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Abstract:

Question(s): Do the effects of grazing and fertilisation on taxonomic and functional diversity
follow the dynamic equilibrium model?

Location: Long-term observatory of permanent upland grasslands in Massif-central, France.
Methods: Over eight years, we monitored vegetation changes in 24 experimental plots in
two productive grasslands after modification of grazing intensity (including abandonment) or
fertilisation regime (including cessation of fertilisation). Botanical surveys and plant trait
measurements (leaf dry matter content, LDMC,; specific leaf area, SLA and reproductive
plant height) were performed within each plot. We analysed taxonomic responses using
principal response curves and functional responses from observed temporal changes of
community-weighted mean traits and Rao index.

Results:

Grazing abandonment led to significant reductions in species richness and functional
convergence toward taller plants with higher LDMC in both grasslands. Intermediate and
high grazing pressure did not differ but showed strong variations in taxonomic diversity
between-years. Changes in functional vegetation structure were mostly driven by species
turnover and weakly influenced by intraspecific trait variability.

Community responses to modified fertilization regime were more complex with strong

differences between the two mown grasslands. Species richness did not change significantly
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although species evenness decreased in the highly-fertilised treatments (NPK), particularly in
the most productive grassland. Here, functional changes were largely driven by intraspecific
trait variability. Both functional divergence and convergence were found for different traits.
In NPK, grassland assemblages converged toward taller plants while SLA diverged.
Conclusions:

In our upland study system, the different components of grassland diversity responded
differently, in terms of direction or rate of change and mostly under extreme modifications of
management. Following abandonment, the observed patterns suggest a prominent and
consistent role of competitive exclusion as expected under the DEM. However, our findings
also suggest the role of additional processes especially the importance of niche differentiation
for our mown grassland under NPK. Timing and net effects of these combined assembly
drivers were sensitive to even slight differences in initial productivity and species

composition.

Keywords: land management; plant diversity; plant traits; vegetation; temporal changes;
long-term experiment; fertilisation; grazing.

Nomenclature Tutin et al. (1968-1993)

Abbreviations: CWM = Community-weighted mean; DEM = dynamic equilibrium model;
LDMC = leaf dry matter content; PRC = principal response curves; HRep = reproductive
plant height; SLA = specific leaf area

Running head: Grassland diversity response to management changes

Introduction

Grasslands management has strong impacts on local and regional biodiversity and ultimately

on ecosystem functioning and services (Balvanera et al. 2006). Predicting the response of
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grassland diversity to changes in management practices is critical for promoting these
services. The dynamic equilibrium model (DEM) suggests that the strength and direction of
disturbance effects depend on ecosystem productivity (Huston 1979, 1994). These predictions
are used for land management (see examples in Svensson et al. 2012), and are appealing in
the case of semi-natural grasslands because disturbance and productivity can both be
manipulated by defoliation (i.e. grazing and mowing) and fertilisation.

Although the effects of local treatments on species richness can be modulated by
regional processes such as dispersal limitation (Myers & Harms 2009), results from grassland
experiments generally support the predictions from DEM. For example, in nutrient-poor
ecosystems, lower species richness has been reported in grazed sites compared to ungrazed
ones (Waser & Price, 1981) whilst the opposite pattern is observed in nutrient-rich
ecosystems (Hartnett et al. 1996). More recently, Laliberté et al. (2013) showed consistent
changes in species richness with DEM’s predictions using a long-term factorial manipulation
of soil resource and grazing intensity. However, the same patterns do not necessarily hold for
other diversity indices since they may not all be driven by the same underlying processes. For
example, species evenness is expected to increase with increasing disturbance irrespective of
the level of productivity, as disturbance increases colonization rate by new individuals
(Svensson et al. 2012). Despite theoretical predictions, evenness declines at high level of
disturbances have been reported, likely as a result of dominance by “disturbance-specialists”
(see review by Svensson et al. 2012).

