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Dominant species predict plant richness and 
biomass in global grasslands
 

The bidirectional relationship between plant species richness and 
community biomass is often variable and poorly resolved in natural 
grassland ecosystems, impeding progress in predicting impacts of 
environmental changes. Most biological communities have long-tailed 
species abundance distributions (for example, biomass, cover, number 
of individuals), a general property that may provide predictive power for 
species richness and community biomass. Here we show mathematical 
relationships between community characteristics and the abundance 
of dominant species arising from long-tailed distributions and test 
these predictions using observational and experimental data from 76 
grassland sites across 6 continents. We find that community biomass 
provides little predictive ability for community richness, consistent with 
previous findings. By contrast, the relative abundance of dominant species 
quantitatively predicts species richness, whereas their absolute abundance 
quantitatively predicts community biomass under both ambient and altered 
environmental conditions, as expected mathematically. These results are 
robust to the type of abundance measure used. Three types of simulated 
data further show the generality of these results. Our integrative framework, 
arising from a few dominant species and mathematical properties of species 
abundance distributions, fills a persistent gap in our ability to predict 
community richness and biomass under ambient and anthropogenically 
altered conditions.

Species richness and community biomass are two of the most funda-
mental characteristics of plant communities that drive ecosystem func-
tions and services such as resilience to disturbances, carbon storage 
and nutrient cycling1, yet prediction of these community characteris-
tics, and their relationship, has remained elusive2,3. At biogeographic 
spatial scales, species richness and community biomass have shared 
environmental drivers leading to covariation4. This relationship is 
often strong in experiments in which plant composition or richness is 
maintained as a treatment, such as in grassland and forest biodiversity 
experiments or intercropping systems, through seed addition and weed 
removal5–9. However, the biomass–richness relationship is often vari-
able and poorly resolved when communities naturally assemble10–16. 
The inability to predict observed plant richness and biomass in natural 

systems has hindered progress in predicting the impacts of anthropo-
genic perturbations and changing environmental conditions on plant 
community characteristics.

In contrast to the highly variable biomass–richness relationships 
observed in naturally assembled communities, species abundance 
distributions (SADs) are consistently long tailed and strongly skewed 
(for example, log-normal distribution, Fisher’s log series distribu-
tion, (zero-sum) multinomial distribution)17–19, with a few highly abun-
dant species dominating the community and many relatively rare 
species19–25. This long-tailed abundance distribution has biological 
importance, because the most dominant species often exerts a dispro-
portionate impact on ecosystem processes, functions and community 
dynamics23,26–29. Mathematically, long-tailed distributions provide a 
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regression (paths 1–6 in Fig. 1a and Extended Data Fig. 1c) and structural 
equation modelling (meta-model in Fig. 1a and Extended Data Fig. 1c) 
to test whether the absolute and relative abundance of dominant 
species effectively predict community biomass and species richness 
across sites under a wide range of edaphic and climatic conditions. 
We then test whether the relationships persist under experimentally 
imposed environmental changes that reorganize the relative abun-
dance of species46. For the analyses we present in the main text, we 
estimate species-level biomass from directly measured species-level 
cover using a power law relationship47. This approach is validated by 
strongly concordant results in an analysis of data from seven sites with 
direct measures of both species-level cover and species-level biomass 
(Extended Data Fig. 2a–g)47. We show that the generality of these results 
is underlain by the mathematical characteristics of long-tailed species 
abundance distributions: our results do not depend on the type of 
abundance measure used and produce qualitatively similar results 
using species-level biomass, species areal cover or species areal cover 
scaled by plot biomass (Extended Data Fig. 2a–g and Supplementary 
Figs. 1–5). Finally, we reveal the generality and robustness of these 
results by analysing simulated data from three different long-tailed 
distributions (log-normal distribution, Fisher’s log series distribution 
and multinomial distribution) to bridge the mathematical relationships 
and empirical data.

Results and discussion
Mathematical relationship of dominant species and richness
We begin with the empirical observation that the abundance (that is, 
biomass, cover or number of individuals) of species within a single 
relatively homogeneous plot follows a long-tailed distribution22,32, such 
as the log-normal or Fisher’s log series distribution. Our mathematical 
modelling shows that the relative abundance of the most dominant 
species predicts the total community species richness in a plot. We let 
the abundance of the most dominant species in the plot be defined as

A1 (S) ≡ max {Y1, Y2, …Ys} (1)

strong description of species abundances (whether assessed through 
species-level biomass, absolute cover or number of individuals) in 
biological communities18,30–33, suggesting the possibility that dominant 
species and properties of the long-tailed distribution may provide 
an integrated framework for predicting total community biomass  
and richness.

Dominant species abundances within SADs can be quantified using 
either absolute abundance estimates (for example, counts, biomass 
or absolute cover) or relativized abundance estimates (for example, 
proportions, or percentages), with each offering distinct insights into 
community structure34. For instance, while both types of estimates 
provide information on species diversity, dominance and species-level 
abundance trends through time and across space35, only absolute 
abundance includes information on total population size34 and, by 
extension, community biomass28,36–39. For long-tailed distributions, it 
can be mathematically shown that the absolute abundance of the most 
dominant species provides a strong prediction for the total abundance 
of all species in a community40. Although currently lacking a math-
ematical demonstration, measures of dominance based on relativized 
abundance of dominant species are constrained by the percentage 
occupied by the abundance of all other species in the community. 
Thus, we hypothesize that because of the long-tailed distribution of 
abundance, the relative abundance of dominant species should be 
related to species richness of the community24,41–44.

