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A B S T R A C T

Mountain forage production is increasingly threatened by grassland degradation and limited adaptation to 
climate change. Regenerating these grasslands with multispecies forage mixtures adapted to altitude and future 
climatic conditions may enhance the sustainability of livestock systems. We conducted a field study across four 
mountain grassland sites in Switzerland, experimentally manipulating the dominant species identity (Dactylis 
glomerata and/or Alopecurus pratensis) and the proportion of low-abundant species in sown mixtures (0, 15 or 
30%), including Plantago lanceolata. We measured forage yield, protein and neutral detergent fiber (NDF) over 
three harvests during the growing season, and quantified specific leaf area (SLA) and leaf dry matter content 
(LDMC) of all species to characterize community functional strategies. We found that the botanical composition 
influenced yield and NDF primarily through shifts in community functional traits mostly related to LDMC, 
whereas it mostly influenced protein concentration through direct effects from legumes. Forage yield was not 
influenced by the identity of the dominant species but increased with an increasing abundance of P. lanceolata at 
the second harvest in summer. Across the season, forage NDF concentration increased with increasing abundance 
of the two dominant grasses but decreased with increasing abundance of P. lanceolata and legumes. Overall, our 
findings demonstrate that integrating P. lanceolata, a species with low LDMC, into forage mixtures can enhance 
seasonal stability in forage production through complementarity with dominant grasses and improve forage 
nutritive value. These results highlight the importance of trait-based species selection for designing resilient 
forage mixtures adapted to mountain environments.

1. Introduction

Grasslands cover approximately 23% of the Earth’s terrestrial sur
face (MacDougall et al., 2026) and provide important ecosystem func
tions and services, including high levels of biodiversity and forage 
production. While permanent grasslands (i.e., maintained for at least 
five consecutive years and excluded from crop rotation) have been 
extensively studied (Schils et al., 2022; Zhao, 2023; Zhao et al., 2020; 
Zhu et al., 2023), temporary grasslands (established by sowing a chosen 
seed mixture and younger than five years) have received considerably 
less attention, despite their central role in agricultural systems. These 

grasslands represent an important additional source of forage for ru
minants and are therefore critical to the functioning and sustainability of 
livestock production systems (Bengtsson et al., 2019; Peeters, 2009).

In mountain farming systems, grasslands play a particularly crucial 
role due to important constraints for agricultural production. Indeed, 
topographical constraints such as steep slopes and fragmented land
scapes, combined with harsh climatic conditions, severely limit land-use 
options for agriculture and increase production costs (Institute for 
Prospective Technological Studies, 2013). These limitations often 
render crop cultivation impractical, increasing reliance on grasslands to 
supply sufficient forage for livestock. Mountain environments also pose 
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significant challenges to grassland management due to the higher ele
vations and lower temperatures that lead to long winters and extended 
snow cover, and thus to a shortened growing season. Consequently, 
forage production is largely concentrated from the end of spring to the 
beginning of autumn, the period during which weather conditions allow 
active vegetation growth and when biomass is harvested to secure feed 
supplies for winter, or sometimes directly grazed in the second half of 
the season when livestock is brought back down from higher elevation 
alpine pastures. Ensuring stable and reliable forage production is 
therefore a key requirement for the sustainability of mountain livestock 
systems.

Maintaining forage production in mountain areas is becoming 
increasingly challenging under climate change. Indeed, climate change 
is projected to intensify summer droughts (Calanca, 2007), increasing 
water stress during the main forage production period, which can reduce 
grassland productivity (Deléglise et al., 2015; Finn et al., 2018) and 
increase temporal variability in forage yields (Chang et al., 2017; Graux 
et al., 2013; Haughey et al., 2018; Luo et al., 2025). Moreover, mountain 
grasslands are vulnerable to pest damage, notably from voles (Arvicola 
sp.) (Fichet-Calvet et al., 2000; Giraudoux et al., 1997) and white grubs 
(Hann et al., 2015; Pedrazzini et al., 2023), that feed on plant roots and 
leaves and cause soil perturbations. Consequently, there is a growing 
need for resilient grassland mixtures capable of restoring degraded 
permanent grasslands in mountain regions while remaining adapted to 
future climatic conditions.

Historically, agricultural intensification has led to the use of low- 
diversity temporary grasslands dominated by grass species selected for 
their high yield and nutritive value (Humphreys, 2005), that often 
require high fertilizer inputs to sustain grassland productivity. Such 
simplified systems are recognized as being more vulnerable to climatic 
variability and extreme events, resulting in reduced yield stability and 
lower resilience under current and future climate conditions (De 
Keersmaecker et al., 2016; Isbell et al., 2015; Korell et al., 2024). 
Therefore, improving the resilience and stability of multispecies forage 
mixtures has become a major challenge for the sustainability of 
grassland-based livestock systems facing increasing climatic uncer
tainty. Increasing species richness, particularly through the inclusion of 
multiple functional groups, has been shown to enhance grassland 
resistance and resilience to climatic fluctuations (Grange et al., 2021; 
Lüscher et al., 2022; Tilman et al., 2001), notably by stabilizing forage 
yields over time (Haughey et al., 2018). Numerous studies have also 
demonstrated the benefits of including legumes in forage mixtures, such 
as increased productivity, improved forage quality and enhanced 
nitrogen-use efficiency (Finn et al., 2013; Lüscher et al., 2014; Nyfeler 
et al., 2009), as well as increased drought tolerance (Hofer et al., 2016). 
More recently, attention has also been given to the role of forbs in 
improving sward productivity and nutritive value (Cong et al., 2018; 
Jensen et al., 2025; Moloney et al., 2021; O’Malley et al., 2026). 
Together, these studies support the increased use of legumes and forbs in 
forage mixtures, though species richness generally remains quite low, 
with mixtures rarely exceeding six species (Finn et al., 2013; 2018; Cong 
et al., 2018; Elgersma and Søegaard, 2018; Moloney et al., 2021).

Beyond functional groups, community functional traits may also play 
an important role in enhancing the performance and temporal stability 
of temporary grasslands. A functional trait-based approach allows a 
more mechanistic and general framework to understand how changes in 
species composition influence ecosystem functioning, particularly 
biomass production. Functional traits capture differences in species 
strategies and provide mechanistic links between community composi
tion and ecosystem processes (de Bello et al., 2010; Lavorel and Garnier, 
2002). In grasslands, leaf traits such as specific leaf area (SLA) and leaf 
dry matter content (LDMC) are particularly informative, as they enable 
measurement of contrasting resource-use strategies along the leaf eco
nomics spectrum (Wright et al., 2004) and are closely related to biomass 
production and forage nutritive value (Blaix et al., 2023; Hanisch et al., 
2020; Muraina et al., 2025). At the community level, these traits can be 

integrated through community-weighted means (Lavorel et al., 2008) to 
describe the dominant functional strategy of forage mixtures. Moreover, 
measures of trait dissimilarity quantify within-community functional 
diversity and may reflect niche differentiation and complementarity 
mechanisms that might enhance ecosystem stability (Wagg et al., 2017).

