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Abstract 

 

Biodiversity inhabiting high altitude ecosystems is predicted to be particularly vulnerable to 

climate and land-use changes. Besides the direct effects that those drivers have on 

mountain species, there is increasing evidence and awareness that negative impacts might 

arise through altered species interactions. For alpine bird populations, changing patterns of 

prey availability might represent a major threat, with a high risk of phenological mismatch 

impacting reproduction and consequently population dynamics. This study investigates the 

abundance and accessibility of belowground invertebrates in one study area in the Swiss 

Alps. In particular, it focuses on earthworms, the staple food source of the Alpine Ring Ouzel 

(Turdus torquatus alpestris). Our aim was to identify important habitat characteristics and 

climatic variables that influence spatio-temporal patterns in prey availability during the 

breeding season. We also compared those patterns to the breeding phenology of Ring 

Ouzels in order to detect possible phenological mismatches. At the microhabitat scale, we 

show that soil moisture and organic matter (old grass, litter, dead wood) drive the abundance 

of earthworms as well as their vertical distribution in the soil. On a broader scale, we 

document a clear seasonal peak in the availability of earthworms, that is also influenced by 

precipitation, snowmelt stage, elevation and habitat type. Additionally, we show that, in 

2019, the peak in breeding effort occurred after the peak in earthworm availability, which 

indicates a potential phenological mismatch in terms of efficient reproductive effort. 

Altogether, our results underline the vulnerability of alpine species in a changing climate, 

especially through effects that an advanced snowmelt and increasing extreme weather 

events might have on prey availability. Nevertheless, we stress that a mosaic of grassland 

and coniferous stands would offer sufficient foraging opportunities for the Ring Ouzel and 

should thus be maintained through active habitat management, notably via extensive 

grazing. 
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1. Introduction 
 

Climate change has become a major threat to global biodiversity nowadays (Chamberlain & Pearce-

Higgins 2013; Parmesan et al. 2006), and because of the quicker increase in ambient temperatures 

at higher elevations (Brunetti et al. 2009), species of mountain ecosystems are particularly at risk 

(Braunisch et al. 2014). Moreover, changes in land-use are also particularly pronounced in mountain 

regions (Schulz et al. 2018; MacDonald et al. 2000) and concomitantly impact alpine species and 

limit their distribution (Laiolo et al. 2004). Of major concern are both the abandonment and 

intensification of mountain grasslands (Laiolo et al. 2004; MacDonald et al. 2000; Spiegelberger et 

al. 2006). The cessation of agricultural extensive management of grasslands leads to a rapid 

encroachment by shrubs and forest (Laiolo et al. 2004; MacDonald et al. 2000), resulting in the loss 

of key habitats for alpine organisms depending on open and semi-open elements (Spiegelberger et 

al. 2006; Braunisch et al. 2014). On the other hand, still managed areas are increasingly intensified, 

with detrimental consequences on species composition and ecosystem functioning (Andrey et al. 

2014; Spiegelberger et al. 2006). On top of that, the increase in ambient temperatures and altered 

precipitation regimes induced by climate change (Brunetti et al. 2009) are having large impacts on 

mountain ecosystems. In the Alps, documented effects such as an advanced snowmelt (Klein et al. 

2016) and treeline shifts to higher elevations (Gehring-Fasel et al. 2007) are already impacting 

species composition and distribution (McCarty 2001; Chamberlain & Pearce-Higgins 2013). In 

addition, phenology, i.e. the timing of seasonal activities (e.g. breeding, flowering, migration, 

diapause), is shifting for many organisms under the influence of a changing climate (Walther et al. 

2002). The magnitude of this shift often varies between species as it depends on their response to 

different environmental factors such as temperature or daylength (Visser & Both 2005). This can 

potentially have detrimental effects on organisms which depend on the relationship and timing with 

others (Visser & Both 2005). 

Due to the extreme environmental conditions in which boreo-alpine birds live (Martin & Wiebe 

2004), their breeding season is a very short and sensitive period. Indeed, favourable climatic 

conditions only last for a given period, and define a brief peak in food availability, through effects on 

prey abundance and/or accessibility (McKinnon et al. 2012; Pearce-Higgins 2010). The challenge is 
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therefore to reproduce during the time window when the resources are abundant and accessible, 

making them especially prone to phenological mismatches with their prey (Chamberlain & Pearce-

Higgins 2013; Scridel et al. 2018). The latter can have detrimental effects on bird population size 

and viability (Miller-Rushing et al. 2010; McKinnon et al. 2012) as the high energy demand during 

breeding period cannot be met (Martin 1987). While effects of global change are increasingly 

documented for mountain birds, those on invertebrates are often overlooked (Steinwandter et al. 

2017; Steinwandter et al. 2018; Martay & Pearce-Higgins 2018), although they provide key functions 

in ecological systems such as nutrient cycling, soil formation, primary production and herbivory 

(Lavelle et al. 1997; Lavelle et al. 2006). Importantly, invertebrates represent the main food source 

for many vertebrate species, therefore playing a major role during the reproduction period (Pearce-

Higgins 2010; Niffenegger 2019; Brambilla et al. 2017) since food availability at that time is crucial 

for reproduction success (Siikamäki 1998) and population viability (Siikamäki 1996; Scridel et al. 

2018). Nevertheless, we still know little about the ecology of invertebrates in alpine ecosystems 

(Steinwandter et al. 2017; Steinwandter et al. 2018; Pearce-Higgins 2010), in particular those having 

belowground stages. Special attention should be given to their distribution, phenology and weather-

related responses, as well as to factors affecting their abundance and accessibility. Investigating 

these little-studied aspects might represent a prerequisite to fully decipher the mechanistic impact 

of rapid ongoing climate and land-use changes on populations of boreo-alpine bird species.  

 Soil macrofauna in mountain ecosystems is known to respond to land-use changes, as 

significant changes in abundance, biomass and composition were found in alpine pastures and 

meadows after cessation of exploitation (Seeber et al. 2005; Steinwandter et al. 2017). Concerning 

intensification, examples come mostly from the lowlands, where negative effects on belowground 

invertebrate abundance and accessibility through quicker topsoil layer desiccation and compaction 

were evidenced (Onrust et al. 2019). In montane and subalpine grasslands, intensification has large 

impacts on aboveground community composition (Andrey et al. 2014), but studies on belowground 

communities remain scarce (Steinwandter et al. 2018). Climate change, through higher ambient 

temperatures and an increased frequency of droughts, can as well strongly affect populations of 

mountain soil invertebrates (Pearce-Higgins 2010). Precipitation regimes and soil humidity are 
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known to dictate vertical movements of earthworms in the soil (Onrust et al. 2019; Edwards & Bohlen 

1996), which are hence no more accessible to birds in dry and hot conditions. Therefore, climate 

and land-use changes may affect populations of boreo-alpine birds through their impacts on prey 

availability: on one side, land-use change is altering mostly the abundance and composition of 

important soil macrofaunal organisms (Andrey et al. 2014; Seeber et al. 2005; Steinwandter et al. 

