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Light competition drives herbivore and
nutrient effects on plant diversity
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Enrichment of nutrients and loss of herbivores are assumed to cause a loss of plant
diversity in grassland ecosystems because they increase plant cover, whichleadstoa
decrease of light in the understory' . Empirical tests of the role of competition for
lightin natural systems are based on indirect evidence, and have been a topic of

debate for the last 40 years. Here we show that experimentally restoring light to
understory plants in a natural grassland mitigates the loss of plant diversity that is
caused by either nutrient enrichment or the absence of mammalian herbivores. The
initial effect of light addition on restoring diversity under fertilization was transitory
and outweighed by the greater effect of herbivory onlight levels, indicating that
herbivory is amajor factor that controls diversity, partly through light. Our results
provide direct experimental evidence, in a natural system, that competition for light
isakey mechanism that contributes to the loss of biodiversity after cessation of
mammalian herbivory. Our findings also show that the effects of herbivores can
outpace the effects of fertilization on competition for light. Management practices
that target maintaining grazing by native or domestic herbivores could therefore have
applications in protecting biodiversity in grassland ecosystems, because they
alleviate competition for light in the understory.

Anthropogenic nutrient enrichment and human-induced shifts in
herbivore pressure are two major drivers of global change that mark-
edly alter the composition, diversity and functioning of terrestrial
plant communities®?. Increased nutrient supply due to eutrophication
hasbeen connected to a strong and persistent loss of diversity®’, and
herbivory by grazing mammals is known to be one of the key factors
that maintains diversity*®°, as described already by Charles Darwin
in his On the Origin of Species in 1859: “No wonder that, as soon as
the land was enclosed, it became thickly clothed...”’°. The assumed
central mechanism that drives these responses and links the effects
of nutrients and herbivory on diversity is competition for light' >,
Fertilization disproportionally promotes the growth of taller plants
with more canopy cover and better access to light, at the expense
of shorter plants and seedlings in the understory, and this leads to
reduced diversity'>'"®. The asymmetry in competition for light stems
fromthe fact thatlight as aresourceis unidirectional™'. By contrast,
by consuming vegetation and selectively targeting taller species that
are superior in the competition for light, herbivores can directly reduce
canopy cover and increase the availability of light for shorter plants™®.
Herbivory therefore has the potential to alleviate competition for light
and maintain diversity*>.

Testing the role of light in maintaining diversity requires direct
experimental testsin which light—the limiting resource—is added into
the understory of plant communities where competition for light is
strongest. However, most studies use differentindirect ways toaddress

therole of competition for light, such as unmanipulated light measure-
ments, tiebacks or neighbour removals**"*'¢, which, for methodologi-
calreasons, may produce misleading results. For example, neighbour
removal could release nutrients from roots and alter temperature and
humidity, and might not reflect light as a causal factor. The strongest
directevidence so far comesfroma controlled greenhouse experiment,
which showed that adding light by lamps to the understory of plant
communities prevented the loss of species that otherwise resulted
from fertilization'?. However, these results have not been confirmed
innatural field conditions, with more complex communities and with
herbivoresthat are predicted tointeract with nutrient effects on com-
petition for light''8,

Here, we experimentally manipulated light, herbivory and nutrient
supply, in a full-factorial design, to test the direct causal role of light
limitation in driving plant diversity loss from eutrophication and loss
of herbivoryinanatural, species-rich grassland. We installed modern
light-emitting diode (LED) lamps below the plant canopy to provide
light to plants in the understory, where light should be needed most.
We combined the light-addition treatment with fertilization and
exclosures that prevented grazing by sheep to test the responses of
plant community richness and diversity (Fig. 1a,c and Methods). Our
LED lamps, with a spectrum mimicking natural sunlight, increased
the availability of light in the understory compared to ambient levels
(a57% increase, on average, in the quantity of light in fertilized and
fenced plots by light addition; Fig. 1b). Furthermore, our light-addition
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Fig.1|Illustration of the eDiValo experiment. a, Experimental design and
predictions of the effects of treatments. See Methods for more detailson the
NPK fertilizer, herbivore exclosures, and lamps used for light addition.

b, Effects of treatments on light quantity, relative humidity and air temperature.
Valuesare mean +s.e.m. derived from linear mixed-effects (LME) models,
inwhich parameter significance was assessed by F-tests (two-tailed). Forsample

treatment had no detectable effects on humidity and air temperature
near the soil surface (Fig. 1b and Extended Data Table 1), and caused
minimal disturbance (Methods). Our experiment, which we term
‘eDiValo’ (ecological effects of light (‘valo’ in Finnish) on diversity)
was conducted in grazed pastures at the Global Change Experimental
Facility (GCEF) in Bad Lauchstidt, Germany, where species-rich natural
grassland vegetation (approximately 23 vascular plant speciesin a
0.25-m?area) was exposed to short-time high-intensity sheep-grazing
events two to three times each growing season. We measured species
richness (because richness should be sensitive to rare species becoming
extinct) and Shannon diversity (because diversity should be sensitive
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sizesand statistics, see Extended Data Table 1. Faded dots show individual data
points. C, control; F, fertilization; E, exclosure; EF, exclosure and fertilization.
¢, Photos of eDiValo experimental design (left), lamps bringing light to small
understory plants (middle) and aflock of sheep grazing in an experimental
block (right). Photo credit: A.E.Images in awere created by G. Rada (iDiv, Media
and Communications).

tospeciesbecoming less abundant before they become extinct), total
live plant and litter cover and plant functional traitsin 0.5 x 0.5-m plots.

First,in2017, we tested whether adding light could offset the negative
effect of fertilization on richness and diversity. During the 2017 growing
season, we prevented grazing in the whole experimental area to allow
fertilization effectsto develop. Fertilization rapidly decreased species
richness and species diversity, measured as Shannon diversity, in2017
(by9.3%and7.3%,respectively;Fig.2a,band Extended DataTables2and3).
Notably, restoring light to plants in the understory of the fertiliza-
tion treatment offset the loss of diversity (fertilization x light addition
interaction on Shannon diversity; Fig. 2b and Extended Data Table 2).
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Fig.2|Addition of light mitigates the loss of plant diversity due to nutrient
additionin2017 butnotin2019. a-d, Effects of fertilization and light addition
onspeciesrichness (a) and Shannon diversity (b) in 2017 and on species
richness (c) and Shannon diversity (d) in 2019. Values are mean + s.e.m. derived
from LME models, in which parameter significance was assessed by F-tests
(two-tailed).In 2017, n =20 for quadrats from which species richness and
Shannondiversity were estimated; in 2019: fertilized, unlighted and lighted,
n=22;unfertilized, unlighted and lighted, n=18. For statistics, see Methods
and Extended Data Tables 2and 5.In 2017, herbivore exclusion treatment was
notyetapplied.In2019, datawere pooled across herbivore exclusion treatment
to show fertilization effects more clearly; for a full presentation of treatments,
see Extended DataFig. 2. Theseresults are from our eDiValo field experiment;
see Fig.1and Methods.

