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A B S T R A C T

Semi-natural grasslands are among the most biodiversity-rich habitats in European agroecosystems, offering a 
broad spectrum of resources for many species, including plants, insects, and birds, potentially increasing the 
provision of key ecosystem services. Grassland biodiversity can be strongly influenced by both local- and 
landscape-level factors. Understanding how different biodiversity facets respond to biotic and abiotic factors 
across spatial scales remains challenging; yet this knowledge is essential for guiding management actions that 
support key ecological processes in agroecosystems. Here, we adopted a multi-taxa and multi-scale approach 
considering five groups: plants, bees, hoverflies, orthopterans, and birds. We assessed the effects of local man
agement (annual mowing frequency, presence of uncut refuges) and landscape features (urban and agricultural 
cover, landscape heterogeneity) on taxonomic and functional diversity in managed grasslands. We found that 
multidiversity was positively associated with the presence of uncut refuges and with landscape heterogeneity, 
while it was negatively associated with urban and monoculture cover at the landscape level. The effect of 
mowing frequency was weak, potentially due to contrasting effects on different groups. Structural equation 
models showed that ecological effects varied across scales, groups, and biodiversity indicators: i) local scale 
management was particularly correlated with indicators of plants and hoverflies; ii) landscape scale factors had a 
stronger relationship with birds; iii) bees and orthopterans showed relationships at both local and landscape 
scales. Since different scales of agroecosystems management showed contrasting effects on different groups, we 
emphasize the importance of planning both local- and landscape-level management to embrace different facets of 
biodiversity.

1. Introduction

Starting from the late Prehistory, in many lowlands and mountains of 
Europe the opening of pristine forests for agropastoral land use often 
resulted in the formation of semi-natural grasslands (Hejcman et al., 
2013; Mercuri et al., 2025; Stephens et al., 2019). In many areas, the 
long-term persistence of these environments is still controlled by human 
activities, being dependent on mowing or livestock grazing. Grasslands 

are among the most biodiversity-rich habitats in European agro
ecosystems, providing a broad spectrum of resources for a wide range of 
species (Dengler et al., 2014) meanwhile supporting key regulating 
ecosystem services, including pollination, pest control, and carbon 
storage (Bengtsson et al., 2019). Over the past century, European 
grasslands have significantly declined due to their conversion into more 
profitable crops, intentional afforestation, or the encroachment of trees 
and shrubs following progressive abandonment (Petermann and 
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Buzhdygan, 2021; Prangel et al., 2023). Additionally, the remaining 
managed grasslands have often undergone a strong intensification and 
mechanization of farming practices, leading to a dramatic reduction in 
their value in terms of biodiversity and ecosystem services (Bengtsson 
et al., 2019).

To halt the decline of grassland biodiversity and given the role of 
grassland soils as nature-based solutions for carbon stock, several agri- 
environmental practices have been implemented in Europe (Batáry 
et al., 2015; Phukubye et al., 2022). However, the effectiveness of these 
practices has often been limited and highly context-dependent, likely 
due to the influence of heterogeneous factors acting at both local and 
landscape scales (Pe’er et al., 2014; Scheper et al., 2013). For instance, 
local management practices such as the frequency and timing of mowing 
and the presence of uncut refuges are known to affect the survival of 
several invertebrates and grassland birds (Arbeiter et al., 2017; Humbert 
et al., 2012). Similarly, landscape factors such as landscape connectivity 
and surrounding land use have been shown to influence the richness of 
grassland birds (Assandri et al., 2019). The effects of these local- and 
landscape-level factors may vary across different taxonomic groups 
(Piano et al., 2017). For instance, previous studies found plant diversity 
to increase with mowing frequency (Bochniak et al., 2024), while the 
relationship is opposite for the diversity of orthopterans (Humbert et al., 
2012). In contrast, birds and pollinators often show responses at the 
landscape scale, being positively associated with landscape heteroge
neity and availability of natural elements (Dalpasso et al., 2025; Larkin 
and Stanley, 2021). Additionally, some factors may favor a given trait 
while disfavoring others. This may trigger changes in community 
composition without necessarily altering the number of species, poten
tially leaving important effects undetected when only taxonomic di
versity is considered (Carmona et al., 2012; Purschke et al., 2013).

In agroecosystems, where functionality can play an important role 
also from a human perspective (e.g., pollination, pest control), it is 
crucial to understand the complex effects of management practices on 
both taxonomic and functional facets of biodiversity. These contrasting 
responses among different taxa and scales have often been investigated 
separately, and studies analyzing both taxonomic and functional di
versity of different taxa remain rare (e.g., Simons et al., 2016; Torma 
et al., 2019). Yet, integrated analyses within a unified framework could 
provide a clearer understanding of how to manage grasslands in ways 
that sustain biodiversity across taxa and ecosystem functions. Moreover, 
studies are increasingly adopting multi-taxon metrics, such as multi
diversity (Allan et al., 2014), to evaluate the overall response of agro
biodiversity to agricultural practices (Boetzl et al., 2021; Wang et al., 
2019).

