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Ecological studies with Scarabaeinae dung beetles have increased exponentially over the past 30 years, using lethal pitfall traps baited with mammal feces or carrion as the preferred sampling method. Different studies have determined the distance between pitfall traps for effective sampling, but the number of traps is often subjective, leading to excessive or poor sampling. This study provides quantitative guidelines for establishing the sample size for optimal completeness of dung beetle diversity by systematically reviewing the relationship between sampling intensity and sampling coverage, habitat type, and the journal impact factor in peer-reviewed research. We gathered 94 studies covering a range from México to Argentina. Sampling was conducted mainly in forested habitats, followed by treeless agriculture and agroforestry systems, with a median value of 50 pitfall traps per sampled habitat. Sampling completeness was above 0.9 in 95% of the studies. Oversampling ranged from 1 to more than 96,000 individuals, and sampling deficit varied between 2 and 3,300 specimens. Sampling intensity and the journal impact factor were significantly and positively correlated with oversampling, but these variables did not explain the sampling deficit. The positive correlation between journal impact factor and oversampling may reflect a publication bias where high-impact journals and researchers seek more generalizable information obtained with a higher sampling intensity. Dung beetle oversampling was not homogeneous between habitats, being highest in old-growth forests and lowest in disturbed habitats such as pastures and forest edges. Our results show that the collection intensity used in dung beetle studies should be reconsidered carefully. By incorporating ethical principles used in animal science, we suggest sampling guidelines for a robust sampling scheme of dung beetle diversity, which would also prevent oversampling. Consciously reducing sampling intensity will make resource use more cost-effective. We suggest increasing the number of independent sampling units rather than intensifying subsampling, thereby increasing the predictive power of statistical models to obtain more robust evidence of the phenomena under study.
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Introduction

Scarabaeinae dung beetles are among the most studied and best-known insect groups (Nichols et al., 2007; Fuzessy et al., 2021). Although globally distributed, they are most abundant in the tropics (Gill, 1991). Dung beetles provide vital ecosystem functions, including nutrient recycling, soil removal, secondary seed dispersal, and control of livestock parasites (Nichols et al., 2008). Environmental disturbances that affect mammalian communities — the primary resource suppliers for dung beetles — rapidly cause alterations in dung beetle communities (Nichols et al., 2009; Bogoni et al., 2019). Microclimatic changes in humidity, temperature, and soil conditions may also negatively affect dung beetles (Giménez Gómez et al., 2020; Pessôa et al., 2021). Besides, dung beetles are highly effective biological indicators of habitat quality, given their stable taxonomy and quick response to habitat disturbances, in addition to our deep understanding of their ecology (Favila and Halffter, 1997; Nichols et al., 2007; Tarasov and Dimitrov, 2016; Fuzessy et al., 2021).

The ease and relatively inexpensive collection of dung beetles make them an extremely popular model group in ecology (Gardner et al., 2008). Ecological and biodiversity studies with dung beetles have increased exponentially over the past 30 years (Figure 1). Although several methods have been proposed for the systematic collection of dung beetles, such as NTP-80 (sensu Morón and Terrón-S, 1984) and flight interception traps (Davis et al., 2001), pitfall traps baited with mammal feces or carrion are the most popular sampling method (Price and Feer, 2012). Pitfall traps consist of a plastic container buried flush with the ground, usually filled up to one-third of its capacity with an aqueous solution that prevents dung beetles from escaping while preserving the specimens fresh (Iannuzzi et al., 2020).
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FIGURE 1
Ecological studies addressing dung beetles throughout the years. Data gathered from a search on Web of Science using the following terms: ((“Dung Beetle*” OR Scarabaeinae) AND Tropic* AND (Disturb* OR “Land-use change” OR modific* OR fragmenta* OR Ecolog*)).


