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Abstract. Urban streams are often severely impaired due to channelization, high loads of
nutrients and contaminants, and altered land cover in the watershed. Physical restoration of
stream channels is widely used to offset the effects of urbanization on streams, with the goal of
improving ecosystem structure and function. However, these efforts are rarely guided by strate-
gic analysis of the factors that mediate the responsiveness of stream ecosystems to restoration.
Given that ecological gradients from headwater streams to mainstem rivers are ubiquitous, we
posited that location within a river network could mediate the benefits of channel restoration.
We studied existing stream restorations in Milwaukee, Wisconsin, to determine (1) whether
restorations improve ecosystem function (e.g., nutrient uptake, whole-stream metabolism) and
(2) how ecosystem responses vary by position in the urban river network. We quantified a suite
of physicochemical and biological metrics in six pairs of contiguous restored and concrete
channel reaches, spanning gradients in baseflow discharge (19-196 L/s) and river network
position (i.e., headwater to mainstem). Hydrology differed dramatically between the restored
and concrete reaches; water velocity was reduced 2- to 13-fold while water residence time was
50-5,000% greater in adjacent restored reaches. Restored reaches had shorter nutrient uptake
lengths for ammonium, nitrate, and phosphate, as well as higher whole-stream metabolism.
Furthermore, the majority of reaches were autotrophic (i.e., gross primary produc-
tion > ecosystem respiration), which is not common in stream ecosystems. The difference in
ecosystem functioning between restored and unrestored reaches was generally largest in head-
waters and declined to equivalence in mainstem restorations. Our results suggest that headwa-
ter sites offer higher return on investment compared to larger downstream channels, where
ecosystem responsiveness is low. If this pattern proves to be general, the scaling of ecosystem
responses with river size could be integrated into planning guidelines for urban stream restora-

tions to enhance the societal and ecological benefits of these expensive interventions.
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INTRODUCTION

In urban areas, streams suffer severe ecological
impairment due to physical modification of the water-
shed, the riparian zone, and the stream channel itself.
The collective effects of urbanization on stream ecosys-
tems are consistent enough across biomes to be labeled
as the urban stream syndrome (Walsh et al. 2005a). For
example, urban streams are often funneled into linear
concrete channels or buried underground (Kaushal and
Belt 2012), greatly simplifying their physical structure
and exchange with surrounding ecosystems (Beaulieu

Manuscript received 31 December 2019; accepted 24 January
2020. Corresponding Editor: Julian D. Olden.

! Present address: Department of Environmental Science &
Sustainability Drake University Des Moines lowa50311USA

2 Present address: Department of Natural Resources Cornell
University Ithaca New York14853USA

3E-mail: peter.levi@drake.edu

nutrient spiraling; nutrient uptake; river network; stream restoration, transient storage; ur-

et al. 2014). Channelization of urban streams can be
reversed by engineering them back to a more sinuous
geomorphology, but the degree to which physical
restoration also returns hydrological and ecological pro-
cesses (i.e., ecosystem function) to natural ranges
remains uncertain. A key limitation is that, despite enor-
mous investments in stream restoration over the last few
decades, few projects are assessed or monitored after
their completion (Bernhardt et al. 2005).

Stream restorations generally focus on improving the
physical structure of stream channels, in hopes that sub-
sequent responses of chemical and biological processes
will yield improvements from both ecological and soci-
etal perspectives. The logic of this expected physical-
chemical-biological cascade of responses is that hydrol-
ogy is a key control on reaction rates, so increasing the
residence time of water in a stream reach by removing
pipes and concrete channels is requisite to improving
ecosystem function. The return of a more naturalistic
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flow regime would then spur shifts in a wide range of
stream processes, including nutrient retention and
whole-stream metabolism (Newcomer-Johnson et al.
2016). However, the evidence for ecological responses to
restorations in urban streams is inconsistent. For
instance, nutrient retention can be higher in a restored
vs. unrestored reach (Kaushal et al. 2008); yet restoring
natural channel geomorphology does not always change
transient storage (Becker et al. 2013). Regarding ecosys-
tem function, some studies document altered process
rates following channel restoration, such as for whole-
stream metabolism (Pennino et al. 2014), while others
find comparable rates between restored and unrestored
reaches (Sudduth et al. 2011). These contradictory pat-
terns, along with the general dearth of post-restoration
impact assessments, make it difficult to predict the eco-
logical benefits of expensive projects to restore stream
channels.

The location of a reach within a river network gives
rise to many predictable shifts in ecosystem processes
from headwater streams down to mainstem rivers (Van-
note et al. 1980, Hall et al. 2013). In urban landscapes,
predictable shifts in ecological processes may be appar-
ent as well, but dictated by the heterogeneous physical
alteration of streams throughout the river network. For
example, headwater streams are often disrupted by
pipes, leading to a disconnection between the landscape
and the stream, whereas mainstem rivers are often con-
strained and channelized (Kaushal and Belt 2012).
These gross physical modifications can strongly affect
stream ecosystem processes in urban watersheds, such as
stream corridors in Baltimore, Maryland, USA. There,
lack of riparian shading results in high rates of gross pri-
mary production (GPP) that increase with distance
downstream in the river network, leading in turn to
higher rates of nitrogen uptake (Kaushal et al. 2014).
Such longitudinal patterns in urban rivers suggest that
network position could influence the responsiveness of
stream ecosystems to restoration of the channel or sur-
rounding watershed.

Channel restoration cost and expected societal bene-
fits may also vary systematically based on location
within an urban river network. The small size of head-
water streams facilitates the logistics of restoring an
impaired channel, enhances biogeochemical reaction
rates (Peterson et al. 2001, Claessens et al. 2010),
enhances macroinvertebrate biodiversity (Swan and
Brown 2017), and could maximize the downstream
extent of water quality gains. In contrast, the restoration
of a low-gradient, mainstem channel may not have dra-
matic ecological benefits because water quality in larger
streams reflects the influence of the entire upstream river
network (Violin et al. 2011, Jarvie et al. 2018). In addi-
tion, the conditions in headwater streams, many of
which are impaired in urban settings, have a greater
impact on mainstem water quality than the riparian
habitat along the mainstem itself (Dodds and Oakes
2006). Merging longitudinal perspectives on both
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restoration cost and ecosystem responsiveness could fos-
ter cost-efficient restoration planning, potentially favor-
ing headwater stream sites. However, mainstem
restorations could still provide important ecosystem ser-
vices, such as increasing greenspace and offering recre-
ational opportunities, in portions of the urban landscape
where population density may be highest. Indeed, return
on investment depends on the outcomes being sought
from both ecological and societal perspectives, under-
scoring the importance of selecting appropriate metrics
to quantify responses to channel restoration.

