From: Stephens, Jesse

To: Bersd

Subject: FW: Boone County Regional Sewer District - Master Planning
Date: Tuesday, September 9, 2025 10:07:15 AM
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Importance: High

Jesse Stephens, Facilities Engineering Manager
Boone County Regional Sewer District (BCRSD)
—D 1314 N. 7th St., Columbia, MO 65201
C:573.239.4025 | 0: 573.443.2774
e: jstephens@bcrsd.com | w: www.bcrsd.com
From: Hall, Mike <HallIMM@bv.com>
Sent: Monday, June 16, 2025 8:52 AM
To: Stephens, Jesse <JStephens@bcrsd.com>

Subject: RE: Boone County Regional Sewer District - Master Planning
Importance: High

Jesse —

| have reviewed the document. Generally speaking, | believe the document follows the intent of
providing Tier 2 protection to the District, etc.

| do have some real concerns with the CIP cost estimates.

1. The cost estimates for Prairie Meadows, Kincade, Meadow Village appear to be quite low to
me. They state that they include pumping and hauling to Rocky Fork while the equipment is
being rehabbed. | did a project for the District for these rehab jobs (included Route K as well)
probably about 5 years ago. The project was cancelled due to the cost of the hauling. | do not
have records of the cost, but for the larger facilities (Prairie Meadows), | want to say that the
hauling alone was over $500,000 at that time.

2. Midway Crossing — the costs are inadequate for the improvements. It’s probably not off by
far, but | cannot see those improvements being under $150,000 in today’s monies. I'm
pleased to see that the project is now rehab vs a new plant.

3. South Route K. The plant is 0.5 MGD for $8M. The Midway facility plan, which | did, was
~S4.6M for a 0.3 MGD plant in 2022. With the escalations to today, that project is most likely
near a $6-7M project. The closures and removals are not high enough either.

Also, please make sure that the Board understand that SRF is still viable, but the impact of BABA is
still not fully understood or recognized. | will contend, as | believe your financial advisor, Joey
McKliney does as well that unless you are getting grant monies, the delays and extra red tape are
not worth the savings in interest rates (ends up costing more in the end).
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Jesse Stephens, Facilities Engineering Manager
Boone County Regional Sewer District (BCRSD)
1314 N. 7th St., Columbia, MO 65201
C:573.239.4025 | O: 573.443.2774

e: jstephens@bcrsd.com | w: www.bcrsd.com





| do greatly appreciate the opportunity to give comment and input. Should you, Daniel or the Board
have any questions please feel free to reach out.

MICHAEL M. HALL, P.E.* | Senior Engineering Manager, Government & Environment
Black & Veatch | 8800 Ward Parkway, Kansas City, MO 64114

+1913-458-4411 p, +1 573-476-3211 m | hallmm@bv.com

Licensed in Missouri, Kansas, lowa, Oklahoma, lllinois, Mississippi, and Louisiana

Building a World of Difference.®

Please consider the environment before printing my email.

Please note that the information and attachments in this email are intended for the exclusive
use of the addressee and may contain confidential or privileged information. If you are not
the intended recipient, please do not forward, copy or print the message or its attachments.
Notify me at the above address, and delete this message and any attachments. Thank you

From: Stephens, Jesse </Stephens@bcrsd.com>
Sent: Wednesday, June 11, 2025 5:35 PM

To: Hall, Mike <HallMM@bv.com>
Subject: Boone County Regional Sewer District - Master Planning

Caution - External Email: This email originated outside of Black & Veatch.
Please do not click links or open attachments unless you recognize the sender
and know the content is safe.

Mike,

We’re undergoing an effort to reach out to stakeholders regarding Area Wide Management
Plan and Capital Improvements Plan of the Boone County Regional Sewer District. We
think the consulting engineers in Boone County will have some interest in our master
planning efforts. We're trying to seek stakeholder feedback. Below is a link to our website
where draft copies of our Area Wide Management Plan and Capital Improvement Plans
reside.

Feel free to check below and let me know if you have questions. | think understanding
where available sewer is and where it is desired to be is a worthy discussion, so we are
spending scarce dollars in the best way possible. Let me know what you think, and please
feel free to share this with others on your team you feel should weigh in on this!

Area-Wide Management + Capital Improvement Plans — BCRSD — Boone Count
Regional Sewer District

Jesse Stephens, Facilities Engineering Manager

Boone County Regional Sewer District (BCRSD)
(b)) 1314 N. 7th St., Columbia, MO 65201

C:573.239.4025 | 0: 573.443.2774

e: jstephens@bcrsd.com | w: www.bcrsd.com
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From: Stephens, Jesse

To: Bersd
Subject: FW: [EXTERNAL]RE: Boone County Regional Sewer District - Master Planning
Date: Tuesday, September 9, 2025 10:05:49 AM
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Jesse Stephens, Facilities Engineering Manager
Boone County Regional Sewer District (BCRSD)
D 1314 N. 7th St., Columbia, MO 65201
C:573.239.4025 | 0: 573.443.2774
e: jstephens@bcrsd.com | w: www.bcrsd.com
From: Kyle Landwehr <kyle.landwehr@bartwest.com>
Sent: Tuesday, August 19, 2025 4:48 PM
To: Stephens, Jesse <JStephens@bcrsd.com>

Cc: Cunningham, Daniel <DCunningham@bcrsd.com>
Subject: [EXTERNAL]RE: Boone County Regional Sewer District - Master Planning

ATTENTION: This email originated from outside of Boone Electric Cooperative. Use
CAUTION with links or attachments.

Jesse,

Apologies for the delay getting comments back to you. In general, my opinion is that the CIP
is very high-level. | have to be somewhat reserved as | do not have the details as to what
McClure was asked to do, what their actual scope of work was, and what budget they had to
work with to prepare the CIP. | think | mentioned on the phone with you guys recently that
these reports can really be as detailed and in the weeds as you want them to be — it all just
depends on what you are looking to get out of them. By offering these comments, | am in no
way intended to criticize McClure’s since | am not privy to your contact with them and what
they were asked to do. This is just my honest feedback having been involved in similar
studies throughout my career.

A few comments | will offer:

e There are recommendations for closure of private facilities in the AWMP report that are
not considered for required capacity upgrades for BSRSD facilities that the private
facilities are connecting to.

e There are suggestions from peak flow numbers that the existing permitted facilities are
over capacity or have really high 1&l issues that should be addressed. There is a
recommendation in Section 8.5 to purchase flow meters and do a flow analysis, then
complete rehab work on an annual basis. Even with 1&l remediation, typically the best
peak flow reduction you will see is about 30%. For facilities with high peaking factors,
significant consideration should be given to equalization capacity and the peak design
flow of the facility as several parts of the processes are designed to the PHF. These
values should be evaluated from actual monitored flow data. Solely relying on DMR
data at the discharge is pretty risky depending on the type of treatment system and
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Jesse Stephens, Facilities Engineering Manager
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1314 N. 7th St., Columbia, MO 65201
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what is being recommended for upgrade/replacement. Any significant upgrade projects
should be studied in more detail thoroughly and have established flow rating prior to
moving forward with any design. On top of this, detailed flow projections should be
provided to account for area-wide growth for the design life of the equipment. If this is
not done, you can pretty easily get into a situation like Ashland where equipment is
undersized and everyone is looking around wondering why a brand new plant is over
capacity a few years into operation.

There are no detail maps of future land use/zoning or summary of future sewer demand
when discussing design flows for plant improvements, so I'm wondering if they simply
took the current flow and increased it by the population growth percentage for Boone
County (w/o Ashland and Columbia) as discussed at the start of the report. Kind of
similar to previous comment, but specific projection data should be considered.
Different areas of your system will experience different growth rates based on
development and the same growth factor should not be applied district-wide.

The calculations of inflation for the design year appear to be incorrect based on their
assumed 5% inflation per year.

In some cases, they refer to previous firms reports for recommendations on closures of
existing BCRSD to pump to their larger facility (South Route K and Rocky Fork for
example), but there is no indication that recommendations for closures of private
facilities in the AWMP report or future land use planning maps were used to determine
the design flow for the plant or ensure that the old report by other firms met the same
assumptions for regionalization recommendations made in both the AWMP and CIP
reports.

In some cases, they give the BCRSD an option of force main or gravity for closure of a
facility and pumping to a larger one for regionalization — this should be determined by
evaluating the sewer shed using available topographic data (can use Google Earth,
MSDIS LiDAR data, etc.) and a firm recommendation made with associated costs.
Otherwise costs may not be properly accounted for and the wrong solution could be
pursued.

In some cases, they give options for rehabbing the existing facility or rebuilding for
capacity upgrades or pumping to another facility for regionalization — this should be
analyzed to see which makes sense economically with a firm recommendation made
with associated costs.

At least in the case of the larger projects, there should probably be more thought put
into the costs and concept layouts — vendor quotes, concept layouts/drawings to make
sure the recommended improvements can actually fit on the site, design parameters
summaries for each facility, etc. For instance and just one example (this trend appears
repeated throughout the report) — the Route K facility referred to a recommendation
from Donohue in 2017 for Ox ditches, but McClure recommended the plant be
relocated further downstream and essentially left it at that. Exhibit C.3 shows a very
zoomed out view of the conceptual options of relocation, but does not necessarily
recommend one over the other. Then if you look at the cost opinion, there are only 5
line items listed and it mentions extended aeration WWTP. In the writeup, no mention is
made that extended air is the recommendation, there is no consideration to the different
types of extended aeration packages, etc. Costs vary depending on what you’re
actually doing. At a high level, the cost seems pretty conservative ($21.6M), but reading
through it | have no idea what the actual recommendation is and what the project looks
like. This trend is repeated throughout the report — in general it is very high level.

If I were in the District’s shoes, | would want more detail to feel better about the cost



provided since you all will be setting a bond amount based on the costs. Your voters
will probably want to know where stuff is going and a better idea of what the projects
will look like.

Hopefully this helps a little bit — let me know if you guys were looking for something different
from this review. | am pretty passionate about smart planning (I honestly think it is way more
important than design/implementation), so just know that | intend these comments to be
helpful rather than critical. If there is anything else | can do to assist, please let me know.

--Kyle

qutlett @ Kyle J. Landwehr, P.E., ENV SP

: = Project Manager, Team Leader
N\ west M 601 Monroe St., Ste. 201, Jefferson City, MO 65101
kyle.landwehr@bartwest.com
(573) 659-6727 c: (573) 353-0756 w: BartlettWest.com

Bartlett & West is 100-percent employee-owned with recognition as a top place to work.

From: Stephens, Jesse </Stephens@bcrsd.com>

Sent: Wednesday, June 11, 2025 5:41 PM

To: Kyle Landwehr <kyle.landwehr@bartwest.com>

Subject: Boone County Regional Sewer District - Master Planning

CAUTION: This email originated from outside of the organization. Do not click links or open attachments unless you
recognize the sender and know the content is safe.

Kyle,

We're undergoing an effort to reach out to stakeholders regarding Area Wide Management
Plan and Capital Improvements Plan of the Boone County Regional Sewer District. We think
the consulting engineers in Boone County will have some interest in our master planning
efforts. We're trying to seek stakeholder feedback. Below is a link to our website where draft
copies of our Area Wide Management Plan and Capital Improvement Plans reside.

Feel free to check below and let me know if you have questions. | think understanding where
available sewer is and where it is desired to be is a worthy discussion, so we are spending
scarce dollars in the best way possible. Let me know what you think, and please feel free to
share this with others on your team you feel should weigh in on this!

Area-Wide Management + Capital Improvement Plans — BCRSD — Boone Count
Regional Sewer District

Jesse Stephens, Facilities Engineering Manager

Boone County Regional Sewer District (BCRSD)
D 1314 N. 7th St., Columbia, MO 65201

C:573.239.4025 | 0: 573.443.2774

e: jstephens@bcrsd.com | w: www.bcrsd.com
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This e-mail and any files transmitted with it are confidential and intended solely for the
use of the addressee. If you receive this transmission in error, please notify the sender
and delete this e-mail. No employee or agent is authorized to conclude any binding
agreement on behalf of Bartlett & West, Inc. with another party by e-mail.






From: Stephens, Jesse

To: Bersd

Subject: FW: [EXTERNAL]Master Planning Input from Rock Bridge M. State Park
Date: Tuesday, September 9, 2025 10:05:38 AM

Attachments: image001.pna

Article. Lerch. Devil"s Tcebox Hvdroloaic Characterization.ndf

Conf. Map. Rock Bridae, Roads, Basics.pdf

Jesse Stephens, Facilities Engineering Manager
Boone County Regional Sewer District (BCRSD)
(b)) 1314 N. 7th St., Columbia, MO 65201
C:573.239.4025 | 0:573.443.2774
e: jstephens@bcrsd.com | w: www.bcrsd.com
From: Campbell, Roxie <roxie.campbell@dnr.mo.gov>
Sent: Thursday, August 28, 2025 2:52 PM
To: Stephens, Jesse <JStephens@bcrsd.com>

Cc: Orazio, Anthony <Anthony.Orazio@dnr.mo.gov>
Subject: [EXTERNAL]Master Planning Input from Rock Bridge M. State Park

You don't often get email from roxie.campbell@dnr.mo.gov. Learn why this is important
| ATTENTION: This email originated from outside of Boone Electric Cooperative. Use CAUTION with links or attachments.
Hello Jesse. | received the BCRSD's master planning document from Kevin Roberson, president of the Friends of Rock
Bridge. I'd like to provide some input and while I'll attach some things now, | would very much like to have an in-person
meeting with you so that we can drive to where Bonne Femme Creek was shown to lose water to the underground (dye
tracing proved that it then flows through Devil's Icebox Cave 3.5 miles) and so that | can explain some things, we can look
at maps, etc. Can you carve out about one hour next week? | can meet on Tues., Wed. Or Fri. Anytime between the hours
of 9 am to 5 pm (or Thursday afternoon), so you can pick a day and time. Just let me know please. Let's meet me at the
park office please (see map).

As you can see from the attachments, it would be very appropriate for your plan to acknowledge the watershed (aka
recharge area) of Devil's Icebox Cave and the risks of contaminating groundwater in this highly developed karst area of the
Pierpont Sinkhole Plain. We'd like you to include this map in your "List of Exhibits 2.2" and include language in pertinent
sections. This map was produced by staff of Boone County Resource Management Program. Again, | hope we can meet
to discuss this. Unfortunately, regulations tend to focus on surface streams and fail to recognize underground streams, but
they too are important and provide habitat for rare cave animals.

Thanks,

Roxie Campbell

Park Naturalist

Rock Bridge Memorial State Park
573-449-7402

From: Stephens, Jesse <JStephens@bcrsd.com>

Date: Tue, Jun 10, 2025 at 7:38 AM

Subject: FW: Boone County Regional Sewer District - Master Planning
To: robersonkw@gmail.com <robersonkw@gmail.com>

Cc: friendsofrockbridge@gmail.com <friendsofrockbridge@gmail.com>

Kevin,

I understand you represent the Friends of Rock Bridge State Park.

I wanted to introduce myself. I’m the interim executive director at the Boone County Regional Sewer District. We’re undergoing an effort
to reach out to stakeholders regarding the Area Wide Management Plan and Capital Improvements Plan of the Boone County Regional
Sewer District. We think the Friends of Rock Bridge State Park will have some interest in our master planning efforts to try to regionalize
sewer systems for the betterment of our waterways. We’re trying to seek stakeholder feedback. Below is a link to our website where draft
copies of our Area Wide Management Plan and Capital Improvement Plans reside.
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1314 N. 7th St., Columbia, MO 65201
C:573.239.4025 | O: 573.443.2774

e: jstephens@bcrsd.com | w: www.bcrsd.com





Robert N. Lerch, Carol M. Wicks, and Philip L. Moss — Hydrologic characterization of two karst recharge areas in Boone County, Missouri. Journal of Cave and

Karst Studies, v. 67, no. 3, p. 158-173.

HYDROLOGIC CHARACTERIZATION OF TWO KARST
RECHARGE AREAS IN BOONE COUNTY, MISSOURI

ROBERT N. LERCH!
USDA-Agricultural Research Service, Cropping Systems and Water Quality Research Unit, 269 Agricultural Engineering Bldg.,

University of Missouri, Columbia, MO 65211 USA
CAroL M. WICKS

Department of Geological Sciences, University of Missouri, 308 Geological Sciences Bldg., University of Missouri,

Columbia, MO 65211 USA wicksc@missouri.edu
PHILIP L. Moss

Ozark Underground Laboratory, 1572 Aley Lane, Protem, MO 65733 USA
Current address: 401 S. Church St. Waterloo, IL 62298 USA philipmoss@juno.com

The Bonne Femme watershed, located in central Missouri, is a karst watershed in a rapidly urbanizing
area. This study was undertaken to characterize the hydrology of two karst aquifers within this watershed
before significant increases in impervious surfaces take place. The specific objectives of this study were
to: 1) use dye tracing to delineate the recharge area for Hunters Cave (HC); 2) quantify and summarize
annual and monthly stream discharge at the resurgence of HC and Devils Icebox (DI) caves; and 3) char-
acterize the chemical and physical status of the cave streams relative to temperature, pH, specific con-
ductance, dissolved oxygen, and turbidity. The quantity and quality of the water at the resurgence of both
cave streams was monitored from April 1999 to March 2002. Both recharge areas were determined to be
of similar size (33.3 km? for HC and 34.0 km? for DI) and were formed in the same geologic strata.
Average annual discharge was 55,900 m* km=2 at DI and 35,200 m* km~2 at HC. Relative discharge, as a
percent of annual precipitation, averaged 6.1% at DI and 3.8% at HC. Average monthly discharge was
2,930 m* km= at HC and 4,650 m® km2 at DI; however, median instantaneous discharge over the three
years was about 18% higher at HC (74 m® h™") compared to DI (63 m?® h™'). Turbidity and pH showed the
largest differences between sites over the three years. The higher turbidity and lower pH at DI reflected
the greater magnitude and duration of runoff events for this system. The physical characteristics of the
two recharge areas explained the observed differences in discharge. The HC recharge area is character-
ized by limited sub-surface conduit development, small conduits, short flow paths from surface to resur-
gence, and predominantly allogenic recharge. The DI recharge area is characterized by extensive sub-
surface-conduit development, large conduits, long flow paths to the resurgence, and autogenic and allo-

genic recharge.

INTRODUCTION

The nature of ground-water recharge in karst aquifers con-
trols speleogenesis over geologic time, and it directly impacts
the quantity and quality of water in the aquifer in current time.
There are two basic ground-water recharge types in karst ter-
ranes: autogenic and allogenic (Shuster and White, 1971).
Autogenic recharge can be further separated into diffuse and
discrete recharge. Allogenic and discrete recharge modes are
especially vulnerable settings for contaminant transport to
ground-water. Allogenic recharge to karst aquifers occurs
where surface runoff draining large areas of insoluble rock or
low permeability soils flows directly to adjacent soluble car-
bonate bedrock (Palmer, 2000). Recharge to the karst aquifer
occurs along sinking or losing stream channels via infiltration
of surface water through porous streambed sediments or
through fractures in the streambed (White, 1988). In this set-
ting, the karst aquifer displays flow characteristics that are typ-
ical of surface streams, with relatively rapid response to pre-
cipitation and variations in resurgence discharge over several
orders of magnitude. In mature karst aquifers formed by allo-
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genic recharge, the subsurface conduits will be well devel-
oped, resulting in relatively short residence time of water in the
subsurface. Under such conditions, thermal and chemical equi-
librium of the water will not be attained (Wicks, 1997). Cave
formation is enhanced by allogenic recharge due to the con-
centration of surface runoff from large catchments into a few
relatively small subsurface conduits and because the surface
runoff is typically under-saturated with respect to calcite or
dolomite in these settings (Groves, 1992; Wicks and Engeln,
1997).

Discrete recharge to a karst aquifer occurs through open-
ings, such as sinkholes, that drain a small land area. Karst
aquifers recharged in this manner typically have numerous
inputs of surface water to the subsurface, with water draining
along cracks, fissures, and zones of weakness in soluble
bedrock. As enlargement progresses by solution and/or corro-
sion along these flow paths, conduits capable of rapidly trans-
mitting water from the surface to the subsurface are created.
However, discrete recharge will typically have longer subsur-

ICorresponding author. phone: 573-882-9489; e-mail: lerchr@missouri.edu
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Figure 1. Location and hydrologic setting of the two karst
aquifers. For Devils Icebox, the allogenic (upper Bonne
Femme Creek) and the autogenic (sinkhole plain) portions
of its recharge area are distinguished by the black bound-
ary line shown within the recharge area. Hunters Cave
recharge area encompasses allogenic recharge from Bass
Creek and two tributaries of Turkey Creek.

face residence time than water transmitted by allogenic
recharge, and therefore, thermal and chemical equilibrium of
the water are more closely attained in this situation (Wicks,
1997).

Overall, allogenic and discrete recharge modes represent
the most vulnerable setting for ground-water contamination
because surface water rapidly enters the subsurface with little
or no opportunity for contaminant attenuation by surface soils.
Contaminant inputs derived from surface land-use activities
within the recharge area will have a profound impact on water
quality in these karst aquifers. In the Midwestern USA, com-
mon land uses or land covers that are a potential threat to karst
ground-water quality include urban development, agricultural
practices, private septic systems, industrial production, and
military activities. These land uses can impact karst aquifers
through a myriad of contaminant inputs, such as oil, polycyclic
aromatic hydrocarbons, polychlorinated biphenyls, pesticides,
fertilizer, sediment, and fecal coliform bacteria (Ruhe et al.,
1980; Boyer and Pasquarell, 1999; Mahler et al., 1999; Lerch
etal,2001).