Several studies have evaluated the factors involved in conducting a comprehensive and statistically rigorous sampling of dung beetle communities using pitfall traps. The effective sampling area of pitfall traps in tropical habitats is well documented (Larsen and Forsyth, 2005; da Silva and Hernández, 2015). The effectiveness of different bait types (Filgueiras et al., 2009; Whipple and Hoback, 2012; Marsh et al., 2013; Bogoni et al., 2014), the effective activity time for pitfall traps according to bait type (Flechtmann et al., 2009; Price and Feer, 2012), and the efficacy of different liquid preservatives (Aristophanous, 2010) have also been evaluated. However, much remains to be understood regarding the sampling effort (e.g., the number of traps) needed to obtain a representative sample of dung beetle diversity. Some authors recommend a minimum of 30 pitfall traps per habitat type, distributed in two or three linear transects (Villarreal et al., 2004); others proposed using seven or ten pitfall traps per sampling site (Larsen and Forsyth, 2005; Krell, 2007), whereas Feer (2000) suggest that the number of traps is not as significant as the sampling time. These suggestions are based on empirical field experience. While the few systematic approaches for establishing an appropriate number of traps are very valuable (i.e., Price and Feer, 2012; Ferrer-Paris et al., 2013; Tocco et al., 2017), these derive from local and highly contextual studies, making it difficult to generalize their results.

A method to assess and compare diversity through sampling coverage instead of sampling size was proposed by Chao and Jost (2012). Coverage estimates the proportion of individuals in a community that belongs to the species observed in the sample. As completeness increases, the proportion of individuals of undetected species in the community decreases. Comparing samples robustly without discarding information through the rarefaction process helps design sampling schemes that ensure a representative community sample (Bonar et al., 2011; Montes et al., 2021; Roswell et al., 2021). Insufficient species sampling restrains effective diversity comparisons between communities, while oversampling is less pragmatic as it wastes time and money and leads to the unnecessary population extraction of hundreds to thousands of specimens, including non-targeted ones (Tocco et al., 2017). A substantial decline in species abundance in animal communities can ultimately lead to impaired ecosystem functioning (see Gaston et al., 2018).

Recent studies have shown the accelerated decline of terrestrial insects due to habitat loss and climate change (Sánchez-Bayo and Wyckhuys, 2019; Wagner et al., 2021). These environmental pressures are arguably more intense on organisms susceptible to habitat disturbances, such as Scarabaeinae dung beetles, characterized by their relatively low reproductive and growth rates, making this group more vulnerable to extinction (Horgan and Fuentes, 2005; Larsen et al., 2005). Nevertheless, we expect an increasing demand for field data on dung beetles for future ecological studies, given their proven effectiveness as an ecological model (Brischoux and Angelier, 2015). Given the discouraging environmental scenario for insect populations and the continuous need for dung beetle field data, our main objective is to provide quantitative guidelines that establish the sample size for optimal completeness of dung beetle diversity. To this end, we have systematically reviewed and analyzed the relationship between sampling effort and the degree of coverage completeness of species richness, the journal impact factor, and the habitats surveyed in ecological studies of Neotropical dung beetles. Our guidelines aim to lead to more practical, cost-effective, sustainable, and ethical dung beetle sampling without under- or oversampling individuals and species.



Materials and methods


Literature search

To construct the database, we systematically searched published literature on the Web of Science website (WoS)1. The search covered articles published from 1980 to 2021. We employed the search terms ((“Dung Beetle*” OR Scarabaeinae) AND (“Disturbance gradient*” OR “Habitat disturbance*” OR “Land-use change” OR Anthro* OR Modification OR Fragmentation OR Agriculture OR Pasture*) AND (“Species richness” OR Diversity OR Abundance*) AND (Communit* OR Assemblage*) AND (“Tropical forest” OR Tropic*)).

We included only those articles that met the following criteria: (1) the study should address the ecology and diversity of Scarabaeinae; (2) the study should be conducted within the Neotropics (sensu Morrone et al., 2022); (3) the study should report the abundance of collected dung beetles; (4) abundance data should be reported separately for each species, habitat, or locality; (5) each dataset should be unique, i.e., not having been used previously in a different publication.



