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Nutrient retention and floodplain connectivity in  
restored Piedmont streams 

ABSTRACT 

Floodplains and riparian zones are known to be important locations for sediment storage and 
nutrient transformations. While extensive research has been conducted on the capacity for 
riparian zones to buffer sediment and nutrient loads in natural systems, we know relatively little 
about the water quality function of floodplains in restored streams. Restoration practices that 
seek to improve the function of urban streams are often constrained by nearby infrastructure and 
competing uses for land near the stream, including roads, buildings and utilities. Recent efforts 
throughout many major urban centers are also setting goals of increasing community engagement 
and accessibility through establishment of greenways, parks and nearby recreation. Collectively, 
these constraints in urban settings make floodplain reconnection to improve water quality and 
decrease flood pulses a challenging goal. Therefore, the goal of this research was to characterize 
and quantify the capacity for water quality improvements via retention of sediment, nitrogen and 
phosphorus in these systems. 

Five sites in Charlotte, NC were selected along a gradient of restoration age and hydrologic 
connectivity. At each site, six plots were established (3 high bench and 3 low bench) to further 
capture the variability in connectivity for a total of 30 plots. Floodplain nutrient dynamics 
operate on long timescales through the build-up of organic matter in floodplain soils and on 
shorter timescales via episodic deposition of sediment, associated nutrients and dissolved 
inorganic and organic nutrients. To understand the effects on both timescales, we measured the 
long-term response via net nitrogen and phosphorus mineralization and potential denitrification 
and episodic effects via sediment and nutrient loading.  

In this study of restored urban stream-floodplain systems, complex patterns emerged with respect 
to connectivity and nutrient transformations. Age of restoration was shown to be an important 
control on nutrient transformations suggesting that as systems become more established with 
increasingly stable and robust vegetation, the capacity for trapping of sediment and nutrients as 
well as microbial processing increases. Nitrate supply and the quantity and quality of organic 
matter were important predictors of denitrification potential. Similarly, pools of available N and 
P were key drivers of N and P mineralization rates. These results highlight the capacity for 
restored floodplains to effectively retain sediment and nutrients as well as remove nitrate via 
denitrification and that this may increase through time. Additional information is needed 
however to understand the relative importance of time of inundation and water residence time on 
mass retention as these are affected by local geomorphology (e.g., bank height and floodplain 
width) and watershed characteristics (e.g., imperviousness). 
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1. INTRODUCTION 

Stream degradation is occurring throughout North Carolina resulting from a legacy of logging 
and agricultural practices as well as increased urbanization. In 2006, 19% of the total river miles 
were assessed in NC with approximately 50% of these listed as impaired (USEPA 2006). 
Specifically, in urban watersheds, increased impervious area, straightened stream channels and 
extensive networks of stormwater and sewer drainage have led to the degradation of streams 
draining urban catchments (Paul and Meyer 2001). Changes to the landscape have resulted in a 
range of symptoms in streams collectively referred to as the “urban stream syndrome” (higher 
peak flows, scoured and degraded stream channels, lowered riparian groundwater, shorter 
duration floodplain inundation, elevated pollutant concentrations, and reduced biotic diversity) 
(Paul and Meyer, 2001, Walsh, et al., 2005). Billions of dollars are spent each year on river 
restoration to mitigate these impacts, however the capacity for channel stabilization techniques to 
match the scale of the problem is uncertain (Bernhardt, et al., 2005, Sudduth, et al., 2007, Walsh, 
et al., 2005). Stream restoration efforts that reconnect the stream network with the floodplain 
have the potential to further retain sediments and nutrients, particularly during the largest storms 
when the majority of pollutant loads are delivered.  

The two-stage channel design approach to river restoration has been implemented across North 
Carolina and elsewhere to enhance ecosystem function during baseflow while maintaining 
channel stability during higher flows. Multiple floodplains include a low flow stream channel to 
maintain baseflow conditions, a low bench to transport bankfull discharge and a higher 
floodplain that is accessed during the largest storms. The low benches generally have dense 
herbaceous vegetation and high groundwater tables providing an excellent carbon (C) source and 
reducing conditions for N removal via denitrification (Kaushal, et al., 2008). Vegetation also 
slows stream velocities and aids in deposition of sediments that can have high concentrations of 
adsorbed ammonium, organic N, P and other contaminants. During the highest discharges, the 
upper floodplains are accessed, which can encompass much larger areas resulting in lower flow 
velocities, increased retention time and settling of fine sediment.  The greater nutrient content of 
fine organic-rich sediment suggests that upper floodplains should be hotspots of coupled N 
sedimentation, mineralization, and denitrification. As a restoration project matures, repeated 
inundation of the floodplain can improve soil quality thereby enhancing potential rates of these 
processes (Wolf et al., 2011). 

