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Project Background and Need 
 

Barr Lake and Milton Reservoir are two off-channel waterbodies in the South Platte River system, 

northeast of Denver, Colorado. The entire Barr-Milton watershed is approximately 5,230 square 

miles (13,500 square kilometers), a very large drainage area (Figure 1).  Barr Lake is located 

northeast of Denver near the town of Brighton, while Milton Reservoir is situated approximately 30 

miles northeast of Barr Lake (Figure 2). At full pool, Barr Lake has a maximum depth of 33 feet (10 

m), a mean depth of 16.5 feet (5.0 m) and a surface area of 1940 acres (782 ha), with a capacity of 

32,000 acre-feet (39.5 million m3). At full pool, Milton Reservoir has a maximum depth of 27 feet (8.2 

m), a mean depth of 14.1 feet (4.3 m) and a surface area of 1840 acres (742 ha), with a capacity of 

26,000 acre-feet (32.1 million m3). The flushing rate for Barr Lake is about 1.6/year (detention time 

of 7-8 months), while for Milton Reservoir the flushing rate is about 1/year (detention time of 1 year).  

These reservoirs are used mainly as irrigation supplies, but also serve other uses, including aquatic 

life support (Class 1 – warm water), recreation E (existing primary contact use), and domestic water 

supply, with human water supply potentially increasing in importance with development in the area. 

Much of their volume is used for agricultural irrigation over the growing season, with refill over the 

winter and into spring. Both reservoirs experience high pH values, well above perceived natural 

background levels and in excess of the state standard. Algal blooms are largely responsible for 

elevated pH through removal of carbon dioxide during photosynthesis, but high alkalinity in the 

reservoirs from wastewater discharges also sustains higher pH levels. Complete support of 

designated beneficial uses requires a reduction in pH, and a Total Maximum Daily Load (TMDL) was 

developed to determine an appropriate set of target conditions for achieving compliance. Lowering 

of phosphorus loads to reduce algal production and limit instances of high pH is desired to move 

toward compliance with the state standard for pH, which is a value of <9.0 SU for >85% of the time. 

Water delivered to Barr Lake through the Burlington-O’Brian (B&O) Canal varies throughout the year 

but is focused on the November – April period of refill after gradual drawdown for irrigation use in the 

May – October period.  The water diverted to Barr Lake from the South Platte River contains 

wastewater from multiple town systems, the largest of which are the Metropolitan Wastewater 

Reclamation District (Metro) WWTP and the Littleton-Englewood WWTP, and runoff from the Denver 

metropolitan area.   

Wastewater from the Metro WWTP was discharged through the Burlington Pump Works directly into 

the B&O Canal to enhance the Barr Lake refill rate between November and April until 2012. The Metro 

discharge rate has varied substantially over the years, with an average input of 3846 million gallons 

per water year (November 1 – October 31) between 2000 and 2012. Following a water court decision 

in 2011, use of the pumps was generally reduced.  The last time the pumps were physically used was 

on February 10, 2012.  A catastrophic flood in September 2013 damaged the Burlington Pump Works 

and has since prevented any discharge from Metro, independent of water rights issues.  
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Figure 1. Barr-Milton Watershed Area 
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Figure 2. Immediate Watershed of Barr Lake and Milton Reservoirs Near Denver, Colorado 
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All Metro wastewater is now discharged to the South Platte River, downstream of the B&O Canal head 

gates but upstream of the Beebe pipe diversion to the B&O Canal, so Metro water can still reach Barr 

Lake. It should also be noted that there are two discharges for Metro wastewater, referred to as north 

and south discharges, but there is also a new treatment facility known as the Northern Treatment Plant 

that came online in late 2015 and discharges downstream of any connection to Barr Lake. Treatment 

upgrades have lowered the phosphorus concentration in the Metro discharge appreciably. Metro 

wastewater can therefore still be an important component of refill water for Barr Lake, but it contains 

less phosphorus now and is diluted to a greater degree in the South Platte River. 

Water delivery rates to Milton Reservoir from the South Platte River through the Platte Valley Canal 

vary throughout the year, with the greatest flows in late winter and spring. Flow in the canal averages 

slightly less than 67 mgd during the refill period. The water delivered to Milton Reservoir from the 

South Platte River through the Platte Valley Canal contains wastewater from the Metro and Littleton-

Englewood WWTPs, and others that discharge to the mainstem or tributaries of the South Platte River 

upstream of the Platte Valley Canal diversion, plus runoff from the Denver metropolitan area.  Water 

also reaches Milton Reservoir through the Beebe Canal, which contains leakage and any releases from 

Barr Lake and any inflows to the canal between Barr Lake and Milton Reservoir.  Inputs to the Beebe 

canal have included irrigation return water, some seepage and effluent from the Hudson and Lochbuie 

wastewater treatment facilities, but the Hudson facility was upgraded and routed out of the watershed 

in recent years, eliminating that phosphorus source.   

Nutrient loading has been declining and is under ongoing study. A complex model to represent the 

watershed and two reservoirs was completed in 2009 (AECOM 2009) and revised in 2014 (Integral 

2014). The basic prediction of the model has been that loading of nutrients, particularly phosphorus, 

has been very high and that very large reductions in loading will be needed before any significant 

reduction in algae production and pH will be achieved. Further reductions in wastewater phosphorus 

concentrations appeared necessary to make substantial progress. The cessation of Metro discharge 

to the canal leading to Barr Lake represented a major decrease in loading to that lake as of 2014, but 

phosphorus levels were still elevated. Improvement in South Platte River water quality related to 

treatment upgrades and land management also appears to have reduced the concentration of 

phosphorus in Milton Reservoir, but levels were still well above any threshold for reduced algae 

productivity and lowered pH as of 2014. 

Changes in the Metro discharge have major bearing on phosphorus loading to Barr Lake and Milton 

Reservoir. Metro has historically discharged to either the South Platte River or the Burlington-

O’Brien Canal via the Burlington Pump Works, with the Burlington-O’Brien Canal flowing to Barr 

Lake. The discharge of effluent to the Burlington-O’Brien Canal varied over time before 2012 but 

ceased as of the flood that damaged the pump station in late summer 2013. Interest has been 

expressed in rebuilding the Burlington pumps but there has been no discharge through 2018.  