Data extraction

From each selected article, we extracted the number of individuals collected by species, habitat type, and number of replicate samples collected in each habitat (n); the Scopus impact factor of the journal where and when each paper was published; the species collection method; the total number of traps per habitat; the bait type; geographic information regarding the sampling sites, including the locality, municipality, and country; the climatic season when samples were collected; and the Neotropical dominion zone (sensu Morrone et al., 2022) where the study was carried out (Supplementary Tables 1, 2). Dominions are part of a hierarchical system that categorizes geographic regions according to their extant biota (Morrone, 2014). We omitted biogeographic provinces — a spatially finer biogeographic division in Morrone’s scheme (2022) — because the poor representativeness of some provinces would have created a significant imbalance between categories.



Habitat recategorization

Considering the heterogeneity of habitat classifications in each paper, we decided to recategorize them into broader land-use types, pooling those habitats with similar characteristics (Table 1). Our new classification scheme could not include some habitat types because of their unique characteristics, low representativeness, or location in transition zones between Neotropical and Nearctic ecosystems. Such categories in our new classification scheme were altitudinal gradients (n = 8), landscape types (n = 6), Nearctic/tropical transition zones (n = 5), shrublands (n = 3), and pine forests (n = 2).


TABLE 1    Habitat types and sampling size.
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Data analysis

All analyses were performed using the statistical environment R v.4.1.1 (R Core Team, 2021). We determined the sampling coverage and the abundance needed to reach 99% of sampling completeness based on the number of individuals collected per species and habitat type in each study with Chao and Jost’s (2012) coverage estimator using the “iNEXT” package in R (Hsieh et al., 2016). We selected 99% completeness to perform a more conservative assessment of the abundance needed to achieve a near-complete sampling of species richness in the habitats sampled in each study. We also quantified the number of individuals exceeding (oversampling) or required (sampling deficit) to achieve 99% coverage. Oversampling and sampling deficit were represented by positive and negative values, respectively.

Linear mixed models were used to evaluate the correlation of sampling intensity and the journal impact factor with dung beetle oversampling and sampling deficit. To control for potential confounding factors caused by variations in the dung beetle trapping efficiency observed with different traps (Ong et al., 2022; Supplementary Table 2 and Supplementary Figure 1), we restricted the analysis to only those studies that used pitfall trapping as the primary collection method. We did not control for sampling season (SS) and bait type (BT) as linear mixed models showed no significant relationships between these independent factors and dung beetle sampling (SS: F = 1.09, P = 0.34; BT: F = 1.82, P = 0.15; Supplementary Table 3).

Sampling intensity was represented by the number of pitfall traps used in each habitat of each study. We adjusted the number of traps to the number of resamplings conducted at each study site (Samplingintensity = No. ofpitfalltraps*No. ofresamplings) to obtain a less biased value of sampling intensity. We defined resampling as the number of times the researcher sampled a particular site during each study. Due to the high heterogeneity observed between response and predictor variables, the data were log-transformed to normalize the distribution of trap numbers and dung beetle oversampling. Thus, we modeled sampling deficit as log-transformed positive values. The identity of each study and the biogeographic dominion were employed as nested random variables (Biogeographic dominion/study ID) to control for the lack of independence of the predictor factor derived from the intrinsic characteristics of each study (researcher, sampling site, and design) and environmental similarities within biogeographic dominions. We eliminated dominions whose data did not significantly correlate with dung beetle oversampling to increase model fit. Model simplification was supported by significantly lower Akaike information criterion values (Δ AIC > 2; Supplementary Tables 4A,B; Burnham and Anderson, 2002).

Exploratory analysis models showed no significant differences in dung beetle oversampling patterns between biogeographic dominions (F = 0.54; P = 0.80, Supplementary Table 3). Therefore, we pooled the data to model how sampling intensity determines dung beetle oversampling in each habitat (Table 1) using the study identity and its biogeographic dominions as random variables. All linear mixed models were constructed with the lme4 R package (Bates et al., 2015). Model fit and the assumptions of residuals normality, variance homoscedasticity, and independence between the response variables were checked with the Performance R-package (Lüdecke et al., 2021). The predicted parameters of the linear mixed models were obtained with the “ggeffects” package in R (Lüdecke, 2018).




