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Land use, habitat suitability, and seasonality can fundamentally shape small-mammal abundance, species richness, diversity, evenness, and composition. However, how these characteristics of small mammals are determined by land use, habitat type, and rainfall seasonality is still poorly understood for most ecosystems. We analyze how land use (protection in a national park, pastoralism, and crop agriculture), habitat type, and rainfall seasonality influence small-mammal relative abundance, species richness, and diversity in the Tanzania Serengeti Ecosystem. We used 141 live traps to capture 612 small mammals in the wet and dry seasons of 2017 and 2018. Relative abundance was higher in the pastoral land than in the park or agricultural land and in the dry season in all the three land use types. Species richness and diversity were highest in the park, middling in the agricultural land, and lowest in the pastoral land. The high relative abundance in the pastoral land was primarily due to the numerical dominance of two generalist species in the shrubland (grass rat Arvicanthis niloticus) and cropland (multimammate rat Mastomys natalensis), resulting in low species richness and diversity. High species richness and diversity in the park indicate high habitat heterogeneity, whereas high species diversity in the agricultural land during the dry season reflects high food availability during and soon after harvests. Thus, human activities apparently exert deleterious effects on some specialist small mammals as a result of reduced habitat heterogeneity while promoting the abundance of some generalist species in African savanna ecosystems. However, increased abundance of generalist species reduces small mammal species diversity while increasing the risk of human–small mammal conflicts. We offer several testable hypotheses motivated by our results.
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Introduction

Human influence on ecosystems is intensifying worldwide due to rapid human population growth and increasingly resource-consuming lifestyles (Macchi, 2010; Barnosky et al., 2017). This influence has become so important and pervasive that mankind is now, and will likely remain for years to come, the main global driver of ecological change (IPBES, 2019). As a result, human-altered ecosystems made of settlements, agro-pastoral and protected areas, dominate the terrestrial biosphere, covering more than three quarters of the total ice-free land areas (Ellis and Ramankutty, 2008). These alterations to ecosystems have resulted in a global biodiversity crisis that threatens the world’s species and ecosystems alike (Butchart et al., 2010). To counter these alterations, protected areas have been expanding significantly worldwide since 2010. This has resulted in a noticeable reduction in biodiversity loss and increase in species dependent on protected areas (Lehikoinen et al., 2018; Maxwell et al., 2019). Even so, these areas are still unable to halt or reverse these alterations because of intensifying anthropogenic activities and persistent resource constraints (Cazalis et al., 2020; Maxwell et al., 2019). Today, most protected areas, set aside to safeguard the remaining global biodiversity, are surrounded by different human activities, making them isolated “islands” (Estes et al., 2012). The pace, scale, and magnitude of these changes raise fundamental questions concerning whether the existing protected areas will last into the far future and whether they may effectively conserve wildlife species and associated ecosystem functions and services given the prevailing and projected rates of human population growth, activities, and consumption of goods and services (Ogutu et al., 2016, Wilting et al., 2017).

Land use changes and human activities cause and perpetuate biodiversity loss and degrade the associated ecosystem services (Kija et al., 2020; Anley et al., 2022). Notably, about three quarters of the Earth’s land surface has been altered by humans within the 20th century alone (Winkler et al., 2021). The alterations by human activities such as agriculture and livestock production have caused dramatic and unprecedented declines in global species diversity and richness (Newbold et al., 2020). Agriculture is the dominant land use activity on the planet and is responsible for altering and endangering wildlife communities on a massive scale (Hurst et al., 2014). It transforms native vegetation into monocultures, thereby decreasing biodiversity by destroying and homogenizing habitats (Shilereyo et al., 2021). Although agricultural activities can provide food to some wildlife species, a leading conservation concern is that agricultural lands alter wildlife communities, favoring generalists at the expense of specialists (Caro, 2001; Byrom et al., 2015; Chidodo et al., 2020). On the other hand, livestock grazing at low to moderate densities is often more compatible with wildlife conservation (Du Toit et al., 2012; Keesing et al., 2018). However, increasing demand for livestock and livestock products and adoption of improved and less disease-tolerant breeds as a result of growing economic incentives, affluence, and human populations are driving intensification of livestock production systems and threatening wildlife and biodiversity (Cao et al., 2016 Gbogbo et al., 2017). The threats occur through multiple pathways including mechanical disturbance, reduced plant biomass, and changing vegetation composition and structure (Schmidt et al., 2005). The changes in vegetation structure can have several knock-on effects on critical ecosystem functions, such as provision of shelter and food for wild animals, and on their species composition and richness (Cao et al., 2016). The threats also occur through major land transformations and fragmentation, such as through fencing that excludes wildlife from pastures and water points and impedes their free movements (Ogutu et al., 2013; Said et al., 2016).

Understanding how land use affects their abundance, species diversity, and composition is important for understanding and minimizing the deleterious influences of human activities on small mammals, their habitats and ecosystem services. Such understanding should factor in potentially differentiated influences of contrasting land uses and their consequences on small-mammal community characteristics. This is because contrasting land uses, such as grazing and farming activities, can differentially influence small-mammal community characteristics, such as abundance, diversity, and composition (Cao et al., 2016; Magige, 2016; Keesing et al., 2018; Shilereyo et al., 2021) with adverse consequences for ecosystem services, including provisioning and supporting services and buffering disease-causing pathogens (Ralaizafisoloarivony et al., 2014; Young et al., 2017). For example, some small-mammal species (e.g., Mastomys natalensis and Arvicanthis niloticus) tend to be more common in human-dominated habitats and are potential crop pests and hosts for, or reservoirs of, vectors that transmit zoonotic diseases including the plague (Bergstrom, 2013; Mulungu, 2017, Hieronimo et al., 2014). Consequently, it is important to quantify how different land uses affect particular characteristics of small-mammal communities and assess the likely consequences of these impacts on small mammals and their habitats and ecosystem services. This knowledge can then form a sound basis for developing adaptive strategies for effectively conserving small-mammal communities and their habitats. Yet, despite land use change, including agriculture and pastoralism, posing significant widespread and mounting threats to biodiversity, often leading to marked declines in wildlife abundance, diversity, and natural habitats (Haines-Young, 2009, Wilting et al., 2017, Trisurat et al., 2019), relatively few empirical studies have investigated its impacts on small-mammal community characteristics for many ecosystems, including the premier Greater Serengeti Ecosystem.

