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Director’s LETTER

Director, Colorado Water Institute

T
he paradox of change is that although we occasionally proclaim out of 
frustration that “nothing changes around here,” we know that nothing 
stays the same for very long. While change is inexorable, progress is 
another matter altogether. The passage of time alone causes change, but 
there is more afoot. Heraclitus famously insisted on ever-present change 
as being the fundamental essence of the universe, as he stated sometime 

in the 4th century B.C., “No one steps in the same river twice.” The river (or more 
generally, time) has moved on, being inherently dynamic. Interestingly, Albert 
Einstein, in his theory of relativity postulated the seemingly contradictory idea that 
time is a result of change, not the converse.

While we accept change as an all-pervasive phenomenon, it does seem to 
occur at an inconsistent pace.  From this vantage point, 2017 seems to be a 
year of accelerated change. Last year’s election promised changes that are still 
unfolding, some of which will have implications for water, as agency personnel, 
policies, and funding formulas are in flux. Our state is in a period of rapid change 

as well, with burgeoning population putting increasing pressure on resources and infrastructure. Significant changes of 
leadership are occurring at the Colorado Water Conservation Board, State Engineer, the Colorado Foundation for Water 
Education, and other organizations.  And we witness the passing of distinguished water leaders such as former U.S. 
Representative Ray Kogovsek of Pueblo, Colorado.

Global change forces are usually viewed from negative lenses. Climate warming, nonstationary hydrologic conditions, 
changing land use, growing population, and urbanization, declining resources such as groundwater, and involuntary mass 
human migrations, are all components of global change and are mostly seen as negative. The other side of the coin is that 
humanity is making rapid progress, particularly in science and technology, but there is some evidence (in spite of the daily 
news) that we are in the midst of rapid socioeconomic progress as well. While the second law of thermodynamics states 
that the natural progression is towards greater entropy, change in human social systems can be a source of rejuvenation and 
renewal. Indeed, the ability to adapt to change is the key to evolutionary survival.

This issue of Colorado Water newsletter focuses on the student water research projects funded through the 
Colorado Water Institute. In the reports from these student projects, we see the next generation of water scientists, 
managers, and leaders already emerging and we expect they will replace us in due time. The connection of these 
students with academic faculty is key to their success and we acknowledge the important role of faculty in training 
these students for water careers. We also appreciate the connection with practicing water managers and leaders as 
students find their way from academia to practice.

And speaking of change, State Engineer Dick Wolfe, will retire in June, leaving a legacy of steady leadership at 
the Colorado Division of Water Resources.  Dick’s farewell article in this issue calls for the continued application of 
good science in the stewardship of our water resources and the need for a water-literate citizenry. We have greatly 
appreciated Dick’s sterling character and leadership, as well as his support and encouragement for faculty and 
students here at Colorado State University.

Bear Lake, Rocky Mountain National Park

Yuya S
ekiguchi
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Comparing Fine Scale Snow Depth 
Measurements Using LiDAR and 

Photogrammetry
R. Allen Gilbert Jr., MS Student,Watershed Science, Colorado State University;

Dr. Steven R. Fassnacht, Ecosystem Science and Sustainability, Colorado State University

Introduction
Snow is important to a number of 
interests in Colorado and techniques to 
measure its extent, depth, and density 
are technologically limited. Until the late 
1970s, snow measurements were accom-

plished regularly through periodic man-
ual point measurements of snow depth 
and snow water equivalent, and the data 
are used to estimate runoff volumes. The 
Intermountain West is now populated by 
the automated snow telemetry (SNO-
TEL) network of remote stations to pro-
vide daily snowpack measurements, but 
the network is still at a coarse resolution. 
Finer resolution direct data collection is 
often done manually but requires much 
effort, and are typically only collected 
over short distances.

Light detection and ranging (LiDAR) 
is a proven technology that provides 
accurate sub-meter snow depth data 
at landscape scales. Current aerial and 
terrestrial LiDAR products require equip-
ment and practices that are expensive and 
may not be used with enough frequency 
to justify their purchase. Recent efforts to 
measure snow depth on low relief areas at 
landscape scales using aerial photogram-

metry in Alaska have shown promise in 
providing results similar to those pro-
duced using LiDAR but at reduced cost. 
Although aerial platforms can provide 
data across a much larger extent, it is pos-
sible to use these technologies terrestrially 
with great success. This study endeavors 
to quantify vertical differences between 
photogrammetric methods and terrestrial 
LiDAR scanned surfaces using commer-
cial off-the-shelf photographic equipment 
and processing software. The overall effect 
of this study is to describe techniques for 
use at the operational level that may refine 
products used to estimate snow coverage 
across large spatial domains. Our ultimate 
determination is that both technologies 
are viable when properly scoped and pro-
duce better products than current spatial 
interpolation techniques allow.

Research Design
Two sites were selected to provide 

1A

SYNOPSIS

Snow dominated watersheds rely on 
coarse resolution measurements to 
model and forecast annual water yields 
for agricultural and municipal use. This 
study endeavors to quantify vertical differ-
ences associated with photogrammetric 
methods by comparing terrestrial LiDAR 
scanned surfaces to those generated with 
commercial off-the-shelf photographic 
equipment and processing software. We 
describe techniques for use at the oper-
ational management level that may refine 
products used to estimate snow coverage 
across large spatial domains.
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variety in terrain and data collection 
variables. A nearly 3,000 m2 site was se-
lected at the CSU Agricultural Research 
Development and Education Center’s 
southern area (ARDEC-South). It is 
located along Interstate 25, is mostly 
flat with plowed rows, and is relatively 
devoid of vegetative cover. A 900 m2 
plot near the Joe Wright SNOTEL (# 
551) station was chosen to represent 
montane conditions (Figure 1a). This 
plot is in a sloped clearing dominated 
by woody shrubs and surrounded by 
trees at various stages of growth.

Data collection for this study 

occurred during the 2016 – 2017 snow 
season. Each site was scanned using a 
FARO Focus3D LiDAR, and a series of 
approximately evenly spaced camera 
stills using a Nikon D810 digital single 
lens reflex (DSLR) camera with a Nik-
kor 24 mm fixed focal-length lens were 
taken along each of the plot’s edges. 
Snow on the images were captured as 
bracketed sets adjusting time settings so 
when one image was properly exposed, 
a second was one stop overexposed, and 
a third image was two stops overex-
posed. Although when previewed, 
overexposed image highlight areas 

appeared not to contain usable data. 
This study found that post-processed 
overexposed images produced the best 
photogrammetric results by equalizing 
their histograms.

Spherical reference points made 
of 6 in (15 cm) Styrofoam spheres 
were set at each corner (Figure 1), 
approximately 1 m above the surface, 
and were used to align point clouds 
within a survey and between survey 
sessions. LiDAR scans were processed 
using CloudCompare open sourced 
software. Images were processed us-
ing the commercially available Agisoft 

Table 1. Summary Statistics
Assessment statistics, recorded in centimeters, of the vertical difference between LiDAR and photogrammetric 1-m surfaces.

1B

Date Site
Min 

Difference
Mean

Difference
Max

Difference
Standard
Deviation

20161112

20161217

20170104

20170105

20161113

20161224

20170101

20170129

ARDEC-South

ARDEC-South

ARDEC-South

ARDEC-South

Joe Wright

Joe Wright

Joe Wright

Joe Wright

-4.9

-23.7

-25.1

-24.6

-7.5

-61.9

-9.9

-38.5

6.6

-4.7

8.2

-2.1

6.6

-3.1

-1.5

3.2

18.9

14.7

39.6

14.6

159.4

109.1

87.6

30.7

3.5

6.6

6.3

4.2

7.3

5.7

5.0

2.4

Figure 1. Data Collection
1A: Allen (right) and Allis (left) Gilbert establishing ground control at Joe Wright during the initial data collection event on Novem-
ber 13, 2016. 1B: Allen Gilbert using the FARO LiDAR unit to collect data on January 29, 2017.
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Figure 2. Point Clouds
(2a: Top) LiDAR point cloud dis-
played as a height color ramp. (2b: 
Bottom) Photogrammetric point 
cloud displayed as real color cap-
tured in photographic images. These 
data are from the Joe Wright study 
site recorded on January 29, 2017. 
Although these images are from an 
aerial perspective, the underlying 
data to create their point clouds was 
taken at ground level.

Figure 3. Vertical Difference Surfaces
These plots visualize the magnitude of error between photogrammetrically derived surfaces when compared to LiDAR derived sur-
faces by record date. (3a: Left) ARDEC-South generally experienced more error and a mottling artifact best observed on Dec. 17th, 
2016 suggesting the photogrammetric software had difficulty identifying similar objects between images. (3b: Right) Joe Wright 
differences are more evenly distributed throughout the surface allowing for a more direct comparison between surface types.
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Photoscan software to produce dense 
point clouds (Figure 2a), which were 
then imported into CloudCompare 
and aligned to LiDAR point clouds 
(Figure 2b). Digital surface models 
(DSM) for each cloud were created 
at 1-m and 10-cm resolutions. A lens 
calibration was created for the DSLR 
using a feature present in the Photos-
can software.

Comparison
This study considered LiDAR surfaces 
as the actual snow surface. Photo-
grammetrically derived surfaces were 
subtracted from the LiDAR surface and 
the absolute value was computed to 
provide an overall magnitude of vertical 
difference between surfaces (Figure 3 at 
a 1-m horizontal resolution). No obvi-
ous spatial patterns, except the vertical 
lines present at ARDEC-South (Figure 
3a), were observed in the surface differ-
ences. It should be noted that aligning 
surfaces proved more difficult than 
originally anticipated and likely exacer-
bates our observed difference. Further 
alignment of surfaces may reduce the 
overall error, but the potential time 
dedicated to those refinements may 
only prove marginally beneficial.

Average overall vertical difference 
was within 10 cm between surfaces. 
Table 1 summarizes the vertical differ-
ence of the photogrammetric surface 
from the LiDAR surface for each site by 
record date. Photogrammetric surfaces 
recorded at the Joe Wright study site 
(Figure 3b) agreed with their corre-
sponding LiDAR surfaces more often 
than those at ARDEC-South (Figure 
3a). The obvious differences between 
these sites is the variation in topogra-
phy and different lighting conditions 
common during collection events. The 
results in Figure 3 may suggest, not 
surprisingly, that lighting is the domi-
nant factor to successfully record snow 
using photogrammetry. All images 
were taken at about solar noon. The 
final day at ARDEC-South (January 
5th) was brighter than the others and 
all the days at Joe Wright were clear 

and bright. Those recorded differences 
have the smallest difference magnitudes 
and appear more evenly distributed 
throughout the entire surface.

Discussion and Recommendations
Photogrammetry can substantially 
reduce the cost of equipment and data 
acquisition without substantial re-
duction in data quality. The collection 
process described in this study used a 
professional DSLR, but the technique 
is able to use almost any photographic 
image, making its incorporation into 
other data acquisition or management 
activities a viable solution for agencies 
interested in three-dimensional imag-
ing at increased frequency. This study 
recommends three metrics be used 
when comparing these methods:

1.	 Measurement 
accuracy and precision 
- LiDAR will almost 
always result in better 
vertical accuracy and 

finer resolved precision, but geo-
graphic accuracy is more reliant on 
the quality of ground control and 
influences both techniques. Imaging 
equipment should be considered 
part of the entire package which, 
combined with a survey grade GPS, 
can create highly accurate products.

2.	 Time and monetary 
costs - Photographic 
equipment is much 
more affordable than 
LiDAR equipment. It 
may be able to main-

tain that price gap in the future 
even though LiDAR is becoming 
smaller to meet other commercial 
demands. An element that was not 
shown in this study, but is worth 
mention, is that digital imaging 
equipment can include spectrum 
beyond the visible and could be 
used to enhance already high reso-
lution photogrammetric products 
with multispectral output. Data 
collection time for each technique 
is substantially different, wherein 
LiDAR required approximately an 

hour to record a moderate resolu-
tion point cloud but photographic 
images were recorded in about 
fifteen minutes. Processing times 
varied, but all data were processed 
on a higher end four-year-old 
home desktop computer, suggest-
ing viability for both at the small 
office operational level.

3.	 Integration into ex-
isting workflows - Each 
method has its learning 
curve and both may be 
automated to some de-

gree. Photogrammetry’s ability to 
use most images allows an agencies 
existing infrastructure to be in-
cluded as potential data collection 
assets. The determining factor is 
performing the steps to develop a 
lens calibration.

It is becoming more common to 
find versions of both technologies 
that are small enough to fit on un-
manned aerial systems (UAS) or that 
could be fitted to mobile terrestrial 
platforms. Some commercial survey 
firms are already using such tech-
nologies and techniques to produce 
centimeter resolution surfaces over 
extents covering hectares.

This study described a means of 
implementing photogrammetric snow 
measurement into existing operational 
workflows. Camera equipment and 
photogrammetric software were the 
most expensive investments; both 
are consistently being improved. It is 
recommended to use a camera with the 
ability to manually control exposure 
settings, but this research team has 
had some success with cell phone and 
GoPro cameras shooting subjects other 
than snow. The recent increased interest 
in photogrammetry may also result in 
open source or other freely available 
software. VisualSFM, for example, is 
freely available and a promising alter-
native. Ultimately, the core elements 
of this study comparing LiDAR and 
photogrammetric techniques and 
outputs should remain relevant beyond 
technological advances.



Monitoring the Snow Transition
In mountainous regions, both snow-
pack trend analyses and modeling 
studies suggest that snowpacks are 
most sensitive to drought and tem-
perature at lower elevation bound-
aries. In a cold region like Colorado, 
high elevations have persistent snow 
that lasts throughout the winter, 
whereas low elevations have intermit-
tent snow that falls and melts several 
times over the winter season. Most 
watershed monitoring in Colorado 
does not include areas where the 
snowpack transitions between inter-
mittent and persistent seasonal snow. 
Snow monitoring is concentrated at 

high elevations, and most stream-
flow monitoring is at low elevations. 
Expanded hydrologic monitoring that 
spans the gradient of snow conditions 
in Colorado can help improve stream-
flow prediction and inform land 
management in potentially sensitive 
areas near the intermittent-persistent 
snow transition. 

This study (1) established hydrolog-
ic monitoring watersheds in intermit-
tent, transitional, and persistent snow 
zones on the east and west slopes of 
the Rocky Mountains within Colorado, 
and (2) used this monitoring network 
to improve understanding of how snow 
accumulation and melt impact soil 
moisture and streamflow generation 
under different snow conditions. 

The Monitoring Network
Six small watersheds (three west 
slope, three east slope) were moni-
tored ranging in size from 0.8 to 3.9 
square kilometers that drain intermit-
tent, transitional, and persistent snow 
zones. Each of the six watersheds 
(Figure 1, Table 1) was equipped with 
the following instrumentation: one 

Watershed Monitoring 
Across the Intermittent 
Persistent Snow 
Transition Zone
John Hammond, PhD Student, Watershed Science, Geosciences, 

Colorado State University;
Craig Moore, BS Student, Environmental Science and Technology, 

Colorado Mesa University;
Dr. Stephanie Kampf, Ecosystem Science and Sustainability, Colorado State University; 
Dr. Gigi Richard, Geosciences, Director of the Water Center, Colorado Mesa University

SYNOPSIS

Snowmelt water is the largest contribution 
to runoff in Colorado’s major rivers, and 
the loss of snow can have consequences 
for downstream water users throughout 
the state. This study develops a monitor-
ing network that tracks changes in snow, 
soil moisture, and streamflow across the 
intermittent-persistent snow transition.

(Images at Left) 
(Top) John Hammond conducting a snow survey during May 2016 in the Mich-
igan River watershed. (Center) Craig Moore taking notes during a soil moisture 
survey at the transitional Grand Mesa site. (Bottom) Gigi Richard at the inter-
mittent Grand Mesa site.
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Figure 1. Study watersheds in the Front 
Range and Grand Mesa regions of Col-
orado displayed as black points on top 
of snow zones generated by Moore et al. 
(2015). 

Table 1. Watershed name, snow zone, mean annual precipitation, and mean watershed elevation.

