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Abstract: The southern United States is characterized by a humid, subtropical climate and 

consists of 16 states (Texas, Oklahoma, Arkansas, Louisiana, Mississippi, Tennessee, 

Kentucky, Alabama, Florida, Georgia, South Carolina, North Carolina, Virginia, West 

Virginia, Delaware, and Maryland) and Washington DC. Currently this region is 

experiencing the largest net population growth in the U.S. Over the last century, the 

expansion of large urban centers and impervious area in the region has altered the 

hydrologic cycle. This review synthesizes regional research that shows how watershed 

hydrology, groundwater recharge, stream geomorphology, climate, biogeochemistry, and 

stream ecology have been affected by urbanization and the expansion of watershed 

impervious area. 
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1. Introduction 

Across the globe human populations are becoming increasingly urban, with approximately fifty 

percent of the world’s population currently residing in urban areas [1]. Urban centers often develop 

along rivers because of the river’s capacity to provide drinking water and transportation [2]. Over the 

last two centuries, urbanization has caused changes in watershed hydrology that include declines in the 

natural filtering capacity of river systems (e.g., channelization of headwater streams, loss of 

floodplains and wetlands) and regulation of flows due to the construction of dams and impoundments. 

Such changes have resulted in globally altered watershed sediment and solute export [3]. With 

urbanization comes an expansion of watershed total impervious area (TIA), in the form of parking lots, 

roadways, lawns, and rooftops. TIA reduces infiltration and surface storage of precipitation and 

increases surface water runoff [4]. Several recent reviews have synthesized the literature on physical, 

hydrological, chemical, and ecological effects of urbanization on stream systems [5-7]. Stream 

degradation is often associated with increased watershed imperviousness and has been referred to as 

the ―urban stream syndrome‖ [6,8].  

In the U.S., the southern region is one of the most rapidly urbanizing areas in the nation. Recent 

urbanization has increased the potential for hydrological alterations and channel disturbances  

along streams. Urban stream responses may differ across physiographic regions because of differences 

in climatic inputs, vegetation, geology, slope, stream geomorphology, and hydrologic processes [9]. 

There is a growing need to synthesize regional hydrologic responses to urbanization to improve the 

understanding of stream response to land use change. In the southern U.S. these efforts can guide 

future research and watershed management efforts in this rapidly urbanizing region. The purpose of 

this manuscript is to summarize and synthesize the current published literature on effects of 

urbanization on watershed hydrology and in-stream processes in the southern U.S. Our review aims to 

answer the following questions: 

 What are the predominant physical, chemical, and ecological effects that urbanization has 

on southern streams and their watersheds? 

 What are the challenges and opportunities that exist for improving the understanding of the 

effects of urbanization on southern streams and their watersheds? 

2. Study Area 

The southern U.S. is characterized by a humid, subtropical climate and consists of 16 states (Texas 

(TX), Oklahoma (OK), Arkansas (AR), Louisiana (LA), Mississippi (MS), Tennessee (TN), Kentucky 

(KY), Alabama (Al), Florida (FL), Georgia (GA), South Carolina (SC), North Carolina (NC), Virginia 

(VA), West Virginia (WV), Delaware (DE), and Maryland (MD)) and Washington D.C., as defined by 

the U.S. Census Bureau (Figure 1). Major physiographic settings in the southern U.S. include the Gulf 

Atlantic Coastal Plains, Gulf Atlantic Rolling Plain/Piedmont, Appalachian Highlands (Blue Ridge, 

Valley and Ridge, Appalachian Plateau), Midcontinent Plains and Escarpments, and the Lower 

Mississippi Alluvial Plain [10] (Figure 1). Most of the larger cities in the southern U.S. have developed 

in the Gulf Atlantic Rolling Plain/Piedmont or Gulf Atlantic Coastal Plain settings (Figure 1). Seven of 
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the nation’s most populous metropolitan areas (>2.5 million residents) are found in these settings: 

Dallas, Miami, Washington D.C., Houston, Atlanta, Baltimore, and Tampa metropolitan areas.  

The southern U.S. has experienced large changes in population growth and land use over the  

last century. Regionally, a large shift of population from rural to urban areas has occurred. For 

example, in 1900, 18% of the population resided in urban areas but by 2000, urban residents made up 

72% of the total population of the southern U.S. (Figure 2). Since the 1940s rapid population growth 

has been occurring and continues in the region. Most recently (2000–2008), the southern U.S. 

experienced the largest regional population increase (11.5 million) in the nation [11]. The expanding 

population in the southern U.S. has resulted in rapid urbanization; from 1982–2007 a 79% increase  

(21 million acres) in the extent of developed land occurred (based on analysis of urban and 

transportation networks) [12] (Figure 3). The southern region accounted for more than half of the 

newly developed land in the contiguous U.S. during the period of 1982–2007 (USDA, 2009). Future 

projections for the region suggest more extensive urbanization [13] with possibly a 3–4 fold increase in 

the extent of urban areas over the next 40 years [14]. 

Figure 1. Physiographic settings and major cities of the southern U.S. (modified from 

Hammond, 1970) [10]. 
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Figure 2. (A) Population change for the period 1900–2000 in the southern U.S. and (B) the 

percentage of U.S. and southern U.S. population residing in urban areas (source: U.S. Census). 

 

Figure 3. Changes in the extent of developed land (urban and transportation lands) in the 

southern U.S. from 1982–2007 (source: 2007 National Resources Inventory; USDA, 2009). 
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3. Urbanization and Watershed Hydrology 

3.1. Urbanization Effects on Precipitation and Evapotranspiration  

For decades, it has been observed that urbanization commonly increases the storm runoff response 

to precipitation (Table 1) due to greater stormwater peaks generated by impervious surfaces. Only 

recently has it been shown that urban land use may also influence the timing and magnitude of 

precipitation inputs to urban watersheds. Urban induced rainfall can be a result of the urban heat island 

effect (a warming of the local climate due to changes in land cover, drainage, shading, and albedo). 

Urban surfaces are generally drier and release more heat than surrounding rural areas. The urban heat 

island can alter convection of air masses in urban areas. In addition, urban surface roughness and the 

urban canopy (buildings, infrastructure, or trees) can affect air circulation. The presence of enhanced 

aerosols in urban areas may also influence local climate. However, the role of aerosols (providing 

cloud condensation nuclei sources) is still under debate and in some cases aerosols may reduce rainfall [15]. 

In a literature review of urban induced rainfall, Shepherd (2005) found that warm season rainfall 

increases were common downwind of major cities in the U.S. In addition, urban heat island effects 

have resulted in a decrease in the frequency of freezing-rain occurrences in large U.S. cities [16]. Over 

the past decade, numerous studies on urban induced rainfall have been conducted in the southern U.S., 

with most focused in the Atlanta, GA and Houston, TX regions. 

Table 1. Hydrologic responses to urbanization documented in the southern U.S. 

Study 

Area/Physiogra

phic Setting 

TIA or urban 

land use 
Runoff Baseflow Ref. 

Montgomery 

Co., 

MD/Piedmont 

~65% urban 3–4 times greater 2 yr peakflows than in forested catchment. 
Decreased low 

flows/baseflow 
[27] 

Roanoke River 

Basin, VA/ 

Appalachians 

 

6% TIA 

Low density development had greatest hydrological impact due 

to highest per capita TIA. 9% increase in total runoff, 22% 

increase in 10 yr peak, 73–95% increase in 1–5 yr peaks. 

12% watershed 

decline in 

groundwater 

recharge. 

[29] 

Watts Branch, 

MD/ Piedmont 
32% TIA 

2 yr peakflows doubled, but within the watershed could range 

from approximately 1.25–3 times larger due to urbanization, 

greatest increases at confluences. 

N/A [30] 

Baltimore, MD/ 

Piedmont 
30% TIA 

Trees reduced runoff for small rain events and could intercept 

up to 41%. Runoff decreased by 3.4% when tree cover was 

increased from 5–40%. Trees could reduce peakflows by 12%. 

Doubling TIA 

reduced baseflow 

by 17%. 

[31] 

Baltimore, 

MD/Piedmont 
18% TIA 

Simulated runoff ratio (precipitation/streamflow) increased 

from 0.09 to 0.75 at 80% TIA. Runoff ratio increased rapidly 

after 20–25% TIA and when soil moisture increased. 

Simulated 

baseflow decline 

of up to 20%. 

[32] 

Baltimore, MD/ 

Piedmont 

Over 50% 

TIA 
N/A 

Baseflow 

decreased as TIA 

increased. 

[33] 
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Table 1. Cont. 

Study 

Area/Physiogra

phic Setting 

TIA or urban 

land use 
Runoff Baseflow Ref. 

GA & 

MD/Piedmont 
>30% TIA 

Significant increase in events exceeding 3 times the median 

flow for urban streams. Daily % change in streamflow 

increased from 15% to 19–21% with urbanization. 

N/A [34] 

Accotink Ck, 

VA/ Piedmomt 

& Coastal Plain 

33% TIA 

With a historical increase of TIA from 3% to 33% the daily 

streamflow increased by 48% for periods of normal rain  

(>6 mm) and by 75% for periods with extreme rain (>35 mm). 

Decrease in low 

flows and increase 

in flow variability. 

[35] 

NC; AL, & GA, 

/Piedmont & 

Appalachians 

Up to 98% 

urban 

More frequent rising events, where total rise is >9X the median 

total rise, associated with urban intensity. Relative daily change 

in stage moderately correlated with urban intensity. 

Lack of correlation 

with low flow and 

urban intensity. 

[36] 

NC & AL/ 

Piedmont and 

Appalachians 

Up to 79% 

urban 

Greater flashiness of flow at urban sites (frequency of hourly 

periods when stage rises/falls by 0.3–0.9 ft). Less flashiness 

when developed land patches are spread out vs. agglomerated. 

Shorter duration of 

low stage flows for 

urban streams. 

[37] 

Greenville, NC/ 

Coastal Plain 

Up to 38% 

TIA 

Urban storm hydrographs had higher peakflows, lower base 

flows, and decreased lag times compared with rural. Urban 

channel incision resulted in deeper water tables. 

Baseflow declined 

from 63% of rural 

discharge to 35% 

of urban discharge. 

[38] 

Atlanta GA/ 

Piedmont 
>35% TIA 

Urbanization increased peakflows. Increased total discharge in 

wet years, decreased in dry years. 

Decreased low 

flows. 
[39] 

Chattahoochee 

River, GA/ 

Piedmont 

Up to 40% 

TIA 

# of times discharge exceeded 9-times the median flow 

positively correlated with TIA. # of events discharge increased 

by 100% in 1 h were positively correlated with TIA. 

N/A [40] 

Atlanta, GA/ 

Piedmont and 

Blue Ridge 

55% urban 

Peakflows 30–100% larger than for streams in surrounding less 

urban catchments. Urban storm recession 1–2 days faster than 

surrounding streams 

Urban low flows 

25–35% lower 

than rural. Urban 

groundwater levels 

decreased. 

[41] 

West-central 

GA/ Piedmont 

38%–48% 

urban 

Greater annual runoff (approximately 100% larger for urban 

streams). 
N/A [42] 

Georgetown 

Co., SC/ 

Coastal Plain 

23% TIA 
Runoff 6X larger for an urban vs. rural watershed and runoff 

ratio 15 % higher for urban. 
N/A [43] 

Indian River 

Lagoon, FL/ 

Coastal Plain 

Up to 35% 

urban 

Event runoff increased up to 55%. Annual runoff increased 

49% and 113% for 2 urbanized watersheds. 
N/A [44] 

Miami, FL/ 

Coastal Plain 
44% DCIA 

Over a 52 yr period 72% of total runoff was generated from the 

directly connected impervious area (44% of site). Non DCIA 

runoff only occurred for large storms. 

N/A [45] 

Econlockhatchee 

River, FL/ 

Coastal Plain 

Up to 23% 

urban 

River segment draining rural area received 76% groundwater 

inputs during a storm event, a downstream reach draining up to 

23% urban area received only 47% groundwater inputs. 

Baseflow inputs 

decreased along 

suburban reach. 

[46] 
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Table 1. Cont. 

Study Area/ 

Physiographic 

Setting 

TIA or urban 

land use 
Runoff Baseflow Ref. 

Barataria Basin, 

LA/Coastal 

Plain 

13% TIA 
For low rainfall events (2.8 cm) and dry soils runoff increased 

by 4.2 times with 9% TIA. 
N/A [47] 

Houston Area, 

TX/Coastal 

Plain 

~8% TIA 
For an 88% increase in concrete/asphalt cover, runoff ratio 

increased approximately 15%. 
N/A [48] 

TX and FL/ 

Coastal Plain 

17% increase 

in TIA 

Measured precipitation, % TIA changes, and number of 

individual (>0.5 acres) and general wetland alteration permits 

were directly related with flood frequency. 

N/A [49] 

Whiteoak 

Bayou, TX/ 

Coastal Plain 

~30% TIA 

As watershed urbanized annual runoff increased by 146% (77% 

attributed to urbanization, 39% attributed to increased rainfall) 

and peakflows increased by 159% (32% attributed to 

urbanization, 96% attributed to increased rainfall). 

N/A [50] 

Bornstein and Lin (2000) showed that the urban heat island effect caused convective activity in 

Atlanta that was responsible for the occurrence of three out of six summer storm events studied [17]. 

Dixon and Mote (2003) found urban induced precipitation in Atlanta occurred frequently in the 

summer and was most common in July [18]. Over a five year period, they observed as many as  

15 urban induced precipitation events in a year. A direct relationship was observed between the 

number of urban induced precipitation events and the distance from major highways in the Atlanta 

metropolitan area. Factors influencing urban induced precipitation included low level moisture, urban 

heat island intensity, and atmospheric instability. Using ground-based weather radar, Mote et al. (2007) 

showed that urban induced rainfall resulted in a 30% increase in rainfall in eastern metropolitan 

Atlanta, relative to the western metropolitan area [19]. The effects of urban induced rainfall could be 

measured up to 80 km to the east of the center of Atlanta.  

Similar urban induced precipitation has been observed in Houston, TX. Burian and Shepherd (2005) 

analyzed data from 19 rain gauges in the Houston area and compared pre- and post-urban data [20]. 

They found that during the warm season the urban area had 59% greater rainfall amounts between 

noon and midnight when compared to an upwind control area. The urban area also had 80% more 

occurrences of warm season rainfall events between noon and midnight (relative to the surrounding area). 

The mean warm season precipitation amount increased by 25% in the urban area from a pre- to post- 

urban time period. These studies suggest that spatial and temporal variability in runoff generation in 

urban areas in the southern U.S. (particularly in the summer months) may also be related to urban 

induced precipitation inputs. 

Although evapotranspiration (ET) can be the dominant water flux in catchment water budgets in the 

southern U.S. [21], few published studies have directly evaluated the effects of urbanization on ET in 

the southern U.S. or have attempted detailed urban water budgets (except see [22,23]). In a study of 

seven North American cities (including Miami, FL), Grimmond and Oke (1999) showed that ET in 

urban areas generally increased with an increase in vegetated area [24]. In several U.S. cities, ET was 
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found to exceed the precipitation inputs, which was possible because water was also supplied by 

irrigation and the piped urban water supply. Irrigation restrictions in cities were shown to greatly 

influence urban ET rates. However, there were no consistent patterns relating ET to urban land use. 

Dow and DeWalle (2000) used a water budget and meteorological approach to evaluate the effects 

of urbanization on watershed ET for 51 watersheds in the eastern and southern U.S. [25]. They found 

significant decreases in watershed ET that were linked with increases in urban/residential development. 

Based on their empirical relationships between degree of watershed development and watershed ET, a 

watershed that reaches 100% urban land use would exhibit a reduction of ET of approximately 22 

cm/yr. These studies suggest that urbanization can alter ET and urban catchment water budgets in the 

southern U.S., but more work is needed to determine if observed patterns are consistent or if urban ET 

rates vary throughout the region based on factors such as topography, vegetation, development density 

and urbanization age. Published studies directly measuring ET rates and processes in urban areas of the 

southern U.S. are lacking, although Sun et al. (2005) used a modeling approach to evaluate the effects 

of deforestation on ET in the southern U.S. [26]. They found that deforestation could result in a 

decrease in ET and increase in water yield, up to 45 cm/yr. In general, removal of evergreen forest 

resulted in a greater decrease in ET, because deciduous forests were assumed to use approximately 

20% less water than coniferous forests. 

3.2. Urbanization Effects on Stream Hydrology and Peakflows 

Numerous studies of urbanization effects on stream runoff have been conducted in the southern U.S. 

(Table 1). Much of this research has been focused within the Piedmont setting, particularly in the 

Washington DC-Baltimore, MD and Atlanta, GA metropolitan areas. Urban areas studied typically 

consisted of greater than 5% total impervious area (TIA).  

Increased stream stage and discharge variability are common responses to urbanization in the 

southern U.S. (Table 1). Generally, urban streams behave in a more flashy fashion than their rural 

counterparts and have a greater occurrence of extreme flow events (flows that are three or more times 

larger than median flows). Urbanization in the region consistently increases runoff ratios 

(precipitation/streamflow) and peakflows. Peakflows up to 400% higher than pre-development have 

been reported [27]. 