The few studies undertaken in the Tanzania Serengeti ecosystem have thus far focused on small-mammal species diversity and abundance in contrasting habitats and along elevational gradients (Magige and Senzota, 2006; Magige, 2013), conflicts with humans (Magige, 2012), and influences on their predator abundances (Byrom etal., 2014). A few other studies have also compared protected areas with their adjacent human-dominated habitats to infer the influence of anthropogenic activities on small-mammal abundance and species diversity (Byrom et al., 2015; Magige, 2016). These studies and other earlier assessments of influences of human activities on small-mammal abundance, species richness, and diversity have produced mixed results, ranging from positive, negative, to neutral effects (Cao et al., 2016). Although this is unsurprising given the complex and dynamic interactions among geographical, ecological, historical, and evolutionary processes shaping small-mammal abundance, species richness, and diversity, it highlights the need for further empirical studies that quantitatively assess the nature and consequences of small mammal–human interactions in contrasting contexts to establish the generality of the patterns. We thus compared trapped small-mammal species and abundance in different habitats in areas with different land uses in and around the Serengeti National Park in wet and dry seasons. This combination of land use and habitat as separate factors represents a vast improvement upon designs used by most earlier studies that have considered either only one of the two factors or have even confounded them (Osbourne et al., 2005; Magige and Senzota, 2006; Panzacchi et al., 2009). Such studies would also help assess the generality of the findings of the few earlier studies that have comparatively analyzed small-mammal abundance, species richness, diversity, and composition between protected areas and their adjoining human-inhabited areas across seasons in African savannas, including in the Serengeti ecosystem (Magige and Senzota, 2006; Byrom et al., 2015). Most crucially, even though it is fundamental to improving our understanding of small mammal–human interactions, the effects on small mammals of land use and habitat as separate factors and how seasonality modifies the effects of both factors have rarely been analyzed.

To fill this important gap in our understanding, we asked: how do small-mammal abundance, species richness, diversity, and composition differ seasonally between the protected areas and their adjoining human-inhabited areas and among the different habitats within the different land uses in the Serengeti ecosystem? To answer this question, we analyzed how small-mammal abundance, species diversity, richness, and evenness vary with anthropogenic land use, habitat type, and rainfall seasonality in the Serengeti ecosystem. This analysis expands upon and extends our earlier analysis of small-mammal habitat selection in the Serengeti ecosystem (Shilereyo et al., 2021) to encompass patterns and correlates of variation in small-mammal community characteristics across three land uses, five habitat types, and two seasons. The objectives of our analyses are 2-fold. First, we quantify small-mammal abundance, species richness, diversity, and evenness in five habitat types distributed across the three land uses. Second, we characterize seasonal variation in small-mammal abundance, species richness, diversity, and evenness across the five habitat types and three land uses. We do this by testing predictions of four hypotheses. We anticipate that small-mammal relative abundance, species richness, and diversity should be highest inside the protected park, intermediate in the pastoral land, and lowest in the most disturbed agricultural land (Hypothesis, H1). This prediction contradicts findings of some earlier studies that have reported higher small-mammal species abundance outside and higher species richness inside protected areas and pastoralism to be more compatible with wildlife conservation than agriculture (Salvatori et al., 2001; Niamir-Fuller et al., 2012; Magige, 2016). However, it accords with findings of several other studies of the influence of land use on the abundance and diversity of small mammals that have produced mixed results, ranging from negative, positive, to neutral (Magige and Senzota, 2006; Shilereyo et al., 2021). Because protection, such as in parks, reduces human footprints and maintains high habitat heterogeneity in protected areas, protection should sustain greater diversity of food and refuges and result in higher small-mammal relative abundance and diversity, most especially within protected areas. Moreover, the absence of a hard boundary (e.g., fences) between the protected and human-dominated areas can promote habitat heterogeneity across the human–wildlife interface (Magige and Senzota, 2006) with a potentially higher small-mammal relative abundance and diversity.

Furthermore, because small mammals breed seasonally (Catzeflis et al., 2019; Shilereyo et al., 2020; Welegerima et al., 2020), with birth peaks in the wet season when food quality and quantity also peak, the abundance of most species should be higher in the dry than the wet season due to juvenile recruitment (H2). For the same reason, small-mammal species richness and diversity should be higher in the dry than the wet season (H3). Nevertheless, small-mammal species should respond contrastingly to human disturbance, such that habitat generalist species should be more abundant than habitat specialist species in the more disturbed areas (Ralaizafisoloarivony et al., 2014). Thus, habitat generalists should be more abundant than specialists in the disturbed pastoral and agricultural lands but not in the protected park (H4).





Materials and methods




Study area

Data were collected from the Greater Serengeti ecosystem in northern Tanzania, East Africa. We focused on the northeastern Serengeti ecosystem, including the Serengeti National Park (2°20′ S, 34°50′ E) and two adjacent administrative districts, namely, the Serengeti (2°15′ S, 34°68′ E) and Ngorongoro (3°24′ S, 35°48′ E). The park protects 14,750 km2 of tropical savanna ecosystem (Sinclair, 2008) and encompasses woodlands and open grasslands besides other more restricted habitat types (Byrom et al., 2014), with farming and livestock herding practiced around the ecosystem. The study covered three main land uses (the protected park, pastoral land, and agricultural land) and five habitat types (riverine forest, woodland, shrubland, grassland, and cropland) in the northern part of the Serengeti ecosystem located along the Mto Wa Mbu-Musoma road. This area was selected because it contains contrasting land use types, including agricultural lands (southwest), pastoral and limited agricultural lands in the southeast and the Serengeti National Park situated between these two land use types (Figure 1).




Figure 1 | Map of the Serengeti ecosystem showing the study area.



In the agricultural land in the southwest of the Serengeti ecosystem, the residents are mostly subsistence and cash crop farmers (Kavana et al., 2017) but some also engage in limited livestock keeping. In the pastoral land, the residents engage mostly in pastoral activities and limited crop production. In the cropland habitats, the land is prepared and planted during the wet season and thus is mostly covered with immature crops and bare understory due to the local weeding practices. But in the dry season, the land is covered by mature crops before harvest or maize cobs and stalks after harvest. However, the cropping system in the pastoral land and agricultural land differs because farmers mainly use oxen to prepare the land for cropping in the agricultural land but the hand hoe in the pastoral land (Monica Shilereyo, Pers. Observation, 2018). Also, the fallow period in the pastoral land is longer than that in the agricultural land (for more details, see Shilereyo et al., 2020). To enable a comparison between cropland habitats in the pastoral land and agricultural land, therefore, all trappings in the croplands in the dry season were done postharvest. Crop fields with maize (Zea mays) and beans (Phaseolus spp.), sometimes mixed with sweet potatoes (Ipomea batatas), were selected for trapping because both crops are commonly cultivated in both pastoral and agricultural land uses.