Watershed Snow Zone Region
Precipitation 

(mm)
Precipitation 

(in)
Mean Elevation

(m)
Mean Elevation

(ft)

Michigan River Persistent Front Range 1087 43 3437 11273

Front Range 507 20 2702 8863

Front Range 462 18 1947 6386

Grand Mesa 1028 40 3019 9902

Grand Mesa 877 35 2939 9640

Grand Mesa 415 16 2189 7180

Lazy D Transitional

Mill Creek Intermittent

Ward Creek Trib 1 Persistent

Ward Creek Trib 2 Transitional

Shirtail Creek Trib Intermittent

Watershed

Michigan R.

Lazy D

Mill Creek

Q (I/s)

963

245

463

D (cm)

243

95

43

Date Q

20-Jun

9-May

3-May

Date D

17-Apr

23-Mar

2-Feb

SWE (cm)

80

35

6.5

Date SWE

17-Apr

17-Apr

24-Mar

Date no snow

23-Jun

12-May

28-Mar

Table 2. Front Range watershed peak streamflow (Q), date of peak Q, peak snow depth (D), date of peak D, peak snow water 
equivalent (SWE), date of peak SWE, and date of snow disappearance.

Figure 2. Precipitation and soil moisture 
instrumentation at Mill Creek (left), water 
level instrumentation at Lazy D (center), 
and snow poles for time lapse camera 
measurements of snow depth at Mill 
Creek (right).
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tipping bucket rain gauge, three snow 
depth poles monitored by a time-
lapse camera, one pressure transducer 
and/or capacitance rod to monitor 
stream stage, three soil moisture 
probes (5, 20, 50 cm) and one soil 
temperature probe (Figure 2). Snow 
depth and snow water equivalent were 
also measured during winter snow 
courses, and after the snow melted. 
Soil moisture along transects in each 
study watershed was also monitored 
using a handheld time-domain reflec-
tometry (TDR) instrument. 

Preliminary Findings
During the 2016 water year, the Front 
Range sites generally had deeper 
snowpack and longer snow duration 
than the Grand Mesa sites (Figure 
3). Snow cover remained at the Front 
Range persistent site into June on the 
Front Range (Table 2), whereas much 
of the snow at the persistent site on 
the Grand Mesa had already melted 
by early June. Instrument failures at 
some of the Grand Mesa sites lead to 
some data loss, so here we focus on 
summarizing the 2016 water year at 
the Front Range sites. 

Persistent Snow Zone
The Michigan River watershed retained 
snow from the onset of accumulation 
to the date of snow disappearance. As 
expected, peak snow depth and peak 
SWE were highest at this site (Table 
2). While snow accumulated over a 
period of several months, snowmelt 
was considerably quicker (Figure 4). 
North-facing slopes and valley bottoms 
retained snow from the onset of snow 
in the fall to melt in the spring while 
south-facing slopes and ridgetops 
behaved more like areas in the intermit-
tent snow zone where snow completely 
melted out several times throughout the 
fall, winter and spring months (Figure 
5). Soil moisture values were elevated 
during and following snowmelt (Figure 
4), displaying the greatest magnitude 
of volumetric water content (VWC) 
increase in response to snowmelt of all 

Figure 3. MODIS satellite imagery showing changes in snow at Front Range 
(left) and Grand Mesa (right) study watersheds from April to June 2016.

John Hammond, Alyssa Anenberg, Stephanie Kampf and Chenchen Ma on an 
October 2016 field visit to the Michigan River watershed.

John H
am

m
ond
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Figure 4. Snow water equivalent (SWE), stream stage, and soil volumetric water content (VWC) for the Michigan River 
watershed (Persistent).

Figure 5. Michigan River watershed (Persistent) near the outlet in May (left) and August (right).
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sites monitored. Snowmelt generated 
saturation excess overland flow in the 
late spring during the rise and peak 
of the hydrograph. The hydrograph 
of Michigan River is dominated by 
the spring snowmelt signal without 
substantial increases in discharge in 
response to summer rainfall. Peak dis-
charge at this site lags peak SWE by 65 
days, with snow completely disappear-
ing three days following peak discharge. 

Transitional Snow Zone
The Lazy D watershed, similar to 
Michigan River, retained snow from 
the onset of accumulation to the date 
of snow disappearance, though the 
total accumulation of snow depth and 
SWE was less than half that observed 
at the persistent site. Only 25 days 
elapsed between peak SWE and snow 
disappearance. Soil moisture response 
at this site was considerably muted as 
compared to the persistent site. Stream 
stage at Lazy D also exhibited a clear 

snowmelt signal (Figure 6), but with 
the additional input of spring rain 
during snowmelt. The hydrograph at 
this site was less flashy than at the per-
sistent site, possibly because wetland 
areas adjacent to the stream dampened 
the hydrograph in contrast to the more 
confined channels in the persistent and 
intermittent watersheds.

Intermittent Snow Zone
At the Mill Creek watershed snow 
fully melted several times mid-win-
ter (Figure 7). In the last snow event, 
which happened to have the greatest 
observed SWE value, only four days 
elapsed between this peak and snow 
disappearance. Unlike the persistent 
and transitional sites, the stream 
responses to snow accumulation and 
melt was similar in magnitude to the 
response to summer rainfall. The 
effects of slope-aspect at this site were 
most apparent, with snow completely 
disappearing on south-facing slopes 
within hours or days after falling. Soil 

moisture responded rapidly to rain 
and snowmelt. Mid-winter snowmelt 
events at Mill Creek were large enough 
to generate streamflow, and stream 
stage peaked when the antecedent 
soil moisture was already high from 
snowmelt and rainfall inputs. Summer 
rainfall after June 15 no longer gener-
ated runoff in Mill Creek because of 
lower soil moisture. This was the only 
Front Range site to completely stop 
flowing (Figure 8).

Lessons Learned and the Path Ahead
Thus far we have been able to make 
broad assessments on differences in 
hydrologic response between snow 
zones and the West and East slopes of 
the Southern Rocky Mountains, with 
detailed comparisons of the timing 
and magnitude of hydrologic response 
to come. Our first field season taught 
us several lessons about monitoring 
watersheds ranging from snowmelt 
dominated systems with deep snow-
packs to intermittently flowing streams 

Figure 6. Snow water equivalent (SWE), stream stage, and soil volumetric water content (VWC) for the Lazy D watershed 
(Transitional).



	 Colorado Water » May/June 2017	 11

Figure 7. Snow water equivalent (SWE), stream stage, and soil volumetric water 
content (VWC) for the Mill Creek watershed.

Figure 8. Mill Creek watershed at the outlet in May (top) and August (bottom).

where simply observing rare flow events 
is difficult. In general, we see more 
mid-winter melt on the Grand Mesa as 
well as shorter duration of snowpack. 
The persistent site in the Front Range 
accumulates more snow, does not get 
much mid-winter melt, and has little to 
no mid-winter infiltration. In compar-
ison, the persistent site on the Grand 
Mesa does have some mid-winter infil-
tration with soil temperatures >0. This 
difference in soil water input likely has 
consequences for streamflow response 
that we will continue to examine in 
future years. In areas with intermittent 
snow, the subsurface geology appears to 
be an important control on whether or 
not streams flow. Intermittent sites have 
similar snow intermittence and soil 
moisture responses in both the Front 
Range and Grand Mesa. However, 
while materials underlying Mill Creek 
include weathered igneous and met-
amorphic parent material that allows 
deep infiltration through fractures that 
supply intermittent flow, shale on the 
slopes of the Grand Mesa must not be 
allowing enough deep infiltration and/
or have the fracture network to deliver 
flow to streams.

Conclusion
Closing the flow prediction knowledge 
gap is critically important as Colorado 
faces growing population and poten-
tial loss of snow. Water management 
in the state must balance water for a 
wide range of uses, such as irrigation, 
recreation, industrial, municipal, and 
environmental flows. Management of 
these water uses requires understanding 
water supply availability and its sensitiv-
ity to future change. With our ongoing 
watershed monitoring across a broad 
range of snow conditions in Colorado, 
we continue to learn about the factors 
that increase or decrease streamflow in 
the headwater streams that supply the 
state’s major rivers. As the monitoring 
continues through future water years, 
these findings will aid future flow pre-
diction for Colorado’s river basins.
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Background
Management of instream and floodplain wood in Colorado 
and across the nation has been focused on widespread wood 
removal, with management oriented solely toward reducing 
risk. The Colorado Front Range exemplifies the current state 
of wood management. Rivers on the Colorado Front Range 
are generally wood-impoverished (Wohl et al., 2015) due to 
human removal of wood. Despite the abundance of wood 
mobilized and deposited into streams in the Colorado Front 
Range during the September 2013 flooding, most major rivers 
such as the Big Thompson and St. Vrain have been subse-
quently stripped of wood. This trend has been the national 
standard for more than a century, with most wood having 
been removed from rivers and floodplains, especially prior to 
the 20th century (Wohl, 2014). This has led to a widespread 
misconception that wood is unnatural in rivers and a lack of 
understanding regarding the benefits of wood (Chin et al., 
2008). Namely, wood provides essential riverine habitat and 
nutrients to fish and insects, stabilizes otherwise highly erosive 
systems, and maintains nutrient and water delivery to riparian 
ecosystems, all helping to maintain the general ecological 
health of river corridors (Gurnell et al., 2005; Wohl, 2013).

Wohl et al. (2015) presents a management strategy for 
determining whether to remove wood in a river or on a flood-
plain. This strategy is designed to evaluate the benefits and 
risks of wood and provide a stability analysis for a single wood 
piece, with the end goal of improving the balance between 

Dan Scott, PhD Student, Geosciences, Colorado State University;
Dr. Ellen Wohl, Geosciences, Colorado State University

SYNOPSIS

Wood in and along rivers and streams provides a riverine ecosys-
tem with nutrients and habitat for other species within waterways of 
Colorado. By focusing on the risk of these timbers moving down-
stream into more heavily populated areas as a result of flooding in 
most instances, a systematic database and structural model was 
developed to aid forest managers and other local management.

Evaluating Wood Jam Stability in Rivers

Figure 1. Dan Scott and Ellen Wohl performing 
fieldwork on North St. Vrain Creek, Colorado.
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maintaining the benefits of wood while minimizing the risks 
wood poses to infrastructure. However, these guidelines are 
limited in their applicability to entire wood jams, and lack a 
robust observational backing.

City, state, and national organizations have already begun 
to adapt the guidelines pro-
posed by Wohl et al. (2015). 
However, many of these 
organizations have contact-
ed Dr. Wohl about applying 
the guidelines to wood 
jams, which motivated the 
proposed research. These 
organizations include, but 
are not limited to the City of 
Fort Collins, USDA Forest 
Service Stream Systems Technology Center, Boulder Coun-
ty, Friends of the Poudre, and The Nature Conservancy. Dr. 
Wohl’s communication with these organizations has demon-
strated the immediate need for an expanded set of guidelines 
that will address all forms of wood in riverine environments. 

Our broad goal for this project is to develop an under-
standing of the hydrologic, morphologic, and biotic conditions 
that impact the stability of wood jams in rivers. Our specific 
objectives for this project are to: 1) create a dataset of wood 
jam characteristics and conditions under which wood jams are 
significantly changed or mobilized that will enable us to develop 

a model to predict wood jam stability across a wide range of 
river environments, 2) develop a model sufficiently robust as 
to enable its use by managers, technicians, consultants, and 
researchers to predict wood jam stability and make informed 
management conditions that balance ecological integrity and 
human uses of rivers, and 3) structure the model and associated 
tools to evolve using new, user-submitted data on a regular basis 
to reflect evolving understanding of wood jam dynamics.

 
Methods
Our general approach involved surveying individual wood 
jams across the Colorado Front Range as well as in the 
Cascade Range of Washington State to capture a wide variety 
of channel geometry, hydrologic regime, and tree species. 
We measured wood jam geometry, channel geometry, bed 
material size, and wood jam characteristics (e.g., whether the 
jam was anchored on a relatively immobile object, includ-
ed rootwads or live wood, obstructed flow, etc.) across a 
sample of 38 jams (Figure 1). We placed time lapse cameras 
near a subset of 18 jams to observe them at 1-hour intervals 
throughout the high flow season. We then returned to each 
jam after high flow season (spring in the Colorado Front 
Range and autumn in the Cascades) to record whether 
the jam significantly changed (gained or lost substantial 
amounts of wood), remained substantially unchanged, or 
was transported downstream. 

We plan to model wood jam stability using the variables 
we measure before peak flow. We will use a statistical decision 
tree model to predict whether a jam experienced significant 
change or transport due to high flow conditions. This model 
will maximize the amount of interpretation users can glean 

from its results, meaning 
that any probability assigned 
to a modeled jam will have 
a clear explanation for the 
reasoning behind that prob-
ability and an estimate of the 
uncertainty associated with 
it. For example, a jam may 
be predicted to be unstable 
due to its close proximity 

to the deepest portion of the channel and lack of anchoring 
material. However, if a user is attempting to model a jam that 
includes, for example, tree species that are very different from 
the dataset used in the model, the model will flag its predic-
tion as being potentially unreliable due to the lack of data for 
that particular species. This allows for context-dependent 
predictions to inform management decisions regarding wood 
jams in rivers.

Our wood jam stability model will be hosted on a Colora-
do State University (CSU) website and will be freely accessible 
to the public. Because of the complexity inherent in wood jam 
dynamics, we will regularly update this model with new data 
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Evaluating Wood Jam Stability in Rivers

“Wood provides essential riverine habitat and nutrients 
to fish and insects, stabilizes otherwise highly erosive 
systems, and maintains nutrient and water delivery to 

riparian ecosystems, all helping to maintain the general 
ecological health of river corridors”

Wood jam on Cache La Poudre River (back-
pack for scale).



14	 Colorado Water » May/June 2017	

from our own field work as well as from those who use the 
model. Users of the model can provide us with new data sim-
ply by recording whether the model correctly or incorrectly 
predicted the stability of jams they are monitoring. In this way, 
we hope to develop an evolving model that can bring to bear 
as much of our understanding regarding wood jam stability as 
possible to every management scenario.

Current Findings
Only three of our currently surveyed jams experienced 
significant change, probably due to relatively mild high flow 
seasons in both study regions. This has limited our ability to 
develop our statistical model at the present. However, we have 
gleaned important observations from our timelapse camera 
data. Diurnal flow fluctuations in snowmelt systems cause a 
repeated dilation and contraction of wood jams during peak 
flow, which we hypothesize has a cumulative effect in desta-
bilizing jams over time, sometimes resulting in total breakup 
and transport of the wood jam. We have also noticed that the 
angle of key structural logs (i.e., those that support the bulk 
of the wood in the jam) relative to the horizontal controls 
the effect that an incremental rise in stage will have on the 
destabilization of the jam. A horizontal log will be buoyed 
and potentially floated downstream by only a small increase 
in stage, whereas a nearly vertical log requires a much larger 
stage increase to cause floating and transport, resulting in a 
more stable jam. We are currently integrating these findings 
into revising our field measurements. 

Future Directions
We plan to expand our dataset to over 100 wood jams by the 
beginning of spring snowmelt in the Colorado Front Range. 
We will also deploy another 12 timelapse cameras. We are 
currently revising our field methods to minimize variability 
between different people taking measurements. This will 
allow for more reliable, widespread use of our field meth-
ods to increase the rate at which we collect data. Over the 
next two years, we plan to expand our field sites to include 
small ephemeral streams in the desert southwest, a larg-
er multi-thread river in the Pacific Northwest (Hoh River, 

Washington), and a low gradient plains river (Laramie River, 
Wyoming). We hope to achieve a dataset of at least 200 jams 
through at least one peak flow season before making the 
model available to the public and soliciting data from model 
users. Thus, we hope to have the model fully operational in 
late 2018 or early 2019. Coupled with the model, we will be 
hosting a publicly accessible dataset of wood jam characteris-
tics, including the persistence and location of surveyed wood 
jams. These web resources will be accompanied by a Forest 
Service General Technical Report, to be published in late 
2017, that will place our wood jam stability analysis tools in a 
holistic context of wood management in rivers. We hope these 
resources will assist others in understanding, managing, and 
researching wood jams in the future.

