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Abstract 

 

Microsite disturbances – including mounds created by burrowing mammals – increase 

local plant community diversity by supporting unique species assemblages. I investigated 

whether Richardson’s ground squirrel (Urocitellus richardsonii) mounds support unique 

plant assemblages within five Manitoba prairie pastures, and explored the factors 

contributing to the plant assemblages documented. Richardson’s ground squirrel mounds 

supported unique species assemblages relative to bare-ground disturbances with removal 

of vegetation but no soil disturbance. These detectable shifts in plant community 

structure on mounds appear to be attributable to mound-specific environmental 

conditions responsible for delaying vegetative recolonization and facilitating 

establishment of early-succession species. In contrast, seed bank distribution did not 

appear to influence species assemblages on mounds. Further investigation into site-

specific changes in species distribution on Richardson’s ground squirrel mounds is 

needed to appreciate the role of these burrowing mammals in pastureland communities. 
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Introduction 

 

In grassland ecosystems worldwide, disturbance has profound influences on plant species 

diversity and productivity (Bond, 2008). The intermediate disturbance hypothesis 

suggests that when resources are abundant, diversity peaks at an intermediate disturbance 

frequency, as disturbance is frequent enough to curb competitive exclusion without 

compromising survival (Grime, 1973). This idea has been extended to describe unimodal 

responses of plant productivity to grazing intensity (McNaughton, 1979), and more 

recently, has become the basis of models describing species invasions in communities 

subject to human-induced habitat destruction (Marvier et al., 2004). Empirical evidence 

for landscape-scale disturbance effects, such as grazing, on plant species diversity in 

temperate grasslands is extensive (McNaughton, 1979; Fowler, 2002). The significance 

of microhabitat disturbances (e.g. small mammal borrowing, ant hills, bison wallows) for 

diversity in these communities, however, remains unclear. 

 

That any disturbance increasing habitat heterogeneity within a community will also 

increase species richness is generally accepted and widely demonstrated (Questad and 

Foster, 2008; Lundholm, 2009; Richardson et al., 2012). Since niche theory predicts that 

species should be limited by a particular set of resources and conditions, species richness 

should increase monotonically as a function of the number of patches of unique resources 

and conditions available. Questad and Foster (2008) detected positive heterogeneity-

diversity relationships in a North American temperate grassland, and further additive 

increases in diversity with increased functional diversity of the species pool. Richardson 

et al. (2012) similarly found that diversity increased with both habitat heterogeneity and 
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seed availability in a limestone pavement community, with a larger effect of habitat 

heterogeneity on resultant diversity.  

 

Earthen mounds, such as those created by burrowing activities of moles (family Talpidae 

– Canals and Sebastia, 2000), pocket gophers (Thomomys bottae – Canals et al., 2003), 

and black-tailed prairie dogs (Cynomys ludovicianus – Whicker and Detling, 1988), have 

repeatedly been suggested to increase plant community diversity in grasslands through 

continuous provision of a spatially heterogeneous supply of nutrients. In grasslands, 

nitrogen (N) is a powerful determinant of productivity and diversity (Inoyue et al., 1987; 

Baer et al., 2003). Overabundant inorganic N (NO2
-/NO3

- and NH4
+) is known to increase 

biomass and decrease plant diversity (Harpole and Tilman, 2007) while a spatially 

heterogeneous supply of inorganic N may enhance plant community richness by 

providing conditions suitable for the establishment and temporary coexistence of locally 

rare, disturbance-adapted species (Tilman, 1988). Though mounds generally decrease 

total soil N and carbon (C - Inouye et al., 1987; Kyle et al., 2008), several studies have 

revealed temporary increases in available inorganic N on mounds created by small 

mammals (moles – Canals and Sebastia, 2000; pocket gophers – Eviner and Chapin, 

2005; marmots – Yoshihara et al., 2009); a result often attributed to accelerated N 

mineralization and nitrification rates in mound soils (Canals et al., 2003). This transient 

spatial heterogeneity in resources – and corresponding establishment of locally rare 

species on mounds created through continuous burrowing – is generally considered to be 

responsible for increases in plant community diversity (Questad and Foster, 2008; 

Yoshihara et al., 2009). This observation, however, is not universal. Kyle et al. (2008) 
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reported no difference in inorganic N concentrations on and off mounds in a shrub steppe 

community in Washington state, USA. Similarly, Canals et al. (2003) reported no 

difference in inorganic N concentration between mound soils and bare soil where 

vegetation was removed, suggesting that inorganic N accumulation in mound soil is more 

likely the result of a temporary reduction in N immobilization by plant uptake, resulting 

in an increase in net N mineralization rate, rather than enhanced gross N mineralization 

and nitrification rates. 

 

The enhanced inorganic N concentrations observed on mounds may also be an indirect 

consequence of direct effects of the disturbance on soil physical properties. Mounds are 

reported to have elevated soil temperature (El-Bana, 2009) and photosynthetically active 

radiation (PAR) at the soil level (Inouye et al., 1987), lower soil moisture (Schiffers et al., 

2010), bulk density (Kyle et al., 2008), and organic matter (Canals et al., 2000) than 

undisturbed grassland. These factors are generally associated with enhanced N 

mineralization and nitrification rates, leading to the commonly observed increase in 

inorganic N availability at the microsite level. For example, Pfeifer-Meister and 

Bridgham (2007) found that during seasonal periods of soil saturation, reducing soil 

moisture in a Pacific Northwest prairie increases the nitrification rate. Similar results 

have been reported for localized increases in soil temperature, which produce transitory 

increases in N mineralization rates (Luxhoi et al., 2008). Soil aeration, and corresponding 

reductions in water-filled pore space, have also been shown to decrease microbial 

anaerobic respiration, which leads to inorganic N losses through denitrification (Linn and 

Doran, 1984). Inorganic N availability may even be influenced by the source depth of 
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mound soil in the profile, as speculated by Canals et al. (2003). As soil C:N ratio 

decreases, the competitive ability of nitrifying bacteria for NH3 increases, resulting in an 

increase in inorganic N production (Booth et al., 2005). 

 

Though inorganic N availability is critical to germination and seedling establishment 

(Grubb, 1977), disturbance-adapted plant species are opportunists common to most 

small-scale disturbances. All gap-producing disturbances present a new resource in the 

form of exploitable space, and are often characterized by frequent fluctuations in soil 

moisture and temperature due to soil exposure (Canals et al., 2003). It follows that given 

sufficient niche breadth, disturbance-adapted species should be capable of colonizing a 

variety of small-scale disturbances resulting in community-scale increases in diversity. In 

agreement with this, locally-rare colonizers similar to those observed at mound 

disturbances have been detected on bison wallows in tallgrass prairie (McMillan et al., 

2011) and wild boar rooting disturbances in alpine meadows (Bueno et al., 2011). 

