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ABSTRACT

The ecohydrologic effects of urbanization that is dominated by forests clearing are not well understood in the southeastern
United States. We utilized long-term monitoring data to quantify the annual water balance, stormflow characteristics, and
seasonal flow patterns of an urbanized watershed (UR) (0-70 km?) and compared it to a fully forested watershed (FOR)
(2-95 km?) in central North Carolina. The goal of this study was to assess how past urbanization altered watershed hydrology
and to offer reference data for urban watershed planning. The mean annual discharge coefficient (discharge/precipitation) in
the UR and FOR from 2000 to 2007 was 0-42 and 0-24, respectively. The UR generated about 75% more stormflow than
the FOR. The UR had a lower mean evapotranspiration (ET) rate (58%) than the FOR (77%). Peakflow rates and stormflow
volume of the UR were higher (e.g. 76-6 mm/day versus 5-8 mm/day for peakflow rate and 77-9 mm/day versus 7-1 mm/day
for stormflow volume) than the FOR, especially during the growing season. Growing season precipitation minus discharge
normalized by precipitation (P — Q)/P (i.e. normalized ET + change in water storage) was higher in the FOR compared to
the UR. Differences between the two watersheds occurred mostly during the growing season and became smaller during the
dormant season. We conclude that intensive urbanization elevated watershed peakflow rates and annual discharge volumes
partially due to reduction in ET during the growing season. Maintaining ET capacity of vegetation in an urbanizing watershed
is important in development planning for reducing stormflow and watershed degradation. Published 2011. This article is a US

Government work and is in the public domain in the USA.
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INTRODUCTION

Water resources in urban environments are increasingly
stressed in the southeastern United States due to popu-
lation rise and climate change and variability (McCray
and Boving, 2007; Sun et al., 2008). For example, in
Wake County, NC, population growth is projected to
increase 148% from about 627000 to 1560000 in the
next 30 years (North Carolina Office of State Budget and
Management, 2008). Many of the pressures on hydrology
and water quality may be tied to forest loss as a conse-
quence of urban development and sprawl (Riley, 1998;
Booth et al., 2001; Doll et al., 2002). Although urban-
ization has been linked to increased flooding, decreased
baseflow, low aquatic species diversity, and degraded
water quality when compared to forest watersheds in
general (Wolman, 1967; Leopold, 1968; Walsh et al.,
2001, 2005), process-based understanding of the hydro-
logic processes in urbanized headwater watersheds in the
southeastern United States is lacking (Fisher et al., 2000).

The effects of forest conversion to other landuses have
been well studied in the southeastern United States (Trim-
ble, 1974; Jackson et al., 2004; Sun et al., 2004) and
around the world (Andreassian, 2004) where hydrologists
commonly use the small ‘paired watershed’” approach as
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the basis to quantify hydrologic response. In general,
watershed manipulation experiments worldwide show
that deforestation elevates water yield and reforestation
decreases it (Andreassian, 2004). Reported maximum
first-year hydrologic response to clear-cutting a forested
watershed (FOR) in the southern Appalachians is about
400 mm/year (Swank et al., 1988). However, the effects
of forest cutting on peakflow rates are more variable,
with most literature suggesting forest harvesting does not
affect large or atypical peakflows that follow large storms
(Eisenbies et al., 2007). Increases in stream peakflow
rates, stormflow volume, and total flow after timber har-
vest have been attributed to reductions in evapotranspi-
ration (ET) and soil disturbances (Dietterick and Lynch,
1989).