References
Chin, A. et al. (2008), Perceptions of Wood in Rivers and 
	 Challenges for Stream Restoration in the United States, 
	 Environ. Manage., 41(6), 893–903, doi:10.1007/s00267- 
	 008-9075-9.

Gurnell, A., K. Tockner, P. Edwards, and G. Petts (2005),
	 Effects of deposited wood on biocomplexity of 
	 river corridors, Front. Ecol. Environ., 3(7), 377–382, 
	 doi:10.1890/1540-9295(2005)003[0377:EODWOB]2.0. 
	 CO;2.

Wohl, E. (2013), Floodplains and wood, Earth-Science Rev., 
	 123, 194–212, doi:10.1016/j.earscirev.2013.04.009.

Wohl, E. (2014), A legacy of absence: Wood removal 
	 in US rivers, Prog. Phys. Geogr., 38(5), 637–663, 
	 doi:10.1177/0309133314548091.

Wohl, E., B. P. Bledsoe, K. D. Fausch, N. Kramer, K. R. 
	 Bestgen, and M. N. Gooseff (2015), Management of Large  
	 Wood in Streams: An Overview and Proposed  
	 Framework for Hazard Evaluation, Am. Water Resour.  
	 Assoc., (In Press), doi:10.1017/CBO9781107415324.004.

Wood Jam near the Big South Trail on the 
Cache La Poudre River (backpack for scale).



Evolution of Drought Management 
of South Platte Water Providers and 

Implications for their Capacity to Cope 
with Water Stress
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Natural Resource Ecology Laboratory

Introduction
Droughts in the western U.S. are com-
mon and as any water user knows, the 
question is not if drought conditions 
will return, but when (Dai, 2013; Cook 
et al., 2015). Water management in 
Colorado has developed as a result of 
periods of water scarcity, based on les-
sons learned and refinements made to 
water policy and management strategies 
during and after droughts. Over time, 
these incremental adjustments have led 
to a more robust water system over time 
(Jones and Cech, 2009).

Water providers are organizations 
that often bear the responsibility of mit-
igating drought risk for water users, as 
they are the link between the environ-
ment and end users. Vulnerability creat-
ed by droughts is mediated between 
actions taken by water providers. Most 
people in the U.S., particularly those 
residing within the western portions 
of the country, commonly receive their 
drinking water from these organiza-
tions, a percentage that is expected to 
grow in the coming decades (Hutson 
et al., 2004; Kenny et al., 2009; Engle, 
2012).The primary objective is to 
distribute clean water to customers, 
which is achieved through a variety 
of strategies (e.g. maintaining large 
reserves, reservoirs, restrictions, educa-
tion, pricing, etc.) that are made more 
difficult when conditions fluctuate far 
beyond normal. Engle (2012) notes that 
the increasing dependence of humans 

and ecosystems on water providers, 
combined with the potential impacts 
of climate variability and change, will 
make the delivery of high-quality water 
increasingly difficult in the future 
(Cromwell et al., 2007). 

Climate change vulnerability reports 
(Statewide Water Supply Initiative, 2010; 
Western Water Assessment, 2011; Col-
orado Water Conservation Board, 2013, 
2015; Gordon and Ojima, 2014) suggest 
that in water-scarce regions strategies 
historically used by water providers to 
manage water resources may become 
insufficient. This uncertainty about the 
future raises the need to understand how 
water providers have dealt with water 
stress in the past and to determine what 
strategies to utilize in the future as the 
environment continues to change. 

Studies conducted by the State 
(Colorado Water Conservation Board, 
2013) suggest that actions taken as a 
result of the 2002 drought increased 
the adaptive capacity of many water 
providers. However, because the results 
were aggregated by basin, the differences 
between providers’ capacities and factors 
that contribute to increased adaptiveness 
– both important for developing action-
able policy aimed at reducing vulnera-
bility – were not investigated. Leaving 
the ability of these water providers to 
adapt to future environmental changes 
unknown. Therefore, the objective of 
this study was to evaluate the variance 
in the capacity of water providers in the 

SYNOPSIS

Although droughts are common in Colo-
rado, climate projections predict they may 
become more frequent and severe in the 
coming decades, making management 
more difficult. To understand how water 
providers may adapt to future changes, 
this study evaluated the variance in the 
capacity of South Platte River Basin 
water providers to meet their demand ob-
ligations and attributes that affected their 
capacity to respond to those droughts.

(Top) PhD Student Amber Childress-
Runyon and her advisor (Bottom) Dr. 
Dennis Ojima

	 Colorado Water » May/June 2017	 15



South Platte River Basin (SPRB) to meet 
their demand obligations, attributes, and 
institutions that affect their capacity to 
respond to droughts. This two part study 
evaluated the role that internal (organi-
zational) and external (drought severity) 
factors play in affecting the capacity of 
water providers to meet water demands 
over time and strategies they use to 
mitigate drought effects. The first part is 
presented here, the second part builds off 
of this analysis to investigate institutional 
motivations or constraints for strategy 
selection and how that might impact 
capacity over time.

Methods
This study used an analogue approach, 
looking at past drought periods to 
understand what to expect in future 
droughts. Conveniently, there were two 
recent major droughts in the SPRB, 
in 2002 and 2012. The drought events 
were quite different temporally and in 
severity. The 2002 drought lasted longer 
than the 2012 drought, but the 2012 
drought was more severe (Figure 1). 
Studying the impacts of both droughts 
from the perspective of water managers 
provides an opportunity to understand 
how incremental management and 
policy adjustments can evolve into 
long-term strategies on how to deal 
with water scarcity. 

An event history calendar (EHC) was 
used to collect qualitative and quanti-
tative data from managers in the SPRB. 
Engle (2013) proposed using EHC to 
gather temporal data on water manage-

ment and adapted the tool which has 
commonly been used in anthropology 
to collect temporal data on individuals 
(Freedman et al., 1988; Axinn et al., 
1999; Engle, 2012). This methodolo-
gy uses a matrix of visual cues and an 
interactive interview process to make 
memory recall easier for participants. 
The EHC collects time-series data of wa-
ter providers’ management strategies and 
functioning through time (Figure 2).

The EHC collected two primary 
pieces of information from 2000-2015 
including: 1.) strategies water provides 
used and variations in the strategies, 
and 2.) their relative capacity to meet 
water delivery requirements (referred to 
simply as capacity). Strategies listed in 
the EHC were chosen from a review of 
sources evaluating management in the 
basin and expert interviews (Kenney 
and Morrison, 2003; Kenney et al., 2004; 
Colorado Water Conservation Board, 
2013). To measure capacity in the EHC, 
participants were asked to rank from 0 to 
3 their ability to meet their water deliv-
ery requirements over the time period: 
where 3 represents no impairment, full 
ability; 2 indicating moderately impaired 
but still able to meet all commitments; 
1 – seriously impaired with questionable 
ability to meet commitments, and 0 – 
unable to meet commitments. 

Twenty-five water providers were 
interviewed for this study and were 
selected through stratified purpose-
ful sampling. This type of sampling 
required dividing the 257 providers into 
five strata based on characteristics such 

as their primary water source, popula-
tion, and sub-region. Senior-level water 
managers filled out the EHC, guided 
by the interviewer in a semi-structured 
interview. All management documents 
and web content for each provider were 
also reviewed and utilized to fill in gaps 
where managers were unsure of strate-
gies used or exact timing. In addition, 
conservation plans were also helpful in 
the research analysis. 

One of the many benefits of using 
the EHC was that it allowed for mixed 
methods research, requiring the 
collection of qualitative and quantita-
tive data. This provided a more robust 
approach, resulting in an abundance 
of data used to analyze how provid-
ers managed their water systems, the 
functioning of their system over time, 
characteristics of their system, and 
motivations for changes (Engle, 2013). 
However, here only the variance in 
capacity among the water providers 
and an evaluation of internal charac-
teristics that contributed to their ‘adap-
tiveness’ are presented. Future articles 
will contain further analysis.

Results 
This study asked each water provider to 
provide a semiannual rank for their ca-
pacity to meet water delivery demands, 
which served as a proxy for their capac-
ity to cope with conditions over time. 
Results from a Wilcoxon signed rank test 
indicated that capacity was reduced from 
normal levels during the 2002 drought, 
but not during the 2012 drought. In fact, 
capacity scores were higher in the second 
drought than the average of other non-
drought periods, indicating that there 
was an increase in adaptive capacity. This 
was supported by interviews with water 
managers who said that lessons from the 
2002 drought caused them to be more 
proactive during the 2012 drought, in 
addition to policy and structural changes 
made between the periods.

The severity of drought effects 
on water providers and the suite of 
drought-mitigation techniques avail-
able to them are largely determined by 

Figure 1. Drought Monitor status in the SPRB throughout the study period. 
http://droughtmonitor.unl.edu/
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characteristics unique to each water 
provider (e.g. their source of water 
supply, seniority of rights, the type of 
community they serve, population 
growth rates, etc.). These internal 
factors shape both the motivation and 
ability to use management actions and 
their effectiveness. To evaluate how in-
ternal attributes contributed to capacity 
of water providers to meet their water 
demands over time and their choice of 
strategy, this study used hierarchical 
cluster analysis (HCA) to group the 
water providers based on organizational 
attributes. The Gower distance metric 
(Gower, 1971; Hennig and Liao, 2013) 
was used to calculate the dissimilarity 
between the water providers (which is 

appropriate for mixed-type datasets) 
and the providers were divided into 
four clusters. 

Figure 3 illustrates the average 
number of strategies used by each of 
the clusters, which serves as a mea-
sure of their ‘adaptiveness’. Groups 2 
and 3 continued to adopt new strat-
egies after the 2002 drought, while 
groups 1 and 4 saw an increase in the 
number of strategies used during the 
2002 drought and adopted a small 
number of strategies in the subse-
quent years. However, their adoption 
of new strategies leveled off in the 
mid-2000s and did not increase again, 
even during the 2012 drought period. 
This indicates that Groups 2 and 3 

are likely more adaptive and contin-
ually alter their water management 
strategies to be reflexive to changing 
conditions, while Groups 1 and 4 
have more rigid responses.

Generalized estimating equations 
were included to evaluate strategies 
most likely used by different water 
providers during droughts of vary-
ing severity, as well as how capacity 
changed relative to provider groups 
and drought conditions. These results 
revealed that Groups 2 and 3 used a 
more diverse suite of supply-augment-
ing and demand-reduction strategies 
both during and between droughts. 
However Groups 1 and 4 primarily 
relied on supply increasing techniques 

Figure 2. Example of EHC study participants filled out with interviewer. For each time period represented in columns (semi-an-
nual from 2000-2015), they indicated if each strategy was used, rows. They then characterized their ‘capacity’ to meet water 
delivery requirements by ranking their system from 1-3 throughout the time period.
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between droughts and imposed man-
datory restrictions during droughts. 

Discussion
Looking to the past serves as a useful 
guide to understand how water systems 
will cope with future climate and pop-
ulation induced stresses. It is important 
to evaluate lessons learned and what 
enabled those lessons to transition into 
resilience. The increase of capacity for all 
water providers throughout the period of 
time presented in this study suggests that 
periodic droughts actually can increase 
the resilience of water managers, if they 
improve upon lessons learned. Because 
they were caught off guard and systems 
were impaired in 2002, water managers 
used the period after the drought to 
reorganize and develop new policies 
and/or update their systems. Then in 
2012, when the signs of drought first ap-
peared, water managers had established 
protocols in place. Some water providers 
were more adaptive to external pres-

sures and continued to improve their 
management over time, while others 
were more rigid and only responded 
to abrupt changes, suggesting that the 
latter could be vulnerable to sudden 
or more severe droughts. While these 
results are only the first part of this study, 
they reveal that there is an association 
between internal and external factors 

and strategy choice and capacity. This 
analysis provides a better understanding 
of how water providers manage drought 
and their motivations for future adap-
tation. Further qualitative analysis will 
be conducted on this dataset to evaluate 
the role that institutions play as stimuli 
or barriers for adaptation and increasing 
adaptive capacity of water providers. 

Figure 3. Number 
of strategies 
used by each 
provider cluster 
group. Groups 
that contin-
ued to adopt 
new strategies 
throughout the 
time period are 
more ‘adaptive’ 
while others are 
more reactive.

SAVE THE DATE
Monday, July 24, 2017

lib.colostate.edu/wwsb2017

Benefiting the 
Water Resources Archive at Morgan Library



	 Colorado Water » May/June 2017	 19

S
My Tenure as State Engineer 

Some Reflections, Insights, and Foresights

My tenure with the State Engineer’s Office began in July 1993 
after seven successful years working as an engineering consul-
tant with Spronk Water Engineers. I am thankful to count-
less people who have inspired and shaped who I am today, 
including foremost my family, for whom I would not even had 
the opportunity to serve if not for their unending support and 
love of my sometimes crazy passions. 

People Make the Difference
The State Engineer’s Office was created in 1881 and has 
evolved over 136 years to become recognized as a leading 
water agency in the Western United States and around the 
world. It has dedicated itself to preserving what is best and to 
embracing the future bravely and confidently.

Reflecting back on the past 24 years, I recalled an article 

that was published in Colorado Water by my predecessor, Hal 
Simpson, shortly after his retirement in May 2007. Not sur-
prisingly, the first thing Hal addressed was the role of women 
in the workplace. Diversity of our employees has been a major 
focus of our vision for the DWR. At the center of every story 
is people, and our commitment to the citizens of Colorado is 
that our agency represents the diversity of culture in the com-
munity we serve. Hal remarked that we had one professional 
engineer in 1972 and one female water commissioner. Today, 
we are proud to boast that women make up 30% of our staff, 
which also reflects the approximate percentage of women in 
professional positions. 

We have continued to meet the challenges of our jobs 
despite cuts in our budget and staffing over the past 10 years. 
Specifically, the DWR has 19 fewer full-time employees work-
ing today than we did in 2007. With advances in technology, 
we have empowered our staff to develop innovative solutions. 
As public servants, we are committed to being an agency that 
is accountable, imaginative, innovative, and known for its 
integrity despite the many challenges we face. We take pride in 
our outstanding customer service by being accessible, respon-
sive, and respectful in our customer relations.

Although most people know us for water administration 
DWR has an important safety program involving dams and 
water wells. Over the past 5 years in particular, our dam 
safety engineers have made a concerted effort to reach out to 
local entities, private dam owners, as well as state and federal 
agencies to hear their needs with respect to our program with 
the end goal of developing sound parameters for the safety of 
Colorado’s dams and the people in the State. Further, collabo-
ration with states and engineering groups on a national level 
has further raised the bar within Colorado to consistently 
make our program second to no other program in the nation. 
The response to the September 2013 flood was a testament to 
this collaboration and reflects the importance of our robust 
dam safety program.

Our current well inspection program was created in 2003 
and although it does not have the funding level and staffing 
as originally envisioned, the current staff still provide critical 
inspections and enforcement of standards to ensure that wells 
are constructed to provide long-term safety to the public and 
the groundwater. 

Dick Wolfe, M.S., P.E., Colorado State Engineer and Director, 2007-2017, Colorado Division of Water Resources

Photo by Jay Bloomfield, Colorado Division 
of Water Resources, Department of Natural 
Resources



I would encourage our continued endeavors in both local 
and national levels to develop sound science to keep our 
citizens, wells, and waterways safe for all to enjoy. Our staff 
has acquired great investigative skills and has proven to be 
effective problem solvers always tempered with openness and 
sound judgment. We continually endeavor to have the courage 
to do the right thing, but never compromise what we know 
to be true and lawful, including our commitment to service 
and excellence within our community and stewardship of our 
natural resources.

Colorado’s Water Administration System is Well-Suited 
for the 21st Century
It is undisputed that Colorado water law is complex and not 
easily understood. But it has served the State well overall and 
continues to evolve to meet the ever growing population de-
mands and associated needs for the environment, recreation, 
and agriculture. I believe the Doctrine of Prior Appropriation 
will continue to serve us well in the future because it has the 
ability to respond to the many variables that affect hydrology, 
including the challenges of future climate variability. Although 
it does not solve the challenges of meeting future water needs, 
it does provide the foundation that decision makers can rely 
upon when making difficult decisions about future tradeoffs 
between our consumptive and non-consumptive needs.