Here, we investigated the effects of both local (i.e., field-level) and 
landscape scale factors on the biodiversity of meadows (i.e., semi- 
natural grasslands as defined in Tälle et al., 2016), considering a 
broad ecological gradient within one of the most anthropized areas of 
Europe (i.e., agricultural landscapes of northern Italy). We integrated 
data on five different taxonomic groups: plants, bees, hoverflies, or
thopterans, and birds, investigating how local management practices 
and the landscape surrounding meadows influence multidiversity. 
Additionally, we investigated taxon-specific effects on different facets of 
meadow biodiversity by considering both taxonomic and functional 
diversity metrics.

Specifically, we addressed the following questions:
- How do local management practices and landscape factors affect 

the biodiversity in meadows?
- Do these effects vary among taxonomic groups or depending on the 

facet of biodiversity considered (taxonomic vs. functional)?
We hypothesized that the effects of local management and landscape 

would not be uniform but taxon- and metric-specific, reflecting different 
ecological requirements. We expect that:

(1) Local management would have stronger effects on plants and 
orthopterans, due to their lack of (plants) or lower (orthopterans) 
mobility and high sensitivity to local disturbance and habitat structure 

(Batáry et al., 2012; Braschler et al., 2009; Humbert et al., 2012).
(2) Landscape factors would have stronger effects on bees, hoverflies, 

and birds, due to their higher mobility, which allows them to exploit the 
landscape at a broader spatial scale (Baker et al., 2012; Larkin and 
Stanley, 2021).

(3) Taxonomic and functional diversity do not necessarily exhibit 
congruent responses, as functional shifts may occur independently of 
changes in taxonomic richness (Purschke et al., 2013).

2. Materials and methods

2.1. Study area and field activities

The study area included 44 sites (i.e., meadows) located in northern 
Italy (Lombardy Region; Fig. 1). To include a broad variation in both 
local and landscape characteristics, we selected meadows spanning from 
the periphery of Milan city (the largest city of northern Italy), a strongly 
urbanized and industrialized area, to more rural hilly areas ~40 km 
from Milan (Fig. 1). A total of 13 areas (i.e., clusters) were selected, and 
these included 2–5 sites. Clusters were selected to maximize spatial 
representation within the study region and, within clusters, sites were 
selected to include variation in management practice and landscape 
characteristics. Within each cluster, the minimum distance between sites 
was on average 263 m (range 46 – 799 m), while the minimum distance 
between clusters (calculated based on the centroid of each cluster) was 
on average 6.6 km (range 3.6 – 13.1 km). Fieldwork activities were 
carried out from April to September 2024, to encompass most of the 
activity period of the five taxa considered in the study (plants, bees, 
hoverflies, orthopterans, and birds). Each taxon was sampled using 
specific field techniques that maximize the detection of species while 
minimizing the impact on local populations (i.e., less invasive methods 
were prioritized when possible).

Plant community data were collected using the quadrat sampling 
technique (Krebs, 1999), as it is a widely used and cost-efficient method 
that provides a fixed-area snapshot of plant community structure and 
ensures a consistent sampling effort across study sites (Kent, 2011; 
Krebs, 1999; Sutherland, 2006). Plant sampling activities took place 
between June and July 2024. For each site, we carried out a vegetation 
survey in five randomly placed 2 × 2 m quadrat plots, corresponding to 
a total of 20 m² of surveyed area per site (Fig. 1B). Plants were identified 
at the lowest taxonomic level possible following the taxonomic identi
fication keys of Flora d’Italia (Pignatti et al., 2007) and Flora Helvetica 
(Lauber and Wagner, 1998; updated version on https://www.infoflora. 
ch).

Bees (Hymenoptera: Apoidea) and hoverflies (Diptera: Syrphidae) 
were collected through targeted hand netting (Larsson and Franzén, 
2008), as it is considered one of the best techniques to sample the entire 
bee community (Biella et al., 2025; Klaus et al., 2024; Lezzeri et al., 
2024). Furthermore, unlike pan-traps, targeted hand netting avoids the 
indiscriminate capture and killing of non-target taxa, making it a more 
suitable and less harmful method for conducting surveys (Drinkwater 
et al., 2019; Popic et al., 2013), a vision recently shared by the EU 
Pollinator Monitoring Scheme (Potts et al., 2024). Each meadow was 
surveyed three times between June and July, with four 20 m long and 
1 m wide transects conducted during each survey (Graham et al., 2024; 
Wider and Zemp, 2025; Fig. 1B). Transects were randomly placed within 
each site and survey. For each transect, all the individuals of the target 
taxa were collected using a butterfly net and conserved in 2 ml or 20 ml 
vials, depending on the specimen size. Honeybees (Apis mellifera) were 
counted but not captured due to their easy identification and high 
number of individuals found. Finally, all collected specimens were 
identified at the lowest taxonomic level possible under a stereomicro
scope following taxonomic identification keys (Amiet et al., 2014; Ber
tollo and Sommaggio, 2012; Cappellari et al., 2018; Michez et al., 2019, 
2004; Van Veen, 2004).