LERCH, WICKS, AND MOSS
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Figure 2. Line plot diagrams of the two cave systems. (Note
the difference in scale for the two caves.)

An additional threat to karst ground-water is the increased
impervious surface resulting from urbanization. Impervious
surfaces, such as roads, building rooftops, sidewalks, drive-
ways, and parking lots, will negatively impact stream hydrolo-
gy, biology, and channel geomorphology. In surface stream
watersheds, impervious surfaces increase discharge velocity
and volume of storm water runoff, leading to degraded aquat-
ic habitat and biological health of streams, increased stream
bank erosion, and decreased baseflow discharge (Burges et al.,
1998; Booth et al., 2002). These hydrologic impacts have also
been shown to occur in allogenic recharge karst aquifers
(Betson, 1977; Ruhe et al., 1980). Karst systems further com-
plicate the impact of impervious surfaces because inter-basin
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transfer of water routes storm runoff from one watershed to
another. The altered hydrologic conditions caused by impervi-
ous surfaces will most profoundly impact allogenic recharge to
karst aquifers and their ecosystems, but localized increases to
impervious surface could negatively impact the water quality
and quantity of discrete recharge to karst aquifers as well.
Because of the analogous impacts of impervious surfaces on
karst aquifers and surface streams, Veni (1999) recommended
the adoption of impervious surface limits designed for protec-
tion of surface streams (Schueler, 1994) as a reasonable guide-
line for karst areas. Limiting impervious surfaces within a
recharge area to 15% of the land area should minimize adverse
impacts to karst ground-water resources (Veni, 1999).
However, implementation of best management practices
(BMPs), local geological factors, and restoration of older
impervious areas may sufficiently mitigate water resource
degradation and allow for more than 15% impervious area
(Veni, 1999).

The present study was undertaken to characterize the
hydrology of two predominantly allogenic recharge karst
aquifers in the Bonne Femme watershed of southern Boone
County, Missouri (USA) (Fig. 1). The Bonne Femme water-
shed is rapidly urbanizing due to growth in the cities of
Columbia and Ashland, and this study was initiated before sig-
nificant increases in impervious surface had occurred in either
of the karst-recharge areas. Thus, the hydrologic impact of
increasing imperviousness and the effectiveness of BMPs that
may be implemented as urban growth occurs can be docu-
mented. The specific objectives of this study were to: 1) use
dye tracing techniques to delineate the recharge area for
Hunters Cave (HC); 2) quantify and summarize annual and
monthly stream discharge at the resurgence of HC and Devils
Icebox (DI) caves; and 3) characterize the chemical and phys-
ical status of the cave streams relative to temperature, pH, spe-
cific conductance, dissolved oxygen, and turbidity.

MATERIALS AND METHODS

SITE DESCRIPTIONS

The recharge area of the DI and HC are both located with-
in the Bonne Femme Creek watershed located due south of
Columbia, Missouri, USA (Fig. 1). The caves were formed in
the Burlington Limestone (Osagean Series, Mississippian
System) (Wicks, 1997). The total thickness of the Burlington
Limestone is approximately 50 m. The Chouteau Group
(Kinderhookian Series, Mississippian System) underlies the
Burlington Limestone, and is composed of limestone,
dolomite, and silty dolomite with a total thickness of approxi-
mately 30 m. The Chouteau Group is not conducive to cave
development (Unklesbay, 1952); this unit serves as the base of
the local flow system in the DI cave. The upper (eastern) por-
tions of both cave recharge areas are covered by clay-rich
Pleistocene age glacial and loess deposits (St. Ivany, 1988).
These low permeability, fertile soils are generally in the
Mexico-Putnam or Mexico-Leonard soil associations (USDA-
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NRCS, 2001). Lower (western) portions of each recharge area
are characterized by residual soils of the Weller-Bardley-
Clinkenbeard association (USDA-NRCS, 2001) and corre-
spond to the areas with karst features, such as sinkholes, caves,
and springs, including the two cave entrances.

The DI cave length is currently listed as Missouri’s seventh
longest cave at 10.76 km (6.69 miles) (Gulden, 2005) and
includes the primary trunk passage and several smaller side
passages (Fig. 2). The main trunk passage is the primary
stream conduit, and was surveyed to a length of approximate-
ly 6.4 km (4 miles) (Fig. 2) before reaching a sump. The cave
system’s downstream terminus is a spring located in Rock
Bridge Memorial State Park (Missouri Department of Natural
Resources, Division of Parks), and water travels along the sur-
face for a short distance before discharging into Little Bonne
Femme Creek. This flow path creates an inter-basin transfer of
water from the upper Bonne Femme watershed to the Little
Bonne Femme watershed (Fig. 1).

As part of this project, HC was re-surveyed to an extent of
2.54 km (1.58 miles) which currently makes it the 34th longest
cave in Missouri (Fig. 2). The main passage is also the prima-
ry stream conduit, and its flow path extends for approximately
1.25 km, accounting for slightly less than half the surveyed
distance of the cave. The largest tributary to the main cave
stream is Angel Spring (Fig. 2), located about 70 m into the
cave (see additional discussion below). Very small tributaries
to the main stream also enter through The Chapel, Iron Dome,
and Straddle Canyon side passages. Four other intermittently
flowing tributaries have also been observed at various points in
the cave, with two of these sources entering through the largest
domes in the cave. HC terminates at a spring resurgence dis-
charging directly into Bass Creek located within the Three
Creeks Conservation Area (Missouri Department of
Conservation).

DELINEATION OF HUNTERS CAVE RECHARGE AREA

The HC recharge area was determined using standard dye
tracing techniques (Aley, 1999), involving the introduction of
fluorescent dyes into stream channels and their subsequent
sorption from the water by activated carbon samplers. These
samplers contained 4.25 g of activated carbon, derived from
coconut shell charcoal, placed in a fiberglass screening with
openings of 1.3 to 1.5 mm (Aley, 1999). The samplers were
placed at two locations in the cave stream, and they were also
placed downstream from all dye introduction points and in
adjacent basins in order to assess the possibility of inter-basin
transfer. Before dye injection, two separate sets of samplers
were deployed, each for one week, to determine if detectable
background levels of any of the dyes were present. Raw water
samples were also collected once during the time the back-
ground sets were deployed. No dyes were detected in raw
water or in the charcoal samplers from these background sam-
ple sets. Following dye injection, samplers were typically
replaced at weekly intervals for up to 3 months. Dyes used
included fluorescein ([sodium fluorescein] Acid Yellow 73;





CAS No. 518-47-8), eosin (Acid Red 87; CAS No. 17372-87-
1), and Rhodamine WT (Acid Red 388; CAS No. 37299-86-8).
The specific location for dye injections, dye amounts and type,
and locations of activated carbon samplers are given in Tables
1 and 2. Dye analysis of the activated carbon samplers entailed
elution of the dyes from the charcoal with a mixture of iso-
propanol in a strongly basic solution (Aley, 1999). Raw-water
samples were also collected at each sampler location for direct
dye analysis. Dye concentrations were determined by fluores-
cence spectroscopy using a Shimadzu RF-5301 spectrofluoro-
photometer. Limits of detection for the charcoal eluants were
(in pg L) fluorescein, 0.010; Rhodamine WT, 0.275; and
eosin, 0.035. Limits of detection for the raw water samples
were (in pg L"): fluorescein, 0.0005; Rhodamine WT, 0.05;
and eosin, 0.008.

MONITORING PROCEDURES

Hydrologic, chemical, and physical monitoring of the
water was conducted near the resurgence of each cave from
April 1999 to March 2002. Discharge and water quality were
only monitored for the cave streams; no monitoring of the sur-
face streams was conducted. For the three-year study period,
the years reported and discussed below extended from April
through March. All instrumentation was placed in stilling
wells at both locations for protection against turbulent flow
and to reduce data variability caused by very short-term fluc-
tuations in the height of the water column. Hydrologic moni-
toring consisted of measuring the height of the water column
(i.e., stage height) at five-minute intervals with a submerged
pressure transducer probe (Hach Co., Loveland, CO). Stage
height was then used to compute stream discharge, as detailed
below. Pressure transducers were checked for accuracy at least
twice per month because thermal drift was a known source of
error for these instruments. The pressure transducers were cal-
ibrated in the field any time that the known stage height and
that recorded by the transducer were more than 5% different.
In addition, the transducers were routinely calibrated in the
field every three months. Chemical and physical water moni-
toring included temperature, pH, dissolved O,, specific con-
ductance, and turbidity measured at 15-minute intervals using
a YSI 6920 Sonde (YSI, Inc., Yellow Springs, OH). The
Sondes were brought into the laboratory every two months for
cleaning and calibration of all probes. In addition, the dis-
solved oxygen probes were cleaned, the membranes replaced,
and the probes calibrated in the field every two weeks. The
chemical and physical monitoring allowed for detailed docu-
mentation of the response of these systems under both runoff
event and prolonged low flow conditions on a year-round
basis.

At DI, the monitoring station is located within a large karst
window approximately 30 m downstream from the resurgence
(Halihan et al., 1998). The stage height was correlated to
stream discharge using two independently developed rating
curves. In both cases, standard protocols for measuring veloc-
ity with wade sticks and current meters were employed (Rantz,
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1982). One rating curve was developed by Vandike (1983)
under lower flow conditions. A second rating curve was devel-
oped by Halihan et al. (1998) under consistently higher flow
conditions in the spring of 1994, following the record high
rainfalls of 1993. Thus, two different equations were used
depending upon stage height:
For a stage height < 0.36 m (1.2 ft),
)

[[E.Iis,r_r FlAn ]

0=10 r* =0.99

and for a stage height > 0.36 m (1.2 ft),
q @
0=(124.15,)-131.8  r*=0.97
where Sy is stage height (ft) and Q is discharge (f& s™).
Because the field measurements for developing the rating
curves were recorded in English units, the initially developed
rating curve equations computed discharge in ft* s~!, which
was then converted to m* h-!. The need for two equations aris-
es from the log relationship in Equation (1) which accurately
predicts discharge at low stage heights, but severely over-esti-
mated discharge above stage heights of 0.36 m. Equation (2)
showed that a linear relationship existed between stage height
and discharge for stage heights > 0.36 m. Errors associated
with stage-height rating curve relationships developed using
current meters have been estimated to range from 5-25%
(Tillery et al., 2001).
At HC, the monitoring station was located approximately
15 meters into the cave (i.e. upstream from the resurgence). A
rating curve could not be developed for HC because high-flow
conditions in Bass Creek prevented access to the cave.
Therefore, flow-velocity measurements at the resurgence
could not be acquired for high-flow conditions, a necessity for
the development of an accurate rating curve. As an alternative,
the stage height data were used in conjunction with Manning’s
Equation (Manning, 1890) to compute flow velocity. The cave
passage immediately upstream from the resurgence is a very
uniform width stream channel with extensive amounts of small
to medium-sized breakdown in the streambed. The channel
slope over the initial 15 meters and a reference cross-section of
the stream channel were surveyed to provide needed data for
computation of flow velocity. In addition, a relationship was
established to relate stage height at the reference cross-section
to the roughness coefficient, n. This relationship was devel-
oped by measuring flow velocity with a wade stick and pygmy
meter placed at 40% of the water depth at stage heights rang-
ing from 0.06 to 0.19 m. Manning’s Equation and the area of
the reference cross section were then used to estimate dis-
charge and these estimates were compared against the field
measured discharge. By choosing roughness coefficients that
minimized the error between predicted and measured dis-
charge, a series of roughness coefficients for known stage
heights could be generated and graphed. This graph showed a
log relationship between these two variables, and linear regres-
sion of the log transformed stage height data was then used to
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determine the following equation:
(©))
n=[-0.5310g(5, )]-0.02

Equation (3) was valid only for stage heights < 0.19 m
(0.62 ft). For stage heights > 0.19 m, the roughness coefficient
was assigned a value of 0.10. The inverse relationship between
stage height and roughness coefficient suggested that the high
degree of streambed non-uniformity caused by the breakdown
in the stream channel created a significant impediment to flow
under low stage height conditions. To make direct comparisons
between the two sites, summaries of annual and monthly dis-
charge from the cave streams were normalized to the size of
each recharge area and expressed in m* km2.

Precipitation and other climate data were obtained from
two weather stations. The National Weather Service maintains
a weather station at the Columbia Regional Airport, located
within the HC recharge area, with data available on a daily
basis (National Weather Service, 2005). The University of
Missouri maintains a weather station at their South Farms
research facility, located less than a kilometer north of the DI
recharge area. Data at this site are available on both a daily and
hourly basis (University of Missouri Extension, 2005).

RESULTS AND DISCUSSION

RECHARGE AREAS AND LAND USES

Previous studies established the hydrologic links between
the DI cave stream and upper Bonne Femme Creek
(Crunkilton and Whitley, 1983; St. Ivany, 1988) and the
Pierpont sinkhole plain (Deike et al., 1960). The initial
recharge area delineation was based on these studies in combi-
nation with surface water drainage patterns and topography
(St. Ivany, 1988; Wicks, 1997). An additional dye trace using
1.4 kg of fluorescein dye injected into the upper Bonne Femme
Creek channel immediately south of Missouri Highway 163
(UTM 563,295 east, 4,302,392 north; Zone 15; NADS3
datum) was conducted on December 9, 2003. This dye trace
confirmed speculation by St. Ivany (1988) that the losing reach
of upper Bonne Femme Creek extends to approximately 213 m
above sea level, establishing the southernmost extent of the

recharge area (Fig. 1). The DI recharge area is approximately
34.0 km?, and is comprised of two distinctive hydrologic
recharge areas: 1) an allogenic recharge area corresponding to
upper Bonne Femme Creek; and 2) a discrete recharge area
encompassing the Pierpont sinkhole plain (Fig. 1).

The initial step in the delineation of the HC recharge area
was to overlay the survey line plot on the topographic map to
determine locations for dye injections and establish the net-
work of charcoal samplers. From this overlay, it could be seen
that Bass Creek comes in very close proximity to the cave pas-
sage (Fig. 3 and Fig. 4; inset). The estimated distance of this
near intersection corresponded to the location of Angel Spring
(Fig. 2). In addition, the cave stream beyond the Big Room
was shown to be in close proximity to Turkey Creek, located
to the north and east of the cave. Therefore, all dye injections
were conducted within the Bass and Turkey Creek watersheds
(Table 1 and Fig. 3).

Results of the first and second dye injections confirmed the
hydrologic connection between Bass Creek and the HC stream
(Table 2; Fig. 3). Rhodamine WT injected into Bass Creek on
February 25, 2002 resulted in very high concentrations detect-
ed in charcoal samplers and raw water samples collected from
Angel Spring (Station #3) (Table 2). Visual observation of
Rhodamine WT at the HC resurgence was also confirmed
within 2 hours of this injection. In addition, a much lower con-
centration of Rhodamine WT was detected in the cave stream
at Station #4. This same result also occurred for the second dye
injection in Bass Creek (upstream) in which eosin was detect-
ed within the cave at Stations #3 and #4, with higher concen-
trations at Station #3. These results established that Angel
Spring is the discharge point for the major conduit connecting
Bass Creek and the HC stream, and this connection establish-
es a meander cutoff of the large horseshoe bend in the surface
stream channel of Bass Creek (Fig 4.; inset). An additional
minor flow path from Bass Creek to the cave stream also
exists, with an apparently small proportion of Bass Creek dis-
charge entering upstream from Station #4.

Hydrologic connections between the HC stream and two
small tributaries of Turkey Creek were also established (Table
2; Fig. 3). Fluorescein dye injected into a small pool of water
in the Log Providence tributary to Turkey Creek resulted in

Table 1. Dates, locations, amounts, and type of fluorescent dyes injected to delineate the Hunters Cave recharge area.

Injection Fluorescent Amount Injection Location
Date Dye Injected (kg) (UTM Coordinates; Zone 15; NAD83 Datum) Injection Location Name
2/25/2002 Fluorescein 091 563,170 m east; 4,299,020 m north Log Providence tributary to Turkey Creek
2/25/2002 Rhodamine WT 0.91 562,390 m east; 4,298,412 m north Bass Creek (downstream)
2/25/2002 Eosin 091 562,483 m east; 4,299,331 m north Turkey Creek

(immediately downstream of Log Providence tributary)
5/20/2002 Fluorescein 0.23 564,236 m east; 4,299,462 m north Equine Center tributary to Turkey Creek
5/20/2002 Rhodamine WT 0.45 562,413 m east; 4,299,686 m north Turkey Creek (upstream from losing reach)
5/20/2002 Eosin 1.80 564,814 m east; 4,297,259 m north Bass Creek (upstream)
4/9/2003 Rhodamine WT 0.91 565,533 m east; 4,299,521 m north Bass Lake tributary to Turkey Creek
4/10/2003 Fluorescein 0.45 568,307 m east; 4,298,434 m north South Fork Turkey Creek
4/10/2003 Eosin 2.30 568,332 m east; 4,300,763 m north North Fork Turkey Creek
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very high concentrations detected in charcoal samplers and
raw water samples at Station #4. There was no flow in the Log
Providence stream channel at the time of injection.
Furthermore, no fluorescein was detected in charcoal samplers
placed downstream from this injection point (Stations #7 and
#10), despite a runoff event following 15 mm of rainfall on
March 1 and 2, 2002 that occurred after dye injection but
before charcoal sampler collection. Thus, all the dye flowed
through solution conduits to the cave stream and then traversed
nearly the entire length of the cave stream to reach Station #4.
The other Turkey-Creek tributary, designated as the Equine-
Center tributary (Table 1), showed low-level fluorescein detec-
tions at Station #4 following injection into this tributary under
high-flow conditions (Table 2). In the 14 days preceding injec-
tion, 209 mm of rainfall was recorded. Despite the high-flow
conditions and small injection mass (0.23 kg), a 1.6-fold
increase in the raw water fluorescein concentration was mea-

Table 2. Sampler locations and detection of injected dyes.
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sured at Station #4. Dye injection at four separate locations in
the main Turkey Creek channel failed to establish a hydrolog-
ic connection with HC (Tables 1 and 2). Additional injections
outside the Bass- and Turkey-Creek watersheds were not con-
ducted. The established hydrologic connections to Bass-Creek
and the Turkey-Creek tributaries accounted for the observed
discharge at the HC resurgence. In addition, adjacent areas to
the west of the Bass-Creek watershed likely drain to the
Spring-Cave recharge area, but additional dye-tracing studies
are needed to more accurately determine the extent of this
recharge area. Creeks to the east and south of Bass and Turkey
Creeks (within the Cedar-Creek watershed) are not losing
streams, and they drain to the south and east towards Cedar
Creek and away from the HC recharge area.

These results established that only the small area drained
by the two Turkey-Creek tributaries (2.2 km?) was connected
to HC. With the additional drainage area from these two tribu-

Station Number, Site Description,
and Sampler Location

(UTM Coordinates; Zone 15;
NADS83 Datum)

Dye Injection — 2/25/2002

Fluorescent Dye Detected®

Dye Injection — 5/20/2002

Fluorescent Dye Detected

Dye Injection — 4/9 and 4/10/2003

Fluorescent Dye Detected

Rhodamine
Fluorescein WT
#1, Devils Icebox Resurgence
558,414 m east; 4,302,688 m north ND ND ND
#2, Bonne Femme Creek, upstream from
confluence with Turkey Creek

560,595 m east; 4,298,915 m north ND ND ND
#3, Angel Spring in Hunters Cave
562,285 m east; 4,298,393 m north ND w, ++++ ND

#4, Upstream from Angel Spring in
Hunters Cave

562,296 m east; 4,298,404 m north w, ++++ ++ ND
#5, Bass Creek upstream from Hunters

Cave resurgence

562,188 m east; 4,298,208 m north ND + ND
#6, Bass Creek upstream from Station 5

562,454 m east; 4,298,386 m north ND ND ND
#7, Turkey Creek upstream from

confluence with Bass Creek

561,610 m east; 4,298,678 m north ND ND w, ++
#8, Turkey Creek upstream from Station 7

562,517 m east; 4,299,533 m north ND ND ND
#9, Spring Cave resurgence

560,878 m east; 4,298,346 m north ND ND ND
#10, Log Providence tributary to

Turkey Creek

562,634 m east; 4,299,411 m north #11, ND ND ND
Turkey Creek upstream from Station 8

563,002 m east; 4,300,024 m north NS NS NS
#12, Turkey Creek upstream from

Station 11 565,073 m east; 4,300,820 m north NS NS NS
#13, Bass Lake tributary to Turkey Creek

565,258 m east; 4,300,011 m north NS NS NS

Eosin

Rhodamine Rhodamine

Fluorescein WT Eosin Fluorescein WT Eosin
ND ND ND NS NS NS
ND ND ND NS NS NS
ND ND w, ++ NS NS NS
w, + ND + + ND ND
ND ND ++ NS NS NS
ND ND ++ ND ND ND
+ w, +++  ND NS NS NS
++ +++ ND NS NS NS
ND ND ND NS NS NS
NS NS NS NS NS NS
++ ND ND + w, +++  ND
NS NS NS + ND +
NS NS NS ND w, +++ ND

4w = detected in raw water; maximum concentration detected in eluant from an activated carbon sampler: + < 10 ug L™"; ++ = >10 and <100 pg L™; +++ = >100 and <1000 pg L";

and ++++=>1000 ng L™'. ND = not detected; NS = not sampled.
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Figure 3. Dye-tracing studies used to delineate the Hunters Cave recharge area. Hydrologic connections were based on dye
detection within the cave at charcoal sampler stations 3 and 4 (see Table 2). Large numbers adjacent to triangles represent
the round of dye injections and correspond to dates listed in Table 1; 1 = February 25, 2002; 2 = May 20, 2002; and 3 =
April 9-10, 2003. Small numbers adjacent to squares represent charcoal sampler stations corresponding to Table 2 (note:

station 1 was not located within the view of this figure).

taries, the total recharge area was determined to be 33.3 km?
(Fig. 4). The hydrologic connection of the Turkey-Creek trib-
utaries to HC coincides with a fault documented by St. Ivany
(1988). The fault intersects perpendicular to the tributaries,
upstream from their confluence with the Turkey-Creek stream
channel, running along a line from northeast to southwest
towards the upper reaches of the cave near the Log-Providence
tributary (Fig. 4). This fault is probably responsible for the
occurrence of solution conduits connecting these tributaries to
the cave stream. The hydrologic connection of the Turkey-
Creek tributaries also established that inter-basin transfer
occurs between Turkey and Bass Creeks via HC. The impor-
tance of these tributaries to the aquatic cave stream ecology is
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significant because Bass Creek only influences the lower
60—100 m of the stream reach. Thus, these two tributaries are
the primary sources of water for the vast majority of the HC
stream reach, and the water quality derived from this small
area directly impacts stygobites and their habitat. Collectively,
the HC and DI recharge areas account for 28% of the area
within the Bonne Femme watershed.

