Disappearing headwaters: patterns of
stream burial due to urbanization
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Headwater streams provide important ecosystem services, including clean drinking water, habitat for aquatic
life, and rapid processing and uptake of nutrients, which can reduce delivery of nitrogen and phosphorus to
downstream coastal waters. Despite their importance to ecosystem functioning, very little research has
addressed the extent to which headwater streams are buried beneath the land surface during urbanization. We
measured the occurrence of stream burial within a major tributary to the Chesapeake Bay, for streams with
catchment areas ranging from 10 ha to 10* ha. We used hydrologic modeling to identify where streams should
be and then calibrated a map of impervious surface area, using high-resolution aerial photography to build a
stream channel decision-tree classification. We found that 20% of all streams were buried, with streams in low-
residential and suburban areas outside Baltimore City exhibiting 19% burial rates. Smaller headwater streams
were more extensively buried than larger streams, and this difference increased with increasing impervious sur-
face area. Within Baltimore City, 66% of all streams and 70% of streams in catchments smaller than 260 ha (1
mi’) were buried. In this densely urbanized city, headwater streams are buried to the same extent as is dry land.
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eadwater streams provide aquatic habitat and clean

drinking water, and are “hotspots” for ecosystem
function relevant to maintenance of water quality in
downstream rivers, reservoirs, and estuaries of the US
(Peterson et al. 2001; Kemp et al. 2005; Kaushal et al.
2006; Wigington et al. 2006; Freeman et al. 2007). Small
streams contain diverse species of fish, invertebrates, and
algae (Wigington et al. 2006; Meyer et al. 2007), and are
critical for retaining and removing nitrogen (Peterson et
al. 2001). Habitat quality and the potential for nutrient
retention in headwater streams can be highly sensitive to
changes in watershed land use (Kaushal et al. 2006;
Wigington et al. 2006; Meyer et al. 2007), and urbaniza-
tion causes stream degradation in a variety of ways
(Figure 1). The process known as stream burial (where
streams are directed into culverts, pipes, concrete-lined
ditches, or simply paved over) is probably the most
extreme impact of urbanization on streams. Stream burial
results in the destruction of natural stream channels and
contributes to downstream habitat degradation, aquatic
habitat fragmentation, enhanced transport of water and
toxic contaminants, and reduction of ecosystem services
such as nutrient and sediment retention (Paul and Meyer
2001; Walsh et al. 2005). Because they constitute the
largest fraction of stream length and are the most eco-
nomically feasible to bury, the smallest streams are among
those most affected by urbanization.

Knowledge of the ecological importance of headwater
streams was not reflected in early 20th-century urban
development plans. As a result, extensive networks of
storm drains used to pipe headwater runoff into larger
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streams underlie urban areas around the world (Walsh et
al. 2005). Although this practice is becoming less com-
mon, controversy continues regarding whether and how
headwater streams should be protected under law. In the
US, the Clean Water Act of 1972 offers some protection
for headwater streams (defined as streams with average
annual flows of less than 5 ft’ per second), but it is
unclear whether the smallest headwater streams and areas
of saturated soils with intermittent flow should be pro-
tected (Wigington et al. 2006), resulting in recent hear-
ings in the US Supreme Court (eg in 2006, Rapanos v
United States, 04-1034; Carabell v Army Corps of
Engineers, 04-1384). Another source of federal protec-
tion, the Federal Emergency Management Agency
(FEMA), only regulates floodplain development, which,
for intermittent streams, can be a nebulous concept sub-
ject to various interpretations. Stream size based on
hydrologic flow is often included in regulatory interpreta-
tions for land developers and corporations (Alexander et
al. 2007; Freeman et al. 2007; Meyer et al. 2007).
However, legislation does not currently include a deter-
mination of the smallest stream size (including ephemeral
streams) to be protected, or standardized adjustment
mechanisms to account for cumulative impacts to entire
stream networks (Freeman et al. 2007; Meyer et al. 2007).

