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The seasonal occurrence of species and timing of key events in their life (phenology) affects the ecology and evolution of every species, population, and species community (SC) on Earth. Shifting phenologies and mismatches between species may affect range limits and lead to extinctions and biodiversity loss, which are especially concerning in ecologically and economically important SCs like coprophilous beetles. This study provides phenological data for many species of coprophilous beetles from the Midwestern region of the United States, includes the often-missing winter months, and compares the seasonal and successional differences between the “relocator” and “dweller” guilds. Beetles were sampled biweekly throughout the year from a 3.8 ha Farm in Adrian, SE-Michigan using 15 pitfall traps baited with cow manure. Samples were collected after 48 h and again after 72 h exposure time. Over the entire year, I caught 6,069 specimens from 24 species of Scarabaeoidea and 13 species of Hydrophilidae. The ROSARIO null model for continuous temporal data suggested a significant seasonal overlap of the SC (p < 0.0001) and a cluster analysis based on Pianka’s niche overlap index identified five clusters at a minimum overlap of 55% falling into three major phenological guilds. “Relocators” (6 Scarabaeinae, 2 Aphodiinae species) overlapped on average by 48.4%, whereas “dwellers” (9 Aphodiinae, 10 Hydrophilidae species) overlapped by 36.0% (Mann–Whitney test, p = 0.055). Small Hydrophilidae dwellers overlapped by 30.9% whereas large hydrophilid dwellers overlapped by 96.9%. Individual phenological patterns were compared to other sites in North America and Europe and predictions about geographical and phenological changes due to the man-made climate crisis and habitat loss and fragmentation are discussed. Differences between the seasonal overlaps of “relocators” and “dwellers” as well as small and large Onthophagus relocators and Hydrophilidae dwellers are suggesting profound ecological differences between the guilds and sub-guilds.
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INTRODUCTION

All organisms living outside the inner tropics (approx. >± 15° latitude) experience regular and predictable seasonal climatic fluctuations over the time course of a year (Smith and Smith, 2001). Adaptation to the range and timing of these fluctuations that also determine the availability of food are vital to all organisms resulting in the global distribution patterns of species capable to survive and reproduce at those locations (Wallace, 1876; Fretwell, 1972). The particular seasonal timing of the occurrence of a species or of its biological key events is called phenology and affects nearly all aspects of the evolution and ecology of the species, its populations and the species communities (SCs) it is part of (Forrest and Miller-Rushing, 2010). Phenologies are dynamic and can be altered by changes in abiotic factors most significantly by the global climate crisis (Brown et al., 2016; Forrest, 2016; Scranton and Amarasekare, 2017) and/or biotic factors such as invasive species (Alexander and Levine, 2019) and biodiversity loss (Wolf et al., 2017), which are often entangled with the effects of the climate crisis (Colautti et al., 2017). Shifting phenologies may affect species’ range limits (Chen et al., 2011), increase competition (Carter and Rudolf, 2019) and may disrupt other direct and indirect interactions (Morente-López et al., 2018), leading to species extinctions (Rudolf, 2019) and may thus reduce biodiversity (Franco-Cisterna et al., 2020) causing substantial shifts in SCs. Due to the profound effects of phenological shifts and mismatches between species (Kharouba et al., 2018; Renner and Zohner, 2018; Damien and Tougeron, 2019), it is important to predict how the phenology of the species within a SC might shift under the influence of changing weather patterns or introduced invasive species (van den Heuvel et al., 2013; Wolkovich and Cleland, 2014; Colautti et al., 2017; Chmura et al., 2019). This is only possible, if the current phenologies of each species (or at least of key species) in a SC are known over their present geographical and ecological ranges.

One SC whose phenology is of particular interest are coprophilous beetles. These dung-loving beetles play a central role in nutrient and energy cycling from the grazing food chain into the soil (Doughty et al., 2016). Coprophilous beetles aerate the soil, breakdown and digest dung and incorporate nutrients into the organic soil horizon (Piccini et al., 2018). In addition, these organisms are at one of the junctions that connect the two major terrestrial flows of energy, the grazing and detritus food chain (Wu et al., 2011) and perform vital ecosystem services (Nichols et al., 2008; Manning and Cutler, 2018; Piccini et al., 2020) including carbon sequestration (Slade et al., 2016; Piccini et al., 2017), although the latter was not confirmed by all studies (e.g., Evans et al., 2019). Coprophilous beetles can be subdivided into several functional groups. Using differences in their larval and adult ecology, coprophilous beetles can be distinguished as either “relocators” or “dwellers” (Sladecek et al., 2013). “Relocators” are species whose larvae do not occupy dung pats at any stage of their development, but rather “relocate” their larvae away from the dung pats. This group includes “paracoprid” Scarabaeinae (Doube, 1990) and Aphodiinae that lay their eggs in the soil close to a dung pat such as Chilothorax distinctus, Colobopterus erraticus, and Melinopterus prodromus (Christensen and Dobson, 1976; Rojewski, 1983; Gittings and Giller, 1997; Vitner, 1998). In contrary to this, dwellers (synonymous to “endocoprids” sensu Doube (1990) are species in which the entire or at least the last stages of larval development occur within dung pats. This group includes most Aphodiinae and the subfamily Sphaeridiinae within the Hydrophilidae.

Communities of coprophilous beetles were assisted by traditional agriculture for centuries allowing species richness to double by adding introduced species to the existing fauna that transitioned from the excrements of native wildlife to the dung of bovine farm animals (Tiberg and Floate, 2011). Since the end of WWII, however, these rich blended SCs have been facing several threats: habitat loss and fragmentation due to agricultural intensification (Blayney, 2004; Clay et al., 2020) leading to resource scarcity and isolated populations (Roslin, 2001; Foster et al., 2020), and the manmade climate crisis (Menendez and Gutierrez, 2004; Dortel et al., 2013). Therefore, pasture systems need carefully tailored management efforts (Jay-Robert et al., 2008c; Giraldo et al., 2011; Beynon et al., 2012; Buse et al., 2015; Kremen and Merenlender, 2018; Tonelli et al., 2019; Clay et al., 2020; Guerra Alonso et al., 2020; Perrin et al., 2020; van den Pol-van Dasselaar et al., 2020). Coprophilous beetles are valuable bioindicators of habitat quality due to their dependency on animal excrements and are therefore well suited to monitor and evaluate conservation measures (Waßmer, 1995; Favila and Halffter, 1997; McGeoch et al., 2002; Alvarado et al., 2019; Raine and Slade, 2019; Carvalho et al., 2020). As the seasonal abundance patterns of many species are heavily influenced by the man-made climate crisis (Chuine, 2010; Wolkovich and Cleland, 2014; Brown et al., 2016; Wilsey et al., 2018), detailed phenologies and segregation patterns of the species and functional guilds within local communities of coprophilous beetles are an important tool informing the management of these vital agricultural (Chmielewski, 2003; Ruml and Vulić, 2005) and natural resources (Denny et al., 2014; Enquist et al., 2014; Bradford et al., 2018; Browning et al., 2018) and are essential for guiding effective conservation efforts (Escobar et al., 2008; Rosemartin et al., 2014; Morellato et al., 2016).

Despite their ecological and economic importance (Beynon et al., 2015), there are astonishingly few studies describing the phenology of local dung beetle communities, especially in North America. Only two studies provide data about dung beetle phenology in Michigan (Rounds and Floate, 2012; Wassmer, 2014) and only a few others from the Midwest of the United States (Kriska and Young, 2002; Worthington and Larsen, 2010). The first objective of this study was therefore to provide data to the insufficiently known phenology of coprophilous beetles from the Midwest of the United States. For this purpose, I will first describe the SC of coprophilous beetles based on both abundances and biomass and will document how the composition of the SC progressed over the sample months using appropriate metrics. Then, I will analyze the similarities of the SCs sampled in different months and finally calculate the phenological correspondence between individual species using a cluster analysis of pair-wise phenological niche overlaps.

