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Metadata template1 for datasets of L&O-Letters articles 
 
 

Table 1. Description of the fields needed to describe the creation of your dataset. 

Title of dataset Internal Loading in Stormwater Ponds as a Phosphorus Source to 
Downstream Waters_Publication Dataset 

URL of dataset https://doi.org/10.13020/p338-vx49 
Abstract Stormwater ponds remove phosphorus through sedimentation before 

releasing water downstream. Internal loading (release of accumulated 
phosphorus from sediment) impairs phosphorus removal, but release 
mechanisms are understudied in ponds relative to lakes. Combining several 
methods, we assessed the prevalence and causes of sediment phosphorus 
release in urban ponds. Data collected over three years from 98 ponds 
showed that nearly 40% had median summer surface water total 
phosphorus concentrations exceeding the 95% confidence interval of 
regional stormwater (0.38 mg/L), suggesting widespread internal loading. 
Four intensively-monitored ponds were strongly stratified, resulting in 
persistent hypolimnetic anoxia, and the anoxic release of phosphorus from 
sediments of seven ponds was high. Our characterization of sedimentary 
phosphorus fractions revealed that, unlike most lakes, both labile organic 
phosphorus and redox-sensitive phosphorus contribute to phosphorus 
release. Together, these analyses suggest phosphorus accumulated in 
stormwater ponds is highly susceptible to internal release, reducing net 
removal and contributing to downstream eutrophication. 

Keywords Stormwater Pond, Retention Basin, Phosphorus, Internal Loading, Dissolved 
Oxygen, Stormwater Control Measure 

Lead author for the dataset  Vinicius J. Taguchi 
Title and position of lead 
author 

Doctoral Candidate 

Organization and address of 
lead author 

St. Anthony Falls Laboratory, 2 SE 3rd Ave, Minneapolis, MN 55455 
University of Minnesota – Twin Cities 

Email address of lead author taguc006@umn.edu 
Additional authors or 
contributors to the dataset  

Tyler A. Olsen, Poornima Natarajan, Benjamin D. Janke, John S. Gulliver, 
Jacques C. Finlay, and Heinz G. Stefan 

Organization associated with 
the data 

St. Anthony Falls Laboratory, Department of Civil, Environmental, and Geo- 
Engineering, Department of Ecology, Evolution, and Behavior 
University of Minnesota – Twin Cities 

Funding Vinicius J. Taguchi (National Science Foundation: 00039202) 
John S. Gulliver (Minnesota Pollution Control Agency: Swift 
107988/PO3000016025) 

License CCBY 
Geographic location – verbal 
description 

Field measurements and samples were collected in St. Cloud, MN (pond A), 
Minnetonka, MN (pond B), Roseville, MN (ponds C, D, and E), and Edina, MN 
(ponds F and G). Laboratory incubations were conducted at the St. Anthony 
Falls Laboratory in Minneapolis, MN. Laboratory analyses were conducted 

                                                           
1 This document liberally borrows from a similar document provided by the Environmental Data Initiative 
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at the St. Anthony Falls Laboratory in Minneapolis, MN. RPBCWD data were 
collected in Bloomington, MN, Chanhassen, MN, Eden Prairie, MN, 
Minnetonka, MN, and Shorewood, MN. 

Geographic coverage 
bounding coordinates 

 

Time frame - Begin date Field measurements and samples: 2016 
Laboratory incubations: 2016 
Laboratory analyses: 2016 
RPBCWD data: 2010 

Time frame - End date Field measurements and samples: 2018 
Laboratory incubations: 2018 
Laboratory analyses: 2019 
RPBCWD data: 2012 

General study design This study included a field survey of seven shallow, urban stormwater ponds 
in which watershed and pond physical characteristics, water quality 
parameters, and physiochemical conditions were measured. Additionally, 
data from a prior field survey of 98 stormwater ponds conducted by the 
Riley Purgatory Bluff Creek Watershed District were analyzed. Laboratory 
experiments included the incubation of intact sediment cores from five of 
the seven field survey ponds during which oxygen conditions were controlled 
and water quality and physiochemical conditions were monitored. 
Additional information is provided in the Manuscript and Supplemental 
Information, both of which are freely available online. 