Despite current Metro treatment that has cut the phosphorus concentration in the discharge by 

approximately two thirds, phosphorus levels in Barr Lake would be expected to rise if discharge of 

Metro wastewater resumes, unless treatment is enhanced even beyond what has been done to date. 
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An open question from the original modeling effort was the role of internal phosphorus recycling in 

the future water quality of these waterbodies. Modeling internal phosphorus loading was considered 

highly speculative under the existing conditions of very high water column phosphorus and 

continued external loading, but was given a substantial value to counter modeled settling and achieve 

better agreement between predicted and observed phosphorus levels. The actual mechanisms of 

possible internal loading were not investigated in detail. 

Internal loading can occur by several means, including soluble release from bottom sediments, 

desorption from resuspended sediments, and release from rooted aquatic plants. As aquatic plant 

growths are negligible in these reservoirs, only release from bottom sediments and resuspension by 

wind or bottom-feeding fish (e.g., carp) are plausible sources in these reservoirs. Soluble release from 

sediments could involve redox reactions that cause iron-bound phosphorus to be released, pH 

depression that allows calcium-bound phosphorus to resolubilize, or decay of organic matter that 

releases phosphorus. Low pH has not been an issue, so calcium-bound phosphorus is not likely to be 

released, but internal loading from decomposition and/or redox reactions involving iron-bound 

phosphorus was considered plausible. An investigation was therefore conducted in 2015 to 

determine the potential significance of internal phosphorus loading to Barr Lake and Milton 

Reservoir (WRS 2016). 

Assessment of the primary internal sources of phosphorus, which include release of phosphorus from 

iron compounds under anoxia and decay of organic matter, does suggest a possibly significant but 

not extreme influence at loads consistent with the TMDL. Estimated potential internal loads are 680 

to 1360 kg/yr for Barr Lake and 650 to 1300 kg/yr for Milton Reservoir. These loads are <6% of 

current total load estimates and would be <20% of the total load to Barr Lake and <30% of the total 

load to Milton Reservoir if the TMDLs were achieved. Addition of internal loads during summer and 

in readily available form could make them disproportionately more important than suggested by an 

annual accounting of loads, but external loading is still expected to be the dominant phosphorus 

source. Internal loading would only warrant attention for these waterbodies at much lower 

phosphorus loading than experienced through 2015. Oxygenation or phosphorus inactivation could 

greatly reduce internal phosphorus loading if such reduction becomes necessary. A phosphorus 

inactivation system for the B&O Canal was subsequently designed for possible future use (ERD 2015). 

Monitoring has continued through 2018, generating 5 years of data since the last update of the 

models used to support management decisions with regard to water quality management for Barr 

Lake and Milton Reservoir. In light of the internal loading study and continued lower concentrations 

of phosphorus in the two waterbodies, it was considered prudent to revisit the models and overall 

loading analysis. This effort is devoted to consideration of recent water quality trends, estimation of 

ongoing phosphorus loading, and assessment of progress toward compliance with the state standard 

for pH. 
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Perspective on Phosphorus Concentrations and Related Water Quality 
 

Phosphorus concentrations declined in both waterbodies over the course of 17 years of monitoring, 

with annual averages showing a strong trend even with the simplest linear regression (Figure 3), 

especially for Barr Lake. However, there is strong intra-year variation (Figure 4) in both waterbodies 

related to the refill and agricultural irrigation cycle. Water used to refill these waterbodies comes 

mainly from the South Platte River which is a mix of reclaimed wastewater, urban and agricultural 

runoff, and snowmelt from a wide variety of land uses. Refill occurs over the winter and into the 

spring, after which inflows decline to low levels and withdrawals for irrigation lower the water levels 

in these waterbodies. Phosphorus levels peak in winter and spring then decline over the summer and 

fall as inputs are processed.  

Looking more closely at the annual average phosphorus concentrations (Figure 3), there is  a gradual 

decline for Barr Lake into 2013 that reflects improvement in wastewater quality from the Metro 

facility discharged directly to the B&O Canal (which runs directly to Barr Lake) and reductions in that 

discharge, followed by a distinct drop to a lower phosphorus concentration in 2014 with the 

cessation of all direct wastewater discharge. The average annual concentration has not varied greatly 

since 2014 and hovers around 300 µg/L. For Milton Reservoir there is no observable trend until 

2014, with considerable variability. As of 2014 the phosphorus concentration declines substantially. 

This is mainly a function of the reduction of phosphorus in Barr Lake, which sends water downstream 

to Milton Reservoir. 

Phosphorus concentrations are high enough that they are probably not the limiting factor for algal 

growth most of the time, except perhaps over the last few years in Barr Lake. Despite the decline of 

phosphorus over time, chlorophyll-a, an algal pigment indicative of algae abundance and 

productivity, does not show any strong trend on the basis of either summer monthly medians or 

maximum values (Figures 5 and 6). Summer monthly median values are lower in Barr Lake since 

2014, creating a negative slope for the linear regression of chlorophyll-a over time, but values exceed 

the target of 20 µg/L except in 2018. Summer median chlorophyll-a actually increases slightly in 

Milton Reservoir, although this relationship is not statistically significant. Summer maximum 

chlorophyll-a values decline over time, but variability is high, suggesting the influence of many 

factors on the algae community. It was hypothesized based on relationships in many other systems 

that phosphorus would have to be reduced to <200 µg/L and probably <100 µg/L before phosphorus 

would limit algae growth to the extent that pH compliance might be achieved and that appears to 

hold true for Barr Lake and Milton Reservoir as well. 

