Cape ground squirrels as ecosystem engineers: modifying habitat for plants, small mammals, and beetles in Namib Desert grasslands
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Abstract
Burrowing and foraging of semi-fossorial rodents can affect species distribution and composition. Ground squirrels dig large burrow systems for refuge from predators and temperature extremes. Burrowing and foraging around burrows by squirrels may affect habitat and resource distributions for other organisms. We examined the impact of Cape ground squirrels (Xerus inauris) on vegetation, small mammals, and beetles during winter and summer in grasslands on the edge of the Namib Desert. At each burrow system and paired control site without burrows, we estimated plant cover and height using quadrats (N = 8 paired sites), small mammal abundance and species richness using mark-recapture techniques (N = 8 paired sites), and beetle abundance and species richness using pitfall traps (N = 6 paired sites, winter only). Squirrel burrowing and foraging activities resulted in lower plant cover and height, higher small mammal abundance, and lower beetle abundance and species richness. Squirrels also reduced more plant cover in winter compared to summer, but had no effect on small mammal species richness. Furthermore, plant cover and height were higher in summer, whereas small mammal abundance and species richness were higher in winter. Our results suggest that Cape ground squirrels are important ecosystem engineers that influence plant and animal communities in the Namib Desert grasslands. 


Introduction
Burrowing and foraging activities of mammals create important areas of disturbance that increase spatial heterogeneity and affect ecological processes such as resource availability, species interactions, and community composition (Schooley & Wiens, 2001; Davidson, Detling & Brown, 2012; Root-Bernstein & Ebensperger, 2013). Mammals that exert strong physical changes to their environment, affecting resource availability and species distribution, are considered ecosystem engineers (Jones, Lawton & Shachak, 1994). Rodents, in particular, modify their environment after establishing themselves within a suitable habitat. For instance, pocket gophers (Geomyidae) (Grant, French & Folse, 1980; Reichman & Seabloom, 2002), prairie dogs (Cynomys spp. Rafinesque, 1817) (Agnew, Uresk & Hansen, 1986; Bangert & Slobodchikoff, 2004; Davidson & Lightfoot, 2006), and kangaroo rats (Dipodomys spp. Gray, 1841) (Davidson & Lightfoot, 2006; Davidson & Lightfoot, 2007; Prugh & Brashares, 2011) affect soil nutrient levels, as well as plant and animal abundances and composition around their burrows. 
Although the ecological significance of semi-fossorial rodents has been examined elsewhere (Agnew et al., 1986; Zhang, Zhang & Liu, 2003; Davidson et al., 2012), few studies have examined African rodents as ecosystem engineers (Desmet & Cowling, 1999; Hagenah & Bennett, 2012), and the importance of engineering activities of semi-fossorial rodents to the biodiversity of the arid regions of southern Africa is not well known. The Namib Desert grasslands are predicted to experience significant warming and drying due to climate change, which may have serious impacts on the persistence of many species (Foden et al., 2007).  Understanding the impact of ecosystem engineers on biodiversity will help prioritize conservation efforts in this region.
Cape ground squirrels (Xerus inauris Zimmermann, 1780) are social, diurnal, non-hibernating rodents that are distributed throughout southern Africa (Skurski & Waterman, 2005). They dig and live in communal burrow clusters, which are groups of burrows separated by larger open areas of land with no burrows (Waterman, 1995). Burrow clusters provide squirrels with refuge from thermal extremes (van Heerden & Dauth, 1987) and protection from aerial and terrestrial predators (Waterman, 1995). Related adult females and their subadult young live in social groups, each occupying a single burrow cluster (Waterman, 1995), whereas dispersed adult males live in non-kin groups that inhabit burrow clusters not occupied by female groups (Waterman, 1995). The squirrels feed on bulbs, grasses, seeds, shrubs, and occasionally arthropods (Herzig-Straschil, 1978; Skurski & Waterman, 2005). They forage at their burrows during early mornings and evenings; days are spent in foraging excursions in areas surrounding their burrow clusters (Herzig-Straschil, 1978). Cape ground squirrels do not typically cache food, but will collect vegetation for nesting material throughout the year (Herzig-Straschil, 1978). Although Cape ground squirrels could play an integral role within their community by modifying the physical environment through their digging and foraging activities, no study has quantified their effects on other organisms through their actions as ecosystem engineers. Thus, our objective was to determine whether Cape ground squirrels were ecosystem engineers by investigating their influence on plants, small mammals, and beetles at the NamibRand Nature Reserve. 
