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Dominantspecies predict plantrichness and
biomassinglobal grasslands
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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
ofindividuals), ageneral property that may provide predictive power for
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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 cycling’, yet prediction of these community characteris-
tics, and their relationship, has remained elusive™’. At biogeographic
spatial scales, species richness and community biomass have shared
environmental drivers leading to covariation®. This relationship is
oftenstrongin experimentsin which plant composition orrichnessis
maintained as atreatment, such asingrassland and forest biodiversity
experiments or intercropping systems, through seed addition and weed
removal’°. However, the biomass-richness relationship is often vari-
able and poorly resolved when communities naturally assemble'®®,
Theinability to predict observed plant richness and biomassin natural

systems has hindered progressin 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)”", with a few highly abun-
dant species dominating the community and many relatively rare
species” . This long-tailed abundance distribution has biological
importance, because the most dominant species often exertsadispro-
portionate impact on ecosystem processes, functions and community
dynamics*?*?°, Mathematically, long-tailed distributions provide a
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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 numbersincirclesina
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represent bivariate relationships. The x-axis in b and c shows the rank of species
from most to least abundant. Line colours from blue tored inb 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 Table1for additional details).

strong description of species abundances (whether assessed through
species-level biomass, absolute cover or number of individuals) in
biological communities'®*°~**, suggesting the possibility that dominant
species and properties of the long-tailed distribution may provide
an integrated framework for predicting total community biomass
andrichness.

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 structure*. For instance, while both types of estimates
provideinformation on species diversity, dominance and species-level
abundance trends through time and across space®, only absolute
abundance includes information on total population size®* and, by
extension, community biomass®***~, For long-tailed distributions, it
can be mathematically shownthat the absolute abundance of the most
dominantspecies provides astrong prediction for the total abundance
of all species in a community*’. 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 community?**~*,

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-m?*scale at 76 grassland
sites on 6 continents contributing to the Nutrient Network (NutNet)
distributed experiment (Extended Data Fig. 1a,b)*. We use bivariate

regression (paths1-6in Fig.1aand Extended DataFig.1c) and structural
equation modelling (meta-modelin 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 species*. For the analyses we present in the main text, we
estimate species-level biomass from directly measured species-level
cover using a power law relationship®’. This approach is validated by
strongly concordantresults inananalysis of data from seven sites with
direct measures of both species-level cover and species-level biomass
(Extended Data Fig.2a-g)*. We show that the generality of these results
isunderlainby 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 along-tailed distribution*?, such
asthelog-normal or Fisher’s log series distribution. Our mathematical
modelling shows that the relative abundance of the most dominant
species predicts the total community speciesrichnessin aplot. We let
the abundance of the most dominant speciesin the plot be defined as

AL(S) = max{Vy, Yy, ... Yy} )
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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
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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
isindicated 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
slopesincand earereported as mean + s.e.m. All statistical tests are conducted
astwosided.

where Y;isthe abundance of the ith speciesand Sis the species richness.
Therandomvariables Y;are assumed to beindependent and identically
distributed, and their tail probability functionis denoted by F(y). Then,
the relative abundance of the most dominant species is

A (S

_AO @)
SxE[V]

where E[Y;] represents the expected value (mean) of the random vari-

ables Y;, calculated as the average outcome over many realizations of

Y,. Foralarge S, we have the asymptotic result*®

A (S)
S

~ 1where bg = F ' (1/S). @)

Tobe more precise, b,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 alogarithm to both sides yields

log (41 (5)) ~ log (bs) — log () — log (E[V1]), @)

Thisrelationship reveals thatif the following condition on the tail

behaviour of the distribution of ¥;holds:

log (bs)

Oas$ s
o8 (5) —-0asS—-

&)

then the logarithm of the relative abundance of the most dominant
species, Ay, 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
speciesrichness have alower proportion of relative abundance attrib-
uted to one or afew dominant species (as shown by the colour gradient
transitioning fromred 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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Table 1| The R? of various relationships among four natural log-transformed variables (top) and the R? 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 (DS,; n is from 1to 5) from NutNet data under

both ambient and altered conditions

DS,
n=1 n=2 n=3 n=4 n=5

Variables

log(mean richness)-log(mean absolute biomass of DS,) 0.00M 0.00M 0.00M 0.00M 0.01%
The R%in log(mean richness)-log(mean relative biomass of DS,) 0.75*** 0.76*** 0.73*** 0.70*** 0.67***
ambient log(mean relative biomass of DS,)-log(mean absolute biomass of DS,)  0.00"° 0.00M 0.00M 0.00M 0.01"
conditions %) mean community biomasss-log(mean absolute biomass of DS, 0.84= 0.87+ 0.88* 088 088"