The period between late fall and early spring is traditionally missing in phenologies from the mid and higher latitudes, as beetles were thought to be dormant during these months. However, during my 1994 study from SW-Germany, I found several species throughout the winter and identified a specialist species for the winter niche (Wassmer, 1994). As the man-made climate crisis causes milder winters in temperate, boreal and polar climates, the second objective of this study was to provide a phenology of the coprophilous beetle community throughout the year including the winter months.

Menéndez and Gutiérrez (1999), Sladecek et al. (2013), and Wassmer (2020) showed that the “relocator” guild has a distinctively different successional timing compared to the “dweller” guild. The third objective of the study was to compare the degree of seasonal segregation in these functional groups and relate those patterns to their successional separation reported in the sister study of this research (Wassmer, 2020) to outline a 2-dimensional temporal niche space for these guilds. The use of phenological patterns (phenophases) of guilds instead of individual species has been shown by Browning et al. (2018) to improve the efficiency of ecosystem monitoring and predictive modeling to inform land management outcomes.



MATERIALS AND METHODS


Location

I conducted my study on Carpenter Farms, a farm with multiple MAEAP-certifications (Farmstead System, Livestock System, Cropping System and Greenhouse, Michigan Agriculture Environmental Assurance Program, 2019) located approx. 2 miles southeast of Adrian, in Madison Township, Lenawee County, Michigan, United States (41.874°, −84.010°, elevation 243 m above sea level). The 3.8 ha sized pasture area is surrounded by crop field on 3 sides and by a major highway on the remaining side and is embedded in a landscape mosaic consisting of patches of line crops, riparian forest, low and high density residential buildings, light industrial facilities as well as streets and highways (Figure 1). The nearest two surrounding pastures are at distances of 3.5 and 6.5 km providing connectivity between pasture habitats only for highly mobile beetle species. The pasture area is in use as a cattle pasture for at least 25 years. During my study, the herd consisted of about 45 cows, heifers and calves of Black Angus and Hereford-Angus breeds. Since 2013, the cattle are moved to a larger more productive pasture in mid to late spring and are replaced by a small herd of goats, a pony, and a donkey; cattle return to the farm in late autumn. More details about the study site can be found in Wassmer (2020).
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FIGURE 1. (A) Study location in Michigan (pin), (B) location within the local landscape mosaic of 4 by 2 km (pin), and (C) trap array (flags) along the fence line of Carpenter Farm. The arrow indicates 50 m.




Data Collection

I sampled coprophilous beetles in an array of 15 pitfall traps located immediately outside the pasture fence on three sides of the pasture (Figure 1). To facilitate sampling independence, traps were spaced at least 50 m apart (Larsen and Forsyth, 2005). I attracted beetles to the traps twice per month between 8:00 am and 5:00 pm depending on season and weather by using approx. 400 g of fresh uninhabited bovine dung. I collected beetles from the buckets every other week once after approximately 48 h without tampering with the bait, and a second time after 72 h (on December 25 after 96 h). Biweekly sampling started on June 08, 2017 and continued until May 27, 2018. Due to harsh winter conditions with a deep snow cover, I only collected one sample per month for January and February. For more details on the sampling protocol, beetle identification, and biomass computation, please refer to Wassmer (2020).

Using differences in their larval and adult ecology, I distinguished all coprophilous beetles either as: “relocators” or “dwellers” following Sladecek et al. (2013). Contrary to Sladecek et al. (2013), I also included Hydrophilidae as “dwellers” as I did not expect a major impact of predatory Hydrophilidae larvae within the short successional span of this study.



Data Analysis

The study design allowed the analyses of the impact of two temporal constraints on the species community (SC):

(1) Phenology (seasonality) 26 biweekly samples from the pooled 15 pitfall traps or as 12 monthly samples with two biweekly samples pooled together.

(2) Succession (exposure time) from the pooled 15 pitfall traps collected after 2 days exposure and a pooled late sample collected after 3 days. Analyses of these data were published in Wassmer (2020).

Data were visualized using Microsoft Excel 2019 and OriginLab Origin Pro 2019. Standard statistical tests were used for comparisons of group means, standard deviations and standard errors (Siegel and Castellan, 1988; Moore et al., 2013; Zar, 2018). Unless stated otherwise, means are presented together with their standard deviation (mean ± SD).

For the analysis of the seasonality of total abundances, biomass, species richness and diversity (section 3.2) and the monthly dominance structures (section 3.4), I used the Brillouin index and its associated evenness to measure α-diversity based on beetle abundance and the Shannon–Wiener diversity and evenness in analyses based on beetle biomass as suggested by Krebs (2014). In the same analyses, true diversities were calculated as the exponential of the Shannon–Wiener entropy -exp(H_Shannon) and the effective number of species followed Jost (2006). Monthly dominance classes in the monthly SCs (3.4) are based on Engelmann (1978): eudominant (ed) = 32 − 100%, dominant (d) = 10–31.9%, subdominant (sd) = 3.2–9.9%, recedent (r) = 1.0–3.19%, subrecedent (sr) = 0.32–0.99% and sporadic (s) ≤ 0.32%.

For the analysis of the phenological similarities between the SCs of different sample months (section 3.5), I computed an unweighted paired-group cluster analysis (UPGMA) of the percent similarity coefficient [Renkonen index, Renkonen (1938)] as this measure provides a better comparison of the abundances of species that are occurring in multiple months. The analysis of the phenological niche overlap and seasonal segregation between the species (section 3.6) were based on a UPGMA cluster analysis of Pianka’s niche overlap index (Pianka, 1973). This index measures the relative amount of habitat overlap between each pair of species and ranges from a minimum of 0.0 (no shared habitats) to a maximum of 1.0 (identical habitat use). To curtail a disproportional impact of rare species on the calculation of pairwise niche overlaps in the entire SC, I excluded the rarest 8 species that occurred in numbers below five as the slope of the linear regression decreased substantially at this number (Wassmer, 2020). The mean degree of community overlap was calculated using all possible pairs of species on the matrix of species and niche dimension (phenology). To assess the significance of this mean, the degree matrices were randomized (n = 10,000) according to the ROSARIO algorithm (Castro-Arellano et al., 2010) which was especially developed for continuous/temporal niche dimensions (seasonality/phenology) to create a null distribution of overlaps. A two-tailed significance was determined by comparing the randomized values with the respective observed distribution at α = 0.05. Significant overlap is indicated if the observed overlap is significantly greater than the randomizations, whereas segregation is indicated by significantly lower overlaps than that expected by chance (Albrecht and Gotelli, 2001). The randomizations and significance of the ROSARIO model was conducted using the software TimeOverlap (Rangel et al., 2010). The reliability of the cluster analyses was confirmed by the cophenetic correlation coefficient, which indicates if a dendrogram preserved the pairwise distances between the examined samples sufficiently well (Sokal and Rohlf, 1962).



RESULTS


Species Composition

Over the entire year, I caught 6,069 specimens from 24 species of Scarabaeoidea and 13 species of Hydrophilidae (Supplementary Table S1). For an analysis of the faunal composition and the classification of species into the functional groups “dwellers” and “relocators,” refer to Wassmer (2020).