A number of hypotheses might explain the effects of Cape ground squirrels on plants and animals (Table 1). Burrowing activities could create gaps in the soil, promoting colonization of opportunistic plant species (digging hypothesis) (Grant et al., 1980; Reichman & Seabloom 2002). Furthermore, nutrient inputs by squirrels (e.g., fecal deposition) could improve soil fertility, and thus enhance plant growth (nutrient deposition hypothesis) (Whicker & Detling, 1988; Desmet & Cowling, 1999; Davidson & Lightfoot, 2006). Under both hypotheses, we predicted greater vegetation cover and height at the burrows compared to controls (non-burrow sites). Cape ground squirrels could also affect vegetation structure and composition by trimming plants (i.e., reducing plant height) to improve predator visibility (trimming hypothesis) or by foraging (foraging hypothesis) on plant material (Agnew et al., 1986; Davidson & Lightfoot, 2006). Under the trimming hypothesis, we predicted lower plant height at the burrows, but no difference in plant cover between the burrows and controls. Alternatively, we predicted lower vegetation cover and height at the burrows compared to controls under the foraging hypothesis. Finally, Cape ground squirrel burrows could also provide other organisms with refuge from thermal extremes and predators (burrow refuge hypothesis) (VanNimwegen et al., 2008; Cully et al., 2010; Pike & Mitchell, 2013). Under this hypothesis, we predicted greater small mammal and beetle abundance and species richness at the burrows compared to controls.
Materials and methods
Study site
We conducted our study in winter 2007 (July and August) and summer 2008 (February and March) on Farm Aandster (16° 02' E, 25° 20′ S; elevation 1030 m) in the NamibRand Nature Reserve, an 185,000 ha reserve in the transitional escarpment zone of the eastern border of the Namib Desert (Odendaal & Shaw, 2010). Annual rainfall on the farm ranged between 3 and 253 mm (median = 94 mm) between1967 and 2008. More than 70% of rain falls between January and March (Rathbun and Rathbun, 2006) and no rain falls between May and September. Thus, there was no rain in winter 2007, but there was 173 mm of rain in summer 2008. Monthly minimum and maximum temperatures ranged from 7 to 26 °C in winter 2007 and 20 to 33 °C in summer 2008. 
The NamibRand Nature reserve is formed of Kalahari red sand that is extremely nutrient poor, particularly in total nitrogen, total phosphorus, and available phosphorus (Cramer & Barger, 2013). Vegetation is dominated by Stipagrostis spp. (Nees) grass with few tree or shrub species (Christian, 1979; Tschinkel, 2010; Edwards & Waterman, 2011). Cape ground squirrels predominantly forage on Stipagrostis spp. grass, but might occasionally forage on herbs, shrubs, and arthropods in the area.
 Soil properties and plant communities are homogenous throughout the reserve (Cramer & Barger, 2013), thus it is unlikely that squirrels establish their burrows based on soil and plant characteristics. Moreover, Cape ground squirrels dig and live in the same burrow clusters for many years, continuously reconstructing old holes and digging new holes at burrow clusters that have been already formed (Herzig-Stratsil, 1978). At the NamibRand Nature Reserve, burrow clusters ranged between 217 and 3200 m2 (median = 1000 m2) with 28 to 145 burrow openings (median = 62 openings) between 2005 and 2006 (Waterman, unpublished data).  In winter 2007 and summer 2008, between one and seventeen squirrels occupied each burrow cluster and the majority of burrow cluster sites remained active for at least six years (2003-2008). Although other mammals such as yellow mongooses (Cynictis penicillata G.[Baron] Cuvier, 1829), Cape foxes (Vulpes chama A. Smith, 1833), and bat-eared foxes (Otocyon megalotis Desmarest, 1822) may occupy squirrel burrows and do some digging (Edwards & Waterman, 2011), Cape ground squirrels primarily dig and maintain the burrows (Waterman & Roth, 2007).
Species abundance
We sampled eight paired sites, each consisting of a burrow cluster occupied by a social group of squirrels and a control area with no burrows. Controls were always placed 300 m away from their paired burrow clusters and at least 300 m away from any other burrow cluster. The nearest distance between burrow clusters (N = 8) ranged between 145 and 797 m (median = 339 m). At each burrow and control site, we estimated biotic features in winter and summer, including vegetation cover and height. From the center of each site, we established a 20 meter transect in all four cardinal directions and set 1 m x 1 m quadrats every 5 m (seventeen quadrats per site, including center). At each quadrat, we visually estimated percent cover (0 to 100%) of vegetation and ranked plant height (rank 1: < 7 cm, rank 2: 7-13 cm, rank 3: 14-25 cm, and rank 4: > 25 cm) at nine equally spaced points (3 x 3 grid) within each quadrat to determine an average plant height rank per site (153 measurements per site). 
At each burrow and control site, we also determined small mammal abundance (i.e., total number captured) in winter and summer by establishing three 30 m transects (east-west), spaced 10 m apart. Along each transect we set five Sherman live traps (7.6 x 8.9 x 22.9 cm; Sherman Inc., Florida, U.S.A.) for five days, opening the traps at dusk (approximately 17h00) and checking them the following morning (approximately 08h30). Diurnal small mammals in Namibia are active early mornings (05h00 to 08h30); therefore, our trapping regime sampled both nocturnal and diurnal species. Within each trap, we placed peanut butter and bird seed as bait, and bedding for insulation in winter. Before releasing any small mammal, we placed a unique dye mark (Rodol D; Lowenstein and Sons, New York, NY, U.S.A.) on its back so that we could identify recaptured individuals within each season. 