Similarly, in managed grasslands, ploughed furrows have been shown to have long-term 

effects on community diversity (Sebastia and Puig, 2008). Moreover, it is not uncommon 

for multiple disturbance types to exist in a single community. In a semi-arid grassland, 

Kyle et al. (2008) found that pocket gopher mounds, though in part responsible for 

increasing community diversity, accounted for only 14% of available bare soil. Despite 

the theoretical value of understanding the importance of separate factors responsible for 

species establishment patterns, few studies have simultaneously compared the importance 

of multiple types of small-scale disturbance within a single grassland community (but see 

Davidson and Lightfoot, 2008; Sebastia and Puig, 2008). 
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Instead of facilitating establishment by disturbance-adapted species, mound conditions 

may preclude establishment by more specialized species. Germination requirements, 

including light and nutrient availability, soil temperature, and soil moisture are important 

for germination success and seedling establishment (Grubb, 1977). In accord with this, 

Canals and Sebastia (2000) suggested that species establishment on molehills depends on 

the ability of species to cope with the unique abiotic conditions created by these 

disturbances, which generally favor exotic annual species with high relative growth rates 

over native vegetation. Mounds, with extremes in conditions such as low soil moisture 

content, create an environment that is initially too harsh for establishment or 

encroachment by native plants (Kyle et al., 2008). Thus, mound conditions may facilitate 

establishment of disturbance-adapted species indirectly, by curbing establishment by 

native plants with superior competitive ability that would otherwise preempt resources 

required for establishment (Rabinowitz and Rapp, 1985; Questad and Foster, 2007). 

Schiffers et al. (2010) found that species composition on molehills did not initially reflect 

the surrounding plant community, and encroachment by surrounding adult plants only 

became important more than a year following the initial disturbance, suggesting that 

temporal and spatial dispersal limitations may limit the ability of adult plants to establish 

on mounds. In grassland communities, seeds commonly accumulate below adult plants in 

the transient seed bank (Olano et al., 2005; Bossuyt et al., 2007), so that mound 

disturbances may rely on longer distance dispersal or regeneration from the persistent 

seed bank for colonization.  
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While environmental influences on mound-colonizing species establishment have 

frequently been considered, the role of the seed bank is under-studied. In particular, soil 

mixing typical of mounds may redistribute seeds in the seed bank, causing seeds formerly 

limited by depth-induced dormancy to germinate upon reaching the soil surface (Burmier 

et al., 2010). Vertical distribution of seeds within the seed bank has been shown to be 

critically important for germination success in a variety of community types. The 

probability of germination attenuates rapidly with seed depth, though not all species 

experience a linear decrease (Burmier et al., 2010). In floodplain communities, 

germination probability has been shown to drop to zero for seeds buried beyond 8 cm in 

depth (Bonis and Lepart, 1994; Burmier et al., 2010). Perez et al. (1998) did not detect as 

dramatic a drop off in germination success with depth in a sandhill prairie community. 

However, the number of seeds germinating in the 15-20 cm depth was less than 7% of the 

number of seeds germinating in the 0-5 cm depth over two years of study. Indeed, 

disruption of the soil seed bank to a depth of just 10 cm by wild boar in an alpine 

grassland community has been shown to reduce stratification among deep and shallow 

components of the seed bank (Bueno et al., 2011). In contrast, Forbis et al. (2004) 

detected a reduction in seed density on fresh pocket gopher mounds relative to older 

disturbances. All small mammal mounds are produced through redistribution of soil from 

various depths to the surface (pocket gophers – Jones and Baxter, 2004; Richardson’s 

ground squirrels – Quanstrom, 1971), and thus likely have similar effects on seed bank 

distribution. Still, little is known about the vertical stratification of animal-disturbed seed 

banks relative to undisturbed grassland, and in particular how this might influence 

species establishment and community composition in areas subject to disturbance.  
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Though much is known about the diversity-enhancing properties of small mammal 

mounds through previous studies, the unique impact of these disturbances on grassland 

plant communities remains unclear. My research addressed two primary questions related 

to mounds created within pasture grassland communities: (1) do mounds support a unique 

subset of pasture plants, and (2) are unique plant assemblages on mounds better explained 

by differences in seed bank or microsite environment on and off the mound?  

 

Richardson’s ground squirrel (Urocitellus richardsonii) colonies provide an ideal system 

in which to study the effects of mound disturbances on plant species communities. Unlike 

many fully-fossorial mammals affecting North American grasslands, such as pocket 

gophers (Jones and Baxter, 2004), ground squirrels form matrilineal colonies consisting 

of 5 adults/ha, on average (Michener and Koeppl, 1985). The resulting concentration of 

burrows makes it possible to sample a large number of burrows within a relatively small 

area, reducing within-site variance in variables such as soil type and nitrogen content. 

Furthermore, whereas pocket gopher burrows average only 13 cm in depth (Jones and 

Baxter, 2004), Richardson’s ground squirrel burrows can extend up to 2 m from the soil 

surface (Michener and Koeppl, 1985), and thus include a more comprehensive 

representation of the persistent and transient seed banks. 

 

Beyond behavioral attributes that lend Richardson’s ground squirrel colonies to the study 

of mound disturbances, a greater appreciation of the role of this species in western 

Canadian grasslands is vital. Richardson’s ground squirrels are a species of least concern 
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throughout the Canadian prairies (Linzey & NatureServe, 2008), and consequently 

relatively little is known about their ecology. Furthermore, as a result of crop destruction 

(Johnson-Nistler et al., 2005), and their purported competition with cattle for forage on 

pastureland (Howard et al., 1959), ground squirrels are considered agricultural pests, and 

populations are often controlled on managed land by poisoning and shooting (Whisson et 

al., 1999; Johnson-Nistler et al., 2005). However, Richardson’s ground squirrels may 

have ameliorating effects on pastureland communities. Newediuk et al. (2016) found that 

plant diversity increased with Richardson’s ground squirrel colony density within a 

Manitoba pasture. Ground squirrel burrows, in addition to badger excavations, provide 

nesting habitat for the burrowing owl (Athene cunicularia – Poulin et al., 2005), a species 

listed as imperiled and critically imperiled in Saskatchewan and Manitoba, respectively. 

Similarly, declines in ferruginous hawk (Buteo regalis) nesting densities in western 

Canada have been linked to declines in Richardson’s ground squirrel populations, which 

serve as a key prey item for those hawks (Schmutz et al., 2008). Ground squirrel mounds 

could also serve as refugia for plant species of management concern, such as the critically 

imperiled smooth goosefoot (Chenopodium subglabrum), which is dependent on recently 

eroded dunes and blowouts for establishment (Robson, 2006).  

 

To determine whether Richardson’s ground squirrel mounds are unique among 

disturbances with respect to species assemblages, I addressed two primary hypotheses: 

(1) that plant species richness, number of annual species, and number of perennial species 

differ among mounds and bare-ground disturbances with vegetation removal but no soil 

disturbance, and (2) that frequency of occurrence for at least some plant species differs 
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among mounds and bare-ground disturbances. To address whether unique plant 

assemblages on Richardson’s ground squirrel mounds are better explained by dispersal or 

microsite environment, I tested four hypotheses: (1) that seed species richness and 

frequency of occurrence for at least some seeds differs on and off the mound, (2) that soil 

moisture, temperature, soil nitrogen, and bare ground cover differ among mounds and 

bare-ground disturbances, (3) that plant species richness, number of annual species, 

number of perennial species, and occurrence of plant species are better explained by 

environmental characteristics than seed abundance, and (4) that inverting the mound soil 

profile will produce a seed bank that is more similar to off-mound soil than the 

surrounding mound soil. 