Methods description The field survey involved gathering spatial, historical, and physical 
characteristics of each pond from municipal contacts and publicly-available 
GIS data. A statistical analysis was done of the RPBCWD 98-pond dataset 
cited below in Table 3. Pond monitoring consisted of measuring dissolved 
oxygen concentrations and temperatures using water quality probes. 
Measurements were made in profiles of different depths in 25-cm 
increments on various dates throughout the monitoring period. Incubations 
of sediment cores included filtering overlying pond water for particulates, 
bubbling the water with air for the High-DO phase, ceasing aeration for the 
Low-DO phase, and then bubbling the water with N2 gas for the Extended 
Low-DO phases. During these various treatments, 15-mL samples of water 
were periodically collected for total phosphorus and soluble reactive 
phosphorus analysis. Dissolved oxygen concentrations, temperatures, and 
pHs were also measured regularly using water quality probes. Sediment 
extractions following the incubation experiments using a procedure 
developed from Engstrom and Wright (1984), Hieltjes and Lijklema (1980), 
and Psenner et al. (1988). Additional information is provided in the 
Manuscript and Supplemental Information, both of which are freely 
available online. 

Laboratory, field, or other 
analytical methods 

Statistical Analysis of RPBCWD 98-Pond Dataset 
A number of the 98 ponds surveyed by RPCWD (2014) were observed to 
have high TP concentrations in surface water samples (based on criteria 
described below). If particulate P entering a pond is settling to the bottom of 
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the pond and being retained, as assumed in typical stormwater pond 
design, then pond water column TP concentration should be lower than 
inflow TP; pond water TP that exceeds inflow TP may thus be indicative of 
internal loading. In order to develop a threshold for TP concentrations that 
are likely caused by internal P loading, it was necessary to evaluate the 
stormwater entering each pond. In the absence of inflow and outflow TP 
concentration data, we examined urban stormwater runoff characterization 
data specific to the Minneapolis – St. Paul Metropolitan Area (Twin Cities 
Metro) in Minnesota (Janke et al. 2017). These data were fitted to a log-
normal distribution for statistical analysis (Van Buren et al. 1997). The upper 
95% confidence interval (95% CI) for a log-normal distribution can be 
calculated using the Modified Cox Method (Zhou and Gao 1997) and yielded 
a value of 0.38 mg/L. Thus, 97.5% of the inflow data are estimated to be 
below 0.38 mg/L. This is a conservative estimate of the actual inflow 
concentrations for individual ponds since drainage area parameters are not 
readily available. For comparison, stormwater runoff characterization data 
from the US EPA National Pollutant Discharge Elimination System National 
Stormwater Quality Database (US EPA NPDES) (Pitt et al. 2008) was 
calculated using the same method to have a 95% CI of 0.42 mg/L. As 
another point of reference, Giblin et al. (2014) calculated that duckweed 
and other free-floating plants only form dense surface mats in water with 
total phosphorus concentrations in excess of 0.167 mg/L for nitrogen-
limited systems. Given the similarity between the two 95% CI values (0.38 
mg/L vs. 0.42 mg/L), and the availability of extensive stormwater runoff 
data from the Twin Cities Metro, the threshold value derived from Janke et 
al. (2017) (0.38 mg/L TP) was used as a threshold to evaluate TP data from 
RPBCWD (2014). If we assume that the TP concentration in the outflow from 
the ponds is equal to the measured concentrations in the ponds (RPBCWD 
2014), and that the inflow to the ponds can be conservatively represented 
as 0.38 mg/L TP, we have the approximate mass input and output for each 
pond. This, of course, depends upon there being no substantial additional 
sources of phosphorus (e.g., direct runoff transporting sediments, leaf litter, 
grass clippings, pet waste, etc. from adjacent land), as well as the 
simplifying assumption of inflow and outflow volumes being approximately 
equal (e.g., no significant evaporation, biological uptake, loss to percolation, 
input from shallow groundwater ; these non-trivial assumptions were 
necessary given our limited dataset, although individual ponds may behave 
differently). We can therefore interpret that if pond outflow TP 
concentrations, as approximated by surface water samples, are 
substantially higher than pond inflow TP concentrations, approximated by 
the 0.38 mg/L 95% CI threshold value, the pond is releasing more 
phosphorus than it is receiving, and the difference (outflow minus input) is 
the contribution of P release from the sediments (i.e., internal P loading). 

