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Abstract
Light asymmetry, with a higher light acquisition per unit biomass for larger plants, has been proposed as a major mechanism of species loss after nitrogen addition. However, solid evidence for this has been scarce. We measured the allometric size-height relationships of 25 plant species along a nitrogen addition gradient manipulated annually for eight years in a speciose alpine meadow and found that the rare species advantage of light acquisition (i.e., low height scaling exponent) in natural conditions disappeared after nitrogen addition. Those species failing to lower their height scaling exponents decreased in relative abundance after nitrogen addition, thereby decreasing the community weighted mean and dispersion of the height scaling exponent and ultimately the species richness. Our results provided some unique evidence for light asymmetry induced species loss after nitrogen addition and a new insight from the perspective of allometric growth to explain biodiversity maintenance in the face of global changes. 
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INTRODUCTION
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK21][bookmark: OLE_LINK22]Species loss caused by nitrogen addition in grassland is ubiquitous worldwide (Clark et al. 2007; Clark & Tilman 2008; Borer et al. 2014). Size-asymmetric light competition (hereafter ‘light asymmetry’), with a higher light acquisition per unit biomass for larger plants, has been proposed as a main cause of species loss after nitrogen addition. It is hypothesized that nitrogen addition in grassland shifts plant competition from predominant symmetric competition for belowground resources to asymmetric competition for light resources, which enhances competitive exclusion caused by the pre-emptive competition advantage of higher or faster-growing species for limited light resources, leading to a reduction in species richness ultimately (Schwinning & Weiner 1998; Hautier et al. 2009; Lamb et al. 2009; Borer et al. 2014; DeMalach et al. 2017; Hautier et al. 2018). 
Although this mechanism was realized half a century ago (Newman 1973), it was not until recently that convincing experimental tests were performed to verify the presence of asymmetric light competition and its consequences on species diversity under fertilization (Hautier et al. 2009; DeMalach et al. 2017). By delicately conducting a glasshouse experiment that combined an addition of fertilizer and supplementary light, Hautier et al. (2009) showed that the biodiversity loss caused by eutrophication could be prevented by the addition of light to the grassland understory. More recently, DeMalach et al. (2017) directly quantified the asymmetry of light competition by combining grass removal and fertilization treatment in two types of habitats and demonstrated that light asymmetry was the main mechanism underlying the negative effect of nutrient enrichment on species richness. However, these methods are experimentally restricted and whether light asymmetry could account for species loss under nitrogen addition in other natural plant communities remains unclear. 
Allometric scaling laws (West et al. 1999; Brown et al. 2004) may provide another implementable approach to test whether light asymmetry exists and whether it has possible influences on species biodiversity and community composition under fertilization. Allometric scaling laws predict that size-related traits of vascular plants can be expressed as the allometric (usually “quarter-law”) function: , where Y is a trait of concern (e.g., plant height),  is a normalization constant, M is plant size that is usually measured as biomass, and b is the scaling exponent determined by the geometric and hydrodynamic characters of vascular network systems maximizing resource uptake and minimizing transportation investment (West et al. 1999). For example, tree height usually scales as 1/4 to tree size (i.e., b = 1/4) (West et al. 1999), while the height scaling exponents for non-woody species are expected to be larger than 1/4 because they are less limited by gravity compared with larger plants (Enquist et al. 2007a). The negative allometric growth of plant height (0 < b < 1) indicates that the height growth rate decreases as size increases, while the isometric growth of plant height (b = 1) means that the height growth rate is constant with size (Fig. S1). Negative height allometric growth can confer a selective size-specific advantage to smaller plants, allowing smaller plants to grow taller (size-specific) to reach light resources in short temporal windows (Enquist et al. 2007b). Therefore, size-based height allometric growth may change the outcome of competition and coexistence and, ultimately, the properties of populations, communities, ecosystems and trophic dynamics (Brown et al. 2004).
However, allometric relationships have been proved to be phenotypically plastic, and adaptive strategies along environment gradients can render the scaling exponent deviate from the ideal allometric value (Brown et al. 2004; Jenkins & Pierce 2017; Vasseur et al. 2018). For example, plants tend to grow taller at a given size under a stronger asymmetric light competition (Lines et al. 2012). Therefore, changes in the height scaling exponents may reflect the variations in the intensity of light competition in response to environmental changes. A reduction in the height scaling exponent (i.e. an increase in allometric growth) can transfer to a higher height at the same plant size before the intersection (i.e., the threshold of 1-unit height) and thus offer an advantage to small individuals in the presence of light competition (Fig. S1). According to the leaf economics spectrum, high SLA and Hmax, thus low Lth and LDMC because of SLA ≈ 1 / (Lth × LDMC)) (Pérez-Harguindeguy et al. 2013), represent a strategy of fast resource acquisition and slow resource conservation, i.e. a fast growth rate with a short life span (Wright et al. 2004; Reich 2014). Thus, we infer that the reduction in the height scaling exponent can be corresponded with high SLA and Hmax,, and low Lth and LDMC.
[bookmark: OLE_LINK18][bookmark: OLE_LINK17][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK39][bookmark: OLE_LINK44]Obviously, both the light asymmetry hypothesis and allometric scaling laws are size-based ecological theories and can be linked to community ecology (Newman 1973; Brown et al. 2004). According to the light asymmetry hypothesis, fertilization is beneficial to the persistence of taller species (Lepš 1999; Suding et al. 2005; Vojtech et al. 2007; DeMalach et al. 2017), by which lower height scaling exponents would be selected according to the allometric scaling laws. Therefore, we can expect that, in the presence of light asymmetry competition, a positive relationship between the species-specific height scaling exponent and relative abundance could result in a rare species advantage and thus facilitate the maintenance of plant diversity. In contrast, species richness will decrease if the species-specific height scaling exponent is negatively or insignificantly related with the relative abundance. We can also expect that, if nitrogen addition shifts plant competition from predominant symmetric competition for belowground resources to asymmetric competition for light resources, species that can successfully lower their height scaling exponents would gain an advantage in light acquisition and increase in abundance, while those species fail to do so may decrease in abundance or even go extinct, thereby decreasing the community weighted mean (CWM) and functional dispersion (FDis) of the height scaling exponent under nitrogen addition. 
Despite of being released from competition for soil resources, size-asymmetric light competition among plants, and thus CWM and FDis of the height scaling exponent and species richness, may also be affected by changes in the total cover after nitrogen addition (DeMalach et al. 2017). In addition to light asymmetry, the changes in soil properties can also affect the biodiversity under nitrogen addition. For example, soil acidification can reduce biodiversity after nitrogen addition via the release of phytotoxic metal ions (Roem et al. 2002; Crawley et al. 2005; Tian et al. 2016). Soil acidification can also reduce microbial growth and biomass (Treseder 2008). Therefore, we hypothesis that nitrogen addition decreases species richness through altering CWM and FDis of the height scaling exponent, total cover, and/or soil properties (Fig. S2).
To test these hypotheses, we performed an 8-year nitrogen addition experiment in a speciose alpine meadow on the Qinghai-Tibetan Plateau. We measured the allometric size-height relationships of 25 most common plant species and calculated CWM and FDis of the height scaling exponent along a nitrogen addition gradient. CWM is largely related to the trait value of the dominant species, while FDis measures the functional trait dissimilarity or dispersion among all the species in a community (Laliberte & Legendre 2010). Particularly, we aimed at testing the following hypothesis: i) nitrogen addition reduces species richness but enhances plant total cover; ii) nitrogen addition significantly affects the soil properties; iii) species-specific height scaling exponent decreases with nitrogen addition, and species with less reductions in specific height scaling exponents decrease in abundance under nitrogen addition and vice versa, resulting in decreased CWM and FDis of the height scaling exponent; iv) nitrogen addition reduces species richness through altering CWM and FDis of the height scaling exponent, total cover, and/or soil properties. 

