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To the Editor of HESS: 

 

We would like to thank the editor and reviewers for all of their comments and suggestion.  We 

have compiled the editor’s and both of the reviewer’s comments below and we have thoroughly 

addressed and responded to each comment.  Please note that all of our responses are in red.  A 

copy of our manuscript with marked up changes using Track Changes are attached to this 

document, after our responses to each of the reviewer’s comments, at the end.   

 

Thank you, 

Michael Pennino 

 

 

 

 

 

 

List of Relevant Changes to the Manuscript 

 

 Updated abstract and introduction and added citations to support how this study is 

globally relevant 

 Changed terminology to clarify methods 

 Shortened certain methods sections for clarity 

 Clarified the methods on nutrient export estimation 

 Added more to each discussion section and relevant citations to support our results and 

interpretation 

 Clarified our results and conclusions 

 

 

 

 

 

 

 

 

 

 

 

 

 



Detailed Response to HESSD Editor Comments 

 

Dear authors, I finally got the reviewer suggestions and comments. I can consider finished this 

phase of the review process. Reviewers had good work and I appreciate their effort and 

constructive analysis that will help the authors to improve their manuscript. 

 

Overall they considered the manuscript a potentially interesting paper for HESS. However, the 

publication of the manuscript in its present form is not recommended, and a major revision is 

being requested. I really suggest to consider in detail the general, specific, technical and 

terminology reviewer’s suggestions/comments. A special attention should be paid on: To context 

your specific case study into a more broad context 

We have addressed all of the reviewer’s suggestions and comments and also added information 

to the introduction and discussion to show how this study fits in a global context. 

 

Reviewer #1 suggest to adopt a different approach to compare restored vs. unrestored streams. 

Both reviewers outlined on the need to clarify the terminology. The discussion should be less 

speculative and need a more clear connection between results and conclusions 

In your reply, it is essential to explaining how and where each point of the Reviewers’ comments 

has been addressed. Should you disagree with any part of the reviews, please explain why. 

We have also thoroughly addressed each of these specific suggestions to clarify the terminology 

and make clearer connections between results and conclusions, particularly by adding more 

details to the discussion.   

 

Best regards, Andrea Butturini 

 

 

Response to Referee 1 Comments for HESSD 

 

A general comment is that is difficult to refer to the different sections, as there are not page 

numbers and the line numbers re-start at every page.   

The revised manuscript now has page numbers.  

 

Another general and worrying issue is on the use of terminology and concepts, as I have the 

feeling the authors use them not in the best possible manner.   

We have gone through the reviewer’s suggestions to the abstract and applied these same 

suggestions to the whole manuscript (see details below).   

 

Finally, I also think that everything in the paper is too case-specific, as the authors were not 

looking for a broad picture that can be interesting for readers from elsewhere. 

We included three new sentences to the introduction to show how this work relates to similar 

studies globally: 1) the first sentence of the second introductory paragraph now states: “The 

potential for increasing urbanization and climate change to alter hydrology and nutrient fluxes is 

a problem for cities globally (Julian and Gardner, 2014; Kaushal et al., 2014b; Old et al., 2006; 

Smith and Smith, 2015; Walsh et al., 2005b).”  2) We added another new sentence in the second 

paragraph of the introduction, which puts our work within the context of a recent global review 

and synthesis of stream restoration: “A recent global review and synthesis suggests that certain 



forms of stream restoration have potential to retain watershed nutrient exports particularly during 

baseflow, but further evaluation across streamflow is necessary (Newcomer-Johnson et al., 

2016).  Most of the restoration studies in that paper have focused on baseflow but this study 

spans streamflow variability.  3) A third new sentence discusses how sewer leaks is a water 

quality problem globally: “These techniques and others have been used globally to detect the 

influence of leaky sewer infrastructure on water quality (Ekklesia et al., 2015; Hall et al., 2016; 

Risch et al., 2015; Tran et al., 2014; Wolf et al., 2012) and it has been shown that sewer leaks 

have impacts during baseflow and stormflow (Divers et al., 2013; Phillips and Chalmers, 2009; 

Rose, 2007).”  

 

Title: I suggest to change ‘sanitary infrastructure’ to ‘sewer network’ or “sewage system” in the 

title.   

In the Title we changed ‘sanitary infrastructure’ to ‘sewers.’ 

 

Title:  I’m also not so happy with the use of ‘alter’, as it has a negative meaning. To restore a 

river will influence, or shape, but not really alter.  Keep in mind that the two forces you mention 

are probably pushing the system in opposite directions:  restoration and chemical pollution from 

the sewage system.   

In the title we changed the word ‘alter’ to ‘impact.’ 

 

Abstract: Some general issues in the abstract are that it lacks structure, and that is too long. 

Authors should try to follow the universal rule of the 5 parts in the abstract: Global why, specific 

why, how, what, and what it means!   

We have now made some minor edits to the abstract and removed some text in the abstract to 

improve flow and clarity. 

 

Abstract, P1, L22:  What does it mean unrestored here?  I suggest using a different term.  

Unrestored means not restored, but a pristine river is also an unrestored river.  If these 3 rivers 

are degraded, or altered, or canalized, or use that term.   

We have changed the abstract and the entire manuscript to use the terminology “urban restored 

stream” or just “restored stream” for the stream with restoration and “urban degraded” for the 

other three streams.  We are no longer using the term “unrestored” in the manuscript.  

 

Abstract, P1, L23:  What do you mean with draining a stormwater management?  Stormwater 

management is not a place, is an action.  

We added the word ‘upland’ before ‘stormwater management’ and the word ‘systems’ after 

‘stormwater management.’  

 

Abstract, P2, L1: How can it be that the peak discharge decreases because of a stream 

restoration?  Stream restoration means to improve the conditions within the stream channel.  

Modifications in the stream channel can influence the hydraulics of the system (depth-velocity 

relationships), but not the peak discharge, which depends on the basin conditions.  

We have added some additional text and supporting references to the introduction to explain why 

we expect stream restoration to impact peak discharge:  

 



“We predict that the stream restoration which reconnects the stream with its floodplain has the 

potential to impact peak discharge and attenuate flashy flows, due to the peakflow water 

overflowing onto the floodplain and infiltrating into the floodplain soil.  In fact, flood plain 

reconnection is an a priori objective in restored streams in Baltimore (Duerksen and Snyder 

2005; Greenman-Pedersen Inc. 2003).” 

 

Duerksen C, Snyder C.  2005.  Nature-Friendly Communities: Habitat Protection and Land Use 

Planning.  Washington, D.C.: Island Press.  421 pp.  

  

Greenman-Pedersen Inc (2003) Minebank Run II stream restoration design report and 100-year 

floodplain impact analysis. Appendices, Laurel, p 10 

 

Abstract, P2, L 2-5. These comparisons cannot be done if the basins are different.  You should 

compare it with equal basins, or with the same basin before the restoration.  If you would like to 

assess the restoration effects, you should follow a BACI or a similar design. Furthermore, and in 

line with the previous comment, an in-stream restoration cannot affect the specific discharge 

(L/m2/d).  

The objective of this study was to show the impact of urban stream restoration and sewer 

infrastructure on the sources and exports of water, carbon, and nutrients in urban streams.  To 

make this more clear, to the second objective listed in the last introductory paragraph we added 

at the end of this sentence “…to assess the role of stream restoration and potential pollutant 

sources, such as leaky sanitary sewers.”   

 

To address the first objective of this study we conducted a before and after analysis for the effect 

of stream restoration on hydrology.   

 

To address the second objective of this study we compared the sources and exports among the 

four watersheds in this study, but due to the small sample size and the differences between 

watersheds, this paper never asserts that specific management strategies are the cause of the 

differences in sources or exports.  Causality is difficult to attribute with full certainty in some 

management studies.  However, we show how the four streams statistically differ and suggest the 

influence of leaky sewer infrastructure and stream restoration.  We agree with the reviewer that 

in order to unequivocally demonstrate there is a significant effect of management when 

comparing sites, it is necessary to have a larger sample size and to control for other factors by 

having similar basins.  However, our results provide new information regarding sources and 

exports of water, carbon, and nitrogen in urban restored and degraded streams, which is currently 

scarce in the literature.  

 

Abstract, P2, L5.  Streams are not more or less developed. The basin might be more or less 

developed, but in any case, you must specify in which sense the basin is developed.  

We changed ‘less developed stream’ to ‘a stream in a less developed watershed’ 

 

Abstract, P2, L6. Again, stormwater management is an action, not a place.  

We added the word ‘systems’ after ‘stormwater management’ or ‘SWM’ when appropriate, 

throughout the abstract and manuscript.  

 



Abstract, P2, L9-12. The units you provide (kg/ha/y) refer to the basin, not to the stream.  

When describing exports from streams we changed it to exports from the watershed / catchment 

where appropriate, throughout the abstract and manuscript.   

 

Abstract, P2, L15. This time, I believe that it’s the way round. I bet that here you mean a 

synoptic survey along the stream, or the mainstem, but not the watershed (or basin).   

Correct, we changed the word ‘watersheds’ to ‘streams.’  

 

Abstract, P2, L21.  To minimize watershed nutrient export? Is this the goal of management, or to 

reduce the chemical concentrations of some pollutants in the river, that is, to improve the water 

quality?   

Chemical concentrations are important to regulate, but it is also important to reduce nutrient 

export from watershed to protect downstream ecosystems from eutrophication and hypoxia.  For 

example, there are regulations for total maximum daily loads (TMDLs) by the Clean Water Act 

in the USA.    

 

Abstract, P2, L23.  Why should the repair of the sewer network involve channel modifications?  

This might be only in some cases, but is case-specific and not a general issue. In general, most of 

the text is written with a narrow focus, and might not be of interest for a broader audience.   

Stream restoration involves channel modification, and if the sewers are degraded, then they 

should be repaired at the same time, otherwise the stream restoration may not show the expected 

nutrient benefits.   

 

Also, sewer and water infrastructure very often follows the stream channel to capitalize on slope 

and therefore, channels are redesigned during restoration to protect infrastructure from damage 

and further erosion (see Mayer et al. 2010 JEQ).  This sewer construction approach is repeated in 

virtually all metropolitan areas so the issue is of general interest. 

 

Mayer, P. M., Groffman, P. M., Striz, E. A., Kaushal, S. S. 2010. Nitrogen Dynamics at the 

Groundwater-Surface Water Interface of a Degraded Urban Stream. Journal of Environmental 

Quality 39(3): 810-823. 

 

We have modified the last four sentences of the abstract to by cutting out any duplicate 

material/sentences and by moving some sentences around for clarity.   We have also added some 

of the above text and the citation to the conclusion section to help make this of more interest to a 

broader audience.  

 

Abstract, P3, L 1-5.  The authors jump here to somewhere, aiming to something that has not been 

discussed before. The last section of the abstract might have general implications, but always 

based on the submitted work. 

There are two sentences in the abstract prior to this that describes the how the results of this 

study suggest the influence of groundwater sources.  But we further revised the abstract, P3, L 1-

5, to make it clear that this groundwater influence is from the leaky sewer infrastructure 

discussed above and supported by the results of this study.   

 



These are just comments on the abstract and title, which is just a small part of the manuscript, but 

the most important one.   Authors should carefully review the entire manuscript having all the 

above mentioned issues in mind, and ask for assistance from other colleagues for an internal 

review before resubmitting their work. 

Throughout the manuscript, we made sure that it was clear in how we described watersheds as 

developed and not streams as developed.  Using the phrasing a ‘stream in a less developed 

watershed,’ instead of ‘a less developed stream.’ 

 

Throughout the whole manuscript, when describing exports from streams we changed it to 

exports from the watershed / catchment (when appropriate).   

 

We made sure to change the use of the terms Load (mass) or Export (mass/area/time) in the 

manuscript was used consistently and appropriately.   

 

Also, when the acronym for stormwater management, ‘SWM’ was used we made sure to add 

‘systems’ after or ‘watershed’ before, depending on the context.   

 

 

Response to Referee 2 Comments 

 

The topic of how urban streams transfer nutrients is of interest. The experimental setup is quite 

confusing though, it is not obvious why and what you compare.   

As suggested by reviewer 1, we have now changed some of the confusing terminology and 

simplified the abstract, introduction, and the methods.  We believe we have made the 

experimental set up more clear and easy to understand.  For example, 1) we are now primarily 

using the terms restored or urban degraded streams, 2) we clarified the introduction were we list 

our objectives and we make our second objective more clear (as described above) by stating that 

we are looking at hydrology and nutrient sources in 1 restored and 3 urban degraded streams “to 

assess the role of stream restoration and potential pollutant sources, such as leaky sanitary 

sewers,”  3) we simplified our site description section (described more below), and 4) we 

simplified the methods section on “Comparison of Pre and Post Restoration Hydrologic 

Response” by putting most of the text in to Supplementary Material.   

 

Some terminology is not very specific and confusing: unrestored, sanitary infrastructure etc.  

How are you assessing the impact of the ‘sanitary infrastructure’?  

We are no longer using the term “unrestored”, instead we are using “urban degraded streams.”  

We are also no longer using “sanitary infrastructure” but instead “sewers” or “sewer 

infrastructure.”   

 

To assess the impact of sewer infrastructure (also described elsewhere) we used data on carbon 

quality (fluorescence spectroscopy results), data on 15N-nitrate stable isotopes, data on fluoride 

and iodide concentrations, and carbon and nitrogen export results.   

