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Carbon and nitrogeloading to streams and rivers contributes to

eutrophication as well as greenhouse gas (GHG) production in streams, rivers and

estuaries. My dissertatiaonsists of three research chapters, which examine

interactions and potentiakideoffs between water qualignd greenhouse gas

production in urbasstreams of the Chesapeake Bay waterddgdfirst research

project focused on drivers of carbon export andlity in an urbanized river. | found

thatwatersheatarbon source(soils and leaves) contributed more thastiream

production tcoverallcarbon exportbut thatperiods of high irstream productivity

were important oveseasonal and daitymescalesMy second research chapter

examined the influence of urban stewater and sanitary infrastructure on dissolved

and gaseous carbon and nitrogen concentrations in headwater streams. Gases (CO

CH,4, and NO) were consistently supsaturated thraghout the ourse of a year

N>O concentrations in streams draining septic systems were within the high range of



previously published values. Total dissolved nitrogen concentratsrpositively
correlated with C@and NO and negatively correlated with GHVy third research
chapter examinedlong-term (15year) record of GHG emissions from soils in rural
forests, urban forest, and urban lawns in Baltimore, MD,, ©BL, and NO
emissionshowed positiveorrelatonswith temperature at each site. Lawns were a

net source of Ci+ N,O, whereas forests were net sinks. Gross fi®es were also
highest in lawnsin part due teelevated growingeasoriemperaturesiVhile land

cover influences GHG emissions from soils, the overall role of land cover on this flux
is very small(< 0.5%)compared witlgases released froamthropogenic sources
according to aecent GHG budget of the Baltimameetropolitan areavhere this

study took place.
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Chapter lintroduction

1.1. Statement of Purpose

1.1.1.Introduction

Nitrogen is an essential nutrieior organismswhich is naturally limiting to plant
growth in many ecosystem; gas is abundant in the atmosphere, but unavailable for
plants unless converted to biologically reactive fo(Bchlesinger et al. 1997/ 0ssil
fuel combustionbacterial nitrogen fixatim and fertilizer are all processes by which N
can be converted into available for(Rsgure 1.1; UNEP 2007Human activitiehave
more than doubletheamount of reactive N in the biospheéhneough these processes
(Vitousek et al. 1997Galloway et al2003). The advent of synthetic fertilizeia the
HaberBosch proceskas alleviated major limitations to agricultural productivity over the
past centuryGalloway 20@; Vitousek et al. 1997however the current excess of
reactive nitrogen has mamggatve consequences for natural ecosystéviimusek et al.

1997)



200

Total anthropogenic reactive N production
= Haber-Bosch production

== Legume cultivation

150 7 = Nox emissions from fossil fuel combustion

100 Range of Natural N Fixation on Land /

50

0 4—_J
1860 1880 1900 1920 1940 1960 1980 2000
Year

Millions of tonnes of nitrogen

Figure 1.1Comparingthe range ohatural N fixation in the biosphere with N fixed frararioushuman activities
globally, from UNEP 2007 report entitled OReactive Nitrogen iBtk&onment.

Estuariesare especially sensitite nutrient loadingor eutrophicationbecause
the removal oN limitation can lead talgal bloomgPrepas and Charette 2008jhen
blooms die off heterotrophic microbdsreak dowrthe organic matteand @nsume
oxygen in the water column. This process resultemny low oxygen levelghypoxia)at
depth in estuarie$n the United States, 64% of estuaries experience seasonal hypoxia due
to algal bloomsthe extent, duration and number of these eventalcasased over the
past three decades (Rabalais et al. 200@}tershed nitrogen loading is the primary
driver of algal bloomslNitrogen in errestrial organic matter exported by rivers is often
assumed to be taecalcitranto contribute tacoastal hypoxia, however trassumption
is largely untested in coastal rivers with significant urbanizati@arbon export can
increase due to wastewateakage or effluentDaniel et al. 2001; Sickman et al. 2007

Kaushal et al. 201}, or altered sbichemistry (AtkenheaePeterson et al. 2009), and



these sources may be more labile than natural waters as well (Newcomer et al. 2012,
Duan et al. 2014). Relativefgw studies have quantified carbon export from urbanized
watersheds, or examined processa®rolling carbon quantity and qualifgecause

carbon quantity and quality in streams can influence 1) oxygen consumption 2)
greenhouse gas (GAN,O and CH) production, and 3) microbial N uptake processes
my first project focused on understanding dineers of carbon cycling in a highly
urbanized watershed.

Urban areas can contribute significantly to coastal N loading (Castro et al. 2003)
and potentiallyto aquatic GHG emissions. N sources include deposition from vehicle
exhaust, sanitary infrastruge, and residential fertilizer (Bernhardt et al. 2a@0aushal
et al. 2011). Castro et al. 2003 estimated that N loading was dominated by urban sources
in 11 out of 34 major estuaries in the United States. The same study attributed between 1
and 86% of ttal N loading to sewage, depending onéeent of urbanizatiarTherole
of N loadingon urbanaquatic GHG emissions remains underdied N,O emissions
from non-point source N loadingontributesbetween 0.23 and 11.9 Tg N'yglobally,
with a wide rage of estimates due to significant uncertainty) the rate of N loading
from watershedsand 2) the proportion of N converted tgON(Mosier et al. 1998
Nevison 2000)N,0 is producedia microbial processes aitrification and
denitrificationwithin groundwater or along the stream network (Seitzinger and Kroeze,
1998) Denitrification requires anoxic conditions, while nitrification requires oxygenated
conditions(Schlesinger 1997 \Variations in redox state and hydrologic connectivity may
influence theconversion rate of dissolved N to®lacross and withiwatersheds

(Beaulieu et al. 203 ITurner et al. 2015 Eutrophication can further influence GHG



production by contributing to a favorable redox state D WNdCH, production in both
freshwater (Baulch et al. 2a1 Harrisonand Matson 2003) and estuarine environments
(Naqvi et al. 201 CH, is produced anaerobically but candmnsumed by
methanotrophic bacteria in oxygeich environmentsRivers and estuariesay therefore
switch from sik to source of methane as oxygen availability chan@agen the
widespread nature of coastal eutrophication and GHG emissions globally, it is clear that
managing N is an important challen®&y second project focused on understanding the
role of urban ifrastructure on GHG dynamics in headwater streams.

While urban areas are hot spots of N loadingjgaificant portion of N inputs can
alsobe retaineénd/or removeavithin urban watershed§&or instanceGroffman et al.
2004 estimated that 75% of watdred Ninputswere retained in a suburban Maryland
watershed, compared to 77 and 95% in nearby agricultural and forested sites respectively
Evidence of N accumulation in urban soils has been documented in Baltimore (Raciti et
al. 2008; 2011) and Phoenix (Zhu et al. 2006), suggesting that lawn fertilizer inputs are
retained over annual timescales. The longevity of this N sink remains unckoagver.
Riparian zones are also potential hot spots of N retentiorbean aread-or this reason,
my third project focused on lortgrm (15year) GHG emissions from urban lawns, in
order to determine whether the role of urban soils as GHG sourdek®has changed

over time and across different vegetation classes.

1. 2 Overview of Research Chapters

1.2.1Roleof Aquatic Ecosystems in Urban GHG Budgets

Chapter 2 examined the role of hydrologic variability and in-stream biota on

gaseous (CO,) emissions and dissolved carbon export from streams across the Anacostia



Watershed. The influence of urban aquatic ecosystemaa@uaticcarboncycling

warrants further researdioth in terms of N removal and GHG budg&scent estimates

of greenhouse gas emissions from streams and rivers have demonstrated that these
ecosystems contribute significantly to glo#&D,, CH,;, and NO budgets (Cole et al.

2007; Butman and Raymond 20Blgstviken et al. 2001 Major uncertaines

surrounding GHG emissions from freshwater persist despite the relatively significant size
of these fluxes. IPCC methodology currently assumes that lateral transport of carbon
from terrestrial ecosystems to the ocean has remained relatively constarre

industrial times (Ciais et al. 2013). A growing body of work has shown that this
assumption may ndte valid(Regnier et al. 203, Bauer et al. 2013). Inland waters are
currently assumed to transport 0.9 Pyr&of terrestrially sourced carbon tioe ocean,

and release 1.0 Pgy€ " of this terrestrial pool to the atmosphere. These fluxes together
are equal to approximately half of the anratahosphericO, increase (4.0 PG yr?).

Changes in the magnitude and fate of terrestrial carbon invfagést{oceanic buriabs.

CO,vs. CHy), therefore may have large impacts on the net terrestrial carbon sink (Ciais et
al. 2013). QuantifyingcO, emissions from flowing waters involves separating out the
influence of instream respiration/mineralization afitotrophic (algae) biomass.

terrestrially sourcedrganic matter. A conceptual figure of this approach can be found in

Figure 1.1.



Figure 12 Figure adapted from Cole et al. 2007 with values in Pg'@lgscribing the significance of

inland waters to the global carbon cycle. The brown arrow describes lateral @Xgoréstrially derived
carbon between land and the ocean. While 2.7 Pg'@yaxported from the terrestrial biosphere, only 0.9
reacheshe ocean. The remaining 1.8 Pg C ig either stored in sediment (0.6 Pg C)yor released as

gases (C@+ CH,) along river networks. When measuring these fluxes in a watershed, it is crucial to take
into accounfor the role of instream respiratiofphotosynthesis + respiration) on lateral and gaseous
carbon export.