The climate in the Serengeti ecosystem is warm and semiarid, with mean monthly temperatures varying between 15°C and 25°C (Magige, 2016). The rainy season is bimodal with the short rains spanning November–December and the long rains covering March–May (Norton-Griffiths et al., 1975). January and February often tend to be dry. Rainfall increases from east to west toward Lake Victoria, south to north, and southeast to northwest. Rainfall increases along a gradient from 700 mm/year on the dry southeastern plains to 1,050 mm/year on the wet northwestern region of the ecosystem (Norton-Griffiths et al., 1975; Mukhopadhyay et al., 2019).





Methods




Study design, land use, and habitat characterization

The data collection methods are described in greater detail by Shilereyo et al. (2020); Shilereyo et al. (2021), so we provide only a brief synopsis here. To establish how land use and habitat influence small-mammal abundance, species diversity, richness, evenness, and composition and rainfall seasonality modify these influences, we trapped small mammals in different habitats in areas with different land uses in and around the Serengeti National Park in the wet and dry seasons. This provided a rare opportunity to evaluate the separate effects of land use and habitat on small-mammal abundance, species diversity, and composition, an evaluation that greatly improves upon earlier studies that have sometimes confounded the two factors or merely considered only one of them.

Initially, we had planned to sample all of the 15 land use (n = 3) and habitat (n = 5) combinations, but several factors made this impractical, rendering the study design, unfortunately, incomplete (n = 10 land use and habitat combinations). Thus, there was no cropland in the park because farming is prohibited there. Moreover, the riverine forest was difficult to find in the agricultural land and pastoral lands. Also, we were denied access to Ololosokwan, a pastoralist village with historical land use conflict with the Tanzania National Parks, and so could not sample the two most typical habitats for pastoralism, the wooded grassland and grassland habitats, in the pastoral land. Replication of the factorial design for the different land uses and habitats was also not feasible because of the huge effort involved in the fieldwork, the extensive spatial coverage, and time, logistical, and budgetary constraints. The incomplete factorial design and lack of replication, unfortunately, complicated statistical analyses and inference on the effects of land use and habitat. Consequently, we explicitly take these caveats and drawbacks into account in discussing the results. Future work should endeavor to surmount these limitations by ensuring completeness and adequate spatial and temporal replication of the factorial study design.






Trapping procedures

We initially selected four habitats from each land use type for a total of 12 habitats. However, only the park and agricultural land each had four habitats, whereas the pastoral land had only two habitats, resulting in a total of 10 habitats for all of the three land uses. The 10 habitats belonged to five habitat types. A trapping plot measuring 100 × 100 m (1 ha) was selected in each of the 10 habitats. The four habitat types in the park were wooded grassland, shrubland, grassland, and riverine forest, whereas the four habitat types in the agricultural land were wooded grassland, shrubland, grassland, and cropland. The two habitat types in the pastoral land comprised shrubland and cropland. We used a total of 141 live traps (100 Sherman traps, 30 wire mesh traps, and 11 bucket pitfall traps). Trapping was done twice a year, in the wet (April–May) and dry (August–September) seasons, for two consecutive years (2017 and 2018). In 2017, trapping was carried out from 18 April to 30 May in the wet season and from 5 August to 25 September in the dry season. But in 2018, we trapped from 10 April to 28 May in the wet season and 5 August to 20 September in the dry season. Trapping started in the pastoral land (eastern part of the ecosystem) followed by the park and the agricultural land (western part of the ecosystem) because the eastern part of the ecosystem receives relatively lower rainfall than the western part and so dries earlier. The same sequence was followed throughout except in the wet season of 2018 when logistical difficulties forced us to set traps in the park after the agricultural land.

Pitfall lines were set to capture mostly shrews and trap lines to capture rodents. A pitfall line consisting of 11 buckets spaced 5 m apart was placed in each plot. Pitfall traps were buried into the ground so that the top of the bucket was at the ground level. Each of the 11 buckets per plot was 26 cm deep and had a 20-L capacity and upper and lower diameters of 30 cm and 26 cm, respectively. The bottom of each bucket was pierced with small holes to allow water drainage. Each pitfall line had a 50-cm-high black plastic drift fence running over the center of each bucket. These passive and non-baited traps capture animals moving on the habitat floor that encounter the drift fence and follow it until they fall into a bucket, mainly Crocidura and Mus species. The pitfall lines were generally set along straight trails; however, rocks and logs occasionally forced deviations. This technique has been used with success in other small mammal surveys (Stanley et al., 2011). Sherman traps (23 × 9.5 × 8 cm) were arranged along the lines, with a total of 100 traps. They were arranged on a grid of 10 × 10 traps and spaced 10 m apart. To maximize capture and the variety of small mammals caught, 30 wire mesh traps “Mgono” were placed in-between the Sherman trap lines. Five wire mesh traps were placed 20 m apart from each other. The precise layout of all of the 141 traps on a trapping grid in each plot is depicted diagrammatically in Figure 2 in Shilereyo et al. (2021). These wire mesh traps are widely used in Tanzania by local hunters and are funnel-shaped multi-capture traps made of thin wire.

Traps stayed in each of the 10 habitats for five consecutive days before being taken to the next habitat for the same duration. Bait for both the Sherman and “Mgono” traps consisted of freshly fried coconut coated with peanut butter and mixed with Lake Victoria sardines (Rastrineobola argentea). Traps were checked and rebaited twice daily, early in the morning and evening. We identified trapped animals to the genus or species using the recorded morphometric (external shape and dimensions) measurements (body length, tail, ear, and feet) and field guides (Kingdon, 2015). In addition, we recorded distinguishing features such as sex, age, and reproductive status to facilitate individual identification. We marked trapped animals by toe-clipping and released them at the points of capture to avoid duplicate counts of individuals on subsequent sampling days.