To begin the process of quantifying the cumulative
impacts of stream burial on urbanizing catchments, we
analyzed the degree and pattern of stream burial across a
range of stream sizes (small to medium) for the Baltimore
metropolitan region in the mid-Atlantic US. Using this
dataset, we tested the hypotheses that the extent of
stream burial would (1) increase with increasing urban
density and (2) increase with decreasing stream size.
Finally, we tested one possible effect of legislation that
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Figure 1. The impact of urbanization on streams can take many forms, but in extreme cases, (a) stre

2 .
ams are buried underground in

storm drains. Nevertheless, most research has focused on riparian zone condition, highlighting the differences between (b) heavily
incised channels with degraded riparian canopy cover and (c) intact forest streams. Note that in (a) the stream is largely disconnected
from the riparian zone, yet water may still flow year round, due to groundwater inputs (K Belt pers comm).

protects streams by studying variations in the pattern of
stream burial for catchments smaller and larger than 260
ha (1 mi®). This catchment size (260 ha) is the cut-off for
FEMA regulation of floodplain development in the US.

7 Methods

Site description

Previous work in the Chesapeake Bay watershed using
remote sensing techniques has shown a 61% increase in
developed land from 1990 to 2000 (Jantz et al. 2005),
with suburban/urban growth expected to increase rapidly
in the future (Claggett et al. 2004). The Gunpowder—
Patapsco watershed (GPWS) selected for this study also
includes older development in and around the city of
Baltimore. The region is therefore likely to be representa-
tive of conditions in modern urbanizing catchments
worldwide. Long-term monitoring of watersheds in this
region has identified many of the same effects that are
seen in urban streams in other countries (Walsh et al.
2005). Notably, runoff from impervious surfaces has led
to the chemical alteration of streams (Kaushal et al.
2005) and stream channel incision (Groffman et al. 2002;
Figure 1b), both influencing stream processes at multiple

scales. Furthermore, this region has been the setting for
many studies investigating the impacts of urbanization on
aquatic ecosystems (eg Kaushal et al. 2005).

Data analysis

An estimation of stream burial (including ephemeral
streams) was completed using a combination of remote
sensing techniques and hydrologic modeling based on
elevation to delineate hydrologic flow path. Three pri-
mary datasets were used: (1) aerial photography (30-cm
resolution) provided by the US Geological Survey
(USGS), (2) Multi-Resolution Land-cover Consortium
(MRLC) impervious surface area (ISA) maps (30-m reso-
lution), and (3) a National Elevation Dataset (NED) dig-
ital elevation model (DEM; 10-m resolution). These data
were acquired for the entire GPWS (where 30-cm resolu-
tion aerial photography was unavailable, 1-m data were
substituted). Our method consisted of five steps: (1)
hydrologic modeling from the DEM to delineate natural
flow lines (streams/rivers; eg Brakebill and Preston 2003),
(2) observation of stream condition (intact or buried) at
429 stratified random locations, (3) decision-tree classifi-
cation of the ISA map using the 429 observations as
training data, (4) applying the decision tree to the entire
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Conditional inference partitioning
differs from exhaustive search pro-
cedures in that each split in the
data takes into account the distrib-
ution of the dependent data.
Therefore, the method does not
require bootstrapping from pooled
data, results in smaller unbiased
trees, and provides the statistical
significance of each proposed split
(here, constrained to be P < 0.05).

Burial probability
B 5%

[ 140%
1 80% -
B 95%

. 100% ISA N Kilometers
w EO 5 10 20
| = =

0% ISA

The decision tree generated con-
sisted of four terminal nodes with
8% (n=120), 40% (n=93), 81%
(n=148), and 98% (n = 68) prob-
ability of the stream reach being
buried in each terminal node.

