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“. . . in order to reliably predict the effects of  global environmental change (GEC) on community and ecosystem processes, 
the greatest single challenge will be to determine how biotic and abiotic context alters the direction and magnitude of  GEC 
effects on biotic interactions.” 

Tylianakis et al. 2008
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Within the framework of  the environmental changes 
documented later, we identify mechanisms responsible 
for plant community change and how these mecha-
nisms are influenced by the presence or absence of   
an important consumer, the black-tailed prairie dog.

Directional changes in climate and atmospheric 
chemistry are altering the environment of  the Colo-
rado Front Range, a region of  increasing urbanization 
located at the junction of  mountain foothills and 
mixed-grass to short-grass prairie. Among these direc-
tional changes are elevated average temperature  
(c. 2.5°F; Ray et al. 2008), higher rates of  nitrogen 
deposition (Baron et al. 2000; Fenn et al. 2003), 
increased carbon dioxide concentrations (Morgan et al. 
2007) and expansion of  the length of  the growing 
season (Archer and Predick 2008) are hypothesized 
and in some cases known to affect the distribution and 
abundance of  grassland communities. These commu-
nities are perhaps more sensitive to changes than other 
systems because of  the historical mix of  species with 
C3 or C4 photosynthetic pathways that exhibit different 
CO2, water and nitrogen (N) use efficiencies that in 
turn affect phenology and competitive interactions 
(e.g. Sage and Kubien 2003). In addition, these species 
evolved with a frequent fire return interval that has 
been suppressed by human activities. Since reduced 
fire intervals can enhance plant-available N on grass-
land sites and these sites are now exposed to perhaps 
an order of  magnitude higher rate of  inorganic N depo-
sition than historical levels, the relative availability  
of  this resource has been enhanced. Rapid-growing 
N-loving species clearly benefit from this change (e.g. 
Clark and Tilman 2008; Cherwin et al. 2009).

Growing season, as evidenced by remote sensing and 
a variety of  phenological metrics, has expanded over 
the last decades (Myneni et al. 1997; Parmesan 2006; 
Kreyling 2010) and long-term records of  flowering 
date in the western US show that spring blooms occur 
2–3 days earlier per decade (Cayan et al. 2001). More 
recently, analysis of  seasonal changes in northern 
hemisphere carbon dioxide concentrations indicates 
an expansion of  the growing season of  almost a month 
over the last 50 years (P. Tans, personal communica-
tion, 2005). These directional changes have occurred 
within the context of  a temperate zone, continental 
climate that is characterized by very high interannual 
variability in precipitation (Knapp et al. 2001). De-
tection of  directional changes can be further con-
founded by multiple decadal-scale oscillations in climate 
(Kitzberger et al. 2007).

15.1 INTRODUCTION

Biotic change in the 21st century is underway and is 
occurring via mechanisms that, because of  their com-
plexity, have been difficult for ecologists to encapsulate 
into general theory. At one extreme, biotic change is 
insidious, that is, slow change resulting from chronic 
low-intensity directional climate drivers interacting with 
relatively intact and resilient communities. The other 
endpoint involves the popularized ‘tipping points’ where 
the community rapidly transforms into a recognizably 
different state. As a terrestrial example, ‘desertification’ of  
the southwest is perhaps the best historical example of  
a rapid transition to a new community type (Schlesinger 
et al. 1990). These transformations can be the result 
of  high-intensity short-duration events (drought, fire, 
overgrazing, etc.) acting alone, or the result of  events 
operating on systems already undergoing responses to 
a suite of  global environmental change factors.

In this chapter we describe a case study where a 
transformation is occurring as a result of  events oper-
ating on a system already undergoing responses to a 
suite of  global environmental change factors. In the 
Front Range of  Colorado, intensive grazing by native 
black-tailed prairie dogs (Cynomys ludovicianus) in 
urban and suburban landscapes is interacting with 
climate change, nutrient deposition and non-native 
plant invasion to result in what we believe will be novel 
communities.

