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THROUGHOUT THE PASTORAL HISTORY OF THE 
United States, artificial water sources have been used to 
support humans, livestock, and agriculture in arid regions. 

This increased water availability has affected ecosystems by alter-
ing forage abundance and concentrating livestock and wildlife 
(Andrew 1988; Brooks et al. 2006). The resulting combination of 
trampling, grazing, and high densities of ungulates, especially in 
arid ecosystems, can produce a gradient of disturbance, with the 
greatest intensity nearest to the water source (Nash et al. 1999). 
This disturbance gradient can be of concern, especially in pro-
tected arid regions. Although recent research on artificial water 
sources has focused on everything from stream recovery (Rigge et 
al. 2013) to soil conditions in relation to grazing intensity (Augus-
tine et al. 2012), few studies have actually examined the effects of 
water removal on these disturbance regimes. This knowledge is 
important for the management of natural resources, especially in 
light of climate change and predicted drought increase in some 
areas (Cayan et al. 2010).

In south-central Colorado, Great Sand Dunes National Park 
and Preserve provides an opportunity to study the removal of 
artificial water sources in an arid ecosystem (fig. 1). Prior to 
becoming a national monument in 1932, this area was developed 
for ranching operations with 24 artificial artesian wells drilled 
into the underlying confined aquifer to provide water for local 
cattle herds. Areas around these well sites were highly disturbed 
from frequent visitation by cattle and wild ungulates such as 
elk (Cervus elaphus) and, more recently, ranched bison (Bison 
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Figure 1. The famous sand dunes in Great Sand Dunes National Park and Preserve are a complex product of water and wind. The small-
mammal and artesian well study sites are to the left of the dunes and are not visible in this photo.
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bison, fig. 2). When the national monument became a national 
park in 2004, the National Park Service (NPS) acquired land 
rights and, in 2010, capped all artesian wells on NPS lands (10); 
14 wells remain open on adjacent lands owned by The Nature 
Conservancy. Along with maintaining the natural hydrological 
system of the sand dunes, the National Park Service is interested 
in eliminating the “piosphere effect,” the combined influence 
of grazing and trampling on vegetation and soil that results 
in highly denuded zones of landscape, such as those around 
artificial water sources (Lange 1969). We designed our study to 
focus on changes in ungulate disturbance following the cap-
ping of wells and its aftereffects on small-mammal population 
dynamics and plant cover as a proxy for the ecological effects of 
removing artificial sources of water. Changes in small-mammal 
population dynamics can often serve as an ecological indicator 
of alterations in ecosystem structure and function (Carey and 
Harrington 2001). Only a few empirical studies have focused on 
small mammals, denuded zones, and artificial sources of water. 
For example, small-mammal species diversity was not altered at 
watering sites in semiarid scrub communities of southern New 
Mexico (Burkett and Thompson 1994), while another study 
(James et al. 1997) documented decreases in small-mammal abun-
dances near water sources in the arid grasslands of Australia.

Piosphere plant communities are characterized by early stages of 
ecological succession, such as large areas devoid of plant cover 
(Fusco et al. 1995) and decreased plant species composition 
(Fernandez-Gimenez and Allen-Diaz 2001). In desert ecosystems, 
the types of emerging plant species related to ecological succes-
sion at artificial watering sites can vary greatly (Andrew 1988; 
Fusco et al. 1995). For example, in the Mojave Desert, California, 
the earliest stage of succession at watering sites was characterized 
by exotic plant species on bare ground (Brooks et al. 2006). In the 
Chihuahuan Desert, New Mexico, livestock created nutrient-rich 
patches near water that supported species of native annual plants 
that were rare or absent in other areas (Nash et al. 1999).