Seasonality of Total Abundances, Biomass, Species Richness and Diversity

During the year, there was a considerable fluctuation of both abundance and biomass of dung beetles (Supplementary Table S1 and Figure 2, lower panel). Abundance and biomass developed proportional with clear maxima in summer between late May-late July. Abundances showed a steady decline thereafter interrupted only by a miniscule peak of about a quarter of the summer abundances in late fall (mid-October). Biomass followed this trend but diminished less gradual and developed an intermittent peak on September 1st. Contrary to this, abundances showed an early peak in mid-April, while biomass was gradually rising toward the summer peak. In late autumn and winter (November–March), both abundances and biomass were very low and reached zero values in December and January. During this time, average temperatures were around or below 0°C (Figure 2, upper panel).
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FIGURE 2. Weather data, beetle abundance in both successional samples, and biomass in the time course of the study. (Upper) Mean (red squares) and high and low temperatures (red error bars) and precipitation (blue columns) during the sampling days. The dashed line indicates the freezing point. (Lower) Beetle abundances as stacked columns with bright green indicating beetle abundances after 48 h exposure and dark green portions showing beetle numbers after 72 h of exposure. The wine-colored line and squares display beetle biomass collected on the sampling days. The dark sectors of the pie charts show the percentage of beetles sampled after 72-h of exposure in each biweekly sample. Image modified from Wassmer (2020).


During the period between May and September, species richness and diversities calculated from abundances and biomass were above the average for each month (Supplementary Figure S3). In March, April, October and November, diversities and species richness were much lower and none or only a few species occurred between December and February. Based on abundances, all metrics besides species richness gradually decreased from May to September but reached intermittent minima in August (Supplementary Figure S3A). The diversity metrics calculated from biomass followed the same trends, but June was more diverse than May (Supplementary Figure S3B). In addition, diversities based on biomass were consistently lower than diversities based on abundance.



Seasonal Changes in Beetle Distribution Over the Successional Stages

Numbers and percentages of total beetle abundances in 72-h exposed dung fluctuated throughout the year (Figure 2, lower panel). There was no obvious relationship between the weather conditions on sample days and the number or percentages of beetles found in the more aged dung samples (Figure 2, both panels). I calculated pairwise correlations between weather parameters (mean, minimum and maximum temperatures, and precipitation) and the numbers and percentages of beetles in 72-h exposed dung and found significant positive correlations between mean and maximum temperatures and the number of beetles in dung exposed for 72-h, as well as a significant negative correlation between minimum temperature and the percentage of beetles in the later successional sample (Table 1). However, after applying a cautious Bonferroni correction to adjust for multiple calculations by setting the significance threshold to p < 0.001, none of these correlations remained significant and the number of beetles in the 72-h sample showed only a significant correlation to the total number of beetles in both successional samples.


TABLE 1. Correlation matrix between key weather elements and the seasonal distribution of beetle abundances on the exposure classes.

[image: Table 1]The phenological patterns of many species showed a non-uniform distribution into the two exposure classes over the biweekly samples (Figures 4–8).



Monthly Dominance Structures Moved to Supplementary Materials 1.1

Supplementary Figures S1, S2 show the relative dominance structures of the species community (SC) for all months of the year (2 biweekly samples combined). Supplementary Figure S1 is based on numeric abundances, while Supplementary Figure S2 shows the dominance structures based on biomass.



Similarities Between the Sample Months

I used a UPGMA cluster analysis based on Renkonen’s index (also known as percent similarity) to detect similarities and dissimilarities between sampling months. Based on a minimum similarity of 40% between the sampling months, I was able to define six phenological periods structuring the dung beetle community in South-East Michigan (Supplementary Figure S4). Cluster #1 joined August and September in a late summer/early fall cluster with a similarity of 56.9%. This cluster was closest to cluster #2 (29.9%), which joined June and May with July in a late spring to mid-summer cluster at 52.2%. The months of early spring and late fall formed cluster #4 with 45.6% similarity, which was clearly separated from the late spring to early summer cluster #2 at only 4.5% similarity. November stood alone in cluster 3 with only 7.2% similarity to the early spring/late fall cluster #4. All winter months (December–February) were separated from all other clusters with (almost) zero similarity. Cluster 6 joined the empty samples of December and January, while cluster 5 included only February, which contained only one specimen of Cercyon haemorrhoidalis. The reliability of the cluster analysis was confirmed by a cophenetic correlation coefficient of 0.9774.



Phenological Niche Overlap and Seasonal Segregation

A UPGMA cluster analysis of the phenological niche overlaps between the more common species (5 or more specimen sampled) in the biweekly samples based on Pianka’s niche overlap index identified five clusters at a minimum similarity of 55% (Figure 3).


[image: image]

FIGURE 3. Pairwise species niche overlaps in the unpooled biweekly samples visualized by an unweighted paired-group cluster analysis (UPGMA) based on Pianka’s niche overlap index. Species abbreviations start with the first 3 letters of the genus followed by the first 3 letters of the specific epithet. Refer to Supplementary Table S1 for a list of all species in this study. At an overlap of 55%, 5 clusters are distinguishable comprising of 2, 3, 4, 6, and 14 species. Classification into functional groups: D, Dweller; R, Relocator.
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FIGURE 4. Phenological similarity of coprophilous beetles in cluster 1 based on a niche overlap of 55% as shown in Figure 3 and the small insert on the very left. The two subclusters were joined at 56.5% overlap. The 6 bar graphs to the right show the abundances of beetles in the biweekly samples. Light gray bar portions indicate beetle abundance after 48 h exposure while dark gray portions show beetle abundance after 72 h exposure. Species abbreviations: Alllen: Alloblackburneus lentus, Allrub: Alloblackburneus rubeolus, Crycre: Cryptopleurum crenatum, Cerhae: Cercyon haemorrhoidalis, Onttub: Onthophagus tuberculifrons, Calgra: Calamosternus granarius. The abscissae provide the first letters of the months of the year.


1. Cluster #1 included two subclusters. Five species occurred mainly from (late) spring throughout summer with one pronounced maximum in late May (Figure 6). This subcluster showed a 56.5% overlap with Calamosternus granarius, which occurred from April until June with a peak in late April. Cluster #1 was jointed to cluster 2 with only a 33.7% overlap (Figure 3).

2. Cluster #2 contained 4 species, the 3 Sphaeridium species and the relocating Aphodiinae Colobopterus erraticus with an 81.3% overlap, occurring from May until July and a single peak in early June (Figure 5). Clusters 1 and 2 were connected to clusters 3 and 4 by only 32.4% (Figure 3).
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FIGURE 5. Phenological similarity of coprophilous beetles in cluster #2 based on Figure 3. The cluster is shown in the left panel. Cluster 2 was connected to cluster 1 with an overlap of only 33.7%. The 4 bar graphs to the right show the abundances of the beetle species in the biweekly samples. Light gray bar portions indicate beetle abundance after 48 h exposure while dark gray portions show beetle abundance after 72 h exposure. Species abbreviations: Sphbip: Sphaeridium bipustulatum, Sphlun: Sphaeridium lunatum, Sphsca: Sphaeridium scarabaeoides, Colerr: Colobopterus erraticus. The abscissa provides the first letters of the months of the year.