Plant species generally exhibit two contrasting resource-use strate
gies: acquisitive and conservative. Acquisitive species are characterized 
by functional traits associated with rapid resource acquisition and high 
biomass production under favorable conditions, such as high SLA and 
low LDMC (Mariotte, 2014; Wright et al., 2004). These traits confer 
strong competitive ability under optimal growth conditions, and such 
species are generally the main dominant grass species within 
nutrient-rich grassland communities. Consequently, these dominant 
grass species largely determine community-weighted trait values and 
strongly contribute to forage yield during periods of optimal growth 
(mass ratio theory; Grime, 1998). However, acquisitive strategies may 
be poorly suited to stressful summer conditions when water and nutrient 
availability are limited. In contrast, conservative species exhibit low SLA 
and high LDMC, traits that enhance resource-use efficiency and persis
tence under less favorable conditions (Grime, 1998; Oram et al., 2021; 
Walde et al., 2021). Conservative species are generally low-abundance 
species in nutrient-rich plant communities (also called subordinate 
species, Mariotte, 2014), often including low competitive grasses, le
gumes and forbs that rarely become dominant in the long term but 
contribute to functional diversity. Through mechanisms such as spatial 
niche differentiation, resource complementarity, and shifts in competi
tive interactions (Doudová and Douda, 2020), low-abundant species 
may help buffer seasonal declines in productivity and stabilize 
ecosystem functioning under changing environmental conditions, 
particularly during dry periods (Mariotte et al., 2013; Canarini et al., 
2026). By compensating for temporary declines in dominant species 
cover or colonizing gaps created by disturbance, low-abundant species 
can contribute to maintaining ecosystem functioning (Grime, 1998). 
However, their contribution to forage yield and nutritive value, as well 
as their functional role in temporary grassland, remains poorly docu
mented. Indeed, despite extensive research in plant functional ecology, 
studies addressing the functional structure of grassland communities in 
an agronomic context remain scarce (Garnier and Navas, 2012). 
Knowledge of the functional traits and strategies of forage cultivars, that 
have been selected and bred to increase their productivity and nutritive 
value, is also lacking. Therefore, a better understanding of how species 
composition and functional structure influence forage yield and nutri
tive value throughout the growing season is essential to sustain the 
productivity of temporary mountain grasslands and to enhance their 
capacity to adapt to climate change.

In this study, we conducted a field experiment across four mountain 
grassland sites in Switzerland, manipulating both the identity of the 
dominant species and the proportion of low-abundant species in forage 
mixtures. Our objectives were to assess how dominant species identity 
and low-abundant species relative abundance contribute to shaping 
community-level functional traits, and to quantify their effects on forage 
yield and nutritive value throughout the growing season. Specifically, 
we hypothesized that (i) dominant grass species exhibit traits related to 
acquisitive strategy, whereas low-abundant species exhibit traits related 
to conservative strategy (ii) the effects of the mixture composition on 
forage yield, protein and NDF concentration are mediated by shifts in 
community-level functional traits, (iii) dominant species are the primary 
drivers of forage yield and nutritive value in spring, whereas low- 
abundant species enhance summer forage yield by increasing func
tional diversity and complementarity with dominant species, relative to 
mixtures without low-abundant species.
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2. Materials and methods

2.1. Study sites

The study was conducted at four mountain grassland sites across 
Switzerland, spanning four cantons (Uri, Bern, Valais, Ticino), with al
titudes ranging from 950 to 1250 m a.s.l., mean annual temperature 
from 4.6 to 8.6 ◦C and mean annual precipitation from 843 to 1580 mm 
(data from 1991 to 2020, MeteoSwiss, Switzerland), which are repre
sentative of the wide environmental conditions in mountain grasslands 
(Table A.1 in Appendices).

2.2. Forage mixture composition

Forage mixtures were created following a factorial design including 
two drivers of plant community structure: the identity of the dominant 
species (three levels) and the abundance of low abundant species (three 
levels), yielding nine different mixture combinations. Species selection 
was guided by expert knowledge and criteria related to adaptation to 
mountain conditions, agronomic compatibility, and persistence under 
local management. Seeding rates and functional group proportions fol
lowed Swiss guidelines for the development of standard forage mixtures 
(e.g., combination of species that provide a fast cover of the ground with 
slower and long-lasting species, varieties adapted to local conditions and 
seed density based on species competitiveness indices, Suter and Frick, 
2025). Dominant species were high-yielding perennial grasses 
commonly used in temperate managed grasslands in Switzerland and 
well adapted to a broad range of climatic conditions. The low-abundant 
species were selected based on their complementary agro-ecological 
characteristics with dominant species as well as on their potential 
persistence under future climatic conditions (e.g., drought, warming). In 
all mixtures, we aimed to have about 20–25% legumes to promote 
forage protein but also to reduce the need for fertilizers.

Mixtures were dominated by Dactylis glomerata L. or Alopecurus 
pratensis L., or co-dominated by both species. Low-abundant species 
were Agrostis capillaris L., Festuca rubra L., Lotus corniculatus L. and 
Plantago lanceolata L., which are often included in low proportions in 
sown mixtures due to their low productivity. These species were sown at 
variable proportions, i.e. absent (0%) or present at 15% or 30% of ex
pected aboveground biomass in the mixtures, with equal expected pro
portion of the four species within the low-abundant species-group. The 
expected proportions of each species were estimated based on the 
interaction between species-specific seed density and interspecific 
competition effects (Caputa, 1948). All mixtures were completed with a 
pool of five common productive species: Lolium perenne L., Phleum pra
tense L., Poa pratensis L., Trifolium pratense L. and Trifolium repens L., thus 
mixture species richness ranged from six to eleven species depending on 
the treatment combination. More details on mixture seed density and 
species cultivars are available on Table A.2.