Measuring the response of stream ecosystems to chan-
nel restoration is complicated by (1) a lack of accepted
metrics to assess improvement and (2) disparities in the
spatial footprint of response metrics relative to restored
areas. Integrative metrics of ecosystem function are
appealing for monitoring and evaluating restorations
throughout urban river networks. For instance, whole-
stream metabolism and nutrient cycling dynamics pro-
vide time-integrated measures of key ecosystem pro-
cesses that reflect characteristics of the local reach,
upstream channel, and broader watershed. Whole-
stream metabolism has been used to assess stream
ecosystem health (Fellows et al. 2006, Young et al.
2008), and is readily applicable to reach-scale restora-
tions in urban watersheds. Furthermore, gross primary
production (GPP) is sensitive to land use (Clapcott et al.
2010), suggesting its utility for assessing the improve-
ments in riparian areas following restoration. However,
the metabolism of a given reach reflects a longer length
of channel and area of watershed than is modified in
most restoration projects, creating doubt about whether
restoring a short reach (<500 m long) can reverse water-
shed-wide impairment of urban streams (Bernhardt and
Palmer 2011). A previous study comparing restored and
unrestored streams in urban watersheds found no differ-
ences in ecosystem metabolism despite more habitat
heterogeneity and longer water residence time in
restored reaches (Sudduth et al. 2011). Yet comparisons
among reach-scale restorations across a river network
suggest that physical improvements of larger channels
lead to greater increases in nitrogen retention and
removal than in headwater streams (Filoso and Palmer
2011). The conflicting implications of these studies of
metabolism and nutrient uptake illustrate the need to
assess a suite of functional metrics simultaneously to
identify robust and sensitive tools for quantifying
improvements in stream ecosystem function arising from
restoration projects.

Here, we evaluate whether restorations can improve
stream ecosystem processes in an urban river network,
and whether the magnitude of restoration benefits varies
predictably with stream size. We compared a suite of
metrics between contiguous unrestored and restored
reaches of six streams in Milwaukee, Wisconsin (USA),
where restoration involved replacing the concrete lining
of the stream channel with heterogeneous substrates and
more natural geomorphology (e.g., meanders, pools,
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short-term (daily to seasonal) variation in weather and
discharge are expected to exceed any differences arising
from years since restoration (Larsen and Harvey 2017).
Our analyses focus on stream size and river network
position, the factors that motivated our selection of sites,
but we recognize that our cross-site comparisons could
be confounded with decisions by municipalities and pri-
vate land owners. For instance, land use surrounding the
study reaches ranged from a greenway park (HNY) to
single-family residential properties (VLM, SBH, WLP)
to a municipal floodplain (UWD) to a dense urban resi-
dential neighborhood (KKR). These complications tem-
per inferences about controls on responses to
restoration, but pairing contiguous restored and unre-
stored reaches at each site nonetheless allows strong
interpretation of the general effects of stream restoration
on ecosystem function.

In each stream, we paired a restored reach with a con-
tiguous channelized concrete reach. Both reaches were
the same length within each stream, but varied in length
between streams from 150 m in the smallest stream
(VLM) to 300 m in the largest (UWD and KKR;
Table 2) due to differences in the length of restored chan-
nel. The concrete reach was immediately upstream of the
restored reach in four streams (HNY, KKR, UWD,
KKR), and downstream in two (SBH, VLM) because the
area above the restoration was not accessible. In every
case, an abrupt shift in channel geomorphology marked
the division between the paired reaches, and we measured
reach-scale functional metrics at the boundary between
contiguous study reaches. We collected data during July,
August, and September 2014, and measured each
response metric on the same date for both reaches in each
stream. We recorded all metrics at baseflow discharge,
and treated metrics from the paired reaches as indepen-
dent observations for statistical analysis.

To determine the effect of restoration, we calculated
the log response ratio (Hedges et al. 1999) as

XRESTORATION
L=logy———
XCONCRETE

where XrestorATION aNd XconcRETE are the mean values
for the restored and concrete reaches, respectively.
Response ratios offer a concise way to summarize the
disparity between the contiguous reaches with a single
quantity. A positive or negative L indicates the metric
was higher or lower, respectively, in the restored reach by
a factor of 10%, such that L = 0 signifies no differences
between the reaches, and L =1 indicates a 10-fold
higher response in the restored reach.

Physicochemical and biological variables

We quantified the following physicochemical variables
on multiple dates (n = 5-12) during the 3-month study:
discharge, width, depth, velocity, and dissolved inor-
ganic nitrogen and phosphorus. We determined the
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channel geomorphology by averaging the width of 10
transects in each reach and five equidistant depth mea-
surements per transect. To measure water velocity
through the reach, we released a salt or rhodamine-WT
(RWT) dye pulse and recorded the timing of down-
stream changes in conductivity or RWT, respectively. We
used the average width (W) and depth (D) as well as the
reach velocity (v) to calculate discharge (Q = W x D x
v). To determine the concentrations of nutrients, we col-
lected water samples on each sampling date at the top
and bottom of each reach. In the field, we filtered water
samples into acid-washed centrifuge tubes using a syr-
inge and ashed glass-fiber filters (Whatman GFF) and
froze them until laboratory analysis. We analyzed
ammonium (NH,4"), nitrate (NO3 "), and soluble reactive
phosphorus (SRP) using the phenol-hypochlorite, cad-
mium-reduction, and ascorbic acid methods, respec-
tively, on an Astoria-Pacific II segmented flow
autoanalyzer (Clackamas, Oregon, USA; APHA 2005).
Background nutrient concentrations were similar at all
points in the paired reaches on each sampling date
(Table 2).

We measured static physicochemical variables once at
each site (i.e., sinuosity, slope, canopy cover). To calcu-
late the sinuosity of each reach, we divided the length of
the thalweg by the straight-line distance between the top
and bottom of the reach (Gordon et al. 2004). We deter-
mined the slope of each reach using a digital clinometer
and stadia rod (Bisson et al. 2017). We measured canopy
cover across all streams over two days during peak foli-
age using a spherical densiometer at three points in each
reach (Hill 2017).