Orthopterans were captured through sweep netting along transects, 
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one of the most used methods for sampling orthopterans (Nodari et al., 
2025; Stoch and Genovesi, 2016). This technique consists of sweeping 
the surrounding vegetation with a net by repeatedly doing a left-to-right 
arc in front of the observer. Each meadow was surveyed five times from 
June to September and, within each survey, we performed four 20 m 
transects to ensure comprehensive coverage of the entire area (Fig. 1B). 
Transects were randomly placed within each site and survey and were 
independent from the ones of bees and hoverflies. We performed 20 
sweeps in each transect, maintaining a rate of ~1 sweep per meter 
(Nodari et al., 2025). All captured individuals were identified at the 
lowest taxonomic level possible in the field and then released. In a few 
cases, when field identification was not possible, individuals were 
collected in 2 ml vials and then identified under a stereomicroscope 
following taxonomic identification keys (Iorio et al., 2019; Massa et al., 
2012).

Bird data were collected through passive acoustic monitoring, a cost- 
effective, non-invasive technique widely used to estimate songbird oc
currences and whose application in ecological studies has rapidly 
increased in recent years (Pillay et al., 2019; Sugai et al., 2019). Bird 
census activities were performed between April and June (a period 
corresponding to the peak of the breeding season of most species in the 
area) and concentrated in the first hours following the sunrise, when 
birds are more vocally active for territorial purposes (Gagliardi and Tosi, 
2012). We visited each meadow four times and, in each survey, we 
placed a directional microphone (Zoom H1n) oriented towards the 
meadow to record environment sounds for 15 min (Fig. 1B). Finally, 
each recording was reviewed by a single user to identify birds at the 
species level, with the combined assistance of Merlin (https://merlin. 
allaboutbirds.org/) and BirdNET (https://birdnet.cornell.edu/), two 
widely used software for songbird identification (Pankiv and Kloetzer, 
2024).

2.2. Biodiversity metrics

To assess the impact of local management and landscape factors on 
different facets of biodiversity, for each taxon and site, we calculated 
four metrics: taxonomic richness (number of species), functional iden
tity (i.e., community position in the functional space; Mouillot et al., 
2013), functional diversity, and functional redundancy. Data elabora
tion and statistical analyses were performed in R environment (R Core 
Team, 2023).

The number of species was calculated by summing up the different 
taxonomic entities found at each site. Individuals/specimens identified 
at the genus level were treated as additional species when they clearly 
represented a different entity from those already recorded at the site. 
Rare species – defined as those occurring in < 30 % of the spatial or 
temporal replicates within a given site (i.e., a meadow) – were excluded 
from the analyses (Appendix S1) as, in the specific context of our study 
design and goals, they can bias results due to their limited importance 
for trophic relationships and ecosystem functioning (Poos and Jackson, 
2012).

For the three functional metrics, we started by retrieving functional 
traits data at species-level resolution from multiple databases, publica
tions, and manuals (Table S1). From the full set of available traits, we 
selected those that met three key criteria: i) data availability, ii) broad 
applicability among species, and iii) consistency with our study design 
(e.g., given the focus on a single habitat, all traits describing habitat 
preferences were not considered). In our analyses, we included 11 traits 
for plants: dispersion syndrome, exoticism, flowering season, growth 
form, height, leaf carbon content, leaf nitrogen content, leaf area, ni
trogen fixation capacity, pollination syndrome, seed dry mass; four traits 
for bees: body size, diet, nesting, sociality; four traits for hoverflies: 
flight period (seasonal phenology), flower visits, larva feeding strategy, 
mean size; five traits for orthopterans: dispersion strategy, adult 
phenology, diet, mobility, mean size; four traits for birds: primary life
style, mean mass, trophic level (carnivore, herbivore, or omnivore), 

Fig. 1. Study sites and sampling methods used. (A) Location of the study sites in northern Italy. The position of the study area is shown with a red rectangle in the 
top-left inset, also showing the Lombardy region in grey. The colors in the main map represent urban areas (grey), monocultures (yellow), natural vegetation (dark 
green), managed grasslands (light green), and water (azure). The exact location of study sites is marked by red circles, while pie charts show the percentages of land 
cover in the 200 m surrounding each site. (B) Example of the sampling scheme used. Green squares represent vegetation plots; yellow and blue lines represent 
transects for pollinators and orthoptera respectively; the red circle represents the microphone placed for bird calls registration.
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trophic niche (diet type). The trait dataset assembled for this work is 
available in Appendix S2.

