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Abstract Urbanization has resulted in the extensive
burial and channelization of headwater streams, yet
little is known about the impacts of stream burial on
ecosystem functions critical for reducing downstream
nitrogen (N) and carbon (C) exports. In order to
characterize the biogeochemical effects of stream
burial on N and C, we measured NO; ™~ uptake (using
>N-NO; ™~ isotope tracer releases) and gross primary
productivity (GPP) and ecosystem respiration (ER)
(using whole stream metabolism measurements).
Experiments were carried out during four seasons, in
three paired buried and open stream reaches, within
the Baltimore Ecosystem Study Long-term Ecological
Research site. Stream burial increased NO3™ uptake
lengths by a factor of 7.5 (p < 0.01) and decreased
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NO; ™ uptake velocity and areal NO; ™~ uptake rate by
factors of 8.2 (p < 0.05) and 9.6 (p < 0.001), respec-
tively. Stream burial decreased GPP by a factor of 11.0
(» < 0.01) and decreased ER by a factor of 5.0
(p < 0.05). From fluorescence Excitation Emissions
Matrices analysis, buried streams were found to have
significantly altered C quality, showing less labile
dissolved organic matter. Furthermore, buried streams
had significantly lower transient storage (TS) and
water temperatures. Differences in NO3;~ uptake,
GPP, and ER in buried streams, were primarily
explained by decreased TS, light availability, and C
quality, respectively. At the watershed scale, we
estimate that stream burial decreases NO3~ uptake
by 39 % and C production by 194 %. Overall, our
results suggest that stream burial significantly impacts
NO;™ uptake, stream metabolism, and the quality of
organic C exported from watersheds. Given the large
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impacts of stream burial on stream ecosystem pro-
cesses, daylighting or de-channelization of streams,
through hydrologic floodplain reconnection, may have
the potential to alter ecosystem functions in urban
watersheds, when used appropriately.

Keywords Carbon quality - Fluorescence
excitation-emission matrices - Stream
channelization - Stream daylighting - Transient
storage - Tracer injection

Introduction

Urbanization has degraded water quality and altered
global biogeochemical cycles (Grimm et al. 2005;
Walsh et al. 2005). One common symptom of
urbanization is the extensive channelization and burial
of stream networks, where much of the urban drainage
network flows through storm drains and tunnels under
developed landscapes (Leopold 1968; Elmore and
Kaushal 2008). While the degradation of urban
streams has been well documented (Paul and Meyer
2001; Walsh et al. 2005), the often overlooked effect
of engineered headwaters such as culverts and storm
drains on ecosystem functions may play an important
role at broader watershed scales (Meyer et al. 2005;
Wild et al. 2011; Kaushal and Belt 2012). Of particular
concern are the unknown impacts of stream burial on
nitrogen (N) uptake and carbon (C) metabolism and
subsequent potential to influence watershed export of
N and C to downstream ecosystems (Boesch et al.
2001; Diaz 2001; Walsh et al. 2005). Here, we
compare NO;~ uptake and stream metabolism in
urbanized open and buried stream reaches to test the
hypothesis that stream burial reduces NO3;~ uptake
and stream metabolism, and therefore increases N and
C export from urban watersheds.

Previous work in forested, agricultural, and urban
watersheds has shown that N uptake and C processing
can be considerable in headwater streams (Peterson
et al. 2001; Mulholland et al. 2004; Alexander et al.
2007). Consequently, burial of headwater streams may
have a disproportionally large impact on N and C
uptake and retention along urban watersheds. We
expected that stream burial may decrease hydrologic
residence times, hydrologic connectivity, transient
storage (TS), and riparian-stream interactions, thereby
reducing conditions conducive to N retention (e.g.

@ Springer

Valett et al. 1996; Hall et al. 2002; Ensign and Doyle
2005; Bukaveckas 2007; Kaushal et al. 2008b;
Klocker et al. 2009). Given that light also controls
ecosystem productivity (Mulholland et al. 2001,
2006), decreased light availability as a result of stream
burial may also impact stream metabolism and
nitrogen uptake. Additionally, decreased light may
impact organic matter quantity/quality (i.e. lability),
which influences denitrification, food web dynamics,
and other ecosystem processes (Burford and Bremner
1975; Groffman et al. 2005; Huguet et al. 2009;
Petrone et al. 2011).

Elucidating the impacts of stream burial has
implications for improving stream restoration strate-
gies. If stream burial reduces ecosystem functions
related to enhancing water quality, then restoration by
“daylighting” currently buried streams (Buchholz and
Younos 2007) and hydrologically re-connecting
streams placed in concrete-lined channels with adja-
cent floodplains (Sivirichi et al. 2011) may be an
effective N management approach, when used appro-
priately. While some studies have addressed the
benefits of stream restoration or stream daylighting
(e.g. Buchholz and Younos 2007; Bukaveckas 2007;
Kaushal et al. 2008b; Filoso and Palmer 2011; Wild
et al. 2011), none have specifically looked at the
impact of stream burial on nutrient dynamics. Because
channelization and stream burial are pervasive
throughout urban areas, understanding the effects of
burial on N and C retention capacity can help provide
realistic expectations for stream restoration.

The objectives of this study were to (1) determine
the effects of stream burial on NO;~ uptake and
metabolism along an urban stream network, (2)
identify the mechanisms responsible for the effects
of burial on nutrient processing, including hydrologic
residence time, reduced light availability, TS, temper-
ature, and carbon quality, and (3) to estimate the
potential impact of stream burial on N and C uptake
and production, respectively, at the larger watershed
scale due to decreased in-stream retention. We
hypothesized that buried stream reaches will show
significantly reduced NO5;~ uptake due to decreased
primary production, hydrologic residence time, and
TS and reduced stream gross primary production and
ER due to reduced light availability and carbon
quality. Our work was conducted at the Baltimore
Long-term Ecological Research (LTER) site and
builds on background research regarding the sources,
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Fig. 1 Locations of the buried and open reaches where nitrate
uptake and metabolism measurements where carried out within
the DR1, DR2, and DRS5 tributaries of the Dead Run watershed.
The bold white bars mark the location of open reaches and bold
black bars mark the location of buried reaches. The thin black
lines represent the buried sections of the stream network (the

transport, and transformation of nitrogen in the LTER
(Groffman et al. 2004; Kaushal et al. 2008a, 2011),
and the influence of stream hydrology, organic carbon
availability and geomorphology on denitrification and
N uptake (Groffman et al. 2002; Kaushal et al. 2008b;
Klocker et al. 2009; Mayer et al. 2010; Newcomer
et al. 2012).

Methods
Experimental design

Nitrate uptake rates, whole stream metabolism, and
potential explanatory variables including light avail-
ability, nutrient concentrations, carbon quality, TS,
and hydrology were measured in three headwater
streams, each with a paired buried and open reach,
within the urbanized Dead Run watershed of the
Baltimore LTER site. Each stream contained one
buried and one contiguous “open” reach (Fig. 1). The

4{ Chesapeake Bay Watershed l—

Baltimore
Ecosystem SNy o
Study Area { £ g

path of storm drains) and the thicker grey lines represent
streams. The two larger scale maps represent the location of the
Dead Run watershed within the Gwynn’s Falls watershed (with
drainage area in grey) in the Baltimore, MD region and the
location of the Baltimore Ecosystem Study within the Chesa-
peake Bay watershed (with drainage area in grey)

effects of stream burial on metabolism and NO3z™
uptake were determined by comparing rates in open
and buried reaches of the same stream, which
controlled for differences in nitrate concentration
between streams that may have otherwise obscured
the effect of burial. Nitrate uptake rates and ecosystem
metabolism rates were measured once each season for
1 year, using '’N-NO; ™ tracer releases and data sonde
deployments to measure dissolved oxygen (DO) and
temperature. All measurements were made during
baseflow conditions.

Site description

The Dead Run watershed is a subwatershed of the
Gwynn’s Falls and part of the Baltimore Ecosystem
Study LTER site. Dead Run is drained by 31 %
impervious surface cover, has six USGS stream
gauging stations along its stream network, and has
had weekly stream chemistry sampling at its mouth
since 1998 (Groffman et al. 2004; Kaushal et al.
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2008a). The Dead Run watershed has been the focus of
numerous eco-hydrological investigations and there
exists a rich dataset on nitrogen dynamics (e.g.
Groffman et al. 2004; Kaushal et al. 2008a, 2011;
Newcomer et al. 2012), hydrologic characteristics, and
water mass balances (Klocker et al. 2009; Ryan et al.
2010, 2011; Sivirichi et al. 2011).