Here we test whether the absolute and relative abundance of 
dominant species can provide predictive insights into both commu-
nity biomass and richness across relevant gradients of species rich-
ness and environmental conditions in global grasslands. We begin by 
demonstrating the mathematical relationship between the relative 
abundance of dominant species and species richness. We follow this 
by testing these relationships with empirical data using observational 
(that is, ambient conditions) and experimental (that is, altered envi-
ronmental conditions) data collected at a 1-m2 scale at 76 grassland 
sites on 6 continents contributing to the Nutrient Network (NutNet) 
distributed experiment (Extended Data Fig. 1a,b)45. We use bivariate 
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Fig. 1 | Structural relationships and species abundance patterns across global 
grassland sites. a–c, Structural equation meta-model (a) and site-level patterns 
from 76 grassland sites throughout the world under ambient conditions of 
cumulative absolute abundance curve (b) and cumulative relative abundance 
curve (c) based on species-level biomass estimates. The numbers in circles in a 

represent bivariate relationships. The x-axis in b and c shows the rank of species 
from most to least abundant. Line colours from blue to red in b and c represent 
the site-level mean relative biomass of the 2 most dominant species at each of 
the 76 sites under ambient conditions from low to high (from 25.9% to 99.5%; see 
Supplementary Table 1 for additional details).
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where Yi is the abundance of the ith species and S is the species richness. 
The random variables Yi are assumed to be independent and identically 
distributed, and their tail probability function is denoted by ̄F(y). Then, 
the relative abundance of the most dominant species is

̂A1 (S) =
A1 (S)
∑s

i=1Yi
∼ A1 (S)

S×E [Y1]
(2)

where E[Y1] represents the expected value (mean) of the random vari-
ables Y1, calculated as the average outcome over many realizations of 
Y1. For a large S, we have the asymptotic result48

A1 (S)
bS

∼ 1 where bS ≡ ̄F−1 (1/S) . (3)

To be more precise, bS is defined in terms of the cumulative distri-
bution function (CDF) of the abundance distribution. Its specific values 
are then calculated for the two distributions (log-normal and Fisher’s 
log series) analysed in detail in Methods.

Applying a logarithm to both sides yields

log ( ̂A1 (S)) ∼ log (bS) − log (S) − log (E [Y1]) , (4)

This relationship reveals that if the following condition on the tail 
behaviour of the distribution of Yi holds:

log (bS)
log (S)

→ 0 as S →∞, (5)

then the logarithm of the relative abundance of the most dominant 
species, ̂A1, is nearly linearly dependent on the logarithm of the species 
richness S. These relationships can also be shown to hold for the top 
two dominant species (Methods). For both the log-normal and Fisher’s 
log series distributions, it can be shown that equation (5) holds (Meth-
ods), thus suggesting that empirically, the dominant species’ relative 
abundance may be predictive of species richness.

Predicting biomass and richness under ambient conditions
The cumulative absolute and relative abundance (that is, biomass esti-
mates here) curves under ambient conditions from 76 NutNet sites 
spanning a wide range of grassland floras (Fig. 1b,c) and abiotic envi-
ronmental conditions (Extended Data Fig. 1a,b and Supplementary 
Table 1) show that greater mean species richness does not necessarily 
correspond to greater mean community biomass (as indicated by the 
mixed order of colours in Fig. 1b). However, sites with greater mean 
species richness have a lower proportion of relative abundance attrib-
uted to one or a few dominant species (as shown by the colour gradient 
transitioning from red to blue in Fig. 1c).

As predicted by the mathematical relationship in equation (5) 
and in Methods, the mean relative biomass estimates of the two most 
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Fig. 2 | Grassland richness and biomass relationships under ambient 
conditions. a–f, The relationship between mean richness and mean community 
biomass (a), mean absolute biomass of the two most dominant species  
(b) and mean relative biomass of the two most dominant species (c); between 
the mean relative biomass and mean absolute biomass of the two most dominant 
species (d); and between mean community-level biomass and mean absolute 
biomass of the two most dominant species (e) and mean relative biomass of 
the two most dominant species (f), at 76 sites under ambient conditions (each 

site ≈3 blocks; each block ≈10 plots). All data were natural log transformed. The 
correlation between the y-axis and x-axis variables of each panel on the site level 
is indicated as significantly positive (red), uncorrelated (grey) and significantly 
negative (blue) (Extended Data Fig. 3a–f). The dashed and solid lines indicate 
that the overall relationship is not significant (P > 0.05) and significant (P < 0.05), 
respectively, with shaded areas indicating 95% confidence intervals. Significant 
slopes in c and e are reported as mean ± s.e.m. All statistical tests are conducted 
as two sided.
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dominant species accurately predicted mean community richness 
(slope = −1.87 ± 0.12, R2 = 0.76, P < 0.001; Fig. 2c). Similarly, as pre-
dicted mathematically40, the mean absolute biomass estimates of the 
two most dominant species accurately predicted mean total commu-
nity biomass (slope = 0.64 ± 0.03, R2 = 0.87, P < 0.001; Fig. 2e) under 
ambient conditions. By contrast, there were no significant relation-
ships among the other pairwise combinations of these four variables 
(P > 0.05; Fig. 2a,b,d,f). The empirical results were robust to the number 
of dominant species included (one to five dominant species; Table 1). 
Here we present results of the two most dominant species (referred to 
as dominant species) because these had a slightly higher correlation 
with community biomass, species richness and gamma diversity (that 
is, site-level richness) (Table 1, top and bottom). The site-level results 
of these relationships under ambient conditions are presented in 
Extended Data Fig. 3a–f.

Predicting biomass and richness under altered conditions
Using community responses to identical nutrient supply and herbivore 
density treatments across 76 sites, we investigated whether these rela-
tionships remained consistent under altered environmental conditions 
and found nearly identical results (Fig. 3), even though the treatments at 
most sites altered the identity of the dominant species (Supplementary 
Table 3a). Importantly, the slope of the relationship between dominant 
species abundance and community richness and biomass did not differ 
under ambient and altered environmental conditions (see mean ± s.e. of 
slopes in purple and black regression lines in Fig. 3c,e). This slope arises 
from the parameters of the underlying long-tailed distribution of Yi, 
underscoring the generality and robust predictive ability of dominant 
species even under environmental change. Furthermore, the slope did 
not differ between two different methods for calculating absolute and 
relative biomass of dominant species across seven sites (see mean ± s.e. 
of slopes in purple and black regression lines in Extended Data Fig. 2c–
g), clarifying that the predictive ability of dominant species is robust 
to methodology for describing the species-level abundance data (for 
example, biomass, cover or number of individuals).

Our results provided quantitative predictions of total community 
biomass and richness using information on only the two most dominant 
species. In both the observational and experimental communities, a 
10% increase in relative biomass of the two most dominant species 
corresponded to reduction of approximately 20% in species richness 
(slope = −1.87 ± 0.12, R2 = 0.76, P < 0.001 under ambient conditions, and 
slope = −2.08 ± 0.11, R2 = 0.83, P < 0.001 under experimentally altered 
conditions; Fig. 3c). In addition, a 10% increase in absolute biomass 
of the two most dominant species was associated with an increase of 
approximately 6.6% in total community biomass (slope = 0.64 ± 0.03, 
R2 = 0.87, P < 0.001 under ambient conditions, and slope = 0.68 ± 0.02, 
R2 = 0.92, P < 0.001 under experimentally altered conditions; Fig. 3e). 
The site-level results of these relationships under altered conditions 
are presented in Extended Data Fig. 3g–l.