We quantified benthic resources (e.g., chlorophyll «,
fine particulate organic matter), sediment size, and habi-
tat cover within two to three days of conducting the
functional measurements at each stream. We scrubbed
biofilm off of benthic surfaces (e.g., concrete channel,
gravel, rocks), measured the volume of the slurry, and
homogenized and subsampled it for chlorophyll ¢ and
organic matter analysis (Steinman et al. 2017). When lar-
ger rock substrates were absent, we collected sand sam-
ples to 1 cm depth using a small sediment core
(area = 4.9 cm?). We analyzed chlorophyll « using a flu-
orometer following ethanol extraction, and quantified
organic matter content (i.e., OM) by drying, weighing,
ashing, and re-weighing the sediments to calculate the
percent OM (Steinman et al. 2017). To estimate the size
distribution of benthic substrates, we measured the med-
ian diameter of 100 randomly selected sediments in
restored reaches using a gravelometer for sediments
between 2 and 256 mm and a meter stick for sediments
>256 mm. We also estimated the proportional coverage
of the different benthic habitats (i.e., sand, gravel, rock)
using a quadrat across each width—depth transect
(n = 10 transects per reach). To determine the habitat-
weighted chlorophyll ¢ and organic matter content in
the reach, we multiplied the areal concentration of each
habitat by the proportional coverage of that habitat.
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Transient storage metrics

As water flows downstream in lotic ecosystems, it can
be temporarily retained or slowed in areas of the stream
channel such as pools or gravel bars, which are collec-
tively referred to as transient storage zones. To deter-
mine the transient storage of the stream reaches, we
conducted short-term releases of RWT. We injected
RWT into a well-mixed portion of the stream at a rate of
200 mL/min and measured concentrations downstream
every 15 s using a calibrated RWT sensor (Turner
Designs and Precision Measurement Engineering, Vista,
California, USA). In order to ensure saturation through
the reach, we continued injections until a consistent pla-
teau concentration was achieved (target plateau concen-
tration = 20 pg/L); therefore, the duration of the
injections varied across reaches and streams. Rhodamine
is not entirely conservative in stream ecosystems (Runkel
2015), but given the short-term releases we conducted,
our data provide a sound and consistent assessment of
transient storage dynamics for comparison among
reaches and streams.

We modeled the transient storage dynamics using the
RWT break-through curves and the one-storage zone
transient storage model (Runkel 1998). The model out-
put included optimized estimates and standard error of
stream water dispersion (D, m*/s) and velocity (u, m/s)
as well as the exchange coefficient with the storage zone
(o, s71) and mean water residence time (WRT, h). From
these values, and our measurements of discharge (Q, L/
s) and channel width (w, m), we determined the area of
the storage zone (As) and calculated the ratio of storage
zone to active channel area (4s/4). We also calculated
the fraction of median transport time due to storage
using the metric F2, which allowed us to compare the
relative importance of storage between releases mea-
sured in streams of different sizes (Runkel 2002).

Nutrient uptake dynamics

In stream ecosystems, dissolved nutrients spiral
between the water column and biota during unidirec-
tional transport downstream (Newbold et al. 1981). We
calculated the uptake length (i.e., distance nutrients tra-
vel before removal from the water column; Sw, m),
uptake velocity (i.e., relative demand; vy, mm/s), and
areal uptake rates (U, mg-m~>h~") of stream nutrients
by conducting short-term additions of ammonium
(NH,4" as NH4CI) or of nitrate (NO3~ as NaNO;) plus
soluble reactive phosphorus (PO,*~ as KH,PO,; see
Stream Solute Workshop 1990 for calculations). We
included sodium bromide (NaBr) as a conservative tra-
cer to account for hydrological dilution. We combined
NO;~ and PO, releases to complete all nutrient
releases on the same day. It is possible that combined
releases could increase uptake rates of one nutrient by
alleviating limitation of the other, but this effect would
be minimal during the short releases (i.e., 30—
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45 minutes) used in this study. Any such bias would be
comparable between paired reaches and would have little
impact on between-stream comparisons given the differ-
ences in background nutrient availability and ratios. We
targeted levels of enrichment to minimize the increase in
concentrations while still enabling detectability of nutri-
ent uptake (2040 ug N/L for NH,", 60-150 ug N/L for
NO; 7, and 15-40 ug P/L for SRP). Even our temporary
augmentation of nutrient concentrations may have
enhanced dissimilatory nutrient transformations that
contribute to nutrient removal from the water column;
hence, our results were likely to overestimate nutrient
uptake rates (Mulholland et al. 2002). However, such
changes in ambient stream water nutrient concentrations
occur regularly with storm-driven discharge fluctuations
in urban streams (Filoso and Palmer 2011), and our
intent in measuring nutrient dynamics at baseflow con-
ditions was simply to compare potential uptake across
the 12 study reaches.

Whole-stream metabolism

Whole-stream metabolism represents the balance of
energy production by autotrophs against energy con-
sumption by heterotrophs. We calculated gross primary
production (GPP) and ecosystem respiration (ER) from
diel fluctuations in dissolved oxygen (DO) and tempera-
ture logged every 10 minutes (HOBO U-26; Onset Com-
puter Corporation, Bourne, Massachusetts, USA).
Photosynthetically active radiation (PAR) was recorded
in the riparian zone (Odyssey light meter; Dataflow Sys-
tems, Christchurch, New Zealand). To account for sea-
sonal variation during the study, we maintained one set
of sensors at KKR, the largest stream, for the duration
of our study (i.e., July to September). We rotated the
other DO and PAR sensors among the five streams
approximately every 7-14 d. For analysis, we pooled one
week of metabolism data at baseflow conditions from
each reach from each month (July, August, and Septem-
ber; total » = 18-21; Data S1: Metabolism output).

To estimate GPP, ER, and the reaeration coefficient
(Ksp0; gas exchange with the atmosphere), we used a
modified Bayesian metabolic model fitted to diel DO,
temperature, and PAR data (Holtgrieve et al. 2010). We
executed metabolism models using the JAGS package in
the R statistical environment, including posterior distri-
butions for model parameters based on a Markov Chain
Monte Carlo analysis (MCMC; R Core Team 2013). We
ran three MCMC chains with 50,000 iterations and a
10,000 iteration burn, which were thinned by 5 to yield
10,000 draws. We evaluated model convergence by test-
ing the MCMC chains for autocorrelation, visually
examining chains to evaluate mixing, and using R-hat
statistics (Gelman and Hill 2007). The model fits of the
dates we included in our analysis were all strong
(R? < 0.9 for only 3 of 245 models), and the upper and
lower bounds of both GPP and ER were consistently
within 0.05-0.8 g Om >d™!' of the estimated value
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(median difference = 0.37 g 0O, m 2d”!; Data SI:
Metabolism output). Given the short length of our study
reaches, the oxygen footprint represented by our fitted
GPP and ER estimates usually extended well beyond the
reach boundaries, sometimes by more than 100-fold.
Nonetheless, our one-station, whole-stream metabolism
data provide a robust comparative perspective on
ecosystem function because of the stark contrast in
hydrology and geomorphology between the concrete
and restored reaches. To synthesize metabolism results,
we also estimate net ecosystem production (NEP) as
GPP minus ER.