Changes in peakflows due to urbanization vary with the degree of urban development, recurrence 

interval of the peakflow, and location within the watershed. Empirical urban peak flow regression 

models have been developed for the majority of the southern states by the U.S. Geological Survey’s 

National Streamflow Statistics Program [28]. Similar to the studies presented in Table 1, model 

simulations demonstrated consistent increases in peak stream flows in urban catchments when 

compared to rural catchments in similar physiographic settings throughout the southern U.S. (Figure 4). 

For shorter recurrence intervals (1–2 yrs), the increase in peakflow due to urbanization is more 

pronounced than for longer recurrence interval peakflows (10 yrs or greater) [29]. 

Although the general pattern of increased peakflows associated with increased TIA has been  

well-established, the spatial variability of peakflow increases due to urbanization is less understood. In 

a modeling study, in Watts Branch watershed (MD), urban peakflow (2 yr) increases were shown to 

vary significantly within the watershed [30]. Urbanization resulted in a doubling of peakflows at the 
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watershed outlet. However, throughout the drainage network, at discrete locations along the channel, 

the peakflow increases could range from 1.25 to 3 times the pre-urban levels. This within watershed 

variability may be partially explained by the fact that peakflow increases along stream channels 

directly downstream from confluences. Urban development in the southern U.S. has consistently 

resulted in increased urban runoff (Table 1), but caution should be taken when analyzing  

long-term trends. For example, Olivera and Defee (2007) demonstrated that in the Houston, TX area, 

changes in rainfall distribution over time may also contribute to trends of increased urban runoff [49]. 

Figure 4. A boxplot (box represents, 25th, 50th, and 75th percentiles) comparison of urban 

and rural 2 year peak streamflows for 10 small watersheds (1 mi
2
 or 2.6 km

2
) in 10 states 

(AL, DE, FL, GA, KY, LA, NC, SC, TN, TX) within the southern U.S. (using the National 

Streamflow Statistics Program (Turnipseed and Ries, 2007 )). Simulated watershed 

impervious area was 25% TIA. 

 

Most urban runoff studies in the southern U.S. have focused on the hydrological response to 

increased impervious area (Table 1), but many recent studies have focused on the hydrological 

response to parameters such as wetland extent and alteration, tree cover, style of development, and 

connectivity of impervious area. In FL and TX, Brody et al. (2007) showed that the degree of wetland 

alteration (as indicated by the number of wetland permits) in a watershed may also alter a stream’s 

hydrological response to rainfall and can contribute to increased flood frequency [50]. Wang et al. 

(2008) evaluated the importance of urban tree cover on peakflows [31]. Through model simulations, 

they found that increased tree cover could reduce peakflows by up to 12%. Trees in urban catchments 

could intercept up to 41% of the precipitation input during storm events. In addition to vegetation, the 

connectivity and density of urban roads, infrastructure, and stormwater networks has been shown to 

influence peakflow responses. In a modeling study, Bosch et al. (2003) evaluated the effects of a 

variety of low and high density development scenarios on watershed hydrology [29]. They found that 

low density development had the greatest hydrological impacts on peak flows at the watershed-scale 

because of the greater per capita impervious area. Effective impervious area (EIA, impervious area 

directly connected to the stream) has been shown to be a robust metric of the urbanization effect on 

stream hydrology [51,52] in Australia and other settings. This is an emerging area of focus, 

particularly in the rapidly urbanizing areas in the southern U.S. where research has shown the 
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importance of the spatial connectivity between impervious areas and streams [37,45,53]. Impervious 

surfaces allow runoff and associated pollutants to flow through piped systems directly to the stream, 

even during small storm events. By sending this water through stormwater BMPs and riparian zones 

for infiltration, evaporation or pollutant removal (e.g., sedimentation), urban streams can more closely 

mimic natural hydrologic conditions. Effects of disconnection would likely follow a threshold type 

response in which interception efficiency decreases as storm size increases. However, the strength and 

shape of this correlation is largely untested. This has great implications for management of urban 

watersheds, particularly as restoration efforts seek to reestablish lost hydrologic and  

ecosystem functions. 

3.3. Urbanization Effects on Baseflows and Groundwater Recharge 

It is frequently presumed that urbanization reduces groundwater recharge because increasing 

impervious surface area reduces infiltration and increases stormwater runoff [54]. Indeed, baseflow 

declines with increased impervious area have been measured and modeled within the southern U.S. [32,41], 

but other studies reveal that urbanization redistributes and often increases recharge [23,55]. These 

contradictions demonstrate that watershed hydrologic impacts of urbanization are not simply a 

straightforward function of impervious area, and argue for the need to develop a better mechanistic 

understanding of the human and landscape controls on urban groundwater recharge and discharge to 

streams (Figure 5). 

Data and modeling results illustrate the range of variation of baseflow response to urbanization. In 

Atlanta, GA, Rose and Peters (2001) [41] contrasted baseflow recessions in urbanized versus less 

urbanized streams. Low flow declines of approximately 30% were attributed to urbanization and 

corresponding declines in groundwater levels indicated a decrease in upland recharge associated with 

an increase in TIA. Using stable isotope hydrograph separations along the Econlockhatchee River, FL, 

Gremillion et al. (2000) [46] showed a change in groundwater inputs occurred downstream as land-use 

changed from rural to suburban, suggesting an alteration to flowpaths and decreased groundwater 

inputs associated with greater impervious area. In cases where total annual streamflow increases due to 

urbanization, it is possible that even though the percentage of total annual discharge comprised of 

baseflow declines, the total annual volume of baseflow could increase (Hardison et al. 2009) [38]. 

Similarly, in a watershed hydrologic modeling study in coastal NC, Qi et al. (2009) found that 

moderate urbanization (≤10%) has the potential to increase total streamflow (>20%) [56]. A modeling 

study in the coastal Roanoke River Basin, VA, estimated a 12% watershed decline in groundwater 

recharge as a result of suburban development [29], but such watershed models frequently presume that 

impervious surface area allows no groundwater recharge and do not account for changes to recharge 

mechanisms and sources that accompany urbanization. 

Recharge in urban areas occurs by one of four mechanisms: direct, localized, indirect, and artificial. 

Direct recharge happens when infiltration occurs at the point where precipitation hits the ground, 

typically observed in parks and lawns. Localized recharge occurs where water moves laterally for a 

short distance before infiltrating in a small-scale feature. In urban areas, such features might include 

pavement fractures, swales adjacent to uncurbed roads, and gutter downspouts. Larger scale recharge 

is termed indirect recharge and occurs when lateral movement brings water to infiltrate from within a 
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mappable feature such as a sinkhole or lake. In the urban environment, these features include 

stormwater infiltration basins and detention ponds. Finally, leaking water mains and sewer pipes create 

a novel artificial mechanism for recharge [55,57]. Quantifying each of these recharge mechanisms or 

their collective influence at the scale of a metropolitan area is a challenge because multiple 

mechanisms and land uses are superimposed on pre-existing soil and rock heterogeneity and surface 

drainage systems, resulting in extreme heterogeneity in the spatial distribution of urban groundwater 

recharge (Figure 5). 

While urbanization is generally assumed to lower recharge, a study conducted in Austin, TX 

illustrates how urbanization can actually increase recharge through leaky water infrastructure and 

irrigation [23]. The city sits above the Edwards Aquifer, one of the most productive aquifers in the U.S. 

Austin grew rapidly through the latter half of the 20th century and had a population of >650,000 in the 

2000 Census. A spatial analysis in GIS combined with a water balance method based on municipal 

water use data and reference evapotranspiration rates were used to estimate the effects of urbanization 

on various sources of groundwater recharge. Pre-urban direct recharge was estimated at 53 mm/yr, 

whereas post-urbanization (year 2000) direct recharge was estimated at 31 mm/yr. By comparing the 

supply of drinking water to the amount of wastewater treated each year, Garcia-Fresca (2006) estimated 

that 85 mm/yr of treated water was potentially available for recharge [23]. Approximately 31 mm/yr 

recharges groundwater through leakage from water supply and sewer lines, and the remaining 54 mm 

of water is assumed to be used for irrigating lawns and parks. Of the irrigation water, 22 mm/yr was 

estimated as evapotranspiration, leaving 32 mm/yr as recharge from irrigation return flow. While direct 

recharge was considerably less following urbanization (31 mm/yr compared to 53 mm/yr), combined 

urban groundwater recharge was 94 mm/yr from direct recharge, utility leakage, and irrigation excess [23]. 

Decreased direct groundwater recharge is also the most commonly cited cause for lowered stream 

baseflow in urban streams, as a result of increased TIA [54]. However, recharge from impervious 

surfaces (e.g., rooftops and paved surfaces) may indirectly contribute to urban recharge. Rooftops 

preclude direct recharge, but water is routed to gutters and downspouts which often empty into 

drainage swales or pervious lawns where substantial infiltration may occur as localized recharge. Data 

on the amount of groundwater recharge generated from rooftops is unavailable for any sites in the 

southern U.S., but could approach 100% of precipitation if infiltration was rapid enough to limit 

evapotranspirative losses. Pavements on roadways and parking lots are riddled with fractures that form 

preferential flow paths for indirect recharge. Pavement infiltration rates of 1.8 to 27 mm/hr and 

infiltration of 6%–41.6% of rainfall have been recorded in irrigation and infiltrometer studies compiled 

by Wiles and Sharp (2008) [58]. In Austin, TX, double ring infiltrometer measurements of concrete 

and asphalt pavement fractures were used to estimate whole pavement hydraulic conductivity of  

6 × 10
−5

 cm/s [58]. Using that hydraulic conductivity and the percent of the time the pavement is 

saturated, it was estimated that 21% of mean annual precipitation is available for recharge. This 

equates to 170 mm/yr estimated for ―impervious‖ pavements only, which is greater than the overall 

recharge (94 mm/yr) for Austin estimated by Garcia-Fresca (2006), who made the conservative 

assumption that impervious surfaces did not contribute to groundwater recharge [23]. Further, 

impervious surfaces have much lower evaporation rates than evapotranspiration rates from vegetated 

surfaces, leaving most of the precipitation to runoff or infiltrate, and pavement studies have shown 

infiltration rates to be much larger than evaporation rates [59]. Finally, as illustrated in the Austin 
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water budget case study, over-irrigation of lawns and gardens can increase direct recharge in vegetated 

parts of the landscape [23]. Thus, the available data suggest that impervious surfaces may contribute 

more than conventionally assumed to localized groundwater recharge through the routing of water 

toward pervious areas or fractures. Further work is needed to determine the city-wide significance of 

these phenomena and how their importance varies across the landscapes, climates, and styles of urban 

development in the southern U.S. 

Figure 5. (a) Factors that may contribute to increased groundwater recharge and/or 

increased baseflow in urban settings. (b) Factors that may contribute to decreased 

groundwater recharge and/or decreased baseflow in urban settings (Modified from  

Welty et al. 2007) [22]. 

 

In the urban environment, indirect recharge occurs through basins and devices designed to detain 

and retain runoff from impervious surfaces before it enters the stream. Collectively known as 

stormwater best management practices (BMPs), these devices include wet detention ponds, filter strips, 

and bioretention cells. BMPs are ubiquitous in urbanizing areas of the southern US and are often a 

requirement for new development. In many cases, the primary purpose of a BMP is to reduce peak 

flows in urban streams, often with the goal of replicating pre-development hydrographs. Peak flow 

reduction can be accomplished by detaining water for slow release to the stream, increasing 

evapotranspiration, and increasing infiltration. The relative efficacy of each of these mechanisms 

depends on BMP design and local conditions. There have been many studies on BMP performance 

with sites in the southern U.S., and several of these studies have quantified infiltration from BMPs of 
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various designs. For example, bioretention cells in MD and NC allowed 8% of inflow to infiltrate the 

subsurface and 19% of inflow to evapotranspirate, as measured over a series of precipitation events [60]. 

Similarly, a level spreader-vegetated filter strip system in Charlotte, NC was effective at eliminating 

runoff from storms producing less than 13 mm of precipitation. Presumably some fraction of the flow 

into the BMP infiltrated the ground, but the relative rates of infiltration versus evapotranspiration were 

not measured. As these examples show, research is often limited to inflow-outflow monitoring at 

individual BMP sites, and more work needs to be done to understand the landscape, climatic, and 

engineering factors controlling groundwater recharge from stormwater BMPs at scales from the 

individual BMP to the metropolitan area. 

Artificial groundwater recharge takes the form of leaking water supply and sewer pipes. Pipe leaks 

release water that is usually imported into the watershed where the leak occurs and represent a source 

and quantity of groundwater recharge that would be unavailable in undeveloped watersheds. Leakage 

rates for water mains range from 5% to >60% of the supplied water, and water main leakage rates for 

five TX cities ranged from 8.5% to 37% [57]. Leakage from water distribution systems occurs because 

flow within the pipes is pressurized and it represents a source of high water quality recharge to  

the aquifer. Leakage from wastewater collection systems is generally lower in quantity than leakage 

from water mains, but it can be a much more significant water quality problem for cities. Unlike water 

supply systems, sewer lines are generally not pressurized. This results in sewer pipes above the water 

table contributing to recharge and impairing water quality, while those below the water table 

experience water leaking into them [55]. Leakage rates for water distribution systems can be estimated 

from minimum nighttime flows and such data may be available for southern U.S. cities from municipal 

water supply agencies. However, leakage rates from wastewater collection systems are more difficult 

to determine, and a value of 5% of sewage flow is often assumed [55]. Of course, unsewered cities or 

portions of cities, including those areas with septic tanks, contribute most of their supplied water to 

groundwater recharge. To generate estimates of the rates of artificial groundwater recharge in southern 

U.S. cities, researchers will need to consider the age and condition of water infrastructure, depth to the 

water table, and proportion of the population served by septic systems. In addition, aquifer storage and 

recovery (ASR) projects, which can increase local recharge are becoming increasingly common in 

urban settings in the southern U.S., particularly in FL [61]. 

In addition to changes in recharge and discharge dynamics, urbanization can have other important 

impacts on groundwater systems, each with consequences for streams. These impacts have been 

divided into seven categories: overexploitation; subsidence; saltwater intrusion; contamination; 

changes in recharge and discharge; alteration of the permeability structure; and destruction of 

environmental resources, including wetlands and streams [57]. Each of them has been documented in 

the southern U.S., with the types and scopes of the impacts being partially determined by the 

geographic setting of the urban area. For example, along the southern US coastline, the Houston-

Galveston metropolitan area has experienced land subsidence [62] while saltwater intrusion is 

occurring in Fort Lauderdale, FL [63], Tampa and Miami, FL, Savannah, GA, and Hilton Head Island, 

SC [64]. Changes to shallow groundwater and stream baseflow chemistry consistent with wastewater 

and fertilizer contamination have been observed in moderate relief areas like Austin [65] and Atlanta [66]. 
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4. Urbanization and In-Stream Processes 

4.1. Urbanization Effects on Channel Geomorphology and Sediment Transport 

Changes in land-cover associated with urbanization alter surface and subsurface flowpaths and the 

transport of water and sediment to stream channels, which in turn can alter the channel’s geomorphology. 

Some of the earliest work on the effects of urbanization on stream channel morphology was focused in 

the Baltimore, MD and Washington DC area (Piedmont setting) [67,68]. This geographical region has 

been the focus of the majority of published studies addressing the effects of urbanization on stream 

channel geomorphology in the southern U.S. (Table 2) over the last four decades. In his classic study 

in the Piedmont of MD, Wolman (1967) showed a large increase in sediment yield when bare surfaces 

were exposed during urbanization [67]. As the urban landscape was built out, the sediment  

yield declined. Increased runoff due to greater impervious areas and the general decline in sediment 

yield following urbanization resulted in urban channel erosion. In this case, it was shown that urban 

channels tended to widen as a result of increased peakflows and a reduction in sediment inputs [67]. 

Along Watts Branch, MD, Leopold (1973) documented the changes in channel form and floodplain 

deposition over a period of 20 years during watershed urbanization [68]. This work showed the 

temporal variability of a stream channel’s response to urbanization and the importance of long-term 

channel morphology and hydrological monitoring to better understand the timing and duration of the 

urban response and mitigate potential damages. 

Table 2. Stream channel geomorphological responses to urbanization documented in the 

southern U.S. 

Study Area/ 

Physiographic Setting 

TIA or urban 

land use 

Effects of urbanization on channel 

morphology 

Enlargement of cross-

sectional area 
Ref. 

Baltimore, MD/Piedmont Urban (extent 

N/A) 

Increase in channel widths. N/A [67] 

 

Watts Branch, MD/ 

Piedmont 

Up to 5 fold 

increase in 

houses 

The net result of urbanization on channel 

dimensions after 20 years was a smaller channel, 

however the trend towards the end of the study 

was towards channel enlargement. Floodplain 

deposition ranged from 0.6–1 ft /13 yrs. 

Early period of channel 

aggradation and 

decrease in channel 

cross-sectional area 

followed by a period of 

channel enlargement. 

[68] 

PA, MD, DE/ Piedmont Up to 66% TIA Increase in channel width and cross-sectional 

area for urban streams, wider channels and 

greater cross-sectional areas along forested 

reaches indicating the importance of vegetation 

to channel form. 

Urban reaches had 

greater width and cross-

sectional area but not 

depth. 

[69] 

 

NC/Piedmont Up to 80% TIA Increase in channel width, depth, and cross-

sectional area. 