METHODS
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Study site
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Our experiment was established at the Research Station of Alpine Meadow and Wetland Ecosystems, Lanzhou University, located in the eastern Qinghai-Tibetan Plateau, Gansu Province, China (101°52′ E, 33°40′ N; 3 500 m a.s.l.). The mean annual temperature is 1.2 ℃, with a highest 11.7 °C in July and lowest -10.7°C in January (Liu et al. 2015). The mean annual precipitation is 620 mm, 85% of which occurs during the growing season from May to September (Liu et al. 2017). The vegetation is a typical alpine meadow, dominated by perennial herbaceous species of Poaceae, Ranunculaceae, Asteraceae and Gentianaceae. Although plant growth is usually limited by nitrogen availability (Ma et al. 2019; Zhang et al. 2020), the alpine meadow has a high species richness of more than 30 within a 50 × 50 cm area. A full description of the species composition and phylogenetic structure in this site can be found in Liu et al. (2015). The soil is classified as Cambosols in the Chinese Soil Taxonomy (Shi et al., 2006), with an average depth of 80 cm (Liu et al. 2015). 

Experiment design
[bookmark: OLE_LINK45][bookmark: OLE_LINK46]We conducted our nitrogen addition experiment in a 100 × 200 m area that had been fenced since 2009, with a grazing permission (mainly yak) only in winter (Liu et al. 2016). In June 2011, forty-eight 5 × 5 m plots were regularly arranged in the fenced area, with 1 m apart from adjacent edges. These plots were randomly assigned to four levels (12 replicates) of NH4NO3 addition: 0 (control), 5, 10, 15 g N m-2 yr-1 (hereafter ‘g m-2’). Of them, one half were warmed using open-top chambers of 1.5 m2 basal area at the center of the plots, which were excluded in this study. The nitrogen addition experiment had been manipulated annually since 2011.