Finally, we determined beetle abundance (i.e., total number captured) at the burrows and controls. We chose beetles as an indicator taxon for arthropod assemblages because of their diversity and sensitivity to abiotic and biotic changes (McGeoch, Van Rensburg & Botes, 2002; Sauberer et al., 2004; Morrison et al., 2012). We trapped beetles in winter at six burrow and control sites. From the center of each plot, we established a 20 meter transect in all four cardinal directions. Along each transect, we buried pitfall traps (30 cm diameter buckets, 10 cm deep) flush with the ground, spaced 10 m apart (nine pitfall traps per site). We filled the traps with mono-ethylene glycol as preservative and left them for five days and nights. We then removed the beetles from the traps and stored them in 70% ethanol until they were further identified and prepared as museum vouchers in the National Museum of Namibia.
Species richness
 We determined species richness by identifying all small mammals to species level and beetles to morphospecies level (taxa sorted based on morphological features). Studies have demonstrated that identification to morphospecies allows for quick sorting of specimens while providing effective estimates of species richness for comparing sites or communities (Oliver & Beattie, 1996; Morrison et al., 2012). We did not determine plant species richness because our sites were thoroughly dominated by Stipagrostis spp. grass with little other diversity.
Statistical analysis
We arcsine transformed plant cover and square root (x + 0.5) transformed small mammal abundance to improve normality and homogeneity of variance. We then used analysis of variance tests (ANOVA) with site as a random effect to determine differences between treatments (burrows and controls) and seasons (winter and summer) for plant cover, small mammal abundance, and small mammal species richness. To determine whether plant height ranks differed between treatments and seasons, we used ordinal logistic regression while blocking for site. Finally, we square root transformed beetle abundance to improve normality and used paired t-tests to determine differences in beetle abundance and species richness between treatments. All analyses were completed using JMP® 10.0.1 (SAS Institute Inc., Cary, NC, U.S.A.) with a significance level of α = 0.05.
Results
Plant cover was lower at the burrows compared to the controls (F1,21 = 6.10; P = 0.022) (Fig. 1a) and in winter compared to summer (F 1,21 = 9.63; P = 0.005). Plant cover was particularly low at the burrows in winter, thus we found an interaction between treatment and season (F1,21 = 7.32; P = 0.013). Plant height ranked lower at the burrows compared to the controls (χ21 = 721; P < 0.0001) and lower in winter compared to summer (χ21 = 1533; P < 0.0001) (Fig. 1b), but there was no interaction between treatment and season (χ21 = 0.73; P = 0.393). Small mammal abundance was higher at the burrows compared to the controls (F1,21 = 9.74; P = 0.005) and in winter compared to summer (F1,21 = 5.00; P = 0.036) (Fig. 2a), but there was also no interaction between  treatment and season (F1,21 = 1.98; P = 0.175). We caught the same three small mammal species (Gerbillurus vallinus Thomas, 1918, G. paeba A. Smith, 1836, and Desmodillus auricularis Smith, 1834) at the burrow and control sites, and thus found no difference in small mammal species richness between the burrows and controls (F1,21 = 2.90; P = 0.103) (Fig. 2b). Small mammal species richness was, however, greater in winter compared to summer (F1,21 = 14.04; P = 0.001), but there was no interaction between treatment and season (F1,21 = 0.12; P = 0.737). Finally, we trapped and identified beetles in the Tenebrionidae (Zophosis spp. Latreille, 1802, Somaticus spp. Hope, 1840, Eurychora spp. Fabr., etc.), Curculionidae, and Carabidae families. We found lower beetle abundance (t5 = 4.46; P = 0.007; Fig. 3a) and species richness (t5 = 3.38; P = 0.020; Fig. 3b) at the burrows in winter. 
Discussion
Burrowing and foraging activities of Cape ground squirrels affected plant cover and height, small mammal abundance, and beetle abundance and richness around their burrows, suggesting that squirrels were ecosystem engineers within the Namib Desert grasslands. In particular, we found lower plant cover at the burrows in winter and lower plant height at the burrows in winter and summer. Based on these results, we found support for the trimming and foraging hypotheses, but rejected the digging and nutrient deposition hypotheses. Digging can promote plant growth by creating patches of varying nutrient concentrations and gaps that permit opportunistic species to grow (Laycock, 1958; Grant et al., 1980; Desmet & Cowling, 1999). For instance, Desmet & Cowling (1999) found that plants are more abundant around Brant's