Frequency of connectivity between stream channels and associated floodplains drives 
biogeochemical processes in these environments potentially leading to improved water quality. 
Enhancing this connectivity is frequently included as an important design element in restored 
streams. While extensive research has been conducted on the capacity for riparian zones to 
buffer sediment and nutrient loads in natural systems, we know surprisingly little about the water 
quality function of floodplains in restored streams (Mayer, et al., 2007, Noe and Hupp, 2009, 
Vidon, et al., 2010). The objectives of this research were (1) measure rates of sediment and 
nutrient loading to the floodplains of restored urban streams, (2) quantify nutrient transformation 
rates (e.g., potential denitrification, N and P mineralization) in the same floodplain soils and (3) 
identify drivers of nutrient retention. We hypothesized that hydrologic connectivity, supply of 
nutrients and carbon would be important controls on biogeochemical response and therefore 
drive water quality improvements.  
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1 METHODS 

1.1 Site Descriptions 

Five urban streams in Charlotte, North Carolina, which is in the Piedmont region of the 
Southeastern U.S. were selected for this study. All restoration projects were completed using the 
Natural Channel Design (NCD, Rosgen 2007) approach. Site selection was conducted in 
consultation with the Charlotte-Mecklenburg Storm Water Services. In addition, local stream 
restoration experts were consulted to select stream reaches that were of similar size based on 
watershed area and represented a range of restoration ages and degree of hydrologic 
connectivity.  

Dairy Branch at Sedgefield Park (SP) was constructed in 2006 and flows through a municipal 
park heavily utilized for public recreation. The watershed extends above the municipal park into 
commercial and residential districts (43.4% imperviousness). The reach includes a partial canopy 
of deciduous shrubs and trees as well as herbaceous grasses and sedges in the periodically 
mowed reconnected floodplain. Restoration included creating a meandering pattern with riffle-
pool sequences along the profile with rock sills for grade control, and regraded banks to allow 
access to a floodplain.  

Little Sugar Creek at Westfield Drive (LSW) is located in an urban residential and commercial 
watershed (41.2% imperviousness) and was constructed in 2004. As the largest of the sites 
(approximate watershed area = 3919 ha), the stream rarely accesses a wide floodplain planted 
with deciduous trees, grasses and shrubs. It is also bordered by a greenway that is frequently 
mowed. Instream geomorphic changes included slight meandering, bank stabilization and 
regrading to increase floodplain access and installation of boulder cross-vane structures with 
upstream riffle and downstream scour pool.  

Muddy Creek (MC) was restored in 2010 from the headwaters to its confluence with a larger 
tributary. Watershed land use is primarily residential with some mixed commercial uses and 
approximately 28.2% impervious. The meandering stream features riffle/step/pool sequences 
stabilized with log-vane structures and well connected two-stage floodplain benches. Dense 
riparian herbaceous vegetation dominated the riparian zones along with deciduous tree live 
stakes and saplings.  

Torrence Creek (TOR) flows through the least urbanized watershed with only 19.7% 
imperviousness but is one of the larger sites that drains a watershed approximately 2656 ha. It 
was restored in 2011 with a two-stage channel design approach. The relatively straight channel 
includes large boulder cross-vane structures and well-connected floodplain benches. Herbaceous 
vegetation was well established at the site with few deciduous tree live stakes and saplings. 

Winterfield Tributary (WT) was the newest of all the sites in this study and restored in 2012. 
Banks and floodplain soils were stabilized with erosion control matting as vegetation was sparse 
and not yet well-established with noticeable areas of erosion. The meandering channel was 
constructed with small boulder-wood cross-vane structures and riffle/pool sequences. The stream 
drains the most impervious watershed at 46.1%. 
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Table 1: Site and watershed characteristics 

Stream 
Restoration 
completed 

Two-stage 
channel 
design 

Watershed 
area (ha) 

Imperviousness 
(%) 

Little Sugar Creek at 
Westfield (LSW) 

2004 No 3919 41.2% 

Muddy Creek (MC) 2010 No 113 28.2% 

Dairy Branch at 
Sedgefield Park (SP) 

2006 Yes 86 43.4% 

Torrence Creek (TOR) 2011 Yes 2656 19.7% 

Winterfield Tributary 
(WT) 

2012 No 39 46.1% 

 

At each site, plots were established in triplicate in the lower (low bench) and upper (high bench) 
floodplain for a total of 6 plots per site. Pressure transducer type level loggers (e.g. Solinst 
Levelogger) were installed inside stilling wells at all sites to record water depth at a fine 
temporal scale (e.g. 10 minutes). Longitudinal and cross sectional surveys were performed in 
winter 2012-2013 at each site to document the overall slope and channel morphology (Table 2). 
Topographic surveys of the channel cross section extended into the floodplain based on field 
observations of historical flooding frequency.  