Data collection
[bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK51][bookmark: OLE_LINK52][bookmark: OLE_LINK49][bookmark: OLE_LINK50]Field sampling and survey were conducted at the peak of the growing season in August, 2018. In each plot, species cover data (%) were recorded in the permanent 50 × 50 cm subplot at the center of each plot. For species richness and biomass, we randomly arranged a 50 × 50 cm subplot in each plot at least 50 cm away from the permanent subplot and plot edges, and harvested the aboveground parts of each species, which were then weighed as the species aboveground biomass after being dried for 72 hours at 65 ℃. To measure the species traits and calculate the height scaling exponent of each species at each nitrogen addition level, we randomly selected up to 10 individuals for each of the 25 plant species (Table S1) in each plot. We measured the maximum height (Hmax, cm) of each selected individual and then cut the aboveground part and stored it in a cooler box. We selected up to 3 leaves of each individual to measure the leaf area (LA, mm2, using the LA-S Leaf Area Analysis software, WSeen Detection Technology Co. Ltd., Hangzhou, China) and leaf thickness (Lth, mm, using a digital thickness gauge, Aipu Metering Instrument Co. Ltd., Quzhou, China) within 24 hours, and then dried the leaves at 65℃ to constant mass and weighed to 0.0001g to calculate specific leaf area (SLA, m2 kg-1). The aboveground mass (g) of each individual was weighed after drying for 72 hours at 65 ℃. 
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]We collected eight soil cores (5 cm in diameter and 10 cm in depth) randomly in each plot in August, 2018 to measure soil physiochemical properties. Soil pH was measured by a pH meter form slurry with 10 g dry soil in 25 ml deionized water. Soil moisture was measured as the percent change in fresh soil mass after drying at 105℃ to constant mass. Total carbon (TC) and total nitrogen (TN) were measured by an element analyzer (Elementar Vario EL III, Hanau, Germany). Soil total phosphorus (TP) and available phosphorus (AP) were measured by the molybdate-blue colorimetric method (Mehlich 1984). Ammonium nitrogen (NH4+-N) was measured by the indophenol blue colorimetric method (Dorich & Nelson 1983), and nitrate nitrogen (NO3－-N) was measured by the salicylate colorimetric method (Yang et al. 1998). Microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) were measured using the chloroform fumigation-direct extraction method (Vance et al. 1987).

Quantifying the height scaling exponent 
The species-specific height scaling exponent in the size-height (size was measured as aboveground mass) relationship was calculated with the most commonly used allometric equation for each of the 25 species as below (West et al. 1999): 

[bookmark: OLE_LINK27][bookmark: OLE_LINK28]where Y is plant height,  is a normalization constant, M is the plant size, and b is the height scaling exponent. We estimated the height scaling exponent (b) of each species with up to 60 individuals available under each treatment (up to 10 individuals from each plot) using standard major axis (SMA) regression with sma function and robust = T in smatr package (Warton et al. 2012). Species of less than 10 individuals available at the treatment-level were not considered for estimation of the height scaling exponent because of the uncertainty of accuracy. 
We then calculated CWM and FDis of the height scaling exponent weighted by the percent cover for each plot, using function dbFD in FD package (Laliberte & Legendre 2010). CWM of the height scaling exponent was calculated as (Garnier et al. 2004): 

where  is the percent cover of species i, the height scaling exponent of species i, and S is the total number of species with the height scaling exponent available in a plot. FDis of the height scaling exponent was calculated as: 
FDis
where  is the percent cover of species i, the distance between  and the weighted centroid (c) of species i, and S is the total number of focused species. Here, the weighted centroid c equals CWM because only one “trait” (i.e., the height scaling exponent) was considered.

[bookmark: OLE_LINK40][bookmark: OLE_LINK41]Statistical analysis
Linear models were used to test the effects of nitrogen addition on species richness, total cover (the sum of percent cover of all the species), community biomass and soil properties, including pH, moisture, TC, TN, TP, AP, carbon to nitrogen ratio (C : N ratio), NH4+-N, NO3－-N, MBC and MBN, respectively, using lm function. Outliers were identified using outlierTest function in car package (Fox et al. 2019). We performed principal component analysis (PCA) on soil properties and extracted the first principal component (soil PC1) using rda function in vegan package (Oksanen et al. 2019) to represent soil properties for subsequent analyses. The Pearson’s correlation was used to test the relationship between each soil property index and soil PC1.
[bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK15][bookmark: OLE_LINK20]To assess the effect of nitrogen addition on the species-specific height scaling exponent, a linear mixed-effects model (LMM) was constructed with species treated as a random effect using lmer function in lme4 package (Bates et al. 2015). Ther.squaredGLMM function in MuMIn package was applied to get marginal (R2M) and conditional R2 (R2C) of LMM (Nakagawa & Schielzeth 2013). To test the relationship between the species height scaling exponent and its relative abundance at each nitrogen addition level, we constructed linear models using the lm function. Relative abundance (RA) was estimated by log-10 transformed relative biomass (% biomass of the total biomass of the 25 species in a certain plot, added by 0.01 for successful log-10 transformation), because the number of individuals was difficult to precisely estimate due to the large number of tufted grasses. We then used species’ log response ratios (LRR) (Hedges et al. 1999) to quantify the species-specific response of the height scaling exponent or the log-10 transformed RB (added by 2.1 for successful calculation of LRR) to nitrogen addition:

where  is the value (species-specific height scaling exponent or RB ) in a nitrogen addition plot,  is the average value over the 6 control plots (0 g m-2). We further used linear models to test the relationship between the LRR of the height scaling exponent and the LRR of RB at each nitrogen addition level. The effects of nitrogen addition on CWM and FDis of the height scaling exponent were tested by linear models using lm function, respectively.  
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Model selection was performed to find the predictive variables that significantly affected the species-specific height scaling exponent. The predictive variables in the full model included nitrogen addition (N) and plot-level species traits (i.e., SLA, Lth, Hmax and LDMC). The responsive variable (species-specific height scaling exponent) and predictive variables except N were log-10 transformed for normalization. To avoid model overfitting due to highly correlated variables, we checked Pearson’s correlation coefficients between the variables, and found that no correlation coefficient was greater than 0.7 (Fig. S3). Input variables for the full model were standardized using standardize function in arm package (Gelman 2008). Then, we used dredge function in MuMIn package to get a subset of models from the full model ranked by the Akaike information criterion corrected for small sample sizes (AICc), and to obtain the log likelihood (logLik), the difference in AICc of the given model from the minimum-AICc model (△AICc), and AICc weights (wi) for each model (Grueber et al. 2011). The △AICc (3.612) of the second-ranked model was greater than 2 (Table S2). We calculated the effect size of each predictive variable as the the standardised coefficients of the top model with the minimum AICc (Table S2). 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK29][bookmark: OLE_LINK32]To assess the causal relationships between nitrogen addition and species richness that was mediated by aboveground light competition and thus the community level diversity in the height scaling exponents (CWM and FDis), total cover, and/or soil properties, we constructed structural an equation model (SEM) using psem function in piecewiseSEM package (Lefcheck 2016) based on a list of linear models according to our hypothesized mechanisms (Fig. S2). One outlier due to the total cover detected using outlierTest function was excluded in the analysis. Soil properties were represented by soil PC1. We checked the conditional independence claims of the initial SEM with Shipley’s test of directed separation (Shipley 2000) and found P > 0.05 for all the potential (not considered) paths (i.e., no missing paths). The initial SEM met the model fit statistics (Fisher's C = 10.292, P = 0.415, df = 10, AIC = 50.292). We extracted the standardized path coefficients and corresponding significance (P value) and then simplified the initial SEM by removing the non-significant pathway (Fig. S4). We checked potential paths (no missing paths) and calculated the model fit statistics (Fisher's C = 21.412, P = 0.163, df = 16, AIC = 55.412) again. We took the initial SEM as the best fitting model because of its lower AIC value (AIC = 50.292) compared with the AIC value (AIC = 55.412) of the simplified SEM.