Although light addition reduced the loss of species richness (Fig. 2a
and Extended Data Table 2), the interaction between light addition and
fertilization was weaker on species richness than on Shannon diver-
sity, suggesting that light addition promoted more equal abundances,
whereas richness—through either extinctions or gains—was slower to
respond. Our findings confirm the mechanism that was reported in
aprevious controlled greenhouse experiment, in which added light
similarly rapidly reversed the loss of species resulting from nutrient
addition'. This result is consistent with the hypothesis of competi-
tion and diversity in herbaceous vegetation’, the theory of resource
competition” and quantitative models that address the asymmetric
nature of competition for light*™*. Our study provides the first—to our
knowledge—direct experimental demonstration that competition for
light is a central mechanism that leads to the loss of plant diversity in
conditions of nutrientenrichment, in species-rich real-world grassland
communities that experience varying environmental conditions and
complexities of trophic interactions.

Second, after the first experimental year, we extended our experi-
mental designtoinclude herbivory by sheep, and erected fenced herbi-
vore exclosures randomly around half of the plots that were established
in 2017 (Fig. 1a). We simultaneously removed the temporary fence
around the whole experimental area and allowed the grazing of sheep
inunfenced plots. In 2019, we tested whether light addition could offset
the negative effect of herbivore exclusion onrichness and diversity and
whether light, nutrients and herbivory interact. Herbivore exclusion
decreased species richness by 12.5% and Shannon diversity by 11.7%,
independent of fertilization (Fig. 3a,b and Extended Data Tables 2 and
4) and consistent with previous studies>®. At the same time, herbivore
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Fig.3|Addition of light mitigates the loss of plant diversity due to
herbivore exclusionin2019. a-d, The effects of fencing and light addition on
species richness (a), Shannon diversity (b), total cover (c) and litter cover (d).
Both total andlitter cover were visually estimated from 0.5 x 0.5-m plots

(see Methods). Values are mean t+ s.e.m. derived from LME models, in which
parameter significance was assessed by F-tests (two-tailed); n = 20 for quadrats
fromwhich species richness, Shannon diversity, total cover and litter cover
were estimated. For statistics, see Methods and Extended Data Tables 2and 5.
Forafull presentation of the treatments, see Extended Data Figs.2and 3. These
resultsare fromoureDiValo field experiment; see Fig.1and Methods.

exclusion increased total cover (Fig. 3c) and decreased light (Fig. 1b).
Theseresultsindicate that herbivory isadominant factor controlling
light availability and plant diversity. Our key finding was that experi-
mental addition of lightin the understory mitigated the loss of richness
and diversity due to the herbivore exclusion (exclosure x light inter-
actions on richness and Shannon diversity; Fig. 3a,b, Extended Data
Tables2and 4 and Extended Data Fig. 2b,c). This provides experimental
evidence that herbivores maintain diversity by alleviating competition
for light. Extirpation of large mammalian herbivores*® may therefore
contribute to diversity loss in plant communities through increased
competition for light.

Fertilization had a negative main effect onboth richness and diversity
in 2019 (leading to decreases of 12.7% and 8.2%, respectively, similar
magnitudes to 2017; Extended Data Tables 2 and 4 and Fig. 2c,d); how-
ever, light-addition effects in fertilized plots compared to 2017 were
transitory and did not restore diversity in 2019 (no significant fertili-
zation x light interaction; Extended Data Tables 2 and 4), in contrast
to the effects of light addition in herbivore exclosures (Fig. 3a,b and
Extended Data Fig. 2a,b). The negative main effect of fertilization on
plant diversity was independent of changes in total cover and light
availability, which were not affected by fertilization (Figs. 1b and 3c
and Extended Data Fig. 2c). As a result, addition of light in fertilized
plots did not restore diversity. By contrast, in the continued absence of
herbivory, control of light competition shifted from bottom-up effects
offertilization to top-down control by consumers that regulated total
cover, light availability, competition for light and diversity. Our results
suggest that herbivore-mediated processes linked to succession can
outpace the effects of fertilization on competition for light. However,
mechanisms other than competition for light could explain the nega-
tive main effect of fertilization on diversity. For example, litter cover
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Fig.4|Plants with alower specificleafarea and lower moisture contentare
more likely toincrease with the addition of light. a,b, Probability that
individual speciesincreaseinresponse tolight addition asafunction of specific
leafarea (SLA;a) and leafwater content (LWC; b) in2019. Fitted lines are from
generalized linear mixed-effects (GLME) models withabinomial error structure,
inwhich parameter significance was assessed by xy*-tests (two-tailed; see
Methods): a, exclosure x*=0.45,P=0.50; SLA x> =52.24, P< 0.0001; exclosure x
SLAX*=8.08,P=0.0045,b,LWCx*=87.18, P<0.0001.Shaded areas represent
95% confidenceintervals; n=1,580 species observations for fenced and unfenced
SLAand n=3,240species observations for LWC. Inthe models, species were
nested within plots (40) that were nested within blocks (10). Fenced, no
exclosure; Unfenced, exclosure.Species with alower SLA benefit more from
lightadditioninunfenced plots compared to fenced plots (exclosure x SLA
interaction). Theseresultsare fromour eDiValo field experiment; see Fig.1and
Methods.