1.2 Mineralization rates 

Net mineralization of N and P were measured in situ using relatively open incubations of 
surficial (5 cm) soil using the resin core technique (DiStefano and Gholz, 1986) modified for use 
in hydrologically dynamic wetlands (Noe, 2011) (Figure 1).  Modified resin cores allow water 
and gas exchange and track changes in the surrounding soil abiotic environment, as well as 
perform better than closed vessel incubations in wetland soils (Noe, 2011). The cores were 
deployed at each plot (6 per site) for a duration of one month with six mixed-media, ion-
exchange resin bead bags, three placed above and three below the soil core. The two outer resin 
bags capture any NH4

+, NO3
-, or soluble reactive phosphorus (SRP) entering the resin core from 

above or below, the two inner bags capture any inorganic nutrients transported out of the soil, 
and the two middle bags serve as a quality control check to ensure that inner and outer bags do 
not become not saturated with ions and therefore incapable of trapping nutrients. In summary, 
the resin bags quantify inorganic loading to the soil core (two outer resin bags) and production 
from inside the intact soil core (two inner resin bags + soil core). 



Page 7 
 

Table 2: Site and plot channel morphology.  

Site Plot Elevation 

Bank 
height, H 

(m) 

Total 
width, W 

(m) H:W 

Tile 
elevation 

(m) 
Distance 
to tile (m) 

LSW 1 High 2.23 32.53 0.0684 2.29 9.23 
 2 High 2.71 36.88 0.0734 2.79 1.63 
 3 High 2.42 32.80 0.0738 2.41 6.35 
 4 High 2.23 32.53 0.0684 2.29 2.71 
 5 High 2.71 36.88 0.0734 2.69 14.31 
 6 High 2.76 35.05 0.0787 2.80 6.89 
MC 1 High 0.585 20.26 0.0289 0.74 5.78 
 2 Low 0.585 20.26 0.0289 0.59 0.40 
 3 Low 0.926 20.51 0.0451 0.91 1.93 
 4 High 0.633 21.21 0.0299 0.66 5.60 
 5 Low 0.833 18.71 0.0445 0.72 0.87 
 6 High 0.833 18.71 0.0445 1.09 7.31 
SP 1 Low 0.89 13.31 0.0669 0.66 0.76 
 2 Low 0.66 20.29 0.0325 0.68 1.60 
 3 Low 0.66 29.75 0.0222 0.48 0.76 
 4 High 0.89 13.31 0.0669 1.02 4.64 
 5 High 0.66 20.29 0.0325 0.76 11.05 
 6 High 0.72 28.19 0.0254 0.73 5.90 
TOR 1 Low 0.93 11.91 0.0780 1.05 2.72 
 2 High 0.93 11.91 0.0780 1.33 5.50 
 3 Low 0.86 9.74 0.0887 0.88 0.45 
 4 High 0.86 9.74 0.0887 1.48 5.23 
 5 Low 1.11 10.60 0.1044 1.10 0.49 
 6 High 1.11 10.60 0.1044 1.21 2.94 
WT 1 Low 0.87 20.41 0.0425 0.99 3.23 
 2 High 0.87 20.41 0.0425 0.99 7.73 
 3 Low 0.45 22.89 0.0197 0.47 1.95 
 4 High 0.45 22.89 0.0197 0.55 12.01 
 5 Low 0.84 21.59 0.0390 0.85 2.24 
 6 High 0.84 21.59 0.0390 1.05 5.74 

 

The surficial soil (0-5 cm) in each mineralization plot was sampled in Summer 2012 with two 
beveled, thin-walled, PVC core tubes, 7.8 cm in diameter. One core was processed as an initial 
core and placed in a polyethylene bag, stored on ice during transport, then stored at 4°C, and 
analyzed within 48 hours to yield initial 2M KCl extractable soil NH4

+, NO3
-, and SRP 

concentrations (Noe, 2011). A modified resin core was constructed using the second core by 
placing 3 resin bags each on the top and bottom of the extracted soil core (Figure 1) (Noe, 2011). 
Wire supports were added over the outer bags on both the top and bottom of the core tube to 
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keep the bags in place during incubation. The resin core was inserted back into the original core 
hole and made flush with the surrounding soil surface. Resin cores were incubated in situ for 
approximately four weeks, then harvested, placed in a polyethylene bag, stored on ice during 
transport, and processed within 48 hours (stored at 4°C) for analysis.  Soil and resin were 
extracted with 2M KCl and concentrations of NH4-N, NO3-N and PO4-P were determined on a 
Lachat QuikChem 8500 (Hach Inc., Loveland, Colorado), using the phenolate method (detection 
limit 0.004 mg NH4-N L-1), cadmium reduction (detection limit 0.002 mg NO3-N L-1) and 
ascorbic acid method (detection limit = 0.01 mg PO4-P L-1), respectively (APHA, 2005). 

