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Abstract

Aims How plant-plant interactions vary with the changes of biotic and abiotic factors has debated for a long time among

ecologists. The aim of this study was to explore how different neighbors influenced the responses of the intensity and importance

of competition on Stipa grandis and S. krylovii to the change of soil nutrition condition. Methods The seedlings of the target

species, S. grandis and S. krylovii, were grow alone and in two-species mixtures with different neighbors under two soil nutrition

treatments. For each target species, we measured the biomass, root: shoot ratio, intensity and importance of competition and

nutrition-addition effect. Important Findings We founded that the competition responses were mediated by the identities of

neighbors and target species. (1) When in mixture with Leymus chinensis, both intensity and importance of competition

negatively increased with the increase of soil nutrition. The competition importance was significantly negative on S. grandis

under both soil nutrition treatments and on S. krylovii under the high soil nutrition treatment, supporting Grime’s theory.

(2) When in S. grandis – S. krylovii mixture system, the competition inhibition decreased while competition importance

showed no significant effects on both target species with the increase of soil nutrition, indicating competitive reduction. (3)

When in mixture with Agropyron cristatum, the competition intensity significantly influenced by the interaction between target

species and soil nutrition, suggesting competitive change along the soil nutrition gradient. The competition importance was

significantly negative on S. grandis under the low soil nutrition treatment and on S. krylovii under the high soil nutrition

treatment. Ultimately, our results demonstrate that the identities of both target and neighbor species influenced the responses

of intensity and importance of competition to the change of soil nutrition condition. Several mechanisms potentially contributed

to these different competition effects on different target species.

Introduction

It is clear that environmental changes could alter plant community composition and diversity, and competi-
tion (plant – plant interaction) is often considered as one of the main drivers of the consequence of environ-
mental changes (Grime, 1979; Tilman, 1982). Therefore, plant ecologists have been investing tremendous
efforts in interpreting and predicting how the intensity (amount of inhibition or facilitation in the target’s
performance as a consequence of a neighbor’s presence) and importance (the impact of a neighbor on the
target expresses as a proportion of the total environmental impact on the target) of competition varies along
the environmental gradients especially soil nutrition gradient, and have concluded three theory models with
empirical evidences (Bertness et al. 1994; Brooker et al. 2005; Gaucherand et al. 2006; Grime, 1979; Lau-
rent et al. 2017; Tilman, 1982). First, it is assumed that competition inhibition would decrease from benign
(fertile) habitats to harsh (unfertile) habitats, which is called “stress gradient hypothesis” (Bertness and
Callaway 1994; Grime, 1979). Second, it predicts that total competition is equally important throughout
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soil resource gradients, and belowground competition is most intense for soil water and/or nutrition in unfer-
tile sites and aboveground competition is most intense for light and space (aerial competition) in fertile sites,
which is called Tilman’s theory (Tilman, 1987). Third, it argues that competition importance increases with
the increase of resource availability and it is higher in fertile environments, which is called Grimes’s theory
(Grime, 1977).

Although plenty of experiments have successfully supported these models under different soil resource con-
ditions, there is a growing number of experiments that have emphasized the importance of species identities
(both target and neighbor) in influencing competition for resources and consequently influencing the com-
munity composition and structure (Read, 2016; Suding et al. 2004; Yelenik et al. 2017). The responses
of a single target species varying based on the identities of neighbors have been found in several studies
(Kong et al. 2018; Stoll et al. 2000). For example, Keddy et al. (2002) found that the response of a single
target species to competition was equally sensitive under two different environmental conditions but varied
with the identities of 63 experimental competitors. These experiments have also shown that the effect of
neighbor identity to competitive intensity may even surpass that of environmental differences. Although
there were not consistent conclusions, two components of species, the effects of neighbors on resource avail-
ability (the growth potential) and the ability of individuals to tolerate these effects, were usually considered
when researchers tried to understand how species identities influenced the outcomes of plant-plant interac-
tion (Goldberg, 1996; Suding et al. 2004). In addition, ecologists found that the co-occurring species may
compete or facilitate one another by modifying the microbial environment to change nutrition availability
(Brooker et al.2008). Several studies have found out that a species could influence the outcomes of plant-
plant interaction by immediate effect when another species co-occurred with it, legacy effect or plant-soil
feedback when another species grew in the soil that it has been conditioned (Zhao et al. 2018).