Although worldwide ‘paired watershed’ experiments
provide much of the science for modern watershed man-
agement, unfortunately these studies have limits in their
ability to answer questions on the effects of urbanization
on the hydrologic cycle. The primary reason is that these
watershed manipulation experiments usually result in
minimal impacts to forest soils except on roads and skid
trails. Research has shown that peakflow from FORs may
persist longer when roads and trails are present (Jones
and Grant, 1996). Peakflow rates from urbanized water-
sheds (URs) are expected to be greater because these
watersheds have been more severely impacted due to soil
compaction, vegetation removal, and increases in imper-
vious surface area (Burton and Pitt, 2002). However,
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Figure 1. Maps depicting differences in land cover between the (a) forested (FOR) and (b) urbanized (UR) watershed. The FOR is located in Durham
County, NC, and the UR is in Wake County, NC. The distance between the watersheds is about 56 km.

other studies show that when Best Management Practices
(BMPs) are used, the hydrologic effects may be minimal.
For example, the Jordan Cove urban paired watershed
project found, including cul-de-sac bioretention, alterna-
tive driveway pavement treatments and roads, rain gar-
dens, and community education and outreach maintained
post-development peak runoff rate and volume at levels
equal to predevelopment rates. In addition, BMPs reduced
nitrogen and phosphorus exports by 65 and 40%, respec-
tively (Dietz and Clausen, 2007; Jordan Cove Urban
Watershed 319 National Monitoring Program Project
Final Report, 2007). In addition, the Baltimore Long-
term Ecosystem Study (http://www.beslter.org/) offers
comprehensive studies on the effects of urbanization on
watershed hydrology and water quality.

Landuse change is a global phenomenon. Understand-
ing the hydrologic differences between natural forests
and urbanized landscapes is fundamental to assessing
and managing hydrology and water quality. The specific
objectives of this study are (1) to compare the hydrology
between an UR and FOR while highlighting components
of the water balance, and (2) to explore the controls on
discharge observed between the two watersheds having
distinctly different landuses.

METHODS

Study area and data

Two watersheds were selected for this study; one
urban dominated (Pigeon House Creek, Wake County,
NC—0-70 km?), and one forest dominated (Flat River
Tributary, Durham County, NC—2-95 km?) (Figure 1
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and Table I). In the UR, the main stream channel is sec-
ond order and has a length of 0-60 km with an elevation
change of 114-98 metres above sea level (~3% gradi-
ent). In the FOR, the main stream channel is third order
and has a length of 2-5 km with an elevation change of
125-82 metres above sea level (~2% gradient). Accord-
ing to Miller and White (1998), the available water
capacity (AWC) in the UR and FOR is 8 and 14 cm,
respectively, indicating that the UR has slightly less
capacity to hold water compared to the FOR (Table I).
The soil series on the UR are dominated by Appling and
Georgeville whereas, Cecil soil series dominate the FOR
(According to SSURGO 2003; 1:24000). Raleigh belt
and Carolina slate belt are the underlying geologic struc-
tures in the UR and FOR, respectively (Table I). The UR
has 44% impervious cover (Homer et al., 2004), with
the remainder classified as open space and urban forests.
The FOR is 99% forested and 1% urban with virtually
no impervious cover (Homer et al., 2004).

Daily rainfall and stream discharge data for the period
2000-2007 were downloaded from the USGS website
(USGS, 2008). Rainfall and discharge stations for the
UR are co-located whereas the closest rainfall monitoring
station to the FOR discharge point is approximately
16 km away above the Dam at Falls Lake (Station
02087 182). Stormflow (also called quickflow) and base-
flow for the selected storm events were derived from
a standard flow separation method using a constant
slope (0-05 ft3/s/mi%/h) as described by Hewlett and Hib-
bert (1967). We used a total of five storms from each
watershed covering different seasons (growing season,
May—October and dormant season, November—April)
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Table I. Watershed characteristics for the forested and urbanized watershed.