whistling rat (Parotomys brantsii A. Smith, 1834) burrows compared to non-burrow sites, and suggested that digging by rats promotes fertility hotspots in a harsh environment. Alternatively, studies have also found that rodents, such as mole rats (Bathyergidae) (Hagenah & Bennett, 2012) and prairie dogs (Agnew et al., 1986; Whicker & Detling, 1988; Davidson & Lightfoot, 2006), reduce vegetation cover and/or height around burrows through trimming and foraging. Similarly, the squirrels at our study site also removed vegetation around their burrows. Waterman & Roth (2007) suggested that Cape ground squirrels remove vegetation to improve predator visibility, and Herzig-Stratsil (1978) noted that squirrels forage at their burrows during early mornings and evenings. Plant cover was also lower at the burrows in winter compared to summer. There is no rainfall in winter (July and August), which would have affected the ability for plants to re-grow following removal by squirrels. In summer, plants would have re-grown after rains. 
We also found greater small mammal abundance at the burrows compared to the controls.  Studies have suggested that small mammals use other species' burrows for refuge from heat and/or predators (Lomolino & Smith, 2003; Shipley & Reading, 2006; Whittington-Jones, Bernard & Parker, 2011). Whittington-Jones et al. (2011) found that other vertebrate species use aardvark (Orycteropus afer Pallas, 1766) burrows because they are cooler than the outside environment. Likewise, Shipley & Reading (2006) found greater small mammal abundance on prairie dog colonies and suggested that small mammals use burrows for refuge from predators and thermal extremes. Although we found support for the burrow refuge hypothesis, other factors might have also contributed to differences in small mammal abundance on and off the burrows. In particular, alterations to sand by squirrels might have influenced small mammal distribution. Dempster, Perrin & Downs (1999) found that G. vallinus and G. paeba species create burrows where mounds of soil are formed under bushes. The small mammals at our study site could have also created burrows at squirrel colonies where mounds of sand were formed following squirrel burrowing. We also found greater small mammal abundance in winter compared to summer, particularly at the controls. Small mammals might have been attracted to our baited traps in winter when food resources were low. Alternatively, hot temperatures in summer might have provoked small mammals to spend more time in their burrows, thereby reducing our trapping success. 
Burrow sites also provide protection, moist and stable environments, and food resources for arthropods (Bangert & Slobodchikoff, 2004; Davidson, 2005; Bangert & Slobodchikoff, 2006; Davidson & Lightfoot, 2007). Davidson (2005) also suggested that arthropod communities can vary based on burrow characteristics, such as size, shape, and depth, as well as the structure and composition of plant species and soil conditions around the burrows. At our study site, burrow and control areas were dominated by sand, but plant height was lower at the burrows; therefore, beetles might have occupied control areas because the vegetation provided better protection from predators. Alternatively, insectivorous mammals could have consumed arthropods at the burrows, thus reducing their numbers relative to control areas (O'Meilia, Knopf & Lewis, 1982; Agnew, Uresk & Hansen, 1988). Arthropods are not a significant component of Cape ground squirrel diets (Zumpt, 1968; Herzig-Straschil, 1978; Waterman & Roth, 2007), but the small mammals at our study site (e.g., G. vallinus, G. paeba, and D. auricularis) are omnivorous (Perrin, Boyer & Boyer, 1992), and other organisms occupying squirrel burrows, such as yellow mongooses, could have also consumed beetles at the burrows. Future research should consider the impact of yellow mongooses and other insectivores on the arthropod community. Studies should also determine how engineering affects the abundance and species richness of other arthropods besides beetles. Knowing more about the arthropod community would be useful for determining whether small mammal distribution is influenced by the presence of arthropods on or off the burrows. 
Conclusions
The karooid and escarpment habitats of Namibia, found between the Namib and Kalahari deserts, consist of many endemic species (Simmons et al., 1998). Conserving organisms that create habitat heterogeneity will help maintain the diversity of these habitats. Although Cape ground squirrels are not endemic, they dig burrow clusters that persist in the environment for many years (Herzig-Stratsil, 1978). Their burrowing and foraging activities affect the plant and animal communities around their burrows, making them ecosystem engineers within the Namib Desert grasslands. A landscape with varying patches of vegetation structure, and small mammal and beetle abundances and species richness could provide food and habitat for other organisms within this region. 
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Table 1 Hypotheses and predictions summarizing the direct effects of Cape ground squirrels (Xerus inauris) on plants, small mammals, and beetles. 
	Hypotheses
	Predictions