log(mean community biomass)-log(mean relative biomass of DS,,) 0.00M 0.01" 0.01" 0.01% 0.01%

log(mean richness)-log(mean absolute biomass of DS,) 0.01"¢ 0.00M 0.00™ 0.00M 0.00M
The R?in log(mean richness)-log(mean relative biomass of DS,) 0.79*** 0.84*** 0.84*** 0.82*** 0.79***
er:\?ir:)imental log(mean relative biomass of DS,)-log(mean absolute biomass of DS,) 0.04* 0.00M 0.00M 0.00M 0.00M
conditions log(mean community biomass)-log(mean absolute biomass of DS,,) 0.90*** 0.91*** 0.90*** 0.89*** 0.88***

log(mean community biomass)-log(mean relative biomass of DS,,) 0.00™ 0.00M 0.00M 0.00M 0.00M
Gamma diversity

The R? of log(gamma diversity)-log(mean relative biomass of DS,) in 0.45*** 0.47*** 0.43*** 0.37*** 0.31***

ambient conditions

The R? of log(gamma diversity)-log(mean relative biomass of DS,,) in 0.35%** 0.39*** 0.37*** 0.33*** 0.28***

altered conditions

The values in the table represent R? from ordinary least squares (OLS) linear regression analysis, with symbols in the upper right indicating the corresponding P value ranges: *P<0.05,
***p<(0,001and ™ denotes non-significant results (P>0.05). All statistical tests were conducted as two sided.

dominant species accurately predicted mean community richness
(slope=-1.87 £ 0.12, R>=0.76, P < 0.001; Fig. 2c). Similarly, as pre-
dicted mathematically*°, the mean absolute biomass estimates of the
two most dominant species accurately predicted mean total commu-
nity biomass (slope = 0.64 + 0.03, R*=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 speciesincluded (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 gammadiversity (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
andfound nearly identical results (Fig. 3), even though the treatments at
mostsites 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
slopesin purpleandblack regressionlinesin Fig.3c,e). Thisslope arises
from the parameters of the underlying long-tailed distribution of ¥,
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 sevenssites (see mean + s.e.
of slopesin purpleand 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 andrichness usinginformationon 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,R?= 0.76, P< 0.001 under ambient conditions, and
slope =-2.08 + 0.11,R*= 0.83, P < 0.001 under experimentally altered
conditions; Fig. 3¢c). In addition, a10% 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,
R?=0.87,P<0.001under ambient conditions, and slope = 0.68 + 0.02,
R*=0.92, P<0.001 under experimentally altered conditions; Fig. 3e).
The site-level results of these relationships under altered conditions
arepresented in Extended Data Fig. 3g-1.

When we analysed each year (from year1to 15in Supplementary
Table 2a) and each treatment (control, nitrogen (N), phosphorus (P),
potassium and micronutrients (Kp), NP, NKp, PKp, NPK, fencing
and fencing plus NPKp in Supplementary Table 2b) separately under
altered environmental conditions, the results were consistent with the
dataaveraged 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 variables®.
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 DataFig. 4). This consistency shows the robustness of these
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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

Non-significant - Positive

x-axis variables of each panel on thessite level is indicated as significantly positive
(red), uncorrelated (grey) and significantly negative (blue) (Extended Data
Fig.3g-1). The purplelines are regression curves for the ambient conditions

in Fig. 2. The purple font indicates R*and Pvalues for the ambient conditions
inFig. 2. The black lines are regression curves for the altered environmental
conditions. The black fontindicates R? 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 slopesin cand e are reported as
mean +s.e.m. All statistical tests were conducted as two sided.

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 communities®*****~**, Simultane-
ously considering both the absolute and relative abundance of domi-
nant species provides valuable insightsinto the relationship underlying
community richness and biomass, enhancing the ability to separately
predict these factorsin the face of global changes®**'*5°,

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 with17-45% 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
attributes®?***!, whereas species that have recently become domi-
nant (owingto, for example, invasion, environmental change) often
introduce new attributes into the community, altering community
functioning®*®>%, The persistence of always-dominant species under
altered environmental conditions probably stabilizes community
attributes arising from the identity of dominant species?*?53+338.64,
This suggests that the characteristics of biological communities are
more highly conserved thanis predicted solely from the properties
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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
axisvariablesina,b,c,dand eare, respectively, from the modelina, b, c,eandf
of Fig. 2. Inthese five panels, the grey-shaded areais 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.

