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Abstract

1. The reduction of plant diversity following eutrophication threatens many ecosystems worldwide. Yet, the mechanisms by
which species are lost following nutrient enrichment are still not completely understood, nor are the details of when such
mechanisms act during the growing season, which hampers understanding and the development of mitigation strategies. 2.
Using a common garden competition experiment, we found that early-season differences in growth rates among five perennial
grass species measured in monoculture predicted short-term competitive dominance in pairwise combinations and that this
effect was stronger under a fertilisation treatment. 3. We also examined the role of early-season growth rate in determining the
outcome of competition along an experimental nutrient gradient in an alpine meadow. Early differences in growth rate between
species predicted short-term competitive dominance under both ambient and fertilized conditions and competitive exclusion
under fertilized conditions. 4. The results of these two studies suggests that plant species growing faster during the early
stage of the growing season gain a competitive advantage over species that initially grow more slowly, and that this advantage
is magnified under fertilisation. This finding is consistent with the theory of asymmetric competition for light in which fast-
growing species can intercept incident light and hence outcompete and exclude slower-growing (and hence shorter) species.
We predict that the current chronic nutrient inputs into many terrestrial ecosystems worldwide will reduce plant diversity and
maintain low biodiversity state by continuously favouring fast-growing species. Biodiversity management strategies should focus

on controlling nutrient inputs and reducing the growth of fast-growing species early in the season.

Introduction

Anthropogenic inputs of nutrients, including nitrogen (N) and phosphorus (P), into the biosphere have greatly
increased in recent decades and continue to rise (Sinha et al., 2017). This environmental eutrophication
represents a major threat to biodiversity in many terrestrial, freshwater and marine ecosystems worldwide,
as it is usually associated with biodiversity loss (Borer et al., 2014, Ren et al., 2017). In grasslands, nutrient
enrichment, both deliberate (agricultural fertilization) and unintentional (atmospheric deposition), has been
shown to have profound impacts on ecosystems (Erisman et al., 2008). Nutrient input usually increases
primary productivity and reduces plant diversity and community stability (Midolo et al., 2018, Soons et



al., 2017). This loss of plant diversity can then impact the functioning of ecosystems and their associated
ecosystem services (Hautier et al., 2015, HautierIsbell et al., 2018, Hautier et al., 2014, Hector et al., 2010,
Isbell et al., 2015). However, we do not have a complete understanding of the mechanisms by which nutrient
inputs lead to the loss of plant diversity (Harpole et al., 2017) or the timing during the growing season when
these mechanisms are most important.

In low-fertility grasslands, where soil resources are strongly limiting, diversity is often high. However, resource
competition theory (R*theory) predicts dominance by the single species that can deplete soil resources to
the lowest level (with the lowest value of R *) (Tilman, 1982, Tilman, 1980). We must therefore assume
that low-fertility grasslands are either limited by more than one belowground resource (Fay et al., 2015,
Hutchinson, 1957), or that additional mechanisms operate, such as negative soil feedbacks, that introduce
frequency-dependence and hence stabilisation (Petermann et al., 2008). Coexistence might be made easier in
such systems because competition for belowground resources is often assumed to be size-symmetric (Vojtech
et al., 2007, HautierVojtech et al., 2018), thus leading to relatively small fitness differences between species,
which can be offset by weak niche differentiation (Chesson, 2000).

Under fertilized conditions, when nutrient limitation is alleviated and light becomes the limiting resource,
resource competition theory (I * theory) again predicts competitive dominance, this time by the species
that is able to intercept light and reduce it to the lowest level (Dybzinski and Tilman, 2007, Vojtech et
al., 2007). Because light is a directionally supplied resource, tall species can intercept and pre-empt light,
making it unavailable to low-growing species. Competition for light is likely to be highly size-asymmetric
and might therefore lead to very large fitness differences and hence the exclusion of smaller, slow-growing
species (Hautier et al., 2009, DeMalach et al., 2017, Borer et al., 2014) even if the same stabilising niche
differences still operate.

While direct measurements of mechanistic plant competition are extremely difficult, relative growth rate
(RGR) is relatively easy to measure, and many plant species show striking differences in their relative growth
rate, even when grown under similar environmental conditions (Grime and Hunt 1975). High RGR might
confer a strong competitive advantage under highly fertile conditions, because it enables a species to quickly
capture light and deny it to competitors. But under low-fertility conditions, we might expect high RGR to
be a much poorer predictor of competitive outcomes, as other traits, reflecting niche differences, may play
a greater role. The timing of growth might also be a key factor in determining competitive outcomes. For
example, a species growing faster during the early stage of the growing season might reduce light availability
and thus have a disproportionate competitive advantage relative to species that initially grow more slowly.
RGR can be measured at different time points and thus be used to identify when during the growing season
differences in RGR are particularly important.