2.6 times larger than 

rural. 

[70] 

NC/Coastal Plain Up to 67% TIA Increase in channel width, depth, and  

cross-sectional area. 

1.8–3.4 times larger 

than rural. 

[71] 
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Table 2. Cont. 

Study Area/ 

Physiographic Setting 

TIA or urban 

land use 

Effects of urbanization on channel 

morphology 

Enlargement of cross-

sectional area 
Ref. 

NC/Coastal Plain Up to 37% TIA Increase in channel incision ratio and channel 

depth. 

N/A [38] 

Baltimore, MD/ Piedmont  Approximately 20% loss of stream length due to 

burial for the broad study area, in Baltimore City 

70% of stream length in catchments <260 Ha 

were buried. 

Decrease in bankfull 

cross-sectional area due 

to burial by 

infrastructure. 

[72] 

OK/Great Plains Up to 12% TIA Lack of urban response attributed to geological 

(cohesive channel sediments and shale and 

sandstone bedrock) and hydrogeological controls 

(groundwater). 

N/A [73] 

Knox Co. TN/Valley and 

Ridge 

Urban (extent 

N/A) 

Increase in bed particle size and anthropogenic 

particles. Propagation of channel changes is often 

prevented by infrastructure. 

Majority of urban 

reaches undergoing 

channel enlargement.  

[74] 

Fayetteville, AR/Ozark 

Mountains 

Urban (extent 

N/A) 

Decrease in channel depth. N/A [75] 

Baltimore, MD/Piedmont Up to ~32% TIA Channel reaches were classified as aggrading, 

early erosional, or late erosional stage. 

Aggradational sites (7/19) tended to show a 

decrease in cross-sectional area from 1987–2000, 

whereas erosional sites tended to show channel 

cross-sectional area increases of 15–24% over 

the same period. 

Channel cross-sectional 

area enlargement, 

channel incision, and 

reduced channel width 

variation were common 

at erosional sites. 

[76] 

Montgomery Co, MD/ 

Piedmont 
Up to 20% TIA 

Erosion from headwater channel enlargement 

due to urbanization provided approximately 40% 

of watershed sediment yield. 

In catchments without 

retention basins urban 

channels were enlarged 

2.1–2.5 times greater 

than rural channels. 

[77] 

Baltimore Co., MD/ 

Piedmont 
Up to 82% urban 

Shear stress and stream power were greatest at 

high gradient meander bends, however in this 

urban catchment changes in hydrology have not 

caused significant migration of the channel since 

the 1930s. 

N/A [78] 

Rockville, MD/Piedmont ~556 homes/mile2 

Increase in channel grain size, increase in 

floodplain deposition rates (during the first 

several decades of urbanization), increased 

channel width, increased w/d ratio, bed 

aggradation, and lateral migration of channels. 

Increase in  

cross-sectional area due 

to widening (decrease in 

channel depth). 

[79] 

Dallas, TX/Blackland and 

Grand Prairie 
Up to 33% TIA 

Channel erosion of up to 4 inches per year in 

gravel or rock bottom channels. 
N/A [80] 

Although many studies have evaluated the effects of urban impervious area on stormwater runoff 

and channel geomorphology (Table 2), fewer studies have focused on the influence of urban vegetation. 

In southeastern PA, northern MD, and DE, Hession et al. (2003) evaluated the influence of riparian 
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vegetation on channel dimensions along urban and rural stream reaches [69]. Although the presence of 

riparian vegetation did not appear to influence channel depth, forested reaches in both urban and rural 

settings were consistently wider than non-forested reaches, suggesting an influence of riparian 

vegetation on channel dimensions. The authors suggest this widening is linked to the riparian 

vegetation influence on floodplain accretion processes.  

Numerous studies have focused on using a time-for-space substitution to assess the effects of 

urbanization on stream channels [69-71], using watershed impervious area (or extent of urban land use) 

as a controlling variable that can affect hydrological and sediment transport processes that in turn 

influence channel form. However, the extent of watershed TIA does not provide information on the 

temporal and spatial patterns of urbanization and the connectivity of impervious area to stream 

channels (EIA) that may affect changes in discharge, sediment transport, and channel form [52]. Fewer 

studies have documented changes in channel form along urban streams over long time periods 

capturing pre- and post-urbanization conditions. Leopold et al. (2005) documented changes to Watts 

Branch (MD) due to urbanization over a four decade period [79]. They noted an increase in channel 

grain size, increase in floodplain deposition rates (during the first several decades of urbanization), 

increased channel width, increased width/depth ratio, bed aggradation, and lateral migration of 

channels in response to urbanization. However, because of the dynamic and interactive nature of these 

changes, the authors concluded that 40 years may not be sufficient to observe the complete response to 

urbanization and more long-term monitoring is essential to improve understanding of the urban 

channel response cycle.  

Colosimo and Wilcox (2007) looked at changes in stream channel form due to urbanization in the 

Baltimore area over a shorter period (1987–2000) [76]. Although most of the 19 channel reaches 

studied were experiencing erosion and channel enlargement, five reaches were experiencing 

aggradation and reduction in cross-sectional area. Aggradation was more common in subwatersheds 

that recently had large increases in the extent of impervious area and at sites downstream from 

erosional reaches. In addition, vegetation, slope, infrastructure, and natural bedrock controls influenced 

channel aggradation or degradation. Overbank flows were less common along erosional reaches compared to 

aggradational reaches. Although a general urban response of aggradation followed by erosion is 

expected, as illustrated by Leopold (1973), a significant spatial and temporal variability of these 

processes can occur along a single channel [68]. This is linked to the complex influence of 

urbanization on water and sediment supply to the channel, changes in vegetation and infrastructure, and 

their variations within the watershed. In another long-term study, Allmendinger et al. (2007) 

approximated a sediment budget for an urbanizing watershed in Montgomery Co, MD for the period of 

1951–1996 [77]. They found that upland erosion, channel erosion, and floodplain storage were of 

similar magnitude and were all important components of the urban sediment budget. Management of 

stormwater within the catchment greatly influenced channel size as demonstrated by channels without 

stormwater retention basins observed to have channel cross sections >2 times larger than their  

rural counterparts. The amount of sediment generated from urban channel erosion was similar to that 

generated from upland erosion. Overall, urban watershed sediment yield was greater than that observed 

for forested watersheds but similar to other rural watersheds in the region. 

As urban channels adjust to changes in flow and sediment transport, the channel may migrate and 

enlarge [68,79]. However, in some cases geological controls may limit the migration and enlargement 
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of urban channels. The geomorphic effectiveness of floods to alter channels is directly related to the 

shear stress, stream power, and the resistance of the channel to erosion [78]. Nelson et al. (2006) used 

2-D hydraulic flow models to account for the spatial and temporal variability in shear stress and stream 

power in the urban Dead Run catchment in Baltimore, MD during flooding associated with Hurricane 

Agnes (1972) [78]. They found the greatest shear stresses and stream powers were associated with 

high gradient meander bends. However, geological controls in this urban watershed including bedrock 

outcrops and coarse bed and bank materials limited channel erosion. Measured channel migration was 

minimal since the 1930s. A similar lack of urban channel response was documented in the Great Plains 

of OK by Kang and Marston (2006) [73]. They looked at the urban channel response in watersheds 

with up to 12% TIA and did not find any significant changes associated with urbanization. They 

attributed the lack of response to geological controls including cohesive sediment, resistant bedrock, 

and groundwater input effects on channel dimensions. These studies suggest that measureable changes 

in channel form in response to urban runoff may be less likely along bedrock stream channels. 

However, work in North TX suggests that (shale and limestone) bedrock channels may also exhibit 

enlargement due to urbanization [80]. Their study showed that 35% of bedrock channels were 

experiencing moderate to high erosion. In addition, they suggest the type of bedrock can influence 

erodibility; shale was found to be more erodible than limestone.  

In addition to work in the MD Piedmont region, Doll et al. (2002) performed a comparison study of 

urban and rural channels in the NC Piedmont [70]. Their work showed that urban channels were larger 

(approximately 2.3 times larger), wider, and deeper than rural channels. The channel widening 

response was generally larger than the channel downcutting response to urbanization. This is in general 

agreement with the research in the Piedmont regions of MD and Delaware previously mentioned [67-69]. 

Channel-widening in response to increased urban runoff may be common in the Piedmont due to the 

presence of bedrock at shallow depths and bed armoring, which can limit channel incision [81]. 

However, the silt-clay content of channel banks may also influence the channel erosion response [82]. 

In contrast, in the Coastal Plain of NC, where streams frequently have sand beds and low-gradients, 

channel incision has been documented where erodible sediment (sand, silt, clay) underlies channels 

[38,71] (Figure 6). Urban channel cross-sectional areas for low order Coastal Plain streams in the 

Greenville, NC area were larger directly downstream of stormwater culverts. A comparison of  

20 urban and 20 rural channels revealed that urban channels were approximately 2–3 times larger than 

their rural counterparts. Watershed TIA explained 65%–72% of urban channel enlargement [71]. In a 

study of 6 low-order Coastal Plain streams, watershed TIA was found to explain 79% of the variability 

in stream channel incision [38]. In the most urbanized watershed studied (37% TIA), channel incision 

of 1.28 m was measured over a 33 year period (1975–2008). These studies suggest that urban channel 

incision may reduce stream-riparian zone interactions and lower groundwater tables along urban 

Coastal Plain channels. Groffman et al. (2003) documented similar urban channel incision in the 

Baltimore, MD area (Piedmont) and coined the term ―urban riparian drought‖ to describe the drier 

riparian zones adjacent to incised urban channels [83]. 

Fewer studies have addressed stream channel responses to urbanization in mountainous regions of 

the southern U.S. Although most urban channel studies in the southern U.S. have shown channel 

enlargement, Keen-Zebert (2007) showed a decrease in channel depth and the common occurrence of 

aggradation along stream reaches in the Fayetteville, AR region (Ozark Mountains) over an 18 month 
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period [75]. This was attributed to the fact that much of the urban development in the region was more 

than 20 years old and bridges, infrastructure, and large woody debris helped promote aggradation. As 

pointed out by Leopold (1973) the aggradation response may be spatially and temporally variable and 

time periods of several decades or more would be needed to observe the complete urban response 

cycle [68]. In an Appalachian Valley and Ridge setting (Knox Co., TN), Grable and Harden (2006) 

studied the geomorphic response to urbanization [74]. They found that although erosion was the 

dominant response to urbanization, aggradation could also occur and channel response patterns were 

complex related to the temporal and spatial variability of urban development and infrastructure. Urban 

infrastructure and channel alterations could prevent the propagation of channel responses upstream  

(i.e., upstream migration of erosional knickpoints). In addition, increases in channel sediment grain 

size and particles of anthropogenic origin were noted. The inputs of anthropogenic particles were 

geomorphically significant, as they comprised up to 21% of channel sediments. 

Figure 6. A comparison of the annual hydrographs of rural (Phillippi Branch, 4% TIA) and 

urban (Fornes Branch, 37% TIA) streams in the Coastal Plain of NC (Greenville, NC) and 

the stream channel cross-sections, indicating the channel incision and enlargement 

response to urbanization documented in the region [38,71]. Photo of Phillippi Branch is 

courtesy of Dr. Mark Brinson. 

 



Water 2010, 2                            

 

 

623 

It is well-documented that urban infrastructure alters sediment and water transport to urban streams 

and these changes can bring about changes in channel dimensions, channel migration, and bed 

sediment grain size. In addition, urban stormwater can alter the channel by reducing channel 

heterogeneity resulting in a decrease in the diversity of aquatic habitats [84]. Recent work also 

documents that urban infrastructure can directly and permanently alter the stream network via urban 

stream burial. Elmore and Kaushal (2008) found that approximately 20% of the stream network was 

buried by infrastructure in the greater Baltimore area [72]. In Baltimore City, 70% of stream channels 

in catchments <260 Ha were buried, and in the District of Columbia, 75% of pre-1880’s streams have 

disappeared [85]. Similarly, in Greenville, NC, Hardison et al. (2009) found that drainage density in 

urban catchments was approximately 40% lower than surrounding rural catchments, due to urban 

stream burial [38]. Urban stream burial, particularly for headwater streams, can affect sediment, 

nutrient, and water transport to downstream segments, and may be a common occurrence in the 

southern U.S. More research is needed to document how urban stream burial varies across the southern 

U.S. due to differences in geology, topography, forest cover, and urban development practices. 

Urban infrastructure that regulates in-stream flows can also influence stream hydrology  

and geomorphology. Dams and water control structures are a common feature of the urban landscape. 

They are ubiquitous throughout the southern U.S. and affect most drainage basins. The 2009 National 

Dam Inventory (US Army Corps of Engineers) estimates there are over 35,000 dams in the southern 

U.S with many located in urban/suburban areas [86]. Dams in the southern U.S. have been installed for 

a range of purposes, including recreation, flood control, water supply, hydropower, and navigation. In 

a census of American dams, Graf (1999) showed that the hydrology of the southern U.S. is highly 

affected by dams [87]. In a comparison of the volume of water storage by dams across the U.S. he 

estimated that the South Atlantic region had the greatest water storage per unit land area in the entire 

U.S. (345,000 m
3
/km

2
). In addition, there are 21 dams in the region with individual capacities of over 

1.5 km
3
 of storage (Graf 2006) [88]. Dams can have a major influence on downstream hydrology by 

reducing annual peakflows, decreasing the range of annual discharge, and altering the timing of annual 

maximum and minimum flows [88]. These hydrologic alterations can in turn modify sediment 

transport and channel morphology downstream. In a study of 36 paired river reaches (upstream and 

downstream of dams) adjacent to large U.S. dams, the regulated reaches downstream of dams had 

larger low flow channels, decreased high flow channels, decreased active floodplain areas, increased 

extent of inactive floodplain areas, and decreased geomorphic complexity along the channels [88]. It 

was concluded that the simplified and contracted geomorphology downstream of dams had a direct 

effect on aquatic ecology as a result of reduced extent and diversity of aquatic habitats and less diverse 

riparian ecosystems. 

4.2. Urbanization Effects on Water Quality 

Water Temperature. Hydrologic and geomorphic changes as a result of urbanization can have a 

direct impact on the thermal regime of urban streams by changing the stream’s energy balance. 

Changes to riparian vegetation, channel geometry, low flow regimes, and temperature of water inputs 

all influence stream temperature [89]. Where riparian buffers are not protected, clearing of vegetation 

reduces channel shading, thereby increasing shortwave radiation during the day and reducing 
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longwave radiation during the night. Heat exchanges at the air-water interface can be amplified in 

urban streams with increased channel width resulting in increased diurnal stream temperature changes. 

Lowered baseflows generally observed in urban systems compound the effect as less water is available 

to absorb incoming energy [89]. The temperature of water inputs to a stream can also change because 

of discharges of industrial or wastewater treatment effluents and from heating of runoff that flows over 

impervious surfaces. The typical result of these combined impacts of urbanization is to increase stream 

temperature during baseflows and some peakflows. Elevated temperature has been shown to enhance 

rates of biological processes resulting in cascading changes to urban stream ecosystems [89-91]. 

Data on the effects of urbanization on stream temperatures primarily comes from regions with cold 

water streams, where thermally-sensitive trout and salmon are found. For example, in the Blue Ridge 

Mountains of western NC, urban streams had a 3 ºC greater late summer diurnal temperature range 

than forested streams [92]. In the southern U.S., where lowland streams are generally warm water 

ecosystems, increased stream temperatures could lead to an increased frequency of hypoxic or anoxic 

conditions during summer months. Model simulations of urban development in a VA Piedmont 

watershed predict the frequency of maximum temperatures exceeding the state water quality standard 

to increase from 1.1% to 7.6% of summer days [93].  

Urbanization can also affect peakflow temperatures, particularly when storm runoff results from the 

summer convective thunderstorms common in the southern U.S. Temperature of runoff from paved 

surfaces is a function of surface properties, rainfall temperature, air temperature, and solar radiation 

prior to the storm [94] with temperatures and solar radiation maximized before late afternoon, summer storms. 

In urbanized watersheds in the MD Piedmont, temperature surges associated with summer 

thunderstorms averaged 3.7 ºC and receded back to pre-storm temperatures over 2.8 hours [95]. The 

maximum temperature surge they recorded was 7.4 ºC, with a maximum temperature recession time of 

7.6 hours. The frequency of such temperature surges was correlated with deforestation and impervious 

surface cover in the watersheds [95]. There is very limited data on the effects of stormwater BMPs on 

stream temperature, but a study in MD showed that dry detention ponds increased stream temperature 

by up to 2.8 ºC [96]. 

Water Quality. Several excellent reviews describe the effects of urbanization on stream water 

quality and ecosystem processes across multiple regions [5,6,97-99], thus we will focus on studies 

throughout the southern U.S. that describe current trends and identify opportunities for improving our 

understanding of the complex feedbacks in urban ecosystems. The impacts of urbanization to water 

quality are highly variable and depend upon multiple factors including the age/type of urbanization 

(established urban core compared to suburban development), presence of concentrated versus 

distributed wastewater treatment, stormwater infrastructure, legacy land use, vegetation, and 

hydrologic regime. In the southern U.S., relatively recent conversion of historically agricultural and 

forested lands to urban land uses has led to increased levels of oxygen demand, conductivity, 

suspended solids, nutrients, metals, hydrocarbons and a range of organic chemicals [5,100-102]. These 

increases are a result of point source inputs (e.g., wastewater treatment plan effluent, industrial 

dischargers) and nonpoint sources (e.g., stormwater runoff, stream bank erosion, failing septic systems, 

leaking sewer systems). In particular, urban stormwater runoff has been cited as a key contributor to 

water quality impairments [103,104]. A review by Schueler suggests that evidence of stream quality 

degradation is first detected at approximately 7% imperviousness (range of 2–15% imperviousness) [103]. 
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Similarly, as part of the National Water-Quality Assessment (NAQWA) Program, the U.S. 