Land-use/land-cover data were determined using ArcView
GIS (version 3.3) and 1991-93 LANDSAT data with 30 m res-
olution (Fig. 5). The LANDSAT data were classified by the
Missouri Resource Assessment Partnership (Missouri Spatial
Data Information Service, 2005). These land-use data are a
major improvement over past data in resolution and in the dis-
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Figure 4. Hunters Cave recharge area delineation. Inset shows the meander cut-off created by the flow path from Bass
Creek to the cave stream via Angel Spring. The location of the fault (based on St. Ivany, 1988) creating a likely conduit
from the Turkey-Creek tributaries to the upper cave stream is also shown.

tinction between different land-use categories. Most notable is
the division between row crop and grassland areas. Because of
their close proximity and similarities in geology and soils, both
recharge areas had very similar land use/land cover (Fig. 5).
About 80% of both recharge areas was comprised of grass-
lands or row crops. However, the HC recharge area has a high-
er proportion of grasslands and a lower proportion of row
crops than DI. In addition, row crop areas within the DI
recharge area were concentrated within the upper Bonne
Femme watershed (Figs. 1 and 5). In both recharge areas, row
crops were predominantly corn and soybeans, and approxi-
mately 40% of the grasslands were range land, with cattle and
horses the predominant livestock. The remainder of the grass-
lands represents forage production for hay. Forested areas lie

mostly within public lands (Rock Bridge Memorial State Park
and the Three Creeks Conservation Area) and along stream
corridors, and these areas were mainly oak-hickory forests typ-
ical of the Ozarks region. In addition, the HC recharge area has
a small amount of urban impervious area. Urban areas are
comprised of commercial and residential development in
Ashland, Missouri, and the Columbia Regional Airport in the
eastern portion of the recharge area. The DI recharge area cur-
rently has no significant amounts of either urban impervious or
urban vegetation land cover.

STREAM DISCHARGE

On an annual basis, the area normalized discharge from the
DI cave-stream resurgence was consistently greater than the
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[] Cave Recharge Area @ Cave Locations
Surface Streams

Hunters Cave
Recharge Area
(33.3 km2)

15 Kilometers

[]Bonne Femme Surface Watersheds

Devils Icehox
Recharge Area
(34.0 km?)

Devils Icebox Recharge Land Use/ Land Cover

I Urban Impervious (0.00%)
Urban Vegetation (0.00%)

___ Row Crops (31.54%)

| Grasslands (46.77%)

I Forest (21.42%)

I Wetland (0.08%)

I Open Water (0.19%)

Hunters Cave Recharge Land Use/ Land Cover

I Urban Impervious (0.43%)
| Urban Vegetation (0.20%)
Row Crops (23.92%)

[ | Grasslands (53.83%)
Il Forest (21.37%)
B Wetland (0.02%)
Il Open Water (0.23%)

Figure 5. Land use/land cover for Devils Icebox and Hunters Cave recharge areas.

HC resurgence during the three years of monitoring (Table 3).
Despite similarities in the amount of precipitation received, DI
had an average of 59% more annual discharge than HC. The
disparity between sites was greatest in Year | when annual dis-
charge at DI was 2.2 times greater than that of HC. Annual dis-
charge was most similar in Year 3. Average annual precipita-
tion over the three years of monitoring was below the 30-year
running average of 1,024 mm in both recharge areas (Table 3).
Year 1 was among the driest 12-month periods on record for
this area, with 30-31% below normal precipitation.

Relative discharge was 5.2 to 6.9% of the annual precipita-
tion at DI and 2.8 to 4.6% of the annual precipitation at HC
(Table 3). Comparison of these relative discharges to a nearby
non-karst watershed, Goodwater Creek, showed that about
33% of annual precipitation could be accounted for as stream
discharge in this surface watershed. Thus, relative discharge
from the karst-recharge areas accounted for only about one-
tenth to one-fifth that of the nearby non-karst surface water-
shed. Since Goodwater Creek is a lower gradient stream than
upper Bonne Femme or Bass Creeks, its relative discharge
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likely represents a lower limit of the relative discharge for the
two losing streams. Hence, the volume of allogenic recharge to
the karst aquifers was much more constrained than it was for
their corresponding losing streams. The volume of the sub-sur-
face conduits imposes a physical constraint on the discharge
conveyed to the cave streams. As stage height increases during
a runoff event, there is a decreasing proportion of the surface
water conveyed to the subsurface conduits, causing the
increased discharge to remain in the surface channel.

DI had greater monthly discharge than HC in 24 of the 36
months monitored (Fig. 6). At HC, average monthly discharge
over the three years was 2,930 m® km2, with a range of 11 to
6,890 m* km=2. At DI, the average monthly discharge was
4,650 m* km2, with a range of 599 to 16,100 m* km2 (Fig. 6).
In general, monthly discharge at both sites followed seasonal
rainfall and ground-water recharge patterns for the region.
However, these trends were often punctuated by weather
extremes that caused widely varying discharge conditions. In
Year 1, an extended dry period from July-November 1999
resulted in extremely low discharge at both sites, but especial-
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Figure 6. Monthly precipitation (bar graphs) within both
recharge areas and monthly discharge (line graphs) for
each cave stream at their resurgences.

ly at HC where discharge was <30 m?> km2 month~' from
August to November 1999 (Fig. 6). During this dry period, dis-
charge at DI was consistently about 1,000 m* km— month'. In
Year 2, greater than normal precipitation from June through
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August 2000 resulted in much higher discharge than observed
for this same time period in Year 1. Monthly discharge and pre-
cipitation were significantly correlated (»p < 0.01) for both
recharge areas, based on regression analysis for all 36 months
(coefficients of determination, 72, were 0.32 for HC and 0.41
for DI). However, regression analyses within a given year
showed that only in Year 1 did precipitation explain more than
50% of the variability in monthly discharge at either site. Thus,
factors such as rainfall intensity, duration, antecedent soil
moisture, air temperature, and evapotranspiration were also
important factors determining the monthly discharge in both
systems.

Comparisons between sites for high- and low-precipitation
months revealed general trends about the two recharge areas.
There were 10 high precipitation months (>100 mm) within
the HC recharge area and nine within the DI recharge area
(Fig. 6). Monthly average discharge for these high precipita-
tion months was 4,770 m? km=2 for HC and 9,030 m? km~2 for
DI. HC had greater discharge in only one of these months
(October 2001). Relative discharge, as a percent of precipita-
tion, for the high precipitation months was essentially the same
as the mean annual relative discharge reported for both
recharge areas in Table 3. Because the high precipitation
months account for one-third to one-half of the annual dis-
charge, they were representative of the overall trend in which
the DI recharge area had greater relative and absolute dis-
charge compared to the HC recharge area. Low precipitation
months in summer and fall, particularly July-November 1999,
showed that discharge from the HC recharge area could reach
very low levels, and even approach zero flow (Fig. 6). The
combination of low precipitation, high air temperatures, and
high evapotranspiration rates apparently was sufficient to
almost completely halt ground-water recharge at the HC resur-
gence in 1999. In contrast, discharge at the DI resurgence dur-
ing the same period remained very consistent and much high-

Table 3. Area normalized annual stream discharge and precipitation.

Cave Year 12 Year 2 Year 3 Mean
Devils Icebox

Discharge (m* km=) 43,500 74,700 49,400 55,900
Relative Discharge (%)b 6.1 6.9 52 6.1
Precipitation (mm) 719 1085 954 919
Relative Precipitation (%)° =30 6.0 —6.8 -10
Hunters Cave

Discharge (m* km2) 19,600 42,800 43,300 35,200
Relative Discharge (%) 2.8 4.1 4.6 3.8
Precipitation (mm) 702 1047 943 897
Relative Precipitation (%) =31 2.2 -7.9 —-12

4 Year 1 = April 1999 to March 2000; Year 2 = April 2000 to March 2001; Year 3 = April 2001 to March 2002.

b Annual discharge as a percentage of precipitation.

¢ Percent deviation from 30-year running average annual precipitation of 1,024 mm (based on National Weather Service data from the Columbia Regional Airport).
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Figure 7. Monthly water temperature at the resurgences to
Devils Icebox and Hunters Cave.

er than at HC. In the six months with precipitation <25 mm,
average monthly discharge was 781 m* km2 at HC and 1,260
m?* km2 at DI. For these same months, total precipitation with-
in the DI recharge area was 33 mm lower than in the HC
recharge area.

Monthly and annual summaries of instantaneous stream
discharge reflected the strong influence of seasonal precipita-
tion patterns (Table 4) over the three years of the study. For
instance, in Year 1 low precipitation resulted in the overall
lowest discharges at both sites. Increased precipitation in Years
2 and 3 substantially increased discharges at both sites, but the
increase was much greater at HC. In Years 2 and 3, median dis-
charge at HC increased by about eight-fold compared to Year
1 whereas median discharge at DI in Years 2 and 3 increased
by only 20-30% over Year 1. Comparison of discharge data
between recharge areas, summarized over all years, showed
that HC had 18% higher median discharge, 13% higher 90th
percentile discharge, but 96% lower 10t percentile discharge
compared to DI. On a monthly basis, all discharge statistics
were highest from February through June at both stream resur-
gences, reflecting the generally high precipitation during these
months (Fig. 6). In addition, the seasonally high rates of
ground-water recharge that occur during February and March
resulted in high discharge for these months, even when precip-
itation was low.
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Figure 8. Monthly dissolved oxygen at the resurgences to
Devils Icebox and Hunters Cave.

CHEMICAL AND PHYSICAL CHARACTERIZATION OF THE CAVE
STREAMS

The chemical and physical parameters monitored were
mainly affected by the magnitude of discharge and seasonal
differences in climate (Figs. 7-11). Changes in median month-
ly temperature (Fig. 7), for instance, were strongly related to
seasonal changes in air temperature. The long-term median
temperature recorded at DI for this study was only 0.7° C
lower than that documented over a two-year monitoring peri-
od from 1982-84 by Wicks (1997). The minimum and maxi-
mum monthly median temperatures were, however, more
extreme than values reported by Wicks (1997). Although the
seasonal pattern and three-year median values were similar
between systems, HC showed much greater variation in water
temperature than DI.

Because of the significant inverse relationship between
temperature and dissolved oxygen (DO) (Table 5), the season-
al changes in DO responded oppositely to that of water tem-
perature (Fig. 8). Because of the greater variation in water tem-
perature at HC, a similarly greater variation about the three-
year median DO level was observed, with generally higher DO
in winter and lower DO in summer compared to Devils Icebox
(spelled out in this section to avoid confusing syntax).
However, the three-year median DO levels were very similar
between the two sites. In general, DO levels were always near
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Figure 9. Monthly pH at the resurgences to Devils Icebox
and Hunters Cave.
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Figure 10. Monthly specific conductance at the resurgences
to Devils Icebox and Hunters Cave.

Table 4. Summary of instantaneous stream discharge by month and year.

Devils Icebox

Hunters Cave

Month 90th 10th 90th 10th
or Year Median Percentile Percentile Median Percentile Percentile
(mh-") (mh") (mh-") (mh-") (mh-") (mh-")
January?2 53 230 24 40 420 11
February 93 570 27 100 210 22
March 140 450 50 180 250 89
April 160 760 43 180 320 29
May 150 790 50 120 480 29
June 110 590 63 120 440 16
July 60 110 41 46 460 6.2
August 53 110 40 15 180 0.59
September 48 55 20 18 70 0.28
October 59 150 42 43 560 0.80
November 59 110 42 27 410 041
December 49 120 30 60 450 12
Year 1 54 280 28 13 220 041
Year 2 64 430 32 100 450 26
Year 3 72 290 53 110 450 15
All Years 63 320 35 74 360 1.3

4 Monthly data are summarized across all three years.
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Figure 11. Monthly turbidity at the resurgences to Devils
Icebox and Hunters Cave.

or slightly above saturation at both sites. At Devils Icebox, the
variation in DO was not as closely related to temperature as
HC (Table 5). In Years 1 and 3, Devils Icebox showed changes
in median DO levels during the summer and fall months that
did not vary inversely with median monthly temperature (Figs.
7 and 8). Typically, increases in DO occurred over the summer
months, from July through September, despite increased water
temperature. Apparently, the increased DO was associated
with photosynthetic activity of algae at the resurgence. The
monitoring station at Devils Icebox lies within a karst window,
and diurnal fluctuations in DO were observed during these
months. Thus, the location of the monitoring station at Devils
Icebox resulted in greater variation in the relationship between
DO and temperature than at HC, where the monitoring station
was underground.

Monthly pH was more closely correlated to water temper-
ature than discharge (Table 5). In general, the winter months
had the highest pH, and the summer months had the lowest pH
at both sites (Fig. 9). The three-year median pH was slightly
lower at DI than at HC. The strong influence of temperature on
pH most likely occurred due to the effect that water tempera-
ture has on the respiration of aquatic organisms within the sur-
face and subsurface reaches of the recharge areas. The respira-
tion rate of aerobic organisms will be higher when the water
temperature is warmer, and this leads to greater evolution of
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CO, and subsequent formation of H,COj;, leading to the lower
median pH values observed from spring through fall. The poor
correlation between pH and discharge was not expected. At
shorter time-scales, pH consistently showed an inverse rela-
tionship to discharge, and this relationship was especially
obvious during runoff events. At the monthly time-scale, the
influence of discharge was still apparent, and there was a sta-
tistically significant correlation between discharge and pH at
HC (Table 5). For instance, one of the lowest monthly median
pH values at both sites was observed during August 2000 when
monthly discharge was quite high. In addition, the lower three-
year median pH at DI most likely reflected the influence of
larger and longer duration runoff events, which convey more
acidic water, on the long-term pH in this system.

Specific conductance (SpC) was inversely related to dis-
charge and turbidity at both sites (Table 5). Therefore, SpC
was greatest during low flow months and lowest during high
flow months (Fig. 10). The extended dry period from July-
November 1999 resulted in the highest SpC at both sites. The
three-year median SpC was nearly identical between sites, but
variation about the three-year median was much greater at DI
(Fig. 10). The inverse relationship between discharge and SpC
has been documented at DI and in other allogenic recharge
karst aquifers, but these studies either considered much short-
er time scales or less intensive monitoring than reported here
(Hess and White, 1988; Ryan and Meiman, 1996; Wicks,
1997). The strong inverse relationship between SpC and tur-
bidity reflected their covariance with respect to discharge. It
also reflected that low SpC water from a runoff event more
strongly coincided with high turbidity water than high dis-
charge.

Turbidity was directly related to stream discharge and
inversely related to SpC at both sites and inversely related to
pH at HC (Table 5). Monthly median turbidity at both sites
generally varied directly with monthly discharge (Figs. 6 and
11), resulting in high turbidity for the spring and summer
months. However, months with one or two very large events,
such as March 2000 and February 2001, also resulted in high
median turbidity despite modest monthly discharges. The
three-year median turbidity at DI was 3.4 times higher than HC
(Fig. 11). Median turbidity exceeded 10 NTU for 7 months at
HC and for 19 months at DI. Furthermore, DI had 8 months in
which median turbidity exceeded 20 NTU compared to only
one month at HC (October 2001). Overall, turbidity was
greater at DI compared to HC for 30 of the 32 months in which
both sites were monitored. Although maximum turbidity levels
during runoff events, as reflected by the 90th percentile levels
(Fig. 11), were similar between sites, HC consistently returned
to very low turbidity levels more quickly following runoff
events. As previously noted, DI had greater peak discharge and
longer duration runoff events than HC, and this, in part, con-
tributed to its higher turbidity. Another factor that likely con-
tributed to the greater turbidity at DI was the higher relative
and absolute amount of row crop acreage within its recharge
area (Fig. 5). The rather low correlation of monthly median





LERCH, WICKS, AND MOSS

Table 5. Correlation coefficients (r) between discharge and chemical and physical parameters?.

Discharge Temperature Dissolved pH Specific
Oxygen Conductance
Devils Icebox
Temperature 0.08 — — — —
Dissolved Oxygen 0.28 —0.70b — — —
pH —-0.20 —0.85b 0.55b - -
Specific Conductance —0.56b -0.23 -0.05 0.34 —
Turbidity 0.54¢ 0.23 0.02 —-0.36 —0.82b
Hunters Cave
Temperature 0.10 — — — —
Dissolved Oxygen -0.15 —0.93b - - -
pH —0.44¢ —0.72b 0.72b - -
Specific Conductance —0.66b -0.37 0.48¢ 0.40 —
Turbidity 0.69» 0.29 0.31 -0.46¢ —0.69>

a Correlation coefficients determined by correlation analysis of monthly median values for all parameters (n = 36, except turbidity for the Devils Icebox, n = 32).

bp < 0.001 level of significance.

€ p <0.01 level of significance.

turbidity to monthly discharge (Table 5) was related to the
observed dynamics between turbidity and discharge during
runoff events. Inspection of hydrographs along with the tur-
bidity data showed that their poor correlation resulted from
very short-term fluctuations in turbidity during the rising and
peak portions of the hydrograph, and the rate at which the two
parameters approached pre-event levels during the receding
portion of the hydrograph.

RECHARGE AREA CHARACTERISTICS

Despite similarities in geology, size of the recharge areas,
land use/land cover, and climate, there were often major dif-
ferences in annual, monthly, and instantaneous discharge
between DI and HC. Two important characteristics distinguish
these recharge areas and explain the observed differences: 1)
size of the losing stream drainage areas; and 2) size and spatial
extent of the sub-surface conduit systems.

Within the HC recharge area, the Bass Creek watershed
encompasses 31.1 km?, which represents 93% of the HC
recharge area. Within the DI recharge area, the upper Bonne
Femme Creek watershed represents only 74% of the recharge
area, encompassing 25.3 km?. Thus, on a relative basis, Bass
Creek supplies a greater amount of water to the HC resurgence
than does upper Bonne Femme to the DI resurgence. At the
annual time scale, this difference explains the large change
between Year 1 discharge and that of Years 2 and 3 for HC. On
a monthly time scale, the strong influence of Bass Creek on
HC discharge can be seen by the much greater seasonal
changes in discharge and the wider range in 10th to 90th per-
centile discharge for most months as compared to DI. For
instance, the relative increase in discharge between summer

and fall months was much greater at HC compared to DI
(Table 4). This reflected the proportionately greater influence
that seasonal increases in ground-water recharge had at HC
due to the larger drainage area of Bass Creek and its dominat-
ing influence on discharge at the HC resurgence. The ratio of
90th to 10th percentile flows was also much greater for HC in
every month except February, March, and April. This ratio has
been shown to be a measure of runoff propensity in larger sur-
face basins (Blanchard and Lerch, 2000). Indeed, HC had more
runoff events than DI in every year, with an average of four
more runoff events per year. Therefore, because of the greater
drainage area of Bass Creek, the HC recharge area was, over-
all, more runoff prone than DI.

The other key feature explaining the differences in dis-
charge between the two recharge areas was the size and extent
of their subsurface-conduit systems. The DI recharge area has
a more extensively developed subsurface-conduit system than
the HC recharge area based on the following: 1) consistently
higher relative discharge at DI on an annual basis (Table 3); 2)
greater 90t percentile discharges at DI from February through
June (Table 4), reflecting the much greater discharge during
major runoff events; 3) greater 10th percentile discharges at DI,
especially during low precipitation months (Table 4), indicat-
ing greater water storing capacity in the DI recharge area; 4)
the DI recharge area encompasses the autogenic 8.7-km?
Pierpont sinkhole plain, indicating the existence of more
numerous conduits and greater spatial extent of the conduit
system; and 5) the DI cave system is considerably larger, in
length and volume, than the HC system, and it has more
numerous tributaries with higher discharge.
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The greater relative discharge at DI on an annual basis sug-
gests that a larger and more extensive conduit system exists
that is capable of capturing and conveying a greater proportion
of precipitation to the cave stream. The higher relative and
absolute discharge at DI also resulted in its greater 90t per-
centile and peak instantaneous discharges during most runoff
events. For the nine months in which >100 mm of precipitation
occurred in both recharge areas, DI had greater peak discharge
for every runoff event in these months. At the other end of the
discharge spectrum, DI had greater 10th percentile discharges
in 11 of 12 months, and the differences in 10t percentile dis-
charges between DI and HC were most pronounced during low
precipitation months in summer and fall (Table 4). The most
notable differences in discharge, as mentioned above, were
during the July-November drought of 1999 when DI main-
tained consistently higher discharge than HC despite receiving
lower precipitation (Fig. 6). This data showed that the DI
recharge area must store more water between rainfall events.
Apparently, a portion of the water stored within the DI
recharge area can have residence times of weeks to months.
Given that discharge ceases in upper Bonne Femme Creek dur-
ing periods of low precipitation, the greater storage of the DI
recharge area was, therefore, associated with the autogenic
portion of the recharge area. The high SpC observed during
prolonged dry periods (Fig. 10) indicated that water storage
occurred within the bedrock matrix or within the epikarst of
the autogenic portion of the recharge area. Storage within the
bedrock matrix and within epikarst would result in water with
the observed high SpC, and differentiation between bedrock
matrix storage and epikarst storage is not possible based on
values of SpC. A consideration that would undermine this
explanation was the possibility of significant anthropogenic
inputs, such as irrigation, industrial, or wastewater discharges,
to the DI recharge area that only became evident under very
dry conditions. However, there are no significant agricultural
or industrial inputs, and the quality of the water did not indi-
cate significant inputs of domestic wastewater under these
conditions.