We used two studies to test whether early differences in species growth rates better predict short-term
competitive dominance under fertilised conditions: (1) a common garden experiment where species were
grown in monoculture and in pairwise and five-species mixtures under low and high soil fertility and (2)
an experiment in a natural grassland community that also included fertilizer treatments. Critically, both
studies provide detailed measurements of aboveground biomass through the growing season. We focus
mainly on competitive outcomes in fertilized conditions, where we expect competition to be primarily for
light, hence species with high early-season RGR in monoculture should dominate mixtures. We contrast the
fertile situation with less productive conditions but because the outcome of competition may be slower, the
comparison is limited by the short-term nature of our study.

Material and methods
Overview

Our two experiments both measured aboveground plant biomass at regular intervals during the growing
season at a relatively uncommon level of temporal detail. From these measurements we could calculate
daily RGR per species throughout the growing season, which provides unique insight into growth rates and
their temporal changes (in contrast, most studies lack a temporal dimension and measure biomass only at



harvest). We used these measures of RGR to identify when, during the growing season, differences in RGR
best predict competitive outcomes in mixtures, comparing the high and low fertility treatments in each study.
The first data set comes from a competition experiment with five European perennial grass species grown
under nutrient-limited unproductive and nutrient-rich productive conditions in the experimental garden of
the University of Zurich, Switzerland (47° 23’ N, 8° 33’ E, and 546 m height a.s.l.). The second data set lacks
independent monocultures but comes from a field experiment in which nitrogen and phosphorus are added
alone or in combination to a flat alpine meadow at the Alpine Meadow and Wetland Ecosystems Research
Station of Lanzhou University (Azi Branch Station) in the eastern Tibetan Plateau (33°40’N, 101°51’E,
altitude 3500 m a.s.l.), Gansu, China. The growing season typically starts around April 15 (7 day 106) in
Ziirich and around May 15 (7 day 136) in Gansu.

Common garden experiment
Ezxperimental design

The common garden experiment has been described at greater length elsewhere (Vojtech et al., 2008, Vojtech
et al., 2007, HautierVojtech et al., 2018). Briefly, we established monocultures (n=>5), all pairwise mixtures
(n=10) and the full five-species mixtures (n=1) of five perennial grass species (Poaceae): Alopecurus pratensis
L., Anthozanthum odoratumL., Arrhenatherum elatius (L.) P. Beauv. ex J. Presl & C. Presl, Festuca rubra
ssp. commutata Gaud. (= Festuca nigrescens Lam.), Holcus lanatus L. (Lauber and Wagner, 2001). Each
species combination was replicated five times for a total of 80 plots. Species were sown at a target density of
1000 seeds m™2 from seeds of individual species. Plants were established in 1 m? plots on highly fertile soil
(Garden humus, Ricoter, Aarberg, Switzerland). The experiment ran from April 2004 to June 2008. Plots
were watered daily and regularly weeded throughout the duration of the experiment. During 2005 and 2006,
plants were regularly fertilized with an NPK fertilizer corresponding to 15 g m™2 yr™' of nitrogen to create
highly productive conditions. In 2007, we divided the plots into four subplots of 50 x 50 cm (Fig. S1). In
half of these subplots, we maintained the initial highly productive conditions by continuously adding the
NPK fertilizer. In the other half of the subplots we reduced soil fertility by a combination of the cessation
of fertilization and the addition of sucrose (in five applications of 500 g m™ year! during 2007 and two
applications of 625 g m™2 in 2008). Addition of a carbon source limits nutrient availability to plants and
reduces productivity due to the immobilisation of nitrogen by soil micro-organisms (Killham, 1994) and
increases competition between micro-organisms and plants for nitrate and ammonium (Bardgett et al., 2003;
Schmidt et al., 1997). Additionally, we crossed the productivity treatments with regular cutting of the canopy
structure to create disturbed conditions (HautierVojtech et al., 2018). Calculating daily RGR per species
throughout the growing season for the plots that were disturbed was not possible because of the limited
number of samples between each cutting event. Here, we therefore analyse only the undisturbed productive
and unproductive conditions.