Results


Dataset

Our search recovered 272 published papers, from which we selected 87 after applying the exclusion criteria mentioned above. We included seven additional articles from the authors’ collection not captured by the systemized search (Supplementary Table 1; Study ID: 17, 29, 35, 55, 70, 81, 82). The studies covered ten countries: 32 in Mexico, seven in Central America, and 55 in South America; of these, 38 were conducted in Brazil (Figure 2 and Supplementary Table 1). Sixty percent of the studies were located in the Mesoamerican, Pacific and Parana dominions (30.9, 17, and 17%, respectively), followed by the Boreal Brazilian, and South Brazilian dominions (Supplementary Table 2). The Southeastern Amazonian and Chacoan dominions were the least represented, comprising 10% of the study sites (Supplementary Table 2). Most sample sites belonged to forest habitats under varying degrees of disturbance (60%; see Table 1), followed by treeless agriculture systems (24%) and agroforestry systems, which were the less represented habitat types (13%; Table 1).
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FIGURE 2
Geographic distribution of the sites studied. Sampling intensity is reported for each study site. The sampling deficit shows those sites where the sample did not reach 99% completeness, with negative values representing the effective abundance deficit per sampling site. Oversampling shows those sites where the sample exceeded 99% completeness, indicating the excess abundance per sampling site. Vector image from Morrone et al. (2022).


Because of the high heterogeneity and extreme outliers found in abundance and pitfall numbers, the data were described with median and mean values. We found a median of 52 traps and a mean of 247 traps per sampled habitat; sampling intensity ranged from four to 12,600 traps (Supplementary Table 2). Regarding studies with pitfall traps, 268 sampled habitats (73%) achieved 99% sampling coverage, 67 (18%) between 98 and 95%, and 33 (9%) showed a sampling coverage below 95%. The mean and median sampling coverage values per habitat and study were 98 and 99%, respectively; the lowest recorded value was 33%. Oversampling ranged from 1 to 96,464 individuals, with a mean of 2,928 dung beetle specimens and a median of 630. Sampling deficits varied between 2 and 3,329 dung beetles, with mean and median values of 248 and 103 dung beetles, respectively (Supplementary Table 2).



Overall sampling intensity

Dung beetle oversampling was significantly explained by sampling intensity and the journal impact factor (Figure 3). The total explanatory power of the linear mixed model was 0.71 (conditional R2), of which 0.41 was due to the fixed effects alone (marginal R2). According to our model parameters, oversampling increased by 0.98% and 0.55% for every 1% increase in trap number and journal impact factor, respectively (Supplementary Table 4B).
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FIGURE 3
Correlation between log transformed (ln) number of traps per sampling site and dung beetle oversampling. Bar colors indicate the Scopus impact factor (S-IF) of the journal where the study was published. The complete model results are shown in Supplementary Table 4B. Model fit and assumptions are shown in Supplementary Figure 2.


The transformed predicted values from our model show that oversampling increased from tens to hundreds of dung beetle individuals per site, in line with the number of pitfall traps placed (Table 2 and Supplementary Table 4C). For instance, ten pitfall traps led to an excess of 54 dung beetles (min 22 and max 130), 50 traps to 265 (134 min, 518 max), and 300 traps to 1,033 (534 min, 2018 max) per site. The sampling deficit of dung beetles was not significantly explained by sampling intensity and the journal impact factor, and the model explanatory power was low (conditional R2 = 0.12, marginal R2 = 0.02; Supplementary Table 4D).


