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Abstract:

A novel form of urbanization, low impact development (LID), aims to engineer systems that replicate natural hydrologic
functioning, in part by infiltrating stormwater close to the impervious surfaces that generate it. We sought to statistically
evaluate changes in a base flow regime because of urbanization with LID, specifically changes in base flow magnitude,
seasonality, and rate of change. We used a case study watershed in Clarksburg, Maryland, in which streamflow was
monitored during whole-watershed urbanization from forest and agricultural to suburban residential development using LID.
The 1.11-km2 watershed contains 73 infiltration-focused stormwater facilities, including bioretention facilities, dry wells, and
dry swales. We examined annual and monthly flow during and after urbanization (2004–2014) and compared alterations to
nearby forested and urban control watersheds. We show that total streamflow and base flow increased in the LID watershed
during urbanization as compared with control watersheds. The LID watershed had more gradual storm recessions after
urbanization and attenuated seasonality in base flow. These flow regime changes may be because of a reduction in
evapotranspiration because of the overall decrease in vegetative cover with urbanization and the increase in point sources of
recharge. Precipitation that may once have infiltrated soil, been stored in soil moisture to be eventually transpired in a
forested landscape, may now be recharged and become base flow. The transfer of evapotranspiration to base flow is an
unintended consequence to the water balance of LID. © 2016 The Authors Hydrological Processes Published by John Wiley
& Sons Ltd.
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INTRODUCTION

Soon after World War II, urban stormwater management
was designed to evacuate stormwater from roadways as
quickly as possible to prevent flooding (NRC, 2009). In
the 1970s, centralized detention ponds became standard.
These aimed to reduce peak stormflow by delaying
stormwater discharge to streams and allow for settling of
sediment. This conventional type of stormwater manage-
ment does not however reduce stormwater volume or treat
small storms, which make up the bulk of stormwater
quantity and pollution (Booth and Jackson, 1997;
Emerson et al., 2005). Because the aim of conventional
stormwater management is peak flow reduction, all other
alterations of the natural flow regime because of urban
development are not mitigated, and resulting degradation
of stream quality, geomorphology, and ecology persist
(Poff et al., 1997; Meyer et al., 2005; Walsh et al., 2005).
The impacts of stormwater on the deterioration of urban
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streams, aquatic ecosystems, and downstream receiving
water bodies have led regulators to demand new types of
stormwater management that achieve more than simply
urban flood control.
To address these fundamental concerns regarding

conventional stormwater management systems, the
newest strategy aims to engineer an urban hydrologic
system that is ‘functionally equivalent’ to a natural system
(US EPA, 2000). Similar approaches are referred to by
many names, such as low impact development (LID),
green infrastructure, source-control stormwater manage-
ment, Environmental Site Design, and distributed
stormwater management (Fletcher et al., 2014). We will
refer to this practice as ‘LID’, which is intended to
preserve or restore pre-development hydrologic condi-
tions in an urban watershed by retaining and infiltrating
stormwater close to its source (Prince George’s County,
1999; US EPA, 2000). LID uses a mix of approaches
including minimizing impervious surfaces, increasing
response time, reducing soil compaction and erosion
during urbanization, public education, as well as the use
of infrastructure-based stormwater facilities. Stormwater
facilities used within LID focus on greater stormwater
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infiltration (e.g. bioretention basins, rain gardens, porous
pavement, grassy swales, dry wells, if these do not
contain underdrains), retention (e.g. rain barrels), evapo-
transpiration (e.g. green roofs), and treatment (e.g. filters,
separators, and some of the previously mentioned
stormwater facilities).
The effectiveness of LID for water quality and flow

has been evaluated by a number of researchers on the
scale of individual stormwater facilities (Lindsey et al.,
1992; Davis, 2008; Wild and Davis, 2009) and
neighbourhood or watershed scales (Holman-Dodds
et al., 2003; Perez-Pedini et al., 2005; Williams and
Wise, 2006; Hood et al., 2007; Dietz and Clausen, 2008;
Selbig and Bannerman, 2008; Bedan and Clausen, 2009;
Gilroy and McCuen, 2009; Hogan et al., 2014). Studies
have also investigated the effect of LID on groundwater
recharge, where recharge is that part of infiltrated water
not taken up by plants or evaporated but instead reaches
the water table (Healy, 2010). These studies have
revealed that (1) the effect of stormwater infiltration on
recharge depends strongly on pre-development recharge
(Ku et al., 1992; Keßler et al., 2012; Stephens et al.,
2012; Thomas and Vogel, 2012) and (2) groundwater
mounding beneath stormwater facilities is more prevalent
with low hydraulic conductivity, centralized spatial
arrangement, or positioning at topographic lows
(Endreny and Collins, 2009; Carleton, 2010; Machusick
et al., 2011). Groundwater mounding may cause
unintended damage to infrastructure, such as flooding
of underground structures, groundwater leakage into
wastewater pipes, vegetation damage, and pollutant
mobilization (Göbel et al., 2004).
It is unclear, however, how to translate previous work