Data collection

In mid-June 2008, after two years of treatment, aboveground plant biomass was clipped at soil level in
the inner 30 x 30 cm of each subplot and sorted to species. To estimate daily RGR of each species in
monoculture, aboveground plant biomass was clipped at soil level within 10 x 10 cm quadrats in the outer
10 cm surrounding the inner 30 x 30 cm of each subplot during sequential harvests on days 53, 67, 88, 109,
116, 123, 130, 145, 152, 162, and 171 in the year 2008. Day 171 was the peak standing biomass. Each time
different randomly chosen quadrats were clipped (Fig. S1). Harvested biomass samples were dried at 80°C
and weighed. Soil cores were collected regularly during the growth season in 2008 and analysed for nitrate and
ammonium concentrations (Labor fiir Boden- und Umweltanalytik, Thun, Switzerland). We measured plot
level light interception ability in monoculture for each species and each nutrient treatment before the harvest
in end-April 2008 as the percentage of transmitted photosynthetically active radiation (PAR) reaching the
soil surface.

Field experiment

Ezxperimental design



The field experiment was set up in April 2011 and has been described elsewhere (Zhang et al., 2015, Zhou
et al., 2017, Zhou et al., 2018). Large herbivores were excluded between March and October by fencing
the experimental area. A homogeneous area of meadow covering 230 x 100 m was divided into four parts
that were given N, P, their combination or neither. Six plots, each 10 x 20 m, were established within each
nutrient area. Fertilization treatments consisted of a factorial combination of N and P addition applied
annually to fertilized plots in each of three blocks: N, P and NP. Nitrogen was supplied at a rate 15 gN
m2 y!, phosphorus at a rate of 8 gP m2 y!, and nitrogen and phosphorus at a rate of 10 gN m2y!
and 8 gP m2y~!. While we acknowledge that plots within each nutrient area are not independent, previous
studies have shown that there were no significant differences among them in term of plant species diversity,
community biomass and community composition at the start of the experiment (Zhou et al., 2018). N was
applied as ammonium nitrate (NH4NO3) and P as monocalcium phosphate (Ca(H2POy4)2) annually at the
end of May. Each plot was subsequently divided into two 10 x 10 m subplots; one randomly assigned subplot
was used to measure aboveground plant biomass through time for twenty common species (Table S1), and
the other subplot was used to measure aboveground plant biomass and species composition in early August
in one randomly selected 0.5 x 0.5 m quadrat.

Data collection

In 2013, after three years of nutrient addition, in the subplots dedicated to measuring aboveground plant
biomass through time, we sampled twenty common species accounting for 85 + 10% of aboveground biomass
(Table S1). For each species, we randomly selected, dried at 80°C and weighed 12 individuals on days 146,
157, 167, 177, 197, 207, 238, and 254 in the year of 2013. We stopped sampling species once they were
in full flower, resulting in a lower number of species sampled after day 177. In the subplots dedicated to
measuring aboveground plant biomass and species composition at peak biomass, the vegetation was clipped
in mid-August 2013 at soil level in one randomly selected 0.5 x 0.5 m quadrat, sorted to species, dried at
80°C and weighed.

Statistical analyses
All analyses were done using R 3.5.1 (R Development Core Team, 2018).
Common garden experiment

In the second year of our common garden experiment, we tested the effect of nutrient treatments on mineral
nitrogen available to plants, biomass production, and understory light availability by performing ANOVA-
type generalized linear models (McCullagh and Nelder, 1989) since our response include variables with
normal and non-normal error distributions. Data that were analysed using normal error distribution included
nitrogen available to plants and biomass production. Data with non-normal error distribution included the
percentage of understory light availability, which was analysed with a quasibinomial error distribution to
control for overdispersion.

To model plant growth, we fitted a four-parameter logistic curve to species biomass data through time
(Pinheiro and Bates, 2000, Paine et al., 2012) using a non-linear mixed-effects regression model with the
nlme function (Pinheiro and Bates, 2000). This model best fitted plant growth through the season which
initially increases, stabilizes and then decreases over time but not necessarily in a symmetric way. Species,
nutrient treatments and their interaction were treated as fixed effects and the four parameters of the logistic
growth model (K, xmid, My, and r) were treated as random effects allowing them to vary between species
and nutrient treatments. To improve homoscedasticity of the residuals, aboveground biomass was natural
log-transformed before analyses giving:

K—M
1Og (Mt) = My + 1+e(a:p((zm?37t) eqn 1
)
where ¢ is time in days of the year, M; is aboveground plant biomass at time ¢; M, is the asymptotic mass

ast — —oo; K is the asymptotic mass ast — oo; xmid is the mass at the inflection point, the time at which
RGR is maximized and r is a scale parameter.



RGR is given by W, thus we estimated daily RGR during the growing season for each species as:

(K —Mgq)exp((xmid—t)

—eqn 2

RGR; =

T
r(ltezp((zmid—t)
™))

Thus, for each species in each nutrient treatment combination, one value for RGR; was generated for each
day between the first and last day of the sequential harvests, yielding 119 values ofRGR; between day 53
and 171.