Suding and Goldberg (2001) addressed the processes responsible for the patterns of species composition
change after the environmental changes, and suggested that both competitive reduction and competitive
change were two alternative hypotheses to explain the relative competitive abilities of different target species
affected by different neighbor species in changing environmental conditions. The competitive reduction hy-
pothesis predicts no shift of competitive hierarchies of the target species, suggesting environmental changes
may modify species associations simply; while the competitive change hypothesis predicts competitive hier-
archy of target species may shift with the change of environmental conditions, thus influencing the species
composition, not just the intensity of competition (Suding et al. 2001). Therefore, considering the species
identities is very important for understanding the community processes and intrinsic mechanisms in the
context of global changes which have altered the soil resource conditions and community composition and
structure dramatically.

Arid and semi-arid grasslands are very sensitive to the environmental changes. In this region, nature ecosys-
tems are being degrading to more stress conditions because of over-grazing and drought (Huang et al. 2019;
Ren et al. 2018). Simultaneously, the observed acceleration in N cycle caused by fossil fuel combustion,
fertilizer use and legume shrub invading into grassland substantially have contributed to soil nutrition (Chen
et al. 2019; Zhou et al. 2019). The different responses (growth potential or tolerance) of different species
to such changes would influence the outcome of plant-plant interaction, alter plant community composition
and diversity. Similar to the worldwide terrestrial communities, the semi-arid steppe of China is suffering
from global changes (Li et al. 2012). In this region, Stipa grandis community is the most normal, stable and
representative community, and it is very sensitive to environmental changes; and compared with S. grandis
,S. krylovii occupies dryer and more infertile habitats. The previous experiments demonstrated that the
lower tolerance of S. grandis to drought, disturbance and infertile soil condition might be the reason for the
replacement of S. grandis by S. krylovii (Chen et al. 2013). Recent study showed that soil conditioned by S.
grandis with high N treatment could increase S. krylovii ’s competition superiority and N-addition effect in
a low-density controlled experiment (Zhao et al. 2018). Therefore, exploring how the identities of neighbors
influenced the competition hierarchies of S. grandis and S. krylovii under different soil nutrition conditions
is very important for us to understand the mechanisms of community dynamics and predict community
processes.
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In this study, we conducted a microcosm experiment to explore how soil nutrition condition, neighbor species
influenced the intensity and importance of target species (S. grandis and S. krylovii ), how plantation
condition, species identity influenced nutrition-addition effect, and how the variation of the competitive
hierarchy altered with the change of soil nutrition when the target species were grown with different neighbors.
Especially, we conjectured that the factor of soil nutrition condition might not be the main driver that
influenced the intensity and importance of competition on S. grandis and S. krylovii . What’s more, we
hypothesized that S. krylovii would show a higher competitive hierarchy than S. grandis in the low fertility
condition. Such results would be very important for us to understand and predict the community dynamic
in the semi-arid steppe of China when facing environmental changes.

Material and methods

Study materials

In this study, four abundant species in the Inner Mongolia Steppe were used. S. grandis and S. krylovii were
used as the target species and as neighbor for each other. Both S. grandis andS. krylovii , two perennial
tussock grasses, are the two of the most widely distributed grasses and dominate the landscape of the vast
semi-arid area of the Inner Mongolia steppe, China. S. grandiswith a canopy height over 100cm is a superior
competitor for light and has lower tolerance to unfertile condition than S. krylovii , thusS. grandis occupies
relatively moist and fertile typical grassland while S. krylovii occupies dry and infertile habitats (Chen et
al. , 2013). The growth potential of S. kryloviishould be comparable to that of S. grandis because the
communities under seriously disturbance such as grazing, S. krylovii would co-dominate the communities
with S. grandis or even dominate the communities by replacing the dominance of S. grandis (Lu and Wu
1996).

Leymus chinensis and Agropyron cristatum were used as neighbor species in this study. L. chinensis can
be a dominant species in the meadow grasslands, and usually co-dominates the typical communities with
S. grandis or S. krylovii in the Inner Mongolia steppe, which indicated that the growth potential of L.
chinensis may be one of the highest in the Inner Mongolia Steppe and the tolerance to low nutrition of L.
chinensis should be comparable to that of S. krylovii (Zhu, 2004). A. cristatum is a companion species in
non-degraded S. grandiscommunity and a subdominant species in moderate-grazed S. grandisor S. krylovii
communities, suggesting that the growth potential and the tolerance to low nutrition of A. cristatum are
between those of S. grandis and S. krylovii (Xu et al. 2015).