The drainage characteristics of the two recharge areas rep-
resent another important distinction between these two sys-
tems. Unlike the DI recharge area, the HC recharge area has
only a few sinkholes (<10 based on topographic map inspec-
tion) and minimal internal drainage. Within the HC recharge
area, ground-water recharge occurs by allogenic recharge
through two main subsurface-conduits: the fault conduit con-
necting the Turkey-Creek tributaries to the uppermost part of
the cave stream; and the conduit connecting Bass Creek to
Angel Spring (Figs. 3 and 4). The Bass Creek to Angel-Spring
conduit accounted for the overwhelming majority of discharge
at the resurgence, especially under runoff conditions. The
length of this flow path may be as short as 100 m. The much
greater water-temperature fluctuations at HC also provided
support for the existence of short flow paths within the HC
recharge area (Fig. 7). Overall, the HC recharge area lacks sig-
nificant autogenic recharge, has only two main surface drained
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conduits, and the primary conduit to the cave stream extends
over a very short distance. Hence, this recharge area is charac-
terized by much more limited subsurface-conduit development
than DI, leading to attenuated discharge under runoff condi-
tions and lower discharge during dry periods.

SUMMARY AND CONCLUSIONS

Dye-tracing studies were successfully applied to the delin-
eation of the HC recharge area and for improving the accuracy
of the delineated recharge area for DI. These studies facilitat-
ed determination of existing land uses and land cover for both
recharge areas. The recharge areas were shown to be of simi-
lar size, have similar land uses, formed in the same geologic
strata, and formed primarily by allogenic and discrete
recharge. However, intensive hydrologic and water-quality
monitoring revealed distinct differences in the characteristics
of these recharge areas. For instance, DI was shown to have
greater absolute and relative annual discharge, much greater
peak discharge during runoff events, and greater water-storing
capacity than the HC recharge area. HC had more frequent
runoff events, greater median instantaneous discharge, and
more pronounced seasonal changes in discharge, water tem-
perature, and dissolved oxygen than DI. Discharge at the HC
resurgence was predominantly allogenic, and the areal extent
and size of subsurface-conduits are apparently very limited in
this recharge area. In contrast, discharge at the DI resurgence
represents both allogenic and autogenic (discrete) recharge,
and its recharge area is characterized by a subsurface-conduit
system that is both greater in volume and areal extent than HC.
Currently, land use within both recharge areas is mainly row-
crops, grasslands, and forests. As land use changes from rural
to urban in these watersheds, the cave streams will be vulner-
able to the hydrologic impact caused by increases in impervi-
ous land surface, as well as to water-quality contaminants
associated with urban land use (e.g., turf chemicals and oil). As
a result of this and other studies, the Boone County (MO)
Commission was awarded an EPA 319 Nonpoint Source
Pollution Control grant to guide future development in the
Bonne Femme watershed. Project objectives include: creation
of a watershed land-use plan; recommendation of policies and
procedures to local governments for the review and approval
of new developments that will provide special protection for
the watershed; and implementation of BMPs through alloca-
tion of cost-share funds. With documentation of the existing
land uses and hydrologic conditions, the impact of urban
growth and the effectiveness of new policies and implemented
BMPs can be assessed.
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I’d love to have a call with you at your convenience. Feel free to check below and let me know if you have questions. I’'m hoping you
might be able to share this with your group and solicit any feedback they may have. Our website leaves a place for comments to be made. I
think understanding where central sewer is available is a worthy discussion, so we are spending scarce dollars in the best way possible. If
you would be willing to pass this along to your group, I would appreciate it. We will likely have a public meeting to go over this plan
sometime in September or October, and I’d like to keep your group informed of when that will be.

Jesse Stephens, Facilities Engineering Manager
Boone County Regional Sewer District (BCRSD)
—D 1314 N. 7th St., Columbia, MO 65201

C:573.239.4025 | 0: 573.443.2774
e: jstephens@bcrsd.com | w: www.bcrsd.com
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HYDROLOGIC CHARACTERIZATION OF TWO KARST
RECHARGE AREAS IN BOONE COUNTY, MISSOURI

ROBERT N. LERCH!
USDA-Agricultural Research Service, Cropping Systems and Water Quality Research Unit, 269 Agricultural Engineering Bldg.,

University of Missouri, Columbia, MO 65211 USA
CAroL M. WICKS

Department of Geological Sciences, University of Missouri, 308 Geological Sciences Bldg., University of Missouri,

Columbia, MO 65211 USA wicksc@missouri.edu
PHILIP L. Moss

Ozark Underground Laboratory, 1572 Aley Lane, Protem, MO 65733 USA
Current address: 401 S. Church St. Waterloo, IL 62298 USA philipmoss@juno.com

The Bonne Femme watershed, located in central Missouri, is a karst watershed in a rapidly urbanizing
area. This study was undertaken to characterize the hydrology of two karst aquifers within this watershed
before significant increases in impervious surfaces take place. The specific objectives of this study were
to: 1) use dye tracing to delineate the recharge area for Hunters Cave (HC); 2) quantify and summarize
annual and monthly stream discharge at the resurgence of HC and Devils Icebox (DI) caves; and 3) char-
acterize the chemical and physical status of the cave streams relative to temperature, pH, specific con-
ductance, dissolved oxygen, and turbidity. The quantity and quality of the water at the resurgence of both
cave streams was monitored from April 1999 to March 2002. Both recharge areas were determined to be
of similar size (33.3 km? for HC and 34.0 km? for DI) and were formed in the same geologic strata.
Average annual discharge was 55,900 m* km=2 at DI and 35,200 m* km~2 at HC. Relative discharge, as a
percent of annual precipitation, averaged 6.1% at DI and 3.8% at HC. Average monthly discharge was
2,930 m* km= at HC and 4,650 m® km2 at DI; however, median instantaneous discharge over the three
years was about 18% higher at HC (74 m® h™") compared to DI (63 m?® h™'). Turbidity and pH showed the
largest differences between sites over the three years. The higher turbidity and lower pH at DI reflected
the greater magnitude and duration of runoff events for this system. The physical characteristics of the
two recharge areas explained the observed differences in discharge. The HC recharge area is character-
ized by limited sub-surface conduit development, small conduits, short flow paths from surface to resur-
gence, and predominantly allogenic recharge. The DI recharge area is characterized by extensive sub-
surface-conduit development, large conduits, long flow paths to the resurgence, and autogenic and allo-

genic recharge.

INTRODUCTION

The nature of ground-water recharge in karst aquifers con-
trols speleogenesis over geologic time, and it directly impacts
the quantity and quality of water in the aquifer in current time.
There are two basic ground-water recharge types in karst ter-
ranes: autogenic and allogenic (Shuster and White, 1971).
Autogenic recharge can be further separated into diffuse and
discrete recharge. Allogenic and discrete recharge modes are
especially vulnerable settings for contaminant transport to
ground-water. Allogenic recharge to karst aquifers occurs
where surface runoff draining large areas of insoluble rock or
low permeability soils flows directly to adjacent soluble car-
bonate bedrock (Palmer, 2000). Recharge to the karst aquifer
occurs along sinking or losing stream channels via infiltration
of surface water through porous streambed sediments or
through fractures in the streambed (White, 1988). In this set-
ting, the karst aquifer displays flow characteristics that are typ-
ical of surface streams, with relatively rapid response to pre-
cipitation and variations in resurgence discharge over several
orders of magnitude. In mature karst aquifers formed by allo-
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genic recharge, the subsurface conduits will be well devel-
oped, resulting in relatively short residence time of water in the
subsurface. Under such conditions, thermal and chemical equi-
librium of the water will not be attained (Wicks, 1997). Cave
formation is enhanced by allogenic recharge due to the con-
centration of surface runoff from large catchments into a few
relatively small subsurface conduits and because the surface
runoff is typically under-saturated with respect to calcite or
dolomite in these settings (Groves, 1992; Wicks and Engeln,
1997).

Discrete recharge to a karst aquifer occurs through open-
ings, such as sinkholes, that drain a small land area. Karst
aquifers recharged in this manner typically have numerous
inputs of surface water to the subsurface, with water draining
along cracks, fissures, and zones of weakness in soluble
bedrock. As enlargement progresses by solution and/or corro-
sion along these flow paths, conduits capable of rapidly trans-
mitting water from the surface to the subsurface are created.
However, discrete recharge will typically have longer subsur-
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Figure 1. Location and hydrologic setting of the two karst
aquifers. For Devils Icebox, the allogenic (upper Bonne
Femme Creek) and the autogenic (sinkhole plain) portions
of its recharge area are distinguished by the black bound-
ary line shown within the recharge area. Hunters Cave
recharge area encompasses allogenic recharge from Bass
Creek and two tributaries of Turkey Creek.

face residence time than water transmitted by allogenic
recharge, and therefore, thermal and chemical equilibrium of
the water are more closely attained in this situation (Wicks,
1997).

Overall, allogenic and discrete recharge modes represent
the most vulnerable setting for ground-water contamination
because surface water rapidly enters the subsurface with little
or no opportunity for contaminant attenuation by surface soils.
Contaminant inputs derived from surface land-use activities
within the recharge area will have a profound impact on water
quality in these karst aquifers. In the Midwestern USA, com-
mon land uses or land covers that are a potential threat to karst
ground-water quality include urban development, agricultural
practices, private septic systems, industrial production, and
military activities. These land uses can impact karst aquifers
through a myriad of contaminant inputs, such as oil, polycyclic
aromatic hydrocarbons, polychlorinated biphenyls, pesticides,
fertilizer, sediment, and fecal coliform bacteria (Ruhe et al.,
1980; Boyer and Pasquarell, 1999; Mahler et al., 1999; Lerch
etal,2001).
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Figure 2. Line plot diagrams of the two cave systems. (Note
the difference in scale for the two caves.)

An additional threat to karst ground-water is the increased
impervious surface resulting from urbanization. Impervious
surfaces, such as roads, building rooftops, sidewalks, drive-
ways, and parking lots, will negatively impact stream hydrolo-
gy, biology, and channel geomorphology. In surface stream
watersheds, impervious surfaces increase discharge velocity
and volume of storm water runoff, leading to degraded aquat-
ic habitat and biological health of streams, increased stream
bank erosion, and decreased baseflow discharge (Burges et al.,
1998; Booth et al., 2002). These hydrologic impacts have also
been shown to occur in allogenic recharge karst aquifers
(Betson, 1977; Ruhe et al., 1980). Karst systems further com-
plicate the impact of impervious surfaces because inter-basin
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transfer of water routes storm runoff from one watershed to
another. The altered hydrologic conditions caused by impervi-
ous surfaces will most profoundly impact allogenic recharge to
karst aquifers and their ecosystems, but localized increases to
impervious surface could negatively impact the water quality
and quantity of discrete recharge to karst aquifers as well.
Because of the analogous impacts of impervious surfaces on
karst aquifers and surface streams, Veni (1999) recommended
the adoption of impervious surface limits designed for protec-
tion of surface streams (Schueler, 1994) as a reasonable guide-
line for karst areas. Limiting impervious surfaces within a
recharge area to 15% of the land area should minimize adverse
impacts to karst ground-water resources (Veni, 1999).
However, implementation of best management practices
(BMPs), local geological factors, and restoration of older
impervious areas may sufficiently mitigate water resource
degradation and allow for more than 15% impervious area
(Veni, 1999).

The present study was undertaken to characterize the
hydrology of two predominantly allogenic recharge karst
aquifers in the Bonne Femme watershed of southern Boone
County, Missouri (USA) (Fig. 1). The Bonne Femme water-
shed is rapidly urbanizing due to growth in the cities of
Columbia and Ashland, and this study was initiated before sig-
nificant increases in impervious surface had occurred in either
of the karst-recharge areas. Thus, the hydrologic impact of
increasing imperviousness and the effectiveness of BMPs that
may be implemented as urban growth occurs can be docu-
mented. The specific objectives of this study were to: 1) use
dye tracing techniques to delineate the recharge area for
Hunters Cave (HC); 2) quantify and summarize annual and
monthly stream discharge at the resurgence of HC and Devils
Icebox (DI) caves; and 3) characterize the chemical and phys-
ical status of the cave streams relative to temperature, pH, spe-
cific conductance, dissolved oxygen, and turbidity.

MATERIALS AND METHODS

SITE DESCRIPTIONS

The recharge area of the DI and HC are both located with-
in the Bonne Femme Creek watershed located due south of
Columbia, Missouri, USA (Fig. 1). The caves were formed in
the Burlington Limestone (Osagean Series, Mississippian
System) (Wicks, 1997). The total thickness of the Burlington
Limestone is approximately 50 m. The Chouteau Group
(Kinderhookian Series, Mississippian System) underlies the
Burlington Limestone, and is composed of limestone,
dolomite, and silty dolomite with a total thickness of approxi-
mately 30 m. The Chouteau Group is not conducive to cave
development (Unklesbay, 1952); this unit serves as the base of
the local flow system in the DI cave. The upper (eastern) por-
tions of both cave recharge areas are covered by clay-rich
Pleistocene age glacial and loess deposits (St. Ivany, 1988).
These low permeability, fertile soils are generally in the
Mexico-Putnam or Mexico-Leonard soil associations (USDA-
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NRCS, 2001). Lower (western) portions of each recharge area
are characterized by residual soils of the Weller-Bardley-
Clinkenbeard association (USDA-NRCS, 2001) and corre-
spond to the areas with karst features, such as sinkholes, caves,
and springs, including the two cave entrances.

The DI cave length is currently listed as Missouri’s seventh
longest cave at 10.76 km (6.69 miles) (Gulden, 2005) and
includes the primary trunk passage and several smaller side
passages (Fig. 2). The main trunk passage is the primary
stream conduit, and was surveyed to a length of approximate-
ly 6.4 km (4 miles) (Fig. 2) before reaching a sump. The cave
system’s downstream terminus is a spring located in Rock
Bridge Memorial State Park (Missouri Department of Natural
Resources, Division of Parks), and water travels along the sur-
face for a short distance before discharging into Little Bonne
Femme Creek. This flow path creates an inter-basin transfer of
water from the upper Bonne Femme watershed to the Little
Bonne Femme watershed (Fig. 1).

As part of this project, HC was re-surveyed to an extent of
2.54 km (1.58 miles) which currently makes it the 34th longest
cave in Missouri (Fig. 2). The main passage is also the prima-
ry stream conduit, and its flow path extends for approximately
1.25 km, accounting for slightly less than half the surveyed
distance of the cave. The largest tributary to the main cave
stream is Angel Spring (Fig. 2), located about 70 m into the
cave (see additional discussion below). Very small tributaries
to the main stream also enter through The Chapel, Iron Dome,
and Straddle Canyon side passages. Four other intermittently
flowing tributaries have also been observed at various points in
the cave, with two of these sources entering through the largest
domes in the cave. HC terminates at a spring resurgence dis-
charging directly into Bass Creek located within the Three
Creeks Conservation Area (Missouri Department of
Conservation).

DELINEATION OF HUNTERS CAVE RECHARGE AREA

The HC recharge area was determined using standard dye
tracing techniques (Aley, 1999), involving the introduction of
fluorescent dyes into stream channels and their subsequent
sorption from the water by activated carbon samplers. These
samplers contained 4.25 g of activated carbon, derived from
coconut shell charcoal, placed in a fiberglass screening with
openings of 1.3 to 1.5 mm (Aley, 1999). The samplers were
placed at two locations in the cave stream, and they were also
placed downstream from all dye introduction points and in
adjacent basins in order to assess the possibility of inter-basin
transfer. Before dye injection, two separate sets of samplers
were deployed, each for one week, to determine if detectable
background levels of any of the dyes were present. Raw water
samples were also collected once during the time the back-
ground sets were deployed. No dyes were detected in raw
water or in the charcoal samplers from these background sam-
ple sets. Following dye injection, samplers were typically
replaced at weekly intervals for up to 3 months. Dyes used
included fluorescein ([sodium fluorescein] Acid Yellow 73;



CAS No. 518-47-8), eosin (Acid Red 87; CAS No. 17372-87-
1), and Rhodamine WT (Acid Red 388; CAS No. 37299-86-8).
The specific location for dye injections, dye amounts and type,
and locations of activated carbon samplers are given in Tables
1 and 2. Dye analysis of the activated carbon samplers entailed
elution of the dyes from the charcoal with a mixture of iso-
propanol in a strongly basic solution (Aley, 1999). Raw-water
samples were also collected at each sampler location for direct
dye analysis. Dye concentrations were determined by fluores-
cence spectroscopy using a Shimadzu RF-5301 spectrofluoro-
photometer. Limits of detection for the charcoal eluants were
(in pg L) fluorescein, 0.010; Rhodamine WT, 0.275; and
eosin, 0.035. Limits of detection for the raw water samples
were (in pg L"): fluorescein, 0.0005; Rhodamine WT, 0.05;
and eosin, 0.008.

MONITORING PROCEDURES

Hydrologic, chemical, and physical monitoring of the
water was conducted near the resurgence of each cave from
April 1999 to March 2002. Discharge and water quality were
only monitored for the cave streams; no monitoring of the sur-
face streams was conducted. For the three-year study period,
the years reported and discussed below extended from April
through March. All instrumentation was placed in stilling
wells at both locations for protection against turbulent flow
and to reduce data variability caused by very short-term fluc-
tuations in the height of the water column. Hydrologic moni-
toring consisted of measuring the height of the water column
(i.e., stage height) at five-minute intervals with a submerged
pressure transducer probe (Hach Co., Loveland, CO). Stage
height was then used to compute stream discharge, as detailed
below. Pressure transducers were checked for accuracy at least
twice per month because thermal drift was a known source of
error for these instruments. The pressure transducers were cal-
ibrated in the field any time that the known stage height and
that recorded by the transducer were more than 5% different.
In addition, the transducers were routinely calibrated in the
field every three months. Chemical and physical water moni-
toring included temperature, pH, dissolved O,, specific con-
ductance, and turbidity measured at 15-minute intervals using
a YSI 6920 Sonde (YSI, Inc., Yellow Springs, OH). The
Sondes were brought into the laboratory every two months for
cleaning and calibration of all probes. In addition, the dis-
solved oxygen probes were cleaned, the membranes replaced,
and the probes calibrated in the field every two weeks. The
chemical and physical monitoring allowed for detailed docu-
mentation of the response of these systems under both runoff
event and prolonged low flow conditions on a year-round
basis.

At DI, the monitoring station is located within a large karst
window approximately 30 m downstream from the resurgence
(Halihan et al., 1998). The stage height was correlated to
stream discharge using two independently developed rating
curves. In both cases, standard protocols for measuring veloc-
ity with wade sticks and current meters were employed (Rantz,
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1982). One rating curve was developed by Vandike (1983)
under lower flow conditions. A second rating curve was devel-
oped by Halihan et al. (1998) under consistently higher flow
conditions in the spring of 1994, following the record high
rainfalls of 1993. Thus, two different equations were used
depending upon stage height:
For a stage height < 0.36 m (1.2 ft),
)

[[E.Iis,r_r FlAn ]

0=10 r* =0.99

and for a stage height > 0.36 m (1.2 ft),
q @
0=(124.15,)-131.8  r*=0.97
where Sy is stage height (ft) and Q is discharge (f& s™).
Because the field measurements for developing the rating
curves were recorded in English units, the initially developed
rating curve equations computed discharge in ft* s~!, which
was then converted to m* h-!. The need for two equations aris-
es from the log relationship in Equation (1) which accurately
predicts discharge at low stage heights, but severely over-esti-
mated discharge above stage heights of 0.36 m. Equation (2)
showed that a linear relationship existed between stage height
and discharge for stage heights > 0.36 m. Errors associated
with stage-height rating curve relationships developed using
current meters have been estimated to range from 5-25%
(Tillery et al., 2001).
At HC, the monitoring station was located approximately
15 meters into the cave (i.e. upstream from the resurgence). A
rating curve could not be developed for HC because high-flow
conditions in Bass Creek prevented access to the cave.
Therefore, flow-velocity measurements at the resurgence
could not be acquired for high-flow conditions, a necessity for
the development of an accurate rating curve. As an alternative,
the stage height data were used in conjunction with Manning’s
Equation (Manning, 1890) to compute flow velocity. The cave
passage immediately upstream from the resurgence is a very
uniform width stream channel with extensive amounts of small
to medium-sized breakdown in the streambed. The channel
slope over the initial 15 meters and a reference cross-section of
the stream channel were surveyed to provide needed data for
computation of flow velocity. In addition, a relationship was
established to relate stage height at the reference cross-section
to the roughness coefficient, n. This relationship was devel-
oped by measuring flow velocity with a wade stick and pygmy
meter placed at 40% of the water depth at stage heights rang-
ing from 0.06 to 0.19 m. Manning’s Equation and the area of
the reference cross section were then used to estimate dis-
charge and these estimates were compared against the field
measured discharge. By choosing roughness coefficients that
minimized the error between predicted and measured dis-
charge, a series of roughness coefficients for known stage
heights could be generated and graphed. This graph showed a
log relationship between these two variables, and linear regres-
sion of the log transformed stage height data was then used to
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determine the following equation:
(©))
n=[-0.5310g(5, )]-0.02

Equation (3) was valid only for stage heights < 0.19 m
(0.62 ft). For stage heights > 0.19 m, the roughness coefficient
was assigned a value of 0.10. The inverse relationship between
stage height and roughness coefficient suggested that the high
degree of streambed non-uniformity caused by the breakdown
in the stream channel created a significant impediment to flow
under low stage height conditions. To make direct comparisons
between the two sites, summaries of annual and monthly dis-
charge from the cave streams were normalized to the size of
each recharge area and expressed in m* km2.