Areal net mineralization rates (M) are 
calculated by comparing concentrations in 
the modified resin cores after field 
incubation to initial soil cores collected at 
the start of the incubation (Equation 1): 

Equation 1:  

Where Sr, Ru, Rl, and Si are the quantity of 
an inorganic nutrient (e.g. NH4

+, mol) in the 
soil of the resin core (Sr), upper inner resin 
bag (Ru), lower inner resin bag (Rl), and 
initial soil core (Si), representing net 
production, A is the area of the soil core 
(m2), and D is the duration of the incubation 
(d). The production of NH4

+, NO3
- and SRP 

will estimate net ammonification, net 
nitrification, and net P mineralization 
respectively. Net N mineralization is the 
sum of ammonification and nitrification, and 
percent nitrification is calculated as 
nitrification times 100 divided by net N 
mineralization. Due to variation in soil bulk 
density among plots, mineralization rates 
were expressed on an aerial basis (mol m-2 d-

1).  Nitrogen and P turnover rates are 
calculated as the mineralization rate divided by the standing stock of TN and TP in the soil (mol 
mol-1 d-1).  

1.3 Denitrification rates 

Denitrification potential was measured in sediment slurries using the denitrification enzyme 
activity (DEA) assay (Groffman, et al., 1999, Tiedje, et al., 1989). Soil samples from low 
benches and upper floodplains were collected in triplicate in Fall 2012. Sediment (approximately 
25 cm3) was placed in a 125 mL media bottle with 50 mL of incubation medium containing 
KNO3 (1.4 g L-1); glucose (1 g L-1) and the antibiotic chloramphenicol to prevent de novo 
enzyme synthesis (0.25 g L-1). Bottles were sealed with air tight rubber septa and made anaerobic 
by repeated evacuation and flushing with oxygen-free gas (e.g. He). Pure C2H2 was added to a 

Figure 1: Schematic of the modified resin core 
used to measure in situ rates of nitrogen and 
phosphorus mineralization. 
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concentration of 10% by volume. Bottles were then incubated at a constant temperature and 
headspace gas samples collected at the beginning of the assay and every hour for 4-6 hours. 
Sampling duration and frequency was adjusted as needed to ensure accurate quantification of 
N2O concentrations over time and minimization of bottle effects. Samples were then analyzed for 
N2O on a gas chromatograph equipped with a 63Ni electron-capture detector and potential 
denitrification rates determined by regressing the increase in N2O concentration against time.  

1.4  Sedimentation rates 

Monthly sedimentation rates were measured using a ceramic tile (30.5×30.5 cm) at the six plots 
in the high and low benches at each site from May 2012 - September 2013 (Figure 2). At the start 
of each month, a clean tile was placed adjacent to the mineralization plot.  At the end of each 
deployment, the tile was carefully removed, and accumulated sediment collected using a metal 
spatula and deionized water.  The deposited material was then dried and weighed to calculate 
mass sedimentation flux. All accumulated sediment from each plot was composited after drying, 
ground, passed through a 1-mm sieve, and analyzed for TC, TN, and TP (see 1.6 Soil 
Characterization) to calculate C, N and P sedimentation fluxes.   

1.5 Inorganic nutrient loading 

Input of dissolved nutrients (PO4
3-, NO3

-, NH4
+) to 

floodplain soils was measured using resin bags on 
a monthly basis from May 2012 - September 2015 
(Figure 2). Buried resin bags are frequently used to 
assess soil nutrient availability (Binkley and Hart, 
1989) and we adapted this technique to quantify 
inorganic nutrient loading to the floodplain soil 
surface. A single mixed media ion-exchange resin 
bag, identical to those used for the mineralization 
method, was secured to ceramic tile (10.2×10.2 
cm) to prevent upward diffusion from soil to the 
resin. These were placed on the soil surface at the 6 
established plots in the low bench and floodplain 
plots at each site and replaced monthly. After each 
field deployment, the resin in each bag was 
extracted using 2M KCl and the extract analyzed for SRP, NH4

+, and NO3
-. Loading rates were 

calculated from the amount of inorganic nutrient captured, the area inside the o-ring of the resin 
bag, and the duration of field deployment.  The monthly loading rates within a plot were summed 
to estimate annual inorganic nutrient loading. 

1.6 Soil Characterization 

A suite of soil attributes that have been shown to influence nutrient mineralization were also 
measured at each plot (30 locations total). These included moisture content, bulk density, soil 
texture, total soil carbon and extractable nutrients. Moisture content was measured on a 
subsample of soil from each initial and each resin core. The soil was dried (60 °C until constant 
mass) to estimate gravimetric moisture content (u) and volumetric moisture content ( ): 

Figure 2: Photograph of deployed 
sedimentation tiles and nutrient loading 
resin bags in representative plot.  
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where mwet is the mass of wet soil, mdry is the mass of dry soil and  is the density of water (1.0 
g mL-1). Bulk density ( ) of the soil in the core was determined from the dry weight equivalent 
and volume of the soil. The water filled pore-space (WFPS, %) was calculated assuming parent 
material density ( ) of 2.65 g cm-3.  