2017), while on the other side, temperature and precipitation changes may affect their abundance 

and accessibility, and phenology thereof (Pearce-Higgins 2010; Edwards & Bohlen 1996).  

In this study, we focused on the relationship of the Alpine Ring Ouzel (Turdus torquatus 

alpestris) with its staple food source, earthworms (Lumbricidae). This thrush species breeds in semi-

open coniferous forest in mountain ranges of southern and central Europe, especially at the 

timberline between 1200-2200 m a.s.l (Schmid et al. 1998; Ciach & Morwiec 2013), therefore 

experiencing all changes and threats mentioned before. Recent declines of the species in central 

Europe (e.g. -36% since 1990 in Switzerland; Swiss Ornithological Institute 2019) suggest that it 

could be responding to climate change. As a consequence, the Ring Ouzel is now red-listed in 

Switzerland and within the seven bird species with the highest priority for conservation (Keller et al. 

2010a; Keller et al. 2010b), urging further research on its ecology to understand factors of the 

decrease. Previous studies in the Alps exist and have focused mostly on the selection of the foraging 

habitat (Barras 2016; Barras et al. 2020; Ettlin 2016; Berclaz 2017; Marti 2018). The importance of 

short vegetation, soft and moist soils was evidenced, highlighting the constraint of a very brief time 

window with ideal foraging conditions. Furthermore, factors driving nest site selection (Candolfi 

2018) and nestling diet (Hunziker 2019; Niffenegger 2019) have been investigated. Yet, studies 

focusing on the ecological requirements, availability and phenology of Ring Ouzel’s prey are missing. 

A better understanding of those aspects might be pivotal to assess the vulnerability of the Ring Ouzel 

to global change, as several authors suggested that low prey availability in hot and dry years might 

be an important constraint (Barras et al. 2020; Pearce-Higgins 2010; Sim et al. 2015). 

Our main aim was hence to gain deeper insights into the key role of prey availability during 

the breeding season. We used regular and simultaneous soil sampling and bird population 

monitoring to identify (1) which habitat factors drive both the abundance and accessibility of 
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belowground invertebrates (2) how their availability varies across the breeding season and (3) how 

well it matches with the breeding phenology of Ring Ouzels. We further discuss those results in the 

light of known foraging habitat preferences of the species and discuss implications in the context of 

current climate and land-use changes in alpine timberline ecosystems. 

  

2. Material and Methods 

 

2.1 Study area 

 

The study was conducted in the central Swiss Alps in the canton of Valais, which are characterised 

by a continental climate with hot and dry summers and cold and partially wet winters. The study area 

was located in the community of Ayent (46°19’50” N, 7°25’40” E) and covers 205 ha ranging from 

1800 to 2200 meters above sea level (m asl), broadly representing the timberline zone. Dominated 

by Norway Spruce (Picea abies) and rather dense at lower altitudes, the forest gradually opens and 

extends until an elevation of around 2100 m asl, with an increasing occurrence of European Larch 

(Larix decidua). The zone is used as a summer pasture from mid-June to mid-September, a common 

and widespread tradition in the Swiss Alps (Schulz et al. 2018) that results in a habitat mosaic of 

grasslands interspersed with patches of coniferous forest or isolated trees. These characteristics 

represent a particularly attractive zone for breeding Ring Ouzels (von dem Bussche et al. 2008) 

which are present there at a high density. 

 

2.2 Data collection 

 

The study area was first divided into three different habitat types (grassland, open forest and dense 

forest) by visual classification based on aerial pictures. Four elevation bands of 80 m span each 

(1820-1900; 1900-1980; 1980-2060; 2060-2140 m asl) were also defined. Within each habitat type 

in each elevation band, two sampling sites of 100 m2 (squares of 10x10 m) were selected, resulting 

in 24 sampling sites (Fig. 1). One of the two sampling sites per habitat patch was characterised by 
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an early snowmelt (hereafter “ES site”) and selected towards the end of April, when the first snow-

free patches appeared across the study area. The other sampling site was representative of a late 

snowmelt (hereafter “LS site”) and defined towards the end of May, when much fewer snow patches 

remained. The ES and LS sites of a pair were always located in closest vicinity in order to minimize 

variability (e.g. in soil conditions or ground vegetation) apart from their snowmelt stage and the 

phenological stage of the vegetation. This resulted in 12 ES sites sampled on a weekly basis from 

May 1st to July 5th (10 sampling sessions) and 12 LS sites sampled on a weekly basis from May 30th 

to July 6th (6 sampling sessions). This period covered the whole breeding season, from incubation 

to post-fledging dispersal. During each sampling session and at each sampling site, two soil cores 

of 18x18 cm and 10 cm depth were extracted with a spade two meters apart from each other. The 

extracted soil cores were subsequently horizontally divided at a depth of 5 cm to separate prey items 

in the upper and lower layers. This was done in order to differentiate between temporary accessible 

(upper layer) and inaccessible (lower layer) prey items for the Ring Ouzel (Onrust 2017). Finally, by 

merging prey items from the two layers together, we obtained the representative total earthworm 

abundance of the given soil core. Each soil core was sorted on the field for a maximum of 7.5 minutes 

per layer, crumbling it on a white sheet and collecting all invertebrates. The extracted soil was 

subsequently returned to its original place in order to minimize disturbance, and invertebrates were 

kept and stored in plastic tubes filled with 70% ethanol until identification and counting in the lab. 

The location of the pair of soil cores in each sampling site was randomly defined and changed for 

each sampling session. It was always at least 1 m apart from any previously extracted soil core. All 

ES sites were always sampled on a single day and LS sites on the following day, except once (7th 

sampling session), when the sampling of the latter was postponed by one day due to bad weather 

conditions. Sampling sessions were always separated by 5-7 days, except for the last sampling 

session that occurred 10 days after the previous one in order to investigate earthworm availability 

later in the season and extend the sampling period. 