RESULTS
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Species richness significantly decreased (P < 0.001, R2 = 0.551, Fig. S5a) while total cover significantly increased with nitrogen addition (P = 0.047, R2 = 0.335, Fig. S5c). However, total biomass did not change significantly with nitrogen addition (P = 0.483, R2 = 0.067, Fig. S5b). 
For soil properties, the linear models showed that soil pH, soil moisture, C : N ratio, NH4+-N, MBC and MBN decreased significantly with nitrogen addition (Fig. S6a, b, e, h, j, and k) while NO3－-N increased significantly (Fig. S6i). TC, TN, TP and AP did not show significant change with nitrogen addition (Fig. S6c, d, f, g). PC1 of soil properties accounted for 46.9% of the total variance (Fig. S7). PC1 was significantly positively correlated with NO3－-N , and significantly negatively correlated with pH, moisture, TC, TN, TP, C : N ratio, MBC and MBN respectively (Table S3, Fig. S7).
The height scaling exponent decreased significantly with nitrogen addition (P = 0.017, R2C = 0.670, R2M = 0.044, Fig. 1). That is, plant height exhibited more negative allometric growth in fertilized habitats. In the control plots, the height scaling exponent was significantly positively correlated with the species relative abundance (measured as relative biomass) (Fig. 2a), indicating a rare species advantage of the allometric height growth (a higher height at the same size) that could promote species coexistence. However, such a rare species advantage disappeared after nitrogen addition (Fig. 2b, c, d). Under medium intensities of nitrogen addition (5 and 10 g m-2), species that increased in relative abundance were those able to lower their height scaling exponents (Fig. 3a, b), while this trend disappeared with a nitrogen addition of 15 g m-2 (Fig. 3c). Therefore, CWM of the height scaling exponent decreased with nitrogen addition (P < 0.001, R2 = 0.531, Fig. 4a), indicating that species dominating in a high intensity of nitrogen addition plots were those capable of exhibiting lower height scaling exponents. Moreover, FDis of the scaling exponent also decreased with nitrogen addition (P = 0.002, R2 = 0.350, Fig. 4b), indicating that species coexisted after nitrogen addition converged towards lower height scaling exponents. 
The top model results showed that the species-specific height scaling exponent was negatively correlated with Hmax (-0.237 ± 0.084) and SLA (-0.169 ± 0.116), while it was positively correlated with LDMC (0.175 ± 0.100) and Lth (0.130 ± 0.108) under nitrogen addition (Fig. 5). 
[bookmark: OLE_LINK33][bookmark: OLE_LINK34]The best fitting SEM revealed that nitrogen addition could significantly reduce species richness by altering both CWM and FDis of the height scaling exponent and soil properties (Fig. 6). All the variables selected in the model explained 75% of the variance in species richness (Fig. 6). The effects of CWM (standardized path coefficient β = 0.490, P = 0.004), FDis (β = 0.328, P = 0.021), and soil PC1 (β = -0.454, P = 0.002) on species richness were comparable (Fig. 6). Although total cover significantly increased with nitrogen addition, it had no significant effect on species richness. There was also no significant indirect influence of nitrogen addition on CWM and FDis of the height scaling exponent mediated by changes in total cover.

