
1. Introduction
Semi-arid and arid cities are growing rapidly, often in river basins where water is already overallocated 
(Sabo et al., 2010). Previous strategies to increase water supply through transbasin imports have become 
infeasible, so cities have turned to demand management strategies such as efficiency and conservation in 
municipal outdoor use (Gleick, 2010; Gonzales & Ajami, 2017; Quesnel & Ajami, 2017). Meanwhile, in-
creased urban growth not only stresses water supply systems, but also directly and dramatically alters ur-
ban streamflow. While much attention has focused on urban peak flows, alterations to urban baseflow can 
have magnified ecological consequences in streams with little baseflow under natural conditions (Rolls 
et al., 2012; Strange et al., 1999).

Impervious surfaces alone do not explain changes in urban baseflow (Hopkins et  al.,  2015). Post-devel-
opment baseflow has the potential to rise, fall, or remain consistent when compared to pre-development 
observations (Bhaskar, Beesley, et al., 2016). Potential urban causes of rising baseflow include wastewa-
ter effluent outfalls (Dennehy et al., 1993; Townsend-Small et al., 2013), channel deepening and riparian 
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δ2H) analysis of surface water, tap water, and precipitation. If lawn irrigation contributed significantly to 
baseflow, we predicted the isotopic composition of Denver's urban streams would more closely resemble 
local tap water than precipitation or streamflow from nearby grassland watersheds. We expected tap water 
to be distinctive due to local water providers importing source water from high elevations. Thirteen urban 
streams and two grassland streams were selected for sampling. None of the streams had high-elevation 
headwaters or wastewater effluent, and the grassland streams did not receive irrigation. Tap water was 
sampled from five water service areas. The grassland streams flowed for 60% of summer 2019 while urban 
streams flowed for 90%–100% of the summer. An isotope mixing analysis using tap and precipitation end-
members over a two week antecedent period estimated that tap water contributed 65% ± 10%–93% ± 3% 
with a mean of 80% of urban baseflow on specific days in late summer. After taking contributions from 
infrastructure leakage into account, we estimated that lawn irrigation return flows made up 32% ± 10%–
82% ± 21% of analyzed baseflow. Quantifying lawn irrigation contributions to urban baseflow provides a 
basis for understanding how changes to lawn irrigation efficiency would affect water yield in the Denver 
metropolitan area.

Plain Language Summary Excess lawn irrigation may contribute to flow in urban streams 
when more water is applied than plants can use or when sidewalks or driveways receive water from mis-
aimed sprinklers. We have applied a new approach to estimating how much flow in streams originally 
came from excess lawn irrigation by using a tracer that is different between tap water in the Denver, 
Colorado USA area and local rain. We applied this approach to 13 urban streams and two grassland 
streams in the Denver area. We found that, on the dry weather days analyzed, over 65% of flow in urban 
streams was from tap water, and lawn irrigation was a larger source of water in the streams than leaking 
water pipes. This work gives a new way to analyze how much flow is coming from different sources in 
urban areas, which is important for understanding consequences for water quality and water rights for 
downstream users.
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vegetation removal (Hibbs et al., 2012), leaking water infrastructure (Garcia-Fresca & Sharp, 2005; Lern-
er, 2002), widespread stormwater infiltration along with reductions in vegetative cover (Barron et al., 2013; 
Bhaskar, Hogan, & Archfield, 2016), and lawn irrigation return flows (LIRFs) (Berg et al., 1996; Grimmond 
& Oke, 1986; Passarello et al., 2012; Sanzana et al., 2019).

Of particular interest to growing, water-stressed, semi-arid cities are ways to reduce urban irrigation, as 
urban irrigation generally makes up more than 50% of annual water use (Cooley et  al.,  2019; DeOreo 
et al., 2016; Gober et al., 2016). LIRF is water originally intended for plant growth (including lawns and oth-
er residential vegetation) that is instead transported to streams via alternative flow paths. Potential alterna-
tive flow paths include (a) surface runoff directly into a stream or into a storm sewer system that then drains 
to a local stream and (b) infiltration of irrigation to the saturated zone and subsequent discharge from the 
subsurface to a stream. The fraction of applied irrigation water that becomes LIRF depends strongly on the 
irrigation method (e.g., sprinkler vs. drip), timing, and amount (Bijoor et al., 2014; Oad & DiSpigno, 1997), 
but also can vary with vegetation type, climate conditions, and soil type. Previous work investigating the 
effects of lawn-watering restrictions found that streamflow in an urban watershed in Los Angeles, Califor-
nia was seven times larger compared to streamflow in a nearby nonurban watershed before the restrictions 
were implemented (Manago & Hogue, 2017). Urban streamflow dropped by 70% during the restriction pe-
riod, while the nonurban watershed experienced no statistically significant changes in streamflow (Manago 
& Hogue, 2017). Lawn irrigation contributions to streamflow particularly are of interest as the next major 
focus of municipal water conservation in semi-arid and arid cities is reduction of urban irrigation (Gober 
et al., 2016).

Assessments of the contributions from different sources to streamflow can be performed by isotopic or ge-
ochemical tracers. Water balance approaches alone are often confounded by large uncertainties in multiple 
components (Kampf et al., 2020) and cannot separate streamflow contributors by source without other trac-
ers. Stable isotopes in water have been used extensively in understanding hydrological and ecological pro-
cesses (e.g., de Wet et al., 2020). In urban settings, they have been used to study public water supply systems 
and effects of urbanization and climate on stream water–groundwater connectivity (Ehleringer et al., 2016; 
Gabor et al., 2017; Hibbs et al., 2012; Jameel et al., 2018; Jefferson et al., 2015; Kuhlemann et al., 2020, 2021; 
Shah et al., 2019). Stable isotopes have been used to quantify the portion of urban streamflow from tap wa-
ter, yielding low values in exurban Southern California and in San Diego streams during stormflow (Hibbs 
et al., 2012; Wallace et al., 2021) to 95% in Austin, Texas (Beal et al., 2020; Christian et al., 2011). The use of 
geochemical and isotopic tracers has been able to quantify the contributions of tap water to streamflow, but 
cannot distinguish between pipe leakage and lawn irrigation, as these are both sourced from tap water and 
therefore not geochemically or isotopically distinct.