Furthermore, during each sampling session, a set of habitat variables (listed in Table 1) were 

measured in the whole 10x10 m sampling site (further referred as the sampling site scale) and in a 

1m radius area around each of the two extracted soil cores (further referred as the soil core scale). 
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Sampled habitat variables were classified into six main categories: ground cover, vegetation and soil 

conditions (measured at the soil core scale) and topography, climatic and soil composition 

(measured either at the sampling site or at the study area scale; Table 1). Ground cover variables 

consisted of seven classes: snow, mineral (gravel and rock), dead wood (lying trunk and branches), 

litter (coniferous needle litter), bare ground, new grass (new green annual living plants) and old grass 

(old brownish dead lying plants from the previous year) which were assessed as cover percentage. 

Vegetation variables were grass height and patchiness (ordinal 1-3 depending on how patchy was 

ground vegetation in the plot). Regarding soil conditions, we measured soil moisture as the 

conductivity in milliVolts (mV) in both layers (upper 5 and lower 5 cm of the soil core) using a specific 

dual probe with two 51-mm rods (SM150; Delta-T, Cambridge, UK). Soil penetrability was measured 

with a penetrometer (EL 29-3729; ELE International, Loveland, CO, USA) that indicated the force 

(kg/cm2) needed to insert a metal tip to a depth of 6.35 mm into the soil surface. Concerning variables 

measured at the sampling site scale, 50 ml of soil were collected once for each sampling site, dried 

at 50°C for 48h, sieved to < 2 mm and processed in the lab in order to retrieve seven soil composition 

variables: C, N, S, sand, silt and clay concentration and pH. Soil texture was measured with laser 

diffraction (Mastersizer 2000, Malvern Instrument GmbH, Herrenberg, Germany) according to Ryżak 

& Bieganowski (2011). For soil pH and C, N and S concentration, measurements samples were 

previously milled with a ball mill (PM 200, Retsch, Haan, Germany). Soil pH was measured with a 

pH electrode (soil:solution ratio 1:2.5 in 0.01 M CaCl2), whereas C, N and S concentration were 

determined by dry combustion and analysis of released gases with a CNS analyser (vario EL Cube, 

Elementar Analysensysteme, Langenselblod, Germany). Regarding topography variables, aspect 

(northness and eastness) and slope were measured with a compass, elevation with a GPS and 

distance to snow was counted with steps under 50 m, roughly estimated beyond that. For what 

concerns climatic variables, ground temperature was retrieved on an hourly basis through two 

iButtons placed 5 cm belowground in every sampling site corner, whereas air temperature was 

retrieved from two iButtons placed at the centre of the study area in a permanently shaded location 

0.5 m aboveground. Precipitation (mm/hour) was retrieved from the nearest meteorological station 

located in Anzère (46°30’52” N, 7°40’76” E; 1614 m asl; 3.2 km from the study area). 
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Concerning Ring Ouzel breeding phenology, four walk transects (one per elevation band; 

see Figure 1) were visited on a weekly basis from May 23rd to July 13th for a total of eight sessions, 

between 6-10 am. During each visit, all Ring Ouzel sightings were pin-pointed on a map along with 

their associated atlas code, i.e. an international coding system to describe main behaviour and level 

of breeding evidence (possible, probable or certain; see Appendix S1).  

 

2.3 Statistical analyses 

 

We first fitted models of prey abundance at the soil core scale with habitat variables measured at 

the same resolution as explanatory variables (see Table 1), using generalised linear mixed-effects 

model (GLMM) with a Poisson error distribution in the R-package lme4 (Bates et al. 2015). Habitat 

variables were included as fixed effects, whereas non-independence of the data coming from the 

same sampling site was accounted for with a random effect. Models were always fitted with, as 

response variable, prey abundance in both (hereafter total) or in a single soil layer, either the upper 

or the lower one. Regarding soil moisture, as it was retrieved for both layers, values of this 

explanatory variable refers to the corresponding analysed layer if not specified differently. For the 

analysis of total abundance, we considered the mean soil moisture over the two layers.  

We ran a similar analysis at the sampling site scale, this time summing up prey abundance 

in the two soil cores, but still fitting independent models for total or single-layer prey abundance. At 

this scale, we also investigated the phenology, therefore including Julian date (linear and quadratic 

terms) as well as climatic variables as explanatory variables, using again a Poisson GLMM with 

sampling site ID as a random effect. To test for the effect of soil composition and topographical 

variables, we first averaged response variables over all sampling sessions, as those explanatory 

variables were measured only once and should not vary over such a short timeframe. Overdispersion 

in GLMM models was checked for with function dispersion_glmer from the R-package blmeco 

(Korner-Nievergelt et al. 2015). 

  Preceding model selection, all ground cover variables were arcsin-square-root transformed 

to give higher importance to small proportion values, and subsequently standardized (mean = 0, 
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standard deviation = 1) as all other explanatory variables. For litter and soil moisture, as we 

hypothesised that those variables could have a hump-shaped relationship to invertebrate 

abundance, both linear and squared terms were tested. Then, we fitted univariate models for each 

variable corresponding to each analysis (see above): soil core scale, sampling site scale for climate 

variables and sampling site scale for topographical and soil composition variables.  In order to avoid 

collinearity in multivariate models, the variables resulting significant at the univariate level were 

tested for collinearity with Spearman’s correlation coefficient, retaining only variables with |r| < 0.7 

and showing P < 0.1 in univariate models for the next step, i.e. multivariate models selection. 

With the resulting variables from the selection described above, a list of all possible candidate 

models was generated and ranked by AICc (Akaike Information Criterion) using the dredge function 

from the R-package MuMln (Bartoń 2015). Best models were defined as those within DAICc < 2 from 

the first-ranked model after excluding models with uninformative parameters, i.e. models that 

contained additional parameters compared with better ranked models but with a higher AICc value 

(Arnold 2010). Best model performance was evaluated by calculating the R-squared with the function 

r.squaredGLMM from the R-package MuMln. Estimates reported afterward for the different 

multivariate analysis always refer to the best model as it always showed consistent coefficient 

estimates with all other retained models of the same analysis.    

In addition to that, we also tested if prey abundance phenology in the upper layer (i.e. 

accessibility) would vary across elevation, habitat type and snowmelt stage (ES or LS sites). For 

this, we fitted an individual Poisson GLMM for each of the three categorical variables, including 

Julian date (linear and quadratic terms) and interaction with the latter as explanatory variables, with 

again plot ID as a random effect. 