Paired open and buried NO3~ uptake and metabo-
lism measurements were conducted in three headwater
tributaries of the Dead Run watershed: DR1, DR2, and
DRS5 (Fig. 1). Each tributary has a USGS stream gauge
and was characterized as a first or second order stream,
with the buried reach flowing through large cement or
steel culverts ranging from 74 to 111 m in length and
3.0to 3.7 min width and height. In all three streams the
buried reach was downstream of the open reach. The
reach length for each open stream site was chosen
based on water velocity to provide between 30 and
60 min of travel time from the top to the bottom of the
stream reach, to ensure that a detectable amount of SN
NO3;~ was removed from the water column. Due to
seasonal changes in stream discharge, the open reach
lengths were different each season. The reach lengths
for the buried stream sites, however, were the same as
the culvert length. DR1 (USGS Gage 01589317) had
an open reach that ranged from 76 to 86 m, depending
on water velocity and travel-time, and a buried reach
that flowed through a 74.1 m long, 3.7 m wide, and
2.4 m high box culvert. DR2 (USGS Gage 01589316)
had an open reach that ranged 41.8-73.3 m in length
and a cylindrical culvert, 111 m long and 3.0 m in
diameter. DRS (USGS Gage 01589312) had an open
reach that ranged from 36 to 224 m and a downstream
box culvert 110 m long, 3 m wide, and 1.8 m high.
Buried reaches of DRI and DR2 were clear of
sediment, while DR5 had sediment accumulation
throughout most of the culvert.

N-NO;~ tracer experiments

Four seasonal '*N-labeled NO;~ tracer experiments
were carried out in each of the 3 buried and 3 open
stream reaches, comprising a total of 24 injections
(two reaches in three streams across four seasons). The
general design for these experiments entailed the
release of a solution of '>’N-NO; ™ tracer at a constant
rate into a stream reach and making measurements
downstream to determine how rapidly the tracer is
removed from the water column. A solution of
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99.99 at.% potassium SN-nitrate (K'°NO;~, reactive
tracer) and potassium bromide (KBr, conservative
tracer) was prepared and then continuously dripped
into each stream reach (at a pump rate of 20 mL per
minute) for the duration of the injection experiment.
Enough '’N-NO; ™ and bromide was added to the stream
reaches to enrich the 8'°N of nitrate to ~ 5000 %o and
increase Br~ by 500 pug L™ [similar to LINX (Lotic
Interstate Nitrogen eXperiment) II protocols, Mulhol-
land et al. 2004, 2008; Hall et al. 2009]. Additionally,
rhodamine dye was added to the stream reach at a
constant rate to a target enrichment of 20 ug L™
Rhodamine and Br~ were used as conservative tracers to
account for any changes in discharge between the top
and bottom of the experimental reach (Stream Solute
Workshop 1990; Hall et al. 2009). Tracers were injected
until rhodamine was observed to be at plateau concen-
trations for 2—4 h. The tracer was added approximately
10-30 m above the top of the reach to ensure that it was
completely mixed into the stream water before reaching
the top sampling station. Mixing was verified with in situ
rhodamine measurements. During each tracer injection,
water samples were collected from two stations: at the
top (station 1) and bottom (station 2) of each reach
before the tracer was injected into the stream (for
background samples) and after the level of tracer in the
stream reached plateau for 2—4 h (similar to Hanafi et al.
2007). Three replicate samples were taken for each
background sampling and 5 replicate samples were
taken for each plateau sampling.

The 615N—N037 samples were filtered (0.45 pm),
frozen, and shipped to the Colorado Plateau Stable
Isotope Facility (CPSIF) for analysis within 1 month.
The isotopic composition of nitrate was measured
following the denitrifier method (Sigman et al. 2001;
Casciotti et al. 2002). Briefly, denitrifying bacteria were
used to convert nitrate in samples to N,O, which was
analyzed on a mass spectrometer for determination of
'SN/'N ratios. Values for '’N-NO; ™ are reported as per
mil (%o) relative to atmospheric N, according to
8" N(%o) = [(R)sample/(R)standard — 1] x 1,000, where
R denotes the ratio of the heavy to light isotope
(*>N/"N). Sample replicates for '’N-NO; ™ had a mean
coefficient of variation of 1.0 £ 0.3and 0.62 &+ 0.3 %
for the open and buried reach samples (N = 17and 11),
respectively.

The three NO3 ™ uptake metrics: (1) uptake length
(Sw), the distance a NO3;~ molecule travels down-
stream before being removed from water column; (2)
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uptake velocity (vy), the rate nitrate molecules move
vertically through the water column toward the
benthos; and (3) areal uptake (U), mass of N removed
per area per time, were calculated for each tracer
injection experiment (Stream Solute Workshop 1990;
Hall et al. 2009). To calculate these NO3~ uptake
metrics, the first order nitrate uptake rate constant, k,
for each tracer injection was calculated from the slope
of the line relating the log of the tracer flux and the
distance between sampling stations (Stream Solute
Workshop 1990; Hall et al. 2009). The '’N-NO5 ™~ flux
at each station was calculated as the product of the
average 5N mole fraction, NO3~ concentration, and
discharge for the plateau samples minus the back-
ground samples. Discharge was calculated at each
station using one of the conservative tracers (bromide
or thodamine) and NO;~ uptake length Sy (m) was
calculated as the inverse of k (Stream Solute Work-

shop 1990; Hall et al. 2009). Nitrate uptake velocity, v,

(mm h™"), which accounts for the effect of discharge
and stream depth, was calculated as vy = Q/(Sw x w),
where w is stream wetted width; NO; ™ uptake velocity
is considered a measure of biological demand for
nitrate relative to its concentration (Stream Solute
Workshop 1990; Hall et al. 2009). Areal NO5; ™ uptake
U, ug N m~2 s7!) was calculated as >’N-NO;~ flux/
(Sw x w) (Stream Solute Workshop 1990; Hall et al.
2009).

We calculated a minimum detection limit (MDL)
for k for two of the buried stream tracer injections
(DR1 summer and fall) where the decline in N-N 05
flux across the reach was below our detection limit.
The MDL NO;~ uptake value was calculated by
sequentially reducing the measured 'N-NO;~ flux
values at the bottom station by 0.1 % until the "*N-
NO;™ flux at station 2 was lower than that of station 1.
This value for the slope, k, was used for calculating the
NO; ™ uptake metrics as described above. MDL values
for these 2 buried stream sites were considered
conservative estimates because the true NO; ™~ uptake
rate could not be higher than the MDL value,
otherwise we would have detected a measureable
decrease in '"’N-NO;~ flux across the reach. These
MDL estimates therefore overestimate the NO;™—
uptake rate in these buried reaches and underestimate
the degree to which stream burial reduces NO3z™
uptake. Additionally, the NO3 ™ uptake results for one
buried stream tracer injection (DRS winter) had to be
discarded due to improper mixing of 'N-NO;~

injectate solution at station 1. Therefore 11 paired
comparisons of NO3; ™~ uptake metrics and 23 total data
points were used for analyses involving the NO;z™
uptake metrics.

Whole stream metabolism and PAR measurements

Whole stream metabolism, a measure of gross primary
production (GPP) and ER within each stream reach,
was estimated using a ~36 h record of DO and
temperature during the date of the tracer injection. The
rates of GPP and ER were determined by the change in
the upstream and downstream diurnal DO concentra-
tion using the two-station approach, with a DO sonde
at the top and bottom of each open and buried reach
(Marzolf et al. 1994; with modifications as suggested
by Young and Huryn 1998). We directly measured the
gas exchange rate using SFg¢ tracer releases, with 5
replicate gas samples taken at the top and bottom of
the study reaches (Marzolf et al. 1994; Mulholland
et al. 2001, 2005). Due to a DO sonde malfunction for
DRS buried in the fall and errors in the measured gas-
exchange rate for DRS buried, in winter and spring, the
GPP and ER estimates from these three sampling
periods were not included in analyses.

We also measured photosynthetically active radi-
ation (PAR, pmol m~? day ') using a light sensor
logging system (Odyssey, New Zealand). Light meters
were deployed in the center of the buried and open
reaches for the duration of each experiment. Due to
instrument malfunctions, no PAR data was collected
during the fall, for DR1 during the summer, or for DR1
and DR2 during the winter.