3. Cluster #3 was the largest cluster comprising of 14 species in two subclusters jointed at an overlap of 59% (Figure 6). The eight species in subcluster 1 were jointed at 67.2% and were found from May until September/October with a clear peak in May and/or July. Otophorus haemorrhoidalis reoccurred slightly in October and Cercyon pygmaeus showed an additional smaller peak in late August/September. Subcluster 2 contained 6 species with an overlap of 66.2% occurring from May/June until September/October and showing gaps in July/August or being concentrated in July/August (Figure 6). Onthophagus pennsylvanicus and to a less clear degree Phanaeus vindex showed two peaks in May and July. Cluster 3 connected to cluster 4 with an 52% overlap (Figure 3).
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FIGURE 6. Phenological similarity of coprophilous beetles in cluster 3 based on Figure 3. The clusters and similarity values are shown in the left panel. The two subclusters showed an 59% overlap. The bar graphs show the abundances of the beetle species in the biweekly samples. Light gray bar portions indicate beetle abundance after 48 h exposure while dark gray portions show beetle abundance after 72 h exposure. Species abbreviations: Onttau: Onthophagus taurus, Crysub: Cryptopleurum subtile, Blaste: Blackburneus stercorosus, Crymin: Cryptopleurum minutum, Oscrus: Oscarinus rusicola, Ontnuc: Onthophagus nuchicornis, Otohae: Otophorus haemorrhoidalis, Cerpyg: Cercyon pygmaeus, Ontpen: Onthophagus pennsylvanicus, Onthec: Onthophagus hecate, Phavin: Phanaeus vindex. The abscissa provides the first letters of the months of the year.


4. Cluster #4 contained only two species, Labarrus pseudolividus, which occurred from the end of May until August, and reappeared briefly in small numbers in October, and Dialytes truncates occurring only from the end of August into the beginning of September (Figure 7). The two species in this cluster overlapped at 67.2%.
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FIGURE 7. Phenological similarity of coprophilous beetles in cluster 4 based on Figure 3. The clusters and similarity values are shown in the left panel. The species overlapped at 67.2%. The 2 bar graphs show the abundances of the beetle species in the biweekly samples. Light gray bar portions indicate beetle abundance after 48 h exposure while dark gray portions show beetle abundance after 72 h exposure. Species abbreviations: Labpse: Labarrus pseudolividus, Diatru: Dialytes truncates. The abscissa provides the first letters of the months of the year.


5. Cluster #5 included 3 species in two subclusters (Figure 8). Cercyon quisquilius and Aphodius fimetarius were overlapping at 70.9% and occurred from mid-April until the beginning of October. They peaked in mid-April and again between May and July – A. fimetarius also in September. The second subcluster included only one species, Chilothorax distinctus, which occurred from March until May and September until November and was the only species with a clear summer gap in the phenology pattern. The two subcluster showed an 58.9% overlap. Cluster 5 connect to clusters 1–4 only by an overlap of 24.7% (Figure 3).
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FIGURE 8. Phenological similarity of coprophilous beetles in cluster 5 based on Figure 3. The cluster and similarity values are shown in the left panel. Cluster 5 connected to clusters 1–4 by an overlap of only 24.7%. The 3 bar graphs to the right show the abundances of the beetle species in the biweekly samples. Light gray bar portions indicate beetle abundance after 48 h exposure while dark gray portions show beetle abundance after 72 h exposure. Species abbreviations: Cerqui: Cercyon quisquilius, Aphfim: Aphodius fimetarius, Chidis: Chilothorax distinctus. The abscissa provides the first letters of the months of the year.


An analysis of niche overlap based on the ROSARIO null model for continuous temporal data (Castro-Arellano et al., 2010) suggested a higher mean overlap (observed mean = 0.38692) than expected by chance in 10,000 randomization; the mean of simulated indices was 0.15346 ± 0.01113 [p (observed ≤ expected) < 0.0001] suggesting a significant overlap of the community. The reliability of the cluster analysis was confirmed by a cophenetic correlation coefficient of 0.720.



Phenological Segregation in Functional Groups

The phenological patterns of relocators (Sladecek et al., 2013) with the highest biomass showed considerable seasonal segregation (Figure 9). While Chilothorax distinctus did barely overlap with any other relocator, the other species showed overlap during some months but also periods of seasonal segregation or their maxima at different periods of time. The average niche overlap of these species was about 50.8%.
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FIGURE 9. Seasonal segregation of relocators with the highest biomass including the paracoprid Scarabaeinae Phanaeus vindex and four of the five species of the genus Onthophagus, as well as two Aphodiinae species, Chilothorax distinctus and Colobopterus erraticus that oviposit in the soil away from the dung pat. The x-axis provides the first letters of the months of the year. The ordinate displays the biomass of beetles in the biweekly samples in mg. The z-axis shows the abbreviated species names – from front to back: Ontpen: O. pennsylvanicus, Onthec: O. hecate, Phavin: Phanaeus vindex, Onttau: O. taurus, Ontnuc: O. nuchicornis.


Mean overlap between all relocators was about 48.4% compared to the mean overlap between all species of 38.6% (Table 2). While C. distinctus barely overlapped with any other relocator (mean overlap of only 2.7%), the other species showed overlap during some months but also periods of seasonal segregation when their maxima occurred at different periods of time (Figure 9). For example, the biomass of Colobopterus erraticus and Phanaeus vindex was quite high in both June samples during minima of both Onthophagus pennsylvanicus and Onthophagus hecate and for one of the June samples also Onthophagus taurus and Onthophagus nuchicornis. In addition, P. vindex had maxima in late August and late September, when all other species had lower biomass or were declining. However, the mean overlap of just the Onthophagus species in this study was 66.2% (Table 2). Native and introduced Onthophagus species overlapped at about 64.7% – slightly below the mean overlap between all six Onthophagus species (66.2%) and much higher than the mean species overlap of 39.2% overlap in this study (Table 2). The only two Aphodiinae relocators C. distinctus and C. erraticus overlapped only by 1% (Table 2).


TABLE 2. Mean niche overlaps (OL) in various functional groups of coprophilous beetles.

[image: Table 2]The phenology of the nine dwellers with the highest biomass (4 Aphodiinae and 5 Hydrophilidae) overlapped on average by just 39.9% (Figure 10 and Table 2) which is almost the same as the average species overlap of 39.2%. Unlike the relocators, no dweller species was completely segregated from any other species by their phenology (Figure 10) but the overlap between all dweller species (N = 19, 36%) was considerably lower than for relocators (N = 8, 48.3%, Table 2) although only marginally significant (Mann–Whitney U = 1850.5, n1 = 171, n2 = 28, P = 0.055, two-tailed). Most species showed one or several gaps in their phenology when other species were present, and the temporal location of peak abundances did rarely coincide between any two species but never for more than two species (Figure 10).
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FIGURE 10. Seasonal segregation of dwellers (endocoprids) with the highest biomass including 4 species of Aphodiinae and 5 species of Hydrophilidae. The abscissa provides the first letters of the months of the year. The ordinate displays the biomass of beetles in the biweekly samples in mg and is broken between 375 and 1,125 to adjust for the high biomass of Sphaeridium scarabaeoides in early June. The z-axis shows the abbreviated species names – from front to back: Aphfim: Aphodius fimetarius, Calgra: Calamosternus granarius, Cerqui: Cercyon quisquilius, Otohae: Otophorus haemorrhoidalis, Sphbip: Sphaeridium bipustulatum, Sphlun: Sphaeridium lunatum, Oscrus: Oscarinus rusicola, Sphsca: Sphaeridium scarabaeoides.


Aphodiinae dwellers overlapped on average by 38.4%, small hydrophilid dwellers by 30.9%, and large Hydrophilid dwellers of the genus Sphaeridium overlapped by 96.9% – compared to the mean species overlap of 39.2% for all species (Table 2).



DISCUSSION


Seasonal Climatic Changes Are Reflected in Beetle Abundances, Biomass, and Biodiversity

Coprophilous Scarabaeoidea and Hydrophilidae were abundant between June and the beginning of September (Figure 2, lower panel). This corresponds well to mean temperatures above 10°C (Figure 2 upper panel), as previously suggested by Bertone et al. (2005) for the Piedmont region of North Carolina. In contrast to their observations, low precipitation at maximum temperatures of more than 30°C did not lead to reduced beetle counts in the current study. The difference cannot be attributed to differences in the sampling technique as previously suggested (Wassmer, 2014) as the current study used a similar sampling technique as the study from North Carolina. Instead the difference is more likely due to the geographically more Northern location of the current study site (approx. 710 km), which determines local weather beyond the two parameters under analysis (Supplementary Figure S3).