According to the DEM, the effect of productivity and disturbance on grassland
diversity is mediated by their interactive impact on the rate of competitive displacement.
Nevertheless, plant competition may have two opposite, and often mixed effects on
functional diversity. Competitive exclusion of some species in productive and/or weakly

defoliated grasslands may decrease functional diversity (Gerhold et al. 2013; Grime 2006),
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whereas niche differentiation may prevent competitive exclusion (MacArthur & Levin 1967).
The latter is expected to lead to trait divergence and potentially increased functional diversity
in response to fertilisation and/or decreased disturbance (Mason et al. 2011). For example,
Niu et al. (2014) reported an increase in functional diversity, while Janecek et al. (2013)
observed a decrease, although both studies highlighted a decrease of species richness in
response to fertilisation. In addition, functional responses may be inconsistent between traits
(Pakeman 2004), depending on their role on direct plant response to disturbance or resource
use and indirectly on plant interactions. A better understanding of how grassland
communities are driven by defoliation regime and/or nutrient availability may result from
comparisons of several facets of diversity, including taxonomic component and trait-specific
responses in terms of diversity and mean values.

Grassland experiments are often implemented over short time periods. However, plant
community changes may show complex patterns over mid- to long-term time series. Bullock
et al. (2001) comparing 4-years and 12-years surveys, showed important changes of grazing
effects over time. Laliberté et al. (2012) showed irregular responses, with rapid shifts during
the first five years, then a progressive shift back during the next 15 years. Such examples
stress the need for long-term experiments for analysing vegetation response to management
practices. To date, understanding of timing and dynamics of vegetation responses is lacking.

Here, we manipulated fertilisation and grazing regime in two productive grasslands
and monitored taxonomic and functional properties of vegetation over 8 years. Functional
properties were derived from three plant traits: i) plant height, related to species competitive
ability (Gaudet & Keddy 1988) and recognized to respond to grazing (Diaz et al. 2007); ii)
specific leaf area (SLA), correlated with plant relative growth rate and photosynthetic ability,
and indicative of species resource-use strategy (Reich 2014); iii) leaf dry matter content

(LDMC), used as an indicator of soil fertility (Hodgson et al. 2011) and disturbance (Louault
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et al. 2005). We examine how taxonomic and functional diversity respond to changes in
grazing pressure and fertilization. We also investigate whether diversity changes meet
expectations of the dynamic equilibrium model. Based on the DEM and the high initial
productivity of our system, we expected species richness and evenness to increase with
grazing pressure or following cessation of fertilisation. In the case of increased competition,
i.e. abandonment and high fertilization regime, we expect either i) taller plants and reduced
trait variability (height, SLA and LDMC) to be associated with a decline of species richness,
or ii) increased variability in traits associated with resource use strategy (SLA and LDMC) as

a result of niche differentiation, and concurrent maintenance of species richness.

Methods

Study site and experimental design
The experiment was established in 2005 on a site located in the Massif-central region in
France (45°43°23”N, 03°1°21”E, 880m a.s.l.). The climate is semi-continental with a mean
annual temperature of 8.7°C and rainfall of 770 mm. Soil has developed from a granitic rock
substrate at this site and the top soil layer displays spatial heterogeneity with part of the zone,
characterized by eutric cambisol and part by colluvic cambisol. The experimental design was
therefore repeated on two distinct blocks depending on soil. Differences in soil characteristics
are associated with different levels of aboveground production (block 1 being 20% more
productive than block 2) and botanical composition (Appendix S1). We therefore consider
the two blocks as distinct mesophile grasslands.

Prior to 2003, site management consisted of a mixed regime with cuts for silage or
hay, with mineral and organic fertilizer applications, followed by grazing in autumn. In the

two years preceding the implementation of the experiment (2003-2004), three annual cuts
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were applied without fertilisation supply. From 2005 onwards, six treatments were applied,
manipulating the level of herbage utilization by cattle rotational grazing without fertilisation
(i.e. disturbance gradient; three treatments) and the level of fertilisation under a fixed cutting
regime (i.e. nutrient availability gradient; three treatments). Each treatment was repeated
twice in each block, resulting in 24 plots. The cattle grazing treatments, applied on 2200 m?
plots, consisted of either high stocking density (Cat; i.e. full herbage utilisation at each
rotation leading to targeted short sward residual height, assessed per block) or low stocking
density (Ca-; half stocking density compared to Ca+ treatment but same grazing duration).
Five grazing periods were applied each year, leading to a mean annual stocking rate of 1.46
livestock units (LU).ha™ in Ca+ and 0.73 LU.ha™ in Ca— and a median green sward surface
height at the end of each grazing period significantly lower in Ca+ (7.7 cm £ 0.23 se) than in
Ca- (15.2 cm £ 0.54 se, P < 0.001). In addition, smaller plots (400m?) were either abandoned
(Ab) or used for fertilisation treatments. Fertilised plots were cut three times per year and
fertilizer application was fractioned in early spring, after the first and the second cuts. The
treatments were addition of mineral nitrogen, phosphorus and potassium (NPK; 264 kg N.ha’
! 33 kg P.ha™ and 189 kg K.ha™), addition of mineral phosphorus and potassium (PK; 26 kg
P.ha' and 143 kg K.ha?) and no fertilisation (Null). Nutritional status for nitrogen was

measured in each plot to assess the effect of treatments on N availability (Appendix S2).