TABLE 2    Predicted dung beetle oversampling values (Predicted OS) on their original scale (i.e., natural log exponential) as a function of sampling intensity (SI, number of traps).
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Sampling intensity per habitat

Dung beetle oversampling was significantly explained by sampling intensity in most habitats (Figure 4), except for the lowly-shaded agroforestry systems and crops (Supplementary Table 5A). The models based on forest edges and cloud forests showed the best fit (marginal R2 = 0.90 and 0.74, respectively), followed by the shaded agroforestry systems (marginal R2 = 0.66). Tropical deciduous and old-growth forest models showed an intermediate fit (marginal R2 = 0.32 and 0.31, respectively), whereas the lowest fit values were obtained for the second-growth forest, pasture, and forest fragment models (marginal R2 = 0.22–0.18; Figure 4). Dung beetle oversampling was not homogeneous between habitats. Old-growth forests showed the highest oversampling rates, followed by forest fragments (Table 3 and Supplementary Table 5B). In comparison, oversampling rates were low in more disturbed habitats, such as shaded agroforestry systems, second-growth forests, pastures, and forest edges (Table 3 and Supplementary Table 5B). Oversampling rates of cloud forests and tropical deciduous forests were intermediate between those of forest fragments and shaded agroforestry systems (Table 3 and Supplementary Table 5B).
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FIGURE 4
Correlation between the log-transformed (ln) number of traps and dung beetle oversampling across habitat categories. (A) Old-growth forest, (B) tropical deciduous forest, (C) cloud forest, (D) forest fragments, (E) second-growth forest, (F) forest edge, (G) shaded agroforestry, and (H) pasture. The complete model results are shown in Supplementary Table 5A. Model fit and assumptions are shown in Supplementary Figure 3.



TABLE 3    Predicted dung beetle oversampling values (predicted OS) on their original scale (i.e., natural log exponential) as a function of sampling intensity (SI, number of traps) in different habitat types.
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Discussion

Researchers are interested in practical, cost-effective, but statistically rigorous sampling methods when constructing biodiversity inventories. Robust sampling is especially critical when biodiversity monitoring is used for making management decisions such as terminating an allegedly harmful mining project or assessing the impact of a hydropower plant (Hayward et al., 2015; Kühl et al., 2020). Therefore, data accuracy and precision are essential. However, biological diversity cannot be accurately measured because the observed number of species is always a downward-biased estimator of the true species richness (Gotelli and Colwell, 2011). An appropriate sampling effort can help reduce such measurement errors and facilitate achieving asymptotic estimates of diversity (Bonar et al., 2011). Our data showed that 95% of the reviewed studies were effective at measuring dung beetle diversity (SC > 90%). The remaining studies obtained a sampling coverage between 88 and 33%. Therefore, the likelihood of undersampling dung beetle diversity through pitfall traps is low.

Sampling intensity correlated significantly and positively with dung beetle oversampling. Although the relationship between sampling intensity and completeness is similar to that of the species-area (Hill et al., 1994), very few traps were needed to obtain (or exceed) the abundance required to achieve 99% species coverage. Sampling coverage above 90% using five pitfall traps was achieved in most cases, and studies with 20 or more pitfall traps per habitat reached 99.99% sampling coverage. Such a sampling scheme could lead to a less cost-effective use of research funds since there is a high possibility that additional sampling will only add dominant specimens rather than increase species richness (see Chao et al., 2014). The surprisingly low number of pitfall traps needed to obtain a representative sample of dung beetle diversity can be explained by the extremely high effectiveness of these baited traps in attracting and capturing dung beetles (Ong et al., 2022). For instance, studies involving several collecting methods and different Coleoptera families have consistently shown significantly higher capture rates and abundances for Scarabaeinae dung beetles (e.g., Caballero and León-Cortés, 2012; Ramírez-Ponce et al., 2019; Quinto et al., 2021).