Responsible ecosystem stewardship demands that 
we understand – and hopefully predict – causal factors 
explaining the rate and trajectories of  change (Chapin 
et al. 2010). Unfortunately, ecosystem complexity can 
result in ‘ecological surprises’ (Paine et al. 1998; Hastings 
and Wysham 2010) such as rapid die-back of  forests 
in much of  the Rocky Mountain region because of  
multiple sources of  plant stress (Breshears et al. 2009). 
Paine et al. (1998) noted that multiple perturbations 
are sources of  rapid changes, and that “understanding 
these . . . synergisms will be basic to environmental 
management decisions.” Ecological surprises – and 
sometimes tipping points – can be generated directly by 
directional drivers but may, in particular, be facilitated 
when the drivers cause secondary (trophic level) 
impacts that amplify the direct effects. The opposite 
response is also possible (e.g. Post and Pedersen 2008) 
but, with the potential for invasive species to amplify 
trophic interactions, surprises should be expected.

Here we present an intriguing example of  the eco-
logical complexity initiated by global change factors. 
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efforts and a synthesis of  existing literature suggest 
that soil-moisture-mediated competition and competi-
tive exclusion are likely to occur between the winter 
annuals and native perennials (Everard et al. 2010). 
The presence of  a new suite of  cool-season-adapted 
species may therefore not only exploit a new resource 
opportunity, but also compete with the native species 
that would otherwise have benefited from the environ-
mental changes.

The Front Range has also been the location for inva-
sions by a number of  C3 (cool season) perennial species. 
Of  these, Convolvulus arvensis (field bindweed) appears 
to become a dominant species within the community 
only when competition from other common plant 
species is severely reduced. Until recently this species 
was regarded as an agricultural weed, one that 
exploited disturbance and high nutrient availability, 
but was not a concern in less-disturbed areas. One 
mechanism that facilitates dominance by bindweed 
and other introduced plants is grazing and burrowing 
by Cynomys ludovicianus, the black-tailed prairie dog 
(Magle and Crooks 2008). Prairie dogs are identified as 
keystone species and have been discussed for potential 
listing as threatened and endangered, yet they have 
facilitated winter dust storms at numerous sites along 
the Colorado Front Range (Figs 15.1 and 15.2). High 
densities of  prairie dogs in the past, even under drought 
conditions, did not produce documented winter dust 
storms. This phenomenon was not known to occur 
prior to the increased dominance of  invasive plant 
species in the Colorado Front Range. One interpreta-
tion is that we are observing the first stages of  a cata-
strophic regime shift (e.g. Scheffer and Carpenter 
2003) similar to the desertification phenomenon 
observed in the Southwest (Schlesinger et al. 1990).

Prairie dogs are common within the grassland rem-
nants found along the Colorado Front Range. These 
animals have been intensively studied elsewhere due to 
their ability to perform as keystone species (Wiens 
2009), maintain grasslands (Weltzin et al. 1997) and 
function as ecosystem engineers (Kotliar et al. 1999; 
VanNimwegen et al. 2008). The black-tailed prairie 
dog in particular has been well studied because of  its 
widespread dominance or former dominance in the 
mixed- and short-grass prairie region of  the Great 
Plains, and because the species has been perceived  
as a competitor with cattle (Whicker and Detling  
1988; Derner et al. 2006; Wiens 2009). Its impacts on 
vegetation in both natural areas (e.g. Fahnestock and 

A preliminary analysis of  precipitation records indi-
cates that no absolute changes in annual precipitation 
for the Front Range can be documented; however, win-
ters are significantly wetter (Lawton 2010; J. Prevey, 
personal communication, 2012). The 110 year Boul-
der Colorado precipitation record indicates that the 
October–March 6 month interval produces an average 
of  only 163 mm of  482 mm (34%) of  annual precipita-
tion. However, Lawton (2010) reported that the most 
recent 30 years of  records had winter precipitation 
averaging 199 mm, 122% of  the previous 70-year 
average. While climate change model predictions for 
this region contain high uncertainty regarding precipi-
tation, the warming alone will alter the seasonality of  
plant water availability (Smith and Wagner 2006). 
Further, as monthly temperatures in Boulder now 
average above freezing year-round, the percentage of  
precipitation as snow is less and snow that does fall will 
likely melt rather than be retained for significant 
periods of  time. Exactly how this affects plant water 
availability remains unstudied, but the exposed surface 
may allow for winter growth of  cold-tolerant species.