When we analysed each year (from year 1 to 15 in Supplementary 
Table 2a) and each treatment (control, nitrogen (N), phosphorus (P), 
potassium and micronutrients (Kμ), NP, NKμ, PKμ, NPKμ, fencing 
and fencing plus NPKμ in Supplementary Table 2b) separately under 
altered environmental conditions, the results were consistent with the 
data averaged across all years (last row in Supplementary Table 2a) or 
all treatments (last row in Supplementary Table 2b). This strong and 
consistent predictive ability of dominant species was further shown by 
the ability of the model fit to the observational data to quantitatively 
predict richness and biomass of communities under experimentally 
altered conditions (Fig. 4c,d).

We then used structural equation modelling (SEM) to test 
whether the distinct correlations between relative and absolute bio-
mass of dominant species, community biomass and species richness 
persist after accounting for the correlations among the variables3. 
The SEMs using datasets from both ambient and altered environ-
mental conditions (Fig. 5a,b) showed results consistent with the 
bivariate analyses (Figs. 2 and 3). Furthermore, we obtained qualita-
tively similar results using species-level absolute and relative cover 
(Supplementary Figs. 1–5 and Table 4) as well as gamma diversity 
(Extended Data Fig. 4). This consistency shows the robustness of these 

Table 1 | The R2 of various relationships among four natural log-transformed variables (top) and the R2 of relationships 
between natural log-transformed gamma diversity and natural log-transformed mean relative biomass of dominant species 
(bottom) in the context of selecting different numbers of dominant species (DSn; n is from 1 to 5) from NutNet data under 
both ambient and altered conditions

DSn

n = 1 n = 2 n = 3 n = 4 n = 5

Variables

The R2 in 
ambient 
conditions

log(mean richness)–log(mean absolute biomass of DSn) 0.00NS 0.00NS 0.00NS 0.00NS 0.01NS

log(mean richness)–log(mean relative biomass of DSn) 0.75*** 0.76*** 0.73*** 0.70*** 0.67***

log(mean relative biomass of DSn)–log(mean absolute biomass of DSn) 0.00NS 0.00NS 0.00NS 0.00NS 0.01NS

log(mean community biomass)–log(mean absolute biomass of DSn) 0.84*** 0.87*** 0.88*** 0.88*** 0.88***

log(mean community biomass)–log(mean relative biomass of DSn) 0.00NS 0.01NS 0.01NS 0.01NS 0.01NS

The R2 in 
altered 
environmental 
conditions

log(mean richness)–log(mean absolute biomass of DSn) 0.01NS 0.00NS 0.00NS 0.00NS 0.00NS

log(mean richness)–log(mean relative biomass of DSn) 0.79*** 0.84*** 0.84*** 0.82*** 0.79***

log(mean relative biomass of DSn)–log(mean absolute biomass of DSn) 0.04* 0.00NS 0.00NS 0.00NS 0.00NS

log(mean community biomass)–log(mean absolute biomass of DSn) 0.90*** 0.91*** 0.90*** 0.89*** 0.88***

log(mean community biomass)–log(mean relative biomass of DSn) 0.00NS 0.00NS 0.00NS 0.00NS 0.00NS

Gamma diversity

The R2 of log(gamma diversity)–log(mean relative biomass of DSn) in 
ambient conditions

0.45*** 0.47*** 0.43*** 0.37*** 0.31***

The R2 of log(gamma diversity)–log(mean relative biomass of DSn) in 
altered conditions

0.35*** 0.39*** 0.37*** 0.33*** 0.28***

The values in the table represent R2 from ordinary least squares (OLS) linear regression analysis, with symbols in the upper right indicating the corresponding P value ranges: *P < 0.05, 
***P < 0.001 and ‘NS’ denotes non-significant results (P > 0.05). All statistical tests were conducted as two sided.
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mathematical relationships across different abundance measures 
and diversity metrics.

Taken together, the mathematical demonstration and empirical 
results highlight that the absolute and relative abundance of dominant 
species provide unique and highly repeatable predictions of the total 
biomass and richness of biological communities34,38,49–54. Simultane-
ously considering both the absolute and relative abundance of domi-
nant species provides valuable insights into the relationship underlying 
community richness and biomass, enhancing the ability to separately 
predict these factors in the face of global changes34,51,55–60.

Simulated data highlight generality and a role for biology
We used three different types of randomly generated long-tailed- 
distributed data, drawn from log-normal, Fisher’s log series and 
multinomial data distributions, to further test the generality of 
these empirical relationships and to better understand how bio-
logical systems may differ from purely statistical data. The results 
of the simulated data for all three long-tailed distributions mirror 
the relationships predicted mathematically (here and ref. 40) and 
observed empirically (Fig. 3 versus Extended Data Figs. 5–7 for bivari-
ate relationships; Fig. 5a,b versus Fig. 5c–h for SEMs), reinforcing 

the generality of these relationships between dominant species 
and both community biomass and richness. While similar in many 
ways, dominant species in the biological data were more likely to 
remain dominant over time compared with simulated data (40–53% 
of the most dominant biological species remain dominant in Nut-
Net data (Supplementary Table 3a), compared with 15–38% of the 
most dominant simulated species in log-normally distributed data 
(Supplementary Table 3b), compared with 17–45% of the most domi-
nant simulated species in log series-distributed data (Supplemen-
tary Table 3c), and compared with 14–37% of the most dominant 
simulated species in multinomial distributed data (Supplementary 
Table 3d)). This difference has important biological implications. 
Species that are always dominant maintain community functions and 
attributes23,26,29,61, whereas species that have recently become domi-
nant (owing to, for example, invasion, environmental change) often 
introduce new attributes into the community, altering community 
functioning29,62,63. The persistence of always-dominant species under 
altered environmental conditions probably stabilizes community 
attributes arising from the identity of dominant species23,28,34,35,38,64. 
This suggests that the characteristics of biological communities are 
more highly conserved than is predicted solely from the properties 
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Fig. 3 | Grassland richness and biomass relationships under altered 
environmental conditions. a–f, The relationship between mean richness and 
mean community biomass (a), mean absolute biomass of the two most dominant 
species (b) and mean relative biomass of the two most dominant species (c); 
between the mean relative biomass and mean absolute biomass of the two most 
dominant species (d); and between the mean community-level biomass and 
the mean absolute biomass of the two most dominant species (e) and mean 
relative biomass of the two most dominant species (f), at 76 sites under altered 
environmental conditions (1–15 years; each site ≈3 blocks; each block ≈10 plots). 
All data were natural log transformed. The correlation between the y-axis and 