investigating changes to recharge at the site scale or
neighbourhood scale to predict the cumulative effects
LID has on watershed-scale recharge (Hamel and
Fletcher, 2014). The watershed-scale effects of LID are
key because while the implementation of stormwater
facilities may be local, a goal of LID is clearly to restore
watershed-level hydrologic functioning (Burns et al.,
2012; Hamel et al., 2013). Changes to watershed-scale
recharge can be most easily observed as changes to base
flow, defined here as the groundwater-derived inputs to
streamflow, although in urban areas, other inputs to dry-
period flow such as wastewater effluent and delayed
stormwater pond contributions may be important
(Sophocleous, 2002; Liu et al., 2013). Researchers have
examined temporal trends in base flow magnitude during
urban development (Pluhowski and Spinello, 1978;
Brandes et al., 2005; Meyer, 2005; Chang, 2007;
Hubbart and Zell, 2013; Townsend-Small et al., 2013;
Hogan et al., 2014), while others have used space-
for-time substitutions in comparisons of rural and urban
areas to infer how base flow magnitude may have
© 2016 The Authors Hydrological Processes Published by John Wiley & S
changed during urban development (Barringer et al.,
1994; Finkenbine et al., 2000; Rose and Peters, 2001;
Schwartz and Smith, 2014; Hamel et al., 2015; Hopkins
et al., 2015). These studies make it clear that there is no
consistent effect of urban development on base flow –
both increases and decreases in base flow magnitude
with urban development have been observed (O’Driscoll
et al., 2010; Price, 2011; Hamel et al., 2013; Bhaskar
et al., 2016). Unlike urban stormflow, which is
consistently made flashier by directly connected imper-
vious area, there is diversity in urban base flow response
(Hopkins et al., 2015) because of the multitude of
processes that can affect base flow in addition to
imperviousness, such as leakage in and out of piped
infrastructure, changes in evapotranspiration, import and
export of water and wastewater, and, as is investigated
here, evolving modes of stormwater management
(Bhaskar et al., 2016).
Almost none of the studies that have investigated

trends in base flow magnitude during urban development
have done so in watersheds built with LID. Most
implementations of LID stormwater facilities are retrofits
and piecemeal projects amongst existing conventional
stormwater infrastructure, making the effects of LID on
base flow at a watershed scale difficult to evaluate (Roy
et al., 2008). Furthermore, it has been established that
flow is ‘the maestro that orchestrates pattern and process
in rivers’ (Walker et al., 1995) and that a naturally
variable regime of flow, and not just a minimum low
flow, is needed for stream ecosystem health (Poff et al.,
1997, 2010). Therefore, to achieve a functionally
equivalent hydrologic system using LID, we cannot
solely focus on high-flow response nor can we focus just
on base flow magnitude (Schwartz and Smith, 2014;
Hamel et al., 2015). The variable regime of flow is critical
for stream ecosystem health, but we still do not
understand how urbanization using novel stormwater
management affects ecologically relevant base flow
magnitude, seasonality, and rate of change (Rolls et al.,
2012). Given the inability of past research to quantify the
changes to the base flow regime at the watershed scale
resulting from urbanization using novel stormwater
management, our objective is to assess changes in base
flow magnitude, seasonality, and rate of change in an LID
watershed during and after urbanization. We do this in a
small, instrumented LID watershed and compare flow
changes from 2004 to 2014 to nearby forested and urban
control watersheds. We then evaluate the changes
observed in base flow regime during and after urbaniza-
tion in the LID watershed with respect to expected
changes from three dominant mechanisms of base flow
regime alteration: vegetation removal, introduction of
directly connected impervious surfaces, and infiltration
through stormwater facilities.
ons Ltd. Hydrol. Process. (2016)



URBAN BASE FLOW WITH LOW IMPACT DEVELOPMENT
Mechanisms of base flow regime alteration during
urbanization with LID

We postulate that there are three mechanisms occurring
in short order during urbanization that alter the base flow
regime: (1) removal of vegetative cover (agricultural crop
fields and forest), (2) paving and introduction of
impervious surface cover, and (3) drainage of impervious
surface cover to infiltration-focused stormwater facilities.
Our general water balance formulation, which will be
discussed in the context of our results, is

Pþ Qin þ I¼ETþ Qout þ ΔS; (1)
Figure 1. Conceptual diagrams showing expected (not observed) changes
processes, where P is precipitation, ET is evapotranspiration, Qstorm is storm
flow). Panel (B) shows a hydrologic cycle with vegetation removal, panel (C
panel (A) shows the fluxes of an ideally functioning hydrologic cycle in an urb
and panels (D) and (E) show hydrologic cycles with overcompensating
stormwater infiltrated would have been stormwater pre-development, a

evapotranspiration pre-development (i.e. Figure 1D has s

© 2016 The Authors Hydrological Processes Published by John Wiley & S
where P is precipitation; Qin is inflow to the watershed
via groundwater; I is lawn and garden irrigation using
piped water supply; ET is evapotranspiration; Qout is
outflow from the watershed via groundwater (Qout,gw)
+ surface water (Qout,sw), where surface water outflow is
made up of a stormflow component (Qstorm) + a base flow
component (Qbase); and ΔS is change in storage (all with
depth/time units). Leaky pipes were not included as part
of the urban water balance (e.g. Bhaskar and Welty,
2012), as we assumed that a watershed during and
directly after urbanization had infrastructure in good
condition and minimal leaks. Figure 1 shows a conceptual
from a pre-development hydrologic cycle (A) through different urban
water, Qbase is base flow, and Qtotal is total streamflow (stormwater + base
) shows a hydrologic cycle with directly connected impervious surfaces,
an watershed urbanized using LID (equivalent fluxes as pre-development),
infiltration-focused stormwater facilities (1–4). In panel (D), additional
nd in panel (E), additional stormwater infiltrated would have been
maller Qstorm and Qtotal and larger ET than Figure 1E)

ons Ltd. Hydrol. Process. (2016)
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diagram of expected changes to these components of the
water balance, starting from pre-development conditions
(Figure 1A).

Vegetation removal. Previous studies have found that
urban areas generally have reduced evapotranspiration (Dow
and DeWalle, 2000; Haase, 2009; Roy et al., 2009; Bhaskar
and Welty, 2012; Barron et al., 2013) because of the
reduction in transpiration from a less vegetated landscape. If
vegetation removal was the sole mechanism of hydrologic
alteration during urbanization, we might expect an increase
in total streamflow and base flow as evapotranspiration
decreases (reduction in ET leading to increase in Qout in
Equation 1), a reduction of amplitude in the seasonal cycle of
base flow, and a slower base flow recession (Figure 1B
shows an un-vegetated hydrologic system).