Oversampling rates were also significantly and positively correlated with the impact factor of peer-reviewed journals. High-impact factor journals aim for generalizable ecological evidence that can be extrapolated and replicated to other locations (Barto and Rillig, 2012). Such data may require a high sampling intensity across extensive areas or over several years (Hughes et al., 2017), ultimately leading to oversampling, as shown by our models. The correlation between the journal impact factor and dung beetle oversampling may also be an indirect outcome of studies intended for publication in high-impact factor journals, which likely influences the overall research design and sampling intensity. The sampling deficit of dung beetle diversity was not explained by sampling intensity or the journal impact factor. Deforestation and land-use change possibly explain the poor explanatory power of the sampling deficit since these anthropogenic disturbances cause a significant decline in dung beetle diversity and abundance (Nichols et al., 2007; Fuzessy et al., 2021). As fewer dung beetles are present in a given habitat due to anthropogenic disturbances, the capture rate of pitfall traps will be reduced, hence increasing the likelihood of undersampling. Our results also suggest that no minimum effective number of traps could lead to incomplete sampling of dung beetle diversity. That is, as long as no environmental factor significantly affects dung beetle abundance and diversity, pitfall traps will likely capture a sample of reasonably good completeness (i.e., SC ≥ 90%).

Oversampling was lower in agroforestry systems and pastures than in forested habitats, including forest fragments and second-growth forests. The population dynamics of dung beetle assemblages differ significantly between forest inner areas and pastures (Horgan, 2008; Silva et al., 2017). Pasture habitats are typically diversity-poor because of their more extreme microclimatic conditions, which act as a natural barrier preventing the entry and establishment of the most susceptible species (Giménez Gómez et al., 2020; Rivera et al., 2022). Dung beetle populations may also be smaller in pasture systems than in forests due to more hostile environmental conditions that prevail in these systems, as suggested by differences in capture between the two habitats (e.g., Quintero and Roslin, 2005; Braga et al., 2013; Rivera et al., 2020; Salomão et al., 2020). Therefore, the asymptote of species richness is reached more rapidly in pastures than in forested habitats, while the supposedly small populations of pastures can also favor low oversampling rates.

Forest habitats, particularly old-growth forests, had high oversampling rates even with a relatively low sampling intensity. Old-growth forests possess more niches and resources for Neotropical dung beetle species, as most species in this region evolve within forested habitats (Halffter and Matthews, 1966; Gill, 1991). Also, dung beetle populations may grow faster under undisturbed conditions (Beiroz et al., 2017; Fuzessy et al., 2021), making it easier to obtain a large sample size with less effort. On the other hand, forest edges require more intensive sampling to exceed the abundance needed to achieve 99% completeness. This finding suggests that the sampling effort in this habitat type may need to be high. Forest edges are likely low-quality habitats for many dung beetle species, especially if the contrast between contiguous habitats is high (Spector and Ayzama, 2003; Martello et al., 2016; Villada-Bedoya et al., 2016; Martínez-Falcón et al., 2018). Besides, forest edges may be subject to continuous changes due to traditional land-use dynamics such as crop rotation and abandonment, preventing beetle populations from reaching a more stable state (Barnes et al., 2014).


Should oversampling dung beetles matter?

The hypothesis that extracting individuals from their natural environment may adversely impact populations has been little studied in vertebrates (McCay and Komoroski, 2004; Sullivan and Sullivan, 2013; Poe and Armijo, 2014; Hope et al., 2018), but much less in invertebrates (Gezon et al., 2015). Nevertheless, the consensus is that the impact of scientific collections on animal populations is minimal (Rocha et al., 2014, but see Delibes et al., 2011; Minteer et al., 2014). Gezon et al. (2015) argued that removing invertebrates during scientific sampling may liberate ecological niches and reduce competition, leading to population growth. However, new niches can be colonized by new individuals or species as long as populations are not fragmented or spatially isolated (Thomas, 2000; Ricketts, 2001), which today is increasingly challenging because forest remnants are becoming more isolated from each other due to deforestation (Laurance et al., 2012). In addition, according to Gezon et al. (2015), lethal sampling probably exerts no effect if the individuals sampled have already reproduced. According to our systematic research, most studies collect dung beetles during the rainy season (49% rainy, 39% dry and rainy; see Supplementary Table 2) — the period of their highest activity rate (Correa et al., 2021) —, enabling efficient sampling of these insects. However, most Neotropical dung beetle species emerge, feed, and reproduce during the rainy season (Halffter and Edmonds, 1982), so it is challenging to assume that all the collected individuals have already reproduced. Finally, Gezon et al. (2015) focused on bee taxa, which includes multiple families, and collected 14,000 bees over five years of intensive sampling. Our database shows that with sufficient sampling effort, it is possible to collect and exceed 14,000 individuals of tropical Scarabaeinae in less than three months (Supplementary Table 2). Therefore, although Gezon’s criteria are valuable, a more careful approach is needed for dung beetles because these criteria are not entirely applicable to them.