Moreover, we must continue to educate the citizens of 
Colorado regarding the complex interrelationships of water 
demand and water supply because misunderstandings and 
misperceptions can lead to conflict. We all must ensure that 
the proper legal and institutional regulatory framework con-
tinues in order to properly protect and administer water. Users 
want and demand regulatory certainty. 

Colorado will do an excellent job meeting its need to 
develop and manage a sustainable water supply, including 
healthy forests and watersheds for the future. Colorado has a 
lot of brilliant people working together in an effort to achieve 
this goal. We must institute plans today that are based on 
sound science that will allow us to plan as far ahead as possi-
ble. The existing planning horizons of 30-50 years reflect the 

limit of our ability to predict any further into the future due 
to limited data and our current understanding of the complex 
world we live in. Respectively, we must continue to be flexible 
to the evolving circumstances within this horizon given the 
inability to predict with absolute certainty.

We must continue to recognize the important roles that 
recreation and the environment play throughout the state. 
Recreational in-channel diversions have created a significant 
economic boost in many areas of the state, but have also 
potentially limited future upstream development. In-stream 
flows have also played a vital part of the preservation and 
enhancement of the environment, and their full benefit may 
not be fully recognized for years to come when these rights 
become more actively administered. 

Cooperative approaches are necessary to address some 
of our state’s most contentious environmental issues. The use 
of in-stream flows in water resources has aided consumptive 
water users by ensuring that Colorado meets its obligations 
under the Endangered Species Act. Colorado is already imple-
menting collaborative solutions through several Endangered 
Species Recovery Programs, wherein water and resources 
are being provided to maintain and improve streamflow for 
endangered fish. 

Sustainability of our Resources and Systems
The DWR (including our Modeling/Decision Support System 
Group and the Water Information Team) works closely with 
the Colorado Water Conservation Board and other agencies to 
develop and protect Colorado’s compact entitlements through 
data acquisition, decision support systems, as well as studies 
to support the complex and difficult issues related to water re-
source development, and potential future interstate conflicts. 
The DWR continues to apply advanced computer program-
ming, updated data and information, modeling expertise in 
the development, utilization of hydrologic computer models, 
and decision support systems. 

The conversion of manual data recording devices to elec-
tronic instruments has been one of the significant modifica-
tions that has allowed the DWR to respond to the increased 
administration demand with less human capital. Water 
users have increasing expectations and demands about the 
availability of real-time data for various gages and diversions 
that result in more electronic data collection and telemetry 
systems. In some cases, new stream gauges are being installed 
and, therefore, related work load increases.

Our hydrographic program has continued to grow over 
the years. Specifically, we have expanded the satellite monitor-
ing system to over 600 gages today to assist in water adminis-
tration and distribution, compact administration, flood and 
drought prediction, water storage and release, recreation and 
environment, along with wildlife, and water quality demands. 
Tactically, you cannot manage what you do not measure. 
Colorado is the only state in the West that has such a com-
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I started this off with thanks to my family 
for allowing me to have this adventure that 

I have truly loved and I am going to end 
it there as well. But this thank you is to a 
greater and more extended family being 
everyone whose life has touched my life 

during this amazing run. 



plete program and still continues to demonstrate its ability to 
operate and maintain its state-of-the-art program in the most 
cost-effective and efficient way possible.

The use of high-speed Internet and portable electronic 
devices by field staff has made it possible for water commis-
sioners to use tools for reviewing flow conditions, setting calls, 
checking email, receiving and reviewing complex accounting 
spreadsheets, and using database management applications 
that include GIS and scanned images. The use of database 
management systems has allowed increased levels of real-time 
administration that are not expected to abate anytime soon. 
One significant ongoing need is the systemization of collect-
ing this data and easily translating it into diversion records, 
administrative accounting information and data that can 
be used to demonstrate compliance with court decrees and 
administrative orders. Increasing innovations in data collec-
tion will provide more time for everyone involved to meet the 
increasing demands of future water administration.

Most importantly, we all must be stewards of our most 
precious resource and be collectively responsible for plan-
ning our future. We must realize that the choices we make 
today on how we live will directly affect how we will live in 
the future. Our world is complex and we continue to evolve 
in our understanding of all the forces at play. It is essential 
to develop system models that incorporate scientific, social, 
economic, environmental, and administrative interrelation-
ships that will lead to better planning, and ultimately legal 
and institutional systems to support the management of a 
sustainable water supply.

Lastly, cooperation, flexibility, and honesty have shaped 
the river management system that we employ today to meet 
the challenges of effective and efficient management of the 
State’s water resources. The enormous challenges facing us 
require the collective input of all stakeholders and a collabo-
rative decision-making process that reaches common ground 
for developing a sustainable water future that meets our 
numerous and diverse needs.

“Lessons Learned”
Education and effective communication are vital to success. 
It is the foundation that builds trust among people. One of 
the keys to great communication is to be a good listener. 
We desperately need to talk and listen to the people we dis-
agree with the most, if we are to build on the foundation of 
trust. We must promote open and honest communication 
wherever and whenever we can because it builds the trust, 
respect, and loyalty amongst ourselves and the diverse 
community that we serve.

In times of conflict and negotiations we must never as-
sume the other parties have bad intentions, but rather assume 
their intentions are well-placed based on their perspectives. 
In doing so, we are able to reach solutions that work for all 
parties involved.

Litigation is not a substitute for sound science and facts. 
Cooperation and restraint from litigation will provide greater 
certainty and a more secure water supply for the entire state. 
Essentially, we must encourage greater and earlier coordina-
tion and collaboration amongst users and uses. Addressing 
issues in a conflict-rich environment rarely yields timely and 
effective solutions. 

We must also develop laws based on sound science. This 
most certainly will be a difficult task in that sometimes the 
law being proposed is to serve a particular interest group or 
specific situation that may lead to an absurd result for the 
whole. Also, a law may reach the Legislature based on sound 
science and yet a particular interest group or groups may try 
to obfuscate the true science behind the proposal. Again, I 
would point back to the listening skills above to try and pierce 
through positions to discover the underlying interests of all of 
the parties to reach laws based on scientific reality.

The need continues for transparency of information and 
bases for our actions. Transparency creates accountabili-
ty that leads to trust. During my tenure, the publication of 
white papers and administrative orders has been invaluable. 
Yes, some have caused a stir among the water users at times. 
However, the value of our agency vetting internally, as well as 
externally, the reasons we make the decisions results in more 
effective government and water administration for the public 
at large. Respectively, the public at large has a clearer idea of 
our position from the start.

Lastly, one other important lesson learned. Employ people 
who have a passion for their job. It pays off big time. A perfect 
example of this occurred during the flooding of September 
2013. Our eastern slope was inundated by flooding that was at 
times epic in proportions. During this crisis, our water com-
missioners, hydrographers, dam safety engineers, and numer-
ous other employees within the DWR spent endless hours and 
months proactively assisting from the first rain drop to the 
clean-up efforts that followed. People with a passion for their 
work can make all the difference in the world. I am comforted 
to know these employees have that same passion for the work 
they do today.

Conclusion
I started this off with thanks to my family for allowing me to 
have this adventure that I have truly loved and I am going to 
end it there as well. But this thank you is to a greater and more 
extended family being everyone whose life has touched my 
life during this amazing run. From my fellow employees, to 
the numerous professionals, to the farmers, and all water users 
throughout the state and bordering states—I thank you. I truly 
thank all of you for enriching my life and professional career 
and allowing me to serve you. Water has been and always will 
be a passion for me and I have been truly blessed to work in 
a greater community that also cares so deeply for our most 
precious resource—water! 
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Microbial Community Responses 
to Metals Contamination
Mechanisms of Metals Exposure and 
Bioaccumulation in a Stream Food Web
Brian Wolff, PhD Student, Ecology, Colorado State University;
Dr. William Clements, Fish, Wildlife, and Conservation Biology, Colorado State University;
Dr. Ed Hall, Ecosystem Science and Sustainability, Colorado State University 

Introduction
Mining practices have generated an estimated 45 billion 
metric tons of waste that have impaired approximately 
8,000 km  of streams in the U.S. These effects are wide-
spread in Colorado, where a recent survey suggested that 
about 25% of mountain streams showed some level of deg-
radation due to metal exposure. With the recent accidental 
release of metals from historical mining into the Animas 
River in 2015, it is clear that impacts from historical min-
ing will continue to be an important issue to the public.

Our research is focused on the upper Arkansas Riv-
er (near Leadville, Colorado) that has been historically 
impacted from mining activity. The Arkansas River itself is 
the 6th longest in the United States and represents a major 

tributary to the Mississippi River. It also provides an im-
portant water source to many communities such as Pueblo, 
Colorado . Thus, researching the impacts of mining activity 
on this river system may have broad-level implications for 
other impaired streams of Colorado, and to downstream 
users in other States.

In 1983, the U.S. Environmental Protection Agency 
(EPA) added California Gulch, the main source of met-
als (e.g. Cd, Cu, and Zn) into the upper Arkansas River, 
to the National Priorities (‘Superfund’) List. Traditional 
monitoring of this area was performed using aquatic insect 
communities as ‘bioindicators’ of stream health. This form 
of bioassessment is founded on the principle that certain 
aquatic insect taxa are more sensitive to contaminants than 
others. Thus, the relative abundances of these different 
groups may be used as indication of stream health. Indeed, 
it was found that metals contamination caused a shift in 
stream benthic insect community composition, with more 

SYNOPSIS

Our goal was to better understand the effects of metals pollution on 
stream dietary resources and determine the mechanisms for how 
metals enter the aquatic food web. We examined how community 
composition, metals concentrations, and resource dietary quality 
from  two primary diet types (biofilm and seston) affect aquatic 
insects at sites upstream and downstream of a metals source in the 
upper Arkansas River.

Stream flow measurements at the upper Arkansas River. 
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Mining practices have generated an estimated  

45 billion metric tons of waste 
that have impaired approximately 8,000 km 

of streams in the U.S.
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‘sensitive’ taxa at upstream reference sites (no metals con-
tamination) and more ‘tolerant’ taxa at contaminated sites 
downstream of California Gulch.

Much of the upper Arkansas River has since been re-
mediated to remove most of metals sources (completed by 
1999). However, despite significant improvements in water 
quality, the relative abundance of ‘sensitive’ taxa remain 
low at sites downstream of California Gulch (Figure 1). 

The traditional approach for setting stream water quality 
guidelines has relied upon laboratory experiments and 
assumed direct aqueous exposure (e.g. exposure to exter-
nal gills) to aquatic insects. However, dietary exposure is 
increasingly becoming recognized as an important route of 
toxicity in stream insects. Interestingly, the most sensitive 
stream insects are also commonly consumers of benthic 
microbial biofilms (a complex matrix of bacteria, algae, 
archaea, and fungi attached to substrate). In contrast, other 
groups such filter-feeders of stream seston (material sus-
pended in the water columns) are typically more abundant 
in metals contaminated streams. The difference in dietary 
preference between sensitive and tolerant stream insects is 
consistent with the hypothesis that dietary metals exposure 
is important; however, the exact mechanism through which 
this affects the fitness of stream organisms has yet to be eval-
uated. Therefore, we sought to better understand how metal 
pollution affects stream resources to understand the exact 
mechanism for how metals enter the aquatic food web.

Research Questions
Specifically, we addressed the following research questions: 
(1) are metals concentrations greater within benthic bio-
films than in seston at downstream (‘impacted’) sites?; (2) 
are there differences in upstream and downstream resource 
composition and dietary quality (i.e. nutrient content)?; 
and (3) what are the effects of exposure to metal-contami-
nated biofilm and seston on aquatic insect consumers?

We had two competing hypotheses through which dif-
ferences in metals at the base of the food web may affect 
stream insect communities. Our first hypothesis was that 
insects consuming biofilms likely bioaccumulate rela-
tively more metals through dietary exposure (i.e., greater 
direct exposure) than consumers of seston. Our second 
hypothesis was that aqueous metals concentrations may 
be low enough at downstream sites that are not directly 
toxic to the consumer, but high enough to alter biofilm 
community structure and resource quality (i.e., greater 
indirect effect in biofilms). We tested these hypotheses by 
examining biofilm community composition, metals con-
centrations, and resource dietary quality (e.g. nutrients 
content) from biofilm and seston at sites upstream and 
downstream of California Gulch.

Methods
(1) Are metals concentrations greater within benthic bio-
films than in seston at downstream (‘impacted’) sites?
To determine if metals are the key determinants of mi-
crobial communities it was important to explicitly test if 
metals concentrations are higher at downstream locations 
(Figure 2) and test if metals are higher in benthic biofilms 
than seston. To address this question, ceramic tiles were 
deployed at one site upstream (reference) of the metals 
contamination source (California Gulch) and one site 
downstream (impacted). Tiles were retrieved approx-
imately 5 weeks later following pronounced microbial 
biofilm colonization. 

Biofilm on tiles were scraped with a sterile ceramic 
knife and placed immediately into cryogenic vials and flash 
frozen in liquid nitrogen. Seston was collected by sus-
pending an 80 µm plankton net in the water column for 5 
minutes. Each seston sample was transferred from the net 
into a cryogenic vial and flash frozen in liquid nitrogen. 
Upon return to the laboratory, all samples were immedi-
ately transferred in a -80°C cryofreezer. Samples were then 
freeze dried and analyzed for metals (Cd, Cu, and Zn) 
concentrations using Atomic Absorption Spectrometry.

Figure 1. Relative proportions of ‘sensitive’ and ‘tolerant’ 
aquatic insects from the upper Arkansas River, 1998 – 2006.



Figure 2. Map of study sites on the upper Arkansas River, 
Leadville, Colorado. All sites in blue represent upstream 
‘reference’ sites, and those in red represent downstream 
‘impacted’ sites.

Figure 3. Metals concentrations from samples collected at sites 
upstream (‘Reference’) and downstream (‘Impacted’) of California 
Gulch on the upper Arkansas River.

Tiles deployed in river for benthic biofilm colonization. 
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(2) Are there differences in upstream and downstream 
resource composition and dietary quality (i.e. nutrient 
content)?	
We sought to determine if metals exposures altered biofilm 
community structure. Removal of certain taxa could funda-
mentally change dietary quality available to aquatic insects. 
To determine biofilm community composition, we used an 
in situ handheld fluorometer (BenthoTorch®) on natural rock 
substrate at sites upstream (reference) and downstream of 
California Gulch (‘impacted’). This instrument works by ex-
citing cell pigments with varying wavelengths that ultimately 

is used to estimate abundance of green algae, diatoms, and 
cyanobacteria from a single measurement. 

To address the effects of metals on nutrient content of 
microbial communities we measured C:N from natural rock 
substrate at sites upstream (reference) and downstream of 
California Gulch (‘impacted’). Samples were freeze dried and 
submitted to the Cornell University Stable Isotope Laborato-
ry (COIL) for C:N analysis.  

(3) What are the effects of exposure to metal-contami-
nated biofilm and seston on aquatic insect consumers?
Finally, we measured metal concentrations and C:N of 
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upstream and downstream aquatic insects representing 
two different feeding guilds: (1) benthic biofilm grazing 
mayflies, and (2) seston filter-feeding caddisflies. Directly 
measuring metals and C:N from insects provided a direct 
measure how differences in dietary exposure affect higher 
trophic levels. 

Results
Our analysis suggests that seston and biofilms down-
stream of California Gulch have much higher metals 
concentrations than at upstream reference sites (Figure 
3). Additionally, we found that metals concentrations in 
biofilms were greater than in our seston samples. Met-
als analysis of a seston-feeding caddisflies revealed that 
concentrations remained unchanged between upstream 
and downstream sites (Figure 3). We found that mayflies 
at upstream reference sites had higher metals concentra-
tions that found in the caddisflies. However, we did not 
have enough dried mayfly biomass at the downstream 
‘impacted’ site for metals analysis. Thus, we were unable 
to determine if mayflies are also able to regulate metals 
bioaccumulation at downstream sites.