 

If redistribution of the seed bank – a consequence of vertical repositioning of the soil 

profile – is most important for seedling establishment and adult plant survival, seed bank 

should be distinctly different on mounds and bare-ground disturbances, in terms of 

abundance of seeds of individual species, total number of seeds, seed species richness, 

number of annual seeds, and number of perennial seeds. Moreover, inverting the soil 

profile on mounds should produce seedling assemblages more similar to in situ bare-

ground soil than surrounding mound soil. The importance of seed distribution would also 

suggest that the type of disturbance (mound or bare-ground), and whether or not the soil 

profile has been inverted, are better predictors of seedling establishment than soil 

environment. 
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If environmental factors associated with the mound – including soil characteristics and 

disturbance frequency – are more important than seed distribution, I predict that these 

factors should be better predictors of seedling establishment and adult plant survival than 

disturbance type and whether or not the soil profile has been inverted. The total number 

of seeds, number of annual and perennial seeds, seed richness, and abundance of seeds of 

individual species should not reflect differences in adult plant or seedling species 

abundance, richness, or abundance of annual and perennial species. Life-history 

strategies employed by adult plants and seedlings on disturbances should reflect the 

frequency and intensity of exposure to disturbance, so that the frequency of short-lived 

annual species should be greater on mound than bare-ground disturbances, and the 

frequency of perennial species should be lower on mound than bare-ground disturbances. 

The reduced importance of competition on mounds due to frequent disturbance would 

also result in greater adult species richness on mounds than bare-ground disturbances. 
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Methods 

 
Study sites 

In May 2012, five study sites (labelled as Grey, Cypress, Westbourne, Victoria N and 

Victoria S) at least 2 km apart in southwestern Manitoba were haphazardly chosen using 

road survey searches for active Richardson’s ground squirrel colonies. Sites were located 

on grazed pastures, with all sites grazed by cattle except Grey (14 U 571122 5525750), 

which was grazed by horses. Two sites, Cypress (14 U 456827 5494540) and Westbourne 

(14 U 535557 5557424), experienced continuous grazing, while Victoria N (14 U 492412 

5490052) and Victoria S (14 U 489753 5488876) were rotationally grazed. All sampling 

took place in the area of most concentrated ground squirrel activity, identified to be the 

“colony” by visual inspection of active burrows within each pasture. Colony areas ranged 

from 1.5 ha (Victoria S and Cypress) through 2.5 ha (Victoria N), to 7 ha (Westbourne) 

and 12.5 ha (Grey). Pastures were seeded with tame forage grasses and legumes and also 

included weedy native and exotic species. Principal forage grasses, in terms of percent 

cover, on all pastures included Elymus repens, Bromus inermis, and Poa pratensis. 

Common forb species included Artemisia frigida, Taraxacum officinale, Medicago 

lupulina, and Trifolium repens. Table 1 provides species lists at all sites. 
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Given the geographical range and differences in pasture management, we expected some 

local differences in vegetation among study sites. To help characterize each study site, we 

measured vegetation height at each colony using the drop disc method. We laid out four 

80 m transects per site in an E-W direction, with approximately 20 m between each 

transect, and capturing as much site variation as possible. Beginning at 0 m and at 

increments of 10 m thereafter for a total of 9 readings per transect, we dropped a 30 cm 

diameter foam-board disc, fit loosely over a metre stick, from a height of 50 cm. 

Vegetation height was recorded where the disc came to rest. 

 
Sample design and experiment setup 

On 29 and 30 May 2012, 12 escape burrows (generally much larger than the girth of an 

adult squirrel) were haphazardly selected at each site based on the degree of recent 

excavation (i.e. minimal or no surrounding vegetation, loose soil at entrance). The Grey 

site was initially least active, and we were able to locate only 10 suitable burrows at that 

site, limiting our total sample size to 58 active burrows among the 5 sites. We collected a 

GPS waypoint for each burrow using a WAAS-corrected Garmin GPS72 (Garmin Inc., 

Olathe KS), and marked the mounds associated with those active escape burrows by 

attaching a Stakechaser™ whisker flag to an 20 cm galvanized spike and driving it into 

the soil until flush with the soil surface. Prior to marking, we fastened flagging tape with 

a unique alphanumeric identifier to the spike.  

We paired each mound with a bare-ground disturbance of similar size to create a 

disturbance with vegetation removal but no soil disturbance. Beginning 0.5 m to the east 

of each mound, we measured a rectangle of identical dimensions to the adjacent mound 

for removal of vegetation. Out of consideration for livestock health, we treated the 
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vegetation with a homemade contact herbicide containing 30 parts 5% acetic acid to one 

part dishwashing detergent. Comparison with other natural herbicides has shown that 5% 

acetic acid is effective for control of broadleaf and narrowleaf weeds, especially when 

applied within two weeks of seedling emergence (Abouziena et al., 2009). Vegetation 

was sprayed until the aboveground portions of the plants were saturated with herbicide. 

To control for the effects of the herbicide on soil, we also sprayed the adjacent mounds.  

One week following herbicide application on 4 and 5 June 2012, we returned to each 

mound and removed all vegetation from the sprayed area using a Hori Hori knife to cut 

the shoots at the surface. Any loose litter was removed from the denuded patch and the 

mound by hand. Where vegetation was unaffected by the herbicide, the mound 

dimensions were re-measured and the vegetation removed from the additional area as 

with the other mounds. To limit any re-growth of the cut shoots, following vegetation 

removal, we reapplied the herbicide to the mound and denuded patch. 

Vegetation surveys on disturbance pairs 

On 26-30 June, 16-17 July, and 8-9 September 2012, we measured plant species presence 

and number of annual and perennial species on six disturbance treatment pairs per site, 

randomly selected using a random numbers table. Five disturbance pairs were used at the 

Grey site due to the reduced number of active burrows at that site, for a total of 29 

disturbance pairs. To control for vegetative growth, we also measured vegetation percent 

cover in six quadrats per disturbance pair on each of the edges of both disturbances, with 

dimensions matching those of the mound (Figure 1).  
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Soil sampling 

From 26-30 June 2012, at each of the disturbance pairs, we extracted four 10 cm soil 

cores per disturbance and an additional four in the undisturbed vegetated area 

surrounding each disturbance for nitrogen analysis. A deficiency in ground squirrel 

activity afforded us the opportunity to compare soil nitrogen among active and inactive 

mounds. We took soil samples at an additional five “abandoned” burrows and mounds 

per site, which we characterized as having no visible recent excavation (Newediuk et al., 

2016). The four extracted samples were combined for each disturbance and placed in 

Ziploc™ freezer bags for transport to the lab, where they were air dried in preparation for 

nitrogen extraction. 

From 16-17 July 2012, we measured soil temperature and moisture once on each 

disturbance and in the undisturbed vegetation surrounding half of the disturbances as a 

control. Soil temperature readings were collected using an IR Temp Meter (Spectrum 

Technologies, Inc., Aurora, IL), and soil moisture using a ThetaProbe Soil Moisture 

Sensor (Delta-T Devices Ltd., Cambridge, UK). On each disturbance, we took four 

measurements in V approximately 30 cm from the corners, at 1 cm and 5 cm below the 

soil surface. The three measurements from the surrounding vegetation were recorded 

approximately 30 cm from the edges of the adjacent disturbance. Measurements were 

averaged for each disturbance, and converted to m3/m3 using the equation: 

moisture (m3/m3) = ([1.07 + 6.4V - 6.4V2 + 4.7V3] – 1.6)/8.4 

 



! 17!

 

Organic and inorganic nitrogen analysis 

Soil samples were prepared for nitrogen analysis using KCl extraction. Each sample was 

ground with a mortar and pestle until it passed through a 2mm sieve, and 5 g transferred 

to specimen cups where they were mixed with 25 ml of 2N KCl. The samples were then 

shaken for one hour at 200 rpm, and the clear phase transferred to scintillation bottles and 

analyzed using the Automated Cadmium Reduction Method (Clescerl et al., 1992). 