	Vegetation
	

	1. Digging 
	Greater plant cover and height at burrows

	2. Nutrient deposition
	Greater plant cover and height at burrows

	3. Trimming
	Lower plant height at burrows

	4. Foraging
	Lower plant cover and height at burrows

	Small mammals and beetles
	

	1. Burrow refuge 
	Greater small mammal and beetle abundance and species richness at burrows




Fig 1 Vegetation (a) cover and (b) height (ranked) on Cape ground squirrel (Xerus inauris) burrows (N = 8) and control sites 300 m away (N = 8) in the NamibRand Nature Reserve in winter 2007 and summer 2008 (mean ± SE).
Fig 2 Small mammal (a) abundance and (b) species richness (mean ± SE) on Cape ground squirrel (Xerus inauris) burrows (N = 8) and control sites 300 m away (N = 8) in the NamibRand Nature Reserve in winter 2007 and summer 2008.
Fig 3 Beetle (Coleoptera) (a) abundance and (b) species richness (mean ± SE) on Cape ground squirrel (Xerus inauris) burrows (N = 6) and control sites 300 m away (N = 6) in the NamibRand Nature Reserve in winter 2007.
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Figure 3
Burrows	5.4475065382186045	8.6181448948466528	5.4475065382186045	8.6181448948466528	Summer	Winter	69.779411764705884	33.445	Controls	3.0758141060100828	4.3586168503567944	3.0758141060100828	4.3586168503567944	Summer	Winter	69.757352941176464	67.131250000000023	
% plant cover


Burrows	0.24181665872445104	0.2142304018004097	0.24181665872445104	0.2142304018004097	Summer	Winter	2.9428104575163401	1.7467320261437957	Controls	7.8157956942186468E-2	0.17705938663058701	7.8157956942186468E-2	0.17705938663058701	Summer	Winter	3.571078431372539	2.6266339869281037	
Ranked plant height


Burrows	1.5236235005501098	1.3152607020228724	1.5236235005501098	1.3152607020228724	Summer	Winter	5.5	5.875	Controls	0.39809815731443016	0.49099025303098331	0.39809815731443016	0.49099025303098331	Summer	Winter	1.125	3.75	
 Small mammal abundance (no./site)


Burrows	0.3659625273557025	0.22658174179374097	0.3659625273557025	0.22658174179374097	Summer	Winter	1.25	1.875	Controls	0.29504842217604138	0.18298126367785036	0.29504842217604138	0.18298126367785036	Summer	Winter	0.87500000000000233	1.625	
Small mammal species richness (no./site)


2.1705094128132938	5.2514548248821304	2.1705094128132938	5.2514548248821304	Burrows	Controls	8.3333333333333357	17.666666666666671	
Beetle abundance((no./site)

0.34399544121083708	0.55369970512250233	0.34399544121083708	0.55369970512250233	Burrows	Controls	4.166666666666667	6	
Beetle species richness (no./site)
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