2.3. Experimental design

At each of the four sites, we established four blocks (17 ×7 m) of nine 
plots (each plot was 1.7 m x 7 m, and plots were separated by 20 cm), 
corresponding to the nine mixtures, randomized within each block, thus 
yielding 36 plots per site (144 plots in total). Prior to sowing, the soil 
was fertilized with manure and tilled with an agricultural tiller up to 
10–20 cm depth, following common practices before the establishment 
of temporary grasslands. Plots were sown in May 2023 using an exper
imental broadcast-seeder (Hege 80, Hege Saatzuchtmaschinen, Hohe
buch, Germany) attached to a small tractor to mimic conventional 
seeding practices. The distance between the two wheels of the tractor 
was 1.70 cm (i.e., plot width), thus creating no physical disturbance 
within the plots and a buffer of 20 cm between each plot (i.e., wheel 
width). During the year of mixture establishment (2023), plots were 
weeded to remove common unwanted weeds (e.g. Rumex acetosa L., 

Rumex obtusifolius L., Amaranthus retroflexus L., Heracleum sphondylium 
L.) and forage was cut twice for maintenance. In 2024, all plots were 
fertilized with a slow-release organic fertilizer (BiorgaQuick) at a rate of 
75 kg N ha− 1 yr− 1, split into three applications of 25 kg N ha− 1, occur
ring at the beginning of the growing season and following the first two 
forage harvests.

2.4. Forage yield and nutritive value

In 2024, all mixtures were well established at all sites. The forage of 
the different mixtures was harvested three times during the growing 
season, the first in May-June (spring), the second in July-early August 
(early summer) and the third in late August-October (late summer/early 
autumn). The timing of the first harvest was based on the phenological 
stage of grasses, targeting inflorescence heading stage following com
mon agricultural practices. Then, the regrowth period between two cuts 
varied from six to eight weeks, depending on weather conditions. A 
fourth harvest was performed at the end of the season (late autumn) on 
two sites (Ticino and Valais) to remove excess vegetation before winter. 
This harvest was not included in subsequent analyses. At each harvest, 
we mowed aboveground plant biomass at around 6–7 cm in a subplot of 
1 m x 5 m (area of 5 m2) within each plot and weighed the fresh har
vested forage biomass directly in the field (Fig. A.1). A subsample of the 
harvested forage biomass (about 400 g) was then collected using a metal 
corer (5 cm diameter), and was immediately stored in a cooling box, 
then brought to the laboratory, oven-dried at 60◦C for 48 h and weighed 
again to calculate dry matter (DM) content (%) and expressed forage 
yield in tDM ha− 1. The same subsamples were used for forage nutritive 
value analyses. Samples were ground to < 1 mm particle size using a 
rotary mill (Brabender, Germany) and analysed for residual DM and 
neutral detergent fiber (NDF) using near-infrared spectroscopy (Büchi 
NIRFlex N-500; BÜCHI Labortechnik AG, Switzerland) according to 
Kragten and Wyss (2014). The N concentration was determined by the 
Dumas method (ISO 16634–1:2008) and protein was calculated as 
N × 6.25. Protein (g kg− 1) and NDF (g kg− 1) of each sample were cor
rected using residual DM (%) after drying a subsample at 105◦C during 
3 h.

2.5. Botanical composition

Before each harvest, the botanical composition of each plot was 
determined by sorting plants at the species level. In each plot, six 
vegetation subsamples measuring 10 cm× 20 cm were taken at a height 
of 5 cm above the ground (on the border of the 5 m x 1 m subplots used 
for forage yield measurements, with three vegetation subsamples on 
each side, Fig. A.1) and pooled together. Vegetation samples were stored 
in a cooling box and brought to the laboratory, where they were kept in 
the fridge at 4◦C prior to species sorting. All species sown in the mixtures 
were sorted at the species level, while the other unsown species were 
pooled together. The sorted biomass of each plant species for each plot 
was then oven-dried at 100◦C for 24 h and weighed. The relative 
abundance of each species was estimated by dividing each species 
biomass by the total biomass of the sorted sample.

2.6. Leaf functional traits

At the three forage harvests, we collected leaves of all the 11 plant 
species sown in the experiment at the block level and the specific leaf 
area (SLA) and leaf dry matter content (LDMC) were determined 
following standardized protocol (Cornelissen et al., 2003). In each block 
of each site and at each forage harvest, we selected the youngest fully 
mature and undamaged leaf of five individuals of each species. In total, 
2640 leaves were collected (5 leaves × 11 species × 4 blocks × 4 sites ×
3 harvests). The leaves were kept in plastic bags containing a piece of 
paper towel moisturised with deionised water to rehydrate the leaf tis
sues, stored in a cooling box and brought to the laboratory, where they 
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were stored at 4◦C overnight. Each leaf was scanned (CanoScan LiDE 
300, Canon), and the resulting image was analyzed using an image 
analysis software (ImageJ, Schneider et al., 2012) to determine the leaf 
area (cm2). Leaves were then weighed to determine fresh weight (FW) 
and dried at 60◦C for 72 h to determine dry weight (DW). We calculated 
SLA (cm2 g− 1) as the leaf surface area (cm2) divided by DW (g), and 
LDMC (mg g− 1) as DW (mg) divided by FW (g).

The five SLA and LDMC values were averaged by block and values at 
block level were used to calculate the community weighed mean (CWM) 
of the different mixtures in each block. The CWM of each trait was 
calculated for each mixture based on the trait value of the species and 
the relative abundance of the species (Lavorel et al., 2008) following the 
equation: 

CWMtrait =
∑n

i=1
pi × traiti 

with pi the relative abundance of species i, traiti the trait value of species 
i and n the number of species.

To further assess functional diversity, we calculated functional 
dissimilarity (FDis), which quantifies the degree of dispersion of plant 
functional traits within communities as described by Laliberté and 
Legendre (2010). This index is based on a principal coordinates anal
ysis (PCoA) performed on a Gower dissimilarity matrix. The FDis was 
computed as the abundance-weighted mean distance of each species to 
the community-weighted trait centroid in the multidimensional trait 
space: 

FDistrait =
∑n

i=1
pi × zi 

with pi the relative abundance of species i and zi the distance of species i 
to the community-weighted trait centroid. The CWM and FDis of SLA 
and LDMC were both calculated in R using the ‘FD’ package (Laliberté 
et al., 2014).

2.7. Statistical analyses

Prior to analysis, data exploration was performed to identify poten
tial outliers. Three experimental units (2% of the dataset) presenting 
extreme values were excluded from subsequent analyses. All analyses 
were performed using R studio (version 4.4.3; R Core Team, 2025). The 
differences in yield, protein and NDF among the nine mixtures at the 
three harvests were tested using linear-mixed effect (lme) model with 
‘dominant species identity’, ‘proportion of low-abundant species’ and 
their interaction as fixed factors with ‘block’ nested into ‘site’ as random 
factor using the ‘nlme’ package. Post hoc tests were performed for the 
models when significant effects were detected (Tukey’s test, P < 0.05) 
using the ‘emmeans’ package (Fig. A.2).