Transient storage measurements

Transient storage was estimated for each stream reach
using rhodamine dye. TS is a measure of the amount of
time stream water is temporarily stored in components
of the stream that can increase residence time (e.g.
pools, backwaters, sediments, hyporheic zone)
(D’Angelo et al. 1993; Bukaveckas 2007). Greater
TS promotes nutrient removal through greater contact
time of nutrients with benthos and greater time for
biogeochemical processing (Mulholland et al. 1997,
Bukaveckas 2007).

During the 15 N-NOj;™ tracer injection, a solution of
rhodamine was dripped into the stream at
20 mL min~" to achieve a target stream concentration
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of 20 pug L™" rhodamine. The rhodamine concentra-
tion in the stream was monitored and recorded at the
bottom of the reach using a data sonde equipped with a
fluorescence meter (YSI, Yellow Spring, OH, USA).
The rising limb of the rhodamine plateau curve was
used to calculate TS metrics using OTIS-P, a modified
version of the USGS One-Dimensional Transport with
Inflow and Storage (OTIS) model (Runkel 1998). The
two TS metrics used in this study were Fauy (the
proportion of median travel time due to TS, reported as
a percentage) and As/A (the proportion of total cross
sectional stream area (A) that is TS (As), reported as a
percentage).

Hydrologic measurements

Stream velocity was calculated by dividing the length
of the reach by the time-to-maximum-slope estimated
from the rising limb of the rhodamine plateau curve at
the bottom of the reach. Stream width was estimated
from averaging 30 evenly spaced measurements of the
wetted width taken longitudinally along the stream
reach. Effective stream depth was calculated by
dividing discharge by stream velocity and stream
width. Specific discharge (Q/w) was calculated by
dividing the average reach discharge by the average
stream reach width. In addition, discharge was mea-
sured continuously at four USGS gauging stations: at
DR1 (USGS Gage 01589317), DR2 (USGS Gage
01589316), DR5 (USGS Gage 01589312), and near
the mouth of the entire Dead Run watershed (USGS
Gage 01589330).

Stream chemistry and annual load estimates

Water samples were collected prior to each experi-
ment and analyzed for total Kjeldahl nitrogen (TKN),
nitrate + nitrite (NO3~ 4+ NO,7), bromide (Br™),
total phosphorus (TP), orthophosphate (o-P), total
organic carbon (TOC), dissolved organic carbon
(DOC), and carbon quality characterization via fluo-
rescence spectroscopy (described further below).
Samples that required filtration were filtered in the
field by passing stream water through a 47 mm filter
housing containing a 0.45 pum mixed cellulose ester
membrane filter. Water samples were collected during
each "N tracer experiment and bi-weekly for a year at
all sites, spanning the dates of the injection experi-
ments to monitor temporal patterns in ambient nutrient

@ Springer

and carbon concentrations. All stream chemistry and
SF¢ samples were shipped to the US EPA, National
Risk Management Research Lab in Ada, OK, USA for
analysis following standard methods. TKN, NH,™,
NO;™ 4+ NO,™, 0-P and Br~ were measured using
Lachat flow injection analyses (Lachat Instruments,
Loveland, CO USA). Total organic nitrogen (TON)
was calculated as TKN of unfiltered water minus
ammonium. Dissolved organic nitrogen (DON) was
calculated as TKN of filtered water minus ammonium
(with TKN being the sum of organic nitrogen plus
ammonia/ammonium). Total nitrogen (TN) was cal-
culated as TKN plus NO3~ + NO, ™. TOC and DOC
were analyzed using a total organic C analyzer with
high-temperature Pt-catalyzed combustion and NDIR
detection (Shimadzu TOC-VCPH, Columbia, MD,
USA). Samples for carbon quality analysis were
analyzed on a Fluoromax-4 spectrofluorometer (Jo-
bin—-Yvon Horiba) at the University of Maryland
Biogeochemistry Lab. The bi-weekly concentration
data, mean daily discharge, and the USGS program
LOADEST (Runkel et al. 2004) was used to calculate
the annual loads of nitrogen and carbon from the Dead
Run watershed and the DR1, DR2, and DRS5
subwatersheds.

DOC quality characterization

Sources and lability of dissolved organic matter (DOM)
were characterized using fluorescence excitation emis-
sion matrices (EEMs) (Coble et al. 1990; Coble 1996;
Cory et al. 2010), which can be used to produce indices
for distinguishing humic-like, fulvic-like, and protein-
like DOM. Water samples were analyzed on a spectro-
fluorometer with an excitation range of 240450 nm at
a 10 nm increment, and an emission range of
290-600 nm with a 2 nm increment. Fluorescence
EEMs were instrument corrected, blank subtracted, and
normalized by the water Raman signal following Cory
et al. (2010), however the standard inner-filter correc-
tions were not done on samples because no absorbance
measurements were attained.

We analyzed fluorescence EEMs for the following
indices: the fluorescence index, FI (McKnight et al.
2001), the humification index, HIX (Zsolnay et al.
1999; Huguet et al. 2009), the biological freshness
index, BIX (Huguet et al. 2009), and the protein to
humic fluorescence intensities ratio (Coble 1996;
Stolpe et al. 2010). The FI, which is the ratio of the
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fluorescence intensity at 450 nm/400 nm when exci-
tation is 370, was used to distinguish aquatic and
microbial DOM sources. FI values are ~ 1.9 for
microbial derived fulvic acids and ~ 1.4 for terres-
trial derived fulvic acids sources (McKnight et al.
2001; Cory et al. 2010). BIX was estimated as the ratio
of fluorescence intensity at emission wavelength
380 nm/430 nm for excitation wavelength 310 nm
(Huguet et al. 2009). BIX values of < 0.7, 0.8 — 1.0,
or > 1.0 are associated with terrestrial sourced DOM,
algal sourced DOM, or aquatic bacterial sources,
respectively (Huguet et al. 2009). HIX was used to
distinguish the humic or autochthonous nature of the
organic matter in the sample (Zsolnay et al. 1999; Ohno
2002). HIX is the ratio of the integrated fluorescence
intensity within the emission range of 300-345 nm
divided by the integrated fluorescence intensity within
the emission range 435-480 nm, at excitation 254 nm.
Higher HIX values suggest DOM of strong humic
character and terrestrial origin, while lower values
indicate weaker humic character and higher autochtho-
nous sourced DOM. Fluorescence EEM peak intensities
at specific excitation and emission wavelengths were
also used to determine the relative contribution of
protein (at excitation 275 nm and emission 340 nm)
and humic (at excitation 350 nm and emission 480 nm)
DOM (Coble 1996; Stolpe et al. 2010) and then used to
calculate the protein to humic (P/H) organic matter ratio
in each sample.

Statistical analyses

The software R was used for all statistical analyses (R
Development Core Team 2011). We used paired ¢ tests
to test for differences in NO5; ™~ uptake rates (Sw, v, and
U), metabolism metrics (GPP and ER), and explana-
tory variables (hydrology, stream chemistry, TS,
temperature, carbon quality, and stream chemistry
variables) between paired open and buried reaches.
The paired ¢ tests controlled for differences between
stream sites and for seasonal variability that would
otherwise obscure the effect of burial. Paired ¢ tests in
this study were based on the calculated difference
between each paired open and buried reach; as a result,
the paired ¢ tests detected significant differences
between open and buried reaches even when the
overall mean values, plus or minus the standard errors
overlapped (due to site and seasonal variability).
Similarly, we calculated the magnitude of the effect of

stream burial on NO3;™ uptake, metabolism and other
metrics by finding the paired ratio of the buried reach
value to open reach at each site and then averaging the
ratios for all sites. We used stepwise multiple linear
regression to test for significant relationships between
NO;~ uptake or metabolism with their potential
explanatory variables. First, we used Pearson’s corre-
lation analysis to check for collinearity among
explanatory variables; when two or more variables
showed a correlation coefficient above 0.5, we
removed all but one of these variables from the model
(Booth et al. 1994). We included interactions between
reach (e.g. buried or open) and explanatory variables
in the initial model to test whether the effect of an
explanatory variable on uptake or metabolism differed
between the open versus buried reaches. All non-
significant interactions were removed from the model
first, followed by all non-significant main effects until
only significant interactions or main-effects remained
in the linear model. To meet the assumption of normal
distribution and homogeneous model residuals, we log
transformed all dependent variables [NO3;™~ uptake
length, uptake velocity, areal NO;~ uptake, gross
primary productivity, and ecosystem respiration and
checked the normality of the residuals for each model
using the Shapiro—Wilk test (Royston 1982) and the
normal Q—Q plot. Once the best model was selected,
we calculated the coefficient of partial determination
(partial R*) for each predictor variable left in the
model, by partitioning the sums of squares, to estimate
the contribution of each predictor variable to the total
variance explained by the model. We also tested for
the effect of season or stream on NO;  uptake and
metabolism using a 2-way analysis of variance
(ANOVA).