Botanical surveys

We completed plant species inventories in each of the 24 plots, in 2004 (before treatment
application), then from 2006 to 2012 (all years except 2009), using 40 pin-points regularly
spaced along two to three fixed transects. Presence/absence of species was recorded for each
of the 40 pin-points. The frequency of each species was calculated at the plot scale (Grant

1993), then standardized to the sum of all species frequencies and expressed in percentage

This article is protected by copyright. All rights reserved.



(i.e. species relative frequency). Within-plot species richness and evenness were estimated

according to Pielou (1972).

Plant traits and functional diversity indices

Plant traits were measured in each plots on the most frequent species (accounting for at least
85% of the total cumulated presences). Such approach allowed robust estimation of trait
patterns at the plot scale including intraspecific variation in response to the treatments
(Appendix S3). An initial species list was established in 2006 comprising 206 items (i.e. one
species in a given plot) of 17 species. A complementary list was established each following
year and additional traits measurements were carried out for 108 new items. Leaf dry matter
content (LDMC, Qdry mass Owater-saturated fresh mass ) and specific leaf area (SLA, ¢m?.dary mass ),
were measured on ten vegetative plant units using standard protocols (see methods in Louault
et al. 2005). Reproductive plant height (HRep, cm) was measured on mature plants located in
exclosures to allow full plant development. .

Ellenberg indicator values N for “nitrogen” (Ellenberg et al. 1992) were assigned to all
recorded species.

Community Weighted Means (CWM) for the three measured traits and the Ellenberg

indicator values were calculated for each of the 24 plots for years 2006 to 2012 as

CMW = Zpi *variable; Eq. 1
Where P;j is the relative contribution of species i to the community, and variable; represents
the trait or Ellenberg value under consideration.

Functional diversity was assessed for each trait in each of the 24 plots using the Rao Q

coefficient leading Leps et al. (2006).

Q=Y >d,PP Eq. 2

i=1 j=1
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Where s is the number of species in the community, dj; is the trait dissimilarity of species i

and j, calculated as 1- overlap.

Statistical analyses

Statistical analyses were performed for each gradient (disturbance and nutrient availability)
separately.

Floristic changes through time in response to the treatments were analysed using Principal
Response Curves (PRC) with species relative frequencies estimated prior treatment
application as the reference point (Van den Brink et al. 2009). Data were transformed
following Hellinger (Legendre & Gallagher 2001) and significance was tested with 9999

Monte Carlo permutations.

Variables describing taxonomic diversity and functional structure of the vegetation
were analysed with mixed-models. The models were set for repeated measurements over
years with treatment, year and block as fixed factors and plot repetition as a random factor.
For species richness and evenness, 2004 estimates (prior to the experiment) were included as
a covariate. Since these covariates did not improve model goodness-of-fit, they were removed
from the analyses.

Data analyses were conducted under the R 3.0.1 environment (R Development Core
team 2012). Mixed models were performed with the Ime4 package and PRC with the vegan

package (Oksanen et al. 2015).
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Results

Community composition

We found significant vegetation changes along the first principal component of the PRC for
each gradient and block (all P < 0.01). Along the disturbance gradient, PRC showed
progressive divergence between treatments (Fig. 1a, b) with larger differences between high
stocking density (Ca+) and abandonment (Ab). This pattern was consistent between the two
blocks. Along the nutrient gradient, PRC also showed strong and progressive divergence
between the treatments (Fig. 1c, d), chiefly between NPK fertilisation and PK fertilisation or
no fertilisation (Null). These patterns were also consistent between blocks.

Treatment effects (both gradients included) on species turnover between 2004 and
2012 were driven by species replacement rather than by changes in species richness

(Appendix S4).