 Water Quality Monitoring 
To better understand mechanisms behind P release, we studied seven ponds 
(A to G). All chosen ponds were at least 10 years old, had single primary 
inlets and outlets, and were easily accessible for sampling. We monitored 
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five of the seven ponds (C to G) intensively to document physical and 
biochemical conditions affecting each pond. We periodically collected water 
samples and vertical profiles of temperature and DO concentration from 
each pond center using a Hach WQ40D handheld meter; we did this for an 
entire year including winter for ponds C, D, and E. We also continuously 
recorded water temperatures in a vertical profile using thermistor chains of 
several Onset temperature loggers at 25-cm internals in ponds C, D, and E to 
observe stratification dynamics and verify assumptions of conditions 
between profiling events. 
Water samples were filtered through a 0.45 µm membrane filter to remove 
particulates and analyzed for ortho-P using the ascorbic acid colorimetric 
method (Standard Methods 4500-PE; APHA, AWWA, WPCF 1995). 
Additionally, TP measurements were made on select water samples to see if 
particulate P was a significant fraction in the cores. Unfiltered water 
samples were processed according to standard methods (Standard Methods 
4500-P B.5; APHA, AWWA, WPCF 1995). 

 Intact Sediment-Water Core Incubations 
Five to six intact sediment cores with overlying pond water were taken from 
each of the seven stormwater ponds and placed into polycarbonate liner 
tubes (approximately 7-cm outer diameter and approximately 1.5 m total 
height) (Natarajan et al. 2017; Olsen 2017) for laboratory testing 
(Vollenweider 1975). Cores were collected with an even spatial distribution 
in each pond and consideration given to capturing representative 
characteristics (different depths, center, near inlet, near outlet, etc.) of each 
pond. Each core was incubated in darkness at room temperature (mean 
temperature measured = 18.8 C) with 30-40 cm of sediment and roughly 1 
m of pond water above the sediment (Figure S3). First, the overlying water 
was drained and filtered through a 0.7 μm glass fiber filter to remove 
suspended particulates. The filtered water was then added back to the 
respective core with care taken to avoid sediment resuspension. The cores 
were subjected to phases of treatments, during which ortho-P, TP, dissolved 
oxygen (DO), temperature, and pH were all monitored.  
The water columns were first bubbled with air to simulate the mixing and 
aeration that takes place in spring (High DO Phase). Afterward, aeration 
was halted and the water above the sediments was left unmixed for one 
month to permit analysis under quiescent conditions (Low DO Phase). No 
particulate P was added at any time to minimize variables, even though in-
situ this would have resulted from atmospheric deposition and stormwater 
runoff. 
Following the low DO phase, cores were incubated continuously for an 
additional month to examine potential long-term effects with the addition 
of nitrogen gas bubbling to force low DO conditions (<1 mg/L) (Extended 
Low DO Phase 1). Cores for ponds A, B, and E were flushed with synthetic 
stormwater (138 µg/L ortho-P) at the end of the low DO phase. The 
synthetic stormwater used was based on a recipe similar to that used by 
Erickson et al. (2016), which had typical stormwater concentrations of 
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nutrients. Metals were neglected in the synthetic stormwater because the 
concentrations are typically low. Cores for ponds C, D, F, and G were not 
flushed at the end of the low DO phase. 
Cores for ponds A through E were then flushed with synthetic stormwater 
(57 µg/L ortho-P) and incubated for an additional month with nitrogen gas 
bubbling, while pond F and G cores were incubated continuously without 
being flushed again (Extended Low DO Phase 2).  
Water sampling was conducted by drawing approximately 15 mL of water 
through Tygon tubing attached to an acid-washed syringe. During the high 
DO and extended low DO phases, one sample was taken at the middle of the 
water column because the entire water column was fully mixed via the 
bubbling of air or nitrogen gas. During the initial, unmixed low DO phase, 
two water samples were taken at 8 cm above the sediment surface and the 
middle of the water column, respectively, because the water column was 
unmixed.  
Water samples were filtered through a 0.45 µm membrane filter to remove 
particulates and analyzed for ortho-P using the ascorbic acid colorimetric 
method (Standard Methods 4500-PE; APHA, AWWA, WPCF 1995). 
Additionally, TP measurements were made on select water samples to see if 
particulate P was a significant fraction in the cores. Unfiltered water 
samples were processed according to standard methods (Standard Methods 
4500-P B.5; APHA, AWWA, WPCF 1995). 
Measurements of DO and temperature were taken in pond A, B, C, and D 
cores using a YSI ProDO optical probe and in ponds E, F, and G cores using a 
Hach HQ40d Multi Meter with LDO optical probe, both calibrated using the 
saturated air method. pH measurements were taken using a Jenco model-69 
digital pH meter and probe calibrated with pH 4.01 and 7.01 standards. DO, 
temperature, and pH measurements were taken by lowering the respective 
probes down the water column slowly to minimize mixing along the water 
column. During the completely mixed high DO and extended low DO phases, 
one measurement was taken at the middle of the water column. For the 
initial, unmixed low DO phase, measurements were taken every 15 cm, 
starting at 8 cm above the sediment surface.  