The impacts of  these cumulative environmental 
changes are intrinsically interesting and merit careful 
study. For example, the longer growing season and 
wetter winters appear to favor an increase in the  
abundance of  winter annual plants (Lawton 2010). 
Among these, Bromus tectorum (cheatgrass) is best 
known. While introduced cheatgrass has long been  
a problem in the winter-wet Great Basin ecosystems  
of  North America (Leopold 1949), its emergence  
onto the western edge of  the Great Plains as a domi-
nant species of  this more summer-wet biome was 
unexpected and appears a recent phenomenon (Bush 
et al. 2007; Buckner and Downey 2009). The increase 
in winter annuals is believed to be a result of  adequate 
or increased winter precipitation and increased  
nitrogen deposition, in addition to the expanded growing 
season.

These species have not been particularly successful 
at invading low-nutrient soils (Cherwin et al. 2009), 
but have done well in more fertile soil areas (Lawton 
2010). Among the other common winter annuals are 
Alyssum parviflorum (annual peppergrass) and Erodium 
cicutarium (storksbill). Both of  these are non-native 
annual forbs that appear to compete with the annual 
grasses for this new niche. Only a single native annual 
grass, Sixweeks fescue (Vulpia octoflora), is occasionally 
found in this group (Lawton 2010). Recent modeling 
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Figure 15.2 Left: a native prairie occupied by prairie dogs for a decade as seen in September 2008. Center: by spring 2009 
most plant cover was gone and severe wind erosion was noted. Right: plague removed the colony by late spring 2009, 
resulting in a meadow of  native fringed sage (Artemesia frigida), annual sunflowers (Helianthus sp.) and non-native bindweed 
(Convovulus arvensis).

Figure 15.1 A. (a) Dust emissions from prairie dog colony south of  Boulder, CO, 7 January 2009 causes a highway hazard 
(courtesy of  US Geological Survey). This photo was published on the cover of  the October 2010 issue of  Frontiers in Ecology 
and the Environment. (b) Total carbon and nitrogen content of  top 10 cm of  soil measured before and after the site experienced 
substantial soil erosion.
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Detling 2002) and at the urban interface (e.g. Magle 
and Crooks 2008) are well known.

The wealth of  studies that have been produced by 
Detling and colleagues since the 1980s confirm a con-
sistent pattern of  impacts produced by this species (e.g. 
Whicker and Detling 1988; Fahnestock and Detling 
2002; Hartley et al. 2009). First, aboveground pro-
duction appears largely unchanged despite very large 

changes in community composition, with a decrease in 
the absolute and relative abundance of  the grasses and 
an increase in herbaceous dicots (forbs). In both short- 
and mixed-grass prairies, the effects of  prairie dog 
grazing on plant community composition increases 
with the length of  time the area is occupied. Individual 
prairie dog colonies shift spatially on the landscape 
over time, with the result being that long-term grazed 
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2008/2009 and included sites that had been restored 
as well as native prairie areas.

Prairie dogs do not hibernate, but they greatly 
restrict their foraging activities during cold weather. 
This behavior presumably results from the fact that 
energy loss is reduced by staying in burrows rather 
than attempting to forage senescent vegetation under 
cold temperatures. Exactly how the duration and 
intensity of  foraging has been influenced by the longer 
growing season and by a change in food quality (avail-
able energy and protein content) of  the senescent veg-
etation in this region also remains unknown, but we 
believe that prairie dogs now use invasive species for 
grazing during the non-growing season in ways that 
contribute to the denudation of  the landscape. While 
quantitative studies are lacking, the observations of  
either only non-native vegetation or essentially no veg-
etation on colonies attests to a transformation from 
historical patterns.

The lack of  vegetation cover on prairie dog colonies 
in and adjacent to urban areas in mid-winter now 
appears to cause wholesale wind and water erosion of  
mixed-grass prairie in some years. This change appears 
well beyond the reduction in cover and increased forb 
abundance reported for prairie dog colonies of  native 
prairie in earlier studies (Fahnestock and Detling 
2002), or the erosion caused by isolated prairie dog 
mounds. This is a new phenomenon with wholesale 
implications for biodiversity and ecosystem services of  

areas are periodically abandoned (Augustine et al. 
2008). Now, however, with habitat fragmentation in 
the Front Range and lack of  acceptable adjacent habi-
tats, the animals may remain on areas for longer time 
intervals. As prairie dog colonies become more static, 
these animals engineer habitats dominated by mostly 
non-native forb and shrub species (Fig. 15.3). Until 
very recently however, these changes had not caused 
large-scale erosion events. Further, we observed colo-
nies to remain on heavily impacted areas even though 
sites were not bounded by any human or natural bar-
riers to dispersal. The animals may prefer remaining on 
what appear to be degraded habitats rather than invade 
adjacent grasslands.

