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Abstract

Wood-pastures are a type of agroforestry system consisting of assemblages of cattle-grazed
pastures and scattered trees. They maintain biodiversity because of their environmental
heterogeneity due to irregular tree cover that promotes diversity of resources and habitats.
Agricultural intensification threatens the fragile balance of these traditional systems. Thus,
we aimed to assess which factors associated with trees, shrubs and pasture heterogene-
ity within wood-pastures influence the community composition and diversity of different
groups of animal species. We selected 45 wood-pasture sites of 20 ha along a gradient
of tree density in the Swiss Jura mountains. In each site, we used remote sensing data
and agricultural inventories to characterize the tree, shrub and herb layers’ structural and
compositional heterogeneity. In study sites we also conducted survey of birds and hover-
flies (Syrphidae) and evaluated the relationships between species composition and diver-
sity with environmental variables. Tree density and tree spatial distribution were the main
drivers of differences in community specific composition for the two groups of species.
For hoverflies, botanically rich pastures and elevation were also driving differences in spe-
cies composition between communities. Increased tree density showed a generally positive
effect on birds and Syrphidae diversity indices. Moreover, for birds, scattered trees’ spatial
distribution and a high percentage of deciduous trees also promoted species diversity. In
this study, we highlight the importance of trees in pastures for bird and hoverfly diversity,
as well as the necessity for trees to be heterogeneously distributed across the pastures and
composed of a mix of deciduous and coniferous species.
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Introduction

Wood-pasture is a specific type of agroforestry system consisting of cattle grazed pastures
and scattered trees or shrubs (Bergmeier et al. 2010). It is a traditional agricultural system
based on a multiple use of natural resources (Buttler et al. 2009). This human-influenced
landscape is the result of a fragile equilibrium due to the dynamic of cattle grazing and
natural reforestation (Gillet et al. 2002). Wood-pastures are strongly influenced by manage-
ment policies and resulting land use practices (Plieninger et al. 2015). In the Swiss Jura,
a trend toward the separation of grazed lands and closed forests has gone on alert (Chéte-
lat et al. 2013), threatening the persistence of this traditionally heterogeneous agricultural
landscape.

The loss of ecological heterogeneity in agricultural landscapes is a major driver of bio-
diversity decline (Benton et al. 2003; Fahrig et al. 2011), with several studies demonstrat-
ing that the presence of trees within agricultural systems promotes the diversity of many
organisms, such as birds, bats and insects (Fischer et al. 2010; Fischer & Lindenmayer
2002; Ramirez-Hernandez et al. 2014; Soderstrom et al. 2001). Wood-pastures are thus
agroforestry systems that may be promoted for their potential to reconcile agriculture and
biodiversity (Jakobsson et al. 2020; Plieninger et al. 2015).

Environmental heterogeneity is linked to species diversity through enhanced structural
complexity and diversity in habitat types and resources promoting species coexistence
(Guariento et al. 2024; Stein et al. 2014). The effect of vegetation structural characteristics
on biodiversity has been highlighted, with species living in forested environments that are
highly sensitive to structural complexity, cover and density of woods and shrub assem-
blages (Delabye et al. 2021; Gittings et al. 2006; Uhl et al. 2024). The density and struc-
tural properties of shrubby and woody vegetation also play a crucial role for biodiversity in
a more open environment, in which structurally rich wood-pastures presented higher spe-
cies of butterflies (Ouin et al. 2021), mammals (Gongalves et al. 2012) and birds (Anderle
et al. 2023; Oksuz et al. 2021) than closed forest or open lands.

In Switzerland, previous studies have focused on the relationship between wood-pas-
tures environmental heterogeneity and botanical diversity. Gallandat et al. (1995) made a
very precise typological and systemic study of the vegetation in the Swiss Jura mountains,
showing a great variety of associations within trees and herb layers at varying scales and
environmental conditions. They highlighted that one sixth of the Swiss flora occurs in the
Jura wood-pastures. Along this line, Gillet et al. (1999) showed that the complex spatial
mosaic of trees, shrubs and open grassland creates a wide variety of microhabitats, promot-
ing plant diversity in Swiss sub-alpine wood-pastures. And, at the local scale, Dufour et al.
(2006) showed the positive effect of environmental heterogeneity characterized by micro-
habitat variability and configuration linked to tree cover and microtopography on ground
vegetation diversity in wood-pastures of the Swiss Jura mountains. However, such informa-
tion on animal diversity is still missing. That’s why, in this study, we investigate the effect
of environmental parameters reflecting heterogeneity on animal diversity, across a range of
wood-pastures in the Swiss Jura mountains.

We focus on two different groups of species: birds and hoverflies. Birds are good ecolog-
ical indicators (Browder et al. 2002; Canterbury et al. 2000). They react quickly to environ-
mental changes, such as landscape homogenization (Donald et al. 2006) and they encom-
pass various groups of species with very different ecological needs (Lovette & Fitzpatrick
2016). Moreover, birds could also be used as a good proxy for other taxa (Anderle et al.
2024). Similarly, hoverflies represent a very wide group of Dipteran characterized by a
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wide variety of larvae ecological needs (Speight 2020) related to precise micro-habitats
properties. Thus communities of hoverflies have been proved to be strongly influenced by
landscape and vegetation structures (Haenke et al. 2014; Inclén et al. 2016; Schirmel et al.
2018) and they are increasingly used as ecological indicators, especially in agricultural sys-
tems. (Burgio & Sommaggio 2007; Gabriel et al. 2010; Power et al. 2016; Schweiger et al.
2007). To reflect wood-pastures environmental heterogeneity, we selected variables repre-
senting first structural heterogeneity, such as number of trees and shrubs per hectare and a
measure of trees’ spatial distribution, describing if trees are occurring in patches or if they
are heterogeneously scattered on the pastures. Second, two other variables were selected
to describe compositional heterogeneity in trees and herb layers, which were percentage of
deciduous trees and the percentage cover of extensively managed pastures. Therefore, we
assessed how environmental variables, representing different characteristics of vegetational
heterogeneity, were associated with bird and hoverfly species composition and diversity.
We discuss the way birds and hoverflies differ in their response to environmental heteroge-
neity, and the implication of our results for the management of wood-pastures in the Swiss
Jura mountains.