1
 

Dried soils (resin cores and composited sediment from the tiles) was ground and passed through 
a 1-mm porosity sieve. Ground resin-core soils were analyzed for TC and TN via elemental 
analyzer (e.g. Flash 2000 CHNS analyzer; Thermo Electron), followed by microwave-assisted 
acid digestion and measurement of total P, Fe, and Al (e.g. ICP-OES; Perkin-Elmer). Soil 
temperature was measured by an automated temperature sensor (e.g. iButton, Maxim Integrated 
Products) attached mid-depth on the outside of each modified resin core during incubation. The 
temperature sensor will collect a temperature reading every 15 minutes.   

Soil texture (resin cores and composited sediment from the tiles) was measured using a LISST-
100X laser particle size analyzer (e.g.Sequoia Scientific, Inc.) according to standard protocols 
(Gee and Bauder, 1986). Median particle size (D50) was interpolated from the cumulative size 
distribution and the percent clay (< 2 µm), silt (2 to 50 µm), and fine sands (50 to 250 µm) from 
their appropriate LISST-100X output size classes (Gee and Bauder, 1986) and corrected for the 
amount of soil that was retained on the 250-µm sieve (coarse sand). 

1.7 Statistical analysis 

The overall goal of the data analysis is to determine the functional relationships that exist 
between metrics of hydrologic connectivity and soil properties with nutrient fluxes. These 
relationships were tested using linear regression and ln transformed when required to satisfy the 
assumption of normality. Nutrient loading and process rates (e.g., denitrification) were compared 
among sites and elevation (high vs low bench) using 2-way ANOVA and pairwise Tukey-
Kramer post hoc comparison of means to test for differences. Reported statistics were 
determined to be significant at α = 0.05. Ranges and means of measured values are presented 
with error shown as the standard deviation or standard error (as noted). 

2 RESULTS 

2.1 Sedimentation and nutrient loading 

High temporal and spatial variability was observed in sedimentation rates measured monthly 
from April 2012 - September 2013. Total monthly precipitation explained a small component of 
this variability as evidenced by a positive relationship between precipitation and sedimentation 
rates (p=0.0004, R2 = 0.09, Figure 3). When the dataset was split between high and low benches, 
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R2 increased slightly to 0.18 for the high bench sites (p=0.0012). Precipitation was also 
significant in explaining a portion of variability in NH4

+ loading rates (p<0.0001, R2=0.09, 
Figure 3); however no relationships were observed with respect to NO3

- and PO4
3- loading rates 

with any of the environmental variables measured in this study. 

Sedimentation rates varied by site and elevation, however the interaction term was not significant 
suggesting similar patterns with respect to elevation among the sites. Lower elevation plots had 
higher sedimentation rates (21.2 ± 71.7 g DM/d) compared to higher elevation plots (3.0 ± 14.1 g 
DM/d, p=0.0004, Figure 4). Nutrient loading rates varied among the five sites, however patterns 
were not consistent (Figure 5). Similar to sedimentation rates, the highest nutrient (PO4

3-, NO3
- 

and NH4
+) loading rates were consistently observed at SP, while MC and WT had relatively low 

rates of both sediment and nutrient loading. Sedimentation rates and NO3
- loading rates were low 

at LSW, however PO4
3- and NH4

+ loading rates were relatively high compared to the others sites. 
TOR experienced some of the highest sedimentation rates, yet also had lower nutrient loading 
rates than the other sites in this study. Unlike sedimentation rates there were no significant 
differences between high and low elevations when all of the sites were lumped together. Nutrient 
loading rates were positively correlated with watershed impervious, with the strongest 
relationship demonstrated with respect to NO3

- loading (PO4
3-loading: R2=0.18, p=0.023; NO3

- 
loading R2=0.33, p=0,0018; NH4

+ loading: R2=0.15, p=0.044). 

Figure 3: Monthly sedimentation rates (p=0.0004; R2=0.09) and NH4
+ loading (p<0.0001; 

R2=0.09) as a function of total monthly precipitation. 
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Figure 4: Sedimentation rates by site and elevation (n=3 for high and low 
benches at each site except LSW where all plots were considered as high 
bench). Letters represent sites that are significantly different from each other as 
determined by ANOVA and Tukey-Kramer post-hoc comparison (α = 0.05); 
error bars are one standard deviation. 
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Figure 5: Nutrient loading rates by site (n=6); no differences were 
observed based on plot elevation. Groups that are significantly 
different from each other do not share a letter, as determined by 
ANOVA and Tukey-Kramer post-hoc comparison (α = 0.05); error 
bars are standard error. 
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2.2 Nutrient transformations 

Cross-site comparison of nutrient transformation rates also revealed interesting patterns. 
Denitrification and N/P mineralization rates were consistently high at SP, which also 
experienced some of the highest sediment and nutrient loading. Denitrification rates varied 
across sites with highest rates observed at SP and lowest at TOR (p=0.0002, Figure 6). 
Difference patterns emerged with regard to N mineralization rates, which were high at SP, LSW 
and TOR with lower rates at MC and WT (p<0.0001, Figure 7). P mineralization rates were more 
similar across sites with only SP higher than all of the others (p=0.0035, Figure 7).  