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

Inour analyses, we use data collected at 76 sites, which are part of the
NutNet, acollaborative global research network conducting a globally

replicated experiment®. 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
grasslands®. 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 (-3.3t0 27.3 °C; Extended Data Fig. 1a) and
latitude (69° N-52°S; Extended Data Fig. 1b). These sites also include
awide range of site means of community biomass (26.2-1,122.9 g m ),
localmean (alpha) plant richness (1.7-43.1species per 1 m*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 Table1.

Ateachsite, local researchers established anidentical 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 x 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). Eachsampling area was separated by more than 1.5 m from neigh-
bouring plots (1-mwalkway 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, Pand Kp), each at two levels (control, and nutrient
added) for a total of eight treatments. The last two treatments use
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Empirical NutNet data
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Altered conditions
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Simulated log-normal data

€ Simulated ambient conditions

Simulated log series data

@ Simulated ambient conditions

Simulated multinomial data

g Simulated ambient conditions
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Fisher’s C=3.997, d.f. = 4, P = 0.406, AIC = -540.849
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Simulated altered conditions

Fisher’s C=2.024, d.f. = 4, P=0.731, AIC = -464.382

f Simulated altered conditions

Fisher’s C=0.108, d.f. =2, P = 0.947, AIC = -507.967
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Simulated altered conditions
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Fig. 5| Structural relationships across empirical and simulated grassland
dataunder 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 R* for each component modelis given in the box
of response variables. The dashed and solid lines indicate that the relationship
isnot significant (P> 0.05) and significant (P < 0.05), respectively. The value

Fisher's C = 3.468, d.f. = 4, P= 0.483, AIC = -831.716

Fisher's C=4.11, d.f.=2, P=0.128, AIC = -787.945.

nextto eachsolid 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 modelina-h,
including Fisher’s C, degrees of freedom, Pvalue 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).

fencing to exclude herbivores: fencing without nutrient added (fenc-
ing) and fencing with all nutrients added (fencing plus NPKp). In total,
the ten different treatments are as follows: control, N, P, Ky, NP, NKy,
PKp, NPKy, fencing and fencing plus NPK.

The specific nutrient treatments were as follows: 10 gNm2yr~
as timed-release urea ((NH,),C0), 10 g P m2yr as triple superphos-
phate (Ca(H,P0,),), 10 g K m2yras potassium sulphate (K,SO,) and

1

100 g m2yr™ 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
al-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.
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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 aspan of up to 16 years (range of 2-16 years)
across 76 sites (Extended Data Fig. 1b and Supplementary Table 1).

Sampling protocols

Withineach 5 m x 5 mplot,arandomly designated 1 m x 1 mquadrat was
permanently marked and sampled annually at peak plant biomass. In
each quadrat, absolute cover was visually estimated to the nearest 1%
for every speciesrooted withinthe 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)
canexceed 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 DataFig. 1e).

Adjacent to the permanent 1 m x 1 m cover quadrat, aboveground
live biomass was estimated by clipping all aboveground biomass at
ground level within two 1 m x 0.1 m strips (totalling 0.2 m?), 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 0.01g. The weights were multiplied by five to estimate grams per
square metre, representing the community biomass of the 1 m? quadrat
(Extended DataFig. 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
cover?, 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 cover”, 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 biomassin 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 x 10 treatments x 10 years) per site, over a
simulated period of 10 years (thatis, year O of simulated ambient condi-
tionsand 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 x 2,000
iterations), we filtered 27,222 eligible data points by limiting commu-
nity species richness to between 1and 50, and community biomass
tobetween1gand 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
distributionrequires that species abundances are distributed based on
acompetitive process in which gains by one species must resultinlosses
for others. However, the total abundance of our observational (that s,
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
abundancetobe constant. Ultimately, each of the 100 simulated sites
had approximately 270 plot-level values for community biomass and
speciesrichness. These 270 or so plotsineach simulated site were ran-
domly assigned to10f10 different simulated treatments, 3 simulated
blocksand 10 simulated years fromyear O to year 9, analogous to those
inNutNetdata. Intotal, 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) amathematical formuladerivationand (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-
ciesand speciesrichnessinasite 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
A,(S) =maxtY,, Y,, ... Y} where the Y, are independent and identically
distributed random variables representing the abundance of each
species. Recall that the tail probability function, which depends onthe
distribution of Y, isdenoted by F(y) = P(Y; > y).Inthissection, we show
thatboththelog-normalandlogseries distributions satisfy the condi-
tion provided in equation (5):

log (bs)
log (S)