 

Do you have enough study sites to derive meaningful and statistically significant conclusions?   

Similar to our response to the first reviewer, we can say based on our statistical analysis of time 

series data collected at each of the four sites whether one stream has different hydrologic metrics, 



nutrient sources, or exports than the other sites.  However, because we do not have enough 

replication of study sites, we cannot say with statistical confidence whether stream restoration or 

management has a significant effect (except for the before and after hydrologic analysis for the 

restored stream site).  Yet, based on the results of this study we can still suggest the potential 

influence of leaky sewer infrastructure and stream restoration.  Our results also provide new 

information regarding sources and exports of water, carbon, and nitrogen in urban restored 

streams, and there are relatively few papers analyzing sources of water, carbon, and nitrogen in 

urban restored and degraded streams.  

 

In my opinion, lots of the comparison between streams/catchments in terms of the ‘sanitary 

infrastructure’ is speculative and does not support your conclusions.  

We feel that our revisions and the literature added support our conclusions. There has been 

considerable background work evaluating the importance of leaky sewers in these watersheds. 

Please see our more detailed and specific responses below.   

 

Below are some more specific comments: 

 

Title – should be fluxes of water and nutrients 

We do not agree with this change because carbon is not typically considered a nutrient and we 

want to make sure it is clear that carbon is studied in this paper.  

 

Abstract – please rewrite confusing parts: ‘more similar to a less developed’, ‘higher and less 

frequent streamflow’ 

We changed ‘more similar to a less developed’ to ‘more similar to a stream with stormwater 

management systems and less impervious surface cover in its watershed.’ 

 

We changed ‘higher and less frequent streamflow’ to just ‘higher streamflow.’   

 

Abstract – please rewrite ‘stream draining stormwater management’ 

We changed this to ‘a stream with stormwater management systems … in its watershed.’ 

 

Abstract – please rewrite ‘Although stream restoration appeared to potentially influence 

hydrology to some degree,’ – did it or did it not? 

We removed this part of the sentence because it was unnecessary and the question was already 

answered previously in the abstract.    

 

Abstract – please choose groundwater or ground water 

We went through the abstract and whole manuscript to make sure to consistently use 

‘groundwater.’ 

 

Abstract and introduction – the description of what streams you measure is very confusing, do 

you measure only urban streams? Restored and unrestored? Please rewrite to make it clear what 

you compare with what. 

The abstract and introduction have been revised to make it clear that we are measuring only 

urban streams.  We removed the use of the term unrestored and used the term “urban degraded 

streams” instead.    



 

Methods, page 13154, line 9 – please rewrite ‘the entire mainstem of the stream from headwaters 

to mouth is greater than 95% restored’ 

We made this part a new sentence and changed it to read “Also, about 95% of Minebank Run’s 

mainstem has been restored…” 

 

Methods, page 13154, most of this information should be in a table 

This information is in Table 1.  We have removed some of the text from this paragraph on page 

13154 and summarized some of the data for the four sites.    

 

Methods, page 13155, please consider putting some of this text in supplementary material 

Most of these methods from this section “Comparison of pre and post restoration hydrologic 

response” were moved to supplementary material and some of the text was re-written for clarity.   

 

Methods, page 13157 – how long were the NO3N samples stored for before analysis? 

In the supplementary material we wrote “All nitrogen species, except samples for stable isotope 

analysis, were preserved by acidifying to pH 2 with sulfuric acid and stored frozen in HDPE 

bottles until analysis.” And “All other samples, besides NO3- isotopes samples, were analyzed 

within 1-2 months.”   

 

For nitrate isotopes we added this text to the supplementary material: “Samples for nitrate 

isotope analysis were all analyzed on the same date, resulting in the samples being stored frozen 

from 7 months to 2 years and 7 months.”  We could not find any literature to suggest there is any 

difference in isotope results depending on storage time.  

 

Methods section is far too long, please make it more concise. 

We have considerably cut down the site description section and the section “Comparison of pre 

and post restoration hydrologic response.”  We feel that the rest of the methods section material 

is necessary.   

 

Methods - I am not sure how useful are your load estimates if the approach does not sample 

highflows? 

Even though the annual loads may not fully estimate stormflow contribution, we added text to 

say “…because all four sites are within the same city and receive relatively the same rainfall 

during storm events, the relative annual loads estimated for the sites are comparable and it is 

appropriate to draw conclusions among the four study sites.” 

 

Discussion: 

A lots of discussion is speculative. Do you have any evidence in support of your hypotheses 

about leaky sewers, erosion of stream channel etc? 

There are several sources of evidence to suggest that there are leaky sewers at the streams in this 

study, which were stated in the results and discussion (but we have now added any new 

references and added more discussion to the text):  

 

1) The high 15N-NO3 isotope levels and the nitrate isotope mixing model results suggests N 

wastewater sources at all four sites (Kaushal et al., 2011, Divers et al. 2014).  Also during 



summer baseflow, the 15N-NO3- isotope levels were consistently high along the entire stream 

length at all four sites, also suggesting the influence of leaky sewers inputs through groundwater 

recharge (Divers et al. 2014, Hall et al. 2016).   

 

2) The fluorescence spectroscopy results indicates there is more labile organic matter and 

protein-like organic matter in the urban degraded streams as well as the restored stream, 

suggesting wastewater sources (leaky sewers, since there are no point wastewater discharges) 

based on the literature (Baker, 2001; Goldman et al., 2012; Li et al., 2015; Yu et al., 2015).    

 

3) Evidence from iodide and fluoride support leaky sewer pipes (Kaushal et al., 2014, Darcan et 

al., 2005; Gehr and Leduc, 1992; Xu et al., 2016), because fluoride is applied as an additive to 

drinking water (Dean et al., 1950) and iodide is used in table salt (Waszkowiak and Szymandera-

Buszka, 2008).    

 

4) We also added more introductory text on how leaky sewers are a global problem with 

references from the United States, Europe and Asia: “These techniques and others have been 

used globally to detect the influence of leaky sewer infrastructure on water quality (Ekklesia et 

al., 2015; Hall et al., 2016; Risch et al., 2015; Tran et al., 2014; Wolf et al., 2012) and it has been 

shown that sewer leaks have impacts during baseflow and stormflow (Divers et al., 2013; Divers 

et al., 2014; Phillips and Chalmers, 2009; Rose, 2007).” 

 

5) The increase in wastewater inputs from wastewater sources (which include C, N, and P) 

during stormflow (pulsed behavior) has been shown to be related to leaky pipes and sewer 

overflows (Divers et al., 2014; Phillips and Chalmers, 2009; Kaushal et al., 2011).   

 

6) We have added text saying that “In fact, Baltimore City has detailed records for the dates and 

locations of sewer overflows through their open data website (data.baltimorecity.gov) and these 

sewer overflows have occurred within the watersheds in this study.”   

 

In terms of evidence for erosion of the stream channel, we indicated that this was observed by 

the authors in the test by stating “(personal observation).” 

 

The following are citations for the references listed above in response to this question:  

 

Baker, A.: Fluorescence excitation-emission matrix characterization of some sewage-impacted 

rivers, Environ. Sci. Technol., 35, 948-953, 2001. 

 

Darcan, S., Unak, P., Yalman, O., Lambrecht, F. Y., Biber, F. Z., Goksen, D., and Coker, M.: 

Determination of iodine concentration in urine by isotope dilution analysis and thyroid volume 

of school children in the west coast of Turkey after mandatory salt iodization, Clinical 

Endocrinology, 63, 543-548, 2005. 

 

Dean, H. T., Arnold, F. A., Jay, P., and Knutson, J. W.: Studies on mass control of dental caries 

through fluoridation of the public water supply, Public Health Reports, 65, 1403-1408, 1950. 

 



Divers, M. T., Elliott, E. M., and Bain, D. J.: Constraining Nitrogen Inputs to Urban Streams 

from Leaking Sewers Using Inverse Modeling: Implications for Dissolved Inorganic Nitrogen 

(DIN) Retention in Urban Environments, Environ. Sci. Technol., 47, 1816-1823, 2013. 

 

Divers, M. T., Elliott, E. M., and Bain, D. J.: Quantification of Nitrate Sources to an Urban 

Stream Using Dual Nitrate Isotopes, Environ. Sci. Technol., 48, 10580-10587, 2014. 

 

Ekklesia, E., Shanahan, P., Chua, L. H. C., and Eikaas, H. S.: Temporal variation of faecal 

indicator bacteria in tropical urban storm drains, Water Res., 68, 171-181, 2015. 

 

Gehr, R. and Leduc, R.: ASSESSING EFFLUENT FLUORIDE CONCENTRATIONS 

FOLLOWING PHYSICOCHEMICAL WASTE-WATER TREATMENT, Canadian Journal of 

Civil Engineering, 19, 649-659, 1992. 

 

Goldman, J. H., Rounds, S. A., and Needoba, J. A.: Applications of Fluorescence Spectroscopy 

for Predicting Percent Wastewater in an Urban Stream, Environ. Sci. Technol., 46, 4374-4381, 

2012. 

 

Hall, S. J., Weintraub, S. R., Eiriksson, D., Brooks, P. D., Baker, M. A., Bowen, G. J., and 

Bowling, D. R.: Stream Nitrogen Inputs Reflect Groundwater Across a Snowmelt-Dominated 

Montane to Urban Watershed, Environ. Sci. Technol., 50, 1137-1146, 2016. 

 

Kaushal, S. S., Groffman, P. M., Band, L. E., Elliott, E. M., Shields, C. A., and Kendall, C.: 

Tracking Nonpoint Source Nitrogen Pollution in Human-Impacted Watersheds, Environ. Sci. 

Technol., 45, 8225-8232, 2011. 

 

Kaushal, S. S., Delaney-Newcomb, K., Findlay, S. E. G., Newcomer, T. A., Duan, S., Pennino, 

M. J., Sivirichi, G. M., Sides-Raley, A. M., Walbridge, M. R., and Belt, K. T.: Longitudinal 

patterns in carbon and nitrogen fluxes and stream metabolism along an urban watershed 

continuum, Biogeochemistry, DOI 10.1007/s10533-014-9979-9, 2014. 

 

Li, W. H., Liu, Y. X., Wang, W., Sheng, G. P., Yu, H. Q., and Shuai, L.: Analysis of Samples 

from Wastewater Treatment Plant and Receiving Waters Using EEM Fluorescence 

Spectroscopy, Spectroscopy and Spectral Analysis, 35, 940-945, 2015. 

 

Phillips, P. and Chalmers, A.: WASTEWATER EFFLUENT, COMBINED SEWER 

OVERFLOWS, AND OTHER SOURCES OF ORGANIC COMPOUNDS TO LAKE 

CHAMPLAIN, Journal of the American Water Resources Association, 45, 45-57, 2009. 

 

Risch, E., Gutierrez, O., Roux, P., Boutin, C., and Corominas, L.: Life cycle assessment of urban 

wastewater systems: Quantifying the relative contribution of sewer systems, Water Res., 77, 35-

48, 2015. 

 

Rose, S.: The effects of urbanization on the hydrochemistry of base flow within the 

Chattahoochee River Basin (Georgia, USA), Journal of Hydrology, 341, 42-54, 2007. 

 



Tran, N. H., Hu, J. Y., Li, J. H., and Ong, S. L.: Suitability of artificial sweeteners as indicators 

of raw wastewater contamination in surface water and groundwater, Water Res., 48, 443-456, 

2014. 

 

Waszkowiak, K. and Szymandera-Buszka, K.: Effect of storage conditions on potassium iodide 

stability in iodised table salt and collagen preparations, International Journal of Food Science and 

Technology, 43, 895-899, 2008. 

 

Wolf, L., Zwiener, C., and Zemann, M.: Tracking artificial sweeteners and pharmaceuticals 

introduced into urban groundwater by leaking sewer networks, Science of the Total 

Environment, 430, 8-19, 2012. 

 

Xu, Z. X., Wang, L. L., Yin, H. L., Li, H. Z., and Schwegler, B. R.: Source apportionment of 

non-storm water entries into storm drains using marker species: Modeling approach and 

verification, Ecological Indicators, 61, 546-557, 2016. 

 

Yu, H. B., Song, Y. H., Gao, H. J., Liu, L., Yao, L. L., and Peng, J. F.: Applying fluorescence 

spectroscopy and multivariable analysis to characterize structural composition of dissolved 

organic matter and its correlation with water quality in an urban river, Environmental Earth 

Sciences, 73, 5163-5171, 2015. 

 

The hydrological metrics and their interpretation is convincing but not the biogechemical part of 

the study. Perhaps you should tease out more the differences in nutrients.  At the moment this 

aspect is not clear. 

We added to the discussion section on nutrient sources and exports further interpretations for 

why the restored stream sometimes behaved differently than the other streams.   