 

 

Figure 6: Potential denitrification rates by site (n=6); no 
differences were observed based on relative elevation. Site 
differences are identified as groups that do not share a letter: 
LSW (abc), MC (ab), SP (a), WT (bc) and TOR (c). Significant 
differences were determined by ANOVA and Tukey-Kramer 
post-hoc comparison (α = 0.05); error bars are one standard 
deviation. 
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Figure 7: N and P mineralization rates by site (n=6); no 
differences were observed based on relative elevation. Groups 
that are significantly different from each other do not share a 
letter, as determined by ANOVA and Tukey-Kramer post-hoc 
comparison (α = 0.05); error bars are one standard deviation. 

 

The variability in nutrient transformations was compared with environmental variables using 
simple and mixed linear regression models as well as the rank order of watershed and 
geomorphic characteristics. Watershed metrics (total drainage area, imperviousness) did not 
correlate with any of the nutrient transformation rates. However, restoration age was positively 
correlated with all of nutrient rates (Table 2), but the strength of that relationship varied with 
restoration age mostly strongly affecting rates of N mineralization. Geomorphology also 
significantly influenced N mineralization rates as evidenced by correlation with ratio of bank 
height to width (H:W). Nutrient content of the floodplain sediment was significant for all 
responses, while NO3

- loading rates were important only for potential denitrification rates. 
Together these highlight the importance of nutrient supply to fuel these biological processes. 
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Sedimentation was only correlated with rates of N mineralization. Although auto-correlated, N 
and P sedimentation rates also were positively correlated with N-mineralization.  

Multiple regression models were developed to better understand the interaction of these multiple 
predictor variables (Table 3). In cases of auto-correlation, only one variable was included in the 
set of tested predictors, which included: sedimentation rate, floodplain sediment nitrogen and 
phosphorus content (%N, %P), nutrient loading rates of NO3

-, NH4
+ and PO4

3-, restoration age 
and median size diameter of the particle size distribution (D50). DEA was most strongly 
influenced by N supply, specifically sediment nitrogen content (%N) and NO3

- loading. Median 
grain size was also positively correlated with DEA. Although the coefficient was much lower 
than the others suggesting it was relatively less important than loading rates, inclusion increased 
model fit from 0.49 to 0.66. The regression model for N mineralization was the only one to 
include restoration age. Inclusion of N content and grain size improved prediction of the 
regression model to 0.66. While this was the most complex model, it was also the strongest. 
Explanation of P mineralization rates were not improved by including additional predictors with 
sediment P explaining 52% of the variability in the dataset.  

Table 2: Simple regression relationships between nutrient transformations and predictor 
variables. Only variables with significant relationships are shown (α = 0.05). 

Response Predictor Goodness of fit 
DEA %C (+) 

%N (+) 
%P (+) 
NO3

- loading rate (+) 
Restoration age (+) 

R2=0.40 
R2=0.38 
R2=0.31 
R2=0.17 
R2=0.19 

p=0.0003 
p=0.0005 
p=0.002 
p=0.027 
p=0.018 

N-Min Restoration age (+) 
Sedimentation rate (+) 
%C (+) 
%N (+) 
P sedimentation rate (+) 
N sedimentation rate (+) 
H:W (+) 

R2=0.44 
R2=0.42 
R2=0.40 
R2=0.35 
R2=0.28 
R2=0.24 
R2=0.22 

p=0.0002 
p=0.0004 
p=0.0003 
p=0.0014 
p=0.017 
p=0.030 
p=0.014 

P-Min %P (+) 
%C (+) 
%N (+) 
Restoration age (+) 

R2=0.52 
R2=0.36 
R2=0.29 
R2=0.17 

p<0.0001 
p=0.0008 
p=0.0033 
p=0.031 

 
Table 3: Multiple linear regression relationships between nutrient transformations and predictor 
variables.  