In these waterbodies the pH is slightly elevated by high alkalinity, some it natural (soils rich in 

calcium) and some from wastewater inputs, and greatly increased by the removal of carbon dioxide 

by algal photosynthesis. Yet despite only a weak trend in chlorophyll-a concentration over time, there 

is a distinct decrease in the 85th percentile for pH in Barr Lake and Milton Reservoir over time. (Figure 

7). Only about 25% of the variation is explained by simple linear regression of the 85th percentile pH  
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Figure 3. Annual average phosphorus concentrations in Barr Lake (upper) and Milton Reservoir (lower) over time. 
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Figure 4. Weekly phosphorus concentrations in Barr Lake (upper) and Milton Reservoir (lower) over time. 
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Figure 5. Summer median monthly chlorophyll-a concentrations in Barr Lake (upper) and Milton Reservoir (lower) over time. 
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Figure 6. Summer maximum monthly chlorophyll-a concentrations in Barr Lake (upper) and Milton Reservoir (lower) over time. 
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Figure 7. Annual 85th percentile for pH in Barr Lake (upper) and Milton Reservoir (lower) over time. 
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Figure 8. Annual average phosphorus vs. annual 85th percentile for pH in Barr Lake (upper) and Milton Reservoir (lower). 
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value on consecutive years, but since 2013 about half the years have met the pH standard of <9 for 

>85% of the time. Reduced direct wastewater input to Barr Lake is likely a major factor, and by 

extension the water entering Milton Reservoir from Barr Lake may be important. 

There is a relationship between annual average phosphorus concentration and the 85th percentile 

value for pH (Figure 8). Variability is high and the Barr Lake relationship explains 28% of the 

variation while the Milton Reservoir relationship explains only 10%. But it is apparent that reduced 

phosphorus does lead to lower pH, probably by both reduced wastewater alkalinity inputs and 

lowered algae abundance. The limited trend for chlorophyll-a is somewhat confusing, but there are 

many other pigments in algae and the ratio of chlorophyll-a to biomass or productivity is not a 

constant. Phosphorus is still high enough to allow algal blooms to occur and cause elevated pH values, 

but it is apparent that the lowering of phosphorus in recent years has moved both waterbodies closer 

to compliance with the pH standard.  

Review of data for algae obtained by Metro an automated analysis instrument (FlowCam) suggests 

that cyanobacteria can dominate the phytoplankton of both Barr and Milton in any month, are more 

commonly dominant between May and October, and are usually dominant in June through September 

in samples from 2012 through 2018. Variability in algae composition is high, but cyanobacteria 

dominate more often in Milton Reservoir than in Barr Lake, consistent with greater reductions in 

phosphorus loading to Barr Lake. However, the concentration of particles (leading to higher algae 

biomass and lower water clarity) is highest when diatoms dominate, usually in late autumn through 

spring.  Overall algae abundance remains high most of the year, but the intensity of cyanobacteria 

blooms has declined, and surface scums are less frequent.  

Examination of zooplankton data provided by Metro suggests that zooplankton will not provide 

especially high grazing pressure on algae. Samples since 2010 have been dominated mostly by 

rotifers and juvenile copepods (nauplii) that are inefficient feeders. Large bodied Daphnia, the most 

effective grazers on algae, are sometimes abundant but almost never form the dominant component 

of the zooplankton community in terms of percent of total organism volume (which equates to 

biomass). Predation on larger zooplankton by small fish is expected to be intense in these 

waterbodies, and the promotion of gizzard shad as a food resource for larger gamefish greatly 

impacts zooplankton size distribution. Gizzard shad largely filter feed, removing zooplankton larger 

than about 0.3 mm, consistent with the observation that rotifers and nauplii, among the smallest 

zooplankton, are most often dominant. 

If we accept that the regression equations in Figure 8 are representative of what will occur as 

phosphorus is lowered in these waterbodies, the Y intercept indicates that if there was no 

phosphorus in Barr Lake the 85th percentile for pH would be a little less than 8.9. For Milton Reservoir 

the pH in the absence of phosphorus is 9, right at the standard. However, a linear regression spanning 

the range of when phosphorus is both limiting and not limiting will not accurately capture the 

transition process. There will be a threshold effect for phosphorus, below which algal productivity 

declines more rapidly, and this threshold has not yet been reached in either waterbody. Average total 

phosphorus in Barr Lake for the 2014-2018 period is 296 µg/L while for Milton Reservoir it is 313 
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ug/L. The only time annual average phosphorus was <200 µg/L was in Milton Reservoir in 2018 

(Table 1) and the pH standard was achieved. 

Comparing phosphorus from 2003-2011 (2012-2013 was a transition period during which 

wastewater input to the B&O Canal first improved in quality and then eliminated) with direct 

wastewater inputs to Barr Lake to the 2014-2018 period with no such inputs, there has been slightly 

more than a 50% reduction in phosphorus concentration in these two waterbodies (Table 1). 

Average phosphorus concentrations are still high, but with variation over time and space, there are 

periods where phosphorus concentrations are low enough that algae are likely to be affected and the 

pH will not be raised as much as it has been in the past.  The result is a decrease in pH, the average 

going from 9.28 in 2003-2011 to 9.04 in 2014-2018 in Barr Lake and from 9.32 to 9.05 in Milton 

Reservoir. This may not seem like a large change when expressed as pH, but as pH is on a logarithmic 

scale the increase in actual hydrogen ion concentration is 74% for Barr Lake and 88% for Milton 

Reservoir. Clearly considerable progress toward meeting the pH standard has been made. 

Projecting how much more reduction in phosphorus concentration is needed to achieve compliance 

is still a speculative exercise, as concentrations in both reservoirs are just starting to approach levels 

at which a threshold effect is expected, and then not on a regular basis. The more sophisticated model 

developed and refined for these waterbodies may be the best aid to addressing this question, but it 

is possible to bracket the likely need with the more simplistic empirical models applied as reality 

checks in the past for Barr Lake and Milton Reservoir. 

Table 1. Annual average phosphorus concentrations and corresponding 85th percentile values 
for pH in Barr Lake and Milton Reservoir. 