Taxonomic diversity

Along the disturbance gradient, species richness remained significantly higher in block 2
(18.2 £ 0.51 species) than in block 1 (15.7 + 0.48 species) on average. Mixed model analysis
revealed a significant interaction between years and treatments (Table 1), with decreases in
species richness in Ab compared with Ca- and Ca+ by 2011 (Fig. 2a, b). Species evenness
showed significant but weak differences between the two blocks across treatments and time
(0.84 £ 0.01 in blockl and 0.82 + 0.01 in block2). A significant treatment effect was found,
indicating slightly lower evenness values in Ab than in Ca+ and Ca-. Complementary
analyses and comparisons of 2004 data indicate that there is no sampling bias due to plot size

differences between grazed and abandoned treatment (data not shown).
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Along the nutrient gradient, a significant year effect was found only for species
richness (Table 1). Treatment x year was marginally significant (P = 0.083), indicating a
slight increase of richness by 2011 in Null plots (21.3 = 1.60 in 2012) compared to NPK
(15.5 £ 0.65 in 2012). Species evenness became significantly lower in NPK over time (Table
1 Fig. 2e, f), but mainly in block 1 as indicated by the significant treatment x year x block
term. At the start of the experiment, species evenness was lower in block 1 than in block 2

(0.82+0.01 and 0.86+0.01, respectively).

Community-weighted means (CWM)

Along the disturbance gradient, the treatment x year interaction was significant or marginally
significant for the three investigated traits (Table 2). CWM-HRep became progressively
higher in Ab and Ca- than in Ca+ in the two blocks (Fig. 3a, b), reaching CWM values of
70.7 cm (% 1.6) in Ca+ and 86.6 cm (£ 1.4) in Ab and Ca- from 2008 to 2012. CWM-SLA
became lower in Ab (195.1 + 11.6 cm2.g™) than in Ca+ and Ca- and (232.1 + 7.1 cm2.g™"; Fig.
3e, f) and CWM-LDMC was lower in Ca+ 0.227 g.g™ + 0.004) than in Ca- and Ab (0.263
g.g7 + 0.002) along the 2008-2012 period (Fig. 3c, d). Patterns for LDMC and SLA were
consistent between blocks. No significant effect was found for CWM-N (Table 1, Appendix
S5).

Along the nutrient gradient, we found independent treatment and years effects for the
three traits (Table 2). CWM-HRep was higher in NPK than the two other treatments over the
entire period, but showed considerable fluctuations between years (Fig. 3g, h). CWM-SLA
was clearly different between the three treatments in both blocks with noticeable between-
years variations as well (Fig. 4k, I). CWM-SLA averaged over blocks and years were 212
cm2.g™ + 3 in Null, 242 cm2.g™ + 4 in PK and 281cm2.g™ + 5 in NPK. CWM-LDMC was

significantly higher in Null than PK and NPK (Fig. 3i, j). However, these differences
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decreased slightly through time, especially in block 2 (significant block x year interaction,
Table 2). CWM-N was higher in block 1 than in block 2 (Table 1). It became higher in NPK
than in PK and Null in block1, whereas CWM-N in NPK and PK treatments became higher

than CWM-N in Null treatment in block2.

Functional diversity

Along the disturbance gradient, the Rao index for plant reproductive height (Q-HRep)
displayed a significant but weak response to treatment only (Table 2), with lower values in
Ab than in the two grazed treatments. We found significant treatment x year interactions for
Q-SLA and Q-LDMC, leading to lower variation of both traits in Ab than in grazed
treatments (Table 2, Fig. 4c, f). The divergence of SLA, was stronger in blockl than in block
2. Between-year variations, independent from long-term trends, showed greater amplitude in
block 2 especially for Q-LDMC.

Along the nutrient gradient, we found significant treatment x year and year x block
interactions on Q-HRep (Table 2). Q-HRep was lower in NPK than in PK and Null since
2006 in both blocks (Fig. 4g, h). In block 1, Q-HRep showed an abrupt decline from 2007 to
2010 and then stabilised, as opposed to block 2 where it progressively declined. Such
differentiation of Q-HRep in NPK and the two other fertilisation treatments over time tended
to be more pronounced in block 1 than block 2, as supported by the marginally significant
effect of the three-way interaction term. We found significant treatment x year x block
interaction on Q-SLA. By 2007 Q-SLA was higher in NPK than PK and Null in block 1 only.
In addition, we found complex between-year variations that differed between the two blocks
(Fig. 4k, I). Like the two other traits, Q-LDMC showed greater between-treatment
differentiation over time in block 1. However, we found lower values in NPK than PK and

Null. This differentiation in block 1 was slow but progressive until 2010, stabilising in 2011
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and 2012 (Fig. 4i, j). Between-year variations were more complex in block 2. Q-LDMC in

NPK differed from PK and Null only in 2006 and 2012.