In this study, we characterized the short-term response of 
small-mammal and plant communities to capping of artesian 

well sites by comparing density, survival (small mammals), and 
cover (plants) across three site types: capped well sites, wells with 
water (open well sites), and control sites (selected sites intended 
to represent average land settings not influenced by open water 
sources). Based on previous studies of ungulate distribution 
around artificial water sources (Thrash et al. 1993; Smit et al. 2001) 
and adaptations of small mammals in arid ecosystems (Bich et al. 
1995; Davidson et al. 2010; Germano et al. 2011), we hypothesized 
that small-mammal population dynamics would be related to un-
gulate disturbance intensity levels and only indirectly to the water 
source itself. We predicted that capping artesian wells would 
reduce disturbance, improve habitat, and result in higher small-
mammal density and survival estimates relative to open well sites. 
Additionally, we predicted that capping well sites would affect 
plant cover because differences in ungulate use create differences 
in disturbance intensity (Lange 1969) that can influence plant 
community development (Leicht-Young et al. 2009). Specifically, 
we expected native plant cover to be greatest at the capped well 
sites because of less disturbance by ungulates.

Methods

All study sites were located in the San Luis Valley (fig. 3), a high-
elevation closed basin valley of approximately 21,000 km2 (8,108 
mi2) in Colorado and New Mexico. Key grass species included 
blue grama (Bouteloua gracilis), Indian rice grass (Oryzopsis 
hymenoides), needle and thread grass (Hesperostipa comata), and 
false buffalo grass (Monroa squarrosa), while key shrubs were 
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Figure 2. Bison drink from a well site in The Nature Conservancy’s 
Zapata Ranch. Investigators sought to determine if capping wells in 
the adjacent national park had an effect on the local small-mammal 
population dynamics.

Great Sand Dunes National Park and 
Preserve provides an opportunity to 
study the removal of artificial water 
sources in an arid ecosystem.
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rubber rabbitbrush (Ericameria nauseosus), sagebrush (Artemisia 
sp.), and yucca (Yucca glauca). Part of our study occurred on the 
fenced 200 km2 (77 mi2) northern portion of The Nature Con-
servancy’s Zapata Ranch where approximately 2,000 introduced 
bison are ranched. Native elk, mule deer (Odocoileus hemionus), 
and pronghorn (Antilocapra americana) move freely across Great 
Sand Dunes National Park and the Zapata Ranch—due to a bison 
fence, there are no free-ranging bison inside the park boundaries.

We studied small mammals and plants at two capped wells, 
two open well sites, and two control sites in Great Sand Dunes 
National Park and on The Nature Conservancy’s Zapata Ranch 
(fig. 3). Sites were not randomly located because site selection was 
limited by accessibility, similarity of water containment structure 
types, and similarity of habitats; in addition, capped wells could 
not naturally have ceased waterflow prior to capping in 2010. 
Open wells (fig. 4A) were heavily trampled by animals and had 

less vegetation around the tanks than capped wells (fig. 4B) and 
control sites (see Garza 2013 for details).

We measured percentage of total plant cover and disturbance 
intensity level once a month using a 1 m2 (11 ft2) sampling frame 
placed at intervals of 10 m (33 ft) along each transect line of the 
trapping web. Evidence of disturbance included trampling (areas of 
compacted sand and no plant cover), presence of tracks, and flat-
tened shrubs (Howe and Baker 2003). Four disturbance levels were 
defined based on intensity within the sampling frame: 0 = none, 
1 = mild (bare ground was < 25% of quadrat and presence of un-
gulate tracks), 2 = intermediate (bare ground was ~50% of quadrat 
and presence of ungulate tracks), and 3 = extreme (bare ground 
was > 50% of quadrat and presence of ungulate tracks). The 10 
sampling frames per transect line resulted in 120 samples per site, 
and these were averaged for each sampling period to compute an 
overall estimate of plant cover and disturbance intensity level.

Figure 3. Location of artesian well sites and control sites studied 
in Great Sand Dunes National Park and The Nature Conservancy’s 
Zapata Ranch, south-central Colorado, 2011–2012.
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Figure 4. (A, top) An open well on The Nature Conservancy’s Zapata 
Ranch, Colorado, and (B, bottom) a capped well site in Great Sand 
Dunes National Park.
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We captured and fitted ear tags to small mammals from May to 
August, 2011 and 2012 (Monel model 2001-1, National Band and 
Tag Company, Newport, Kentucky). We used a trapping web de-
sign (Anderson et al. 1983; Buckland et al. 1993; Burnham and An-
derson 2002) of 100 Sherman live traps (23 × 8 × 9 cm [9 × 3 × 4 in], 
fig. 5) that consisted of 12 equally spaced lines of traps radiating 
from a central point near the wellhead.