To assess whether early differences in growth rate between species in monocultures predict short-term compe-
titive dominance at harvest in pairwise and in five-species mixtures under both productive and unproductive
conditions, we related the relative differences in species biomass of the harvest of June 2008 for each pairwise
mixture and for each combination of pairs in the five-species mixtures to the daily relative differences in
growth rates of the respective species and nutrient treatment combination in monoculture, thus generating
119 regressions for each of the pairwise and five-species mixtures, one for each day between day 53 and 171.

Relative difference in abundance at harvest (day 171) in mixtures(AB;;) between species i and jwas calculated
as the natural log ratio of differences in biomass as:

B;
(ABj;) = Ln (Bj)eqn 3
A positive value of relative difference in abundance means that the biomass of species ¢ at harvest is higher
than that of species jwhen growing together, i.e. species ¢ has a greater relative abundance when growing
with species j, and vice versa. Ten values of relative difference in abundance (ABjj) were calculated for each
of the pairwise and five-species mixtures, one for each of the ten combination of pairs of species.

Daily relative differences in growth rates(APT'Py;) between species sand j were calculated for each day
between day 53 and 171 as the natural log ratio of difference in RGR in monoculture as:

(API'Py;5) = Ln (%)eqn 4

A positive value of daily relative differences in growth rates means that the relative growth rate in monocul-
ture at time ¢ of speciesi is higher than that of species j, i.e. species i grow relatively faster than species j at
a given day in the year, and vice versa. For each of the ten species pairs, daily relative differences in growth
rates (APT'Py;;) wepe cohcuhated @op eacn da Betweey Sa 53 avd 171 @op Tne ToUpWIOE oVd QIE-OTECIES
pETUpES.

Qe aocoeooed tne pehatiovonn PBetweev tne pelotie affuvdavece v UETUPE avd BouA peAATIE BLPPEPEVCES LV
YPOWTY PATEC LUOWVY YEVERUALED Avedlp LOBEAC with o vopudA eppop BloTeButiov. Tre pehatie afuvdavce tv
HETUPE WO TNE PEOTIOVOE apLoBAE oV PENOTIE DLPPEPEVCES LV YPOWTY PAUTES, VUTPLEVT TEEATUEVTS ovd TMELp
vtepagTlov wepe TNE e€mhavatop) aploBAec. A TOGLTIE PERATIOVOTLT WOUAD LVOLCUTE TNAUT OTECIES WLTH O NLYNER
PI'P ot e t noe ypeatep coymenitie afthitd avd aoeypouvd Blopaos at napeot. Pop cacn peypeociov, we
e€tpacted TNE CAOTE ovd 95% T ac weAh ac TNE MEPCEVTAYE 0P oplavee eEmhouved (P2 SINVR

Diedd eknepruevt

Iv tne ted deap 0@ oup PLEND eEMEQIUEVT, WE TECTED TNE WOUBUAA OVD LVIEQUCTIE EQPPECTS O VITPOYEV OVD
TNoOoTNOoEULS addLTIOV OV Plopaos TEoducTiov avd Thavt oneces pienveas B neppoppivy ANOA. Qe voed yeve-
paAled Aveop HOBEAS wITh VOpUaA eppop BloTeBuTiove @op Botn aptafBieq.

To yvavtigd TAAVT YPOWTY, WE PITTED o POUP-TIUPOHUETER AOYLIOTIC YPOWTN HOJEN TO OTECES Blopacs dato
TNEOLYN TWE UOLVY o VOV-Avedp UEES-EQ@ECTS PEYPETOLOV HOBER wiTth exvatiov 1 avd 2 Yieddivy 109 ahueg og
PI'P; Betweev dah 146 avd 254.

To acoeoc wnetnep eaph BLpQepevees v YpowTr pate BETWEEY OTECLEC TPEDICT ONOPT-TEPU COUTETITIE doyLva-
VCE WV PEOA-WOPAD €COOPOTEYU, WE PENATED TNE PEAUTLE SLPPELEVCE LV oBUVBOVCE OT NOPEST avd Bt pelatie
BLPPEPEVCES tV YpowTr) putec Betweey dah 146 avd 254 @op £acn COUPLVITIOV 0@ TALEC 0P OTEGIES LV O TREUTUEVT
coufvatiov vovy eyvatiov 3 avd 4 peomectiehd, tTug yevepatvy 109 peypeoctove, ove gop eacn da Betweev



dop 146 avd 254 dupvy ne Ypowlvy oeacov tv 2013. Becavoe o tne hagx o@ o pavdouioed Bhogxed deotyy,
WE PITTED CETUPATE UOBEAG (QPOP EUCT TEEATUEVT OVO COUTIORED TNE EC TWATES WVPORUOAAY.