The Denver, Colorado, USA metropolitan area is hypothesized to be an area where LIRF is an important 
contributor to stream baseflow. Denver receives an average annual precipitation of 391 mm with the highest 
precipitation between April and September (NOAA, 2020). In this semi-arid region, 62% of residential water 
is used outdoors and 74% of surveyed homes in Denver have “in-ground irrigation/sprinkling systems,” 
mostly with automatic timers (DeOreo et  al.,  2016). The impact of this widespread urban irrigation on 
stream baseflow in the Denver area has yet to be determined.

Our goal was to answer the questions: (a) how much summer baseflow in Denver area streams comes from 
tap water sources and (b) how much of the tap water contribution can be attributed to lawn irrigation as 
compared to infrastructure loss. In contrast to previous work investigating drought restrictions, we inves-
tigated a period of typical lawn irrigation. We answered the first question using water-stable isotopes as a 
tracer of tap water and the second question using reported infrastructure losses from tap water providers. 
Isotope values in surface water from urban and grassland watersheds were compared to tap water and 
precipitation to determine the relative contributions to Denver baseflow. If lawn irrigation contributes sig-
nificantly to baseflow, we predicted the isotopic composition of Denver's urban streams would more closely 
resemble the local tap water than streamflow from nearby grassland watersheds. We expected the tap water 
to be distinctive since local water providers do not source their tap water locally. Instead, much of the Den-
ver metropolitan area's tap water is imported from high-elevation collection areas.
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2. Methods
2.1. Denver Metropolitan Study Areas

Thirteen urban watersheds and two grassland watersheds in the Denver metropolitan area were included in 
the study (Figure 1, Table 1). The watersheds were delineated based on the National Hydrography Dataset 
and a 10 m digital elevation model (USDA, 2018) in ArcGIS Pro (ESRI; Fillo, 2020). Urban stream samples 
were taken near USGS stream gages, which generally operate from April 1 to September 30. The grassland 
watersheds were located in the Rocky Flats National Wildlife Refuge, and their sampling locations were 
chosen based on proximity to walking trails and a United States Department of Energy (DOE) stream gage. 
None of the study watersheds had wastewater discharge (https://erams.com/catena/) and the grassland 
streams did not receive any irrigation. None of our watersheds contained known groundwater upwelling 
points or were connected to the South Platte alluvial aquifer (City and County of Denver, 2019), so we were 
not concerned with deep groundwater inputs to our streams.

The Denver metropolitan area was serviced by multiple tap water providers (Figure 1). Service area bounda-
ries for these water providers were obtained from public GIS databases, requested from the water providers, 
or hand-digitized based on an image, and edited in some cases to account for recent service area changes 
(Fillo, 2020). In addition to water provider service area boundaries (Figure 1), we were also interested in the 
water provider collection areas and their associated elevations (Table 2). All the water providers serving our 
study watersheds used high elevation surface water sources in the Rocky Mountains west of Denver, and 
only in one case was this supplemented with deep groundwater (Centennial Water and Sanitation District; 
Table 2).

In comparison to the elevation of the water provider collection areas (Table 2), the elevations of our study 
watersheds were low. The mean elevations of our study watersheds ranged from 1,628–1,891 m above sea 
level (Table 1), and none had high-elevation headwaters. The maximum study watershed elevation was 
2423 m above sea level, which is low in comparison to the maximum elevation of the collection areas, which 
ranged from 3,208 –4,352 m above sea level.

2.2. Sample Collection and Storage

Streamflow (n = 123), tap water (n = 49), and composite precipitation (n = 10) samples were taken in the 
Denver area in September 2018 and between March 23, 2019 and October 1, 2019. All samples were immedi-
ately placed in an iced cooler for transport to Colorado State University. Samples were kept in a refrigerator 
at 4°C until sent for analysis.

At the watershed outlets (Figure 1), we sampled streams in well-mixed locations to ensure individual sam-
ples were representative of their respective water columns. We took stream samples approximately biweek-
ly when baseflow was present. To ensure only baseflow was captured, we conducted sampling at least three 
days after precipitation events and examined real-time flow conditions at USGS stream gages for baseflow 
conditions. However, some streamflow samples may have included stormflow as well as baseflow, as stream 
hydrographs alone do not indicate water sources. Sampling streams with some amount of stormflow would 
result in isotopic values closer to recent precipitation events, which may underestimate LIRF contributions. 
Stream samples were collected in 60 mL clear plastic bottles, filled with no headspace remaining.

It was not feasible to sample sprinklers and leaking pipes directly, and we assumed that both of these sourc-
es had the same isotopic signature as tap samples supplied by the common water provider. Tap sampling 
sites were located in restaurant or gas station bathrooms. Between September 2018 and July 2019, we col-
lected one tap sample per week when streams were sampled close to stream sampling locations. In August 
2019, we expanded tap sampling to choose one tap sampling location within each watershed in which we 
planned to sample baseflow on a given day. We collected cold water when the option was available and 
occasionally sampled from automatic faucets. Tap samples were collected in the same type of bottles as 
the stream samples. Twenty-five additional tap water data points in our study area and time period from 
the Waterisotopes.org database were included in our analysis (Waterisotopes Database, 2019). Some of the 
parks in the Denver metropolitan area use raw (untreated) or recycled water (irrigation standard treated 
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Figure 1. Map of the grassland and urban watersheds, stream sampling locations, precipitation sampling locations, and water provider boundaries in the 
Denver metropolitan area. Since only the Highlands Ranch Metro District portion of the Centennial Water and Sanitation District service area was considered 
in the annual water loss reports (Section 2.6), the shapefile for Highlands Ranch Metro District was used to represent the Centennial Water and Sanitation 
District service area.
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wastewater) for irrigation, and we assumed that these sources of water look the same isotopically as the tap 
water we measured.