The lack of any dung beetles from November until March (winter gap) coincides with daily mean temperatures around and below the freezing point (Figure 2, upper panel). The time course of the major weather parameters (temperature and precipitation) and beetle abundances in the current study matched almost perfectly the pattern that I found in a previous study located less than 10 miles away (Wassmer, 2014). In the current study, beetle biomass followed the same general time course but showed a higher biomass than abundance peak at the beginning of September due to the large Scarabaeinae Phanaeus vindex. Small abundance peaks in October were matched by even smaller biomass peaks due to the high abundance of the small Aphodiinae Chilothorax distinctus. In SW-Germany, the winter gap in beetle abundances and biomass started also in November but ended earlier in mid-March with already high abundances and biomass in contrast to both studies from Michigan (Wassmer, 1994). At least some beetles were found during every winter month in SW-Germany, even during the most extreme weather in January. The winter gap was even interrupted by a distinct peak in abundances at the beginning of December. Due to the vicinity of the Great Lakes, the climate in Adrian, Michigan is less continental and similar to SW-Germany with ample precipitation in all months and comparable monthly mean temperatures. However, between November and March mean temperatures in Adrian are approx. 3°C lower than in SW-Germany (Supplementary Figure S3). This seemingly small difference most probably causes the dramatic severity of a 5-month phenological winter gap in the Great Lakes region (Supplementary Figure S3). In the current study from Michigan, biodiversity and species richness showed high values from May until September and substantial lower values from October until April (Supplementary Figure S3). In contrary to this, biodiversity and species richness indicated a 2 months longer productive season from April until October in SW-Germany (Wassmer, 1994), which can again be explained by the much harsher winter climate in the Great Lakes region of North America adding two additional months of average low temperatures below freezing (Supplementary Figure S3).



Seasonal Changes in Beetle Distribution Over the Successional Stages

Numbers and percentages of total beetle abundances in the later successional stage collected after 72-h fluctuated throughout the year (Figure 2, lower panel) but were not significantly correlated to temperature or precipitation but only to the total number of beetles collected in both successional stages (Supplementary Table S1).

The combined successional and phenological patterns of individual species (Figures 6–10) can only be compared to two previous studies presenting data on both temporal niche dimensions. Menéndez and Gutiérrez (1999) reported the successional mean occurrences (SMO) for several species and genera collected in May and again in July for a mountainous area in northern Spain (Picos de Europa). The SMO of C. erraticus dropped from 3.00 to 1.00, indicating a 3 times higher preference of this species for fresh dung in July compared to May. My data from SE-Michigan show the opposite with more beetles found in older dung between the end of June and July (Figure 5). For A. fimetarius, the Spanish study reports an increase of the SMO from 3.0 in May to 7.95 in July, which agrees well to my results showing an already relatively high percentage of the species occurring in older dung in April and May increasing to about double the proportion in July, August and September (Figure 8). The last species present in both studies, O. haemorrhoidalis, went from a SMO of 8.90 in May to 5.64 in July. In the present study, this species was much less abundant in older dung in May but was collected in even less proportions from aged dung in July thus generally showing the same trend as in Spain (Figure 6). In addition to these three Aphodiinae species, the study by Menéndez and Gutiérrez (1999) also provides information on the genera Sphaeridium and Cercyon. The SMO for Sphaeridium changed from 2.7 in May to 1.8 in July, which agrees to my data for Sphaeridium scarabaeoides and Sphaeridium bipustulatum, whereas in my current study Sphaeridium lunatum increased its preference for more aged dung in July (Figure 5). However, these differences are miniscule as all three species show the highest overall preference for the freshest dung in the current SC (Wassmer, 2020). The genus Cercyon was more heterogenous in the current study than in the study by Menéndez and Gutiérrez (1999), in which the genus went from a SMO of 4.1 in May to 2.5 in July. However, I also found a decrease from spring to summer in the current study for the most abundant species C. haemorrhoidalis (Figure 4), C. pygmaeus (Figure 6), and C. quisquilius (Figure 8).

Hanski (1980a) provides data about changes in the SMOs from mid-April to mid-September for the following Hydrophilidae in England and S-Finland that also occurred in the current study from SE-Michigan: Sphaeridium scarabaeoides and S. lunatum, as well as the following Cercyon species, C. haemorrhoidalis, C. pygmaeus, and C. quisquilius. All species showed a reduction of the SMO in July/August to at least half of the May value. This corresponds generally well to the data in the current study. The author explains this reduction by the increasing afternoon temperatures in July (and August). While in the current study for some species the number of beetles in the later successional sample slightly decrease from May to July (Figures 6–10), there is no overall trend in beetle numbers or percentages for all species (Figure 2). Neither the number nor percentage of beetles in the later successional sample were inversely correlated with high temperature. Instead, numbers were positively correlated with daily mean and maximum temperatures and percentages were inversely correlated with minimum temperature (Table 1). However, these correlations were below the Bonferroni-corrected significance levels of p < 0.001.



Similarities Between Sample Months

A UPGMA cluster analysis based on Renkonen’s index (percent similarity) identified six clusters representing related phenological periods structuring the dung beetle community in South-East Michigan (Figure 3): late summer until early fall, late spring and early to mid-summer, early spring and late fall, November, and two clusters for the winter months (December–February). Unfortunately, I am not aware of any New World studies using this kind of analysis. Therefore, I can only compare these results to European studies. Using the same similarity measure, Wassmer (1994) described four clusters in a year-long study from SW-Germany: midwinter (January), late fall to early spring but excluding January, late spring to early summer, and midsummer to mid fall. There are some similarities to the current study, especially the late spring to summer groups but in Adrian, this group was split and midfall joined with early and midspring. In addition, the thinly populated late winter samples in the present study were separated from the other winter months that had no beetles. In a whole-year study of a Northern Tunisian pasture, Errouissi et al. (2009) found four phenological groups using a cluster analysis based on the Bray–Curtis dissimilarity, late fall until early spring, midspring to early summer, midsummer to early autumn, and an isolated midfall (October), which corresponds quite well to the four groups in SW-Germany. Almost the same was also found by Agoglitta et al. (2012) in their year-long study from W-Tuscany, Italy using non-metric multidimensional scaling. However, the authors also found transitional months between the summer and winter seasons, March/April and October, respectively, to be different from both summer and winter and close to each other according to the temporal distance axes. In the Maremma Regional Park, the summer and winter seasons clearly fell into two groups that were not further explained. In another study by the same research group studying coprophilous beetles in horse manure from a mountainous region in central-eastern Italy between February and November, Agoglitta et al. (2010) found five clusters at 40% dissimilarity, 3 of which correspond well to the clusters identified for Michigan, August–September, June–July, and February. From the comparison of these few studies, it seems possible that the similarities and differences between the locations were due to climatic differences, especially Mediterranean climates compared to warm-temperate climates. However, it is also possible that different phenological groupings can be influenced by differences in the ecology of the coprophilous beetles in each area.



Phenological Niche Overlap

A UPGMA cluster analysis based on phenological niche overlaps (Pianka’s index) identified five clusters at a niche overlap of 55% (Figure 3) falling within three broader phenological guilds:

(1) Spring to early summer species.

(2) End of spring to autumn species.

(3) Early spring to late autumn species and species with a summer gap – seasonally bimodal species.