We selected wood-pasture sites along a gradient of tree cover, so we expect the two
extreme situations of either densely wooded pastures or very open ones to be associated
with forest or open land specialist species of birds and hoverflies. Higher degrees of het-
erogeneity represented by semi-open pastures are expected to be associated with a mixture
of forest and open land specialist species but also specialists from semi-open habitats and
more generalist species. We hypothesize that species diversity of birds and hoverflies will
be positively related to environmental heterogeneity, such as intermediate value of trees
and shrub cover and scattered tree spatial distribution, as well as a high percentage of
deciduous trees, and a high percentage cover of extensively managed pasture stages.

Methods
Study sites and environmental data

The study was led in the Jura mountains in the canton of Neuchétel, Switzerland (Fig. 1a).
The study area encompassed the Jura crests from the far western part of the canton of Neu-
chatel to the far eastern part. Study sites were situated at elevations ranging between 1000
and 1450 m above sea level (asl). The landscape of the Jura mountains varies between
temperate forests, open pastures and wood-pastures. Generally, dominant trees in wood-
pastures are spruce (Picea abies), and few sites are dominated by beeches (Fagus sylvat-
ica). Isolated silver fir (Abies alba), sycamores (Acer pseudoplatanus) and ash (Fraxinus
excelsior) are also found, such as groups of rowans (Sorbus aucuparia) and other smaller
trees and bushes, such as blackthorn (Prunus spinosa), common hawthorn (Crataegus
monogyna) or dog rose (Rosa canina). Cows are the main type of grazing livestock on
wood-pastures and open pastures in the studied region.

The study was led at 45 study sites of 20+ 3 ha (Supplementary Information Table S1
and Fig. 1b), evenly distributed over the entire study area. Sites were separated by a mini-
mum distance of 500 m, except in two situations where sites were separated by 200 and
300 m, respectively. The sizes of study sites and distances between them were chosen
according to documented passerine birds’ territories, generally ranging between 2 and 40
ha (Lovette & Fitzpatrick 2016) and based on the results of a previous study which, using
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Fig.1 a Map of Switzerland within Europe, and the canton of Neuchatel within the red circle b Red stars
represent the 45 study sites distributed over the Jura mountains in the canton of Neuchatel ¢ One example
of a study site delimitated with the red line, and bird transects inside, red dashed line d Same study site as
(c) with hoverflies sampling sites inside represented by the two red cross

a multi-spatial scale approach, showed that the optimal scale to predict bird richness con-
sisted of 19.6 ha (Morelli et al. 2013). In addition, the home range of hoverflies has been
documented to be not greater than 500 m (Gens et al. 2017; Gittings et al. 2006), which
supports the independence of our study sites. We selected study sites along a gradient of
tree cover in order to include extremes, we selected three sites that were open pastures,
while the rest of the 42 sites were wood-pastures, with a gradient of tree cover ranging
from 1 to 75%. We selected study sites according to agriculture parcels so that pasture
management could be assumed to be homogenous within every study site.

Bird communities were monitored at each study sites. Environmental variables were
assessed at the scale of the study sites of 20 ha. Because of time constraints and permission
to access sites, hoverfly communities were sampled in 29 of the 45 study sites. We chose
the study sites for hoverfly sampling so that they would represent as much as possible the
same gradient of tree cover as for birds, including three open-pasture sites and 26 wood-
pastures with a tree cover between 4 and 75%. In addition, we chose hoverfly-sampling
sites so that they would be distributed over the entire study area. There were two hoverfly-
sampling locations per study site (Fig. 1d). The two sampling locations were separated by
a minimum distance of 200 m, except in one study site where the distance between the
two samplings was 150 m. Environmental variables were measured within plots of 100 m’
radius around each sampling location.

Environmental variables were grouped into two categories describing structural and
compositional heterogeneity. The variables reflecting structural heterogeneity were: density
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of trees per hectare, density of shrubs smaller than three meters per hectare and a measure
of tree spatial distribution, computed as the length of tree patches edges (LTPE). Heteroge-
neity is considered maximal at the intermediate value of trees and shrubs density. A high
value of LTPE represent a scattered distribution of trees which reflects heterogeneity as
opposed to segregated patches of trees and open pastures. Variables describing composi-
tional heterogeneity were: percentage of deciduous trees and percentage cover of exten-
sively managed pastures (Biodiversity Promotion Area, BPA). The higher the percentage of
deciduous trees and BPA, the higher the compositional heterogeneity. To measure the per-
centage cover of deciduous trees, we used a model based on data from the Swiss national
forest inventory, with a resolution of 25 m? (Waser et al. 2017). Lidar data sets provided by
the canton of Neuchatel (Supplementary Information Table S2) were used to compute the
rest of the tree-stands’ variables. Percentage cover of extensively managed pastures, BPA,
was identified using agriculture data provided by the canton of Neuchéatel. They correspond
to agriculture surfaces where at least six indicators of plant species are recorded and for
which farmers undertake to respect extensive management constraints (Office fédéral de
I’agriculture OFAG, 2023). The BPA areas represent, hence, a higher level of botanical
diversity in pasture composition than intensively managed ones. Finally, two abiotic vari-
ables, elevation and exposure, extracted from the Swiss national topographic map at a scale
of 1:25,000, were also recorded for the 45 study sites.

A PCA of the 45 study sites (Supplementary Information Fig. S1) showed that shrub
density was closely related to tree density. The gradient of percentage cover of deciduous
trees was opposed to the gradient of elevation. LTPE was slightly positively related to per-
centage cover of deciduous trees and BPA was another independent gradient. Therefore,
study sites were distributed among these gradients, with some sites higher in elevation hav-
ing less trees and more BPA, some sites having intermediate values of tree density and
displaying either highly scattered trees and high percentage of deciduous trees or more
clustered trees and more homogenous coniferous tree-stands and finally sites with high tree
and shrub density.

Birds and hoverflies data

Bird and hoverfly monitoring was done over 2 years (2022 and 2023) with 20 and 13 study
sites covered in 2022 for birds and hoverflies, respectively, and another 25 and 16 sites in
2023. The same observer systematically monitored birds during the two years, whereas
hoverfly data collection was done by two observers in 2023.