was higher in fertilized than in unfertilized plots (64.6% versus 44.9%,
respectively), which could have contributed to this negative effect
(main effect of fertilization; Extended Data Tables 2 and 4 and Extended
Data Fig. 3b). As predicted by theory®, supplying multiple nutrients
could also have reduced diversity without increasing total cover and
light limitation by reducing the dimensionality of belowground nutri-
ent trade-offs®. Fertilization could also exert direct toxic effects on
seedlingrichness, reducing diversity through decreased recruitment
opportunities®. Our results are consistent with these previous findings
and suggest that herbivores can outpace the adverse effects of fertiliza-
tion on diversity when they occur through intensifying competition
for light and affecting litter, but not when they occur through filling
nutrient niches in the soil or by direct toxic effects on seedlings.
Addinglight, however, did not completely offset the negative effect
of herbivore exclusion on Shannon diversity. One explanation is that
additional light did not fully alleviate light limitation in the understory
inside herbivore exclosures (Fig. 1b). Alternatively, besides competition
for light, other factors could also have contributed to the loss of diver-
sity inside herbivore exclosures. In our experimental plots, herbivore
exclusion more thandoubled the amount of undecomposed plant litter
(32.8% cover outside exclosures versus 78.7% cover inside exclosures,
Fig.3d), which can decrease diversity through reduced opportunities
for plant recruitment from seed?. Several other factors can also change
asaresult of herbivore exclusion and affect diversity”. We showed that
herbivores exhibited the strongest control on litter and total cover
(Fig.3c,d and Extended DataFig. 3b), which modified the abiotic envi-
ronment, leading to alower air temperature (2.5 °Cand 12.2% lower on
average) and higher levels of humidity (35% higher) inside exclosures
thaningrazed plots (Fig.1b).In addition, increasing the levels of light
slightly reduced the total cover inside unfertilized exclosures (Fig. 3¢
and Extended Data Fig. 2c). This result is counterintuitive, but could
be due to changes in species composition, more-even distribution of
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species in the canopy and/or reduced cover by dominant species in
this treatment combination. Overall, our results show that changesin
understory plant lifein ungrazed conditionsinclude a suite of factors,
all of which may be important for plant performance?*,

Finally, we assessed which plant functional traits made species
more or less responsive to light addition under fertilization and
herbivore exclusion. Short species (size-related trait) and species with
lowlightinterception (trait related to conservative resource-use; asmall
specificleafarea, SLA) should be atacompetitive disadvantage under
low light conditions®%, and should therefore benefit the most from
light addition. Consistent with this prediction, species withalower SLA
and lower leaf water content (LWC) had a higher probability to increase
fromunlighted to lighted subplots; that is, were more likely to benefit
fromlight addition (Fig. 4 and Extended DataFig. 4). By contrast, short
species did not benefit fromlight addition (see Methods). Itis possible
that SLA and LWC better integrate plant responses to light during the
whole life cycle, including seedling and juvenile stages, even if height
is more important for the competitive ability of adult plants**?5,

Anthropogenicnutrientenrichmentand changesinthe grazing prac-
tices of livestock and native herbivores are among the mostinfluential
global-change factors that can decrease or rescue the biodiversity of
global grasslands***%, Understanding the ecological mechanisms by
which nutrients and consumers operate is fundamental for our ability
to maintain and manage biodiversity, and to develop better conserva-
tion actions in the Anthropocene. By supplying light to understory
plants, our experimental results here provide direct evidence of the
role of competition for light as a mechanism that decreases diver-
sity under fertilization and the absence of mammalian herbivory in
natural grasslands. Our findings especially highlight the importance
of grazing by native and domestic herbivores as factors that foster
higher biodiversity. Carefully planned livestock management practices,
protection of native herbivores and re-establishing large mammalian
herbivores to areas from where they have been extirpated (that is,
rewilding) may therefore be key conservationstrategiesin the Anthro-
pocene®**, because they could promote plant diversity by alleviating
competition for light.
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Methods

Study site and future climate treatment

Our study ssiteislocated at the Bad Lauchstadt Field Research Station,
Bad Lauchstidt, Germany (51° 22060 N, 11° 50060 E), which belongs
tothe Helmholtz Centre for Environmental Research-UFZ.Long-term
meanannual precipitationinthe areais 489 mm and the meanannual
temperatureis 8.9 °C (ref. ). During 2018 and 2019, Europe experienced
arecord-setting drought that was especially severe in 2018 (refs.>>?*);
the mean annual precipitation at our study site in 2018 and 2019 was
254 mm and 353 mm, respectively, whereas 2017 was a more normal
year, with a mean annual precipitation of 403 mm. Mean annual tem-
peratures were above average: 2017,10.5 °C; 2018,10.8 °C; 2019,11.2 °C
(datafrom the weather station at the Bad Lauchstédt field station). The
soilsin the study area are fertile Haplic Chernozem type®**.

Our eDiValo experiment was conducted in the GCEF, which was
designed toinvestigate climate change effects under different land-use
scenarios®2. We used 10 ‘extensively’ used pastures of the GCEF in our
experiment; that is, 384-m? (16 x 24 m) areas of grassland (hereafter
called ‘pastures’) that were grazed by a flock of 20 sheep 2-3 times
eachyear. Grazing wasimplemented as short-time high-intensity graz-
ing events, each lasting 24 h (ref. *). This type of high-intensity but
short-termgrazingis considered better in maintaining species richness
asit gives plants more time to recover between grazing events®. It is
alsoarecommended management type for nature conservation areas
in Germany?. Vegetation in the pastures was species-rich grassland
vegetation that is typical of drier regions of central Germany*>*, The
whole GCEF was fenced to exclude native large mammalian herbivores
(forexample, deer); however, European hare (Lepus europaeus), wood
mice (Apodemus sylvaticus) and voles (Microtus arvalis) are common
atthesite.

Our experimental design was originally intended to test the depend-
ence of light competition on nutrient and herbivory under current
and future climatic scenarios. Although we included both climate
treatments in our data, climate was never significant for richness and
Shannon diversity, either alone or in interaction with other factors,
and our focus was therefore on the other treatments. Five of the above
random pastures received future climatic treatment which was based
ondifferentdynamicregional climate models for Germany, all predict-
inganincreased mean temperature by approximately 2 °Cyear-round,
strongly decreased summer precipitation and slightly increased spring
and autumn precipitation (https://www.regionaler-klimaatlas.de/)
(ref. ). Passive night-time (after sunset and before sunrise) warming
throughtheuse of roller blinds attached to the GCEF roof and eastern
and western wall structures was used to increase the air temperature.
Ineachspring(1March-31May)andautumn (1September-30November),
future climate plots received 110% of the ambient rainfall and in the
summer (1June-31August), they received 80% of the ambient rainfall.
The precipitation treatment was adjusted weekly and compensated
forapossible night-time reduction inrainfall due to temperature treat-
ment. A detailed description of the future climate treatment is provided
inaprevious report®.