Precipitation and other climate data were obtained from
two weather stations. The National Weather Service maintains
a weather station at the Columbia Regional Airport, located
within the HC recharge area, with data available on a daily
basis (National Weather Service, 2005). The University of
Missouri maintains a weather station at their South Farms
research facility, located less than a kilometer north of the DI
recharge area. Data at this site are available on both a daily and
hourly basis (University of Missouri Extension, 2005).

RESULTS AND DISCUSSION

RECHARGE AREAS AND LAND USES

Previous studies established the hydrologic links between
the DI cave stream and upper Bonne Femme Creek
(Crunkilton and Whitley, 1983; St. Ivany, 1988) and the
Pierpont sinkhole plain (Deike et al., 1960). The initial
recharge area delineation was based on these studies in combi-
nation with surface water drainage patterns and topography
(St. Ivany, 1988; Wicks, 1997). An additional dye trace using
1.4 kg of fluorescein dye injected into the upper Bonne Femme
Creek channel immediately south of Missouri Highway 163
(UTM 563,295 east, 4,302,392 north; Zone 15; NADS3
datum) was conducted on December 9, 2003. This dye trace
confirmed speculation by St. Ivany (1988) that the losing reach
of upper Bonne Femme Creek extends to approximately 213 m
above sea level, establishing the southernmost extent of the

recharge area (Fig. 1). The DI recharge area is approximately
34.0 km?, and is comprised of two distinctive hydrologic
recharge areas: 1) an allogenic recharge area corresponding to
upper Bonne Femme Creek; and 2) a discrete recharge area
encompassing the Pierpont sinkhole plain (Fig. 1).

The initial step in the delineation of the HC recharge area
was to overlay the survey line plot on the topographic map to
determine locations for dye injections and establish the net-
work of charcoal samplers. From this overlay, it could be seen
that Bass Creek comes in very close proximity to the cave pas-
sage (Fig. 3 and Fig. 4; inset). The estimated distance of this
near intersection corresponded to the location of Angel Spring
(Fig. 2). In addition, the cave stream beyond the Big Room
was shown to be in close proximity to Turkey Creek, located
to the north and east of the cave. Therefore, all dye injections
were conducted within the Bass and Turkey Creek watersheds
(Table 1 and Fig. 3).

Results of the first and second dye injections confirmed the
hydrologic connection between Bass Creek and the HC stream
(Table 2; Fig. 3). Rhodamine WT injected into Bass Creek on
February 25, 2002 resulted in very high concentrations detect-
ed in charcoal samplers and raw water samples collected from
Angel Spring (Station #3) (Table 2). Visual observation of
Rhodamine WT at the HC resurgence was also confirmed
within 2 hours of this injection. In addition, a much lower con-
centration of Rhodamine WT was detected in the cave stream
at Station #4. This same result also occurred for the second dye
injection in Bass Creek (upstream) in which eosin was detect-
ed within the cave at Stations #3 and #4, with higher concen-
trations at Station #3. These results established that Angel
Spring is the discharge point for the major conduit connecting
Bass Creek and the HC stream, and this connection establish-
es a meander cutoff of the large horseshoe bend in the surface
stream channel of Bass Creek (Fig 4.; inset). An additional
minor flow path from Bass Creek to the cave stream also
exists, with an apparently small proportion of Bass Creek dis-
charge entering upstream from Station #4.

Hydrologic connections between the HC stream and two
small tributaries of Turkey Creek were also established (Table
2; Fig. 3). Fluorescein dye injected into a small pool of water
in the Log Providence tributary to Turkey Creek resulted in

Table 1. Dates, locations, amounts, and type of fluorescent dyes injected to delineate the Hunters Cave recharge area.

Injection Fluorescent Amount Injection Location
Date Dye Injected (kg) (UTM Coordinates; Zone 15; NAD83 Datum) Injection Location Name
2/25/2002 Fluorescein 091 563,170 m east; 4,299,020 m north Log Providence tributary to Turkey Creek
2/25/2002 Rhodamine WT 0.91 562,390 m east; 4,298,412 m north Bass Creek (downstream)
2/25/2002 Eosin 091 562,483 m east; 4,299,331 m north Turkey Creek

(immediately downstream of Log Providence tributary)
5/20/2002 Fluorescein 0.23 564,236 m east; 4,299,462 m north Equine Center tributary to Turkey Creek
5/20/2002 Rhodamine WT 0.45 562,413 m east; 4,299,686 m north Turkey Creek (upstream from losing reach)
5/20/2002 Eosin 1.80 564,814 m east; 4,297,259 m north Bass Creek (upstream)
4/9/2003 Rhodamine WT 0.91 565,533 m east; 4,299,521 m north Bass Lake tributary to Turkey Creek
4/10/2003 Fluorescein 0.45 568,307 m east; 4,298,434 m north South Fork Turkey Creek
4/10/2003 Eosin 2.30 568,332 m east; 4,300,763 m north North Fork Turkey Creek
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very high concentrations detected in charcoal samplers and
raw water samples at Station #4. There was no flow in the Log
Providence stream channel at the time of injection.
Furthermore, no fluorescein was detected in charcoal samplers
placed downstream from this injection point (Stations #7 and
#10), despite a runoff event following 15 mm of rainfall on
March 1 and 2, 2002 that occurred after dye injection but
before charcoal sampler collection. Thus, all the dye flowed
through solution conduits to the cave stream and then traversed
nearly the entire length of the cave stream to reach Station #4.
The other Turkey-Creek tributary, designated as the Equine-
Center tributary (Table 1), showed low-level fluorescein detec-
tions at Station #4 following injection into this tributary under
high-flow conditions (Table 2). In the 14 days preceding injec-
tion, 209 mm of rainfall was recorded. Despite the high-flow
conditions and small injection mass (0.23 kg), a 1.6-fold
increase in the raw water fluorescein concentration was mea-

Table 2. Sampler locations and detection of injected dyes.
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sured at Station #4. Dye injection at four separate locations in
the main Turkey Creek channel failed to establish a hydrolog-
ic connection with HC (Tables 1 and 2). Additional injections
outside the Bass- and Turkey-Creek watersheds were not con-
ducted. The established hydrologic connections to Bass-Creek
and the Turkey-Creek tributaries accounted for the observed
discharge at the HC resurgence. In addition, adjacent areas to
the west of the Bass-Creek watershed likely drain to the
Spring-Cave recharge area, but additional dye-tracing studies
are needed to more accurately determine the extent of this
recharge area. Creeks to the east and south of Bass and Turkey
Creeks (within the Cedar-Creek watershed) are not losing
streams, and they drain to the south and east towards Cedar
Creek and away from the HC recharge area.

These results established that only the small area drained
by the two Turkey-Creek tributaries (2.2 km?) was connected
to HC. With the additional drainage area from these two tribu-

Station Number, Site Description,
and Sampler Location

(UTM Coordinates; Zone 15;
NADS83 Datum)

Dye Injection — 2/25/2002

Fluorescent Dye Detected®

Dye Injection — 5/20/2002

Fluorescent Dye Detected

Dye Injection — 4/9 and 4/10/2003

Fluorescent Dye Detected

Rhodamine
Fluorescein WT
#1, Devils Icebox Resurgence
558,414 m east; 4,302,688 m north ND ND ND
#2, Bonne Femme Creek, upstream from
confluence with Turkey Creek

560,595 m east; 4,298,915 m north ND ND ND
#3, Angel Spring in Hunters Cave
562,285 m east; 4,298,393 m north ND w, ++++ ND

#4, Upstream from Angel Spring in
Hunters Cave

562,296 m east; 4,298,404 m north w, ++++ ++ ND
#5, Bass Creek upstream from Hunters

Cave resurgence

562,188 m east; 4,298,208 m north ND + ND
#6, Bass Creek upstream from Station 5

562,454 m east; 4,298,386 m north ND ND ND
#7, Turkey Creek upstream from

confluence with Bass Creek

561,610 m east; 4,298,678 m north ND ND w, ++
#8, Turkey Creek upstream from Station 7

562,517 m east; 4,299,533 m north ND ND ND
#9, Spring Cave resurgence

560,878 m east; 4,298,346 m north ND ND ND
#10, Log Providence tributary to

Turkey Creek

562,634 m east; 4,299,411 m north #11, ND ND ND
Turkey Creek upstream from Station 8

563,002 m east; 4,300,024 m north NS NS NS
#12, Turkey Creek upstream from

Station 11 565,073 m east; 4,300,820 m north NS NS NS
#13, Bass Lake tributary to Turkey Creek

565,258 m east; 4,300,011 m north NS NS NS

Eosin

Rhodamine Rhodamine

Fluorescein WT Eosin Fluorescein WT Eosin
ND ND ND NS NS NS
ND ND ND NS NS NS
ND ND w, ++ NS NS NS
w, + ND + + ND ND
ND ND ++ NS NS NS
ND ND ++ ND ND ND
+ w, +++  ND NS NS NS
++ +++ ND NS NS NS
ND ND ND NS NS NS
NS NS NS NS NS NS
++ ND ND + w, +++  ND
NS NS NS + ND +
NS NS NS ND w, +++ ND

4w = detected in raw water; maximum concentration detected in eluant from an activated carbon sampler: + < 10 ug L™"; ++ = >10 and <100 pg L™; +++ = >100 and <1000 pg L";

and ++++=>1000 ng L™'. ND = not detected; NS = not sampled.
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Figure 3. Dye-tracing studies used to delineate the Hunters Cave recharge area. Hydrologic connections were based on dye
detection within the cave at charcoal sampler stations 3 and 4 (see Table 2). Large numbers adjacent to triangles represent
the round of dye injections and correspond to dates listed in Table 1; 1 = February 25, 2002; 2 = May 20, 2002; and 3 =
April 9-10, 2003. Small numbers adjacent to squares represent charcoal sampler stations corresponding to Table 2 (note:

station 1 was not located within the view of this figure).

taries, the total recharge area was determined to be 33.3 km?
(Fig. 4). The hydrologic connection of the Turkey-Creek trib-
utaries to HC coincides with a fault documented by St. Ivany
(1988). The fault intersects perpendicular to the tributaries,
upstream from their confluence with the Turkey-Creek stream
channel, running along a line from northeast to southwest
towards the upper reaches of the cave near the Log-Providence
tributary (Fig. 4). This fault is probably responsible for the
occurrence of solution conduits connecting these tributaries to
the cave stream. The hydrologic connection of the Turkey-
Creek tributaries also established that inter-basin transfer
occurs between Turkey and Bass Creeks via HC. The impor-
tance of these tributaries to the aquatic cave stream ecology is
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significant because Bass Creek only influences the lower
60—100 m of the stream reach. Thus, these two tributaries are
the primary sources of water for the vast majority of the HC
stream reach, and the water quality derived from this small
area directly impacts stygobites and their habitat. Collectively,
the HC and DI recharge areas account for 28% of the area
within the Bonne Femme watershed.

Land-use/land-cover data were determined using ArcView
GIS (version 3.3) and 1991-93 LANDSAT data with 30 m res-
olution (Fig. 5). The LANDSAT data were classified by the
Missouri Resource Assessment Partnership (Missouri Spatial
Data Information Service, 2005). These land-use data are a
major improvement over past data in resolution and in the dis-
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Figure 4. Hunters Cave recharge area delineation. Inset shows the meander cut-off created by the flow path from Bass
Creek to the cave stream via Angel Spring. The location of the fault (based on St. Ivany, 1988) creating a likely conduit
from the Turkey-Creek tributaries to the upper cave stream is also shown.

tinction between different land-use categories. Most notable is
the division between row crop and grassland areas. Because of
their close proximity and similarities in geology and soils, both
recharge areas had very similar land use/land cover (Fig. 5).
About 80% of both recharge areas was comprised of grass-
lands or row crops. However, the HC recharge area has a high-
er proportion of grasslands and a lower proportion of row
crops than DI. In addition, row crop areas within the DI
recharge area were concentrated within the upper Bonne
Femme watershed (Figs. 1 and 5). In both recharge areas, row
crops were predominantly corn and soybeans, and approxi-
mately 40% of the grasslands were range land, with cattle and
horses the predominant livestock. The remainder of the grass-
lands represents forage production for hay. Forested areas lie

mostly within public lands (Rock Bridge Memorial State Park
and the Three Creeks Conservation Area) and along stream
corridors, and these areas were mainly oak-hickory forests typ-
ical of the Ozarks region. In addition, the HC recharge area has
a small amount of urban impervious area. Urban areas are
comprised of commercial and residential development in
Ashland, Missouri, and the Columbia Regional Airport in the
eastern portion of the recharge area. The DI recharge area cur-
rently has no significant amounts of either urban impervious or
urban vegetation land cover.

STREAM DISCHARGE

On an annual basis, the area normalized discharge from the
DI cave-stream resurgence was consistently greater than the
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[] Cave Recharge Area @ Cave Locations
Surface Streams

Hunters Cave
Recharge Area
(33.3 km2)
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[]Bonne Femme Surface Watersheds

Devils Icehox
Recharge Area
(34.0 km?)

Devils Icebox Recharge Land Use/ Land Cover

I Urban Impervious (0.00%)
Urban Vegetation (0.00%)

___ Row Crops (31.54%)

| Grasslands (46.77%)

I Forest (21.42%)

I Wetland (0.08%)

I Open Water (0.19%)

Hunters Cave Recharge Land Use/ Land Cover

I Urban Impervious (0.43%)
| Urban Vegetation (0.20%)
Row Crops (23.92%)

[ | Grasslands (53.83%)
Il Forest (21.37%)
B Wetland (0.02%)
Il Open Water (0.23%)

Figure 5. Land use/land cover for Devils Icebox and Hunters Cave recharge areas.

HC resurgence during the three years of monitoring (Table 3).
Despite similarities in the amount of precipitation received, DI
had an average of 59% more annual discharge than HC. The
disparity between sites was greatest in Year | when annual dis-
charge at DI was 2.2 times greater than that of HC. Annual dis-
charge was most similar in Year 3. Average annual precipita-
tion over the three years of monitoring was below the 30-year
running average of 1,024 mm in both recharge areas (Table 3).
Year 1 was among the driest 12-month periods on record for
this area, with 30-31% below normal precipitation.

Relative discharge was 5.2 to 6.9% of the annual precipita-
tion at DI and 2.8 to 4.6% of the annual precipitation at HC
(Table 3). Comparison of these relative discharges to a nearby
non-karst watershed, Goodwater Creek, showed that about
33% of annual precipitation could be accounted for as stream
discharge in this surface watershed. Thus, relative discharge
from the karst-recharge areas accounted for only about one-
tenth to one-fifth that of the nearby non-karst surface water-
shed. Since Goodwater Creek is a lower gradient stream than
upper Bonne Femme or Bass Creeks, its relative discharge
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likely represents a lower limit of the relative discharge for the
two losing streams. Hence, the volume of allogenic recharge to
the karst aquifers was much more constrained than it was for
their corresponding losing streams. The volume of the sub-sur-
face conduits imposes a physical constraint on the discharge
conveyed to the cave streams. As stage height increases during
a runoff event, there is a decreasing proportion of the surface
water conveyed to the subsurface conduits, causing the
increased discharge to remain in the surface channel.

DI had greater monthly discharge than HC in 24 of the 36
months monitored (Fig. 6). At HC, average monthly discharge
over the three years was 2,930 m® km2, with a range of 11 to
6,890 m* km=2. At DI, the average monthly discharge was
4,650 m* km2, with a range of 599 to 16,100 m* km2 (Fig. 6).
In general, monthly discharge at both sites followed seasonal
rainfall and ground-water recharge patterns for the region.
However, these trends were often punctuated by weather
extremes that caused widely varying discharge conditions. In
Year 1, an extended dry period from July-November 1999
resulted in extremely low discharge at both sites, but especial-
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Figure 6. Monthly precipitation (bar graphs) within both
recharge areas and monthly discharge (line graphs) for
each cave stream at their resurgences.

ly at HC where discharge was <30 m?> km2 month~' from
August to November 1999 (Fig. 6). During this dry period, dis-
charge at DI was consistently about 1,000 m* km— month'. In
Year 2, greater than normal precipitation from June through

LERCH, WICKS, AND MOSS

August 2000 resulted in much higher discharge than observed
for this same time period in Year 1. Monthly discharge and pre-
cipitation were significantly correlated (»p < 0.01) for both
recharge areas, based on regression analysis for all 36 months
(coefficients of determination, 72, were 0.32 for HC and 0.41
for DI). However, regression analyses within a given year
showed that only in Year 1 did precipitation explain more than
50% of the variability in monthly discharge at either site. Thus,
factors such as rainfall intensity, duration, antecedent soil
moisture, air temperature, and evapotranspiration were also
important factors determining the monthly discharge in both
systems.

Comparisons between sites for high- and low-precipitation
months revealed general trends about the two recharge areas.
There were 10 high precipitation months (>100 mm) within
the HC recharge area and nine within the DI recharge area
(Fig. 6). Monthly average discharge for these high precipita-
tion months was 4,770 m? km=2 for HC and 9,030 m? km~2 for
DI. HC had greater discharge in only one of these months
(October 2001). Relative discharge, as a percent of precipita-
tion, for the high precipitation months was essentially the same
as the mean annual relative discharge reported for both
recharge areas in Table 3. Because the high precipitation
months account for one-third to one-half of the annual dis-
charge, they were representative of the overall trend in which
the DI recharge area had greater relative and absolute dis-
charge compared to the HC recharge area. Low precipitation
months in summer and fall, particularly July-November 1999,
showed that discharge from the HC recharge area could reach
very low levels, and even approach zero flow (Fig. 6). The
combination of low precipitation, high air temperatures, and
high evapotranspiration rates apparently was sufficient to
almost completely halt ground-water recharge at the HC resur-
gence in 1999. In contrast, discharge at the DI resurgence dur-
ing the same period remained very consistent and much high-

Table 3. Area normalized annual stream discharge and precipitation.

Cave Year 12 Year 2 Year 3 Mean
Devils Icebox

Discharge (m* km=) 43,500 74,700 49,400 55,900
Relative Discharge (%)b 6.1 6.9 52 6.1
Precipitation (mm) 719 1085 954 919
Relative Precipitation (%)° =30 6.0 —6.8 -10
Hunters Cave

Discharge (m* km2) 19,600 42,800 43,300 35,200
Relative Discharge (%) 2.8 4.1 4.6 3.8
Precipitation (mm) 702 1047 943 897
Relative Precipitation (%) =31 2.2 -7.9 —-12

4 Year 1 = April 1999 to March 2000; Year 2 = April 2000 to March 2001; Year 3 = April 2001 to March 2002.

b Annual discharge as a percentage of precipitation.

¢ Percent deviation from 30-year running average annual precipitation of 1,024 mm (based on National Weather Service data from the Columbia Regional Airport).
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Figure 7. Monthly water temperature at the resurgences to
Devils Icebox and Hunters Cave.

er than at HC. In the six months with precipitation <25 mm,
average monthly discharge was 781 m* km2 at HC and 1,260
m?* km2 at DI. For these same months, total precipitation with-
in the DI recharge area was 33 mm lower than in the HC
recharge area.

Monthly and annual summaries of instantaneous stream
discharge reflected the strong influence of seasonal precipita-
tion patterns (Table 4) over the three years of the study. For
instance, in Year 1 low precipitation resulted in the overall
lowest discharges at both sites. Increased precipitation in Years
2 and 3 substantially increased discharges at both sites, but the
increase was much greater at HC. In Years 2 and 3, median dis-
charge at HC increased by about eight-fold compared to Year
1 whereas median discharge at DI in Years 2 and 3 increased
by only 20-30% over Year 1. Comparison of discharge data
between recharge areas, summarized over all years, showed
that HC had 18% higher median discharge, 13% higher 90th
percentile discharge, but 96% lower 10t percentile discharge
compared to DI. On a monthly basis, all discharge statistics
were highest from February through June at both stream resur-
gences, reflecting the generally high precipitation during these
months (Fig. 6). In addition, the seasonally high rates of
ground-water recharge that occur during February and March
resulted in high discharge for these months, even when precip-
itation was low.
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Figure 8. Monthly dissolved oxygen at the resurgences to
Devils Icebox and Hunters Cave.

CHEMICAL AND PHYSICAL CHARACTERIZATION OF THE CAVE
STREAMS

The chemical and physical parameters monitored were
mainly affected by the magnitude of discharge and seasonal
differences in climate (Figs. 7-11). Changes in median month-
ly temperature (Fig. 7), for instance, were strongly related to
seasonal changes in air temperature. The long-term median
temperature recorded at DI for this study was only 0.7° C
lower than that documented over a two-year monitoring peri-
od from 1982-84 by Wicks (1997). The minimum and maxi-
mum monthly median temperatures were, however, more
extreme than values reported by Wicks (1997). Although the
seasonal pattern and three-year median values were similar
between systems, HC showed much greater variation in water
temperature than DI.