 Sediment Extractions of Different P Fractions in Sediments 
The sequential extraction procedure was developed from Engstrom and 
Wright (1984), Hieltjes and Lijklema (1980), and Psenner et al. (1988). The 
procedure measures loosely-bound P (porewater and CaCO3-bound P), iron-
bound P (redox sensitive), aluminum-bound P (adsorbed to Al(OH)3), 
mineral-bound P (calcite- and apatite- bound), labile organic P (biologically 
available when degraded, labile-P), and residual organic P (recalcitrant, 
residual-P) in wet sediments. Consideration was given in the selection of 
reagents to enable individual P fractions of interest to be extracted without 
degrading subsequent fractions prematurely. Loosely-bound P was 
extracted using 1 M NH4Cl reagent and can flux into the water column. 
Iron-bound P was extracted using 0.11 M NaHCO3-0.1 M Na2S2O4 reagent 
and preserved with 2.0 N HCl. Aluminum-bound P and labile-P were 
extracted in a two-step process. First, the sediment was digested using 0.1 
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M NaOH reagent. Then, with the NaOH digested extract, aluminum-bound P 
was extracted using 0.16 M persulfate reagent and 11 N sulfuric acid. The 
difference between the NaOH and persulfate extractions provided the labile-
P concentration. Mineral-P was extracted using 2.0 N HCl reagent. The 
residual-P and TP determination were digested with 30% H2O2 and 2.0 N 
HCl, and preserved with 1.0 M Na2S2O5. Extracts from the steps in the 
sequential process were tested for ortho-P on the QuikChem FIA+ 8000 
series Lachat auto analyzer, which uses the ascorbic acid colorimetric 
method. 
Sediment samples were extruded in 1-cm increments up to 5 cm below the 
sediment water interface and 3-cm increments from 5 to 11 cm below the 
sediment water interface for ponds A-F (5 to 10 cm for pond G). Each layer 
of sediment was then homogenized by massaging the sample in a plastic 
bag for 2 to 5 minutes. Method tests showed that the homogenization for 2 
minutes was accurate to approximately 5% of the 5-minute tests. 
Subsamples of approximately 1 g wet sediment were taken from the 
homogenized sediment layers: one for the P extraction procedure and one 
for water content (100°C) and loss on ignition (550°C) analyses. The 
moisture content was used to convert wet sediment weights to dry sediment 
weights for P fractions in the sediment, and the loss on ignition provided the 
organic matter content of the sediments. 