Fertilization, herbivore exclusion and light addition

Wefirst tested whether adding light can offset the negative effect of fer-
tilization on plant diversity. In May 2017, we established a full-factorial
experiment of fertilization and light addition. Within each 10 pastures
(5in ambient climatic conditions, 5 in future climatic conditions), we
established 4 plots of 1.4 x 1.4 m, separated by al-m buffer zone (here-
after called ‘blocks’), in total 40 plots and 10 blocks. At the time the
experiment was established, vegetation in the whole experimental
area (thatis, in a block of 4 plots and the surrounding 1-m area) was
trimmed to a height of 5 cm to make conditions uniformand the whole
areawas temporarily fenced to let the experiment establish and ferti-
lization effects develop. The temporary fence was removed in August

whenthe herbivore exclusion treatment was started. Therefore, there
was no grazing by sheep in the experimental plots in the summer of
2017. Two randomly chosen plots received fertilizer treatment and two
were controls. For the former (fertilizer-treatment plots), slow-release
granular NPK fertilizer (a mixture of Haifa Multicote 2 M 40-0-0 40% N;
Triple Super Phosphate (TSP) 45% P,0s; and potassium sulfate fertilizer
50% K,0, 45% SO,) was added twice per growing season, in a total of
10gN,10gPand 10 gK per m2 (see ref. * for a similar protocol that is
used in grasslands worldwide). In 2017, the first fertilization was
done at the beginning of June right after establishing the experiment
and the second fertilization was done at the beginning of July. In the
subsequent years, the first fertilization was done at the beginning of
the growing season (late March-April) and the second fertilization was
doneinjune.In2019, two previously unfertilized plots were accidentally
fertilized and were thereafter treated as fertilized plots.

To manipulate light, 1.4 x 1.4-m plots were further divided into two
subplots, 0.7 m x 1.4 m each, and one of these was randomly assigned
to the light-addition treatment, resulting in 80 subplots (Fig.1). We
installed two 120-cm-long and 3.5-cm-wide recently developed LED
lamps (C65, Valoya) parallel to each other and ata28-cm distance from
each other to each light-addition subplot. To increase light for the
smallunderstory plants that are the most likely to suffer from competi-
tion for light, we installed the lamps 10 cm above the smallest plants.
Thelamps were gradually uplifted over the course of the growing sea-
son to follow the growth of the smallest plants. As our light-addition
treatment was intended to mimic natural sunlight (that is, making a
gap inadense vegetation and allowing the sunshine in), we chose the
spectrum ofthe lampstoinclude allwavelengths of sunlight, including
small amounts of ultraviolet and infrared. Each lamp added roughly
350-400 pmol and did not alter the air or aboveground soil surface tem-
perature (Fig.1b), whichis animprovement on previous studies'. Each
year, we added light during the active growing season: the lamps were
switched onearly inthe spring (March-April), whentemperatures were
clearly above zero, and switched off and removed when temperatures
dropped closetozeroin November-December and aboveground plant
partshad died and formed litter. Each day, the lamps were set to switch
on two hours after sunrise, and to switch off two hours before sunset,
and when the temperature exceeded 28 °C to prevent overheating.
We did not install unpowered lamps to unlighted plots because our
modern, narrow LED lamps caused minimal disturbance (see below)
and no heating (Fig. 1b), and because unpowered lamps would have
added an artefact in that they create shade that does not occur when
the lamps are onin lighted plots.

At the end of August 2017, after running the fertilization-
light-addition experiment for one growing season, we expanded the
experiment by implementing the herbivore exclusion treatmentin a
full-factorial combination with the other treatments. Two of the pre-
viously established 1.4 m x 1.4-m plots, one with and one without the
fertilization treatment, were randomly allotted to the herbivore (sheep)
exclusion treatment and fenced with rectangular metal fences of
1.8 m x 1.8 m, 82 cm height and 10 cm mesh size. At the same time, the
temporary fence established in May 2017 was removed from around
the whole experimental area, allowing the grazing of sheep inunfenced
plots. The fences did not exclude mice, voles and hares. For the time
of each grazing event, lamps in grazed subplots were removed and
switched offinthe ungrazed subplots. Uplifting the lamps from grazed
plots did not cause disturbance because vegetation in grazed plots
was always short and did not reach above the lamps. Inside exclosures,
lamps were always keptin place during the growing season, and plants
could freely grow around and above them.

Plant community and trait sampling

InJuly 2017, we established 50 cm x 50-cm permanent quadrats in every
subplot for plant community sampling. We visually estimated the per
cent areal cover for all species occurring in the quadrats, and litter
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cover, from the beginning of June to mid-June 2019, when the vegetation
was atits peak biomass. The 2017 sampling happened later, in mid-July,
because vegetationinall plots and surrounding areas was trimmed to
aheight of 5 cm at the time of the establishment of the experiment at
the end of May, and it took later for vegetation to reach its peak bio-
mass. In 2018, the effects of drought were devastating, and most plants
had senesced or died before the planned sampling date; we therefore
omitted the year 2018. At the beginning of each growing season—that
is, whenthe lamps were installed and switched on—there was very little
live biomass in the plots, and the maximum height of existing plants
was approximately 5 cm (in all plots). During the peak biomass the
maximum plant height was up to approximately 1 m; however, it varied
greatly between the treatments and was especially low in grazed plots.
Allvegetation surveys were done by the same trained and experienced
person with aminimum estimate threshold of 0.1%. We used plant cover
datato calculate species richness and Shannon diversity.

InMay-June 2020, we measured plant height (centimetres), SLA (leaf
areainsquare millimetres per milligram of dry mass), foliar C:N (based
on the per cent C and N in plant leaves) and LWC (leaf water content
as 1,000 - LDMC (the ratio of leaf dry mass to saturated fresh mass),
expressed as milligrams per gram®) for most species occurringin the
experimental plots,and complemented the trait datafromthe TRY Plant
Trait Database*** (v.5.0; https://www.try-db.org/TryWeb/Home.php)
and for one species one trait value fromanother source’. The trait data
were collected from sevento tenindividuals per species from the study
site or close areas; the collection and handling followed standard pro-
tocols®. We chose these traits because they are widely documented
to be associated with responsiveness to soil nutrients, herbivory and
light®?%43-46 We used all traits as, although they partially reflect similar
ecological adaptations (for example, leaf economics spectrum*), they
could also potentially reflect independent and distinctive processes,
and differently mediate the responses of species to our treatments.
Forexample, SLA and LWC in our dataset correlated weakly (> = 0.16),
butweretoagreater extent uncorrelated (Extended Data Table 6), and
could function differently, for example, in light capture and drought
tolerance®*. In 2017, our trait data covered on average 97.7-98.6%
of the total cover in the plots, the value slightly differing depending
on the trait as we did not have all traits for all species. Our own trait
collections covered on average 96.6-97.6% and TRY data covered on
average 0.9-2% of the total cover.In2019, the whole trait data covered
onaverage 99.5% of the total cover inthe plots, again slightly depending
onthe trait. Our own trait collections covered on average 94.2-96.5%
and TRY data covered on average 2.7-5.3% of the total cover.