Because of the significant inverse relationship between
temperature and dissolved oxygen (DO) (Table 5), the season-
al changes in DO responded oppositely to that of water tem-
perature (Fig. 8). Because of the greater variation in water tem-
perature at HC, a similarly greater variation about the three-
year median DO level was observed, with generally higher DO
in winter and lower DO in summer compared to Devils Icebox
(spelled out in this section to avoid confusing syntax).
However, the three-year median DO levels were very similar
between the two sites. In general, DO levels were always near
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Table 4. Summary of instantaneous stream discharge by month and year.

Devils Icebox

Hunters Cave

Month 90th 10th 90th 10th
or Year Median Percentile Percentile Median Percentile Percentile
(mh-") (mh") (mh-") (mh-") (mh-") (mh-")
January?2 53 230 24 40 420 11
February 93 570 27 100 210 22
March 140 450 50 180 250 89
April 160 760 43 180 320 29
May 150 790 50 120 480 29
June 110 590 63 120 440 16
July 60 110 41 46 460 6.2
August 53 110 40 15 180 0.59
September 48 55 20 18 70 0.28
October 59 150 42 43 560 0.80
November 59 110 42 27 410 041
December 49 120 30 60 450 12
Year 1 54 280 28 13 220 041
Year 2 64 430 32 100 450 26
Year 3 72 290 53 110 450 15
All Years 63 320 35 74 360 1.3

4 Monthly data are summarized across all three years.
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Figure 11. Monthly turbidity at the resurgences to Devils
Icebox and Hunters Cave.

or slightly above saturation at both sites. At Devils Icebox, the
variation in DO was not as closely related to temperature as
HC (Table 5). In Years 1 and 3, Devils Icebox showed changes
in median DO levels during the summer and fall months that
did not vary inversely with median monthly temperature (Figs.
7 and 8). Typically, increases in DO occurred over the summer
months, from July through September, despite increased water
temperature. Apparently, the increased DO was associated
with photosynthetic activity of algae at the resurgence. The
monitoring station at Devils Icebox lies within a karst window,
and diurnal fluctuations in DO were observed during these
months. Thus, the location of the monitoring station at Devils
Icebox resulted in greater variation in the relationship between
DO and temperature than at HC, where the monitoring station
was underground.

Monthly pH was more closely correlated to water temper-
ature than discharge (Table 5). In general, the winter months
had the highest pH, and the summer months had the lowest pH
at both sites (Fig. 9). The three-year median pH was slightly
lower at DI than at HC. The strong influence of temperature on
pH most likely occurred due to the effect that water tempera-
ture has on the respiration of aquatic organisms within the sur-
face and subsurface reaches of the recharge areas. The respira-
tion rate of aerobic organisms will be higher when the water
temperature is warmer, and this leads to greater evolution of

170 * Journal of Cave and Karst Studies, December 2005

CO, and subsequent formation of H,COj;, leading to the lower
median pH values observed from spring through fall. The poor
correlation between pH and discharge was not expected. At
shorter time-scales, pH consistently showed an inverse rela-
tionship to discharge, and this relationship was especially
obvious during runoff events. At the monthly time-scale, the
influence of discharge was still apparent, and there was a sta-
tistically significant correlation between discharge and pH at
HC (Table 5). For instance, one of the lowest monthly median
pH values at both sites was observed during August 2000 when
monthly discharge was quite high. In addition, the lower three-
year median pH at DI most likely reflected the influence of
larger and longer duration runoff events, which convey more
acidic water, on the long-term pH in this system.

Specific conductance (SpC) was inversely related to dis-
charge and turbidity at both sites (Table 5). Therefore, SpC
was greatest during low flow months and lowest during high
flow months (Fig. 10). The extended dry period from July-
November 1999 resulted in the highest SpC at both sites. The
three-year median SpC was nearly identical between sites, but
variation about the three-year median was much greater at DI
(Fig. 10). The inverse relationship between discharge and SpC
has been documented at DI and in other allogenic recharge
karst aquifers, but these studies either considered much short-
er time scales or less intensive monitoring than reported here
(Hess and White, 1988; Ryan and Meiman, 1996; Wicks,
1997). The strong inverse relationship between SpC and tur-
bidity reflected their covariance with respect to discharge. It
also reflected that low SpC water from a runoff event more
strongly coincided with high turbidity water than high dis-
charge.

Turbidity was directly related to stream discharge and
inversely related to SpC at both sites and inversely related to
pH at HC (Table 5). Monthly median turbidity at both sites
generally varied directly with monthly discharge (Figs. 6 and
11), resulting in high turbidity for the spring and summer
months. However, months with one or two very large events,
such as March 2000 and February 2001, also resulted in high
median turbidity despite modest monthly discharges. The
three-year median turbidity at DI was 3.4 times higher than HC
(Fig. 11). Median turbidity exceeded 10 NTU for 7 months at
HC and for 19 months at DI. Furthermore, DI had 8 months in
which median turbidity exceeded 20 NTU compared to only
one month at HC (October 2001). Overall, turbidity was
greater at DI compared to HC for 30 of the 32 months in which
both sites were monitored. Although maximum turbidity levels
during runoff events, as reflected by the 90th percentile levels
(Fig. 11), were similar between sites, HC consistently returned
to very low turbidity levels more quickly following runoff
events. As previously noted, DI had greater peak discharge and
longer duration runoff events than HC, and this, in part, con-
tributed to its higher turbidity. Another factor that likely con-
tributed to the greater turbidity at DI was the higher relative
and absolute amount of row crop acreage within its recharge
area (Fig. 5). The rather low correlation of monthly median
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Table 5. Correlation coefficients (r) between discharge and chemical and physical parameters?.

Discharge Temperature Dissolved pH Specific
Oxygen Conductance
Devils Icebox
Temperature 0.08 — — — —
Dissolved Oxygen 0.28 —0.70b — — —
pH —-0.20 —0.85b 0.55b - -
Specific Conductance —0.56b -0.23 -0.05 0.34 —
Turbidity 0.54¢ 0.23 0.02 —-0.36 —0.82b
Hunters Cave
Temperature 0.10 — — — —
Dissolved Oxygen -0.15 —0.93b - - -
pH —0.44¢ —0.72b 0.72b - -
Specific Conductance —0.66b -0.37 0.48¢ 0.40 —
Turbidity 0.69» 0.29 0.31 -0.46¢ —0.69>

a Correlation coefficients determined by correlation analysis of monthly median values for all parameters (n = 36, except turbidity for the Devils Icebox, n = 32).

bp < 0.001 level of significance.

€ p <0.01 level of significance.

turbidity to monthly discharge (Table 5) was related to the
observed dynamics between turbidity and discharge during
runoff events. Inspection of hydrographs along with the tur-
bidity data showed that their poor correlation resulted from
very short-term fluctuations in turbidity during the rising and
peak portions of the hydrograph, and the rate at which the two
parameters approached pre-event levels during the receding
portion of the hydrograph.

RECHARGE AREA CHARACTERISTICS

Despite similarities in geology, size of the recharge areas,
land use/land cover, and climate, there were often major dif-
ferences in annual, monthly, and instantaneous discharge
between DI and HC. Two important characteristics distinguish
these recharge areas and explain the observed differences: 1)
size of the losing stream drainage areas; and 2) size and spatial
extent of the sub-surface conduit systems.

Within the HC recharge area, the Bass Creek watershed
encompasses 31.1 km?, which represents 93% of the HC
recharge area. Within the DI recharge area, the upper Bonne
Femme Creek watershed represents only 74% of the recharge
area, encompassing 25.3 km?. Thus, on a relative basis, Bass
Creek supplies a greater amount of water to the HC resurgence
than does upper Bonne Femme to the DI resurgence. At the
annual time scale, this difference explains the large change
between Year 1 discharge and that of Years 2 and 3 for HC. On
a monthly time scale, the strong influence of Bass Creek on
HC discharge can be seen by the much greater seasonal
changes in discharge and the wider range in 10th to 90th per-
centile discharge for most months as compared to DI. For
instance, the relative increase in discharge between summer

and fall months was much greater at HC compared to DI
(Table 4). This reflected the proportionately greater influence
that seasonal increases in ground-water recharge had at HC
due to the larger drainage area of Bass Creek and its dominat-
ing influence on discharge at the HC resurgence. The ratio of
90th to 10th percentile flows was also much greater for HC in
every month except February, March, and April. This ratio has
been shown to be a measure of runoff propensity in larger sur-
face basins (Blanchard and Lerch, 2000). Indeed, HC had more
runoff events than DI in every year, with an average of four
more runoff events per year. Therefore, because of the greater
drainage area of Bass Creek, the HC recharge area was, over-
all, more runoff prone than DI.

The other key feature explaining the differences in dis-
charge between the two recharge areas was the size and extent
of their subsurface-conduit systems. The DI recharge area has
a more extensively developed subsurface-conduit system than
the HC recharge area based on the following: 1) consistently
higher relative discharge at DI on an annual basis (Table 3); 2)
greater 90t percentile discharges at DI from February through
June (Table 4), reflecting the much greater discharge during
major runoff events; 3) greater 10th percentile discharges at DI,
especially during low precipitation months (Table 4), indicat-
ing greater water storing capacity in the DI recharge area; 4)
the DI recharge area encompasses the autogenic 8.7-km?
Pierpont sinkhole plain, indicating the existence of more
numerous conduits and greater spatial extent of the conduit
system; and 5) the DI cave system is considerably larger, in
length and volume, than the HC system, and it has more
numerous tributaries with higher discharge.
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The greater relative discharge at DI on an annual basis sug-
gests that a larger and more extensive conduit system exists
that is capable of capturing and conveying a greater proportion
of precipitation to the cave stream. The higher relative and
absolute discharge at DI also resulted in its greater 90t per-
centile and peak instantaneous discharges during most runoff
events. For the nine months in which >100 mm of precipitation
occurred in both recharge areas, DI had greater peak discharge
for every runoff event in these months. At the other end of the
discharge spectrum, DI had greater 10th percentile discharges
in 11 of 12 months, and the differences in 10t percentile dis-
charges between DI and HC were most pronounced during low
precipitation months in summer and fall (Table 4). The most
notable differences in discharge, as mentioned above, were
during the July-November drought of 1999 when DI main-
tained consistently higher discharge than HC despite receiving
lower precipitation (Fig. 6). This data showed that the DI
recharge area must store more water between rainfall events.
Apparently, a portion of the water stored within the DI
recharge area can have residence times of weeks to months.
Given that discharge ceases in upper Bonne Femme Creek dur-
ing periods of low precipitation, the greater storage of the DI
recharge area was, therefore, associated with the autogenic
portion of the recharge area. The high SpC observed during
prolonged dry periods (Fig. 10) indicated that water storage
occurred within the bedrock matrix or within the epikarst of
the autogenic portion of the recharge area. Storage within the
bedrock matrix and within epikarst would result in water with
the observed high SpC, and differentiation between bedrock
matrix storage and epikarst storage is not possible based on
values of SpC. A consideration that would undermine this
explanation was the possibility of significant anthropogenic
inputs, such as irrigation, industrial, or wastewater discharges,
to the DI recharge area that only became evident under very
dry conditions. However, there are no significant agricultural
or industrial inputs, and the quality of the water did not indi-
cate significant inputs of domestic wastewater under these
conditions.

The drainage characteristics of the two recharge areas rep-
resent another important distinction between these two sys-
tems. Unlike the DI recharge area, the HC recharge area has
only a few sinkholes (<10 based on topographic map inspec-
tion) and minimal internal drainage. Within the HC recharge
area, ground-water recharge occurs by allogenic recharge
through two main subsurface-conduits: the fault conduit con-
necting the Turkey-Creek tributaries to the uppermost part of
the cave stream; and the conduit connecting Bass Creek to
Angel Spring (Figs. 3 and 4). The Bass Creek to Angel-Spring
conduit accounted for the overwhelming majority of discharge
at the resurgence, especially under runoff conditions. The
length of this flow path may be as short as 100 m. The much
greater water-temperature fluctuations at HC also provided
support for the existence of short flow paths within the HC
recharge area (Fig. 7). Overall, the HC recharge area lacks sig-
nificant autogenic recharge, has only two main surface drained

172 « Journal of Cave and Karst Studies, December 2005

conduits, and the primary conduit to the cave stream extends
over a very short distance. Hence, this recharge area is charac-
terized by much more limited subsurface-conduit development
than DI, leading to attenuated discharge under runoff condi-
tions and lower discharge during dry periods.

SUMMARY AND CONCLUSIONS

Dye-tracing studies were successfully applied to the delin-
eation of the HC recharge area and for improving the accuracy
of the delineated recharge area for DI. These studies facilitat-
ed determination of existing land uses and land cover for both
recharge areas. The recharge areas were shown to be of simi-
lar size, have similar land uses, formed in the same geologic
strata, and formed primarily by allogenic and discrete
recharge. However, intensive hydrologic and water-quality
monitoring revealed distinct differences in the characteristics
of these recharge areas. For instance, DI was shown to have
greater absolute and relative annual discharge, much greater
peak discharge during runoff events, and greater water-storing
capacity than the HC recharge area. HC had more frequent
runoff events, greater median instantaneous discharge, and
more pronounced seasonal changes in discharge, water tem-
perature, and dissolved oxygen than DI. Discharge at the HC
resurgence was predominantly allogenic, and the areal extent
and size of subsurface-conduits are apparently very limited in
this recharge area. In contrast, discharge at the DI resurgence
represents both allogenic and autogenic (discrete) recharge,
and its recharge area is characterized by a subsurface-conduit
system that is both greater in volume and areal extent than HC.
Currently, land use within both recharge areas is mainly row-
crops, grasslands, and forests. As land use changes from rural
to urban in these watersheds, the cave streams will be vulner-
able to the hydrologic impact caused by increases in impervi-
ous land surface, as well as to water-quality contaminants
associated with urban land use (e.g., turf chemicals and oil). As
a result of this and other studies, the Boone County (MO)
Commission was awarded an EPA 319 Nonpoint Source
Pollution Control grant to guide future development in the
Bonne Femme watershed. Project objectives include: creation
of a watershed land-use plan; recommendation of policies and
procedures to local governments for the review and approval
of new developments that will provide special protection for
the watershed; and implementation of BMPs through alloca-
tion of cost-share funds. With documentation of the existing
land uses and hydrologic conditions, the impact of urban
growth and the effectiveness of new policies and implemented
BMPs can be assessed.



ACKOWLEDGMENTS

Thanks to the Missouri Department of Conservation and
Dr. William R. Elliott for permission to access Hunters Cave,
to install a temporary monitoring station, and for restricting
public access during the study. Thanks to the Missouri
Department of Natural Resources for permission to access
Devils Icebox. Special thanks to Nick Genovese for operation
and maintenance of the field equipment.

Disclaimer — Mention of specific companies, products, or
trade names is made only to provide information to the reader
and does not constitute endorsement by the USDA-
Agricultural Research Service.

REFERENCES

Aley, T., 1999, Groundwater Tracing Handbook: Ozark Underground
Laboratory: Protem, MO, 35 p.

Betson, R.P., 1977, The hydrology of karst urban areas: Proceedings of the
Hydrologic Problems in Karst Regions Symposium: Western Kentucky
University, Bowling Green, KY. p. 162-175.

Blanchard, P.E., and Lerch, R.N., 2000, Watershed vulnerability to losses of
agricultural chemicals: Interactions of chemistry, hydrology, and land-use.
Environ. Sci. Technol., v. 34, p. 3315-3322.

Booth, D.B., Hartley, D., and Jackson, R., 2002, Forest cover, impervious-sur-
face area, and the mitigation of stormwater impacts: J. Am. Water Resour.
Assoc., v. 38, p. 835-845.

Boyer, D.G., and Pasquarell, G.C., 1999, Agricultural land use impacts on bac-
terial water quality in a karst groundwater aquifer: J. Am. Water Resour.
Assoc., v. 35, p. 291-300.

Burges, S.J., Wigmosta, M.S., and Meena, J.M., 1998, Hydrological effects of
land-use change in a zero-order catchment: ASCE J. Hydrol. Engineer, v.
3, p. 86-97.

Crunkilton, R.L., and Whitley, J.R., 1983, Dye trace—Bonne Femme Creek,
Boone County. Memorandum, Missouri Department of Natural
Resources, 5 p.

Deike, G., Hopson, H., Sturmfels, G., Deike, R., Barnholtz, S., and Lang, K.
1960, Devils Icebox, Boone County, Missouri, 1 sheet, 1:2740 scale.
Chouteau Grotto, National Speleological Society, Inc.: Huntsville, AL.

Groves, C.G., 1992, Geochemical and kinetic evolution of a karst flow system:
Laurel Creek, West Virginia. Ground Water, v. 30, p.186—191.

Gulden, B. 21 March 2005, NSS GEO? Committee on Long and Deep
Caves, http://www.pipeline.com/ %7Ecaverbob/state.htm.

Halihan, T., Wicks, C. M., and Engeln, J. F., 1998, Physical response of a karst
basin to flood pulses: Example of the Devil’s Icebox cave system
(Missouri, USA): J. Hydrol., v. 204, p. 24-36.

Hess, J. W., and White, W. B., 1988, Storm response of the karstic carbonate
aquifer of southcentral Kentucky: J. Hydrol., v. 99, p. 235-252.

Lerch, R.N., Erickson, J.M., and Wicks, C.M., 2001, Intensive monitoring in
two karst basins of Boone County, Missouri: Proceedings of the 15th
National Cave and Karst Management Symposium, p. 157-168.

Mabhler, B.J., Lynch, L., and Bennett, P.C., 1999, Mobile sediment in an urban-
izing karst aquifer: Implications for contaminant transport. Environ.
Geol., v. 39, p. 25-38.

Manning, R., 1890, On the flow of water in open channels and pipes:
Proceedings of the Institution of Civil Engineers of Ireland, v. 20, p.
161-206.

Missouri Spatial Data Information Service. 21 March 2005, Missouri GAP
Land Cover, http://msdisweb.missouri.edu/data/lulc/index.htm.

National Weather Service. 21 March 2005, Climatology and Weather Records,
http://www.crh.noaa.gov/lsx/climate.php.

LERCH, WICKS, AND MOSS

Palmer, A.N., 2000, Hydrogeological control of cave patterns, in Klimchouk,
A.B., Ford, D.C., Palmer, A.N., Dreybrodt, W. (eds.), Speleogenesis:
Evolution of Karst Aquifers; National Speleological Society, Inc.:
Huntsville, AL.

Rantz, S.E., 1982, Measurement and computation of streamflow—Volume 1,
measurement of stage and discharge: U.S. Geological Survey Water-
Supply Paper 2175, 284 p.

Ruhe, R.V,, Clark, D.W., and Epstein, M.L., 1980, Urban hydrology in karst
and water quality—Inorganic and organic systems. Report of
Investigations, PB80-174303, No. 9. 139 p.

Ryan, M., and Meiman, J., 1996, An examination of short-term variations in
water quality at a karst spring in Kentucky: Ground Water, v. 34, p. 23-30.

Schueler, T., 1994, The importance of imperviousness: Watershed. Prot.
Techniq., v. 1, p. 100-111.

St. Ivany, G., 1988, Geologic and hydrologic characteristics of the Gans,
Bonne Femme, and Clear Creek watersheds and the Pierpont karst plain
near Rock Bridge Memorial State Park: MO Geological Survey, Water
Resources Report, 22 p.

Shuster, E.T., and White, W.B., 1971, Seasonal fluctuations in the chemistry of
limestone springs: A possible means for characterizing carbonate aquifers:
J. Hydrol., v. 14, p. 93—128.

Tillery, A.C., Phillips, J.V., and Capesius, J.P., 2001, Potential Errors
Associated with Stage-Discharge Relations for Selected Streamflow-
Gaging Stations, Maricopa County, Arizona: U.S. Geological Survey.
Water-Resources Investigations Report 00—4224.

USDA-NRCS (United States Department of Agriculture-Natural Resources
Conservation Service). 2002. Soil Survey of Boone County, Missouri. 318
p.

University of Missouri Extension. 21 March 2005, Boone County Weather
Stations, http://agebb.missouri.edu/weather/stations/boone/index.htm.
Unklesbay, A.G., 1952, Geology of Boone County, Missouri. Missouri

Geology and Land Survey and Water Resources: 214 Series, Vol. 33, 159

p.

Vandike, J., 1983, Stream gaging results, upper Bonne Femme Creek—Rating
curve, Devil’s Icebox Spring. Memorandum, Missouri Department of
Natural Resources, 1 p.

Veni, G., 1999, A geomorphological strategy for conducting environmental
impact assessments in karst areas: Geomorphology, v. 31, p. 151-180.

White, W.B., 1988, Geomorphology and Hydrology of Karst Terrains: Oxford
University Press: New York, 464 p.

Wicks, C.M., 1997, Origins of groundwater in a fluviokarst basin: Bonne
Femme basin in central Missouri, USA: Hydrogeol. J., v. 5, p. 89-96.
Wicks, C.M., and Engeln, J.F., 1997, Geochemical evolution of a karst stream
in Devils Icebox Cave, Missouri, USA: J. Hydrol., v. 198, p. 30-41.