Discussion

After 8 years of management manipulation we found strong differences in terms of direction,
strength and timing of vegetation response between i) components of plant diversity, ii)

management gradients and iii) two distinct mesophile grasslands.

Response to changes in disturbance level

Based on predictions from the DEM and Svensson et al. (2012), we expected both species
richness and evenness to decrease with decreased disturbance. Our results confirmed this
hypothesis in both blocks despite strong initial taxonomic differences in 2004. This is in
accordance with other grazing experiments conducted in productive grasslands (De Bello et
al. 2006). However, we did not find a monotonic decrease of species diversity with decreased
disturbance as predicted by the DEM, but only lower diversity in abandoned plots compared

to the grazed treatments.

We suggest that our grasslands represent intermediate levels of productivity in the
DEM framework, with Ab and Ca- on the increasing phase of the hump-shaped curve linking
species richness to disturbance intensity and Ca+ at the start of the decreasing phase. The lack
of difference in species richness between Ca+ and Ca- could also reflect species pool
limitation. Increased disturbance is expected to enhance recruitment opportunities (Myers &
Harms 2009). However, greater recruitment opportunities in Ca+ than Ca- may have not been
filled by new species if seed arrival from the surrounding habitat matrix is not strong enough.

This hypothesis is realistic in the case of tall grasslands because seed dispersal is limited to
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short distances and plants mostly regenerate vegetatively (Benson & Hartnett 2006). In
addition, thick stubble and litter layers associated to quick regrowth may prevent individual
recruitment in productive grasslands (Laliberté et al. 2013).

Regarding functional diversity, our results support our expectation, i.e. a reduced
variability of height, SLA and LDMC with decreasing disturbance. These changes were
mostly driven by species compositional changes, as we observed no treatment effect on trait
values at the species level (Appendix S3) but strong changes at the community level.
Observed changes in species richness and functional diversity were generally consistent,
although between-years variations were far more pronounced for species richness compared
with trait variability. This suggests that community changes were strongly influenced by
demographic stochasticity in addition to niche-based processes.

Together, changes in taxonomic and functional indices indicate a greater importance of
competition for light in abandoned plots where traits converged toward tall plants with high
LDMC, lower SLA especially in the more productive block 1, lower species richness and
stronger species dominance compared to Ca+ and Ca-. This is in accordance with our
statement since competition for light is expected to be size asymmetric and more intense as
soil resource availability increases (DeMalach et al. 2016). Filtering of tall species in weakly
disturbed grasslands has already been reported (Louault et al. 2005; Janec¢ek et al. 2013),
reflecting the success of most competitive species (Gaudet & Keddy 1988). The dominance
of tall plants with high LDMC has also already been observed under low herbage utilisation
(Louault et al. 2005; Laliberté et al. 2012), likely reflecting the increased investment in
structural tissue in tall plants. Higher values of community-level LDMC may also result from
the larger grass contribution under lower disturbance treatment (data not shown) since grasses

display higher LDMC values than forbs (Cruz et al. 2002).

This article is protected by copyright. All rights reserved.



In the grazed treatments, the weak increase in CWM-SLA may simply reflect the
negative relationship between SLA and LDMC (Hodgson et al. 2011). Alternatively, the
higher CWM-SLA under more intensive grazing pressure may promote compensatory growth
after defoliation, recognized as a mechanism of tolerance to herbivory (Tiffin 2000). In
addition, functional divergence in grazed treatments may be linked to increased spatial
heterogeneity driven by patchy selective grazing previously observed in the experimental
fields (Rossignol et al. 2011). Since spatial heterogeneity is generally considered to support
mechanisms of coexistence, patchy grazing has been positively related to within-plot
diversity (reviewed by Bloor & Pottier 2014).