Introduction of directly connected impervious surfaces.
Directly connected impervious surfaces alone would be
expected to decrease base flow magnitude by limiting
infiltration (Leopold, 1968; Rose and Peters, 2001) and
simultaneously increase stormflow magnitude and de-
crease response time (Figure 1C shows an urban water
cycle altered solely by impervious surfaces). This would
imply an increase in the stormwater from the watershed
(Qstorm), which may be compensated for by a decrease in
base flow (Qbase) (Equation 1).

Infiltration through stormwater facilities. Infiltration-
focused stormwater facilities may lead to more recharge
from point sources instead of diffuse sources (Appleyard,
1995), which has been suggested to increase annual
recharge (Ku et al., 1992; Göbel et al., 2004; Stephens
et al., 2012; Barron et al., 2013; Hamel and Fletcher, 2014),
although not in all cases (Keßler et al., 2012). Ideally with
LID, the goal is for the urbanized water cycle to be
equivalent to the pre-development cycle in overall fluxes
(i.e. Figure 1A shows both the pre-development and ideal
LID hydrologic fluxes). In this case, all excess stormwater
generated by impervious surfaces (e.g. extra stormflow in
Figure 1C compared with Figure 1A) is re-routed by LID
facilities to either evapotranspiration or base flow in the
proportions that would have occurred pre-development (e.g.
2/3 to evapotranspiration and 1/3 to base flow for Figure 1C
to become equivalent to Figure 1A). This situation is still
only a goal however, because urbanization resulting in an
unaltered hydrologic cycle has not been demonstrated,
although a tailored mix solution for stormwater facilities has
been proposed (Askarizadeh et al., 2015).
Where stormwater facilities infiltrate only some of the

excess stormwater generated by impervious surfaces, the
otherwise expected decrease in base flow volume (due
solely to directly connected impervious surfaces) might
be partially mitigated. This would result in hydrologic
© 2016 The Authors Hydrological Processes Published by John Wiley & S
fluxes somewhere between the pre-development water-
shed (Figure 1A) and the impervious surface-altered
watershed (Figure 1C). The opposite situation is also
possible (e.g. Appleyard, 1995), where more water is
infiltrated through LID facilities than would have
infiltrated pre-development, leading to greater recharge
and stream base flow, here referred to as overcompensating
stormwater recharge. With greater recharge, we would
expect greater base flow magnitude and a slower base flow
recession. However, the expected changes to other parts of
the hydrologic cycle would depend on what fate the
recharged stormwater would have had in the pre-
development watershed. In terms of Equation 1, a rise in
base flow (Qbase) may be compensated for by a decrease in
stormflow (Qstorm), ET, or some other term.
First, we consider the case inwhich the additional baseflow

is offset by less stormflow.Where pre-development stormflow
is now routed to infiltration facilities, increased base
flow comes at the expense of stormflow, not only compared
with a watershed with a high proportion of directly connected
impervious area (Figure 1C) but even as compared with the
pre-development watershed (Figure 1D vs Figure 1A). In this
case, we would expect that the volume of stormflow would
actually decrease after urban development and this decrease to
be matched to the increase in base flow (Figure 1D). In other
words, the total streamflow would remain the same, but the
ratio of stormflow to base flow would decrease.
The second casewe consider is where additional baseflow

is offset by less ET. In a forested landscape, much of the
water that infiltrated might have been stored in soil moisture
before being taken up by plants or evaporated, with some
draining down as diffuse recharge. After urbanization with
overcompensating infiltration facilities, a greater fraction of
infiltrated stormwater may drain more efficiently to become
recharge as opposed to evapotranspiration than would have
occurred in the watershed pre-development. In this case, the
post-development excess stormwater would be matched
with a decrease in ET, and there would be no change in
stormflow (Figure 1E). As in the case with vegetation
removal (Figure 1B), we would observe an increase in total
streamflow and base flow as both Figures 1B and 1E are
driven by a reduction in evapotranspiration, although through
different processes. Of course, where greater infiltration is
observed post-development, there is likely somemix between
these two endmembers (Figures 1D and 1E), where increased
base flow is offset by some combination of decreases in
pre-development stormwater and pre-development ET.We
now examine what was observed in the base flow regime
while the study watershed urbanized with LID.
Study area

The study focuses on Tributary 104, a 1.11-km2

watershed northwest of Washington, DC (Figure 2),
ons Ltd. Hydrol. Process. (2016)



Figure 2. (A) Three study watersheds in Clarksburg, Maryland: Soper Branch (forested control), Tributary 104 (study watershed with LID), and Crystal
Rock (urban control). (B) Inset showing locations of 73 infiltration-focused stormwater facilities in Tributary 104 and their types
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draining to the US Geological Survey (USGS) stream
gage at Little Seneca Creek Tributary near Clarksburg,
Maryland (http://waterdata.usgs.gov/nwis/uv?01644371).
This stream gage was installed in July 2004, and
therefore, we use the period 1 October 2004–30
September 2014 for analysis. Tributary 104 is a recently
urbanized watershed that was converted from agricultural
and forested land to primarily suburban neighbourhoods
between 2002 and 2010 (Figure 3) (Hogan et al., 2014).
During urbanization, vegetated land cover declined from
© 2016 The Authors Hydrological Processes Published by John Wiley & S
95% in 2002 to 68% in 2012, and impervious surfaces
increased to 30% during that same time (Figure 4). We
used two nearby control watersheds that had little land
cover change over the study period for comparison with
changes in Tributary 104 (Figure 4): Soper Branch (at
Hyattstown, Maryland; http://waterdata.usgs.gov/usa/
nwis/uv?01643395), a 3.03-km2 watershed that was
85% forested with 3% impervious surface cover in
2012, and Crystal Rock, a 3.50-km2 suburban watershed
draining to the stream gage at Little Seneca Creek
ons Ltd. Hydrol. Process. (2016)

http://waterdata.usgs.gov/nwis/uv?01644371
http://waterdata.usgs.gov/usa/nwis/uv?01643395
http://waterdata.usgs.gov/usa/nwis/uv?01643395