Abiotic environmental measurements

We measured several soil and other environmental properties from
the experimental plots. Light availability (photosynthetically active
radiation; PAR) in unlighted and lighted (under lamps) subplots
was measured using LI-190R and LI-250A meters (LI-COR), approxi-
mately 7-10 cm under the lamps and 15-20 cm above ground level.
We measured light availability from the same distance to the ground
in unlighted plots. Measurements of light availability were done in
mid-July2020 on three consecutive cloudless days around noon. Note
thatingrazed plots, light levels between lighted and unlighted plots are
more similar thaninside exclosures (Fig.1), because herbivores keep
the vegetation short, and natural sunlight can therefore reach under
the lamps where the light measurements were taken. Air tempera-
ture and humidity were recorded from unlighted and lighted (under
lamps) subplots using loggers (HOBO MX2301A, Onset Computer
Cooperation) that were installed approximately 7 cm under the lamps
and to the same height from the ground in unlighted plots, and were
replicated under different combinations of fertilization, herbivore
exclusionandlight additionin ambient climatic conditions three times
(n=3).Thelogger datawere collected in May 2019 before the effects
of drought were visible.

Statistical analysis

We analysed our datain two steps. First, to test whether competition for
light mediates the effect of fertilization on diversity, we analysed the
effects of fertilization and light and their interaction on species rich-
ness and Shannon diversity using data from 2017, when the herbivore
exclusion treatment had not yet beenimplemented. We also analysed
the effects of treatment on total vegetation cover and litter cover. Wefit
LME modelsinwhich diversity (species richness and Shannon diversity),
total cover and litter cover, each in their own model, were explained
by fertilization, light addition and their interaction (fixed variables).
Alltreatments were categorical variables with two levels (treated and
untreated). In each model, subplot was nested within plot, which was
nested within block (nested random variable). We simplified the models
using the anova() function for model comparisonin the nlme and Ime4
packagesinR (ref.*’) (on the basis of log likelihood ratio tests; P> 0.05;
Extended Data Table 2). This was done to uncover the significance
of the main effects and interaction terms, to avoid overparametriza-
tion*”*8 and to provide model-derived parameter estimates for the
figures (Extended Data Table 5). However, we also provide full model
results that are qualitatively similar to the results of simplified models
(Extended Data Tables 3 and 4); therefore, model choice did not affect
our conclusions. Climate treatment wasincludedin all original models
but was never significant for richness and diversity, and was not con-
sidered further. Total cover and litter results for 2017 are reported in
Extended Data Figs. 1a,b and 3a). As there was heterogeneity in the
variance structure between treatments, we used the varldent() function
inthe nlme package inR to allow each treatment combination to have
adifferent variance. Model fit was inspected using model diagnostic
plotsinthe package nime. Inthe full design with climate included, the
number of replicates per treatment combination was ten.

Second, toinclude herbivore exclusion to the experimental design
and to test whether competition for light mediates the effect of
herbivore exclusion on diversity, and whether competition for light,
herbivory and fertilization interact, we analysed the effects of herbi-
vore exclusion, fertilization, light and their interactions on species
richness and Shannon diversity using data from 2019. All treatments
were categorical variables with two levels (treated and untreated).
We also analysed the effects of treatment on total vegetation cover
and litter cover. We fit similar models to those described above, except
that herbivore exclusion was an additional fixed factor in the models.
We simplified the models, used the varldent() function to account for
heteroscedasticity and checked the model fit using model diagnostic
plots, as above. Climate treatment was included in all original models
but wassignificant for litter cover only, and was not considered further.
In the full design with climate included, the number of replicates per
treatment combination was five.

To further assess which plant traits increased the probability of spe-
cies benefiting from the addition of light, we first created a binary
response variable: those species that increased from unlighted to
lighted plots (that is, had a higher value ina lighted than an unlighted
plot) weregivenavalue of 1and those that did not were givenavalue of 0.
This response variable takes into account rare species that emerged
or persistedin the lighted plots but were absent in the unlighted plots
(thatis, species gains and losses) and changes in small, subordinate spe-
cies (those that are likely to benefit from light addition) with small but
consistently trait-dependent changes in response to light. Itis alsoin
line with our species richness analyses, as species gains and losses ulti-
mately determine richness responses. We did not use differentindexes
(forexample, InRR or RII) because these could not handle multiple zero
values and specieslosses or gains (that is, species having zero coverin
either unlighted or lighted subplots). Second, we fit GLME models with
abinomial error structure (family = “binomial”, link = “logit”) in which
a probability of a species increasing from unlighted to lighted plots
was explained by categorical experimental treatments (fertilization,
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herbivore exclusion and their interactions), traits (SLA, height, LWC,
foliar C:N), and interactions between the treatments and traits. Each
trait was analysed inits ownmodel as some of the traits were correlated
(Extended Data Table 6), and to avoid overly complex models and over-
parametrization**8, We included all species for which we had traitsin
the models. As we calculated the increase in cover from unlighted to
lighted plots, our smallest experimental unit in trait analyses was a
plot (notasubplot, unlikeinother analyses). As there were several spe-
ciesinthe same plots, we nested species within plots, and plots within
blocks. We similarly simplified the models to include only significant
variables (on the basis of y* tests; P> 0.05). We did notinclude a crossed
random effect for speciesinthe models because the fullmodels witha
more complex random structure did not converge; however, when we
refitted the simplified models with a crossed random effect for species,
we found that the models converged (with scaled data) and that the
significance of the effects remained qualitatively the same. Climate
was included in all original models but was never significant. In addi-
tion, C:N and height did not predict the responsiveness of species to
lightineitheryear (P> 0.13 for both); results are therefore not shown.
In the full design with climate included, the number of replicates per
treatment combination was five; however, the number of observations
was greater (see Fig. 4 and Extended Data Fig. 4). To make sure that
ourresults for SLAand LWC were not influenced by whether they were
analysed in separate models or in the same model, or by the order in
which they were in the models, we also performed analyses in which
both SLA and LWC were included (in both orders). Results remained
qualitatively similar and are not discussed further.