1.12 Rale of Urban Infrastructure on Aquatic GHG Dynamics

Chapter three examines the role of watershed management on CO,, N>O, and
CH, emissions from urban headwater streams in Baltimore, MD. In urban watersheds,
streams and rivei@e subject to a variety sfressors, which may influence
biogeochemical cycling and contribute to hot spots of GHG emissions. At the watershed
scale, managing excess nitrogen is a major chaltemgeater quality and pO
production from excess N is likely. Leaking gravigd sewers are a key source of N in
aging cities (Kaushal et al. 2011; Pennino et al. 2Bid;1.2). Conversion of this excess
N to N;O is not accounted for in current IPCCthdology in the same way that indirect
agricultural emissions are (Short et al. 2014; StrakdKroeze2014 UNEP 2013). In

addition to aging sanitary and stormwater pipes, many cities have also implemented



newer forms of stormwater management includigland creation. Stormwater

wetlands have been shown to reduce watershed N loading in numerous studies (e.g.
NewcomerJohnsoret al. 2014) however questions remain about both direct and indirect
emission®f CH, andN2O via groundwater. The motivation fany second chapter was

to understand how variations in urban infrastructure (wetlands loading) might

influence aquatic GHG loads.

Street, parking lot, etc

Storm Drains Potable Water Pipes

Groundwater
Recharge

-

Sanitary Sewers /
4~ Water table
- /

Figure 13 Adaptedfrom Kaushal and Belt. 2012: Subsurface infrastructure alongside urban stream
channels may influence N inputs.

Baseflow
Discharge

Infiltration
or Groundwater
Recharge

1.2.3Role of Climatic Variability and Vegetation Cover on Urban Soil GHG Emissions

Chapter four examines the role of temperature, soil moisture, and vegetation
cover on CO,, CHy, and N,O emissions from urban soils in Baltimore, MD. Urbanlawns
cover more area than any single irrigated crop in the United States (Milesi et al. 2005).
Urban lawns arsubjected to a suite of sitgpecific (nitrogerdeposition, fertilizer,
vegetation management) and climatic (drought, heat island) faatoich may influence
carbon and nitrogen storaggeveral studies (Raciti et al. 2011; Towns&madall and
Czimczik 2010; Kaye et al. 2004) have shown that urbandasan accumulate carbon
and nitrogen over time, however it is not clear what controls the duration and stability of

theseC and N sinks. By storing N, urban lawns are an important buffer for water quality.



Reductions in C and N storage may contribut€tG emissions and/or significant N
leaching into groundwater over tim&he Baltimore Ecosystem Study Long Term
Ecological Research station has monitored soil respiratiopc@isumption, and D
fluxes from urban and rural forests as well as lawns3oyelars. Prior work at these
sites has shown th@tH, and NO (Groffman and Pouyat 2009; Groffman et al. 2006;
Costa and Groffman, 201,3)owever the overall global warming potential of these soils
over annual timescales has not badly examined for tle entire recordThis study
examinedhe role of temperature sensitivity and soil moisture on fluxes in order to

develop regionascale estimations of annual soil GHG fluxes over time.

1.3 Study Questions

1.3.1What is the role of seasonal amekentbasechydrologicvariability on transport

downstreanvs. transformations (metabolism) of carbon in a highly urbanized river?

1.32 Does urban infrastructure influence GHG fluxes and production in headwater

streams, and how do emissions/production vary over space and time?

1.3.4Does vegetation cover and warming alter temperature sensitivity, and GHG

emissions from urban sofls

1.4 Scientific merit and contributions

Chapter two@arbon Cycle of an Urban Watershed’, demonstratethat the
contribution of instream productivity to aquatic G@missions is can be as high as 100%
during seasonal loMlow conditions, but remains a smallesrpentage ((10%) during
medium to high flonevents The remainder o£0O, and DICis from watershedources,

including weathering productsoil and rootrespirationtransportedia groundwateand



in-stream breakdown @érrestrial organic matteThese redts further the scientific
communityOsnderstanding dfiow terrestrial organic mattestransported and
transformed carbon in urban waterways. Basetheresultsof this study| developed a
conceptual framework in whidmn increase in diselnge causegrban streamt switch
from OtransportersO to OtransformersO of terrestriaridguisy this inflection point
mayvary amongseasons.

Chapter threglnfluence of urban infrastructure on water quality and greenhouse
gas dynamics in streams, | found that nitrogen loading and wetlacr@ation in
watersheds influenc&sO,, CH,, and NO emissions from headwater streams. Streams
with high NG concentrations were located in watersheds with aging stormwater and
sanitary infrastructure, and correspled with high MO. Headwaters drainingew
stormwater management and sanisgwershad the lowest N©, the highest DOC, and
thehighest CH concentrations overall. Additionally. G@&as highly correlated with
N>O and NQ@ suggesting that nitrogen additions may stimulate @@duction in
waterways. This chapter shows how human activities can influence GHG emissions from
streams, which contradict the current IPCC protocol for assuming that aquatic GHG
fluxes have remainedastant since prandustrial times.

Chapter fourQnteractions between land cover and climate influence CO; CH,,
and N,O fluxes from urban soils’, examined controlen GHG emissions from upland
soils in the Baltimore region evaluated the role of various drivers (temperature, soil
moisture, seasonality, and year) on£Z0OH,, and NO emissions from urban forsst
rural forests, and suburb&awns. | modeled annual emissions and found that, in terms of

net CH, and NO emissios, suburban lawns had significantly higher global warming



potential than both rural and urban fore€®, emissions were also significanttygher

in lawns than rural forests, howeyprior studies in Baltimore have shown that lawns
accumulate organic daon over time (Raciti et al. 2011). If this rate of carbon
accumulation remains constantbuld offset any global warming potential of lawns

caused by increas@t,O and CH emissionsl scaled up soil GHG emissions and carbon
accumulation estimates using spatial land cover data of forests and lawns, and estimate
that soilsstore the equivalemtf 0.33 Mg CQ ha* yr' on average throughout Baltimore
County. This carbon sink is equivaléat0.5% of anthropogenic emissions from the

same county estimated duritige study period (Brady and Fath 2008)conclude that,

while urban land cover and warming does to influence GHG budgets of lawns, the role of

lawns as GHG sinks or sources is &#ygovershadowed by anthropogenic emissions.
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Chapter 2Carbon Cycle of an Urban Watershed: Exports,
Sources, and Metabolism

2.1. Previous publication of research

This research chapter was published in the journal, Biogeochemistry in October,
2015(Smith and Kaushal 2015).

2.2. Abstract

Rivers transport and transform significant quantities of carbon to coastal zones
globally. Urbanizatiorand climate change impact the transport and transformation of
carbon by altering hydrology, water temperatuegsl instream metabolism rates.
Changes in exports, sources, and metabolism of carbon influence ecosystem processes,
food webs, and greenhouse ga3és present studgharacterized exports, sources, and
metabolism of carbon in four urban watershedsguaicombination of discrete stream
chemistry measurements and continuous watetity sensors. Over three years,
watershed DOC exports in the Baltimeigashington D.C. metropolitan area ranged
from 9 to 23 kg hdyr™. DIC exports ranged from 19 to &§ ha'yr™. Daily
contributions from irstream metabolism varied betwe&® and 90% of DIC export
depending on stream size and streamflow conditions. Negative contributions from
metabolism occur on days when streams were autotrophic. All streams were
hetrotrophic during 60 to 87% of each year, but showed significant peaks in autotrophy
during spring and summer. Differences in the timing and magnitude of peaks in
springtime net ecosystem productivity were likely driven by varying light availability
acrossstreams of different sizes and riparian shading W& consistently over

saturated with respect to the atmosphere on all sampling dates and w29025C L.
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Exports, sources, and metabolism of DOC and DIC showed strong predictable patterns
acrossstreamflow.These results supporinaw conceptual model for predictiogrbon
transport and transformation across changing streamflow and light availability (with
impacts on sources and fluxes of DOC, DIC, and)CQverall,theresults based
conceptubmodel suggest that urbanization accelerates the transition of streams from
transporters to transformers of carbon across streamflow, with implications for timing
and magnitude of C{luxes, river alkalinization, and oxygen demand in downstream

waters.

2.3 Introduction

Carbon transpoet by riversprovides a major source of energy for aquatic food
webs, and is a significant component of the global carbon @yelelueandRitchie
2003 Coleet al 2007; Battiret al 2008; Moens et al. 2002; Middelbuagd
Nieuwehuize 1998). ApproximateB/7 Pg of carbons exported from terrestrial to
aquatic ecosystems globally. Howewanly 0.9Pgof carbonreaches the oceawhile
1.2Pg is respired as GCand 0.6Pg is stored in sediments (Regnier et al. 2013).
Changes in human activities relatedagicultural liming, increased soil erosion,
chemical weathering, and urban wastewater inputs ¢t@vieibutel significantly to
accelerated transport carbon from the land to ocean (e[@anielet al 2001;Raymorn
andCole 2003 Cole et al. 2007Tanket al 2010;Kaushalet al 2013;Regnieret al.
2013. Furthermore, riparian vegetation removal and nutrient loading from urban and
agricultural landscapes may increasgochthonous carbon production (Mulhollanéle
2001;Bernot et al. 2010; Griffiths et &2013) Warming from climate change and urban

heat islands has the potential to increase ratesgahic carbon breakdown in rivers and
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estuarine sedimengblealet al 1998; Daniekt al 2001; RaymondndCole 2003;
BarnesandRaymond 2009; Kaushat al 2014h. The present studyvestigatel how
hydrologic variabiliy and urbanization can alter the souraadmetabolisnof carbon
expored by rivers

Over decadesacboncycling hasbeen studieéxtensivelyin foresedwatersheds
(e.g., McDowellandFisher1976;Sobczaket al 2002. Controlson carbon export from
forestwatersheds cainclude climate, topography, soil carbon content, and the presence
of wetlandgHopkinsonet al 1998 Aitkenhead et al 1999;PerdueandRitchie 2003.
These sudiesindicate thathe quantity and quality of dissolved orgacabon(DOC)
are important drivers dheecological function oforeststreamgVannote 1980;
Hopkinsonet al, 1998) Streams natally contain a mix of terrestrial (allochthonous)
and instream (autochthonous) sources of dissolved organic matter (DOM), which
contribute to watershed DOC export as particulate organic matter is leached or
decomposedsources oferrestrial DOMincludeleachates or decomposed soil organic
matter and leaf detritusAutochthonousources oDOM consistprimarily of
decomposed or leached algal, bacterial, and fungal biomass (Sinsabaugh et al. 1997;
WebsterandMeyer 1997). Previous studies have shown that hydrologic variability (e.g.,
RaymondandSaiers 2010) and stream metabolism (e.g., Bak 2010) alter the
relative proportions of terrestrial andstreamderived carbon in rural watersheds.
However, mpact of urbanization on exports, sources, and metabolism of terrestial
stream sources of DOM remains unclear.