All functional metrics were calculated separately for each taxonomic 
group, using group-specific trait-based distance matrices and pre
sence–absence community matrices, excluding rare species as done for 
taxonomic richness. Pairwise trait dissimilarities between species were 
computed using Gower’s distance, which accommodates both 

continuous and categorical traits, using the “gowdis()” function from R 
package FD (Laliberté et al., 2014). Categorical traits were fuzzy coded, 
and when a trait was represented by multiple categories, category 
weights were adjusted so that each trait contributed equally to the 
overall distance, irrespective of the number of categories. Continuous 
traits were used as raw values and assigned equal weight (1). Functional 
diversity was quantified using Rao’s quadratic entropy, which measures 

Fig. 2. Mowing frequency across the 44 study sites (A) and boxplots of the number of species across mowing frequency categories, for the five groups considered 
(B–F). Panels B–F show the number of species of (B) plants (log-transformed), (C) bees, (D) hoverflies, (E) orthopterans, (F) birds (for boxplots, lines: median, box: 
interquartile range, whiskers: 1.5 times interquartile range, points: data above or below 1.5 interquartile range).
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the average trait dissimilarity between all species pairs in a community, 
integrating both species composition and trait differences (Rao, 1982), 
following the approach of de Bello et al., (2010). Since our data were 
presence–absence, all species were treated equally, capturing trait 
dissimilarity among co-occurring taxa regardless of abundance. Func
tional redundancy refers to the extent to which species within a com
munity share similar trait combinations, leading to overlap in functional 
roles (Rosenfeld, 2002). It was estimated using the “rao.diversity()” 
function from the R package SYNCSA (Debastiani and Pillar, 2012). To 
assess functional identity, we conducted Principal Coordinates Analysis 
(PCoA) on each group-specific distance matrix and retained the first two 
axes to construct a bidimensional functional space (Mouillot et al., 
2013). Species were projected into this space and traits were fitted onto 
the PCoA ordination using the “envfit()” function from the R package 
vegan (Oksanen et al., 2022) to identify which traits were most 
discriminant in the functional space. Traits with high R² values and 
significant p-values were considered important contributors to trait 
dissimilarity within the functional space. Functional identity for each 
site was then calculated as the mean position of all species present at 
that site along the first PCoA axis, reflecting the dominant trait 
composition of the community (Mouillot et al., 2013). Interpretation of 
functional identity responses to predictors requires referencing the 
functional space: a positive relationship with a given axis suggests a shift 
toward traits located at the positive end of that axis, while a negative 
relationship indicates selection for traits on the opposite end.

Finally, to evaluate effects on the overall community sampled, we 
calculated a “multidiversity index”, which synthesizes the overall 
taxonomic richness, standardized across the groups considered. In so 
doing, we rescaled species richness for each of the five groups between 
zero and one; then, rescaled values were averaged for each site (Allan 
et al., 2014).

2.3. Local and landscape predictors

As candidate predictors of taxonomic and functional diversity of all 
groups, we considered the following variables: i) mowing frequency, ii) 
presence of uncut refuges, iii) distance from Milan metropolis and 
elevation (hereafter “spatial context”), iv) extent of urban and mono
culture land cover, and v) landscape heterogeneity. The first two pre
dictors captured the influence of local scale management, while the 
latter three represented landscape scale effects. Annual mowing fre
quency and the presence of uncut refuges were assessed through direct 
observation in the field. Overall, the mowing frequency observed at the 
monitored sites ranged from 0 to 5 cuts per year. Across the 44 sites, only 
six sites had more than three mowing events (Fig. 2).

The “spatial context” variable was considered as a control factor 
describing processes acting at a regional scale. We accounted for the 
effect of two factors that are co-varying in the study region: distance 
from Milan (the nearest metropolis) and elevation. Distance from Milan 
metropolis ranged from 4.6 to 42.9 km (quantiles: Q1 = 6.7 km; Q2 =

16.8 km; Q3 = 22.3 km). Elevation ranged from 102 to 676 m asl (Q1 =

110 m asl; Q2 = 138 m asl; Q3 = 250 m asl). Hence, elevation shows a 
relatively low variation among plots as all study sites are located within 
the lowland or the hill belt. To account for this covariation and calculate 
the “spatial context” variable, we performed a Principal Component 
Analysis (PCA) obtained between the site's distance from the city center 
of Milan and its elevation. The first axis of the PCA explained 94.7 % of 
the variance and was positively related to both the distance from Milan 
and elevation (Figure S1). Although the relationship between the spatial 
context variable and our response variables are shown in the results, we 
will not discuss them further in the results section, as we cannot 
disentangle the effects of elevation and distance from the metropolis.

To estimate urban and monoculture cover around each site, we used 
the EUSALP land use/land cover map (pixel resolution: 5 m; Marsoner 
et al., 2023). For each site, we defined a 200 m radius and extracted the 
proportions of all land use categories within that area. We chose a 200 m 

radius as we can reasonably assume that most of the species considered 
in our study areas are affected by land use changes at this scale (Batáry 
et al., 2007; Brambilla et al., 2024; Dauber et al., 2003; Toikkanen et al., 
2022). Categories associated with settlements, roads, and monocultures 
were grouped to calculate “urban and monoculture cover”. Then, to take 
into account landscape heterogeneity, we calculated the Shannon Di
versity Index based on the proportional distribution of the different land 
use categories (Estrada-Carmona et al., 2022). In so doing, based on 
ecological similarity, we aggregated the original 36 categories present in 
the landscapes around study sites, obtaining a total of 9 categories, 
including: urban, managed grasslands, tall crops, short crops, broad
leaves, conifers, woody features, scrub and shrubland, water bodies 
(Table S2).