 

1) Specifically, we added details to the discussion on nitrate sources to show the influence of 

leaky sewers, seasons, and differences in sites: “High 15N-NO3- isotope levels are indicative of 

nitrate from wastewater sources (Divers et al., 2014; Kaushal et al., 2011)…. Due to stream 

restoration at MBR, the neighboring sewer pipes were repaired and stabilized (Doheny et al., 

2006; Mayer et al., 2010; US EPA, 2009), likely resulting in less sewer leaks at Minbank Run in 

and along the restored reach.  During summer baseflow, the 15N-NO3- isotope levels were 

consistently high along each stream length suggesting the influence of leaky sewers inputs 

through groundwater recharge (Divers et al., 2014; Hall et al., 2016), but during the rainier 

spring season, the more urban streams (DRN and PMR) showed a decline in 15N-NO3- isotope 

levels indicating possible dilution of sewer sourced nitrate from rainwater entering from 

connected impervious surfaces (Divers et al., 2014).  This dilution of wastewater NO3- was not 

observed at the other sites, potentially due to less connected impervious surfaces at the least 

urban watershed (RRN) and the reduction of peak discharge due to the reconnected floodplain 

for the restored stream (MBR) (Boyer and Kieser, 2012; Cendon et al., 2010; Poff et al., 2006).     

 

2) In the section on C sources we provide further references on why the fluorescence results 

suggest C sources from wastewater:  “From studies throughout the globe, it is know that protein-

like and more bioavailable or labile organic matter is typically associated with wastewater 

carbon sources (Baker, 2001; Goldman et al., 2012; Li et al., 2015; Yu et al., 2015).”  “As a 



result, the higher BIX, P/H ratio, and protein-like organic matter in the restored stream MBR, as 

well as the more urban watersheds (PMR and DRN), is likely due to leaky sewers typically 

found in older urban watersheds (Hudson et al., 2008; Kaushal et al., 2011) since the watersheds 

in this study are not influenced by combined sewer overflows or typical point source discharges 

of wastewater.” 

 

3) In the section on C exports we provided further interpretation on why the restored stream had 

the lowest C exports.  “The restored stream also likely had lower C exports due to increased 

ability to retain and process carbon in transient storage zones, such as pools, in the reconnected 

floodplain or through hyperheic exchange (Bukaveckas, 2007; Groffman et al., 2005; 

Mulholland et al., 1997; Pennino et al., 2014), whereas degraded urban streams that are highly 

eroded can have less transient storage areas to potentially store and process carbon (Kurth et al., 

2015; Sudduth et al., 2011a).”  

  

4) We added more interpretation for why the N and P exports were lower for the restored stream.   

“The higher TN exports in the more urban sites (PMR and DRN) compared to the restored 

stream (MBR) may be due to various reasons, such as greater N inputs from leaky sewers in the 

more urban and older watersheds and/or greater N removal through denitrification in the restored 

stream due its hydrologically connected floodplains (Kaushal et al., 2008),  and alluvial 

wetlands, and greater hyporheic exchange (Bukaveckas, 2007; Harrison et al., 2011; Kaushal et 

al., 2008; Roley et al., 2012).  In fact, the stream restoration at MBR involved some repairs to 

help stabilize the sewer pipes (Doheny et al., 2006; Mayer et al., 2010; US EPA, 2009) and 

consequently may have reduced sewer leaks, but detailed research is needed to evaluate the 

effects of sewer repairs on watershed N inputs.” 

 

For Phosphorus we added “The lower TP exports in the restored stream may be due to increased 

hyporeic exchange and floodplain connection, which have been shown to increase P retention 

(Butturini and Sabater, 1999; Mulholland et al., 1997).”  

 

5) We also added to the interpretation on why the restored stream had less pulsed C and nutrient 

exports and less exports during higher flows.  “The lower proportion of N exports during higher 

flows for the restored stream (MBR) may be due to the connected floodplain attenuating higher 

flows, as evidenced by the effective discharge results described above and due to less connected 

impervious cover (Poff et al., 2006; Smith et al., 2013).”  Later in the discussion we added: “The 

higher C, N, and P exports during baseflow at the restored stream (MBR) and the least urban 

stream likely corresponds with there being greater groundwater recharge at these sites, due to 

less impervious surface cover and floodplain reconnection (Boyer and Kieser, 2012; Cendon et 

al., 2010).” 

 

To the following sentence we added new citations: “Dissolved C, N, P, F-, and I- exports in the 

more urban watersheds could have also been more variable due to runoff from impervious 

surfaces and/or increased contributions from storm drains (Bernhardt et al., 2008; Hatt et al., 

2004) and elsewhere in the stream corridor (i.e. sewage leaks) during storms, as shown in other 

studies (Divers et al., 2014; Kaushal et al., 2011; Phillips and Chalmers, 2009).”   

 



We also added this sentence: “The attenuation of peak discharge due to stream restoration 

observed at MBR, which reconnected the stream with the floodplain is likely a large factor in 

why MBR had comparatively less pulses in C and nutrient exports.  Also, the stabilization and 

replacement of sewer pipes along the restored stream (Doheny et al., 2006; Mayer et al., 2010; 

US EPA, 2009) likely reduced the potential for C and nutrients to leak into the restored stream.”     

 

The following are citations for the references listed above in response to this question:  

 

Bernhardt, E. S., Band, L. E., Walsh, C. J., and Berke, P. E.: Understanding, managing, and 

minimizing urban impacts on surface water nitrogen loading, Year in Ecology and Conservation 

Biology 2008, 1134, 61-96, 2008. 

 

Boyer, K. B. and Kieser, M. S.: URBAN STORMWATER MANGEMENT-AN MS4 SUCCESS 

STORY FOR WESTERN MICHIGAN UNIVERSITY, Journal of Green Building, 7, 28-39, 

2012. 

 

Bukaveckas, P. A.: Effects of channel restoration on water velocity, transient storage, and 

nutrient uptake in a channelized stream, Environ. Sci. Technol., 41, 1570-1576, 2007. 

 

Butturini, A. and Sabater, F.: Importance of transient storage zones for ammonium and 

phosphate retention in a sandy-bottom Mediterranean stream, Freshwater Biology, 41, 593-603, 

1999. 

 

Cendon, D. I., Larsen, J. R., Jones, B. G., Nanson, G. C., Rickleman, D., Hankin, S. I., Pueyo, J. 

J., and Maroulis, J.: Freshwater recharge into a shallow saline groundwater system, Cooper 

Creek floodplain, Queensland, Australia, Journal of Hydrology, 392, 150-163, 2010. 

 

Doheny, E. J., Starsoneck, R. J., Striz, E. A., and Mayer., P. M.: Watershed characteristics and 

pre-restoration surface-water hydrology of Minebank Run, Baltimore County, Maryland, water 

years 2002–04. USGS Scien- tific Investigations Rep. 2006–5179. USGS, Reston, VA, 2006. 

2006. 

 

Groffman, P. M., Dorsey, A. M., and Mayer, P. M.: N processing within geomorphic structures 

in urban streams, Journal of the North American Benthological Society, 24, 613-625, 2005. 

 

Harrison, M. D., Groffman, P. M., Mayer, P. M., Kaushal, S. S., and Newcomer, T. A.: 

Denitrification in Alluvial Wetlands in an Urban Landscape, Journal of Environmental Quality, 

40, 634-646, 2011. 

 

Hatt, B. E., Fletcher, T. D., Walsh, C. J., and Taylor, S. L.: The influence of urban density and 

drainage infrastructure on the concentrations and loads of pollutants in small streams, Environ. 

Manage., 34, 112-124, 2004. 

 

Hudson, N., Baker, A., Ward, D., Reynlds, D. M., Brunsdon, C., Carliell-Marquet, C., and 

Browning, S.: Can fluorescence spectrometry be used as a surrogate for the Biochemical Oxygen 



Demand (BOD) test in water quality assessment? An example from South West England, 

Science of the Total Environment, 391, 149-158, 2008. 

 

Kaushal, S. S., Groffman, P. M., Mayer, P. M., Striz, E., and Gold, A. J.: Effects of stream 

restoration on denitrification in an urbanizing watershed, Ecological Applications, 18, 789-804, 

2008. 

 

Kurth, A. M., Weber, C., and Schirmer, M.: How effective is river restoration in re-establishing 

groundwater-surface water interactions? - A case study, Hydrology and Earth System Sciences, 

19, 2663-2672, 2015. 

 

Mayer, P. M., Groffman, P. M., Striz, E. A., and Kaushal, S. S.: Nitrogen Dynamics at the 

Groundwater-Surface Water Interface of a Degraded Urban Stream, J. Environ. Qual., 39, 810-

823, 2010. 

 

Mulholland, P. J., Marzolf, E. R., Webster, J. R., Hart, D. R., and Hendricks, S. P.: Evidence that 

hyporheic zones increase heterotrophic metabolism and phosphorus uptake in forest streams, 

Limnology and Oceanography, 42, 443-451, 1997. 

 

Pennino, M. J., Kaushal, S. S., Beaulieu, J. J., Mayer, P. M., and Arango, C. P.: Effects of urban 

stream burial on nitrogen uptake and ecosystem metabolism: implications for watershed nitrogen 

and carbon fluxes, Biogeochemistry, 121, 247-269, 2014. 

 

Poff, N. L., Bledsoe, B. P., and Cuhaciyan, C. O.: Hydrologic variation with land use across the 

contiguous United States: Geomorphic and ecological consequences for stream ecosystems, 

Geomorphology, 79, 264-285, 2006b. 

 

Roley, S. S., Tank, J. L., and Williams, M. A.: Hydrologic connectivity increases denitrification 

in the hyporheic zone and restored floodplains of an agricultural stream, Journal of Geophysical 

Research-Biogeosciences, 117, 16, 2012. 

 

Sudduth, E. B., Hassett, B. A., Cada, P., and Bernhardt, E. S.: Testing the Field of Dreams 

Hypothesis: functional responses to urbanization and restoration in stream ecosystems, 
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A clearer link between results and conclusions should be made. At the moment the results and 

their interpretation do not support conclusions and implications. It is more what you would want 

your study to show. 

Based on our collective revisions there is now a clearer link between the results and the 

conclusions.   

 

Finally, the paper needs language revision to remove not very scientific expressions as those 

highlighted above. 



As mentioned above, we have now revised the language to make the paper more clear.  
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Abstract 

An improved understanding of sources and timing of water, carbon, and nutrient fluxes 

associated with urban infrastructure and stream restoration is critical for guiding effective 

watershed management globally.  We investigated how sources, fluxes, and flowpaths of water, 

carbon (C), nitrogen (N), and phosphorus (P) shift in response to differences in urban stream 



restoration and sewer sanitary infrastructure.  We compared an urban restored stream with 3 2 

urban degraded unrestored and streams draining varying levels of urban development and 1 

stream with upland stormwater management systems over a 3-year period.  We found that there 

was significantly decreased peak discharge in response to precipitation events following stream 

restoration.  Similarly, we found that the restored stream showed significantly lower (p < 0.05) 

monthly peak runoff (9.4 ± 1.0 mm/d) compared with two urban unrestored degraded streams 

(ranging from 44.9 ± 4.5 to 55.4 ± 5.8 mm/d) draining higher impervious surface cover, and .  

Peak runoff in the restored stream was more similar to the stream draining stormwater 

management systems and less impervious surface cover in its watershed (13.2 ± 1.9 mm/d).  

Interestingly, Tthe restored stream exported most carbon, nitrogen, and phosphorus at relatively 

lower streamflow than the two2 more urban catchments, which exported most carbon and 

nutrients at higher and less frequent streamflow.  Annual exports of total carbon (6.6 ± 0.5 

kg/ha/yr), total nitrogen (4.5 ± 0.3 kg/ha/yr), and total phosphorus (161 ± 15 kg/ha/yr) were 

significantly lower in the restored stream compared to both urban unrestored degraded streams (p 

< 0.05), but and statistically similar to the stream draining stormwater management systems, for 

N exports.  Although stream restoration appeared to potentially influence hydrology to some 

degree, n However, nitrate isotope data suggested that 55 ± 1% of the nitrate in the urban 

restored stream was derived from leaky sanitary sewers (during baseflow), statistically similar to 

the urban degraded urban unrestored streams.  These isotopic results as well asUrban 

groundwater contamination was also suggested by additional tracers, measurements including 

fluoride (added to drinking water) and iodide (contained in dietary salt),  In addition,suggested 

that ground water contamination can bewas a major source of urban nutrient fluxes in urban 

watersheds, which has been less considered compared with upland sources and storm drains.  



Longitudinal synoptic surveys of water and nitrate isotopes along all 4 streams suggested the 

importance of urban groundwater contamination from leaky sewer pipes.  Urban groundwater 

contamination from leaky sewers was also suggested by additional tracer measurements 

including fluoride (added to drinking water) and iodide (contained in dietary salt).  Overall, 

leaking sewer pipes are a problem globally and oOur results suggest that combiningintegrating 

stream restoration with restoration of aging sanitary infrastructuresewer pipes can be critical to 

more effectively minimize urban nonpoint watershed nutrient sourcesexport.  Given that both 

stream restoration and sewer repairs both involve extensive channel manipulation, they should be 

considered simultaneously in management strategies.  In addition, ground water can be a major 

source of nutrient fluxes in urban watersheds, which has been less considered compared with 

upland sources and storm drains.  TheGoundwater sources, fluxes, and flowpaths of groundwater 

should be prioritized targeted in management efforts to improve stream restoration strategies and 

prioritizeby locating hydrologic “hot spots” where stream restoration is most likely to succeed.   