Comparative statistical analyses

We used analysis of covariance (ANCOVA) to test
ecosystem response metrics for effects of reach classifica-
tion (concrete vs. restored) and discharge across the six
streams. We also evaluated organic material in the
stream benthos (i.e., biofilm chlorophyll ¢ and percent
OM) using ANCOVA to compare three substrate types:
rock and sand substrates in the restored reach and con-
crete substrate in the unrestored reach. In addition, we
used a one-sample 7 test to investigate whether the L val-
ues differed from zero, followed by Pearson’s correla-
tions to determine whether L values were associated
with discharge. The ANCOVAs allowed us to compare
the absolute magnitude of each metric across all reaches.
The ¢ tests and correlations on the L ratios allowed us to
focus on the consistency of responses to restoration.
Both sets of statistics also enabled us to test for the influ-
ence of site position within the river network.

Finally, we evaluated the strength of literature-based
predictors to explain patterns in the hydrological metrics
(i.e., dispersion, As/4, WRT, FI%,?ED), nutrient uptake
dynamics (i.e., Sw, v, U), and whole-stream metabolism
(i.e., GPP, ER, NEP) across these urban streams. We
examined models for each response metric with one or
two factors that had proven important in previous studies
and identified the most parsimonious model based on the
corrected Akaike information criterion (AIC.; Burnham
and Anderson 2002). For example, we used characteristics
of channel geomorphology to examine variation in hydro-
logical metrics, while models for nutrient uptake and
whole-stream metabolism included combinations of phys-
ical, chemical, and biological predictors. The goal of these
models was to identify environmental factors that might
serve as coarse proxies for responsiveness of urban stream
ecosystems to restoration efforts.

REsuLTS

Physical, chemical, and biological response of urban
streams to restoration

The hydrology of the study reaches differed starkly
between contiguous restored and concrete channels.
Stream water velocity was more than four times higher

RIGHTSE LI MN iy

RESTORATION BENEFITS VARY BY STREAM SIZE

Article €02107; page 7

in concrete reaches than restored reaches (0.32 + 0.07
vs. 0.07 £ 0.01 m/s, respectively [mean + SE]; Fig. 1A;
ANCOVA, Prgacnu < 0.001) and dispersion tended to
be higher as well (0.43 + 0.16 vs. 0.15 £ 0.04 m?%s,
respectively; Fig. 1B; ANCOVA, Prgacu = 0.09). Cor-
respondingly, the metrics of transient storage were
higher in the restored reaches relative to the concrete
reaches (Fig. 1C-E; ANCOVA, Prgacnu < 0.05). For
example, the relative area of the storage zone and mean
residence time were two and five times greater, respec-
tively, in the restored vs. concrete reaches. However,
stream velocity, dispersion, and the transient storage
metrics did not vary by stream size (ANCOVA,
Ppiscuarce > 0.15). Regarding the L ratios, stream
velocity ratios were consistently negative (i.e., restored
reach < concrete reach; ¢ test, P < 0.003), and those for
dispersion tended to be below zero as well (Fig. 1F, G,
respectively), whereas L ratios for the transient storage
metrics were overwhelmingly positive (Fig. 1H-J; ¢ test,
P < 0.05). None of the L ratios of the hydrological met-
rics were correlated with discharge, though the difference
in water velocity between the concrete and restored
reaches was higher in the headwater streams (Fig. 1F).

The structure of the stream benthos varied by habitat
and stream. Benthic chlorophyll-a concentrations indi-
cated higher algal biomass in the concrete reach and on
rocks in the restored reach (307 4+ 25 and 290 + 23 mg/
m?, respectively) relative to the sand in the restored
reach (44 + 5 mg/m* ANCOVA, Pyagrtat < 0.001).
In addition, chlorophyll @ concentrations across all three
habitats tended to increase with stream size (Fig. 2A;
Ppiscuarge = 0.001). As with chlorophyll a, the per-
centage of organic matter in the benthic biofilms was
higher in the concrete channel and rock habitats relative
to sand (29.4 + 1.4%, 27.4 + 1.1%, and 1.9 £+ 0.2%,
respectively; ANCOVA Pyapirat < 0.001). While per-
cent OM  also varied by  stream  size
(PpiscHarGE < 0.001), the variation depended on habi-
tat (PHABITATXDISCHARGE < 0001) The percent OM on
the channel and rocks decreased as stream size
increased, whereas percent OM of sand did not change
with stream size (Fig. 2B). Given the variation in habitat
types between the restored and concrete reaches, we did
not calculate and assess L ratios for the chlorophyll a or
percent OM data.

Nutrient uptake dynamics of the urban streams varied
by nutrient form and restoration, but the L ratios were
not consistently positive or negative. Sy was shortest for
SRP and longest for NO3;~ (206 + 46 m and
457 + 105 m, respectively; ANCOVA,
Prnutrient = 0.03). Among all three nutrient forms, Sy
was shorter in restored vs. concrete reaches (ANCOVA,
Preacn = 0.04), and generally longer in large streams
compared to headwaters (Table 3; Ppiscaarce = 0.07).
The L ratios for Sy were negative in five of the six
streams for NH," and NO;~ (Fig. 3A, B, respectively; ¢
test, P = 0.1 and 0.06, respectively), and all six streams
for SRP (Fig. 3C; ¢ test, P =0.01). The L ratios
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Fic. 2. Patterns of stream size (i.e., discharge) and biofilm
(A) chlorophyll @ and (B) organic matter content in the benthic
habitats of the restored (rocks/gravel and sand) and concrete
reaches of the six study streams.

generally increased with discharge, but the correlations
were not statistically significant for any nutrient form.
The uptake velocity (i.e., vf) for NH,", NO;~, and
SRP was 0.093 + 0.017), 0.049 £+ 0.009), and 0.10 +
0.015 mm/s, respectively. As with Sw, v¢ (e.g., relative
demand) for SRP was significantly higher than for
NO;~, while NH," was intermediate (Table 3;
ANCOVA, PNUTRIENT = 002) The variation in Vr
among the 12 reaches was not associated with reach or
discharge. In fact, the three highest vy measurements for
each nutrient were recorded in reaches of both types
(i.e., restored, concrete) and spanned the discharge gra-
dient (Table 3). Similarly, the L ratios were a mix of both
positive and negative values for each nutrient (Fig. 3D—
F) indicating that there was no consistent effect of the
restoration on relative nutrient demand in the streams.
The v¢ L ratios were not correlated with discharge.
Nutrient uptake rates (U) were highly variable among
nutrient compounds, reaches, and streams. The mean
uptake rates for NH,", NO;~, and SRP were 0.35 +
0.12, 0.90 + 0.30, and 0.35 + 0.13 gm>-d""', respec-
tively (Table 3). Given the large variation in rates for
each nutrient, uptake did not differ significantly between
nutrient forms or reach. However, uptake rates were gen-
erally higher in the headwater and middle-sized streams
relative to the largest streams (Table 3; ANCOVA,
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PDISCHARGE = 007) As we observed with v, the L
ratios were scattered above and below zero demonstrat-
ing that U did not vary consistently across the paired
stream reaches (Fig. 3G-I). However, the L ratios for
NH, " uptake were positively correlated with discharge
(Fig. 3G; r=10.92, P =0.01), indicating that restored
reaches removed more NH, " relative to their paired con-
crete reach as stream size increased. A similar positive
trend was apparent for NO3;~ and SRP uptake, but these
correlations were not statistically significant.