In summary, grazing abandonment reduced both species and functional diversity as
expected with increased plant competition for light. Prolonged grazing promoted the
maintenance of species richness and differentiation of species resource-use strategies as
indicated by the observed functional divergence and species turnover through time. The
origin of such functional differentiation requires further investigation.

We are confident that the reported changes in taxonomic and functional diversity
resulted from disturbance effect and not changes in plot fertility. Indeed, productivity,
nitrogen nutrient index (Appendix S2) and CWM-N (Table 1, Appendix S5) remained high in
the disturbance treatments. This is consistent with Bullock et al. (2001) who stress that

grazing is not a useful method to decrease soil nutrients in fertile pastures.

Response to modifications of nutrient availability

During the experimental period, modifications of nutrient availability by fertilisation
were effective, leading to higher productivity and nitrogen nutrition index in NPK compared
with PK and Null (Appendix S2). Therefore, we expected species richness to increase in Null

compared to PK and NPK treatments, as predicted by the DEM. But, we observed only a
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marginally significant effect of treatment on species richness, providing little support for this
hypothesis. Furthermore, species evenness did not increase asymptotically with cessation of
fertility as expected with the Svensson et al. (2012) model. Instead, we found that species
evenness decreased in the most fertilised treatments (NPK) of the most productive block
(block1).

Loss of species and or greater species dominance have often been reported as
consequences of fertiliser application (Laliberté et al. 2013; Niu et al. 2014). Discrepancies
between results obtained in the present study and those previously reported in the literature
could stem from a number of factors. It is possible that fertiliser application may have rather
increased nutrient availability than simply maintained it to the level prior the experiment. If
so the observed decrease of evenness in blockl is consistent with a decrease of species
diversity in response to increased productivity. Alternatively, different response for species
evenness between block with no differentiation between treatments in the less productive
block 2 may nevertheless be in accordance with Svensson et al. (2012). Since this latter
predict that species evenness increases asymptotically as productivity decreases, the
treatments in block 2 may have reached the asymptote, which appears earlier along the
productivity gradient as disturbance severity increases, leading to lack of differentiation
between treatments. Moreover, response of species richness may have been hidden by the
strong between-years fluctuations, and may take longer time period to differentiate between
treatments. Such timing argument also holds for the lack of effects in the less productive
block2, in accordance with Janecek et al. (2013) who found that the effect of fertilisation was
faster in productive meadows than on less productive ones.

Responses of functional traits (CWM and Q) provide mixed support for an effect of
nutrient availability on competitive exclusion under fixed cutting regime, and functional

changes were mostly driven by intraspecific variability. In 2006, CWM of LDMC and SLA
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were already differentiated between the treatments, despite limited compositional changes.
Between 2006 and 2012, these CWM values remained fairly stable, with convergence toward
taller plants in NPK, in accordance with previous findings (Janecek et al. 2013). Such
functional patterns associated with greater species’ dominance under N fertilisation are
consistent with stronger competition. Although strong competition often translates to species
loss over time, an additional mechanism may have prevented, or at least slowed down,
competitive exclusion in our experiment. It is notable that SLA diverged through time in
NPK of block 1. Trait divergence is interpreted as a consequence of an increased niche
differentiation promoting stable coexistence of species (MacArthur & Levins 1967; Mason et
al. 2011). In grasslands, such a phenomenon has previously been reported by Niu et al.
(2014) using the same index (Q) but constructed with multiple traits and associated to species
loss. In our study, the cutting regime may also have reduced the strength of competitive
interactions and slowed down competitive exclusion.

In summary, we report both convergence and divergence when looking at different
traits. In the most productive plots, increased competition may have led to the observed
increase of dominance and selection of tall species but species exclusion was likely prevented

by species differentiation in their resource use strategy via intraspecific trait plasticity.