In a S. grandis - S. krylovii community in the middle of Inner Mongolia Steppe (44°15’N, 116°23’E, 1132
m altitude), the seeds of the four species were obtained and 5 ˜20 cm soil was collected and homogenized
for the microcosm experiment. The soil was a Calcic luvisol (FAO-UNESCO), with the pH of 7.35. The soil
organic matter, availability of N and P were 15.6 mg/g, 0.17 mg/kg, 4.72 mg/kg, respectively.

Experimental design

We conducted a microcosm experiment with three-factor factorial design. The first factor was target species,
including S. grandis andS. krylovii . The second factor was soil nutrition condition with low nutrition
treatment (no nutrition addition) and high nutrition treatment (adding slow-release inorganic fertilizer twice).
The third factor was plantation condition, with S. grandis and S. kryloviigrown alone and in two-species
mixtures (each in mixture with L. chinensis and A. cristatum , respectively, and in S. grandis – S. krylovii
mixture system). The target species grown alone was used for calculating the intensity and importance of
competition. Therefore, the factor of neighbor species was viewed as the third factor when we analyzed
the effect on the intensity and importance of competition in order to avoid ambiguity with “plantation
condition”.

The seeds of each species, S. grandis , S. krylovii ,L. chinensis and A. cristatum, germinated in sterile
sand, then seedlings of similar sizes were transplanted into the pots on July 4, 2011. Each pot with 20-cm
depth and 10-cm diameter was filled with 1.5-kg soil. The high nutrition treatment was added 5g/pot slow-
release inorganic fertilizer (15% N, 9% P2O5, 9% K2O) at the beginning and the middle of the experiment.
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For the treatment of target species grown alone, only one seedling were planted in each microcosm, and
for the treatment of two-species mixture, one seedling per species was planted with the distance of 2 cm.
Each treatment was replicated six times, totaling 168 microcosms used in this experiment. The location of
each microcosm was randomly changed every week to avoid position effect. The experiment was carried out
in the experimental field at Nankai University, and lasted 19 weeks. During the experiment, weeds in the
microcosms were removed regularly, and shading, water stress, and light stress were avoided. At the end of
the experiment, the individuals in each microcosm were obtained by species, dried to a constant mass and
weighed. The root: shoot ratio which is a common response to the competition for soil nutrient and light
was calculated (Reynolds et al. 1993; Robinson et al, 2010).

Measurements of the intensity and importance of competition

To quantify the competition intensity, we calculated the target response to competition for each target species
using the natural-log transformed response ratio (ln RR) (Hedges et al. 1999):

Competition intensity = ln
Biomassmixture

Biomassalone

Where Biomassmixture is the biomass of the target species (S. grandis or S. krylovii ) grown in mixture with a
neighbor under the low (or high) soil nutrition treatment, andBiomassalone is the average biomass of the target
species (S. grandis or S. krylovii ) grown alone under the same soil nutrition treatment. The competition
intensity is the degree to which competition contributes to the overall decrease in growth potential of an
organism below its alone condition. Values of lnRR are symmetric around 0, so that a positive value indicates
a positive effect (competition facilitation) of the treatment on the target species and a negative value indicates
a negative effect (competition inhibition).

In addition, to quantify the importance of competition, we calculated the neighbor-effect importance with
additive symmetry (NImpA ) as recommended by Dı́az-Sierra et al. (2016):

NImpA = 2
Biomass

2MaxBiomassalone − Biomassalone + |Biomass|

Where Biomass is calculated asBiomassmixture−Biomassalone, indicating the total impact of neighbors, and
it is positive for facilitation and negative for inhibition. |Biomass| is its absolute value, and MaxBiomassalone
is the maximum of the biomass grown alone under both soil nutrition conditions. The importance of compe-
tition is the relative contribution of the presence of a neighbor among all processes (i.e. soil nutrition) that
affect the organism’s performances and population dynamics.

For each target species, we got its intensity and importance of competition within each soil nutrition condition
(2) and neighbor (3) cross-treatment, respectively.