2.4. Data analysis

To evaluate effects on multidiversity, we performed a linear model 
with the multidiversity index as dependent variable and using local 
(mowing frequency and presence of uncut refuges) and landscape 
(spatial context, urban and monoculture cover, landscape heterogene
ity) variables as predictors. As preliminary plots did not show clear 
evidence for quadratic effects (Figure S2), we included only linear terms.

To assess the relationships among different components of managed 
meadows, we used structural equation models (SEM), which represent a 
more robust approach than multiple linear analyses, accounting for 
direct, indirect, and total effects of predictor variables (Grace, 2006). 
SEM models were implemented using R package lavaan, version 0.6–19 
(Rosseel, 2012). We started from an a priori causal structure, a 
comprehensive model including all possible links from the five local and 
landscape variables to the five taxa and also two covariations 
(plants–bees, and plants–hoverflies; Figure S3). Then, we progressively 
removed strongly non-significant links (p > 0.5) to improve models’ fit 
(Rahman et al., 2021). The removal of each link was accepted if model’s 
Akaike information criterion (AIC) was improved (Jiao et al., 2021). The 
selection of the final model among competing alternatives was guided 
by goodness-of-fit statistics and the AIC. To assess model fit, we checked 
commonly recommended indices (Schermelleh-Engel et al., 2003): the 
root mean square error of approximation (RMSEA, with values < 0.05 
indicating good fit), the Tucker–Lewis index (TLI, with values > 0.95 
indicating good fit), the comparative fit index (CFI, with values > 0.95 
indicating good fit) and the chi-squared test (CHI, with p > 0.05 indi
cating good fit). We fitted four different SEM, differing in the type of 
response variable considered for our groups: i) taxonomic richness, ii) 
functional identity, iii) functional diversity, and iv) functional 
redundancy.

Before running the analyses, community data for all groups were 
screened for distributional properties, checking normality with Shapiro- 
Wilk test (Shapiro and Wilk, 1965); consequently, plant species richness 
was log-transformed to reduce skewness. Collinearity among predictors 
was checked and our dataset did not show any strong collinearity (| 
Pearson’s correlation coefficient| always < 0.7; Figure S4).

3. Results

Overall, we identified: 282 species of plants (mean ± SD = 28.5 
± 10.3 species per site), 97 species of bees (6.9 ± 3.9 per site), 33 spe
cies of hoverflies (3.8 ± 2.3 per site), 34 species of orthopterans (8.4 
± 2.7 per site), and 54 species of birds (14.2 ± 3.4 per site) (Appendix 
S1).

3.1. Effects on multidiversity

The linear model assessing the relationships between local man
agement factors and the multidiversity index was statistically significant 
(F5,38 = 5.502, p < 0.001; adjusted R2 = 0.344). Diagnostic plots sug
gested that assumptions of linear regressions were satisfied (Figure S5). 
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The presence of uncut refuges showed a positive and significant rela
tionship with multidiversity (β = 0.154, p = 0.004; Table S3; Fig. 3), 
while this was not the case for the number of mowing events 
(p = 0.966). At the landscape-level, multidiversity was negatively 
related to urban and monoculture cover (β = − 0.256, p = 0.034) and 
positively related to landscape heterogeneity (β = 0.173, p = 0.024). 
Additionally, the “spatial context” variable showed a positive relation
ship (β = 0.048, p = 0.003), meaning that multidiversity was higher far 
from Milan.

3.2. Group-level effects on taxonomic and functional diversity

Functional spaces showed that the first axis of the PCoA was strongly 
related to a different number of traits for the different groups (Table S6; 
Fig. 4). In plants, PCoA axis 1 described a functional gradient with 
negative scores associated with non-nitrogen-fixing, wind-pollinated 
species and positive scores associated with nitrogen-fixing, insect- 
pollinated species. Among bees, axis 1 contrasted medium-sized, oligo
lectic, solitary species with small-sized, parasitic species that neither 
nest nor collect pollen. For hoverflies, axis 1 contrasted species with an 
early flight season from flower specialists. For orthoptera, axis 1 
differentiated larger, phytophagous species, with higher flight capacity, 

from smaller omnivores with higher jump/walk capacity and ground 
dispersion. Finally, in birds, axis 1 opposed small species, with an 
insessorial (i.e., adapted for perching) lifestyle, an invertivore trophic 
niche, and a carnivore trophic level, to larger species, with a terrestrial 
lifestyle, omnivore trophic niche, and herbivore trophic level.