Whole-stream metabolism exhibited clear differences
by reach type and stream size. Gross primary production
(GPP) was consistently higher in the restored reaches,
and was higher in larger streams (ANCOVA, Prgacu
and PDISCHARGE < 0001, Flg 4A) Mean GPP rates
ranged an order of magnitude across the 12 study
reaches, from ~14 +0.1g 02~m72~d71 in concrete
channels of headwater streams (VLM and SBH) to
~174 + 0.7 g O>m >d™! in restored reaches of large
streams (UWD and KKR). L ratios for GPP were con-
sistently positive (Fig. 4D; ¢ test, P < 0.001), and the dif-
ference in GPP between the restored and concrete
reaches declined as stream size increased (Pearson’s

= —0.44, P < 0.001).

Ecosystem respiration (ER) was also higher in the
restored reaches and in larger streams (Fig. 4B;
ANCOVA, PREACH and PDISCHARGE < 0001) Varia-
tion in ER among the reaches followed a similar pattern
to that observed in GPP: concrete channels in headwater
streams had the lowest rates while restored reaches of
large streams had the highest (ie, —1.6 &+ 0.1 wvs.
—11.0 £ 0.5 g O,-m 2-d"!, respectively). The L ratios
of ER were all positive (¢ test, P < 0.001) and, like GPP,
decreased with stream size (Fig. 4E; Pearson’s
r=—0.28, P = 0.002), demonstrating that ER varied the
most between the two reaches in the headwater streams
and less so in the larger streams.

The majority of reaches were autotrophic during the
study (i.e., NEP > 0). NEP did not vary consistently with
reach, but was higher in larger streams (Fig. 4C;
ANCOVA, PREACH = 03, PDISCHARGE < 0001) How-
ever, the effect of stream size was dependent on reach type
(ANCOVA, PREACHXDISCHARGE < 0001) In the head-
waters (e.g., VLM, SBH), NEP was negative (i.c.,
GPP < ER) and the concrete reaches tended to have
higher NEP than the restored reaches. As stream size
increased, NEP became ever more positive and tended to
be higher in restored reaches than contiguous concrete
reaches. As with GPP and ER, the difference in NEP
between restored and concrete reaches was most stark in
the headwater streams, then decreased as stream size
increased (Fig. 4F; Pearson’s r = —0.48, P < 0.001).

Interrelationships among physical, chemical, and
biological metrics

The variation in hydrological metrics was often pre-
dicted by other physical characteristics of stream reaches.
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TasLe 3. Nutrient uptake dynamics of the restored and concrete reaches.

Uptake length (Sw; m)

Uptake velocity (vg; mm/s)

Uptake rate (U; mg-m >-d™")

Stream and reach type NH," NO;~ SRP NH," NO;~ SRP NH," NO;~ SRP
VLM

Restored 64 354 109 0.094 0.017 0.055 920 718 30

Concrete 134 487 178 0.192 0.053 0.144 1,400 2,160 93
SBH

Restored 382 479 73 0.019 0.017 0.108 83 81 1,340

Concrete 556 1,460 161 0.026 0.010 0.093 117 98 1,110
HNY

Restored 111 85 57 0.065 0.068 0.101 212 3,410 505

Concrete 245 325 228 0.061 0.033 0.047 187 1,680 276
WLP

Restored 75 165 58 0.164 0.069 0.195 314 153 367

Concrete 86 269 115 0.196 0.055 0.128 334 229 220
UWD

Restored 474 268 197 0.076 0.127 0.172 171 1,220 74

Concrete 352 255 276 0.042 0.066 0.061 92 555 37
KKR

Restored 254 635 452 0.093 0.037 0.052 256 319 37

Concrete 326 708 569 0.088 0.041 0.051 149 141 49

Among our measures of discharge, reach type (i.e.,
restored vs. concrete), and stream geomorphology (i.e.,
width : depth, slope, sinuosity), velocity, and dispersion
were best explained by models containing slope and reach
type (R>=0.88 and 0.48, respectively; P < 0.001 and
0.02, respectively). Both velocity and dispersion increased
as channel slope increased. The two most parsimonious
models for the ratio of storage zone to active channel area
(i.e., As/A) included discharge and reach type with
(R?>=0.52, P=0.03; Table 4) or without (R>= 0.42,
P = 0.03) slope included; As/4 decreased with discharge
and slope. Water residence time (i.e., WRT) was predicted
by several metrics of geomorphology and reach type (all
R? = 0.50-0.53, P < 0.02), including positive correlations
with dispersion, discharge, and the width-to-depth ratio
and a negative relationship with slope and velocity
(Table 4). The two predictive models for FgX, included
dispersion and reach type (R*> = 0.49, P = 0.02) or slope,
discharge, and reach type (R> = 0.57, P = 0.02), where
F20, increased as dispersion, slope, and/or discharge
decreased (Table 4).

We examined the patterns among Sw, v, and U using
AIC. models that contained physical, chemical, and bio-
logical variables. SRP Sy was best predicted by a model
with discharge and reach type (R® = 0.61, P = 0.006),
with higher Sw in streams with higher discharge. For
SRP, U was predicted by Ag/A and reach type
(R*=0.41, P=0.04), where uptake was higher in
reaches with a larger As/A. Interestingly, no models pre-
dicted the variation in any nutrient dynamics for NH,"
and NO3™ nor v¢for SRP.

Variation in whole-stream metabolism across study
reaches was associated with only a few metrics among
the suite of chemical and biological variables that we
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evaluated. The best model for GPP and NEP included
positive effects of discharge and reach restoration
(R* = 0.62 and 73, respectively, P < 0.004; Table 4). ER
was predicted by habitat-weighted OM and reach type
(R*>=0.60, P =0.007); ER increased with benthic OM
content (Table 4).

DiscussioN

Our study of paired restored and concrete reaches
across a gradient in stream size demonstrates that chan-
nel restoration improves some key ecosystem metrics
while leaving others unchanged. The strongest response
was in stream hydrology, where the restoration of sinu-
ous reaches to include pool-riffle sequences dramatically
decreased velocity and increased dispersion and tran-
sient storage. In addition, nutrients traveled shorter dis-
tances in restored reaches as a result of the decreased
water velocity and increased residence time. The shorter
Sw may reduce downstream eutrophication by removing
nutrients from circulation through biophysical uptake
(Kaushal and Belt 2012, McMillan and Noe 2017).
Ecosystem autotrophy and high rates of whole-stream
metabolism in both concrete channels and restored
reaches suggest continued impairment despite restora-
tion efforts (Young et al. 2008). Other metrics, such as
chlorophyll ¢ and nutrient demand (i.e., v¢), did not dif-
fer consistently between concrete and restored reaches.
Overall, the variability in responses to restoration across
our diverse suite of metrics underscores the challenge of
achieving effective and beneficial stream restoration in
urban landscapes, yet also suggests some simple guideli-
nes for restoration planning to maximize ecological and
societal benefits of these costly interventions (Table 5).
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F1G. 3. L ratios, which represent the magnitude of the restoration effect, of nutrient dynamics, including (A—C) uptake length
(Sw), (D-F) uptake velocity (vy), and (G-I) uptake rates (U) for ammonium (NH,"), nitrate (NO; "), and soluble reactive phospho-

rus (SRP). See Table 1 for stream names.