The decision tree was then

Figure 2. Stream burial extent for the Gunpowder—Patapsco watershed in eastern
Maryland, expressed as a probability of burial based on the distribution of impervious
surfaces (shown in shades of gray) in the vicinity of each stream reach.

applied to the entire GPWS,
including Baltimore City. Each
dataset was analyzed by catchment
size, using linear regression. Two

3.5 x 10’ km®* GPWS, and (5) analyzing the rate of stream
burial by catchment area (see WebPanel 1).

We identified all hydrologic flow lines that ran from a
catchment area of 10 ha to 10* ha; this captured the range
of stream sizes in the watershed and roughly matched the
range of stream sizes that are routinely monitored in the
Baltimore Ecosystem Study (BES) Long-term Ecological
Research project. The lower limit of 10 ha was imposed
by our inability to identify streams smaller than this size
in aerial photography and does not represent any judg-
ment on our part regarding the condition or importance
of streams with a catchment area smaller than 10 ha. We
then generated impervious surface area statistics (mean,
maximum, minimum, median, sum, standard deviation)
for the nine pixels (0.73 ha) surrounding and including
each 30-m segment (1 pixel) of the flow line network.
Finally, we generated a set of 500 random points along
the flow line network for analysis using high-resolution
aerial photography. Of the 500 points, clouds obscured
71. We observed each of the remaining 429 stream
reaches in the aerial photography and manually classified
them into two groups: (1) visible streams in forested land
or parkland, and (2) no visible stream (ie the stream
reach was probably buried during the course of develop-
ment).

An algorithm was sought that would rigorously esti-
mate the status of each stream reach (buried or intact)
using only the impervious surface area map. For this pur-
pose, an unbiased recursive-partitioning algorithm utiliz-
ing a conditional inference framework (Hothorn et al.
2006) was used to build a decision-tree classification. The
ISA and ISA statistics built from neighboring areas, and
stream reach condition (intact or buried) were used as the
independent and dependent variables, respectively.

model effects were included: (1)
catchment size and (2) a nominal effect indicating
whether or not a catchment was larger than 260 ha (1
mi’), the smallest catchment size identified in FEMA
floodplain maps.

Results

Urbanized areas contained disproportionately more
buried streams than other areas (Figure 2). In Baltimore
City, 66% of streams were buried across catchments span-
ning 10 to 10* ha in size. In contrast, 19% of streams were
buried in the counties outside Baltimore City, and 21% of
streams were buried across the entire GPWS. While
much of the heavy development corresponds to the main
transportation corridors between rural areas and the cen-
ter of Baltimore City, stream burial is apparent in most
regions of the watershed. For example, across the upper
watershed, 8% burial probabilities (the lowest classifica-
tion level) were found in areas with just 4% impervious
surface area.

The fraction of buried streams in the GPWS decreased
with increasing stream size, from 25% to 14% (r = 0.89;
P <0.0001; Figure 3). The fraction of buried streams in
Baltimore City also decreased with increasing stream size,
from 74% to ~20% (r = 0.79; P < 0.0001), but interaction
with the nominal factor separated catchments greater
than and less than 260 ha (P =0.02). The fraction of
buried streams with catchments smaller than 260 ha did
not vary with catchment size, but remained almost con-
stant at ~ 70%. In catchment areas greater than 260 ha,
the fraction of buried streams decreased significantly with
increasing stream size (r = 0.75; P = 0.01).

Burial probabilities were interpreted as prediction accu-
racies (sensu Vayssieres et al. 2000). For example, it is 98%
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Due to the greater area of high-den-
sity urban development along the
coasts, headwater streams in this

Figure 3. Fraction of streams buried by catchment size for (a) the Gunpowder—Patapsco
watershed and (b) Baltimore City. For Baltimore City, a contrast in slope is significant
(P =0.028) between catchments smaller and larger than 260 ha.