Nutrition-addition measurements

Similar to the index of competition intensity, we quantified the nutrition-addition effect with LnRR:

Nutrition− addition effect = ln
Biomasshigh nutrition

Biomasslow nutrition

Where Biomasshigh nutrition is the biomass of the target species (S. grandis or S. krylovii ) grown under
high nutrition treatment, and Biomasslow nutritionis the average biomass of the target species (S. grandis orS.
krylovii ) grown under low nutrition treatment. The nutrition-addition effect was calculated within each
target species (2) and plantation condition (4) cross-treatment, respectively.

Statistical analyses

4
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All data met the assumption of normality and homogeneity of variance, and were analyzed by using SPSS
21.0 (IBM, Chicago, IL, USA).

General linear model - univariate analysis was performed to assess the effect of target species, soil nutrition
condition, and plantation condition on the biomass and root: shoot ratio, with all factors as fixed factors.
In addition, Duncan’s post hoc analysis was conducted to evaluate the differences of the mean value among
these treatments.

General linear model - univariate analysis was used to estimate how target species, soil nutrition condition,
and neighbor species influenced the intensity and importance of competition, with these factors as fixed
factors. Moreover, the magnitude of effects (ω 2) of individual factor or the interaction of two or three
factors were calculated by dividing each variance component to the total response variable (Graham et al.
2001). In addition, the directionality of the NImpA was assessed using one-sample t test, where a value
> 0 indicates a significant facilitation effect of the neighbor on the target species, suggesting the trend of
co-existence. While a value < 0 indicates a significant inhibition effect, suggesting the trend of competitive
exclusion. Furthermore, we estimated the difference ofNImpA on the same target species between high and
low nutrition treatments by independent sample t test.

In order to analyze the change of competitive hierarchy, the effects of target species, soil nutrition and their
interaction on the competition intensity were analyzed for each neighbor species by general linear model -
univariate analysis, with target species and soil N condition as fixed factors; and Duncan’s post hoc analysis
was conducted to evaluate the differences of the mean value among these four treatments. The significant
interaction between target species and soil nutrition condition would suggest the competition change between
S. grandisand S. krylovii .

The effect of target species, plantation condition on the nutrition-addition effect was estimated by general
linear model - univariate analysis, with target species and plantation condition as fixed factors. When
significant interaction effect of target species and plantation condition was found, a simple-effect analysis
was used to evaluate the differences among levels of one factor under a certain condition of another factor.
Moreover, the difference of the nutrition-addition with zero was assessed using one-sample ttest.

Results

Biomass and root: shoot ratio

The biomass was significantly (P < 0.05) influenced by the target species (T), soil nutrition condition (SNu),
plantation condition (Pc) and their interaction (Table 1). The biomass of S. krylovii grown in mixture with
S. grandis under high nutrition treatment showed the highest value (Fig. 1).

Only the factor of Pc significantly (P < 0.05) influenced the root: shoot ratio. The root: shoot ratio was
lower inS. grandis - S. krylovii mixture system than that grown alone or in mixture with L. chinensis , and
the value in mixture withA. cristatum showed no difference with that in any of the other three systems (Fig.
1).

Intensity and importance of competition

All factors significantly (P < 0.05) influenced the intensity of competition except the factor of soil nutrition
condition (SNu), and all factors significantly influenced the importance of competition except the interaction
of target species and soil nutrition condition (T × SNu). Magnitude of effects (ω2) of all factors explained
about 62% and 68% of the total variance in the intensity and importance of competition, respectively; and
the factor of neighbor species contributed the most portion to the total variance, with 29.448% for intensity
of competition and 31.591% for importance of competition (Table 2).

The competition intensity was not significantly influenced by the interaction of T × SNu in mixture with
L. chinensis and inS. grandis – S. krylovii mixture system. The competition inhibition enhanced in mixture
with L. chinensis while it reduced in S. grandis – S. krylovii mixture system with the increase of soil
nutrition, respectively (Fig. 2a, 2c). In mixture withA. cristatum , the competition intensity was significantly

5
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influenced by the interaction of T × SNu, with the reduction of competition inhibition on S. grandis and
the enhancement of competition inhibition on S. krylovii with the increase of soil nutrition (Fig. 2b).