Geological Survey (USGS) conducted a study of urbanization impacts in nine metropolitan areas 

throughout the U.S., including four in the southern U.S. (Raleigh, NC; Atlanta, GA; Birmingham, AL; 

Dallas-Fort Worth, TX) [36]. While concentrations of nitrogen (N), phosphorus (P), pesticides and 

organic compounds generally increased with increasing urbanization, a key finding was that historical 

and surrounding land use was an important driver in relative concentrations of pollutants, particularly 

N and pesticides across land uses. Sources of N and P in urban catchments include wastewater 

discharge, leaky sewer and septic systems and fertilizer application to lawns. Agricultural inputs of N 

and herbicides confounded detection of relationships between these pollutants and metrics of the 

intensity of urbanization. Significant relationships were observed between two commonly detected 

pesticides (diazinon and simazine) and urbanization intensity. Poly-aromatic hydrocarbons (PAHs) and 

polychlorinated biphenyls (PCBs) were also consistently detected in urban streams and bioassays 

assessing toxicity were strongly correlated with levels of watershed urbanization [105,106]. Sources of 

PAHs include combustion (vehicle exhaust) and petroleum products (oil spills, leaking tanks) that is 

transported to streams as stormwater runoff. 

In the Atlanta area, Gregory and Calhoun (2007) showed that specific conductance, chloride, and 

sulfate were elevated which can be attributed to widespread input of electrolytes in wastewater [106]. 

Similarly, Rose (2002, 2007) showed that groundwater discharging into a local urban stream was 

characterized by high levels of chloride, sulfate, calcium carbonate, and total dissolved solids  

(TDS) [66,107]. The author speculated that shallow groundwater chemistry in the region may have 

been influenced by effluent contamination originating from numerous septic tank systems and leaky 

underground sewer pipes. Schoonover et al. (2005) also found elevated levels of chloride, nitrate, 

sulfate, TDS, potassium and sodium in baseflows derived from watersheds with greater than 5% TIA 

in western GA [42].  

A study of six urban watersheds in Durham, NC highlighted the importance of multiple indicators 

of urbanization in addition to TIA [104]. Using multiple linear regression analysis to identify patterns 

in the distribution of phosphorus, total kjeldahl nitrogen, total suspended solids and fecal coliforms, the 

authors demonstrated that increasing development density (as TIA) correlated with decreased  

water quality. However other indicators such as house age, EIA and stormwater connectivity explained 

additional variation in multiple linear regression models [104]. Peters (2009) supported these results 

with results from 21 urban streams over a range of discharges [108]. Concentrations of major ions, 

metals, nutrients and coliform bacteria were generally higher in urban streams compared to nearby 

forested and low-density reference watersheds. In particular, fecal coliform measurements at all urban 

sites exceeded GA water quality standards for any water usage category [108]. 

In a review of 135 observations from a wide range of aquatic ecosystems, watershed land use was 

shown to directly (erosion and runoff) and indirectly (pH driven metal-DOM interactions) affect metal 

concentrations in freshwaters [109]. Specifically, Fe, Mn and Cu were consistently high in urban 

watersheds [Fe (12–58 g/L), Mn (0.20–30 g/L) and Cu (0.4–15 g/L)], with only streams draining 

mining areas having higher concentrations (Das et al. 2009) [109]. Additionally, metal concentrations 

were inversely correlated with pH indicating that at low pH levels, metal solubility increases and metal 

particles become more mobile. Elevated concentrations of metals in aquatic ecosystems can have long-
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lasting effects on ecological health, however limited research has been done to link water quality 

assessments with biotic integrity. 

The broad category of emerging contaminants (EC) includes compounds such as antibiotics, 

prescription and nonprescription drugs, steroids, hormones, personal care products, and products 

associated with oil and combustion. Household chemicals, pharmaceuticals and personal care products 

can enter urban waters through discharge from wastewater treatment plants (WWTPs) as these 

compounds travel through the treatment process largely unaffected [110,111]. In a comprehensive 

sampling of 139 streams across 30 states during 1999 and 2000, the USGS detected 82 of 95 target 

compounds and found at least one compound in 80% of the streams sampled [111]. Measured 

concentrations were generally low; however little is known about the potential interactive effects (such 

as synergistic or antagonistic toxicity) that may occur from complex mixtures of ECs in the 

environment. Similarly, in a study of the occurrence and fate of antibiotics in Ozark streams, AR,  

10 different antibiotics were found downstream of the WWTP discharge [112]. The study measured 

uptake of these compounds along a 3 km reach and found low, but measurable rates of uptake 

suggesting that these compounds are not conservative in aquatic ecosystems. 

Less research has been focused on water quality in streams in coastal urban areas relative to the 

work done in large cities further inland. Coastal ―blackwater‖ streams have distinctive water chemistry 

with high dissolved organic carbon (DOC) and dissolved organic N (DON) concentrations. In SC, 

DON was lower in coastal streams draining urban areas compared to forested reference sites but 

remained the dominant form of N [113]. Particulate P was the dominant form of total P, which the 

authors attributed to phytoplankton biomass from stormwater ponds. In coastal streams near 

Wilmington, NC, fecal coliform bacteria were sampled as indicators for pathogenic bacteria [114]. 

Through linear regression analysis, the authors demonstrated that the percentage of the impervious 

surfaces within the watershed explained 95% of the variability in average fecal coliform abundance. 

4.3. Urbanization Effects on Ecosystem Processes 

Nutrient Cycling. Nutrient cycling and retention in streams has been extensively studied in forested 

systems and more recently in streams draining agricultural and urban areas [115-118]. Rapid 

urbanization and the resulting stream degradation has led to increased attention on the retentive 

capacity of urban streams. Recent work has focused on the role streams play at the watershed scale in 

serving as mediators of nutrient transport to sensitive downstream ecosystems and the controls on 

nutrient retention to minimize or mitigate the effects of urbanization on stream ecosystem function [98,119]. 

Establishment of two urban long term ecological research (LTER) sites in the U.S. (Baltimore, MD 

and Phoenix, AZ), is a result of the drive to better understand these dynamic and complex  

human–environment interactions. Results from the Baltimore Ecosystem Study (BES) in particular 

have greatly advanced our understanding of urban ecology as integrated social-ecological systems in 

the southern U.S. As part of the BES, integrated studies of streams, riparian zones, and whole 

watersheds have highlighted the complex interplay between human influences (e.g., water and 

wastewater infrastructure, impervious surfaces) and ecosystem processes (e.g., biotic integrity, nutrient 

retention) [120]. 
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Urban and suburban watersheds tend to function as net exporters of nutrients as a result of high 

inputs and relatively low in-stream retention [121,122]. In the BES study, urban and suburban 

watersheds had much higher N losses (2.9 to 7.9 kg N ha
−1

 y
−1

) than a completely forested watershed 

(less than 1 kg ha
−1

 y
−1

) [121]. However, retention of N in the suburban watershed was surprisingly 

high, 75% of inputs, which were dominated by home lawn fertilizer (14.4 kg N ha
−1

 y
−1

) and 

atmospheric deposition (11.2 kg N ha
−1

 y
−1

) [121]. Nutrient exports were also shown to vary 

considerably with climate. Nitrogen retention during the 2002 drought was 85% and 99% for suburban 

and forested watersheds respectively and declined to 35% and 91% during the wet year of 2003 [122]. 

The vulnerability of urban watersheds to variable climate and hydrology is particularly important as 

the frequency of severe weather is predicted to increase as a result of climate change [123]. 

The trend of lower nutrient retentive capacity in urban streams results from a combination of factors, 

including (1) increased nonpoint source nutrient delivery through stormwater conveyance systems and 

wastewater treatment plant effluents; (2) increased flashiness of stream hydrology resulting in scouring 

of benthic sediments; (3) disconnection between the stream and its riparian zone as the majority of 

stormwater flow enters streams through drainage pipes rather than sheet flow through riparian vegetation; 

(4) channelization and clearing of woody debris which reduces hyporheic (subsurface) flow through 

biologically active sediments and removes organic sources for heterotrophic microbes. However, 

important physical, chemical and biological functions, including NO3
− 

removal through denitrification 

(the conversion of dissolved NO3
−
 to N2 during the decomposition of organic matter), biotic 

assimilation of ammonium (NH4
+
) and soluble reactive phosphorus (SRP), and settling of nutrients 

sorbed to sediment particles all act to remove and retain nutrients in urban streams.  

In a study of 72 streams in eight regions of the U.S., nitrogen uptake was measured using stable 

isotope tracer experiments [118,124,125]. The LINX II study included forested, agricultural, and urban 

streams and included a study site in the Southern U.S. near Asheville, NC. Overall, the streams were 

generally small (discharge 0.2 to 2681 L s
−1

) and had a wide range of NO3
−
 concentrations (0.0001 to 

21.2 mg N L
−1

). Nitrate concentrations were higher in urban streams compared to forested reference 

sites with corresponding increases in uptake rates (U, mass of NO3
−
 removed from the water column 

on a per area basis) suggesting that elevated NO3
−
 stimulated retention and removal of NO3

−
. The 

study also determined uptake velocity, Vf, which can be described as the demand for a nutrient relative 

to its concentration and an estimate of uptake efficiency relative to availability. Uptake velocity 

declined exponentially with increasing NO3
−
 concentrations [124]. Despite increasing U, the efficiency 

at which biological processes removed NO3
−
 from the water column at high concentrations decreased, 

which indicated that across multiple regions, the streams became less efficient at removing NO3
−
 as 

concentrations increased. Although the LINX II results included agricultural, forested and urban 

streams across the entire U.S., the study demonstrated important trends of NO3
−
 dynamics in urban 

systems that clearly extend to urban streams in the Southern U.S.  

In urban streams in Atlanta, GA, concentrations of NH4
+
 and SRP were significantly higher in urban 

compared to forested streams [8]. Similar to the LINX II study, uptake efficiency of NH4
+
 and SRP 

measured as Vf was variable, but overall significantly lower in streams draining urban areas with high 

nutrient concentrations compared to those in forested catchments [8]. The lowest NH4
+
 and SRP 

uptake velocities were measured in the most urbanized catchments suggesting that reduced efficiency 

of biotic demand for nutrients decreased the stream’s overall retentive capacity. Unlike the LINX II 
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study, nutrient uptake was not correlated with ambient nutrient concentrations, but was directly 

correlated with sediment organic matter which decreased with urbanization. Organic matter that is 

stored in backwater areas and hyporheic zones serves as a source of organic matter for heterotrophic 

microbes that are responsible for nutrient uptake [99]. Enhancing sources of labile carbon (C) through 

conservation and restoration of riparian areas while increasing residence time in streams may increase 

nutrient retention in degraded urban streams. 

Forested riparian zones contribute an important source of C to in-stream biota but also improve 

surface water quality as pollutants in shallow groundwater flow through riparian soils. Nitrate in 

shallow groundwater flows through C-rich surface soils thereby enhancing denitrification and reducing 

N concentrations that enter stream networks. Stream incision and lowered groundwater tables in urban 

areas can lead to drying of riparian soils thus inhibiting interaction of groundwater NO3
−
 with 

denitrifying microbial communities along shallow flowpaths [120,126]. As previously mentioned, 

results from Baltimore, MD showed that urban streams with forested riparian zones had lower 

groundwater tables, higher NO3
−
 pools and enhanced nitrification rates compared to riparian zones in a 

reference forested watershed [127]. Nitrification is the autotrophic conversion of NH4
+
 to NO3

−
 by 

microbes and therefore a source of NO3
−
 At all sites, denitrification enzyme activity decreased with 

depth through the soil profile. The capacity for riparian forests to improve water quality can also be 

reduced in urban systems because of direct connections from stormwater drainage systems to surface 

waters and bypassing riparian vegetation [128]. Together, these results suggest that hydrologic factors 

can reduce the ability of riparian zones to act as N sinks. 

Measurements of microbially mediated biogeochemistry have led to important advances in 

understanding the controls on N retention in urban systems, particularly in the context of restoring 

ecosystem processes. In a study of four urban and suburban streams in the Baltimore, MD area, 

Groffman and others (2005) highlighted the importance of streambed heterogeneity to ecosystem 

function [129]. Denitrification was highest in in-stream debris dams and gravel bars with high organic 

matter content. In-stream structures also supported higher rates of nitrification (in urban compared to 

forested streams) suggesting that the balance of these processes is critical to the capacity of urban 

streams to act as either a source or sink of N. While the structures may enhance hot spots for microbial 

activity, removal and downstream displacement of these structures during high storm flows is likely. 

Challenges such as these highlight the need for interdisciplinary approaches to urban stream restoration 

design [84,130].  

Production, Respiration and Organic Matter Retention. Nutrient and carbon cycling are intrinsically 

linked in stream ecosystems with the inputs of both highly dependent upon hydrologic controls. In the 

LINX II study, NO3
−
 uptake lengths (Sw, mean distance traveled by an ion between release from the 

sediment and subsequent removal from the water column) shortened with increasing gross primary 

production (GPP), suggesting that autotrophic assimilation was an important mechanism for NO3
−
 

removal [124]. Land use increased the predictive power of a structural equation model testing controls 

on NO3
−
 uptake length with higher production and elevated NO3

−
 concentrations in agricultural and 

urban influenced streams [124]. Although urbanization acted to increase GPP through enhanced light 

availability, it was not sufficient to affect cumulative NO3
−
 transport. Higher NO3

−
 concentrations 

resulted in no net effect of urbanization on NO3
−
 uptake lengths. When NO3

−
 removal via 
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denitrification was considered separately, ecosystem respiration (ER) was significantly correlated with 

the fraction of total NO3
−
 that was removed from the water column [129]. 

Organic matter inputs to stream ecosystems are generally separated into particulate (e.g., algal 

biomass, leaf litter) and dissolved components. Across land uses, dissolved organic matter (DOM) 

accounts for a significant portion of the total organic matter pool and is derived from groundwater flow 

through riparian soils, terrestrial leaf litter and to a lesser extent in-stream primary  

production [99,131,132]. Connectivity between streams and riparian corridors is limited in urban 

systems as stormwater drainage systems discharge directly to streams and riparian forests are cleared. 

Riparian forests provide C inputs to streams in the form of leaf litter and coarse woody debris, alter 

solar radiation and lower water temperatures through shading [5,8,133]. Removal of trees along urban 

streams can lead to negative impacts on many of these functions. The combined result is an overall 

decrease in the quantity and quality of C that is both delivered to streams and retained in streams for 

use by heterotrophic communities during respiration. 

The effect of disturbance of the riparian corridor on stream metabolism was investigated by  

Houser et al. (2005) [134]. Metabolism is the measure of balance between autotrophic production and 

combined autotrophic and heterotrophic respiration of organic matter. Metabolism indicates the 

relative contributions of autochthonous versus allochthonous C which forms the basis of food  

webs [99]. As such metabolism is a metric that is emerging as an integrated indicator of stream 

ecosystem health. The effect of intense and localized disturbance on metabolism was investigated in a 

military training facility in the Fort Benning Military Base in west-central GA. In this heavily forested 

watershed, localized vegetative clearing and erosion resulted in decreased community respiration 

which was attributed to sedimentation and burial of organic matter. All streams in the study were net 

heterotrophic with low primary production as a result of riparian shading. Similar results were shown 

for a study of four urban and two forested streams near Atlanta, GA with net heterotrophy in all 

streams [8]. While no direct urbanization effect on metabolism was demonstrated between urban and 

forested systems, urban systems retained significantly less organic matter as measured by mass of 

FBOM in benthic sediments and tracer studies with coarse and fine particles attributed to high stream 

velocities during storm events [5]. 

High velocities in urban systems can also lead to accelerated rates of leaf litter breakdown [99]. In a 

study of 12 catchments of differing land use (four forested, 3 agricultural, two suburban and three 

urban), Paul et al. (2006) [135] found some of the highest breakdown rates of chalk maple (Acer 

babatum) in urban streams, but also the lowest fungal biomass. Faster breakdown was a result of 

physical abrasion and fragmentation from higher stormwater runoff. In a study by Sponseller and 

Benfield (2001), leaf breakdown rate decreased as the percentage of forested riparian vegetation 

decreased and highlighted the importance of shredding macroinvertebrates to leaf processing [136]. 

Results suggested that increased sediment inputs from urbanization and stream degradation may limit 

the distribution of shredders and therefore decrease leaf breakdown rates. Human activities including 

elevated carbon dioxide levels in the atmosphere can have far-reaching impacts on carbon quality and 

food web bioavailability. The effect on organic matter quality, particularly leaf litter, is an increasing 

area of research. Results from laboratory studies show that plants grown in an atmosphere enriched 

with carbon dioxide may be more recalcitrant towards microbial decomposition as a result of leaf 

material higher in phenolic, lignin and C:N ratios [137]. 
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Lastly, wastewater infrastructure can affect in-stream function downstream of wastewater treatment plants. 