Furthermore, to check whether our trait results were driven primarily
by species gains and losses or changes in abundance, we ran additional
traitanalyses for which we calculated the changein cover betweenlighted
and unlighted subplots (cover in lighted subplot — cover in unlighted
subplot), and analysed the ‘change’ with otherwise similar trait models
to those described above, except that we used Gaussian error struc-
ture. With this index, which gives a disproportionate importance to
the abundant species, we found that traits were poor predictors of
changes in cover between lighted and unlighted plots (all interactions
were non-significant, P> 0.05, except for amarginally significant C:N x
fertilizationinteractionin 2017 that was no longer visiblein 2019; results
notshown; codes and data available in the Dryad repository). We also ana-
lysed presence-absence-based species losses and gains. In these models,
each species was given a value of 1 when it was present in the lighted
subplot but absent from the unlighted subplot; otherwise, these models
were similar to the binomial trait models described above. These models
produced, toalarge extent, similar results to our models using the prob-
ability ofincreaseinresponse tolight asaresponse variable (results not
shown; codes and data available in the Dryad repository). These addi-
tional analyses and results support using the probability of increase in
response tolightasour response variable, rather than abundance-based
metrics, asitincludesbothgains andlosses and abundance aspects, and
is therefore a general test that is well suited to assessing species gains
and extinctions and changes in subordinate species.

All statistical analyses were performed using R v. 4.0.0 (ref. *°).
We used the nlme package (v.3.1.147) for LME models*, the Ime4 package
(v.1.1.23) for GLME models™, and the car package® for Pvalues (v.3.07).

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

Data availability

The datasets generated and analysed during this study are available
inthe Dryad repository: https://doi.org/10.5061/dryad.rjdfn2zdm.

Code availability

The R code and scripts used in this study are available in the Dryad
repository: https://doi.org/10.5061/dryad.rjdfn2zdm.
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means +s.e.m.derived from LME models where parameter significance was
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fertilized plots. Theseresults are from ‘eDiValo’ field experiment; see Fig. 1
and Methods.
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Extended DataTables2and 5. Theseresults are from ‘eDiValo’ field experiment;
seeFig.1and Methods.
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Extended Data Table 1| Statistical model results for light quantity, humidity and temperature

Light Humidity Temperature
Variable

F P F P F P
Exclosure (E) 31.64,25 <0.0001 66.016 0.0002 17316 0.0059
Fertilization (F) 22125 0.1494 0.216 0.6593 2216 0.1876
Light (L) 17.91,26 0.0003 0.147 0.7270 0.147 0.7291
ExF 0.2125 0.6937 0.116 0.7573 0.816 0.4021
ExL 4.2126 0.0499 <0.117 0.9724 0.117 0.7450
FxL 0.2126 0.6981 0.417 0.5468 0.417 0.5725
ExFxL 0.1126 0.7651 0.817 0.4061 0.117 0.7222

Results of LME models testing the effects of exclosure, fertilization, light addition and their interactions on light quantity, humidity and temperature in the experimental plots. In all three mod-
els, light-addition treatment (subplots) was nested within plots (that were either fertilized or fenced) that were nested within blocks (that received either ambient or future climate). Sample sizes
for light: unfenced, unlighted and lighted n=9; fenced, unlighted n=8, fenced, lighted n=7; fenced and fertilized, lighted and unlighted n=10; fertilized, unlighted n=7; fertilized, lighted n=8.
Sampling unit is a quadrat from which light, humidity and temperature measurements were taken. The different sample sizes result from two previously unfertilized plots being accidentally
fertilized in 2019, after which these plots were considered fertilized plots. We also missed light measurements from a few plots. Humidity and temperature data were averaged across hour and
day; n=3in all treatment combinations except for fenced and fertilized unlighted, in which n=2.
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Extended Data Table 2 | Simplified model results for species richness, Shannon diversity, total cover and litter cover in 2017
and 2019

Species richness Shannon diversity Total cover Litter cover
Variable

F P F P F P F P
2017
Climate (C) - - - - - - - -
Fertilization (F) 6.0120 0.0201 20120 0.1730 19.72126  0.0001 6.2120 0.0189
Light (L) 51138 0.0296 76138 0.0087 - - - -
CxF - - - - 11.11,.28 0.0025 - -
FxL - - 7413 0.0098 7.0138 0.0118 - -
2019
Climate (C) - - - - - - - -
Exclosure (E) 7918 0.0090 243128 <0.0001 15744124 <0.0001 184.5126 <0.0001
Fertilization (F) 10.4428 0.0032 13.21.28 0.0011 - - 19.4126 0.0002
Light (L) 16.713s  0.0002 - - 6.4133 0.0166 - -
CxE - - - - - - 5.11.26 0.0324
CxF - - - - - - 7.5126 0.0111
ExL 6.5138 0.0153 43138 0.0442 - - - -
ExFxL - - - - 5.8133 0.0218 - -

Simplified LME models testing the effects of climate, fertilization, light addition and their interactions on species richness, Shannon diversity, total cover % and litter cover % in 2017 and the
effects of climate, herbivore exclusion (exclosure), fertilization, light addition and their interactions on species richness, Shannon diversity, total cover % and litter cover % in 2019. In all eight
models, the light-addition treatment (subplots) was nested within plots (that were either fertilized or fenced) that were nested within blocks (that received either ambient or future climate). We
simplified the models to include only significant variables on the basis of log likelihood ratio tests (P<0.05). For full models, see Extended Data Tables 3 (2017) and 4 (2019).



Extended Data Table 3 | Full model results for species richness, Shannon diversity, total cover and litter cover in 2017

Species richness Shannon diversity Total cover Litter
Variable

F P F P F P F P
Climate (C) <0.118 0.9819 0.218 0.6862 <0.118 0.8140 <0.118 0.9033
Fertilization (F) 531,28 0.0287 8.01,28 0.0087 19.51,28 0.0001 3.81,28 0.0613
Light (L) 6.31,36 0.0165 12.11,36 0.0013 <0.11,36 0.8938 0.31,36 0.5866
CxF <0.11,.28 0.7704 27128 0.1127 11.01,28 0.0026 1.81,28 0.1848
CxL 0.2136 0.6436 0.2136 0.6696 <0.11,36 0.9319 22136 0.1454
FxL 2513 0.1216 8.51,36 0.0062 8.2136 0.0070 1.31,36 0.2632
CxFxL <0.11,36 1.0000 1.01,36 0.3153 0.2136 0.6477 0.11,36 0.7431

Full LME models testing the effects of climate, fertilization, light addition and their interactions on species richness, Shannon diversity, total cover % and litter cover % in 2017. In all four models,
light-addition treatment (subplots) was nested within plots (either fertilized or unfertilized), which were nested within blocks (that received either ambient or future climate). For simplified
models, see Extended Data Table 2.