watershed are more completely
buried on coastal plains than in upland reaches. This may
be important from the perspective of coastal water quality,
due to the close proximity of these coastal streams to the
Chesapeake Bay and, consequently, decreased travel time
and reduced potential for in-stream retention and process-
ing of contaminants from urban and atmospheric sources.
In heavily urbanized portions of the watershed, results show
that larger streams and rivers have been protected from bur-
ial by prominent riparian zones. In contrast, riparian corri-
dors have protected few if any urban headwater streams. In
suburban areas outside Baltimore City, smaller streams are
also buried more extensively than larger streams but, over-
all, stream burial in suburban areas is less extensive than in
the densely urban Baltimore City. Headwater stream burial
within low-density developments may also consist of less
“connected impervious area” (Walsh et al 2005), thus allow-
ing runoff to filter through to groundwater, rather than
directly entering stormwater systems.

The inverse relationship between stream size and fraction
of buried stream reaches might be a simple consequence of
the expense of burying larger streams. However, there could
be more complex factors at work. In particular, results for
Baltimore City suggest a significant change in slope at a
catchment size of 260 ha (P = 0.028), which represents the
size limit beyond which floodplain development restrictions
apply (via FEMA). Beyond this threshold, larger streams
appear to be more effectively protected than smaller streams.
Although restrictions imposed by FEMA or even the Clean
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Water Act might play a role, perhaps more plausibly, a
catchment size of 260 ha may coincide with the size at
which streams in this region become permanently running
waters (instead of ephemeral). Over several centuries of
development, the residents of Baltimore may have incorpo-
rated this into their land development practices.
Nevertheless, in Baltimore City, over 70% of headwater
streams have been buried, and when we extend the defini-
tion of “headwater stream” to catchments as small as 1 ha,
73% of streams have been buried. It is therefore apparent
that streams in catchments smaller than 260 ha are buried to
virtually the same extent as dry ground. Nearly 30% of head-
water streams still exist above ground, but this appears to be
a consequence of ancillary land protection (eg creation of
parks or large land tracts) that protects all land types (terres-
trial and aquatic) equally.

To meet the challenges associated with watershed
restoration, remote sensing and GIS could be used to
effectively target heavily impaired stream reaches. For
key regions of rapid development and poor water quality,
the extent and pattern of stream burial would be used in
combination with quantitative assessments of riparian
buffer condition (Goetz 2006) to more accurately para-
meterize runoff and nutrient export models. As higher
resolution data and land-cover maps become available,
routine implementation of these modeling and analysis
tools will be possible at the municipality and township
level, possibly resulting in more consistent protection of
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headwaters across jurisdictional boundaries.

The structure and function of headwater ecosystems
determine the quantity and quality of water in downstream
rivers, lakes, and coastal waters (Freeman et al. 2007). The
widespread occurrence of headwater stream burial probably
contributes to the Patapsco River estuary’s status as the
most degraded tributary of the Chesapeake Bay, as assessed
by indicators of water quality and biotic health (UMCES
2007). The conversion of natural channels to buried
streams decreases habitat for critical species and interrupts
patterns of dispersal and colonization (Meyer et al. 2005;
Wigington et al. 2006). It may also increase roadway cont-
aminant transport from impervious surfaces (Kaushal et al.
2005) and decrease interactions between streams and
“hotspots” of nutrient retention in nearby riparian soils
(Kaushal et al. in press). Stream burial alters ecosystem
metabolism and food-web structure, due to changes in pri-
mary production versus respiration in dark conditions, and
may influence thermal regimes due to runoff from pave-
ment (Paul and Meyer 2001). Given the large extent of
stream burial and the potential for increases therein, an
important next step is to estimate habitat loss, alterations
to channel structure, and watershed nutrient export due to
stream burial. Maintenance of ecological function in
streams is of national and global importance, extending far
beyond the mid-Atlantic US. More uniform strategies and
policies are necessary to protect against headwater stream
burial. This will require research into how the alteration of
headwater streams affects ecological processes at the entire
drainage scale, coupled with measurements to quantify
changes in the spatial extent and patterns of stream burial
under current and future scenarios of urban development.
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