Response Prediction equation Goodness of fit 

DEA 
1.41 (ln %N) + 0.449 (ln NO3

- 
loading) + 0.0018 (D50) + 6.08 

R2 = 0.57 p = 0.0015 

N-Min 
1.36 (ln %N) + 0.20 (age) + 0.0060 
(D50) + 7.09 

R2 = 0.66 p = 0.0005 

P-Min 2.26 (ln %P) + 3.40 R2 = 0.52 p < 0.0001 
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3 DISCUSSION 

Urban hydrology is typified by rapidly changing flow regimes in response to precipitation 
events. High peak flows in incised and confined straight channels further contribute to high 
water velocities and shear stresses on bed sediments and stream banks leading to erosion and 
increased sediment transport (Paul and Meyer, 2001, Walsh, et al., 2005). In addition, high peak 
flows can result in floodplains that are frequently accessed. In this study, sedimentation rates 
were found to correlate with precipitation underscoring this link between hydrology and 
connectivity in urban watersheds. Total monthly precipitation was a better predictor of 
sedimentation in the high benches likely because connectivity with higher elevations is more 
strongly dependent on storm size as the low benches are accessed frequently.  

Sedimentation rates varied among sites but were not correlated significantly with watershed 
characteristics, namely imperviousness. The sites with highest sedimentation rates (SP and TOR) 
were also the two sites with the two-stage channel design. This qualitative measure of 
connectivity was also demonstrated by higher sedimentation rates in lower elevation sites 
suggesting those sites that are frequently accessed (e.g., more connected) have potential for 
greater deposition and trapping of sediment. To use sedimentation rates in this way assumes that 
the different stream reaches have similar sediment loads and that suspended sediment 
concentrations remain similar as a function of storm size. In addition, because our study 
watersheds did not have areas of active construction, we assumed that the dominant source of 
sediment is from erosion of stream banks and redistribution of streambed sediment. The 
definition and quantification of connectivity is critically important to predicting retention, which 
depends on both frequency of access (i.e., hours flooded) and retention time. Retention time was 
not explicitly measured as part of this study and depends on multiple factors including floodplain 
width, surface roughness, vegetation and water velocity. We suggest that sedimentation rates 
may be a simple and easily measurable way to assess connectivity by aggregating both frequency 
of floodplain access and retention time of stream floodplain.  

Nutrient loading rates did not follow similar patterns as sediment loading among the sites 
suggesting potentially different sources (e.g., overbank flooding from stream water versus 
overland flow from upland sources) and/or residence time controls on particulate versus 
dissolved solutes. Sediment and nutrient loading were both high at SP however TOR, which also 
had high sedimentation rates, exhibited consistently low loading rates of all inorganic nutrients. 
While connectivity is an important control on loading, this could also be attributed to different 
land uses within the watershed and relative instream concentrations. This is further supported by 
the positive relationship between loading of all dissolved inorganic nutrients and watershed 
imperviousness.  

Delivery of riverine nitrate (Richardson, et al., 2004) or particulate nutrients (Noe and Hupp, 
2005) to floodplain areas, especially those areas distant from the channel, is necessary for 
increasing nutrient retention. A key determinant of floodplain function is the relative importance 
of stream nitrate delivery versus soil mineralization in fueling nitrate availability for 
denitrification. Floodplains can denitrify or trap nitrate by sedimentation of large portions of the 
annual river loads (Forshay and Stanley, 2005) or total N and P (Noe and Hupp, 2009) when 
floodplain area is large and connected. In this study, we measure potential denitrification rates to 
compare capacity for N removal across sites. DEA was greatest at SP and lowest at WT and 



Page 18 
 

TOR, which primarily reflected differences in restoration age (e.g., the number of years between 
construction and time of sampling), soil organic matter and nutrient loading. Construction at SP 
was completed in 2006 and the section monitored was a meandering section with well-connected 
two-stage channel. The low bench plots consistently experienced the highest rates of 
sedimentation and nutrient loading. WT and TOR were two of the newest sites, with WT in 
particular completed in 2012 just before the start of this project. At WT newly graded 
floodplain/riparian soils and minimally established vegetation were reflected in low %C and %N 
values.  

Controls of DEA by N supply and organic matter have been well-established in the literature 
(Garcia-Ruiz, et al., 1998, Knowles, 1982, Seitzinger, 1994), however the relative influence of 
each remains unknown. Results from the urban floodplains in this study showed that nitrate 
supply (e.g., NO3

- loading), quantity and quality of organic matter (%N and %C) and grain size 
(D50) collectively explained a high proportion of the variability in the data. Nitrate loading rates 
to surficial floodplain soils measured via cation/anion exchange resin represents pulses of nitrate 
that occurred primarily during flooding events and therefore does not quantify nitrate 
concentrations in pore space nor a residence time of the nitrate within the floodplain. However, 
these measurements are particularly useful as this method directly measures the cumulative mass 
loading of nutrients to surficial sediments. This nitrate source was positively correlated with 
DEA suggesting it acts as important sink for nitrate. Similarly, in a study of wetlands in the 
Virginia Piedmont, the nitrate produced from sedimentation of riverine water augmented soil 
mineralization and was associated with greater denitrification (Wolf, et al., 2013). In restored 
floodplains of an agricultural two-stage channel in Indiana, denitrification potential was driven 
by nitrate supply measured as available nitrate in pore waters (Roley, et al., 2012). 