1 Introduction 

Urbanization significantly increases impervious surface cover (ISC), alters hydrologic 

regimes, and contributes to elevated organic carbon and nutrient exports loads in streams and 

rivers (e.g. Kaushal and Belt, 2012; Paul and Meyer, 2001; Walsh et al., 2005b).  The growing 

impacts of urbanization on watershed nutrient exports have contributed to coastal eutrophication 

and hypoxia both regionally and globally (Nixon et al., 1996; Petrone, 2010a).  However, urban 

watersheds can differ significantly in carbon and nutrient sources and fluxes, and there are major 

questions regarding the potential influence of stream restoration and sewer infrastructure and 

stormwater management (SWM) to alter on the sources and fluxes of nutrients (e.g. Bernhardt et 



al., 2005; McMillan and Vidon, 2014; Passeport et al., 2013).  Here, we characterize changes in 

streamflow variability pre and post restoration in an urban stream.  We also compare sources and 

timing of fluxes of water, carbon, and nutrients in the urban restored stream with several 

unrestored  urban degraded streams of varying levels of upland stormwater management and 

impervious surface cover.   

The potential for increasing urbanization and climate change to alter hydrology and 

nutrient fluxes is a problem for cities globally (Julian and Gardner, 2014; Kaushal et al., 2014b; 

Old et al., 2006; Smith and Smith, 2015; Walsh et al., 2005a).  It is well known that 

hydrologically connected impervious surfaces in urban watersheds creates hydrologic regimes 

characterized by flow events with higher peaks, quicker time to peak, and shorter falling limbs – 

hereafter referred to as a “flashy” system (Konrad et al., 2005; Loperfido et al., 2014; 

Meierdiercks et al., 2010; Smith et al., 2013; Sudduth et al., 2011b; Walsh et al., 2005b).  Yet, 

little is known regarding the influence of stream restoration on hydrologic flashiness.  Also, more 

work is necessary to characterize variability in fluxes of carbon and nutrients among urban 

watersheds, particularly for "pulses" (large changes in concentrations and fluxes over relatively 

short time scales) in urban restored and managed degraded streams (Kaushal et al., 2014b).  

Previous work indicates that pulses in carbon and nutrient exports can be influenced by the 

degree of hydrologic connectivity with impervious surfaces, sewer and stormwater infrastructure, 

and stream restoration features (e.g. Kaushal et al., 2014a; Newcomer et al., 2014).  A recent 

global review and synthesis suggests that certain forms of stream restoration have potential to 

retain watershed nutrient exports particularly during baseflow, but further evaluation across 

streamflow is necessary (Newcomer-Johnson et al., 2016).  Although stream restoration research 

is growing, the effects of certainstream restoration features such as hydrologically connected 



floodplains, oxbow wetlands, stream-wetland complexes and stormwater management on 

minimizing pulses of water, carbon, and nutrient exports is still not clearly understood (Filoso 

and Palmer, 2011; Harrison et al., 2014; Newcomer et al., 2014).  

One key to improved management of urban watersheds is a better understanding of 

contaminant sources and how they can shift across hydrologic variability in restored and 

unrestored urban degraded streams.  Knowledge of the sources of chemical fluxes in urban 

restored streams is particularly lacking, even though stream restoration is currently a billion 

dollar industry in the U.S. (Bernhardt et al., 2005).  In order to characterize contaminant sources, 

various biogeochemical and hydrologic tracers have been employed in other urban degraded 

watersheds.  For example, recent studies have utilized N and O stable isotopes to determine 

sources of NO3
- (e.g. wastewater, atmospheric, or nitrification) (Burns et al., 2009; Kaushal et 

al., 2011; Kendall et al., 2007) in urban streams and rivers.  Tracking NO3
- can be improved 

when used in conjunction with additional tracers such as anions like fluoride and iodide (Kaushal 

et al., 2014a), where fluoride is applied as an additive to drinking water (Dean et al., 1950) and 

iodide is used in table salt (Waszkowiak and Szymandera-Buszka, 2008); therefore, their 

presence in streams may be considered an indicator of contamination by wastewater.  Others 

have used fluorescence spectroscopy to determine dissolved organic matter sources and quality 

(e.g. labile vs. recalcitrant) (Baker, 2001; Cory et al., 2010; Smith and Kaushal, 2015), and to 

trace wastewater sources.  Finally, stable isotopes of water have been used to characterize 

groundwater vs. surface water flowpaths (Gat, 1996; Harris et al., 1999; Kendall and Coplen, 

2001).  These techniques and others have been used globally to detect the influence of leaky 

sewer infrastructure on water quality (Ekklesia et al., 2015; Hall et al., 2016; Risch et al., 2015; 

Tran et al., 2014; Wolf et al., 2012) and it has been shown that sewer leaks have impacts during 



baseflow and stormflow (Divers et al., 2013; Divers et al., 2014; Phillips and Chalmers, 2009; 

Rose, 2007).  The present study is unique in that it uses multiple tracers of contaminants to 

assess the effects of hydrologic variability on sources and fluxes of carbon and nutrients.   

The objectives of this study were to characterize sources and timing of water, carbon, and 

nutrient fluxes in four urban watersheds with varying urban development and water 

management, including one site with extensive stream restoration.  Our first objective was to 

compare the hydrologic response of the restored stream to precipitation events pre and post 

restoration.  We predicted that the stream restoration, which reconnected the stream with its 

floodplain, had the potential to impact peak discharge and attenuate flashy flows.  This would be 

due to the bankfull discharge overflowing onto the floodplain and infiltrating into the floodplain 

soil and increasing groundwater contributions to baseflow (Bohnke et al., 2002; Cendon et al., 

2010; Hester and Gooseff, 2010).  In fact, floodplain reconnection is an a priori objective in 

restored streams in Baltimore, Maryland, USA and elsewhere globally (Banach et al., 2009; 

Duerksen et al., 2005; Greenman-Pedersen Inc., 2003; Hoffmann et al., 2011; Klocker et al., 

2009; Lamouroux et al., 2015).  Our second objective was to compare metrics of hydrologic 

flashiness, and sources and timing of chemical fluxes in this restored urban stream with 23 urban 

unrestored degraded streams (draining varying levels of stormwater management and 

urbanization development) and 1 stream with extensive SWM systems in its catchment over a 3-

year periodto assess the role of stream restoration and potential pollutant sources, such as leaky 

sanitary sewers.  Research was conducted in watersheds that are part of the Baltimore Long-

Term Ecological Research (BES LTER) project, which is described further below and elsewhere 

(www.beslter.org) (e.g. Groffman et al., 2004; Kaushal et al., 2011; Lindner and Miller, 2012; 

Meierdiercks et al., 2010; Ryan et al., 2010).   

http://www.beslter.org/


2 Methods 

2.1 Site Descriptions 

All watersheds were located in the metropolitan region of Baltimore, Maryland, USA in 

the Chesapeake Bay watershed (Figure 1).  Impervious surface cover (ISC) was calculated for 

each watershed using ArcGIS and based on averaging the ISC values obtained from the 2006 

National Land cover Database (NLCD), a two meter satellite imagery obtained from the 

University of Vermont, and a roads and buildings polygon layer for Baltimore County.  The 

amount of stormwater management (SWM) within each watershed was characterizedalculated, 

using ArcGIS, as the percentage of watershed drainage area that is managed by stormwater 

management systems.  Data on the locations of SWM systems and the drainage area controlled 

by each SWM facility was provided by the Baltimore County, Maryland Department of 

Environmental Protection and Sustainability (BCMDEPS).   

Four streams were chosen for this study: Minebank Run (MBR), an urban restored 

stream, Red Run (RRN), a stream with extensive upland SWM systems in its watershed, Dead 

Run (DRN), an urban degraded stream with upland SWM systems, and Powder Mill Run (PMR), 

an urban degraded stream with no SWM or stream restoration (Table 1).  Details on the four 

watersheds in this study can be found in Table 1, with information on the %ISC, %SWM, 

median year built for development, range of flows and range of flows sampled.  DRN and PMR 

have the highest %ISC (45.7% and 44.3%, respectively), while MBR has intermediate %ISC 

(29.4%), and RRN has the lowest %ISC (20.5%) (Table 1).  RRN has approximately 40% SWM 

and DRN has 33% SWM, while MBR and PMR have minimal SWM in their watersheds (Table 

1).   



The most urban watershed, Dead Run (DRN), with 45.7% ISC, has the second highest 

percent stormwater management (32.5% SWM), and was the third oldest in terms of average 

year built for development (1963).  The second most urban site, Powder Mill Run (PMR), with 

44.3% ISC, has virtually no stormwater management (0.7% SWM), and the oldest average age of 

development (circa 1954).  The third most urban site, Minebank Run (MBR) has moderate 

impervious surface cover and minimal stormwater management systems (29.4 % ISC, 17.8% 

SWM),  

About 95% of Minebank Run’s but the entire mainstem of the stream from headwaters to 

mouth is greater than 95%has been restored (~ 5,700 linear meters were restored, BCMDEPS); 

the headwaters were restored in 1998-1999 and the lower portion (directly above and below the 

stream gauge) were restored in 2004-2005.  The MBR watershed has the second oldest year of 

development (circa 1959).  Restoration features at MBR include oxbows, redesigned channels, 

armoring, low connected floodplains, increased sinuosity, and step pools (Harrison et al., 2011; 

Kaushal et al., 2008b).  The least urban site, Red Run (RRN), has 20.5% ISC, the greatest level 

of stormwater management (40.4% SWM), and is the most recently developed watershed (circa 

1998) (BCMDEPS).  The stormwater management at RRN is primarily in the lower portion of 

the watershed and includes: detention ponds, wet ponds, bioretention, and sand filters, with its 

headwaters containing a quarry and low-density development on septic systems (BCMDEPS).  

DRN has stormwater management mainly in a portion of its headwaters, with primarily detention 

ponds (Figure 1, Table 1, Smith et al., 2015).  Also, RRN and MBR have broader undeveloped 

downstream riparian zones than either DRN or PMR.   

Discharge was measured continuously at all of the 4 study watersheds: Minebank Run, 

Powder Mill Run, and Dead Run are gauged by the U.S. Geological Survey (USGS gage 



numbers 0158397967, 01589305, and 01589330, respectively), while Red Run is gauged by the 

University of Maryland, Baltimore County Center for Urban Environmental Research and 

Education.  Further details on stream site characteristics and the methods described below are in 

Supporting Information.   

 

2.2 Comparison of Pre and Post Restoration Hydrologic Response  

In order to examine the hydrologic response of an urban stream to restoration, the 

relationship between effective precipitation (Ppt) and effective peak discharge (Qpk) was 

estimated for Minebank Run pre and post restoration, from 2001 to 2008.  Discharge and 

precipitation data used in this analysis wereare from the US Geological Survey (USGS) National 

Water Information System.   Data were accessed online (http://waterdata.usgs.gov/nwis) or 

through requests made to the Maryland Water Science Center Water-Data inquiries link between 

May 2008 and July 2011.  Data were collected electronically every 5 minutes, and discharge data 

were available online, and the high temporal resolution weather data were made available via a 

request to the USGS.  The discharge data were transformed from the original cubic feet per 

second (cfs) to cubic meters per second (cms) and precipitation was transformed from inches to 

millimeters.  

In order to determine effective precipitation and the associated effective discharge, we 

first removed dates without measureable precipitation or discharge.  Of the 2283 dates in the 

study period (2001 – 2008) with data, approximately 800 dates had precipitation.  Based upon 

the remark codes, dates were removed when either precipitation or discharge were estimated 

leaving 679 dates.  An additional series of data were removed for days where less than 1.27 mm 

(0.05 inches) of precipitation was measured.  At this precipitation depth there was no identifiable 



discharge response, even for cloudbursts with the entire 1.27 mm occurring in a 5 minute period.  

It was assumed that much of this precipitation was intercepted and could be classified as the 

initial abstraction.  

Five (5) storms were found to be multi-day events (meaning that they occurred at night 

and fell into two calendar days) and were then combined into a single day event.  Data for the 

hydrographs where the peak discharge for a storm was on the falling limb of a precipitation event 

on the previous day were also removed.  Because of low intensity precipitation, 33 storms were 

removed from the analysis, these were low precipitation intensity drizzle events and a distinct 

discharge response could not be identified at the 5-minute data interval.  There were also 20 

dates where there were multiple storms during that 24-hour period/calendar day.  Therefore, the 

first peak on the hydrograph was selected, along with the associated precipitation occurring up 

till the peak discharge.   

There were 195 pre-restoration and 221 post-restoration dates used in the effective Ppt-Qpk 

analysis (where the designation of effective is used to specifically identify data that meets the 

assumptions of a measureable mechanism between precipitation leading to a discharge response).  

Regression lines were created in Minitab (Release 14.2, Minitab, Inc. State College, PA, USA) to 

compare the precipitation amount (mm/day) with its associated daily peak discharge (cms) using 

the data developed for the pre-restoration and the post-restoration data. for the effective storm 

precipitation and the effective peak discharge.  Slope and intercept of these developed regression 

lines were compared using a General Linear Model in Minitab (ID 1248).  See supporting 

information for further details.   

 



2.3 Water Quality Sampling and Analyses 

Water samples were collected at the MBR, RRN, DRN, and PMR stream gauge locations 

every 2 to 4 weeks (called “routinely sampled” water quality data from this point on) for 3 years 

(2010-2012) and longitudinally at 8-12 sampling points (300-1000 meters apart) from mouth to 

headwaters of each stream network during 4 different seasons: 2 winter (January 2010 and 

December 2010), one spring (April 2010), and one summer (June 2011).  Samples were analyzed 

for total organic C (TOC), dissolved organic C (DOC), total Kjeldahl nitrogen (TKN), nitrate + 

nitrite (NO3
- + NO2

-), total phosphorus (TP), orthophosphate (PO4
3-), iodide (I-), fluoride (F-), 

stable water isotopes (2H-H2O and 18O-H2O, details below), C quality characterization 

(described further below), and NO3
- stable isotopes (15N-NO3

- and 18O-NO3
-, details below).  