Scale-dependence of ecosystem responses to restoration

Our study demonstrates that restorations of small
streams can substantially affect ecosystem processes,
whereas restoration of mainstem rivers has more modest
effects. For many of the metrics we quantified, the rela-
tive difference between the restored and concrete reaches
was starkest in the headwater streams and dampened in
the larger streams. In other words, the L ratios of one-
half of the response metrics were farthest from zero in
headwater streams and many approached zero as stream
size increased. For example, water velocity and residence
time were drastically different between reach types in
headwaters, but differed only slightly in the mainstem
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rivers. The effect of stream size may owe to geomorphic
variation related to position in the river network; the
restorations increased stream width several-fold in the
headwaters, but the width of the restored reach was
often comparable or lower to that of the concrete chan-
nel in the larger streams. Consequently, restorations have
a more profound effect on channel residence time in
headwaters, which can exert strong control on nutrient
retention in urban river networks by governing the con-
tact time between the water column and stream benthos
(Kaushal and Belt 2012, Newcomer-Johnson et al.
2016). Furthermore, headwater streams showed the
strongest response to restorations for certain functional
measurements as well (e.g., Sw, GPP). The greater
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FiG. 4. Whole-stream metabolism metrics of the concrete and restored reaches, including (A) gross primary production (GPP),
(B) ecosystem respiration (ER), and net (C) ecosystem production (NEP) during the study period (n = 18-21 d per reach; Data S1:
Metabolism output). ER data presented as negative values to represent the consumption of oxygen during respiration. L ratios rep-
resent the effect of the restoration on (D) GPP, (E) ER, and (F) NEP.

impact in headwaters is likely due to network position,
because the restored reach represents a greater propor-
tion of stream length in the watershed than a similarly
sized restoration of a mainstem river (Dodds and Oakes
2006). Improving the reach hydrology also led to shorter
nutrient uptake lengths and increased rates of whole-
stream metabolism, which suggests that these responses
are predictable outcomes of restoring geomorphology to
slow water passage. In contrast, L ratios of nutrient
demand (vy) and uptake (i.e., U) were unrelated to
stream size, perhaps because high variation in nutrient
concentrations and biological activity between the
streams muted any network-scale patterns when compar-
ing the L ratios (Hoellein et al. 2011). We did not
observe many correlations between the L ratios and
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baseflow discharge, demonstrating that the magnitude
of the ecological responses to restoration did not scale
directly with stream size.

The strong ecological responses to restorations that
we observed may only be apparent in severely impaired
stream ecosystems. Urban infrastructure, such as the
concrete channels in our study, can alter the ecosystem
function of streams in diverse ways. For example, com-
parisons between open and buried headwater streams
have shown lower rates of GPP and ER and higher
export of nutrients in buried channels where the urban
infrastructure limits light availability and channel resi-
dence time (Beaulieu et al. 2014, Pennino et al. 2014).
However, previous studies on restored streams that were
less severely impaired prior to the restoration (e.g.,
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TABLE 4. Mean (minimum, maximum)f whole-stream metabolism parameters estimated from the modeling exercise (GPP, ER,

NEP, and Kg) and model fits (R?).

Metabolism parameters (g O,-m 2-d ")

Stream and reach type n GPP ER NEP Koo (d71) Model R
VLM

Restored 21 7.5 (5.0, 10.8) —9.7(—18.1,-54) —2.1(-12.2,0.7) 2.6(1.5,5.7) 0.98 (0.94, 0.99)

Concrete 20 1.8(0.2,3.7) —1.7(=3.4,-0.01) 0.1(-1.9,1.0) 2.8(0.5,14.4)  0.97(0.89,0.99)
SBH

Restored 21 3.1(1.2,4.5) —5.6(—-1.9,-7.6) —2.5(—4.9,0.3) 1.1 (0.6, 1.6) 0.95(0.69, 0.99)

Concrete 21 1.0 (0.4, 2.1) —-1.5(-3.0,-0.01) —0.5(—1.4,0.4) 0.4 (0.2,0.7) 0.98 (0.91, 0.99)
HNY

Restored 21 5.4(2.9,8.0) —3.6(=7.6,—-1.7) 1.8 (—0.1,4.3) 29(1.7,5.5) 0.95(0.88, 0.98)

Concrete 21 3.0(1.4,5.6) —1.9(—4.6,-0.9) 1.0 (0.02, 3.0) 1.2(0.6, 4.0) 0.95(0.91, 0.99)
WLP

Restored 18 12.9(6.0,19.3) —-9.3(-15.7,-5.3) 3.5(0.1,7.0) 2.7(1.6,5.8) 0.98 (0.91, 0.99)

Concrete 18 9.4(6.5, 11.5) —6.9(-10.3, -5.1) 2.4(—0.6,4.4) 1.6 (1.0, 2.5) 0.96 (0.80, 0.99)
UWD

Restored 21 17.1 (9.1, 26.8) —10.9 (-20.7, —8.3) 6.2(—0.3,12.5) 3.9(23,7.8) 0.98 (0.96, 0.99)

Concrete 21 8.5(5.9,12.2) —5.3(-8.3,-3.7) 3.1(-0.4,6.0) 2.1(1.5,3.6) 0.97(0.91, 0.99)
KKR

Restored 21 17.6 (11.0,22.7)  —11.0(—15.4, —6.4) 6.6 (1.7, 12.9) 4.0 (3.0, 6.4) 0.99 (0.96, 0.99)

Concrete 21 8.9(4.9,184) —3.5(-8.1, —1.6) 5.4(2.1,10.5) 1.8 (1.1, 3.5) 0.98 (0.93, 0.99)

Note: Values are means with SE in parentheses.

fSee Data S1: Metabolism output for all whole-stream metabolism data, including estimated upper and lower bounds for gross primary
production (GPP), ecosystem respiration (ER), net ecosystem production (NEP), and the reaeration coefficient (Kgoo) on each day.

channelized, but not concrete lined) found no effect of
the restoration on transient storage metrics or nutrient
uptake dynamics (Bukaveckas 2007, Becker et al. 2013).
Regarding whole-stream metabolism, prior work sug-
gested no differences in GPP and ER between restored
and non-restored urban streams, even when compared
to nearby forested streams (Sudduth et al. 2011). How-
ever, the non-restored streams in those studies were not
as severely degraded as concrete channels or buried
streams. The lack of a response when comparing a set of
restored streams vs. a set of unrestored streams reflects
the difficulty of detecting patterns across inherently vari-
able stream ecosystems. A strength of our study design
was sensitivity to differences in transient storage and
whole-stream metabolism between contiguous unre-
stored and restored reaches in the same stream, but we
also recognize that the pre-restoration condition was
severely impaired channels.