Two locations were chosen for sampling of precipitation water-stable isotopes (Figure 1). We followed the 
Global Network of Isotopes in Precipitation (GNIP) recommendations for precipitation isotope sampling, 
such as locating precipitation samplers away from large trees or buildings, when establishing sampling 
sites (GNIP & International Atomic Energy Agency, 2014). The first precipitation sampler was deployed in 
March 2019, and the second precipitation sampler was deployed in May 2019. The sites were 17.2 km away 
from each other. Composite (volume-weighted) precipitation samples were collected on a monthly basis. 
Precipitation was collected in a 3 L plastic bottle using a commercial precipitation isotope sampler (Rain 
Sampler RS1, Palmex Ltd.). The sampler was designed to prevent evaporation and isotopic fractionation 
during storage (Palmex, Ltd., 2019). The two precipitation isotope samplers deployed for this study may 
not have completely captured the variability in Denver's precipitation isotopes. Both samplers were in the 
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ID
Gage 

authority Gage ID Site name Type
Area 
(km2)

Impervious surface 
cover (%)

Mean elevation (m 
above sea level)

Grass1 DOE WOMPOC Rocky Flats - Woman Creek Grassland 7.5 5 1,857

Grass2 NA NA Rocky Flats - South Woman Creek/Smart Ditch Grassland 3.7 1 1,842

Urban1 USGS 06719840 Little Dry Creek - Westminster Urban 28.1 33 1,670

Urban2 USGS 06719845 Little Dry Creek - Federal Blvd. Urban 36.7 35 1,660

Urban3 USGS 06719560 Lena Gulch - Lakewood Urban 23.8 24 1,892

Urban4 USGS 06711770 Dry Gulch - Denver Urban 9.1 42 1,665

Urban5 USGS 06711780 Lakewood Gulch - Denver Urban 40.7 34 1,718

Urban6 USGS 06711618 Weir Gulch - Denver Urban 18.6 32 1,690

Urban7 USGS 06711575 Harvard Gulch - Harvard Park Urban 11.6 32 1,660

Urban8 USGS 06711570 Harvard Gulch - Colorado Blvd. Urban 5.9 36 1,673

Urban9 USGS 06711555 Little Dry Creek - Englewood Urban 63.3 29 1,725

Urban10 USGS 06709910 Dutch Creek - Littleton Urban 38.1 26 1,772

Urban11 USGS 06709740 Lee Gulch - Littleton Urban 6.5 29 1,696

Urban12 USGS 06711515 Little Dry Creek - Arapahoe Urban 3.9 44 1,748

Urban13 USGS 06710150 Big Dry Creek - Highlands Ranch Urban 29.4 22 1,847

Note. Impervious surface cover was based on a supervised land cover model using a random forest classification algorithm in Google Earth Engine using a 1 m 
resolution 2015 image from the National Agriculture Imagery Program (Fillo, 2020).

Table 1 
Watershed Characteristics

Water provider Mean elevation (masl) Water sources References

Denver Water 2,622 m–3,555 m Williams Fork, Roberts Tunnel, South Platte, 
Moffat, and Wolford Mountain watersheds

(Leonard Rice Engineers, 
Inc., 2015)

City of Golden and the City of 
Westminster

3,036 m Clear Creek watershed (City of Golden, 2020; City of 
Westminster, 2017; USGS, 2020)

City of Arvada 3,556 m Clear Creek and Moffat (City of Arvada, 2005; Leonard 
Rice Engineers, Inc., 2015)

Consolidated Mutual Water Company 2,512 m (Coal Creek) Clear Creek, Moffat, and Coal Creek watersheds (Consolidated Mutual Water 
Company, 2020)

Centennial Water and Sanitation 
District

2,831 m (South Platte) South Platte River and deep groundwater (Leonard Rice Engineers, 
Inc., 2015)

Table 2 
Water Providers, Ranges of Mean Elevation in Each Individual Water Source Area Used by the Water Provider (Meters Above Sea Level), Water Sources, and 
References
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northern half of the study area (Figure 1), and it was not uncommon for storms to occur in the southern 
region of the Denver metropolitan area and not in the northern region. Those storms were not included in 
our precipitation sampling, adding unquantifiable uncertainty to the results for the Urban 7-Urban 13 wa-
tersheds. Eight watersheds were wholly or partially within 10 km of a precipitation sampler.

All groundwater wells available for sampling were within agricultural or urban land use areas where there is 
potential for recharge from irrigation (Musgrove et al., 2014). No wells with only natural, precipitation-driv-
en recharge were available, so groundwater was not sampled. The contribution and timing of recharge from 
precipitation in this water-limited environment may be naturally minimal based on a nearby rangeland 
research site (Baffaut et al., 2020).

2.3. Sample Preparation and Analysis

The University of Utah's Stable Isotope Ratio Facility for Environmental Research (SIRFER) laboratory was 
used for all isotopic analyses. Prior to overnight chilled shipment to the SIRFER laboratory, samples were 
filtered through 0.2 μm filters into 1.8 mL septa-capped, crimp-sealed glass vials per laboratory specifica-
tions (https://sirfer.utah.edu/oxygen-and-hydrogen-analysis-of-water.html). We assumed that no isotopic 
fractionation occurred any time post-sample capture. Samples were analyzed at SIRFER within two months 
of sample reception using cavity ring-down spectroscopy (L2130-i, Picarro Inc.). Results are reported in the 
form of an isotope ratio   relative to the Vienna Standard Mean Ocean Water (VSMOW) standard as


 

        
 

‰ 1 1000sample

VSMOW

R
R

 (1)

where Rsample and RVSMOW are the 18O/16O or 2H/1H ratios for  18O and  2H, respectively. The measured ref-
erence standard deviation associated with QC for all isotope analysis batches (n = 37) were 0.05‰ for  18O 
and 0.32‰ for  2H.