Pigeon house creek (urban)

Flat river tributary (forest)

Watershed size (km?) 0-70
Gauging station number 208732534
Rainfall station number 208732534
Slope (%) 3
Elevation at gauge (m) 98
Latitude at gauge 35°48'25"
Longitude at gauge 78°36'50”
Impervious (%) 44

Forest and open space (%) 56

Soil series®

Appling (35), Georgeville (26), Wedowee

2-95

208650112

2087182

2

82

36°07'55”

78°50'00”

1

99

Cecil (95) and Mantachie (5)

(11), Goldston (8), Herdon (7), Iredell (4),
Nason (4), Mayodan (2), Cartecay (2), and

Tatum (1).
Underlying geology

Raleigh belt—Metamorphic rocks consisting

Carolina slate belt—

of injected gneiss and lineated felsic mica

gneiss

Available water capacity (cm) 8
Stream length (km) 0-60

Metamorphic rocks consisting of felsic
and intermediate metavolcanic rock

Intrusive rock consisting of
metamorphosed granitic rock

14

2-5

2 Value in parenthesis represents percent of soil series across the watershed.

for the stormflow and baseflow separation analysis. In
the study region, soil moisture is the lowest during the
peak growing season when potential ET is highest, and
the highest in the dormant season when potential ET
is lowest (Chris Dreps, North Carolina State University,
unpublished data). We computed annual watershed water
balances for each watershed [ET = Precipitation (P) —
Discharge (Q)] with the assumption that the change in soil
water storage was negligible over the period of our study.
Because we do not have the site-specific data to estimate
inflow from sewer and water main leaks and the con-
sequent change in storage, our overall interpretation and
analysis of the water balance is limited. However, change
in storage is generally small in comparison to the other
terms in the water balance over time. Exceptions to this
occur during extreme prolonged drought periods and dur-
ing periods of significant groundwater or aquifer pumping
for irrigation and other commercial or municipal uses
(Loaiciga, 2003). Discharge coefficients are expressed as
Q/P at a storm event and annual time scale.

RESULTS

Distribution of daily rainfall and streamflow

The URs and FORs had similar range of daily rainfall
(Figure 2), but the annual totals were slightly higher in
the UR than in the FOR. The biggest difference in percent
exceedance occurred at the lowest values (daily rainfall
<10 mm/day) (Figure 2). Linear regression analysis of
daily rainfall and discharge revealed an > = 0-81 in UR
and r? = 0-14 in the FOR (Figure 3a and b, respectively),
suggesting that the UR is more responsive to rainfall at
the daily scale than the FOR. Streamflow periodically
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Figure 2. Percent exceedance of rainfall from January 2000 to December
2007 used to compare rainfall distribution between the urbanized and
forested watershed.

ceased in the FOR while it continued in the UR, espe-
cially during the growing season (Figure 4a and b). This
resulted in lower baseflow rates in the FOR compared to
the UR.

On the basis of patterns of discharge across the year,
there was no clear seasonal discharge pattern observed
from the UR; high in-channel flow rates occurred through
both the recharge period (dormant season) and low
baseflow period (growing season) (Figure 4a). Discharge
from the FOR revealed a pronounced seasonal pattern
where ET appears to be controlling discharge amounts
during the growing season (Figure 4b).

The daily flow frequency distribution provided a clear
contrast of flow regimes between the two watersheds
(Figure 5). The percent exceedance of daily discharge
between the URs and FORs diverged greatly as discharge
values decreased (Figure 5). In general, higher daily dis-
charge exceedance classes occurred in the UR compared

Ecohydrol. 4, 256-264 (2011)
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Figure 3. Scatter plot between daily discharge and rainfall from 1
January 2000 through 31 December 2007; (a) urbanized watershed, and
(b) forested watershed.

to the FOR. However, the range in daily discharge was
larger in the FOR compared to the UR.

Annual watershed water balance

The discharge coefficient was lower in the FOR every
year except 2003 (Figure 6) and varied from 0-32 to
0-61 in the UR with a mean value of 0-42. In contrast,
the discharge coefficient in the FOR varied from 0-11 to
0-47 with a mean value of 0-24, about half the outflow
generated from the UR. The UR had a lower mean annual
ET rate of (603 mm/year or 58% of rainfall) than the FOR
(659 mm/year or 77% of rainfall) (Figure 6). There was
some slight variability in P — Q (i.e. absolute ET) with
years 2001-2003 being higher in the UR.