Results

Effects of stream burial on hydrology
and temperature

Discharge did not differ between open and buried
stream reaches (p = 0.24). Similarly, the change in
discharge from the top to the bottom of each exper-
imental reach (as measured by a change in conserva-
tive tracer concentration) did not differ between open
and buried stream reaches (p = 0.9), indicating that
on average there was similar groundwater-surface
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Table 1 Average hydrologic parameter value (mean £ SE) for the open and buried stream reaches of the three Dead Run tributaries

(DR1, DR2, and DRS)

Stream Reach Discharge Stream velocity Stream depth Stream width Reach length Travel time
@Ls™h (m min™") (cm) (m) (m) (min)

DR1 Open 59+12 1.5+02 12 +£ 0.6 1.90 £ 0.04 78 £ 3 595 £7
Buried 8.1+ 1.6 47 £ 1.6 27+04 3.66 &+ 0.00 74 £0.2 303 £ 0.8

DR2 Open 14+£04 1.2 £0.1 48 £04 1.39 £ 0.19 61 £7 45 £ 8
Buried 1.2 +£02 35£05 2.6 +03 0.79 £+ 0.07 109 £ 1.2 40 £ 4

DRS Open 72+25 19+ 04 10 £ 0.2 1.77 £ 0.16 117 £ 40 46 £ 9
Buried 85=+3.0 6.5+ 0.1 33+05 2.03 £ 0.06 106 £ 0.2 17 £1°

Each value is a mean of the four seasons (N = 4, one measurement per season)

? Water travel time at DR5 buried was less than the minimum of 30 min preferred for NO;~ uptake and metabolism estimates

OOpen
81| mBuried

1

Summer Fall Winter Spring

Stream Velocity (m mint)
IS

Fig. 2 Average seasonal stream velocity for the open and
buried reaches (N = 3, for the 3 stream sites). Error bars are
standard errors of the mean

water exchange in both buried and open reaches. For
the 3 stream sites, discharge was the lowest during the
summer (mean = 2.2 & 1.4 L s~ "), ranging from 0.5
to 3.6Ls”", and highest in the winter (mean
73 +£3.1 L s') ranging from 1.4 to 13.9 L s~ '
(Table 1). Stream water velocity (mean 1.5 + 0.5 m
min~" for open and 4.9 & 0.6 m min~" for buried)
was a factor of 3.4 + 0.5 higher in all 3 buried reaches
than open reaches, during all 4 seasons (Fig. 2;
Table 1, p < 0.001). Stream depth was greater
(p < 0.001) for the open reaches than buried (mean
9 £ 1 cm for open reaches and 3 + 0.2 cm for buried
reaches) (Table 1). Stream width for buried and open
reaches did not differ (1.7 &= 0.1 m for open reaches
and 2.2+ 04 m for buried reaches, p = 0.14)
(Table 1). Reach lengths for the buried sites varied
only by a meter or less each season, but the open reach
lengths were sometimes more variable, depending on
the discharge, due to the requirement of having reach
travel time be between 30 and 60 min in order to
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detect NO;3 ™ decline (see Table 1). Water temperature
in buried streams was lower than in open reaches by an
average of 1.9 + 0.72 °C (p < 0.05) (Table 2).

Effect of stream burial on water chemistry

Stream water nutrient concentrations did not differ
between paired open and buried reaches during the
nutrient injection experiments, with the exception of
DOC, which were higher in the buried reaches
(p < 0.05), with a mean of 2.5 + 0.3 mg L™ for the
open reaches and 3.6 + 0.5 mg L™ for buried reaches
(Table 2). The overall mean NO3;™ -N concentrations
were 1.6 & 0.2 and 1.4 + 0.2 mg L™" for the open
and buried reaches, respectively (Table 2).
Bi-weekly concentrations for nitrate varied
throughout the year at all three sites, ranging from
about 0.5 t0 2.3 mg NO; -NL ™!, with DR2 having the
lowest concentrations and both DR1 and DRS5 showing
similar concentrations (Fig. 3a). DOC concentrations
were less variable, though elevated concentrations
were observed following storms (Fig. 3b). DR2 gen-
erally had the highest biweekly DOC concentration
and DRS generally had the lowest concentration
(Fig. 3b). Discharge was similar at all three sites, with
DR2 generally having the lowest discharge (Fig. 3c).
Annual export of total nitrogen was greatest at DR1 and
lowest at DR2 (Table 3). DR1 showed the greatest
DOC export, while DR2 showed the lowest (Table 3).

Effects of stream burial on DOC quality

Results from the fluorescence EEMs analysis and
paired ¢ tests also indicated that the buried and open
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Table 2 Nutrient concentrations (mean + SE) and water temperature for each stream reach during the NO5™ injection experiments

Stream Reach NO5-N NH,-N TN (ug L7 PO, TP DOC Temp.
(ngL7H (gL (mgL™H  (gL™H  @mgLhH (O
DRI Open 2,231 + 108 31+ 18 2,603 + 129 27+ 6 68 +9 22402 15+ 4
Buried 2,295 + 90 33+ 18 2,619 + 116 2445 48 +5 34408 14+ 4
DR2 Open 831 + 134 18+7 1,180 + 101 2143 64 + 15 27404 18+6
Buried 639 + 97 1541 1,010 £ 90 23 + 4 63 +7 33406 14+ 4
DR5 Open 1,635 + 423 1243 1,869 + 391 23 + 4 65 + 21 2.6+ 0.9 16 + 4
Buried 1,346 + 284 12+2 1,650 + 207 2043 63 + 11 42 +13 15+ 4

NO;-N nitrate-N, NH,"-N ammonium-N, TN total nitrogen, PO, > ortho-phosphate, TP total phosphorus, DOC dissolved organic

carbon, Temp. temperature (N = 4, one measurement per season)

sites have statistically different carbon quality types.
The BIX was greater (p < 0.05) in the open reaches
(0.65 £ 0.09) than the buried reaches (0.63 £ 0.09),
with a mean paired difference between open and buried
sites of 0.017 + 0.007 (Fig. 4). The FI was also higher
in the open reaches than buried reaches (1.08 %+ 0.12,
1.04 + 0.12, respectively, p < 0.05), with a mean
paired difference between open and buried sites of
0.035 + 0.01 (Fig. 4). The HIX was marginally ele-
vated in the buried reaches compared to open reaches
(p = 0.06, mean paired difference 0.014 &= 0.007). The
protein to humic-like organic matter (P/H) ratio showed
the largest differences observed between open and
buried reaches, but paired differences were not signif-
icant, in part due to an outlier value (p = 0.19, mean
paired difference 0.057 £ 0.04) (Fig. 4). The effect of
season on differences in all carbon quality indices was
significant (p < 0.05), with greater humic-like and
terrestrial sourced DOM found in both open and buried
streams during the fall.

Stream burial effects on TS

On average, stream burial decreased TS (as measured by
Frneas™) by a factor of 3.3 (p < 0.01) (Fig. 5a). Mean
F2, was 20 & 2 % for open stream reaches and 7.8 +
1.3 % for buried stream reaches. TS size (measured as
As/A) was reduced by stream burial by a factor of 2.5
(p < 0.05), with a mean of 28 + 3 % for open reaches
and 15 £ 2 % for buried stream reaches (Fig. 5b).

Stream burial effects on nitrate uptake rates
Across all sites and seasons, stream burial consistently

increased NO;~ uptake length and decreased NO3;™
uptake velocity, and areal NO3 ™ uptake rate (Figs. 6, 7;

Table 4). On average, stream burial increased NO3™
uptake length (Sw), by a factor of 7.5 (p < 0.01)
(Figs. 6a, 7a; Table 4), with a mean NO;~ uptake
length for all open reach sites of 1,104 & 298 m (range:
83 m to 2.9 km) and mean buried reach sites of
3,975 £ 853 m (range: 421 m—8.7 km). Stream burial
decreased uptake velocity (v¢) by a factor of 8.2
(p < 0.01) (Figs. 6b, 7b; Table 4), with mean NO;~
uptake velocity of 152+ 29 mm h™' (range:
497-372mm h™') for open reaches and
36+ 1.4 mm h™' (range: 0.44-16.8 mm h™) for
buried reaches. On average, stream burial decreased
areal NO;~ uptake rate (U) by a factor of 9.6
(p < 0.001) (Figs. 6c, 7c; Table 4). Mean areal NO; ™~
uptake rate was 5.0+ 0.7 pg Nm?s ' (range:
2697pug N m?> s7') for open reaches and
11+04pg Nm?*s™'  (range:  0.154.1 pg
N m? s~ for buried reaches. There were no significant
seasonal trends in NO3 ™ uptake length, uptake velocity,
or areal uptake (p = 0.73, 0.90, and 0.44, respectively).
Nitrate uptake length, however, varied among the three
stream sites (p < 0.01), but there was no significant
effect of stream sites on uptake velocity or areal NO3 ™
uptake (p = 0.06, 0.47, respectively).