Figure 3. Aerial ortho-images collected by Montgomery County from 2002 to 2011 over Tributary 104 during urbanization. Red shaded areas indicate
the areas that have completed residential development and that drain to infiltration-focused stormwater facilities (shown in Figure 2), based on sewershed

drainage areas developed by Sparkman (2015). Blue lines and the blue triangle respectively indicate the stream and location of the stream gage

Figure 4. Impervious area in Crystal Rock (urban control), Tributary 104
(LID watershed), and Soper Branch (forested control) over time. Land use/
land cover coverages were developed using 2002, 2004, 2006, 2008,
2010, 2012, and 2013 aerial ortho-images (where available) collected by
Montgomery County and manually classified and digitized as described in

Hogan et al. (2014)
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Tributary near Germantown, Maryland (http://waterdata.
usgs.gov/nwis/uv?01644375). Crystal Rock watershed
was 42% impervious in 2013 and was largely urbanized
by the 1990s when conventional stormwater management
was in use (Rhea et al., 2015). All three watersheds fall
within the Piedmont physiographic province and are
generally underlain by metamorphic rock (metasiltstone)
with granular quartzite of the Marburg Formation
(Southworth et al., 2007). The normal annual precipita-
tion is 1178mm at a nearby National Climatic Data
Center site (DAMASCUS 3 SSW, MD US GHCND:
USC00182336), and the climate is characterized as humid
subtropical with year-round precipitation. Precipitation
data from a gage at Black Hill operated by Montgomery
County (Figure 2) was used conservatively to exclude
time periods when rain occurred for the recession
analysis, but the data were not used for annual or
monthly totals because it was unclear how representative
this gage was of the entire study area.
Tributary 104 falls within the Clarksburg Special

Protection Area, a designation used by Montgomery
ons Ltd. Hydrol. Process. (2016)
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URBAN BASE FLOW WITH LOW IMPACT DEVELOPMENT
County, Maryland, to protect high-quality waterways, in
part by applying more stringent stormwater management
requirements (https://www.montgomerycountymd.gov/
DEP/water/special-protection-areas.html). Because of
these requirements, Tributary 104 was urbanized using
small-scale stormwater facilities distributed throughout
the watershed, although the development did not include
the reduced impervious cover that is part of LID in other
locations. While the study watershed was built such that
no impervious area would drain immediately to the
stream, 75% of the impervious surface cover does not
drain to infiltration stormwater facilities but does undergo
water-quality treatment or stormwater detention. Areas
draining to water-quality or detention stormwater facili-
ties enter streams with only a relatively short delay and
therefore would largely contribute to the stormflow
hydrograph rather than base flow. Twenty-five percent of
the impervious area in the watershed drains to infiltration-
focused stormwater facilities, and as shown in Figure 2,
these are located in the upland area of the watershed, not in
or adjacent to the stream channels as is standard with
conventional stormwater management. There are 73
infiltration-focused stormwater facilities in Tributary 104,
composed of 35 dry well recharge facilities, 18 storm drain
recharge facilities, 13 dry swales, 5 bioretention facilities,
and 2 recharge chambers (Figure 2). Goals for the
stormwater facilities in Tributary 104 were to ‘protect
stream/aquatic life habitat; maintain stream base flow;
protect seeps, springs and wetlands; maintain natural on-
site stream channels; minimize storm flow run-off
increases; identify and protect stream banks prone to
erosion and slumping; minimize increases to ambient
water temperature; minimize sediment loading; minimize
nutrient loading; and control insecticides, pesticides, and
toxic substances’ (Montgomery County DEP, 2012).
Past research in this study watershed found that sediment

and erosion control facilities used during urbanization were
not able to prevent adverse hydrologic, geomorphologic,
and biotic effects during urbanization (Hogan et al., 2014).
Tributary 104 underwent profound topographic change
during urbanization with about 80cm of earth moved for
every square meter of watershed between 2004 and 2006
alone (Hogan et al., 2014), which produced abrupt slope
changes and disjointed hillslopes (Jones et al., 2014). As
one of the last steps in subdivision development, stormwater
was routed to stormwater management facilities instead to
sediment and erosion control facilities (Figure 3).
METHODS

We used hydrograph separation to examine base flow
magnitude and seasonality over time and recession analysis
to examine base flow rate of change and compared them to
© 2016 The Authors Hydrological Processes Published by John Wiley & S
the nearby forested and urban control watersheds. Statistical
tests were used to evaluate any observed differences in base
flow magnitude. A review of these methods in context is
found in Smakhtin (2001).

Hydrograph separation

We used automated hydrograph separation techniques,
which are heuristic methods to separate streamflow into
‘slow flow’ and ‘quick flow’, representing the slow and fast
response components of streamflow without any assump-
tions about the underlying processes (Schwartz and Smith,
2014). Although we would like to know the component of
streamflow that is groundwater-derived (i.e. base flow),
information on the process by which water enters the stream
is not knowable using streamflow rate alone. Instead, we
assume that changes to slow flow are representative of
changes to baseflow, althoughwe also acknowledge that the
magnitude of slow flow as calculated by any one technique
does not indicate the magnitude of base flow. Risser et al.
(2005) found that using multiple slow flow separation
techniques bounded estimates of baseflowby othermethods
(e.g. recharge estimates using water balance approaches).
Therefore, here multiple flow separation techniques were
used (Figure 5). We used a one-parameter digital filter, with
a filter parameter of 0.925 (Nathan and McMahon, 1990),
executed on the automated web geographic information
system-based hydrograph analysis tool (Lim et al., 2005).
We also used HYSEP local minimum and HYSEP fixed
width methods, executed in the Groundwater Toolbox
(Sloto and Crouse, 1996; Barlow et al., 2015). As the one-
parameter digital filter gave a mid-range result for slow flow
magnitude (Figure 5) and the statistical test results using all
three methods were similar, we show results from just this
separation method. We carried out analyses of slow flow
over 1 October 2004–30 September 2014 in Tributary 104,
Crystal Rock, and Soper Branch using R statistical software
(R Core Team, 2014). We used a seasonal Mann–Kendall
trend test (Hirsch et al., 1982) with significance level of
0.05, implemented in the R package rkt (Marchetto, 2015)
for monthly slow flow records. The seasonalMann–Kendall
test is a nonparametric test of trend that takes into account
correlation thatmay exist betweenmonths.We separated the
period of record into ‘during’ (1 October 2004–30
September 2010) and ‘after’ urbanization (1 October
2010–30 September 2014) periods in Tributary 104, based
on Montgomery County DEP (2012) and aerial imagery of
urbanization (Figure 3). Auto-regression functions were
used to examine changes in slow flow seasonality.