Despite higher metals concentrations in downstream 
biofilms, we found higher chlorophyll-a, suggesting that 
metals do not have a negative effect of algal biomass (Fig-
ure 4). However, the community composition was differ-
ent between reference and impacted sites. The reference 
sites had greater abundance of diatoms and green algae, 
but the impacted site had greater abundance of cyanobac-
teria, with no green algae present (Figure 4).

Results from our C:N ratios suggest that metals may 
influence resource quality. Biofilm C:N ratios were lower 
in the reference sites, implying greater nitrogen or less 
carbon availability; however, seston C:N ratios were not 
different between sites (Figure 5). Interestingly, mayfly 
C:N ratios remained relatively unchanged between refer-
ence and impacted sites despite the observed changes in 
C:N ratios of their diet. 

Discussion
Overall, our results show that the effects of metals on 
stream ecosystems are highly complex. The fact that met-
als accumulation in caddisflies did not change between 
reference and impacted sites suggests that these insects 
may have the capacity to regulate metals. Without cur-
rently having metals concentrations of mayflies down-
stream of California Gulch, it remains unclear whether 
those types of insects are also able to maintain consistent 
metals concentrations at impacted sites as well. 

Metals also likely created a shift in algal biomass at 
impacted sites and it appears that theses shifts resulted 
in changes in resource quality. However, resource quality 
only changed between reference and impacted site bio-

films, but not seston C:N. Therefore, metals, in combina-
tion with a shift in resource quality, may be more stressful 
to insect scrapers than filterers.

There is a limited amount of previous research on how 
stream resources change in relation to mining activity. 
However, our approach has expanded upon this work by 
determining how such changes in microbial resources 
affect higher levels of organization through examining 
putative pathways for bioaccumulation of metals and 
resulting shifts in dietary quality. Our research will con-
tribute to water quality and stream assessments by filling 
a much needed knowledge gap of how stream resources 
facilitate or mitigate metals exposures.

Figure 4. Biofilm chlorophyll-a from BenthoTorch measure-
ments at sites upstream (‘Reference’) and downstream (‘Im-
pacted’) of California Gulch on the upper Arkansas River.

Figure 5. Percent carbon to nitrogen (C:N) ratios from samples 
collected at sites upstream (‘Reference’) and downstream (‘Im-
pacted’) of California Gulch on the upper Arkansas River.
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Changes in Water, 
Sediment, and Organic 
Carbon Storage in 
Active and Abandoned 
Beaver Meadows
DeAnna Laurel, PhD Candidate, Geosciences, Colorado State University;
Dr. Ellen Wohl, Geosciences, Colorado State University

Introduction
In the Colorado Mountains, stream 
reaches are mostly steep and narrow, 
confined by valley walls. The excep-
tions are isolated unconfined, lower 
gradient meadows that are like beads 
along the “string” of the river. Com-
pared to the confined river segments, 
the unconfined meadows have relative-
ly less efficient downstream transport 
and greater storage and attenuation of 
fluxes of water, sediment, and organic 
carbon. During high streamflow, water 
carrying sediment and particulate 
organic matter spills over the main 
channel banks into the floodplain. 
As streamflow decreases though the 
summer, the floodplain water is stored 
or drains back into the main channel. 
Beaver (Castor canadensis) favor the 
unconfined meadows where lower 
stream gradient results in slower veloc-
ity flows that they can dam and there is 
room for a large riparian corridor. 

Prior to European settlement, beaver 
were present in North America in every 
suitable habitat from northern Canada 
to southern Mexico. Fur trapping subse-
quently almost eradicated beaver from 
their historic habitats. In the last few 
decades, beaver populations in Colorado 
have been recovering, although they still 
face challenges such as grazing compe-
tition with elk and conflicts with human 
infrastructure that have removed them 
from mountain stream meadows. Beaver 
manipulate their environments to suit 
their needs by building dams that alter 
channel and valley bottom morphology. 
Beaver dams encourage more stream-
flow to spill over onto the floodplain 
and into secondary stream channels 
resulting in complex, multi-thread wet 
valley meadows. In contrast, meadows 
where beaver have been removed tend 
to have single-thread channels and less 
complex, drier floodplains. This study 
aims to quantify the alteration in storage 

PhD Candidate DeAnna Laurel installing instrumentation to 
record water height (stage) on Glacier Creek in Rocky Mountain 
National Park. 
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SYNOPSIS

Beaver prefer unconfined meadows with slow flowing streams which are ideal for 
building their dams. This study assessed active and abandoned beaver mead-
ows and examined the changes in storage and attenuation of sediment, organic 
carbon, and water storage within Rocky Mountain National Park.

(Background image) Moraine Park Valley in Rocky Mountain National Park 
Photo by Frank Schulenburg
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and attenuation of three fluxes: water, 
sediment, and organic carbon, which 
result from the simplification of chan-
nel and floodplain geomorphology 
after beavers have left a meadow. The 
hypothesis is that increased complex-
ity in the meadow environments as 
a result of beaver activity enhances 
the retention of fluxes by increasing 
overbank flows and deposition away 
from the main channel. Abandoned 
beaver meadows that lack complexity 
will have relatively less attenuation 
of water fluxes, and less storage of 
organic carbon than complex active 
meadows. This article will focus on 
the hydrology and some preliminary 
organic carbon results. Processing of 
the sediment and additional organic 
carbon (OC) samples is still underway. 

Study Area
The study takes place in central and 
northern Colorado within and near 
Rocky Mountain National Park, 
Colorado. The rivers in the study 
have snowmelt-dominated hydrology 
with an annual peak streamflow (dis-
charge) occurring sometime around 
late May or early June. The stream-
flow then gradually returns to base-
flow over the course of the summer, 
with occasional small, short increases 
as the result of summer storms. The 
active (North St. Vrain, Glacier Creek 
and Hollowell Park) and abandoned 
(Cow Creek, Hidden Valley, Upper 
Beaver Meadows and Moraine Park) 
beaver meadows on each stream are 
relatively wide flat-bottomed valley 
features in otherwise steep, narrow 
mountain streams, in areas that expe-
rienced glaciation. The meadows are 
underlain by Precambrian crystalline 
bedrock and have riparian vegetation 
in the floodplain with forested valley 
slopes. The forested vegetation con-
sists of trembling aspen, fir, spruce, 

and pine trees. In valley bottoms, the 
riparian vegetation is dominated by 
river birch and willow in the active 
meadows and by grasses and sedges 
in the abandoned meadows. Across 
the study meadows there is a range 
of beaver activity from the North 
St. Vrain, Wild Basin meadow that 
supports multiple beaver colonies 
to Moraine Park and Upper Beaver 
Meadows that have been abandoned 
for at least three decades. 

Methods
Geomorphic complexity of each 
meadow was measured by conducting 
surveys in multiple transects across 
each meadow. Complexity is char-
acterized by the number of distinct 
geomorphic units present and the 
evenness of distribution of those units 
in each meadow. To measure hydro-
logic attenuation, instruments were 
placed at the inflow and outflow of 
each study meadow for the duration 
of the summer field season. The 
instruments recorded the water height 
(stage) at 15-minute intervals from 
before the snowmelt peak until return 
to baseflow in late September or early 
October. A geomorphic survey of the 
channel cross-section geometry was 
conducted for each instrument site, 
along with repeat surveys of the flow 
velocity. The surveys were conducted 
by stretching a measuring tape across 
the channel and recording elevation 
and velocity at increments across the 
channel using a survey auto-level 
and a wading rod. From the channel 
cross-section surveys, the veloci-
ty, and the stage data, the channel 
discharge could be calculated and a 
mathematical relationship developed 
for each site to convert the 15-minute 
stage data into 15-min flow discharge 
data. Attenuation of streamflow in 
each meadow was then quantified by 

comparing the timing and duration of 
the peak flow and flow recession at the 
inflow and outflow of each meadow. 

Organic carbon stocks were 
calculated for one abandoned and 
one active meadow that represent 
end members for the range of 
beaver activity across the study sites. 
Soil samples were collected using 
a standard soil corer. The organic 
carbon concentration in each sample 
was measured by the Colorado State 
University Soil, Water, and Plant 
Testing Lab. Bulk density of the soil 
samples was calculated using the 
oven-dry weight and the volume 
of sample collected. Soil organic 
carbon stocks were calculated from 
the percent organic carbon in the 
sample and the bulk density. 

Results and Discussion
The results of the morphologic com-
plexity surveys, hydrologic attenua-
tion, and organic carbon dynamics 
create a more complicated picture 
than what was hypothesized. Active 
beaver meadows showed greater 
complexity via a greater diversity of 
geomorphic units and a more even di-
vision between the geomorphic units 
present than the abandoned meadows. 
Active meadows had an average of 7.6 
geomorphic units and a more even 
distribution of surface area between 
the units, whereas abandoned mead-
ows had an average of 6 geomorphic 
units, with only 1 or 2 dominant units 
(Figure 1). Complexity appears to 
be related not only to the presence 
or absence of beaver, but also to the 
level of beaver activity and the length 
of time since beaver abandoned the 
environment. North St. Vrain Wild 
Basin and Upper Beaver Meadows 
represent the end members of the 
six sites examined for morphologic 
complexity. North St. Vrain is a highly 
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active multithread channel meadow that 
supports multiple beaver colonies and 
has the greatest number of geomorphic 
units (10) and the most even division of 
area between those units. Upper Beaver 
Meadows on the other hand has been 
abandoned for upwards of 3 decades, 
has a single channel and is dominated by 
only two geomorphic units. The other 
sites, whether active or abandoned, fall 
somewhere in-between. Cow Creek had 
only been abandoned for two years at the 
time of the survey and displays com-
plexity similar to Mill Creek at Hollowell 
Park, which has limited beaver activity. 

In a related project to this study, 
colleagues at CSU found that the 
highly active beaver meadow, Wild 

Basin on the North St. Vrain, atten-
uated streamflow by acting as a sink 
for water during the high flow periods 
and a source of water during low flow 
periods. The results from this study 
support the attenuation result found 
for Wild Basin on the North St. Vrain. 
Mill Creek at Hollowell Park was a 
sink for water while the streamflow 
was increasing toward snowmelt peak 
in early Spring, but became a source 
of water at peak flow and throughout 
the rest of the summer as streamflow 
decreased. Like North St. Vrain, it 
shows some attenuation of flow by 
delaying the downstream transport of 
water entering the meadow. Glacier 
Creek did not show any attenuation of 

streamflow even though it has current 
beaver activity. For the abandoned 
meadows, Cow Creek and Hidden 
Valley both show the same attenuation 
pattern as North St. Vrain – becoming 
a sink at high streamflow and a source 
at low streamflows. Although these 
meadows are abandoned and have 
lower overall morphologic complex-
ity, they retain remnant beaver dam 
and pond features that may still be 
affecting the hydrology even though 
the beaver have left. Further analy-
sis of this dataset will be required to 
tease out the details and intricacies of 
hydrologic flux dynamics in Colorado 
mountain beaver meadows. 

The organic carbon analysis only 
includes two meadows – North St. 
Vrain, a highly active meadow and 
Moraine Park, a meadow like Upper 
Beaver Meadows that has been aban-
doned for more than three decades. 
The percent organic carbon (OC) in 
the soil samples is not statistically 
different between the active and aban-
doned meadows, although the active 
meadow does have much greater 
variability in OC concentration. Mo-
raine Park has an average of 55.90 Mg 
C/ha and Wild Basin has 36.38 Mg 
C/ha. Moraine Park has greater soil 
OC stocks than the active meadow in 
contrast to the hypothesis, but the dif-
ference is not statistically significant. 
These preliminary results indicate 
that beaver activity may not play a 
role in soil OC storage in Colorado 
mountain meadows, although the 
analysis of the data for the remainder 
of the meadows is necessary before 
any firm conclusions are made. 

Figure 1. Geomorphic surveys to determine floodplain complexity of active and 
abandoned beaver meadows. Ten different geomorphic units were identified for the 
meadows including: the main stream channel, secondary stream channels, ponds 
with or without perennial surface connection to the main channel, active and aban-
doned beaver berms, and three categories of “other” distinguished by their elevation, 
wetness throughout the summer, and their vegetation. Greater complexity is indicated 
by a larger number of distinct geomorphic units present and increased evenness of 
distribution of those units in each meadow.

Dr. Ellen Wohl conducting fieldwork on the North St. Vrain 
Creek in Wild Basin, Rocky Mountain National Park. 
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We are pleased to announce the recipients of our  
2017-2018 CSU Water Center Competitive Grants 

The CSU Water Center has selected four Multi-Disciplinary Water Research Teams and three Water 
Faculty Fellows as recipients of Water Center funding for 2017-2018. Our request for proposals called 
for projects that would catalyze innovative water research, education, and engagement through 
interdisciplinary collaboration and creative scholarship among CSU faculty and students. The selection 
process was competitive and the breadth of topics covered by the submitted proposals is indicative of 
the successful water research community at CSU. Congratulations to these research teams and faculty 
members!

Water Research Teams

 A systems modeling approach to quantify forest fuel treatment effects on wildfire severity 
and post-fire erosion 

Tony Cheng, Benjamin Gannon, Kelly Jones, Stephanie Kampf, Lee MacDonald, 
Katherine Mattor, Peter Nelson, Yu Wei, and Brett Wolk

 Developing a comprehensive understanding of metal impacts on stream ecosystems in
Colorado

Will Clements, Ed Hall, Katy Warner, and Brian Wolff

 Biotreatment of pharmaceuticals and personal care products during water treatment for 
reuse: Ensuring human safety at the food-water nexus

Susan De Long, Karen Rossmassler, Jessica Prenni, and Corey Broeckling

 Quantifying the scope and impact of permanent agricultural dry-up due to rural to urban 
water transfers

Michael Falkowski, Dale Manning, Drew Bennett, Sarah Parmar, and Steven 
Filippelli

Water Faculty Fellows

 From information to prices: What drives residential and commercial water demand?

Jesse Burkhardt, Department of Agricultural and Resource Economics  

 Integrating green infrastructure within land‐use and water planning 

Kelly Curl, Department of Horticulture and Landscape Architecture

 Stream fish conservation in extreme habitats 

Yoichiro Kanno, Department of Fish, Wildlife, and Conservation Biology

www.watercenter.colostate.edu
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Background
In environmental research, sampling 
techniques can strongly influence the 
results of a study. Therefore, it is in 
the researcher’s best interest to reduce 
variability in order to provide the scien-
tific community, as well as the public, 
with the most accurate data possible. 
This study specifically investigated the 
concentrations of aqueous heavy metals 

in sampling containers spiked with lead 
and cadmium. The study aimed to mim-
ic water samples that would have been 
collected along the Las Animas River in 
August of 2015 after the Gold King Mine 
Spill in Silverton, Colorado. 

Historically, Colorado mining has 
often been one of the main sources of 
income for small towns throughout 
the Rocky Mountains. However, many 
mines within Colorado have long since 
been abandoned and have become possi-
ble sources of environmental damage 
due to acid mine drainage. The Gold 
King Mine in Silverton, Colorado has 
been out of commission since 1923, but 
like other historic mines, it has posed an 
environmental threat due to tailings that 
release heavy metals into soil, sediment, 
and surrounding surface waters. Past 
studies have shown that dissolved metals 
in aqueous samples may not be as stable 
as we once thought (Sekaly et al., 1999). 
The effects of these types of heavy metals 

that may be released into waterways are 
varied and sources for these types of 
inorganic chemicals should be closely 
monitored. The Environmental Protec-
tion Agency (EPA) has set very strict 
standards on these types of contami-
nants for drinking in the United States. 
The metals of concern in this study (cad-
mium and lead) are on this regulated list 
at extremely low levels (Environmental 
Protection Agency, 2016). The Las 
Animas Spill in 2015 dumped concentra-
tions of lead, arsenic, and cadmium far 
exceeding these levels into the waterway 
causing panic and possible harm to 
drinking water treatment facilities down-
stream for many miles (Environmental 
Protection Agency, 2015).