Seed and seedling sampling with seed extraction and soil inversion 

On 4 and 5 June 2012 we set up a flipped-cube experiment on the remaining disturbance 

pairs at each site to examine differences in seed bank on and off mound, and its effect on 

germination and growth from seed. Since germination is generally limited to seeds within 

the first 25 cm of grassland seed bank (Perez et al., 1998), if the first 25 cm of soil is 

inverted, seeds that are normally too deep to germinate should have the opportunity to do 

so. From each disturbance, we cut two 0.25 m x 0.25 m x 0.25 m cubes using a Hori Hori 

knife. From each pair, one cube was inverted and replaced, and the other replaced in its 

original orientation.  

We did not mark cubes to avoid interference with germination and growth considering 

the small quadrat size. To facilitate location of cubes for repeated sampling, they were 

placed at a known location within the disturbance: the northwest, southwest, northeast, or 

southeast corner of each disturbance, with the corner of one cube aligned with the corner 

edges of the disturbance, and the other cube interior to it with corners touching (Figure 
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2). Which corner the cubes were located in, and whether the inside or outside cube was 

flipped, were selected randomly using a random numbers table.  

In June, July, and September 2012, I recorded seedling presence on all flipped-cube plots 

on all sites. Species richness, number of annuals, and number of perennials were also 

quantified for each cube. Species were assigned to either the annual or perennial group 

following identification. Because multiple life cycles can sometimes be employed within 

a species, the “annuals” category included annuals and facultative biennials, and the 

“perennials” category included obligate biennials and perennials, including short-lived 

perennials. A list of all species and perennial/biennial/annual category is included in 

Table 1. 
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The purpose of the flipped-cube experiment was to examine seed bank differences on and 

off mounds. To eliminate variability introduced by the field environment, we also 

collected seeds from each disturbance for an emergence experiment in the greenhouse. 

From 8 to 11 May 2013, we collected soil samples for seed extraction on each of the five 

study sites. Within each site, 3 location-specific samples were collected from haphazardly 

selected burrows with fresh digging: one from freshly excavated soil from the mound, 

one from excavated soil from within the burrow, and one from 5 cm cores of undisturbed 

soil within 30 cm of the mound and burrow.  

Greenhouse seedling emergence 

In the lab, soil samples for seed extraction were air dried and reduced to a standard 

weight among samples (30 g). In the greenhouse, soil samples were mixed with potting 

soil and transferred to 20”x10”x2” gardening trays separated into eight 4”x5” sections 

using Tuck Tape. Sample locations within each tray, and initial tray locations on 

greenhouse benches, were assigned randomly using a random numbers table. Trays were 

watered every 1-3 days, and locations of trays on the bench were rotated weekly for the 

duration of the experiment. 

The cumulative number of seedlings for each species was recorded from 17 June through 

28 August 2013. When a seedling became too large for its section, it was removed and 

discarded, or in some cases, transplanted to a larger pot to later be identified as an adult. 

One Brassica species was destroyed by a pest infestation before it could be identified. If a 

species could not be identified (40% of all specimens), it was still included in the total 
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seed species richness for that sample, but differences in its abundance among disturbance 

types was not considered. 

Ground squirrel population surveys 

Population surveys were performed using the playback method of Downey (2003) from 

26 to 30 June 2012. Surveys were conducted from approximately 0900 to 1300 hrs CDT, 

on days without adverse weather conditions including precipitation or strong winds. Each 

colony was visually divided into 100 m x 100 m quadrants using fence posts or number 

of steps for reference. If the colony was perceived to be active for more than 200 m in 

any direction, we conducted a second survey by defining another four 100 m x 100 m 

quadrants 200 m from the first.  

At the centre point of each set of quadrants, we set up the playback equipment consisting 

of a Honeytone mini amp (Danelectro, Camarillo, California, USA) connected to a 

minidisc player. Both the minidisc player and mini amp were set at maximum volume, 

with the Honeytone overdrive and tone controls at approximately 3/4 of maximum. With 

the mini amp facing into each quadrant in sequence, we played the original repeated 

alarm call recorded by Hare and used by Downey (2003) for 30 s at ≥ 84 dB SPLA @ 1m. 

During the 30 s and continuing for 30 s afterward, we counted the number of observable 

squirrels in that quadrant.  

Analysis of environmental data and site characteristics 

I tested for differences in vegetation height and ground squirrel activity among study sites 

using One-way Analysis of Variance (ANOVA). The number of ground squirrels 

observed per quadrant was square-root transformed prior to analysis to achieve normality. 
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Differences in bare ground cover, and soil nitrogen, temperature, and moisture among 

disturbances and the surrounding area were analyzed using multilevel modeling, with the 

fixed factor disturbance type (bare-ground, mound, undisturbed vegetation) nested within 

study site and paired-disturbance plots (random factor). Post-hoc comparisons were 

conducted using Tukey’s range test to determine which of the differences between 

disturbances were significant. All modeling was conducted in R using the lme4 package. 

Analysis of species data 

For vegetation survey data, data from the flipped-cubes experiment, and data from the 

seed germination experiment, differences in species richness, number of perennial 

species, and number of annual species among disturbance types or locations on mound 

disturbances (mound, burrow, or adjacent) were also analyzed using multilevel modeling. 

Again, samples were nested within study site and paired-disturbance plots. Post-hoc 

comparisons using Tukey’s range test determined which differences among disturbance 

locations were significant. 

Differences in individual species presence on disturbances and mound flips were 

analyzed using Fisher’s exact test. Sites were eliminated for a species analysis if the 

species was not present in the species pool at that site, to reduce meaningless zeroes 

(species were considered to not be present in the species pool if they did not appear in 

any of the seed, seedling, or adult datasets at those sites).  

I compared the fixed effects disturbance type (mound or bare-ground), vertical 

distribution of the soil profile (flipped or un-flipped cube), and soil environment 

(temperature and moisture) on the dependent variables seedling species richness, number 



! 22!

of perennial seedlings, and number of annual seedlings in June, July, and September 2012 

using Generalized Linear Mixed Models (GLMM). Vegetation survey data were also 

analyzed using GLMM, with disturbance type and environmental variables (soil 

temperature, bare ground cover, soil moisture, soil NO3
-/NO2

-, and soil NH3) as fixed 

variables, and study site as the random intercept. Models were fitted using the log link 

function, and study site was included as the random intercept. Likelihood ratio tests were 

used to test significance of the best models against null models following stepwise model 

selection. The best models were selected based on lowest AIC (Akaike’s Information 

Criterion) and BIC (Bayesian Information Criterion).  

Dependence of individual species presence on environmental variables, disturbance type, 

and vertical soil distribution was modeled only if species presence differed significantly 

among disturbance-flip treatments, according to Fisher’s exact test results. GLMMs were 

modeled as above with the fixed effects disturbance type, vertical soil profile (for 

seedling data), and soil environment, and the random intercepts study site and month in 

which the data were collected, using the logit link function for presence/absence response 

data. I recognized that vegetative reproduction might be another mechanism by which 

species in this system colonize disturbances, so models also included the 

presence/absence of that species adjacent the disturbance as a fixed effect. Again, the best 

models were selected using stepwise selection and analyzed for significance in 

comparison to the null model using likelihood ratio tests.  
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Results 

 
Site characteristics 

There was significant variation in vegetation height among study sites (F4, 166 < 0.0001). 

Despite that overall difference among sites, Tukey’s range test revealed that there were 

no differences in vegetation height between the two most geographically proximal sites – 

Victoria N and Victoria S – and the two sites with continuous grazing by cattle – Cypress 

and Westbourne – where vegetation was shortest (Figure 3). 