For the analysis of the Ring Ouzel breeding phenology, we kept only observations with atlas 

code 8 (e.g. alarming adults) and atlas code 13 (e.g. fledglings). The number of alarming adults 

should give an indication of nests with nestlings or where fledging already occurred and should 

hence peak when most adults are provisioning chicks. The number of fledglings is a precise 

indication of when fledging occurs, so that it should peak a bit later. For our analysis we assumed 

that both cases reflect the fledging date. It means that parents had already provisioned their chicks 
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for 12-14 days (we assumed 14) before the observation and will continue to do so for another two 

or three weeks (Cramp 1988; we assumed again 14 days) after the observation. For this reason for 

each session and over all four transects, we summed observations of alarming adults (atlas code 8) 

and those of fledglings (atlas code 13) and transformed that number, extended for the 14 days before 

and after the observation, into the percentage of total observations over the whole season for a given 

atlas code. Finally, to compare Ring Ouzel breeding phenology with earthworm phenology, we fitted 

three different models: 1. a Poisson GLMM of total prey abundance at the sampling site scale against 

Julian date (linear and quadratic terms) with plot ID as random effect 2. a linear model of the 

percentage of alarming adults against Julian date (linear and quadratic terms) 3. a linear model of 

the percentage of fledglings against Julian date (linear and quadratic terms). All three fitted curves 

were displayed on a single plot to visually assess the overlap or mismatch. 

All analyses were performed using the software R 3.6.1 (R Development Core Team 2019). 

Plots of prey abundance against a given variable were produced based on model-averaged 

coefficients (from models within DAICc < 2), or best model coefficients if only one model was 

retained. 95% credible intervals around the regression line were obtained from the 2.5% and 97.5% 

quantiles of the posterior distribution obtained with 1’000 simulations using the R-package arm 

(Gelman and Su 2015), following Korner-Nievergelt et al. (2015). 

 

3. Results 

 

In total 384 soil cores were collected from the 24 sampling sites, 240 from the ES sites and 144 from 

the LS sites. A total of 2205 individual earthworms were extracted from the soil cores, 1317 from the 

upper layer and 888 from the lower layer. Nine different species (Lumbricus ssp., Aporrectodea 

caliginosa, A. chlorotica, A. rosea, A. longa, Octalasium cyaneum, O. lacteum, Dendrobaena 

octaedra and Allolobophora icretrica) were identified, although the majority of earthworms (77%) had 

no clitellum, indicating immature individuals that could not be visually identified to species level (see 

Appendix S2). Therefore, all earthworm species were considered together in further statistical 

analyses. Regarding the other sampled invertebrates, we found individuals from various taxonomic 
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groups: Diptera adults and larvae, Coleoptera adults and larvae, Lepidoptera larvae, Hymenoptera 

larvae, Chilopoda and Diplopoda. However, all groups were present in much smaller numbers: from 

a minimum of one Diptera adult to a maximum of 174 Coleoptera larvae, for a total of 471 items 

identified (see Appendix S3). Given low sample size and the marginal importance of those other taxa 

as food source during the breeding season (Hunziker 2019; Niffenegger 2019), those were not 

considered in further statistical analyses.  

 

3.1 Earthworm abundance at the soil core scale 

 

Looking at total earthworm abundance, nine variables showed P < 0.1 (soil penetrability, soil 

moisture, soil moisture2, grass height, patchiness, dead wood, old grass, litter and litter2) in univariate 

models. Grass height was preferred over new grass cover with which it was correlated (r = 0.85), in 

order to enable the comparison with the known habitat preference identified by Barras et al. (2020). 

In the multivariate model selection, a final set of five models within DAICc < 2 was obtained. The 

best model explained a relatively low amount of variation: R2 = 0.11. All variables retained in the five 

models (soil moisture, soil moisture2, litter, dead wood, grass height and old grass) showed 

consistent coefficient estimates, so that the best-ranked model was representative of their effects 

(Table 2). All variables had a positive effect on earthworm abundance: litter (ß ± se = 0.11 ± 0.04, P 

= 0.009), dead wood (ß ± se = 0.06 ± 0.03, P = 0.059), grass height (ß ± se = 0.10 ± 0.04, P = 0.016), 

old grass (ß ± se = 0.07 ± 0.04, P = 0.059) and soil moisture (ß ± se = 0.22 ± 0.03, P < 0.001), except 

soil moisture2 (ß ± se = -0.03 ± 0.02, P = 0.098) suggesting a hump-shaped relationship with an 

optimum around 800mV, although not significant (Fig. 2). 

Regarding earthworm abundance in the upper layer, the exact same variables as for the total 

abundance were retained for the multivariate model analysis. A final set of four models within DAICc 

< 2 was obtained, and the best model explained intermediate amount of variation (R2 = 0.25). In this 

case as well, all variables retained in the four best models (soil moisture, soil moisture2, litter, litter2, 

dead wood, grass height and old grass) showed consistent coefficient estimates, so that the best-

ranked model was again representative (Table 2). All variables had a positive effect on earthworm 
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abundance: litter (ß ± se = 0.23 ± 0.07, P < 0.001), dead wood (ß ± se = 0.07 ± 0.04, P = 0.105), 

grass height (ß ± se = 0.17 ± 0.05, P = 0.002), old grass (ß ± se = 0.13 ± 0.05, P = 0.005) and soil 

moisture (ß ± se = 0.38 ± 0.04, P < 0.001), except soil moisture2 (ß ± se = -0.09 ± 0.02, P < 0.001) 

and litter2 (ß ± se = -0.08 ± 0.04, P = 0.041) suggesting hump-shaped relationships with an optimum 

around 800 mV moisture and 60% litter cover (Fig. 3). 

For what concerns earthworm abundance in the lower layer, only the quadratic term of soil 

moisture of the upper layer had P < 0.1 and was kept for multivariate model selection, along with its 

linear term. A final set of two models with DAICc < 2 was obtained: the best model, containing soil 

moisture and soil moisture2 and explained a very low amount of variation (R2 = 0.01), and the null 

model (Table 2). In detail, soil moisture of the upper layer had a negative non-significant effect (ß ± 

se = -0.06 ± 0.04, P = 0.126) whereas soil moisture2 (ß ± se = 0.05 ± 0.02, P = 0.041) had a positive 

effect, suggesting an opposite pattern as in the upper layer, with minimal earthworm abundance at 

an intermediate soil moisture. 