Stream burial effects on stream metabolism

Both GPP and ER were reduced within buried stream
reaches compared to the open reaches, and there was
consistently no measureable PAR in the middle of the
buried reaches. On average, burial reduced GPP by a
factor of 11.0 (p < 0.01) (Fig. 8a, c; Table 4). Mean
GPP was 35+086g O, m *day ' (range:
0.57-99 g O, m *day ") and 0.36 + 0.08 g O,
m 2 day ' (range: 0.07-0.92 g O, m > day ") in the
open and buried stream reaches, respectively (Fig. 8a,

@ Springer



256

Biogeochemistry (2014) 121:247-269

(@) 37
2.5+

2.0

151

1.0

NO; (mg N L?)

0.5

0.0
\,,\'\,'\,'y'\,\,

& S
@@\°°0"e°@$»*?

g
%2 ]

(b)12 =sor1
B} DR2 g
10 Y -a-prs| it

DOC (mg L?)

Discharge (L s?)

Fig. 3 Biweekly concentrations for nitrate (NO; ™ -N) (a), DOC
(b), and mean daily discharge (c), for the three Dead Run watershed
tributaries (DR1, DR2, and DRS). Arrows indicate approximate
dates when the four seasonal injection experiments took place

c; Table 4). On average, stream burial reduced ER by a
factor of 5.0 (p < 0.05) (Fig. 8b, d). Mean ER was
424071 g 0, m2day”' (range: 0.93-98 g O,
m 2 day") and 1.8 £ 044 g O, m > day ' (range:
0.14-5.2 g0, m 2 day ") in the open and buried stream
reaches, respectively (Fig. 8b, d; Table 4). There was no
effect of season on differences in gross primary produc-
tion and ecosystem respiration (p > 0.1) (Fig. 8a, b).
However, there was an effect of stream site on
differences in GPP (p < 0.01), but not on ER (p > 0.1).
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Effects of stream burial on N uptake: potential
mechanisms

Based on stepwise multi-linear regression (MLR)
analysis, log transformed NO;~ uptake length (Syw)
was positively related to NO;~ concentration
(R* = 0.46, p < 0.001) and TS (As/A) (R* = 0.23,
p < 0.01), with the overall model explaining 69 % of
variation in log Sw (p < 0.001). Neither stream
velocity nor specific discharge (Q/w) were retained in
the MLR model; however Sy, was positively related to
stream velocity when using single linear regression
(R? = 0.22p < 0.05), while specific discharge was not
(»p = 0.08). Log transformed NO;~ uptake velocity
(vp) was positively related to TS (As/A) (R* = 0.22,
p <0.01), GPP (R* =0.16, p <0.05), and DOC
(R* = 0.13, p = 0.052), with the overall model
explaining 51 % of variation in log vy (p < 0.01).
Log transformed areal NO3 ™ uptake rate (U) was also
positively related to TS (As/A) (R* = 0.38,
p < 0.001).

Effects of stream burial on ecosystem metabolism:
potential mechanisms

Log transformed GPP was positively related to PAR
(R* = 0.61 p < 0.001). Log transformed ER was
negatively related to HIX (R* = 0.30 p = 0.03),
positively related to TS, As/A (R*=0.13,
p = 0.053), and negatively related to NO3;~ concen-
tration (R2 = 0.12,p = 0.051), with the overall model
explaining 55 % of variation in ER (p < 0.01).

Discussion

We found that stream burial significantly reduces both
NO;™ uptake and whole stream metabolism, while
increasing carbon concentrations and decreasing car-
bon quality/lability. The dominant control on N uptake
metrics was TS, with GPP and specific discharge also
affecting N uptake. The dominant control on stream
GPP was light availability, while stream ER was
primarily controlled by TS and carbon quality. This
study in the Chesapeake Bay watershed, along with a
paired study in Cincinnati, OH, USA demonstrate that
stream burial significantly alters stream ecosystem
function relevant to N and C cycling (Beaulieu et al.
in review). Additionally, although our measurements
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Table 3 Nitrogen and carbon annual export estimates from the USGS program LOADEST using biweekly chemistry measurements

and mean daily stream discharge

Nitrogen export (N kg ha~' year™')

Carbon export

(kg ha™' year b}

NO; -N TDN TN TON DON PON DOC
Dead Run 4.7 52 7.8 3.0 1.0 2.1 50.5
DR1 6.5 8.6 8.7 3.8 2.8 1.0 34.4
DR2 1.6 2.8 3.1 2.7 1.2 1.5 24.7
DRS5 3.8 4.9 4.9 1.6 1.3 0.3 30.6

DRI, DR2, and DRS5 are the tributaries where the injection experiments took place and Dead Run is the downstream gauge for the

whole watershed

Annual exports are estimated for the year spanning the injection experiments: July 2011-June 2012

NO;™ nitrate, TDN total dissolved nitrogen, TN total nitrogen, TON total organic nitrogen, DON dissolved organic nitrogen, DOC

dissolved organic carbon
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Carbon Quality Indices

Fig. 4 Strip plot comparison of the difference between each
paired open and buried reach carbon quality index (N = 12). HIX
humification index, BIX biological freshness index, FI fluores-
cence index, and P/H the protein/humic fluorescence intensity
ratio. Points above the line (positive values) indicate open > bur-
ied, while points below the line (negative values) indicate
open < buried. Note one negative outlying point in P/H ratio

were made at the scale of stream reaches
(i.e. ~ 100 m), the cumulative impact of extensive
burial in the headwaters of a stream network may
contribute to increased watershed scale NO5; ™ fluxes to
downstream ecosystems (discussed further below).
Given that urbanization is increasing globally (Grimm
et al. 2008), and that stream burial and channelization
are extensive in urbanizing landscapes (Leopold 1968;
Elmore and Kaushal 2008), buried streams should be
explicitly considered as part of the stream network and

their potential impacts on watershed scale biogeo-
chemical processes should be further examined (Kau-
shal and Belt 2012).

Nitrate uptake: water velocity and NO3~
concentration are poor predictors

While burial did not affect nitrate concentrations,
some of the variation in NO3~ uptake was explained
by nitrate concentration, as found in previous studies.
For example, nitrate concentration was positively
related to uptake length, similar to Hall et al. (2009)
and negatively related to uptake velocity (Fig. 9),
consistent with the LINX II study (Mulholland et al.
2008) and others which reported reduced N uptake
efficiency at higher concentrations in urban streams
(e.g. Dodds et al. 2002; Earl et al. 2006; O’Brien et al.
2007), though the buried reaches show some of the
lowest vy values reported (Fig. 9). Despite these
relationships, because our experiment was designed
to minimize differences in nitrate concentrations
among reaches, nitrate concentration was a poor
predictor for differences in NOj3;~ uptake between
buried and open reach sites.

Unlike studies which encompass a broad range of
hydrologic conditions (Peterson et al. 2001; Hall et al.
2002; Grimm et al. 2005; Alexander et al. 2007; Hall
et al. 2009), we did not find a relationship between
NO; ™~ uptake length and stream velocity or specific
discharge in a multivariate analysis, though uptake
length (Sw) was weakly related to stream velocity in a
univariate analysis. Consequently, the poor relation-
ship between hydrological variables and NO3; ™ uptake
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Fig. 5 Transient storage comparison between open and buried
reaches for all sites and all seasons: the proportion of median
travel time due to TS, Fﬁ?e% (a), and the proportion of stream size
as TS zone, As/A (b). N = 12 for open and 10 for buried. Error
bars are standard errors of the mean

metrics in this study suggests that uptake dynamics
were under biological, rather than hydrologic control.