DISCUSSION
Nitrogen enrichment due to anthropogenic activities are becoming a worldwide problem threatening ecosystem biodiversity and functions (Suding et al. 2005; Rockstrom et al. 2009; Harpole et al. 2016; Yang et al. 2017a). It has long been proposed that nitrogen addition would decrease grassland biodiversity by enhancing aboveground competition for light resources (Newman 1973; Hautier et al. 2009; DeMalach et al. 2017). However, direct evidence for the importance of light asymmetry in regulating biodiversity is scare and difficult to obtain (Hautier et al. 2009; DeMalach et al. 2017). In this study, we illustrated that enhanced light asymmetry caused by nitrogen addition resulted in competitive exclusion of those species that were unable to lower their height scaling exponents, thereby ultimately decreasing species richness.
Consistent with previous studies, nitrogen addition increased aboveground competition intensity for light among coexisting plants (Hautier et al. 2009; Lamb et al. 2009). Different from the symmetric competition for soil nutrients, light competition is pre-emptive and size asymmetric (Weiner 1990; Schwinning & Weiner 1998). Larger plants have disproportionate superiority in light acquisition which might lead to size-based adaptive diversification. In this case, as was expected, we found that the species-specific height scaling exponent decreased with nitrogen addition, suggesting the presence of an enhanced intensity of light asymmetry. Reduced height scaling exponents could enable a plant to achieve a higher height at the same size, thus providing more access to light resources. In the presence of light asymmetry, species that could adjust their height scaling exponents towards lower values succeeded in the light competition and increased in relative abundance, while those that failed to do so decreased in abundance or even went extinct, thereby decreasing CWM and FDis of the height scaling exponent and species richness. All these changes related to the height scaling exponent after nitrogen addition could not be attributed to a symmetric competition such as belowground competition for nutrients. Furthermore, although total cover significantly increased with nitrogen addition, it did not significantly affect CWM and FDis of the height scaling exponent. This might be because the plant communities in our study site were already very diverse and dense in natural conditions, thus the increase in total cover after nitrogen addition did not significantly enhance the intensity of light competition. Therefore, we concluded that the intensity of light competition after nitrogen addition was intensified directly after making unnecessary the competition for belowground resources.
Consistent with the light asymmetry hypothesis, the plant communities under fertilization tended to be composed of higher species (Tilman 1987; Lepš 1999). We found that the height scaling exponents were negatively correlated with SLA and Hmax, and positively correlated with Lth and LDMC (Fig. 5), which is consistent with a previous study reporting that high scaling exponents of growth rate of Arabidopsis thaliana could be linked to fast growth and a short life span (Vasseur et al. 2018). Therefore, according to the leaf economics spectrum (Wright et al. 2004; Reich 2014), a lower height-scaling exponent could be linked to a strategy of fast resource acquisition and a fast growth rate. 
Allometric growth, or in a broader sense the metabolic scaling theory, has been applied to reveal population or community ecological phenomena together with other ecological processes in both plants and animals, such as density (Cohen et al. 2012; Deng et al. 2012; Lagrue et al. 2015; Stephens et al. 2019), seed mass or offspring size (Niu et al. 2009; Pettersen et al. 2019), and biomass allocation (Poorter et al. 2015; Trugman et al. 2018). For example, the metabolic scaling theory combining a life-history predicted that larger offspring were produced in warmer than colder conditions (Pettersen et al. 2019). In a recent study, allometric growth under asymmetric light competition accounted for the seed mass variation (DeMalach et al. 2019). Other allometric relationships, such as the allometric relationship of density (Brown et al. 2004), reproductive biomass (Niu et al. 2009) and growth rate (Brown et al. 2004; Enquist et al. 2007b) with size, can also provide a similar size-specific advantage for small plants. 
In this study, we showed that the shifts in the species-specific height scaling exponent with nitrogen addition could significantly affect the diversity and composition of a plant community. In the control plots, plants formed an allometrically ideal pattern by stabilizing the selection induced by maximizing the resource exchange area and minimizing the transport investments (West et al. 1999; Enquist et al. 2007b). In this case, the positive relationship between the species-specific height scaling exponent and species relative abundance could facilitate the height growth of relatively rare species compared with those common ones at similar sizes, which conferred on the rare species an advantage in light competition. Rare species advantage contributed to a stable coexistence as stabilizing niche differences (Adler et al. 2007; HilleRisLambers et al. 2012). In other words, allometric height growth was a stabilizing mechanism in a natural alpine meadow. However, after nitrogen addition, light became a congested resource (Hautier et al. 2009). Hence, plants might seek a new allometric growth pattern to meet an increased intensity of light competition. The disproportionate shifts in the height scaling exponents among species destroyed this rare species advantage after nitrogen addition. In contrast, the decrease in the species’ height scaling exponent was positively related to the increase in relative abundance, indicating that the allometric height growth enlarged the fitness difference among species and hence enhanced competitive exclusion (Chesson 2000; HilleRisLambers et al. 2012). The corresponding SEM results further verified our hypothesis at the community level that nitrogen addition could reduce species richness through decreasing CWM and FDis of the height scaling exponent. 
[bookmark: OLE_LINK37][bookmark: OLE_LINK38]In addition to light asymmetry, we also found that the increase in soil PC1 after nitrogen addition (including reductions in pH, moisture, TC, TN, TP, C : N ratio, MBC and MBN, and the increase in NO3－-N) could also cause species loss. The contribution of soil properties on species loss might be induced by the soil acidification (Crawley et al. 2005) and the reduction of the ‘niche dimensionality’ (Harpole et al. 2016). However, after considering the contribution of soil properties to species loss based on the SEM results, the allometry of plant height (CWM and FDis) still contributed more to species loss than changes in soil PC1. 
In summary, we experimentally demonstrated that allometric height growth can shifts from a stabilizing mechanism of species coexistence in a natural alpine meadow to a destabilizing mechanism (i.e., contributing to fitness difference) under nitrogen addition. Adaptive changes in the species-specific height scaling exponent due to light asymmetry after nitrogen addition played a key role in driving species loss under nitrogen addition. Our study not only provided an alternative and feasible way for detecting the role of light asymmetry in driving species loss under nitrogen addition, but also a new insight from the perspective of allometric growth to explain biodiversity maintenance in the face of global changes. 
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Figure legends
Figure 1 Effect of nitrogen addition on the species-specific height scaling exponent. Shown is the result of linear mixed-effects model (LMM) with species as a random effect of both the intercept and slope. R2C = conditional R2; R2M = marginal R2. 

Figure 2 The relationship between the height scaling exponent and relative abundance at different nitrogen addition levels, i.e., 0 (a), 5 (b), 10 (c), 15 (d) g m-2. Each relative abundance (RA) value was added by 0.01 and then log 10-transformed.

Figure 3 The relationship between the response of the height scaling exponent and the response of relative abundance (RA) to nitrogen addition: 5 (a), 10 (b), 15 (c) g m-2. X-axes represent the responses of the height scaling exponent to nitrogen addition. Y-axes are the responses of log 10-transformed RA to nitrogen addition. Each RA value was added by 0.01 and then log 10-transformed. Log response ratios (LRR) were used to represent the responses of variables to nitrogen addition.

Figure 4 Effects of nitrogen addition on community weighted mean (CWM) (a) and dispersion (FDis) (b) of the height scaling exponent. P value and R2 are the results of the liner models.

Figure 5 Effect sizes of nitrogen addition and species traits on the height scaling exponent. Effect sizes are standardized coefficients of the top model from the model selection with the minimum AICc (Table S2). The lines represent 95% confidence interval (CI). SLA = specific leaf area; Lth = leaf thickness; Hmax = maximum height; LDMC = leaf dry-matter content; N = Nitrogen addition.