 

3.2 Earthworm phenology at the sampling site scale 

 

Concerning the phenological analysis of total earthworm abundance, only four variables had a P < 

0.1: Julian date, Julian date2, ground temperature and precipitations, i.e. the sum of precipitations 

over three days before the sampling session. Ground temperature was excluded from the 

multivariate model selection as it was correlated with Julian date (r = 0.78) and the latter better 

explained earthworm’s phenology over time. Only one model within DAICc < 2 was obtained after 

multivariate model selection, with all variables retained (Table 3), although explaining a relatively 

low amount of variation (R2 = 0.10). Precipitation showed a positive effect on earthworm abundance 

(ß ± se = 0.13 ± 0.02, P < 0.001) whereas Julian date (ß ± se = -0.15 ± 0.03, P < 0.001) and Julian 

date2 (ß ± se = -0.14 ± 0.02, P < 0.001) showed a negative effect, meaning a hump-shaped 

relationship with the higher earthworm abundance at the end of May/beginning of June (Fig. 4).  

 For earthworm abundance in the upper layer, the same three variables as for total earthworm 

abundance were retained for multivariate model selection, where a single best model was obtained 
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and explained a moderate amount of variance (R2 = 0.19). All three variables were retained in the 

best model with Julian date (ß ± se = -0.23 ± 0.04, P < 0.001) and Julian date2 (ß ± se = -0.25 ± 

0.03, P < 0.001) having a negative effect and showing again an optimum around the end of 

May/beginning of June, meaning a higher earthworm accessibility during this period. Precipitations 

(ß ± se = 0.14 ± 0.02, P < 0.001) had a positive effect (Table 3; Fig. 5).  

Finally, concerning abundance in the lower layer, only precipitation at the univariate level 

showed a significant relationship and it was the only model retained in the set of best models within 

DAICc < 2, but explained a low amount of variance (R2 = 0.01). Precipitation had a positive significant 

effect (ß ± se = 0.07 ± 0.03, P < 0.026) on earthworm abundance (Table 3). 

For the analysis of soil composition and topographical variables influence on earthworm 

abundance, no significant relationship was evidenced at the univariate level. Therefore, we did not 

run any model selection process. 

 When looking at the influence of the categorical variables such as elevation band, snowmelt 

stage and habitat type on the phenology of earthworm accessibility (upper layer), we detected 

significant effects, while the curvilinear relationship with Julian date was clear (Table 4). In addition, 

several interaction terms were significant. This means that the temporal patterns of accessible 

earthworms differed across habitat types, snowmelt stage and elevation band (Fig. 6). We first 

showed that there was a clear earthworm abundance optimum in grasslands (June 4th) and open 

forests (May 30th), whereas earthworm abundance was much more constant over time in dense 

forests, with a small non-significant decline over time (Fig. 6A). Earthworm abundance also showed 

a quadratic negative relationship over time within all elevation bands (Table 4). However, the 

abundance peak seemed to slightly differ between them, with higher elevations showing an optimum 

later in the season compared to lower elevation bands (Fig. 6B). Regarding snowmelt stage, both 

LS and ES sites had and optimum in earthworm abundance around June 9th, although the peak was 

much more pronounced in the LS sites (Fig. 6C).  

 

3.3 Ring Ouzel breeding phenology 
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The peak in the provisioning effort, as assessed from alarming adults, was around June 17th, while 

the peak in the number of fledglings was a bit later, toward June 24th. Hence, both peaks happened 

after the peak in earthworm total abundance (May 30th; see Fig. 7). Counting 14 days for the nestling 

period, this also means that the estimated hatching peak (June 10th) occurred later than maximum 

earthworm abundance. 

 

4. Discussion 

 

In this study, we provide new insights into the availability of the main food source of a threatened 

alpine bird species during the breeding season. We show how both fine- and coarse-grained habitat 

and climatic factors affect spatio-temporal patterns of prey abundance. Our findings are crucial to 

better understand how land-use and climate may influence belowground invertebrates, here 

earthworms, hence allowing a mechanistic appraisal of species-prey interactions under global 

change when combined with known species’ preferences of the foraging habitat. In particular, we 

document a marked seasonal pattern in the availability of earthworms, that is influenced by 

precipitations, snowmelt stage, elevation and habitat type. At the microhabitat scale, we also 

highlight important habitat characteristics like the amount of soil moisture and organic matter (grass, 

litter, dead wood) that drive the abundance of earthworms as well as their vertical distribution in the 

soil. Additionally, investigating both earthworm and Ring Ouzel phenology during the whole breeding 

season of the latter, we detected the presence of a potential phenological mismatch, in the sense 

that the peak in breeding effort during spring 2019 happened after the abundance peak in the staple 

food source.  

When looking at earthworm habitat selection, it seems clear that the availability of food 

resources plays an important role. At the soil core scale, this is shown by the choice of zones which 

provide high amounts of organic matter in the form of dead wood, needle litter or old ground 

vegetation, as already shown in other studies (Onrust et al. 2019; Curry & Schmidt 2007; Curry 

2004). This means that all three different habitat types (dense forest, open forest and grassland)  

can potentially provide enough food sources for earthworms and we could not evidence a clear effect 
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of habitat type on their mean abundance. The effect-size of organic matter on earthworm abundance 

was larger for the upper layer than for the lower layer and both layers. This suggests that earthworms 

in the first five centimetres of soil are more influenced by soil surface characteristics than those in 

the lower one, where conditions are probably spatially more uniform.  

Moreover, we evidence the high importance of soil moisture, which is known to strongly 

influence earthworm abundance and activity (Edwards & Bohlen 1996). Interestingly, soil moisture 

of the top layer influenced abundance of earthworms in both layers, but in opposite ways: the hump-

shaped relationship in the upper layer indicated a preference for intermediate soil moisture while this 

curve was U-shaped in the lower layer. This shows that when moisture conditions are favourable in 

the soil, earthworm move from the lower to the upper layer, hence becoming accessible to birds. 

This trend is probably mostly driven by anecic earthworms (Onrust 2017), which undertake verticals 

movement, whereas epigeic live at the surface and endogeic mainly move horizontally (Bouché 

1977). Hence, the accessibility of anecic earthworms might vary a lot, highlighting the importance of 

a diverse community with species that are available in other soil conditions (e.g. epigeic) and 

therefore during other times of the year. Results at the sampling site scale suggest that precipitations 

mainly drive those movements, as we show a higher abundance and accessibility of earthworms in 

days following rainfall. This is consistent with other studies that reported higher earthworm 

abundance and activity after rainfall (Martay & Pearce-Higgins 2018). In mountain habitats however, 

the melt of the snowpack has a big influence on soil moisture too (Resano-Mayor et al. 2019). 