Point source discharges of treated wastewater effluent, leaky sanitary sewer pipes and combined sewer 

overflows can affect ER and dissolved oxygen concentrations as these labile components enter urban 

streams [5]. Studies of newly designed WWTPs suggest that receiving streams do not display dramatic 

oxygen depletion downstream as a result of high organic loads; rather, high nutrient concentrations act 

to increase GPP, ER and enhance nutrient uptake rates [138,139]. In a study of the effect of NO3
−
 

discharge from a WWTP, researchers in Greensboro, NC showed that while denitrification rates were 

much higher downstream of the WWTP compared to upstream, the efficiency of denitrification was 

decreased significantly: only 2.3% of the NO3
−
 load was removed downstream of the WWTP compare 

to 46% upstream [140]. 

Hyporheic Zone. The impact of urbanization on the biogeochemical processes and ecological 

function of the hyporheic zone has been virtually unresearched in urban streams. The hyporheic zone 

is the subsurface area directly beneath and lateral to the wetted stream where surface water and 

groundwater mix. Researchers have demonstrated that streams with hyporheic zones have higher rates 

of nutrient retention [141,142] and metabolism [143,144] and that hyporheic zones modulate surface 

water temperatures [89,145]. Urbanization can have a diversity of impacts on the hyporheic zone and 

subsequently the surface stream. The input of fine sediments from initial urbanization and in-stream 

bank erosion can reduce surface water and groundwater exchange and potentially decrease the size and 

function of the hyporheic zone. While studies from the southern U.S. are few, other researchers have 

found that land use change results in decreased hyporheic diversity [146,147] and increased degree of 

subsurface anoxia [147] which can impact both organism health and biogeochemical cycles. Increased 

pollutant load and reduced water exchange associated with urban streams can reduce the capacity of 

the zone to retain and transform metals and other toxins. Loss of hyporheic zones in urban streams 

reduces the functions described above and reduces the overall health of the stream ecosystem and their 

ability to recover from disturbances. Many restoration plans in the southeast frequently have designed 

or unintentional impacts on the hyporheic zone [148-150] through activities such as channel 

modification and placement of in-stream structures. It is often assumed that restoration targeting the 

surface stream also benefits the hyporheic zone [151]; however, restoration intended to improve 

groundwater-surface water interactions must incorporate a watershed perspective to ensure that any 

improvements are not eliminated through other processes, such as the input of fine sediment from 

upstream sources [150]. 

4.4. Urbanization Effects on Biological Communities 

Stream Communities. In the southern U.S., as in other regions of the country, urban streams are 

characterized as having degraded biological function showing decreased invertebrate diversity 

[101,152] decreased invertebrate richness [101,152,153], loss of intolerant taxa [101,152], decreased 

fish diversity[101], and decreased salamander diversity [154]. A comprehensive review of mussels in 

the southeastern U.S. describes their overall decline due to a variety of factors, including  

urbanization [155]. A range of variables and combinations of variables have been used to measure the 

effects of land use change on macroinvertebrate communities including, but not limited to, abundance, 

diversity, percent composition, percent (in)tolerant, and EPT (Ephemeroptera/Plecoptera/Trichoptera). 
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Researchers have recommended several variables as the most responsive for monitoring urban systems, 

for example (1) taxon richness, EPT richness, and the ICI in GA [156]; (2) Margelef’s richness, 

predator richness, and omnivore richness in Texan streams [105]; and 3) the stream condition index 

(SCI) in FL, USA [157]. While urbanization is known to decrease the abundance and diversity of 

organisms living in streams, it is not clear which forcing factors, such as changes in discharge, 

sediment, and pollutant concentrations, are most important for causing decreased diversity [101]. The 

NAQWA Program has provided some interesting conclusions relating to the relationship between 

urbanization and biological diversity. The importance of documenting historic land use was 

highlighted since stream invertebrate taxa were not resistant to even low levels of urbanization and 

communities degraded rapidly, particularly if significant historical anthropogenic land use disturbances 

had occurred [152]. This pattern is further demonstrated in streams in Asheville, NC where there were 

no differences between fish and benthic macroinvertebrate communities in suburban and urban sites 

measured using taxa richness [158]. Past studies have suggested that watersheds with agricultural land-

use prior to urbanization may have historically altered communities and these historic effects may 

confound the urbanization response [159]. 

Benthic macroinvertebrates are key members of the stream community that play a role in the 

processing of coarse and fine particulate organic matter [160]. Plecoptera (stoneflies) are known to be 

sensitive taxa often absent in urban streams. These organisms are key feeders on leaf material; 

however, the impact of their loss on leaf litter breakdown in urban streams is less understood. In 18 FL 

catchments, snails, dominated this key leaf shredding function, demonstrating the functional flexibility 

of the system. However, as snails are hard-bodied they will play a different functional role in the 

overall food web compared to the soft-bodied Plecoptera that may be preyed upon by fish. Thus, while 

loss of sensitive taxa has been documented across the southern U.S., fewer studies have related these 

losses to changes in stream ecosystem function. A common pattern seen in the effects of land use 

change on southeastern stream communities is a decreased diversity accompanied with a replacement 

by a more homogeneous biological community. This pattern was exemplified in a study of 36 streams 

in the southern Appalachians where unique endemic fish species were decreased in streams with lower 

canopy cover, a surrogate measure of disturbance by agriculture and urbanization [161]. In GA streams, 

benthic macroinvertebrate communities were more homogeneous and composed of tolerant taxa in 

urbanized catchments [156]. This simplification of the macroinvertebrate community may also impact 

higher trophic levels where the nutritional value of the altered community may not be equivalent to the 

pre-urbanization community. Elemental stoichiometry has been a useful tool for investigating food 

web interactions and nutrient recycling by organisms [162] and there is some evidence to suggest that 

an organism’s nutrient:C ratio relates to their pollution tolerance[163]; however the influence in 

southern U.S. urban systems is not well understood. Finally, loss of key taxa from urbanization not 

only affects the aquatic food web but also impacts the adjacent riparian food webs. The cross-habitat 

flux of nutrients and carbon between the stream and riparian zone is well documented [164] and 

emerging benthic macroinvertebrates are food for spiders [165], birds, bats [166], and salamanders [167]. 

Similarly, terrestrial insects fall into the stream and become food for fish [168]. How urbanization 

potentially alters these reciprocal food webs and their resultant trophic cascades is an important area of 

future research.  
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As described earlier, wastewater treatment plants alter the downstream environment by discharging 

water higher in nutrients and dissolved organic carbon and increasing stream discharge immediately 

below the discharge point. Wastewater often has a different chemical signature and researchers have 

exploited this difference to measure the effects of the anthropogenic nutrients discharged into  

stream communities. In the Cape Fear Basin, anthropogenic nutrients were transferred up the food 

chain from emerging insects into the foraging bat population [169]. Interestingly, insect abundance and 

diversity was higher upstream of the wastewater plant than downstream and while bat foraging activity 

was equal at the two sites, bat community composition differed [169]. Movement of anthropogenic 

nutrients into the food web was also documented in headwater streams in the Piedmont of NC 

[170,171]. In VA, freshwater mussels were absent below a wastewater treatment plant, most likely due 

to sensitivity to the domestic effluent; however, snails and clams were more tolerant [172]. As 

wastewater treatment plants are often embedded in the urban landscape, it can be difficult to tease 

apart the most significant factor causing reduced ecosystem health. Further studies that link increased 

nutrient, carbon, and pollutant conditions to food web interactions, macroinvertebrate and fish growth 

and production are needed to determine any potential harm to these communities. 

Hyporheic Organisms. Streams with hyporheic zones have higher invertebrate production [173] and 

diversity [174-176] relative to streams with sparse hyporheic zones. While a significant amount of 

hyporheic zone research has occurred in the western United States, streams in the southern U.S. show 

similar patterns. For example, streams in VA were shown to have higher invertebrate production and 

diversity when the hyporheic zone was included in the analysis [173,177]. In 14 unpolluted eastern 

sites that were surveyed, all newly discovered hyporheic copepod species were found in the 

unglaciated southeast [178], indicating both the potential capacity for streams in this region to support 

hyporheic communities and the unknown diversity that remains to be described. 

As a group, hyporheic invertebrates possess diverse morphologies and life histories. Stygobionts, 

the permanent members of the hyporheic zone, are pigmentless, eyeless, have elongated bodies and are 

very similar to cave fauna. While the importance of the invertebrate community to ecosystem function 

has been debated [179-181], hyporheic invertebrates can significantly affect biogeochemical cycling rates. 

Nitrate uptake/regeneration, respiration rates, and particulate organic matter accumulation increased in 

microcosms with higher hyporheos biomass compared to microcosms with lower biomass [182]. These 

interactions in turn may affect the concentrations and form of dissolved ions and organic 

carbon/nitrogen returned to the surface stream. Other members of the hyporheos are considered 

―temporary‖ and are represented by organisms that spend some portion of their life cycle in the  

surface stream. For example, amphibitic Plecoptera (Stoneflies) in the Flathead River (MT) have been 

collected from hyporheic water at least 4.2 m below and 50 m laterally to the river [183]. These 

organisms return to the surface stream to emerge, mate, lay the eggs of the next generation [183,184], 

and are a source of food for fishes and riparian birds and bats. Hyporheic zones may also serve as 

refugia for benthic macroinvertebrates during high [185] and low [186] flow events and surface  

water—subsurface water connections are often associated with fish spawning locations [187,188]. 

Increased pollutant loads associated with urban streams can potentially harm the hyporheic microbial 

and invertebrate communities, this is an important focus area for future research. 
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5. Challenges and Opportunities for Future Work  

Streams throughout the southern U.S. have experienced rapid urbanization over the last quarter 

century and changes in the water cycle have resulted in various alterations to watershed hydrology, 

water quality, and ecosystem processes in urban streams (Table 3). 

Table 3. Common alterations to watershed hydrology and in-stream processes in response 

to urbanization in the southern U.S. 

Watershed Hydrology 

Precipitation and Evapotranspiration 

 Increased summer rainfall due to urban heat island in large cities 

 Evapotranspiration may decrease locally but more work is needed  

 

Stream Hydrology and Peakflows 

 Increased peak flows and discharge/stage variability 

 

Baseflow and Groundwater Recharge 

 Decreased baseflow as a % of total annual streamflow, more work is needed to understand inconsistent 

streamflow responses  

 Changes in groundwater recharge mechanisms and spatial distribution 

 

In-stream Processes 

Channel Geomorphology 

 Increased channel dimensions and channel homogeneity 

 Decreased headwater stream length/ drainage density 

 Decreased extent of active floodplain and geomorphic complexity of the channel downstream of dams 

 

Water Quality 

 Increased stream water temperature and diurnal temperature variability 

 Increased pollutant export from urban catchments 

 Increased concentrations of fecal coliforms, hydrocarbons, and organic compounds in urban streams 

 Increased oxygen demand, conductivity, total suspended sediments, and metals in urban streams 

 

Ecosystem Processes 

 Decreased in-stream nutrient retention and removal 

 Decreased organic matter retention and processing 

 Changes in balance between production and respiration greatly impacted by extent of riparian forest 

 Altered food web interactions with resultant impacts on energy flow 

 

Biological Communities 

 Decreased abundance of intolerant macroinvertebrate taxa 

 Decreased diversity of invertebrates, fish, mollusks, and salamanders 

 Decreased size and function of hyporheic zones 

 

Physically, streams have commonly responded by increasing their storm peakflows and flow variability. 

The inconsistent response of in-stream baseflow to urbanization reveals a need to better understand 
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and characterize the drivers affecting baseflow changes, particularly since low flows can exacerbate 

water quality impairments and negatively affect in-stream communities. In response to increased urban 

runoff, stream channels often enlarge their dimensions to accommodate the increased stormflow. 

Sediment transport from uplands to channels may decline in the urban environment and therefore bank 

erosion becomes a more important source of urban channel sediment. Inputs of fine sediments can 

reduce exchange between surface and groundwater and potentially decrease the size and function of 

the hyporheic zone which affects the viability of stream communities. These alterations can impact 

nutrient and organic matter processing by changing redox conditions which dictate which 

biogeochemical pathways dominate. Sediment accumulation can result in decreased oxygen 

penetration into sediment layers which results in reducing conditions that favor denitrification, sulfate 

reduction, methanogenesis and others. These shifts are an increasingly important area of research as 

the end products (e.g., N2O, CH4) are powerful greenhouse gasses. In addition, stream channel burial 

in urban areas has altered the headwater stream network in a number of southern cities. These changes 

influence hydrologic response, water quality and channel form by delivering high volumes of water 

carrying a suite of pollutants directly to streams, even during relatively small rain events. Recent work 

has shown the importance of headwaters channels for nutrient uptake [119] and more work is needed 

to establish the links between alterations to headwater streams in urban areas and restoration of key 

ecosystem functions including nutrient processing and organic matter retention [84,130]. 

Our review of the literature on urbanization effects on watershed hydrology and in-stream processes 

suggests several areas where gaps in understanding should be addressed by future work. These 

opportunities include understanding the variability in responses within and between physiographic 

provinces in the southern US; developing comprehensive water budgets for urban watersheds; 

evaluating the combined impacts of land-use and climate change; understanding how pre-urbanization 

land-use history affects stream response; understanding and integrating measures of impervious 

surface connectivity into observational and predictive studies of urban watersheds; integrating 

hydrologic connectivity with biogeochemical cycling; developing predictive models and other tools to 

aid decision makers involved in restoration efforts; developing a clearer understanding of the complex 

interactions between catchment and in-stream processes in urban systems. Such studies would benefit 

from interdisciplinary approaches that involve hydrologists, soil scientists, geochemists, engineers, 

planners, ecologists, economists, social scientists, and others. 

Although much work has been done on urban stream response in the Piedmont setting, less work 

has been done in the Coastal Plain setting, and very minimal work has been done on urban stream 

response in mountainous settings in the southern U.S. There are many opportunities for advancements 

in these understudied settings and comparisons of the differences in urban hydrological responses 

across physiographic regions. Similarly, within each physiographic province, certain urban areas are 

much better studied than others. Clearly, continued efforts need to focus on understanding how 

variations in soils, vegetation, styles and history of development, affect transferability of results from 

the well-studied cities to others in the region. 

Various components of urban water budgets have been well-documented, but very minimal work 

has been done on developing detailed water budgets for urban watersheds [23]. These types of studies 

would provide great insight into the hydrological responses to urbanization, as suggested by  

Welty et al. [22]. For example, leakage from urban sewer, water, and stormwater networks is common 
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in urban areas [55], but there are few published studies documenting these contributions to 

groundwater recharge in urban areas of the southern U.S. [23]. Although urban induced rainfall has 

been documented in several southern U.S. cities, no studies have yet analyzed the effects of this altered 

rainfall regime on stream runoff generation. The urban induced rainfall effect is an important 

component to consider in studies that aim to evaluate the effects of global climate change on  

rainfall-runoff response or water budgets in large southern cities. The overall effects of urbanization on 

the water cycle need to be better constrained in order to evaluate the importance of hydrologic changes 

induced by land use change relative to those that may be linked to climate change. Urbanization 

impacts are occurring simultaneously with climate change, complicating potential analyses of 

historical hydrologic datasets to evaluate either phenomenon. More work is needed to understand how 

these forcing factors (land-use and climate change) are interacting and their combined influence on 

hydrology, geomorphology, biogeochemical cycling and ecology in the southern U.S. and throughout 

the globe. 

Much of the recent land-use change in the southern U.S. is the result of a conversion from 

agricultural land-use to urban/suburban development. There is a lack of research documenting the 

effects of historical land-use change (i.e. forest to agricultural conversion) and its influence on the 

more recent urbanization response, but research suggests that past land-use has confounding effects on 

water quality and biotic communities [36,159]. The urbanization effects are superimposed on the 

response to prior land-use change. For example, O’Driscoll et al. [71] found that channelization to 

improve drainage for agriculture has altered the dimensions of numerous channels in agricultural 

watersheds of eastern NC. Urbanization within these formerly agricultural watersheds results in further 

enlargement of channels in response to increased stormwater runoff. The high density of dams (many 

constructed in the 1950s and 1960s) and water control structures in the region may also play an 

important role on stream channel geomorphology and the diversity of riparian habitats in many urban 

settings throughout the southern U.S. In addition to the effects of previous land-use, there are also 

questions remaining as to the duration of a watershed’s response to urbanization. As pointed out by 

Leopold et al. [79] and in a global review by Chin [7], the duration of a stream channel’s response to 

urbanization generally takes more than two decades and may vary across watersheds. More studies are 

needed to document the duration and stages of the urban response and to better isolate the responses to 

land-use changes that occurred prior to urbanization, because that history will influence the timing and 

duration of the urbanization response. Simon’s channel evolution model [189] provides a general 

framework for a stream reach’s geomorphological response to disturbance, particularly for stream 

channelization. There is a growing need for channel evolution models that are specifically designed to 

capture the complexities of urban watersheds and account for the differences in physiographic  

setting [9]. 