Implications for grassland management

Improving diversity of productive or previously intensively-managed grasslands is an
important issue because grasslands cover large geographic area and support a large panel of
ecosystems services. We report patterns which are largely consistent with theoretical
expectations, and may help anticipate the effect of disturbance and ecosystem productivity on
grassland diversity. However, from a management perspective, promoting grassland diversity

by modifications of fertilisation or grazing regime remains challenging.
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Our findings highlight four issues. First, not all components of plant diversity may
show the same direction or rate of change to modified management. This suggests that
managers should decide which components they intend to modify in priority according to the
grassland’ services they would like to promote. For example, according to Pakeman (2014),
herbage productivity in grasslands is related to mean LDMC whereas resilience appears
related to its variance. Second, diversity responses seem to be very sensitive to initial
productivity, at least along the fertilisation gradient. The role of initial productivity is at the
core of the DEM and has been suggested to explain between-study discrepancies (Pakeman et
al. 2011). Unlike previous studies that consider highly contrasted situations, we show that
small differences of initial productivity may also lead to contrasted dynamics. This
emphasises the need to accurately assess initial conditions before considering changes in
management practices. Third, temporal patterns show significant differences between
diversity components and management gradients. Since slow and/or stochastic processes may
drive species richness responses, other components, like functional diversity may be more
rapidly affected by management modifications. This may explain why many studies fail to
restore species-rich mown grasslands after cessation or decrease of fertilisation despite strong
shifts in plant species composition (Pavli et al. 2011; Marriott et al. 2004).

Finally, only strong changes of management practices affected patterns of plant diversity,
with intermediate treatments confounded with one or the other end of the gradients. For
refined management of plant diversity patterns, further research should consider combined

modifications of both grazing and fertilisation regimes.
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In the online version of this article:
Appendix S1: Mean characteristics of plots in block 1 (n=12 plots) and in block 2 (n=12 plots) of the

experimental site.

Appendix S2: Nitrogen nutrient Index in 2012 and annual productivity according to
treatment under disturbance and fertilisation gradients

Appendix S3: Traits values at species level

Appendix S4: Species turnover between 2004 and 2012 assessed by Sorensen index

Appendix S5: Community Weighted Mean values of N Ellenberg indicator

TABLES
Table 1: Test of fixed effects (Treatment, Year, Block and interactions; F and P value) on
species richness, evenness and cumulated weighted mean N Ellenberg indicators along (a) the

disturbance gradient and (b) the nutrient gradient.

Treatment Year Block TXY TxB Y xB TXYXxB
F P F P F P F P F P F P F P
(a) Disturbance (Ca+, Ca-, Ab)
Richness 8.99 0.0157 228 0.0723 1281 0.0116 2.87 0.0124 157 0.2829 210 0.0934 0.65 0.7608
Evenness 6.54 0.0311 2.01 0.1063 6.30 0.0458 1.76  0.1134 0.96 0.4344 2.18 0.0828 1.43 0.2137
CWM EIl. N 149  0.2977 1.43  0.2436 0.77 0.4131 0.69 0.7259 0.45  0.6562 156  0.2020 1.30 0.2775
(b) Nutrient (Fertilisation Null, PK, NPK)
Richness 411 0.0753 3.73  0.0096 0.00 0.9956 1.91 0.0828 0.48 0.6402 148 0.2267 0.87 0.5741
Evenness 10.56  0.0108 4.71 0.0027 23.26 0.0029 2.77  0.0150 1.72  0.2574 153 0.2100 2,58 0.0216
CWMEI. N 17.35  0.0032 6.44 0.0004 17.87 0.0055 5.56  0.0001 143 0.3103 242 0.0584 1.63  0.1449
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Table 2: Test of fixed effects (Treatment, Year, Block and interactions; F and P value) on
community cumulated weighted mean (CWM) and Rao index (Q) on reproductive plant
height (HRep), leaf dry matter content (LDMC) and specific leaf area (SLA) along (a) the

disturbance gradient and (b) the nutrient gradient.

Treatment Year Block TxY TxB Y xB TxYxB
F P F P F P F P F P F P F P
(a) Disturbance (Ca+, Ca-, Ab)

CWM HRep 6.01 0.0369 7.98 0.0001 0.82  0.3996 2.16 0.0501 1.87 0.2338 0.92 0.4814 0.46  0.9016
CWM LDMC 495 0.0537 4.74  0.0026 0.91 0.3766 4.49  0.0007 0.13  0.8792 0.75 0.5935 0.70 0.7132
CWM SLA 2.43 0.1684 8.57 <.0001 2.10 0.1974 2.44  0.0287 0.37 0.7042 0.61  0.6902 0.67 0.7458
Q-HRep 6.54 0.0311 2.31 0.0689 3.21 0.1233 1.59 0.1587 1.52  0.2927 0.62 0.6894 0.48 0.8924
Q-LDMC 8.04 0.0201 9.50 <.0001 1.44 0.2748 4.76  0.0004 0.82 0.4836 3.49 0.0133 0.82 0.6107
Q-SLA 15.30 0.0044 3.68 0.0102 0.07 0.7995 3.09 0.0080 7.97 0.0204 1.15 0.3564 1.19 0.3351