Figure 6 The final structural equation model (SEM) results showing the pathways of nitrogen addition affecting species richness through altering the height scaling exponent (CWM and FDis), total cover and/or soil properties (soil PC1). Solid and dashed arrows represent significant (P < 0.05) and non-significant (P > 0.05) relationships, respectively. Arrow thickness is proportional to the strength of the relationship. Numbers above arrows are standardized path coefficients (significance: ***P < 0.001; **P < 0.01; *P < 0.05). R2 represents the proportion of variance explained for each dependent variable. Model fit statistics: Fisher's C = 10.292, P = 0.415, df = 10, AIC = 50.292. 
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Supporting information
Table S1 List of the 25 common species selected for measuring the height scaling exponent. 

	Species
	Family
	Functional group
	Life Span

	Ajania tenuifolia
	Asteraceae
	Asteraceae
	Perennial

	Artemisia mongolica
	Asteraceae
	Asteraceae
	Perennial

	Aster diplostephioides
	Asteraceae
	Asteraceae
	Perennial

	Ligularia virgaurea
	Asteraceae
	Asteraceae
	Perennial

	Saussurea nigrescens
	Asteraceae
	Asteraceae
	Perennial

	Euphorbia esula
	Euphorbiaceae
	Forb
	Perennial

	Oxytropis kansuensis
	Fabaceae
	Legume
	Perennial

	Thermopsis lanceolala
	Fabaceae
	Legume
	Perennial

	Tibetia himalaica
	Fabaceae
	Legume
	Perennial

	Gentianopsis paludosa
	Gentianaceae
	Forb
	Perennial

	Halenia elliptica
	Gentianaceae
	Forb
	Annual

	Scutellaria rehderiana
	Lamiaceae
	Forb
	Perennial

	Elymus nutans
	Poaceae
	Grass
	Perennial

	Koeleria litvinowii
	Poaceae
	Grass
	Perennial

	Poa pratensis
	Poaceae
	Grass
	Perennial

	Stipa aliena
	Poaceae
	Grass
	Perennial

	Anemone rivularis
	Ranunculaceae
	Forb
	Perennial

	Anemone trullifolia
	Ranunculaceae
	Forb
	Perennial

	Delphinium kamaonense
	Ranunculaceae
	Forb
	Perennial

	Ranunculus tanguticus
	Ranunculaceae
	Forb
	Perennial

	Thalictrum alpinum
	Ranunculaceae
	Forb
	Perennial

	Potentilla potaninii
	Rosaceae
	Forb
	Perennial

	Euphrasia regelii
	Scrophulariaceae
	Forb
	Annual

	Pedicularis szetschuanica
	Scrophulariaceae
	Forb
	Perennial

	Veronica eriogyne
	Scrophulariaceae
	Forb
	Perennial





Table S2 Model selection results for the species-specific height scaling exponent based on linear models. Shown are the top 10 models ranked by the Akaike information criterion corrected for small sample sizes (AICc). Predictive variables include nitrogen addition (N) , specific leaf area (SLA), leaf thickness (Lth), maximum height (Hmax) and leaf dry-matter content (LDMC). NA indicates that the predictive variable is not included in the given model. Responsive variables and predictive variables were log-10 transformed and standardized. logLik = log likelihood, △AICc = the difference in AICc of the given model from the minimum-AICc model, wi = AICc weights. 

	N
	Hmax
	LDMC 
	SLA 
	Lth
	R2
	logLik
	AICc
	△AICc
	wi

	-0.153 
	-0.237 
	0.175 
	-0.169 
	0.130 
	0.163 
	-326.121 
	666.463 
	0.000 
	0.809 