The realized botanical composition differed substantially from the 
expected composition, especially for low-abundant species (Fig. A.3). 
Plantago lanceolata dominated this group, representing 62% of the low- 
abundant species biomass, whereas F. rubra and A. capillaris were nearly 
absent. We suspect that the high abundance of P. lanceolata was partly 
explained by the weather conditions during the year of sowing, with 
higher abundance of P. lanceolata under drier conditions (see Fig. A.4). 
Consequently, for the subsequent analyses, we simplified the botanical 
composition by focusing on the main components that were experi
mentally manipulated and which structured the realized mixture 
composition: the abundances of the two dominant grasses (D. glomerata 
and A. pratensis), the low-abundant species P. lanceolata, and legumes. 
Legumes were retained because their abundance was partially manip
ulated through sowing (i.e., L. corniculatus) and because they represent a 
key functional group with well-established effects on forage yield and 
protein.

The differences in functional traits values (SLA and LDMC) among 

A. pratensis, D. glomerata, P. lanceolata and legumes (i.e., average traits 
values of T. pratense, T. repens and L. corniculatus) across the harvests 
were tested using lme models with ‘botanical group’, ‘harvest’ and their 
interactions as fixed factors with ‘block’ nested into ‘site’ as random 
factor. The effects of the different harvests on the botanical composition, 
community functional traits, forage yield and nutritive value were tested 
using lme models with ‘block’ nested into ‘site’ as random factor. Post 
hoc tests were performed for the models when significant effects were 
detected.

Since the harvest timing (three harvests) had significant impacts on 
all variables, results were then analyzed separately for each harvest. The 
effects of the sites on the botanical composition, forage yield, nutritive 
value (protein and NDF concentration), and community functional traits 
at each harvest were assessed using analyses of variance (ANOVAs) 
based on fitted linear models, with ‘site’ and ‘block’ included as 
explanatory variables (Table A.3). Because our main objective was to 
evaluate the effects of the botanical composition, particularly the role of 
the two dominant grasses, legumes and P. lanceolata within the mix
tures, rather than the variability among sites, we extracted the residuals 
from these linear models and used these in the following statistical an
alyses. This procedure allowed us to fully remove site and block effects 
on all variables. To evaluate the existing linkages between the different 
variables, we performed a Pearson correlation analysis at the first, sec
ond and third harvest. These analyses highlighted the limited autocor
relation among the different variables related to the botanical 
composition (Fig. A.5) thus allowing to evaluate the relative influence of 
each botanical group independently.

To investigate the complex relationships among the botanical 
composition, community functional traits, forage yield and nutritive 
value, we applied structural equation modeling (SEM) using the lavaan 
package (Rosseel, 2012). A path analysis framework was used to 
quantify the linkages between botanical composition and community 
functional traits, as well as their respective effects on forage yield, 
protein and NDF concentration. Using a priori knowledge and results 
from the Pearson correlation analysis, we built a network of causal re
lationships among all measured variables (Fig. A.6). In order to simplify 
the SEM, we did not include CWM SLA and FDis SLA, as these variables 
were not strongly influenced by the botanical composition (Fig. A5). 
Models were fit using maximum likelihood estimation with robust 
(Huber-White) standard errors and a scaled test statistic that is asymp
totically equal to the Yuan-Bentler test statistic (MLR estimator). Fully 
standardized parameter estimates (std.all function in lavaan) were re
ported to facilitate comparison of effect sizes. Standardization was 
performed post-estimation by scaling coefficients according to the var
iances of the corresponding variables. Models were assessed with a 
nonsignificant chi-square test (P > 0.05), a high comparative fit index 
(CFI > 0.9), a low root mean square error of approximation (RMSEA <
0.1) and a low standardized root mean square residual (SRMR < 0.05).

The strength of the relationships between botanical composition (X) 
and forage yield, protein or NDF concentration (Y) was quantified by 
decomposing total effects into direct and indirect components. Com
munity functional traits (M) were considered as mediating variables 
between botanical composition and yield. The effect sizes were reported 
as standardized coefficients. Direct effects corresponded to the stan
dardized path coefficient linking X directly to Y, whereas indirect effects 
were calculated as the product of the coefficients linking X to M and M to 
Y, as follows: 

IndirectX→Y = (X→M) × (M→Y)

In order to further investigate the effects of P. lanceolata on yield over 
the growing season, we selected plots sown either without (0%) or with 
a high proportion of low-abundance species (30%) and calculated the 
biomass of A. pratensis, D. glomerata, P. lanceolata, legumes, and other 
grasses in these plots. The biomass of each species was calculated for 
each plot at each harvest by multiplying the relative abundance of the 
species in the plot by the forage yield of the plot. Differences in species 
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biomass across harvests for A. pratensis, D. glomerata, legumes, and other 
grasses were analyzed using lme models, with ‘harvest’, ‘proportion of 
low-abundant species’ and their interaction as fixed factors, and ‘block’ 
nested into ‘site’ as a random factor. We used a generalized lme model 
fitted with a Tweedie distribution for P. lanceolata to account for the 
zero-inflated nature of the data related to the absence of P. lanceolata in 
most plots with 0% low-abundant species.

3. Results

3.1. Mixture botanical composition

Based on our treatment combination of dominant species identity 
and abundance of low-abundant species across the four sites, our anal
ysis revealed a wide abundance gradient of D. glomerata (0–77%), A. 
pratensis (0–51%), P. lanceolata (0–74%) and legumes (1–55%) over the 
three harvests (Fig. 1), allowing us to accurately determine the effects of 
these species and botanical group on forage yield, protein and NDF 
concentration, as well as on community functional traits along the 
growing season. On average, the cumulative abundance of A. pratensis, 
D. glomerata, P. lanceolata and legumes represented 39.4%, 49.6% and 
51.7% of the mixture’s composition for the first, second and third har
vest, respectively. Across sites, A. pratensis and D. glomerata were more 
abundant and P. lanceolata less abundant at the third harvest (Fig. 1). 
Legumes were more abundant at the 2nd and 3rd harvest. Forage protein 
concentration increased, whereas forage yield and NDF concentration 
decreased, following the successive harvests.

3.2. Relative importance of the dominant grasses, legumes and Plantago 
lanceolata on community functional traits and forage yield and nutritive 
value

The two dominant grasses, P. lanceolata and legumes had similarly 
high SLA values (around 260 cm2 g− 1, Fig. 2, non-significant species 
effect), which were not impacted by the harvest, except for A. pratensis 
for which SLA slightly increased over the season. By contrast, these 
species consistently differed in their LDMC values across the three har
vests (Fig. 2., significant species effect), except at the first harvest where 
A. pratensis and D. glomerata had similar LDMC values. Overall, LDMC 
values were high for A. pratensis and D. glomerata (around 280 mg. g− 1), 

low for P. lanceolata (around 120 mg g− 1) and intermediate for legumes 
(around 170 mg g− 1). Both functional traits showed low intraspecific 
variability across block and sites as indicated by the low standard errors 
for the trait values for all botanical groups (Fig. 2).