x-axis variables of each panel on the site level is indicated as significantly positive 
(red), uncorrelated (grey) and significantly negative (blue) (Extended Data 
Fig. 3g–l). The purple lines are regression curves for the ambient conditions 
in Fig. 2. The purple font indicates R2 and P values for the ambient conditions 
in Fig. 2. The black lines are regression curves for the altered environmental 
conditions. The black font indicates R2 and P values for the altered environmental 
conditions. The dashed and solid lines indicate that the overall relationship is not 
significant (P > 0.05) and significant (P < 0.05), respectively, with shaded areas 
indicating 95% confidence intervals. Significant slopes in c and e are reported as 
mean ± s.e.m. All statistical tests were conducted as two sided.
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of the log-normal distribution, Fisher’s log series distribution and 
multinomial distribution.

In conclusion, our mathematical derivation, analysis of ambient 
and experimentally altered grassland communities and simulations 
using three different long-tailed distributions show that the relative 
abundance (whether assessed through biomass, absolute cover or 
number of individuals) of dominant species effectively and consist-
ently predicts total community species richness, whereas the absolute 
abundance of dominant species consistently predicts total commu-
nity abundance (for example, biomass). These relationships remain 
robust after reorganization of communities under environmental 
changes and do not depend on the type of abundance measure used. 
Because of the mathematical underpinnings of long-tailed distribu-
tions, our results show that the most dominant species in biological 
communities can be used to predict both community biomass and 
richness, even under anthropogenic perturbations and changing envi-
ronmental conditions. Although our empirical insights are derived 
from grassland ecosystems, the underlying principles may extend 
beyond the realm of biology, as they encapsulate fundamental prop-
erties of long-tailed distributions that are observed in systems from 
geochemistry to neurology and epidemiology. Further validation 
across different systems will be critical to assess the broader appli-
cability of these patterns.

Methods
Site description and experimental design
In our analyses, we use data collected at 76 sites, which are part of the 
NutNet, a collaborative global research network conducting a globally 

replicated experiment45. All the sites are located in areas dominated by 
low-statured, primarily herbaceous vegetation including old fields and 
pastures; tall-, mixed- and short-grass prairies; alpine tundra; montane 
meadow; savannah and shrub-steppe; desert-, mesic- and semi-arid 
grasslands; and annual grasslands, which we refer to collectively as 
grasslands65. These sites encompass a wide range of environmental 
conditions including elevation (0.5–4,241 m above sea level), mean 
annual precipitation (203–2,114 mm per year; Extended Data Fig. 1a), 
mean annual temperature (−3.3 to 27.3 °C; Extended Data Fig. 1a) and 
latitude (69° N–52° S; Extended Data Fig. 1b). These sites also include 
a wide range of site means of community biomass (26.2–1,122.9 g m−2), 
local mean (alpha) plant richness (1.7–43.1 species per 1 m2 quadrat) and 
site-level (gamma) plant richness (14–128 species per site). Detailed 
information about the 76 NutNet study sites is presented in Supple-
mentary Table 1.

At each site, local researchers established an identical experiment 
that manipulates the supplies of various biologically limiting elements 
(for example, nitrogen, phosphorus, potassium and various micro-
nutrients) and the density of mammalian grazers. The experiment is 
composed of 10 treatments applied at the scale of 5 m × 5 m plots and 
replicated within each site in a completely randomized block design, 
with most sites having three complete blocks (range 1–6 blocks per 
site). Each sampling area was separated by more than 1.5 m from neigh-
bouring plots (1-m walkway and 0.5-m within-plot buffer) to minimize 
spillover effects of treatments on adjacent plots.

The treatments included a factorial combination of three nutri-
ent treatments (N, P and Kμ), each at two levels (control, and nutrient 
added) for a total of eight treatments. The last two treatments use 
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95% prediction interval

95% confidence interval

a b
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c

e

R2 = 0.00  (P = 0.40) R2
 = 0.00  (P = 0.40)

R2 = 0.92  (P < 0.001) R2 = 0.00  (P = 0.49)

R2 = 0.83  (P < 0.001)

Fig. 4 | The regression model for ambient conditions predicts the outcome 
for global grasslands under altered environmental conditions. a–e, The 
relationship between the predicted species richness according to the regression 
model of the ambient conditions and the actual mean species richness of 
altered environmental conditions of each site (a–c) and between the predicted 
community biomass according to the regression model of the ambient 

conditions and the actual mean community biomass of the altered environmental 
conditions of each site (d,e). The regression models used to predict the vertical 
axis variables in a, b, c, d and e are, respectively, from the model in a, b, c, e and f 
of Fig. 2. In these five panels, the grey-shaded area is the 95% prediction interval, 
and the pink-shaded area represents the 95% confidence interval, around the 
regression line. All statistical tests are conducted as two sided.
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fencing to exclude herbivores: fencing without nutrient added (fenc-
ing) and fencing with all nutrients added (fencing plus NPKμ). In total, 
the ten different treatments are as follows: control, N, P, Kμ, NP, NKμ, 
PKμ, NPKμ, fencing and fencing plus NPKμ.

The specific nutrient treatments were as follows: 10 g N m−2 yr−1 
as timed-release urea ((NH2)2CO), 10 g P m−2 yr−1 as triple superphos-
phate (Ca(H2PO4)2), 10 g K m−2 yr−1 as potassium sulphate (K2SO4) and 

100 g m−2 yr−1 of a micronutrient mix containing Fe (15%), S (14%), Mg 
(1.5%), Mn (2.5%), Cu (1%), Zn (1%), B (0.2%) and Mo (0.05%). Micronu-
trients were added only in the first year to prevent build-up to toxic 
levels. Fences were 230 cm tall with the lower 90 cm surrounded by 
a 1-cm woven wire mesh. An additional 30-cm outward-facing flange 
was stapled to the ground to exclude digging animals, though not fully 
subterranean animals.

