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Forest ecosystems have a distinct vertical dimension, but the structuring of communities in this three-dimensional space is not well understood. Water-filled tree holes are natural microcosms structured in metacommunities. Here, we used these microcosms as model systems to analyze how insect communities and the occurrence and abundance of individual species are influenced by biotic and abiotic microhabitat characteristics, the vertical position of the tree hole, and stand-scale habitat availability. We found that both the characteristics of water-filled tree holes and their insect communities differ significantly between canopy and ground level. Individual insect species showed contrasting responses to the vertical position of the tree holes when important environmental factors at the stand and the tree-hole scale were considered. While some species, such as the mosquito Aedes geniculatus and the beetle Prionocyphon serricornis, decreased in abundance with increasing tree-hole height, the biting midge Dasyhelea sp., the non-biting midge Metriocnemus cavicola and the hoverfly Myiatropa florea increased in abundance. Our results suggest that vertical stratification in forests is most likely driven not only by variation in tree-hole microhabitat properties, i.e., niche separation, but also by individual species traits, such as adult dispersal propensity, food preferences and mating behavior of adult stages, and interspecific competition of larval stages. Therefore, communities of insect species developing in tree holes are likely structured by competition–colonization trade-offs predicted by metacommunity theory.
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INTRODUCTION

Forest ecosystems have a distinct vertical dimension, covering a height of up to >100 m and forming a complex and heterogeneous structure (Parker, 1995). In tropical forests in particular, the canopy contributes significantly to overall diversity (Basset et al., 2015). Although they were identified as one of the last biotic frontiers by Terry Erwin (1983) almost 40 years ago, canopy communities and the drivers that structure these communities are still not well understood. In temperate forests, several studies have demonstrated that canopy assemblages are not just nested subsets of ground assemblages (Bouget et al., 2011) and might show contrasting responses to forest management (Leidinger et al., 2019) and forest health (Sallé et al., 2021). This stratification is likely driven by differences in species resource requirements related to microhabitat and food, but also to microclimate preferences, species interactions, dispersal and mating behavior (Bouget et al., 2011; Ulyshen, 2011).

Tree-related microhabitats (TreM) have been shown to be crucial for promoting biodiversity in forests and have therefore become an important measure for forest conservation and management (Asbeck et al., 2021). One type of TreM that occurs throughout the vertical extent of trees is the water-filled tree hole or dendrotelma (Kitching, 2000; Larrieu et al., 2018). Gossner et al. (2016) showed that water-filled tree holes can occur in large numbers in the canopy but also near the ground. Thus, these microhabitats are ideal study systems to investigate the vertical stratification of species occurrence.

Spatial niche separation due to different microhabitat preferences of species could be important for structuring local communities across scales (species sorting perspective; Leibold et al., 2004). In general, microclimate shows a gradient along the vertical extent of trees (Parker, 1995), and this might affect the occurrence, development and phenology of species in these microhabitats (Gossner, 2018). Tree-hole properties such as size, amount of detritus (the basic resource in these microhabitats), and water chemistry are likely additionally important niche parameters (Gossner et al., 2016). Independent of the vertical position, stand-scale variables, such as the density of suitable microhabitats, might also affect the communities in water-filled tree holes (Gossner et al., 2016; Petermann et al., 2020). A likely reason for this is that communities in these microhabitats are organized as metacommunities, with local communities forming as a result of limited dispersal (Leibold et al., 2004). However, besides environmental and spatial filters, the outcome of biotic interactions also needs to be considered (Kraft et al., 2015; Cadotte and Tucker, 2017). According to the patch dynamics paradigm, there might be a competition–colonization trade-off in species, as some species are likely superior competitors and others superior colonists (Leibold et al., 2004). This might lead to a higher abundance of superior competitors in situations of high microhabitat density, while superior colonists might dominate under low microhabitat density. The relative importance of these different factors in driving the occurrence and abundance of single species is, however, still poorly understood.