Watershed TIA has been shown to serve as a reliable indicator of the degree of urban stream 

response, however more work is needed to evaluate the effects of the connectivity of impervious area 

to stream channels [52]; only a few studies in the southern U.S. have evaluated the effective or directly 

connected impervious area [38,45]. Improved understanding of how stormwater management can 

reestablish natural flowpaths thereby enhancing infiltration, evapotranspiration and pollutant removal 

will contribute to improvements in urban stream physical and ecological functioning. Rapid delivery of 

surface runoff and associated pollutants to streams from highly connected stormwater drainage 



Water 2010, 2                            

 

 

636 

systems during rain events often results in large loads transported downstream as a result of flashy 

urban hydrology. In a recent review, Schueler et al. [103] developed a broad impervious cover model 

that predicts stream impairments across a range of imperviousness. Future work could also adapt this 

type of model to specific physiographic settings or ecoregions common in the southern U.S. More 

work is needed to address the thresholds of watershed impervious area or urbanization that are 

exceeded prior to impairment and to understand the cumulative effects of multiple stormwater 

management practices on groundwater recharge, stream water quality, and ecosystem functioning [5].  

Nutrient cycling is increasingly being studied in urban systems with results pointing to higher rates 

of microbial assimilation and transformation as a result of higher in-stream concentrations [121,122]. 

However, saturation of these processes can lead to decreased efficiency [125] and overall net increases 

in loads transported downstream. Urban streams also generally exhibit higher concentrations of other 

pollutants, such as metals, hydrocarbons and organics which can adversely affect the health of aquatic 

communities during baseflow conditions. Better understanding of the effects of individual and 

combinations of toxic pollutants on community structure and function is needed as well as their effect 

on biogeochemical cycling and organic matter processing. It is not surprising, given the diversity of 

stream channel responses to urbanization with respect to channel geomorphology, sediment, 

streamflow, and groundwater recharge, that there is a weak understanding of the causal relationship 

between the effects of urbanization on stream health. Most likely there is no one variable that is most 

accountable for determining ecological effects; however, the apparent disconnect between cause and 

effect reflects the difficulty in restoring the biology of urban streams along with their physical structure.  

Streams in urbanizing landscapes provide social and economic benefits to communities through 

enhancement of aesthetic and recreational opportunities. Restoration and conservation practices that 

integrate neighborhoods with stream corridors offer city dwellers a glimpse of nature and a way for 

their residents to explore the natural world [190]. However, conflicting interests and views regarding 

urban streams and their watersheds inherently exist and can greatly impact human behaviors 

concerning stormwater drainage which in turn directly contribute to pollutant loading and the 

ecological health of urban streams [5]. Recently, Wenger et al. (2009) provided an excellent review of 

urban stream ecology and a thorough assessment of key research questions for the future [159]. The 

emerging discipline of urban stream ecology offers opportunities for integrating social and economic 

values with physical, chemical and ecological functions. Development of tools and spatial models that 

simplify the complex interactions among the many variables influencing urban stream hydrology and 

ecology are greatly needed to assist resource managers with the challenging decisions of where to 

focus conservation and restoration activities. 

Population and urban areas in the southern U.S. are projected to continue to grow rapidly over the 

next half century. Increased water demands, stormwater runoff, wastewater generation, and the 

impacts of aging urban infrastructure will require advances in watershed management to allow for 

sustainable development of the region. Great challenges remain in mitigating and reversing the 

damages that have been done to stream ecosystems as a result of urbanization throughout the southern 

U.S. and the globe. Storm water runoff as a result of increased impervious cover, disconnection of 

streams from their floodplains, and removal of riparian vegetation have interacted to produce urban 

streams that function more like pipes than dynamic ecosystems. Restoration projects are being 

constructed while ongoing research seeks to better understand complex interactions between catchment 
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hydrology and ecosystem response. An adaptive strategy should be employed that allows for changes 

in approach and implementation to occur as knowledge develops. Numerous opportunities exist to 

develop meaningful and measurable indicators of restoration success, develop tools for placement of 

projects within communities, and assist resource managers with strategies for implementing cost 

effective projects.  

Acknowledgements 

We thank Klaus Baier for organizing and editing this special issue on ―Interaction between Urban 

Land Use and Water Management‖ and the helpful comments of the anonymous reviewers. 

References  

1. Cohen, J. Human population: The next half century. Science 2003, 302, 1172-1175. 

2. Grischek, T.; Foley,A.; Schoenheinz, D.; Gutt, B. Effects of interactions between surface water 

and groundwater on groundwater flow and quality beneath urban areas. In Current Problems of 

Hydrogeology in Urban Areas Urban Agglomerates and Industrial Centres; Howard, K., 

Israfilov, R., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2002; pp. 201-219. 

3. Meybeck, M.; Vorosmarty, C. Fluvial filtering of land-to-ocean fluxes: from natural Holocene 

variations to Anthropocene. C. R. Geoscience 2005, 337, 107-123. 

4. Arnold, C.L.; Gibbons, C.J. Impervious surface coverage. J. Amer. Plann. Assn. 1996, 62,  

243-258. 

5. Paul, M.J.; Meyer, J.L. Streams in the urban landscape. Annu. Rev. Ecol. Syst. 2001, 32, 333-365.  

6. Walsh, C.; Roy, A.; Feminella, J.; Cottingham, P.; Groffman, P.; Morgan, R. The urban stream 

syndrome: current knowledge and the search for a cure. J. N. Amer. Benthol. Soc. 2005, 24,  

706-723. 

7. Chin, A. Urban transformation of river landscapes in a global context. Geomorphology 2006, 79, 

460-487. 

8. Meyer, J.L.; Paul, M.J.; Taulbee, W.K. Stream ecosystem function in urbanizing landscapes. J. N. 

Amer. Benthol. Soc. 2005, 24, 602-612. 

9. Niezgoda, S.L.; Johnson, P.A. Improving the urban stream restoration effort: identifying critical 

form and processes relationships. Environ. Manage. 2005, 35, 579-592. 

10. Hammond, E.H. Classes of land-surface form. In The National Atlas of the United States of 

America; US Geological Survey: Washington D.C., USA, 1970; pp. 62-63. 

11. U.S. Census Bureau. Annual Estimates of the Resident Population for the United States, Regions, 

States, and Puerto Rico: April 1, 2000 to July 1, 2008; http://www.census.gov/ (accessed on July 

2009) 

12. U.S. Department of Agriculture. Summary Report: 2007 National Resources Inventory. Natural 

Resources Conservation Service: Washington, D.C., USA, Center for Survey Statistics and 

Methodology: Iowa State University, Ames, IA, USA, 2009; pp.123. 

13. Wear, D.N.; Greis, J.G. Southern Forest Resource Assessment Summary Report. Southern 

Research Station, USDA Forest Service and Southern Region: Asheville, NC, USA, 2002.  

pp. 103. 



Water 2010, 2                            

 

 

638 

14. Exum, L.R.; Bird, S.L.; Harrison, J.; Perkins, C.A. Estimating and Projecting Impervious Cover 

in the Southeastern United States; Ecosystems Research Division, National Exposure Research 

Laboratory, U.S. Environmental Protection Agency: Athens, GA, USA, 2005; p. 133. 

15. Shepherd, J.M. A review of current investigations of urban-induced rainfall and recommendations 

for the future. Earth Interact. 2005, 9, 1-27. 

16. Changnon, S.A. Urban modification of freezing-rain events. J. Appl. Meteorol. 2003, 42,  

863-870. 

17. Bornstein, R.; Lin, Q. Urban heat islands and summertime convective thunderstorms in Atlanta: 

Three case studies. Atmos. Environ. 2000, 34, 507-516. 

18. Dixon, P.G.; Mote, T.L. Patterns and causes of Atlanta’s urban heat island-initiated precipitation. 

J. Appl. Meteorol. 2003, 42, 1273-11284. 

19. Mote, T.L.; Lacke, M.C.; Shepherd, J.M. Radar signatures of the urban effect on precipitation 

distribution; a case study for Atlanta, Georgia. Geophys. Res. Lett. 2007, 34, 1-4. 

20. Burian, S.J.; Shepherd, J.M. Effect of urbanization on the diurnal rainfall pattern in Houston. 

Hydrol. Process. 2005, 19, 1089-1103. 

21.  Sun, G.; McNulty, S.G.; Amatya, D.M.; Skaggs, R.W.; Swift, L.W.; Shepard, J.P.; Riekerk, H. A 

comparison of the watershed hydrology of coastal forested wetlands and the mountainous 

uplands in the southern U.S. J. Hydrol. 2002, 263, 92-104. 

22. Welty, C.; Miller, A.J.; Belt, K.T.; Smith, J.A.; Band, L.E.; Groffman, P.M.; Scanlon, T.M.; 

Warner, J.; Ryan, R.J.; Shedlock, R.J.; McGuire, M.P. Design of an environmental field 

observatory for quantifying the urban water budget. In Cities of the Future towards Integrated 

Sustainable Water and Landscape; Novotny, V., Brown, P., Eds.; IWA Publishing: London, UK, 

2007; pp. 72-88. 

23. Garcia-Fresca, B. Urban-enhanced groundwater recharge: review and case study of Austin, Texas, 

USA. In Urban Groundwater, Meeting the Challenge. International Association of 

Hydrogeologists Selected Papers; Howard, K.W.F., Ed.; Taylor & Francis: London, UK, 2006; 

pp. 3-18. 

24. Grimmond, C.S.B.; Oke, T.R. Evapotranspiration rates in urban areas. In Impacts of Urban 

Growth on Surface Water and Groundwater Quality; IAHS Publication No. 259: Wallingford, 

Oxford shire, UK, 1999; pp. 235-243.  

25. Dow, C.L.; DeWalle, D.R. Trends in evaporation and Bowen ratio on urbanizing watersheds in 

eastern United States. Water Resour. Res. 2000, 36, 1835-1843. 

26. Sun, G.; McNulty, S.G.; Lu., J.; Amatya, D.M.; Liang, Y.; Kolka, R.K. Regional annual water 

yield from forest lands and its response to potential deforestation across the southeastern United 

States. J. Hydrol. 2005, 308, 258-268. 

27. Moglen, G.E.; Nelson, K.C.; Palmer, M.A.; Pizzuto, J.E.; Rogers, C.E.; Hejazi, M.I.  

Hydro-ecologic responses to land use in a small urbanizing watershed within the Chesapeake 

Bay Watershed. In Ecosystems and Land Use Change; DeFries, R., Asner, G.P., Houghton, R.A., 

Eds.; AGU Geophysical Monograph Series: Washington DC, USA, 2004; Volume 153, pp. 41-

60. 



Water 2010, 2                            

 

 

639 

28. Turnipseed, D.P.; Ries, K.G. The national streamflow statistics program: Estimating high and 

low streamflow statistics for ungaged sites. Fact Sheet 2007–3010; U.S. Geological Survey, 

Office of Surface Water: Reston, Virginia, USA, 2007. 

29. Bosch, D.J.; Lohani,V.K.; Dymond, R.L.; Kibler, D.F.; Stephenson, K. Hydrological and fiscal 

impacts of residential development: Virginia case study. J. Water Resour. Plann. Manage. 2003, 

129, 107-114. 

30. Moglen, G.E.; Beighley, R.E. Spatially explicit hydrologic modeling of land use change. J. Am. 

Water Resour. Assoc. 2002, 38, 241-253. 

31. Wang, J.; Endreny, T.A.; Nowak, D.J. Mechanistic simulation of tree effects in an urban water 

balance model. J. Am. Water Resour. Assoc. 2008, 44, 75-80. 

32. Brun, S.E.; Band, L.E. Simulating runoff behavior in an urbanizing watershed. Comput. Environ. 

Urban Syst. 2000, 24, 5-22. 

33. Klein, R.D. Urbanization and stream quality impairment. Water Resour. Bull. 1979, 15, 948-963. 

34. Konrad, C.P.; Booth, D.B. Hydrologic changes in urban streams and their ecological significance. 

Am. Fish. Soc. Symp. 2005, 47, 157-177. 

35. Jennings, D.B.; Jarnagin, S.T. Changes in anthropogenic impervious surfaces, precipitation and 

daily streamflow discharge: a historical perspective in a mid-Atlantic subwatershed. Landscape 

Ecol. 2002, 17, 471-489. 

36. Brown, L.R.; Cuffney, T.F.; Coles, J. F.; Fitzpatrick, F.; McMahon, G.; Steuer, J.; Bell, A.H.; 

May, J.T. Urban streams across the USA: lessons learned from studies in 9 metropolitan areas. J. 

N. Amer. Benthol. Soc. 2009, 28, 1051-1069. 

37. McMahon, G.; Bales, J.D.; Coles, J.F.; Giddings, E.M.; Zappia, H. Use of stage data to 

characterize hydrologic conditions in an urbanizing environment. J. Am. Water Resour. Assoc. 

2003, 39, 1529-1546. 

38. Hardison, E.C.; M.A. O’Driscoll; Brinson, M.M.; DeLoatch, J.P.; Howard, R.J. Urban land use, 

channel incision, and riparian water table decline along Inner Coastal Plain streams, VA. J. Amer. 

Water Resour. Assoc. 2009, 45, 1032-1046. 

39. Ferguson, B.K.; Suckling, P.W. Changing rainfall-runoff relationships in the urbanizing 

Peachtree Creek watershed, Atlanta, Georgia. Water Resour.Bull. 1990, 26, 313-322. 

40. Helms, B.S.; Schoonover, J.E.; Feminella, J.W. Assessing influences of hydrology, physicochemistry, 

and habitat on stream fish assemblages across a changing landscape. J. Amer. Water Resour. 

Assoc. 2009, 45, 157-169. 

41. Rose, S.; Peters, N.E. Effects of urbanization on streamflow in the Atlanta area (Georgia, USA): 

A comparative hydrological approach. Hydrol. Process. 2001, 15, 1441-1457.  

42. Schoonover, J.E.; Graeme Lockerby, B.; Pan, S. Changes in chemical and physical properties of 

stream water across an urban-rural gradient in western Georgia. Urban Ecosyst. 2005, 8, 107-124.  

43. Corbett, C.; Wahl, M.; Porter, D.; Moise, C. Nonpoint source runoff modeling comparison of a 

forested watershed and an urban watershed on the South Carolina coast. J. Exp. Mar. Biol. Ecol. 

1997, 213, 133-149. 

44. Kim, Y.; Engel, B.; Lim, K.; Larson, V.; Duncan, B. Runoff impacts of land-use change in Indian 

River Lagoon Watershed. J. Hydrol. Eng. 2002, 7, 245-251. 



Water 2010, 2                            

 

 

640 

45. Lee, J.G.; Heaney, J.P. Estimation of urban imperviousness and its impacts on storm water 

systems. J. Water Resour. Plann. Manage. 2003, 129, 419-426. 

46. Gremillion, P.; Gonyeau, A.; Wanielista, M. Application of alternative hydrograph separation 

models to detect changes in flow paths in a watershed undergoing urban development. Hydrol. 

Process. 1999, 14, 1485-1501. 

47. Hopkinson, C.; Day, J.; Modeling the relationship between development and stormwater and 

nutrient runoff. Environ. Manage.1980, 4, 315-324. 

48. Khan, S.D. Urban development and flooding in Houston Texas, inferences from remote sensing 

data using neural network technique. Environ. Geol. 2005, 47, 1120-1127. 

49. Olivera, F.; DeFee, B.B. Urbanization and its effect on runoff in the Whiteoak Bayou watershed, 

Texas. J. Am. Water Resour. Assoc. 2007, 43, 170-182. 

50. Brody, S.D.; Highfield, W.E.; Hyung-Cheal, R.; Spanel-Weber, L. Examining the relationship 

between wetland alteration and watershed flooding in Texas and Florida. Nat. Hazards 2007, 40, 

413-428. 

51. Brabec, E.; Schulte, S.; Richards, P.L. Impervious surfaces and water quality: A review of 

current literature and its implications for watershed planning. J. Plann. Lit. 2002, 16, 499-514. 

52. Hatt, B.; Fletcher, T.; Walsh, C.; Taylor, S. The influence of urban density and drainage 

infrastructure on the concentrations and loads of pollutants in small streams. Environ. Manage. 

2004, 34, 112-124. 

53. Band, L.E.; Cadenasso, M.L.; Grimmond, C.S.B.; Grove, J.M.; Pickett, S.T.A. Heterogeneity in 

urban ecosystems: patterns and process. In Ecosystem Function in Heterogeneous Landscapes; 

Lovett, G., Jones, C.G., Turner, M.G., Weathers, K.C., Eds.; Springer-Verlag: New York, NY, 

USA; pp. 257-278. 

54. Leopold, L.B. Hydrology for Urban Land Planning—A Guidebook on the Hydrologic Effects of 

Urban Land Use. Geological Survey Circular 554; U.S. Geological Survey: Washington D.C., 

USA, 1968. 

55. Lerner, D.N. Identifying and quantifying urban recharge: A review. Hydrogeol. J. 2002, 10,  

143-152. 

56. Qi, S.; Sun, G.; Wang, Y.; McNulty, S.G.; Moore Myers, J.A. Streamflow response to climate 

and landuse changes in a coastal watershed in North Carolina. Am. Soc. Agr. Biol. Eng. 2009, 52, 

739-749. 

57. Garcia-Fresca, B.; Sharp, J.M. Hydrogeologic considerations of urban development: Urban-

induced recharge. Rev. Eng. Geol. 2005, 16, 123-136. 