Birds were monitored during the breeding season (from mid-April until the end of June)
and identified acoustically or visually (using binoculars) (Bibby 1992). Sites were visited
twice, with an average of 5 weeks between the two visits. Monitoring was conducted from
sunrise to 11 pm at the latest and during dry and windless days. Linear transects separated
with a distance of 150 m were used (Fig. 1c). As the shape of study sites varied (according
to management parcels), the length of the transects was not always the same. But transects
were always positioned parallel to the longer side of the sites (except in five cases where
topography would not allow it), with an average distance of 100 m to the site limit. Two
to three transects were on average fully covering the sites. The observer would walk along
the transect and record birds on both sides. Based on previous studies, we estimated the
bird detection distance to vary between 100 m in open pastures and 50 m in densely for-
ested pastures (Gottschalk & Huettmann 2011). We therefore chose a maximum detection
distance of 75 m. For each observation of the species detected, its precise position was
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registered. For each species, the highest number of individuals across two visits was kept
as a measure of density.

Samples of hoverflies were taken using two methods: pan traps and sweep net (Spaf-
ford & Lortie 2013). Pan traps were made of three colored plates (yellow, white and blue),
triangularly positioned on a wooden stick planted in the ground, with the plates at vegeta-
tion height (Supplementary Information Fig. S2). The plates were half filled with water,
containing a drop of liquid odorless soap. Pan traps were positioned at the two sampling
locations within each study site. At each sampling location, two pan traps were set, one
meter away from each other, as replicates. The pan traps were activated simultaneously for
a sampling session lasting three to four days and during dry weather conditions. For each
year, there were two sampling sessions: one in early-summer, end of May, (four days) and
one in mid-summer, beginning of July, (3 days in 2022, 4 days in 2023). For each sampling
session, transects with a sweep net were also realized at each sampling location. Two tran-
sects of 30 m’ length each were carried out. The transects began at the pan traps’ location
and moved away from one another at an angle between 90° and 180°. The positions of the
transects were defined to avoid the most heavily grazed areas. All hoverfly individuals col-
lected with pan traps and sweep net were pinned and dried for identification. Identification
to species level was done using three keys of European hoverflies (Speight et al. 2016;
Speight & Sarthou 2017; van Veen 2010).

Statistical analysis

All analyses were performed using R (version 4.2.2) (Rstudio Team 2020), with sepa-
rate analyses systematically conducted for the bird and hoverfly communities. We first
inspected the relations between the species composition of communities of birds and hov-
erflies and environmental gradients using canonical correspondence analysis (CCA, Braak
1986) from the ‘vegan’ package (V2.6—4; Oksanen J. et al. 2022), with Hellinger trans-
formation to standardize community data (using ‘Decostand’ in ‘vegan’). We chose this
constrained method because we were interested in a unimodal model of species response to
our selected environmental variables (McCune et al. 2002). We tested which environmental
gradients had significant impacts on community compositions in the CCA, using permuta-
tion tests and the Chis-square statistic. We highlighted species conservation status based on
the swiss red list (Knaus et al. 2021) for birds and a European dataset (Speight 2020) for
hoverflies.

We then computed diversity indices of the bird and hoverfly communities. Diversity
indices and related graphs were computed using the ‘iNext’ package (v2.0.12; T. C. Hsieh
2016). We followed the methodology proposed by Hill (1973) to compute the “effective
number of species” (also called Hill-numbers), that provide diversity indices with propor-
tional abundances on the same scale. We used the three diversity indices: Hill-Richness,
Hill-Shannon and Hill-Simpson, corresponding to the Hill numbers q=[0, 1, 2]. We calcu-
lated diversity estimates, using the method suggested by Chao and Jost (2012) which com-
putes the diversity estimates at equal sample coverage corresponding to the minimum sam-
ple coverage value for samples extrapolated to double the sample sizes. In Supplementary
Information Fig. S3 and S4, we show rarefaction and extrapolation of species accumulation
curves for the three Hill numbers.

Finally, we tested the relationships between diversity indices and environmental vari-
ables using estimated Richness, Hill-Shannon and Hill-Simpson, as response variables.
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Explanatory variables were number of trees per hectare, number of shrubs per hectare,
Length of Tree Patches Edges (LTPE), percentage of deciduous trees, and percentage cover
of BPA. We added elevation and exposition to control for potential abiotic effects of study
site locations. As we suspected year to have an effect on the population of birds and hov-
erflies as was the case in previous studies (Barnagaud et al. 2017; Petanidou et al. 2011),
we decided to control for the effect of sampling year by incorporating it as an interac-
tion term with all other explanatory variables. We tested for variables collinearity using
variance inflation factors (VIF) values, with the function ‘vif ‘in the ‘car’ package (v3.1.1;
Fox and Weisberg 2019) and considering a VIF value of five as a threshold for correlation
(James et al. 2013). In both models of birds and hoverflies, we excluded “exposure” that
had a VIF value higher than five. We visualized residual plots (Supplementary Informa-
tion Fig. S5 and S6) to validate linear model assumptions of residuals’ normal distribution,
homogeneity of variance, linearity and cook distances. For hoverflies, it was necessary to
log transform the response variable in order to respect linearity assumption. To account for
the nested design in hoverfly sampling (sampling locations grouped by two within larger
study sites), we included study site as a random factor in the models, function ‘lme’ in the
‘nlme’ package (v3.1-160; Pinheiro et al. 2021) and compared them with simple linear
models based on AIC corrected for small sample sizes, AICc (Rencher 2002). As mixed
models were not performing better, we decided to use simple linear models with Gauss-
ian distribution. In addition, in both bird and hoverfly analysis we tested generalized least
squared models (GLS) with spatial correlation structure with the function ‘gls’, ‘nlme’ R
package (v3.1-160; Pinheiro et al. 2021), using geographical coordinates of sampling sites
in a correlation function within the model. We compared them with simple linear mod-
els using AICc. As a result, including spatial correlation structures did not improve the
models. Finally, we proceeded to a multi model selection on the AICc (Sakamoto et al.
1986) using the ‘dredge’ function in the ‘MuMIn’ package (Barton 2018), and we averaged
the best models within delta AICc <2 (Burnham and Anderson 2003) using the ‘model.
avg’ function, R package MuMIn (Barton 2018). We show the model conditional averaged
parameters and the ranked best models. Lastly, we plotted significant explanatory variables
with response variables extracted from the best models including all significant averaged
predictors.