Indeed, we found both a higher earthworm abundance and accessibility in sites characterised by a 

late snowmelt. 

Those findings highlight the importance of precipitations for earthworm availability. In the form 

of rain during late-spring and summer, precipitations enable short term increases in earthworm 

activity. In the form of snow during the winter, precipitations build a snowpack whose melt will result 

in constant and high soil moisture for a limited period in the spring, in turn boosting earthworm 

availability during the Ring Ouzel breeding period. As a matter of fact, previous research has shown 

that prolonged drought periods with high temperatures are particularly detrimental for birds relying 

on climate-sensitive food sources (Pearce-Higgins et al. 2010), as they translate into reduced prey 
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accessibility but also reduced overall abundance (Pearce-Higgins 2010). Nevertheless, habitat 

characteristics may buffer such effects to some extent: we showed that earthworm abundance in the 

top soil layer was much more constant over time in dense forest compared to open forest and 

grassland. This is most probably due to both the canopy and litter cover, which limit soil desiccation, 

while higher solar radiation in semi-open and open habitats leads to fast and marked variations in 

soil moisture (James et al. 2003). At the same time, the peak in earthworm accessibility seemed 

delayed at higher elevations, probably reflecting a later snowmelt phenology. This might represent 

the proximal mechanism of upward shifts observed for the Ring Ouzel in Switzerland (Knaus et al. 

2018), as well as for other alpine species in response to climate change (Chamberlain & Pearce 

Higgins 2013). There is however an upper limit, where soils are not sufficiently developed to harbour 

belowground invertebrates and where soil formation will probably not keep pace with the rapid 

increase in temperatures (Kaufmann 2001).  

 Interpreting our findings in the light of those from Barras et al. (2020), we have a clearer 

picture of the constraints on Ring Ouzel foraging ecology. Barras et al. (2020) showed that the 

species select preferentially foraging sites with intermediate soil moisture and high soil penetrability, 

within a short grass layer interspersed with patches of accessible ground (either bare or litter 

covered). We show that some of those habitat characteristics correspond to higher abundance and 

accessibility of earthworms (Table 2). This is in accordance with findings of Martay & Pearce-Higgins 

(2020), that showed that the abundance of foraging thrushes was correlated with earthworm 

abundance in the UK. However, some other habitat characteristics such as low grass height 

corresponded to lower earthworm abundance. This highlights that foraging habitat selection is 

probably a trade-off between prey abundance and accessibility/detectability, as already evidenced 

for several farmland species (Schaub et al. 2010). Interestingly, our results, in combination with 

those of Barras et al. (2020), indicate that both prey abundance and accessibility are limited in time, 

so that they are strong temporal limitations for breeding. 

When comparing the breeding phenology with the phenology of prey availability, we detected 

some indications of a mismatch (Fig. 7), although this was based on data from a single year, which 

give no indications on the trend over time. The main challenge was to find a representative 
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phenological indicator, as we could not systematically monitor many nests. Although not perfect, and 

dependent on detection probability, we chose the weekly percentage of alarming adults and 

fledglings as two different breeding phenology indicators. Both indicated that the estimated peak in 

provisioning effort occurred after the peak in prey abundance. This was first surprising, as the year 

of data collection was colder than the average, with recurring snowfall precipitations until mid-May. 

In fact, we have indications that most of the early breeding attempts have failed due to cold weather 

conditions (pers. obs.), leading to many replacement broods and hence delaying the main breeding 

effort. This is a likely cause of the detected mismatch, which might not be representative of a normal 

breeding season. Nevertheless, extreme weather events are predicted to increase due to climate 

change, in particular at higher elevations (Easterling et al. 2000). Both drought events and cold 

storms are challenging for breeding alpine birds (Martin & Wiebe 2004). Although they are adapted 

to severe environments, the increase in stochastic extreme weather events might represent the 

biggest threat, more than the linear increase in ambient temperatures. This additional factor, by 

affecting reproductive success and nestling survival, can really put at stake the long-term viability of 

some alpine birds’ populations (Martin & Wiebe 2004).  

 Interpreting our findings in the light of the predicted development of the timberline ecotone 

due to ongoing land-use and climate change gives us some interesting discussion points. In the 

lowlands, land-use intensification seems to be a major threat for belowground invertebrates as it 

favours soil desiccation and compaction (Onrust et al. 2019), which is probably the case also at 

higher elevation as low grass height increase sward temperature (Gardiner & Hassall 2009). On the 

other hand, land-use abandonment is as well impacting composition and abundance of invertebrate 

communities (Seeber et al. 2005; Steinwandter et al. 2017) as well as alpine birds (Laiolo et al. 

2004). Earthworms have been reported to decrease in abundance in meadows and pastures in the 

second decade after management abandonment in mountain grasslands, but effects vary a lot 

across taxonomic groups (Seeber et al. 2005; Steinwandter et al. 2017) and may change on longer 

term, i.e. when mature forest establish. Climate change can concomitantly accelerate soil 

desiccation through higher ambient temperatures, but as well through changes in precipitations 

regimes (Miralles el al. 2014). In particular, winter snowfalls and spring temperatures play a major 
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role in defining snowpack thickness at the start of the breeding season. The melt of this snowpack, 

in turn, provide soil moisture in the upper layer and enhance accessibility of important prey 

invertebrates (Resano-Mayor et al. 2019). This water supply is much more constant over time in 

comparison to stochastic rain events, making food resources more predictable for mountain birds. 

We also show that earthworm availability is more constant over time in closed forests compared to 

grasslands, suggesting that they may work as refuge foraging areas in hot and dry conditions (James 

et al. 2003). Overall, it appears that a mosaic of grassland and dense to open forest patches might 

represent the best management option for the Ring Ouzel (von dem Bussche et al. 2008) and 

associated treeline bird species (Patthey et al. 2012; Jähnig et al. 2018). 

Given the sensibility of mountain bird populations to variations in prey abundance and 

accessibility (Pearce-Higgins 2010; Pearce-Higgins et al. 2010), it is pivotal to assess the impacts 

of climate and land-use change upon prey populations. In this study, we focused on a single bird 

species and its staple food source, but our findings can be relevant for other mountain species 

foraging principally on earthworms or other climate-sensitive prey such as Tipulidae (Pearce-Higgins 

2010; Resano-Mayor et al. 2019). It is now central to integrate this knowledge in order to develop 

active management actions to buffer negative effects that climate and land-use changes are having 

on invertebrate prey, and hence secure sufficient food sources during the breeding season. As 

mentioned before, a mosaic of grasslands and coniferous patches should be beneficial by providing 

more numerous and constant foraging opportunities. In this respect, traditional farming with 

extensive grazing helps maintaining this mosaic of different habitats (Laiolo et al. 2004; Schulz et al. 