All samples were analyzed using standard Environmental Protection Agency (EPA) methods by 

the U.S. EPA National Risk Management Research Laboratory in Ada, Oklahoma, USA.   

 

2.4 Nitrate and Water Stable Isotope Analyses and Mixing Models 

Surface samples for 15N-NO3
- and 18O-NO3

- isotopes of dissolved NO3
- were filtered 

(0.45 μm), frozen, and shipped to the UC Davis Stable Isotope Facility (SIF) for analysis.  The 

isotope composition of nitrate was measured following the denitrifier method (Casciotti et al., 

2002; Sigman et al., 2001).  Briefly, denitrifying bacteria were used to convert nitrate in water 

samples to N2O gas, which was then analyzed by a mass spectrometer for stable isotopic ratios of 

N and O of nitrate (15N/14N and 18O/16O).  Values for 15N-NO3
- and 18O-NO3

- are reported as 

per mil (‰) relative to atmospheric N2 (15N) or VSMOW (18O), according to 15N or 18O (‰) 

= [(R)sample / (R)standard - 1]  1000, where R denotes the ratio of the heavy to light isotope 

(15N/14N or 18O/16O).  For data correction and calibration, UC Davis SIF uses calibration nitrate 



standards (USGS 32, USGS 34, and USGS 35) supplied by NIST (National Institute of Standards 

and Technology, Gaithersburg, MD).  The long-term standard deviation for nitrate isotope 

samples at UC Davis SIF is 0.4 ‰ for 15N-NO3
- and 0.5 ‰ for 18O-NO3

-.  Previous studies 

(Kaushal et al., 2011; Kendall et al., 2007) indicate that the relative amounts of 15N-NO3
- and 

18O-NO3
- can be used to determine specific sources of nitrate (i.e. fertilizer, atmospheric, or 

sewage derived nitrate).   

Stable nitrate isotope data was used to create a three-endmember isotope mixing model to 

determine the percent contribution of different potential nitrate sources: wastewater, nitrification, 

or atmospheric derived nitrate (Kaushal et al., 2011; Phillips, 2001), where:  

fwastewater =  

=
(d 15NN -d 15NA )(d

18OS -d 18OA )- (d 18ON -d 18OA )(d
15NS -d 15NA )

(d 15NN -d 15NA )(d
18OW -d 18OA )- (d 18ON -d 18OA )(d

15NW -d 15NA )
           (1) 

 

fAtmospheric =
(d 15NS -d 15NN )(d 18OW -d 18ON )* fwastewater

d 18OA -d 18ON
                                  (2) 

fnitrification = 1 – fwastewater – fatmospheric                                                                       (3) 

and fwastewater, fatmospheric, and fnitrification = the fraction of nitrate from wastewater, atmospheric, or 

nitrification sources, respectively (also equivalent to % wastewater NO3
-, % atmospheric NO3

-, 

and % nitrification NO3
-) and 15NS or 18OS is the value (‰) for the nitrate sample, 15NN or 

18ON is the endmember value (‰) for nitrification, 15NA or 18OA is the endmember value (‰) 

for atmospheric nitrate, and 15NW or 18OW is the endmember value (‰) for wastewater nitrate.  

End-member values for 15N-NO3
- and 18O-NO3

- for nitrification (-3 and 0, respectively) and 

atmospheric nitrate (-0.2 and 80, respectively) were obtained from an average of the values in 

Kendall et al. (2007).  The wastewater 15N-NO3
- and 18O-NO3

- end-member value (35.4 and 

13.3, respectively) was based on averaging the highest effluent nitrate isotope values measured 



from the Blue Plains waste water treatment plant in Washington D.C. (for monthly samples 

collected 2010-2011).   

Water isotope (δ2H-H2O and δ18O-H2O) samples were collected from August 2010 to 

October 2011 and analyzed using a high temperature conversion elemental analyzer (TC/EA), a 

continuous flow unit, and an isotope ratio spectrometer (IRMS).  A two end-member mixing 

model (Buda and DeWalle, 2009; Kaushal et al., 2011; Williard et al., 2001) was created using 

δ18O-H2O to distinguish between groundwater and atmospheric water sources, where:  

% groundwater:   

=
d 18OS -d 18OR

d 18OG -d 18OR
´100                                                                                    (4) 

% rainwater = 100 – % groundwater, 18OS is the value (‰) for the stream water sample, 18OR 

is the endmember value (‰) for rain water, and 18OG is the endmember value (‰) for 

groundwater.  End-member values for δ2H-H2O and δ18O-H2O from rain water (-22.41 and -5.23, 

respectively) and groundwater (-44.02, and -7.995, respectively) were obtained from Kendall and 

Coplen (2001).  

 

2.5 Fluorescence Analyses for Dissolved Organic Matter Characterization 

The lability (e.g. protein or humic-like) and sources (e.g. allochthonous or 

autochthonous) of dissolved organic matter were characterized using fluorescence excitation 

emission matrices (EEMs) (Cory and McKnight, 2005; Cory et al., 2010), using a Fluoromax-4 

spectrofluorometer (Horiba, Jobin Yvon).  Water samples were analyzed with an excitation range 

of 240 – 450 nm at 10 nm increments and an emission range of 290 – 600 nm at 2 nm 

increments.  Fluorescence EEMs were instrument-corrected, blank-subtracted, and normalized 

by the water Raman signal following Cory et al. (2010).  Standard inner-filter corrections (IFC) 



were not performed on samples because absorbance measurements were not attained for most 

samples (however, for a subset of samples absorbance was collected using a Scanning 

Spectrophotometer, the inner-filter corrections were done, and it was found that there is < 5% 

difference in the EEM metric results, with and without IFC).  We analyzed fluorescence EEMs 

for the following indices: fluorescence index, FI (McKnight et al., 2001), humification index, 

HIX (Huguet et al., 2009; Zsolnay et al., 1999), biological freshness index, BIX (Huguet et al. 

2009), and protein-to-humic fluorescence intensities ratio, P/H ratio (Coble, 1996; Stolpe et al., 

2010).   

 

2.6 Estimation of Annual Watershed Carbon, Nutrient, and Anion Exports 

Routinely sampled concentration data, mean daily discharge, and the USGS FORTRAN 

program LOADEST (Runkel et al., 2004) were used to calculate the annual exports loads of all 

stream chemistry variables at each site.  For clarification, the term load is used when referring to 

mass/time, while exports is used when referring to loads normalized by watershed area.  Various 

methods have been employed for estimating annual nutrient exports loads (e.g. Cohn, 1995; 

Schwartz and Naiman, 1999).  However, we chose LOADEST because it uses a multiple 

parameter regression model that accounts for bias, data censoring, and non-normality to 

minimize difficulties in load estimation (Qian et al., 2007).  LOADEST uses three different 

statistical approaches to estimate loadexport: Adjusted Maximum Likelihood Estimation 

(AMLE), Maximum Likelihood Estimation (MLE), and Least Absolute Deviation (LAD).  As 

suggested by Runkel et al. (2004), AMLE was chosen when the calibration model errors 

(residuals) were normally distributed, while LAD was chosen when residuals were not normally 

distributed.  LOADEST produced load estimates for daily nutrient loads and annual exports were 



calculated by summing daily load export for each year and dividing by watershed area.  Through 

analyses of model residuals and a comparison of the observed and estimated loads, none of the 

constituents where found to have bias in the LOADEST output (Runkel, 2013).  Based on the 

mean daily runoff and estimated daily loads, flow duration and nutrient duration curves were 

quantified for each stream similar to previous studies (Duan et al., 2012; Shields et al., 2008b; 

Sivirichi et al., 2011).  Following Shields et al. (2008b), we also calculated the F75 metric for 

each nutrient export, which is the runoff at which 75% of each nutrient is exported annually.  

Additionally, 95% confidence intervals were estimated for annual exports loads using a 

simplified bootstrap resampling approach similar to Efron and Tibshirani (1986) and Rustomji 

and Wilkinson (2008). 

Samples were collected over a range of streamflow conditions.  However, the largest 

flows were not sampled due to adherence to a random sampling scheme and logistic feasibility 

(see Table 1, Figure S2).  Flow duration records, based on mean daily flow for 2010-2012 show 

that the majority of samples were collected during low to intermediate flows (Figure S2).  As a 

result, the daily load estimates from LOADEST may not accurately reflect flows higher than the 

highest flows sampled.  Also, because mean daily discharge data was used instead of 

instantaneous discharge, there is likely increased uncertainty in the daily load estimates during 

storm event peak flow periods.  However, because all four sites are within the same city and 

receive relatively the same rainfall during storm events, the relative annual loads estimated for 

the sites are comparable and it is appropriate to draw conclusions among the four study sites.  

Also, Carey et al. (2014) found no difference in annual load estimates in an urban watershed 

when using daily vs. instantaneous records of flow and nitrate concentration, though it was a 

significantly larger suburbanizing watershed.  There are also likely differences in the effects of 



storms on C, N, and P concentrations, since NO3
- is generally diluted during storms whereas 

particulate organic nitrogen and P generally increases during storms (Bowes et al., 2005; 

Kaushal et al., 2008a).  Additionally, when comparing the years sampled (2010-2012) to the full 

discharge record at each site (starting in 2001 for MBR, 2008 for RRN, 2005 for PMR, and 1998 

for DRN), the range of streamflow during 2010-2012 contains 5 of the 10 highest flows recorded 

at all sites.  Our sampling period also included streamflow equal to the lowest streamflow ever 

recorded at these gauges, indicating that 2010-2012 encompasses the full range of flows.   

 

2.7 Characterizing Hydrologic Flashiness and Pulses of C, N, and P Exports 

Metrics of hydrologic flashiness were calculated using daily- and instantaneous discharge 

and precipitation data.  Metrics consisted of the following variables: (1) average peak runoff, (2) 

hydrograph duration, (3) high-flow event frequency (monthly frequency of peaks above 3  

monthly median) (Utz et al., 2011), (4) mean monthly peak flow coefficient of variation, and (5) 

mean lag-time (time between rainfall centroid and peak runoff) (Smith et al., 2013).  

Additionally, mean daily discharge data were used to calculate the Flashiness Index (average 

daily change in mean daily streamflow, per month, divided by the mean monthly flow) (Poff et 

al., 2006a; Sudduth et al., 2011b), which is identical to the R-B index (Baker et al., 2004).  Peak 

flow runoff is the only metric that accounts for watershed size.  These metrics were chosen to 

provide a sense of how variability in urbanization affect typical stormflow characteristics and the 

variability in hydrologic response to storm events.  Precipitation data used for lag-time 

calculations were 15 minute interval rainfall data obtained from the National Atmospheric and 

Ocean Administration (NOAA) National Climatic Data Center (NOAA, 2014).  



We also quantified the variability of routinely sampled carbon and nutrient source and 

concentration data and the daily export load data from USGS LOADEST by calculating (1) mean 

monthly coefficient of variation, (2) mean difference (absolute value of change between 

consecutive daily exports load or routinely sampled nutrient concentrations), and (3) the 

Flashiness Index (described above).  These metrics were chosen to determine how differences in 

urbanization affect the variability or pulsing of C and nutrient sources, concentrations, and 

exports load over time.  

 

2.8 Statistical Analyses 

In order to compare all time-series data (routinely sampled nutrient concentrations, stable 

isotopes, carbon quality indices, and monthly flashiness metrics at each stream site), we used a 

repeated measures ANOVA and post-hoc pairwise comparisons for each site with the Wilcox 

test (also called the Mann-Whitney test).  This is a non-parametric rank sum test considered 

better suited for censored and skewed data (Cooper et al., 2014; Helsel and Hirsch, 1992; Lloyd 

et al., 2014).  We used 95% confidence intervals for pairwise annual export load comparisons.  

Analysis of covariance (ANCOVA) was performed to test for differences in regression slopes.  

Statistical analysis of trends were examined using Sen’s Slope Estimator and a Mann-Kendall 

test (Gilbert, 1987; Helsel and Hirsch, 2002).  The Mann-Kendall test is a linear regression zero 

slope test of time-ordered data over time (Gilbert, 1987).  Statistical analysis was performed 

using the software R (R Development Core Team, 2013) or Minitab (Release 14.2, Minitab, Inc. 

State College, PA, USA) and MATLAB 8.1.0 (MATLAB and Statistics Toolbox Release 

R2012a Student) was used for estimating hydrologic flashiness metrics in each stream for the 

period 2010-2012.  



3 Results 

3.1 Pre-Restoration and Post-Restoration Hydrologic Analysis 

Data from the analysis of the effective precipitation-peak discharge relationship in MBR 

are shown in Figure 2, for both the pre- and post-restoration periods (data during the restoration 

were not included in the analysis).  The median storm depth was 7.6 mm during the pre-

restoration period (n = 195) and 6.1 mm in the post-restoration period (n = 221).  The median 

storm peak discharge was 0.7 cms in the pre-restoration period (n = 195) and 0.4 cms in the post-

restoration period (n = 221).  However, because since there appears to be more of a skew to 

smaller storms in the pre-restoration period, of the largest 50 precipitation events, the median 

storm depth was 24.3 mm in the pre-restoration period (n = 50largest) and 22.4 mm in the post-

restoration period (n = 50largest).  Associated with the 50 largest precipitation events, the median 

storm peak discharge was 3.4 cms in the pre-restoration period (n = 50largest) and 2.5 cms in the 

post-restoration period (n = 50largest).    