Urbanizationncreassthe quantity of both naturék.g., soil, leaves, algaahd

anthropogenige.g., sewage, grass clippingsures of organic matter, which may be
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leached into DOMn streamsand soils (Danieét al 2001; Newcomeet al 2012;
Kaushal et al. 2014a; Duan et al. 20¥Equent flooding can increase inputs of natural
particulate organic matter from riparian vegetamd soil erosion (RaymorsshdSaiers
2010; Imbergeet al 2011;Fraleyet al 2009), which also contribute to the DOM pool
downstream through leaching and decompositianridht loading and tree canopy
removal(which increases light availabilitganstimulateautochthonous productivity
(Mulhollandet al 2001) This contributes to the autochthonous DOM pool as this
biomass decomposes over daily or seasonal timescales. Wasigsvated DOM and
nutrient inputs can enter streamig point sources sucdds wastewater treatment plant
outfalls (e.g., Daniett al 2001; BarnesndRaymond 2009; Aitkenhed@eterson et al.
2009; EdmondandGrimm 2011) and nonpoint sources such as diffeseage pipe
leakageand septic systen{Sickmanet al 2007;Kaushaletal. 2011) In addition, rising
stream temperatures and salinization may influence rates of DOM leaching from soils and
benthic sediments (e.g., Kaushal et al. 20@&tkenhead Peterson 2009; Kaushal et al.
2010, Duan and Kaushal 2015). For instance iz Kaushal (2013) found that
warming increased DOC fluxes from streambed sediments, and previous studies have
shown that road salt additions increases DOM leaching from soils through sodium
dispersion and pH suppression (Green et al. 2008, Budikausal 2013).

Dissolved inorganic carbon (DICcarbonate+ bicarbonate + Qs the
dominant form of carbon exported from many rivers and streams globally (Meybeck
2003). Annual riverine DIC fluxes are comparable in magnitude to the terrestrial carbon
sink (Cole et al. 2007). Several studies have shown that alkalinity of running waters,

largely controlled by bicarbonate, is currently increasing in many watersheds (Raymond
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andCole 2003; Kaushal et al. 2013). Recent work suggests thatdangalkalinizatbn

of streams and rivers can be an indicator of evolving water quality in cities over time due
to human activities (Kaushal et al. 2014c, Kaushal et al. 2015). Potential drivers of river
alkalinization include agricultural liming, weathering of urban dingy materials, and a
time-lag response of increased weathering due to acid rain (Rayanoble 2003;

Kaushal et al. 2013; HosslandBauer 2013). Patterns of DIC and alkalinity in urban
watersheds warrant further study due to its potential roleffering coastal ocean
acidification, aquatic primary production, and global aquatic carbon budgets (Cole et al.
2007, Kaushal et al. 2013peveral processes that offset terrestrial carbon storage
produce DIC in streams and rivenscluding mineral weatring, terrestrial soil and root
respiration, and wstream DOC mineralization (e.g., Berner et al. 1983, Hotchkiss et al.
2015). Dissolved C&from terrestrial (soil and root) respiration contributes to the in
stream DIC poolia groundwater or shallow soil flowpaths (JoresiMulholland

1997). Bicarbonate is produced when carbonate rocks dissolve in the presence of
carbonic (or other) acid and when carbonic acid interacts with silicate rocks (Berner et al.
1983; SchnooandStunm 1986). The rates of various terrestrial processes vary widely
with climate, vegetation, and underlying geology (Meybeck 2003tream DIC (CQ
productionvia ecosystem respiration (ER = heterotrophic + autotrophic respiration) also
varies widely in gseams and is largely controlled by temperature, organic carbon loading,
stream biota, and nutrients (e.g. Mulholland et al. 2001; Bernot et al. 2010; Tank et al.
2010). Urbanization has been suggested to increase export of DIC from anthropogenic
sources ch as building materials and wastewater treatment plant effluent (Daniel et al.

2001; BarnesndRaymond 2009; Zeng et al. 2010; HossledBauer 2013).
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Urbanization may also influence production of Dz in-stream ER through heat island
effects andnicreased DOC loading (Tank et al. 2010; Kaushal et al. 2014b). As DIC
fluxes from streams and rivers continue to change glolib#yaim of this study was
understand how urbanization alters sources and fl&petifically, linvestigated how

light availability, temperature, streamflow conditions influence DIC sources and export in
urbanized watershedsalso estimated the relative contribution of stream metabolism and
terrestrial (soil/root respiration + weathering) processes to total DIC export freen thr
watersheds on daily time scales over three years.

The impacts of urbanization on export, sources, and metabolism of carbon can
evolve over time as watershed development practices alter hydrologic flow paths
(Kaushal et al. 2014c). For example, urkzation often dramatically increases
hydrologic response and peak streamflow conditions during storms due to impervious
surfaces, riparian development, and subsurface drainage systems (e andiR&yer
2001; Walsh et al. 2005; KauslaidBelt 2012). Tk net effect of all these hydrologic
alterations raises questions about the relative influencestfeamvs. terrestrial controls
on carbon quantity and quality. The objectives of this study were 1) to quantify inter
annual and intrannual fluxes of DT and DOC, and DOM sources from urban
watersheds, 2) identify key environmental variables influencing carbon fluxes using a
combination ofn situ sensor and discrete measurements, and 3) to propose a conceptual
model integrating the hydrologic and biologi controls on C cycling in urban
watersheds across streamflow. An improved understanding of the processes controlling
transportandtransformation of carbon in urban watersheds across annual streamflow

cycles is necessary to anticipate changes broughy @limate and land cover changes.
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Theoverarching hypothesis was that urban streams shift from carbon
transformers to transporters as streamflow increases, with resulting impacts on sources
and fluxes of DOC, DIC, and GO Based on this hypothesisetfollowing specific
predictionswvere tested (a) urbanized watersheds export more DOC tmammally
disturbed watersheds in similar climatic zone¥gfioss primary productivity (GPP) in
nutrientloaded and wshaded streams would be elevated, causing dissolved matter
guality to resemble recent autochthonous inputs more than terrestrial carbon sources, and
(c) in-stream respiration contributes a sigeait portion of daily DIC fluxes compared
with terrestrial sourcesTheresulting patterns were then used to develogw
conceptual model illustratingow streamflow and light availability can influence in
streamws. terrestrial controls on transportdatransformation of DIC, DOC, and GG\n
improvedunderstanding adnthropogenic impacts dhe sourcesfluxes, and metabolism
of carbon is essential fonanagemendf the coastal carbon cycle, organic nutrient
cycling, contaminant transport, and incged river alkalinization (e.gRaymondand
Cole 2003; Stanley et.&012; Kaushal et al. 2013; Kaushal et al. 2014c; Middlebody

Nieuwenhuize 1993

2.4 Methods

24.1 Overview

This studyinvestigated the hydrologic and metabolic controls on carbon cycling
in an urban watershed over three years using a combination of stream chemistry
measurements and continuous water quality sensorRiataete chemistry samplesere
usedto characterizéhe sources and export of carbon in streadtgh-frequency sensor

datawas usedo modeldaily stream ecosystem metabolism and,@xes from streams.
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Figure 21 Map of the Anacostia watershed, located northeast of Washington D.C.
Prominent redtolors signify medium to high intensity urban cover, which dominate:
lower reaches of the watershed. Greens and yellow signify forested and agricultur
Stars denote the four U.S. Geological Survey gages sampled. Land cover data is
2006 National Land Cover Database (Fry et al. 2011).
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2.4.2 Site Description

The Anacostia River is a major tributary of the Potomac River, with a watershed
draining 176 krhof the Piedmont and Coastal Plain geographic provinces in southeastern
Maryland, USAand the northeastern pion of Washington D.C. (Fig..2). Widespread
clearing of forests and draining of wetlands for agriculture occurred between the 1700s
and mid1800s (Washington Council of Governments 2010), and urban land use spread
quickly afterthe 1950s, with a major increase during the 1970s. The current land use
distribution of the overall Anacostia watershed is: 45% residential, 30% undeveloped,
16% commercial or institutional, 4% agricultyrd? industrial, and 1% minindrry et
al. 2011).Efforts to reduce sediment and nutrient loads, biochemical oxygen demand,
fecal coliform bacteria, trash, heavy metals, and organic contaminants are currently in
progress as part of a comprehensive restoration initiative for the Anacostia. These efforts
also contribute to progress toward meeting total maximum daily loads (TMDLSs) for each
subbasin of the Chesapeake Bay (Maryland Department of Environment 2015).
Numerous studies have taken place in this watershed evaluating nutrient dynamics and
geochemisiy (e.g., Huanxin et al. 199Zangland et al. 203 Miller et al. 2013 Connor
et al. 2014), sediment sources (Devereux et al. 2010), suspended sediment loads (Yorke
andHerb 1978; Miller et al2013, bacterial abundance (Miller et al. 2013), and organic
contaminants (Foster et al. 2000).