In this study, we used data from two large-scale projects on the insect communities of natural tree holes occurring across vertical strata in differently managed forests. Previous publications based on these data focused on the consequences of forest management for communities in water-filled tree holes (Gossner et al., 2016; Petermann et al., 2020). Here, we address the importance of the vertical position of tree holes, as a proxy for microclimatic conditions, relative to other environmental drivers at the tree-hole scale (e.g., tree-hole size and chemistry, which likely also change with height) and stand scale (tree-hole density) in structuring insect communities developing in tree holes. In particular, we focus on the abundance and occurrence of the most frequently observed species. We expect that species have preferences regarding the vertical stratum when accounting for differences in microhabitat properties with height, with some species preferring tree holes at a lower and other species at a higher vertical position on the tree. This is expected because of differences in microclimatic preference, availability of resources for adults (e.g., flowers, vertebrate blood), and mating behavior (e.g., mating swarms of dipterans above tree tops; Downes, 1969; Ulyshen, 2011). In addition, we expect that niche separation, due to variation in height-independent tree-hole properties, and competition–colonization trade-offs, due to dispersal limitations, drive the abundance and occurrence of species, independent of the vertical position of the tree holes.



MATERIALS AND METHODS


Study Sites

The study was conducted within the Biodiversity Exploratories project1 (Fischer et al., 2010) in three different regions of Germany: the Biosphere Reserve Schwäbische Alb (ALB) in the southwest (48°34′–48°53′N; 9°18′–9°60′E; 460–860 m a.s.l.), the National Park Hainich and the surrounding Hainich-Dün region (HAI) in the center (50°94′–51°38′N; 10°17′–10°78′E; 285–550 m a.s.l.), and the Biosphere Reserve Schorfheide-Chorin (SCH) in the northeast (52°51′–53°11′N, 13°36′–14°01′E; 3–140 m). The distance between ALB and HAI and between HAI and SCH is approx. 300 km and between ALB and SCH 600 km. ALB is located in a low mountain range with a mean annual precipitation of 700–1000 mm and a mean temperature of 6–7°C. The forest landscape is fragmented by agriculture and rural settlements. HAI is a forested hill chain and comprises the largest coherent area of deciduous trees in Germany. It has a mean annual precipitation of 500–800 mm and a mean annual temperature of 6.5–8°C. SCH is a post-glacial, flat landscape and one of the driest regions in Germany, with a mean annual precipitation of 500–600 mm and a mean annual temperature of 8–8.5°C. Forests in all regions would naturally be dominated by European beech, Fagus sylvatica, but differ greatly in their past and present management intensity.



Study Plots

This study is based on a compiled dataset from two projects, one focusing on ALB (29 plots) and HAI (24) in 2009 and 2011, respectively (Gossner et al., 2016), and one conducted in ALB (25), HAI (25) and SCH (25) in 2014 (Petermann et al., 2020). The experimental plots were 100 m × 100 m (1 ha) in size and covered the specific range of forest management intensities found in the region, from unmanaged beech forests to managed beech and conifer forests [spruce (Picea abies) in ALB und HAI; pine (Pinus sylvestris) in SCH]. Unmanaged forests were set aside 20–70 years ago, but all forests were influenced by humans at some point.



Sampling and Assessment of Plot and Tree-Hole Parameters

All water-filled tree holes were mapped in each 1-ha plot in spring and early summer after rain filled up the tree holes in 2009, 2011, and 2014. The number of tree holes per 1 ha (TH density) was used as a predictor of species abundance or occurrence. In both projects pan holes (maintaining an unbroken bark lining) and rot holes (penetrating through to the wood of the tree) (Kitching R. L., 1971) were considered, but sampling followed a slightly different approach. Tree holes at ≥2 m height were defined as “canopy holes” and those at <2 m height as “ground holes”, following the classification of Kitching R. L. (1971) and Yanoviak and Fincke (2005). On each plot, either all available pan tree holes with a volume ≥50 ml plus all available rot holes were sampled (Gossner et al., 2016), or two canopy and two ground holes with a volume of 200–1000 ml were sampled, including both pan and rot holes (Petermann et al., 2020). Canopy tree holes were reached by using the single-rope climbing technique (Perry, 1978). In total, 318 tree holes were sampled.