dhcuhatiove op PTP; v trne @eld otud) ope Baoed ov omeclec ypowvy v ETVEES (v TNE COUUOY Yapdev
EEMEPYIEVT TNECE WEPE BUOED OV OTECIES YPOWIVY v LOVOCUATUpES). Iv tnic cooe, K, TN acPuntotic waog v
HETUEE, 1 o BlpecT peacupe o copneTitie afiltd. Hevee we wOUAD e€NECT COUNETITIE SOUVAVTS TO TUE MUY
K ahvec avd tnepegope niyn PI'P:. Qe tnuc puv o oumie additiovoh avohdols v wncn we codcuiated PI'P
aclog (%) /t onepe BO avd Bl ape e QlooT avd GECOVD UEUCUREPEVTS 0@ Plopacs ovd ¢ Tne TYE BETOEEY.
Qe eV peAUTED PEAATLE DLPPEPEVCE LV ABUVBOVCE AT NUPECT TO PENATIE BLPPEREVCES LV YPOWTY) PUTEC (POP EUCN
COUPVATIOV 0@ TOLES 0P OTEGLES LV O TEEUTUEVT COUPBLVITIOV ULy eyuatiov 3 avd 4 peonectierd.

Qe acoeooed tne pehatiovonn Petweev e pelotie affuvdavce v UETUPE avd BouA( peAATIE BLPPEPEVCES LV
YPOWTN PATEC LUOWVY YEVERUALES Avedp LOBEAC with o vopudA eppop dloTplButiov. Tre pehatie afuvdavce tv
WETUPE WOC TNE PEOTIOVOE OpLBAE aVd PEAUTIE DLYPPEPEVCES LV YROWTY] PATES, VUTPLEVT TEEATUEVTS oV TNELR
vTepacTIoV wepe TNE e€mhavatop) aploBAec. A TOGLTIE PENATIOVOMLT WOUAD LVOLCUTE TNAUT OTEGIES WLTT O NLYNER
PI'P ot twe t noe ypeotep copnetitie ot avd oaffoeypouvd Blogoos ot NopesT.

Qe ao0e00ed WNETNER 0PA SLPPEPEVCES LV OTEGIEG YPOWTY) PUTE TPEDICT ONOPT-TEPH COUTETITIE EECAUGLOV LV
TNE VUTELEVT OOBLTIOV TEEATUEVT UCVY YEVEROMIED Avedp wodeke witn o yvaoiBivoutah eppop diotelButiov. A
OTIEGIEC WOC COVOLBEPED AOCT WNMEV LT WIS TRECEVT tv o TAoT v 2011 avd afoevt geop tnat mhot v 2013. Qe
PENUTED TNE AxeMN00B 0@ o oTECES TO Be Moo T a@Tep Tneee Peape o Yutplevt additiov to douh PI'P alues pop
ot omEGLES, TNUE Yevepatvy 109 peypeaciove, ove gop eocn do Betweey dop 146 avd 254 Supvy Tne ypowvy
oeaoov v 2013. Tne AMxelnood op o onecleg Bevy AooT wag TNe peonovoe aploPie, avd PI'P alueg, vutplevt
TEEATUEVTC OVO TNELR VTEPACTIOV wepe TNe e&mAavartopd oplaBhec. A VEYUTIE PEAXTIOVOTIT WOUAD LVBICAUTE TNHOT
oneglec witn o niynee PI'P at tue ¢ noe ypeatep counetinie offthitd avd e€chude onegieg witn howep PI'P. ®op
g0 PEYPEDOLOY, WE e5TpacTed e ohome avd 95% T ac welk ac Tne mepcevTaye 0g oplavee eEmhowved (P2
ohuE).