2.4. General Data Analysis

We compared precipitation isotope measurements against the global meteoric water line (GMWL) 
(Craig, 1961), local meteoric water line (LMWL) (Harvey, 2005), modeled mean annual precipitation iso-
tope signature, and modeled mean monthly isotope ratios (Bowen, 2020; Bowen et al., 2005; International 
Atomic Energy Agency, 2015; Welker, 2000). The isotope ratios of our measured samples and the download-
ed samples were also compared over time and against watershed characteristics of drainage area, percent 
imperviousness, elevation, and slope using R (R Core Team, 2019; RStudio Team, 2020). We associated each 
tap sample with its water provider, and we calculated the percentage of each watershed served by each 
water provider (Fillo, 2020).

2.5. Two End-Member Mixing Analysis

We used a two end-member mixing analysis to calculate the tap water proportions needed to yield the 
measured stream isotope value on a given day. Because of the lack of deep groundwater upwelling in our 
streams, we define one end-member as recent precipitation-derived recharge of shallow groundwater. 
Henceforth, we term this the “precipitation” end-member. To constrain the appropriate antecedent period 
prior to stream sampling for this end-member, we analyzed depth-weighted precipitation isotopes from 
periods of one week to one month, as well as mean annual depth-weighted isotopes. Based on this analysis 
(results presented in Section 3.5), we concluded that the mean annual precipitation isotopic value was un-
reasonable, and that the two week antecedent period represented a reasonable proxy for the precipitation 
end-member.

The tap water end-member was calculated from tap samples associated each watershed within the anteced-
ent period. Tap samples from a specific water provider were associated with a watershed if the provider's 
service area covered more than one-third of the watershed area. These tap values were then grouped, and 
the mean, the mean plus one standard deviation, and the mean minus one standard deviation were used to 
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calculate proportions in the end member mixing model. We did not capture the tap water variation for many 
water providers throughout the summer, with most of our tap data being taken from Denver Water until 
August 2019. The isotopic differences among the water providers and temporal variations were larger than 
anticipated, and a new sampling strategy to better capture this variation was employed starting in August. 
Limited sampling decreases our ability to draw conclusions about patterns for specific water providers, as 
has been done with tap water sampling campaigns (Jameel et al., 2016). All streams for which end-mem-
ber mixing analysis was conducted had watersheds predominantly within the Denver Water service area 
boundary where we had the greatest data availability.

Stream samples were selected for analysis if (a) six or more associated tap samples were taken within the 
examined antecedent period prior to the stream sample collection date, (b) the stream isotope value was 
constrained between the average precipitation and tap isotope values over the antecedent period, and (c) 
the area-normalized streamflow on the date of isotope sampling was greater than the estimated area-nor-
malized infrastructure loss.

The two end-member mixing analysis required solving the following two equations (Genereux, 1998):

 
 





tap stream

precipitation
tap precipitation

f (2)

 
 





stream precipitation

tap
tap precipitation

f (3)

where, fprecipitation and ftap were the fractions of precipitation and tap water contributing to streamflow, re-
spectively, and the variables of interest.  precipitation,  tap, and  stream represented the known precipitation, tap, 
and stream isotope ratios. Mean tap and precipitation isotope values within the antecedent period preceding 
the stream sample were used to calculate proportions in the end member mixing analysis.

Calculations were performed on the  2H and  18O isotope values, so each chosen day had two sets of two 
contribution fractions (fprecipitation and ftap). Both sets of contribution fractions were included when deter-
mining the overall estimated precipitation and tap contribution ranges to the urban streams. The fractions 
were multiplied by the area-normalized mean daily streamflow depth to calculate depth contributions from 
precipitation and tap water to baseflow.

2.6. Tap Contribution Characterization

To estimate the leakage from water distribution infrastructure in each watershed and compare the mag-
nitude to streamflow, we first obtained reports detailing annual infrastructure water losses for each water 
provider based on the American Water Works Association's Water Audit Software (Colorado Water Conser-
vation Board, 2019). The area considered for the water provider loss reports did not always coincide with 
the entire service area, so reporting areas were confirmed through personal communication (details given 
in Fillo, 2020).

The annual loss volumes were divided by the total service area considered in the reports to get area-nor-
malized annual loss depths. These volumes per unit area, or depths, were averaged over 2013–2018 and the 
annual loss depths were multiplied by the service area coverage proportion(s) for each watershed (provider) 
and then converted to daily loss depths (loss). We then calculated the proportion of daily loss out of the 
area-normalized mean daily streamflow:

f
loss provider

Q
loss

i i i
 

 (4)

where floss was the fraction of daily infrastructure loss depth (loss) out of area-normalized mean daily 
streamflow (Q), where loss was averaged over i water provider coverage proportions (provider). Then we 
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calculated the lawn irrigation proportion of streamflow (and uncertainty) by subtracting the daily loss pro-
portion (floss from Equation 4) from the tap proportion (ftap from Equation 3):

 irrigation tap lossf f f (5)

where firrigation was the fraction of lawn irrigation contributing to streamflow.