Generally, stream ecosystem characteristics and pro-
cesses are intimately linked with watershed land use and
vary longitudinally through a river network. An urban
stream continuum concept has been proposed to estab-
lish a framework for identifying the common stressors
and impairments within urban river networks (Kaushal
and Belt 2012). In turn, the continuum concept can be
used to generalize how and why patterns and processes
change from headwaters to mainstem rivers in urban
landscapes. Some of the longitudinal patterns we
observed as stream size increased followed expectations
(e.g., longer Syw; Hall et al. 2013) and previous findings
(i.e., GPP; Vannote et al. 1980, Kaushal et al. 2014).
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However, others failed to show longitudinal patterns
reported elsewhere (i.e., N uptake; Claessens et al. 2010,
Filoso and Palmer 2011). In our study, stream size (i.e.,
discharge) and geomorphology were the strongest pre-
dictors for nine of the response metrics among the six
streams. However, no model of physical, chemical, and
biological metrics predicted the other eight responses.
Given the landscape heterogeneity and high connected-
ness of urban watersheds via impervious surfaces and
storm drain networks (Lookingbill et al. 2009), the met-
rics we quantified that did show longitudinal patterns
may be robust tools to evaluate stream ecosystems and
further refine an urban continuum framework (e.g.,
GPP, Sw; Clapcott et al. 2010, Kaushal and Belt 2012).
Stream size and geomorphology represent simple predic-
tors to estimate the potential responsiveness of urban
streams to restoration efforts.

Our study was conducted during low-flow conditions
in the summer months to allow for strong intra- and
inter-stream comparisons. However, the hyper-connec-
tivity of the surrounding watershed to the streams via
impervious surface and networks of storm sewers can
lead to rapid changes in the hydrograph during precipi-
tation events (Walsh et al. 2005a). Storm-flow events can
have a significant impact on stream ecosystem function,
changing downstream nutrient transport and depressing
whole-stream metabolism (Filoso and Palmer 2011,
Beaulieu et al. 2013). Therefore, the differences we report
between the restored and concrete reaches would be less
evident during storm-flow events when water velocity
and volume are higher. In addition, the six restorations
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TaBLE 5. Predictors of ecosystem structure and function
among the 12 study reaches.

Predictors and predictive models RrR? P

Velocity

In(y) = 0.45(In(Slope)) — 1.4(Reach) — 0.65 0.88 <0.001
Dispersion

»y = 0.80(In(Slope)) — 0.83(Reach) — 0.13 048  0.02
AslA

y = —0.54(In(Slope)) — 0.0069(Q) + 1.1 0.52  0.03
(Reach) — 3.0
y = —0.0056(Q) + 1.2(Reach) — 2.4 042 0.03
WRT
y = 0.20(In(Dispersion)) + 1.8(Reach) — 2.4  0.53  0.01
y =0.0018(Q) + 1.6(Reach) — 2.8 0.51  0.02
y = —0.21(In(Velocity)) + 1.3(Reach) — 2.9 0.50  0.02
y = —0.12(In(Slope)) + 1.6(Reach) — 2.8 0.50 0.02
y = 0.027(WID) + 1.6(Reach) — 2.8 0.50  0.02
%,
y = —1.0(In(Dispersion)) + 1.0(Reach) — 6.5 0.49  0.02
y = —1.2(In(Slope)) — 0.013(Q) + 1.8 0.57  0.02
(Reach) — 5.8
SRP Sw
y = 1.8(Q) — 97(Reach) + 93 0.61  0.006
SRP U
y = 1.2(In(4s/4)) — 1.4(Reach) + 8.6 041 0.04
y=11 (In(A4s/A4)) — 0.16(ER) — 0.48 0.48  0.04
(Reach) + 8.8
GPP
y =0.061(Q) + 5.5(Reach) — 0.36 0.62  0.004
y =0.049(Q) — 1.2(In(SRP)) + 5.4 0.63  0.01
(Reach) + 4.4
ER

y = 0.035(Reach-weighted
(Reach) + 0.10

NEP
y = 0.039(Q) + 0.79(Reach) — 1.6 073 0.001

OM) +3.9 0.60 0.007

Notes: Reach was included in all models because the drastic
differences in reach type was a major factor in our study design.
All models for each parameter are consider equally likely using
the AIC, values (<2; Akaike information criterion corrected for
sample size; Burnham and Anderson 2002). Parameters are 4Ag/
A, ratio of storage zone to active channel area; WRT, water resi-
dence time; FZLp, the fraction of median transport time due to
storage; SRP, soluble reactive phosphorus; Sy, uptake length;
U, uptake velocity; W, width; D, depth; Q, discharge; GPP, gross
primary production; ER, ecosystem respiration; NEP, net
ecosystem production.

we studied varied in their age since implementation;
three of the six streams were restored ~3 to 4 yr prior to
our study, whereas two were restored several decades
earlier. All of these restorations shared the same goal: to
alter the channel geomorphology from a highly con-
strained or concrete channel to a more natural meander-
ing state (U.S. Army Corps of Engineers 2016).
Although we could not quantify the influence of time
since restoration, the disturbance-driven dynamics of
stream ecosystem processes and biological communities
(Arango et al. 2015, Larsen and Harvey 2017) are
expected to help streams achieve a new dynamic
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equilibrium fairly soon after restoration. Overall, we
consider it improbable that the variation among our
study streams in age of restoration, order of restored
and concrete reaches, or reach length contributed sub-
stantially to the patterns documented in this study. How-
ever, we cannot exclude that possibility for any of these
factors, and we recognize that differences in the recovery
of riparian vegetation, fish communities, and other
important features following restoration could mediate
the magnitude of responses that we documented. To
minimize that risk, we measured ecological functions
that are known to respond strongly to stream conditions
(e.g., nutrient uptake, metabolism), and we evaluated the
consistency of our results with earlier findings. Thus, the
sharp biophysical differences between contiguous
reaches coupled with the consistent effects of restoration
across our six study streams strongly suggest that our
inferences are robust.