Nitrate uptake: GPP and TS are strong predictors

Nitrate uptake velocity, considered an index for the
biological demand of nitrate (Hall et al. 2009), was
positively related to gross primary production (GPP),
similar to other studies that found ecosystem metab-
olism to be a strong predictor of NO3™ uptake rates
(e.g. Hall and Tank 2003; Fellows et al. 2006;
Mulholland et al. 2006, 2008; Sobota et al. 2012).
This relationship indicates that the lower NO; ™~ uptake
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Fig. 6 Comparison of mean seasonal NO; ™ uptake length (a),
NO; ™ uptake velocity (b), and areal NO; ™~ uptake rate (c) for the
buried and open reaches. N = 3 for each bar (representing the
three stream sites), except for winter-buried, where N = 2.
Error bars are standard errors of the mean

rates in buried reaches were partially due to reduced
autotrophic nutrient assimilation, which is corrobo-
rated by the significantly lower GPP measured in the
buried reaches. Also, because uptake velocity mea-
sures the rate of vertical movement of NO3;~ mole-
cules from the water column to benthos, geomorphic
factors in the stream that increase residence time and
promote a stable environment for autotrophic growth
may contribute to greater assimilation and removal of
NO;™~ from the water column (e.g. Biggs et al. 1999;
Uehlinger 2000). ER, an index for heterotrophic
assimilation, was not significantly related to NO;~
uptake, which may indicate that heterotrophic NOz™
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Fig. 7 Comparison of
overall mean NO; ™ uptake
length (a), overall mean
NO; ™ uptake velocity (b),
and overall mean areal
NO; ™ uptake rate (c) for all
open and buried reaches

(N = 11). Error bars are
standard errors of the mean

Table 4 Values for all
NO;™ uptake metrics and
metabolism metrics for each
stream, season, and reach

Sw NO;™ uptake length, v,
NO;™ uptake velocity,

U areal NO;3™ uptake rate,
GPP gross primary
productivity, ER ecosystem
respiration, NA data not
available

%1 (a) —~ ) —~ 7709
50004 p<o0.01 = p<0.01 o p<0.001
E E . Tl L
£ 4000 £ 12 | z 5]
dc) 3000 A g 10 A g 41
2 % 8 1 < 54
T 20001 > 6 g
<3 g S 2
= 1000 £ 4 T 4
S 27 &
0 0 T 0 T

Open  Buried Open Buried Open Buried

Stream  Season Reach Sw (m) vy U (ug N GPP (g O ER (g O,
(mm h_l) m? s_l) m~2 day_l) m~2 day_l)

DR1 Summer  Open 758 74 4.6 0.57 2.5
DRI1 Summer  Buried 8,051 0.4 0.3 0.07 52
DR2 Summer  Open 83 37.2 5.6 3.14 5.0
DR2 Summer Buried 820 1.8 0.3 0.33 1.5
DRS5 Summer  Open 199 24.4 2.7 3.72 2.6
DR5 Summer Buried 421 16.8 3.0 0.33 24
DR1 Fall Open 2,107 5.1 3.0 1.52 0.9
DR1 Fall Buried 8,747 1.0 0.6 0.26 0.1
DR2 Fall Open 108 29.7 8.7 1.79 5.7
DR2 Fall Buried 2,219 2.7 0.5 0.45 1.3
DRS Fall Open 2,234 11.1 6.8 1.87 1.6
DRS Fall Buried 2,543 7.3 4.1 NA NA
DRI1 Winter Open 2,921 5.0 2.8 3.39 5.0
DR1 Winter Buried 7,211 14 0.8 0.10 1.0
DR2 Winter Open 372 11.3 35 5.65 4.8
DR2 Winter Buried 2,659 2.5 0.6 0.57 1.4
DR5 Winter Open 2,422 8.6 3.1 8.34 4.3
DRS Winter Buried NA NA NA NA NA
DR1 Spring Open 943 15.3 9.7 1.02 6.3
DR1 Spring Buried 5,702 1.7 1.3 0.19 0.4
DR2 Spring Open 223 13.2 2.6 9.86 9.8
DR2 Spring Buried 3,579 1.2 0.2 0.92 2.5
DRS5 Spring Open 874 144 7.5 1.20 24
DRS5 Spring Buried 1,769 2.8 1.0 NA NA

assimilation was not as important as autotrophic
assimilation. While primary productivity was impor-
tant in controlling NO3™ uptake, TS and interactions
with the hyporheic zone of the streambed, were found
to be even more important in explaining variation in
NO;™ uptake (discussed below).

We found a positive relationship between nitrate
uptake rates and TS at our sites, similar to previous
studies (Valett et al. 1996; Mulholland et al. 1997; Hall
et al. 2002; Gucker and Boechat 2004; Ensign and
Doyle 2005). Given that TS is influenced by stream
burial and channelization, this suggests that the
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Fig. 8 Mean seasonal GPP (a) and ER (b), for the buried and
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channelization of buried streams can reduce NO;~
uptake. One mechanism that may account for this
relationship is that greater rates of denitrification are
typically found in hyporheic sediments (e.g. Duff and
Triska 1990; Hill et al. 1998; Groffman et al. 2009;
Roley et al. 2012), which buried and channelized
streams lack. Another is that higher surface TS likely
increased NO3; ™~ uptake in open reaches by providing
longer residence times, associated with pools and
eddies, allowing for greater opportunities to remove
stream water NO3 ™~ via assimilatory and dissimilatory
uptake mechanisms (Valett et al. 1996; Hall et al.
2002; Bukaveckas 2007). The strong effect of TS on
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measured across the US. Results from the present study are
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NO;~ uptake rate may also be due to channelized
streams lacking in-stream structures to retain allo-
chthonous organic carbon that can promote “hot
spots” of denitrification and assimilatory uptake (e.g.
McClain et al. 2003; Groffman et al. 2004; Groffman
et al. 2009; Hines and Hershey 2011; Hoellein et al.
2012). Previous work in Baltimore LTER streams
(Kaushal et al. 2008b; Klocker et al. 2009) and the
study by Bukaveckas (2007) have shown that hydro-
logic residence time and hydrologic connectivity at the
riparian-stream interface is related to denitrification
and N uptake. Overall, our results, along with previous
studies, clearly demonstrate how channelized streams
that lack TS (i.e. hyporheic exchange or pools and
eddies) have lower nitrogen retention. This suggests
that N retention in buried streams could benefit from
the restoration or preservation of hyporheic flow paths
(Lawrence et al. 2013).

Stream burial impacts metabolism: effects of light,
carbon quality, and TS

Similar to previous research (e.g. Mulholland et al.
2001; Roberts et al. 2007), our study found that light
(PAR) was the main factor in controlling GPP. While
there should be no GPP measured in the absence of
light, low levels of GPP were measured in the buried
streams, likely due to both the propagation of
measurement error and because of some light pene-
tration into the ends of each culvert (the culverts were
relatively wide, usually >2.4 m in diameter, and
relatively short in length ~ 100 m). The effect of light
availability on GPP was also noticed in the open
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reaches, where the stream with the most shade (DR1)
consistently had lower GPP. This finding is similar to
other studies, where shading was found to have a
strong effect on GPP (e.g. Mulholland et al. 2001; Bott
et al. 2006; Roberts et al. 2007). Besides light
availability, no other variable significantly affected
GPP.

Ecosystem respiration rates were lower in the
buried reaches than in the open reaches, and this
may be partially attributable to differences in DOM
quality (i.e. the extent of organic matter biolability or
biodegradability). Supporting this, we found buried
streams to have a higher index for recalcitrant humic-
like organic matter (HIX), but lower indices for labile
organic matter (BIX and FI). Stream burial may have
affected DOM quality by suppressing autochthonous
C production (through reduced light availability) and
altering the input and retention of allochthonous C in
the channel. DOM derived from autochthonous pro-
duction tends to be of higher quality (more labile) than
that derived from the leaching of more recalcitrant
terrestrial organic matter that is exported to stream
ecosystems (McKnight et al. 2001; Huguet et al. 2009;
Petrone et al. 2011). Additionally, smaller, more labile
organic molecules are more readily used as an energy
source by aquatic organisms and may thus increase
respiration rates (Kalbitz et al. 2003; Marschner and
Kalbitz 2003; Fellman et al. 2008; Griffiths et al. 2009;
Leifeld et al. 2012). We specifically found that ER was
negatively related to the HIX, an index of terrestrial
derived DOM. This suggested that less labile organic
matter (as indicated by higher HIX and lower BIX) in
buried reaches may have contributed to reduced
respiration. We also speculate that the higher levels
of respiration in the open reaches may be attributed to
greater organic matter standing stocks, more hypor-
heic habitat for heterotrophic microbes, and signifi-
cantly higher temperatures, which would increase
biological activity compared to buried reaches. Over-
all, the relationship between stream burial, carbon
quality, and ER has important implications for man-
agement and deserves further study.