Peouitc
PI'P mpedictg omnopT-Tepi COUTETLTIE SOULVOVCE LV oL COUUOV YOROEY EENEQLUEVT

Ovp vuTELeVT adBITIOV TREATUEVT GUCCECTPUARY CEEUTED TPOBUGCTIE COVBLTIOVE LT MLYT VUTELEVT avd Aow AtynT
aouhoBihitd, wnike oup GLUCEOCE UBBLTIOV TEEUTUEVT CUCCECOHPUANY CPEATED LVITPOBUCTIE COVOLTIOVE WLTY ALULTED
VUTELEVT avd Miyn Aynt aouhoBlAitd. Xucpooe abdiTiov peBUCED TNE AUOUVT 0@ UWVEEUA VITEOYEV oothaBAe TO
TAAVTC, v TNE GECOVD (heap 0p 0Up coupoy Yopdev eEmepuuevT, ppop av acpaye og 2.3 4 0.3 ¢ N m™? following
nutrient addition to 0.9 & 0.3 g N m2 following sucrose addition. It also reduced biomass production in
monocultures from 745 + 39 g m™?(mean =+ s.e.m.) following nutrient addition to 274 + 25 g m™2 following
sucrose addition (F 4= 102.34, P < 0.001) and increased understory light availability measured just before
the harvest from 13 £ 3% following nutrient addition to 65 + 5% following sucrose addition (F; 45 = 54.25,
P < 0.001) (Table S2).

After two years of treatment, the four parameters of the logistic growth curves used to calculate daily RGR
of five perennial grass species growing in monoculture varied across species and nutrient treatments (Fig.
S2A; Table S3). As a result, the rankings for species’ growth rates changed with both the growing season
and nutrient treatment (Fig. S2B). For example, relatively high RGR early in the season was observed for
H. lanatus under productive conditions, while A. pratensis had the highest early RGR under unproductive
conditions.

We found that early season (day t =53) relative differences in species growth rates in monoculture were
positively associated with relative differences in species biomass at harvest (day 171) in pairwise (Fig. 1A,
Fig. S3A) and five-species mixtures (Fig. 1B, Fig. S3B) under both productive and unproductive conditions.
The percentage of variance explained was maximum between day t = 53 and t = 112. This positive association
was observed up to day t=133. Relative differences in species’ growth rates became smaller as the season
progressed until they became negatively associated with differences in species biomass (from day t =135 in the



year — 14.05.2008) (Fig. S3). The percentage of variance in species biomass at harvest explained by relative
differences in species’ growth rates during the early stage of the growing season was approximately 50%
under both productive and unproductive conditions for the pairwise mixtures (Fig. S3A) and approximately
60% under the productive condition and 50% under the unproductive condition for the five species mixtures
(Fig. S3B).

RGR predicts short-term competitive dominance and exclusion in a field experiment

Our nitrogen and combined nitrogen and phosphorus addition treatments created productive conditions and
reduced plant diversity while phosphorus addition alone did not significantly affect either productivity or
diversity. In the third year of our field experiment, there was a marginally significant interaction between
nitrogen and phosphorus addition on biomass production (Fp20=3.8, P=0.065) and plant species richness
(F1,20 =3.7,P = 0.069) (Table S4). Nitrogen addition increased biomass production from an average of 101 +
11 g 0.25 m™ (mean =+ s.e.m.) in the control plots to 140 + 11 g 0.25 m™2 and decreased species richness from
36 + 2 species 0.25 m™2 to 22 4 2 species 0.25 m™2. In contrast, the levels of biomass production (114 4 11
g 0.25 m™2) and species richness (35 4 2 species 0.25 m™2) under phosphorus addition were indistinguishable
from those observed in the control plots. The combination of nitrogen and phosphorus addition had a large
effect on productivity, which increased to 198 + 11 g 0.25 m™2, while this treatment resulted in a smaller but
still significant decrease in plant species richness than observed with just nitrogen treatment leading to 28
+ 2 species 0.25 m™2.

Similar to the results of our common garden experiment, rankings of species growth rates changed with
both growing season and nutrient treatments (Fig. S4). We found that the relationship between early season
relative differences in species growth rates and relative differences in species biomass varied with both the
growing season and nutrient treatments (Fig. 2A, Fig. S5A). The percentage of variance explained was
maximum at day 150 in the control (R?* = 0.29, Fy169 = 70.1, P <0.001), 146 with nitrogen addition
(R? = 0.35, F1,160= 89.3, P <0.001), 164 with phosphorus addition (R? = 0.11, Fy 151 = 18.0, P <0.001)
and 146 with nitrogen and phosphorus addition (R? = 0.26, Fy 151 = 53.2, P <0.001). When significant,
relationships were always positive (Fig. 2A; Fig. S5A). Results based on relative differences in species growth
rates calculated between the two first measurements of biomass confirmed that early differences in growth
rates predict competitive dominance at harvest except in the phosphorus addition treatment (Fig. S6).