We coupled the trapping-web design with mark-recapture 
methods to calculate estimates of density and survival of the most 
common species. Mark-recapture consists of capturing, mark-
ing, and then releasing animals to be captured at a later occasion. 
We used distance sampling (Buckland et al. 1993) to estimate 
small-mammal density using the initial captures of animals and 
the point estimate feature in the computer software DISTANCE. 
Distance sampling comprises a set of methods in which distances 
from a point to multiple animal detections are recorded and the 
density is estimated (Buckland et al. 1993). Mark-recapture data 
were used to estimate survival in the computer software Program 
MARK (White and Burnham 1999). 

We modeled these density and survival estimates by species as a 
function of (1) well site type, (2) percentage of total plant cover, 
(3) level of disturbance, and (4) year of study to determine which 
factors influenced small-mammal populations. We also included 
an “intercept-only” model to determine if none of the variables 
explained the variation of the rates.

We used Akaike’s Information Criterion (AIC) as a statistical 
measure of the relative quality of a statistical model for a given 
set of data. We used AICC, the small sample size adjustment for 
AIC (Akaike 1973; Hurvich and Tsai 1989), to select the models 
that best fitted the sample data. The models with the lowest AICC 
represented the variables that best explained differences in the 
density and survival of the small mammals. We were also able to 
calculate the relative importance of each variable by summing the 
AICC weights for each variable across all models in the data set. 
The larger the estimate of relative importance, the more impor-
tant the variable in explaining the density and survival estimates. 
Variables with values ≥ 0.5 are considered important.

Results

Vegetation and disturbance
Average plant cover (n = 7) was greatest at capped well sites 
(X
_
  = 10.87%, SE = 0.32%), lowest at open well sites (X

_
  = 9.73%, 

SE = 0.31%), and intermediate at control sites (X
_
  = 10.00%, 

SE = 0.25%). These differences were not considered significant. 
Average disturbance intensity levels were 1.10 (SE = 0.02), 1.21 
(SE = 0.03), and 1.08 (SE = 0.01) at capped, open, and control sites, 
respectively. Average monthly temperature and precipitation from 

Figure 6. Average monthly density (number of individuals per 
m2 log-based 95% confidence intervals, n = 6 in 2011, n = 8 in 
2012) of Ord’s kangaroo rat (Dipodomys ordii) and pocket mouse 
(Perognathus spp.) in Great Sand Dunes National Park and The 
Nature Conservancy’s Zapata Ranch, Colorado. The sample size 
increased in 2012 due to additional sampling sessions.
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Figure 5. The study employed point sampling, which combines the 
use of live traps to detect small mammals and modeling software 
that estimates species density and survival. Introduced ranched bison 
from the Zapata Ranch graze the area around one of the open well 
sites.
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May to August were 17°C (SE = 1.23) and 21 mm (SE = 5.52) in 2011 
and 18°C (SE = 0.82) and 30 mm (SE = 4.14) mm in 2012. Aver-
age rainfall during the two years of the study was 7 mm (0.28 in) 
below average (Western Regional Climate Center 2013). 

Small mammals
From 2011 to 2012, we captured a total of 1,150 individuals of six 
potential species: 441 at capped wells, 342 at open wells, and 367 
at control sites (table 1). Ord’s kangaroo rat (Dipodomys ordii) and 
pocket mouse (Perognathus sp.) accounted for 66% (757) and 21% 
(246) of individual captures, respectively. The remaining species 
represented 5% or less of total captures: thirteen-lined ground 
squirrel, Ictidomys tridecemlineatus (58); northern grasshopper 
mouse, Onychomys leucogaster (51); deer mouse, Peromyscus 
maniculatus (30); and least chipmunk, Tamias minimus (3). The 
two potential species of pocket mouse in the study area, Apache 
pocket mouse (Perognathus apache) and silky pocket mouse (P. 
flavus), are difficult to distinguish in the field; therefore all pocket 
mice were categorized only to genus.