The present studgharacterized sources and exports of carbdounnon-tidal
tributaries of the Anacostia watershed in Maryland, which comprise 98% of rilavOs f
at its convergence with the Potomac River. These tributaries include Paint Branch

(PBCP), Sligo Creek (SLIGO), Northwest Branch (NWHV), and the Northeast Branch
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(NERP). Paint Branch is nested within the Northeast Branch, and Sligo Creek is nested
within the Northwest Branch. Sampling sites werdéooated with continuous flow and
water quality monitoring stations maintained by the U.S. Geological Survey (USGS).
USGSmaintainscontinuoudlow data at all four sites, and water quabkgnsorst three

of the four (SLIGO, PBCP, and NERP), which inclutiesolved oxygen, pH, specific
conductivity, turbidity, and temperatur&Vater quality sensaneasurementare collected

at5 or15minuteintervals and are continuously updated and available online
(http:/waterdata.usgs.gov/nwidPetails about sensor data collection, maintenance, and
calibration are outlined in Miller et al. (2013&.summary of watershed chataustics is

provided in Table 2.

Table 2.1 Study sites including U.S. Geological Survey gagimber, watershed name witthefter
abbreviation below, watershed area, and percentage of each land use based on NLCD 2006 data (Fry et al.
2011). Watershed area and gage information can be found at http://waterdata.usgs.gov/nwis

USGS Watershed

Station 1D Statim Name Area (knf)  Urban Agriculture Forest Wetland
Paint Branch

01649190 (PBCP) 21.1 57 7.1 33 2.1
Northeast

01649500  Branch 117.2 63 5.6 26 4.8
(NERP)
Northwest

01651000 Branch 79.5 66 7.6 24 15

(NWHYV)

Sligo Creek

(SLIGO)

01650800 10.3 88 0 12 0.29

2.4.3 Water Chemistry Measurements

Discrete stream @mistry samplewere collecteagvery two weeks between
October 2011 and October 20Bampleswere collectedn acid-washed 500nL high-
density polyethylenbottles.Field samples werransported on ict the laboratory
where theywerefiltered through a preombustedVhatman 0.7micronglass fibeffilter.

A subset ofiltered water to be analyzed for optical properties of dissolved organic matter
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(DOM) wasstoredinto a precombusted glass amber vial and refrigerated until analysis
within two weeks. Analyses of DOC, DIC, atadal dissolved nitrogenfON) were
performedon aShimadzu Total Organic Carbomalyzer (TOG272 V CPH/CPN;
Shimadzu, Clumbia, MarylandJUSA). | ran samples for DIC immediately after filtering
following the Shimadzu IC method.analyzeddOC andTDN following the Shimadzu
NPOC (nonpurgeable organic carbon) and TN methods respectively (e.g., Kenghal
Lewis 2005). selected the NPOC rahthan the alternative FIT method because it is
not sensitive to variations in DIC and thus less prone to significant overestimation of

DOC than TCGIC (Findlay et al. 2010).

2.4.4 Dissolved Inorganic Carbon Speciation

CO2SYS, a model of the inorgardarbonate system in freshwater and marine
waters (Pierrot et al. 2006yas usedo determine the abundance of individual dissolved
inorganic carbon species (HGOCO;*, CO,, OH, and alkalinity) using measured values

of DIC, pH, and temperature.

2.4.5 Estimation of Dissolved Carbon and Nitrogen Export

Discrete samples for DOC, DIC, and TNncentratioawere collected across a
broad range ddtreanflow conditions in each stream during three years. Relationships
betweerdiscreteconcentratioomeasurerantsand continuous discharge were optimized
usinga FORTRANbased program, LOADEST, developed(Bunkel2004). This
approach allowed estimation ofilgamonthly, and annuakatershedxports kg ha'yr

! for each solute.
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2.4.6 Characterization of Disdved Organic Matter Sources

Optical properties of stream wateere measurenh order to evaluate the
contributions oterrestrialandaquatic sourcesf DOM. Upon filtering, samples were
stored in precombusted amber vials at 4%C for up to two weekstproptical
measurements. Many naturally occurring DOM compounds will fluoresce, or emit low
energy light following excitation by a higher energy light source. The emission spectra
produced in response to a range of excitation wavelengths can be asatlitde the
relative abundance of DOM with terrestrial origin (humic soil/plant) and aquatic origin
(periphyton/algae) (Zsolnay et al. 1999; Ohno 2002; Huguet et al. 208&d a
FluoroMax4 Spectrofluorometer (Horiba Jobin Yvon, Edison NJ, U@Anheasure
excitationremission matrices (EEMs) of each samplben calculatedhie humification
(HIX) and recent autochthonous contribution (BlXdlices of DOM quality from the
EEM of each sampleHIX is defined as the ratio @missionintensity of the435480nm
region of the EEM to themissionintensity of the 306845nm region of the EEM at the
excitation wavelength of 254m (Zsolnayet al 1999;0hn02002).BIX is defined as the
ratio of fluorescence intensity at the emission wavelengtm88® he intensity emitted
at 430nm at the excétionwavelength of 31Gm (Huguetet al 2009). HIX and BIX are
both used to differentiate between DOM with more humic/terrestrial character and DOM
of more autochthonous character. HIX varies from 0 to 1, kigher values signifying
high-molecular weight DOM molecules characteristic of humic terrestrial sources. Lower
HIX values are driven by low molecular weight DOM of bacterial or aquatic origin
(Zsolnay et al. 1999). Conversely, BIX values (<0.7) reprdsemstrial sources, and

higher BIX (0.8 to 0.1 and >0.1) represent algal or bacterial sources (Huguet et al. 2009).
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HIX and BIX are calculated for each sample EBNer correctinghe EEM for (1)
emissions froma blanksample, (2) innefilter effects fom Raman scattering, and (3)
absorbance of wavelengths 2800nm. Analyses of fluorescence indices were carried

out using Matlab (version R2012a).

2.4.7 Estimating Continuous Ecosystem Metabolism

Continuousecosystem metabolismas measured for daisensor datajsing
a Bayesian oxygen mabalance model (BaMM) developed by Holtgrieve et al. (2010).
The model is based on the principle that the amount of dissalxggenin a stream is a
result of three main processes: G@FP, (2) ER, and (3) reaerain/gas exchange with the
atmosphere (Odum 1956). Continuous monitoring of dissolved oxygen over diurnal
cycles allows for estimation of daily stream metabolism based on the general mass

balance model of oxygetescribed by the following equation

Eq 2.1 oy — [! ([0! ,sat]—[oz])—R+P]

" D
where Qsais the oxygen concentration at equilibrium with the atmosphere (amg 3P
and Q is the measured £zoncentration. R and P are respiration and photosynthesis rates
respectively (gO, m? hr), k is gas transfer velocity (m firand D is water depth (m)
GPP rates are modeled based grs&@uration data and light availability, and ER is based
on G, undersaturation and temperature over diurnal periods.

Model input data includedontinuousmeasirements of dissolved oxygen,
temperaturgand discharge made available by USGS at the SLIGO, PBCP, and NERP
gaging stationdViodel time steps varied from 5 to-biinute increments across sites.
Photosynthetically active radiation (PAR) data was meastuithe aearby USDA

Beltsville Agricultural Research Center (USDA Agricultural Research Service 2014).
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Daily rates of GPP, ER, and net ecosystem production {8PPRER) were converted to
g C m?day" using respiration quotient of Several studies have neathis assumption
in order to infer connections between carbon and oxygen cycling in stream metabolism

studies JonesandMulholland 1998 Hall andTank 2003; Dems et al.2011).

2.4.8. Gaseous and Dissolved Inorganic Carbon Fluxes

Multiple processes at both the stream channel and watessh&zlcontribute to
daily downstreanDIC fluxes.In-channel processes include GPP, ER, and exchange of
CO, between the water surface and atmosphere. DIC from dissolution of carbonate
minerals (e.gcalcite, aragonite) as well as soil and root respiration in upland soils are
delivered to the streamia soil and groundwater flowpaths. $mplified massbalance
model of inorganic carbon fluxes from watershe@s useds follows:

Eq. 2.2 WSDNEP*A = COx *A + DICE

where WS is the total flux of watershed sources (soil respiration + weathering) into the
stream (grams/day), NEP is GIFR (g C n¥ day). A is stream surface areaqjnabove
each stream gage. GQOs the flux of CQ from strean to atmosphere (g C frday?).