In cases like these, countless samples 
are taken, assessed, and often times 
stored for possible use in the future. 
Storage containers for environmental 
water samples range in size and shape, 
although most are made of plastic 
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Water Sampling and the Effects of 
Adsorption on Aqueous Heavy Metals
Haley Sir, BS Student, Environmental Science, Water Quality and Hydrologic Science, Metropolitan State University of Denver;

Dr. Randi Brazeau, Earth and Atmospheric Science, Metropolitan State University of Denver;
Dr. Sarah Schliemann, Earth and Atmospheric Science, Metropolitan State University of Denver 

SYNOPSIS

When collecting water samples, it is 
important to consider the type of material 
used to gather and store samples, as 
well as the impact heavy metals may 
have on the results. This project focused 
on understanding how aqueous heavy 
metals impact sampling containers and 
mimicked water samples from the Las 
Animas River after the Gold King Mine 
Spill in Silverton, Colorado

Figure 1. Location of 
alpine river sampling for 
this study (The Arkansas 

River north of Buena 
Vista, Colorado). 
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or glass. High-density polyethylene 
(HDPE) is one of the most common-
ly used materials. Past research has 
concluded that during the collection, 
transport and storage of water sam-
ples, various constituents may be 
removed from the aqueous solution 
as they become adsorbed to the bottle 
(Spangenberg, 2012). Polymer used to 
make many synthetic materials such as 
plastics, has proven to be an excellent 
adsorbent and has been used in the past 
to remove heavy metals from wastewa-
ter by combining a recycled polymer 
substance with natural clay (Alsewailem 
and Aljlil, 2013). These studies support 
the hypothesis that plastics may play a 
role in metal adsorption and could very 
well be a significant factor in inaccurate 
data for water samples. As plastics be-

come more widely used throughout the 
world, more caution is being brought to 
their chemical properties and their eco-
nomic, social, and environmental im-
pacts. Adsorption of aqueous metals by 
glass has been less studied than plastics, 
but its use also raises some concern. 
By limiting sampling conditions and 
focusing on a few particular variables, 
this study aimed to investigate the effect 
that sampling techniques may have on 
aqueous metal adsorption. 

Methods
In this study, a total of twelve samples 
were observed including four controls. 
Water samples were taken from the 
Arkansas River upstream from the 
town of Buena Vista (Figure 1) and 
spiked with standards of cadmium 
and lead. Spiked concentrations were 
far below those reported in the Las 
Animas River spill due to detection 
limits of the equipment used. The uni-
form spiked sample was then divided 
into eight closed-lid sampling bottles 
of approximately the same shape and 
size, half glass and half plastic. From 
each plastic and glass sample group, 
half were stored at a refrigerated 
temperature of 35 degrees C and half 
were stored at room temperature. The 
four control samples included the two 
different sampling bottles (plastic and 
glass); two containing natural river 
water (one at 35 degrees C and one 
at room temperature) and two with 
distilled water spiked with the metal 
standards of concern (one at 35 de-
grees C and one at room temperature). 
Concentrations of cadmium and lead 
were measured every hour for four 
hours on the first day. On the second 
day, they were measured first thing in 
the morning (approximately 20 hours 
after the initial sample) and then a 
little later on (about 22 hours after the 
initial sampling) using an inductively 
coupled plasma mass spectrometer 
(ICP-MS) (Figure 2). Concentrations 
were then compared with initial 
readings to determine the change in 
cadmium and lead concentrations.

Results
A consistant downward trend in 
concentration can be seen in all of the 
samples (Figures 3-6). There did not 
seem to be an overwhleming difference 
between the glass and plastic sampling 
containers. Nor was there a significant 
difference in samples kept at the refrig-
erated temperature and those kept at 
room temperature. For all four samples, 
lead decreased slightly faster than cad-
mium. Lead had an average decrease of 
21% while cadmium only decreased by 
an average of 13% for all four samples.

Discussion and Conclusions
A steady decrease of both elements 
was observed throughout the 24 hour 
period, suggesting possible adsorption 
of these aqueous heavy metals to the 
sampling containers. However, there did 
not appear to be a significant difference 
due to bottle type (plastic vs glass) or 
temperature. In both the plastic samples, 
there was a small uptick in the lead con-
centration near the end of the sampling 
period. This may be due to desorption of 
the metals within the plastic containers 
after a period of time, however further 
research would need to be done to 
verify this. The results from this research 
suggest that there should be some con-
sideration taken when analyzing water 
samples for heavy metal contamination. 
In particular, water samples should be 
analyzed as soon as possible after sam-
pling to minimize adsorption. Samples 
stored for long periods of time, even in 
cold temperatures may produce erro-
neously low readings. We suggest that 
studies analyzing heavy metal concen-
trations in water should report the time 
elapsed between collection and analysis 
to account for possible adsorption. 

The results of this study also sug-
gest that heavy metals may adsorb to 
plastics in other locations, in particular, 
plastic pipes in the premise plumbing 
of homes. Future research is needed to 
determine if this adsorption is occur-

(Background Image) Labeling and first 
sampling of containers into ICP tubes. 

Figure 2. Student Haley Sir running 
samples on the ICP-MS for analysis at 
Metropolitan State University of Denver. 
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ring and, if it is, what measures should 
be taken. For example, adsorption and 
desorption of heavy metals may affect 
recommended flushing protocol in 
times of contamination. These types of 
recommendations are not fully under-
stood and often vary between events 
and types of contaminants. Further 
understanding of how heavy metals 
interact with various materials may help 
to develop an understanding of how 
we may better address these types of 
situations that are often time-sensitive 
for the residents in an affected area. 
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Introduction
Wetlands provide valuable ecosystem services by facilitating 
processes like water filtration, oxygen cycling, fine sediment 
storage, flood peak attenuation, nutrient cycling, and they 
support diverse ecological communities. These processes 
occur when water is temporarily stored within the floodplain, 
delivered through either overbank flooding or subsurface flow 
paths. During the past 200 years, increased human activity 
and land use changes have reduced total wetland area in the 
continental United States by more than half. High elevation 
wetlands, which are delicately sustained by during short 
growing seasons, are especially vulnerable to degradation. In 
response, river and wetland restoration has become increas-

ingly popular in the United States. 
In Rocky Mountain National Park (RMNP), a 2003 debris 

flow eroded 36,000 m3 of sediment from the hillslope below 
Grand Ditch, an earthen water diversion structure. The debris 
flow scoured channels, deposited up to a meter of sediment at 
the head of Lulu City wetland ~2 km downstream and altered 
the course of the Colorado River through a west channel. In 
2015, RMNP completed restoration work to divert and realign 
a portion of the Colorado River as it flows into Lulu City 
wetland (Realigned Reach; Figure 1). The primary goal of the 
restoration was to restore the wilderness character and natural 
self-sustaining functioning of the affected system. The main 
goal of the research was to assess the effects of the channel 

Effects of River Restoration on Surface 
Water-Groundwater Interactions, 

Upper Colorado River, Rocky Mountain 
National Park

Matt Sparacino, MS Student, Geosciences, Colorado State University;
Dr. Sara Rathburn, Geosciences, Colorado State University

SYNOPSIS

The effects of a river restoration project on surface water-ground-
water interactions between a high elevation, montane wetland, and 
the adjacent Colorado River were assessed for this research study. 
A 190 m section of the Colorado River in Rocky Mountain National 
Park was realigned into a historic channel through the center of the 
wetland. The channel realignment altered surface water flow paths 
and decreased surface water-groundwater exchange.

Matt Sparacino and Sara Rathburn measure discharge 
during 2015 high flow on the Upper Colorado River, Rocky 
Mountain National Park.
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restoration on a variety of channel and wetland hydrogeomor-
phic functions, focusing on two objectives including: 1) the 
surface flow redistribution and 2) surface water-groundwater 
exchange within Lulu City wetland. 

Methods
A series of replicate measurements were collected through-
out Lulu City wetland under similar environmental condi-
tions in 2015 (pre-restoration) and 2016 (post-restoration) 
to assess the effects of the channel realignment. To address 
objective (1), hydrographs (flow discharge through time) 
were used to characterize changes in flow redistribution 
throughout Lulu City wetland. To address objective (2), a 
salt tracer injection test was paired with continuous surface 
conductivity measurements to quantify changes in surface 
water-groundwater interactions. 

Hydrographs were calculated from discharge measure-
ments collected weekly at six monitoring sites throughout the 
wetland (Figure 1). Average daily flow rates for the upstream 
and downstream (Lower Sentinel; Figure 1) sites were ex-
tracted from hydrographs and normalized by drainage area 
to produce comparable values. A daily discharge flux was 

calculated by subtracting the upstream daily flow rate from 
the downstream daily flow rate. This discharge flux provided 
an indication of how evapotranspiration and storage within 
the wetland changed as a result of the river restoration.

A salt solution, injected at the upstream site was used to 
elevate the conductivity of surface water above background 
concentrations, which allowed us to track the movement of 
water through the wetland. Continuous measurements of 
surface water conductivity at all downstream sites were used 
to calculate how much mass was stored within Lulu City 
wetland (Figure 1). Mass recovery through time, as represent-
ed by breakthrough curves, was used to evaluate the exchange 
behavior between surface water and groundwater.  

Results and Discussion
Prior to channel restoration, two thirds of surface flow 
through Lulu City wetland was routed through a western 
channel underlain by permeable debris flow deposits (Fig-
ure 1). The remainder of flow was routed through a longer 
and more sinuous historic channel through the center of the 
wetland, underlain by less-permeable, fine-grained deposits. 
The channel restoration effectively rerouted all but the highest 

Figure 1. Measurement site locations and major stream flow paths through Lulu City wetland, Rocky Mountain National Park
Colored circles indicate discharge and surface conductivity measurement locations. Colored streamlines indicate major flow paths 
through Lulu City wetland. Panel A: Pre-realignment (2015) flow paths. Panel B: post-realignment (2016) flow paths. Note the 
straight, western flow path (green dashed line) compared to the sinuous center flow path (red solid line).
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Figure 2. Discharge flux through Lulu City wetland. 
Panel A: The daily discharge flux through the wetland was calculated for 2015 prior 
to restoration, and 2016 post restoration. The discharge flux provides an indication 
of wetland storage and evapotranspiration: negative values = more; positive values 
= less. Panel B: Cumulative discharge flux through the wetland increased by 120% 
between 2015 and 2016.

Figure 3. Surface conductivity breakthrough curves from salt tracer injection.
Breakthrough curves from all study sites are listed in order of distance from the 
upstream site. Note Lower Sentinel rising and falling limb inflections present in 
2015, but not 2016.

(Background Image) Grand 
Ditch. Rocky Mountain National 

Park, 2003
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“After one year, this restoration 
project was effective at drying the 
west side of Lulu City wetland, as 
indicated by a 120% decrease  
in discharge flux calculations”

Matt Sparacino (right) and his advisor Sara Rathburn  (left) 
measure discharge during 2015 high flow on the Upper 
Colorado River, Rocky Mountain National Park.

flows through the center channel, resulting in a 48% de-
crease in flow through the west channel. The restoration also 
decreased the combined wetland flow paths by 650 m, which 
decreased the channel wetted perimeter (area in contact with 
flow) and open channel surface area by half. 

The change in surface flow dynamics as a result of the 
restoration affected how and where water is retained within 
Lulu City wetland. Under the pre-restoration condition, the 
cumulative discharge flux indicated 58 mm of water was 
retained in storage or lost to evapotranspiration. Conversely, 
the discharge flux calculated over the same post-restoration 
time period indicated a gain of 11 mm water (Figure 2). 
Together these results indicate that less water was retained in 
the wetland through storage or lost to evapotranspiration as 
a result of channel restoration. Less storage means water was 
routed through the wetland more quickly, thereby limiting the 
beneficial ecosystem processes that require stored water. 

The change in discharge flux through Lulu City wetland 
between 2015 and 2016 can be explained by channel changes 
that effectively routed all surface flow through one channel 
instead of two. Decreases in wetted channel perimeter and 
exposed water surface area lowered the total potential storage 
and evapotranspiration by 50%. The channel realignment also 
altered channel complexity through the wetland. Despite a 
longer flow path, the center channel facilitates less exchange 
between surface water and groundwater because of a compar-
atively fine-grained, impermeable bed. Prior to restoration, 
the coarse bed and steep slope of the then-active west channel 
facilitated stream water movement into longer subsurface flow 
paths, which may explain the water retention in Lulu City 
wetland in 2015. 

Breakthrough curves from the wetland outlet indicate 
that along with a negative discharge flux (more water storage 
in the wetland), there was more surface water-groundwa-
ter exchange in 2015 than 2016 (Lower Sentinel; Figure 3). 
Inflections on both the rising and falling limbs of the 2015 
wetland outlet breakthrough curve are distinctly absent from 
the same curve in 2016 - an omission that indicates differenc-
es in surface water-groundwater exchange dynamics between 
the two years. The rising limb inflection can be explained 
by the fact that in 2015 the west channel was the fastest flow 
path between the wetland inlet and outlet. The falling limb 
inflection indicates that a portion of tracer water was slowed 

during its travel to the downstream site prior to restoration, 
but not after. This can again be explained by the subsurface 
pathways that were accessed through the west channel and not 
the center channel. 

Management Implications
The goal of the channel restoration in RMNP was to re-
store the wilderness character and hydrologic function of 
the affected Colorado River-Lulu City wetland system. The 
construction of a shorter, straighter, and less geomorphical-
ly-complex flow path that consolidated flow into the historic 
center channel with lower substrate permeability resulted in 
less surface water retained within the wetland. This loss of 
surface water-groundwater exchange pathways between the 
river and adjacent wetland is an important, and unintend-
ed, side-effect of a project that prioritized the restoration of 
form over function. 

In this system, restoration guided by the belief that 
human-induced disturbance must always be reversed has 
limited the potential gains in wetland biodiversity supported 
by the hyporheic exchange pathways in the western chan-
nel. After one year, this restoration project was effective at 
drying the west side of Lulu City wetland, as indicated by a 
120% decrease in discharge flux calculations. If this drying 
continues, the lowering of water tables will facilitate the 
encroachment of upland vegetation on the west side of the 
wetland and inhibit the growth of desired wetland vegeta-
tion. More intensive restoration is planned for Lulu City 
wetland to further enhance the hydrologic functioning of the 
wetland; however, constructed wetlands often do not provide 
the same level of ecosystem services as natural ones because 
of unintended disruption of key processes. Given the unique 
location of Lulu City wetland within a national park, this 
system may be an ideal setting in which to observe the natu-
ral river restoration process. 
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Discussing Leadership at 
Water Tables 2017
Patricia J. Rettig, Head Archivist, Water Resources Archive, Colorado State University Libraries

WATER RESOURCES ARCHIVE

“Inspirational.”
Use of this word to describe a dinner conversation indi-
cates not only a special experience, but also a successful 
evening. This is just what Water Tables, a fundraising 
dinner for Colorado State University’s Water Resources 
Archive, intends to provide.

The event, held January 26, 2017 in conjunction with 
the Colorado Water Congress annual convention at the 
Hyatt Regency Denver Tech Center, had as its theme “Re-
filling the Leadership Reservoir.” Each of more than 20 
tables was hosted by either an established or an emerging 

water professional selected for their leadership qualities. 
Hosts included Aspinall Award recipients, Water Leaders 
Program alumni, and other water experts from a variety 
of sectors. 

The evening provided attendees the opportunity not 
only to network with water leaders, but also to engage in 
dinner conversations about leadership. As expected, each 
table had widely varying conversations. These ranged 
from the basics of educational preparation for water pro-
fessions to more advanced topics like succession planning 
at water organizations. 

Archivist Patty Rettig introduced the evening’s theme “Refilling the Leadership Reservoir” by announcing the newest collection 
donation, the papers of former State Representative and Water Leader Diane Hoppe.
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The “inspiration” for some attendees came from listening 
to their table host’s past experiences, including successes and 
challenges. Table hosts shared sage advice for those navigating 
careers in Colorado’s water community. The advice included 
taking leadership classes, spending time on self-reflection to 
know your own strengths and areas for improvement, and 
staying open to input. The best leaders know themselves well 
and listen to others.