-

for

bs=F ' (1/S).
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For log-normally distributed species abundance, suppose the Y;
arelog-normally distributed with parameters gz and o (mean and stand-
ard deviation of the logarithm, respectively). Note that as F isastrictly
decreasing function, itsinverse is also strictly decreasing. Therefore,
ifan a exists such that F(a) < 1/S, then bg = F 1/S) < a.For positivex,
define the function

log(xX) —p

X)) = o

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

2
exp [—@] ©)

Fo < 3

1
V2me (x)

o-ealfom )]

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

S 1/2
é =121 —_ s
(@) ( g(m))

eas) _ s
5 = log(—),

Define

Var
and
eas)’ | _ +an
exp [_T] s
Therefore,
- 1 e(as)z] 1 1 1
F(as) < exp [— =< <%
Ve (as) 2 5 [2log(szm) 3

and we conclude that

bs < a5 = e exp [O(ZIog (%))UZ]

or

1/2
S
log bs < logas = p + V202<log (— .

2

Thus, equation (5) is verified.

For log series-distributed species abundance, suppose the Y;are
random variables with log series distribution with parameter O <p <1.
Let Zbe ageometrically distributed random variable with parameter p
and tail distribution F, (x). Note that for keN, the tail distribution of ¥;is
00 1 pj

F0= 3

4y log(-p) J
and the tail distribution of Zis

F,(k)= % a-pp/.

J=k+1

Therefore, there exists a constant, C;, independent of k, such that
F7 (k) = GF (k), soif

log 5 (1/S)

log(s) O

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

F(f)= 3 a-ppi=3.
J=k+1

Solving for k yields
pl€+1 =1/

(k+1)log(p)=—log(s)

k =Cylog(s),
SO

log (F;‘) W9 log(log(s))
logS)  log(S)

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. Tothis end, denote the index of the maximally abundant
speciesinthesitei,,,. Then, the abundance of the second most domi-
nant species is defined as A, (S) = max{Y;fori € {1,...,S}/imax} . Then,
consider the sum of the top two dominant relative abundances:

A +40) AG+A4O)

T=
S 2
NG SXE[Y}]

Taking the logarithm of both sides yields

log (T') ~ log (A; (S) + A (8)) — log (S) — log (E[Y;]) -

Thus, a nearly linear relationship between log(7) and log(S) is again
ensured as long as the following condition holds

log(41(S)+A2(5))
toaS) - 0. 7)

Note that due to the trivial upper bound

log (4, (S) + 45 (5)) < log (24, (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’ package®’.
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 withineach plot canresultin different species occupy-
ing the same rank across different plots****. 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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Speciesineach plot were divided into two groups: dominantand
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 R? of selecting different
numbers of dominant speciesin Table1(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’ package®® 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
modelselection outcomes. Toaddressinteractions between fixed and
random effects, we used amodel-selection approach groundedinthe
minimization of the Bayesian information criterion as per Pinheiro
and Bates’ methodology®®. This approachinvolved comparing models
with and without each random effect to ascertain the necessary level
ofvariationtobeincludedinthe model. Consistently, model selection
favoured theinclusion 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 1to
year 15 of NutNet data; Supplementary Table 2a) and each treatment
(control, N, P,Kp, NP, NKy, PKp, NPKy, fencing and fencing plus NPKp 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 onthese relationshipsin 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 spl and sp2, and post-treatment
they change to spl and sp3 or sp2 and sp3, the count of consistency is
1, resultingina proportion of 50%. If the species remainas spland sp2
after treatment, the countis 2 with a proportion of 100%. Conversely,
if they shift to sp3 and sp4, the count is O 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’ package®’ 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. Inlight of the conceptual framework depicted in Fig. 1a
and Extended DataFig.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
agood fit) and the Akaike Information Criterion (AIC)*’. To verify that
our results do not depend on the type of species-level abundance
measure used, we repeated theidentical analysis based on species-level
absolute and relative cover data from this experiment (Supplementary
Figs.1-5and Table 4).

Allanalyses 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

Allthe datathatsupportthe findings of this article are freely available
via the Environmental Data Initiative (EDI) Data Portal (https://doi.
org/10.6073/pasta/442895326274€a09942bd04e6ea92df2)".