2018) and provides higher prey abundance and accessibility compared to encroached areas (Seeber 

et al. 2005; Schaub et al. 2010; Steinwandter et al. 2017). Concerning negative effects of climate 

change, their mitigation through active management is more challenging, although above-mentioned 

measures might be beneficial. In addition to habitat management, long-term studies focusing on 

predator-prey associations, in particular on phenological aspects, appear important to readily assess 

the impact of ongoing global change. One crucial aspect is to understand if phenological mismatches 

are widespread and increasing in frequency, and the role of extreme weather events in long-term 

population viability. 
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8. Tables and Figures 
 
Table 1 List of variables measured at the scale of the soil core, sampling site and study area, 
respectively. Mean values ± standard deviation are displayed for each continuous variable. The 
patchiness was measured as a categorical variable and counts per level are provided instead. 
 
 
 Habitat variables  Unit  Mean ± sd 
 
Soil core scale measured variables (1m radius) 
Ground cover 

1. Snow    %  5.1 ± 13.9 
2. Mineral   %  1.6 ± 2.7 
3. Dead wood   %  2.7 ± 3.6 
4. Litter    %  26.3 ± 25.6 
5. Bare ground   %  2.5 ± 4.6 
6. New grass   %  41.4 ± 33.3 
7. Old grass   %  20.5 ± 23.7 

Vegetation 
8. Grass height   cm  5.8 ± 5.1 
9. Patchiness   ordinal (1-3) 155/70/159 

Soil conditions 
10. Soil moisture   mVa  523.1 ± 128.3 
11. Soil penetrability  kg/cm2  1.4 ± 0.6 

 
Sampling site scale measured variables (10x10m) 
Topography 

1. Slope    °  19.6 ± 10.6 
2. Elevation   m asl  1977.1 ± 86.6 
3. Northness   cos(aspectb) 0.1 ± 0.5 
4. Eastness   sin(aspectb) 0.8 ± 0.4 
5. Distance to snow  m  44.8 ± 50 

Climatic 
6. Ground temperature  ° Celsius 9.1 ± 4.1 

Soil composition 
7. pH    pH  5 ± 0.7 
8. C (carbon)   %  3.9 ± 1 
9. N (nitrogen)   %  0.3 ± 0.1 
10. S (sulphur)   %  0.4 ± 0.01 
11. Sand     %  8.3 ± 2.5 
12. Silt    %  74 ± 2.6 
13. Clay    %  17.7 ± 1.8 

 
Study area scale 
Climatic 

1. Air temperature   ° Celsius 10.1 ± 4.9 
2. Precipitations (3 days’ sum) mm  10.7 ± 10.9 

 
 
amilliVolts. bexpressed in radians. 
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Table 2. Environmental variables retained in the set of best models within DAICc < 2 in the 
analysis at the soil core scale for the analysis on (1) earthworm abundance in both layers of the 
soil core sample (2) in the upper layer and (3) in the lower layer. Coefficient estimates, and Z- and 
P-values are from the best-ranked model in each analysis, whereas importance of the variable 
(from 0 to 1) is the sum of Akaike weights from the models where it appears out of all model 
combinations. 
 
 
Variable  Estimate ± sd  Z  P-value  Importance 
 
Total 
   Dead wood  0.06 ± 0.03   1.89   0.059   0.86 
   Grass height 0.10 ± 0.04   2.41   0.016   0.77 
   Litter   0.11 ± 0.04   2.62   0.009   0.88 
   Old grass  0.07 ± 0.04   1.89   0.059   0.63 
   Soil moisture 0.22 ± 0.03   6.91            <0.001   1.00 
   Soil moisture2         -0.03 ± 0.02            -1.65   0.098   0.79 
 
Upper 
   Dead wood   0.07 ± 0.04   1.62   0.105   0.56 
   Grass height  0.17 ± 0.05   3.08   0.002   1.00 
   Litter    0.23 ± 0.07   3.39            <0.001   1.00 
   Litter2            -0.08 ± 0.04  -2.05   0.041   1.00 
   Old grass   0.13 ± 0.05   2.81   0.005   1.00 
   Soil moisture up  0.38 ± 0.04   8.65            <0.001   1.00 
   Soil moisture up2     -0.09 ± 0.02  -3.69            <0.001   1.00 
 
Lower 
   Soil moisture up      -0.06 ± 0.04  -1.53              0.128   1.00 
   Soil moisture up2      0.05 ± 0.02   2.04              0.041   1.00 
 
 
2 quadratic term 
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Table 3. Variables retained in the set of best models within DAICc < 2 in the analysis at the 
sampling site scale for the analysis on (1) earthworm abundance in both layers of the soil core 
sample (2) in the upper layer and (3) in the lower layer. Coefficient estimates, and Z- and P-values 
are from the best-ranked model in each analysis, whereas importance of the variable (from 0 to 1) 
is the sum of Akaike weights from the models where it appears out of all model combinations. 
 
 
Variable  Estimate ± sd  Z  P-value  Importance 
 
Total 
   Julian date      -0.15 ± 0.03  -5.52             <0.001   1.00 
   Julian date2  -0.14 ± 0.02  -6.38             <0.001   1.00 
   Precipitations       0.13 ± 0.02   6.15             <0.001   1.00 
 
Upper 
   Julian date  -0.23 ± 0.04  -6.38             <0.001   1.00 
   Julian date2  -0.25 ± 0.03  -8.06             <0.001   1.00 
   Precipitations       0.14 ± 0.02   5.71  <0.001   1.00 
   Northness   0.18 ± 0.11   1.70    0.088   0.43 
 
Lower 
   Precipitations       0.07 ± 0.03   2.23              0.026   1.00 
 
 
2 quadratic term 
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Table 4. Effect difference between elevation bands (1st elevation fixed as intercept), habitat type 
(grassland fixed as intercept), snowmelt stage (early snowmelt fixed as intercept) and Julian date 
(linear and quadratic term), and interaction thereof, on earthworm abundance in the upper layer. 
Coefficient estimates, standard error, Z- and P-values are from individual poisson GLMM models 
for each of the 3 categorical variables. 
 