Reduced TS or lack of hyporheic exchange can also
negatively impact ER, and our results demonstrated a
positive relationship between TS zones (As/A) and
ER, similar to previous studies (Pusch 1996; Mulhol-
land et al. 1997; Fellows et al. 2001; Mulholland et al.
2001). This indicates that channelization of the
streambed may directly affect ER by reducing

hyporheic exchange, hydraulic residence time, and
biogeochemical activity. Hyporheic zones are widely
recognized as important sites for nutrient cycling and
denitrification (Duff and Triska 1990; Triska et al.
1993; Findlay 1995; Mayer et al. 2010) and terrestrial
aquatic interfaces, including hyporheic zones, are
known to be “hot spots” for biogeochemical activity
due to the convergence of chemically distinct flow-
paths (McClain et al. 2003). The hyporheic zone may
also be an important site for ER due to the potential
build up, processing, and production of organic matter
in the benthic/hyporheic zone (Schindler and Krab-
benhoft 1998; Mayer et al. 2010; Wong and Williams
2010) and other environmental conditions conducive
to heterotrophic processes (Stanford and Ward 1988;
Marmonier et al. 2012). Overall, our study indicates
that the elimination of hyporheic habitat in buried and
channelized reaches is a profound disturbance to the
ecosystem, resulting in reduced ER and nutrient
retention.

Differences in carbon quantity and quality in open
vs. buried streams

The differences in carbon quantity and quality
between open and buried reaches were likely driven
by differences in light, DOM sources (allochthonous
vs. autochthonous), and temperature between open and
buried reaches. The higher BIX and FI in open reaches
is likely due to the presence of light in the open
reaches, which promotes autotrophic growth and is
associated with more biologically labile DOM
(McKanight et al. 2001; Huguet et al. 2009; Petrone
et al. 2011). However, the elevated HIX in the buried
reaches may be due to the biota in buried reaches
preferentially consuming labile organic matter and
leaving the more recalcitrant terrestrial OM behind
(e.g. Kalbitz et al. 2003; Fellman et al. 2008; Griffiths
et al. 2009; Leifeld et al. 2012). Additionally, the
higher DOC concentrations and higher humic-like
organic matter in the buried stream reaches may be
accounted for by temperatures that were 2 degrees (on
average) lower in buried than open reaches. Lower
stream temperatures could result in lower respiration
and organic matter breakdown of dissolved and
particulate organic matter (Burton and Likens 1973;
Conant et al. 2008, 2011; Duan and Kaushal 2013).
However, because the temperature difference is rela-
tively small, these differences in DOC and carbon
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quality could also be attributed to differences in the
sediment that builds up in the buried reaches vs. open
reaches or the effects of light availability on greater
photodegradation of organic matter in open reaches
(e.g. Larson et al. 2007). More work is necessary to
elucidate the role of light, DOM sources, and temper-
ature in influencing the quantity and quality of organic
carbon in urban streams (Kaushal et al. in press;
Kaushal et al. in review).

Potential watershed-scale impacts

Given that cities can have over 70 % of their
headwater streams buried (Elmore and Kaushal
2008), we attempted to use the results of this study
to estimate the potential impact of stream burial on N
and C uptake and production, respectively, at the
larger watershed scale. Using stream and storm drain
length, average stream width, estimates for the amount
of stream burial, and the quantified effect of stream
burial on areal NO3™ uptake rate and metabolism, we
estimated the decrease in N uptake and C production
due to stream burial for each of our stream sites in the
Dead Run watershed, during each season. Addition-
ally, because of the need to manage and reduce
watershed N and C export, we also estimated the
potential effects of “daylighting” the buried streams
in the Dead Run watershed, where daylighting is the
process of uncovering a buried stream and converting
it to a more natural stream (Pinkham 2000; Buchholz
and Younos 2007; Trice 2013). These estimates were
calculated for each stream (DR1, DR2, and DRS5) on
each day we carried out injection experiments, and
then averaged for each season and for all four seasons
together (Tables 5, 6). For nitrogen, we calculated
areal NO; ™ uptake (ug N m > s~ ') in open and buried
reaches and then estimated the additional nitrate
(based on difference) that would be removed if the
buried streams were daylighted (Table 5). For carbon,
we estimated the net carbon produced through GPP or
consumed by ER (g C m~? day™ ") by daylighting
(Table 6). We calculated the buried stream lengths
and total stream lengths of the DR1, DR2, and DR5
tributaries (Tables 5, 6) using GIS analysis (Esri
2009).

We estimated that stream burial in the DR1, DR2,
and DRS5 watersheds, on average, reduces NOjz~
uptake by 39 £ 5 % during baseflow. Daylighting
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100 m of stream (approximately the size of our buried
stream reaches) could resultina 3.1 + 0.7 % increase
in NO3™ uptake, and daylighting 100 % of the buried
streams could increase NO;~ uptake 185 £ 38 %
during baseflow conditions (Table 5). We estimated
that stream daylighting would have the greatest effect
in spring and smallest in winter, while stream burial
has the smallest impact on nitrate uptake in the
summer (Table 5). This may be due to the higher rates
of autotrophy and heterotrophy during the summer
months, but lower biogeochemical rates and higher
discharges during the winter months. Because our
experiments were carried out during baseflow and
there is considerable variability in nitrate export and
retention with streamflow in urban watersheds (Kau-
shal et al. 2008a), it is unclear whether storm events
would reduce the effect of daylighting. Specifically,
because most of the total annual N flux occurs during
stormflow, not baseflow (e.g. Boynton et al. 2008;
Kaushal et al. 2008a; Shields et al. 2008), it is likely
that the increase in baseflow N retention due to
daylighting would have a small effect on total annual
retention, unless the restoration can also enhance
stormflow retention, such as through hydrologic
connection with the floodplain or use of riffle-pool
sequences, etc. (e.g. Palmer et al. 2005; Hammersmark
et al. 2008; Kaushal et al. 2008b). Additionally,
because our study did not distinguish between the
permanent removal of nitrate via denitrification or
temporary removal via assimilation to organic matter,
it may be difficult to accurately estimate the potential
change in NO;3~ export due to stream daylighting.
Also, the possibility that nitrogen is being remineral-
ized and nitrified in the stream at the same time as it is
being removed during each injection experiment,
suggests that our N uptake estimates are likely
maximum uptake estimates, which may mean we are
over estimating N uptake at our sites. However, the
relative difference between uptake in open and buried
channels might still be the same and thus the estimated
effect of burial on N uptake may also be the same
regardless of remineralization or nitrification. Never-
theless, our results indicate that stream burial has the
potential to considerably impair N retention at the
watershed scale, especially when natural flood atten-
uation is lost through urban stream burial and
channelization.

Unlike nitrogen, we estimated that carbon produc-
tion would likely increase if buried streams were
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Table 5 Estimates for the impact of stream burial and daylighting on NO5;™ uptake

Season  Total Buried Daily NO;~ % Additional N Additional N % Increase in NO3~ uptake
stream stream export decrease  removal from removal from from daylighting
length length (g day™h in N daylighting daylighting 100 % — .
(km) (km) uptake 100 m of buried stream Daylighting  Daylighting
due to (g NO;~ day™") (g NO;~ day™) 100 ms 100 %
burial
Summer 9.0£20 74+£16 722+303 31+£18 33+£18 1851 + 1075 31+19 178 + 107
Fall 90+£20 74+£16 723+£293 37+9 46 £+ 20 3097 £ 958 29+ 1.8 172 + 95
Winter 9.0+20 74+16 1137+98 40+5 25 +4 1458 + 199 27+1.0 156 + 52
Spring  9.0+20 74+16 376177 47+3 60 £ 18 4572 £+ 1651 34+ 14 223 £ 62
Mean 90+20 74+16 703+134 39%5 42+9 2861 + 639 31+0.7 185 + 38

Each season (N = 3, except for winter where N = 2) is the mean (&£ standard error) of the three stream sites: DR1, DR2, and DRS.
The mean vales in bold are of all three sites and all four seasons (N = 11)