The results of one sample t test showed that five out of 12NImpA were significantly (P < 0.01) negative;
and the other seven NImpA were not different with zero. The significantly negativeNImpA on S. grandis was
shown in mixture with L. chinensis under both soil nutrition treatments and in mixture with A. cristatum
under low nutrition treatment. The significantly negative NImpA on S. krylovii was shown in mixture with
L. chinensis or A. cristatum under high nutrition treatment (Fig. 3). In addition, theNImpA on S. grandis
in mixture withL. chinensis , and that on S. krylovii in mixture withL. chinensis or A. cristatum were more
negative under the high nutrition treatment than those under the low nutrition treatment, respectively.

Nutrition-addition effect

The values of nutrition-addition effect were higher than zero except the one on S. grandis in mixture with
L. chinensis . The nutrition-addition effect was significantly influenced by the effects of target species,
plantation condition and their interaction. RegardingS. grandis , the nutrition-addition effect was lower in
mixture with L. chinensis than grown in any of the other plantation conditions. As for S. krylovii , the
nutrition-addition effect was relatively lower in mixture with L. chinensis or A. cristatum than in any of the
other two conditions. Compared with the mean value of S. grandis in the same plantation conditions, the
nutrition-addition effect of S. krylovii was relatively lower in mixture with A. cristatum but was relatively
higher in any of the other three plantation conditions (Fig. 4).

Discussion

The present results showed the complexity of the competitors (targets and neighbors) in influencing the
outcomes of plant-plant interaction and supported that the biotic factors played an important role in influ-
encing intrinsic mechanism of plant-plant interaction. Firstly, the effects of neighbor species were significant
on the intensity and importance of competition, and the ω2 value of neighbor species was the highest among
all predictors, which explained 29.448% and 31.591% of the total variance in the intensity and importance
of competition, respectively (Table 2). Recently, more and more studies indicated the different neighbors
could show different effects on the nutrition availability by direct resource depletion or changes of the soil
microbial composition and activities as the indirect (Schofield et al. 2018; Suding et al. 2004; Zhang et
al. 2019). Similarly, the competition intensity of different target species neighbored by the same neighbor
was different from each other (Pérez-Ramos et al. 2019; Saccone et al. 2017). Secondly, only the factor of
plantation condition (grown alone or in mixtures with different neighbors) significantly influenced the root:
shoot ratio, which indicated that different neighbors resulted in different nutrition availability for target
species or influenced the nutrition absorption of the target species, independently of the soil nutrition con-
ditions (Uddin et al. 2020; Zhang et al. 2008). Therefore, in the present study, we found several mechanisms
potentially contribute to these differential neighbor effects on different target species, as mentioned by other
researchers (Bertness and Callaway 1994; Grime, 1977; Grime, 1979; Suding and Goldberg 2001).

First, when S. grandis or S. krylovii was grown in mixture with L. chinensis , the intensity and importance of
competition inhibition increased with the addition of soil nutrition, supporting “stress gradient hypothesis”
and Grime’s theory (Bertness and Callawa 1994; Grime, 1977). In addition, the importance of competition
was significantly negative on S. grandis under both soil nutrition treatments and on S. krylovii under high
soil nutrition treatment, which suggested that the competition effects of the neighbor played an important
role in affecting the performances of target species (Dı́az-Sierra et al. 2016). In addition, the importance
of competition was not significant on S. krylovii under the low soil nutrition treatment, suggesting that
the ability of species to tolerate low resource availability could influence the importance of competition,
like the results found in other researches (Delerue et al. 2018; Gaucherand et al. 2006). What is more, in
mixture with L. chinensis , the relatively higher root: shoot ratio indicated that resource competition is main
dominant driver, and the nutrition-addition effect was lowest for each target species among all plantation
conditions and was non-significant on S. grandis (Fig. 4). That is to say, L. chinensis could inhibit the
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resource availability and increase the competitive inhibition on its competitors, which was consistent with
the finding in the PSF experiment (Zhao et al. 2018). All these results demonstrated that as a dominant
species, L. chinensis could impact resources to benefit itself or to inhibit other species. Similar performance
that a plant species captures a large percentage of limiting resource in a given area and reduces that resource
for other species growing nearby have been reported in many researches (Groves et al. 2003; Parker et al.
2019).