Fisher’s C = 0.798, d.f. = 2, P = 0.671, AIC = 40.548
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a b
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Fig. 5 | Structural relationships across empirical and simulated grassland 
data under ambient and altered conditions. a–h, SEMs under ambient (a) and 
altered (b) environmental conditions from empirical NutNet grassland data 
and under simulated ambient (c,e,g) and simulated altered (d,f,h) conditions 
from simulated log-normal data (c,d), simulated log series data (e,f) and 
simulated multinomial data (g,h). All data were natural log transformed. The 
red and blue lines mean significantly positive and negative relationships, 
respectively. The conditional R2 for each component model is given in the box 
of response variables. The dashed and solid lines indicate that the relationship 
is not significant (P > 0.05) and significant (P < 0.05), respectively. The value 

next to each solid line represents the standardized regression coefficient for 
that path, while the symbol in the upper right indicates the significance level of 
the regression coefficient (*P < 0.05; **P < 0.01; ***P < 0.001). All statistical tests 
were conducted as two sided. The goodness-of-fit metrics for each model in a–h, 
including Fisher’s C, degrees of freedom, P value and AIC, are presented beneath 
each model. The detailed bivariate relationships among the four variables of the 
simulated data are analysed in Extended Data Figs. 5–7 (simulated log-normal 
data, Extended Data Fig. 5; simulated log series data, Extended Data Fig. 6; and 
simulated multinomial data, Extended Data Fig. 7).
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The local scientists collect identical data using standardized 
protocols starting in the year before the application of experimen-
tal treatments (ambient conditions) and in the years following the 
treatments (experimentally altered conditions). The first set of sites 
were established in 2007 and include 1 observational year and 15 
post-treatment years, and the newest sites have 1 observational year 
and 1 post-treatment year. Taken together, our data include 21,233 
unique site–block–treatment–year combinations, including 18,705 
plots representing altered conditions and 2,528 plots under ambient 
conditions, collected over a span of up to 16 years (range of 2–16 years) 
across 76 sites (Extended Data Fig. 1b and Supplementary Table 1).

Sampling protocols
Within each 5 m × 5 m plot, a randomly designated 1 m × 1 m quadrat was 
permanently marked and sampled annually at peak plant biomass. In 
each quadrat, absolute cover was visually estimated to the nearest 1% 
for every species rooted within the quadrat. The cover of each species 
per quadrat was estimated independently, such that the total summed 
absolute cover of all species (that is, community-level absolute cover) 
can exceed 100% in multilayer canopies. Species richness per quadrat 
was determined by the number of species in the cover data. The rela-
tive cover of each species was calculated as the ratio of its absolute 
cover to the community-level absolute cover, ensuring that the sum 
of the relative cover of all species within each quadrat equalled 100% 
(Extended Data Fig. 1e).

Adjacent to the permanent 1 m × 1 m cover quadrat, aboveground 
live biomass was estimated by clipping all aboveground biomass at 
ground level within two 1 m × 0.1 m strips (totalling 0.2 m2), with the 
location of these strips being moved each year. All biomass samples 
were dried at 60 °C to constant mass and then weighed to the near-
est 0.01 g. The weights were multiplied by five to estimate grams per 
square metre, representing the community biomass of the 1 m2 quadrat 
(Extended Data Fig. 1d).

Species absolute and relative biomass
At 7 of the 76 sites, the aboveground live biomass samples were sorted 
to the species level. At these sites, we identified robust power law 
relationships between species-level absolute biomass and absolute 
cover47, despite the data being derived independently from biomass 
strips and cover quadrats (Extended Data Fig. 2a). These robust cor-
relations allowed us to estimate species absolute biomass from com-
munity biomass and species cover47, even though direct species-level 
biomass data were collected only at these seven sites. The absolute 
biomass of each species in a quadrat was calculated by multiply-
ing the community biomass by the proportion of absolute cover of 
the corresponding species in that quadrat. Our results were similar 
whether we used absolute or relative cover (results not shown). The 
calculation for the relative biomass of each species followed the same 
principle as that for relative cover. It was determined by the ratio of 
the absolute biomass of each species to the total community biomass 
such that the sum of the relative biomass of all species within each 
quadrat was equal to 100%.

Simulated long-tailed-distributed data
We generated three different types of long-tailed-distributed data 
(for example, log-normal distribution, Fisher’s log series distribution 
and multinomial distribution) that matched the mean and standard 
deviation of species richness and community biomass in the 76 NutNet 
sites. To achieve this, we initially planned to generate 30,000 simulated 
community-level data points from 100 simulated sites, each with 300 
simulated plots (3 blocks × 10 treatments × 10 years) per site, over a 
simulated period of 10 years (that is, year 0 of simulated ambient condi-
tions and year 1–9 of simulated altered environmental conditions). To 
ensure that the simulated data closely resembled real-world grassland 
community characteristics, the mean and standard deviation were set 

to 12 and 7 for species richness, and 360 g and 240 g for community 
biomass, respectively, reflecting the ranges of values observed at the 
76 NutNet sites.

The simulated data conformed to a log-normal distribution at 
the community level. From 200,000 iterations (100 sites × 2,000 
iterations), we filtered 27,222 eligible data points by limiting commu-
nity species richness to between 1 and 50, and community biomass 
to between 1 g and 8,000 g. The community biomass in each of these 
27,222 eligible data points was then allocated to the number of spe-
cies indicated by the corresponding species richness, following the 
log-normal distribution, the Fisher’s log series distribution and the 
multinomial distribution, respectively. The zero-sum multinomial 
distribution requires that species abundances are distributed based on 
a competitive process in which gains by one species must result in losses 
for others. However, the total abundance of our observational (that is, 
ambient conditions) and experimental (that is, altered environmental 
conditions) data across 76 grassland sites on 6 continents is usually 
not constant, so this precondition cannot be satisfied. Therefore, 
we simulated the multinomial distribution without forcing the total 
abundance to be constant. Ultimately, each of the 100 simulated sites 
had approximately 270 plot-level values for community biomass and 
species richness. These 270 or so plots in each simulated site were ran-
domly assigned to 1 of 10 different simulated treatments, 3 simulated 
blocks and 10 simulated years from year 0 to year 9, analogous to those 
in NutNet data. In total, the 27,222 plots contained 341,452 species-level 
values for absolute biomass and relative biomass.