Because of variation in the total number of habitat types across the three land uses, we use “trap nights,” one trap in operation for a 24-h period (one full day and night), to quantify sampling effort. We refer to the success rate of capture as trap success, calculated by dividing the total number of all first-time captured individuals by the total number of trap nights and multiplying by 100. Trap success is a good measure of spatial and temporal variation in relative abundance (Cavia et al., 2012). We therefore use trap success as a measure of relative abundance. Relative abundance does not account for possibly different detection probabilities across sampling grids or different small-mammal species. So, we tried to minimize any potential differences in detection probabilities by using a fixed sampling season, number and type of traps, number of visits per day, and time of visit in a day (morning and evening).





Statistical analyses

Statistical analyses aimed to determine how small-mammal relative abundance, species richness, diversity, and evenness vary among the three land uses, five habitat types, and two seasons and their interactions. We used a Poisson regression model with a log link and the logarithm of the total capture effort per land use as the offset to adjust for varying effort among land uses and to model variation in small-mammal relative abundance and species richness between land use, habitat type, and season and all of their two-way interactions. We used an exponential regression model with a log link and the logarithm of the total capture effort per land use as the offset to model similar variations in species diversity (hill numbers) calculated using the iNEXT R Package (Hsieh et al., 2016). Hill numbers were chosen because they have several advantages over other diversity indices and were calculated according to Chao et al. (2014) and Hsieh et al. (2016). To ascertain whether sampling effort was sufficient to represent species richness within each land use, we used sample coverage graphs. A sample coverage curve was used because it takes into consideration standardization of samples in comparing species diversity across areas with different samples or sampling efforts (Chai and Wang, 2016). Finally, we used a gamma regression model with a reciprocal link function and the logarithm of the total capture effort per land use as the offset to model variation in species evenness across the three land uses and five habitat types without considering their interaction. Statistical significance was assessed at α = 0.05 unless otherwise stated. To determine the similarity in species composition between pairs of land use types, we used the Bray–Curtis similarity index. This index quantifies the compositional similarity between communities at two sites based on count data. The index ranges from 1 for two communities that share all their species to 0 for those that share none (Bray and Curtis, 1957). The Bray–Curtis index uses abundance data but is a modified version of the Sørensen index that uses presence/absence data (Chao et al., 2005).






Results

The aggregate sampling effort for all of the three land uses was 28,200 trap nights, corresponding to a total effort of 2,820 trap nights for each of the 10 habitats. A total of 612 individuals (excluding 117 recaptures) belonging to 19 species and two orders (Rodentia and Eulipotyphla) of small mammals were captured. Of these, 86% (n = 528) were rodents, whereas 14% (n = 84) were shrews. Of the 117 recaptured individuals, 81.2% belonged to only one of the small-mammal species, i.e., Arvicathis niloticus. The full trapping data set is provided in S1 Data in the Supplementary Materials.




Small-mammal relative abundance and species composition

Relative abundance (captures/100 trap nights) varied with land use and was highest for the pastoral land (4.91, = 277 individual small mammals), intermediate for the park (2.1, = 237), and lowest for the agricultural land (0.86, n = 98). Both A. niloticus and M. natalensis had the highest trap success most especially in the pastoral land. By contrast, Dendromus murinus and Graphiurus murinus had higher trap success in the park. Also, most of the species with the lowest trap success were trapped in the park (Table 1).


Table 1 | Relative abundance (100 × number of first-time captures/numbers of trap nights) for each small-mammal species recorded in each of the three land uses in the Serengeti ecosystem during the wet and dry seasons of 2017 and 2018.



The mean relative abundance differed between the land uses. The relative abundance was higher in the pastoral land than in the park or in the agricultural land. Specifically, relative abundance in the pastoral land was approximately six times higher than that in the agricultural land, two times higher in the park than that in the agricultural land, and two times higher in the pastoral land than that in the park (Table 2, Figure 2), contrary to the prediction that abundance should be highest in the park (H1). Even though it had the highest relative abundance, the pastoral land was species-poor and dominated by a few most common species. The relative abundances for these most common species were highest for the pastoral land and lowest for the agricultural land, with minor exceptions. Notably, relative abundances of M. natalensis and A. niloticus were highest for both the pastoral and agricultural lands, whereas those for Crocidura spp., Dendromus melanotis, and G. murinus were highest for the park. In addition, a few species, each represented by less than 10 first-time captured individuals, were mostly restricted to within the park confines, resulting in greater diversity there. These rare species were Grammomys spp., Lemniscomys striatus, Praomys jacksoni, Saccostomus spp., and Pelomys spp. (Table 1, Supplementary Table S1).


Table 2 | Tests of fixed effects of land use, habitat type, and season and their two-way interactions on variation in the relative abundance of small mammals in the Serengeti ecosystem during 2017 and 2018 based on the Poisson regression model.






Figure 2 | Relative abundance of small mammals in each of the three land uses in the Serengeti ecosystem during 2017 and 2018.



Relative abundance was comparable between the five habitat types, but several differences were apparent (Table 2). Grassland had the lowest relative abundance across all of the three land uses. Although not significant, the relative abundance in shrubland appeared higher in the pastoral land than that in either the park or the agricultural land (Figure 3). For cropland, relative abundance was apparently higher in the pastoral than in the agricultural land. For the wooded grassland, however, relative abundance tripled in the park relative to that in the agricultural land. Also, the riverine forest in the park had relatively high relative abundance. Although shrubland and cropland in the pastoral land had the highest relative abundances in the ecosystem, they had relatively fewer species, with only two dominating abundance, such that A. niloticus contributed 78% to relative abundance in the shrubland whereas M. natalensis contributed 46% in the cropland, partially supporting H3. By contrast, shrubland in the park had a variety of species (Supplementary Table S1).




Figure 3 | Relative abundance of small mammals in each of five habitat types in the three land uses in the Serengeti ecosystem during 2017 and 2018.