Recession analysis

The rate at which streamflow declines over time during
dry periods is referred to as the recession rate (Smakhtin,
2001). The recession rate is important in and of itself as an
ons Ltd. Hydrol. Process. (2016)
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Figure 5. Total streamflow and slow flow separation using multiple methods (digital filter, HYSEP fixed width, HYSEP local minimum) applied to
Tributary 104 streamflow record. Only the period from November 2004–January 2005 is shown for ease of comparison
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attribute of the flow regime (rate of change) that shapes stream
ecological health (Poff et al., 1997; Rolls et al., 2012) and also
indicates the relationship between subsurface storage and
streamflow, where a slower recession rate generally indicates a
larger store of subsurface storage. Brutsaert and Neiber (1977)
presented recession rates by examining streamflow decline
compared with average streamflow. We used this method to
examine base flow recession rates in our study and control
watersheds, using binning and fitting through the central
tendency of the recession plot (Kirchner, 2009).
This recession method assumes that streamflow recession

is primarily related to changes in storage, which would
require that precipitation and ET (including riparian ET) are
minimal.We assume that we can isolate such time periods by
using only rainless nighttimes (Kirchner, 2009). To select
rainless nighttimes, we used hourly solar radiation and
precipitation data, which were obtained from the Clean Air
Status and Trends Network, Beltsville, Maryland site
(BEL116; http://epa.gov/castnet/javaweb/site_pages/
BEL116.html) and the Black Hill rain gage (Figure 2). We
selected times when the average solar radiation from a 3-h
window was less than 1W/m2 and no rainfall was recorded
for the previous 2 or subsequent 6h (Kirchner, 2009). We
also excluded times when either solar radiation data were
missing (7%of the hours) or rainfall dataweremissing (2%of
the hours), as well as 45h when streamflow increased rapidly
with no recorded rainfall as we assumed that these were
unrecorded rainfall events. We binned the hourly change in
streamflow (�dQ/dt) versus hourly average streamflow (Q)
(Kirchner, 2009) and fitted these binned values using a least
squares linear fit. As was performed in the base flow
separation approach, we divided the streamflow record into
two time periods: during and after urbanization.
RESULTS

Figure 6 shows the annual trends in total flow, slow flow,
and quick flow in Soper Branch (forested control), Crystal
© 2016 The Authors Hydrological Processes Published by John Wiley & S
Rock (urban control), and Tributary 104 (LID) over
2004–2014. Using a Mann–Kendall trend test, there were
significant (p<0.05) upward trends for total flow, slow
flow, and quick flow in Tributary 104, although not in the
ratio of slow flow to total flow (Figure 6). The magnitude
of these upward trends was lowest for quick flow
(Kendall’s tau=0.6) and highest for total flow (Kendall’s
tau=0.8) (Figure 6). From 2004 to 2014, there was a
149% rise in annual slow flow magnitude in Tributary
104 (210 to 522mm), compared with an 86% increase in
the forested control and a 32% increase in the urban
control. Climatic variation was a confounding factor
because Soper Branch (forested control) also showed
significant (p<0.05) upward trends in slow (Kendall’s
tau=0.6) and total flow (Kendall’s tau=0.7).
To normalize for climatic variation, we examined

slow flow in the study watershed (Tributary 104) relative
to slow flow in the control watersheds (Figure 7). Monthly
slow flow was used here, resulting in a greater number of
data points relative to annual data and allowing separation
of the period during urbanization (October 2004–
September 2010) from the period after urbanization
(October 2010–September 2014). Seasonal Mann–Kendall
trend tests on the monthly data of these two periods show
that there was a significant (p<0.05) increase in monthly
slow flow in the LID study watershed (Tributary 104)
relative to both the urban and forested control watersheds
during urbanization. Tributary 104 monthly slow flow
increased 89% relative to Crystal Rock slow flow over
2004–2010 and 84% relative to Soper Branch slow flow,
based on the trend lines shown in Figure 7. After
urbanization, slow flow in the study watershed was not
significantly changing relative to the forested watershed
and was increasing relative to the urban control. The same
pattern of significant trends was found using the HYSEP
local minimum and HYSEP fixed width separation
methods. There was no significant trend in monthly slow
flow of the urban control relative to the forested control
during urbanization (not shown). Conducting seasonal
ons Ltd. Hydrol. Process. (2016)
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Figure 6. Annual streamflow, slow flow, quick flow, and slow flow as a fraction of total flow (using digital filter separation) from water years 2005–2014
for Soper Branch (forested control), Crystal Rock (urban control), and Tributary 104 (LID watershed). Results from a Mann–Kendall trend test are also
shown, where the bolded results indicate values that have a statistically significant (p value <0.05) trend over this time period. Flow is normalized by

watershed area to result in values of depth (mm). Water years 2005–2014 spans from 1 October 2004 to 30 September 2014

URBAN BASE FLOW WITH LOW IMPACT DEVELOPMENT
Mann–Kendall trend tests without separation into two time
periods (considering 2004–2014 together) showed that
there was a significant rise in slow flow of Tributary 104
relative to Crystal Rock (tau=0.21 and p=0.004) but not
relative to Soper Branch (tau=0.02 and p=0.76). The
fraction of slow flow to total flow did not have a significant
trend relative to the control watersheds. Overall, we found
that the study LID watershed had a significant rise in slow
flow during urbanization and no significant rise after
urbanization, relative to the control watersheds.
Trends in total monthly streamflow over time in