The three SEMs, associated with the three forage harvests (Fig. 3), 
revealed that the effects of the botanical composition on forage yield, 
protein and NDF concentration were mainly mediated by both CWM 
LDMC and FDis LDMC, which had significant and contrasting effects 
(Fig. 3). The CWM LDMC increased yield at the 3rd harvest (path =
0.30) and NDF concentration at the 1st (path = 0.41), 2nd (path = 0.55) 
and 3rd (path = 0.52) harvest, while it negatively affected protein 
concentration at the 2nd harvest (path = − 0.56). In contrast, FDis LDMC 
consistently showed opposite effects to those of CWM LDMC (Fig. 3), 
except for yield at the 3rd harvest, where the pathway was not signifi
cant. At the 1st harvest, FDis LDMC additionally exhibited a negative 
effect on yield (path = − 0.26) and a positive effect on protein concen
tration (path = 0.23). All other pathways involving CWM LDMC and 
FDis LDMC were not significant.

The abundance of the two dominant grasses D. glomerata and 
A. pratensis, P. lanceolata and legumes had contrasting effects on forage 
yield, protein and NDF concentration along the vegetation season 
(Fig. 3). Overall, forage yield was more explained by the botanical 
composition and functional traits at the 1st (R2 = 0.34), rather than the 
2nd (R2 = 0.10) or 3rd (R2 = 0.05) harvest. Moreover, forage yield was 
still mostly impacted by the abundance of P. lanceolata (Fig. 4a). At the 
1st and 3rd harvest, increasing abundance of P. lanceolata reduced 
forage yield, respectively through an increase in FDis LDMC (Fig. 3a) 
and a decrease in CWM LDMC (Fig. 3c,). In contrast, at the 2nd harvest, 
an increasing abundance of P. lanceolata had a direct positive impact on 
forage yield (Fig. 3b, path = 0.53). Additional analysis of the species 
biomass at the three harvests (Fig. A.7) further explains the negative 
impact of P. lanceolata on forage yield at the first harvest and its positive 
impact at the second harvest. Indeed, a high abundance of P. lanceolata 
(i.e., 30% low-abundant species treatment) in the mixtures led to a 
strong decrease in grasses biomass at the first harvest compared to plots 
where it was nearly absent (i.e., 0% low-abundant species treatment) but 
this was not observed for the second harvest, where P. lanceolata pro
vided additional forage yield without constraining the yield of the other 
grass species.

An increasing abundance of D. glomerata and A. pratensis also had 

Fig. 1. Range values of the biomass proportion (including the dominant species A. pratensis and D. glomerata, the low-abundant species P. lanceolata, and legumes), 
community functional traits (CWM and FDis SLA and LDMC), forage yield and nutritive value (protein and NDF) across sites for the first (light green), second 
(medium green) and third (dark green) harvest. Boxplots sharing a letter are not significantly different from each other (P > 0.05).
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slight positive effect on forage yield at the 3rd harvest (Fig. 4a), prin
cipally mediated by an increase in CWM LDMC (Fig. 3c), while legumes 
had a small negative effect at the 1st harvest (Fig. 4a), through an in
crease in FDis LDMC (Fig. 3a,) and a globally positive direct effect at the 
3rd harvest (Fig. 4a).

Unlike forage yield, the NDF concentration was strongly influenced 
by the botanical composition and functional traits of the mixtures at the 
1st (R2 = 0.59), 2nd (R2 = 0.39) and 3rd (R2 = 0.48) harvest. Forage 
NDF concentration was mostly impacted by the abundance of 
P. lanceolata, with a consistent decrease in NDF concentration with 
increasing P. lanceolata abundance at the three harvests (Fig. 4b), 
principally mediated by a decrease in CWM LDMC (Fig. 3a,b,c; path <
− 0.40 along the whole growing season) and an increase in FDis LDMC 
(path > 0.40 along the whole growing season). Forage NDF concentra
tion also decreased with increasing abundance of legumes at the three 
harvests (Fig. 4b), through an increase in FDis LDMC (Fig. 3a) at the 1st 
harvest, and a decrease in CWM LDMC (Fig. 3b, c) at the 2nd and 3rd 
harvests. The abundance of D. glomerata and A. pratensis also influenced 

forage NDF concentration, with an increase in NDF concentration at the 
three harvests (Fig. 4b), principally mediated by an increase in CWM 
LDMC (Fig. 3a, b, c), except for D. glomerata at the 1st harvest where the 
pathway was not significant.

Forage protein concentration was partly explained by the botanical 
composition and functional traits of the mixtures at the 1st (R2 = 0.27), 
2nd (R2 = 0.20) and 3rd (R2 = 0.23) harvest. The abundance of 
P. lanceolata was a strong driver of forage protein concentration 
(Fig. 4c), with negative direct effects (Fig. 3b, c; path < − 0.40) starting 
from the second harvest. Globally, this negative effect at the 2nd harvest 
was almost entirely compensated by a positive and indirect effect 
(Fig. 4a) mediated through an increase in FDis LDMC and a decrease in 
CWM LDMC (Fig. 3b). Overall, the abundance of D. glomerata and 
A. pratensis had a positive effect on forage protein concentration at the 
1st harvest and a slight negative effect at the 2nd harvest (Fig. 4c).

Fig. 2. Specific leaf area (SLA) and leaf dry matter content (LDMC) of the two dominant species A. pratensis and D. glomerata, the low-abundant species P. lanceolata 
and legumes at each harvest. Bars sharing a letter are not significantly different from each other (P > 0.05). n.s, P > 0.05; *, P < 0.05; *** P < 0.001.
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Fig. 3. Structural equation models showing the effects of the botanical composition (D. glomerata, A. pratensis, P. lanceolata and legume abundance) and community 
functional traits (CWM LDMC and FDis LDMC) on forage yield and nutritive value (protein and NDF) for the first (a), second (b) and third (c) harvest. For clarity, only 
statistically significant pathways (P < 0.05) are shown in the figures. The arrow size is proportional to the path coefficient (numbers next to the arrow, standardized 
coefficient) and double-headed arrows show covariances. Red is for negative relationships and grey for positive relationships. Square multiple correlations (R2 

values) for the predicted variables are given in the box of the predicted variable.
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4. Discussion