 

Year Barr Milton Barr Milton

2003 759 393 9.50 9.66

2004 618 653 9.02 9.09

2005 548 595 9.36 9.46

2006 771 570 8.99 9.11

2007 653 626 9.43 9.10

2008 620 646 9.43 9.27

2009 560 698 9.23 9.26

2010 435 868 9.18 9.25

2011 525 707 9.34 9.68

2012 453 450 9.09 9.12

2013 423 823 8.99 8.95

2014 282 400 8.86 9.28

2015 250 236 8.98 8.95

2016 282 237 9.19 8.92

2017 316 496 9.16 9.25

2018 351 198 9.02 8.87

Grand Avg 490 537 9.17 9.20

2003-11 Avg 610 639 9.28 9.32

2014-18 Avg 296 313 9.04 9.05

TP (µg/L) 85th pH (Std Units)
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Empirical Modeling 
 

Previous efforts to explore phosphorus loading to Barr Lake and Milton Reservoir (AECOM 2009, 

WRS 2016) applied a series of empirical models that estimate phosphorus loading from in-lake 

phosphorus concentration and hydrologic and physical features of the waterbody, including those 

from Kirchner and Dillon (1975), Vollenweider (1975), Larsen and Mercier (1976) and Jones and 

Bachmann (1976). In the past we have also applied a pair of models from Reckhow, but these were 

found to consistently overestimate loading and we settled on the above four models. Of these, the 

Larsen and Mercier model and the Jones and Bachmann model seem to most accurately reflect 

conditions in Barr Lake and Milton Reservoir. 

Previously conditions represented by data from 2003-2009, 2014-2015, and the loading suggested 

by the TMDL were modeled with these equations (WRS 2016). In this effort, we extended the older 

data set from 2003-2011, skipped the transition years of 2012 and 2013, and modelled the period of 

2014-2018. We maintained the TMDL conditions as one scenario, then added scenarios representing 

average annual phosphorus at 200 and 100 µg/L (Tables 2 and 3). Waterbody bathymetry and 

inflows were maintained as constants. Concentration and flow were solved iteratively until a close 

match was obtained. The inflow phosphorus concentration is the total load divided by the annual 

water inflow. As such, it incorporates internal loading and direct precipitation, so one cannot expect 

that tributary data will exactly match these values. 

Current phosphorus concentrations in each waterbody are close to 300 µg/L on average over the 

period of 2014-2018. This results in an 85th percentile for pH that is just slightly above 9, but as pH 

is on a logarithmic scale, the seemingly small decrease in pH represents a non-trivial increase in 

hydrogen ion concentration (10-12%). Also, since the pH standard is meant be achieved every year 

and variation is substantial, a margin of safety will be needed. To go from the current average 

concentration in Barr Lake to an annual average of 200 µg/L will require a decrease of 32% over 

current loading. To reach an annual average concentration of 100 µg/L will require a decrease of 

66%. The pH standard should be achieved most of the time at a phosphorus concentration of 200 

µg/L and should be met regularly at 100 µg/L, although the relationship between phosphorus and 

pH is expected to change once the 200 µg/L is reached and we have not entered that zone yet. The 

TMDL called for a summer maximum of 100 µg/L. With the winter phosphorus concentration higher 

during the refill period, the annual average would be expected to be higher than 100 µg/L, but the 

anticipated pattern of concentrations under the TMDL would be expected to achieve compliance as 

a projection from actual data collected to date. 

For Milton Reservoir the decrease from the current phosphorus load to one that should yield a 

concentration of 200 µg/L is 36%, while the necessary load reduction to reach 100 µg/L is 68%. As 

with Barr Lake, if the phosphorus concentration in Milton Reservoir can be kept under 200 µg/L the 

pH standard should be met most of the time, but it may be necessary to get closer to 100 µg/L to meet 

the standard routinely.  
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Table 2. Values for variables used in empirical models for phosphorus concentrations and loads. 

 

 

Table 3. Resultant load predictions for Barr Lake and Milton Reservoir from empirical models.  

PARAMETER SYMBOL UNITS DERIVATION

Barr       

2003-2011

Barr      

2014-2018

Barr           

TMDL

Barr @ 200 

µg/L

Barr @ 100 

µg/L

Milton 

2003-2011

Milton 

2014-2018

Milton 

TMDL

Milton @ 

200 µg/L

Milton @ 

100 µg/L

Lake Total Phosphorus Conc.  TP ppb From data or model 617 296 60 200 100 534 313 60 200 100

Influent (Inflow) Total Phosphorus TPin ppb From data or model 1250 515 120 342 174 2000 661 222 409 213

Effluent (Outlet) Total Phosphorus TPout ppb From data or model 617 296 60 200 100 534 313 60 200 100

Inflow I m3/yr From data or model 59332928 59332928 59332928 59332928 59332928 29950276 29950276 29950276 29950276 29950276

Lake Area A m2 From data or model 7820000 7820000 7820000 7820000 7820000 7420000 7420000 7420000 7420000 7420000

Lake Volume V m3 From data or model 39500000 39500000 39500000 39500000 39500000 32100000 32100000 32100000 32100000 32100000

Mean Depth Z m Volume/area 5.05 5.05 5.05 5.05 5.05 4.33 4.33 4.33 4.33 4.33

Flushing Rate F flushings/yr Inflow/volume 1.50 1.50 1.50 1.50 1.50 0.93 0.93 0.93 0.93 0.93

Suspended Fraction S no units Effluent TP/Influent TP 0.49 0.57 0.50 0.58 0.57 0.27 0.47 0.27 0.49 0.47

Areal Water Load Qs m/yr Z(F) 7.59 7.59 7.59 7.59 7.59 4.04 4.04 4.04 4.04 4.04

Settling Velocity Vs m Z(S) 2.49 2.90 2.53 2.95 2.90 1.16 2.05 1.17 2.12 2.03

Retention Coefficient (from TP) R no units (TPin-TPout)/TPin 0.51 0.43 0.50 0.42 0.43 0.73 0.53 0.73 0.51 0.53

Retention Coefficient (settling rate) Rp no units ((Vs+13.2)/2)/(((Vs+13.2)/2)+Qs) 0.51 0.51 0.51 0.52 0.51 0.64 0.65 0.64 0.65 0.65

Retention Coefficient (flushing rate) Rlm no units 1/(1+F^0.5) 0.45 0.45 0.45 0.45 0.45 0.51 0.51 0.51 0.51 0.51