58. Wiles, T.J.; Sharp, J.M. The secondary permeability of impervious cover. Environ. Eng. Geosci. 

2008, 14, 251-265. 

59. Ramier, D.; Berthier, E.; Dangla, P.; Andrieu, H. Study of the water budget of streets: 

Experimentation and modeling. Water Sci. Technol. 2006, 54, 41-48. 

60. Li, H.; Sharkey, L.J.; Hunt, W.F.; Davis, A.P. Mitigation of impervious surface hydrology using 

bioretention in North Carolina and Maryland. J. Hydrol. Eng. 2009, 14, 407-415. 

61. Pyne, R.D.G. Groundwater Recharge and Wells: A Guide to Aquifer Storage and Recovery; CRC 

Press: Boca Raton, FL, USA, 1995; p. 401. 

http://www.usgs.gov/


Water 2010, 2                            

 

 

641 

62. Holzer, T.L. State and local response to damaging land subsidence in United States urban areas. 

Eng. Geol. 1989, 27, 449-466. 

63. Dausman, A.; Langevin, C.D. Movement of the Saltwater Interface in the Surficial Aquifer in 

Response to Hydrologic Stresses and Water-Management Practices, Broward County, Florida; 

U.S. Geological Survey: Washington D.C., USA, 2004; pp. 81. 

64. Alley, W.M.; Reilly, T.E.; Franke, O.L. Sustainability of Ground-Water Resources. U.S. 

Geological Survey Circular 1186; U.S. Geological Survey: Denver, CO, USA, 1999; p.79. 

65. Johns, D.A.; Pope, S.R. Urban impacts on the chemistry of shallow groundwater: Barton Creek 

watershed, Austin, Texas. Gulf Coast Association of Geological Societies Transactions 1998, 48, 

129-138. 

66. Rose, S. The effects of urbanization on the hydrochemistry of baseflow within the Chatahoochee 

River Basin (Georgia, USA). J. Hydrol. 2007, 341, 42-54. 

67. Wolman, M.G. A cycle of sedimentation and erosion in urban river channels. Geogr. Ann. 1967, 

49, 385-395. 

68. Leopold, L.B. River channel change with time-an example. Geol. Soc. Amer. Bull. 1973, 84, 

1845-1860. 

69. Hession, W.C.; Pizzuto, J.E.; Johnson, T.E.; Horwitz, R.J. Influence of bank vegetation on 

channel morphology in rural and urban watersheds. Geology 2003, 31, 147-150. 

70. Doll, B.A.; Wise-Frederick, D.E.; Buckner, C.M.; Wilkerson, S.D.; Harman, W.A.; Smith, R.E.; 

Spooner, J. Hydraulic geometry relationships for urban streams throughout the Piedmont of 

North Carolina. J. Amer. Water Resour. Assoc. 2002, 38, 641-651. 

71. O’Driscoll, M.; Soban, J.; Lecce, S. Stream channel enlargement response to urban land cover in 

small Coastal Plain watersheds, North Carolina. Phys. Geogr. 2009, 30, 528-555. 

72. Elmore, A.J.; Kaushal, S.S. Disappearing headwaters: patterns of stream burial due to 

urbanization. Front. Ecol. Environ.2008, 6, 308-312. 

73. Kang, R.S.; Marston, R.A. Geomorphic effects of rural-to-urban land use conversion on three 

streams in the Central Redbed Plains of Oklahoma. Geomorphology 2006, 79, 488-506. 

74. Grable, J.L.; Harden, C.P. Geomorphic response of an Appalachian Valley and Ridge stream to 

urbanization. Earth Surf. Process. Landf. 2006, 31, 1707-1720. 

75. Keen-Zebert, A. Channel responses to urbanization: Scull and Mud Creeks in Fayetteville, 

Arkansas. Phys. Geogr. 2007, 28, 249-260. 

76. Colosimo, M.F.; Wilcox, P.R. Alluvial sedimentation and erosion in an urbanizing watershed, 

Gwynns Falls, Maryland. J. Amer. Water Resour. Assoc. 2007, 43, 499-521. 

77. Allmendinger, N.E.; Pizzuto, J.E.; Moglen, G.E.; Lewicki, M. A sediment budget for an 

urbanizing watershed, 1951–1996, Montgomery County, Maryland, USA. J. Amer. Water Resour. 

Assoc. 2007, 43, 1483-1498. 

78. Nelson, P.A.; Smith, J.A.; Miller, A.J. Evolution of channel morphology and hydrologic response 

in an urbanizing drainage basin. Earth Surf. Process. Landf. 2006, 31, 1063-1079. 

79. Leopold, L.B.; Huppman, R.; Miller, A. Geomorphic effects of urbanization in forty-one years of 

observation. Proc. Amer. Phil. Soc. 2005, 149, 349-371. 

80. Allen, P.M.; Arnold, J.G.; Skipwith, W. Erodibility of urban bedrock and alluvial channels, 

North Texas. J. Amer. Water Resour. Assoc. 2002, 38, 1477-1492. 

http://www.usgs.gov/


Water 2010, 2                            

 

 

642 

81. Pizzuto, J.E.; Hession, W.C.; McBride, M. Comparing gravel-bed rivers in paired urban and rural 

catchments of Southeastern Pennsylvania. Geology 2000, 28, 79-82. 

82. Julian, J.; Torres, R. Hydraulic erosion of cohesive riverbanks. Geomorphology 2006, 76,  

193-206. 

83. Groffman, P.M.; Bain, D.J.; Band, L.E.; Belt, K.T.; Brush, G.S.; Grove, J.M.; Pouyat, R.V.; 

Yesilonis, I.C.; Zipperer, W.C. Down by the riverside: Urban riparian ecology. Front. Ecol. 

Environ. 2003, 1, 315-321. 

84. Bernhardt, E.S.; Palmer, M.A. Restoring streams in an urbanizing world. Freshwater Biol. 2007, 

52, 738-751. 

85. O'Connor, J.V.; Bekele, J.; Logan, W.S. Forgotten city buried streams create hydro havoc; 

current District of Columbia experiences. Geol. Soc. Amer. 1999, 31, 156. 

86. U.S. Army Corps of Engineers. National Inventory of Dams 2009. Available online at: 

http://geo.usace.army.mil/pgis/f?p=397:1:2882193702272329 (accessed on June, 2010) 

87. Graf, W.L. Dam nation: A geographic census of American dams and their large-scale hydrologic 

impacts. Water Resour. Res. 1999, 35, 1305-1311. 

88. Graf, W.L. Downstream hydrologic and geomorphic effects of large dams on American rivers. 

Geomorphology 2006, 79, 336-360. 

89. Poole, G.C.; Berman, C.H. An ecological perspective on in-stream temperature: natural heat 

dynamics and mechanisms of human-caused thermal degradation: Environ. Manage. 2001, 27, 

787-802. 

90. Schlosser, I. Environmental variation, life history attributes, and community structure in stream 

fishes: implications for environmental management and assessment. Environ. Manage. 1990, 14, 

621-628. 

91. Young, R.; Huryn, A. Effects of land use on stream metabolism and organic matter turnover. 

Ecol. Appl.1999, 9, 1359-1376. 

92. Gardiner, E.P.; Sutherland, A.B.; Bixby, R.J.B.; Scott, M.C.; Meyer, J.L.M.; Helfman, G.S.H.; 

Benfield, E.F.B.; Pringle, C.M.; Bolstad, P.V.B.; Wear, D.N. Linking stream and landscape 

trajectories in the southern Appalachians. Environ. Monit. Assess. 2009, 156, 17-36. 

93. Krause, C.W.; Lockard, B.; Newcomb, T.J.; Kibler, D.; Lohani, V.; Orth, D.J. Predicting 

influences of urban development on thermal habitat in a warm water stream. J. Amer. Water 

Resour. Assoc. 2004, 40, 1645-1658. 

94. Herb, W.R.; Janke, B.; Mohseni, O.; Stefan, H.G. Thermal pollution of streams by runoff from 

paved surfaces. Hydrol. Process. 2008, 22, 987-999. 

95. Nelson, K.C.; Palmer, M.A. Stream temperature surges under urbanization and climate change: 

Data, models, and responses. J. Amer. Water Resour. Assoc. 2007, 43, 440-452. 

96. Galli, F.J. Thermal Impacts Associated with Urbanization and Stormwater Management Best 

Management Practices; Metropolitan Washington Council of Governments: Washington D.C., 

USA, 1990. 

97. Alberti, M. The effects of urban patterns on ecosystem function. Int. Reg. Sci. Rev. 2005, 28, 168. 

98. Mulholland, P.J.; Webster, J.R. Nutrient dynamics in streams and the role of J-NABS. J. N. Amer. 

Benthol. Soc. 2010, 29, 100-117. 



Water 2010, 2                            

 

 

643 

99. Tank, J.; Rosi-Marshall, E.; Griffiths, N.; Entrekin, S.; Stephen, M. A review of allochthonous 

organic matter dynamics and metabolism in streams. J. N. Amer. Benthol. Soc. 2010, 29, 118-146. 

100. Neary, D.G.; Swank, W.T.; Riekerk, H. An overview of non-point source pollution in the 

Southern United States. In Proceedings of the Symposium: The Forested Wetlands of the 

Southern United States; Orlando, FL, USA, 12–14 July 1988; Gen. Tech. Rep. SE-50. 

101. Lenat, D.R.; Crawford, J.K. Effects of land use on water quality and aquatic biota of three North 

Carolina Piedmont streams. Hydrobiologia 1994, 294, 185-199. 

102. USEPA. National Water Quality Inventory: Report to Congress 2004 Reporting Cycle. United 

States Environmental Protection Agency Office of Water EPA 841-R-08-001:Washington D.C., 

USA, 2009. 

103. Schueler, T.R.; Fraley-McNeal, L.; Cappiella, K. Is impervious cover still important? Review of 

recent research. J. Hydrol. Eng. 2009, 14, 309-315. 

104. Carle, M.V.; Halpin, P.N.; Stow, C.A. Patterns of watershed urbanization and impacts on water 

quality. J. Amer. Water Resour. Assoc. 2005, 41, 693-708. 

105. Moring J.B. Effects of Urbanization on the Chemical, Physical, and Biological Characteristics of 

Small Blackland Prairie Streams In and Near the Dallas-Fort Worth Metropolitan Area, Texas; 

U.S. Geological Survey Scientific Investigations Report 2006–5101–C: Austin, TX, USA, 2009; 

p. 31.  

106. Gregory, M.B.; Calhoun, D.L. Physical, Chemical, and Biological Responses of Streams to 

Increasing Watershed Urbanization in the Piedmont Ecoregion of Georgia and Alabama; 

Chapter B of Effects of Urbanization on Stream Ecosystems in Six Metropolitan Areas of the 

United States 2007; U.S. Geological Survey Scientific Investigations Report 2006–5101-B: 

Reston, VA, USA, 2007; p.104; available online only at http://pubs.usgs.gov/sir/2006/5101B 

(accessed on July 2010). 

107. Rose, S. Comparative major ion geochemistry of piedmont stream s in the Atlanta, Georgia 

region: Possible effects of urbanization. Environ. Geol. 2002, 42, 102-113. 

108. Peters, N.E. Effects of urbanization on stream water quality in the city of Atlanta, Georgia, USA. 

Hydrol. Process. 2009, 23, 2860-2878. 

109. Das, B.; Nordin, R.; Mazumder, A. Watershed land use as a determinant of metal concentrations 

in freshwater systems. Environ. Geochem. Health 2009, 31, 595-607. 

110. Heberer, T. Occurrence, fate, and removal of pharmaceutical residues in the aquatic environment: 

a review of recent research data. Toxicol. Lett. 2002, 131, 5-17. 

111. Kolpin, D.W.; Furlong, E.T.; Meyer, M.T.; Thurman, E.M.; Zaugg, S.D.; Barber, L.B.; Buxton, 

H.T. Pharmaceuticals, hormones, and other organic wastewater contaminants in US streams, 

1999–2000: A national reconnaissance. Environ. Sci. Technol.2002, 36, 1202-1211. 

112. Haggard, B.E.; Bartsch, L.D. Net changes in antibiotic concentrations downstream from an 

effluent discharge. J. Environ. Qual. 2009, 38, 343-352. 

113. Tufford, D.L.; Samarghitan, C.L.; McKellar, H.N.; Porter, D.E.; Hussey, J.R. Impacts of 

urbanization on nutrient concentrations in small southeastern coastal streams. J. Amer. Water 

Resour. Assoc. 2003, 39, 301-312. 

114. Mallin, M.A; Williams, K.E.; Esham, E.C.; Lowe, R.P. Effect of human development on 

bacteriological water quality in coastal watersheds. Ecol. Appl. 2000, 10, 1047-1056. 



Water 2010, 2                            

 

 

644 

115. Stream Solute Workshop. Concepts and methods for assessing solute dynamics in stream 

ecosystems. J. N. Amer. Benthol. Soc. 1990, 9, 95-119. 

116. Ensign, S.H.; Doyle, M.W. Nutrient spiraling in streams and river networks. J. Geophys. Res. 

2006, 111, G04009. 

117. Webster, J.R.; Mulholland, P.J.; Tanks, J.L; Valett, H.M.; Dodds, W.K.; Peterson, B.J.; Bowden, 

W.B.; Dahm, C.N.; Findlay, S.; Gregory, S.V.; Grimm, N.B.; Hamilton, S.K.; Johnson, S.L.; 

Marti, E.; McDowell, W.H.; Meyer, J.L.; Morrall, D.D.; Thomas, S.A.; Wollhem, W.M. Factors 

affecting ammonium uptake in streams—an inter-biome perspective. Freshwater Biol. 2003, 48, 

1329-1352. 

118. Mulholland, P.J.; Helton, A.M.; Poole, G.C.; Poole, G.C.; Hall, R.O.; Hamilton, S.K.; Peterson, 

B.J.; Tank, J.L.; Ashkenas, L.R.; Cooper, L.W.; Dahm, C.N.; Dodds, W.K.; Findlay, S.E.; 

Gregory, S.V.; Grimm, N.B.; Johnson, S.L.; McDowell, W.H.; Meyer, J.L.; Valett, H.M.; 

Webster, J.R.; Arango, C.P.; Beaulieu, J.J.; Bernot, M.J.; Burgin, A.J.; Crenshaw, C.L.; Johnson, 

L.T.; Niederlehner, B.R.; O'Brien, J.M.; Potter, J.D.; Sheibley, R.W.; Sobota, D.J.; Thomas, S.M. 

Stream denitrification across biomes and its response to anthropogenic nitrate loading. Nature 

2008, 452, 202-205. 

119. Alexander, R.B.; Boyer, E.W.; Smith, R.A.; Schwarz, G.E.; Moore, R.B. The role of headwater 

streams in downstream water quality. J. Amer. Water Resour. Assoc. 2007, 43, 41-59. 

120. Pickett, S.T.A.; Cadenasso, M.L.; Grove, J.M.; Groffman, P.M.; Band, L.E.; Boone, C.G.; Burch, 

W.R.; Grimmond, S.B.; Hom, J.; Jenkins, J.C.; Law, N.L.; Nilon, C.H.; Pouyat, R.V.; Szlavecz, 

K.; Warren, P.S.; Wilson, M.A. Beyond urban legends: an emerging framework of urban ecology, 

as illustrated by the Baltimore Ecosystem Study. BioScience 2008, 58, 139-150. 

121. Groffman, P.M.; Law, N.L.; Belt, K.T.; Band, L.E.; Fisher, G.T. Nitrogen fluxes and retention in 

urban watershed ecosystems. Ecosystems 2004, 7, 393-403. 

122. Kaushal, S.S.; Groffman, P.M.; Band, L.E.; Shields, C.A.; Morgan, R.P.; Palmer, M.A.; Belt , 

K.T.; Swan, C.M.; Findlay, S.E.G.; Fisher, G.T. Interaction between urbanization and climate 

variability amplifies watershed nitrate export in Maryland. Environ. Sci. Technol. 2008, 42,  

5872-5878. 

123. Bates, B.C., Kundzewicz, Z.W., Wu, S., Palutikof, J.P., Eds.; Climate Change and Water. 

Technical paper of the Intergovernmental Panel on Climate Change 2008; IPCC Secretariat: 

Geneva, Switzerland, 2008; pp.210. 

124. Hall R. O.; Tank J. L.; Sobota D. J.; Mulholland, P.J.; O'Brien, J.M.; Dodds, W.K.; Webster, J.R.; 

Valett, H.M.; Poole, G.C.; Peterson, B.J.; Meyer, J.L.; McDowell, W.H.; Johnson, S.L.; 

Hamilton, S.K.; Grimm, N.B.; Gregory, S.V.; Dahm, C.N.; Cooper, L.W.; Ashkenas, L.R.; 

Thomas, S.M.; Sheibley, R.W.; Potter, J.D.; Niederlehner, B.R.; Johnson, L.T.; Helton, A.M.; 

Crenshaw, C.M.; Burgin, A.J.; Bernot, M.J.; Beaulieu, J.J.; Arango, C.P. Nitrate removal in 

stream ecosystems measured by N-15 addition experiments: Total uptake. Limnol. Oceanogr. 

2009, 54, 653-665. 