4.1. Functional strategies of dominant and low-abundant species

Contrary to our first hypothesis, the dominant grass species and low- 
abundant species did not differ considerably in their functional strate
gies. Indeed, the dominant grass species, P. lanceolata and the legumes 
had similarly high SLA values, indicative of acquisitive resource-use 
strategies (Wright et al., 2004). This convergence likely reflects the 
agronomic context of our study system. Indeed, the species included in 
our mixtures have been selected and bred partly for high productivity, 
which may have indirectly favored functional traits associated with 
rapid growth, such as high SLA, and thus reduced leaf area variance 
among coexisting plant species, as also demonstrated by Chacón-Labella 
et al. (2019). Indeed, cultivars of grassland species, including 
D. glomerata and T. repens, have higher SLA values than their corre
sponding natural ecotypes, consistent with trait shifts driven by selec
tion for enhanced performance (Prieto et al., 2017). In contrast, the 
same study reported no significant effect of breeding on LDMC, sug
gesting that this trait has not been subjected to similar indirect selection. 
This aligns with our results, as dominant grass species, P. lanceolata and 
legumes showed pronounced differences in LDMC, indicating the 
coexistence of contrasting strategies for this trait, with the dominant 
species having the highest LDMC values and P. lanceolata having the 
lowest LDMC values (approximately half those of the dominant species). 
Together, these findings suggest that, in agronomic systems, varietal 
selection may homogenize certain traits linked to productivity (SLA), 
while allowing others (LDMC) to remain more functionally 
differentiated.

4.2. Role of plant community functional traits in shaping forage yield and 
nutritive value

Our SEM results showed that both botanical composition and com
munity functional traits influenced forage yield and nutritive value 
throughout the growing season, although the number and strength of 
significant relationships declined over the season. Consistent with our 
second hypothesis, most effects of the botanical composition on forage 
yield, protein and NDF concentration were mediated through shifts in 
functional traits, with LDMC exerting a stronger influence than SLA, 
confirming its value as a predictor of biomass production (Breitschwerdt 
et al., 2019; Smart et al., 2017). Since all species included in our analysis 
exhibited relatively high SLA values with limited interspecific variation, 
this likely constrained our ability to detect relationships between SLA 
and both yield and nutritive value. As a result, SLA may not have been a 
sufficiently discriminating trait in this context, whereas LDMC exhibited 
greater interspecific variability and thus stronger potential to explain 
differences in mixtures functioning. Community-weighted mean LDMC 
was negatively associated with protein content during the second har
vest and positively associated with NDF throughout the growing season. 
These findings align with previous studies showing that higher LDMC is 
generally linked to reduced digestibility, arising from lower leaf nitro
gen concentration and greater structural fiber concentration (Blaix et al., 
2023; Bumb et al., 2016). The functional dissimilarity of LDMC had the 
opposite effect to community-weighted mean LDMC, with mixtures 
having a higher variability in LDMC values displaying lower forage yield 
but higher nutritive value (lower NDF and increased protein concen
tration). This result highlights the importance of increasing functional 
trait diversity within forage mixtures by including species with con
trasted functional trait values (high and low LDMC) to improve forage 
nutritive value, as previously demonstrated by Blaix et al. (2023).

Fig. 4. Summary of the global direct and indirect effects of the botanical composition (A. pratensis; D. glomerata; P. lanceolata and legumes) on forage yield (a), NDF 
(b) and protein (c) concentration at the first (light green), second (medium green) and third (dark green) harvest, identified through the structural equation 
modeling. Solid bars represent indirect effects and hatched bars direct effects.

E. Roinel et al.                                                                                                                                                                                                                                   Agriculture, Ecosystems and Environment 414 (2027) 110758 

8 



4.3. Impact of dominant grasses on forage yield at the spring harvest

Contrary to our third hypothesis, neither A. pratensis nor D. glomerata 
exerted a positive effect on yield at the first harvest. Instead, their effects 
became apparent later in the growing season (i.e. at the third harvest) 
when their proportion increased in the mixtures. This pattern suggests 
that other grass species reaching high relative abundances in the mix
tures (e.g., Phleum pratense and Lolium perenne), may have been the 
primary drivers of yield, particularly at earlier growth stages (see 
Fig. A.7). For both dominant species at the third harvest, yield effects 
were largely mediated by shifts in CWM and FDis LDMC. In addition, 
A. pratensis and D. glomerata showed a positive effect on NDF throughout 
the growing season, indicating reduced forage digestibility. This finding 
is in line with previous studies demonstrating that grasses tend to in
crease NDF concentration (Dindová et al., 2019; Perotti et al., 2021), 
with pronounced effects attributed to D. glomerata (Verma et al., 2026). 
Moreover, A. pratensis is an early-developing species that reaches 
advanced phenological stage more rapidly than other species (Pontes 
et al., 2007), which may explain the higher NDF concentration at har
vest, as cell wall content typically increases with herbage maturity 
(Elgersma and Søegaard, 2018).

4.4. Plantago lanceolata enhances summer productivity and reduces fiber 
concentration across the growing season

Our third hypothesis concerning low-abundant species and their 
potential to enhance summer yield through complementarity effects 
could only be partly evaluated, due to their poor establishment or 
absence in the mixtures. Except for P. lanceolata, these species failed to 
generate a meaningful gradient in biomass proportion across treatments. 
Such establishment failure of species introduced at low seeding rates has 
previously been reported in multispecies swards (Shackleton et al., 
2024). We believe that their absence or irregularity in establishment 
may be linked to sowing conditions in the previous year (e.g. weeds 
abundance or weather conditions), as well as to competitive interactions 
within the mixtures. More competitive and higher-seeded species, such 
as productive grasses, may have limited the establishment success of the 
low competitive species. In contrast, P. lanceolata, initially expected to 
be low-abundant, reached higher abundance than expected and even 
achieved dominance at certain locations. In this context, the main 
novelty of our work lies in the assessment of P. lanceolata effects on 
forage production within a relatively high-diverse mixture, whereas 
previous studies have mainly focused on low-diversity swards, 
comprising on average no more than six species (Dodd et al., 2025).