More than 20 companies and organizations sponsored 
the evening, with the platinum sponsor being the Colorado 
Water Conservation Board (CWCB). These sponsorships 
enabled 17 students—future water leaders—from Colorado 
State University, the University of Wyoming, and Metro-
politan State University of Denver to participate.

The dinner raised $32,000 for the Water Resources Ar-
chive. These funds enable the Archive to employ student 
assistants who prepare collections for research use, to 
visit people with significant historical materials across the 
state, and to create outreach materials to raise awareness 

Table 1 hosted by Nicole Seltzer, Science and Policy Manager 
at the River Network, had an engaging discussion about lead-
ership transition.

Table host Travis Smith, Superintendent of the San Luis Valley Irrigation District, talked about challenges over the course 
of his career.



Water Tables Committee Member David Stewart concluded 
the evening by thanking sponsors, hosts, and attendees.

Water 
Tables 2017 
Sponsors
Platinum Annual Sponsor: 
Colorado Water Conservation Board

Silver Sponsors:
Applegate Group

Aurora Water

Cache la Poudre River National Heri-

tage Area

Cache la Poudre Water Users Associ-

ation

Colorado River Water Conservation 

District 

City of Fort Collins Utilities

City of Greeley

CSU Water Center

Deere & Ault Consultants

Denver Water

Fischer, Brown, Bartlett & Gunn, PC

HDR Engineering

In-Situ

Northern Water

Rio Grande Water Conservation District

Ruth Wright Water Archive Endow-

ment

XTO Energy

Bronze Sponsors: 
Anderson Consulting Engineers

Colorado Water Resources & Power 

Development Authority

Goldstein Enterprises

Lawrence, Jones, Custer & Grasmick 

LLP

White & Jankowski, LLP

about archival services. The support of the water com-
munity allows all to discover and better appreciate the 
legacies created by water leaders of the past.

During the evening, archivist Patty Rettig announced the 
Archive’s newest collection donation, the Papers of Diane 
Hoppe. This produced a round of applause for the well-known 
and accomplished water leader who passed away in February 
2016. The papers documenting Hoppe’s service both as a state 
representative and on many boards, including those of the 
CWCB and the Colorado Foundation for Water Education, 
were donated by her sons, who commented that “it was an 
honor” to be invited to have their mother’s legacy preserved 
among those of other prominent water leaders at the Water 
Resources Archive.

The Water Resources Archive’s next event, the Western 
Water Symposium and Barbecue, will be Monday, July 24. 
The day will feature thought-provoking speakers, networking 
opportunities, a barbecue lunch, and tours of the Archive. In 
combining looks at history and current events, undoubtedly 
more inspiration will arise.

For more information about the Water Resources 
Archive and its events, see the website (http://lib.colostate.
edu/water/) or contact the author (970-491-1939; Patricia.
Rettig@ColoState.edu) at any time. 
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“Citizen Science” at Work in Colorado
Noah Newman, Research Coordinator, CoCoRaHS Education Coordinator, Colorado Climate Center;

Nolan Doesken, Colorado State Climatologist, Colorado Climate Center

COLORADO CLIMATE CENTER

Introduction
Over time there have 
always been individuals 
fascinated about the 
world around them and 
commonly scientifically 

minded. Prior to the mid-1800s there were very few profession-
al scientists. However, over time this has changed. As the 21st 
century progresses, there has been an increase in the number 
of individuals with professional degrees and more specifical-
ly increases in the number of scientists in a variety of fields 
including –medical professionals, physical scientists, chemists, 
biological engineers, environmental scientists, atmospheric 
scientists, and astronomers -- many of whom find professional 
jobs in the government and educational settings. There are also 
a plethora of individuals, 
both college educated 
and not, who are scientif-
ically savvy, but may not 
commonly be known for 
their scientific curiosity 
and expertise simply 
based upon their profes-
sion. These individuals are 
located across different 
geographic landscapes 
and climates, with access 
to immense scientific 
knowledge at their finger-
tips. In addition, farmers 
are part of a community 
of unsung scientists with 
vast understandings of 
variable weather, pheno-
logical fluctuations, soil 
microphysics, microbiol-
ogy, evolving insect popu-
lations, and chemistry. 

“Citizen Science”
There is a term that 
describes the growing 
community of informal 

Daily CoCoRaHS precipitation map from October 4, 2015. While most of the country reported mea-
surements of less than ½ inch, floods battered South Carolina with some observers reporting over 12 
inches of rain during the previous 24 hours.

Volunteers observed temperature, precipitation, and sky 
conditions at a cooperative weather station in Granger, 
Utah, circa 1930. 
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scientists around the world—“Citizen Science”. This refers 
to individuals around the world who have an interest in a 
field where their volunteer participation and collection of 
observations is advancing scientific research within their 
communities. Many “citizen scientists” may not be formally 
educated in a particular sub-set of science, commonly are 
not paid for their work, but their contribution to the collec-
tion of data is priceless.

Over the last 20 years, the field of “citizen science” 
has seen tremendous growth which can be attributed to 
technological advancements and the importance of the 
Internet. Also, the sudden potential for tens of thousands 
of individuals to contribute meaningful and sometimes 
actionable data for the greater good becomes a reality 
for scientists who would never have been able to collect 
such vast amounts of data in the past. Now, matchmaking 
platforms exist where interested volunteers can select from 
thousands of projects depending on the area they live and 
what they are interested in doing (https://scistarter.com/). 
As technology progresses, some projects require volunteers 
to analyze data and photographs from their computers. 
In these instances, the projects would have never been 
accomplished without the help of committed volunteers. 
Some projects entice volunteers by making it into a game 
featuring points, badges, and leaderboards (http://www.
npr.org/2014/05/05/309694759/computer-game-aides-
scientist-mapping-eye-nerve-cells). In addition, many 
projects by “citizen scientists” have produced published 
research and advances to their fields (https://www.engad-
get.com/2016/09/19/gamers-beat-scientists-to-protein-dis-
covery/). Also, if an individual has an idea for their own 
project, there are platforms for creating their own custom-
ized “citizen science” programs (http://www.citsci.org/). 
This was developed right here at Colorado State University.

The Crowd and the Cloud
A four-part series now featured on public television in the U.S. 
describes the history and advancements in the field of “citizen 
science”. Highlighting several projects around the world, for-
mer NASA Chief Scientist Waleed Abdalati hosts “The Crowd 
and the Cloud”, showing how the advancements in technology 
and increased access to mobile phones and the Internet have 
allowed “citizen scientists” to help make rapid advances in sci-
ence. All four episodes will air on local PBS channels. Check 
your local listings or they can be viewed online at http://crow-
dandcloud.org/watch-the-episodes/episode-one.

Weather and Climate Benefits from “Citizen Science”
Colorado and the Colorado Climate Center have benefit-
ed from “citizen science”. While a portion of our historic 
weather data that we use to assess patterns in the climate has 
come from professional meteorologists, the majority of the 

data stems from a set of vital volunteers -- especially over 
Colorado’s large rural and remote landscapes. Some weather 
stations have been maintained over 50 years by dedicated 
local volunteers. For example, the “Leroy” weather station 
in southern Logan County has been kept in the same family 

Rainfall (inches) for Fort Collins, Colorado, July 27-28, 1997.

2013 storm rainfall totals were gathered from NWS COOP, 
CoCoRaHS, SNOTEL, RAWS, alert reports, and spotter re-
ports. The map highlights Boulder and Aurora, Colorado as the 
heaviest hit spots, with Aurora totals between 10 and 15 inches 
and many areas in Boulder over 15 inches. 
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since the late 1800s. The origins of the National Weather 
Service (NWS) Cooperative Weather Observer Network 
dates back to the mid-1880s and it still continues today. This 
humble program has provided an incredible wealth of data 
for tracking both recent and historic weather and climate 
across every county of Colorado and the entire U.S.  

Would You or Someone You Know Like to Help?
Despite having thousands of volunteers, we are still in need 

of additional volunteers. Our goal is to have at least one vol-
unteer per square mile throughout the urban and suburban 
parts of Colorado. This entails ideally having at least one 
volunteer every 36-50 square miles, especially in sparsely 
populated rural areas. To reach this goal, we ask for your 
help and please consider joining CoCoRaHS today! If you 
work for a business that needs precipitation data, consider 
sponsoring CoCoRaHS. Help us do a better job analyzing 
and mapping water resources.

Build your expertise 
in water resources
Master's Degrees and Courses

Learn about critical topics in water resources 
analysis, engineering, planning, management, 
policies, and more, from water resource experts 
leading industry-renowned research projects.

CSUWaterPrograms.com
Learn more at 

Over 11,000 volunteer citizens across the country take daily weather readings as part of the Cooperative Observer Network Pro-
gram, helping to build and maintain the cornerstone of our nation’s climatological record. Officials estimate that volunteer observers 
contribute over one million hours of service per year.
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II joined the faculty of the Department of Civil and Environ-
mental Engineering at Colorado State University (CSU) in 
August 2016. My focus is on changes to hydrologic systems 
resulting from urban and suburban growth. In urban areas, 
water in engineered systems (drinking water and landscape ir-
rigation, wastewater, and stormwater) directly interfaces with 
water in “natural” systems (rivers, groundwater, and evapo-
transpiration). This direct interaction between engineered 
and natural water underlines the importance of considering 
holistic water system changes resulting from urbanization. 

I grew up in a Maryland suburb of Washington D.C. and 
received my Bachelor’s degree in Geophysics from Brown 
University in Providence, Rhode Island. I went back to Mary-
land to receive my Ph.D. in Environmental Engineering from 
University of Maryland, Baltimore County. During graduate 
school, I was a trainee of the National Science Foundation 
Integrative Graduate Education and Research Traineeship 
(NSF-IGERT) in “Water in the Urban Environment”. This 
traineeship emphasized the interdisciplinary nature of urban 
water challenges and solutions through exposure to students, 
projects, and courses from other disciplinary perspectives. 
After my Ph.D., I was awarded a NSF Earth Sciences Postdoc-
toral Fellowship, which took me to the U.S. Geological Survey 
(USGS) in Reston, Virginia, before I joined CSU. 

My past work has been focused on hydrology in Baltimore 
and suburban Washington D.C. I have examined changes 
in the overall water budget, stream flow, base flow, ground-

water-surface water interactions, subsurface storage, and 
water table fluctuations resulting from various processes of 
urbanization. These urban processes have included increasing 
imperviousness, managed infiltration of stormwater, water 
imports and exports, leaky water distribution and wastewater 
infrastructure, lawn irrigation, and changes to vegetation and 
evapotranspiration. The methods I have used to address these 
questions have ranged from integrated groundwater-surface 
water modeling to field data collection to analysis of remotely 
sensed datasets. 

A recent project examined a watershed-scale implementa-
tion of green infrastructure, a type of stormwater management 
that uses distributed infiltration of stormwater. I found that 
both total flow and low flow in the stream rose during urbaniza-
tion in our Clarksburg, Maryland study watershed, as vegetative 
cover decreased and as pre-development evapotranspiration 
became stormwater infiltration through green infrastructure. 

In my transition to the Colorado Front Range, I am now 
turning my attention to challenges in this area associated with 
urban expansion and effects on water. I aim to consider effects 
on downstream flow regime, low flows, water availability, water 
use, water quality, and water budgets as urban areas in the Front 
Range grow, especially in agricultural to urban conversions. 

I teach courses at both undergraduate and graduate levels 
in Civil and Environmental Engineering. In the fall, I teach 
an upper-level undergraduate course that focuses on non-
point source pollution. This course examines urban runoff, 
agriculture, and mining influences on water quality as well 
as structural and non-structural management practices for 
control of nonpoint source pollution. A graduate class I will 
teach next spring will focus on urban water systems including 
stormwater modeling and management. I look forward to 
developing partnerships to address water issues in my new 
home of Colorado. 

Aditi Bhaskar
Aditi Bhaskar, Assistant Professor, Civil and Environmental Engineering 

Aditi Bhaskar
Assistant Professor

Civil and Environmental  
Engineering

Colorado State University

aditi.bhaskar@colostate.edu

Work: (970) 491-8339

Faculty PROFILE

Build your expertise 
in water resources
Master's Degrees and Courses

Learn about critical topics in water resources 
analysis, engineering, planning, management, 
policies, and more, from water resource experts 
leading industry-renowned research projects.

CSUWaterPrograms.com
Learn more at 
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Water Calendar

June

11-14	 Annual Conference & Exposition: Uniting the  
	 World of Water; Pennsylvania, PA 
	 Join the American Water Works Association to learn more about  
	 the world of water. 
	 awwa.org/conferences-education/conferences/ 
	 annual-conference.aspx

12-14	 Nutrient Symposium 2017; Fort Lauderdale, FL 
	 As the wastewater industry encounters significant changes,  
	 researchers work with practitioners and operators to form  
	 innovative solutions. 
	 wef.org/Nutrients/

13-15	 Universities Council on Water Resources/  
National Institutes for Water Resources  
Conference; Fort Collins, CO 
This joint-annual conference offers the opportunity for participants 
to learn how water is constantly changing the environment. 
ucowr.org/conferences/2017-ucowr-conference 

14-16	 Water History; Grand Rapids, MI 
	 This conference will examine the history of water, including rivers,  
	 rain, oceans, and lakes. 
	 iwha.net/conference/date-and-location

27-29	 One Water Summit; New Orleans, LA 
	 Participate in a national summit regarding the sustainability of water  
	 in the future. 
	 uswateralliance.org/summit/one-water- 
	 summit-2017 

July

23-27	 IWA International Conference on Water  
	 Reclamation and Reuse; Long Beach, CA 
	 This event supports the advancement and development of water  
	 reuse around the world. 
	 iwareuse2017.org/

August 

23-25	 Colorado Water Congress Summer Conference;  
	 Vail, CO 
	 This high-energy conference is packed with great topical content  
	 and a great opportunity for those who wish to stay informed about  
	 water issues in Colorado. 
	 cowatercongress.org/summer-conference.html 

For more events, visit www.watercenter.colostate.edu

Trout Lake
Telluride, CO
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https://www.awwa.org/conferences-education/conferences/annual-conference.aspx
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Water Research Awards 2/10/17 — 7/1/17

Bailey, Ryan T., USDA-NIFA National Institute of 
Food and Agriculture, Improved Modeling Framework 
for Assessing Phosphorus and Nitrogen Transport in 
Tile-Drained Watersheds, $497,500

Hoag, Dana Loyd Keske, Washington State 
University, High Efficiency Sprinkler Irrigation in the 
Lower Arkansas Valley, Colorado: Balancing Eco-
nomic Risks of Adoption with Pollution Risks from 
Not Adopting, $48,398

Manning, Dale Thomas, Purdue University, 
Borlaug Fellowship—Aaron Hrozencik: Evaluating a 
Water Conservation Text Messaging Service in Mou-
louya River Basin, $24,081 

Rathburn, Sara L., City of Longmont, Post-Flood 
Sediment and Wood Flux into Ralph Price Reservoir, 
North St. Vrain Creek, CO, $47,136

USGS Recent Publications

The U.S. Geological Survey Monthly Water 
Balance Model Futures Portal, 2017, U.S. Geological 
Survey Fact Sheet 2017–3002, 6, A.R. Bock

Bathymetry of Clear Creek Reservoir, Chaffee 
County, Colorado, 2016, 2017, U.S. Geological Survey 
Scientific Investigations Map 3375, 1 sheet, M.S., Kohn, 
P.J. Kinzel, and J.S. Mohrmann 

Gridded bathymetry data of Clear Creek 
Reservoir, Chaffee County, Colorado, 2016, 2017 
U.S. Geological Survey data release, M.S. Kohn 

Effects of internal phosphorus loadings and food-
web structure on the recovery of a deep lake 
from eutrophication, 2017 Journal of Great Lakes 
Research, v. 43, issue 2, p. 255-264, F. Lepori, and J.J. 
Roberts

Nonnative trout invasions combined with climate 
change threaten persistence of isolated Cutthroat 
Trout populations in the southern Rocky 
Mountains, 2017, North American Journal of Fisheries 
Management, v. 37, issue 2, p. 314-325, J.J. Roberts, 
K.D. Fausch, M.B. Hooten, and D.P. Peterson

A software tool to assess uncertainty in 
transient-storage model parameters using Monte 
Carlo simulations, 2016, Freshwater Science, v. 36, 
195-217, A.S. Ward, C.A. Kelleher, S.J.K. Mason, T. 
Wagener, N. McIntyre, B. McGlynn, R.L. Runkel, R.A. Payn 
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Figure 1. Bathymetric contours of Clear Creek Reservoir, Chaffee County, Colorado, 2016. The shaded relief shows
elevation in feet above North American Vertical Datum 1988 (NAVD 88), mean pool elevation is 8,875.33 feet above NAVD 88.
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Figure 3. Elevation-volume curve of Clear Creek Reservoir, Chaffee County, Colorado, in 2016 and 1997. In 1997, 
the Pueblo Board of Water Works carried out a bathymetry survey of the reservoir using photogrammetry to 
develop the stage-volume relations. In 2016, another bathymetry survey by the U.S. Geological Survey, the 
Pueblo Board of Water Works, and Colorado Mountain College was carried out using a hand-operated 
boat-mounted, multibeam echo sounder integrated with a Global Positioning System and a terrestrial survey 
using real-time kinematic Global Navigation Satellite Systems.
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Figure 2. Elevation-surface area curve of Clear Creek Reservoir, Chaffee County, Colorado, in 2016 and 1997. In 
1997, the Pueblo Board of Water Works carried out a bathymetry survey of the reservoir using photogrammetry 
to develop the stage-area. In 2016, another bathymetry survey by the U.S. Geological Survey, the Pueblo Board 
of Water Works, and Colorado Mountain College was carried out using a hand-operated boat-mounted, 
multibeam echo sounder integrated with a Global Positioning System and a terrestrial survey using real-time 
kinematic Global Navigation Satellite Systems.
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Table 1. Elevation-surface area and elevation-volume relation for selected elevations of Clear 
Creek Reservoir, Chaffee County, Colorado, 2016.
[ft, feet; NAVD 88, North American Vertical Datum 1988.]
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U. S. Geological Survey research vessel collecting bathymetry data at Clear Creek Reservoir. Photo by 
Jacob Mohrmann, June 9, 2017.