Seasonal discharge, peakflow, baseflow, and stormflow

Growing season precipitation minus discharge normal-
ized by precipitation (P — Q)/P (i.e. normalized ET =+
change in water storage) was higher in the FOR when
compared to the UR for all years (Figure 7). Hereafter
(P — Q)/P will be referred to as normalized ET. There
was no consistent pattern in dormant season normalized
ET between the FOR and UR. However, UR growing
and dormant season normalized ET patterns were sim-
ilar across years with UR growing season normalized
ET being slightly higher. There was no distinctive pat-
tern between FOR growing and dormant season normal-
ized ET.

Published in 2011 by John Wiley & Sons, Ltd.
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Figure 4. Relationship between daily discharge and rainfall from 1
January 2000 through 31 December 2007. (a) urban watershed, and
(b) forested watershed. *Missing data.

— Urban — Forest

Exceedance

0%
0.00

0.10 1.00 10.00

Discharge (mm/day)

0.01 100.00

Figure 5. Percent exceedance of daily discharge from January 2000 to

December 2007 used to compare discharge distribution between the

urbanized and forested watershed. Percent exceedance is defined as

the percent of time that a particular discharge rate occurred during
the research period.

Graphical hydrograph separation analysis detailing
the magnitude of stormflow and baseflow discharge
generation is shown in Table II. In lieu of soil moisture
data, the wet or dry antecedent moisture condition was
assigned based on baseflow values during a given season
and/or time of year. Data in Table II also highlight the
seasonal influence on water outflow between watersheds.
Stormflow volume from the UR was higher than the FOR,
particularly during the growing season (e.g. 76-6 mm/day
versus 5-8 mm/day for peakflow rate and 77-9 mm/day
versus 7-1 mm/day for stormflow volume). Stormflow
accounted for 70% or more of discharge generated in
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in water storage) in the forest and urban watersheds, 2000-2007, Q =
discharge, P = precipitation.

both watersheds. Growing season discharge coefficients
from the FOR were minimal relative to the UR under
wet and dry conditions, with a maximum of only 5%
discharge occurring even after a large storm (169 mm).
In contrast, the dormant season discharge coefficient from
the FOR was similar to that of the UR, especially under
high soil moisture conditions. During the growing season,
peak rates were always higher in the UR compared to
the FOR.

DISCUSSION

Landuse and landcover change affect all aspects of water-
shed hydrology from rainfall redistribution, plant transpi-
ration, infiltration, and groundwater recharge at multiple
scales. Stream discharge data from the UR and FOR
were summarized in three ways that allowed us to exam-
ine annual water yield (ET and discharge/precipitation
ratios), storm (peakflow rates and stormflow and base-
flow volumes) and seasonal (growing versus dormant)

Published in 2011 by John Wiley & Sons, Ltd.

J. L. BOGGS AND G. SUN

outflows. The cross-scale analysis allows identification
of key factors controlling the hydrologic differences
between the two watersheds.

Although traditional paired watershed experiments
have been shown to yield good results to detect effects of
landcover change (Swank et al., 1988), given the distance
between our forested and URs and the availability of
USGS gauging stations, a paired approach was not feasi-
ble. Because we are using an unpaired watershed design,
our analysis could be slightly confounded by the follow-
ing factors: (1) differences in soil types, soil depth, and
underlying soils and geology, and (2) differences in rain-
fall temporal and spatial patterns. Because the dominant
drainage and permeability properties are similar between
watersheds, the confounding affects created by slight soil
property differences are likely minimal. In addition, the
first factor becomes less important for this study because
we assume most of the stormflow travels across the urban
surface as overland flow and through the UR to the stream
channel via culverts and pipes bypassing much of the
buffer area and other pervious land cover. An examina-
tion of the second point revealed a relationship between
rainfall inputs to the UR and FOR. However, the UR
did receive about 17% more total rainfall over the study
period. As we will discuss later, considerations for rain-
fall inputs alone cannot explain differences in outflow
patterns. Other factors including antecedent moisture con-
ditions, surface conditions, and the temporal patterns of
ET or season are more important when examining the
discharge coefficient at storm and annual time scales.