Ground squirrel surveys – with and without playbacks – detected different activity levels 

among sites (Figure 4). The lowest counts were at Grey, where we detected a single 

squirrel, and Victoria S, where no squirrels were detected during surveys. Cypress and 

Westbourne had significantly higher ground squirrel activity levels than both Grey and 

Victoria S, with a mean of 2.5 and 2.3 squirrels detected at each point count without 

playbacks per site, respectively (F4, 23 = 5.30, p = 0.0036). Counts following playbacks 

were slightly different, but showed similar patterns in terms of activity level among sites 

(F4, 23 = 2.88, p = 0.0455). 
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Microsite environment 

There were no significant trends in soil moisture among disturbances, though moisture 

was typically highest in the undisturbed vegetation surrounding the disturbance (F2, 168 = 

2.019, p = 0.136; Figure 5).  

Soil temperature was significantly higher on mounds than bare-ground disturbances or 

undisturbed vegetation at 1 cm (F2, 168 = 43.96, p < 0.0001) and 5 cm depth (F2,168 = 31.6, 

p < 0.0001; Figure 6). Soil inorganic nitrogen, measured here only as NO3
-/NO2

-, was 

also highest on mound disturbances (F2, 80 = 6.29, p = 0.0006; Figure 7), though inorganic 

nitrogen at abandoned mounds did not differ significantly from bare-ground or 

undisturbed samples (Figure 8). In contrast, soil organic nitrogen (NH3) was significantly 

lower on mound disturbances than undisturbed vegetation (Figure 9; F2, 80 = 3.123, p = 

0.0494), and remained low at abandoned mounds, though not significantly lower than 

undisturbed vegetation (Figure 10). Organic nitrogen on bare-ground disturbances did not 

differ significantly from either mound disturbances or undisturbed vegetation. 
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In June, bare ground cover on both bare-ground and mound disturbances was 

significantly higher than undisturbed vegetation (F3, 108 = 146.7, p < 0.0001). However, 

by July, there was no significant difference in bare ground cover between bare-ground 

disturbances and undisturbed vegetation, though bare ground cover remained 

significantly higher on mound disturbances than either bare-ground disturbances or 

undisturbed vegetation (F3, 140 = 140). These differences carried through to September, 

where bare ground cover remained significantly higher on mound disturbances than 

either bare-ground disturbances or undisturbed vegetation (F3, 108 = 94.3, p < 0.0001; 

Figure 11). 

 

Vegetation on Richardson’s ground squirrel mounds 

A total of between 15 and 21 plant species were identified at each of the five study sites, 

with exotic species outnumbering native species, in particular within the annual forbs 

group (Table 1). A number of species at all sites were localized to disturbances, though 

only 5 species – awnless brome (Bromus inermis), creeping wild rye (Elymus repens), 

Kentucky bluegrass (Poa pratensis), creeping thistle (Cirsium arvense), and common 

dandelion (Taraxacum officinale) – were common to disturbances at all sites. The 

majority of species on disturbances were also rare within sites – at each site, only a few 

species (creeping thistle, creeping wild rye, Kentucky bluegrass, nipple-seed plantain 

[Plantago major]) were present in more than 25% of disturbance plots. 

There were no differences in individual species presence between mounds and bare-

ground disturbances. Some species, including foxtail barley (Hordeum jubatum) and 
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cutleaf nightshade (Solanum triflorum), were only detected on mounds in all months, 

though there were too few data points to detect a significant difference using Fisher’s 

exact test. 
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In June, species richness was greater in undisturbed vegetation than either bare-ground or 

mound disturbances at all sites (F3, 108  = 19.29, p < 0.0001). By July, there were no 

differences in species richness among disturbances and undisturbed vegetation (F3, 108  = 

1.697, p = 0.172), as species richness on mounds and bare-ground disturbances increased. 

In September, species richness on mound and bare-ground disturbances remained high, 

though it decreased significantly in undisturbed vegetation compared to both disturbance 

types (F3, 108 = 24.33, p < 0.0001; Figure 12).  

The number of perennials on disturbance types followed a similar pattern to species 

richness (Figure 13). In June, the number of perennial species was significantly higher in 

undisturbed vegetation than either mound or bare-ground disturbances (F3, 108 = 25.11, p 

< 0.0001). The number of perennial species increased on disturbances in July, with no 

clear trend in the number of perennial species among disturbances and undisturbed 

vegetation, though the number of perennial species on mounds tended to remain lower 

than among the surrounding vegetation (F3, 108 = 2.52, p = 0.0618). In September, the 

number of perennial species remained stable on bare-ground and mound disturbances, 

and dropped significantly in the surrounding undisturbed vegetation (F3, 108 = 20.22, p < 

0.0001). There were no differences in the number of annual species on mounds, bare-

ground disturbances, or undisturbed vegetation in June (F3,108 = 0.35, p = 0.79), July 

(F3,108 = 0.953, p = 0.418), or September (F3,108 = 2.082, p = 0.107), though the number of 

annual species tended to be highest on mound disturbances and lowest in undisturbed 

vegetation in July and September (Figure 14).  
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Different models best explained the number of perennial species and species richness in 

June and July from vegetation survey data. In June, species richness was best explained 

by bare ground cover, disturbance type (mound or bare-ground), and soil NO3
-/NO2

-. In 

July, species richness was best explained by bare ground cover and soil moisture. Similar 

variables explained the number of perennial species in June and July. In June, soil 

moisture best explained the number of perennial species, in addition to soil NO3
-/NO2

- 

and bare ground cover. In July, disturbance type and bare ground cover best explained the 

number of perennial species. The random intercept, study site, was significant in all but 

the model for the number of perennial species in June. Study site was retained in all 

models regardless of significance to better explain the structure of the data and retain 

degrees of freedom. Likelihood ratio tests confirmed that the final models performed 

significantly better than the null models in explaining the data in both June (Table 2) and 

July (Table 3). In September, no models were significantly better than null models in 

explaining species richness or number of perennial species. 
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Table 2. Comparisons between vegetation cover models and null/saturated models for species richness, number of perennial 
species, and number of annual species in June. Saturated models include the fixed variables: disturbance type, soil 
temperature, bare ground cover, soil moisture, soil NH3, soil NO3

-/NO2
-, and the interaction between disturbance type and 

bare ground cover. All models include the random variable study site. Asterisks indicate models that are significantly better 
than null models according to likelihood ratio tests. 

Model formula Df AIC BIC Log 
likelihood P-value 

      
Species richness      

null model 2 86.35 90.40 -41.17  
richness = disturbance type + bare ground cover + soil 
NO3-/NO2- 5 50.15 60.19 -20.08 < 0.0001* 

saturated model 9 52.29 70.35 -17.14 < 0.0001* 
      

Number of perennial species      
null model 2 75.73 79.78 -35.86  
perennials = soil moisture + bare ground cover + soil 
NO3-/NO2- 4 51.12 59.15 -21.56 < 0.0001* 

saturated model 9 54.57 72.64 -18.29 < 0.0001* 
      

Number of annual species      
null model 2 21.54 25.60 -8.77  
saturated model 9 27.61 43.67 -5.80 0.4306 
      

!
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Table 3. Comparisons between vegetation cover models and null/saturated models for species richness, number of perennial 
species, and number of annual species in July. Saturated models include the fixed variables: disturbance type, soil 
temperature, bare ground cover, soil moisture, soil NH3, soil NO3

-/NO2
-, and the interaction between disturbance and bare 

ground cover. All models include the random variable study site. Asterisks indicate models that are significantly better than 
null models according to likelihood ratio tests. 