2.7. Uncertainty Analysis

The uncertainty associated with the end-member mixing analysis was calculated using the uncertainty in 
isotopic analysis and the variation in the isotopic values of the end-members:

          

               
              

1
2 2 2 2

1precipitation tap
f precipitation tap stream

tap precipitation tap precipitation tap precipitaion

f f
W W W W (6)

where Wf represented the 70% confidence limits for uncertainty associated with fprecipitation and ftap, and 
Wprecipitation, Wtap, and Wstream represented the calculated uncertainty associated with the precipitation, tap, 
and stream samples, respectively (Genereux, 1998). The uncertainty for the precipitation and tap isotope 
end-members was calculated by multiplying the standard deviation of the individual samples representing 
the endmembers (see criteria in Section 2.5 to associate tap and precipitation samples with a stream sample) 
by the associated 70% t-value (Genereux, 1998). We could not use the standard deviation of stream samples 
in the end-member mixing analysis as we did not group stream samples, so instead used half the analytical 
precision multiplied by the associated 70% t-value to represent the uncertainty in the stream isotopic value 
(as in Genereux, 1998).

The uncertainty associated with the characterization of tap water as lawn irrigation or infrastructure loss 
was based on the temporal variability in infrastructure loss values. The 70% uncertainty (Wloss) in infra-
structure loss was calculated by multiplying the standard deviation in infrastructure loss over 2013–2018 
by the 70% t-value. The uncertainty associated with the lawn irrigation proportion was calculated using 
uncertainty propagation:

       

1
22 2

irrigation loss fW W W (7)

where Wirrigation refers to the uncertainty associated with the estimated fraction of lawn irrigation contribut-
ing to streamflow and Wloss refers to the calculated 70% uncertainty associated with the infrastructure loss 
estimates. Each uncertainty was calculated separately and may exceed its associated endmember propor-
tion estimate (e.g., Wprecipitation is not bounded by fprecipitation).

There were other sources of uncertainty that could not be directly quantified, such as the spatial variability 
in infrastructure loss over a water provider area, temporal variability in infrastructure loss at timescales 
smaller than annual, the fraction of infrastructure loss that contributed to the stream, and the variability in 
precipitation and tap isotopic values beyond the spatial and temporal scales over which data were collected. 
Without the necessary information on spatially distributed and temporal variability in infrastructure loss, 
we assumed the infrastructure loss contributions were uniform across the service area and throughout the 
year. We also assumed that infrastructure loss was equal to infrastructure leakage, which all contributed to 
streamflow. This led to the criterion (c) used for stream sample analysis, that the area-normalized stream-
flow on the date of isotope sampling was greater than the estimated area-normalized infrastructure loss, so 
that the contribution from infrastructure loss to streamflow could not exceed total streamflow. However, in-
frastructure loss also included unauthorized use, inaccurate metering (Karamouz et al., 2010), and leakage 
that becomes evapotranspiration, which would not contribute to streamflow. We did not have estimates of 
these components of infrastructure loss and therefore used infrastructure loss as an estimate for infrastruc-
ture leakage. There were two stream samples out of 102 (Urban 8 on September 4, 2019 and Urban 11 on 
September 30, 2019) in which the area-normalized infrastructure loss was greater than the area-normalized 
streamflow on that date, meaning that in these cases our estimate of infrastructure loss contributions to the 
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stream were clearly overestimated. We also assumed other potential sources of tap water, such as leakage 
from wastewater pipes and soil-wetting for land development, were negligible.

3. Results
3.1. Streamflow Comparison

Analysis of mean daily streamflow in the Denver metropolitan area revealed that there were major differ-
ences in the nonexceedance probability curves of urban and grassland streamflow in the summer (April–
September) of 2019 (Figure 2). The only gaged grassland stream was dry for almost 40% of the summer, 
while urban streams were dry for less than 10% of the summer. Eleven out of 13 urban streams had peren-
nial flow. When there was flow present in the grassland stream, the area-normalized flow was overall lower 
than the urban streamflow across the nonexceedance probability curve. The urban streams that were used 
in our end-member mixing analysis (chosen based on the criteria in Section 2.5) were in the same stream-
flow range as other urban streams in the Denver region (Figure 2).

3.2. Water-Stable Isotope Relationships

Comparing isotope measurements to the GMWL and LMWL can provide insight into local hydrologic sys-
tems. Deviation from the GMWL is not uncommon, and points plotting below the GMWL can indicate 
that the sampled water underwent evaporative processes (Kendall & McDonnell, 1999). Our measured pre-
cipitation isotope values plotted on the GMWL in April and May, but dropped below it in June 2019 and 
remained below the GMWL through September 2019 (Figure 3a). Since the Denver metropolitan area has 
a semi-arid climate, this observation was not unexpected. However, comparison to a LMWL created using 
water-stable isotope data from the northeastern plains of Colorado (slope of 7.9) suggested that our precip-
itation measurements were at times below both the LMWL and GMWL (Harvey, 2005). The precipitation 
isotope values for both sites plotted along a similar curve during summer 2019, but the isotope values were 
never identical in the same month (Figure 3a). Neither site consistently yielded higher precipitation isotope 
values compared to the other.

Tap and surface water  2H and  18O values plotted below the GMWL earlier in the year than did precipita-
tion (Figure 3). There was a consistent slope of the tap (7.0) and surface water (6.9) samples throughout the 
summer and to each other, indicating the relationship between  2H and  18O was fairly stable among both 
sample types despite increases and decreases in the isotope values themselves (Figures 3b and 3c). The tap 
isotope values were similar to the stream isotope values for a given month and had a more negative and nar-
row range compared to precipitation values. The most negative isotope values were observed in the spring 
(March–June) and late summer (August–September), and the least negative isotope values were observed 
in July and parts of August (Figure 3).
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Figure 2. Nonexceedance probabilities for area-normalized mean daily streamflow in the Denver metropolitan area. 
Zero flow and unreported flow days are not shown on the logarithmic y-axis. Time frame is April 1, 2019–September 30, 
2019. Analyzed Urban Watersheds indicates the subset of watersheds presented in Figure 6.
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3.3. Changes in Isotope Values Over Time

Temporal and spatial variation was observed across all sample types and watersheds (Figure 4). Precipita-
tion isotope values plotted along an increasing s-shaped curve between April and September, while the tap 
and stream samples were fairly constant throughout the sampling period with a higher excursion in July 
and August. Most urban stream, grassland stream, and tap isotope values plotted relatively close to the pre-
cipitation curves until early June, but two urban streams within the Consolidated Mutual Water Company 
service area plotted below the precipitation curve (Figures 4f and 4g). By July 2019, the grassland streams 
were no longer flowing and almost all urban stream and tap measurements displayed less negative isotope 
values. Stream and tap isotope values then dropped well below the precipitation curve in late August and 
remained low through the rest of the study period. Stream values were between the precipitation curve and 
the tap scatter or within the tap scatter at the end of the summer, with the sole exception of Urban13 on 
September 30, 2019 (Figure 4o). No relationships could be established between isotope values and water-
shed characteristics such as drainage area, percent imperviousness, elevation, watershed slope, or dominant 
water providers.