Our results indicated that a high abundance of P. lanceolata had 
negative effect on yield at the first harvest in spring, a period when 
forage production is largely driven by productive grass species. How
ever, at the 2nd harvest in summer, P. lanceolata showed a direct positive 
relationship with yield, consistent with our second hypothesis when 
considering this species only. The negative effect of P. lanceolata on 
forage yield observed in spring may reflect a reduction in grass yield in 
mixtures with high P. lanceolata abundance compared with mixtures 
where this species was nearly absent (Fig. A.7). Indeed, the biomass of 
grasses was generally lower in plots with high P. lanceolata abundance at 
the first harvest, whereas these differences disappeared at the second 
harvest. Therefore, the positive effect of P. lanceolata on forage yield 
observed in summer appears to result from an additional biomass 
contribution of P. lanceolata (i.e., direct effect), without a corresponding 
reduction in the biomass of the other species, especially grasses. This 
seasonal shift is consistent with previous findings highlighting the ca
pacity of P. lanceolata to achieve yield dominance during summer con
ditions (Dodd et al., 2025). The phenological pattern of P. lanceolata 
may therefore contribute to the compensation of the common yield 
decrease following the first harvest, particularly when the productivity 
of certain grass species declines (Hamacher et al., 2021; Pontes et al., 
2007), showing additional evidence of a stabilizing effect due to species 

growth asynchrony (Haughey et al., 2018; Husse et al., 2016). As a 
result, our results demonstrate that P. lanceolata enhanced seasonal yield 
stability and coupled with its relative resistance to drought (Pol et al., 
2021), could also ensure forage production under variable climatic 
conditions, including dry summers. This pattern is particularly note
worthy because the relatively high abundance of P. lanceolata observed 
early in the season at some locations could be linked to establishment 
conditions during the sowing year, which was drier than average 
(Fig. A.4), thereby reinforcing evidence of its drought tolerance. More
over, although this study did not directly test this mechanism, we 
speculate that this pattern may indicate not only strong resistance to 
water limitation but also a high capacity for successful establishment 
under dry conditions, potentially facilitating the establishment of other 
species during the early stages of community assembly. Importantly, 
P. lanceolata also persisted into 2024, a year characterized by compar
atively wet conditions (Table A.4), especially during summer. This 
persistence across contrasting climatic contexts highlights the ecological 
plasticity of P. lanceolata and marks its capacity to establish, grow, and 
maintain populations under a broad range of environmental conditions 
(Villellas et al., 2021).

In contrast to yield responses, the effect of P. lanceolata on NDF 
concentration was more consistent across the growing season. Its pres
ence was negatively associated with NDF concentration, suggesting an 
improvement in forage digestibility, while grasses tended to increase 
forage NDF concentration. This difference between grasses and forbs 
regarding forage nutritive value has been shown in Wu et al. (2025), 
where forbs showed higher protein concentration and lower NDF than 
grass-dominated grasslands, even though these observations remain 
species dependent. For P. lanceolata specifically, this pattern can be 
explained by its lower LDMC compared to grasses, which results in 
reduced concentrations of structural fibers (Al Haj Khaled et al., 2005; 
Dodd et al., 2025). This was indeed confirmed in our study since 
P. lanceolata leaves had much lower LDMC (122 mg g− 1 across site and 
harvest) than those of D. glomerata (261 mg g− 1) and A. pratensis 
(311 mg g− 1), thus decreasing community-weighted mean LDMC while 
increasing the community functional dissimilarity of LDMC, both of 
which decreased forage NDF concentration and increased protein con
centration. However, previous studies also showed that P. lanceolata 
exhibits higher acid detergent lignin (ADL) concentration than many 
other forage species (Elgersma et al., 2014), which increases with plant 
maturity (Kara et al., 2018) and could be related to the increase in 
flowering stem proportion at later phenological stages (Cougnon et al., 
2025; Lee et al., 2015; Merino et al., 2024). As ADL represents the least 
digestible fiber fraction, these observations from other studies should 
temper the interpretation of its positive effects on NDF and the overall 
digestibility of mixtures. At the same time, this also highlights the 
importance of selecting P. lanceolata varieties that have a lower stem/
leaf ratio, as this greatly varies among genotypes (Cougnon et al., 2025).

4.5. Legumes as the main contributor of crude protein concentration

Among the botanical variables considered, the relative abundance of 
legumes was the only one exhibiting a consistent and positive effect on 
crude protein concentration. This finding is in line with previous studies 
reporting higher CP concentration in mixed swards when legumes are 
abundant (Dindová et al., 2019; Jensen et al., 2025). Although the 
present study revealed a relatively small and negative effect of legumes 
on yield, several studies have shown that legumes can enhance pro
ductivity when introduced into grass-dominated mixtures (Finn et al., 
2013). This contrast may be partly attributable to the experimental 
design, as all mixtures included legumes, even though their realized 
abundance was sometimes very low in certain plots. Consequently, the 
absence of a clear non-legume baseline may have constrained our ability 
to detect positive effects of legumes on productivity. Legume proportion 
reached up to 55% in some of our mixtures, which lies at the upper end 
of the range generally considered optimal for maximizing the benefits of 
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mixed swards (30–50%; Lüscher et al., 2014). Because relatively high 
legume sowing rates were applied, a substantial legume proportion was 
expected from the beginning of the experiment. Accordingly, nitrogen 
fertilization was set at approximately 60–70% of the recommended rate 
for Swiss grasslands (Huguenin-Elie et al., 2017). This adjustment was 
based on evidence showing that mixtures with high legume abundance 
can sustain yields comparable to those of highly productive and fertil
ized grass swards, while requiring lower nitrogen inputs (Nyfeler et al., 
2009; Trumpp et al., 2025). Consistent with this expectation, yields 
across all mixtures were satisfactory (on average 9.7 t ha− 1 annual yield 
across mixtures and sites) and fell within the range typically reported for 
this type of grassland, despite being fertilized at lower nitrogen rates. 
Therefore, a high abundance of legumes can reduce dependance on ni
trogen fertilizers, thereby lowering production costs and mitigating 
environmental impacts such as nitrate leaching and greenhouse gas 
emissions, which reinforces their role as a key component of agroeco
logical grassland mixtures that aim to reconcile productivity, feed 
quality and environmental sustainability (Lüscher et al., 2014). In this 
study, we included a broader range of legume species, notably 
increasing the abundance of L. corniculatus (reaching up to 7.5% of the 
expected biomass proportion in the mixtures). Given the interspecific 
variation in legumes characteristics, particularly in terms of secondary 
compounds (Hamacher et al., 2021; Ramírez-Restrepo and Barry, 2005) 
and tolerance to environmental stress (Komainda et al., 2019), further 
investigation on the role of legume diversity is necessary and could 
provide valuable insights into the functioning and optimization of 
temporary grasslands.