We found that the relationship between early season species growth rate values and the likelihood of loss of
a species varied with both the growing season and nutrient treatments (Fig. 2B, Fig. S5B). The percentage
of variance explained was maximum at day 146 in the control (R2 = 0.05, Fy 118 = 2.9, P = 0.11), 147 with
nitrogen addition (R? = 0.12, Fy, 115 = 11.5, P = 0.003), 177 with phosphorus addition (R* = 0.07, Fy 112
= 3.6, P = 0.06) and 172 with nitrogen and phosphorus addition (R? = 0.11, F; 115 = 11.6, P = 0.001).
Short-term competitive exclusion could only be predicted by early differences in species growth rate under
productive conditions (nitrogen and nitrogen & phosphorus addition) and, when significant, relationships
were always negative (Fig. 2B, Fig. S5B). Under unproductive conditions (control and phosphorus addition),
short-term competitive exclusion could not be predicted from early differences in growth rate.

Discussion

Our competition experiment in a common garden shows that early-season differences in species’ growth
rates in monoculture are good predictors of short-term differences in relative abundance in pairwise and
five species mixtures and that predictions were stronger under productive (light-limited) conditions. The
species that grew faster early in the season (i.e. H. lanatus and A. pratensis) , had the greatest competitive
advantage relative to slower-growing species (i.e.A. odoratum , A. elatius and F. rubra ). Relative differences
in species growth rates became smaller as the growing season progressed until they eventually became
negatively associated with differences in species biomass. This switch corresponds to the time at which faster
growing species had already reached their maximum growth rate and gradually slowed down while the RGR
of slow-growing species was still rising (around day 134 in the year — 13/05/2008). Early differences in
species’ growth rate also governed short-term competitive outcomes in our semi-natural grassland subjected



to nutrient addition, thereby extending the results of the common garden experiment to a real-world grassland
ecosystem. Together these results indicate that species growing faster during the early stage of the growing
season, and thus reducing light availability during this early phase of vegetation growth, had a competitive
advantage relative to species that initially grow more slowly.

Addition of nitrogen in our semi-natural grassland ecosystem increased productivity and reduced plant diver-
sity, allowing us to further assess whether differences in species growth rate predict short-term competitive
exclusion due to nutrient addition. We found that difference in early season RGR predict short-term com-
petitive exclusion under productive conditions, but not under unproductive conditions. Under productive
conditions, the species that grew faster early in the season (e.g. Anemonetrullifolia, Gentiana sino-ornata,
andSaussurea nigrescens) , competitively excluded initially slower growing species (e.g. Potentillaanserina,
Potentillafragarioides, Euphorbiaaltotibetica and Geraniumpylzowianum ). This result suggests that when
nutrient limitation is alleviated and productivity is increased, the resulting decline in diversity is partly
caused by species that grow fast initially reducing resource availability and outcompeting species that grow
more slowly.

Previous studies have shown that under productive conditions, when competition is mainly for light, asym-
metric competition causes plant species intercepting more light early in the season to have a disproportionate
advantage, leading to competitive exclusion of subordinate species (HautierVojtech et al., 2018, Vojtech et
al., 2008, Vojtech et al., 2007, Hautier, 2009, DeMalach et al., 2017). Our study is the first to our know-
ledge to reveal the critical time during the growing season when exclusion mechanisms act. We show that
differences in early season growth rates (day 53 when the growing season starts at ~ day 106 in Zurich and
around day 155 when the growing season starts at ~ day 136 in Gansu) provide an explanation of competitive
outcomes, thereby serving as a predictor and early signalling of plant competitive abilities. This is because
under productive conditions, asymmetric competition leads to increased relative size differences between
species early in the season. This early advantage allows fast-growing species to maintain and increase their
initial dominant position throughout the growing season, leading to the exclusion of initially slower growing
species. Our study is in agreement with earlier studies demonstrating that instantaneous measurements of
light obtained early in the season, at the critical time when light becomes limiting for plant growth, were
the best predictors of competitive outcomes (Vojtech et al., 2007, Violle et al., 2007).

Our results from the field experiment are based on a subset of the total number of species occurring in
the community. Growth rates were derived from the twenty most common species across all treatments,
accounting for 85 + 10% of the total aboveground biomass. Our results are therefore most likely conservative
because they are restricted to competitive exclusion amongst the twenty-most common species, thereby failing
to consider the exclusion of the rarest species, which comprise a large proportion of the total species number
and are more susceptible to human disturbances.