It is worth mentioning that we are not against using or collecting dung beetles in research since scientific collections represent a valuable register of biodiversity, whose importance for conservation has been reviewed in depth by several authors (Patterson, 2002; Suarez and Tsutsui, 2004; Rocha et al., 2014). Instead, we advocate a thorough discussion of the collection methods used for dung beetles, recalling the five Rs and Precautionary Principles. The R principles, proposed by Russel and Burch (1959), suggest that scientific research with animals should be guided by refinement, reduction, and replacement. We acknowledge the difficulty in refining or replacing lethal collection practices because identifying live dung beetles is highly challenging. Many species are sympatric and morphologically indistinguishable (Larsen and Forsyth, 2005), thus requiring specimen collection for correct identification. However, we can apply the reduction principle effectively because, as demonstrated in the present study, few pitfall traps are needed to obtain a representative and robust sample of dung beetle diversity. Two additional R principles — respect and responsibility — were proposed by Crespi-Abril and Rubilar (2021). These ethical-based epistemological practices highlight the importance of researchers respecting and showing empathy for life, recognizing its value regardless of its complexity, and taking responsibility for their actions, as animals are no longer a means but also an end for conservation.

Although growing evidence shows the decline of tropical insect populations in the Anthropocene (Lister and Garcia, 2018; Wagner, 2020), there is still no proof that oversampling affects dung beetle populations. However, “the absence of evidence is not evidence of absence” (Crespi-Abril and Rubilar, 2021). In this sense, we can also apply the precautionary principle, which aims to prevent or reduce damage even if the evidence is insufficient to determine the magnitude or probability of occurrence (Kriebel et al., 2001). Ethical sampling that consciously reduces the number of pitfall traps in each independent sampling unit following the Rs and Precautionary principles will improve the cost-efficiency of resource use in research while preventing specimen oversampling. Researchers can focus instead on increasing the number of independent sampling units using a smaller number of traps, thereby increasing the predictive power of statistical models and obtaining more robust evidence of the phenomenon under study (see Gotelli and Elllison, 2004).



Recommendations

Our models showed that a representative sampling of dung beetle diversity (i.e., SC >90%) could be achieved with no more than ten pitfall traps. Therefore, we recommend placing up to six pitfall traps per independent sampling unit when using only a single bait type (dung or carrion) and up to eight pitfall traps when using both bait types. We do not consider traps baited with fruit as the beetle capture rate is significantly low. If the research addresses forest habitats solely, the number of pitfall traps may be smaller, e.g., three to five traps per sampling unit (see Price and Feer, 2012). These recommendations can also apply to landscape-scale studies (see Arroyo-Rodríguez and Fahrig, 2014). For example, if a landscape-site design is used, six to ten traps can be distributed around the centroid of the landscape. In landscape-scale designs, pitfall traps can be distributed in five or six groups of three to four pitfall traps each. The number of pitfall traps in each independent sampling unit can be further reduced for longitudinal studies in which the same site is sampled several times. A presampling protocol may be the best way to assess the optimum number of traps per site, considering our suggestions as a starting point. In conclusion, a sampling scheme guided by ethical guidelines will make the research more economical, time-effective, statistically robust, and friendlier to dung beetle biodiversity.
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A. Old-growth forest