Results
Birds and hoverflies community composition in relation to environmental variables

We recorded 46 bird species and 90 hoverfly species. In the canonical correspondence
analysis (CCA) for birds (Fig. 2), environmental gradients explain 35.7% of the total var-
iance in bird communities. Number of trees per hectare had a significant effect on bird
communities (x2=0.21, df=1, P=0.001), as well as LTPE (x2=0.18, df=1, P<0.001).
Percentage of deciduous trees explained a marginal part of total variation (x2=0.04,
df=1, P=0.06), as well as elevation (x2=0.05, df=1, P=0.05). The CCA graph dis-
plays two strong environmental gradients; one is related to tree (score CCA1=0.67, score
CCA2=-0.70) and shrub density (score CCA1=0.30, score CCA2=-0.17) and the other
gradient mostly represents LTPE (score CCA1=0.61, score CCA2=0.62) and percent-
age of deciduous trees (score CCA1=0.27, score CCA2=0.70). A third gradient would
be elevation (score CCA1=— 0.57, score CCA2=0.26); it seems that cover of BPA (score
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Fig.2 Canonical correspondence analysis (CCA) of environmental gradients (red arrows) and bird species
(numbers, with list of species corresponding to numbers in Supplementary information Table S3, with spe-
cies names for some examples), 71% of the CCA variance explained by CCAl and 11.2% explained by
CCAZ2. Numbers in bold blue, bird species with vulnerable or nearly threatened status on swiss red list

CCA1l= - 0.08, score CCA2=— 0.08) has a minor contribution to the CCA graph. On the
extreme left of the graph, we observe specialist bird species of open lands that are highly
differentiated from the other species in the CCA, being associated with very low values of
tree cover and higher altitudes: Anthus pratensis (no 28), Alauda arvensis (no 1), Coturnix
coturnix (no 8), Saxicola torquatus (no 44), Anthus spinoletta (no 34), Oenanthe Oenanthe
(no 43), and Linaria cannabina (no 19). For medium values of tree cover, species are dis-
tributed along a gradient of tree spatial distribution, from clustered in patches (low values
of LTPE) to scattered (high values of LTPE), and a gradient of tree mixture. We first find
a group of species relying on low tree density and associated with high values of structural
and compositional tree-stand heterogeneity (i.e., a high percentage of deciduous trees and
a scattered distribution of trees), such as Phylloscopus bonelli (no 27), Lanius collurio (no
29, NT), and Ficedula hypoleuca (no 18). A second group of species are specialists to
semi-open habitat, such as Lullula arborea (no 2, VU), Anthus trivialis (no 35, NT), and
Phoenicurus phoenicurus (no 38, NT) (Knaus et al. 2018). They are linked to a slightly
higher tree density and also to high values of structural and compositional tree-stand het-
erogeneity. In increasing tree density, we find more generalist species, such as Cyanistes
caeruleus (no 20), Sylvia atricapilla (no 11), Turdus merula (no 22), and Serinus serinus
(no 41). Finally, on the bottom right of the graph, the CCA clearly displays typical forest
species, such as Periparus ater (no 24), Phylloscopus collybita (no 33) and Troglodytes
troglodytes (no 45), associated with high tree density, a low value of LTPE, reflecting sites
with clusters of trees, and a low percentage of deciduous trees.

In the canonical correspondence analysis for hoverflies (Fig. 3), environmental gradients
explain 15.3% of the total variation in hoverflies communities. Number of trees per hec-
tare had a significant effect on community structure (x2=0.18, df=1, P=0.001), such as
cover of BPA (x2=0.12, df=1, P=0.01), LTPE (x2=0.10, df=1, P=0.039) and eleva-
tion (x2=0.12, df=1, P=0.009). The CCA plot displays two main environmental gradi-
ents; the first is number of trees per hectare (score CCA1=— 0.96, score CCA2=- 0.07);
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Fig.3 Canonical correspondence analysis (CCA) of environmental gradients (red arrows) and hoverflies
species (numbers, with list of species corresponding to numbers in Supplementary information Table S4,
with species names for some examples), 26.3% of CCA explained by CCA1 and 21.5% explained by CCA2.
Numbers in bold blue, hoverflies species considered as threatened by Speight et al. (2020)

the second is percentage of deciduous trees (score CCA1=0.20, score CCA2=0.31) and
elevation (score CCA1=0.50, score CCA2=0.59) which is opposed to shrub density
(score CCA1=- 0.19, score CCA2=-0.30); and BPA cover (score CCA1=— 0.11, score
CCA2=- 0.45), partially correlated to LTPE (score CCA1=0.20, score CCA2=— 0.34).
There is no clear structure for the species distribution in relation to environmental gradi-
ents. However, we can see open land species on the far right of the CCA graph, such as
Scaeva pyrastri (no 76), Syrphus vitripennis (no 84), Eupeodes luniger (no 46) and forest
species on the far left, such as Xylota (no 87, 88, 89), Meliscaeva (no 54, 55) and Meli-
gramma genera (no 52, 53), Sphegina clunipes (no 80) and Baccha elongate (no 2). In
between, there is a mix between forest and open land species as well as species known
to be generalists, such as species from the genera Sphaerophoria (no 78, 79) and other
genera suspected to be generalists or specialists of semi-open land, such as Eristalis (no
37-40), Lapposyrphus (no 49), Episyrphus (no 34), Myathropa (no 59), Volucella (no 85)
and Orhtonevra (no 63). Finally, six species are considered as threatened in Switzerland
(Speight 2020): Cheilosia faucis (no 13), Eumerus tricolor (no 6), Brachyopa Pilosa (no
3), Scaeva dignota (no 75), Xanthogramma citrofasciatum (no 86) and Xylota xanthocnema
(no 90). In the CCA, they all are situated in mid-tree density sites to open sites and with
high to mid percentages of deciduous trees and altitude.

Diversity metrics

Accumulation curves have been calculated for each community and for the three hill
numbers (Supplementary Information Fig. S3 and S4). In both groups of species, the
highest diversity index is always Richness, corresponding to Hill number q=0, as all
species are considered with this index regardless of their abundance. Species accumu-
lation curves for birds often tend to reach a plateau for higher hill numbers, indicating
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that our sampling effort is sufficient to capture communities of the abundant species. In
hoverflies, several curves keep a steep slope even for the higher hill numbers (Supple-
mentary Information Fig. S4), indicating that more sampling efforts would be needed to
capture the whole community.