For each tree hole, we measured the height above ground, opening area (Area, cm2), potential volume (Vmax, ml) and amount of detritus (mass in g). The proportion of total detritus relative to the maximal water volume (PropDetritustot; g/ml) was used as an independent predictor variable.

Among water properties, dissolved oxygen (O2 mg/l) and pH were measured in the field with mobile electrodes (Oxi 330, pH 330, WTW GmbH; Gossner et al., 2016) or multiprobes (Hach lange HQ40D.99.101301, field meter; Petermann et al., 2020). Nitrate (NO3– in mg/L), ammonium (NH4+ in mg/l) and phosphate (PO34– in mg/l) concentrations were measured using photometric determination (Gossner et al., 2016; Petermann et al., 2020).

In the laboratory, all insect eggs, larvae and pupae, and all other invertebrates in each sample were transferred to 70% ethanol. Subsequently, insect larvae and pupae were identified using a stereo microscope and insect larval identification keys. We identified all specimens to either the species or morphospecies level. For details on sampling and measurements, see Gossner et al. (2016) and Petermann et al. (2021).



Statistical Analyses

All analyses were performed in R version 4.0.2 (R Core Team, 2020). In a first step, we tested whether insect communities and environmental parameters differed between ground and canopy holes. To visualize differences in community composition, we performed non-metric multidimensional scaling (NMDS) based on Bray–Curtis dissimilarities using the “metaMDS” function in the vegan package (Oksanen et al., 2020) with 1000 permutations. Twenty-eight tree holes were excluded because they did not contain insect larvae, and another five were excluded because they contained only exclusive species and NMDS did not converge when these tree holes were included, resulting in 285 tree holes. We tested for differences in communities between regions, years and strata (ground vs. canopy) based on the same 285 tree holes using the “adonis” function in vegan.

To test for differences in total insect abundance, species richness, and plot- and tree-hole-scale parameters between ground and canopy holes, all 318 tree holes were included. We used generalized mixed effects models to analyze abundance (Poisson family, “glmer” function) and linear mixed effects models for all other response variables (“lmer” function), with stratum (ground vs. canopy) as a predictor and plot nested within region as the random effects structure, using the glmmTMB package (Brooks et al., 2017). Results are shown as histograms, separated into ground and canopy holes, created using the ggplot2 package (Wickham, 2016).

In a second step, we tested the importance of different plot- and tree-hole-scale predictors, including tree-hole height as a continuous predictor variable, for the abundance or occurrence of particular insect species. We again used generalized linear mixed effects models implemented in glmmTMB, with a Poisson (abundance) or binomial (presence/absence) distribution, with all environmental variables as predictors and, as above, plot nested within region as the random effects structure. All environmental variables were standardized to zero mean and unit variance using the “decostand” function in the vegan package (Oksanen et al., 2020) to allow comparisons of effect sizes. We performed two models for all abundance-based models, one with tree-hole density based on all tree holes and one using canopy tree-hole density for canopy tree holes and ground hole density for ground holes. We did that, because we expected different communities in canopy and ground holes and thus different importance of canopy and ground hole densities for some species. For occurrence-based models we were facing problems with model convergence and thus only used pooled tree holes density as predictor. Residual diagnostics were calculated using the DHARMa package (Hartig, 2020) and a test for multicollinearity was completed using the “check_collinearity” function in the performance package (Lüdecke et al., 2021). Neither significant zero inflation nor problems with dispersion or multicollinearity were observed. We then plotted the standardized estimates using the “plot_model” function in the sjPlot package (Lüdecke, 2021). Significant effects of tree-hole height above ground on either the abundance or occurrence of particular species were plotted using the “predictorEffect” function in the effects package (Fox, 2003; Fox and Weisberg, 2018, 2019).