DICkis the daily DIC flux (g C day) modeled using LOADEST. NEP, G@and DIG

were estimatedsing measured data, and determined WS by differ&uréace area (A)
was estimatetiased on flow lines using the EPA WATER&asetlEPA WATERS,

2015) and measurechean wetted width from Google Earth imagery (Google Earth,
2015).Daily net cosumption (or production) of DIBy NEP (g C streathday?) was
calculatedby assuming that NEP rate was spatially consistent withistteam channel

upstream of each gage. Positive daily NEP signified net DIC production and negative
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NEP (or net respiration) signified net DIC production over a diurnal cycle: @QC m?
day’) was calculated using equatids3
Eqg. 2.3 COzr = KcoACOm- COzeq)
where CQ,, is the CQ concentration in the water column (€®C m°) and CQgqis the
CO, concentration in water if it were in equilibrium with the atmospheegly mean
COuy concentratiorwere estimatedy running the LOADEST modeskparately with
mean daily DICconcentration estimateSO2SYS modelvas then usetb estimate mean
daily CO,, with modeled DIC and measured daily temperature, depth and pH from each
gaging stationRierrotet al. 2006).| determined mean daily Ggusing equations in
Weiss (1974) assuming barometric pressureatfhiiand atmospheric mixing ratio of
350ppm CG. Kcozis the gas exchange velocity, with units of m éyr CO, at ambient
stream temperatureestimated daily average gas exchange of oxyg20@ (Kxo) using
the BaMM model (Holtgrieve et al. 2010)corrected daily oxygen #values for
differences in solubility between G@nd Q using the ratio of their Schmidt numbers
(Wanninkhof et al. 1992),
Eq 2.4 Kcoz= Koz (Stcoz/ St2)"
where Sgozand Se, are Schmidt numbers for G@nd Q respectively. The exponent,
is set to-2/3 because this value corresponds to smooth (ratherltffafor choppy) water
surfaces (Wanninkhof et al. 1992),0kvas convertetb Ky based on relationships
described irEImore and West (1961).
Eq.2.5 Kt = Kag*(1.0241)

Estimates of CQflux in this study ardikely conservative because €@ based

on DIC measured during daytime hours and do not account for diurnal |I&®RHnAN
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unknown portion of C@from nighttime respiration may be lost to the atmosphere and
thus unaccounted for with this analysis. In this ctse,studywould have also under
estimaedthe contribution of DIC from watershed sources in the mass bataodel (eq.
2.2). Another assumption was that £dncentrations and flux rates estimated at each
gage were representative of the total streatawvorkupstream of that pointit must also
beacknowledgd that a small amount of G@nay have been lost prito DIC analysis

during filtration.
2.5 Results

2.5.1 Streamflow Variability

Study sites varied in mean annual discharge. Mean annual diselcange the
three study yeawas lowest at SLIGOwith a range of 0.180.22 ni s* during the
study periogfollowed by PBCR0.31-0.38 nf s?), thenNWHV (1.22 1.57n7 s%), and
NERP Q.00 2.76m*s%). Baseflow varid significantlyamongseasongp<0.05), with
the annual minimum occurring in early fall and maximum occuungng late
winter/early springdue to seasonal fluctuations in theteraable with

evapotranspiratiorHg. 2.2).
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Figure 2.2 Timeseries of continuous measurements of streamflow and Gr¢
Primary Production (GPP) for Sligo Creek, Northeast Branch, and Paint B
Both streamfbw and GPP show seasonal variability with leaf processes.
Seasonal variations in GPP are driven by light availability duringdeaénd
seasonal changes in discharge are driven by evapotranspiration following
out.

2.5.2 Annual Exports of Carboand Nitrogen

Carbon export varied widely across sites and ye#fing range of BC export for
all four sites and three years w284 kg C ha'yr?, and the range of OC exportswas
8- 40 ky C ha'yr!(Table2.2). TDN exportwaslessvariable, with a range of 2:8.0
kg N ha' yr'. TDN exportwasalso less responsive to changes in rurfeifi.(2.3a)

compared to DIC and DOC. PBCP had the lowestualexports of: DIC (22-37 kg C
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ha'yr!), DOC @8-16 kg Cha’yr™), and TDN 8-6 kg N ha' yr%). SLIGO had the
highestannualDIC exportin all years $0-84 kg Cha*yr?). DOCexportswerevariable
across years for all sites. SLIGO had the highest Bgortin two out of three years
Concentrations of DO@ndDIC were significantly correlated with mean daily discharge
at three out of four sitep{values = 2x10- 1x10°, r’= 0.11:0.38). DOC showeda
positivelog-linear relationship with dischargehereadDIC showeda loglinear negative

relationship at thre of the four site§Fig. 2.3b).

Table 22 Annual aremormalized export (kg ™) of dissolved inorganic carbon (DIC), dissolved
organic carbon (DOC), and total dissolved nitrogen (TDN) by water year for four stream sites in the
Anacostia watershk

Site Water year DIC DOC TDN
PBCP 20112012 22.5 8.4 3.3
20122013 23.2 12.3 2.9
20132014 37.7 17.0 6.0
SLIGO 20112012 50.1 17.3 3.9
20122013 57.4 24.1 4.2
20132014 83.6 40.1 9.0
NWHV 20112012 28.5 13.8 3.1
20122013 43.3 23.2 3.8
20132014 64.3 38.8 6.6
NERP 20112012 25.3 194 2.8
20122013 30.9 21.7 2.8
20132014 48.2 38.9 5.8

2.5.3 Carbonate System

CO, concentration was negatively correlated with TDN at SLIGO and positively
correlated with DOC and SLIGO and NERP. £&0Oncentration was also positively
correlated with temperature at SLIGO (p<0.G%£0r30). GPP and NEP were both

negatively correlated wWitCO, concentration at SLIGO (p<0.0%=0.58 and 0.61), but
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not at the other two sites (PBCP, NERP)..€0ncentration was not correlated with

discharge at any site.

2.5.4 Spatial and Temporal Variability in Dissolved Organic Carbon Sources

Theindex of recent autochthonoumputs (BIX) was negatively correlated withscharge

at all sites (pvalues= 1.2x18to 2.0x103, r’= 0.14t0 0.43), which suggests a shift from

A
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aguatic to terrestrial organic matter with increasing streamflow (b). The humification
index (HIX) and SUVAs,were not correlated with discharge at any site, however. BIX
was also significantly different among sites, with the highest values at SLIGO and lowest

median value at PBCP. Higher values of BIX (>1) are expected to be indicative of
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aquatic production, ahlow values (0.8.7) are expected to be indicative of terrestrial

organic matter sources (Huguet et al. 2009). BIX values in this study mainly fell within

the terrestrial range, with a minimum value of 0.52 and a maximum of 0.8%2 (F}.

2.5.5 Corinuous Ecosystem Metabolism

Daily metabolism rates were estimated466daysat SLIGO petweenMviarch,
2013 andOctober, 2014)785daysat PBCP lpetweernOctober,2011 andOctober,2014),
and953daysat NERP betweerOctober,2011 andOctober, 2014) Mean dailyGPP
estimatedor the entire period at SLIGO, PBCP, and NERP vie48 0.38 and0.66g C
m?d™, respectively. Mean dailfR (negative sign conventidrestimates wered.76
(SLIGO),-0.73(PBCP), and0.88g C m’d™* (NERP).NEP was < 0 fo75% of measured
days at SLIGO84% of measuredays at PBCP, antlLl% of measuredays at NERP.
Peakan GPPwere evident at all sites, resulting in periods of autotrgplisP>0)during
the spring and early summiéiig. 2.2). Seasonal variability iGPP wagprimarily

influencedby day length andight availability (Fig. 2.4). GPP was related to streamflow

in a parabolic fashion, with the highest GPP rates corresponding with medium discharge

conditions at each site (FiB.5). There were shoterm declinesn GPP following

storms including Hurricane Sandy, a major hydrologic event during the study period (Fig.

2.6); but day length and riparian shading availability appeared to be more important over

longer seasonal and annual time scales @4g. The durabn of springtime peaks in

GPP were greatest in the stream with a large, open channel (NERP) and lower in the two

more narrow streams, which had greater riparian vegetation cover (SLIGO and PBCP)

(Fig. 2.3). ERwas primarilyinfluencedby seasonal variatits intemperatureandGPP

(Fig. 2.7)

30



Daily GPP rates were positively correlated with TDN at two of the three sites
(PBCP and SLIGO: p<0.00%=0.37, n=21; an@<0.001r°= 0.76, n=9 respectively).
ER was also positively correlated with TDN at SLIG®0.001, ¥=0.47, n=9). DIC and
DOC did not show significant relationships with GPP or ER for sampling dates with

coinciding chemistry measurements &odsystem metabolism (n = 19).
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€ ¥ NERP
2 PBCP
+ SLIGO
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O
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10 11 12 13 14 15
Day length (hr)

Figure 2.4Continuous Gross Primary Production day length fothree strean
sites. Orange and yellow colors show data from smaller shaded stream si
(SLIGO, PBCP), and purple lines are from opdannel river site (NERP)

2.5.6 Gaseous and Dissolved Carbon Fluxes

Using a simplified mass balance model of the streatershed DIC budgeRIC

inputs to the water colummere separateidto two categories: Onet stream respirationO
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and Owatershed sourcesOZB}). In this model, Onet stream respiratieadefinedis
ER-GPP, oNEP. Net stream respiration accounfiedliess than 0% of DIC inputs on
days when NEP was positive, and thus watershed inputs account for more than 100% of
total export (downstream DIC + G@missions The percent contribution of total DIC
inputs from net stream respiration varied fr&db t090% across streams and dates, and
the percent contribution from watershed inputs also varied widely (10 to 165%). The
mean percentage of inputs from net stream respiration across PBCP, SLIGO, and NERP
were 13.4%, 13.2%, and 3.4% respectively. Percentsrpy net stream respiration had
a significant negative, letinear relationship with streamflow at both PBCP and SLIGO
(r*=0.22, 0.23; pralues < 0.01) (FigR.8). No such relationship existed at NERP, and
NEP was generally positive during lefow conditions at this site.