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)™.
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Extended Data Fig. 1| Climatic (a) and geographic (b) distribution of 76 relative biomass curve taking azi.cn site under ambient conditions as an
experimental sites from NutNet data; and (c) structural equation meta-model example. Here, species-level abundance is estimated based on species-level
to characterize the possible relationships among log(mean absolute biomass biomass. Thered, gray, and blue dotsin Fig. aand b mean that the relationship
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between these four variables in the structural equation model and onesite- correlated, and significantly negative correlated, respectively (see Extended
level patterns of (d) cumulative absolute biomass curve and (e) cumulative DataFig.3a).
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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 specieslevel biomass data (black) and species level cover data (purple).

All datawere natural log-transformed. Each regression curve in Fig. arepresents
oneyear (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
garetheresults 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. Slopesin Fig.d and fare
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-]) altered conditions. The relationship between richness and
(a, g) community biomass, and (b, h) absolute biomass of the two most dominant
species, and (¢, 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, I) relative biomass of the two most dominant

log(Relative biomass of
2 most dominant species)

species of each site under ambient and altered conditions (76 sites; each site

=3 blocks; eachblock =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 R?(R*’m) and conditional R? (R%c) 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
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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 DataFig. 5| Overall relationships generated from simulated
lognormal distribution data under simulated ambient (purplelines) 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 (¢) mean of the proportion
ofthe 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.

Thered, 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
notsignificant (P > 0.05) and significant (P < 0.05), respectively, with shaded
areasindicating 95% confidence intervals. All statistical tests are conducted as
two-sided.
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normality. The red, gray, and blue dots mean that the relationship between the
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for the ambient conditions. The purple fonts are R2 and P values for the ambient
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areasindicating 95% confidence intervals. All statistical tests are conducted as
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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
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and (b) mean of the sum of the two largest values, and (c) mean of the proportion
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notsignificant (P > 0.05) and significant (P < 0.05), respectively, with shaded
areasindicating 95% confidence intervals. All statistical tests are conducted as
two-sided.
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Ecological, evolutionary & environmental sciences study design
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Study description All the sites are located in areas dominated by low statured, primarily herbaceous vegetation including old fields and pastures,
tallgrass, mixed and shortgrass prairies, alpine tundra, montane meadow, savannah and shrub-steppe, desert and semi-arid
grassland, and annual grasslands, which we refer to collectively as grasslands. These sites encompass a wide range of environmental
conditions including elevation (0.5 to 4241 m above sea level), mean annual precipitation (MAP; 203 to 2114 mm per year, Extended
Data Fig. 1a), mean annual temperature (MAT; -3.3 to 27.3 °C, Extended Data Fig. 1a), and latitude (69° N to 52° S, Extended Data
Fig. 1b). These sites also include a wide range of site means of community biomass (26.2 to 1122.9 g per m2), local mean (alpha)
plant richness (1.7 to 43.1 species per 1 m2 quadrat), and site level (gamma) plant richness (14 to 128 species per site).

At each site, local researchers established an identical experiment which manipulates the supplies of various biologically limiting
elements (e.g., nitrogen, phosphorus, potassium, and various micronutrients) and the density of mammalian grazers. The experiment
is composed of 10 treatments applied at the scale of 5 m x 5 m plots and replicated within each site in a completely randomized
block design, with most sites having three complete blocks (range 1 to 6 blocks per site). Each sampling area was separated by more
than 1.5 m from neighbouring 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 nutrient treatments (1. Nitrogen (N), 2. Phosphorus (P), and 3. Potassium
and Micronutrients (KB)), each at two levels (Control, and Nutrient Added) for a total of eight treatments. The last two treatments
use fencing to exclude herbivores: Fencing without nutrient added (Fencing) and fencing with all nutrients added (Fencing+NPKu). In
total, the ten different treatments are: Control, N, P, Ky, NP, NKy, PKu, NPKy, Fencing, and Fencing+NPK.

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
superphosphate (Ca(H2P04)2), 10 g K m-2 yr-1 as potassium sulphate (K2504), 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%). Micronutrients were only added in the first year
to prevent the build up to toxic levels. Fences were 230 cm tall with the lower 90 cm surrounded by 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.
The local scientists collect identical data using standardized protocols starting in the year prior to application of experimental
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 includes 21,233 unique site-block-treatment-year combinations, including
18,705 plots representing altered environmental conditions and 2,528 plots under ambient conditions, collected over a span of up to
16 years across 76 sites (Extended Data Fig. 1b).