 
Variable   Estimate ± sd  Z  P-value 
 
Habitat type 
  Julian date         -0.22 ± 0.08    -2.922   <0.001 
  Julian date2                -0.44 ± 0.07    -6.499   <0.001 
  Open forest                      0.09 ± 0.28      0.333     0.739     
  Dense forest                      0.01 ± 0.28      0.028     0.978    
  Julian date*Open forest        0.06 ± 0.10      0.620     0.535     
  Julian date*Dense forest     0.11 ± 0.09      1.185     0.236     
  Julian date2*Open forest    0.15 ± 0.09      1.750     0.080   
  Julian date2*Dense forest    0.33 ± 0.08      4.028   <0.001 
 
Elevation band 
  Julian date            -0.14 ± 0.07    -2.040     0.041   
  Julian date2                     -0.36 ± 0.06    -5.910   <0.001 
  2nd elevation                   -0.58 ± 0.31    -1.845     0.065   
  3rd elevation                        -0.19 ± 0.31    -0.623     0.533     
  4th elevation                         -0.15 ± 0.31    -0.471     0.638     
  Julian date*2nd elevation      -0.34 ± 0.11    -3.069     0.002  
  Julian date*3rd elevation        0.04 ± 0.10     0.457     0.647     
  Julian date*4th elevation       0.08 ± 0.10      0.842     0.400     
  Julian date2*2nd elevation      0.06 ± 0.09      0.691     0.489     
  Julian date2*3rd elevation      0.14 ± 0.08      1.666     0.096   
  Julian date2*4th elevation      0.16 ± 0.08      1.893     0.058   
 
Snowmelt stage 
  Julian date            -0.11 ± 0.05    -2.501     0.012   
  Julian date2        -0.17 ± 0.04    -4.333   <0.001 
  Late snowmelt                0.71 ± 0.20      3.538   <0.001 
  Julian date*Late snowmelt   0.28 ± 0.13      2.134     0.033   
  Julian date2*Late snowmelt -0.51 ± 0.12    -4.188   <0.001 
 
 
2 quadratic term 
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Figure legends 
 
Fig. 1. Map of the study area that symbolizes the cover of the three habitat types (dense forest in 
blue, open forest in pink and grassland in green), the four elevation bands (with limits in dark blue) 
and four monitoring transects (in black). The 24 sampling sites are symbolized as letters, with A-L 
being early snowmelt sites and M-Z late snowmelt sites.  
 
Fig. 2. Relationships between earthworm total abundance at the soil core scale and the five 
variables retained in the set of best-ranked models (within DAICc < 2). Regression lines are based 
on the conditional averaged model with values for all other variables set to their respective mean. 
The 95% credible intervals around the regression line were obtained from the 2.5% and 97.5% 
quantiles of posterior distribution obtained with 1’000 simulations. 
 
Fig. 3. Relationships between earthworm abundance in the upper layer (i.e. accessible) at the soil 
core scale and the five variables retained in the set of best-ranked models (within DAICc < 2). 
Regression lines are based on the conditional averaged model with values for all other variables 
set to their respective mean. The 95% credible intervals around the regression line were obtained 
from the 2.5% and 97.5% quantiles of posterior distribution obtained with 1’000 simulations. 
 
Fig. 4. Relationships between earthworm total abundance at the sampling site scale and the two 
variables retained in the set of best-ranked models (within DAICc < 2). Regression lines are based 
on the conditional averaged model with values for all other variables set to their respective mean. 
The 95% credible intervals around the regression line were obtained from the 2.5% and 97.5% 
quantiles of posterior distribution obtained with 1’000 simulations. Julian date 120 = April 30th; 
Julian date 180 = June 29th. 
 
Fig. 5. Relationship between earthworm abundance in the upper layer at the sampling site scale 
and the three variables retained in the two best multivariate models within DAICc < 2. Regression 
lines are based on the conditional averaged model with values for all other variables set to their 
respective mean. The 95% credible intervals around the regression line were obtained from the 
2.5% and 97.5% quantiles of posterior distribution obtained with 1’000 simulations. Julian date 120 
= April 30th; Julian date 180 = June 29th. 
 
Fig. 6. Earthworm total abundance in relation to Julian date and (A) four different elevational bands 
(in green 1st, red 2nd, blue 3rd and black 4th elevation band), (B) three habitat type (in green dense 
forest, blue open forest and red grassland) and (C) plot phenology (in green ES site and blue LS 
site). The regression line and the 95% credible intervals around the regression line were obtained 
from the 2.5% and 97.5% quantiles of posterior distribution obtained with 1’000 simulations. Julian 
date 120 = April 30th; Julian date 180 = June 29th. 
 
 
Fig. 7. Comparison of the phenology of earthworm total abundance (in black) with the breeding 
phenology of Ring Ouzels, based either on the percentage of total observations from alarming 
adults (in red) or from young birds that have just fledged (in blue). Julian date 120 = April 30th; 
Julian date 200 = July 19th. 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Appendix 
 
 
Table S1: Description of atlas codes, according to the international coding system used to 
describe main behaviour and level of breeding evidence (possible, probable or confirmed) 
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Table S2: Number of earthworms found per species and per layer and their classification in 
ecological categories according to Bouché (1977). 
 

Species Upper 
layer 

Lower 
layer 

tot Classification 

Lumbricidae ssp 72.5 42 114.5 Epigeic/anecic 

Allolobophora 
chlorotica 

0 1.5 1.5 Endogeic 

Allolobophora 
icterica 

66 86 152 Endogeic 

Apporectodea 
caliginosa 

6 2.5 8.5 Endogeic 

Apporectodea 
rosea 

64.5 36.5 101 Endogeic 

Apporectodea 
longa 

3 0 3 Anecic 

Octalasium 
cyaneum 

14 8 22 Endogeic 

Octalasium 
lacteum 

28.5 12 40.5 Endogeic 

Dendrobaena 
octaedra 

4.5 6.5 11 Epigeic 

Immature 1040 665.5 1705.5   

Unidentified 18 27.5 45.5   

Total earthworms 1317 888 2205  
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Table S3: Number of invertebrates found per species and per layer. 
 

Species Upper layer Lower layer Total 
Diptera adult 1 0 1 
Diptera larvae 108 27 135 
Tipulidae larvae 14 0 14 
Coleoptera adult 37 4 41 
Coleoptera larvae 125 49 174 
Lepidoptera larvae 7 6 13 
Chilopoda 8 8 16 
Diplopoda 58 17 75 
Hymenoptera larvae 2 0 2 
Other invertebrates 56 28 84 
Total  416 139 555 

 