Linear models of species diversity in relation to environmental variables

In linear models for both groups of species, year of sampling had an impact on diversity
indices. Year is systematically included as a significant parameter in the best models,
either independently (for bird Shannon and Simpson diversity indices, diversity being
higher in year 2023), or as an interaction with other parameters (for all the models in
both groups of species) (Tables 1 and 2). The only best model for which year was not
selected was for bird Richness.

In the best models for both groups of species, tree density is also always included
(Tables 1 and 2), except in models with Hill-Simpson indices for hoverflies (Table 2). In
birds, the effect of tree density differs depending on the indices (Table 3, Fig. 4), it has
a positive but marginal effect on bird species Richness and a strong positive effect on
Hill-Shannon and Hill-Simpson bird diversity in 2022, which is lighter on Hill-Shannon
diversity and almost neutral on Hill-Simpson diversity in 2023 (Fig. 4). In hoverflies,
for models with Richness and Hill-Shannon diversity, tree density had a stronger posi-
tive effect on diversity in year 2023 than in year 2022 (Table 4 and Fig. 5).

Percentages of deciduous trees and length of tree patches edges (LTPE) are included
in the best models for all diversity indices in birds (Table 1) and have a positive effect
on diversity (Table 3, Fig. 4).

Shrub density is included in the best model for hoverfly species richness, and had a
positive effect on the index in 2022 and a negative effect in 2023 (Table 4, Fig. 5).

Table 1 For bird diversity ranked best models (A AICc<2) with degrees of freedom (Df), logLik, AICc,
AAICc and model weights, for species Richness, Hill Shannon and Hill Simpson diversity indicators

Model df logLik AlCc delta  weight
Richness

LTPE + trees/ha+ % deciduous trees 5 — 11499 24152 00 0.59

LTPE + trees/ha + % deciduous trees + year + trees/ha 7 —112.60 24222 0.7 0.41
Hill_Shannon

LTPE + trees/ha + % deciduous trees + year + trees/ha:year 7 —100.56 218.16 0.00 0.73
Hill_Simpson

LTPE + trees/ha+ % deciduous trees + year + trees/ha:year 7 -93.03 203.09 0.00 0.68

LTPE + trees/ha+ % deciduous trees + year + trees/ 8 —-92.28 204.56 147 032

ha:year + % deciduous trees:year
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Table 2 For hoverflies diversity, ranked best models (A AICc<2) with degrees of freedom (Df), logLik,
AICc, AAICc and model weights, for species richness, hill Shannon and hill Simpson diversity indicators

Models df  logLik AlCc delta weight
Richness
elevation 3 — 43,5069 93,4667 O 0,1103
elevation + shrubs/ha + trees/ha + year +elevation:ear 9 — 36,0865 94,0028 0,5361 0,0844
+ shrubs/ha:year + trees/ha:year
trees/ha+ % BPA 4 — 42,635 94,0393  0,5726  0,0828
trees/ha 3 — 43,8215 94,0958  0,6291  0,0805
elevation + trees/ha + year + elevation:year 6 — 40,2685 94,217 0,7502 0,0758
trees’ha+ % BPA + year 5 — 41,5774 94,3313  0,8645 0,0716
elevation + trees/ha+ % BPA + year + elevation:year 7 — 39,0365 94,3587 0,892 0,0706
elevation+ % BPA 4 —42,9006 94,5704  1,1037  0,0635
(Null) 2 — 45,1957 94,6137 1,147 0,0622
elevation + year + elevation:year 5 — 41,7681 94,7127 1,246 0,0591
elevation + year 4 — 43,0494 94,868 1,4013  0,0547
elevation + % BPA + year 5 —41,9569 95,0903  1,6235 0,049
elevation + trees/ha 4 —43,1875 95,1443  1,6776  0,0477
elevation+LTPE 4 — 43,229 95,2272 1,7605  0,0457
elevation + % deciduous trees 4 — 43,3106 95,3905 1,9238  0,0421
Shannon
elevation 3 —4277077 91,8683 0 0,1149
trees/ha+ % BPA 4 — 41,8274 92,424 0,5557 0,087
trees/ha 3 —43,0005 92,4538  0,5855  0,0857
elevation + trees/ha + year + elevation:year 6 - 39,5197 92,7194 0,8511 0,0751
trees’ha+ % BPA + year 5 —40,7993 92,775 0,9067 0,073
(Null) 2 —442785 92,7792 0,911 0,0729
elevation + trees/ha + % BPA + year + elevation:year 7 —38,3069 92,8995 1,0313  0,0686
elevation+ % BPA 4 —42,0957 92,9606  1,0923  0,0666
elevation + year + elevation:year 5 — 40,9696 93,1157 1,2475 0,0616
elevation + year 4 —42,2682 93,3056  1,4374 0,056
elevation + % BPA + year 5 — 41,1774 93,5313 1,663 0,05
elevation+LTPE 4 —42,4084 93,5861 1,7178  0,0487
elevation + trees/ha 4 — 42,4118 93,5928 1,7245 0,0485
elevation + shrubs/ha + trees/ha + year + elevation:yea 9 —35,9273 93,6844  1,8161  0,0463
r+ shrubs/ha:year + trees/ha:year
elevation + % deciduous trees 4 — 42,4865 93,7422 1,8739 0,045
Simpson
elevation 3 —-419723 90,3974 0 0,1168
tree.ha 3 —42,2004 90,8537 0,4564 0,093
trees’ha+ %BPA 4 —41,0563 90,8819  0,4845  0,0917
(Null) 2 —43,3696 90,9614 0,564 0,0881
elevation + trees/ha + year + elevation:year 6 — 38,8784 91,4368 1,0394 0,0695
tTrees/ha+ % BPA + year 5 —40,1528 91,482 1,0846  0,0679
elevation+ % BPA 4 — 41,3654 91,5001 1,1027  0,0673
elevation + trees/ha+ % BPA + year + elevation:year 7 — 37,7331 91,752 1,3546 0,0594
elevation + year +elevation:year 5 — 40,2976 91,7717 1,3743 0,0588
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Table 2 (continued)