The percent of inorganic C outputs from gaseous,J@6d fluvial (DIC) fluxes
from the stream netwonkas also estimate®aily fluxes were dominated by fluvial DIC
export which contributed between 93 and 102% of total export olatals. Fluvial
export exceeding 100% signifies dates when NEP > 0. The range of arglxe® was
-2.67 to 25 g C mMday" across sites and dates, where negative values signifies uptake of
CO, by the water column. These fluxes comprised the remaafdetal inorganic

carbon output-@ to 7%) from the stream network.
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Figure 25 Relationships between Gross Primary Production (GPP) and streamflow across four see
three sites. Sligo Creek and Paint Branch are small streams with signifieai@n shading, and the
Northeast Branch is a larger, channelized tributary of the Anacostia River

2.6 Discussion

2.6.1 Urban Streams as TransportersTransformers across Streamflow

The role of urban streams kislogically active ecosystems. passivehydrologic
transporters ofarbon and nutrienis an active source afivestigation (KaushandBelt
2012) Urban streams have historically been characterized hydrologically by their flashy
and frequent OtransportingO flow events (e.g. Led@efd RaundMeyer 2001)

However a growing body of work has shown that urban streams are also dynamic
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biological systemswhich transform watershed carbon and nutrient ingugsMcomer
Johnsoret al. 2014, Duan et al. 201daushal et al. 2014b). Glotgal river and stream
ecosystems act as both transporters of terrestrial organic matter to coastal areas
(MiddelburgandNieuwenhuize 1998 and biseactorghat transform organic matter into
CO, along theirmydrologicflowpaths (del Giorgi@andPace 2008 As popuation growth
continuesthe extent to whichirban aquatiecosystems transform terrestriagjanic
matter inputs has direthplications for global and regional carbon budgets (Cole et al.
2007; Aufdenkampe et al. 201 B8s well as water qualitynd ecosystem processes
(Stanley et al. 2012; Newcomer et al. 2012)

Streamflow variability was the primary driver of carbon transport from urban
watersheds in this studyLight availability also influencethe timing of peaks inet
ecosystenproduction (NEPandnetstreanrespiration {NEP). Based otheempirical
resultswere used to developstreamflowbased conceptuatodel This conceptual
modeldemonstratethe ways in which organic and inorganic carleaports, sources,
and metabo$imcanvary with streamflow across an urban watershed @&). The
model illustrates how the concentration of DOC increased and DIC decreased with
increasingstreamflow The conceptual model demonstrates kowinant sources of
DIC and DOCtransitionfrom in-stream to terrestri@ourcesat moderateo highflow
conditions. AdditionallyGPPvaried expectedlywith seasoras well as wittstreanfilow.
Periods of high GPP (corresponding with positive NE&uedduring low tomoderate
streanflow conditions GPP and ER were both at thiiwestduring high streamflow in

all streamslin smaller streams with riparian canopi&®,Pwasalso lowduringsummer
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baseflow. Low streaftow conditions are driven in part by seasorabpotranspiration

by riparian treesnd thus correspond with shading and reducesream GPRFig. 2.9).

2.6.2 Urban Streams as Transporters: Terrestrial Inorganic Carbon Contributions

DIC was the dominant form of carbon exported in this study, which originated
primarily from watershedources (terrestrial weathering + soil respiration). Urbanization
has been shown to influence terrestdéC loadingto streams from both natural and
anthropogenic sources (BarressdRaymond 2009; Lu et al. 2014). Natural sources
includedissolved CQ@from soil respiration and products of chemical weathering
Novelanthropogenic sources may include building materials and wastehwaker
presenstudy, the range in mean DIC concentrations (8, 10, 16 m@) @dm streams
draining predominantly silicatkased lithology (quarteldspar schist) of the Atlantic
Piedmont is high compared to pristine streams drainingcadmonate lithology (Dicken
et al. 2008; Meybeck 2003).

Small portions of the Northeast Branch of the Anacostia watershed drain the
Atlantic Coastal Plain, which may constitute additional DIC sources from carbonate
deposits to downstream portions at the Northeast Branch site. Urbanization may also play
a role in elevating DIC sources from the landscape through haowaerated
weathering obuilding materials and nonpoint sewage sources (Kaushal et al. 2013,
2014c). Several studies using carbon isotope tracers have shown correlations between
urban land cover and DIC from bedro&@e(g et al. 2010; Connor et al. 20Barnes
andRaymond, 2009Lu et al. 2014; HosslemdBauer 2013), which suggest that
urbanization may mobilize older, previously stable carbon reservoirs. For instance, Lu et

al. (2014) found that DIC in urban headwater streams of Virginia originated primarily
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from older bedrockveathering, compared to DIC in forested watersheds (which
represented more recent primary production). Numerous studies have also shown that
wastewater treatment plants contribute to watershed DIC fluxes (e.g. HoxHBauer
2013). The presenstudy ad others show that DIC can be elevated in urban streams
without WWTPs as well, however. Additionallyrgvious work has shown lortgrm
increasing alkalinity trends in the Anacostia watershed and other nearby urban
watersheds, where there are minimal reltaarbonatesources suggesting the importance

of anthropogenic DIC sourcékaushal et al. 2013; PrasaddKaushal, 2013).

2.6.3. Urban Streams as Transporters: Organic Carbon Contributions

Streamflow has a major influence on DOC concentrama souces in both
forested and urban watersheds (McDowelliLikens 1988; HoolandYeakley 2005;
RaymondandSaiers 2010; Stanley et al. 2012; Kaushal et al. 2014a). Forested streams
often have positive concentration discharge (C: Q) relationships as saturated soil and
leaf leachates are delivered to the stream during precipitation events (Inamdar et al.
2013).Positive C: Q relationships as well agecreased signal for Orecent autochthonous
inputs inde® (BIX) wihin increased flovguggest that terrestrial sources of DOC become
more important with increasirgjreanflow, whereas irstream organic matter may be
more important at lowtreanflow. Impervious surfaces and storm drains may have an
important role in delivey of terrestrial organic matter to urban streams. Howok
Yeakley (2005) found significantly higher DOC concentration in stormflow (median
3.5mg C L) vs. baseflow (median 2.0 mg C).in an urban stream in Portland, OR and
estimated that 26 to 30% DBOC during came from storm drains. Additionally, Hope et

al. (2004) found significant DOC loading from paved surfaces in Arizona, following long
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periods of accumulation between rainfall events. In temperate watersheds, storm drains
and gutters may be sidicant sources of organic matter (KausaatiBelt 2012). Hobbie

et al. (2013 found that this Ogutter subsidyO of leaf detritus contributes significantly to
stormwater N and P loads in St. Badinnesota. Resultsfrom the present studshow
evidenced support a similar mechanism in the Anacostia River, warrafuitiger study

on the role of storm drains as flowpaths impactergestrial carbon export from urban
watersheds.

The processes thaicreasess. decreas®OC fluxes from wastewater, sagnd
vegetation management vary across cities. Fluxes and sources also vary spatially within
watersheds along the continuum of light availability between headwaters and large open
channels (Vannote et al. 1980; Kaushal et al. 2)hd over time with chgmng
streamflow conditions (Daniel et al. 2001; Duan et al. 2014). Currently, few studies have
estimated DOC exports over annual timescales in urban watersheds. DOC exp@ts in
study varied from 8.4 to 40.1 kg Chgr™, which is within the typicalange estimated in
temperate forests (i.e.t6 57 kg C ha yt) (e.g., McDowellandLikens 1988; Fahey et
al. 200%; RaymondandSaiers 2010 (and citations within); HosskedBauer 2013)
Conversely, Sickman et al. (200éund significant increases IFOC (DOC+POC)
export (10 to 121 kg C Hayr') with urbanization in the Sacramento River watershed.
Their study attributed 60% of urban C export to WWTP effluents, which were absent
from the presenstudy. Sickman et al. (2007) also attributedrémaaining 40% of urban
C sources to leaching of older soils in urban areas. Similarly, Aitkerihetatdson et al.
(2009) reported exceptionally high mean annual DOC concentrations (20 to 52 g C L

in urban streams with and without WWTP effluent in Texasl attributed elevated DOC
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to soil leachates from irrigated turf grass. These studies suggest that urban soils
contribute significantly to urban DOC loads, regardless of wastewater inputs. Compared
with other urban watersheds, the relatively low an@C concentrations and exports

that reporeéd heremay be partially explained by the lack of WWTP outfalls.

2.6.4. Stream Metabolism: Shifts in Urban Streams from Transporters to Transformers

The relative contribution of Hstreamws. terrestrial or anthymgenic sources to
organic carbon fluxes is highly variable across watersheds of differing biomes and urban
land cover (Hopkinson et al. 1998; Tank et al. 2010). In temperate forested streams,
terrestrial sources often dominate DOM export (FisimeiLikens 1973), while irstream
processes have been shown to ohate DOM export in arid (Jones997) and grassland
streams (Youn@ndHuyrn 1996). In the present study, indices ebkinream organic
matter (BIX) decreased wisitreanflow, which suggest that terestrial sources became
more dominant astreanflow increasedMetabolism measurements show peaks of
autotrophy during periods of seasonal light availability, suggesting Hs#team organic
matter sources may be significant during low to moderatedtowditions. Nutrient
enrichment and vegetation removal influence autotrophic productivity in urban streams
(Taylor et al. 2004; Catford et al. 200@phdleached or decomposing algae may
contribute to increased overall lability of the DOM pool. Duan .ef28114) found this to
be the case, as leached bacterial and-slgsed carbon dominated the DOM pool of
channelized urban streams in Texas. Even at high streamflow, Duan et al. (2014) found
that channelized streams had reduced terrestrial organic foatlsrdue to the
combination of increased autotrophic productivity and reduced hydrologic connectivity

with floodplain soils and vegetation. Newcomer et al. (2012) also found significant
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differences in diatom biomarkers and C: N ratios of DOM betweerenténriched

urban streams and a forested reference in Baltimore, Maryland. Similarly, Kaushal et al.
(2014) also found that export of protdike DOM was correlated with increasing GPP.
Empirical data from the present study and others suggest tbie¢@am productivity can
contribute significantly to DOM export annually in urban streams with elevated nutrients
and light availability.