Regression lines and lines representing the 95% confidence bands were developed for 

both the pre-and post-restoration periods.  The lower confidence band for the pre-restoration data 

is nearly identical to the upper confidence band for the post-restoration data.  The pre-restoration 

line has a slope of 0.136 with an R2 of 0.74 Eq. (5) whereas the post-restoration line has a slope 

of 0.117 with an R2 of 0.67 Eg. (6) (Figure 2).  

pre-Qpeak = -0.073 + 0.136(PPTpre)                                                     (5) 

post-Qpeak = -0.0596 + 0.117(PPTpost)                                                (6) 

Comparison of the slopes and intercepts of the above equations using a General Linear Model 

found that the intercepts were not significantly different but the slopes were significantly 

different (p = 0.019).  Therefore, the different slopes indicate that regression lines are different 



between the pre- and post-restoration effective precipitation - effective peak discharges 

relationship.   

 

3.2 Sources of Water, Carbon, and Nitrogen Exports among Urban 

Watersheds 

Routinely sampled stable deuterium (2H) and 18O water isotopes were not significantly 

different between sites, including the restored stream, MBR (p > 0.05) (Table 2), and there was 

also no separation when plotting 18O-H2O vs. 2H-H2O (Figure 3a).  Water isotope mixing 

model results also indicate no difference in the percent contribution of groundwater or rainwater 

sources to the stream between sites (Table 2).  However, longitudinal data indicate that 

watersheds with higher % ISC (PMR and DRN) had significantly higher (p < 0.05) 18O-H2O 

isotope values in the headwaters than RRN and higher 2H-H2O isotopes (p = 0.03 for PMR & p 

= 0.057 for DRN) in the headwaters than MBR (Figure 3a) during one winter sampling, 

indicative of greater evaporation of surface water at the more urban streams. 

Fluorescence analyses indicated that the watersheds with greater % ISC (PMR and DRN) 

transported more labile organic matter than the less urban site, RRN, as suggested by trends in 

the biological freshness index (BIX, p < 0.05) and protein-to-humic (P/H) ratio (p < 0.05, Figure 

3b, Table 2), while MBR, the restored stream, was not different than the more urban sites (Figure 

3b, Table 2).  

Only one of the more urban unrestored degraded streams (PMR) had greater 15N-NO3
- 

and contributions of NO3
- from wastewater than the restored stream (MBR) and the stream in the 

least developed watershed stream with SWM systems (RRN, p < 0.05); the most urban stream 

(DRN) was not significantly different than the other streams (Figure 3c, Table 2).  The percent 



contribution of NO3
- from atmospheric sources, however, was greater in the watershed with the 

highest % ISC (DRN) compared to the watershed with the lowest % ISC (RRN) (p  < 0.05, Table 

2), but not different than the restored stream (MBR).  Additionally, all sites showed a significant 

decline in 15N-NO3
- with increasing runoff, and the two least urban sites (RRN and MBR), 

including the restored stream MBR showed steeper slopes than PMR and DRN (p < 0.05, Figure 

4a).  Also, the more urban sites (PMR and DRN) showed pulses in 18O-NO3
-, during rain events 

(Figure 4b), which suggests that atmospheric NO3
- contributions increase with runoff.     

Longitudinally, after a spring rain event the wastewater nitrate signal (based on 15N-

NO3
- values) declines from the headwater to the mouth in the more urban watershed (DRN), 

while the 15N-NO3
- values are relatively constant at the restored stream, MBR, and least urban 

watershed, RRN (Figure 5a).  Conversely, during summer baseflow, the 15N-NO3
- values are 

relatively steady at all four sites, but with the more urban streams (PMR and DRN) having 

consistently higher 15N-NO3
- values (Figure 5b).  The contribution of atmospheric nitrate (based 

on 18O-NO3
- values) during the spring high flow period generally increased downstream for the 

more urban unrestored degraded streams, but decreased for the restored stream, MBR, and stayed 

the same longitudinally for the less urban watershed with SWM systems (RRN, Figure 5c).  

There was little difference in the 18O-NO3
- values longitudinally for summer (Figure 5d).  

 

3.3 Carbon, Nutrient, and Anion Exports aAmong Urban Watersheds  

Among watersheds, annual DOC export showed up to a 5-fold difference and there was 

up to a 2-fold difference in annual TP exports.  The most urban watershed stream DRN exhibited 

the highest and the restored stream MBR, exhibited the lowest annual TOC and TP exports 

(Table 3, p < 0.05 for DRN vs. MBR).  The restored stream and the least urban stream draining a 



watershed with SWM systems, RRN, also exhibited lower annual total N (TN) exports compared 

to the more urban catchments streams (DRN and PMR) (p < 0.05, Table 3).  Annual NO3
- 

exports were not significantly different between the restored stream and the most urban degraded 

stream, DRN (Table 3).  Annual exports of wastewater indicator anions (fluoride and iodide) 

showed up to 3-fold differences among watersheds, with DRN exhibiting the highest and the 

restored stream MBR, the lowest annual exports (Table 3, p < 0.05 for DRN vs. MBR).  

 

3.4 Flashiness of Water, Carbon, and Nutrient Exports aAmong Urban 

Watersheds 

The sites with greater % ISC (PMR and DRN) had significantly higher monthly peak 

runoff, mean coefficient of variation of peak runoff, and flashiness index (p < 0.05, Table 4, 6a) 

than RRN and the restored stream MBR.  RRN (the site with lowest % ISC) also had lower 

frequency of peak flow runoff events above 3  median monthly runoff, and longer hydrograph 

duration than the other sites (Table 4).  Hydrologic lag-time was not significantly different 

among sites (Table 4). 

  The two most urban streams (PMR and DRN) showed more variable and pulsed runoff 

and exportsloads, based on the time series of daily exports loads for C, N, and P (Figure 6) and 

the flashiness index (Figure 7).  Typically, exports loads of C, N, P, and wastewater indicator 

anions (F- and I-), showed a lower flashiness index (less variable or pulsed) for sites with lower 

% ISC including the restored stream (MBR and RRN; Figure 7b-d).  Based on nutrient duration 

curves, the unrestored urban degraded sites with higher % ISC (PMR and DRN) exported more 

C, N, and P during higher flows, while the restored stream MBR and the less urban sites with 

SWM systems (RRN) exported more during lower flows (Figure 8).  Similarly, the F75 metric 



showed that 75% of NO3
-, TN, PO4

-3, F-, and, I- export occurred for the site with restoration 

(MBR) and with lower % ISC and more SWM (RRN) typically at lower runoff than in higher 

%ISC sites PMR and DRN (Table 5).   

4 Discussion 

 Our results show that watershed urbanization increases the hydrologic flashiness and 

pulses in exports of carbon, nutrients, and atmospheric nitrate sources.  From a management 

perspective, our results suggest that combiningintegrating stream restoration with sewer sanitary 

infrastructure restoration has the potential to minimize sources, fluxes, and flowpaths of 

nutrients.  Overall, impervious surface cover appeared to be an important indicator of timing of 

fluxes from the watersheds.  Watersheds with older sewer sanitary infrastructure and higher ISC 

(DRN and PMR) showed significant differences in NO3
- sources and C, N, and P exports than 

the stream restoration site (MBR) and the less urban stream with SWM systems in its catchment 

(RRN).  Below, we discuss potential effects of stream restoration and sanitary sewer 

infrastructure on sources, fluxes, and flowpaths of nutrients across a broader range of sites and 

urban development.  

 

4.1 Pre-Restoration and Post-Restoration Hydrologic Analysis 

Restoration had subtle but statistically significant impacts on hydrology by decreasing 

peak discharges during storm events in this flashy system.  Stream restoration, which involved 

reconnection of the floodplain was likely able to reduce peak discharge by increasing infiltration 

when bankfull discharge overflows onto the floodplain during storm events (Bohnke et al., 2002; 

Cendon et al., 2010; Hester and Gooseff, 2010).  In urban settings, imperious surfaces are 



identified as the primary mechanism for the flashy hydrology and the stream channel degradation 

(Doheny et al., 2006; Leopold, 1968; Paul and Meyer, 2001; Walsh et al., 2005b).  Small 

increases in impervious surfaces elicit disproportionately large reductions in water quality and 

biotic integrity (Brabec et al., 2002).  Therefore, even small reductions in flashiness may be 

important benefits of restoration. 

The Ppt-Qpk regressions method for urban stream analysis used readily available data 

sources that are potentially applicable where there have been management changes but typical 

rainfall-runoff metrics do not apply (i.e. curve numbers).  A clear understanding of statistically 

significant effects (i.e. decreased peak discharges) due to restoration are necessary to support 

decisions to enhance restoration beyond simple channel reconfigurations and make more active 

use of floodplains and/or synergistically integrating stormwater management in the uplands.  The 

proposed Ppt-Qpk approach, however, does not quantify change, but only indicates if a change in 

the peak discharge has occurred.  Also, this regression method may not be applicable to larger 

basins which have different routing pathways and processes that may not occur at the same rate 

as in a smaller basin (Ziemer and Lisle, 1998).  Further study is needed to comprehensively 

evaluate the effects of stream restoration on hydrologic responses in larger basins and different 

climates.  The wide availability of high-resolution precipitation data and discharge data make 

this a potentially useful method to evaluate management effects. 

 

4.2 Sources of Water, Carbon, and Nitrogen Exports aAmong Urban 

Watersheds 

All 4 watersheds showed no significant differences in water isotope signatures, 

potentially due to complex mixing of surface water with groundwater and leaky urban water 



infrastructure, which is common among urban watersheds of the Baltimore LTER site (Kaushal 

and Belt, 2012; Kaushal et al., 2014a; Newcomer et al., 2014).  Previous work has suggested that 

urban watersheds receive considerable inputs of water from a combination of groundwater and 

leaky urban water infrastructure (Bhaskar and Welty, 2012; Kaushal and Belt, 2012; Kaushal et 

al., 2014a).  Recent evidence suggests that the urban stream corridor can be an important 

nonpoint source (or sink) of some pollutants due to leaky sewer sanitary infrastructure, 

groundwater contributions, and also in-stream production of labile organic carbon (Divers et al., 

2013; Kaushal et al., 2014a; Newcomer et al., 2014).  In fact, Baltimore City has detailed records 

for the dates and locations of sewer overflows through their open data website on 311 Customer 

Service Requests (data.baltimorecity.gov) and these sewer overflows have occurred within the 

watersheds of this study.   

The more urbanized watersheds (PMR and DRN), as well as the restored stream, MBR, 

contained more labile dissolved organic matter than the more recently developed and less urban 

watershed with SWM systems (RRN).  From studies throughout the globe, it is know that 

protein-like and more bioavailable or labile organic matter is typically associated with 

wastewater carbon sources (Baker, 2001; Goldman et al., 2012; Li et al., 2015; Yu et al., 2015).  

As a result, tThe higher BIX, P/H ratio, and protein-like organic matter in the restored stream 

MBR, as well as the more urban watersheds (PMR and DRN), is likely due to leaky sewers 

typically found in older urban watersheds (Hudson et al., 2008; Kaushal et al., 2011); and the 

watersheds in this study are not influenced by combined sewer overflows or typical point source 

discharges of wastewater.  However, mMore labile organic matter found in urban streams may 

also be due to lack of a riparian zone, and more light availability, typical of unrestored degraded 

urban streams (Goetz et al., 2003), which promotes autotrophic growth and more biologically 



labile DOM (Huguet et al., 2009; McKnight et al., 2001; Pennino et al., 2014; Petrone et al., 

2011).  DOM derived from autochthonous production also tends to be more labile than DOC 

derived from terrestrial organic matter leaching, which is usually more recalcitrant and humified 

(Huguet et al., 2009; McKnight et al., 2001; Petrone et al., 2011).  Consequently, the elevated 

humification index in the less urban watershed, RRN, with watershed level SWM systems could 

have resulted from increased allochthonous inputs of recalcitrant terrestrial organic matter (Duan 

et al., 2014).   