Model formula Df AIC BIC Log 
likelihood P-value 

      
Species richness      

null model 2 46.75 50.80 -21.37  
richness = bare ground cover + soil moisture + site 4 42.12 50.15 -17.06 0.0134* 
saturated model 9 45.60 63.50 -13.80 0.0341* 
      

Number of perennial species      
null model 2 46.27 50.32 -21.13  
perennials = bare ground cover + soil moisture + site 4 41.42 49.45 -16.71 0.0120* 
saturated model 9 47.52 65.42 -14.76 0.0784 
      

Number of annual species      
null model 2 43.66 47.71 -19.83  
saturated model 9 48.69 66.59 -15.34 0.3502 
      

!
!
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Seeds on Richardson’s ground squirrel mounds 

There were no differences in seed abundance among mound, burrow, and undisturbed 

soil samples for individual species. Seed species richness was also not significantly 

different among mound and burrow samples and surrounding soil (F2, 126 = 2.387, p = 

0.096), though there tended to be the largest number of species represented in mound and 

undisturbed soil seed banks, and fewer in burrow seed banks (Figure 15). A similar peak 

emerged in the total number of seeds in mound seed banks relative to undisturbed soil 

and burrow soil (Figure 16), though this trend also escaped statistical significance (F2, 126 

= 1.445, p = 0.24). Similarly, the number of perennial species did not differ among 

disturbance seed banks and the surrounding soil seed bank (F2, 126 = 1.016, p = 0.365; 

Figure 17). However, the number of annual species was significantly higher in 

undisturbed soil seed banks relative to burrow seed banks (F2, 126 = 3.791, p = 0.025; 

Figure 18). 

 

Seeds versus microsite environment 

Both creeping wild rye (Elymus repens) and Kentucky bluegrass (Poa pratensis) cover 

differed among flipped-cube treatments. In July, creeping wild rye frequency was highest 

on bare-ground cubes, and significantly higher on unflipped bare-ground cubes than both 

flipped (p = 0.028) and unflipped (p = 0.003) mound cubes (Figure 19). Kentucky 

bluegrass frequency in July was significantly higher on both flipped bare-ground cubes (p 

= 0.0003), and unflipped bare-ground cubes (p = 0.021) relative to both mound cubes. 

Though Kentucky bluegrass frequency increased on mounds from July to September, it  
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remained significantly higher on flipped bare-ground cubes relative to flipped mound 

cubes (p = 0.017), unflipped bare-ground cubes relative to and unflipped mound cubes (p 

= 0.001), flipped bare-ground cubes relative to unflipped mound cubes (p = 0.008), and 

unflipped bare-ground cubes relative to flipped mound cubes (p = 0.0003) (Figure 20).  

Creeping wild rye (Elymus repens) and Kentucky bluegrass (Poa pratensis) had different 

responses to environmental variables and disturbance treatment. Creeping wild rye 

presence was best predicted by bare ground cover and soil moisture. Bare ground cover 

was also an important predictor for Kentucky bluegrass presence, but disturbance type 

was a better predictor than any other environmental variables. Likelihood ratio tests 

confirmed that the final models performed significantly better than the null models in 

explaining the data (Table 4). In both models, random intercepts – including study site 

and month of sampling – were retained to help explain the structure of the data and to 

retain degrees of freedom. 

In June, seedling species richness in all flipped-cube treatments was low, and there were 

no significant differences in seedling richness among cubes (flipped or unflipped) in 

either disturbance treatment (mound or bare-ground; F3, 112 = 0.793, p = 0.50). However, 

seedling species richness began to diverge among cubes in July, increasing significantly 

in the unflipped bare-ground cube treatment relative to both mound cubes (F3, 112 = 6.112, 

p = 0.000689). Seedling species richness on unflipped bare-ground cubes was also 

slightly higher than on flipped bare-ground cubes, though that difference was not 

statistically significant. By September, the differences in species richness among cubes in 

both disturbance treatments had disappeared (F3, 112 = 1.192, p = 0.316), though seedling  
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Table 4. Comparisons between models and null/saturated models for Elymus repens and Poa pratensis seedlings. Saturated 
models include the fixed variables: disturbance type, soil temperature, bare ground cover, soil moisture, soil NO3

-/NO2
-, soil 

NH3, and the interaction between disturbance type and bare ground cover. All models include the random variables study site 
and month. Asterisks indicate models that are significantly better than null models according to likelihood ratio tests. 

Model formula Df AIC BIC Log 
likelihood P-value 

      
Elymus repens seedlings      

null model 3 173.83 183.2 -83.92  
Seedling presence = bare ground cover + soil moisture 5 164.71 180.33 -77.36 < 0.0001* 
saturated model 9 170.46 198.57 -76.23 < 0.0001* 
      

Poa pratensis seedlings      
null model 3 179.31 188.69 -80.36  
Seedling presence = bare ground cover + disturbance 
type  5 173.17 188.79 -81.59 0.0063* 

saturated model 9 178.72 206.84 -86.66 0.0388* 
      

!
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species richness in September remained higher on both unflipped-cube treatments 

compared with species richness on flipped-cube treatments (Figure 21). 

The number of perennial seedling species was not significantly different among 

flipped-cube treatments in either June (F3, 112 = 0.949, p = 0.419), or September (F3, 112 = 

1.705, p = 0.17), and exhibited trends similar to species richness. The number of 

perennial seedlings on unflipped bare-ground increased in July relative to other 

disturbance treatments, and was significantly higher than both mound treatments (F3, 112 = 

6.062, p = 0.000732; Figure 22). There were no significant differences in the number of 

annual seedlings among flipped-cube treatments in June (F3, 112 = 0.203, p = 0.894), July 

(F3, 112 = 1.0, p = 0.396), or September (F3, 112 = 2.154, p = 0.097), though for the latter 

months, the number of annual species tended to be highest on mound treatments 

(Figure 23). 

Seedling species richness and number of perennial seedling species exhibited similar 

responses to environmental variables and disturbance treatment. Unlike vegetation cover 

species richness models that were best explained by environmental variables, the best 

seedling models for June, July, and September included disturbance type (mound or bare-

ground) and bare ground cover as the fixed predictor variables. Models for the number of 

perennial seedlings included bare ground cover and soil moisture in June, and July. In 

September, the most important variable was disturbance type. Models for both seedling 

species richness and number of perennial seedling species performed significantly better 

than null models according to Likelihood ratio tests (Table 5; Table 6; Table 7). Though 

the random intercept “site” was not significant in any of the models, it was retained to 
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help explain the structure of the data while retaining degrees of freedom. There were no 

significant environmental or disturbance treatment variables to explain the number of 

annual seedling species, and saturated models did not perform significantly better than 

null models. 
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Discussion 

 

One of my chief objectives in this study was to determine whether ground squirrel 

mounds support a unique subset of pasture plants. However, I found no species 

significantly more likely to occur on than off mounds. Undoubtedly, the slight differences 

in species pools among sites were in part responsible for my inability to detect any 

species specific to mound disturbances at all sites. Though cutleaf nightshade (Solanum 

triflorum) and foxtail barley (Hordeum jubatum) were found only on mounds, neither 

species was present at all sites, and frequency per site was too low to detect a significant 

difference between mounds and bare-ground disturbances. This is a common problem 

across similar studies. Questad and Foster (2007) detected no difference in plant species 

presence-absence between vole burrows and surrounding vegetation in a Kansas prairie. 