I will focus my discussion below on the broader ecological implications of the results of the phenological cluster analysis. However, in the Supplementary Materials, section 1.2 “Species-centered discussion of the phenological niche overlap”, I provide comparisons of the phenological profiles of all 29 analyzed species with the literature for the following geographic areas: S-Michigan (Wassmer, 2014), N-Michigan (Rounds and Floate, 2012), Wisconsin (Kriska and Young, 2002), NE-Iowa (Worthington and Larsen, 2010), S-Alberta (Floate and Gill, 1998; Kadiri et al., 2014; Bezanson, 2019), S-Quebec (Matheson, 1987; Levesque and Levesque, 1995), coastal Maryland (Simons et al., 2018), E-Maryland (Price et al., 2012), New Jersey (Price, 2004), Arkansas (Fiene et al., 2011), North Carolina (Bertone et al., 2005), and South Carolina (Hinson, 2011). Reference locations in the Old World were SW-Germany (Wassmer, 1994), Spain (Romero-Alcaraz et al., 1997, 2001) and England (Hanski, 1980b). Additional references are cited in the excerpts.


Spring to Early Summer Species

This phenological guild included clusters #1 and #2 (Figures 5–7). If the species within this phenological guild are truly adapted to the current climatic conditions between spring and early summer at middle latitudes and express little climatic plasticity (Valladares et al., 2014), it can be predicted – as I previously did (Wassmer, 2014) – that more northern populations should emerge from winter later and extend their seasonal reach into the milder summer months, whereas southern populations should appear earlier in spring and disappear earlier in summer. Increasing average temperatures due to the climate crisis should move these species to higher latitudes and elevations (Chen et al., 2011; Dortel et al., 2013; Menéndez et al., 2014; Birkett et al., 2018) and/or advance their phenology into early spring or even the late winter months at their present ranges (Visser and Both, 2005; Forrest, 2016).

The comparison of most of the species within clusters #1 and #2 with the results of studies at more southern and northern locations Supplementary Materials, section 1.2.1 “Spring to early summer species” fits generally well into the predicted patterns for the latitudinal range of the species and therefore supports these predictions. While there is plenty of evidence for a poleward range shift of many plant and animal species (e.g., Parmesan and Yohe, 2003; Lenoir and Svenning, 2013; Mathiasson and Rehan, 2019; Loehle, 2020) and for phenological shifts at the same latitude (Thackeray et al., 2016; Cohen et al., 2018), there are no such studies yet for coprophilous beetles. Therefore, my predictions for latitudinal and phenological shifts cannot be verified yet.



End of Spring to Early Autumn Species

This phenological guild included clusters #3 and #4 (Figures 5, 8, 9). Cluster #3 was the largest cluster comprising of 14 species occurring between early May and the end of September (Figures 5, 8). This supercluster split into four subclusters with at least 70% overlap between the included species. Cluster #4 contained only two species jointed by an overlap of 67.2%.

If – as I previously predicted (Wassmer, 2014), the species occurring only in a unimodal (or possible overlapping bimodal pattern) between the end of spring and autumn are truly adapted to a single time period from late spring/early summer to autumn in the middle latitudes and express little climatic plasticity, it can also be predicted for this phenological guild that more northern populations should emerge later but might not extend their range into late autumn due to the possibility of early frost thus effectively having a shorter phenophase. In contrast, southern populations should appear earlier in spring and disappear earlier in summer in areas with summer drought – or extend their phenophase from early spring to late autumn in areas without summer drought. Increasing average temperatures due to the climate crisis should also move these species to higher latitudes and elevations and/or advance their phenology into early spring or even the late winter months at their present ranges. If summer droughts occur, this phenological guild might become bimodal with a spring and autumn phase and bivoltine if their diapausal stage(s) is/are capable of surviving hot and dry summers and their larvae develop fast enough under these climatic conditions (Forrest, 2016; Kong et al., 2019).

The comparison of many of the species within clusters #3 and #4 with the results of studies at more southern and northern locations Supplementary Materials, section 1.2.2 “End of spring to early autumn species” fits generally well into the predicted patterns for the latitudinal range of the species and therefore provides evidence for the validity of these predictions. Due to the lack of comparable studies for poleward range shift and phenological shifts in coprophilous beetles, my predictions for these shifts cannot be verified yet.



Early Spring to Late Autumn Species and Species With a Summer Gap

This phenological guild included only cluster #5 consisting of three introduced species, the Aphodiinae A. fimetarius, the Hydrophilidae C. quisquilius, which overlapped at 70.9% and occurred from mid-spring until the mid-fall, and the Aphodiinae C. distinctus, which occurred in spring and fall and overlapped with the two other species by only 58.9% (Figures 5, 10). If – as I predicted before Wassmer, 2014) – the observed phenology of the above species at middle latitudes is flexible or if the species are phenologically polymorphic, beetles at more northern latitudes should occur later in spring or at about the same time in summer, and extend their seasonal range into the less extreme summer months, eventually into autumn, and disappear earlier in autumn due to the chance of earlier winter storms. At more southern locations with severe summer droughts, these species should, on the contrary, occur earlier in spring, disappear earlier in summer and reappear later in autumn and stay around until late autumn or even throughout the winter, connecting to the spring without a winter gap. In areas without extreme summer heat and drought, this phenological guild might occur year-round. At their present ranges, rising average temperatures due to the climate crisis should once more move these species to higher latitudes and elevations and/or advance their phenology into the late winter months or throughout the winter. If summer droughts occur, this phenological guild might become increasingly bimodal with a spring and autumn phase if their diapausal stage(s) is/are capable of surviving hot and dry summers or the species might become bivoltine if their larvae develop fast enough under these climatic conditions (Forrest, 2016; Kong et al., 2019). In areas without severe heat and drought over the summer, these species might lack any seasonality and occur year-round in several overlapping generations.

The comparison of the species within cluster #5 with the results of studies at more southern and northern locations Supplementary Materials, section 1.2.3 “Early spring to late autumn species and species with a summer gap” fits well into the predicted patterns for the latitudinal range of the species and therefore provides evidence for the validity of these predictions. Due to the lack of comparison studies for coprophilous beetles, the same reservations as for the previous two guilds apply for the predictions of a poleward range shift and for phenological shifts.



Influence of Other Factors Affecting the Occurrence and Phenology of Coprophilous Species

The above outlined three phenological guilds and the comparison to the phenological patterns reported from other North American and European sites are helpful to understand previous changes in the geographical ranges of coprophilous beetle species and allow to estimate future dynamics, especially the viability of local populations and the spreading of introduced and potentially invasive species under the effects of the man-made climate crisis. However, such projections carry a high degree of uncertainty as globally and locally rising temperatures are not the only drivers of future dynamics. The next two sub sections discuss some of the other important drivers determining the future dynamics.


The climate crisis and thermal tolerance of coprophilous beetles

In addition to the expected temperature rise of 1.7–3.3°C in the Great Lakes region by 2050 and 3.3–6.1°C by the end of this century and a up to 50 days longer frost-free season (Great Lakes Integrated Sciences + Assessments, 2019 based on RCP8.5 and RegCM4), the Great Lakes region already receives 14% more precipitation (compared to pre-1950 levels) and is expected to receive even more precipitation, but not necessarily during all seasons (summer to be drier, Great Lakes Integrated Sciences + Assessments, 2019). Predicting the effects of increasing and erratic precipitation on the phenological and spatial ranges of species in concert with rising temperatures is even more difficult and was not yet been attempted much in coprophilous beetles (Liberal et al., 2011; Guerra Alonso et al., 2020).