Relative abundance also varied seasonally and interannually (Figure 4, Supplementary Table S2). The mean relative abundance was higher in the dry than in the wet season in the pastoral land (97.5 for the dry vs. 41.0 for the wet season) and agricultural land (15.5 for the dry vs. 9.0 for the wet season) but was higher in the wet season in the park (132.0 for the wet vs. 105.0 for the dry season), partially supporting H2 (Table 2, Supplementary Table S2). In addition, across all species, relative abundance was lower in 2017 than 2018. The seasonal variation in relative abundance persisted even when each of the 2 years was considered separately such that it was higher in the dry season in 2017 and 2018. As well, the relative abundance of individual species also varied seasonally, but with different species showing contrasting patterns. Specifically, A. niloticus was more abundant in the dry season, while Crocidura spp. and G. murinus were more abundant in the wet season. All of the other species (Saccostomus spp., O. angoniensis, S. parvus, Pelomys sp., Zelotomys sp., and P. jacksoni) had low relative abundances and were mostly captured in the dry season (Figure 4).




Figure 4 | Relative abundance (percentage) of all of the small mammals captured in each season during 2017–2018 in the Serengeti ecosystem. Percentages are used because both seasons had the same total trap nights of effort.







Small-mammal species richness

Species richness varied across the three land uses but was comparable between habitat types and seasons, supporting H1 but not H3 (Supplementary Tables S3A, B). Species richness was higher in the park than that in either the pastoral or agricultural land, both of which had comparable richness (Tables 3, 4; Supplementary Table S4). Although the overall mean species richness did not vary seasonally, it apparently varied seasonally in the grassland, which had nine species in the dry season but only one species in the wet season (Supplementary Table S3A).


Table 3 | The variation in species richness with land use and habitat type in the Serengeti ecosystem during 2017 and 2018.




Table 4 | Tests of fixed effects of land use, habitat type, and season on variation in small-mammal species richness in the Serengeti ecosystem during 2017 and 2018 based on the Poisson regression model.



Although not statistically significant, species richness apparently varied between habitat types. Notably, it was higher and comparable in the wooded grassland and shrubland than that in the grassland, forest, and cropland, the latter three of which had similar richness. Furthermore, richness varied between habitat types in the same land use (Figure 5). Most notably, it was lower in the shrubland than that in the wooded grassland, riverine forest, or grassland habitat in the park. For the agricultural land, grassland had seemingly lower richness than all of the other three habitat types.




Figure 5 | Small-mammal species richness in the five habitat types in the three land uses in the Serengeti ecosystem during 2017 and 2018.







Small-mammal species diversity

Species diversity (Hill number) varied with land use, habitat type, and season and with the interactions between land use and season as well as between habitat type and season (Table 5, Figures 6–8). The overall species diversity in the ecosystem was 2.25. Species diversity was almost twice as high in both the park and agricultural land as in the pastoral land. After adjusting for effort, diversity was higher in the park (1.45) than that in the pastoral land (1.13) or agricultural land (1.14), both of which had comparable diversities, supporting H1. Sample coverage curves show that sampling effort was virtually complete for all of the three land use types. This is because the trend from the base coverage to 1.0 indicates that any further increase in the sampling effort would not yield any significant further improvement in the sample coverages (Figure 6). However, the final slope of the curve for the agricultural land was seemingly lower than those for the other two land use types, suggesting that increasing the sampling effort in the agricultural land use may potentially yield a few more species. The 95% bootstrap confidence bands suggest that, generally, species diversity was highest in the park, middling in the agricultural land, and the lowest in the pastoral land. More precisely, species diversity was similar between the park and the agricultural land at lower coverages but became significantly higher in the park than that in the agricultural land at coverages exceeding 0.8 (Figure 6).


Table 5 | Tests of fixed effects of land use, habitat type, and season and their interactions on variation in small-mammal species diversity in the Serengeti ecosystem during 2017 and 2018 based on the exponential regression model.






Figure 6 | Sample coverage-based rarefaction (solid curves) and interpolation (dashed lines) curves for the three land use types. Shaded bands are the 95% bootstrap confidence bands based on 1,000 bootstrap replications.






Figure 7 | Species diversity index (Hill number ± 1 standard error) for small mammals in the three land uses in the Serengeti ecosystem during 2017 and 2018.






Figure 8 | Small-mammal species diversity in each of the five habitat types across the three land use types in the Serengeti ecosystem in the wet and dry seasons of 2017 and 2018.



Across all of the five habitat types, and after adjusting for effort, mean species diversity was highest for the forest followed, in decreasing order, by cropland, wooded grassland, shrubland, and grassland (Supplementary Table S5). Diversity also varied seasonally and was higher in the dry season (Table 5, Supplementary Table S5), consistent with H3. Across land uses, diversity was higher in the dry season in both the park and the agricultural land but in the wet season in the pastoral land. Lastly, across habitat types, diversity was mostly higher in the dry season, but in the grassland and forest habitat types, it was higher in the wet season. Diversity was even higher when land use interacted with habitat type (Table 5, Supplementary Table S5).

Moreover, species evenness varied among the three land use types but was comparable between habitat types. It was higher in the park and agricultural land (0.65) than that in the pastoral land (0.4), indicating greater dominance of a few species in the pastoral land (Table 6, Supplementary Table S6). Bray–Curtis coefficients of similarity in composition among the three land uses divided the study species into two major groups (Figure 9). The first group, representing the pastoral land, was more discordant from, and shared only 22% of the species with, the park and agricultural land. The two other groups, representing the park and agricultural land, had 38% similarity in species composition. Although similarity in species composition across the land uses was less than 50%, the park and agricultural land shared more species than they did with the pastoral land.


Table 6 | Tests of fixed effects of land use and habitat type on variation in small-mammal species evenness in the Serengeti ecosystem during 2017 and 2018 based on the gamma regression model. Table legend: NDF and DDF are the numerator and denominator degrees of freedom, respectively.






Figure 9 | Similarity clusters based on the Bray–Curtis similarity index (Single Average Linkage) for the three land uses in the Serengeti ecosystem during 2017 and 2018.








Discussion




Small-mammal relative abundance and species composition

Relative abundance varied evidently across the three land uses and was highest in the pastoral land, middling in the park, and lowest in the agricultural land, deviating from the initial expectation that it should be highest in the park, intermediate in the pastoral land, and least in the agricultural land. This deviation is primarily attributable to the dominance in the pastoral land of the two most common species: A. niloticus and M. natalensis. These two species are generalists, able to produce many young, attain high densities in relatively short time frames, colonize, and adapt to a wide range of habitat types (Mulungu et al., 2011). The numerical dominance of these two species suggests that human activities have likely modified the habitats in the pastoral land, rendering them suitable for only a few generalists (Byrom et al., 2015; Chidodo et al., 2020). Human activities in pastoral lands likely reduce structural habitat complexity and heterogeneity both of which are crucial in shaping small-mammal community assemblages, thus favoring generalist species able to use a wider range of habitats at the expense of the other sympatric small-mammal species (Duplantier and Sene, 2000; Mulungu et al., 2011) and can rapidly shift their habitat associations when faced with temporarily shifting food resources (Seamon and Adler, 1996). Alternatively, these species are more adaptable and able to inhabit disturbed vegetation due to a superior ability to detect predators and balance the trade-off between food availability and predation (Wells et al., 2021).