Similarly, Rogers et al. (2001) reported similar species composition on pocket gopher 

disturbances and surrounding vegetation, though three extremely rare species were found 

only on disturbances. Rather than producing a measurable difference in species 

composition on and off disturbances, small mammals appear to produce a shift in the 

abundance of dominant species on mounds and facilitate the persistence of a few 

extremely rare species (Canals and Sebastia, 2000; Schroeder et al., 2012). However, 

species pools had little in common across the relatively small geographic distance and 

grassland community types covered by the sites in my study, and would likely have 

virtually nothing in common across different larger geographic and climatic differences. 

Therefore, identifying the set of characteristics common to mound-colonizing species, 

allowing prediction of the species most likely to colonize mounds at any site, is far more 

useful than identifying site-specific mound colonizers. 
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It is clear from the literature that burrowing mammals alter plant community 

composition, including species richness and heterogeneity, in the vicinity of dense, active 

disturbances (Fahnestock and Detling, 2002; Questad and Foster, 2007; Newediuk et al., 

2016) and on and off active disturbances (Collins, 1989; Kyle et al., 2008; Jones et al., 

2008). Though species richness in my study was initially low on all disturbances relative 

to undisturbed vegetation in June, richness increased in July, and disturbances did support 

significantly more species than surrounding undisturbed vegetation in September. Other 

studies following succession on artificial disturbances report remarkably similar 

successional patterns on and off disturbances in systems including tallgrass prairie 

(Collins, 1989) and alpine tundra (Sherrod et al., 2005), owing to competition effects 

from established adult plants in undisturbed vegetation. However, contrary to my 

hypothesis, species richness in my study was not significantly different between mound 

disturbances and bare-ground disturbances, suggesting that mounds are not unique among 

disturbances in terms of their influence on plant community richness.  

 

Similar to species richness, the number of perennial plant species on disturbances in my 

study also increased through the season relative to undisturbed vegetation. This result is 

inconsistent with studies reporting fewer perennials on disturbances (Collins, 1989), and 

does not support my hypothesis that frequent disturbance on mounds should limit 

establishment of longer-lived perennial species. However, in my study, perennial species 

dominated species pools at all sites (Table 1), and thus the number of perennials was 

correlated with species richness. In ecosystems such as tallgrass prairie studied by Collins 
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(1989), decreased grazing pressure would increase the contrast in disturbance on and off 

mound. In addition, whereas species groups in my study were limited to annuals and 

perennials, others have further subdivided mound-colonizing perennials into functional 

groups. Canals and Sebastia (2000) found no differences in frequency of any growth form 

on and off molehills, but did find significantly fewer mycorrhizal species on than off the 

disturbances. Though I pooled all perennial species in my study, separating perennial 

grasses from other perennial species may be particularly important for detecting growth 

form differences on and off disturbances; Rogers et al. (2001) suggest that in 

communities dominated by tall grasses, vegetative reproduction by perennial grasses can 

overwhelm small-scale gaps where a predominance of early succession annual forbs 

would normally be expected. 

 

In contrast to overall species richness and number of perennial species, the number of 

annual species appeared to increase on mounds relative to bare-ground disturbances from 

June to September. Though short of statistical significance, the mean number of annual 

species on mounds in September was nearly twice that of bare-ground disturbances and 

surrounding pasture. Other studies have reported greater cover of annuals on disturbances 

relative to surrounding grassland (Inoyue et al., 1987; Collins, 1989; Canals and Sebastia, 

2000), and a greater representation of forbs versus perennial grasses (Jones et al., 2008) 

on recently excavated disturbances. Canals and Sebastia (2000) propose that small 

mammal disturbances simply provide a gap for establishment by all species, and annual 

species are more likely to establish there due to their generally superior dispersal ability. 

However, the explanation that gap colonization in burrowing mammal systems is simply 



! 61!

a product of open space and dispersal ability does not account for the increasing disparity 

between the number of annuals on mounds and bare-ground disturbances over the course 

of my study. Instead, consistent with my hypothesis, I suggest that the ability of shorter-

lived annual species to withstand the frequent disturbance of ground squirrel digging 

allows them to persist alongside longer-lived perennial on mound disturbances in spite of 

their potentially poorer ability to compete for resources.  

 

The reduced importance of competition on mounds in my study highlights the importance 

of competition in the surrounding pasture. From June to September, species richness off 

mounds decreased while bare ground cover remained low and stable, a result only 

possible if a few species in the undisturbed vegetation usurped almost all available space 

and outcompeted most other species over the course of the growing season. Surrounded 

by competitively superior species, mounds in my study enhanced heterogeneity, a nearly 

universal observation in similar studies (Collins, 1989; Canals and Sebastia, 2000; 

Questad and Foster, 2007; but see Rogers et al., 2001). Competition was also more 

important on bare-ground disturbances than mounds in my study, as indicated by the 

difference in perennial grass seedling frequency between mound and bare-ground 

disturbances in July and September. Though Kentucky bluegrass (Poa pratensis) and 

creeping wild rye (Elymus repens) were neither present on mounds nor bare-ground 

disturbances in June, by July, seedlings of both species were common on bare-ground 

disturbances, and significantly more frequent there than on mound disturbances. For 

creeping wild rye, this significant difference carried through to September. Similar 

colonization patterns have been detected on artificial disturbances in tallgrass prairie 
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(Collins, 1989), and Rogers et al. (2001) suggest that vegetative regrowth from rhizomes 

is one of the most important means of disturbance recolonization in grassland 

communities. In my study, vegetative regrowth likely contributed more than seed 

distribution to seedling cover on bare-ground disturbances, as the rootstocks 

remained intact. 

 

In my study, vegetative recolonization patterns on mound and bare-ground disturbances 

also produced specific changes in environmental conditions and seedling recruitment. 

Whereas both bare-ground disturbances and mounds were devoid of aboveground 

vegetation in June, cover quickly increased on bare-ground disturbances in July and 

September. Not surprisingly, with the relatively gradual recolonization of mound 

disturbances resulting in prolonged exposure of the mound surface, soil temperature was 

also higher there than in any other location, including bare-ground disturbances. Soil 

temperature can have substantial effects on seedling establishment. For example, Forbis 

et al. (2004) found that on gopher mounds smaller than 1 m2, shading by a clonal species 

ameliorated extremes in temperature and moisture and increased seedling emergence 

relative to larger disturbances with less shading. In my study, significantly lower seedling 

recruitment in July and slightly poorer adult plant survival on mounds relative to 

bare-ground disturbances may be the result of differences in soil temperature.  

 

Given that burrowing by small mammals increases water infiltration rate in the vicinity of 

mound soil (Laundre, 1993), and that bare ground exposure increases evaporation rate at 

the soil surface (Forbis et al., 2004), soil moisture should also be lower at mounds. This 
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prediction is supported by the results of similar studies. For example, Kyle et al. (2008) 

found that soil moisture was significantly lower on pocket gopher mounds in a 

shrubsteppe ecosystem than intermound areas where vegetation had been removed. 

However, in my study, soil moisture on mounds did not differ from either bare-ground 

disturbances or surrounding vegetation. The most plausible explanation for this 

discrepancy is difficulty inserting the ThetaProbe into impenetrable soil at many of my 

study sites, which may have lead to inaccuracies in soil moisture data. Moreover, in July 

2012, mean ambient temperature in the vicinity of my study sites averaged 3.03° Celsius 

higher than normal, and precipitation 57% of normal (Environment Canada, 2015). The 

combination of high temperature and low rainfall before sampling may have depressed 

soil moisture across each site to the point of precluding detection of differences in soil 

moisture among mounds and surrounding soil. Alternatively, ground squirrels at my 

study sites may have burrowed preferentially in areas with inherently higher soil 

moisture, which would also reduce variation in moisture between mounds and 

surrounding soil. Romanach et al. (2005) found that supplementing soil moisture 

encouraged burrowing by pocket gophers in a California chaparral, owing to decreased 

energy expenditure required for burrowing activities in moist soil.  