3.4. Tap Water Variation

The tap water in the Denver metropolitan area displayed substantial isotopic variation across providers 
and over time (Figure 5). Samples from all water providers had the least negative isotope values in July and 
early August, at the same time as the stream samples were least negative (Figures 4 and 5). Tap samples 
taken on or around the same day within a single water provider had  2H values that varied up to 19‰ and 
were most variable in Centennial Water and Sanitation District that used both surface and groundwater 
sources. More tap samples were taken between August 2019 and October 2019 because we altered our tap 
sampling strategy to better capture the variation within and between water providers. The isotope values of 
Consolidated Mutual Water Company, Denver Water, and the City of Westminster were similar on the same 
day, but the City of Arvada's and Centennial Water and Sanitation District's means were lower and higher, 
respectively. Despite the observed variation across and within water providers (Figure 5), a substantial dif-
ference between late summer (September 2019) tap samples and local precipitation is apparent (Figure 4).
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Figure 3. Temporal variation in ratios of  2H to  18O in (a) precipitation with both precipitation sampling sites shown (Precipitation 1 and Precipitation 2) (b) 
surface water and (c) tap water.
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Figure 4. Changes in  2H over time for watersheds (a) Grass1, (b) Grass2, (c) Urban1, (d) Urban2, (e) Urban3, (f) Urban4, (g) Urban5, (h) Urban6, (i) Urban7, 
(j) Urban8, (k) Urban9, (l) Urban10, (m) Urban11, (n) Urban12, and (o) Urban13. Samples taken in September 2018 were not plotted due to temporal separation 
from the rest of the samples. Arrows indicate dates analyzed in Figure 6. Analytical uncertainty is smaller than the symbol size.
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3.5. Flow Contribution Analysis

Eleven samples in six streams were chosen for the flow contribution estimation as per the criteria outlined 
in Section 2.5 (indicated by arrows in Figure 4). Tap contributions (infrastructure loss and lawn irrigation 
combined) dominated streamflow on all analyzed days and ranged from 65% ± 10%–93% ± 3% of stream-
flow (Figures 6a and 6b). Across both isotopes, the mean tap contribution was 80%, with similar results 
from  2H and  18O (Figures 6a and 6b). The daily streamflow depths attributed to tap sources ranged from 
5.7 × 10−2 mm ± 7.6 × 10−3 mm to 3.9 × 10−1 mm ± 1.7 × 10−2 mm, with a mean of 1.9 × 10−1 mm. High 
tap water percent contributions (Figures 6a and 6b) did not always coincide with high streamflow depths 
(Figures 6c and 6d).

We assumed the total tap contribution was made up of lawn irrigation and infrastructure loss contribu-
tions. All analyzed watersheds had similar area-normalized infrastructure daily loss depths, ranging from 
3.2 × 10−2 mm ± 1.2 × 10−2 mm to 3.3 × 10−2 mm ± 1.2 × 10−2 mm (Figures 6c and 6d). The similarity 
across watersheds was because all analyzed watersheds were within the Denver Water or Consolidated 
Mutual Water Company service areas and our infrastructure loss estimates were constant within a single 
water provider.

LIRF accounted for 32% ± 10%–82% ± 21% of daily streamflow, with a mean of 59%, once the estimated 
contribution from infrastructure loss is separated from the tap water contribution. The LIRF daily flow 
depths ranged from 2.5 × 10−2 mm ± 7.6 × 10−3 mm to 3.6 × 10−1 mm ± 1.8 × 10−2 mm. Greater flow depths 
are attributed to lawn irrigation on dates with higher streamflow. This occurred because infrastructure loss 
was assumed constant across dates, most streams had similar loss contributions, and the split between the 
tap and precipitation contribution fraction were not strongly related to streamflow depth. We did not find 
significant relationships between streamflow contributions and watershed characteristics.

We also conducted the end-member mixing analysis with one-month, two week, and one-week antecedent 
periods with requirements of at least two or at least six tap samples within that antecedent window (Ta-
bles S1–S6). While the mean transit time through these watersheds is unknown and may vary by watershed, 
we used relatively short antecedent periods as urbanization shortens transit times (Soulsby et al., 2014). The 
mixing analysis using just two or more tap samples taken within the antecedent period had large uncertain-
ties in the tap contribution fraction because of the temporal variability of the isotopic composition of the tap 
water from a single water provider (Figure 5).

End-member mixing analyses requiring at least six tap samples within the antecedent window yielded over-
all similar results for eight stream samples analyzed for all of the antecedent windows (Table S7). The dif-
ference in tap percentage contributions across antecedent windows was generally less than 1% for  2H and 
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Figure 5. Changes in  2H over time for different tap water providers.
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5% for  18O, with the exception of the August 8 sample where the variation in the precipitation end-member 
over the antecedent period led to a range of up to 14% (Table S7). The uncertainty was higher for the precipi-
tation fraction for the one-month antecedent period, and the one-week antecedent period had fewer stream 
sampling dates (n = 8) that had six or more tap samples taken in the associated water provider's service area 
in the previous week. Therefore, all subsequent flow contributions presented were based on the end-mem-
ber mixing analysis criteria of a two-week antecedent period.