Models df  logLik AlCc delta weight
elevation + year 4 — 41,6055 91,9802 1,5829  0,0529
elevation + LTPE 4 — 41,6569 92,0831 1,6857  0,0503
elevation + trees/ha 4 — 41,6916 92,1525 1,7551 0,0486
% BPA 3 —-429114 92,2756 1,8782  0,0457
elevation+ % BPA + year 5 —40,5634 92,3034 1,906 0,045
elevation + % deciduous trees 4 — 41,7694 92,308 1,9106 0,0449

Table 3 For bird diversity, model-averaged conditional estimates, standard errors (SE), z values and p-val-

ues for species Richness, Hill Shannon and Hill Simpson diversity indicators

Models Estimate Std. Error z. value Pr(>1zl)
Richness
(Intercept) 6.6067261 1.8082470 3.565 0.0003
LTPE 0.0007715 0.0001793 4.174 0.0003
trees’ha 0.0553265 0.0322083 1.692 0.0906
% deciduous trees 0.0866431 0.0229116 3.668 0.0002
year23 2.1382257 1.8236912 1.136 0.2559
trees/ha:year23 —0.0671 0.0345 1.883 0.0596
Hill-Shannon (only 1 model)
(Intercept) 3.6883741 1.4692899 2.510 0.01632
LTPE 0.0005669 0.0001392 4.073 0.00022
trees’ha 0.0751239 0.0220242 3411 0.00152
% deciduous trees 0.0541920 0.0174637 3.103 0.00355
year23 3.3752704 1.3958242 2418 0.02037
trees/ha:year23 —0.0693497 0.0264276 —2.624 0.01234
Hill-Simpson
(Intercept) 3.0897981 1.3020958 2.302 0.0213
LTPE 0.0003688 0.0001176 3.037 0.0023
trees/ha 0.0606970 0.0186657 3.150 0.0016
% deciduous trees 0.0343577 0.0191677 1.746 0.0807
year23 3.1502049 1.3910814 2.202 0.0276
trees/ha:year23 —0.0605831 0.0224339 2.616 0.0088
% deciduous trees:year23 0.0305463 0.0268669 1.101 0.2710

Discussion

Influence of environmental heterogeneity on bird and hoverfly communities’

composition

Our results clearly show that, for both groups, species are distributed along a gradient of

tree cover, with a maximum number of species at intermediate values of tree cover.

For birds, few species are strictly associated with open lands and four of these species
have a priority status in Switzerland ranging from nearly threatened (NT), for Saxicola

@ Springer



Biodiversity and Conservation (2025) 34:2139-2162 2151

a)

|

Richness

Richness

% deciduous trees

length of tree patches edges (LTPE)

number of trees/ha

b)

% deciduous trees

Shannon
Shannon

Shannon

50 0 2500 5000 7500 10000
nb tree/ha length of tree patches edges (LTPE)

)

Simpson
Simpson

\
Simpson

nb tree/ha length of tree patches edges (LTPE) % decicuous trees

Fig.4 Best linear model predictions for bird, a Richness, b Hill-Shannon and ¢ Hill Simpson estimated
diversity indicators according to significant (p.value <0.05) and marginally significant (p.value <0.1) vari-
ables in the averaged model: tree density, Length of Tree Patches Edges (LTPE) and percentage of decidu-
ous trees. In graphs with two curves of different colors, red line is the relationship for 2022 and blue line is
the relationship for 2023

torquatus to vulnerable (VU) for Anthus pratensis, Alauda arvensis and Coturnix coturnix.
Because the main threat for these birds is agricultural intensification (Donald et al. 2001),
open pastures in the Jura mountains might represent refugees for these species, as for other
agroforestry systems (Guariento et al. 2024). Similarly, the two groups of species found
at intermediate tree cover are also generally declining in Europe, as they rely on exten-
sive land use and a high degree of landscape heterogeneity with the presence of scattered
trees and shrubs (Freeman & Crick 2003; Goodenough et al. 2009; Maggini et al. 2014).
Some of these have threat levels ranging from nearly threatened (NT) for Lanius collu-
rio, Anthus trivialis and Phoenicurus phoenicurus, to vulnerable (VU) for Anthus pratensis
Lullula arborea. As tree density increases, more generalist species and some forest spe-
cialists are observed, increasing community diversity. Such species can be found in small
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Table 4 For hoverflies diversity, model-averaged conditional estimates, standard errors (SE), z values and
p-values for species Richness, Hill Shannon and Hill Simpson diversity indicators

Models Estimate Std. error Adjusted SE z value Pr(>lzl)
Richness
(Intercept) 1,7981 1,0677 1,0799 1,6651 0,0959
elevation —0,0013 0,0007 0,0007 1,6874 0,0915
Shrubs/ha 0,0079 0,0109 0,0112 0,7029 0,4821
trees’ha 0,004 0,0031 0,0031 1,2574 0,2086
year23 —3,0161 3,0232 3,0462 0,9901 0,3221
elevation:year23 0,0037 0,0021 0,0021 1,7566 0,079
shrubs/ha:year23 —0,0545 0,0217 0,0222 2,4536 0,0141
trees/ha:year23 0,0149 0,0066 0,0067 2,2116 0,027
% BPA - 0,0029 0,002 0,0021 1,4129 0,1577
LTPE —0,0001 0,0001 0,0001 0,7112 0,477
% deciduous trees —0,0017 0,0028 0,0029 0,5972 0,5503
Hill Shannon
(Intercept) 1,6682 1,0247 1,0363 1,6097 0,1075
elevation —0,0012 0,0007 0,0007 1,6311 0,1029
trees/ha 0,004 0,0029 0,003 1,3411 0,1799
% BPA —0,0029 0,002 0,0021 1,4061 0,1597
year23 —2,5878 2,7451 2,7665 0,9354 0,3496
elevation:year23 0,0034 0,0019 0,002 1,7272 0,0841
LTPE —0,0001 0,0001 0,0001 0,7381 0,4604
shrubs/ha 0,0075 0,0109 0,0112 0,67 0,5029
shrubs/ha:year23 —0,0497 0,0216 0,0222 2,244 0,0248
trees/ha:year23 0,0139 0,0065 0,0067 2,0768 0,0378
% deciduous trees —0,0018 0,0028 0,0028 0,6342 0,526
Hill Simpson
(Intercept) 1,4484 0,9549 0,9654 1,5004 0,1335
elevation —0,0011 0,0007 0,0007 1,5395 0,1237
trees/ha 0,004 0,0026 0,0027 1,4913 0,1359
% BPA —0,0027 0,002 0,002 1,3071 0,1912
year23 —2,0246 2,2533 2,2727 0,8908 0,373
elevation:year23 0,0029 0,0016 0,0016 1,7906 0,0734
LTPE —0,0001 0,0001 0,0001 0,7578 0,4486
% deciduous trees —-0,0017 0,0027 0,0028 0,6072 0,5437