Variable Values Used in Empirical Models

MODEL FORMULA

Barr       

2003-

2011

Barr      

2014-

2018

Barr           

TMDL

Barr @ 

200 µg/L

Barr @ 

100 µg/L

Milton 

2003-

2011

Milton 

2014-

2018

Milton 

TMDL

Milton @ 

200 µg/L

Milton @ 

100 µg/L

Mass Balance (no loss) L=TP(Z)(F)/1000 36608 17563 3560 11867 5933 15993 9374 1797 5990 2995

Kirchner-Dillon 1975 L=TP(Z)(F)/(1-Rp)/1000 74468 36200 7249 24499 12230 44433 27081 4996 17354 8646

Vollenweider 1975 L=TP(Z)(S+F)/1000 48638 24283 4745 16486 8203 20570 14132 2318 9129 4502

Larsen-Mercier 1976 L=TP(Z)(F)/(1-Rlm)/1000 66478 31892 6465 21549 10774 32551 19079 3657 12191 6096

Jones-Bachmann 1976 L=TP(Z)(0.65+F)/0.84/1000 62440 29955 6072 20240 10120 32304 18935 3630 12099 6049

Average of Model Values (without mass balance) 63006 30582 6133 20694 10332 32464 19807 3650 12693 6323

Calculated Load (kg/yr)
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From work done a few years ago (WRS 2016) we estimate that internal loading could be as high as 1360 

kg/yr in Barr Lake and 1300 kg/yr in Milton Reservoir. With current loading at about 30,600 kg/yr in Barr 

Lake, even maximum internal loading would be a minor source now and would not represent more than 

13% of the total if the 100 µg/L concentration was reached. The situation is similar for Milton Reservoir, 

where maximum internal loading represents <7% of the current load of about 19,800 kg/yr. If the 100 

µg/L level for phosphorus was reached the maximum anticipated internal load would represent about 

20% of the total and might be worth some attention to provide a margin of safety if needed.  

Comparison of Old and Recent Phosphorus Loads 
 

Loads to Barr Lake and Milton Reservoir from itemized sources in 2003-2004 were estimated as part of 

the overall analysis of watershed and waterbody conditions and controlling factors. Revisiting those loads 

in light of more recent data (2016-2017 in most cases) and knowledge of management actions taken to 

date allows re-estimation of those itemized loads with comparison to the previous estimates.  

Actual loads at the source were considered for 10 wastewater treatment facilities and 5 tributary 

discharges at the edge of the datashed defined for analysis of 2003-2004 data (Table 4). The original loads 

estimated from 2003-2004 data are compared to the loads from more recent data, usually focusing on 

2016-2017. As 2015 was an unusually high runoff year, its inclusion for tributaries would tend to skew the 

loading to higher levels not related to watershed features or management. For wastewater treatment 

facilities, however, data from a longer but recent period were applied if there was no evidence of a change 

in flow or concentration during that period that would unduly skew the data. For example, phosphorus 

concentrations for the Littleton-Englewood WWTP have varied very little as annual averages, and the 

average for 2011-2017 is identical to that applied in 2003-2004. Alternatively, variation in the output from 

the Centennial WWTP has been high, with annual phosphorus concentration averages ranging from 0.32 

to 1.27 mg/L with no temporal pattern, so no change could be implied relative to 2003-2004 data, which 

fell within that range. 

Among the source loads, most dominant are the Metro and Littleton-Englewood WWTP inputs, which was 

noted in the original modeling work and should not be a surprise. Even with a major decrease in effluent 

phosphorus concentration, the Metro discharge remains the largest source of phosphorus within the 

study area by a factor of almost three. Inputs from the Littleton-Englewood are a distant second largest 

source but are almost five times larger than the next largest itemized input (Big Dry Creek, which affects 

only Milton Reservoir and has been reduced over the last decade by more than half). The only itemized 

source to increase since 2003-2004 is the Lochbuie WWTP, which has apparently not experienced an 

alteration of effluent phosphorus concentration but has roughly doubled in output volume due to 

population growth. Even then the Lochbuie WWTP is among the smallest of the itemized sources, and the 

overall projected change in loading within the study area from 2003-2004 to 2016-2017 is a decrease of 

about 43%.
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Table 4. Estimated phosphorus loads at selected sources, 2003-04 vs. 2016-17 

 

 

 

 

Source 2003-04 2016-17 Notes

Burlington Pump Works 43192 0 Pumpworks eliminated

Metro WWTP 495335 263589 Decreased conc. from improved treatment

Littleton-Englewood WWWTP 89623 89623 No change documented

Centennial WWTP 5019 5019 No change documented

South Adams WWTP 18979 8844 Decreased conc. from improved treatment but increased flow

Fort Lupton WWTP 1931 1931 No change documented

Brighton WWTP 1840 1840 No change documented

Aurora WWTP 791 475 Decreased conc. from improved treatment

Hudson WWTP 943 0 Relocated out of watershed

Lochbuie WWTP 700 1400 Doubling of flow with same conc.

Cherry Creek Reservoir 2296 1362 Much reduced conc. but increased flow

Bear Creek Reservoir 3756 3148 Reduced conc.

Chatfield Reservoir 6783 4894 Reduced conc.

Clear Creek 17566 17566 No change documented

Big Dry Creek 42979 18986 Much reduced conc.  

TP at Source (kg/yr)
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Comparing the actual load from each source to enter Barr Lake in 2003-2004 vs more recent years is more 

complicated, as the model developed to route and attenuate loads between sources and the lake reduces 

the load to the lake differentially among sources, depending on the route taken and opportunities for 

phosphorus to be lost from the system. Unless an action that eliminated or otherwise altered the 

processing of a source was known, it was assumed that the same portion of the source load would reach 

the lake as modeled with 2003-2004 data. For example, the Burlington Pumpworks was eliminated by a 

storm in 2013 and that load to Barr Lake was zeroed out, while watershed management programs in the 

Denver area   were assumed to reduce the load from Municipal Separate Storm Sewer Systems (MS4) by 

10%. Where there was a change in source load based on data for concentration and flow, the percentage 

of the recent load assumed to reach the lake in 2016-2017 is the same as in 2003-2004. For example, the 

2003-2004 model predicted that 26% of the discharged load from Cherry Creek Reservoir would reach 

Barr Lake, and that percentage was applied to the recent source load as well. These percentages are a 

function of the processing of phosphorus between the source and the waterbodies and the routing of the 

water and are specific to the model. It would be best to derive predicted loads from the model, but this 

provides a general check on what might be expected. 