RESULTS

In the 318 tree holes studied (ground: 194, canopy: 124), we found 43 (morpho)species with a total of 13,456 individuals. The most abundant species were Metriocnemus cavicola (Diptera: Chironomidae; 5909 individuals, 194 tree holes), Myiatropa florea (Diptera: Syrphidae; 747, 139), Prionocyphon serricornis (Coleoptera: Scirtidae; 3099, 131), Dasyhelea spec. (Diptera: Ceratopogonidae; 1646, 109), Aedes geniculatus (Diptera: Culicidae; 1027, 88), Chironomidae spec. (Diptera: Chironomidae; 114, 32), Muscidae spec. (Diptera: Muscidae; 509, 26), Culicidae spec. (Diptera: Culicidae; 42, 15), Dolichopodidae spec. (Diptera: Dolichopodidae; 22, 15), and Pericoma spec. (Diptera: Psychodidae; 29, 14).

Community composition differed significantly between regions (F2,279 = 3.588, P < 0.001), years (F2,279 = 3.434, P < 0.001), and height strata (F1,279 = 5.757, P < 0.001), but the explained variance (R2) was low (region: 0.024; year: 0.023; stratum: 0.019; Figure 1).
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FIGURE 1. Non-metric multidimensional scaling (NMDS) based on Bray-Curtis distances of insect communities in water-filled tree holes sampled in the canopy and near the ground in three regions of Germany between 2009 and 2014 (stress = 0.142). Colored hulls indicate the space covered by the communities in the canopy (at ≥2 m height; blue) and near the ground (at <2 m; red). The table shows the results of a PERMANOVA, testing for differences in community composition between region, year and height stratum. Please note that the R2 value for stratum shows the effect strength after controlling for differences between individual regions and between individual years (Type I sum of squares, sequential).


Tree holes were observed at heights of up to 34 m in the canopy, although median height was 0.58 m and mean height was 4.13 m, indicating that most of the sampled canopy holes occurred at rather low heights (Figure 2A). Tree holes in the canopy (≥2 m) were smaller overall, but contained more detritus relative to their size and had a higher water pH and ammonium concentration than ground holes (Figure 2). Insect abundance and species richness, did not differ between ground and canopy holes, nor did hole opening area or dissolved oxygen, nitrate and phosphate concentration at the tree-hole scale (Figure 2). At the plot scale, tree-hole density tended to be higher at ground level (P = 0.051; Figure 2).
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FIGURE 2. Histograms of tree-hole height (A), insect abundance (B), insect species richness (C), tree-hole opening area (D), tree-hole maximum volume (Vmax; E), total amount of detritus relative to tree-hole Vmax (proportion detritus; F), plot-level tree-hole density (G), and tree-hole water chemistry: dissolved oxygen concentration (O2) (H), pH (I), ammonium concentration (J), nitrate concentration (K), and phosphate concentration (L). Values for ground holes (<2 m height; orange) and canopy holes (>2 m height; green) in panels (B–L) are indicated by different colors, with median values shown as dashed lines. Asterisks indicate significance based on generalized (for insect abundance; Poisson distribution) or linear (all other variables) mixed effects models [(*) P = 0.051, ** P < 0.01, *** P < 0.001, n.s. not significant].