All SEM showed good fit indices, with RMSEA < 0.05, TLI > 0.95, 
CFI > 0.95, and p-values of CHI > 0.05 for all models (Table S4). The 
four biodiversity metrics showed different relationships with local and 
landscape factors, with 10 significant relationships for the taxonomic 
richness model, 12 for the functional identity model, and 5 for both the 
functional diversity and functional redundancy models (Table S5; 
Fig. 5). In the sections below, for each group, we describe only signifi
cant effects (p < 0.05).

3.2.1. Plants
Our modelling results showed that only local scale management 

factors were significantly related to plant diversity, while none of the 
landscape factors had a significant effect (Fig. 5; Table 1). Mowing fre
quency had no detectable effect on plant taxonomic richness and on 
functional diversity (Fig. 5A, C), while it was significantly and positively 
related to functional identity along the first axis of the plant functional 
space (Fig. 5B). High mowing frequency was associated with positive 

Fig. 3. Effects of local management and landscape features on multidiversity of managed meadows. Marginal response plots of: (A) annual mowing frequency, (B) 
presence of uncut refuges, (C) urban and monoculture cover in the surrounding landscape, and (D) landscape heterogeneity. Blue lines and grey shades represent 
average prediction and 95 % confidence intervals. The grey points represent the residuals, and in B they are randomly scattered on the horizontal axis to avoid 
excessive overlap.
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Fig. 4. Functional spaces for the five groups considered (plants, bees, hoverflies, orthopterans, birds). Each panel represents the first two axes of the PCoA, with the 
percentage of variation represented by each axis shown within parentheses. Hexagons represent the position of species within the functional space and are colored 
based on the number of overlapping species (count). The colored labels represent subcategories of categorical traits, and continuous traits are indicated with an arrow 
and a white label. To highlight the main ecological gradient represented by the first PCoA axis, we only displayed traits with a significant fit (p < 0.05) to the 
ordination and oriented primarily along that axis (i.e., vectors with direction cosines > |0.5| on Axis 1). See Table S6 for detailed results of the fitting analysis 
(direction cosines, R², and p for each trait category).
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scores along the first axis of the functional space, reflecting communities 
dominated by nitrogen-fixing and insect-pollinated (entomophilous) 
species (Fig. 4A). This, in our dataset, largely corresponds to Fabaceae 
(e.g., species from the genera: Trifolium, Lotus, Medicago, Vicia; Appendix 
S2). Moreover, functional redundancy was positively related to mowing 
frequency, meaning that single traits are covered by more species in 
meadows with more mowing events (Fig. 5D). The presence of uncut 
refuges showed a positive relationship with taxonomic richness but had 
no detectable effects on functionality.

3.2.2. Bees
Both local scale management and landscape scale factors affected 

bee diversity (Fig. 5; Table 1). Both bee taxonomic richness and func
tional redundancy were higher at higher mowing frequencies (Fig. 5A, 
D), but no significant effects were found on functional identity or 
functional diversity (Fig. 5B, C). At the landscape scale, landscape het
erogeneity was associated with a shift in functional identity towards 
community dominated by medium-sized, oligolectic, solitary, and 

above-ground hole-nesting species (Fig. 4B; Fig. 5B). This, in our data
set, largely corresponds to Megachilidae (Appendix S2).

3.2.3. Hoverflies
The presence of uncut refuges was positively related to taxonomic 

richness of hoverflies (Fig. 5A), while none of the landscape scale 
management factors or mowing frequency had a detectable effect 
(Fig. 5; Table 1).

3.2.4. Orthopterans
Both local and landscape scale management factors affected 

orthopteran diversity (Fig. 5; Table 1). Mowing frequency showed a 
strong negative effect on orthopteran taxonomic richness, while being 
associated with a shift in functional identity towards species with higher 
flight capacity, larger, and phytophagous (Fig. 4D; Fig. 5B). On the other 
hand, no significant effect of uncut refuges was found. At the landscape 
scale, landscape heterogeneity showed a positive effect on taxonomic 
richness and functional diversity (Fig. 5A, C). Landscape heterogeneity 

Fig. 5. Results of structural equation models showing relationships between local management and landscape features with different diversity metrics for five 
groups. The four panels show (A) taxonomic richness, (B) functional identity, (C) functional diversity, (D) functional redundancy. Arrows show only significant 
relationships, with blue arrows indicating positive relationships and red arrows negative relationships (arrow widths are proportional to standardized partial effect 
sizes, shown in Table 1). All the parameter estimates, including non-significant relationships, are in Table S5.
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was also associated with changes in functional identity underlined by a 
higher representation of species with better jump/walk capacity, with 
ground dispersion, and omnivore (Fig. 4D; Fig. 5B). This, in our dataset, 
corresponds to brachypterous bush crickets (Appendix S2).

3.2.5. Birds
Birds showed relationships with landscape-level factors only (Fig. 5; 

Table 1). At the taxonomic level, urban and monoculture were nega
tively related to species richness (Fig. 5A), while at the functional level 
the increase in urban and monoculture land uses was associated with an 
overrepresentation of larger herbivores and omnivores, with a terrestrial 
lifestyle (Fig. 4E; Fig. 5B), and to a reduced functional redundancy 
(Fig. 4E; Fig. 5D).