Abstract
To better characterize the water supply capacity of Clear Creek Reservoir, Chaffee County, 

Colorado, the U.S. Geological Survey, in cooperation with the Pueblo Board of Water Works and 
Colorado Mountain College, carried out a bathymetry survey of Clear Creek Reservoir. A 
bathymetry map of the reservoir is presented here with the elevation-surface area and the 
elevation-volume relations. The bathymetry survey was carried out June 6–9, 2016, using a 
man-operated boat-mounted, multibeam echo sounder integrated with a Global Positioning System 
and a terrestrial survey using real-time kinematic Global Navigation Satellite Systems. The two 
collected datasets were merged and imported into geographic information system software. The 
equipment and methods used in this study allowed water-resource managers to maintain typical 
reservoir operations, eliminating the need to empty the reservoir to carry out the survey. 

Introduction
Clear Creek Reservoir is located in Chaffee County, Colorado, and is owned and operated by 

the Pueblo Board of Water Works (Pueblo Water). The reservoir supplies municipal water to the 
City of Pueblo and is also used for recreational activities such as boating and fishing managed by 
Colorado Parks and Wildlife. The current (2016) storage capacity of Clear Creek Reservoir is 
undocumented and water-resource managers needed updated storage capacity information to better 
regulate operation of the reservoir during periods of drought or high demand. To better characterize 
the water supply capacity of Clear Creek Reservoir, Chaffee County, Colorado, the U.S. Geological 
Survey (USGS), in cooperation with Pueblo Water and Colorado Mountain College, carried out a 
bathymetry study of Clear Creek Reservoir to determine the elevation-surface area and 
elevation-volume relations of the reservoir. The equipment and methods used in this study allowed 
water-resource managers to maintain typical reservoir operations, eliminating the need to empty the 
reservoir to carry out the survey. This report can provide water-resource managers with a better 
understanding of available water supply in the reservoir and could also be used to determine 
sedimentation infill rates and estimates of the lifespan of the reservoir when compared with future 
surveys. This report supports one of the USGS strategic science directions of water census by 
providing information related to the water supply of the United States (USGS, 2007). The USGS 
developed the six strategic science directions to respond to evolving national and global priorities 
(USGS, 2007).

Purpose and Scope
This report presents the results of the bathymetry survey of Clear Creek Reservoir. It contains 

a description of the data collection effort in 2016, techniques used to survey the reservoir, and the 
methods used to develop the final dataset which can assist water-resource managers. A bathymetry 
map of the reservoir is presented with figures of the elevation-surface area and the elevation-vol-
ume relations.

Description of Study Area
Clear Creek Reservoir is located in central Colorado at 39°01′17″ N. latitude and 106°14′44″ W. 

longitude in northeast Chaffee County, south of the town of Granite (U.S. Geological Survey, 
2016b). Clear Creek Reservoir is a lake created by the impoundment of Clear Creek (USGS, 2016b) 
and the dam was first built in 1902. Downstream from Clear Creek Reservoir approximately 0.2 
mile is the mouth of Clear Creek where it flows into the Arkansas River (USGS, 2016b). The water 
rights to Clear Creek Reservoir are owned by Pueblo Water; however, recreational activities 
managed by the Colorado Parks and Wildlife are permitted on Clear Creek Reservoir (Colorado 
Parks and Wildlife, 2016).

Bathymetry Measurements and Post-Processing 
The USGS carried out a bathymetry survey of Clear Creek Reservoir during June 6–9, 2016, 

using a man-operated boat-mounted multibeam echo sounder integrated with a Global Positioning 
System (GPS) and a terrestrial survey using real-time kinematic (RTK) Global Navigation Satellite 
Systems (GNSS). A GNSS survey uses both the United States GPS satellite network and the Russian 
GLObal NAvigation Satellite System or GLONASS satellite network, whereas a GPS survey uses 
only the U.S. GPS satellite network (Rydlund and Densmore, 2012). For the purposes of this report, 
data collected from both the boat-mounted multibeam echo sounder and the terrestrial RTK GNSS 
survey will be considered bathymetry data. The multibeam echo sounder collected data at lake 
depths of approximately 3 feet (ft) and greater, whereas a terrestrial topographic survey was carried 
out with the RTK GNSS surveying equipment in shallow areas near the shore not navigable by boat 
to the approximate elevation of the top of the dam.

Bathymetry Measurements used in Data Collection
Bathymetry data from the multibeam echo sounder were collected June 6–9, 2016, using a 

Teledyne Odom Hydrographic ES3PT–M integrated multibeam echo sounder and motion reference 
unit (Teledyne Odom Hydrographic, Inc., 2011) equipped with a Trimble SPS461 GPS receiver 
using procedures described in Wilson and Richards (2006). The vertical and horizontal precision of 
the multibeam echo sounder GPS as rated by the manufacturer are ±0.065 ft and ±0.032 ft, 
respectively (Trimble Navigation Limited, 2009). The multibeam echo sounder has a swath width 
of 120 degrees capable of collecting data to depths of 197 ft. The echo sounder collects 240 data 
points of depth at a sample frequency of 12 hertz (Hz); however, this varies with depth. The motion 
reference unit, which is mounted above the echo sounder collects roll, pitch, and heave data 
simultaneously with the echo sounder. The GPS generates position and heading data at a rate of 5 
Hz and navigational data at a rate of 1 Hz. A Teledyne Odom Hydrographic Real Time Appliance 
was used for data synchronization of all aforementioned instruments resulting in a data string 
recorded at 1 Hz. Bathymetry data from the multibeam echo sounder were compiled and stored 
using the hydrographic survey software, HYPACK 2012 from HYPACK, Inc. (HYPACK, Inc., 
2012). Bathymetry data from the multibeam echo sounder were collected using a 6.28 ft grid, and 
once each grid cell was surveyed the data collection was considered complete. This resulted in a 
data point cloud with points approximately every 0.25 ft at lake depths of approximately 3 ft and 
greater. 

The multibeam echo sounder transmits an acoustic pulse at a frequency of 240 kilohertz 
(kHz), which is reflected off the lake bed and detected by the receiver. The velocity of the pulse is 
affected by the lake temperature and salinity. For Clear Creek Reservoir, a freshwater, high 
elevation lake, the effect of salinity was assumed to be negligible (U.S. Army Corps of Engineers, 
2002). Velocity profiles of Clear Creek Reservoir were recorded using a Teledyne Odom Hydro-
graphic Digibar-Pro velocity meter throughout the study and were used to correct the data during 
post-processing (Teledyne Odom Hydrographic, Inc., 2001). On the final day of the survey, a patch 
test was carried out which was used to correct the data during post-processing. Additional informa-
tion on the patch test is described in HYPACK, Inc. (2013) and in the National Oceanic and 
Atmospheric Administration (NOAA) field procedures manual (NOAA, 2014). Calibration-point 
pairs were obtained at a subset of locations utilizing measurements from both the RTK GNSS 
surveying equipment and the multibeam echo sounder, simultaneously at the same location. These 
calibration-point pairs provide a measure of any discrepancies between the two measurement 
techniques and are used to quality assure the data collection process.

The dam, spillway, reservoir shoreline, and shallow areas of the lake to a depth of 3 ft were 
surveyed using a RTK GNSS survey following the techniques and methods in Rydlund and 
Densmore (2012). The south spillway is referred to in this report as the spillway, because the 
elevation of the north spillway is about 9 feet higher than the south spillway (fig. 1). The terrestrial 
topographic survey was carries out June 6–9, 2016, with six Trimble R8 GNSS receivers, four 
Trimble R10 GNSS receivers, two Trimble TDL450 radio modems, four Trimble TSC2 data 
controllers, and four Trimble TSC3 data controllers. The RTK GNSS survey collected approximate-
ly 10,400 data points from the top of the dam to a lake depth of approximately 3 ft along the 
shoreline. The vertical and horizontal precision of the RTK GNSS surveying equipment, as rated by 
the manufacturer, are ±0.049 ft and ±0.026 ft, respectively (Trimble Navigation Limited, 2014a; 
Trimble Navigation Limited, 2014b). The RTK GNSS survey consisted of two base stations (each 
included a receiver and radio) and up to eight rovers (each of which consisted of one GNSS 
receiver with an internal radio and a data controller). The base stations were located at fixed 
positions on the south end of the dam at control points number (no.) 5 and no. 6. The base stations 
received position data from satellites and transmitted the data to each of the rover’s receivers over 
the radios using standard survey techniques (Rydlund and Densmore, 2012).

The water-surface elevation of the reservoir was determined from a water-level recorder gage 
that collected data at 15-minute intervals operated by the Colorado Division of Water Resources 
and the mean pool elevation, 8,875.33 ft above the North American Vertical Datum 1988 (NAVD 
88), was determined from the archived data for the period of record of the gage (Colorado Division 
of Water Resources, 2016). 

All survey data were collected with a common coordinate system, geoid, ellipsoid, and datum. 
The coordinate system used was Universal Transverse Mercator, zone 13 north, Geoid 2012b, 
ellipsoid World Geodetic System 1984; the horizontal datum was North American Datum 1983 
(NAD 83); and the vertical datum was NAVD 88. Data from the base stations collected throughout 
the study were submitted to the NOAA National Geodetic Survey’s Online Positioning User 
Service (OPUS) Web site for processing (accessed September 30, 2016 at http://www.ngs.-
noaa.gov/OPUS/). Both survey datasets were recomputed to reflect the OPUS solution correction 
through a shift in the northing, easting, and elevation.

Post-Processing and Data Analysis
The motion reference unit in the multibeam echo sounder records the instrument’s motion in 

terms of pitch, roll, heave, and yaw (HYPACK, Inc., 2016). Pitch is the alternating rise and fall of 
the boat’s bow and stern, roll is rotation of the boat about its main axis (port and starboard), heave 
is the vertical rise and fall of the entire vessel, and yaw is the rotation of the echo sounder from the 
boat’s main axis. The ambient offsets of pitch and roll were corrected using a calibration test, 
otherwise known as a patch test, as the instrument was not installed exactly vertical and in line with 
the boat’s main axis. From the patch test, the pitch offset angle was determined to be -1.0 degrees, 
the roll offset was 0.65 degrees, and the heave and yaw were not adjusted. Additional information 
on the patch test is described in HYPACK, Inc. (2013) and NOAA (2014).

 The post-processing of the multibeam echo sounder bathymetry data was also carious out 
using HYPACK 2012. All the data were filtered using the automated search and filter tool. Then, 
manual filtering was carried out on the multibeam echo sounder bathymetry data to edit any 
artifacts of data collection that the automated filter overlooked. Once all the data were filtered, the 
data were separated by the observation day and the 15-minute water-level data were used to convert 
the datum of the multibeam echo sounder bathymetry data from depths to elevations relative to 
NAVD 88. The multibeam echo sounder bathymetry dataset consisted of approximately 149 million 
individual data points of northing, easting, and elevation. 

The multibeam echo sounder bathymetry dataset and the RTK GNSS dataset were imported 
into Environmental Systems Research Institute (esri) ArcMap 10.3.1 (Environmental Systems 
Research Institute, Inc [esri]., 2016) so the elevation contours and reservoir area and volume could 
be determined from the lake bottom to approximately the elevation of the top of dam. These two 
point datasets were interpolated onto a single grid, with individual grid cells (1 ft by 1 ft) by 
computing the average depth in each cell and positioning the mean at the cell center. The result was 
one topographic dataset with a common horizontal and vertical datum (NAD 83 and NAVD 88). 
Near the reservoir inlet and in one small location along the south shoreline, 3.28-ft gridded Light 
Detection and Ranging data from the USGS 3D Elevation Program (USGS, 2016a) were used to 
supplement the topographic dataset to ensure continuous elevation contours up to the elevation of 
the top of the dam. The surface area and volume at various elevations were computed using the 
surface volume tool in ArcMap (figs. 1–3, and table 1).

Bathymetry of Clear Creek Reservoir
From the RTK GNSS survey, the top of the dam was approximately 8,896.2 ft above NAVD 

88 and the spillway invert was 8,881.2 ft above NAVD 88. The main outlet structure was at an 
elevation of 8,831.7 ft above NAVD 88, which was converted from the North American Vertical 
Datum 1929 that was provided by Pueblo Water. The minimum elevation of the reservoir is 8,819.3 
ft above NAVD 88, which is approximately 61.9 ft below the spillway elevation. At the spillway 
elevation during the 2016 survey, the surface area of the lake was 382 acres and the volume was 
9,250 acre-feet (acre-ft), of which, 31.9 acre-ft was the dead pool (volume of water located below 
the main outlet). In 1997, the Pueblo Water drained Clear Creek Reservoir for repairs and a survey 
of the reservoir was carried out using photogrammetry to develop elevation-surface area and the 
elevation-volume relations. For comparison, using the spillway elevation for the 1997 survey, the 
surface area of the lake was 385 acres and the volume was 9,110 acre-ft, of which, 29.2 acre-ft was 
the dead pool.

Summary
To better characterize the water supply capacity of Clear Creek Reservoir, Chaffee County, 

Colorado, the USGS, in cooperation with the Pueblo Board of Water Works and Colorado Moun-
tain College, carried out a bathymetry survey of Clear Creek Reservoir. A bathymetry map of the 
reservoir is presented with figures of the elevation-surface area and the elevation-volume relations. 
The study was carried out using a man-operated boat-mounted multibeam echo sounder integrated 
with GPS navigation and a RTK GNSS terrestrial survey. The vertical and horizontal precision of 
the multibeam echo sounder GPS as rated by the manufacturer are ±0.065 feet (ft) and ±0.032 ft, 
respectively. The vertical and horizontal precision of the RTK GNSS surveying equipment as rated 
by the manufacturer are ±0.049 ft and ±0.026 ft, respectively. The two collected datasets were 
merged and imported into geographic information system software. From the RTK GNSS survey, 
the top of dam was approximately 8,896.2 ft above NAVD 88 and the spillway invert was 8,881.2 ft 
above NAVD 88. At the spillway elevation, the surface area of the lake is 382 acre and the volume 
is 9,250 acre-feet.
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