The abundances of the most frequent species, Metriocnemus cavicola, Myiatropa florea, P. serricornis, Dasyhelea sp. and A. geniculatus, were significantly affected by tree-hole height above ground, with P. serricornis and A. geniculatus negatively and Metriocnemus cavicola, Myiatropa florea and Dasyhelea sp. positively affected (Figures 3, 4; for separation between canopy and ground holes, see Supplementary Figure 2 in the Supplementary Material). In addition, Metriocnemus cavicola was positively affected by overall tree-hole density at the plot scale (Figure 3). When tree-hole density was separated into canopy and ground holes, P. serricornis also responded positively to tree-hole density (Supplementary Figure 1 in the Supplementary Material). This was also the only model in which the marginal R2 slightly increased by separating between canopy and ground holes. All other models showed higher marginal R2 when using overall tree-hole density. Water chemistry parameters had contrasting responses in the most frequently found species (Figure 3). While the abundance of A. geniculatus was positively affected by dissolved oxygen concentration, Dasyhelea sp. and P. serricornis showed negative responses. Higher water pH affected Metriocnemus cavicola and Dasyhelea sp. positively, but Myiatropa florea and P. serricornis negatively. Ammonium and nitrate concentration affected A. geniculatus (only nitrate) and Dasyhelea sp. negatively, whereas Myiatropa florea (only nitrate) and P. serricornis showed a positive response. Only Metriocnemus cavicola showed a response to phosphate concentration and this was positive. Regarding the size of the tree holes, A. geniculatus preferred holes with large and Myiatropa florea with small opening areas (Figure 3). While Dasyhelea sp. was more abundant in small holes (low Vmax), Myiatropa florea and P. serricornis were more abundant in large holes. The total amount of detritus relative to tree-hole size affected the abundance of all analyzed species, with positive effects for Metriocnemus cavicola, Dasyhelea sp. and Myiatropa florea, and negative effects for A. geniculatus and P. serricornis.
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FIGURE 3. Standardized model coefficients (including conditional and marginal R2-values) of generalized linear mixed effects models with a Poisson distribution, showing the importance of tree-hole height above ground, tree-hole density (canopy and ground holes combined), tree-hole opening area, tree-hole maximum water volume (Vmax), water chemistry [dissolved oxygen concentration (O2), pH, and ammonium, nitrate and phosphate concentrations], and total amount of detritus relative to Vmax (PropDetritustot) in determining the abundance of the five most frequently observed insect species. (A) Diptera, Culicidae: Aedes geniculatus, occurrence in n = 88 tree holes; (B) Diptera, Ceratopogonidae: Dasyhelea sp., n = 109; (C) Diptera, Chironomidae: Metriocnemus cavicola, n = 194; (D) Diptera, Syrphidae: Myiatropa florea, n = 139; (E) Coleoptera, Scirtidae: Prionocyphon serricornis, n = 131. (F,G) show the total abundance and the frequencies of occurrence of the five species, respectively. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 4. Prediction of the abundance of the most abundant species in our study as a function of tree-hole height above ground, based on generalized linear mixed effects models with a Poisson distribution, including tree-hole-scale and plot-scale variables (for tree-hole density canopy and ground holes were combined) as additional predictors. The gray bands show 95% confidence intervals. The bars on the x-axis indicate the tree holes sampled along the vertical gradient. (A) Diptera, Culicidae: Aedes geniculatus occurrence in n = 88 tree holes; (B) Diptera, Ceratopogonidae: Dasyhelea sp., n = 109; (C) Diptera, Chironomidae: Metriocnemus cavicola, n = 194; (D) Diptera, Syrphidae: Myiatropa florea, n = 139; (E) Coleoptera, Scirtidae: Prionocyphon serricornis, n = 131.