Taxonomic species or 
groups 

 

Quality control Laboratory analyses of water quality and sediment samples included 
approximately 10% blank samples of deionized water. Remaining portions 
of samples following analysis were preserved and re-analyzed on an as-
needed basis to resolve apparently anomalous measurements.  

Additional information The RPBCWD 98-Pond Dataset was produced by the Riley Purgatory Bluff 
Creek Watershed District and not the Principal Investigator or Co-
investigators credited above. Questions regarding this portion of the 
Dataset should be directed to http://www.RPBCWD.org. 

 

Table 2. Data dictionary: description of the variables (i.e., columns) in EACH 
dataset.  

@ = alphabetic character 
# = numeric character 
 
Dataset filename: Internal Loading in Stormwater Ponds as a Phosphorus Source to Downstream 
Waters_Field Profiles.csv 
Dataset description: Profile measurements of temperature (temp) and dissolved oxygen (DO) collected 
from 7 urban stormwater ponds in Minnesota at specified depths from the water surfaces.  

Column name Description Units Code explanation Data format Missing 
data code 

Site Pond name (A 
to G) 

  @ Blank cell 

http://www.rpbcwd.org/
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Date Date of 
measurement 

  MM/DD/YYYY Blank cell 

Depth Depth in pond 
of 
measurement 

Meter  #.## Blank cell 

Temp Temperature 
measurement 

Degrees 
Celsius 

 ##.# Blank cell 

DO Dissolved 
oxygen 
concentration 
measurement 

Milligrams 
per liter 

 ##.## Blank cell 

 
Dataset filename: Internal Loading in Stormwater Ponds as a Phosphorus Source to Downstream 
Waters_Sediment Data.csv 
Dataset description: Sediment phosphorus data from sequential extractions of different phosphorus 
fractions present in the bottom sediments from 7 urban stormwater ponds in Minnesota. Sediments were 
extracted from specified depths of sediment cores following incubations. The depth increments are as 
follows for each core: 0-1, 2-3, 3-4, 4-5, 5-8, and 8-11. If using Microsoft Excel to read this file, note that 
the data must be imported as text to avoid these ranges being interpreted as dates. 

Column name Description Units Code explanation Data 
format 

Missing 
data code 

Site Pond name (A 
to G) 

  @ Blank cell 

Column Core number 
relative to each 
pond (1 to 6) 

  # Blank cell 

Depth Depth in 
sediment of 
extraction 

  #-## Blank cell 

LooselyBoundP Dry weight 
concentration 
of loosely-
bound 
phosphorus in 
sediments 

Milligram 
per gram 

 #.######### Blank cell 

FeP Dry weight 
concentration 
of iron-bound 
phosphorus in 
sediments 

Milligram 
per gram 

 #.######### Blank cell 

AlP Dry weight 
concentration 
of aluminum-
bound 
phosphorus in 
sediments 

Milligram 
per gram 

 #.######### Blank cell 

LabileOrganicP Dry weight 
concentration 
of labile 
organic 
phosphorus in 
sediments 

Milligram 
per gram 

 #.######### Blank cell 

MineralP Dry weight 
concentration 

Milligram 
per gram 

 #.######### Blank cell 
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of mineral-
bound 
phosphorus in 
sediments 

ResidualOrganicP Dry weight 
concentration 
of residual 
organic 
phosphorus in 
sediments 

Milligram 
per gram 

 #.######### Blank cell 

TP Dry weight 
concentration 
of total 
phosphorus in 
sediments 

Milligram 
per gram 

 #.######### Blank cell 

RedoxP Dry weight 
concentration 
of redox-
sensitive 
phosphorus in 
sediments 

Milligram 
per gram 

 #.######### Blank cell 

MobileP Dry weight 
concentration 
of mobile 
phosphorus in 
sediments 

Milligram 
per gram 

 #.######### Blank cell 

TotalOrganic Dry weight 
concentration 
of total organic 
phosphorus in 
sediments 

Milligram 
per gram 

 #.######### Blank cell 

 
Dataset filename: Internal Loading in Stormwater Ponds as a Phosphorus Source to Downstream 
Waters_Field TP.csv 
Dataset description: Total phosphorus (TP) sample data from 7 urban stormwater ponds in Minnesota. 