By this approach the actual contribution to Barr Lake from each identified source could be compared 

(Table 5).  Aside from the loss of the Burlington Pumpworks which eliminated direct discharge of treated 

Metro wastewater to the B&O Canal and then into Barr Lake, the Beebe Pipeline was activated in 2015 

and brings water from the South Platte River downstream of the main Metro discharges into Barr Lake. 

The Beebe Pipeline is added as a separate source in Table 5, but that water is really from a conglomeration 

of sources and the load was apportioned among existing sources (Table 6), eliminating the Beebe Pipeline 

as a listed source but increasing all the sources that contribute to the river upstream of the point of 

diversion by the percentages each represented in the 2003-2004 model runs. The majority of the 

phosphorus in the Beebe Pipeline (about 70%) comes from the Metro discharges, but the overall load is 

much smaller than when the Burlington Pumpworks was operational.  

With the discharge from Metro to the B&O Canal via the Burlington Pumpworks eliminated, the load to 

Barr Lake drops substantially, even with water routed to Barr Lake through the Beebe Pipeline that was 

not sent there in any significant quantity while the Pumpworks was operational. That decrease accounts 

for virtually all of the loading reduction to Barr Lake between 2003-2004 and 2016 and 2017. Other 

wastewater inputs do not change appreciably on average, although there is year to year variation. 

Decreases were noted in all contributing tributaries and further investigation of internal loading (WRS 

2016) resulted in at 66% reduction in the estimated internal load, yet these decreases in nonpoint sources 

are offset by the addition of water from the South Platte River via the Beebe Pipeline. Wastewater, mostly 

from the Littleton-Englewood facility, remains the dominant phosphorus source to Barr Lake.  

The overall load, based on scaling in accordance with 2003-2004 model runs, is decreased from slightly 

more than 70,000 kg/yr to slightly more than 44,000 kg/yr, or by about 37%. The decrease in Metro 

discharge that reaches Barr Lake via the B&O Canal is just over 26,000 kg/yr, a close match for the overall 

decrease in loading. 
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Table 5. Relative source contributions for phosphorus loads to Barr Lake over time with Beebe Pipeline as a source 

 

 

 

Source of Phosphorus to 

Barr Lake

2003-2004 

Load 

(kg/yr)

Recent 

(2016-17) 

Load 

(kg/yr)

Reduction 

from 2003-

2004  (%)

% of Total 

2016-2017 

Load

Load Reduction Assessment

Burlington Pump Works 26,075 0 100.0% 0.0% Elimination of pump station

Metro WWTP via S. Platte 

through Beebe Pipeline
0

Included 

with Beebe 

Pipeline

- - "New" source via Beebe pipeline

Littleton-Englewood WWTP 33,893 33,893 0.0% 76.7%
No reduction in TP since 2004 (2011-2017 mean identical to 2003-2004 mean @ 2.9 

mg/L)

Centennial WWTP 1,194 1,194 0.0% 2.7% No change assumed (annual TP has varied from 0.32 to 1.27 mg/L with no pattern)

MS4 Regulated Areas 2,189 1,970 10.0% 4.5% Assumes 10% reduction in associated loads over last 15 years through BMPs

Wasteload Total 63,351 37,057 41.5% 83.9%

Cherry Creek Reservoir 596 354 40.6% 0.8% Average from  2016-2017 with scaling to adjust to 2003-04 model (26% reaches Barr)

Bear Creek Reservoir 1,091 913 16.3% 2.1% Average from 2016-2017 with scaling to adjust to 2003-04 model (29% reaches Barr)

Chatfield Reservoir 1,338 964 28.0% 2.2% Average from 2016-2017 with scaling to adjust to 2003-04 model (20% reaches Barr)

Beebe Pipeline 0 3,540
"New" 

source
8.0%

Not in frequent use before 2015; S. Platte River water, combination of upstream sources; 

used average of annual loads from 2015-2018 here

Benthic P Load from Barr 4,000 1,360 100.0% 3.1% New analysis indicates maximum internal load of 1360 kg/yr

NPS Load Total 7,025 7,131 -1.5% 16.1%

Total Load (all sources) 70,376 44,188 37.2% 100.0%

Resulting In-Lake P conc. 689 296 57.0%

Wasteloads

Loads
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Table 6. Relative source contributions for phosphorus loads to Barr Lake over time with Beebe Pipeline input apportioned to 

other sources 

 

Source of Phosphorus to 

Barr Lake

2003-2004 

Load 

(kg/yr)

Recent 

(2016-17) 

Load 

(kg/yr)

Reduction 

from 2003-

2004  (%)

% of Total 

2016-2017 

Load

Load Reduction Assessment

Burlington Pump Works 26,075 0 100.0% 0.0% Elimination of pump station

Metro WWTP via S. Platte 

through Beebe Pipeline
0 2,478 - 5.6%

Set at 70% of Beebe pipeline load as a function of estimated % contribution to S. Platte River 

at SP 124

Littleton-Englewood WWTP 33,893 34,803 -2.7% 78.8% No reduction in TP since 2004 (2011-2017 mean identical to 2003-2004 mean @ 2.9 mg/L)

Centennial WWTP 1,194 1,226 -2.7% 2.8% No change assumed (annual TP has varied from 0.32 to 1.27 mg/L with no pattern)

MS4 Regulated Areas 2,189 2,023 7.6% 4.6% Assumes 10% reduction in associated loads over last 15 years through BMPs

Wasteload Total 63,351 40,530 36.0% 91.7%

Cherry Creek Reservoir 596 370 37.9% 0.8% Average from  2016-17 scaled to 2003-04 model + 16 kg for Beebe Pipeline

Bear Creek Reservoir 1,091 938 14.0% 2.1% Average from  2016-17 scaled to 2003-04 model + 25 kg for Beebe Pipeline