The occurrence of the five next most frequent species showed only three significant responses to our predictor variables. The occurrence of a Culicidae species that could not be identified to the genus or species level showed a positive response to tree-hole opening area, Chironomidae species occurred more frequently with higher nitrate concentration, and Pericoma sp. at lower pH (Figure 5).
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FIGURE 5. Standardized model coefficients (including conditional and marginal R2-values) of generalized linear mixed effects models with binomial distribution based on occurrence data, showing the importance of tree-hole height above ground, tree-hole density, tree-hole opening area, tree-hole maximum water volume (Vmax), water chemistry [dissolved oxygen concentration (O2), pH, and ammonium, nitrate and phosphate concentrations] and total amount of detritus relative to Vmax (PropDetritustot) in determining the occurrence of less frequently observed insect species that were observed in >10 but <88 tree holes. (A) Diptera, Culicidae sp., occurrence in n = 15 tree holes; (B) Diptera, Chironomidae sp., n = 32; (C) Diptera, Muscidae sp., n = 26; (D) Diptera, Dolichopodidae sp., n = 15; (E) Diptera, Psychodidae, Pericoma sp., n = 14. Please note that in (D,E) a reduced model was used because there were many missing values. (F,G) show the total abundance and the frequencies of occurrence of the five species, respectively. *p < 0.05, **p < 0.01.




DISCUSSION

Our study provides novel insight into the importance of the vertical position of microhabitats, relative to other abiotic and biotic drivers, in determining insect community structure and abundance of individual species. By using water-filled tree holes as a model system, we showed that canopy communities differ significantly from those near ground level. Our analyses of individual species revealed that this pattern is due to contrasting responses of individual species to the vertical position of the tree holes, when controlling for important environmental factors at the plot and tree-hole scale. Our results suggest that vertical stratification in forests is most likely driven not only by changes in tree-hole microhabitat properties (niche separation) with height above ground, but also by other factors such as adult species traits (e.g., dispersal propensity, food, mating behavior) and interspecific competition. Therefore, communities of insect species developing in tree holes are likely structured by competition–colonization trade-offs predicted by metacommunity theory.

We found significant differences in the composition of insect communities developing in water-filled tree holes. This confirms findings from previous studies that height above ground is an important factor structuring insect communities of these microhabitats in temperate (Blakely and Didham, 2010; Gossner et al., 2016; Petermann et al., 2020) and tropical forests (Yanoviak, 1999). However, the underlying mechanisms might be manifold.

Several properties differed between the ground and canopy holes studied here and could have caused niche separation of species. While the volume of tree holes was on average larger near the ground than in the canopy (Figure 2E), the proportion of detritus and thus the resource concentration was higher in the canopy (Figure 2F). Because of the branching pattern of beech canopies, the main tree species on which we found tree holes in our study (see also, von Brandt, 1934; Gossner et al., 2016), the size of tree holes decreases with height. In addition, stem holes, which can be quite large, become less abundant in the canopy. However, leaf biomass is greatest in the upper canopy of closed forests, causing high leaf input into canopy holes and thus a higher resource concentration in the canopy (Figure 6A). Moreover, the pH and ammonium concentration of the water in tree holes were significantly higher in the canopy than near the ground, which might be caused by greater drought disturbance in the canopy (Blakely and Didham, 2010). These changes with greater tree height are generally accompanied by increases in temperature and conductivity (both not measured), as well as larger temporal fluctuations in environmental parameters (Yanoviak, 1999; Blakely and Didham, 2010; Gossner, 2018). These changes are most likely due to windier conditions and increased exposure to sunlight the closer the tree holes are to the upper boundary of the canopy (Parker, 1995).
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FIGURE 6. (A) Water-filled tree hole in a branch fork of a beech tree at 20 m height. At this height these microcosms receive considerable leaf litter input, resulting in a large amount of detritus relative to the tree-hole volume. (B) The abundance of the hoverfly Myiatropa florea (Diptera: Syrphidae) increases with tree-hole height. These rat-tailed maggots are characterized by a long, tube-like, telescoping breathing siphon that acts like a snorkel, allowing the larvae to breathe air while submerged. (C) Near ground level, very large water-filled tree holes with a volume >10 l are sometimes found. (D) The larvae of the mosquito Aedes geniculatus (Diptera: Culicidae) prefers holes with wide openings near ground level. Larvae breathe atmospheric air through a siphon and filter algae, bacteria, and other microbes from the surface microlayer. (E) The beetle Prionocyphon serricornis (Coleoptera: Scirtidae) depends on large holes that do not dry out frequently. They survive freezing of the water in tree holes (most of the water column in the photo is frozen) by staying in bark crevices at the upper water level and become active as soon as the top layer melts.