B. Tropical deciduous forest

SI Predicted OS 95% LCI 95% UCI SI Predicted OS 95% LCI 95% UCI

5 206 81 523 5 44 7 290

10 321 150 692 10 78 18 347

15 503 270 925 15 110 31 395

20 508 265 973 20 140 45 437

30 781 478 1274 30 196 73 528

40 898 567 1422 40 250 100 626

50 1394 925 2122 50 302 125 728

100 1808 1176 2779 100 545 209 1408

C. Cloud forest D. Forest fragments

SI Predicted OS 95% LCI 95% UCI SI Predicted OS 95% LCI 95% UCI

20 8 1 79 5 111 23 528

30 24 4 144 10 169 47 608

40 51 11 226 15 219 72 672

50 91 26 324 20 262 95 721

100 578 252 1313 30 334 138 812
40 399 178 898
50 459 215 982
100 706 351 1437

E. Second-growth forest F. Forest edges

SI Predicted OS 95% LCI 95% UCI SI Predicted OS 95% LCI 95% UCI

5 46 10 206 70 3 1 12

10 81 25 265 80 7 2 22

15 113 41 311 90 15 6 38

20 144 59 351 100 28 12 63

30 200 94 424

40 252 129 498

50 302 162 567

100 534 293 982

G. Shaded agroforestry H. Pasture

SI Predicted OS 95% LCI 95% UCI SI Predicted OS 95% LCI 95% UCI

10 9 2 48 5 26 4 154

15 15 3 70 10 48 11 206

20 23 6 92 15 69 19 250

30 38 11 136 20 90 29 284

40 57 18 181 30 129 48 347

50 77 26 230 40 167 69 407

100 196 74 523 50 34 89 464
100 380 189 765

The lower and upper limits of 95% confidence intervals are shown (95% LCI and 95% UCI, respectively). The original non-transformed values are detailed in Supplementary Table 5B.












OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Ecology and Evolution







OPS/images/fevo-10-999488-t002.jpg
SI Predicted OS 95% LCI 95% UCI

1 5 27 10 75

2 10 54 22 130
3 15 73 36 183
4 20 108 50 233
5 30 159 77 327
6 40 213 107 424
7 50 265 134 518
8 100 523 276 1,002
9 200 781 403 1,495
10 300 1,033 534 2,018
11 400 2,039 982 4,273
12 500 2,540 1,188 5,432

The predicted values are adjusted to the mean impact factor of all studies (S-IF: 1.68). The lower and upper limits of 95% confidence intervals are shown (95% LCI and 95% UCI,
respectively). The original non-transformed values are detailed in Supplementary Table 4C.
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Habitat

Old-growth forest

Deciduous forest
Cloud forest
Forest fragments
Second-growth forest
Forest Edge
Shaded agroforestry

Lowly-shaded agroforestry

Tree plantation

Live fence

Crop

Pasture

Definition

Tropical forests composed mainly of evergreen tree species. Complex vegetation
structure and characteristically lush canopy. Little or no human disturbance. These

are typically used as a control group.

Forests composed chiefly of deciduous tree species. Located in areas with a climate

characterized by a marked dry season.

Forests characterized by the presence of clouds at the altitude of the vegetation. The

presence of clouds depends on the proximity to the ocean or altitude.
Tropical forest fragments ranging from 5 ha to 300 ha.

Tropical forests under different stages of secondary succession due to anthropogenic
disturbances. These forests usually lack a dense canopy compared to old-growth

forests, and their understory tends to be denser.
Edge of a forest or forest fragment.

Agricultural production systems characterized by keeping native trees for shade

provision. These systems include cacao, coffee, and rubber crops.

Similar to shaded agroforestry systems but with a sparser use of shade. These systems

include some banana varieties and silvopastoral systems.
Tree monocultures plantations, such as African palm and eucalyptus.

Treelines used as natural boundaries between landholdings, typically found in

tropical agroecosystems.
Monoculture of annual plants, such as corn, beans, pumpkin, or watermelon.

Plant communities of natural or anthropogenic origin composed mainly of native or

exotic grasses. Little to no presence of trees or shrubs.
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