Journal of Cave and Karst Studies, December 2005 * 173



/To Columbia, 4 miles

ROCK BRIDGE MEMORIAL STATE PARK

e Service —_———— e — . —. y
.[ e H&B \ - Buildings | H&B_ - - - ] I;
] - =
|: W | ' ! J! | E
i ! High ]
1 =
| “ 1 P’ Park Office * N \ /' Ridge / |§
i I - m Ao Tl
PS- logCabin N .~ & 7 ,/' E
| . ‘I WCT Center < )
! \ L ! , <— Rock Quarry Road |
I Deer R ) o / by b
| * Run ’ ! L 2
! r 'HeB ! "'m"il |E
I , Trail o I - l 2
-~ - =~ ' I F——
r_____ ’I ; ~ o - l - p q \\’ _ \‘ E.m‘ B
' = 1 . / \ o~ o =
| ; 1 Spring \hep s Iy Ly
. Y. _Hep_ v Brook -7 IS —®
/] Se===x7 rai N
|HeB ,” ¥ . 2 1 ,
; ’ Bo < H&B , \pa Rock Bridge
| S \&,&\e nNe Femme © ’ Devil's Icebox
TN A N 2 p Connor's Cave
1 ~ o 1
| , ~ - v isH . .
. H&B ~~ \ S Rockbridge Mills Shelter
l \ \\ }I O \\ »
R B S T \ N,
H" Devils %, h l—'&B iy
J Icebox \ | \—/
| Trail L0 Slnkhole ]
: . | Trail \ |
Voo N
'|~—\. - - "\ HeB '
LEGEND | Aeo- W PA
: s “H&B -7\
PA Parking Area | v Grassland AN
P Picnic Area Pl s
- T~
PS Picnic Shelter LN
C Special-Use Camp | ’H&B )
VT Vault Toilet L
~— l ,
R Restroom T— —_—
H HikingTrail | |
B Bicycle Trail | |

Bearfield Rd.
PA i_WagonWheel :
Trail Head
Wild Area

N
7
<

G ansc

PA
Wild Area

Ty

g

"' '
JTT

EI

—
I/
~HLPA HeB_ .-
| ;7T " Karst
| R Trail
R ~ -
1 Res
| |
|_____| !

Z

800

™ ™!

200 400
SCALE IN FEET

Shooting Star
Trail Head

Bonne Femme
Church Road

U.S.63
2 miles



Path: I:\RequestsCounty)

85
E:RD

><¢U
o
2
Q
[ <)
- O
S G
0 o
0y

Devil's Icebox
Recharge Area

| .! City Boundary

State Park, City Park,
or Conservation Area

MU - Bradford Farm

Randolph
Audrain

Howard

COLUMBIA

Cooper,

Moniteau Callaway
Cole
N o 0.25 0.5
— ——

A Miles

Assessor Dataset Disclaimer:
These maps were prepared for the inventory of
real property based on the utiization of deeds,
plans, and/or supportive data. In addition, map
files are frequently changed to reflect changes in
boundaries, lot lines, and other geographic
features resulting from changes in ownership,
development, and other causes. The existence,
dimension, and location of features, as well

as other information, should not be relied upon for
any purpose without actual field verification. The
County of Boone makes

no warranty of any kind conceming the
completeness or accuracy of information
contained on these maps and assumes no liability
or responsibility for the use or reuse of these
maps by persons not affiliated with Boone County.
Use of these maps by any person not affiiated
with Boone County constitutes agreement by the
user to assume full liability and responsibility for
the verification of the accuracy of information
shown on these maps.

Sources Citation:

Boone County Assessor-
Parks & Conservation Areas Source
City Polygon Source

County Polygon Source

Boone County Resource Management-
Recharge Area Polygon Source

Boone County GIS-
Surrounding County Polygon Source

Boone County/ City of Columbia-
Roads Centerline Line Source

Boone County Assessor/

City of Columbia Public Works-
2015 Hydrology Drain Line Source

USDA-
Watershed Polygon Source (10-digit)

Developed By:
Boone County GIS Department
801 E. Walnut, Room 220
Columbia, MO 65201-4890
Phone: (573) 886-4325
Fax: (573-886-4322
www.showmeboone.com







From: BCRSD - Boone County Regional Sewer District

To: Bersd
Subject: [EXTERNAL]New message from "BCRSD - Boone County Regional Sewer District" - AWMP + CIP
Date: Tuesday, September 9, 2025 9:57:59 AM

ATTENTION: This email originated from outside of Boone Electric Cooperative. Use
CAUTION with links or attachments.

Name: Liz Palazzolo

Email: dragonldy@centurytel.net

Message: Thanks for making this public. Seems like it doesn't impact where I live (Lema Lane
- Lake of the Woods area).

Date: September 9, 2025

Time: 9:56 am

Page URL: https://bersd.com/area-wide-management-capital-improvement-plans

User Agent: Mozilla/5.0 (Windows NT 10.0; Win64; x64) AppleWebKit/537.36 (KHTML,
like Gecko) Chrome/140.0.0.0 Safari/537.36

Remote IP: 66.112.45.23

Powered by: Elementor
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Public Comment re: AWMP and CIP BCRSD Public Hearing 9/8/25
Debbie Schnedler, Boone County resident

The BCRSD intends to adopt a 2025 Area Wide Management Plan
and Capital Improvement Projects list of approximately $70 million, the
drafts of which are open for public comment.

The sheer volume of projects and expenditures for this plan have not
been adequately acknowledged by either BCRSD management or the
Board, as there has been little to no discussion of how to prioritize projects;
whether any or all of this is affordable for district customers; or whether the
district can efficiently manage the operational and financial impacts of such
an undertaking.

The 2010 AWMP was approximately one-third the size of the draft
2025 plan, most of which was expended by 2020. To understand the
impacts on finances and customers, | analyzed the BCRSD audits from FY
2015 through FY 2024.

Despite eliminating discharge points in favor of more regionalized
treatment, the financial statements do not demonstrate cost savings. Over
the last nine fiscal years, revenues from customer fees have increased
50%, from $3.76 million to $5.65 million. Since the district’'s growth in
customers is around 1% annually, the bulk of this increase is due to
increased customer rates.

How were those additional revenues used? Although national inflation
aggregated 28.5% for that period, personnel expenses increased 54%, an
average of approximately 6% annually, even though additional personnel
was added only in the last two fiscal years. Payments for contracted
services increased from $214k in 2015 to $422k in 2023, and to $697k in



2024, which included the approximate $200k cost for an outside engineer
to prepare the AWMP. Significant amounts were deposited to the district's
~ money market fund, as unrestricted cash balance increased from $2.25
million to $4.06 million.

However, $270k for system maintenance was lower in 2024 than
2015 expenditures. Section 6.2 of the draft CIP acknowledges the value of
the BCRSD collection system at $100 million and proposes that annual
budget should be significantly higher.

The 2010 plan has resulted in significantly higher customer fees; the

current gravity customer average bill is $73.71/month. (Comparatively, 58%
of BCRSD customers’ wastewater is sent to the City of Columbia treatment
plant. The City sewer fee for a city treatment customer, even if the property
is located outside city limits, is $26.20/month.) BCRSD rates are simply
substantially higher than most in the surrounding area as well as other
public sewer districts in the state.

BCRSD management and Board have avoided providing any
information on the costs to customers of implementing all or a part of this
2025 plan. This continues a pattern of providing no analysis to justify rate
increases. The last user rate study was conducted in 2019. In fact, the
BCRSD has not complied with its own user rate ordinance, which requires
an annual analysis of the sufficiency of the three components of the sewer
fee: base charge, volume charge, and surcharge for pressure systems.

Flatly stated, if the BCRSD implements only the $31 million of CIP
proposed for years 1-5, and finances it by issuing 20-year bonds, assuming
voters approve such bonds, the repayment of the principal alone will cost
each of the district's 7800 customers $16 per month. How that would
impact rates over time is dependent on how much of the $31 million is



issued and when. And each $1 million additional costs for operations and
maintenance, which must come from current revenues, will cost each
customer approximately $10 per month.

The City of Ashland is a cautionary tale. When voters failed to
approve $40 million bond authority for a new sewer treatment plant, the
City opted to move forward anyway with a plan to raise rates 23% per year
for the next four fiscal years. The BCRSD should acknowledge what will
happen to rates, including if a bond issue is not passed, by identifying
minimum expenditures necessary to maintain environmental compliance,
as such expenditures would by necessity have to come from current
revenues.

Instead of focusing solely on projects, management should first focus,
with more oversight by the Board, on policy and priorities such as:

e At what point does the district prioritize cost efficiency in operations
and management?

¢ Does the district adequately charge for new customers, or is that cost
subsidized by existing customers?

e How does the district assure that joint venture partners and/or
developers are paying for district services appropriately?

o How does the district evaluate its role as a wastewater collector for
the City vs. a treatment provider?

o What benefit does Tier Il authority provide the district?






From: Perkins, Drew

To: zweifelmr@hotmail.com

Subject: RE: [EXTERNAL]New message from "BCRSD - Boone County Regional Sewer District" - AWMP + CIP
Date: Tuesday, September 9, 2025 8:49:00 AM

Attachments: BCRSD AWMP AND CIP POWERPOINT - PUBLIC HEARING 09082025.pdf

Importance: High

Good Morning Mike,

Thank you for reaching out and sharing your concern regarding the timing of the public
hearing notice. I sincerely apologize that you received the notice on the same day as the
hearing. I understand how frustrating and inconvenient that must have been.

Please know that the notices were mailed in advance, but unfortunately, delivery times can
vary depending on USPS processing. There was no intent to limit participation or prevent
community members from attending. Transparency and public involvement are very important
to us, and I regret that this situation created the impression otherwise.

To help keep you informed, I’ve attached a PDF of the presentation that was given at the
hearing. The meeting audio will also be available online at www.bcrsd.com. In addition, a
second public hearing is planned for either the fourth quarter of 2025 or the first quarter of
2026, and notice will be provided well in advance.

If you have a specific question or topic you’d like to discuss further, please don’t hesitate to
reply to this email, and we will be glad to address your concern.

Thank you again for bringing this to our attention and for your interest in staying engaged.

Drew Perkins, Administrative Assistant
Boone County Regional Sewer District (BCRSD)

From: BCRSD - Boone County Regional Sewer District <nwbtdkgx@elementor.cloud>

Sent: Monday, September 8, 2025 10:09 PM

To: Bersd <Bersd@bcersd.com>

Subject: [EXTERNAL]New message from "BCRSD - Boone County Regional Sewer District" - AWMP +
CIP

ATTENTION: This email originated from outside of Boone Electric Cooperative. Use CAUTION
with links or attachments.

Name: Mike Zweifel

Email: zweifelmr@hotmail.com

Message: | received notice today, Sept. 8, in the mail regarding the public hearing notice scheduled
for today, Sept. 8.

Either you didn't really want people to attend, or you didn't allow the USPS enough time to deliver
the public notices. | think it's detrimental and downright deceitful to receive a public hearing notice
on the day of the public hearing. It looks like you're trying to hide something, even if you aren't
trying to hide something.
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VIRTUAL ATTENDEES WILL GO SECOND
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What IS BCRSD’S Mission?¢

OUR MISSION IS TO PROVIDE CURRENT AND FUTURE
CUSTOMERS WITH COST EFFECTIVE, RELIABLE SANITARY
SEWER SERVICE BY COLLECTING AND TREATING
WASTEWATER, AND TO PROTECT PUBLIC HEALTH AND
THE ENVIRONMENT IN ACCORDANCE WITH LOCAL, \—

STATE AND FEDERAL PERMIT REQUIREMENTS.
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BCRSD

Boone County Regional Sewer District
Clean water for your future

What does BCRSD do?¢

* WE EVALUATE NEEDS AND DETERMINE WASTEWATER COLLECTION AND
TREATMENT SOLUTIONS THAT ARE ECONOMICALLY FEASIBLE TO IMPLEMENT

* EVALUATE NEW TECHNOLOGIES AND BEST PRACTICES FOR WASTEWATER
TREATMENT

* COLLABORATE WITH DEVELOPERS TO ASSIST IN REGULATORY COMPLIANCE
FOR WASTEWATER

* HELP KEEP BOONE COUNTY STREAMS FISHABLE, SWIMMABLE, AND HEALTHY

-

N

0 o





/

N/ |

BCRSD

Boone County Regional Sewer District
Clean water for your future

How do we do it¢

* OPERATES 22 WASTEWATER TREATMENT PLANTS & THEIR ASSOCIATED
SEWER COLLECTION SYSTEMS.

* MAINTAINS 95 MILES OF GRAVITY SEWER MAIN AND 44 MILES OF PRESSURE
SEWER MAIN.
* HAS A STAFF OF 9 TREATMENT PLANT AND EQUIPMENT OPERATORS.

* WWTP FACILITY SIZES RANGE FROM 1,850 GALLONS PER DAY TO 460,000
GALLONS PER DAY.

* PROVIDES CONTRACT OPERATIONS FOR COMMUNITIES SUCH AS ASHLAND,
HARTSBURG, AND EMERGENCY OPERATIONS TO OTHER COMMUNITIES.

* OWNS AND OPERATES MUNICIPAL SYSTEMS SUCH AS THE ROCHEPORT
SYSTEM.

— —
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Boone County Regional Sewer District
Clean water for your future

D

How do we do it¢

* CONDUCTS PLAN REVIEW AND ENSURES REGULATORY COMPLIANCE FOR
NEW DEVELOPMENT IN UNINCORPORATED BOONE COUNTY.

* COORDINATES WITH DNR AND BOONE COUNTY RESOURCE MANAGEMENT
FOR WASTEWATER COMPLIANCE LIMITS.

* COORDINATES BILLING FOR APPROXIMATELY 7,800 “UNITS.”

* HAS AN ADMINISTRATIVE STAFF OF 3 PEOPLE FOR ACCOUNTING AND
CUSTOMER RELATIONS.

* HAS A STAFF OF TWO 2 PEOPLE FOR ENGINEERING AND PROJECT

DEVELOPMENT.
"/ \-/
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What does BCRSD do?¢

What We Do
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What is the Area Wide Management Plan?
* FRAMEWORK TO CAPITALIZE ON BCRSD’S PROFESSIONAL SERVICES AND
PLANNING CAPABILITES ACROSS BOONE COUNTY AND BEYOND.
* |IT UPDATES A MASTER PLAN THAT WAS DEVELOPED IN 201 3.

* IT ADDRESSES HOW CURRENT DNR-PERMITTED WASTEWATER TREATMENT
FACILITIES ARE PLANNED FOR, UPGRADED, AND REGIONALIZED.

* REFINES BCRSD’S TIER 2 AUTHORITY IN JOINT COOPERATION WITH THE CITY
OF COLUMBIA’S TIER 2 AUTHORITY.

* HELPS BOONE COUNTY COMMUNICATE WITH PRIVATE SYSTEM OWNERS
AND LOOK FOR OPTIONS TO REGIONALIZE AND OPTIMIZE FAILING SYSTEMS.

* DEVELOPS A WAIVER PROCESS FOR HOW BCRSD, DNR, AND PRIVATE

FACILITIES WORK TOGETHER, COMMUNICATE, AND PLAN THE FUTURE.
= - \J
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AMERICAN OUTDOOR BRANDS 12.
BOBCAT OF COLUMBIA 13.
BROOKFIELD ESTATES 14.
BROWN STATION RSF 15.
BUTCH’S INVESTMENTS 16.
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KINKADE CROSSING 20.
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BCRSD WWTP’S

MIDWAY CROSSING
MIDWAY USA
PRAIRIE MEADOWS
QUARTER MILE HILLS
RICHARDSON ACRES
ROCHEPORT

ROCKY FORK
SOUTH ROUTE K
SUNNY SLOPE

. TRAILS WEST

TWIN LAKES

I
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THERE WERE 37 BCRSD FACILITIES IN 2013 |
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PUBLIC MUNICIPAL WWTP’S
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PRIVATE DNR PERMITTED WWTP’S

1. ADVENTURES IN LEARNING DAYCARE 14. LES BOURGEOIS WINERY

2. ASHLAND CHRISTIAN CHURCH 15. LIBERTY BAPTIST CHURCH

3. CARLOS ACRES 16. LITTLE CITY MOBILE HOME PARK

4. COOPER’S LANDING 17. MATHIS MOBILE HOME PARK

5. CORNELL’S FRIENDLY ACRES 18. MIDWAY AUTO/TRUCK PLAZA o
6. CROWLEY SUBDIVISION 19. OAK RIDGE TRAILER COURT

/. EDELWEISS 20. PAGE PROPERTY

8. GILBANE REBUILDERS 21. PHENORA NORTH

9. GIRL SCOUTS - SILVER MEADOWS 22. PIERPONT STORE \—
10. HALLSVILLE UNITED METHODIST 23. SALLEE POST SERVICE

11. HILLCREST RESIDENTIAL 24. SMITHVIEW DEVELOPMENT

12. JUNCTION OUTPOST 25. SOUTHRIDGE MOBILE HOME

13. LAKE CHATEAU 26. WOODSTOCK MOBILE HOME PARK

| —

THERE WERE 57 PRIVATE FACILITIES IN 2013] O
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What is our Capital Improvements Plan?
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What is the Capital Improvements Plan?

PLAN FOR ADDRESSING PERMIT COMPLIANCE SCHEDULES.

PLAN FOR ADDRESSING TREATMENT FACILITY UPGRADES.

PLAN FOR CAPACITY EXPANSION IMPROVEMENTS.

PLAN FOR COLLECTION SYSTEM IMPROVEMENTS.

PLAN FOR OPERATIONAL ENHANCEMENTS.

THE GOAL IS TO INVEST IN SYSTEM IMPROVEMENTS THAT REDUCE OPERATION
COSTS WHILE INCREASING ENVIRONMENTAL STEWARDSHIP.

o

o / 5
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COMPLIANCE SCHEDULES 1

1. BROWN STATION $4.1 MILLION ($2 MILLION ALTERNATIVE)

2. RICHARDSON ACRES $2 MILLION

3. SOUTH ROUTE K $21.6 MILLION

4. TRAILS WEST $1.7 MILLION

5. TWIN LAKES $2.3 MILLION

6. CEDAR GATE $3.5 MILLION

7. QUARTER MILE HILLS $1.7 MILLION

8. SUNNYSLOPE $1.1 MILLION ~—
e

$38 MILLION OVER 20 YEARS
W/ \/ \/
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TREATMENT UPGRADES

1. KINKADE CROSSING $0.5 MILLION
2. MEADOW VILLAGE $0.3 MILLION
3. MIDWAY CROSSING $0.2 MILLION
4. PRAIRIE MEADOWS $0.9 MILLION
5. ROCHEPORT $0.1 MILLION
6. ROCKY FORK $1.5 MILLION
/. AMERICAN OUTDOOR BRANDS $0.1 MILLION
8. EAGLE KNOLL $0.3 MILLION
9. MIDWAY USA $0.1 MILLION

~

$4 MILLION OVER 10 YEARS
® \/
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COLLECTION SYSTEM UPGRADES
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1. CEDAR LAKE SIPHON $0.9 MILLION
2. HILL CREEK PRESSURE SEWER $0.2 MILLION
3. WOODLANDS PRESSURE SEWER $0.2 MILLION
4. NEW TOWN PUMP STATION $0.2 MILLION
5. ROLLINGWOOQOD AERIAL CROSSING $0.4 MILLION
6. FAIRWAY WEST PUMP STATION $1.4 MILLION
/. CLEARVIEW NORTH PUMP STATION $0.4 MILLION
8. VARIOUS PUMP STATION UPGRADES  $0.2 MILLION
9. WATERS EDGE $2.2 MILLION

A

$6 MILLION OVER 20 YEARS
® \/
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OPERATIONAL ENHANCEMENTS

1. PORTABLE SLUDGE PRESS $1.5 MILLION
2. FLOW METERING $0.1 MILLION
3. COLLECTION SYSTEM EVALUATIONS $3.6 MILLION J
4. COLLECTION SYSTEM REHAB $17.8 MILLION
$23 MILLION OVER 20 YEARS -

GRAND TOTAL: $71 MILLION
OVER 20 YEARS

</ A/ | J
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BCRSD BUDGET/EXPENSES

Contracted Service: 31.3% -

* Personnel: 27.4%

‘ ' -‘x& Administrative: 12.3%

Utilities: 3.9%

Debt Service & Capital Projects: 28.8% -

|

Treatment & Collection Expense: 24.2% 4

M Personnel @ Administrative Utilities
B Contracted Service

B Treatment & Collection Expense I Debt Service & Capital Projects

" R
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HOW DO WE PAY FOR ALL OF THIS?

GRANTS FROM DNR’S STATE REVOLVING FUND

LOW INTEREST LOANS FROM DNR’S STATE REVOLVING FUND
-(30% OF THE MARKET INTEREST RATE)

CDBG — COMMUNITY DEVELOPMENT BLOCK GRANTS

USDA RURAL DEVELOPMENT WASTEWATER GRANTS AND LOANS
ARPA, ARRA, AND OTHER FEDERAL SPECIALTY GRANT PROGRAMS
NEW DEVELOPMENT CONNECTION FEES

DEVELOPER BUILT AND DONATED INFRASTRUCTURE

CUSTOMER BASE GROWTH

SPECIAL CONNECTION FEES — (GREEN LINE FEES)

10 STRATEGIC PARTNERSHIPS AND COST REDUCTION STRATEGIES
11. COST SAVINGS FROM OPERATIONAL ENHANCEMENTS

12. IMPROVEMENT DISTRICTS (NID’S AND CID’S)

13. RATE INCREASES
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COST EFFECTIVENESS

EACH $1,000,000 IN NEW DEBT SERVICE = $0.63 PER MONTH TO EACH RATE

PAYER WHEN USING DNR SRF LOANS (20 YEAR TERM)

EACH $1,000,000 IN NEW DEBT SERVICE = $0.95 PER MONTH TO EACH RATE

PAYER WHEN USING MARKET RATE LOANS AND BONDS (20 YEAR TERM) </
GRANTS OBTAINED REDUCE PRINCIPAL COSTS OF THE PLAN

STRATEGIC PARTNERSHIPS REDUCE PRINCIPAL COSTS OF THE PLAN

GOOD ENGINEERING STRATEGIES REDUCE PRINCIPAL COSTS OF PLAN

DEVELOPER DONATED INFRASTRUCTURE INCREASES OUR CUSTOMER BASE, AND \_
SPREADS OUR COST TO MORE CUSTOMERS

CREATIVE FINANCING STRATEGIES (CID’S, GREEN LINE FEES, CONNECTION FEES)
SHIFT THE FINANCIAL BURDEN FROM EXISTING RATE PAYERS

OPERATION ENHANCEMENTS OFFSET DEBT SERVICE BY REDUCING OPERATING
COSTS.