Various microhabitat properties significantly affected the insect communities developing in the water-filled tree holes in our three study regions, confirming results from previous studies (Blakely and Didham, 2010; Gossner et al., 2016). Although we found no significant differences in overall insect abundance and species richness between our coarse categories canopy vs. ground, either a decrease (e.g., in Nothofagus forest of New Zealand and tropical forests in Panama; Yanoviak, 1999; Blakely et al., 2008) or an increase (e.g., in Fagus forests of Germany; Gossner et al., 2016; Petermann et al., 2020) in species richness with height has been observed in previous studies. These differences might be due to different adaptations of the species to drought in the different ecosystems. It has been shown that environmental filters such as drought disturbance can eliminate many species that survive in wetter environments (Chase, 2007). The combination of effective drought resistance strategies and faster development under high temperatures in the canopy might have positive effects on the species richness of insect communities in water-filled tree holes in the canopies of Central European forests.

We observed clear contrasting effects of individual species to the microhabitat properties, which likely relates to species-specific traits. The general importance of species traits in determining the responses of communities in water-filled tree holes to environmental drivers has already been shown by Petermann et al. (2020). While the mosquito Aedes geniculatus and another non-identified mosquito species preferred holes with a larger opening area (Figures 6C,D), independent of tree-hole volume, the hoverfly Myiatropa florea (Figure 6B) and the beetle Prionocyphon serricornis (Figure 6E) preferred large holes with a rather small opening area. In contrast, the biting midge Dasyhelea sp. was more abundant in smaller holes. This suggests that mosquitoes prefer large opening areas for oviposition (Bentley and Day, 1989; Clements, 1999), whereas hoverflies and beetles, which have longer developmental times, need a larger water volume and more stable water levels so that tree holes do not dry out during their development. Small biting midges such as Dasyhelea sp. might have a competitive advantage in small holes due to their fast development.

Species such as the non-biting midge Metriocnemus cavicola and the beetle P. serricornis seem to do well under low dissolved oxygen concentrations, while mosquitoes depend on high concentrations. As mosquito larvae are air breathers (Figure 6D), they do not directly depend on oxygen in the water. Thus, the positive relationship with dissolved oxygen concentration might be indirect via a higher abundance of microorganismic food species such as bacteria and ciliates (Schmidl et al., 2008). In contrast, P. serricornis, which lives saprophagously by shredding leaves and detritus, can store air in its tracheal system (Klausnitzer, 1984) and thus tolerates relatively anoxic conditions (Schmidl et al., 2008). The negative relationship with oxygen supply that we observed for saprophagous Metriocnemus cavicola is in contrast to results from previous studies (von Brandt, 1934; Schmidl et al., 2008) and might be caused by the fact that the canopy stratum was not considered in the previous investigations.

Moreover, biting (Dasyhelea sp.) and non-biting (Metriocnemus cavicola) midges, as well as hoverflies (Myiatropa florea), seem to reach higher densities under high resource concentrations (see also, Schmidl et al., 2008), whereas high resource concentrations might reduce densities of mosquitoes and P. serricornis due to inhibition by leachates (Blakely, 2008; Schmidl et al., 2008). Water chemistry, including nutrient concentrations, might also be important cues for oviposition (Bentley and Day, 1989; Clements, 1999), which could explain the observed responses of all abundant species to water chemistry.

The strong response of Myiatropa florea to microhabitat properties is surprising, as this species is known to be a habitat generalist, also occurring in other water bodies, and showed no clear preferred physicochemical conditions in a previous study on water-filled tree holes (Schmidl et al., 2008). Because of its relatively large size, however, it might depend on properties, e.g., tree-hole volume, that support complete development in tree holes, given the rather ephemeral character of this microhabitat in terms of water availability.