	-0.146 
	-0.241 
	0.116 
	-0.259 
	NA
	0.154 
	-328.954 
	670.075 
	3.612 
	0.133 

	-0.164 
	-0.216 
	0.253 
	NA
	0.232 
	0.150 
	-330.259 
	672.685 
	6.221 
	0.036 

	-0.155 
	-0.226 
	NA
	-0.299 
	NA
	0.143 
	-332.352 
	674.823 
	8.359 
	0.012 

	-0.159 
	-0.223 
	NA
	-0.278 
	0.038 
	0.144 
	-332.034 
	676.234 
	9.770 
	0.006 

	NA
	-0.258 
	0.182 
	-0.188 
	0.116 
	0.140 
	-333.016 
	678.198 
	11.734 
	0.002 

	NA
	-0.260 
	0.129 
	-0.268 
	NA
	0.133 
	-335.213 
	680.544 
	14.081 
	0.001 

	NA
	-0.236 
	0.270 
	NA
	0.229 
	0.123 
	-338.038 
	686.194 
	19.731 
	0.000 

	NA
	-0.245 
	NA
	-0.313 
	NA
	0.119 
	-339.350 
	686.779 
	20.316 
	0.000 

	NA
	-0.244 
	NA
	-0.303 
	0.020 
	0.119 
	-339.269 
	688.657 
	22.193 
	0.000 






47

Table S3 The scores (Score) of the first principal component (soil PC1) from the principal component analysis (PCA) on soil properties, and the Pearson’s correlations (Correlation coefficient and P value) between each soil property and soil PC1. Significant correlations (P < 0.05) are given in bold. Soil properties include pH, moisture, total carbon (TC), total nitrogen (TN), total phosphorus (TP), available phosphorus (AP), carbon to nitrogen ratio (C : N ratio), ammonium nitrogen (NH4+-N), nitrate nitrogen (NO3－-N), microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN).

	Soil property
	Score
	Correlation coefficient
	P value

	pH
	-0.756
	-0.629
	< 0.001

	Moisture
	-0.996
	-0.828
	< 0.001

	TC
	-1.123
	-0.933
	< 0.001

	TN
	-1.088
	-0.904
	< 0.001

	TP
	-0.823
	-0.685
	[bookmark: OLE_LINK23][bookmark: OLE_LINK24]< 0.001

	AP
	-0.036
	-0.030
	0.713

	C : N ratio
	-1.044
	-0.868
	< 0.001

	NH4+-N
	-0.211
	-0.175
	0.647

	NO3－-N
	0.401
	0.334
	0.006

	MBC
	-0.757
	-0.629
	0.001

	MBN
	-0.953
	-0.792
	< 0.001






Figure S1 Illustrations of the allometric height growth with size (individual mass) showing in origin data (a) and log10-transformed data (b). Lines in different colours represent different vaules of the height scaling exponent b. a: Y = Xb. b: Y = bX . Height growth is negatively allometric for 0 < b <1, indicating that height growth rate per unit mass decreases as size increases. b =1 means that height growth is isometric.

[image: H:\E盘 电脑 20190126\Dr\allometry\smatr4\fig.illustration.tif]

Figure S2 Hypothesized mechanisms for species loss under nitrogen addition. The full structural equation model (SEM) shows a possible causal linkage between nitrogen addition, height scaling exponent (CWM and FDis), total cover, soil properties (soil PC1), and species richness.

[image: ]


Figure S3 The Pearson’s correlation of candidate predictors of the height scaling exponent (Exp). SLA = specific leaf area; Lth = leaf thickness; Hmax = maximum height; LDMC = leaf dry-matter content; N = Nitrogen addition. All variables except N were log-10 transformed. 

[image: H:\E盘 电脑 20190126\Dr\allometry\smatr4\changed_CorPlot_trait2.tif]

(j)

Figure S4 Results of the simplified structural equation model (SEM) based on Fig. 6 showing the pathways of nitrogen addition affecting the species richness through altering the height scaling exponent (CWM and FDis), total cover and/or soil properties (soil PC1). Solid arrows represent significant (P < 0.05) relationships. Arrow thickness is proportional to the strength of the relationship. Numbers above arrows are standardized path coefficients (significance: ***P < 0.001; **P < 0.01; *P < 0.05). R2 represents the proportion of variance explained for each dependent variable. Model fit statistics: Fisher's C = 21.412, P = 0.163, df = 16, AIC = 55.412.
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Figure S5 The changes in species richness (a), total biomass (b) and total cover (c) with nitrogen addition. P value and R2 are the results of the linear models.

[image: H:\E盘 电脑 20190126\Dr\allometry\smatr4\SR_cover_biomass.tif]


Figure S6 The effect of nitrogen addition on soil properties including pH (a), soil moisture (b), total carbon (TC, c), total nitrogen (TN, d), carbon to nitrogen ratio (C : N ratio, e), total phosphorus (TP, f) and available phosphorus (AP, g), ammonium nitrogen (NH4+-N, h), nitrate nitrogen (NO3－-N, i), microbial biomass carbon (MBC, j) and microbial biomass nitrogen (MBN, k) . P value and R2 are the results of the linear models.
[image: H:\E盘 电脑 20190126\Dr\allometry\smatr4\Fig_soil.tif]

[bookmark: OLE_LINK55]Figure S7 Principal component analysis (PCA) of soil properties at the plot level, including pH, moisture, total carbon (TC), total nitrogen (TN), total phosphorus (TP), available phosphorus (AP), carbon to nitrogen ratio (C : N ratio), ammonium nitrogen (NH4+-N), nitrate nitrogen (NO3－-N), microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN). Ellipses are the 95% confidence interval ellipses for different nitrogen addition levels.

[image: H:\E盘 电脑 20190126\Dr\allometry\smatr4\Soil_PCA2.tif]                 
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