Differences in NO3
- sources among urban watersheds likely result from differences in age 

of development and extent of % ISC and less likely due to restoration or management.  High 

15N-NO3
- isotope levels are indicative of nitrate from wastewater sources (Divers et al., 2014; 

Kaushal et al., 2011).  NO3
- from wastewater was highest in one of the more urban sites (PMR), 

and because there are no point sources for wastewater in the streams of this study, this 

indicatesing greater NO3
- contributions from leaky sanitary sewers at this site (Divers et al., 

2014; Kaushal et al., 2011); yet all sites showed wastewater as the greatest source of NO3
-.  Due 

to stream restoration at MBR, the neighboring sewer pipes were repaired and stabilized (Doheny 

et al., 2006; Mayer et al., 2010; US EPA, 2009), likely resulting in less sewer leaks at Minbank 

Run along the restored reach.  During summer baseflow, the 15N-NO3
- isotope levels were 

consistently high along each stream length suggesting the influence of leaky sewers inputs 

through groundwater recharge (Divers et al., 2014; Hall et al., 2016), but during the rainier 

spring season, the more urban streams (DRN and PMR) showed a decline in 15N-NO3
- isotope 

levels indicating possible dilution of sewer sourced nitrate from rainwater entering from 

connected impervious surfaces (Divers et al., 2014).  This dilution of wastewater NO3
- was not 

observed at the other sites, potentially due to less connected impervious surfaces at the least 



urban watershed (RRN) and the reduction of peak discharge due to the reconnected floodplain 

for the restored stream (MBR) (Bohnke et al., 2002; Boyer and Kieser, 2012; Cendon et al., 

2010; Hester and Gooseff, 2010; Poff et al., 2006b).  Nitrification was the second highest source 

for NO3
- at all sites, and likely contributed more NO3

- in the restored stream (MBR) and the least 

urban stream with watershed level SWM systems (RRN) compared to the more urban streams 

(DRN and PMR), due to less labile carbon (Strauss and Lamberti, 2002) and possibly due to 

higher sediment C content at these sites (Arango and Tank, 2008).  The greater atmospheric NO3
- 

during high flows in PMR and DRN is a result of the higher impervious surface cover at these 

sites, allowing for the more direct connection of rainfall to the stream corridor (Buda and 

DeWalle, 2009; Burns et al., 2009; Silva et al., 2002).  Furthermore, the inverse relationship 

between 15N-NO3
- and 18O-NO3

- at all sites indicated mixing of sewage and atmospheric NO3
- 

to varying degrees among these urban watersheds (Kaushal et al., 2011).  The downstream 

increase in 18O-NO3
- after a spring rain event shows how the more urban streams maintain 

atmospheric NO3
- throughout their stream length.  The restored stream only showed atmospheric 

sourced NO3
- in its headwaters (which is more developed), but not further downstream.  The 

least urban watershed with SWM systems, RRN, showed minimal or no atmospheric NO3
- signal 

throughout its entire stream length, corresponding with it having no directly connected ISC.  

Conversely, during summer baseflow, there were no differences in the atmospheric NO3
- signal 

along the stream length for all four watersheds.  These results suggest the dynamic potential of 

urban streams to transform nitrate along the broader urban watershed continuum based on 

gradients in land use and infrastructure (Kaushal et al., 2014a).  

 



4.3 Variability in Carbon and Nutrient Exports among Urban Watersheds  

The higher C exports in the urban watersheds with greater % ISC compared to the 

restored stream and the least urban watershed stream with SWM systems may be due to 

increased autochthonous C production (described above) and greater leaky sanitary sewers 

(Kaushal and Belt, 2012).  Inputs of leaves and other organic materials from street trees and 

organic matter delivered by storm drains from impervious surfaces likely also contributed to 

higher C exports in the urban degraded watersheds (Kaushal and Belt, 2012).  Differences may 

have also stemmed from altered in-stream processing and elevated gross primary production in 

more urbanized, unrestored degraded streams (Kaushal et al., 2014a).  The restored stream also 

likely had lower C exports due to increased ability to retain and process carbon in transient 

storage zones like pools, in the reconnected floodplain, or through hyperheic exchange 

(Bukaveckas, 2007; Groffman et al., 2005; Klocker et al., 2009; Mulholland et al., 1997; Pennino 

et al., 2014), whereas degraded urban streams that are highly eroded can have less transient 

storage areas to potentially store and process carbon (Kurth et al., 2015; Sudduth et al., 2011a).  

Previous work at nearby sites suggests that labile C export from urban watersheds has the 

potential to increase oxygen demand, alkalinity, and denitrification (Kaushal et al., 2014a; 

Newcomer et al., 2012).  Relatively less work has quantified exports of organic C from urban 

watersheds (Bullock et al., 2011; Worrall et al., 2012).  The C exports of the urban watersheds in 

the present study, ranging from 6 to 57 kg/ha/yr, were within the range or higher than nearby 

forested watersheds in North America and elsewhere, which range from 10 to 100 kg/ha/yr (e.g. 

Aitkenhead-Peterson et al., 2005; Dillon and Molot, 1997; Hope et al., 1994; Mulholland and 

Kuenzler, 1979; Tate and Meyer, 1983).   



The TN exports in this study, which ranged from 3 to 8 kg/ha/yr, were generally equal to 

or higher than other urbanized watersheds, which range from 0.2 to 9 kg/ha/yr (Lewis and 

Grimm, 2007; Petrone, 2010a; Sobota et al., 2009).  The TN exports in the present study were 

lower than some urban watersheds (e.g. Line et al., 2002), which ranged from 20 to 30 kg/ha/yr.  

TN exports in this study were also similar to the exports estimated in some of the same urban 

watersheds at the Baltimore LTER site during similar annual runoff (Kaushal et al., 2008a; 

Shields et al., 2008b).  Previous work has shown that annual runoff is a strong predictor of 

annual N exports in the Baltimore LTER watersheds (Kaushal et al., 2011; Kaushal et al., 

2008a), and the relationship between runoff and N export rate varies significantly across a broad 

range of sites based on the degree of watershed urbanization (Kaushal et al., 2014b).  The higher 

TN exports in the more urban sites (PMR and DRN) compared to the restored stream (MBR) 

may be due to various reasons, such as greater N inputs from leaky sewers in the more urban and 

older watersheds and/or greater N removal through denitrification in the restored stream due its 

hydrologically connected floodplains (Kaushal et al., 2008b; Klocker et al., 2009),  and alluvial 

wetlands, and greater hyporheic exchange (Bukaveckas, 2007; Harrison et al., 2011; Kaushal et 

al., 2008b; Roley et al., 2012).  In fact, the stream restoration at MBR involved bank stabilization 

and some repairs of helped stabilize the sewer pipes (Doheny et al., 2006; Mayer et al., 2010; US 

EPA, 2009) and consequently may have reduced sewer leaks, but detailed research is needed to 

evaluate the effects of sewer repairs on watershed N inputs.   There were also higher peakflows 

and a greater proportion of nutrient exports at higher flows, as indicated by the F75 metric for the 

more urban sites (PMR and DRN), similar to previous work (e.g. Horowitz, 2009; Shields et al., 

2008a).  The lower proportion of N exports during higher flows for the restored stream (MBR) 

may be due to the connected floodplain attenuating higher flows (Bohnke et al., 2002; Cendon et 



al., 2010; Hester and Gooseff, 2010), as evidenced by the effective discharge results described 

above and due to less connected impervious cover (Poff et al., 2006b; Smith et al., 2013).  The 

lower TN exports in the watershed stream with SWM systems (RRN) may be due to an extensive 

undeveloped riparian buffer (Mayer et al., 2007) and from its SWM systems in the watershed 

(Bettez and Groffman, 2012), which both can enhance N removal. 

Relatively fewer studies of P exports in urban watersheds exist compared to those 

addressing N exports (Duan et al., 2012; Petrone, 2010b).  P exports from the present study, 

which ranged from 0.14 to 0.54 kg/ha/yr, were similar to those reported elsewhere (e.g. Petrone, 

2010a).  Urban watersheds have been previously reported to export P ranging from 0.027 to 2.11 

kg/ha/yr (Hill, 1981).  Watershed P exports were also within the range reported by Duan et al. 

(2012) for Baltimore LTER watersheds, where the less urban, more managed watersheds 

typically showed lower TP and soluble reactive phosphorus exports.  The higher exports of TP 

and PO4
-3 at the more urban watersheds (PMR and DRN) may indicate greater inputs from leaky 

sewers and possibly from erosion of the stream channel (personal observations) due to flashier 

hydrology at these sites (Paul and Meyer, 2001).  The lower TP exports in the restored stream 

may be due to increased hyporeic exchange and floodplain connection, which have been shown 

to increase P retention (Butturini and Sabater, 1999; Mulholland et al., 1997).  Higher F- and I- 

concentrations and exports loads in the older, more urban, and less managed sites further suggest 

that there are water inputs from leaky drinking water pipes and sewers (Darcan et al., 2005; Gehr 

and Leduc, 1992; Xu et al., 2016).  More work is necessary to track trace sources of P in urban 

watersheds.   

 



4.4 Flashiness of Water, Carbon, and Nutrient Exports aAmong Urban 

Watersheds 

As expected, the streams with greater % ISC (PMR and DRN) showed more flashy 

hydrology and evidence that overland-flow or storm drain inputs were a significant flow-path (as 

supported by the water and nitrate isotope mixing model results).  In-stream restoration features 

of MBR may have contributed somewhat to dampening flood pulses by promoting floodplain 

reconnection (Bohnke et al., 2002; Cendon et al., 2010; Hester and Gooseff, 2010)., Hhowever, 

the inconsistently lower hydrologic flashiness metrics for MBR compared to the more urban 

streams (PMR and DRN) may indicate stream restoration has little or nominimal hydrologic 

impact (e.g. Emerson et al., 2005; Sudduth et al., 2011b) depending on the storm size or specific 

features of the stormwater management.  At RRN, the lower % ISC, higher % SWM, and larger 

watershed size likely contributed to reduced hydrologic flashiness by disconnecting impervious 

surfaces and promoting infiltration (Meierdiercks et al., 2010, Baltimore County, Maryland 

Department of Environmental Protection and Sustainability).   

The significantly more pulsed C and nutrient exports in the more urban watersheds (PMR 

and DRN) can be attributed to hydrologic variability and impervious surface cover.  Dissolved C, 

N, P, F-, and I- exports loads in the more urban watersheds could have also been more variable 

due to runoff from impervious surfaces and/or increased contributions from storm drains 

(Bernhardt et al., 2008; Hatt et al., 2004) and elsewhere in the stream corridor (i.e. sewage leaks) 

during storms, as shown in other studies (Divers et al., 2014; Kaushal et al., 2011; Phillips and 

Chalmers, 2009).  We also found pulses in atmospheric NO3
- sources (as indicated by 18O-NO3

-

) during storms in the more urban watersheds, similar to Kaushal et al. (2011).  The attenuation 

of peak discharge due to stream restoration observed at MBR, which reconnected the stream with 



the floodplain is likely a large factor in why MBR had comparatively less pulses in C and 

nutrient exports.  Also the stabilization and replacement of sewer pipes along the restored stream 

(Doheny et al., 2006; Mayer et al., 2010; US EPA, 2009) likely reduced the potential for C and 

nutrients to leak into the restored stream.   Similarly, the upland stormwater management 

features and less %ISC at RRN likely helped to dampen the flows and pulses in C and nutrient 

exports at this site compared to the more urban sites (DRN and PMR).   

Based on the nutrient duration curves and the F75 metrics, the more urban watersheds 

(PMR and DRN) had greater exports of N, P, and wastewater indicator anions (F-, I-) during 

higher flows compared to sites with lower % ISC and greater stormwater management (RRN) or 

stream restoration (MBR).  Other studies also show elevated nutrient exports during higher flows 

in urban watersheds (Duan et al., 2012; Kaushal et al., 2014b; Shields et al., 2008b).  The higher 

C, N, and P exports during baseflow at the restored stream (MBR) and the least urban stream 

(RRN) compared to the urban degraded watersheds (DRN and PMR) likely corresponds with 

there being less peakflow discharge, based on the hydrologic flashiness results, and also greater 

groundwater recharge at these sites, due to less impervious surface cover, greater SWM systems, 

or floodplain reconnection (Bohnke et al., 2002; Boyer and Kieser, 2012; Cendon et al., 2010; 

Hester and Gooseff, 2010).  due to the reconnected floodplain at the restored stream. or the 

preveland of upland stormwater management systems and minimal connected impervious 

surfaces at RRN.  Consequently, reducing the hydrologic flashiness of streams can likely reduce 

the amount and variability of C, N, and P export from watersheds (Jordan et al., 1997; Kaushal et 

al., 2008a; Petrone, 2010).  Overall, the sources, fluxes, and flowpaths of ground water across 

streamflow should be considered in management efforts to improve stream restoration strategies 

for reducing nitrogen exports.   



 

5 Conclusion  

Our results demonstrate that stream restoration and sewers urban water infrastructure 

influence the local variability of C and nutrient sources and fluxes among urban watersheds 

within the same city.  Urban piped water sewer infrastructure also influences sources, fluxes, and 

flowpaths of water, carbon, and nutrients over time and should explicitly be considered as part of 

the urban hydrologic cycle (Kaushal et al., 2014c; Kaushal et al., 2015; Risch et al., 2015).  NO3
- 

isotopes, and C quality, and the fluoride and iodide tracer data suggest that sources of N and C 

within the stream corridor, such as leaky sanitary sewers and storm drain inputs, strongly 

influence the amount and timing of exports.  Previous work has focused on upland stormwater 

management, but additional consideration of nonpoint sources in close proximity to streams and 

groundwatersuch as urban water infrastructure is also warranted in stream restoration strategies.  

Because gravity fed sewers often follows stream channels, restored streams can be redesigned to 

better protect sewers from damage and further erosion as a management priority (Mayer et al., 

2010).  Consequently, effective management of urban streams may require upgrading or 

repairing leaks in sanitary infrastructure in the stream corridor to reduce these major sources, in 

combinationnjunction with stream restoration or stormwater management strategies for 

dampening flashy hydrology and minimizing connected impervious surfaces in the watershed.  

These combined strategies could then help to reduce nutrient exports during both baseflow and 

storm flow.   (Mayer et al., 2010)and this sewer construction approach is repeated in virtually all 

metropolitan areas.   