In contrast, the abundance of specialist species adapted to life in narrowly defined habitats is more sensitive to fluctuations in their preferred food items and suitable shelter due to human land use (Martínez et al., 2014). The lower abundance of the specialist species in the pastoral land is thus consistent with their greater sensitivity to human land use impacts. However, further research would be needed to quantitatively assess how land use affects the availability of their preferred food items and shelter and how these influences affect the abundance of both the specialist and generalist species.

Relative abundance also varied across habitat types and was highest in the shrubland in the pastoral land. Notably, A. niloticus (78%) was the most abundant species in the shrubland in the pastoral land where sustained livestock grazing may have increased woody cover at the expense of herbaceous plant cover (Ofori et al., 2014). This accords with the observation that heavy livestock grazing can reduce plant species diversity and homogenize natural habitats (Cao et al., 2016). By increasing shrub cover and reducing primary productivity of the aboveground biomass, livestock grazing can negatively affect plant diversity and food availability for small mammals (Goheen et al., 2018). Although shrubland in the park also had high relative abundance, it had less small-mammal species dominance and possessed relatively many habitat specialists, indicating greater habitat heterogeneity in the park, as also suggested by Tabeni and Ojeda (2005). On the other hand, small mammals were also abundant in the cropland habitat in the pastoral land due primarily to the numerical dominance of M. natalensis in the postharvest period (dry season) when food and cover are still relatively plentiful. This species is common in croplands due to its preference for grains, generalist foraging behavior, and high food availability in this habitat type after harvest (Caro, 2001; Mulungu et al., 2011; Magige, 2016).

In contrast, cropland had lower relative abundance in the agricultural land than the pastoral land likely due to differences in the cropping systems used in the two land uses. In the pastoral land, farms are fenced to prevent livestock from raiding crops (Monica Shilereyo, Pers. Obs, 2018). The vegetation fringing the fences provides habitats for small mammals. In addition, during harvests, crop farmers in the pastoral land often leave some maize stocks and cobs on the farm for livestock. Also, after harvest, farmers in the pastoral land take a relatively longer time before preparing land by hand hoes for the next planting season. Thus, the land remains relatively intact for some months. By contrast, fencing farms is not common in the agricultural land, and it typically takes less than a month to prepare land by oxen and replant because most of the farmers cultivate crops for cash income (Monica Shilereyo, Pers. Obs, 2018). Thus, the cropping system used in the cropland habitat in the pastoral land likely contributed to a relatively stable supply and availability of high-quality food and shelter for the small mammals after harvest. Preparing land and replanting soon after harvesting, as done in the cropland in the agricultural land, remove vegetation cover, destroy mounds and nesting sites, and hence reduce food availability and shelter for small mammals (Hieronimo et al., 2014). This likely exposes small mammals to greater food shortages and higher predation risk, forcing them to seek safer habitat types elsewhere. Changes in the quality and quantity of resources associated with cultivation can thus greatly influence the relative abundance of small mammals. Specifically, the land preparation methods used in the cropland in the pastoral land may favor M. natalensis species because it disturbs the habitat much less than oxen or a tractor does (Massawe et al., 2006).

The higher relative abundance of small mammals in the riverine forest and in the wooded grassland in the park than that in the latter habitat in the agricultural land may reflect greater habitat heterogeneity in the park because of less human activities (Byrom et al., 2015). Specifically, the higher abundance of D. melanotis in the wooded grassland and shrubland in the park than that in the agricultural land could be due to advanced locomotor adaptations and mode of foraging of D. melanotis. This species is an agile climber that prefers tall vegetation (Skinner and Chimimba, 2005) prevalent in the park. Although it occurs in both relatively pristine and human-dominated habitats, disturbance such as from agriculture may cause its temporal migration (Child and Monadjem, 2016). Thus, the park likely provides habitats safer from human disturbance than the human-dominated lands besides providing habitats with tall vegetation favored by this species. Nevertheless, the lower relative abundance in the grassland in both land uses is likely due to disturbance by large herbivores that may cause small mammals to migrate. This is because ungulates may temporarily avoid woody habitats likely due to inadequate forage because woody plants typically displace herbaceous plants important for ungulates (Anadón et al., 2013; Espunyes et al., 2019). Alternatively, fire may easily penetrate grassland than woody habitats, resulting in lower relative abundance (Salvatori et al., 2001).

The higher relative abundance in the dry season in both the pastoral and agricultural lands is partially consistent with H2. Seasonality alters vegetation cover and food availability and thus small mammal abundance (Mulungu et al., 2011; Byrom et al., 2015). The higher abundance in the dry season indicates elevated food availability due to high rainfall in the preceding wet season. This reinforces the view that food and shelter rank among the key factors that determine small-mammal abundance (Crespin et al., 2008). Surprisingly, the park had higher relative abundance in the wet season. This may be due to the higher relative abundance of the Crocidura spp., which is strongly influenced by moisture availability. Although there is no direct evidence for it, the preference of this species for moist areas suggests that it may dig burrows when foraging or to avoid predators (Dickman, 1995). The increase in invertebrate abundance during the wet season likely explains the higher abundance of this species in the moist wet season (McCay and Storm, 1997; Ivanter and Makarov, 2002). However, the higher relative abundances of G. murinus and Crocidura spp. in the wet season contradict findings of two previous studies that found higher abundances in the dry season for both species in the Serengeti (Timbuka and Kabigumila, 2006; Lamani, 2014). This implies substantial interannual variation in abundance likely linked to a similar underlying variation in rainfall and hence in food availability and quality.