Second, when S. grandis and S. krylovii were grown together, the competition inhibition decreased with the
increasing soil nutrition but it was influenced by the interaction between target species and soil nutrition
condition (Fig. 2), supporting the theory of competitive reduction. In this case, high nutrition treatment
could modify species associations simply but not change the community composition (Suding and Goldberg
2001). A research has indicated that light competition was the main driver in the stable or restoration
community of S. grandis where community height and canopy density were high enough (Li et al. 2017).
The lowest value of root: shoot ratio was found in S. grandis - S. krylovii mixture system (Fig. 1B),
which indicated that the resource allocation model was in favor of aerial competition such as light and space
according to the balanced growth hypothesis (Davidson, 1969). However, in this study, the resource of light
or space was not limited because only two seedlings were grown in one microcosm. All these facts confirmed
the results that the importance of competition was not significant on each target species inS. grandis - S.
krylovii mixture system. That is to say, the relative contribution of competition among all processes could
be ignored in affecting the individuals’ performances and population dynamics of S. grandis and S. krylovii
(Diaz-Sierra et al. 2016).

The biomass of S. krylovii was higher than that of S. krylovii under the high nutrition treatment when
each species was grown alone, indicated that the growth potential of S. krylovii was comparable to or even
greater than that of S. grandis . This could explain the reason that S. krylovii appears in the disturbance
region of S. grandis communities, supporting that the gap of light niches is very important for S. krylovii
and proving that recognizing the nature of competition mechanisms (here is competition reduction) is very
important for ecologists to understand and explain the community dynamics (Suding, 2001). Such results
also suggested thatS. krylovii was an inferior competitor for light or space but not for nutrition in the stable
S. grandis communities and resulted in competition exclusion gradually in the closed canopy communities
because the individuals of S. krylovii were suppressed and shaded by taller canopy species such as S. grandis
. In addition, the biomass of S. krylovii was highest under the high nutrition treatment in S. grandis -
S. krylovii mixture system (Fig. 1a), which supported that the presence of S. grandis could facilitate the
growth of S. krylovii and enhance the nutrition-addition effect of S. krylovii (Zhao et al. 2018).

Third, when each target species was grown in mixture with A. cristatum , the competition inhibition on S.
grandis decreased and that on S. krylovii increased, and the relative competitive hierarchies of S. grandis and
S. krylovii changed with the change of soil nutrition condition, which supported the theory of competitive
change (Suding and Goldberg 2001). In this case, the change of soil nutrition condition could not only modify
species associations but also change the community composition (Suding and Goldberg 2001). Such species-
specific responses and shifts in competitive priority along environmental gradients caused by the significant
differences among species in their growth potentials and their tolerance under a particular condition (Hartley
et al. 2005). For example, Suding et al. (2004) showed that the inhibitory effects associated withAcomastylis
rossii were offset to a greater degree than those associated with Deschampsia caespitosa when N supply rates
were enhanced through repeated N additions. Our findings indicated that the intensity and importance of
competition inhibition of A. cristatum on S. krylovii increased significantly with the increase of soil nutrition
might be caused by the significantly lower nutrition-addition effect on S. krylovii in mixture with A. cristatum
than in any of the other plantation conditions or than that on S. grandis (Fig.4). In a plant-soil feedback
experiment,S. krylovii grown in the soil conditioned by A. cristatumshowed the lower N-addition effect
than that in the soil conditioned byS. grandis (Zhao et al. 2018). Thus, both the legacy effects and the
immediate effects of plant species could strongly influence plants’ performance and nutrition availability by a
similar pattern, suggesting that the outcomes of plant-plant interaction might be mediated by soil microbial
community or by the combination of resource depletion and soil microbial community (Larios et al. 2015).
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Our findings supported that the intensity and importance of competition and their variations along soil
nutrition conditions were species dependent and proved that plant-plant interactions can have significant
ecological and evolutionary influences on the niches of species (Strauss, 2014). Although some studies have
indicated that the abiotic soil condition but not neighbors played more important roles in influencing the
competitive hierarchy (Suding, 2001), more and more studies including ours supported the significant effects
of neighbors and the interaction between abiotic soil condition and neighbor species on the competitive
hierarchy (Fynn et al. 2005; Van den Berge et al. 2014). In this study, we also confirmed that the growth
potential ofS. krylovii is not lower than that of S. grandis , thus, higher tolerance to unfertile condition and
lower tolerance to reduced canopy openness (light) of S. krylovii determined its distribution. The resource
conditions of light or space and soil nutrient could be influenced by biotic factors such as neighbors or abiotic
factors such as disturbance or N deposition, which makes all possible two-species equilibria unstable in the
face of the global changes.
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Table 1: Results of general linear model for the biomass and root: shoot ratio