Column name Description Units Code explanation Data format Missing 
data code 

Site Pond name (A 
to G) 

  @ Blank cell 

Date Date of 
measurement 

  MM/DD/YYYY Blank cell 

TP Total 
phosphorus 
concentration 
in pond surface 
water 

Milligram 
per liter 

 #.### Blank cell 

 
Dataset filename: Internal Loading in Stormwater Ponds as a Phosphorus Source to Downstream 
Waters_Incubation Data.csv 
Dataset description: Soluble reactive phosphorus (SRP), dissolved oxygen (DO), and temperature (temp) 
measurements from incubation experiments of intact sediment cores from 7 urban stormwater ponds in 
Minnesota. The incubations consisted of 4 phases: 0) mixed aeration phase, 1) quiescent anoxia (DO <1 
mg/L), 2) mixed anoxia, and 3) extended mixed anoxia. Height measurements refer to the height above 
the water-sediment interface in each sediment core incubation. 
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Column name Description Units Code explanation Data format Missing 
data code 

Site Pond name (A 
to G) 

  @ Blank cell 

Column Core number 
relative to each 
pond (1 to 6) 

  # Blank cell 

Date Date of 
measurement 

  MM/DD/YYYY Blank cell 

Phase Phase of 
incubation 

 0 = High DO 
1 = Low DO 
2 = Extended Low 
DO 1 
3 = Extended Low 
DO 2 

# Blank cell 

Height Height in core 
water column 
of 
measurement 

Meter  #.## Blank cell 

DO Dissolved 
oxygen 
concentration 
measurement 

Milligrams 
per liter 

 ##.## Blank cell 

Temp Temperature 
measurement 

Degrees 
Celsius 

 ##.# Blank cell 

SRP Soluble 
reactive 
phosphorus 
concentration 
in core water 
column 

Microgram 
per liter 

 #.### Blank cell 

 
Dataset filename: Internal Loading in Stormwater Ponds as a Phosphorus Source to Downstream 
Waters_RPBCWD 98-Pond Dataset.csv 
Dataset description: A collection of total phosphorus surface samples from 98 urban stormwater ponds in 
Minnesota sampled over 3 years. Contact the Riley Purgatory Bluff Creek Watershed District 
www.RPBCWD.org for further information. 

 

Table 3. Data provenance 

Dataset title Dataset DOI or URL Creator (name & 
email) 

Contact (name & 
email) 

RPBCWD 98-Pond 
Dataset 

Stormwater Pond Project 2013 Report 
www.RPBCWD.org 

Riley Purgatory Bluff 
Creek Watershed 
District 

Claire S. Bleser 
cbleser@rpbcwd.org 

National 
Stormwater 
Quality Database 
(NSQD) Version 3 
Spreadsheet 

http://rpitt.eng.ua.edu/Research/ms4/m
ainms4.shtml 

Pitt R. Maestre and 
R. Morquecho 
rpitt@eng.ua.edu 

rpitt@eng.ua.edu 

Trees and Streets 10.1021/acs.est.7b02225 Benjamin D. Janke, Benjamin D. Janke 

http://www.rpbcwd.org/
http://rpitt.eng.ua.edu/Research/ms4/mainms4.shtml
http://rpitt.eng.ua.edu/Research/ms4/mainms4.shtml
http://pubs.acs.org/doi/abs/10.1021/acs.est.7b02225
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as Drivers of Urban 
Stormwater 
Nutrient Pollution 
Supplemental 
Information 

Jacques C. Finlay, 
and Sarah E. Hobbie 
janke024@umn.edu 

janke024@umn.edu 

 