Annual water yield

Impervious surface cover has a wide range of effects on
watershed hydrology from reduced infiltration, decreased
water storage in the soil matrix, to peakflow rates
(Schueler, 1992; Booth et al., 2002; Kang and Marston,
2006). The US Environmental Protection Agency (1993a)
reported that in general when impervious surface cover
reaches 10—-20% across a watershed stream discharge
increases twofolds, 35-50% impervious cover results
in a threefold increase and 75-100% impervious cover
results in a fivefold increase in discharge when compared
to undisturbed FORs. Wissmar er al. (2004) found that
decreases in forest cover and increases in impervious
surfaces impact discharge by producing a doubling of
discharge rates compared with presettlement watershed
conditions. Rose and Peters (2001) found a watershed
described as 54-7% urban produced higher peakflows
with a 1- to 2-day shorter recession period than water-
sheds defined as 13-8—0-5% urban. In this study, the
annual discharge ratio in the UR that has a 44% imper-
vious surface is on average about 75% (ranging from 6
to 290% annually) higher than the FOR. It appears the
urbanization effect on annual discharge is variable, but
was comparable to reported values for impervious sur-
faces covering 10-50% of the watershed (EPA, 1993a;
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suggests that less precipitation is needed to generate
discharge in that watershed (Figure 3a and b). Increased
soil water storage or residence time in large FORs
generally tends to produce a persistent baseflow or
outflow (Dingman, 1994); however, because ET removed
almost 80% of the annual rainfall input from the FOR we
did not observe a persistent flow.

Peakflow, stormflow, baseflow and seasonal discharge

Although peakflow and stormflow are usually closely
linked to storm size, we did not find that the differences
in peakflow and stormflow between the FOR and UR
were related to storm size, but rather related to seasons
(Meierdiercks et al., 2010). During the growing season,
regardless of storm size, the discharge coefficient between
the UR and FOR was always different. For example, after
a large (~162 mm) storm event, the discharge coefficient
was 0-51 in the UR and 0-05 in the FOR even under
relatively wet antecedent moisture conditions. In addition,
the discharge coefficient in the FOR was always 5%
or less whereas the discharge from the UR was always
greater than 30% (Table II). During the dormant season,
a moderate (~60 mm) storm event under dry moisture
conditions resulted in only slightly different discharge
coefficients between watersheds (Table IT). This smaller
discharge difference could be because transpiration from
the FOR is in effect turned off during the dormant
season (Dunn and Mackay, 1995). Our annual seasonal
data supports these storm-based data as the UR growing
season normalized ET pattern is similar to the UR
dormant season, suggesting a non-existent or slight
seasonal influence or control on normalized ET. The
FOR growing season normalized ET values, however,
are higher than the those of the FOR dormant season
indicating a temporal control on normalized ET (Cheng
et al., 2002) (Figure 7).

The seasonal variability of hydrologic responses to
forest cover change found in this study was also reported
by recent empirical and modeled forest hydrology studies
in the coastal plain region of the southeastern United
States by Sun ef al. (2009) and Lu et al. (2009). Both
studies support previous observations by Sun et al. (2000)
that suggest forest cover change has the most pronounced
effect during dry periods in the growing seasons when
ET differences are the largest among land uses in the
humid southeastern United States. Other studies with
small watersheds (60—100 ha) under a patch-cut and
clear-cut treatment also showed a variable increase in
peakflow and lasting for 10-20 years (Thomas and
Megahan, 1998) due to ET reduction and soil compaction
from harvesting activities. The timber harvest treatment
effect on peakflow and stormflow will, however, tend
to decrease as rainfall intensity increases (Thomas and
Megahan, 1998). Corbett et al. (1997) found that during
heavy rainfall (>100 mm), discharge from a FOR was
similar to a watershed covered primarily by impervious
cover due to the soils becoming saturated and reducing
the infiltration rate to near zero.
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Watershed management