One way to evaluate shifting contributions frorrsineamvs. terrestrial organic
matter sources is to compare D@Xport to NEP. This comparison does not take into
account time lags between primary production and biomass turnover, leaching, or
biomass export in particulate form over annual timescales. However, it allows us to
compare the magnitude of these two watedscarbon fluxes on a daily basis. Stream
metabolism is defined as the capture of energy as GPP and release of heat by ER, which
is commonly measured in units of dissolved oxygen production (GPP) and consumption
(ER) in the water column (Odum 1965). Stremetabolism can also be evaluated in
units of carbon uptake and production by assuming a constant ratiaoh§€umption to
CO, production during photosynthesis and aerobic respirdBprmssuming that this ratio
(respiratory quotient, RQ) was the magnitude net CQuptake from daily stream
metabolismwas compared ith DOC export across a range of streamflow conditions.
Berggren et al. (2012) tested the RQ assumption by measurirlgysside CQ and Q
production and consumption in 52 lakes and shawatRQ varies from 0.5 to 2 on
average (depending largely on the most abundant carbon substrate being minefalized).
RQ of 1 was assumedith the caveat that this value is likely to vary in space and time.

Additional assumptions used to scale NEP ewlatershedcale for comparison with
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DOC export are outlined in the OGaseous and Dissolved FluxesO subset of the methods
section. NERates instudystreams varied fron#.4 to 1.0y C nf day’, within the high

and low end of metabolism rates reportethm literature by singtday (Acu-a et al.

2004; Bernot et al. 2010) and continuous methods (Izagirre et al. 2008; Beaulieu et al.
2013).0ut of 1,557 daily NEP measurements actbssestreams, NEP was positive on
355 days and greater than daily DOC faux45 days. On average, daily NEP was lower
than DOC by a factor of 0.66 with a minimum of 14.7 times lower and 3.3 times higher
than DOC. Despite potentially significant time lags between autotrophic productivity and
leaching/DOC production, this compsoin shows that productivity is near equal to DOC
flux on a substantial portion of the year. Of the days when NEP>0, NEP is only greater
than DOC during low to moderate streamflow conditions. Given the amieual

importance of autotrophy in these urbamains, there was considerable potential for

stream ecosystems to function as transformers of carbon.

2.6.5. Urban Streams as Transformers: Gross Primary Production across Streamflow

Continuoussensomeasurements allowddr theinvestigaton environmental
controls onstreammetabolism across a variety of timescalad environmental
conditions. These includgorm events, seasonal ligirid temperature regimes, and
varying carbon and nutrient load®atterns in stream metabolism shelvortterm
decreases iGPP following major storms, similar to previous studies (Uehlinger 2006;
Robertsand Mulholland 2007; Beaulieu et al. 2013). Storm events caused GPP to
decrease by approximately half, with a tteathreeweek recoveryeriod Fig. 2.6).
These effects are seen in both urban/suburban settings (Beaulieu et al. 2013} and non

urbanstreams (Acu—a et &004; Uehlinger 2006; Robersd Mulholland 2007).

40



Because urban areas tend to have greater flood frequency and intensity, it is possible tha
high streamflow events have a substantial effect etream productivity (Beaulieu et al.
2013). One leading hypothesis explaining temporary decreases in GPP following storms

is the scouring of wstream benthic periphyton communities.

GPP before, during, after Hurricane Sandy at NERP
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Figure 26 Gross Primary Production (GPP) and streamflow pre and post
Hurricane Sandy at the NERP site. After storms there was a decline in GP
followed by rapid recovery over days and weeks

While storms influence GPP over shorter (weekly) timescales, ottterdasuch
as light availability appear to play a larger role across seasons. Light availability varied
with stream size and adjacent vegetation, and these changes influenced the timing and
magnitude of seasonal peaks in GPP and NEP. Across three stfahffesing widths
and shading in the Anacostia watershibdre weresimilar rates oflaily growingseason
GPP. However, there were notable differences in the timing and duration of seasonal

peaks in GPP between the two smaller, shaded streams (PB@®))Sird the larger
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nonshaded NERP. These variations contributed to overall differences in annual NEP for
each stream (Fi@.4). While the importance of light availability for GPP is well
established, the influence of riparian vegetation, stream sideshealing on annual GPP
and NEP varies widely across stream reaches, watersheds, and biomes (Mulholland et al.
2001; Bernot et al. 2010). é&sultsfrom this studyhighlight implications for the
importance of spatial heterogeneity in riparian cover andmstogder for influencing
annual GPP rates, as well as potential management implications for reducing summer
algal blooms by increased riparian shading.

Along with light availability, nutrients can also be a limiting factor fesiream
productivity in steams (e.g., Mulholland et al. 2001; Bernot et al. 208i@hificant
(P<0.001) correlations between TDN concentrations andaP® presenat two sites
(SLIGO, PBCP). These relationships suggest that nitrogen is limiting, compared to
phosphate, which skaed no relationship with GPP (data not shown). However, these
relationships are based only on a small subset (9 and 21) of days when metabolism and
bi-weekly chemistry data coincide. More work is required to experimentally evaluate
potential N limitationin these streams. Several studies have shown that coupling between
nutrient (N and P) cycles and metabolism is highly variable. For instance, linkages
between nutrient availability and GPP have been reported where large gradients in these
variables exist@a result of: (1) large regional comparisons (Mulholland et al. 2001;
Bernot et al. 2010), (2) sharp contrasts in land cover in small watersheds (Kaushal et al.
2014b), or (3) over very long (3ear) records of pollution reduction (Uehlinger, 2006).
Alternatively, several studies of nutrient uptake and ecosystem metabolism have shown

tight coupling between these processes both in pristine §ddlfank 2003; Robertand
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Mulholland,2007; HeffernarandCohen 2010; Cohen et al. 2013) and nutrient enriched
streams (Pennino et al. 2014; Beaulieu et al520This suggests that stream ecosystem
metabolism influences nutrient fluxes to some degree as well, particularly in urban
streams with increased light availability and elevated nutrient loads (Kausithal et

2014b).

2.6.6. Urban Streams as Transformers: Ecosystem Respiration across Streamflow

Stream metabolism in urbanized rivers can contribigpeificantlyto increased
DIC production and export (Martinelli et al. 1999; Daniel et al. 2001; Bamneés
Raymond 2009; Andrade et al. 201Egw studies have simultaneously evaluated
variations in terrestrial and-stream sources of DIC across variable streamflow
conditions. However, the longstanding assumption that terrestrial sources dominate DIC
export nerits testing in urban areaé. recent study by Hotchkiss et al. (2015) estimated
that 28% of CQemissions fromunningwatersin the U.Sare produced by stream
metabolism, with the remainder from terrestaahbiotic instream processesn the
preent studyterrestrial sources of DIC (including GQvere greateon averag¢han in
stream source3.heseresults show that daily net respiration across three streams only
contributed between 3.4 and 13% of total daily DIC inputs on average. Variabdiipd
these mean values was great, however, and DIC inputs from stream metabolism were
often nearly 50% and approached 100% during low and moderate streamflow. The
contribution of metabolism to daily DIC export varied with streamflow, with the greatest
in-stream contributions at low and moderate flow conditions and the greatest terrestrial
inputs during high flow (Fig2.8). Along with streamflow, variation in DIC production

from netrespiration is also driven by temperature and organic matter substrate.
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Figure 2.7 (a) An example of timeeries of gross primary production (GPP), ecosystem respiration (ER),
and net ecosystem production (NEP) for the Northeast Branch. (bysGER for Sligo Creek, Paint
Branch, and Northeast Branch in the Anacodétiatershed

Althoughthere weresignificant relationships between ER and temperature, there
was no relationship with DOC. This does not necessarily preclude a causal relationship
between respiration and organic carbon, given that the bulk of stream reapinay
take place in benthic sediments with particulate organic carbon rather in the water
column. Additionally, growing evidence from previous studies suggestabildty of
organic matter may be a stronger driver of metabolic rates and patthaaysilk DOC
loading(Ballester et al. 1999; Martinelli et al. 1998pr instanceNewcomer et al.

(2012) found that labile algae and grass leachates had a stronger etfenttofication

than leaf leachates in urban streams of Baltimdeeyland. Similary, Kaushal et al.
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(2014 reported correlations between lability of organic matter and ecosystem respiration
in similar sites. Additionally, Ballester et al. (1999) found that sewage inputs shifted
riverine conditions from aerobic smaerobic in a Brazdn river.Labile organiccarbon
sources can includgecomposingnicrobial or phytoplankton biomass, urban wastewater
inputs, or photebxidation of complex organic matter (MorandZepp 1997 Jarvie et al.
1997, Matrtinelli et al. 1999; Zhang et al. 200Bf)ese studies provide evidence that a
small rapidly cycling fraction of the overall DOC pool may be the main source of organic
carbon mineralized within streams (Mayorga et al. 2005; &talBeaulieu 2013
Hofmannn et al. 2008; Van den Meersche et al92D0

While stream metabolism has been shown to contribute to DIC fluxes in several
cases (JoneendMulholland 1998 Acuia et al. 2004),esults fronthe present study
demonstrate that the magnitude of metabolic contributions vary atreasflow
conditions. By assuming that daily-stream DIC production was synonymous with net
respiration (ERGPP, or NEP*1), this study showghat instream DIC contributed
significantly to total inorganic carbon exports during loaséow conditions. GPRnd
ER are tightly coupled across all sites throughout the (feégw 2.7) which suggests that
much of ER is attributable to autotrophic respiratima/or mineralization of recently
produced algal biomagblall andBeauliey 2013).Negative NERvas obseredon the
majority of days irthis study,signifying heterotrophiconditions By converting
metabolism measurements to units of,@Ptake and productiorequated heterotrophic
conditionswere equatedith DIC production While autotrophic respiration akes up a
significant portion of ER, continuously heterotrophic conditions such as those measured

in the present studyequire outside inputs of organic matter. Microlomheralizationof
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terrestrialorganic carbomputs is especially apparent when ERReeds GPP (negative