Tributary 104 relative to the control watersheds (Figure 8)
also had a significant positive trend during urbanization.
Monthly flow in Tributary 104 increased 58% relative to
Crystal Rock and 73% relative to Soper Branch total
streamflow based on the trends between 2004 and 2010.
After urbanization, there was no significant trend relative
to the urban control while relative to the forested control,
there was a significant decline. Increasing trends during
urbanization were found both for total streamflow (Figure
8) and slow flow (Figure 7), which may not be surprising as
over 60% of total flow is made up of slow flow (Figure 6).
In contrast to monthly total and slow flow, monthly quick
flow does not show a significant trend during either time
period relative to the control watersheds (not shown).
© 2016 The Authors Hydrological Processes Published by John Wiley & S
We have thus far presented results only on changes in
flow magnitude. However, it has been demonstrated that
characteristics of the entire flow regime, including
magnitude, but also duration, timing, frequency, and
variability, are drivers of ecological health (Rolls et al.,
2012; Hamel et al., 2015). Therefore, we also examined a
measure of slow flow timing, namely the seasonality in
slow flow, and later discuss changes in variability,
specifically, and rate of change in streamflow. Figure 9
shows the auto-correlation function for the control and
study watersheds before and after 1 October 2010. The
auto-correlation function shows how slow flow at a given
month (e.g. slow flow in October) is correlated to months
nearby (e.g. lag of 6months indicates correlation of slow
flow in October with slow flow in April). As we would
expect with a strong seasonal base flow cycle in a forested
watershed, slow flow in Soper Branch was positively
correlated to slow flow 12months later (because it is the
same month) and negatively correlated with slow flow
6months later (Figure 9). This strong seasonality in slow
flow was not evident in the urban control (Crystal Rock),
where there was a smaller correlation between slow flow
in any given month and those months nearby. In the LID
study watershed (Tributary 104), we see that during
urbanization (before 1 October 2010), there was strong
ons Ltd. Hydrol. Process. (2016)



Figure 7. Monthly slow flow (using one-parameter digital filter) in the
study watershed normalized by the control watershed, along with results of
the seasonal Mann–Kendall trend test during urbanization (1 October
2004–30 September 2010) and after urbanization (1 October 2010–30
September 2014). Where trends are significant (p value <0.05), the
p value is bolded and Sen’s slopes are also shown. (A) LID watershed
(Tributary 104) monthly slow flow divided by urban control (Crystal
Rock) monthly slow flow. (B) LID watershed (Tributary 104) monthly
slow flow divided by forested control (Soper Branch) monthly slow flow

Figure 8. Total streamflow in the LID watershed normalized by control
watersheds, along with results of the seasonal Mann–Kendall trend test during
urbanization (1 October 2004–30 September 2010) and after urbanization (1
October 2010–30 September 2014). Where trends are significant (p value
<0.05), the p value is bolded and Sen’s slopes are also shown. (A) LID
watershed (Tributary 104)monthly total flow divided by urban control (Crystal
Rock) monthly total flow. (B) LID watershed (Tributary 104) monthly total

flow divided by forested control (Soper Branch) monthly total flow

A. S. BHASKAR D. M. HOGAN AND S. A. ARCHFIELD
seasonality in slow flow and the pattern appeared similar
to that in the forested control (Soper Branch). However,
after urbanization, there were no monthly lags greater than
3months that have a positive correlation. Flow seasonality
was attenuated post-development and now appears more
similar to that of the urban control (Crystal Rock).
The last aspect of the flow regime we examine is rate of

change, using recession rates. Recession rates were similar
before and after 1 October 2010 in the forested and urban
control watersheds, but there was a decrease in the recession
rate in the study watershed after urbanization (Figure 10).
Testing the equality of the two recession slopes (Larsen and
Marx, 2000: 601) using a null hypothesis that the true
recession slopes were equal, we find a t-statistic of
2.14> t0.05,65 =1.997, allowing us to conclude that the
recession slope was significantly different after urbanization
in Tributary 104. The slope of the fitted log–log line
representing recessions (Figure 10) was smaller after
urbanization (�dQ/dt [mm/h2] = 0.3*Q2.5) than during
urbanization (�dQ/dt [mm/h2] = 3.5*Q3.5) in Tributary
104. The finding that post-development, the hourly decline
in streamflow on the falling limb of storm hydrographs was
© 2016 The Authors Hydrological Processes Published by John Wiley & S
smaller for a given streamflow rate means that in Tributary
104, the recession to pre-stormflow conditions was
generally more gradual after urban development.
DISCUSSION

Potential mechanisms of base flow regime alteration

We now interpret our results in light of the three
previously discussed mechanisms of base flow regime
alteration: (1) removal of vegetation, such that Tributary
104 went from 95% vegetated in 2002 to 68% in 2012 (a
decrease of 27%); (2) introduction of impervious surface
cover to 30% of watershed area; and (3) drainage of 25%
of this impervious surface cover to infiltration-focused
stormwater facilities. Our purpose was to observe changes
in base flow and total flow magnitude, seasonality, and
rate of change during and after urban development as a
small watershed was converted from agricultural and
forested to suburban land use employing LID stormwater
facilities. We found that the study watershed had
significant increases in monthly total (Figure 8) and slow
ons Ltd. Hydrol. Process. (2016)



Figure 9. Auto-correlation functions for monthly slow flow (defined by a digital filter) for the forested control (Soper Branch), urban control (Crystal
Rock), and LID (Tributary 104) watersheds. The time period has been divided by 1 October 2010, the approximate timing when stormwater infiltration

facilities and urban development were completed (refer to Figure 3)

Figure 10. Log–log relation between hourly changes in streamflow recession periods (rainless nighttimes) and streamflow (small dots) for (A) Soper
Branch, (B) Crystal Rock, and (C) Tributary 104. Larger dots are binned averages of the small dots. Similar to the procedure laid out in Kirchner (2009),
data were binned in linear space but plotted here in log space. The streamflow data were divided into two periods: during urbanization (red; 1 October