In addition, the bioavailability of carbon to fuel denitrification can have great impact on rates. 
More labile C sources lead to greater microbial respiration rates and consequently establishment 
of anoxic conditions as well as higher rates of denitrification (which is the reduction of organic 
matter using nitrate as the terminal electron acceptor rather than oxygen) (Knowles, 1982). DEA 
in this study was positively correlated with both %N and %C individually and %N in the 
multiple regression model. While total C content is a measure of the organic as compared to 
mineral soil, the total N content can be used a proxy for bioavailability as organic material with 
lower C:N are preferentially metabolized. Together, these results are consistent with studies in 
other regions and environments that show both carbon quantity and quality influence relative 
rates of denitrification (Arango, et al., 2007, Brye, et al., 2001, McMillan, et al., 2010).  

N and P mineralization rates are integrative measurements of the mineralization of soil organic 
matter with the release of bioavailable N (NO3

- and NH4
+) and P (PO4

3-). Mineralization rates 
depend on lateral and longitudinal gradients in floodplains, with greater mineralization rates 
associated with greater soil organic matter, nutrient content and wetness (Noe, et al., 2013). 
Results from this study demonstrated that the pool of available nutrients (measured as N and P 
content in floodplain soils) best explained N and P mineralization. In addition, with respect to N 
mineralization, age of restoration and grain size were important in explaining the variability 
observed among sites and locations within the floodplain. Similarly, in a study of natural and 
created floodplain wetlands in the Virginia Piedmont, deposition of sediment with associated 
particulate N and P in both sites led to greater rates of soil N and P mineralization (Noe, et al., 
2013, Wolf, et al., 2013).  
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4 CONCLUSIONS AND RECOMMENDATIONS 

Urbanization creates intensified hydrology resulting in higher peak flows, which is also when the 
greatest delivery of nutrients and sediment occurs. Restoration of stream reaches by establishing 
new floodplains and reconnecting formally non-functioning floodplains has the potential to have 
great impacts on water quality. While instream modifications can help to stabilize channels and 
minimize streambank erosion, biologically mediated retention and removal of nutrients is 
considerably reduced because of low water residence times and limited contact with biologically 
active sediments. Therefore, floodplain restoration that aims to increase connectivity (both in 
frequency and duration) has the potential to target high flow periods with disproportionately high 
mass export of nutrients. Indeed, channel geomorphology, particularly the height and width of 
floodplain benches is an important component of stream restoration design. To enhance nutrient 
retention and removal, not only do specific environmental conditions need to be met, but also 
ample time must be provided for biological, chemical and physical processes to occur.  

In this study of five restored urban stream-floodplain systems, complex patterns emerged with 
respect to connectivity and nutrient transformations. Age of restoration was shown to be an 
important control on nutrient transformations suggesting that as systems become more 
established with increasingly stable and robust vegetation, the capacity for trapping of sediment 
and nutrients as well as microbial processing increases. Geomorphology was important in 
predicting connectivity with greater sedimentation rates for all sites observed at plots located 
nearest to the stream channel and at lower elevations. This also extended to function with sites 
having lower bank height to width ratios (e.g., lower banks and wider floodplains) exhibiting 
greater rates of N mineralization. We also observed that nitrogen loading (both dissolved and 
particulate) was correlated with increased denitrification and N mineralization; while total 
phosphorus supply was most important for P mineralization. 

The results of this study highlight the capacity for restored floodplains to effectively retain 
sediment and nutrients as well as remove nitrate via denitrification and that this may increase 
through time as these systems become more stable. The small number of sites in this study did 
not allow for direct identification of floodplain bench heights that are needed to ensure 
connectivity, but rather suggests that frequently accessed floodplains (e.g., low H:W) will 
achieve greater water quality improvements. Designing two-stage channels with floodplain 
benches that are accessed many times per year (>10 discrete events) rather than only during 
back-full events (e.g., once every 1-2 years) is likely needed to reduce sediment loss and increase 
nutrient retention. However, additional information is needed to fully understand the relative 
importance of time of inundation and water residence time on mass retention as these are not 
only affected by local geomorphology but watershed characteristics (e.g., imperviousness) as 
well. 
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APPENDIX A: ABBREVIATIONS 

D50 - median grain size  
DEA - Denitrification enzyme activity; potential denitrification rate 
LSW - Little Sugar Creek at Westfield 
MC - Muddy Creek 
N - Nitrogen 
N-min - Nitrogen mineralization rate 
P - Phosphorus 
P-min - Phosphorus mineralization rate 
SP - Dairy Branch at Sedgefield Park 
TOR - Torrence Creek 
WT - Winterfield Tributary 
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