Article

Extended Data Table 4 | Full model results for species richness, Shannon diversity, total cover and litter cover in 2019

Species richness Shannon diversity Total cover Litter
Variable

F P F P F P F P
Climate (C) <0.118 0.7882 1.618 0.2414 <0.118 0.8176 1.6138 0.2381
Exclosure (E) 11,1124 0.0028 243124 0.0001 157 4124 <0.0001 1426124 <0.0001
Fertilization (F) 11.4124 0.0025 11.81,24 0.0022 0.71,24 0.4022 15.01,24 0.0007
Light (L) 17.91,33 0.0002 21133 0.1526 6.4133 0.0166 1.01,33 0.3256
CxE 0.81.24 0.3887 <0.11.24 0.8915 14124 0.2446 52124 0.0313
CxF 0.71,24 0.4034 0.9124 0.3637 15124 0.2260 8.71,24 0.0070
CxL 24433 0.1336 3.3133 0.0780 <0.11,33 0.8468 0.31,33 0.6116
ExF 1.91,24 0.1836 1.9124 0.1775 14124 0.2467 0.3124 0.6174
ExL 6.11,33 0.0186 4.0133 0.0545 20133 0.1634 29133 0.0976
FxL <0.11,33 0.9303 <0.11;33 0.8211 0.5133 0.4970 09133 0.3632
CxExF 21124 0.1607 <0.11.24 0.8506 111,24 0.3017 <0.11,24 0.9390
CxExL <0.11,33 0.9065 0.9133 0.3501 <0.11,33 0.8449 25133 0.1212
CxFxL 0.81,33 0.3812 13133 0.2683 09133 0.3539 1.9133 0.1815
ExFxL 0.31,33 0.6007 0.11;33 0.7364 58133 0.0218 <0.11,33 0.9208

Full LME models testing the effects of climate, herbivore exclusion (exclosure), fertilization, light addition and their interactions on species richness, Shannon diversity, total cover % and litter
cover % in 2019. In all four models, the light-addition treatment (subplots) was nested within plots (either fertilized or fenced), which were nested within blocks (that received either ambient or
future climate). For simplified models, see Extended Data Table 2.



Extended Data Table 5 | Parameter estimates for species richness, Shannon diversity, total cover and litter cover in 2017 and

2019
2017 2019
Variable Estimate SE DF t-value P-value Variable Estimate SE DF t-value P-value
Species richness Species richness

Intercept 20.3137 0.7386 39 27.5022 0.0000 Intercept 16.1409 0.7883 38 20.4753 0.0000
Fertilization (F) 1.4716 0.6184 29 2.3795 0.0241 Exclosure (E) 0.7638 0.8124 28 0.9403 0.3551
Light (L) -1.3259 0.5871 39 —2.2584 0.0296 Fertilization (F)  2.3556 0.7309 28 3.2230 0.0032
Light (L) —-3.0936 0.6605 38 —4.6836 0.0000

ExL 2.3643 0.9306 38 2.5406 0.0153

Shannon diversity Shannon diversity
Intercept 2.3630 0.0606 38 39.0130 0.0000 Intercept 2.1094 0.0752 38 28.0606 0.0000
Fertilization (F)  0.0449 0.0687 29 0.6531 0.5189 Exclosure (E) 0.1397 0.0836 28 1.6708 0.1059
Light (L) —0.2485 0.0642 38 —-3.8736 0.0004 Fertilization (F)  0.2156 0.0567 28 3.8043 0.0007
FxL 0.2602 0.0957 38 2.7180 0.0098 Light (L) —0.2008 0.0801 38 —2.5060 0.0166
ExL 0.2048 0.0984 38 2.0811 0.0442
Total cover Total cover

Intercept 131.5854 9.4195 38 13.9695 0.0000 Intercept 140.1688  6.5367 33 21.4433 0.0000
Climate (C) 22.4968 10.6052 8 21213 0.0667 Climate (C) -14.8475 9.0682 8 -1.6373 0.1402
Fertilization (F) 14.8058 10.3616 28 1.4289 0.1641 Exclosure (E) -50.2879 6.9753 24 —7.2094 0.0000
Light (L) 16.0971 7.0181 38 2.2937 0.0274 Fertilization (F) —-16.4447  7.4098 24 -2.2193 0.0362
CxF -35.0790 9.8684 28 —-3.5547 0.0014 Light (L) —6.0421 11.2990 33 -0.5347 0.5964
FxL -23.3261 8.8123 38 —2.6470 0.0118 CxE 17.9857 9.5667 24 1.8800 0.0723
CxF 18.9140 10.1379 24 1.8657 0.0744

CxL 7.1575 14.2554 33 0.5028 0.6184

ExF 26.3574 11.3963 24 2.3128 0.0296

ExL 11.0202 12.3576 33 0.8918 0.3790

FxL 30.5678 13.0871 33 2.3357 0.0257

CxExF -12.3394  14.4003 24 —0.8569 0.4000

CxExL -4.3736 14.9030 33 —0.2935 0.7710

CxFxL -14.1564  15.0561 33 —0.9402 0.3539

ExFxL -36.2396 15.0570 33 —2.4068 0.0218

Litter Litter

Intercept 38.725 5.5776 40 6.7048 0.0000 Intercept 89.1662 4.3104 40 20.6863 0.0000
Fertilization (F)  —8.850 3.5599 29 —2.4860 0.0189 Climate (C) —6.4804 6.0958 8 —-1.0631 0.3188
Exclosure (E) -57.6423 5.4770 26 -10.5244  0.0000

Fertilization (F)  -6.4457 5.4637 26 -1.1800 0.2488

CxE 22.3564 7.7457 26 2.8863 0.0077

CxF -21.1241  7.7269 26 —2.7338 0.0111

Parameter estimates of simplified LME models testing the effects of climate, fertilization, light addition and their interactions on species richness, Shannon diversity, total cover % and litter
cover % in 2017 and the effects of climate, herbivore exclusion (exclosure), fertilization, light addition and their interactions on species richness, Shannon diversity, total cover % and litter cover
% in 2019. In all four models, the light-addition treatment (subplots) was nested within plots (that were either fertilized or fenced), which were nested within blocks (that received either ambient
or future climate). We simplified the models to include only significant variables on the basis of log likelihood ratio tests (P<0.05).
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Extended Data Table 6 | Correlations among individual species’ traits

SLA LWC Height C:N
r tar r tar r tar r tar
SLA - - 0.41 3.957 -0.21* 1.8877 -0.24* -1.97s2
LWC 0.41** 3.957 - - -0.06" —0.5479 -0.13! —0.9961
Height -0.21* -1.8877 -0.06 —0.5479 - - 0.06’ 0.492
C:N -0.24* -1.9762 -0.13' —0.9961 0.06' 0.492 - —

Pearson correlations (r) among specific leaf area (SLA), leaf water content (LWC), height and foliar C:N ratio. The significance of the correlations (six separate models) was assessed by two-tailed
t-tests (t). Superscripts denote: 1, P>0.1; *, 0.05<P<0.1; **, P<0.05.