Research sample To measure absolute cover of each species, within each 5 m x 5 m plot, a randomly designated 1 m x 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 overhanging the quadrat. The cover of each species per quadrat was estimated independently, such that the total
summed absolute cover of all species (i.e., community-level absolute cover) can exceed 100% in multilayer canopies.

The relative 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).

Species richness per quadrat was determined by the number of species in the cover data.

To measure community biomass, adjacent to the permanent 1 m x 1 m cover quadrat, aboveground live biomass was estimated by
clipping all aboveground biomass at ground level within two 1 m x 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 nearest 0.01 g. The




weights were multiplied by five to estimate grams per square meter, representing the community biomass of the 1 m2 quadrat
(Extended Data Fig. 1d).

Sampling strategy Within each 5 m x 5 m plot, a randomly designated 1 m x 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 overhanging the quadrat. The
cover of each species per quadrat was estimated independently, such that the total summed absolute cover of all species (i.e.,
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 relative 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 x 1 m cover quadrat, aboveground live biomass was estimated by clipping all aboveground biomass
at ground level within two 1 m x 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 nearest 0.01 g. The weights were multiplied by five to
estimate grams per square meter, representing the community biomass of the 1 m2 quadrat (Extended Data Fig. 1d).

Data collection At the time of peak biomass each year at each of the 76 sites in this study, total aboveground biomass of all plants rooted within two
0.1 m2 (10 x 100 cm) strips in each experimental plot was clipped using hand shears or clippers and measured on a balance. Clipped
vegetation was separated by hand into live and dead components, dried in a drying oven at 600C °Cfor 48 hrs, and weighed to the
nearest 0.01 g. For plots with shrubs and subshrubs, all leaves and current year’s woody growth were collected, dried and weighed.
We also quantified species richness and composition by visually estimating the percent cover of each species to the nearest 1% in a
randomly designated, but permanently marked, 1 x 1 m subplot within each 25 m2 plot. All data were recorded each year in a
standardized spreadsheet. These data were collected over the course of this 16-year experiment by site Pls, postdocs, graduate
students, and other lab personnel associated with each of the 76 sites contributing to this experiment.
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Timing and spatial scale  Because we sought to characterize the relationships among community biomass, species richness, absolute abundance of dominant
species, and relative abundance of dominant species in global grassland under both ambient and altered environmental conditions,
aboveground biomass was collected at the seasonal point of peak growing season biomass at each site in each year (sampling dates
vary by site location, including continent and hemisphere) to provide data at a biologically comparable point in the season for sites
around the world. At each of the 76 sites in this study, total aboveground biomass of all plants rooted within two 0.1 m2 (10 x 100
cm) strips was collected from each of the 5 x 5 m experimental plots. Start dates of the experimental treatments varied among sites,
but the final year of sampling for all sites included in this study was 2023. When we analyzed each year or each treatment separately
under altered environmental conditions, the results were consistent with the data averaged across all years or all treatments
(Extended Data Table 1a, b).

Data exclusions NA
Reproducibility This study, replicated at 76 sites around the world, is designed specifically to examine reproducibility -- the responses that are
general across sites and those that are contingent on site-level characteristics. So, yes, the reproducibility of results across site

conditions is one of the central goals of this study.

Randomization This study is a randomized block design within each site. All experimental treatments were randomly assigned to plots at the outset
of the study.

Blinding Plots are numbered, thus investigators do not track the treatments being applied to each plot at the time of data collection, but
rather associate data with each treatment via plot number after data collection. So, yes, investigators are blind to the treatments at
the time of data collection.

Did the study involve field work? |z| Yes |:| No

Field work, collection and transport

Field conditions This was a 16-year-long study at 76 sites spanning 6 continents. We have provided a figure (Extended Data Figure 1a) that includes
the mean annual precipitation and mean annual temperature of every site.

Location We have provided a figure (Extended Data Figure 1b) that includes the latitudes and longitudes of every site.

Access & import/export  Biomass was measured using standard methods in each investigator lab. Absolute cover was estimated to the nearest 1% for every
species overhanging the each quadrat.

Disturbance The experiment included building and maintaining fences to reduce access by large mammals and addition of elemental nutrients.
Investigators accessed sites, often by walking on trails. Therefore, the disturbance beyond the treatments, themselves, was minimal.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[ ] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
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