Mean daily nitrate export was estimated from the USGS program LOADEST for the days the nutrient injection experiments were
carried out. Calculations used an average stream width of 1.2 m based on the average width of open and buried streams

daylighted, due to a net increase in primary produc-
tivity. While some of the sites and seasons supported
net carbon consumption, the majority of the sites had
net carbon production (Table 6, individual site data
not shown). We estimated that, on average, stream
burial decreases GPP by 45 £ 1 % and reduces ER by
27 £ 11 %, with an overall reduction in C production
by 194 £ 112 %. On average, daylighting 100 m of
buried stream could result in a modest 0.22 £+ 1.0 %
increase in C export, while daylighting 100 % of
buried stream could increase C production by
42 4+ 81 % (Table 6). The increased C production
from daylighting is likely the result of elevated light,
which results in greater GPP and more autochthonous
C production (e.g. Mulholland et al. 2001); daylight-
ing would also likely increase inputs from terrestrial C
sources. Daylighting appears to have the greatest
increase in C production in the summer, but decreases
C production in the fall and spring. In fact, due to the
variability observed in GPP and ER at each site, we
found that at certain stream sites (data not shown),
daylighting could decrease C production. Despite this
variability, it is apparent that stream daylighting could
have significant impacts on stream carbon loads.
Additionally, while daylighting will likely increase C
production, it will also likely increase C quality/lability
(via increased autochthonous production) due to more
light availability, and also increase terrestrial carbon
sources to the stream. The impact of burial on carbon
quality also likely influences important processes like
ER and biological oxygen demand. While our results

show stream burial affects carbon processing at the
watershed scale, more work is necessary to fully
examine the impacts of stream burial on the carbon
cycle of urban streams (Kaushal and Belt 2012).

A case for stream restoration involving daylighting
or creating bottomless culverts

The results of this study, and other similar research,
indicate the potential for both ecological and economic
benefits of stream daylighting, as well as the potential
benefits of creating “bottomless” culverts (defined
below) to increase hyporheic exchange, when full
stream daylighting is not feasible. Stream daylighting
involves converting an underground culvert to an open,
un-channelized natural stream (Pinkham 2000; Buch-
holz and Younos 2007), while bottomless culverts are
defined as a 3-sided culvert with a natural stream
bottom instead of a concrete or metal bottom (Resh
2005; Norman et al. 2009). Stream daylighting projects
have been increasing worldwide (Wild et al. 2011); yet,
while numerous studies have focused on the impacts of
stream daylighting on fish habitat (e.g. Pinkham 2000;
Jones 2001; Benjamin et al. 2003; Purcell 2004), or the
sociological, aesthetic, or economic reasons for day-
lighting (e.g. Pinkham 2000; Jones 2001; Shin and Lee
2006; Buchholz and Younos 2007; Kang and Cervero
2009; Sinclair 2012), no studies have measured the
effects of daylighting on stream biogeochemistry.
Similarly, studies show that bottomless culverts can
be more beneficial to certain fish and other aquatic biota
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% Increase in C production due

to stream daylighting

Additional C produced
due to daylighting
100 % of buried stream

(g C day™")

produced due to
daylighting 100 m
(g Cday™)

Additional C

due to stream

% decrease in
burial

in ER due to C production

% decrease

stream
burial

in GPP due
to stream

Daily TOC % decrease
burial

export
(g day™")

Buried
stream
length
(km)

Total
stream
length
(km)

Table 6 Estimates for the impact of stream burial and daylighting on carbon production or removal

Season
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Daylighting

Daylighting
100 m

100 %

163 + 227 %
—91 £ 104 %

13£27 %
—1.6+18 %

1309 + 867
—568 £ 648

15+ 10
—10 £ 11

71 £ 54 %
81 £2%

—-3+26%
42+ 0.5 %

39+0%

602 £313 47+19%
808 £ 182 41 +£0.5%

1128 £ 213 49+ 1.1%

74 £ 1.6
74 £ 1.6
74 £ 1.6
74 £ 1.6
74 £ 1.6

9+2
9+2
9+2

Summer
Fall

38 £ 50 %
—04+ 114 %

0.7+ 09 %
0.1 +£20%

022 1.0 %

209 =+ 455
—850 £ 1310

4
—14 £ 22

103 £ 31 %
582 + 405 %

Winter

4+ 2 %

1011 £ 378 45+ 44 %

887 + 141

+2
9+2

Spring

42 + 81 %

168 + 508

194 + 112 % 0.6 74

27+11 %

45+1 %

Mean

Each season (N = 2, except for summer where N = 3) is the mean (£ SE) of the three stream sites: DR1, DR2, and DR5

The mean vales in bold are of all three sites and all four seasons (N = 9). Daily TOC export was estimated from the USGS program LOADEST for the days the nutrient injection

experiments were carried out. Calculations used an average stream width of 1.2 m based on the average width of open and buried streams

than regular channelized culverts (e.g. Resh 2005;
Norman et al. 2009), but there are no known studies on
the impacts of bottomless culverts on nutrient
dynamics.

Evidence from our research, as well as a growing
body of studies on the biogeochemical implications of
restoring degraded urban streams also provides sup-
port for the benefits of future stream daylighting
projects or installation of bottomless culverts. For
example, de-channelizing and restoring streams has
been found to increase N retention (Bukaveckas 2007;
Klocker et al. 2009), increase denitrification (Kaushal
et al. 2008b; Harrison et al. 2011) and enhance carbon
processing (Lepori et al. 2005; Millington and Sear
2007; Sivirichi et al. 2011). However, despite evi-
dence for improved nutrient retention with stream
restoration, a number of studies point out that when
there is not an adequate use of ecological principles in
stream restoration, the efforts to restore streams do not
always improve ecological function (e.g. Palmer
2009; Doyle and Shields 2012). Nonetheless, day-
lighting a buried stream is such a radical transforma-
tion of stream ecosystems that there is likely to be
improved biogeochemical processing when buried
streams are open to light and de-channelized. More
specifically, daylighting streams and restoring chan-
nels to more natural conditions without concrete
bottoms, may increase the potential for N retention
and C processing in watersheds by increasing auto-
trophic related N uptake and processing (Mulholland
et al. 2001; Hall and Tank 2003; Fellows et al. 20006;
Mulholland et al. 2006; Sobota et al. 2012), and by
restoring hydrologic retention time and hyporheic
exchange (e.g. Bukaveckas 2007; Kaushal et al.
2008b; Klocker et al. 2009; Mayer et al. 2010;
Harrison et al. 2012; Mayer et al. 2013). Previous
studies also show that open stream channels with a
mature riparian zone and tree canopy is important for
shading and providing carbon for denitrification in
stream restoration strategies (e.g. Groffman et al.
2005; Mayer et al. 2007; Harms and Grimm 2012).
Additionally, daylighting to increase hydrologic con-
nectivity between streams and floodplains in chan-
nelized and buried urban streams may have some
potential to influence N uptake (e.g. Kaushal et al.
2008b).

Overall, while creating bottomless culverts will
likely improve N retention through increased TS,
stream restoration via daylighting is expected to
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provide the greatest biogeochemical benefits through
increased hyporheic exchange, as well as increased
GPP, ER, and organic matter inputs. The feasibility
and success of these restoration projects will likely
depend on the location (whether or not the culverts are
under roads or buildings), management objectives, and
funding (Pinkham 2000; Jencks and Leonardson 2004;
Hotchkiss and Frei 2007; Smith 2007). Further
research is necessary to test the ecological and
economic benefits of daylighting, de-channelization,
or installation of bottomless culverts in urban streams
and to determine the context and situations where de-
channelization and daylighting approaches are appro-
priate strategies for urban stream restoration.

Conclusion

Our results demonstrate that stream burial signifi-
cantly reduced NO5; ™~ uptake, stream metabolism, TS,
DOC quality, and increased stream velocity. Longer
NO; ™ uptake lengths, and lower NO3; ™ uptake rates in
buried streams were caused primarily by reduced TS
and GPP. The significant reduction in GPP associated
with stream burial was controlled by light, while ER
was primarily controlled by TS and carbon quality.
The results of this study indicate that restoration to
daylight streams or increase the TS/hyporheic
exchange of buried streams may be effective man-
agement approaches for reducing N transport in buried
and channelized streams. In particular, our study
demonstrated that increasing TS is critical for enhanc-
ing N retention in channelized streams. Scaling our
results to the watershed suggested that daylighting
buried streams may have the potential to significantly
reduce N loads, while the effect of stream burial on C
loads is more variable. Further research is necessary to
improve our understanding of ecosystem-scale
impacts of engineered headwaters and infrastructure
throughout stream networks (Kaushal and Belt 2012).
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