Prairie dogs have been discussed for federal listing  
as an endangered species (Kotliar et al. 1999) yet their 
presence is a concern at the urban–wildland interface, 
particularly in the Colorado Front Range. These 
animals form unusually high densities adjacent to 
urban areas (Johnson and Collinge 2004) and in par-
ticular appear to overgraze areas that have been 
restored from agricultural lands. In 2006, a restored 
grassland site in Fort Collins, Colorado experienced 
extensive wind erosion on areas colonized by prairie 
dogs such that the animals were removed and the site 
proactively restored. In the winter of  2008/2009, four 
similar areas in Fort Collins were affected (Pankratz 
2009). Similar dust storms began on prairie dog colo-
nies in the prairies surrounding the Boulder area in 

Figure 15.3 New plant species and a new environment form communities that interact with and modify grazing intensity 
by prairie dogs (courtesy of  Mark Bradford); cheatgrass is the dominant plant cover.
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these areas, i.e. the generation of  novel ecosystems 
(Hobbs et al. 2006, 2009; Seastedt et al. 2008). The 
‘new’ dynamics caused by the interactions of  fragmen-
tation, climate change and invasive species are hypoth-
esized to convert a keystone species into an ecosystem 
transformer, and shift perennial grasslands to shrub-
lands and landscapes dominated by non-native forbs 
(Fig. 15.4).

In the fall of  2008, several prairie dog colonies in 
Boulder County were observed that consisted largely of  
recently germinated annual plants accompanied with 
senescent fields of  bindweed. By spring, these areas 
were devoid of  vegetation. Soils were resampled at one 
site that had been part of  a vegetation study in 1999, 
and the top 10 cm of  soils had lost 25% of  their organic 
C and N over the time period (Fig. 15.1b). The dust 
storms did not reoccur in 2009/2010 due to less wind, 
the presence of  snow cover during much of  the winter 
and the fact that the plague decimated many prairie 
dog colonies. Ironically, plague (Yersinia pestisi) is a 
disease accidentally introduced from Eurasia in the last 
century (Antolin et al. 2002), but its recurrence in the 
Front Range now appears to be the mechanism provid-
ing some persistence in vegetation diversity and 
dynamics because colony areas are periodically relieved 
of  grazing pressure when plague epizootics occur 
(Hartley et al. 2009). Studies underway at the 
University of  Colorado (L. Sackett, personal communi-
cation, 2012) suggest that resistance to the plague 
may be developing in the prairie dog species. In any 
event, the majority of  colonies in our area already 
appear to be recovering from a current cycle of  plague 
that began in Boulder County in 2006. By the winters 
of  2010/2011 and 2011/2012, minor dust storms 
were again being generated from colonies in the area.

The dialog about protecting prairie dogs as endan-
gered species is ongoing, but the dialog about protect-
ing ecosystem services provided by the prairie dogs 
within the realities imposed by global environmental 
change has yet to be initiated. While we confirm the 
scientific consensus that prairie dogs are critically impor-
tant species in grasslands (Wiens 2009), we also believe 
that failing to recognize how this species interacts with 
new climate regimes and new plant species causes 
additional conservation problems. This problem is 
viewed as a model system of  how trophic interactions 
can interact with global environmental change drivers 
to produce novel outcomes not predicted by climate 
drivers alone (Paine et al. 1998; Suttle et al. 2007).  
The concept of  ‘keystone species’ in an era of  rapid 

Figure 15.4 The short- and mixed-grass prairies of  the 
Colorado Front Range are diverging from their historical 
configuration, with prairie dogs altering soils in ways that 
favor species that historically were only minor components 
of  the vegetation. Colonization (a relatively slow process) 
and colony removal by plague (a rapid transformation) and 
abandonment connect the two new systems, but return to 
the historical grasslands is not viewed as a viable option. 
Once prairie dogs have created novel communities, their 
legacy effects on sites that are ‘plagued out’ may differ 
significantly from sites only impacted by invasive species. 
The yellow arrows are viewed as ‘points of  no return’ 
(without large amounts of  human intervention) but the 
second conversion to an eroded landscape more common to 
the southwestern US remains uncertain.
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