forest patches within agricultural areas, close to forest edges as well as in gardens and vil-
lages (Cody 1985; Hatchwell et al. 1996; Heldbjerg et al. 2017, Knaus et al. 2018). For
this reason, our results support the hypothesis that varying tree density within agricultural
landscapes favors the diversity of birds, in line with previous studies (Berg 2002; Fischer
et al. 2010; Godinho & Rabaga, 2011). However, our results also point towards a trade-off
between trees on pasture promoting bird diversity, and specific habitat needs of rare species
represented by extensively managed open land. A similar trend has been shown in birds in
coastal saline habitats (Godet et al. 2016). Where a landscape favoring taxonomic diversity
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Fig.5 Best linear model predictions for hoverflies, a Richness, b Hill-Shannon estimated diversity indi-
cators according to significant variables (p.value <0.05) in the averaged model: tree density in interaction
with year, shrub density in interaction with year, red curve for year 2022 and blue curve for year 2023

does not necessarily promote rare species, which are rather associated to extreme habi-
tats. Along this line, functional diversity could bring additional information on the effect
of environmental heterogeneity on bird communities. For example, in forested landscapes,
forest fragmentation leads to a functional homogenization in bird communities which could
be underestimated by an apparent increase in taxonomic diversity (Santillan et al. 2019).
Our results indicate that forest-dwelling hoverfly species are well differentiated in the
community and are associated with high tree density. We also showed that species from
the genera Eristalis, Lapposyrphus, Episyrphus, Myathropa, Volucella and Orhtonevra are
mainly found in semi-open pastures, in line with previous studies indicating that they are
either generalist species or specialists of semi-open lands (Speight 2020, Pétremand et al.
2022). It seems that a high number of species are clustered in medium tree density together
with high shrub density, high BPA cover and highly scattered spatial distribution of trees.
This could reflect the fact that BPA offers flower resources that promote hoverfly diversity,
as shown in previous studies (Haenke et al. 2009; Meyer et al. 2009; Moquet et al. 2018). It
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also aligns with findings highlighting the importance of spatial structures for several hov-
erfly species on agricultural lands (Pfister et al. 2017; Schirmel et al. 2018) as well as for-
ested habitats (Gittings et al. 2006). Finally, although our results show that the percentage
of deciduous trees does not explain a significant part of the total variation in community
compositions of hoverflies, four rare species in Switzerland are associated with sites with
a high percentage of deciduous trees, corresponding to their ecology described in Speight
et al. (2020) (Brachyopa pilosa, Cheilosia albipila, Scaeva dignota and Xanthogramma
citrofasciatum). This highlights the potential conservation role of particular tree species on
agricultural land for threatened hoverfly species.

Diversity metrics show different community structures between birds
and hoverflies

The 45 sampled bird communities seemed to be well-described for Hill-Shannon and Hill-
Simpson indicators, while for hoverflies there is a lot of variation between species accumu-
lation curves. Among the 29 sampled communities, some display curves that never reach
a plateau, even when extrapolated for Hill-Simpson diversity indicators. This highlights
the difference between hoverfly communities in term of species compositions, with some
communities composed in majority of a few common and abundant species (Eristalis
Tenax, Merodon cinnereus, Merodon aureus, Sphaerophoria scripta), while other com-
munities consist of a few individuals from many different species that are present in few
sites. Such community structure in hoverflies has already been documented in previous
studies (Jankovic et al. 2019; Ricarte et al. 2011). Our results are in line with (Ricarte et al.
2011), indicating high beta diversity in hoverflies related to the very great species turno-
ver between communities in a landscape. This important turnover of locally rare species
between sites might be due to the dependence of some species on very localized resources
(Meyer et al. 2009).

Species diversity is impacted by environmental heterogeneity

The year of survey always has an impact, but it is slightly different for both groups of
species. Diversity is higher for birds in 2023. For hoverflies, the year mainly impacts rela-
tionships with environmental variables such as trees and shrub densities. While we can’t
exclude an effect of the environmental characteristics of the sites sampled in the different
years that we might have missed (e.g., related to pasture management regimes), it is impor-
tant to note the very different weather conditions in Switzerland between winter and spring
2022 and 2023. Both winter and spring were warmer than the norm, but winter 2021-2022
registered a higher amount of precipitation in the Jura mountains, with 120-125% of the
norm (MétéoSuisse 2021/22), whereas winter 2022-2023 had 70% of the normal precipita-
tion (MétéoSuisse 2022/23). Hard winter conditions can affect overwintering bird popula-
tions, especially in high-elevation habitats, the amount of precipitation being one of the
detrimental factors (Canonne et al. 2023). This might have had an effect on our sampled
bird populations in 2022. Spring 2022 was particularly dry and sunny, being among the
10 driest springs in Switzerland and the fourth sunniest since 1961, when measurements
began (MétéoSuisse 2022). In contrast, spring 2023 was particularly cloudy and precipita-
tion were higher than the norm (MétéoSuisse 2023). This might have had an impact on
the hoverfly populations we sampled, as spring and summer weather have been shown to
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highly impact insect biomass (Miiller et al. 2024), and the diversity of hoverfly communi-
ties has been shown to increase with temperature (Jankovic et al. 2019).

Contrary to our expectations, the relationships between species richness and tree density
were positive and linear in both groups of species, and not hump shaped. Further research
is needed to investigate species diversity at higher tree cover (>75%) which was lacking in
our study. In both groups of species diversity measured with Hill-Shannon (and also Hill-
Simpson for birds) show a positive and significant relationship with tree density, meaning
that it is not a few locally rare species that are driving differences among study sites, but
communities differing in species that are abundant in each site.