Chatfield Reservoir 1,338 990 26.0% 2.2% Average from  2016-17 scaled to 2003-04 model + 26 kg for Beebe Pipeline

Beebe Pipeline 0

Divided 

among 

sources

"New" 

source
0.0%

Not in frequent use before 2015; S. Platte River water, combination of upstream sources; 

Average of 2015-2018 loads apportioned among upstream sources as per model (by % of 

total load)

Benthic P Load from Barr 4,000 1,360 66.0% 3.1% New analysis indicates maximum internal load of 1360 kg/yr

NPS Load Total 7,025 3,658 47.9% 8.3%

Total Load (all sources) 70,376 44,188 37.2% 100.0%

Resulting In-Lake P conc. 689 296 57.0%

Wasteloads

Loads
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However, the decline in actual concentration of phosphorus in Barr Lake is 57%, from 689 µg/L to 296 

µg/L based on real data from the periods of 2003-2011 and 2014-2018, and the load predicted from the 

empirical models that should result in a phosphorus concentration of 296 µg/L is only 30,582 kg/yr (Table 

3). With Barr Lake behaving as though it is receiving about 30,600 kg/yr and the detailed model predicting 

a load of over 44,000 kg/yr, either the model is incorrectly attenuating the load as it travels to the lake or 

a large portion of the load is in particulate form and settles out quickly without figuring into the effective 

load to the lake. Both options are possible, and the updated model as of 2019 is not accurately predicting 

the phosphorus concentration in Barr Lake for recent years after the noted reductions in loads have been 

made. The removal of Metro effluent discharge to the B&O Canal reduces a source of highly available 

phosphorus with minimal travel time to Barr Lake, so it seems logical that a greater decrease in the lake 

phosphorus concentration might be achieved than suggested by the percentage reduction in loading. 

However, the discrepancy between the predicted total load from the combined SWAT/WASP model and 

the load necessary to support the observed actual concentrations derived from simple empirical models 

is too large to accept as natural variation. 

The division of loads from itemized sources to Milton Reservoir (Table 7) follows the same process applied 

to loading to Barr Lake but involves a larger watershed with additional sources, including several 

wastewater treatment facilities, Clear Creek, Big Dry Creek, and routing from Barr Lake. The largest source 

of phosphorus to Milton Reservoir is the Metro discharge, and while slightly more effluent is discharged 

to the South Platte River since the elimination of the Burlington Pumpworks, the decrease in effluent 

phosphorus concentration resulting from treatment upgrades results in almost a halving of phosphorus 

from Metro reaching Milton Reservoir. The load from the South Adams WWTP was cut by more than half 

through treatment upgrade despite an increase in discharge volume, and the output from the Aurora 

WWTP was reduced by almost 40% as a result of treatment improvements. The phosphorus load from the 

Hudson WWTP to Milton Reservoir was eliminated by relocating that discharge out of the Milton drainage 

basin. The load from the Lochbuie WWTP doubled as a result of increased capacity but is small overall and 

the load from four other WWTPs remained unchanged from 2003-2004 levels based on available data. 

Nonpoint source loads exhibit varying decreases and no increases, with nearly all estimates based on 

actual data for the sources as translated by the percentage that makes it to Milton Reservoir from the 

2003-2004 model runs. The five evaluated tributaries exhibited decreases in phosphorus loading of 0 to 

57%. Re-examination of internal loading reduced the Milton Reservoir internal load by 35% and the 

reduction of internal loading within Barr Lake translates into a further reduction, as some water from Barr 

Lake is routed to Milton Reservoir. However, the wastewater sources remain dominant and account for 

>84% of the total phosphorus load to Milton Reservoir, compared to <16% for the nonpoint sources. 

The total phosphorus load to Milton Reservoir for the 2016-2017 period by this exercise is estimated at 

approximately 22,600 kg/yr, down 42% from about 39,000 kg/yr in the 2003-2004 period. The actual 

phosphorus concentration in Milton Reservoir averaged 313 µg/L in 2014-2018, compared with 535 µg/L 

for the 2003-2011 period. The load necessary to support a concentration of 313 µg/L based on the 

empirical models applied in this investigation (Table 3) is just over 19,800 kg/yr. This is slightly less than 

load predicted for 2016-2017 and may be within the realm of natural variation, but it is also likely that any  
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Table 7. Relative source contributions for phosphorus loads to Milton Reservoir over time 

Source of Phosphorus to 

Milton Reservoir

2003-2004 

Load 

(kg/yr)

Recent 

(2016-17) 

Load 

(kg/yr)

Reduction 

from 2003-

2004  (%)

% of Total 

2016-2017 

Load

Load Reduction Assessment

Burlington Pump Works 54 0 100.0% 0.0% Elimination of pump station

Metro WWTP 28529 15183 46.8% 67.2% Treatment upgrade has lowered TP from 2800 to 2015-2017 avg of 1490 ug/L

Littleton-Englewood WWWTP 1840 1840 0.0% 8.1% No reduction in TP since 2004 (2011-2017 mean identical to 2003-2004 mean)

Centennial WWTP 65 65 0.0% 0.3% No change assumed (annual TP has varied from 0.32 to 1.27 mg/L with no pattern)

South Adams WWTP 1,102 513 53.4% 2.3%
2015 treatment upgrade (2011-15 = 4.8 mg/L, 2016-17 = 1.5 mg/L) but flow increase 

(2003-04 = 10,833 m3/d, 2016-17 = 16,154 m3/d)

Fort Lupton WWTP 494 494 0.0% 2.2% No apparent change since original load estimation

Brighton WWTP 491 491 0.0% 2.2% No apparent change since original load estimation

Aurora WWTP 28 17 39.3% 0.1% Treatment upgrade apparent (2003-04 avg listed as 0.20 mgL, 2015-17 = 0.12 mg/L)

Hudson WWTP 29 0 100.0% 0.0% Relocated out of watershed

Lochbuie WWTP 22 44 -100.0% 0.2%
Expansion by 1 MGD in 2008, expected doubling of flow since 2004, no apparent change 

in effluent P concentration.