Only kangaroo rats and pocket mice had a sufficient number of 
captures for density and survival estimates. Average monthly den-
sity for kangaroo rats was greatest at capped well sites, followed 
by control sites and open well sites (fig. 6); however, these were 
not significantly different.

Models that best explained kangaroo rat density included percent-
age of total plant cover and well site type (∆AICC ≤ 2) (table 2). 

Only percentage of plant cover was important to kangaroo rat 
density (relative importance = 0.62). Density tended to increase 
with increasing plant cover (β̂  = 0.02; lower bound 95%confidence 
interval [CI] = 0.01, upper bound 95% CI = 0.04). All other vari-
ables had no significant effect on kangaroo rat density.

Table 1. Small mammals captured over 18 total trap nights in Great Sand Dunes National Park and The Nature Conservancy’s 
Zapata Ranch, Colorado 

Species

Capped Well Sites Open Well Sites Control Sites

2011 2012 2011 2012 2011 2012

Kangaroo rat,  
Dipodomys ordii

83 	 179 	 170 	 78 	 90 	 57

Pocket mouse,  
Perognathus spp.1

	 27 	 30 	 10 	 52 	 33 	 94

Thirteen-lined ground squirrel,  
Spermophilus tridecemlineatus

	 1 	 3 	 2 	 15 	 17 	 23

Northern grasshopper mouse,  
Onychomys leucogaster

	 5 	 6 	 3 	 3 	 28 	 8

Deer mouse,  
Peromyscus maniculatus

	 0 6 2 7 3 12

Least chipmunk,  
Tamias minimus

	 0 	 1 	 0 	 0 	 1 	 1

Total Individuals 	 116 	 225 	 187 	 155 	 172 	 195

Total Species 	 4 	 6 	 5 	 5 	 6 	 6

1Two species of pocket mouse, Perognathus apache and P. flavus, potentially were captured but were difficult to identify without examining skulls and teeth; therefore, pocket mice were identified 

only to genus.

Note: Data were collected over three days per month for three to four months each year of the study.

Table 2. Effect of well site type and habitat characteristics 
on monthly densities of selected small-mammal species in 
Great Sand Dunes National Park and The Nature 
Conservancy’s Zapata Ranch, Colorado, 2011–2012 

Species Model/Variable ∆AICC

AICC 
Weight K

Kangaroo rat

Percentage of Total Plant Cover 0 0.34 2

Well Site Type 1.16 0.19 2

Pocket mouse

Intensity Level of Disturbance 0 0.19 2

Well Site Type 0.13 0.18 2

Intercept-Only 0.28 0.17 1

Year + Disturbance 1.24 0.10 3

Cover + Disturbance 1.53 0.09 3

Notes: The models with the lowest AICC represent variables with the most effect 
on the monthly densities.

Results are for the difference in Akaike’s Information Criterion corrected for  
small sample sizes and applied to top-ranked models (∆AICC ≤ 2), model weight 
(AICC Weight), and number of parameters in the models (K). Well sites include 
capped, open, and control. Disturbance level was 0–3. Average monthly plant 
cover was 0–100%. Data are for 2011 and 2012.
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For pocket mice, density estimates were highest at control sites, 
followed by capped well sites and open well sites (fig. 6), but again 
the differences between site types were not significant. The five 
top models explaining pocket mouse density had similar AICC 
weights and included level of disturbance, well site type, and 
the intercept-only models (table 2). None of the variables had 
importance values ≥ 0.5; therefore, these variables could not be 
considered influential to pocket mouse density.

Estimates of monthly survival for kangaroo rats were greatest at 
capped well sites, where individuals had a 41% chance of survival 
from month to month, but differences among the three site types 
were insignificant (table 3). The most important variable was year 
of study, as kangaroo rat survival increased measurably from 2011 
to 2012. For pocket mouse estimates of survival, year was also the 
most important variable. Estimates of monthly pocket mouse 
survival in 2012 were nearly twice those of 2011, but again there 
was no significant difference among well types (table 3). Overall, 
we found no differences in small-mammal populations following 
the removal of artificial artesian wells.