125. Hall R. O.; Tank J. L.; Sobota D. J.; Mulholland, P.J.; O'Brien, J.M.; Dodds, W.K.; Webster, J.R.; 

Valett, H.M.; Poole, G.C.; Peterson, B.J.; Meyer, J.L.; McDowell, W.H.; Johnson, S.L.; 

Hamilton, S.K.; Grimm, N.B.; Gregory, S.V.; Dahm, C.N.; Cooper, L.W.; Ashkenas, L.R.; 

Thomas, S.M.; Sheibley, R.W.; Potter, J.D.; Niederlehner, B.R.; Johnson, L.T.; Helton, A.M.; 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Poole%20GC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hall%20RO%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hamilton%20SK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Peterson%20BJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Peterson%20BJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tank%20JL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ashkenas%20LR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cooper%20LW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dahm%20CN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dodds%20WK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Findlay%20SE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gregory%20SV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Grimm%20NB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Johnson%20SL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McDowell%20WH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meyer%20JL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Valett%20HM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Webster%20JR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Arango%20CP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Beaulieu%20JJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bernot%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Burgin%20AJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Crenshaw%20CL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Johnson%20LT%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Johnson%20LT%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Niederlehner%20BR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22O%27Brien%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Potter%20JD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sheibley%20RW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sobota%20DJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Thomas%20SM%22%5BAuthor%5D
http://nrs.fs.fed.us/people/jhom
http://nrs.fs.fed.us/people/rpouyat


Water 2010, 2                            

 

 

645 

Crenshaw, C.M.; Burgin, A.J.; Bernot, M.J.; Beaulieu, J.J.; Arango, C.P. Nitrate removal in 

stream ecosystems measured by N-15 addition experiments: Denitrification. Limnol. Oceanogr. 

2009, 54, 666-680. 

126. Wahl, M.H.; McKellar, H.N.; Williams, T.M. Patterns of nutrient loading in forested and 

urbanized coastal streams. J. Exp. Mar. Biol. Ecol. 1997, 213, 111-131. 

127. Groffman, P.M.; Boulware, N.J.; Zipperer, W.C.; Pouyat, R.V.; Band, L.E.; Colosimo, M.F. Soil 

nitrogen cycle processes in urban riparian zones. Environ. Sci. Technol. 2002, 36, 4547-4552. 

128. Walsh, C.J.; Fletcher, T.D.; Ladson, A.R. Stream restoration in urban catchments through 

redesigning stormwater systems: looking to the catchment to save the stream. J. N. Amer. Benthol. 

Soc. 2005, 24, 690-705. 

129. Groffman, P.M.; Dorsey, A.M.; Mayer, P.M. N processing within geomorphic structures in urban 

streams. J. N. Amer. Benthol. Soc. 2005, 24, 613-625. 

130. Craig L.S.; Palmer M.A.; Richardson D.C.; Filoso, S.; Bernhardt, E.S.; Bledsoe, B.P.; Doyle, 

M.W.; Groffman, P.M.; Hassett, B.A.; Kaushal, S.S.; Mayer, P.M.; Smith, S.M.; Wilcock, P.R. 

Stream restoration strategies for reducing river nitrogen loads. Front. Ecol. Environ. 2008, 6, 

529-538. 

131. Webster J.R.; Meyer J.L. Organic matter budgets for streams: A synthesis. J. N. Amer. Benthol. 

Soc. 1997, 16, 141-161. 

132. Kaplan, L.A.; Newbold, J.D. Biogeochemistry of Dissolved Organic Carbon Entering Streams. 

In Aquatic microbiology: An ecological approach; Ford, T.E., Ed.; Blackwell Science: Boston, 

MA, USA, 1993; pp. 139-165. 

133. Roy, A.H.; Faust, C.L.; Freeman, M.C.; Meyer, J.L. Reach-scale effects of riparian forest cover 

on urban stream ecosystems. Can. J. Fisheries Aquat. Sci. 2005, 62, 2312-2329. 

134. Houser, J.N.; Mulholland, P.J.; Maloney, K.O. Catchment disturbance and stream metabolism: 

patterns in ecosystem respiration and gross primary production along a gradient of upland soil 

and vegetation disturbance. J. N. Amer. Benthol. Soc. 2005, 24, 538-552. 

135. Paul, M.J.; Meyer, J.L.; Couch, C.A. Leaf breakdown in streams differing in catchment land use. 

Freshwater Biol. 2006, 51, 1684-1695. 

136 Sponseller, R.A.; Benfield, E.F. Influences of land use on leaf breakdown in Southern 

Appalachian headwater streams: A Multiple-Scale Analysis. J. N. Amer. Benthol. Soc. 2001, 20, 

44-59. 

137. Rier, S.T.; Tuchman, N.C.; Wetzel, R.G.; Teeri, J.A. Elevated CO2-induced changes in the 

chemistry of quaking aspen (Populus tremuloides Michaux) leaf litter: Subsequent mass loss and 

microbial response in a stream ecosystem. J. N. Amer. Benthol. Soc. 2002, 21, 16-27. 

138. Merseburger, G.C.; Marti, E.; Sabater, F. Net changes in nutrient concentrations below a point 

source input in two streams draining catchments with contrasting land uses. Sci. Total Environ. 

2005, 347, 217-229. 

139. Gucker, B.; Brauns, M.; Pusch, M.T. Effects of wastewater treatment plant discharge on 

ecosystem structure and function of lowland streams. J. N. Amer. Benthol. Soc. 2006, 25,  

313-329. 

140. Lofton, D.D.; Hershey, A.E.; Whalen, S.C. Evaluation of denitrification in an urban stream 

receiving wastewater effluent. Biogeochemistry 2007, 86, 77-90. 



Water 2010, 2                            

 

 

646 

141. Triska, F.J.; Duff, J.H; Avanzino, R.J. Patterns of hydrological exchange and nutrient 

transformation in the hyporheic zone of a gravel-bottom stream: Examining terrestrial-aquatic 

linkages. Freshwater Biol. 1993, 29, 259-274. 

142. Valett, H.M.; Morrice, J.A.; Dahm, C.N.; Campana, M.E. Parent lithology, surface-groundwater 

exchange, and nitrate retention in headwater streams. Limnol. Oceanogr. 1996, 41, 333-345. 

143. Fellows, C.S.; Valett, H.M.; Dahm, C.N. Whole-stream metabolism in two montane streams: 

Contribution of the hyporheic zone. Limnol. Oceanogr. 2001, 46, 523-531. 

144. Naegeli, M.W.; Uehlinger, U. Contribution of the hyporheic zone to ecosystem metabolism in a 

prealpine gravel-bed river. J. N. Amer. Benthol. Soc. 1997, 16, 794-804. 

145. Hester, E.; Doyle, M; Poole, G. The influence of in-stream structures on summer water 

temperatures via induced hyporheic exchange. Limnol. Oceanogr. 2009, 54, 355-367. 

146. Boulton, A.; Scarsbrook, M.; Quinn, J.; Burrell, G. Land-use effects on the hyporheic ecology of 

five small streams near Hamilton, New Zealand. N. Z. J. Mar. Freshwater Res. 1997, 31,  

609-622. 

147. Brunke, M.; Gonser, T. The ecological significance of exchange processes between rivers and 

groundwater. Freshwater Biol. 1997, 37, 1-33. 

148. Bukaveckas, P. Effects of channel restoration on water velocity, transient storage, and nutrient 

uptake in a channelized stream. Environ. Sci. Technol. 2007, 41, 1570-1576. 

149. Crispell, J.; Endreny, T. Hyporheic exchange flow around constructed in-channel structures and 

implications for restoration design. Hydrol. Process. 2009, 23, 1158-1168. 

150. Hester, E.; Gooseff, M. Moving beyond the banks: Hyporheic restoration is fundamental to 

restoring ecological services and functions of streams. Environ. Sci. Technol. 2010, 44,  

1521-1525. 

151. Boulton, A.; Datry, T.; Kasahara, T.; Mutz, M.; Stanford, J. Ecology and management of the 

hyporheic zone: Stream-groundwater interactions of running waters and their floodplains. J. N. 

Amer. Benthol. Soc. 2010, 29, 26-40. 

152. Cuffney, T.; Brightbill, R.; May, J.; Waite, I. Responses of benthic macroinvertebrates to 

environmental changes associated with urbanization in nine metropolitan areas. Ecol. Appl. 2010, 

20, 1384-1401. 

153. Gage, M.S.; Spivak, A; Paradise, C.J. Effects of land use and disturbance on benthic insects in 

headwater streams draining small watersheds north of Charlotte, NC. Southeast. Nat. 2004, 3, 

345-358. 

154. Price, S.J.; Dorcas, M.E.; Gallant, A.L.; Klaver, R.W.; Willson, J.D. Three decades of 

urbanization: Estimating the impact of land-cover change on stream salamander populations. Biol. 

Conserv. 2006, 133, 436-441. 

155. Neves, R.; Bogan, A.; Williams, J.; Ahlstedt, S.; Hartfield, P. Status of aquatic mollusks in the 

Southeastern United States: A downward spiral of diversity. In Aquatic fauna in Peril: the 

Southeastern Perspective, Special Publication 1; Benz, G.W., Collins, D.E., Eds.; Southeast 

Aquatic Research Institute, Lenz Design and Communications: Decatur, GA, USA, 1997;  

pp. 43-85. 

156. Roy, A.H.; Rosemond, A.D.; Paul, M.J.; Leigh, D.S.; Wallace, J.B. Stream macroinvertebrate 

response to catchment urbanisation (Georgia, USA). Freshwater Biol. 2003, 48, 329-346. 



Water 2010, 2                            

 

 

647 

157. Barbour, M.; Gerritsen, J.; Griffith, G.; Frydenborg, R.; McCarron, E.; White, J.; Bastian, M. A 

framework for biological criteria for Florida streams using benthic macroinvertebrates. J. N. 

Amer. Benthol. Soc.1996, 15, 185-211. 

158. Burcher, C.; Benfield, E. Physical and biological responses of streams to suburbanization of 

historically agricultural watersheds. J. N. Amer. Benthol. Soc. 2006, 25, 356-369. 

159. Wenger, S.J.; Roy, A.H.; Jackson, C.R.; Bernhardt, E.S.; Carter, T.L.; Filoso, S.; Gibson, C.A.; 

Hession, W.C.; Kaushal, S.S.; Martı´, E.; Meyer, J.L.; Palmer, M.A.; Paul, M.J.; Purcell, A.H.; 

Ramı´rez, A.; Rosemond, A.D.; Schofield, K.A.; Sudduth, E.B.; Walsh, C.J. Twenty-six key 

research questions in urban stream ecology: an assessment of the state of the science. J. N. Amer. 

Benthol. Soc. 2009, 28, 1080-1098. 

160. Cummins, K.; Klug, M. Feeding ecology of stream invertebrates. Annu. Rev. Ecol. Syst. 1979, 10, 

147-172. 

161. Scott, M.C. Winners and losers among stream fishes in relation to land use legacies and urban 

development in the southeastern U.S. Biol. Conserv. 2006, 127, 301-309. 

162. Sterner, R.; Elser, J. Ecological Stoichiometry: The Biology of Elements from Molecules to the 

Biosphere; Princeton University Press: Princeton, NJ, USA, 2002; pp. 584. 

163. Dang, C.; Harrison, S.; Sturt, M.; Giller, P.; Jansen, M. Is the elemental composition of stream 

invertebrates a determinant of tolerance to organic pollution? J. N. Amer. Benthol. Soc. 2009, 28, 

778-784. 

164. Nakano, S.; Murakami, M. Reciprocal subsidies: Dynamic interdependence between terrestrial 

and aquatic food webs. Proc. Nat. Acad. Sci. USA 2001, 98, 166. 

165. Kato, C.; Iwata, T.; Nakano, S.; Kishi, D. Dynamics of aquatic insect flux affects distribution of 

riparian web-building spiders. Oikos 2003, 103, 113-120. 

166. Power, M.; Rainey, W.; Parker, M.; Sabo, J.; Smyth, A.; Khandwala, S.; Finlay, J.; McNeely, F.; 

Marsee, K.; Anderson, C. River-to-watershed subsidies in an old-growth conifer forest. In Food 

Webs at the Landscape Level; Polis, G.A., Power, M.E., Huxel, M.A., Eds.; University of 

Chicago Press: Chicago, IL, USA, 2004; pp. 217-240. 

167. Murakami, M.; Nakano, S. Indirect effect of aquatic insect emergence on a terrestrial insect 

population through by birds predation. Ecol. Lett. 2002, 5, 333-337. 

168. Nakano, S.; Miyasaka, H.; Kuhara, N. Terrestrial-aquatic linkages: Riparian arthropod inputs 

alter trophic cascades in a stream food web. Ecology 2008, 80, 2435-2441. 

169. Kalcounis-Rueppell, M.; Payne, V.; Huff, S.; Boyko, A. Effects of wastewater treatment plant 

effluent on bat foraging ecology in an urban stream system. Biol. Conserv. 2007, 138, 120-130. 

170. Northington, R.; Hershey, A. Effects of stream restoration and wastewater treatment plant 

effluent on fish communities in urban streams. Freshwater Biol. 2006, 51, 1959-1973. 

171. Ulseth, A.; Hershey, A. Natural abundances of stable isotopes trace anthropogenic n and c in an 

urban stream. J. N. Amer. Benthol. Soc. 2005, 24, 270-289. 

172. Goudreau, S.; Neves, R.; Sheehan, R. Effects of wastewater treatment plant effluents on 

freshwater mollusks in the upper clinch river, virginia, USA. Hydrobiologia 1993, 252, 211-230. 

173. Smock, L.A.; Gladden, J.E.; Riekenberg, J.L.; Smith, L.C.; Black, C.R. Lotic macroinvertebrate 

production in three dimensions: Channel surface, hyporheic, and floodplain environments. 

Ecology 1992, 73, 876-886. 



Water 2010, 2                            

 

 

648 

174. Edwards, R.T. The hyporheic zone. In River Ecology and Management: Lessons from the Pacific 

Northwest; Kantor, S., Naiman, R.J., Bilby, R.E., Eds.; Springer-Verlag: New York, NY, USA, 

1998; pp. 399-429. 

175. Stanford, J.A.; Ward, J.V. The hyporheic habitat of river ecosystems. Nature 1988, 335, 64-66. 

176. Williams, D.D.; Hynes, H.B.N. The occurrence of benthos deep in the substratum of a stream. 

Freshwater Biol. 1974, 4, 233-256. 

177. Strommer, J.; Smock, L. Vertical distribution and abundance of invertebrates within the sandy 

substrate of a low-gradient headwater stream. Freshwater Biol.1989, 22, 263-274. 

178. Strayer, D.; Reid, J. Distribution of hyporheic cyclopoids (crustacea: Copepoda) in the eastern 

United States. Archiv für Hydrobiologie 1999, 145, 79-92. 

179. Boulton, A.J.; Stanley, E.H. But the story gets better: Subsurface invertebrates in stream 

ecosystems. Trend. Ecol. Evolut. 1996, 11, 430. 

180. Jones, J.B. Surface-subsurface interactions in stream ecosystems. Trend. Ecol. Evolut. 1996, 11, 

239-242. 

181. Jones, J.B.; Holmes, R.M. Reply from J.B. Jones and R.M. Holmes. Trend. Ecol. Evolut. 1996, 

11, 430. 

182. Marshall, M.C.; Hall, R.O. Hyporheic invertebrates affect n cycling and respiration in stream 

sediment microcosms. J. N. Amer. Benthol. Soc. 2004, 23, 416-428. 

183. Stanford, J.A.; Gaufin, A.R. Hyporheic communities of two Montana rivers. Science 1974, 185, 

700-702. 

184. Stanford, J.A.; Ward, J.V.; Ellis, B.K. Ecology of the alluvial aquifers of the Flathead River, 

Montana. In Groundwater Ecology; Gibert, J., Danielopol, D.L., Stanford, J.L., Eds.; Academic 

Press: San Diego, CA, USA, 1994; pp. 367-390. 

185. Olsen, D.; Townsend, C. Flood effects on invertebrates, sediments and particulate organic matter 

in the hyporheic zone of a gravel-bed stream. Freshwater Biol. 2005, 50, 839-853. 

186. Clinton, S.; Grimm, N.B.; Fisher, S.G. Response of a hyporheic invertebrate assemblage to 

drying disturbance in a desert stream. J. N. Amer. Benthol. Soc. 1996, 15, 700-712. 

187. Baxter, C.; Hauer, F. Geomorphology, hyporheic exchange, and selection of spawning habitat by 

bull trout (salvelinus confluentus). Can. J. Fisheries Aquat. Sci. 2000, 57, 1470-1481. 

188. Geist, D. Hyporheic discharge of river water into fall Chinook salmon (oncorhynchus 

tshawytscha) spawning areas in the Hanford Reach, Columbia River. Can. J. Fisheries Aquat. Sci. 

2000, 57, 1647-1656. 

189. Simon, A. A model of channel response in disturbed alluvial channels. Earth Surf. Process. 

Landf. 1989, 14, 11-26. 

190. Berkowitz, A.R., Nilon, C.H., Hollweg, K.S., Eds.; Understanding Urban Ecosystems: A New 

Frontier for Science and Education. Springer-Verlag: New York, NY, USA, 1999; pp. 523. 

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