5. Conclusion

Our study demonstrates that plant community functional traits 
provide a reliable framework for understanding and predicting forage 
yield and nutritive value in temporary mountain grasslands. Across the 
growing season, CWM and FDis LDMC emerged as key drivers of forage 
production, mediating most of the effects of the botanical composition 
on forage yield and nutritive value. Seasonal dynamics were influenced 
by both the dominant grasses (D. glomerata and A. pratensis, high LDMC 
species), which increased protein concentration in spring and NDF 
concentration along the whole growing season, whereas the forb 
P. lanceolata (low LDMC species) contributed to yield in summer and 
reduced NDF concentration along the growing season, thereby 
improving seasonal yield stability and forage digestibility. Legumes 
played a central role in sustaining high protein concentration and 
allowed reduced nitrogen fertilization, reinforcing their potential for 
low-input mountain grassland systems. Overall, our findings emphasize 
that integrating functional trait-based approaches with strategic species 
composition can enhance resilience, resource-use efficiency and envi
ronmental performance of temporary mountain mixtures under variable 
climatic conditions. As a next step and to better assess mixtures suit
ability to predicted mountain climatic conditions, further research 
should investigate how these mixtures respond to severe summer 
drought and determine whether the observed benefits for seasonal yield 
stability extend in the long term. Future studies should also aim to 
disentangle more precisely the functional contribution of individual 
species to community resilience, productivity and forage nutritive value 
under contrasting climatic conditions.
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Giraudoux, P., Delattre, P., Habert, M., Quéré, J.P., Deblay, S., Defaut, R., Duhamel, R., 
Moissenet, M.F., Salvi, D., Truchetet, D., 1997. Population dynamics of fossorial 
water vole (Arvicola terrestris scherman): a land use and landscape perspective. 
Agric. Ecosyst. Environ. 66, 47–60. https://doi.org/10.1016/S0167-8809(97)80706- 
2.

Grange, G., Finn, J.A., Brophy, C., 2021. Plant diversity enhanced yield and mitigated 
drought impacts in intensively managed grassland communities. J. Appl. Ecol. 58, 
1864–1875. https://doi.org/10.1111/1365-2664.13894.

Graux, A.-I., Bellocchi, G., Lardy, R., Soussana, J.-F., 2013. Ensemble modelling of 
climate change risks and opportunities for managed grasslands in France. Agric. For. 
Meteorol. 170, 114–131. https://doi.org/10.1016/j.agrformet.2012.06.010.

Grime, J.P., 1998. Benefits of plant diversity to ecosystems: immediate, filter and founder 
effects. J. Ecol. 86, 902–910. https://doi.org/10.1046/j.1365-2745.1998.00306.x.

Hamacher, M., Malisch, C.S., Reinsch, T., Taube, F., Loges, R., 2021. Evaluation of yield 
formation and nutritive value of forage legumes and herbs with potential for diverse 
grasslands due to their concentration in plant specialized metabolites. Eur. J. Agron. 
128, 126307. https://doi.org/10.1016/j.eja.2021.126307.

Hanisch, M., Schweiger, O., Cord, A.F., Volk, M., Knapp, S., 2020. Plant functional traits 
shape multiple ecosystem services, their trade-offs and synergies in grasslands. 
J. Appl. Ecol. 57, 1535–1550. https://doi.org/10.1111/1365-2664.13644.

Hann, P., Trska, C., Wechselberger, K.F., Eitzinger, J., Kromp, B., 2015. Phyllopertha 
horticola (Coleoptera: Scarabaeidae) larvae in eastern Austrian mountainous 
grasslands and the associated damage risk related to soil, topography and 
management. SpringerPlus 4, 139. https://doi.org/10.1186/s40064-015-0918-6.

Haughey, E., Suter, M., Hofer, D., Hoekstra, N.J., McElwain, J.C., Lüscher, A., Finn, J.A., 
2018. Higher species richness enhances yield stability in intensively managed 

grasslands with experimental disturbance. Sci. Rep. 8, 15047. https://doi.org/ 
10.1038/s41598-018-33262-9.

Hofer, D., Suter, M., Haughey, E., Finn, J.A., Hoekstra, N.J., Buchmann, N., Lüscher, A., 
2016. Yield of temperate forage grassland species is either largely resistant or 
resilient to experimental summer drought. J. Appl. Ecol. 53, 1023–1034. https://doi. 
org/10.1111/1365-2664.12694.

Huguenin-Elie, O., Mosimann, E., Schlegel, P., Lüscher, A., Kessler, W., 2017. 9/ 
Fertilisation des herbages: Principes de fertilisation des cultures agricoles en Suisse 
(PRIF). Rech. Agron. Suisse 8, 1–22.

Humphreys, M.O., 2005. Genetic improvement of forage crops – past, present and future. 
J. Agric. Sci. 143, 441–448. https://doi.org/10.1017/S0021859605005599.

Husse, S., Huguenin-Elie, O., Buchmann, N., Lüscher, A., 2016. Larger yields of mixtures 
than monocultures of cultivated grassland species match with asynchrony in shoot 
growth among species but not with increased light interception. Field Crops Res. 
194, 1–11. https://doi.org/10.1016/j.fcr.2016.04.021.

Institute for Prospective Technological Studies (Joint Research Centre), Gomez y Paloma, 
Sergio, Guri, Fatmir, Santini, Fabien, 2013. Labelling of agricultural and food 
products of mountain farming. Publications Office of the European Union.

Isbell, F., Craven, D., Connolly, J., Loreau, M., Schmid, B., Beierkuhnlein, C., Bezemer, T. 
M., Bonin, C., Bruelheide, H., de Luca, E., Ebeling, A., Griffin, J.N., Guo, Q., 
Hautier, Y., Hector, A., Jentsch, A., Kreyling, J., Lanta, V., Manning, P., Meyer, S.T., 
Mori, A.S., Naeem, S., Niklaus, P.A., Polley, H.W., Reich, P.B., Roscher, C., 
Seabloom, E.W., Smith, M.D., Thakur, M.P., Tilman, D., Tracy, B.F., van der 
Putten, W.H., van Ruijven, J., Weigelt, A., Weisser, W.W., Wilsey, B., Eisenhauer, N., 
2015. Biodiversity increases the resistance of ecosystem productivity to climate 
extremes. Nature 526, 574–577. https://doi.org/10.1038/nature15374.

Jensen, J.L., Malisch, C.S., Thers, H., Eriksen, J., 2025. Adding forbs and legumes to a 
grass-clover mixture suppressed weeds and maintained herbage yield and crude 
protein content across slurry application rates. Eur. J. Agron. 164, 127458. https:// 
doi.org/10.1016/j.eja.2024.127458.

Kara, K., Ozkaya, S., Baytok, E., Guclu, B., Aktuğ, E., Erbas, S., 2018. Effect of 
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Villellas, J., Ehrlén, J., Crone, E.E., Csergő, A.M., Garcia, M.B., Laine, A.-L., Roach, D.A., 
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Lonati, M., Münzbergová, Z., Nuche, P., Olsen, S.L., Oprea, A., Pärtel, M., Petry, W. 
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