Statistical analysis
To investigate the relationships among community biomass, species 
richness, absolute abundance of dominant species and relative abun-
dance of dominant species under both ambient and altered environ-
mental conditions using (1) a mathematical formula derivation and (2) 
empirical NutNet data and simulated data from long-tailed distribu-
tions, we conducted the following statistical analyses.

Mathematical modelling of the relationship between the relative 
abundance of dominant species and species richness. In this sec-
tion, we provide further details on the derivation of the relationship 
between (1) the relative abundance of the single most dominant spe-
cies and species richness in a site based on (i) log-normally distributed 
and (ii) Fisher’s log series-distributed data, and also showed that this 
relationship (2) extends to the sum of the two most dominant species. 
This calculation elucidated how the connections between the relative 
abundance of dominant species and species richness are predicted 
consequences of the log-normal distribution of species abundance. 
While our mathematical modelling has focused on the log-normal 
distribution and Fisher’s log series distribution, the shared common 
characteristic of a long-tailed distribution ensures the robustness of 
our approach, with potential variation only in the coefficient.

For modelling of the single most dominant species based on (i) 
log-normally distributed and (ii) Fisher’s log series-distributed data, 
recall that the abundance of the most dominant species in the plot is 
A1(S) ≡ max{Y1, Y2, … YS} where the Yi are independent and identically 
distributed random variables representing the abundance of each 
species. Recall that the tail probability function, which depends on the 
distribution of Yi, is denoted by ̄F(y) ≡ P(Yi > y). In this section, we show 
that both the log-normal and log series distributions satisfy the condi-
tion provided in equation (5):

log (bS)
log (S)

→ 0

for

bS ≡ ̄F−1 (1/S) .
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For log-normally distributed species abundance, suppose the Yi 
are log-normally distributed with parameters µ and σ (mean and stand-
ard deviation of the logarithm, respectively). Note that as ̄F  is a strictly 
decreasing function, its inverse is also strictly decreasing. Therefore, 
if an α exists such that ̄F (a) ≤ 1/S, then bS = ̄F−1 (1/S) ≤ a. For positive x, 
define the function

ℓ (x) = log (x) − μ
σ ,

we can then use Mill’s inequality66 (and the cumulative distribution 
function of log-normal) to obtain the upper bound

̄F (x) ≤ 1
√2πℓ (x)

exp [−ℓ(x)
2

2 ] . (6)

Define

aS = eμ exp [σ(2 log ( S
√2π

))
1/2

] .

We will now use equation (6) to verify that ̄F (aS) ≤ 1/S. First, check that

ℓ (aS) = (2 log ( S
√2π

))
1/2

,

ℓ(aS)
2

2 = log ( S
√2π

) ,

and

exp [−ℓ(aS)
2

2 ] =
√2π
S .

Therefore,

̄F (aS) ≤
1

√2πℓ (aS)
exp [−ℓ(aS)

2

2 ] = 1
S

1

√2 log (S/√2π)
≤ 1

S ,

and we conclude that

bS ≤ aS = eμ exp [σ(2 log ( S
√2π

))
1/2

] ,

or

logbS ≤ logaS = μ + √2σ2(log ( S
√2π

))
1/2

.

Thus, equation (5) is verified.
For log series-distributed species abundance, suppose the Yi are 

random variables with log series distribution with parameter 0 < p < 1. 
Let Z be a geometrically distributed random variable with parameter p 
and tail distribution ̄FZ (x). Note that for k∈ℕ, the tail distribution of Yi is

̄F (k) =
∞
∑

j=k+1
− 1
log (1 − p)

p j

j

and the tail distribution of Z is

̄FZ (k) =
∞
∑

j=k+1
(1 − p)p j.

Therefore, there exists a constant, C1, independent of k, such that 
̄FZ (k) ≥ C1 ̄F (k), so if

log ̄F−1Z (1/S)
log (S)

→ 0

holds, this implies that equation (5) holds for the log series tail probabil-
ity ̄F  as well. Define ̂k  as follows:

̄FZ ( ̂k) =
∞
∑

j= ̂k+1
(1 − p)p j = 1

S .

Solving for ̂k  yields

p ̂k+1 = 1/S

( ̂k + 1) log ( p) = − log (S)

̂k = C2 log (S) ,

so

log ( ̄F−1Z ) (1/S)

log (S)
∼

log (log (S))
log (S)

→ 0.

For extension to the top two dominant species, we show that our 
modelling results extend to the sum of the top two dominant relative 
abundances. To this end, denote the index of the maximally abundant 
species in the site imax. Then, the abundance of the second most domi-
nant species is defined as A2 (S) ≡ max{Yi for i ∈ {1,… , S}/imax} . Then, 
consider the sum of the top two dominant relative abundances:

T ≡ A1 (S) + A2 (S)
∑S

i=1 Yi
∼ A1 (S) + A2 (S)

S × E [Yi]
.

Taking the logarithm of both sides yields

log (T ) ∼ log (A1 (S) + A2 (S)) − log (S) − log (E [Yi]) .

Thus, a nearly linear relationship between log(T) and log(S) is again 
ensured as long as the following condition holds

log(A1(S)+A2(S))
log(S)

→ 0. (7)

Note that due to the trivial upper bound

log (A1 (S) + A2 (S)) ≤ log (2A1 (S)) ,

the second condition (Using Empirical NutNet Data and Simulated 
Data from Long-Tailed Distributions) then holds for all distributions 
satisfying equation (5) in the main text.

Using empirical NutNet data and simulated data from long-tailed 
distributions. We ranked all species in each plot from highest to low-
est in terms of absolute biomass using the ‘BiodiversityR’ package67. 
This ranking enabled us to construct cumulative absolute and rela-
tive biomass distribution curves for each plot and even for each site 
(Fig. 1b,c and Extended Data Fig. 1d,e). It is important to note that 
ranking species within each plot can result in different species occupy-
ing the same rank across different plots43,44. Our analysis thus focuses 
on abundance distributions rather than specific species, making it 
applicable to sites with diverse grassland floras and varying abiotic 
environmental conditions.
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Species in each plot were divided into two groups: dominant and 
non-dominant species, based on their biomass ranking. The absolute 
and relative biomass of dominant species in each plot could then be 
calculated. For instance, the two species with the highest biomass in 
each plot were categorized as dominant, while all others were classified 
as non-dominant (Extended Data Fig. 1d,e). To ensure the robustness 
of our analysis, we repeated the analyses using data ranging from one 
to five dominant species (Table 1). All results were qualitatively con-
sistent, and we focus on results from the two most dominant species, 
because this level had a slightly higher correlation with community 
biomass, richness and gamma diversity (see R2 of selecting different 
numbers of dominant species in Table 1 (top and bottom)). We natural 
log-transformed values of community biomass, species richness, and 
absolute and relative biomass of dominant species at the plot level 
before analysis.