In addition to the difficulties in considering the combined effects of multiple climatic parameters, we are just beginning to connect the spatial distributions (elevation and latitude) and the seasonal distribution (phenology) to the thermal tolerance of coprophilous beetles. Birkett et al. (2018) found that the differences in thermal limits among species measured in the lab matched the abundance patterns along the elevation gradient in the field. The same can be expected to underlie the latitudinal distribution of species (Deutsch et al., 2008) and was confirmed by a literature study for the lower lethal temperatures (Addo-Bediako et al., 2000). In addition, species with larger elevational and latitudinal ranges (spatial generalists) show a wider range of thermal tolerance than spatial specialists with a narrow elevational and latitudinal range. Furthermore, Sheldon and Tewksbury (2014) showed that both thermal tolerance and elevational range size of a species increase with the range of the species’ phenological spread. Seasonally widespread species (phenological generalists) as in the early spring to late autumn guild (see section “Early Spring to Late Autumn Species and Species With a Summer Gap”) can be expected to be more resilient to climate change than specialists with a narrow phenological spread (early spring to summer phenological guild, see section “Spring to Early Summer Species”). However, we still do not know enough about the degree of physiological, developmental, and behavioral plasticity and/or (local) adaptation to ambient temperatures for each species or different populations of the same species. These mechanisms could widely affect a species’ (or population’s) vulnerability or resilience against temperature changes (Nyamukondiwa et al., 2018; Terblanche and Hoffmann, 2020) that are seen as a major driver for the alarming world-wide decline of insects (Sánchez-Bayo and Wyckhuys, 2019; Cardoso et al., 2020; Dornelas and Daskalova, 2020; Klink et al., 2020; Montgomery et al., 2020). There is, in conclusion, solid evidence that climate change modifies phenological patterns directly or via species interactions.



Habitat loss and habitat fragmentation

The by far strongest driver of the world-wide insect decline is habitat loss, which is often accompanied by habitat fragmentation while both drivers are reducing connectivity (Cardoso et al., 2020). In the context of this study, it is important to consider that from the 1950s on, agriculture in many countries changed drastically under the increasing pressure to intensify production. The trend might be most severe in the United States, where beef and especially dairy farms shifted almost entirely from a pasture-based production system to confinement feeding operations (Blayney, 2004; Clay et al., 2020). In 2014, 59% of dairy operations in the United States used confinement, 7% used pasture grazing, and 26% used a combination of both strategies (USDA, 2016). This led to a substantial reduction in the pastured acreage and by this to habitat loss and a severe resource shortage for coprophilous beetles. In many areas including SE-Michigan, pastures are now rare fragmented landscape patches embedded in a matrix of unsuitable habitat with substantial distances between pastures subjecting most coprophilous beetles to a very low connectivity (Figure 1). Resource scarcity was found to be most severe for beetles specialized to feed on the dung of large ruminants (Roslin, 2001; Foster et al., 2020), which are unable to substitute their food base with wildlife excrements or other decomposing organic matter. This group includes many of the native coprophilous Scarabaeoidea that transitioned from native wildlife to the abundant food source provided by the introduction of European livestock (Tiberg and Floate, 2011) as well as many of the introduced species (Roslin, 2000). In addition, pasture specialists are more vulnerable to habitat loss than species that can survive in other patches such as forests (Roslin, 2000, 2001). Furthermore, habitat fragmentation threatens species with low dispersal ability for which small body size is a good proxy (Roslin, 2000; da Silva and Hernández, 2015; Foster et al., 2020). Only a few studies yet used Mark-Release-Recapture methods to determine how far coprophilous beetles commonly (or exceptionally) travel. In all studies, most recorded travels occurred within the same pasture and measured only 50–200 m with the longest occasional travels (usually less than 1%) in the realm of 800–1,500 m (Roslin, 2000; Arellano et al., 2008; da Silva and Hernández, 2015). Larger species are often traveling further than smaller species (Roslin, 2000; da Silva and Hernández, 2015; Foster et al., 2020) and diurnal species fly further than nocturnal species (da Silva and Hernández, 2015).

It has been difficult or impossible to decide what aspects of land use change and the resulting landscape mosaic are most detrimental for SCs of coprophilous beetles as many factors are threatening SCs and populations of individual species simultaneously. In a study of dung beetle assemblages in the fragmented Lacandona rainforest in Mexico, Sánchez-de-Jesús et al. (2016) found that the size of remaining forest patches, the overall landscape size and the matrix composition were most responsible for the decline of rainforest species. The authors therefore suggested protecting the largest still remaining forests, increasing the size of smaller forest patches, and improving the matrix quality as the most effective conservation measures. Many cost-effective management strategies in the tropics involve a land-sharing approach allowing agriculture to coexist with forests like silvopasture (Kremen and Merenlender, 2018; England et al., 2020) or multistrata agroforestry (Abbas et al., 2017; Kremen and Merenlender, 2018). Interestingly, similar strategies of land-sharing could offer a solution to the still ongoing decline of pastureland in North America and Europe (Soga et al., 2014; Kremen, 2015; Grass et al., 2019; Case et al., 2020). In their analysis of the drivers of the global decline of insects, Cardoso et al. (2020) stressed that the relative importance of habitat loss and fragmentation depends on the mobility of the insect species and the degree of habitat fragmentation with habitat quality being the main driver of insect species occurrence (and extinctions) in less fragmented landscapes. However, another recent review finds overwhelming support for the habitat amount hypothesis, which states that species richness is more strongly and positively correlated to the amount of habitat than to patch size or isolation (Watling et al., 2020). Despite being undoubtedly a major – if not the major driver of insect extinctions, there is no direct evidence yet if and how landscape processes can influence phenological patterns.



Seasonal Segregation in the Relocator and Dweller Guilds


Seasonal Segregation in the Relocator Guild

The phenological patterns of relocators (Sladecek et al., 2013) with the highest biomass showed considerable seasonal segregation (Figure 9). The mean overlap between all relocators (N = 8) of 48.4% was substantially lower than the mean overlap of 55.8% between 6 relocating Onthophagus species in SW-Germany (Wassmer, 1994). However, if calculating the mean overlap of just the 6 Onthophagus species in this study, the mean overlap was 66.2% compared to 55.8% in Germany. The differences in numbers between the studies could be partially attributed to the use of different niche overlap metrics [Pianka’s niche overlap index in the current study (Pianka, 1973) vs. weighted Colwell and Futuyma niche overlap (Colwell and Futuyma, 1971) in Wassmer, 1994] and by not comparing all the same species at both locations. A high overlap between “Scarabaeinae relocators” was also found by Errouissi et al. (2009) on pastures in Tunisia, by Jay-Robert et al. (2008a) for “soil diggers” in the French Mediterranean, by Jay-Robert et al. (2008b) for “Scarabaeinae tunnelers” in mountain pastures of the Southern Alps, and by Palestrini et al. (1998) for Onthophagus species in low-altitude areas of the Italian Alps.

Native and introduced Onthophagus species overlapped by about 64.7% – slightly lower than the mean overlap between all six Onthophagus species (66.2%) and much higher than the mean species overlap of 39.2% overlap in this study (Table 2). This should most probably cause substantial competition, especially during late spring and mid-summer (Figure 9). However, except for O. tuberculifrons, native species extended their phenology into late summer and early fall when introduced species were less abundant or disappeared. With a phenological overlap of 91.3%, competition should be even more severe between the native O. hecate and O. pennsylvanicus. However, due to their substantial size difference (17.2 mg for O. hecate vs. 3.8 mg for O. pennsylvanicus) competition is likely reduced to tolerable levels by resource partitioning (Hernández et al., 2011; Nervo et al., 2014). This assumption is supported by the fact that the two small native Onthophagus species of similar size, O. pennsylvanicus and O. tuberculifrons showed the 2nd-lowest seasonal overlap of all Onthophagus species pairs of only 48.9%.