If precipitation contributions to the stream were mixed with groundwater with longer travel times, the 
isotopic values should have begun to resemble Denver's mean annual precipitation depth-weighted isotope 
values ( 2H = −82.8‰,  18O = −11.2‰) (Bowen, 2020; Bowen et al., 2005; International Atomic Energy 
Agency, 2015; Welker, 2000). If this were the case, stream isotope values in July 2019 and August 2019 would 
be higher than both the precipitation-recharged groundwater and tap end members (Figure 4). Late August 
2019 and September 2019 values for analyzed watersheds could have been a mixture of precipitation-re-
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Figure 6. Precipitation, infrastructure loss, and lawn irrigation contributions to streamflow as (a) percentages of total baseflow calculated using  2H, (b) 
percentages of total baseflow calculated using  18O, (c) streamflow depths calculated using  2H, and (d) streamflow depths calculated using  18O in select 
streams on specific days. The uncertainty range bars are centered on the midpoint of the associated endmember contribution. The uncertainty range bar heights 
show the uncertainty in the associated endmember based on Equations 6 and 7. For example, the uncertainty range bar height for precipitation in panels (a and 
b) extends from (fprecip ∗ 100/2) ±.Wprecip ∗ 100. Note: X-axis displaying analyzed streams and dates (all in 2019) applies to both sets of graphs.
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charged groundwater and tap samples, but the tap proportions would be smaller than calculated here for 
the mixture of precipitation and tap water (Figure 4).

4. Discussion
4.1. Tap Contributions to Urban Baseflow

There was flow in the urban streams longer than the grassland stream during the 2019 summer (Figure 2), 
consistent with data from other years (Fillo, 2020). Channel incision and vegetation removal have been sug-
gested as causes of increased groundwater flux into post-development rivers in semi-arid climates (Hibbs 
et al., 2012), but if this were the only cause of increased baseflow in the Denver metropolitan area, we would 
expect both the urban and grassland streams to have isotope values similar to recent local or mean annual 
precipitation isotopes. Grassland stream isotopes did plot with the recent precipitation isotopes while there 
was flow (Figures 4a and 4b), as did the urban streams in the spring and early summer. However, after 
July 2019, the urban stream values frequently were more negative than the precipitation values (Figure 4c 
through Figure 4o). Based on these isotopic differences, higher urban streamflow in the Denver metropoli-
tan area cannot be solely attributed to increased flux of precipitation-recharged groundwater.

Urbanization can also increase baseflow by introducing new sources of water to the hydrologic system, such 
as tap water. Because none of the studied streams received wastewater effluent, we identified two likely 
sources of additional water: infrastructure leakage and lawn irrigation. Both infrastructure leakage and 
lawn irrigation come from tap sources and have been shown to significantly contribute to urban recharge in 
dry climates (Lerner, 2002). The dominant input of tap water was confirmed by stream isotope values plot-
ting closer to the tap water isotopes than the precipitation isotopes, most notably from July 2019 through 
September 2019 (Figure 4). Our end-member mixing analysis results reflected this tendency, with baseflow 
sourced dominantly from tap water (Figures 6a and 6b). Much of the summer baseflow in the Denver met-
ropolitan area can thus be attributed to tap water sources.

4.2. Infrastructure Leakage and Lawn Irrigation Contributions to Urban Baseflow

Approximately 5% ± 1.3% of Denver's annual water distribution was considered “loss” in the 2013–2018 
Denver Water reports (Colorado Water Conservation Board, 2019). This loss percentage is comparable to 
other semi-arid cities in the United States such as Los Angeles (6%–8%) (Garcia-Fresca & Sharp, 2005). 
The infrastructure loss flow rate for the analyzed watersheds, 3.2 × 10−2 mm ± 1.2 × 10−2 mm, was low in 
comparison to reported infrastructure loss rates for humid subtropical cities in the United States. Studies 
conducted in Baltimore, Maryland, USA and Austin, Texas, USA reported area-normalized infrastructure 
loss estimates of 4.3 × 10−1 mm/day and a range of 7.0 × 10−2 mm/day–3.2 × 10−1 mm/day, respectively 
(Bhaskar & Welty, 2012; Garcia-Fresca & Sharp, 2005).

4.3. Assumptions and Limitations

Our ability to describe the isotopic behavior of Denver's precipitation was also limited by taking composite 
monthly samples. When comparing our precipitation results to modeled mean monthly precipitation values 
(Bowen, 2020; Bowen et al., 2005; International Atomic Energy Agency, 2015; Welker, 2000), our measured 
precipitation isotopes were more negative from April 2019 - June 2019 and less negative from July 2019–
September 2019 (Figure 3). The large deviation of our measured precipitation points from the GMWL and 
LMWL indicates that precipitation was subject to evaporative fractioning within our July 2019–September 
2019 samples (Figure 3). This may be due to below cloud evaporation, as is more common in inland, arid 
environments (Wang et al., 2016) or evaporation from precipitation samplers post-collection, although these 
sampler were designed to prevent post-collection evaporation (Palmex, Ltd., 2019). Nonetheless, the large 
difference between late summer precipitation and stream isotopes (>30‰ for  2H and >4‰ for  18O), and 
the agreement of stream and tap isotopes suggest that inadequate sampling of precipitation is unlikely to 
explain the observed stream isotopic values.
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We assumed no isotopic fractionation occurred between the sprinkler or leakage point and the urban stream 
and that there was not significant in-stream evaporation. The similarity of slopes of the  2H- 18O relation-
ships for tap and stream samples supports this assumption and suggests that there was not likely to be sig-
nificant evaporation between tap and stream (Figure 3), as does previous research comparing runoff from 
lawn irrigation to tap sources (Clifford & Hibbs, 2020). Stream sample deuterium-excess values were largely 
bounded between precipitation and tap isotopic values (Figure S1), indicating that the variation in stream 
isotopic values can largely be explained by mixing between these end-members and not evaporation. There 
was a small difference in contribution estimates between  2H and  18O of 3.6% (Figure S2), also indicating 
a minor role of evaporative fractionation in-stream. In two samples, (Urban 5 on September 27, 2019 and 
Urban 10 on August 8, 2019), stream isotope values for both  2H and  18O were more negative than the tap 
values sampled, indicating we were missing another possible, more negative contributor to baseflow, such 
as earlier piped water, older precipitation-sourced shallow groundwater, or deeper groundwater.