Corresponding author(s):  Anu Eskelinen

nature portfolio

Last updated by author(s): Jun 10, 2022

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
Q
c
@
O
]
=
o
=
—
®
©O
]
=
S
(e}
wv
c
3
3
Q
<

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
/N 0nly common tests should be described solely by name; describe more complex techniques in the Methods section.

X] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
/N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OO0OX 0 OdOdgoddds

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
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Data collection  No software was used in the data collection.

Data analysis All statistical analyses were carried out using R Statistical program version 4.0.0 (https://www.R-project.org/). We used the ‘nlme’ package for
linear mixed effect models (version 3.1.147), the ‘Ime4’ package for generalized linear mixed effects models (version 1.1.23), and the ‘car’
package for P-values (version 3.07). The R scripts used in the data analyses are available via Dryad repository (https://doi.org/10.5061/
dryad.rjdfn2zdm).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The datasets generated and analyzed during the current study are available in Dryad repository (https://doi.org/10.5061/dryad.rjdfn2zdm). Although we collected
most trait data ourselves, some trait data was obtained from TRY Trait Plant Database (version 5.0, https://www.try-db.org/TryWeb/Home.php) and originate from
Kleyer et al. 2008 and Schroeder-Georgi et al. 2016. One SLA value was obtained from Kaarlejarvi et al. 2017 (https://www.nature.com/articles/s41467-017-00554-
z#tadditional-information).
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Ecological, evolutionary & environmental sciences study design
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Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Our experiment is a full-factorial experiment of climate manipulation, fertilization, herbivore exclusion and light addition,
implemented in a nested design. We used 10 grazed pastures of size 400 m2 in our experiment. Five of these pastures received
future climatic treatment and five ambient climate treatment. Within each pasture, we applied a full-factorial manipulation of
fertilization and herbivore exclusion to four plots of size 1.4 m x 1.4 m . Each plot was further divided into two subplots of size 1.4 m x
0.7 m, one of which received light addition and one was unlighted. Plant community data were collected from each subplot from a
permanent quadrat (see below "sampling strategy"). Therefore, subplots were nested within plots that were nested within blocks.
There were 80 subplots/quadrats in the study and five replicates per treatment combination (considering all four treatments). As
climate was never significant for Shannon diversity and richness (i.e. the response variables of our main interest), we pooled the data
across the climate treatment (ten replicates per treatment combination).

A permanent quadrat of size 0.5 x 0.5 m which was studied for aerial percentage cover for all plant species occurring in the quadrat.
This size is a standard size in vegetation analyses and was the largest size that fit to our experimental subplots. Using data on all
individual species occurring in the quadrats, we calculated 1) species richness (i.e., number of species), 2) Shannon diversity, 3) total
cover (i.e. the summed cover of all plant species), and 4) litter cover, for each individual quadrat, and used these variables as
response variables in our statistical models. Quadrats received different manipulations in a full-factorial way (see Study description).

The number of grazed pastures was determined by Global Change Experimental Facility (Schadler, M. et al. 2019 Ecosphere) within
which our experiment was conducted. Our sample size, plots, subplots and quadrats (sample units) are of typical size when
manipulating and examining plant communities in ecological research.

Anu Eskelinen investigated the permanent quadrats and estimated visually percentage cover for all plant species occurring in the
quadrats.

The experiment was established in May 2017. In 2017, we sampled the quadrats in peak biomass (mid-July) i.e., when plants were
fully grown. In this year, we sampled the quadrats later than the in 2019 because vegetation in all plots and surrounding areas was
trimmed to 5 cm height at time of the establishment of the experiment at the end of May, and it took time for vegetation to reach its
maximum biomass. In 2019, we sampled the plots at the end of May - the beginning of June, also when vegetation was in its peak
biomass.

No data were excluded.

We have used standard experimental and sampling methods in community ecology and have carefully reported how our unique
'eDiValo' field experiment and the experimental manipulations were executed and how the sampling was done to make sure that our
experiment can be reproduced. Scripts used to analyze data and make figures are available via Dryad Data repository. For further
information about the experiment, please see Figure 1 and Methods.

The experimental plots were randomly allotted to the following treatments: fertilization, no fertilization, herbivore exclusion,
herbivore exclusion and fertilization. The subplots within a plot were randomly allotted to light addition or no light addition

treatments.

Blinding was not relevant to our field study. Treatments in the field are clearly visible (e.g. lamps, herbivore exclosures).

Did the study involve field work? Yes [ ]No

Field work, collection and transport

Field conditions

Location

Access & import/export

Long-term mean annual precipitation in the area is 489 mm and mean annual temperature is 8.9 degrees C. During 2018-2019
Europe experienced a record-setting drought that was especially severe in 2018. The mean annual precipitation at our study site in
Bad Lauchstadt research station was 254 mm in 2018 and 353 mm in 2019. 2017 was a more normal year with mean annual
precipitation of 403 mm. Mean annual temperatures were also above average: 2017, 10.5 degrees C; 2018, 10.8 degrees C; 2019,
11.2 degrees of C.

Our study site is located at Bad Lauchstadt Field Research Station, in Bad Lauchstadt, Germany (51°22060 N, 11°50060 E), at 118 m
a.s.l. The Field Research Station belongs to Helmholtz Centre for Environmental Research-UFZ.

Our experiment was conducted in Global Change Experimental Facility (GCEF), meant for experimental research. No permits were
needed. Sampling followed standard practices and followed all local and national laws.
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Disturbance Our experiment was conducted in a field experimental facility (GCEF; see above), which is dedicated to experimental research. We
disturbed the vegetation in the area as little as possible by using the same paths when walking to the experiment. Roads established
during the construction of GCEF lead very close (~20 m) to the blocks within which our eDiValo experiment was located, and not
much walking was involved. Disturbance at the experiment was therefore 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.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
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Clinical data
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