In aggregate, these results support the well-known notion that human activities, such as livestock grazing and agriculture, modify natural habitats. This is reinforced by the higher abundance of A. niloticus in the shrubland and M. natalensis in the cropland in the pastoral land. Both species are habitat generalists able to vary the size of their home ranges depending on seasonal food availability and to persist in disturbed areas (Odhiambo et al., 2008; Mulungu et al., 2011). This conforms with the general view that human-dominated habitats should harbor many generalist small-mammal species (Byrom et al., 2015). Thus, by creating habitats that favor generalists at the expense of specialist species, human activities modify ecosystem function and suitability for small-mammal communities.

The robustness of the general patterns of relative abundance may depend upon the stability of the landscape patterns over space and time. Our study covered only 10 habitats (out of a possible total of 15) and a period of only 2 years, but more spatial and temporal replication may be necessary to more comprehensively assess distributional patterns of small-mammal communities because they can exhibit marked spatial gradients and interannual fluctuations. For example, M. natalensis, a dominant species in agricultural landscapes, can show population cycles with some years showing massive population outbreaks (Leirs et al., 1997; Stenseth et al., 2001). As a result, if fieldwork is conducted during an outbreak year for M. natalensis, the broad patterns may be substantially different from those for a typical year. Furthermore, a complete factorial design with many spatial replicates would be required to clearly disentangle habitat effects from land use effects as well as from effects of habitat homogenization.





Small-mammal species richness and diversity

As hypothesized, small-mammal species richness and diversity were higher inside the park than those in either the pastoral or agricultural land, consistent with H1 and demonstrating that protection in the park is crucial in safeguarding wildlife (Wasiolka and Blaum, 2011; Watson et al., 2016). This is further reinforced by the observation that most of the species that had low relative abundance occurred in the park, indicating speciality. Furthermore, the park is the least modified by human activities and likely has high vegetation heterogeneity and intactness, both crucial to supporting a variety of small-mammal species. Habitat heterogeneity is one of the most important factors influencing small-mammal richness and diversity (Shilereyo et al., 2021). These findings concur with those of Magige and Senzota (2006) who also recorded the highest small-mammal diversity in the protected park. They are also consistent with the general notion that higher species diversity is associated with greater habitat diversity. However, the apparent lack of similarity in species composition between the land use types should be interpreted with caution because the park and the agricultural land have three habitat types in common (wooded grassland, shrubland, and grassland), whereas in the pastoral land, only one of these was included (shrubland) not because wooded grassland and grassland did not exist in the pastoral land but because access was not granted to these habitats. It follows that, despite accounting for variation in sampling effort, using a fixed sampling season, number and type of traps, number of visits per day, and time of visit in a day, the lack of similarity may very well be, or partly be, the result of this design bias rather than of true ecological difference. This can only be conclusively resolved by carrying out a similar study with a fully factorial design and sufficient spatial and temporal replication.

Similarly, the higher species diversity for the park reflects the importance of protection in maintaining high habitat and species diversity in ecosystems. High habitat diversity is essential for high species diversity because the presence of habitat specialists is conditional on the presence of their favored habitat types. Thus, for example, the riverine forest harbored mainly G. murinus and Grammomys spp., both of which prefer trees and intact forest cover for nesting. The selection of the riverine forest by G. murinus has also been noted previously (Madikiza et al., 2010) and is indicative of habitat specificity. Higher species diversity in the wooded grassland and cropland is likely due to more microhabitats in the wooded grassland and high food availability in the cropland, which attracts diverse species (Magige, 2016).

Variation in species diversity between the habitat types and land uses was evident, as species richness and diversity were higher in the wooded grassland and grassland in the park than those in the same habitat types in either the pastoral or agricultural land. This was attributed to the presence of relatively more habitat specialists in the shrubland in the park than that in the pastoral land, which supported a few dominant species, resulting in low species richness and diversity. The impact of livestock grazing in the shrubland in the pastoral land was manifested in the lower diversity there than that in the other habitat types. Moreover, the relatively lower species evenness (40%) in the pastoral land reaffirms the role of livestock grazing as one of the anthropogenic activities that alters vegetation structure and promotes generalist species over habitat specialists. Such a higher abundance of certain small-mammal species in human-dominated landscapes, such as the pastoral land, can elevate the risk of infection with zoonotic diseases and possibly human–small mammal conflicts (Young et al., 2017).

So, how does livestock grazing reduce small-mammal species diversity? One plausible mechanism is that grazing increases shrub cover and patches and hence nesting and refuge sites for small mammals but reduces vegetation diversity and ground cover (Blaum et al., 2007). Thus, continuous livestock grazing decreases small-mammal species diversity by reducing their food diversity and habitat quality and increasing competition with larger herbivores and predation risk (Cao et al., 2016). Consequently, human activities, such as livestock grazing, are detrimental to ecosystems, as they reduce small-mammal species diversity, yet small mammals play central roles in food webs and other ecosystem services.

Moreover, species diversity was higher in the dry season likely because of seasonal variation in weather and activity patterns of the small mammals. Small mammals move more in the dry season and may therefore have a higher risk of being trapped. Also, more juveniles are recruited into the population in the dry season (Shilereyo et al., 2020). The higher species diversity in the park and agricultural land than that in the pastoral land in the dry season (when forage is scarce) is thus likely due to greater livestock densities and grazing activities in the pastoral land in the dry season. However, higher species diversity in the wooded grassland, shrubland, and cropland than in the grassland might be due to the presence of more cover in the dry season (Kawamura et al., 2019). The higher diversity in the forest habitat in the wet season is probably due to the presence of many species that seek moisture and cool temperatures. However, the fact that species richness did not vary between seasons suggests that the species are common to the habitat types.





Testable hypotheses and their predictions and rationale

Definitive explanations for the observed patterns would require well-designed observational field studies or experiments to disentangle the mechanisms through which land use and its changes and seasonality affect availability of food and shelter, habitat suitability, competition, and predation and how alterations to these factors, in turn, influence small-mammal abundance, species diversity, and composition. Based on our observations and interpretations of our results, such studies should test predictions of the following testable hypotheses.