Seasonal Segregation in the Dweller Guild

The phenology of the nine dwellers with the highest biomass in Figure 10 (4 Aphodiinae and 5 Sphaeridiinae) overlapped on average by just 39.9%, which is almost the same as the average species overlap of 39.2% (Table 2). No dweller species was completely segregated from any other dweller species, but most species showed one or several gaps in their phenology when other species were more abundant, and the temporal location of peak abundances did only correlate between two species or not at all (Figure 10). All nine Aphodiinae dweller in this study overlapped by an average of 38.4%, all small hydrophilid dwellers of the genera Cercyon and Cryptopleurum overlapped by 30.9%, and the three large Hydrophilidae dwellers of the genus Sphaeridium overlapped by 96.9% (Table 2). In my previous study from SW-Germany (Wassmer, 1994), the 16 Aphodiinae species overlapped on average by 26.1% (significantly less than between groups), eight small Hydrophilidae dweller species of the genus Cercyon overlapped by 37.7% (not significantly different from the mean overlap between genera) and the same three large Hydrophilidae dweller species of the genus Sphaeridium overlapped by 70.8% (significantly higher than between genera). The differences in numbers between the studies could again be caused by different niche overlap metrics (see above under section “Seasonal Segregation in the Relocator Guild”) and by not having all of the same species within the guilds at both locations. However, in contrast to the dwellers of the family Hydrophilidae that show proportionally comparable overlaps, the overlap between Aphodiinae dwellers seems to differ more substantially between the two locations with just average overlap in the current study (38.4%, Table 2) and the lowest overlap of any guild of just 26.1% in SW-Germany (Wassmer, 1994). However, the 16 Aphodiinae in SW-Germany included C. distinctus, C. erraticus, M. prodromus and Chilothorax sticticus, which are now considered relocators (Sladecek et al., 2013) and could have obscured the results for “real” dwellers. Adding the relocators C. distinctus and C. erraticus that both locations shared, reduces the overlap to 33.4%, which makes the percentages for Aphodiinae dwellers in this study more similar to the results from SW-Germany but still not significantly different from the average overlap. It is possible that the difference in the mean overlap of Aphodiinae species at the two locations was caused by the substantially different composition of Aphodiinae species in the two studies (only 8.82 percent similarity) and climatic differences (Supplementary Figure S3).

The significant difference in mean niche overlaps between large and small hydrophilid dwellers at both locations (96.9% and 70.8% vs. 30.9% and 37.7%) are intriguing and indicate a profound ecological difference suggesting severe phenological competition between Sphaeridium species and much lower phenological competition between small Hydrophilidae. Interestingly, the three Sphaeridium species also showed the strongest preference of all coprophilous beetles for freshly deposited cow dung in the recently published sister study of this investigation (Wassmer, 2020). The fast colonization of freshly deposited dung pats by Sphaeridium and its rapid larval development was interpreted as an adaptation to the life cycle of its larvae’s dipteran prey, which develop in only about 5 days from eggs to adults (Otronen and Hanski, 1983; Sowig et al., 1997; Archangelsky, 1999). In the current study, the phenological niche of Sphaeridium was quite narrow ranging only from the second part of May until July (Figure 5). This timing coincides with the peak occurrence of their Dipteran prey species (Sladecek et al., 2017). The evidence from both parts of this study indicates that the temporal organization of both succession and phenology in Sphaeridium optimizes prey access for their larvae.

In contrast to Sphaeridium, small Hydrophilidae dwellers of the genera Cercyon and Cryptopleurum were regularly found in older dung (Wassmer, 2020) and their phenological patterns (clusters 1, 3 and 5, Figures 5, 6, 8) were distinctly different from Sphaeridium (cluster 2, Figures 5, 7) and did not coincide with the peak distribution of coprophilous Diptera (Sladecek et al., 2017). These small dwellers are more than 20 times smaller than Sphaeridium and therefore need much less of much smaller prey and as they stay longer in dung pats, they are less dependent on rapidly developing prey species. Hence, they do not need to match with the increasing or peaking abundance of dipteran prey allowing them to spread over seasons with less dipteran colonization.



Comparison Between the Relocator and Dweller Guilds

The overlap between all dweller species (N = 19, 36%) was considerably lower than for all relocators (N = 8, 48.3%) but only marginally significant (Mann–Whitney U = 1850.5, n1 = 171, n2 = 28, P = 0.055, two-tailed, Table 2). Despite slightly different labels and groupings, e.g., relocators vs. dwellers (Sladecek et al., 2013), Scarabaeidae tunnelers vs. Aphodiinae dwellers (Errouissi et al., 2009), soil diggers vs. Scarabaeinae tunnelers vs. Aphodiinae (Jay-Robert et al., 2008a) or Onthophagus vs. Aphodius species (Palestrini et al., 1998), most studies report a general trend of relocators showing a higher seasonal overlap compared to dwellers, which likely causes more severe competition between relocators than dwellers. It is possible that the higher phenological overlap is tolerable for relocators as they quickly remove dung away from the pats and into the soil thus excluding further competition. This requires that relocators arrive early at a freshly deposited dung pat before the resource gets too dry to be easily relocated and before substantial competition from other coprophagous beetles and Diptera occurs (Menéndez and Gutiérrez, 1999; Sladecek et al., 2013; Wassmer, 2020). On the other hand, it also makes sense that the phenological niche overlaps between dwellers are lower than those of relocators as dwellers are not able to relocate and exclude the needed resources from competition and therefore need to reduce competition by seasonal segregation.

A recent study investigated the influence of experimental warming on the ecosystem services of dung decomposition and the stimulation of plant productivity provided by coprophilous beetles including both relocators (tunnelers) and dwellers (Slade and Roslin, 2016). The authors showed that the specific activities of both guilds were needed to compensate for the effects of the simulated climate change stressing the importance of the conservation of intact SCs of coprophilous beetles that include both guilds.



CONCLUSION

The present study provides quantitative details about the seasonal patterns of a diverse coprophilous beetle community from Southern Michigan including the winter months. The SC fell into five phenological clusters fitting into three phenological guilds that I compared to the phenological patterns reported from other North American and European sites. These comparisons were helpful to understand previous changes in the geographical ranges of coprophilous beetle species and to a certain extend predict future dynamics, especially about the viability of local populations and the spreading of introduced and potentially invasive species facilitated by the effects of the man-made climate crisis. I discussed other factors that influence the spatial and temporal occurrence of coprophilous beetles and concluded that any predictions about the future of specific populations and SCs should be treated with caution due to the multitude of yet insufficiently known factors. Finally, the phenologies of single species were grouped into relocators and dwellers, the two major functional groups of coprophilous beetles. Similarities and differences between the seasonal overlaps of the guilds were compared to a study from SW-Germany and to the temporal occurrence of the guilds during the heterotrophic succession of dung pats. This revealed profound ecological differences between relocators and dwellers and between large and small relocators of the genus Onthophagus and between small and large Hydrophilidae dwellers.

Future studies could focus on some of the phenological clusters that might be more suited to expand under the changing climate or are more prone to go extinct or be invaded by introduced species. Another avenue worth to be further developed is a systematic study of the influence of body size on the niche overlaps within phenological and functional guilds or their subgroups. It would also be helpful to close the massive knowledge gaps about the larval development and dung and habitat specialization of all coprophilous species to be able to group them less arbitrarily into functional and phenological groups and to allow more reliable predictions about the viability of populations and SCs. This information should be extremely useful for the development of more successful conservation strategies in a world of ongoing habitat loss and man-made climate crisis.
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