Previous studies have shown that the outcome of competition in pairwise mixtures could be best predicted by
differences in light intercepting ability in monocultures (I* ) under productive (light-limited) conditions and
by differences in nutrient uptake ability in monocultures (R* ) under unproductive conditions (Dybzinski
and Tilman, 2007, Vojtech et al., 2007, HautierVojtech et al., 2018). However, in real-world ecosystems
that encompass nutrient gradients, both forms of competition are likely to act at the same time, with
light competition becoming more important as nutrient competition lessens. Our results are consistent with
the resource ratio hypothesis envisaging a trade-off between competition for light under fertile conditions
and for nutrients under less fertile conditions. Under fertile conditions, species growing faster early in the
season have a competitive advantage over initially slower-growing species (consistent with them being better
competitors for light). This relationship between RGR and competitive success weakens under less fertile
conditions (compare fertile conditions with added nitrogen from less fertile conditions without added nitrogen
in Figures 1, 2 S3, S5 and S6). However, we would expect, based on earlier work (Tilman and Wedin 1991,
Wedin and Tilman 1993), that slow-growing species with the lowest R * for soil resources would dominate the
community in the long-term (a long-term outcome that we were not able to assess in our relatively short-term
study). This would require that slow growing species do not entirely disappear from the landscape.



Our study thus suggests that human activities that increase the availability of nutrients to ecosystems will
likely further reduce plant diversity in the future by benefitting initially fast-growing species. In contrast,
management practices directed towards reducing the growth of fast-growing species early in the season should
help efforts to protect and restore biodiversity in an increasingly human-dominated world. For example,
parasitic plants such as Rhinanthus species can restore biodiversity in productive grasslands (DiGiovanni
et al., 2017, Bardgett et al., 2006, Pywell et al., 2004, Bullock and Pywell, 2005). A potential mechanism
is through the reduction of the biomass of competitively dominant grasses (Davies et al., 1997, Ameloot et
al., 2005), simply because the parasite reduces host resources leading to a reduction in host growth rate
and future resource uptake (Hautier et al., 2010). Our results suggest that Rhinanthus species could be
particularly effective because they cancel out the initial advantage of fast-growing species early in the season
thus limiting the exclusion of slower-growing species. Adjusting the timing and frequency of cutting could
also be used as a restoration tool in nutrient-rich grasslands. For example, a higher frequency of cutting that
alters the structure of the canopy layer can reduce asymmetric competition for light and the initial advantage
of fast growing species, giving slow growing species more equal chances to compete for the limiting resources
(HautierVojtech et al., 2018, Talle et al., 2018). On the other hand, multiple cuts per season may reduce the
number of flowering plant and seeds that impact pollination, food for plant-feeding insects, seed recruitment
and nesting sites for birds (Plantureux et al., 2005). Our results suggest that an early cut combined with a
late cut in the season could constitute a good management strategy. While an early cut reduces competition
for light and the competitive dominance of fast-growing species, thus promoting diversity, a late cut provides
nesting sites and allows plants to produce flowers and mature seeds. Additionally, cutting with subsequent
haying has the advantage of removing plant biomass and excess accumulated nutrients in the soils, allowing
the subsequent recovery of diversity (Storkey et al., 2015). Alternatively, low-diversity stable state could
persist even after decades of cessation of nutrient enrichment if biomass is not removed and recycled within
the system (Tilman and Isbell, 2015, Isbell et al., 2013).
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Figure legends

Figure 1. Common garden. Early-season relative differences in species growth rates in monoculture
(RGRyjj, t = 53) predict relative differences in species biomass (Bjj) at harvest date (t = 171) in A) ten
pairwise mixtures of five species and B) ten combination of pairs of species within five species mixtures under
productive (left panels) and unproductive (right panels) conditions. Relative differences were calculated as
the natural logarithm of the ratio between pairs of species in a treatment combination. Al =Alopecurus
pratensis , An =Anthozanthum odoratum ,Ar =Arrhenatherum elatius , F =Festuca rubra ,H =Holcus
lanatus . The grey region indicates the 95% confidence interval around the regression.
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Figure 2. Field experiment. RGR predicts competitive dominance and exclusion. A) Early-season relative
differences in species growth rates in a nutrient addition combination (RGRy;;) predict relative differences
in species biomass in pairs of species combinations of the respecting nutrient addition combination (B;;) at
harvest date (t = 213 —221). B) Early season growth rate in a nutrient addition combination (RGR) predicts
the likelihood of a species to be lost in the respecting nutrient addition combination (Likelihood of loss; a
species was considered lost when it was present in a plot in 2011 and absent from that plot in 2013). Dots in
Fig. B indicate RGR at day t of species that were lost (1) or not lost (0). Results are shown for the day ¢ at
which the percentage of variation explained by the regression (R?) was maximum for each nutrient addition
combination (see Fig. S2). Within each graph (A, B) fertile conditions with added N (right) are separated
from less fertile conditions without added N (left). The grey region indicates the 95% confidence interval
around the regression.
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