(1) Human activities will modify habitats in the pastoral land, making them suitable for only a few generalists at the expense of specialist species. (2) Generalists will more rapidly shift their habitat associations than specialists when faced with temporarily shifting food resources because generalists are better adapted to using altered habitats (Andren, 1999). (3) The abundance of specialist species will be more sensitive to human land use because it more strongly reduces their preferred food items and suitable shelter and hence their distribution. (4) The relative abundance of small mammals will be lower in pastoral lands because livestock grazing reduces plant species diversity, homogenizes natural habitats, increases shrub cover, and reduces primary productivity of the aboveground biomass, thus negatively affecting plant diversity and food availability for small mammals. (5) Relative abundance of small mammals dominated by a few habitat specialists will be higher in the park because of its higher habitat heterogeneity. (6) Small mammals will be more abundant in the cropland habitat in the pastoral land due to the numerical dominance of a few generalist species that prefer grains in the postharvest period (dry season) when food and cover are more plentiful.

(7) The cropping system used in cultivation will affect the relative abundance of small mammals through its influence on variation in the quality and quantity of critical resources. (7a) Relative abundance will be lower in cropland areas using mechanized tools for tillage (e.g., tractor and oxen) than that in areas using less mechanized tools (e.g., hand hoe). (7b) Relative abundance will be lower in the cropland in the agricultural land than that in the pastoral land because of differences in the typical cropping system used in each. (7c) Relative abundance will be higher on the cropland in the pastoral land because the vegetation fringing fenced farms in the pastoral land will provide better habitats for small mammals than unfenced farms in the cropland in the agricultural land. (7d) Relative abundance will also be higher in the cropland in the pastoral land than that in the agricultural land because crop farmers in the pastoral land leave some maize stalks and cobs on the farm for livestock after harvest, whereas farmers in the agricultural land typically do not. (7e) Relative abundance will be higher in the cropland in the pastoral land than that in the agricultural land because farmers in the pastoral land take longer to till the land and replant after harvest than farmers in the agricultural land. (7f) Relative abundance will be higher in the cropland in the pastoral land than that in the agricultural land because the cropping system used in the cropland in the pastoral land yields a more stable supply and availability of high-quality food and shelter for the small mammals after harvest than those in the agricultural land. (7g) Relative abundance will be higher in the cropland in the pastoral land than that in the agricultural land because preparing land and replanting soon after harvest in the cropland in the agricultural land reduces shelter and increases predation risk for small mammals, forcing them to seek safer habitats elsewhere.

(8a) Relative abundance of small mammals will be higher in the riverine forest and in the wooded grassland in the park than that in the latter habitat in the agricultural land because of greater habitat heterogeneity in the park due to less human activities. (8b) Disturbance, such as from agriculture, will cause temporary migration of some small-mammal species to seek less disturbed habitats they favor elsewhere. (8c) Relative abundance will be lower in the grassland than that in the woody habitats because fires penetrate grassland more readily than woody habitats and small mammals may migrate due to disturbance by large herbivores in the grassland habitat. (9a) Relative abundance will be higher in the dry season in both the pastoral and agricultural lands due to elevated food availability linked to high rainfall in the preceding wet season. (9b) The park will have a higher relative abundance of a few species strongly attracted to moisture availability in the moist wet season, which influences the availability of surface drinking water and food, such as invertebrates, and ease of digging burrows to avoid predators.

(10a) Small-mammal species richness and diversity will be higher in the park than those in either the pastoral or agricultural land and most species occurring in the park will have low relative abundance, indicating speciality. This is because the park is the least modified by human activities and has higher vegetation heterogeneity and intactness, crucial to supporting a higher small-mammal species diversity. (10b) Livestock grazing in the shrubland in the pastoral land will reduce species diversity by increasing shrub cover, nesting and refuge sites while simultaneously reducing vegetation diversity and ground cover for suitable refuges for small mammals. (10c) High habitat diversity will lead to higher species diversity because of more habitat types favored by habitat specialists. Consequently, species diversity will be higher in the wooded grassland with more microhabitats. (10d) Species richness and diversity will be higher in the wooded grassland and grassland in the park than those in the same habitat types in either the pastoral or agricultural land because more habitat specialists occur in the park than in the pastoral land, which supports only a few dominant species, resulting in low species richness and diversity. (10e) Continuous livestock grazing in the pastoral land will decrease small-mammal species diversity by reducing its food diversity and habitat quality and increasing exploitative competition with larger herbivores as well as predation risk.

(11) Species diversity will be higher in the dry season because small mammals move more at this time and therefore are more likely to be trapped (and probably also killed by predators due to higher encounter rates). (12) Species diversity will be higher in the park and agricultural land than that in the pastoral land in the dry season (when forage is scarce) because of higher livestock densities and more intense grazing in the pastoral land in the dry season. (13) Species diversity will be higher in the wooded grassland, shrubland, and cropland than that in the grassland because the former three habitats have more cover in the dry season. (14) Species diversity will be higher in the forest habitat in the wet season because more species seek moisture and cool temperatures there at this time. (15) Species richness in the habitats should not vary between seasons because the same species are found in each habitat regardless of season.






Conclusions and conservation implications

The pastoral land had higher relative abundance of small mammals than either the park or agricultural land, but species richness and diversity were both highest in the park. Relative abundance and diversity both varied across seasons, with both the pastoral and agricultural lands having higher relative abundances in the dry season but the park having a higher relative abundance in the wet season. Species diversity was higher in the dry season in both the park and agricultural land but in the wet season in the pastoral land. These differences likely reflect seasonality in food availability, habitat selection, and activity patterns of the small mammals in the ecosystem. The pastoral land had a high relative abundance of a few generalists, mostly pest species, resulting in low species evenness and diversity. This suggests the role of reduced habitat heterogeneity that can increase the risk of zoonotic diseases and human–small mammal conflicts. Future studies should therefore quantitatively assess habitat heterogeneity at the plot level and use it as a predictor variable in models of small-mammal species abundance and diversity.

The higher species richness and diversity in the park than those in the agricultural or pastoral land imply a relatively higher habitat heterogeneity and suitability for sustaining high small-mammal species diversity. The agricultural land supported less abundant but more diverse small-mammal communities than the pastoral land probably due to greater food and shelter availability postharvest than those in the pastoral land. Thus, some human activities apparently exert deleterious effects on some small-mammal species by reducing the suitability of their habitats, species richness and diversity. These findings substantiate the importance of protection in parks in sustaining small-mammal species richness and diversity and of protected areas, generally, as baselines for assessing the impacts of human land use on small mammals. Overall, our findings suggest the importance of improving agricultural and pastoral practices in tropical regions to minimize their deleterious effects on small mammals, such as through agroforestry, fallowing, and rotational grazing.
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