Potential stream restoration strategies to reduce C and nutrient export include reducing 

the velocity of water and allowing overbank flow through floodplain reconnection, increasing 

retention of groundwater, providing sustainable sources of labile organic C, reducing 

imperviousness in the watershed, or daylighting streams.  More research is needed to assess the 

effectiveness of stormwater retrofits in older urban watersheds on mitigating stream degradation 

and improving water quality.  Managing C and nutrient export from aging urban watersheds will 

require better knowledge of  contaminant sources and pulses across hydrologic variability, 

particularly duewithin to groundwater contamination from leaky sewers and other urban piped 

infrastructure. the stream corridor itself.   
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Table 1. Site characteristics for the four urban watersheds.  
Site Status Median 

Year of 

Develop-

ment* 

Stream 

Length 

(km) 

Area 

(km2) 

ISC 

(%) 

Range of 

Flows 

Sampled 

(L/s) 

Range of 

Flows (L/s) 

Drainage 

area 

controlled 

by SWM 

(%) 

Minebank 

Run 

(MBR) 

 

Older Urban 

Restored 

1959 4.6 5.3 

 

29.4 10 – 396  4.8 – 3115  17.8 

Red Run 

(RRN) 

Newer Urban 

with SWM 

 

1998 7.7 19.1 20.5 65 – 2714  17 – 16930 40.4 

Powder 

Mill 

(PMR) 

Older Urban 

with No 

Management  

 

1954 4.8 9.4 44.3 15 – 934 12 – 9061 0.7 

Dead Run 

(DRN) 

Older Urban 

with SWM 

1963 8.0 14.3 45.7 17 – 1897  12 – 20274 32.5 

Land use Data from NLCD 2001, ISC = Impervious surface cover; %ISC is averaged from the 2001 

National Land cover Database (NLCD), a two meter satellite imagery obtained from the University of 

Vermont, and a roads and buildings polygon layer for Baltimore County; SWM = stormwater 

management.  *Median Year of Development is based on the median year built for houses within each 

watershed.  Further information on land use can be found in Supporting Information.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2. Comparisons of water, carbon, and nitrate sources (mean ± S.E.) among the four urban 

watersheds.  
 MBR RRN PMR DRN 

Water Isotopes     

2H-H2O -43 ± 1.8a  -44 ± 2.0a  -43 ± 2.5a  -43 ± 3.0a  

18O-H2O  -6.7 ± 0.2a  -6.9 ± 0.2a  -6.6 ± 0.3a  -6.6 ± 0.4a  

     

% Groundwater 50 ± 5a  57 ± 6a  47 ± 6a  40 ± 7a  

% Rainwater 50 ± 5a  43 ± 6a  53 ± 6a  60 ± 7a  

     

Carbon Quality     

HIX 0.87 ± 0.01a  0.81 ± 0.02b  0.80 ± 0.01c  0.83 ± 0.02ab  

BIX 0.73 ± 0.04a  0.64 ± 0.03b  0.75 ± 0.04a  0.78 ± 0.04a  

FI 1.20 ± 0.05a  1.15 ± 0.05bc  1.16 ± 0.05ac  1.26 ± 0.05ac  

P/H Ratio 0.73 ± 0.07ab  0.66 ± 0.06a  1.11 ± 0.10c  0.89 ± 0.10b  

     

Nitrate Isotopes     

15N-NO3
-  7.0 ± 0.2ab  6.3 ± 0.2a  8.1 ± 0.2c  7.5 ± 0.2bc  

18O-NO3
-  5.0 ± 0.4a  4.0 ± 0.3b  5.9 ± 0.6a  8.0 ± 0.9c  

     

% Wastewater 53 ± 1.0a  51 ± 1.1a  56 ± 1.2b  52 ± 1.8ab  

% Atmospheric 8.7 ± 1.0ab  7.6 ± 1.0a  9.4 ± 1.7ab  15 ± 2.5b  

% Nitrification 38 ± 0.7a  41 ± 0.5b  34 ± 0.7c  33 ± 0.9c  

MBR = Minebank Run, RRN = Red Run, PMR = Powder Mill Run, DRN = Dead Run.  

Different letters (a, b, c, or d) indicate significant differences (p < 0.05), based on pairwise comparisons 

on three years of routinely sampled data.  HIX = Humification Index; BIX = Biological Freshness Index; 

FI = Fluorescence Index; P/H Ratio = Protein-to-Humic Ratio.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3. Annual runoff, C, N and P exports loads (mean ± 95% confidence intervals) for 2010, 

2011, and 2012 calendar years.  

 

 

Year 
MBR 

 

RRN 

 

PMR 

 

DRN 

 

Runoff (mm/year)    

 2010 522 ± 72  325 ± 23  497 ± 83  625 ± 117  

 2011 647 ± 88  504 ± 114  639 ± 110  851 ± 176  

 2012 412 ± 75  382 ± 61  498 ± 105  564 ± 164  

 MEAN 527 ± 45a  404 ± 44b  545 ± 58ac  680 ± 89c  

Carbon (kg/ha/year)    

DOC 2010 6.7 ± 1.3  6.2 ± 0.8  15 ± 3  28 ± 7  

 2011 9.1 ± 1.6  22 ± 8  27 ± 5  57 ± 15  

 2012 5.7 ± 1.5  11 ± 3  17 ± 4  33 ± 12  

 MEAN 7.2 ± 1a  13 ± 3b  20 ± 2c  39 ± 7d  

TOC 2010 NA NA NA NA 

 2011 8.1 ± 1.2  26 ± 11  40 ± 11  45 ± 11  

 2012 5.1 ± 1.1  14 ± 5  26 ± 9  30 ± 10  

 MEAN* 6.6 ± 0.5a 20 ± 4b  33 ± 5c 38 ± 5c  

Nitrogen (kg/ha/year)    

NO3
-  2010 4.1 ± 0.3  3.7 ± 0.2  6.6 ± 0.9  4.1 ± 0.6  

 2011 4.6 ± 0.4  4.1 ± 0.4  8.0 ± 1.1  5.3 ± 0.8  

 2012 2.9 ± 0.3  3.7 ± 0.2  6.3 ± 1.1  3.6 ± 0.7  

 MEAN 3.9 ± 0.2a  3.8 ± 0.2a  7.0 ± 0.6b  4.3 ± 0.4a  

TN 2010 4.8 ± 0.4  4.4 ± 0.3  9.1 ± 1.5  6.7 ± 1.2  

 2011 5.4 ± 0.5  5.4 ± 0.7  11.6 ± 2.1  8.8 ± 1.6  

 2012 3.4 ± 0.5  4.6 ± 0.7  9.1 ± 2.1  5.9 ± 1.6  

 MEAN 4.5 ± 0.3a  4.8 ± 0.3a  9.9 ± 1.1b  7.1 ± 0.9c  
Phosphorus (kg/ha/year)    

PO4
-3 2010 60 ± 9  58 ± 6  134 ± 22  167 ± 37  

 2011 75 ± 11  120 ± 29  172 ± 30  255 ± 62  

 2012 47 ± 10  66 ± 11  134 ± 33  122 ± 40  

 MEAN 61 ± 6a  81 ± 11b  147 ± 17c  181 ± 28c  

TP 2010 138 ± 19  160 ± 17  290 ± 51  330 ± 60  

 2011 202 ± 29  431 ± 136  379 ± 72  454 ± 92  

 2012 143 ± 30  314 ± 89  298 ± 66  306 ± 76  

 MEAN 161 ± 15a  302 ± 54b  322 ± 37b  363 ± 45b  

Wastewater Indicator Anions (g/ha/year)   

F- 2010 230 ± 11  b.d. 2.1e4 ± 1.0e4 726 ± 87  

 2011 235 ± 10  b.d. 1.8e4± 5.5e3  606 ± 91  

 2012 67 ± 5 b.d. 5.4e3 ± 3.5e3  281 ± 45  

 MEAN 177 ± 5a   1.5e4 ± 4.0e3b  583 ± 45c  

I- 2010 19 ± 1  21 ± 1  20 ± 2  50 ± 7  

 2011 29 ± 2  41 ± 8  39 ± 4  85 ± 13  

 2012 16 ± 1  24 ± 4  22 ± 2 46 ± 8  

 MEAN 21 ± 1a    29 ± 3b  27 ± 2b  60 ± 6c  

MBR = Minebank Run, RRN = Red Run, PMR = Powder Mill Run, DRN = Dead Run.  

Different letters (a, b, c, or d) indicate significant differences, based on 95% CI of exports. 

DOC = dissolved organic C; TOC = total organic C; TN = total nitrogen; TP = total phosphorus   

b.d. = below detection. *Note that this range is from 2011-2012, unlike the others 

 

 



Table 4. Hydrologic Flashiness Metrics (mean ± S.E.). 

 

Water-

shed 

area 

(km2) 

% 

ISC 

Mean peak 

flow runoff 

(mm/d) 

Monthly 

CV (%) of 

Peak 

Runoff 

Freq.  peaks 

per month > 

3*monthly 

median Q 

Mean 

Hydro-graph 

Duration 

(hrs) 

Mean Lag 

Time (hrs) 

Avg. 

Monthly 

Flash Index 

MBR 5.3 21.9 9.4 ± 1.0
a
  92 ± 6

ab
  5.7 ± 0.4

ac
  40 ± 1.7

a
  4.7 ± 0.3

a
  0.9 ± 0.1

a
  

RRN 19.1 14.6 13.2 ± 1.9
b
  63 ± 8

b
  2.2 ± 0.3

b
  64 ± 2.4

b
  4.5 ± 0.4

a
  0.5 ± 0.0

b
  

         

PMR 9.4 35.5 55.4 ± 5.8
c
  104 ± 7

a
  5.3 ± 0.5

a
  30 ± 1.4

c
  5.1 ± 0.3

a
  1.0 ± 0.1

a
  

DRN 14.3 39.3 44.9 ± 4.5
c
  116 ± 7

a
  7.0 ± 0.5

c
  50 ± 1.5

d
  4.7 ± 0.2

a
  1.2 ± 0.1

c
  

MBR = Minebank Run, RRN = Red Run, PMR = Powder Mill Run, DRN = Dead Run.  

Different letters (a, b, c, or d) indicate significant differences (p < 0.05) based on pairwise comparisons of 

three years of mean monthly flashiness metrics. 

ISC = impervious surface cover; CV = coefficient of variation; Q = discharge; Lag Time = time between 

rainfall centroid and peak runoff; Flash Index = average daily change in mean daily streamflow, per 

month, divided by the mean monthly flow.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 5.  F75 metric: the runoff below which 75% of nutrients are exported  

Site 

F75 

DOC 

(mm/d) 

F75 

TOC 

(mm/d) 

F75 

NO3
- 

(mm/d) 

F75  

TN 

(mm/d) 

F75 

PO4
-3 

(mm/d) 

F75  

TP 

(mm/d) 

F75  

I- 

(mm/d) 

F75  

F- 

(mm/d) 

MBR  16.1 15.1 6.9 7.3 12.4 12.4 4.6 2.8 

RRN 34.1 44.5 2.2 3.1 11.7 23.7 7.1 NA 

PMR  22.8 38.1 14.0 20.5 20.8 20.8 8.6 34.0 

DRN  57.3 37.4 25.9 28.3 39.3 29.8 17.9 16.5 

MBR = Minebank Run, RRN = Red Run, PMR = Powder Mill Run, DRN = Dead Run.  

DOC = dissolved organic C; TOC = total organic C; TN = total nitrogen; TP = total phosphorus;  

Similar to Shields et al. 2008, Table 3. 



Figure Captions 

Figure 1.  Site map showing the four stream sites in the Baltimore, MD region and the 

stormwater management (SWM) locations within each watershed.  SWM features are based on 

2009 data from the Baltimore County Department of Environmental Protection and 

Sustainability.   

 

Figure 2. Effective precipitation and effective discharge for Minebank Run. Best-fit regression 

lines and 95% Confidence lines included. 

 

Figure 3. Comparison of (a) water isotopes (2H-H2O vs. 18O-H2O), (b) C quality metrics 

(Biological Freshness Index vs. Protein-to-Humic Ratio), and (c) nitrate isotopes (15N-NO3
- vs. 

18O-NO3
-).  GMWL = Global Meteoric Water Line, LMWL = Local Meteoric Water Line 

(Craig 1961; Kendall & Coplen 2001).   

 

Figure 4. A comparison of (a) runoff vs. 15N-NO3
- and (b) runoff and 18O-NO3

- vs. time.  

 

Figure 5. Longitudinal patterns in 15N-NO3
- and 18O-NO3

- during spring (a,c) and summer (b,d) 

seasons.  

 

Figure 6. Routinely sampled (a) runoff, (b) DOC export, (c) NO3
- export, and (d) PO4

-3 export 

over time. 

 



Figure 7. Comparison of the Flashiness Index for (a) runoff, (b) dissolved organic carbon (DOC) 

concentration and load export, (c) Total nitrogen (TN) concentration and load export, and (d) 

Total phosphorus (TP) concentration and load export.  Conc. = Concentration.  Error bars are 

standard errors of the mean.  N = 36, from averaging the monthly flashiness index over 3 years.  

Flashiness Index = average change in daily load export or routinely sampled concentration per 

month, divided by the mean monthly load export or concentration per month.  

 

Figure 8. Nutrient duration curves for (a) DOC (b) NO3
-, and (c) PO4

-3 daily export.   
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Figure 8.  

 