4. Discussion

Our study shows that both local management and landscape features 
could affect multidiversity of managed meadows, although their effects 
vary across trophic groups and biodiversity metrics.

4.1. Effects of local management and landscape factors on multidiversity

Multidiversity was higher in the presence of uncut refuges and in 
landscapes with a lower agricultural and monoculture cover but higher 
landscape heterogeneity. Leaving some portions of the meadow uncut 
can increase the number of individuals rescued from mowing events, 
also providing more stable habitats from where individuals can re- 

colonize mown portions of the meadow (Buri et al., 2013; Humbert 
et al., 2012). Urban environments and monocultures are usually asso
ciated with low biodiversity due to habitat homogenization and 
eco-physiological stress induced by the characteristics of these envi
ronments, such as decrease in resource availability, use of pesticides, or 
increase in extreme temperature events (Wenzel et al., 2023). Finally, 
the positive relationship between landscape heterogeneity and multi
diversity is expected, since more diverse landscape can host more spe
cies due to the presence of more ecological niches (Assandri et al., 2016; 
Muñoz-Sáez et al., 2021).

Unexpectedly, we found no relationship between the number of 
mowing events and multidiversity. On the one hand, the mowing in
tensity was generally low, with most sites being cut two times or less. On 
the other hand, the flat relationship between mowing intensity and 
multidiversity may be the outcome of contrasting effects on different 
groups. While meta-analysis on urban grasslands suggested a general 
negative effect of mowing on arthropods (Proske et al., 2022), mowing 
can be beneficial for some groups (Noordijk et al., 2009). In this study, 
when analyzing group-level effects, we found a positive effect of 
mowing intensity on taxonomic diversity of bees, and a negative effect 
on orthopterans. This result stresses the importance of interpreting ef
fects on multidiversity in light of group-specific relationships, that may 
be masked when a single analysis is performed (Werling et al., 2014).

4.2. Group-level effects on taxonomic and functional diversity

We initially expected plant taxonomic and functional diversity to 

Table 1 
Proposed interpretations of significant effects found in the four structural equation models analyzing relationships between local management and landscape features 
and five biodiversity groups. The column “Magnitude” shows standardized partial effect sizes (and standard errors), with colors representing positive (blue) and 
negative (red) effects. For each biodiversity metric, effects are ranked by magnitude. All parameter estimates are available in Table S5.
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increase with mowing, particularly given that most of sampled sites 
were cut two times or less per year, and only six sites had more than 
three mowing events. However, previous studies have shown that 
different mowing regimes can yield similar effects on plant species 
richness, which is largely driven by local, habitat-specific factors (Tälle 
et al., 2018). This may account for the lack of relationships between 
mowing and either plant taxonomic richness or functional diversity in 
this study. Our results are consistent with previous findings indicating 
that mowing can promote a process of functional convergence in many 
traits, thus increasing functional redundancy (Guerra et al., 2022; 
Mudrák et al., 2016). This is because low-intensity mowing can reduce 
interspecific competition and encourage the coexistence of functionally 
similar species (Halassy et al., 2019). Finally, while previous studies 
have emphasized the importance of uncut refuges for arthropod di
versity without detrimental effects on plant communities (Révész et al., 
2025; Rossier et al., 2023), our analyses suggest that such refuges may 
also actively enhance plant diversity. This means that although 
low-intensity mowing can benefit plant stability (i.e., higher redundancy 
of certain traits, likely nitrogen fixing capacity and entomophily; Hassan 
et al., 2023), it remains important to maintain uncut portions of grass
lands to promote local plant diversity in the studied system.

Regarding pollinators (bees and hoverflies), our results indicate that 
mowing supports a greater number of bee species, which perform similar 
ecological roles but without introducing new functional traits into the 
community (i.e., higher functional redundancy and no effect on func
tional diversity). As shown in previous studies, mowing can benefit 
flower-visiting insects (Noordijk et al., 2009). In our study system, we 
showed that low-frequency mowing is related to higher redundancy of 
entomophilous species; this means that plants with more attractive 
flowers for pollinators (i.e., Fabaceae family) are favored. In contrast, in 
urban environments, where resources can be lower and mowing fre
quencies much higher, it has been shown that reducing mowing fre
quency promotes greater bee diversity (Biella et al., 2025). Results also 
showed that landscape heterogeneity favors medium-sized, oligolectic, 
solitary species. Our findings reflect other research that found more 
large-bodied and social bees and less oligolectic species in highly ho
mogeneous environments (such as urban areas with highly fragmented 
green spaces; Ferrari and Polidori, 2022). These differences are likely 
driven by the availability of floral resources and nesting sites, which are 
more diverse in heterogeneous agricultural landscape (Cavigliasso et al., 
2022). The observed positive effect of uncut refuges on taxonomic di
versity of hoverflies aligns with the findings of Meyer et al. (2017), who 
suggest that experimentally prolonged resource availability – such as 
nectar and pollen – may explain the increased abundance and richness of 
hoverflies in uncut areas.