We used mixed-effects models with the ‘nlme’ package68 to 
determine the pairwise bivariate relationships among our four focal 
variables for each site (community biomass, species richness, abso-
lute biomass of dominant species and relative biomass of dominant 
species) (Extended Data Fig. 3). Sites and blocks nested within sites 
were incorporated as random effects, allowing for variability in both 
intercepts and slopes of the regression among sites, contingent on 
model selection outcomes. To address interactions between fixed and 
random effects, we used a model-selection approach grounded in the 
minimization of the Bayesian information criterion as per Pinheiro 
and Bates’ methodology68. This approach involved comparing models 
with and without each random effect to ascertain the necessary level 
of variation to be included in the model. Consistently, model selection 
favoured the inclusion of variability among sites while excluding vari-
ability attributable to blocks. Based on these analyses, we categorized 
sites as having significantly positive, non-significant or significantly 
negative relationships (Extended Data Fig. 3).

We also examined the relationships among the site-level means 
of these four variables under ambient conditions (year = 0), altered 
environmental conditions (year > 0), and each year (from year 1 to 
year 15 of NutNet data; Supplementary Table 2a) and each treatment 
(control, N, P, Kμ, NP, NKμ, PKμ, NPKμ, fencing and fencing plus NPKμ of 
NutNet data; Supplementary Table 2b) of altered environmental condi-
tions. We developed linear models of the pairwise bivariate relation-
ships among these four variables across 76 sites under both ambient 
and altered environmental conditions (Figs. 2 and 3) and across 100 
simulated sites under both simulated ambient and simulated altered 
environmental conditions (Extended Data Figs. 5–7). In addition, we 
calculated gamma diversity in NutNet data under both ambient and 
altered environmental conditions based on species count at each site 
and analysed its relationship with the mean of the relative biomass of 
dominant species (Extended Data Fig. 4).

By comparing the predicted values from regression models of 
variables under ambient conditions with the actual measured values 
under altered environmental conditions (Fig. 4), we estimated the 
impact of environmental changes on these relationships in NutNet data.

Moreover, by comparing the identities of the dominant species 
after treatment (years > 0) with those in the year before treatment 
(year = 0) within the same quadrat, we quantified the count and pro-
portion of dominant species occurrences that remained consistent 
before and after treatment. For instance, when comparing the two (or 
one, three, four or five) most dominant species, if the pre-treatment 
dominant species in a quadrat are sp1 and sp2, and post-treatment 
they change to sp1 and sp3 or sp2 and sp3, the count of consistency is 
1, resulting in a proportion of 50%. If the species remain as sp1 and sp2 
after treatment, the count is 2 with a proportion of 100%. Conversely, 
if they shift to sp3 and sp4, the count is 0 with a proportion of 0%. 
This analysis enables us to assess the proportion of dominant species 
that remain unchanged after treatments in both NutNet data and the 
simulated data (Supplementary Table 3a–d).

Finally, we constructed a piecewise SEM (Fig. 1a and Extended 
Data Fig. 1c) with the ‘piecewiseSEM’ package69 to assess relation-
ships among these four variables across 76 sites (Fig. 5a,b) and across 
100 simulated sites of three different types of long-tail-distributed 
simulated data (Fig. 5c–h) after accounting for correlations among 
the variables. In light of the conceptual framework depicted in Fig. 1a 
and Extended Data Fig. 1c, we assumed that both absolute and relative 
biomass of dominant species could affect community biomass and 
species richness, and that there is a covariance relationship between 
the absolute and relative biomass of dominant species and between 
community biomass and species richness. The piecewise SEM was 
evaluated using Fisher’s C statistic, P value (where P > 0.05 indicated 
a good fit) and the Akaike Information Criterion (AIC)69. To verify that 
our results do not depend on the type of species-level abundance 
measure used, we repeated the identical analysis based on species-level 
absolute and relative cover data from this experiment (Supplementary 
Figs. 1–5 and Table 4).

All analyses were conducted in R 4.3.1 (ref. 70).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All the data that support the findings of this article are freely available 
via the Environmental Data Initiative (EDI) Data Portal (https://doi. 
org/10.6073/pasta/442895326274ea09942bd04e6ea92df2)71.

Code availability
The R code used to perform the analyses is freely available via the EDI 
Data Portal (https://doi.org/10.6073/pasta/442895326274ea09942b 
d04e6ea92df2)71.
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Extended Data Fig. 1 | Climatic (a) and geographic (b) distribution of 76 
experimental sites from NutNet data; and (c) structural equation meta-model 
to characterize the possible relationships among log(mean absolute biomass 
of dominant species), log(mean relative biomass of dominant species), 
log(mean community biomass), and log(mean species richness); and the link 
between these four variables in the structural equation model and one site-
level patterns of (d) cumulative absolute biomass curve and (e) cumulative 

relative biomass curve taking azi.cn site under ambient conditions as an 
example. Here, species-level abundance is estimated based on species-level 
biomass. The red, gray, and blue dots in Fig. a and b mean that the relationship 
between log(species richness) and log(community biomass) on the site-level 
under ambient conditions (year = 0) is significantly positive, non-significant 
correlated, and significantly negative correlated, respectively (see Extended 
Data Fig. 3a).