2004–30 September 2010) and after urbanization (blue; 1 October 2010–30 September 2014)

URBAN BASE FLOW WITH LOW IMPACT DEVELOPMENT
flow (Figure 7) (although not quick flow)magnitude relative
to control watersheds during urbanization. We also found
that seasonality of slow flow was attenuated post-
development (Figure 9) and the rate of change on the
falling limbs of storm hydrographs (base flow recession)
© 2016 The Authors Hydrological Processes Published by John Wiley & S
was more gradual post-development in the study watershed
(Figure 10). No single proposed mechanism (Figure 1) is
able to explain all of these observed changes (Figures 4–10),
as wemight have expected because multiple mechanisms of
base flow alteration occur together during urbanization.
ons Ltd. Hydrol. Process. (2016)
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However, we postulate that some mechanisms are more
likely to explain the bulk of our results from Tributary 104.
The process of introducing directly connected imper-

vious surfaces alone was expected to reduce base flow
magnitude (Figure 1C). As we observed a rise in base
flow magnitude, this proposed mechanism is evidently
not the dominant process affecting base flow magnitude.
The effect of directly connected impervious surfaces
might be seen more clearly in stormflow changes
however. The impact of impervious surfaces on
stormflow appeared smaller than was expected from an
urban watershed without LID, as there were no significant
trends in monthly quick flow during urbanization relative
to the control watersheds. There was a significant increase
in annual quick flow from 2004 to 2014, with a rise
particularly seen post-development (from 2011 to 2014;
Figure 6). Loperfido et al. (2014) found that on a storm-
event basis, the stormwater benefits of LID were limited
to small storms (<27mm), and stormwater from
impervious surfaces was not well controlled for larger
events (for example, a higher daily discharge was
observed after Tropical Storm Lee in Tributary 104 as
compared with Soper Branch and Crystal Rock).
Urbanization with ideally functioning LID (Figure 1A)

was not observed, as there were significant trends in
multiple components of flow over time. With the process
of overcompensating stormwater facilities infiltrating pre-
development stormwater (Figure 1D), we had expected to
see a rise in base flow magnitude with a mirrored fall in
stormflow magnitude compared with pre-development
conditions. We observed a rise in base flow, but not a
clear decrease in stormflow, and therefore, infiltration of
pre-development stormwater is unlikely to be the
dominant mechanism of base flow magnitude increase.
In terms of alteration to rate of change, we would expect
to observe a slower base flow recession with infiltration of
pre-development stormflow (Figure 1D), as well as with
the other processes that increase base flow magnitude (i.e.
those in Figure 1B and Figure 1E). Conventionally,
urbanized watersheds were found to have faster base flow
recessions in Atlanta, Georgia (Rose and Peters, 2001)
and Baltimore, Maryland (Bhaskar and Welty, 2015)
compared with less urbanized counterparts, which are the
opposite of the slower recession observed after urbaniza-
tion in Tributary 104. A faster base flow recession was
found in a Baltimore watershed even though it was
estimated to have a dramatic reduction in ET compared
with nearby forested watersheds (Bhaskar and Welty,
2012), and lower ET would be expected to lead to slower
recessions (Wittenberg, 2003). Therefore, we postulate
that the stormwater facilities, and not a general reduction
in ET, were playing a role in slowing base flow recession
in Tributary 104. Even detention-focused stormwater
facilities might have an effect of slowing stormflow
© 2016 The Authors Hydrological Processes Published by John Wiley & S
recession on the timescale of hours, and it is not clear here
how to separate the effects of different types of
stormwater facilities.
The only proposed mechanisms in which base flow

magnitude rises along with total flow involve reductions
in evapotranspiration, as can be deduced from our water
balance formulation of Equation 1. The increase in total
flow (Qout,sw) in Tributary 104 during urbanization
relative to control watersheds with similar precipitation
patterns (Figure 8) allows us to assume that Qout is
increasing relative to precipitation. With greater infiltra-
tion, there also may be increases in other terms on the
right hand side of Equation 1, such as greater subsurface
storage (+ΔS) or underflow (Qout,gw, contributing to a
larger overall Qout). Increases in either of these terms, in
addition to the rise in Qout,sw, would lead to an even larger
value on the right hand side of Equation 1, necessitating
greater compensation by other water balance components.
Groundwater inflow (Qin) is an unlikely compensating
term, as there is no clear cause for up-gradient forested
and agricultural areas contributing greater groundwater
inflow to the study watershed. The two remaining
possible compensating terms are decreasing ET or
increasing lawn irrigation. In other urban watersheds
with similar climatic and geologic settings (Baltimore,
Maryland), the reduction in evapotranspiration was
estimated to be over 400mm greater than lawn irrigation
(Bhaskar and Welty, 2012), so we assert that the decrease
in ET is likely to dwarf lawn irrigation, although both
these processes may be occurring.
The proposed mechanisms that would result in

decreased evapotranspiration are either overall vegetation
removal (Figure 1B) or reduction in ET because of
recharge of pre-development ET (Figure 1E). Both of
these mechanisms might lead to a decrease in base flow
seasonality, as was observed (Figure 9). In addition to an
overall lower ET in suburban landscapes, base flow
seasonality may be attenuated because of the change in
vegetation species, as lawns have greater growth in spring
and fall as compared with forests (Peters et al., 2011).
Because the changes in fluxes in Figures 1B and 1E are in
the same direction as compared with pre-development
fluxes (Figure 1A), we cannot clearly distinguish between
them. However, the processes at work with vegetation
removal (Figure 1B) occur in all urbanizing watersheds,
while the overcompensating LID processes (Figures 1D
and 1E) are uncommon. Crystal Rock is an urban
watershed with conventional stormwater management,
where the ratio of base flow to total flow (base flow
index) was lower than that of either the forested control or
the LID watershed after urbanization (Figure 6). Although
streamflow records in Crystal Rock are not available
going back to the time of its urbanization, it would not be
unreasonable to assume that there was a decrease in the
ons Ltd. Hydrol. Process. (2016)
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ratio of base flow to total flow in Crystal Rock during
urbanization from a more natural state similar to Soper
Branch. A decline in base flow index was not observed in
Tributary 104 (Figure 6). Therefore, we tentatively
suggest that the recharge of pre-development ET through
infiltration-focused stormwater management (Figure 1E)
is more likely to explain the observed rises in base and
total flow than the process of general vegetation removal
with urbanization (Figure 1B).