Reducing storm discharge in urban areas is a challenge
that local watershed managers are constantly faced with
as human population continues to grow. Conventional
and more creative approaches to successfully manage
peakflow, stormflow, and water quality such as optimiz-
ing spatial patterns of landuse (Tang et al., 2005) and
urban density (Jacob and Lopez, 2009) should be devel-
oped and implemented to serve high population areas and
associated increases in living standards while maintaining
ecosystem integrity.

This study showed that the FOR had a larger water
retention capacity than the UR, especially during the
growing season. This large retention was probably due
to the high infiltration rate of undisturbed forest soils
and drier soil conditions (thus higher available water
storage) caused by higher ET (Kovnee, 1954; White-
head and Robinson, 1993). When properly sized and
positioned in high density development, storm water
retention ponds can provide benefits that reduce storm-
flow and improve water quality (Jackson et al., 2001;
Jacob and Lopez, 2009). Detention ponds and wet/dry
swales that incorporate wetland functions and urban for-
est features, including streamside management zones can
provide both ecological and engineering benefits. For
example, Sanders (1986) found that with proper urban
forest planning storm discharge can be reduced by 7%.
Neville (1996) found that ‘heavily forested’ urban envi-
ronment reduced storm discharge by 26%. Careful selec-
tion of and proper placement and management of tree
species in urban settings can improve rainfall infiltration
into compacted subsoil by an average of 153% in the area
immediately influenced by the tree’s fine and coarse root
system (Bartens et al., 2008). In addition, with thoughtful
planning we think the ET capacity of urban lands in this
region could be maximized by planting trees along high-
way rights-of-way, in parks, open spaces, and stormwater
wetlands, and clustered in multi-zone filter strips. Our
study demonstrates how watershed hydrology has been
modified and perhaps offers a reference for watershed
development in the Piedmont region.

CONCLUSIONS

The UR selected for this study had higher flow rates at
almost all temporal scales from annual total flow, peak-
flow, and stormflow and baseflow volumes when com-
pared to the FOR. We conclude that urbanization can
alter watershed hydrology in the piedmont region, espe-
cially during the growing season. The primary differences
between UR and FOR appear to be controlled by ET
although we could not exclude the effects of other factors
such as changes in soil storage, infiltration rate, and water
supply infrastructure under an urbanized environment.
Watersheds under similar climatic conditions can have
different hydrologic responses depending on the presence
or absence of other controlling factors such as vegeta-
tion covers across the landscape. Maintaining ET, the
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‘biological drainage’, and infiltration capacity is critical
to sustaining watersheds’ water storage functions. Those
two factors as well as the time of year and antecedent
moisture conditions should be considered in landscape
design to control peak flow rates. Overland flow was
likely the dominant pathway in the UR during storms
while a mixture of subsurface flow, saturated subsurface
stormflow, and saturated overland flow were likely the
dominant pathways in the FOR. We could not exclude
the hydrologic effects of recharge via water main and/or
sewer leakage in the UR as reflected by the higher base-
flow values when compared to the FOR. A more detailed
analysis of other controlling factors including soil mois-
ture regimes and soil physical properties in the source
area in both watersheds is warranted and could further
explain some of the observed outflow patterns and vari-
ability.

Traditional forest hydrology research that focused on
FORs is shifting towards understanding the watershed
hydrologic processes in the urban—rural interface and
will play a role in understanding permanent alterations in
hydrologic regimes due to forest cover changes following
urbanization (Cuo et al., 2008; Gash et al., 2008). This
study demonstrated the complexity of seasonal watershed
hydrologic responses to human disturbances.
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