J ol —~ ‘
(M
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WHAT WAS BCRSD’S HISTORICAL STRATEGY?

BCRSD SEWER INFRASTRUCTURE

2.9% 1 9% </

38.9%

B Cash Purchase

APPROXIMATELY $50
B Low Interest Loan MILLION
Developer Donated IN INFRASTRUCTURE
- PAST 20 YEARS N

s Grants )

56.3%
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Next Steps?

STAKEHOLDER FEEDBACK — (JUNE, JULY, AUGUST, SEPTEMBER)

PUBLIC HEARING — (SEPTEMBER 8™ 2025)

PLAN REVISIONS AND UPDATES FROM COMMUNITY FEEDBACK

PRELIMINARY USER RATE STUDY

BOARD OF TRUSTEES APPROVAL (TENATIVELY OCTOBER /NOVEMBER 2025)
SECOND PUBLIC HEARING — TO BE SCHEDULED IN 4™ QUARTER OF 2025 OR
1 QUARTER OF 2026

PRESENT PLAN TO CLEAN WATER COMMISSION — 15T OR SECOND QUARTER
2026

N

0 Y
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WE NEED YOUR FEEDBACK!
GO TO WWW.BCRSD.COM

Boone County Regional Sewer District
2174 PAY Yt
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WE NEED YOUR FEEDBACK!
GO TO WWW.BCRSD.COM

®)BCRSD

Boone County Regional Sewer District

1314 N. 7TH ST. COLUMBIA MO 65201 (573) 443-2T74 PAY YOUR BILL BOARD OF TRUSTEES RULES & REGS

Area-Wide Management Plan Capital Improvement Plan

The Boone County Regional Sewer District Area-Wide Management Plan (AWMP) serves as a comprehensive framework for managing wastewater
infrastructure across Boone County. As an update to BCRSD's 2013 Tier 2 Plan approved by the Missouri Clean Water Commission, this AWMP reflects
more than a decade of progress in regionalizing and consolidating public and private wastewater systems into more efficient regional facilities operated

by BCRSD, the City of Columbia, and other municipal partners. This move toward regionalization is a key strategy for protecting the environment ,
improving public health, and ensuring reliable and affordable service for customers.

The AWMP will be presented to the Missouri Clean Water Commission to re-affirm BCRSD and the City of Columbia’s joint status as Level 2 Continuing
Authorites in Boone County. Through this authority, BCRSD collaborates with the Missouri Department of Natural Resources (MDNR), the City of
Columbia, and other municipal partners to enforce standards for wastewater services and oversee treatment facility operations. The AWMP evaluates
existing public and private wastewater treatment facilities in Boone County and provides recommendations, including connection to regional
infrastructure where feasible.
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WE NEED YOUR FEEDBACK!
GO TO WWW.BCRSD.COM

Questions or Comments?

We welcome your feedback and inquiries. If you have any questions about the Area-Wide Management Plan, Capital Improvements Plan, or how these
efforts may impact your area, please don't hesitate to reach out. \ /

You can use the form below to submit your question or comment, and a member of our team will get back to you promptly.

Prefer to speak with someone directly? Feel free to call our office at 573-443-2774 during regular business hours.

Name

Name

Email

Email

Message

Message
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PUBLIC HEARINGFORMAT:
1) PRESENTATION BY BCRSD & MCCLURE
2) PUBLIC HEARING -

3) COMMENTERS PHYSICALLY AT THE MEETING GO FIRST —
VIRTUAL ATTENDEES WILL GO SECOND

A) APPROACH MICROPHONE
B) STATE AND WRITE DOWN YOUR NAME AND ADDRESS
C) 3 MINUTE TIME LIMIT TO MAKE STATEMENTS ~/

D) STAFF MAY CHOOSE TO ANSWER ANY QUESTIONS THAT
ARISE FROM A STATEMENT OR MOVE ON TO THE NEXT

COMMENTER N/
-/ "





		AREA WIDE MANAGEMENT PLAN & CAPITAL IMPROVEMENTS PLAN��LONG RANGE PLANNING�FOR BCRSD

		�JESSE STEPHENS, P.E.��INTERIM EXECUTIVE DIRECTOR & FACILITIES ENGINEERING MANAGER

		�DANIEL CUNNINGHAM�PROJECT MANAGER��DREW PERKINS�

		�MCCLURE ENGINEERING��ELLEN WOLTJEN, P.E.�COBY CROWL, P.E.�DERICK ANDERSON, P.E.��

		FORMAT:�1) PRESENTATION BY BCRSD & MCCLURE�2) PUBLIC HEARING – �3) COMMENTERS PHYSICALLY AT THE MEETING GO FIRST – VIRTUAL ATTENDEES WILL GO SECOND�A) APPROACH MICROPHONE�B) STATE AND WRITE DOWN YOUR NAME AND ADDRESS�C) 3 MINUTE TIME LIMIT TO MAKE STATEMENTS�D) STAFF MAY CHOOSE TO ANSWER ANY QUESTIONS THAT ARISE FROM A STATEMENT OR MOVE ON TO THE NEXT COMMENTER�����

		What IS BCRSD’S Mission?

		What does BCRSD do?

		How do we do it?

		How do we do it?

		What does BCRSD do?

		What is the Area Wide Management Plan?

		�WHERE ARE THE DNR PERMITTED WWTP’S IN BOONE COUNTY?

		What are the BCRSD WWTP’s?

		What are the BCRSD WWTP’s?

		What are the BCRSD WWTP’s?

		What is our Capital Improvements Plan?

		What is the Capital Improvements Plan?

		What are the BCRSD WWTP’s?

		What are the BCRSD WWTP’s?

		What are the BCRSD WWTP’s?

		What are the BCRSD WWTP’s?

		What are the BCRSD WWTP’s?

		What are the BCRSD WWTP’s?

		What are the BCRSD WWTP’s?

		What are the BCRSD WWTP’s?

		Next Steps?

		    WE NEED YOUR FEEDBACK!�GO TO WWW.BCRSD.COM 

		    WE NEED YOUR FEEDBACK!�GO TO WWW.BCRSD.COM 

		    WE NEED YOUR FEEDBACK!�GO TO WWW.BCRSD.COM 

		�PUBLIC�HEARING

		PUBLIC HEARINGFORMAT:�1) PRESENTATION BY BCRSD & MCCLURE�2) PUBLIC HEARING – �3) COMMENTERS PHYSICALLY AT THE MEETING GO FIRST – VIRTUAL ATTENDEES WILL GO SECOND�A) APPROACH MICROPHONE�B) STATE AND WRITE DOWN YOUR NAME AND ADDRESS�C) 3 MINUTE TIME LIMIT TO MAKE STATEMENTS�D) STAFF MAY CHOOSE TO ANSWER ANY QUESTIONS THAT ARISE FROM A STATEMENT OR MOVE ON TO THE NEXT COMMENTER�����




Date: September 8, 2025
Time: 10:09 pm
Page URL: https://bcrsd.com/area-wide-management-capital-improvement-plans

User Agent: Mozilla/5.0 (Macintosh; Intel Mac OS X 10.15; rv:142.0) Gecko/20100101 Firefox/142.0
Remote IP: 64.85.218.166

Powered by: Elementor
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From: BCRSD - Boone County Regional Sewer District

To: Bersd
Subject: [EXTERNAL]New message from "BCRSD - Boone County Regional Sewer District" - AWMP + CIP
Date: Monday, September 8, 2025 5:58:40 PM

ATTENTION: This email originated from outside of Boone Electric Cooperative. Use
CAUTION with links or attachments.

Name: Robert

Email: Robert.jablonsky@gmail.com

Message: Hello,

I'm curious how much the effluent requirements are changing, if you can share a map and
more details of the plans? I didn't get the mailed notice of the meeting until today :(
Thanks

Date: September 8, 2025

Time: 5:58 pm

Page URL: https://bcrsd.com/area-wide-management-capital-improvement-plans
User Agent: Mozilla/5.0 (Android 15; Mobile; rv:142.0) Gecko/142.0 Firefox/142.0
Remote IP: 38.212.19.95

Powered by: Elementor


mailto:nwbtdkgx@elementor.cloud
mailto:Bcrsd@bcrsd.com




From: BCRSD - Boone County Regional Sewer District

To: Bcrsd
Subject: [EXTERNAL]New message from "BCRSD - Boone County Regional Sewer District" - AWMP + CIP
Date: Monday, September 8, 2025 4:48:17 PM

ATTENTION: This email originated from outside of Boone Electric Cooperative. Use
CAUTION with links or attachments.

Name: Dee Dokken for the Mid-Missouri Group of the Sierra Club
Email: deedokken@gmail.com
Message: Comments on BCRSD Area-Wide Management Plan and CIP

Thank you for reaching out to the community with information about the plan.

We appreciate the work that the BCRSD has done since 2013 to improve water quality in
Boone County, including the closure of 18 treatment facilities by connecting them to county
waste water treatment plants or the Columbia sewer system.

We also appreciate the decision-making process which tries to balance the benefits of projects
with the costs and available financing.

The Sierra Club especially supports actions to protect the sensitive streams in the Greater
Bonne Femme Watershed. We support the following:

Prairie Meadows facility repairs to ensure adequate treatment before it discharges into a
tributary of Gans Creek, an Outstanding State Resource Water. We also support not increasing
the capacity in order to enable more development in the area and the plan to close the facility
whenever connection to City of Columbia sewer is available.

Brookfield Estates proposal to decrease chloride pollution to Little Bonne Femme Creek by
reducing salt use from residential water softeners through education and/or regulation.

Eagle Knoll improvement to upgrade water quality discharged to a losing stream. Hopefully it
can be completed as proposed in the next 6-10 years as funding becomes available.

South Rt. K WWTP— We support repairing this plant to minimize pollution into the Little
Bonne Femme Creek, but we seriously question spending $21.5 million to enlarge or build a
new plant in order to allow even more 'Rural Residential' development SW of Columbia. Is
that the best use of this money?

We also would like to see the sewer district begin to work on the issue of PFAS contamination
in bio-solids applied to farm land, even though the state has not yet created regulations.

Sincerely,

Dee Dokken for the Mid-Missouri Group of the Sierra Club


mailto:nwbtdkgx@elementor.cloud
mailto:Bcrsd@bcrsd.com

Date: September 8, 2025

Time: 4:45 pm

Page URL.: https://bcrsd.com/area-wide-management-capital-improvement-plans

User Agent: Mozilla/5.0 (Windows NT 10.0; Win64; x64) AppleWebKit/537.36 (KHTML,
like Gecko) Chrome/139.0.0.0 Safari/537.36

Remote IP: 67.144.242 .81

Powered by: Elementor






From: BCRSD - Boone County Regional Sewer District

To: Bcrsd
Subject: [EXTERNAL]New message from "BCRSD - Boone County Regional Sewer District" - AWMP + CIP
Date: Monday, September 8, 2025 4:37:12 PM

ATTENTION: This email originated from outside of Boone Electric Cooperative. Use
CAUTION with links or attachments.

Name: Gina Newby

Email: gnewby4u@hotmail.com

Message: I live in Cedarbrook Subdivision, 1670 Amos, and a sewer main runs along my
backyard with a manhole. Will you need to get into my backyard to

work? Will you be taking out trees and sheds in order for the work to be done in the yards? Or
will it be just the lagoon that will be new? A seedling near next door sits on the main line by
the manhole as well as his shed. Prior owners fenced off the area before the trees grew back
there and built the shed on the right of way. I put bushes up realizing that they may eventually
have to be destroyed on the basement, but did that because of dangerous dogs jumping fences.
However my gates in my chain link fence in front have flowers near the gates, will I need to
move my costly plants? When can expect any work to begin? Will there be any sewer
disruption and for how long? Do we have to worry about sewage possibly backing up into my
basement during work?

Sincerely,

Gina Newby

P.s. didn't get meeting notice until today in the mail and cannot attend in person tonight.

Date: September 8, 2025

Time: 4:37 pm

Page URL: https://bersd.com/area-wide-management-capital-improvement-plans

User Agent: Mozilla/5.0 (Linux; Android 10; K) AppleWebKit/537.36 (KHTML, like Gecko)
Chrome/140.0.0.0 Mobile Safari/537.36

Remote IP: 67.6.184.130

Powered by: Elementor
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From: BCRSD - Boone County Regional Sewer District

To: Bersd
Subject: [EXTERNAL]New message from "BCRSD - Boone County Regional Sewer District" - AWMP + CIP
Date: Friday, August 29, 2025 12:03:19 PM

ATTENTION: This email originated from outside of Boone Electric Cooperative. Use
CAUTION with links or attachments.

Name: Kevin Roberson, President of the Board of Friends of Rock Bridge

Email: robersonkw(@gmail.com

Message: Comments/suggestions for the Area-Wide Management Plan:

Increase in concern for protecting groundwater specifically spelled out

Increase in concern about protecting the Devil's Icebox Cave and Cave Spring Branch
Include maps of the Karst areas of Boone County, Sinkhole plain around Pierpont, Devil's
Icebox Cave recharge area.

Plan and work toward a regional sewer system for the sinkhole plain in the Devil's Icebox
Cave's recharge area.

Date: August 29, 2025

Time: 12:02 pm

Page URL.: https://bcrsd.com/area-wide-management-capital-improvement-plans

User Agent: Mozilla/5.0 (Windows NT 10.0; Win64; x64) AppleWebKit/537.36 (KHTML,
like Gecko) Chrome/139.0.0.0 Safari/537.36

Remote IP: 154.36.206.120

Powered by: Elementor


mailto:nwbtdkgx@elementor.cloud
mailto:Bcrsd@bcrsd.com




From: Stephens, Jesse

To: Bersd

Subject: FW: [EXTERNAL]Re: BCRSD/GRE Meet & Greet
Date: Thursday, September 11, 2025 5:33:05 PM
Attachments: Outlook-A logo of .png

Outlook-signature .png
Outlook-signature .png
Outlook-signature .png
Outlook-signature .png
Outlook-signature .png

2025 GRE User Rate Handout.pdf
image001.png

Here is additional public comment on the AWMP. Please include.

Jesse Stephens, Facilities Engineering Manager

Boone County Regional Sewer District (BCRSD)
D 1314 N. 7th St., Columbia, MO 65201

C:573.239.4025 | 0: 573.443.2774

e: jstephens@bcrsd.com | w: www.bcrsd.com

From: Jacob Dean <jdean@greatriv.com>

Sent: Thursday, September 11, 2025 2:48 PM

To: Cunningham, Daniel <DCunningham@bcrsd.com>; Horton, Jason <JHorton@bcrsd.com>;
Stephens, Jesse <JStephens@bcrsd.com>

Subject: [EXTERNAL]Re: BCRSD/GRE Meet & Greet

Some people who received this message don't often get email from jdean(@greatriv.com. Learn why this is important

ATTENTION: This email originated from outside of Boone Electric Cooperative. Use
CAUTION with links or attachments.

Hi Daniel, Jason, and Jesse,

I've been looking through the District’'s Area-Wide Management Plan, Capital Improvement
Plan, and recent board meeting minutes, and it's clear how much thought and effort is
going into planning for the future. | wanted to reach out and share a couple of ways | think
Great River Engineering could be a resource.

I know the recent public hearing included a lot of discussion around rate adjustments and
community feedback. Since that’s a key priority, | plan to attend the 9/16 board meeting—
mainly to listen, but also to be available if | can be helpful. I've attached a short handout we
put together that explains what user rate studies are (for anyone who may not be familiar)
and why they can be useful—just something to have handy.

| also noticed a few of the priorities highlighted in the Capital Improvement Plan—like the
Cedar Lake Siphon Elimination and the pump station projects (New Town, Fairway,
Clearview North, etc). Those are the types of efforts our team has experience with and
enjoys supporting, and I'd be glad to help however | can as those move forward.

In the meantime, if you ever have a question or just want to bounce around an idea, please
don’t hesitate to reach out. I’'m looking forward to getting to know you all better and being a
helpful resource where | can.


mailto:jdean@greatriv.com
https://aka.ms/LearnAboutSenderIdentification
mailto:jstephens@bcrsd.com
mailto:Bcrsd@bcrsd.com
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SUSTAINABLE, FAIR, & TRANSPARENT

WHY CONDUCT A USER
RATE STUDY?

Ok,

AN

LISTEN

ALIGN REVENUE & COST
MAINTAIN SUSTAINABILITY BY
ENSURING RATES SATISFY
REVENUE NEEDS.

FAIR RATE ADJUSTMENT
PROVIDE CLEAR JUSTIFICATION
AND PROMOTE EQUITY WITH
USER TYPES.

GRADUAL CHANGE

PHASE RATE ADJUSTMENTS
GRADUALLY SO THAT USERS
CAN PREPARE.

LONG-TERM SUPPORT
SUPPORT LONG-TERM
INFRASTRUCTURE, STAFFING,
AND EQUIPMENT NEEDS.

ALIGN NEEDS & FUNDING
ALIGN USER RATES WITH
MINIMUM GRANT FUNDING
THRESHOLD.

GREAT RIVER ENGINEERING'S
APPROACH

FINANCIAL HEALTH ASSESSMENT

EVALUATE SYSTEM REVENUES
VERSUS HISTORICAL AND
PROJECTED EXPENSES.

RATE STRUCTURE EVALUATION

CONSIDER STRUCTURE TYPES,
USER CATEGORIES, AND
RATESCHEDULING.

REPAIR & REPLACEMENT
FORECAST SYSTEM EXPENSES SUCH
AS ASSET MANAGEMENT AND
EMERGENCY FUNDS.

COMPARISON & BENCHMARKING

COMPARE EXISTING RATES TO
PROPOSED OPTIONS AND
SIMILAR COMMUNITIES.

PUBLIC EDUCATION & OUTREACH
REVIEW ORDINANCES, PUBLIC
COMMUNICATIONS, AND SUPPORT
LEADERSHIP AND STAFF.

. PLAN . COMMUNICATE . DELIVER

UTILITY USER

STUDIES

. GRE

GREAT RIVER
ENGINEERING

User rates fund water and sewer
services. A rate study reviews
finances, compares
communities, and plans for
future needs to keep rates fair
and sustainable.






BENEFITS OF WORKING WITH GRE O GRE

ENGINEERING
|

EXPERIENCE SUSTAINABILITY

25+ YEARS OF STUDYING UTILITY RATES ACROSS w FOCUS ON BALANCED BUDGETS, REDUCED RELIANCE

MISSOURI COMMUNITIES. d ON SUBSIDIES, AND PROACTIVE INFRASTRUCTURE
FUNDING.

CUSTOMIZED ANALYSIS PROVEN SUCCESS

TAILORED ASSUMPTIONS AND MODELS FOR EACH TRUSTED BY CITIES SUCH AS MARSHFIELD, TANEY

CITY’S SYSTEM. COUNTY REGIONAL SEWER DISTRICT, STRAFFORD,

HOLLISTER, BRANSON WEST, AND MORE.

CONTACT US TODAY!

COLLABORATION

WE ENGAGE CITY STAFF ACROSS FINANCE, BILLING, SPRINGFIELD, MO 417.886.7171

OPERATIONS, AND LEGAL. BRANSON, MO 417.220.4112
KANSAS CITY, MO 816.436.4440
JEFFERSON CITY, MO 573.606.4674
ST. LOUIS, MO 314.400.7677

WWW.GREATRIV.COM







Jesse Stephens, Facilities Engineering Manager
Boone County Regional Sewer District (BCRSD)
1314 N. 7th St., Columbia, MO 65201
C:573.239.4025 | O: 573.443.2774

e: jstephens@bcrsd.com | w: www.bcrsd.com





I look forward to seeing you all next week!

Respectfully,

Jacob Dean, P.E.

Project Manager

Great River Engineering
jdean@greatriv.com
Mobile: 417.860.6890
Office: 417.886.7171

D GRE

GREAT RIVER
ENGINEERING

1
Tell us how we are doing, click here!

All Documents are instruments of service in respect to this project, and Engineer shall retain an ownership and property interest therein (including the
copyright and the right of reuse at the discretion of the Engineer) whether or not the Project is completed. Contractor shall not rely in any way on any
Document unless it is hand signed and sealed or digitally signed and certified by the Engineer or one of its Consultants party may rely that data or
information set forth on paper (also known as hard copies) that the party receives from the other party by mail, hand delivery, or facsimile, are the
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From: Jacob Dean <jdean@greatriv.com>

Sent: Friday, August 1, 2025 2:58 PM

To: dcunningham@bcrsd.com <dcunningham@bcrsd.com>; jhorton@bcrsd.com
<jhorton@bcrsd.com>; jstephens@bcrsd.com <jstephens@bcrsd.com>

Cc: Bryan Boyce <bboyce@greatriv.com>; James Creel <jcreel@greatriv.com>
Subject: BCRSD/GRE Meet & Greet

Hello Daniel, Jason, and Jesse,

Thank you again for taking the time to meet with us yesterday. We enjoyed the opportunity
to learn more about your district. As you mentioned, we will look over the Area-Wide
Management Plan and Capital Improvement Plan available on your website.

If you have any questions about Great River Engineering or if there's any way we can
assist, please don't hesitate to reach out. We would be happy to help however we can.

Have a great weekend!
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Respectfully,

Jacob Dean, P.E.

Project Manager

Great River Engineering
jdean(@greatriv.com
Mobile: 417.860.6890

Office: 417.886.7171
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Tell us how we are doing, click here!
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