Benchmarks for successful restoration of urban streams

The degraded state of urban watersheds presents
major challenges for restoring the ecological structure
and function of stream ecosystems. Our strongest find-
ing is that restoring a mere 150-300 m of stream channel
can alter many aspects of ecosystem functioning, yet it is
equally clear that responses of other key metrics are
inconsistent at best (see also Violin et al. 2011). Thus,
judging whether stream ecosystems have been substan-
tially “improved” by channel restoration is difficult. Our
approach was rooted in objective comparisons of a
broad suite of metrics in contiguous concrete and
restored reaches, but interpreting changes in structure
and function as a qualitative improvement in the ecosys-
tem remains subjective. Nonetheless, such judgments
play an important role in motivating expensive restora-
tion efforts, so they merit careful consideration.

Our hydrological metrics present the clearest case of
ecosystem improvement: concrete channels are a highly
unnatural geomorphology that were designed specifi-
cally to hasten water conveyance, and we have shown
that restoration lowers stream velocity and enhances dis-
persion and transient storage to produce more naturalis-
tic hydrology. We regard this transformation as an
unambiguous improvement in stream ecosystem func-
tioning. These metrics have an additional virtue: articu-
lating the benefits of slower water velocity and higher
residence time to non-scientists is straightforward when
discussing restoration goals. Thus, we conclude that
hydrological metrics offer a compelling means of assess-
ing the benefits of channel restoration in urban streams.

Among nutrient spiraling metrics, uptake length (Sw)
was consistently shorter in the restored reaches than
contiguous concrete reaches, which we interpret as
improved ecosystem function resulting from achieving
more naturalistic hydrology and geomorphology (see
also McMillan and Noe 2017). Shorter nutrient uptake
lengths in cross-stream comparisons can also reflect
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differences in nutrient concentrations or other factors
(Stream Solute Workshop 1990), and the variation in Sy
among our study streams suggests the influence of such
contingencies. However, contiguous restored and con-
crete reaches within each stream showed similar nutrient
concentrations, suggesting that reach-scale differences in
nutrient spiraling indeed indicate improved functioning
of the stream ecosystem. Also, like hydrological metrics,
the benefits of decreased transport distances for nutrient
retention can be explained intuitively to practitioners.
Stream metabolism data present a more complicated
context for interpreting restoration outcomes. Metabo-
lism measurements integrate stream and watershed char-
acteristics over a larger spatial scale than the restored
reach alone, providing a holistic assessment of the condi-
tion of urban streams (Roley et al. 2014). Rates of GPP,
ER, and NEP can be used as benchmarks for managers
to assess the efficacy of restoration projects through
before-after comparisons as well as abundant compar-
ison data from the literature (Bernot et al. 2010, Mar-
carelli et al. 2011). We observed higher whole-stream
metabolic rates than expected from previous reports
(Marcarelli et al. 2011; Fig. 5); autotrophy (i.e.,
GPP > ER) was more common in the highly urbanized
networks around Milwaukee than urban, agricultural, or
reference reaches elsewhere (Bernot et al. 2010; Fig. 5).
Moreover, restoration consistently enhanced both GPP
and ER (Fig. 4). High GPP, especially when it exceeds
ER, is often viewed as an indicator of stream, riparian,
or watershed impairment (e.g., high nutrient loading,
low canopy cover; Dodds and Oakes 2006, Young et al.
2008). We interpret increased metabolic rates in restored
reaches as evidence of ecological impairment in this
study; the more naturalistic substrates and hydrology
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F1G. 5. Whole-stream metabolism data from restored and
concrete reaches in urban streams from this study relative to
results from syntheses of global streams (7 Marcarelli et al.
2011) and headwater streams in different land use types across
the major biomes of North America (i Bernot et al. 2010). The
dashed one-to-one line represents streams where GPP equals
ER.
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allowed the accumulation of algae and benthic OM. We
believe this interpretation is reasonable given that whole-
stream metabolism reflects the state of the watershed
more so than a single stream reach, but differences in
top-down control and other factors could also be
involved. In addition to inferential challenges, quantify-
ing ecosystem metabolism requires substantial technical
expertise that may present a barrier to widespread appli-
cation of these metrics to categorize stream health and
restoration responses (Young et al. 2008). However, both
instrument accessibility and understanding of ecosystem
metabolism in urban streams are continuing to grow
(Beaulieu et al. 2014, Pennino et al. 2014), so we are
optimistic that standardized guidelines for interpretation
will emerge in the context of both urban streams and
responses to channel restoration. If so, metabolic data
will offer a powerful tool for assessing responses to
restoration in individual reaches and throughout the
watershed.

Taken together, the diverse suite of responses we quan-
tified elucidates both the strengths and challenges of
using multiple metrics to assess restorations in urban
watersheds. Functional metrics are desirable for assess-
ing restorations because they summarize ecosystem
dynamics through time (Feio et al. 2010, Roley et al.
2014), and are more responsive to urbanization than to
other anthropogenic land uses (e.g., agriculture; Yates
et al. 2014). Yet we found that some metrics were largely
insensitive to restoration (e.g., v¢), while others shifted
dramatically (e.g., water residence time, Syw; see also
Clapcott et al. 2010), suggesting that an efficient assess-
ment protocol could focus on only the most sensitive
subset of metrics. Our findings also suggest that restora-
tion efforts that extend beyond the boundaries of the
focal reach may be essential for improving stream health
(see also Walsh et al. 2005b, Bernhardt and Palmer
2011). In urban landscapes, interventions such as reten-
tion ponds, pervious pavement, rain barrels, and rain
gardens may complement channel restoration efforts to
yield synergistic responses of stream ecosystem function-
ing. This argues for systematic restoration planning,
combining interventions of different sorts at multiple
locations in order to maximize outcomes such as nutri-
ent and sediment retention.

Our comparisons of sites in urban river networks also
underscore the potential benefits of developing simple
guidelines for strategic selection of sites for future
restorations. First, headwater streams appear to respond
more strongly than larger mainstem rivers (Swan and
Brown 2017). Second, stream size and geomorphology
predicted some hydrological and biological responses,
providing proxies for setting expectations for restoration
outcomes. Finally, our study demonstrates that a suite of
low-cost functional metrics can provide a robust means
of quantitatively evaluating the ecosystem-scale
improvements resulting from urban stream restorations.
Even if streams in densely populated areas are not eco-
logically salvageable due to constraints on restoration
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cost and spatial scale, a restoration designed around
both societal benefits (e.g., minimizing flood risk,
increasing recreational and aesthetic value) and ecologi-
cal benefits (e.g., increasing transient storage, decreasing
nutrient export) can encourage support and investment
in a reach-scale restoration project (Bernhardt and Pal-
mer 2007). Our results support calls to think beyond the
stream channel to successfully restore the structure and
function of urban stream ecosystems (Smith et al. 2016),
but also demonstrates that restoring the geomorphology
of stream channels, especially in headwater streams, is a
worthwhile initial step.
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