A large number of hoverfly species have larvae with specific microhabitat needs: they
can be aphidophagous, saprotrophic, herbivorous, and/or microorganism-fed (Speight
2020). It is still not well understood whether the observed adult hoverfly diversity is related
to the proximity of a larval microhabitat or adult feeding resources (Power et al. 2016). It is
also not clear how far hoverflies can disperse. Some species do not move further than 50 m,
whereas others can fly up to distances of 400 m (Wratten et al. 2003). It is probable that the
more trees there are in the pastures, the more diversity of potential hoverfly larvae micro-
habitats there will be. Therefore, along with our results, this could be an explanation for the
positive relationship between tree density and species richness, which supports previous
findings (Ricarte et al. 2011). In addition, wood-pastures with varying tree densities could
also be used by many species as connectivity corridors in the landscape, as has been shown
in semi-open habitats for carabid species (Boutaud et al. 2022), or within hedgerows in an
agricultural matrix for different pollinator species (Holzschuh et al. 2010) and for birds
(Hinsley & Bellamy 2000).

Shrub density had no impact on bird diversity and a nuanced impact on species richness
in hoverflies, promoting richness in 2022 and strongly decreasing it in 2023, which makes
it difficult to interpret. Nevertheless, previous studies have shown that hedgerows (defined
as assemblages of shrubs and trees in agricultural landscapes) promote hoverfly (Power
et al. 2016; Schirmel et al. 2018) and bird richness (Hinsley & Bellamy 2000). For birds,
hedgerows offer nesting and food resources and shelter against predators. But they are also
connectivity elements in the landscape (Hinsley & Bellamy 2000). For hoverflies, hedge-
rows could also serve as movement corridors (Haenke et al. 2014), and/ or as refuges dur-
ing extreme weather conditions or from predators (Sutherland et al. 2001). More research
would be needed to disentangle the effect of shrubs from other elements (e.g. trees) on
hoverflies and bird communities in pasture lands.

Our results show the important positive effect of structural and compositional tree-
stand heterogeneity on bird species diversity, as the level of tree mixture and length of
tree patches edges both increased diversity regardless of the indicators. The importance of
heterogeneous assemblages of trees or bushes for bird diversity has been also shown in pre-
vious studies focusing on semi-open environments (Berg 1997; Godinho & Rabaga, 2011),
ecotones areas (Jahnig et al. 2018) as well as on forests (Camprodon & Brotons 2006; Gil-
Tena et al. 2007; Rigo et al. 2024). The presence of deciduous trees might improve nesting
resources as well as feeding resources (Gil-Tena et al. 2007), while scattered trees’ spatial
distribution favors a variety of environmental conditions (Dufour et al. 2006) that may sup-
port a diversity of food and nesting resources.

The percentage of deciduous trees had no effect on the hoverfly diversity in our study,
although importance of broadleaf trees has been shown by Gittings et al. (2006) to promote
the diversity of hoverflies in coniferous forests. Neither did LTPE. More research would be
needed to investigate the effects of such environmental parameters on hoverflies at various
scales, for example, larger than 100 m as conducted in our study.
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BPA had no effect on diversity in both groups. Although herbaceous diversity has been
shown to have significant positive effect on many groups of species such as bees and hov-
erflies (Haenke et al. 2009; Meyer et al. 2009; Pardo et al. 2023; Tschumi et al. 2016).
In our study, BPA percentage cover might have been a category too broad to represent
pasture botanical composition. These surfaces are mapped based on a list of 57 indicator
plants, but only 6 of them need to be present, reducing considerably the information on
the plant community. However, we chose this variable as it also represents an extensive
type of pasture management. Farmers need to respect a set of particular rules to be able to
receive subsidies, such as no fertilizer, no pesticides, no external supply of forage, and lim-
ited cattle load. Such extensive agricultural management is usually linked with higher spe-
cies diversity of different groups of species such as butterflies, bugs, orthopterans, spiders,
and birds (Balmer & Erhardt 2000; Dennis et al. 2001; Di Giulio et al. 2001; Klein et al.
2020; Vickery et al. 2001). While most previous studies were conducted in open pastures,
our results suggest that grassland compositions might be less important for bird and hover-
fly diversity compared to the presence of trees and shrubs providing keystone structures in
agricultural landscapes (Manning et al. 2006).

Conclusion

Birds and hoverflies diversity reacted very similarly to tree density, although birds’ diver-
sity indicators were more sensitive to changes in the structural and compositional het-
erogeneity of tree-stands. In terms of diversity, none of the studied species groups were
influenced by our indicators of herb-layer compositional heterogeneity, even if this vari-
able influenced the composition of hoverfly communities in ordination analyses. Our
results show the importance of trees in agricultural landscapes to promote species rich-
ness in these two groups of species. This aligns with previous findings that put forward a
trend for agroforestry to sustain biodiversity (Guariento et al. 2024; Jakobsson et al. 2020;
Marsden et al. 2020; Mcadam et al. 2007), or more generally that the presence of trees
in agricultural landscapes notably improves biodiversity (Fischer et al. 2010; Soderstrom
et al. 2001). According to our results, not only the presence of trees is important, but wood-
pastures in the Swiss Jura mountains should be managed in order to promote scattered dis-
tribution of trees on pastures as well as a high degree of mixture between deciduous and
coniferous trees to support diversity, especially in birds and for some locally rare hoverfly
species. This confirms the importance of environmental heterogeneity for species diversity
(Hekkala et al. 2023; Priyadarshana et al. 2024; Stein et al. 2014). However, our analy-
sis also highlights the crucial role of mid-altitude, open pastures to maintain communities
of vulnerable farmland bird species associated with extensive agricultural management,
almost disappearing in the lowland in Switzerland (Donald et al. 2006; Gregory et al. 2004;
Knaus et al. 2021). This is in line with the results of Katayama et al. (2014) supporting the
necessity of patches of more homogenous environments, such as forest or open habitats for
species with reduced habitat generalization capacities, versus species with wide environ-
mental niches that are favored by environment heterogeneity. We suggest that varying tree
density across space, including pastures without trees, would promote birds and hoverflies
diversity at a landscape scale, while maintaining farmland bird species of conservation
concerns.
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