MS4 Regulated Areas 452 407 10.0% 1.8% Assumes 10% reduction in associated loads over last 15 years through BMPs

Wasteload Total 33,106 19,054 42.4% 84.4%

Cherry Creek Reservoir 56 33 41.1% 0.1% Average from  2016-2017 with scaling to adjust to 2003-04 model (2.4% reaches Milton)

Bear Creek Reservoir 76 63 17.1% 0.3% Average from 2016-2017 with scaling to adjust to 2003-04 model (2.0% reaches Milton)

Chatfield Reservoir 122 88 27.9% 0.4% Average from 2016-2017 with scaling to adjust to 2003-04 model (1.8% reaches Milton)

Benthic P from Barr 419 142 66.1% 0.6% Reduced by 66% as a function of reduced internal load to Barr

Benthic P from Milton 2,000 1,300 35.0% 5.8% New analysis indicates maximum internal load of 1300 kg/yr

Clear Creek 919 919 0.0% 4.1% No change in loading known, input left same as 2003-04

Big Dry Creek 2,301 987 57.1% 4.4% Average from  2016-2017 with scaling to adjust to 2003-04 model (5.2% reaches Milton)

Load Total 5,893 3,532 40.1% 15.6%

Total Load (all sources) 38,999 22,586 42.1% 100.0%

Resulting In-Lake P conc. 523 313 40.2%

Loads

Wasteloads
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error in calculating the load to Barr Lake will have some impact on the modeled load to Milton Reservoir, 

as some water from Barr is routed to Milton. The recent update of the model did a better job predicting 

phosphorus concentrations in Milton Reservoir than for Barr Lake, but there are some discrepancies that 

may be attributable to model issues relating to loading to Barr Lake. Yet the 40% reduction in phosphorus 

concentration in Milton Reservoir between the 2003-2011 and 2014-2018 data sets is a reasonable match 

for the 42% decrease in loading projected by this exercise. 

Conclusions and Recommendations 
 

The loading reductions of the last seven years have made a difference in Barr Lake and Milton Reservoir. 

The pH standard is still being contravened in many years, but pH has declined substantially when 

considered as an increase in the hydrogen ion concentration (more than 50% since 2011). Improvements 

in wastewater treatment and cessation of direct discharge from Metro to the B&O Canal and into Barr 

Lake appear to be major factors in the improvement of conditions in the waterbodies. Bear in mind that 

total elimination of the discharge from Metro to the B&O Canal was a function of storm damage to the 

pumpworks. If repairs are eventually made and wastewater discharge to the canal resumes, an increase 

in phosphorus concentration can be expected unless even further treatment modifications are 

implemented. 

Both Barr Lake and Milton Reservoir are still filled to capacity over each winter-spring period, but the 

water comes mainly from the South Platte River now. That water is still strongly influenced by wastewater 

discharges but there is no longer a direct discharge from Metro to the B&O Canal which enters Barr Lake 

and eventually Milton Reservoir downstream. Along with improvements in treatment of wastewater prior 

to discharge, phosphorus concentrations in the two waterbodies have been substantially reduced (57% 

for Barr, 40% for Milton). While still above the threshold for expected algae blooms and pH problems, the 

85th percentile for annual pH has declined to close to 9 standard units. As an average over multiple years, 

there is only another 10-12% increase in hydrogen ions needed to meet the pH standard, but a margin of 

safety will be needed if the standard is to be met in every year. 

While further exploration with the more sophisticated model developed for this aquatic system is 

encouraged, it appears that the pH standard can be met most of the time if the phosphorus concentration 

can be reduced to below 200 µg/L in each waterbody and that reduction to about 100 µg/L should allow 

routine compliance. Reaching 200 µg/L will require reducing current loading by about a third and reaching 

100 µg/L will require reducing current loading by about two thirds.  

However, there appears to be a problem with the more sophisticated SWAT/WASP model in that it is 

overpredicting the load to Barr Lake and is not tracking the decrease in concentration within the lake that 

is evident from actual data. The modeling team has noticed this in its recent runs and has made all logical 

adjustments that might be easily made without adequate improvement in the predictions. Responsible 

parties working within the watersheds of these waterbodies have made more progress than the model 

would suggest, and this analysis confirms that progress.  



   

 

 
Page 25 

 
  

References 
 

AECOM. 2009. Watershed and Lake Modeling for a TMDL Evaluation of Barr Lake and 
Milton Reservoir. Prepared for BMW Association, Denver, CO. 
 

Dillon, P.J. and F.H. Rigler. 1974. The Phosphorus-Chlorophyll Relationship in Lakes. Limnol. Oceanogr. 

19:767-773.  

 

ERD. 2015. In- Canal Phosphorus Treatment Study for Barr Lake. For the BMW Association, Denver, CO.    

 

Holdren, C., W. Jones, and J. Taggart. 2001. Managing Lakes and Reservoirs. North American 
Lake Management Society and Terrene Institute, EPA 841-B-01-006, Washington, DC. 

 

Integral Consulting. 2014. BMW Model Update, Recalibration, and Management Scenario Results. 
Integral Consulting, Denver, CO. 

 
Jones, J. and R. Bachmann. 1976. Prediction of Phosphorus and Chlorophyll Levels in Lakes. JWPCF 

48:2176-2184.  

 

Kirchner, W. and P. Dillon. 1975. An Empirical Method of Estimating the Retention of Phosphorus in 

Lakes. Water Resourc. Res. 11:182-183.  

 

Larsen, D. and H. Mercier. 1976. Phosphorus Retention Capacity of Lakes. J. Fish. Res. Bd. Can. 

33:1742-1750.  

 

Vollenweider, R.A. 1975. Input-output models with special references to the phosphorus loading 

concept in limnology. Schweiz. Z. Hydrol. 37:53-62. 

 

Water Resource Services, Inc. 2016. Evaluation of Internal Phosphorus Load Management Options 

for Barr Lake and Milton Reservoir, Colorado. WRS, Wilbraham, MA. 

 

Watson, S.B., McCauley, E. and Downing, J.A. 1997. Patterns in phytoplankton taxonomic composition 
across temperate lakes of differing nutrient status.  Limnol. Oceanogr. 42:487-495. 

 