Source df Biomass Biomass Biomass Root: shoot ratio Root: shoot ratio Root: shoot ratio

Sum of squares F P -value Sum of squares F P -value
Target species (T) 1 0.251 20.726 < 0.001 0.08 1.27 0.263
Soil nutrition condition (SNu) 1 0.961 79.311 < 0.001 0.06 1.01 0.317
Plantation condition (Pc) 3 0.212 17.503 < 0.001 0.59 3.28 0.025
T × SNu 1 0.195 16.126 < 0.001 0.36 2.00 0.121
T × Pc 3 0.047 3.883 0.012 0.00 0.02 0.901
SNu × Pc 3 0.117 9.664 < 0.001 0.34 1.88 0.140
T×SNu×Pc 3 0.055 4.536 0.005 0.13 0.74 0.533
Error 80 0.969 4.822

Table 2: Results of general linear model for the intensity and importance and the magnitude of effects (ω2)
explained by each unique factor

Source df Intensity of competition, LnRR Intensity of competition, LnRR Intensity of competition, LnRR Importance of competition, NImpA Importance of competition, NImpA Importance of competition, NImpA

F P -value Magnitude of effects (ω2) (%) F P -value Magnitude of effects (ω2) (%)
Target species (T) 1 14.49 < 0.001 9.180 15.82 0.000 8.527
Soil nutrition condition (SNu) 1 3.68 0.06 2.329 7.47 0.008 4.020
Neighbor species (Nr) 2 23.24 < 0.001 29.448 29.32 < 0.001 31.591
T × SNu 1 6.38 0.014 4.042 3.07 0.085 1.650
T × Nr 2 3.63 0.033 4.595 3.26 0.045 3.512
SNu × Nr 2 9.85 < 0.001 12.480 17.16 < 0.001 18.472
T × SNu × Nr 2 3.97 0.024 5.037 4.89 0.011 5.269
Error 60 38.022 32.311

Figure legends

Fig. 1: Total biomasses (a) and root: shoot ratio (b) ofStipa grandis and S. krylovii under different
conditions. Non-significant difference is shown by the same English letter.

Fig. 2: Results of analysis of variance on competitive intensity on S. grandis and S. krylovii both under
the high and low nutrition treatments in each plantation condition. (a) in mixture with L. chinensis , (b)
in mixture with A. cristatum and (c) in S. grandis – S. krylovii mixture system. Non-significant difference
among the average values of the competition intensity in the same box is indicated by the same English
letter.

Fig. 3: The importance of competition (NImpA ) on S. grandis andS. krylovii under different conditions.
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Significant differences with 0 are indicated by asterisks (**P <0.01; ***P<0.001) and non-significant differ-
ences are indicated by ‘ns’. The significantly negative NImpA under the high nutrition treatment than that
under the low nutrition treatment is shown by —.

Fig. 4: Effects of target species and plantation condition on the nutrition-addition effect. Significant
differences between the average value of S. grandisand S. krylovii are indicated by asterisks (**P <0.01;
***P <0.001). Non-significant differences among plantation conditions for the same target species are
indicated by the same English letters. All average values are significantly higher than zero except the one
with ‘ns’.

Fig. 1: Total biomasses (a) and root: shoot ratio (b) ofStipa grandis and S. krylovii under different
conditions. Non-significant difference is shown by the same English letter.

Fig. 2: Results of analysis of variance on competitive intensity on S. grandis and S. krylovii both under
the high and low nutrition treatments in each plantation condition. (A) in mixture with L. chinensis , (B)
in mixture with A. cristatum and (C) in S. grandis – S. krylovii mixture system. Non-significant difference
among the average values of the competition intensity in the same box is indicated by the same English
letter.
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Fig. 3: The importance of competition (NImpA ) on S. grandis and S. krylovii under different conditions.
Significant differences with 0 are indicated by asterisks (**P <0.01; ***P<0.001) and non-significant differ-
ences are indicated by ‘ns’. The significantly negative NImpA under the high nutrition treatment than that
under the low nutrition treatment is shown by —.

Fig. 4: Effects of target species and plantation condition on the nutrition-addition effect. Significant
differences between the average value of S. grandis and S. krylovii are indicated by asterisks (**P <0.01;
***P <0.001). Non-significant differences among plantation conditions for the same target species are
indicated by the same English letters. All average values are significantly higher than zero except the one
with ‘ns’.
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