Discussion

Over the two years of our study, we did not detect significant 
differences in small-mammal species density and survival, nor 
did we see significant changes in plant cover at capped artesian 
well sites compared with open wells for the two most common 
species, Ord’s kangaroo rat and pocket mouse. Other studies have 
documented increased rodent presence and survival in areas that 

are structurally open and slightly disturbed (Kelt et al. 2005; Tietje 
et al. 2008; Schorr et al. 2007), but the amount of disturbance at 
our well sites might have been more severe than in these studies. 
Density and survival of small mammals tended to vary more by 
year than by well site type, which may be linked to differences 
in annual precipitation between years during our study and the 
overall lower-than-average precipitation during both years. The 
national park has experienced drought conditions for the past six 
years and rain levels were lower than expected during both years 
of the study, almost 7 cm (2.8 in) below average (Western Regional 
Climate Center 2013). For example, in a rainfall manipulation 
experiment, Kray et al. (2012) found that reduced rainfall in the 
San Luis Valley over a two-year period significantly decreased 
native grass species cover, an important source of food for small 
mammals (Davidson et al. 2010; Germano et al. 2011). If small 
mammals had relied directly on the water from the wells, then 
their numbers would likely have been shown to decline markedly 
after the wells were capped. However, this was not the case.

Native plant cover was not significantly different at capped well sites 
compared with open well sites and control sites. Native cover varied 
more by year of the study and again, variation in annual precipita-
tion may have played a more important role than well site types in 
these two years. The seeds of various desert plant species require 
varying amounts of rain for germination and seedling establish-
ment (Gutterman and Gozlan 1998), and after insufficient rainfall, 
seedlings can suffer irreversible damage from dehydration stress, 
resulting in lower seed availability. Overall, these results suggest no 
discernible changes in plant community composition that may be 
related to the short-term impacts of capping artesian well sites.

Table 3. Estimates of monthly survival rate for selected small-mammal species at study sites in Great Sand Dunes National Park 
and The Nature Conservancy’s Zapata Ranch, Colorado

Species Site Type

Year

2011 2012

Survival Rate
Confidence 

Interval Survival Rate
Confidence 

Interval

Kangaroo rat

Capped Well 0.41 0.23–0.61 0.48 0.28–0.69

Open Well 0.30 0.14–0.53 0.37 0.13–0.70

Control 0.33 0.19–0.51 0.40 0.19–0.65

Pocket mouse

Capped Well 0.55 0.33–0.75 0.78 0.47–0.93

Open Well 0.56 0.34–0.76 0.78 0.46–0.94

Control 0.56 0.34–0.74 0.79 0.46–0.93
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Conclusion

Our work provides park resource managers with an initial look at 
the restoration dynamics surrounding artificial water sources, and 
also may be useful to other land and resource managers interested 
in similar restoration efforts. These interpretations, however, 
should be tempered because of the limitations of this study. 
Although our observations suggest that capping artificial water 
wells in the Great Sand Dunes ecosystem results in no significant 
changes in small-mammal population dynamics or native plant 
cover, it is also possible that a trend may be difficult to discern 
from so short a study period, arrangement of the wells, and the 
presence of bison at some sites but not others. These limitations 
make it difficult to derive conclusions that are not in part specula-
tive. Follow-up work will be needed to fully understand the long-
term ecological effects of capping wells.

The recovery of arid grasslands from a long-term disturbance can 
take decades (Daubenmire 1975; Rickard and Sauer 1982) and the 
artesian wells in our study were in use for more than 100 years, so 
it is understandable that recovery may take many more years. Fur-
thermore, despite the absence of open water, we observed con-
tinued visitation of the capped well sites by elk, and the resulting 
disturbance from trampling may further delay habitat community 
recovery. Certainly, the influence of the well sites is small rela-
tive to the surrounding natural habitats; thus restoration of these 
well sites is probably not necessary to ensure that small-mammal 
biodiversity is maintained in Great Sand Dunes National Park.
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