We observed a negative impact of mowing frequency on orthop
terans, aligning with extensive literature knowledge (Braschler et al., 
2009; Fumy et al., 2021). Brachypterous bush crickets appeared to be 
disadvantaged at higher mowing frequencies, and this is likely due to 
their lower fertility (measured as the number of laid eggs) and reduced 
mobility, as indicated by Ancillotto and Labadessa (2024). The experi
ment conducted by Braschler et al. (2009) highlighted the reluctance of 
bush crickets to venture into mown areas, confirming the low suitability 
of intensively managed habitats. We expected a positive effect of uncut 
refuges on orthopteran taxonomic and functional diversity (Buri et al., 
2013; Kaláb et al., 2020), but no such effect was observed. However, 
refuges typically influence local orthopteran populations more in terms 
of biomass and density (Humbert et al., 2012), metrics that were not 
assessed in our study. Our results also corroborate the idea that land
scape heterogeneity fosters taxonomic richness of orthopterans (Löffler 
and Fartmann, 2017). The observed enhancement of orthopteran func
tional diversity and the concurrent shift in functional identity towards 
brachypterous bush crickets at higher landscape heterogeneity are likely 
attributable to the increased availability of diverse prey resources, 
supporting their omnivorous diet regime (Biella et al., 2025).

Birds showed responses mainly at the landscape level, with a 

negative effect of urban and monoculture cover on taxonomic richness, 
which reflects the generally negative impact of anthropic landscapes on 
bird diversity (Silva et al., 2015). We would have expected a positive 
effect of landscape heterogeneity, which is widely known to positively 
influence bird diversity (Assandri et al., 2016; Dalpasso et al., 2025). 
This lack of relationship could be related to the fact that many grassland 
birds (like the skylark) need non-fragmented large open spaces (Cramp, 
1998), thus indicating that the positive effect of landscape heterogeneity 
may be species- and spatial scale-specific (Dvoráková et al., 2023).

4.3. Study limitations

The main limitation of the study is the relatively low number of study 
sites, which hampers the evaluation of more complex relationships. For 
instance, non-linear responses (e.g., quadratic relationships) between 
local or landscape factors and biodiversity metrics may exist. However, 
including polynomial terms would likely have led to overfitting of 
structural equation models, given the high number of potential links 
compared to the sample size (Westland, 2019). Nevertheless, the 
selected meadows spanned a broad environmental gradient, from urban 
to rural areas, offering the opportunity to capture a wide spectrum of 
management and landscape conditions.

Birds were mostly surveyed from the meadow edge. Even if the 
directional microphone was oriented towards the center of the sampled 
meadow, it is possible that some individuals outside the meadows also 
entered the recordings and hence the dataset. This is unlikely to 
significantly affect any outcomes, and the overall importance of land
scape features for birds is much more likely related to their ecology than 
to sampling biases, considering the relevance of landscape composition 
and configuration for avian taxa and communities (Anderle et al., 2022; 
Granata et al., 2025). We also highlight that birds are highly mobile, and 
individuals perching at the meadow edge can then enter into the 
meadow, for instance for feeding.

To our knowledge, this study represents one of the first attempts to 
integrate multiple biodiversity metrics (taxonomic and functional) 
across several taxonomic groups in semi-natural grasslands. Still, addi
tional groups can play key roles in grassland ecosystems. For instance, 
soil biota and mesopredators (e.g., spiders) can be valuable additions to 
future multi-taxa studies on meadow’s biodiversity (Oyarzabal and 
Guimarães, 2021; Wu et al., 2023).

5. Conclusions

Our study shows that: i) local scale (i.e., field) management mainly 
affected plants and hoverflies; ii) landscape scale factors had stronger 
effects on birds; and iii) orthopterans and bees showed responses at both 
scales (Fig. 4); these results partially supported hypotheses 1 (local scale 
effects are stronger for plants and orthopterans) and 2 (landscape scale 
effects are stronger for bees, hoverflies, and birds). Biodiversity re
sponses were also metric-specific, supporting hypothesis 3 (taxonomic 
and functional diversity are not always congruent).

Given the complex group-specific impacts of local- and landscape 
scale factors, adopting a multi-taxa and multi-scale perspective offers a 
comprehensive framework to better understand how to plan agricultural 
land management under a biodiversity conservation perspective. For 
instance, a simple and effective management measure to increase di
versity can be the maintenance of uncut refuges, which were likely to 
support higher taxonomic diversity of plants and hoverflies, and higher 
functional diversity of birds, without any detrimental effect on other 
groups. Moreover, since landscape heterogeneity likely supports key 
groups such as pollinators and orthopterans, we emphasize that it should 
be a central component when planning agricultural landscape 
management.
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Doležal, J., Klimešová, J., de Bello, F., 2016. Fine-scale coexistence patterns along a 
productivity gradient in wet meadows: Shifts from trait convergence to divergence. 
Ecography 39, 338–348. https://doi.org/10.1111/ecog.01723.
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