(b) Nutrient (Fertilisation Null, PK, NPK)

CWM HRep 16.10 0.0039 10.43 <.0001 3.93  0.0929 158 0.1610 0.13  0.8792 155 0.2038 1.07 0.4118
CWM LDMC 9.29 0.0145 12.63 <.0001 247 0.1669 2.07 0.0604 0.09 0.9128 5.93  0.0006 222 0.0452
CWM SLA 9.43 0.0141 592 0.0006 0.26  0.6295 0.55 0.8389 0.62  0.5715 135 0.2716 0.86 0.577
Q-HRep 9.00 0.0156 5.32  0.0013 255 0.1615 5.54  0.0001 1.80 0.2436 7.82  0.0001 215 0.0519
Q-LDMC 23.13 0.0015 12.13 <.0001 498 0.0671 2.33 0.0361 1.76  0.2508 6.18  0.0005 212 0.0546
Q-SLA 1.30 0.3407 2.37  0.0635 0.01  0.9244 4.40  0.0008 0.75 0.5125 1150 <.0001 7.77  <.0001
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Figure 1: Principal response curves of the treatments, with initial situation in 2004 as control.
Canonical coefficients and species scores are presented per block and per gradient.
Disturbance gradient (a, b) with treatments cattle high level of utilisation (Ca+, @), cattle low
level of utilisation (Ca-, O), abandoned plots (Ab, A). Nutrient availability gradient (c, d),
with treatments without fertilisation (Null, X), fertilisation with P and K (PK, <),
fertilisation with N, P and K (NPK, A). Ac Agrostis capillaris Ap Alopecurus pratense Ae
Arrhenatherum elatius Am Achillea millefolium Cf Cerastium fontanum Cg Cerastium
glomeratum Ch Cardamine hirsuta Dg Dactylis glomerata Er Elytrigia repens Fa Festuca
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Figure 2: Plant species richness and evenness per treatment, for each block and gradient,
through time from 2004 (year before the start of the experiment) to 2012. The disturbance
gradient (a, b, ¢, d) includes high level of herbage utilisation by cattle (Ca+, @), low level of
herbage utilisation by cattle (Ca-, O) and abandonment (Ab, A). The nutrient availability
gradient (e, f, g, h) includes treatments no fertilisation (Null, X), fertilisation with P and K
(PK, <) and fertilisation with N, P and K (NPK, A). Significant differences according to the
Tukey’s test (p<0.05) among the mean values at the treatment*block level are indicated by

different letters in each year. Bars indicate standard error.
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Figure 3: Community weighted mean values (CWM) of reproductive plant height (HRep),
leaf dry matter content (LDMC), specific leaf area (SLA), per treatment for each block and
gradients and through time from 2006 (first year after the start of the experiment) to 2012.
The disturbance gradient (a, b, c, d, e, f) includes high level of herbage utilisation by cattle
(Ca+, @), low level of herbage utilisation by cattle (Ca-, O) and abandonment (Ab, A). The
nutrient availability gradient (g, h, i, j, k, 1) includes treatments no fertilisation (Null, X),
fertilisation with P and K (PK, <) and fertilisation with N, P and K (NPK, A). Significant
differences according to the Tukey’s test (p<0.05) among the mean values at the

treatment*block level are indicated by different letters in each year. Bars indicate standard

error.
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Figure 4: Rao index (Q) of reproductive plant height (HRep), leaf dry matter content
(LDMC), specific leaf area (SLA) per treatment for each block and gradients and through
time from 2006 (first year after the start of the experiment) to 2012. The disturbance gradient
(@ b, c, d, e, f) includes high level of herbage utilisation by cattle (Ca+, @), low level of
herbage utilisation by cattle (Ca-, O) and abandonment (Ab, A). The nutrient availability
gradient (g, h, i, j, k, ) includes treatments no fertilisation (Null, X), fertilisation with P and
K, (PK, <), and fertilisation with N, P and K (NPK, A). Significant differences according to
the Tukey’s test (p<0.05) among the mean values at the treatment*block level are indicated

by different letters in each year. Bars indicate standard error.
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