http://www.nature.com/natecolevol


Nature Ecology & Evolution

Article https://doi.org/10.1038/s41559-025-02701-y

Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | (a) The relationship between directly measured species-
level absolute biomass and species-level absolute cover for the 7 sites that 
simultaneously collected these data; and (b-g) patterns of these 7 sites based 
on species level biomass data (black) and species level cover data (purple). 
All data were natural log-transformed. Each regression curve in Fig. a represents 
one year (in different colors). Relationships between mean richness and (b) mean 
community biomass, and (c) mean absolute biomass of the two most dominant 
species, and (d) mean relative biomass of the two most dominant species; and 
(e) between mean relative biomass and mean absolute biomass of the two most 
dominant species; and between mean community biomass and (f) mean absolute 
biomass of the two most dominant species, and (g) mean relative biomass of the 

two most dominant species, of these 7 sites. The black dots and lines in Fig. b to 
g are the results of each pattern by directly calculating the absolute and relative 
biomass of the two most dominant species based on the species level biomass 
data. The purple dots and lines in Fig. b to g are the results of each pattern by 
indirect calculations of the absolute and relative biomass of the two dominant 
species based on species level cover data. The dashed and solid lines indicate 
that the overall relationship is not significant (P > 0.05) and significant (P < 0.05), 
respectively, with shaded areas indicating 95% confidence intervals. Different 
sites are represented by points of different shapes. Slopes in Fig. d and f are 
reported as the mean ± SEM. All statistical tests are conducted as two-sided.
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Extended Data Fig. 3 | Site-level relationships in NutNet under (a-f ) ambient 
conditions and (g-l) altered conditions. The relationship between richness and 
(a, g) community biomass, and (b, h) absolute biomass of the two most dominant 
species, and (c, i) relative biomass of the two most dominant species; and (d, 
j) between relative biomass and absolute biomass of the two most dominant 
species; and between community level biomass and (e, k) absolute biomass of the 
two most dominant species, and (f, l) relative biomass of the two most dominant 

species of each site under ambient and altered conditions (76 sites; each site 
≈ 3 blocks; each block ≈ 10 plots). All data were natural log-transformed to 
improve normality. The black dashed and solid lines indicate that the worldwide 
relationship is not significant (P > 0.05) and significant (P < 0.05), respectively. 
Both marginal R2 (R2m) and conditional R2 (R2c) are presented in the figures. All 
statistical tests are conducted as two-sided.
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Extended Data Fig. 4 | Worldwide relationships between log(gamma diversity) 
and log(mean relative biomass of the two most dominant species) across 76 
NutNet sites under (a) ambient and (b) altered conditions. All data were natural 

log-transformed to improve normality. The solid lines indicate that the overall 
relationship is significant (P < 0.05), with shaded areas indicating 95% confidence 
intervals. All statistical tests are conducted as two-sided.
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Extended Data Fig. 5 | Overall relationships generated from simulated 
lognormal distribution data under simulated ambient (purple lines) and 
altered environmental (dots and black lines) conditions. The relationship 
between mean of the number of all values and (a) mean of the sum of all values, 
and (b) mean of the sum of the two largest values, and (c) mean of the proportion 
of the two largest values; and (d) mean of the proportion of the two largest values 
and mean of the sum of the two largest values; and between mean of the sum of 
all values and (e) mean of the sum of the two largest values, and (f) mean of the 
proportion of the two largest values, of 100 simulated sites under simulated 
altered environmental conditions (100 simulated sites; simulated year > 0; each 
simulated site includes 3 simulated blocks; each simulated block includes 10 
simulated plots). All data were natural log-transformed to improve normality. 

The red, gray, and blue dots mean that the relationship between the y-axis and 
x-axis variables of each panel on the simulated site-level is significantly positive, 
non-significant correlated, and significantly negative correlated under simulated 
altered conditions, respectively. The purple lines are regression curves for 
the ambient conditions. The purple fonts are R2 and P values for the ambient 
conditions. The black lines are regression curves for the altered environmental 
conditions. The black fonts are R2 and P values for the altered environmental 
conditions. The dashed and solid lines indicate that the overall relationship is 
not significant (P > 0.05) and significant (P < 0.05), respectively, with shaded 
areas indicating 95% confidence intervals. All statistical tests are conducted as 
two-sided.
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Extended Data Fig. 6 | Overall relationships generated from simulated Fisher’s 
log series distribution data under simulated ambient (purple lines) and 
altered environmental (dots and black lines) conditions. The relationship 
between mean of the number of all values and (a) mean of the sum of all values, 
and (b) mean of the sum of the two largest values, and (c) mean of the proportion 
of the two largest values; and (d) mean of the proportion of the two largest values 
and mean of the sum of the two largest values; and between mean of the sum of 
all values and (e) mean of the sum of the two largest values, and (f) mean of the 
proportion of the two largest values, of 100 simulated sites under simulated 
ambient and altered environmental conditions (100 simulated sites; simulated 
year > 0; each simulated site includes 3 simulated blocks; each simulated block 
includes 10 simulated plots). All data were natural log-transformed to improve 

normality. The red, gray, and blue dots mean that the relationship between the 
y-axis and x-axis variables of each panel on the simulated site-level is significantly 
positive, non-significant correlated, and significantly negative correlated under 
simulated altered conditions, respectively. The purple lines are regression curves 
for the ambient conditions. The purple fonts are R2 and P values for the ambient 
conditions. The black lines are regression curves for the altered environmental 
conditions. The black fonts are R2 and P values for the altered environmental 
conditions. The dashed and solid lines indicate that the overall relationship is 
not significant (P > 0.05) and significant (P < 0.05), respectively, with shaded 
areas indicating 95% confidence intervals. All statistical tests are conducted as 
two-sided.
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Extended Data Fig. 7 | Overall relationships generated from simulated 
multinomial distribution data under simulated ambient (purple lines) and 
altered environmental (dots and black lines) conditions. The relationship 
between mean of the number of all values and (a) mean of the sum of all values, 
and (b) mean of the sum of the two largest values, and (c) mean of the proportion 
of the two largest values; and (d) mean of the proportion of the two largest values 
and mean of the sum of the two largest values; and between mean of the sum of 
all values and (e) mean of the sum of the two largest values, and (f) mean of the 
proportion of the two largest values, of 100 simulated sites under simulated 
ambient and altered environmental conditions (100 simulated sites; simulated 
year > 0; each simulated site includes 3 simulated blocks; each simulated block 
includes 10 simulated plots). All data were natural log-transformed to improve 

normality. The red, gray, and blue dots mean that the relationship between the 
y-axis and x-axis variables of each panel on the simulated site-level is significantly 
positive, non-significant correlated, and significantly negative correlated under 
simulated altered conditions, respectively. The purple lines are regression curves 
for the ambient conditions. The purple fonts are R2 and P values for the ambient 
conditions. The black lines are regression curves for the altered environmental 
conditions. The black fonts are R2 and P values for the altered environmental 
conditions. The dashed and solid lines indicate that the overall relationship is 
not significant (P > 0.05) and significant (P < 0.05), respectively, with shaded 
areas indicating 95% confidence intervals. All statistical tests are conducted as 
two-sided.
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