Complicating factors

Legacy of land use change. Alterations to base flow and
stream hydrology may be quite different according to
previous land use type (Harding et al., 1998). The stream
health degradation is likely to be greater where forested land
is converted directly to suburban development compared
with where agricultural land is converted, because agricul-
tural watersheds already experienced some level of
degradation in water quality and hydrology. Because of
the diversity in land use legacies, the same base flow
increase in response to urban development with LID that
was observed here may not occur in even geologically and
climatically similar study sites with different land use
histories. Furthermore, watersheds are variably vulnerable
to changes in base flow because of urban development,
based on such factors as location of impervious surfaces
relative to recharge areas, pre-development base flow index,
and position of the water table (Bhaskar et al., 2016).

Change in watershed area. Across the study time
period and area, we consistently used watershed areas
defined by topographic boundaries retrieved from the
USGS National Water Information System (NWIS).
However, in urbanizing watersheds, watershed bound-
aries can shift over time for multiple reasons. The
dramatic topographic alteration of grading and filling has
been documented to change the topographic drainage
boundary of Tributary 104 (Jones, 2013; Jones et al.,
2014). More importantly, however, urban watersheds push
us to think beyond our usual definition of topographically
defined watershed boundaries and think about the
underlying definition of a watershed. If the watershed area
is defined as the area over which rain falling will drain to
the stream gage, then storm sewersheds need to be
considered as well, which may involve storm drains re-
routing water across topographic watershed boundaries.
The watershed boundaries of Tributary 104 likely changed
over our study period because of the topographic change
and implementation of storm sewerage during urbaniza-
tion. Lacking precise information about these changes, we
simply compared the watershed area from NWIS based on
initial topographic drainage (1.11 km2) with that derived
from storm sewersheds (1.157 km2) (Sparkman, 2015).
The 4% increase in watershed area may have led to greater
© 2016 The Authors Hydrological Processes Published by John Wiley & S
surface flow to the gage based on a higher drainage area
alone, but this effect appears too small to account for the
significant increases in total and base flow observed.

Implications for infiltration-focused stormwater
infrastructure on a watershed scale

One of the goals of LID in this watershed was to
‘maintain stream base flow’, and in a strict sense, this goal
was achieved. However, a broader goal of LID is to
maintain the pre-development water balance and flow
regime, which was not observed. In our study watershed,
the majority of infiltration-focused stormwater facilities
were underground (drywell recharge, storm drain re-
charge, recharge chambers) rather than vegetated and
aboveground (bioretention cells, dry swales). Stormwater
facilities that are belowground and un-vegetated limit the
potential for evapotranspiration of incoming stormwater
and more efficiently recharge stormwater compared with
a forested landscape, where more diffuse infiltration may
have never made it deeper than the root zone. Recent
developments in stormwater quantity management are
focused primarily on reducing stormwater volume
through infiltration, with little sustained consideration
given to collecting stormwater for indoor use or
increasing evapotranspiration. The harvesting or evapo-
transpiration of stormwater in most areas needs to
dominate over recharge to maintain pre-development
streamflow volumes (Askarizadeh et al., 2015), and these
pathways remove flow from the stream altogether rather
delaying entry ranging from minutes to years with
recharge (Miles and Band, 2015).
SUMMARY

We tracked annual and monthly changes in total
streamflow, base flow, and stormflow in a small watershed
converted from agricultural and forested cover to 30%
impervious surface cover using low impact development
stormwater facilities. We compared the changes in
streamflow from 2004 to 2014 with changes in nearby
control forested and urban watersheds. Our findings can be
summarized as follows:

1. Total streamflow increased during urbanization in the
LIDwatershed relative to the control watersheds, by 58%
relative to an urban control watershed and 73% relative to
a forested control, between 2004 and 2010 (Figure 8).

2. Base flow also increased during urbanization in the
LID watershed relative to the control watersheds, by
89% relative to the urban control watershed and 84%
relative to the forested control watershed (Figure 7).

3. Seasonality of base flow during urbanization was
similar to the forested control watershed and was
ons Ltd. Hydrol. Process. (2016)
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attenuated and more similar to the urban control
watershed post-development (Figure 9).

4. Base flow recession was more gradual post-
development in the LID watershed (Figure 10).

5. A singular cause for these hydrologic alterations cannot
be identified using streamflow data alone. However,
these observations do not indicate that the infiltration-
focused stormwater facilities are infiltrating only
excess stormwater generated by new impervious
surfaces, because the hydrologic budget would be
unchanged post-development if this was the case
(Figure 1A). The observations are also not consistent
with greater recharge of water that would have been
stormflow in a forested watershed (Figure 1D), because
this would imply an increase in base flow, which was
observed, along with a mirrored decrease in stormflow,
which was not observed. Our observations are
consistent with urbanization processes that reduce
evapotranspiration, such as recharge of water that
would have been stored in soil moisture and eventually
evaporated or taken up by plants (Figure 1E) or
removal of vegetative cover when urbanizing the
watershed (Figure 1B).

Our work indicates that in addition to considering the
eventual fate of stormwater entering infiltration-based
stormwater facilities, we might also consider the pre-
development fate of that water. Recharging stormwater
might only be beneficial ecologically up to the proportion
of that stormwater that would have been recharged pre-
development. Not all impervious surface run-off should
be recharged if most would have evaporated or been taken
up by plants before urbanization, and our ecological
objective is to preserve the natural flow regime.
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