There was still a significant effect of height after accounting for changes in microhabitat properties with height, which might be related to shifts in unmeasured variables such as temperature. In addition, many insects have flight height preferences (Basset et al., 2003), which likely influences where they feed, mate and oviposit (Scholl and Defoliart, 1977; Sinsko and Craig, 1979; Copeland and Craig, 1990). Moreover, the availability of food might play a role in height effects. Mosquitoes, for instance, need vertebrate blood for egg maturation and thus prefer lower forest strata where vertebrates are overall more abundant in temperate forests (Shaw, 2004).

Dispersal limitation could be an additional driver of species occurrence and abundance. Competition–colonization trade-offs most likely help to structure insect communities of water-filled tree holes, as predicted by the metacommunity patch-dynamics paradigm (Leibold et al., 2004). Good colonizers might be poor competitors and thus might be pushed to less suitable marginal habitats. In our study, positive responses to tree-hole density might characterize species that are limited by a low colonization ability, requiring high densities of suitable habitats to be able to colonize from source habitats, but that have a high competitive ability, giving them an advantage under high tree-hole density. The non-biting midges (Metriocnemus cavicola) and the marsh beetle (Prionocyphon serricornis) might be examples of this dispersal guild. In contrast, the syrphid Myiatropa florea and the mosquito Aedes geniculatus seem to be good colonizers (strong negative effect of overall tree-hole density although not significant) but poor competitors, so they can reach high densities even when habitat availability is low. This is supported by the observation that non-biting midges are weak, slow flyers, whereas the syrphid Myiatropa florea and the mosquito Aedes geniculatus are strong, fast flyers leading to differences in colonization potential (Kitching R., 1971; Verdonschot and Besse-Lototskaya, 2014). The midges seem to compensate for the lower dispersal success by higher fecundity, laying large clutches of up to 100 eggs (Kitching R., 1971; Kitching, 1972). This high fecundity combined with high drought and/or freezing tolerance may make midges (drought and freezing tolerance) and marsh beetles (freezing tolerance) (see Figure 6; Gossner, 2018) superior competitors under the harsh conditions that prevail in tree holes.



CONCLUSION

Water-filled tree holes are important tree-related microhabitats promoting forest biodiversity. Our study clearly shows that communities in these microhabitats are structured by complex and potentially interacting mechanisms proposed by metacommunity theory, such as niche separation, competition and dispersal limitations. Besides larval requirements, traits of adult life stages, such as food preferences and behavioral traits related to mating and oviposition, likely also shape these communities. Our study therefore clearly supports the conclusion of Srivastava et al. (2004) that these microcosms serve as a useful model system in ecology. These microhabitats host complex interactions involving different trophic levels, yet they are discrete, small enough to measure abiotic properties and collect all insect species present, and easy to manipulate. Water-filled tree holes thus open multiple possibilities to study responses of whole communities to environmental perturbation.
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Supplementary Figure 2 | Prediction of the abundance of the most abundant species in our study as a function of tree-hole height above ground, based on generalized linear mixed effects models with a Poisson distribution, including tree-hole-scale and plot-scale variables (tree-hole density was assessed separately for canopy and ground holes) as additional predictors. The gray bands show 95% confidence intervals. The bars on the x-axis indicate the tree holes sampled along the vertical gradient. (A) Diptera, Culicidae: Aedes geniculatus occurrence in n = 88 tree holes; (B) Diptera, Ceratopogonidae: Dasyhelea sp., n = 109; (C) Diptera, Chironomidae: Metriocnemus cavicola, n = 194; (D) Diptera, Syrphidae: Myiatropa florea, n = 139; (E) Coleoptera, Scirtidae: Prionocyphon serricornis, n = 131.
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