinese with English abstract).

Yang, H. & Luo, Y. Responses of the functional traits in Cleistogenes squarrosa to nitrogen addition and drought. Chinese Journal of
Plant Ecology 39, 32-42 (2015). (in Chinese with English abstract).

Stevens, C. . et al. Changes in species composition of European acid grasslands observed along a gradient of nitrogen deposition. J.
Veg. Sci. 22,207-215 (2011).

Stevens, C. J. et al. Nitrogen deposition threatens species richness of grasslands across Europe. Environ. Pollut. 158, 2940-2945
(2010).

Damgaard, C. et al. The effect of nitrogen deposition on the species richness of acid grasslands in Denmark: A comparison with a
study performed on a European scale. Environ. Pollut. 159, 1778-1782 (2011).

Wedin, D. & Tilman, D. Competition among grasses along a nitrogen gradient: initial conditions and mechanisms of competition.
Ecol. Monogr. 63, 199-229 (1993).

Lucassen, E. et al. Interactive effects of low pH and high ammonium levels responsible for the decline of Cirsium dissectum (L.) Hill.
Plant Ecol. 165, 45-52 (2003).

Van den Berg, L.]. et al. Decline of acid-sensitive plant species in heathland can be attributed to ammonium toxicity in combination
with low pH. New Phytol. 166, 551-564 (2005).

Britto, D. T. & Kronzucker, H. J. NH," toxicity in higher plants: a critical review. J. Plant Physiol. 159, 567-584 (2002).

Daehler, C. C. Performance comparisons of co-occurring native and alien invasive plants: implications for conservation and
restoration. Annual Review of Ecology, Evolution, and Systematics 34, 183-211 (2003).

Acknowledgements

We are grateful for the financial support of the National Natural Science Foundation of China (41371069) and the
Teacher training program of Yunnan University (XT412003). We would like to thank the anonymous reviewers
for their excellent suggestions.

Author Contributions

Y.H. designed the experiment. Y.Q., K.H., H.C. and Z.S. conducted the experiment. X.X. and L.D. assisted the data
collection. K.H. wrote the main manuscript text and prepared the figures. Y.H. and L.D. revised the first drafts.
All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: He, K. ef al. Response of aboveground biomass and diversity to nitrogen addition - a
five-year experiment in semi-arid grassland of Inner Mongolia, China. Sci. Rep. 6, 31919; doi: 10.1038/
srep31919 (2016).

SCIENTIFICREPORTS | 6:31919 | DOI: 10.1038/srep31919 8


http://www.nature.com/srep

www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS|6:31919|DOI: 10.1038/srep31919 9


http://creativecommons.org/licenses/by/4.0/

	Response of aboveground biomass and diversity to nitrogen addition – a five-year experiment in semi-arid grassland of Inner ...
	Methods

	Study area. 
	Experimental design. 
	Sampling and measurements. 
	Statistical analyses. 

	Results

	Basic community characteristics in pre-treatment year. 
	Response of species composition to nitrogen addition. 
	Effects of nitrogen addition on the total AGB and species richness. 
	Effects of nitrogen addition on the AGB of the functional groups. 
	Effects of nitrogen addition on the AGB of common species. 

	Discussion

	Response of the total AGB to N addition from community to species. 
	Response of species richness to N addition. 
	Interannual differences in response to N addition. 

	Conclusions

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Proportion of AGB of the functional groups and common species.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Relative effects of N addition on the total AGB (a) and species richness (b).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Relative effects of N addition on the AGB of grasses (a) and forbs (b).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Relative effects of N addition on the AGB of the common species.
	﻿Table 1﻿﻿. ﻿  Climate characteristics during the experiment (2010–2015).
	﻿Table 2﻿﻿. ﻿  Mean ± standard error of the total aboveground biomass (AGB), species richness, the AGB of functional groups and common species before the N addition experiment (2010) assigned to the six treatments.
	﻿Table 3﻿﻿. ﻿  Repeated measures ANOVA for the relative effects of the total aboveground biomass (AGB), species richness, the AGB of functional groups and common species to N addition from 2011 to 2015.



 
    
       
          application/pdf
          
             
                Response of aboveground biomass and diversity to nitrogen addition – a five-year experiment in semi-arid grassland of Inner Mongolia, China
            
         
          
             
                srep ,  (2016). doi:10.1038/srep31919
            
         
          
             
                Kejian He
                Yu Qi
                Yongmei Huang
                Huiying Chen
                Zhilu Sheng
                Xia Xu
                Lei Duan
            
         
          doi:10.1038/srep31919
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep31919
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep31919
            
         
      
       
          
          
          
             
                doi:10.1038/srep31919
            
         
          
             
                srep ,  (2016). doi:10.1038/srep31919
            
         
          
          
      
       
       
          True
      
   