 

In my study, soil inorganic nitrogen was significantly higher on mounds than undisturbed 

soil. This result is consistent with other mammal disturbance systems, including mole 

burrowing (Canals and Sebastia, 2000) and wild boar rooting (Bueno et al., 2011). 

However, finding evidence for higher available nitrogen on mounds is not universal. 

Inoyue et al. (1987) found that total nitrogen decreased in old fields in Minnesota as the 
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number of pocket gopher (Geomys bursarius) mounds increased. Similarly, Newediuk et 

al. (2016) detected no change in either organic or inorganic soil nitrogen with 

Richardson’s ground squirrel colony activity in Manitoba. These inconsistent findings 

may be explained by the highly localized and ephemeral nature of soil nitrogen 

fluctuations associated with mounds. In my study, the depression of inorganic nitrogen on 

abandoned ground squirrel mounds relative to active mounds suggests that inorganic 

nitrogen increases in mound soils are temporary and dependent on ground squirrel 

activity and frequent burrowing. In addition, significant differences in nitrogen between 

mound soil and immediately adjacent soil indicates that fluctuations in soil nitrogen are 

highly localized to the mound itself. Finally, the deficiency of organic nitrogen on 

abandoned mounds, concurrent with elevated inorganic nitrogen, suggests that with 

cessation of burrowing activities, mounds do not experience a replenishment of organic 

material and thus lose their source of nitrogen, providing a possible explanation for 

studies reporting no increase in total nitrogen in disturbance soil. 

 

There is a well-established negative correlation in the literature between nutrient 

productivity – in particular, nitrogen – and plant community diversity. Canals and 

Sebastia (2000) detected higher nitrate on mole mounds than surrounding pasture, in 

concert with increased abundance of mound colonizers. In contrast, Kyle et al. (2008) 

found that reduced nitrogen mineralization rate degraded soil conditions for native plant 

establishment. Reynolds et al. (2007) also found that fertilization decreased plant species 

richness in a Michigan grassland by facilitating aggressive vegetative reproduction by a 

very small subset of species. With the overwhelming attention in the literature to 
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nitrogen, few studies have focused on relationships between other environmental factors 

and plant community characteristics on mounds. In my study, despite clear differences in 

nitrogen on and off the mound, plant-available nitrogen seemed to have a minor effect on 

the plant community, responsible only in part for explaining variation in species richness 

and number of perennial species on disturbances in June. Similarly, soil temperature and 

organic nitrogen failed to explain any of the variation in the plant community despite 

significant differences on and off mounds. In fact, despite no difference among mounds, 

bare-ground disturbances, and surrounding vegetation, soil moisture was the only soil 

environmental variable to explain a substantial amount of the variation in species richness 

and number of perennial species in both June and July, and disturbance type was only 

important for explaining part of the variation in species richness in June. Bare ground 

cover was also a robust predictor of plant community characteristics, explaining much of 

the variation in both species richness and number of perennial species in both June and 

July. Though unexpected, these results attest to the critical importance of available space 

– both aboveground and belowground – for species assortment on disturbances in my 

study. Moreover, the importance of soil moisture in my models suggests that it may have 

been a limiting resource at least for some species, and likely more important for driving 

community dynamics than available nitrogen, especially in July when precipitation was 

below normal. 

 

In addition to highlighting the importance of bare ground cover and soil moisture, my 

models also provide support for my hypothesis that factors of the mound environment are 

more important for the resulting disturbance plant community than the type of 
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disturbance and seed distribution. However, seedling establishment may initially depend 

both on environmental factors and disturbance type. In my cube flip models, disturbance 

type explained part of the variation in seedling richness in both June and July, and the 

number of perennial seedlings in July, along with bare ground cover and moisture. In 

agreement with this result, mound disturbances in the cube-flip experiment had 

significantly lower species richness and number of perennial seedlings in July. 

Relationships between seedling emergence and disturbance type have been described in 

other disturbance systems including gopher mounds in Colorado (Forbis et al., 2004) and 

alpine wild boar disturbances (Bueno et al., 2011). Importantly, soil flipping did not 

produce significant changes in species assemblage on any disturbance, suggesting that 

either seeds are not predictably vertically stratified either on or off the mound at least to 

the sampling depth, or that their abundance has little influence on germination. Moreover, 

it is unlikely that the primary source of mound seed bank is from within the burrow, 

given the low number of seeds and seed richness in burrow samples relative to both 

mounds and bare-ground disturbances.  

 

Despite differences in the seedling community between mounds and bare-ground 

disturbances in July, seed density, richness, and number of annual and perennial seeds did 

not differ among mounds and surrounding soil. In contrast, other studies have reported 

fewer seeds and lower richness in disturbance seed banks than surrounding soil, and 

resulting deficiency in seedling emergence on disturbances (Forbis et al., 2004; Bueno et 

al., 2011). However, burrowing behaviour varies among species, and the paucity of seeds 

in mound seed banks in these studies may be the result of burrowing depth. Huntly and 



! 67!

Reichman (1994) suggested that lower seed abundance on pocket gopher mounds results 

from a deficiency of the seed bank at their usual excavation depth. Alternatively, the 

mound seed bank may reflect the diet of the fossorial mammal. For example, pocket 

gophers, which cache belowground storage organs (Huntly and Reichman, 1994), likely 

deposit substantially fewer seeds on the mound surface than granivorous species. In my 

study, the lack of difference in the seed bank on and off disturbances is not surprising, 

especially given the ineffectiveness of inverting the soil profile on the seedling 

community. However, considering the similarity in seed banks in concert with stark 

differences in the adult plant community and seedling emergence patterns on and off 

mounds, provides unequivocal support for my hypothesis that environmental factors, in 

conjunction with reduced importance of competitive ability, are primarily responsible for 

differences in seedling emergence on mounds.  

 

My study provides evidence that the characteristic soil environment of Richardson’s 

ground squirrel mounds produces subtle shifts in plant community structure. The 

distinctive suite of environmental conditions on mounds is unlikely to facilitate a unique 

subset of pasture plants, though conditions may delay vegetative recolonization, leaving 

mounds open to early succession species longer than disturbances where aboveground 

vegetation is removed. However, plant species endemic to small mammal mounds are 

likely to be rare and site-specific, and will differ among systems depending on burrowing 

mammal species, local plant community, and region. Therefore, further characterization 

of the types of plant species likely to colonize mounds across different systems is 

essential to predict which species will be most dependent on mound disturbances at a 
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given site. Comprehensive characterization of the mound environment itself is also 

needed; though seed bank composition has been shown to have extensive influence on 

seedling establishment in other systems, evidence from my study suggests the soil 

environment is the primary determinant of seedling establishment and survival of plants 

on Richardson’s ground squirrel mounds, facilitating establishment of a subset of species 

and precluding establishment by others. Moreover, rapid vegetative recolonization of 

disturbances in grassland communities suggests that continuous activity by ground 

squirrels is required for mounds to continue to function as unique disturbances, calling 

into question indiscriminate control of Richardson’s ground squirrels on pastureland. 
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