4.4. Implications and Future Work

There are substantial contributions from tap sources to late summer (August–September) baseflow in the 
Denver metropolitan area. The prevalence of LIRF in Denver streams varies between watersheds, and 
the largest lawn irrigation contributions occur in streams with the highest area-normalized mean daily 
streamflow. Increases in baseflow and stream permanence have cascading implications for stream ecology 
(Bhaskar, Beesley, et al., 2016; Bunn & Arthington, 2002; Reich et al., 2010; Riley et al., 2005). During dry 
periods in semi-arid cities, nutrient pollution from lawn fertilizers and wastewater effluent in urban base-
flow can be substantial and may exceed the load from stormwater (McPherson et al., 2005; Stein & Acker-
man, 2007; Toor et al., 2017).

Tap water contributing most of the water to urban streams on sunny days is problematic from a water use 
efficiency perspective, since this water was applied for landscape plant growth. However, in the context of 
a water rights perspective, transbasin tap water that returns to urban streams can be claimed as a return 
flow credit that allows municipalities to withdraw the equivalent amount upstream. Many Front Range, 
Colorado municipalities claim 15% of the lawn irrigation application rate as a return flow credit (Oad & DiS-
pigno, 1997). Our estimates found that lawn irrigation inputs were present in Denver's urban streams, and 
the contributions varied by watershed. The daily flow depth range for LIRF (2.5 × 10−2 mm ± 7.6 × 10−3 mm 
to 3.6 × 10−1 mm ± 1.8 × 10−2 mm) spanned one order of magnitude. This range is low in comparison to 
the 2.2 mm/day irrigation application estimates in nearby Aurora, Colorado (Gage & Cooper, 2015). Some 
water applied for irrigation purposes will be taken up by plants, so the LIRF to the streams should be lower 
than the application rate. Using a lawn irrigation application rate of 2.2 mm/day and the LIRF daily flow 
depths, approximately 1% ± 0.3%–16% ± 0.8% of irrigation applied reaches urban streams in the Denver 
metropolitan area. Although these estimates are based on an average irrigation rate from one municipality 
in the Denver region, this analysis suggests that consumers in the Denver metropolitan area may not always 
be contributing 15% as LIRF.

Our research spanned a single summer, so future work is needed to understand the broader patterns of the 
roles that tap water and lawn irrigation play in semi-arid, urban streams over multiple years with variable 
climate and over more watersheds. Future work using water-stable isotope analysis or other geochemical 
tracers (Beal et al., 2020; Kaushal & Belt, 2012) of tap water would benefit from longer temporal scales 
and greater capture of precipitation and subsurface signatures, and is complemented by work on the plot 
scale investigating the movement of irrigated water into residential soil and uptake by trees and lawns 
(Gómez-Navarro et al., 2019; Litvak et al., 2017; Oerter & Bowen, 2017). Greater temporal and spatial reso-
lution of infrastructure leakage also will further constrain the contributions from lawn irrigation as a subset 
of overall tap water contributions. Identifying the contributions of specifically lawn irrigation to streamflow 
will be increasingly important as municipalities respond to water scarcity with short-term drought conser-
vation measures and longer-term efficiency in urban irrigation.
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5. Conclusions
To improve water resource conservation in water-scarce cities, greater knowledge of the role of lawn irriga-
tion on urban streamflow is needed. We aimed to estimate the contributions from (a) tap water and (b) lawn 
irrigation to summertime Denver-area baseflow with water-stable isotopes ( 2H and  18O). Urban stream, 
grassland stream, tap, and precipitation isotope samples were taken and analyzed in September 2018 as well 
as from March 2019 through October 2019 (Figure 3). A two end-member mixing analysis with a two-week 
antecedent window was used to estimate the contributions of tap water and local precipitation to urban 
baseflow based on the  2H and  18O values from select days (Figure 4). The lawn irrigation component to 
baseflow was calculated by subtracting reported water distribution infrastructure losses from the overall tap 
contribution to baseflow. 

1.  How much of Denver's summertime baseflow comes from tap water sources? We found that tap water 
made up the majority (65% ± 10%–93% ± 3%, with a mean of 80%) of urban baseflow in all analyzed days 
and the contribution depth range was 5.7 × 10−2 mm ± 7.6 × 10−3 mm to 3.9 × 10−1 mm ± 1.7 × 10−2 mm 
(Figure 6).

2.  How much of the tap water contribution can be attributed to lawn irrigation compared to other sources 
of tap water?
 Lawn irrigation comprised 32% ± 10%–82% ± 21% with a mean of 59% of the flow in our watersheds and 
contributed flow depths ranging from 2.5 × 10−2 mm ± 7.6 × 10−3 mm to 3.6 × 10−1 mm ± 1.8 × 10−2 mm 
(Figure 6).

Useful areas for future work include characterizing the isotopic behavior of baseflow across space using 
more explanatory landscape characteristics and in water-scarce cities over multiple years to better under-
stand the long-term effects urbanization has had on hydrology across cities and climates.

Data Availability Statement
The data used in this analysis are available in CUAHSI HydroShare (http://www.hydroshare.org/re-
source/88bff690c1494e14a7ef90047eeff34a) and in Fillo (2020).
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