NEP), given that autotrophic respiration cannot exceed GPP. Heterotrophic conditions
are common ishadedoreststreamswhere GPP is lighlimited and terrestrial inputs are
high. However many opercanopied streams are autotropthiee to high light availability

and lower terrestrial inpu{®ernot et al. 2010; Demars et al. 2011)ban watersheds,

such as the Anacostia have a mixture of shaded and open channels, and this drives spatial
and temporal variability in NERDne common gd#ern found in forested streams is an
autumnal spike in ER, driven by pulses of labile carbon from fallen leaves (Mulholland et
al. 2001; Stelzer et al. 2003Respite the prevalence of terrestrial organic matter,
metabolism data did not shanclearpulseof ER or a seasonal drop in NEBring the

fall. Thispulse of ER was also absent in agricultural streams measured by Griffiths et al.
(2013), and suburban streams measured by Beaulieu et al. (2013). In the former, the lack
of ripariantreesmay rediceautumnal leaf litter inputdn the latter, the authors suggest

that scouring of banks during frequent storms redtioe availability of inchannel

storage of labil@rganicC from riparian trees.
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2.7 Conclusions

Urban and agricultural land use has contributed to significant increases in DOC,
DIC, and CQ export by streams andsers globally (RaymondndCole2003; Barnes
andRaymord 2009; Zhang et al. 2009; Andrade e8l11; Bianchi et al2013; Kaushal

et al. 2013; Kaushal et al. 2094As urbanizationncreases globallyt is critical to
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understand the factors that influence transformations and transport of carbon in-nutrient
enriched streams and rivers. In the present study, transpbitaamsformationvereboth
significant processes that influertbe carbon cycle in urban strearbese results
documenthe importance of streamflovariability on exports,sources, and metabolism

of carbon over annual periods. DIC wiae predominantdrm of carbon transported from
theseurbanwatershedsThere were major shifts between carbon transport and
transformation and net ecosystem carbon production across variable streamflow
conditions, which can impact river alkalinization and biological @xydemand in
downstream receiving waters. Future work is necessary to test hypotheses regarding
transport and transformation of carbon across hydrologic variability in order to better
understand and manage stream ecosystem funstichsas denitrificatioand primary

production and water quality issues related to river alkalinization and oxygen demand
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Figure 29 Streamflowbased conceptual model of processes that mediate carbon transport ar
transformation in urban streams. Streamflow is orxtBexis, and the Jaxis is shared between tt
top: DOC (left) and DIC (right) concentrations, and bottom: Stream metabolism (GPP and El
streamflow increases, [DOC] increases and [DIC] decreasstelam metabolism dominates DI(
sources at baseflond may contribute significantly to DOC as well, as seen during peaks in
The proportion of each (DOC and DIC) contributed from terrestrial sources-{stse&m) increase
with streamflow. Peaks in GPP are more pronounced and occur during a wigkeofdlow
conditions in larger noshaded rivers. GPP in smaller streams peaks during seasonal periods
intermediate baseflow in early sprifgcan be hypothesizatiat this is the case because {eat
corresponds to riparian shading and baseflow drawdown. Carbon export processes measure
study include dissolved and gaseous fluxes. Gaseoy&xport from the stream network (not
pictured) was very low compad with fluvial DIC (mean = 0.33%, S.D. = 0.28%) with the majo
of inorganic carbon export (including GQeaving the watershed in dissolved form.
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Chapter 3: Influence of urban infrastructure on water quality and
greenhouse gas dynamics in streams

3.1 Abstract

Streams and rivers are significant sources of nitrous oxide (N,O), carbon dioxide
(CO,), and methane (CH,), and watershed management can alter greenhouse gas
emissions from streams. GHG emissions from streams in agricultural watersheds have
been investigated in numerous studies; however, less is known about urban watersheds.
This study hypothesized that urban infrastructure significantly influences GHG dynamics
along the urban watershed continuum, extending from engineered headwater flowpaths to
larger streams. GHG concentrations and emissions were measured across streams
draining a gradient of stormwater and sanitary infrastructure including: 1) complete
stream burial, 2) in-line stormwater wetlands, 3) riparian/ floodplain preservation, and 4)
septic systems. Infrastructure categories significantly influenced drivers of GHG
dynamics including carbon to nitrogen stoichiometry, dissolved oxygen, total dissolved
nitrogen (TDN), and water temperature. These variables explained much of the statistical
variation in nitrous oxide (N,O), carbon dioxide (CO,), and methane (CH,) saturation in
stream water (r* = 0.78, 0.78, 0.50 respectively). N,O saturation ratios in urban streams
were among some of the highest reported in the literature, varying from 1.1 - 47 across all
sites and dates. The highest N,O saturation ratios were measured in streams draining
nonpoint N sources from septic systems and were strongly correlated with TDN. CO,
was highly correlated with N,O across all sites and dates (r’=0.84), and CO, saturation

ratio varied from 1.1 - 73. CH, was always super-saturated by factors of 3.0 to 2,157.
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Differences in urban stormwater and sewer infrastructure influenced water quality, with
significant implications for enhancing or minimizing stream CO, CH,, and N,O

emissions based on watershed management.

3.2 Introduction

Streamsandriversareglobally significantsourcesf nitrousoxide (N.O), carbon
dioxide (CO,), andmethangCHy,) (e.g.,Seitzingeretal. 2000;Beaulieuetal. 2011;
Bastvikenetal. 2011;Raymondetal. 2013). Theinteractiveeffectsof climateandland
coverchangehaveincreasedjreenhousgasemissiongrom streamsandrivers by
alteringbiogeochemicatontrolsof ecosystenmetabolsm (i.e., nutrientstoichiometry,
organicmatterquality, redoxstate andtemperature)e.g.Kaushalet al. 2014s;, Beaulieu
etal. 2009;Dinsmoreetal. 2009;Baulchetal. 2011a;HarrisonandMatson2003).Urban
stormwateiandsewerinfrastructurebincluding stormwatemwetlands streamburial,
gravity sewerlines,andsepticsystem®influencesnutrientloading(Shieldsetal. 2008;
KaushalandBelt 2012;Newcomeretal. 2012;Pennincetal. 2014;Beaulieuetal. 2015)
andmay haveimplicationsfor GHG productionaswell. Numerousstudieshave
examinedherole of WWTPson urbanN,O emissionsn (Foleyetal. 2010; Townsend
Smalletal. 2011;StrokalandKroeze2014) ThenonpointsourceN loadsfrom gravity
sewersandsepticsystemshowever,may contibute substantiallyto urbanN,O emissions
(Beaulieuetal. 2010;Shortetal. 2014).Aquatic N,O productionandemissiondave
beenlinked to microbialtransformation®f excesN loading,aswell asreducedoxygen
availability (Beaulieuetal. 2011;Rosamondet al. 2012).Stormwatefcontrolwetlands
andotherformsof greeninfrastructurenayreduceN,O by removingexcessN inputs,or

increasébothN,O andCHj, to streamsandgroundwatedueto anoxic conditionsand
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incompletetransformationso N, gas(Sgvik etal. 2006;VanderZaagetal. 2010. Despite
considerabléundsandefforts spenton restoringaginginfrastructuren citiesglobally
(Doyle etal. 2008, therole of urbanwaterinfrastructureon biogeochemicatyclesand
GHG productionis a major sourceof uncertainty.

ThelnternationalPanelon Climate ChanggIPCC) consideremissionsrom
agricultural but not urbanstreamsinto global GHG budgetdasedn nitrogeninputs
from fertilizer andmanure(Nevison2000;Ciaisetal. 2013;UNEP 2013; Strokaland
Kroeze2014;Shortetal. 2014).Urbanstreamsanreceivesimilar watershedN inputs
buttherelationshipbetweerN andN,O emissionsn urbanvs. agriculturalwatersheds
may differ substantiallySomekey differencednclude:1) the sour@ andquantityof
anthropogenid in streams?) the C:N ratio of streamandgroundwater3) thedegreeo
which surfaceandgroundwateflowpathsarealteredby infrastructure Thesefactorsare
likely to beinfluencedby stormwateandsewerinfrastructue designgSgvik etal. 2006;
Collinsetal. 2010;Kaushaletal. 2011).Stormwateimanagemenhay promoteanoxic
conditionsandincreaseC:N ratio of streamwater, if wetlandsarecreatedalongtheurban
watersheatontinuum(e.g.S¢gvik etal. 2006;Newcaneretal. 2012) Stormwater
managementanreduceC:N ratios if streamsareburiedin stom drains(Elmoreand
Kaushal2008 Pennincetal. 2015;Beaulieuetal. 2014).Sewerinfrastructuremay
additionallycontributeto GHG emissionsn urbanstreamseitherby directleakageof
gasesr from sewerlines(Yu et al. 2013;Shortetal. 2014)

Inverserelationshipdetweerdissolvedorganiccarbon(DOC) andnitrate(NO3)
concentrationpersistacrossa wide variety of ecosystemsangingfrom soilsto streams

to oceange.g.,AitkenheadPetersorandMcDowell 2000;Doddset al. 2004;Kaushal
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andLewis 2005;TaylorandTownsend®010) Recently,nverserelationshipdbetween
DOC andNOs" havealsobeenreportedfor urbanenvironmentgrom groundwaterto
streamdo river networks(Mayeretal. 2010;KaushalandBelt 2012;Kaushalet al.
2014a) A suiteof competingbiotic processnay controlthis relationshippy either 1)
assimilatingor reducingNOs’ in the presencef bioavailableDOC, or 2) producingNOs’
regardles®f DOC statugHedin 1998;Doddset al. 2004;KaushalandLewis 2005;
TaylorandTownsend2010).Theformercategoryincludesheterotrophiaenitrification,
which oxidizesorganiccarbonto CO, andreduceNOs to N2O +N; (Groffmanetal.
2000),andmicrobialassimilationof inorganicN (Wymoreetal. 2015;Caracoetal.
1998 KaushalandLewis 2005. In thesecondcategorynitrification is a
chemoautotrophiprocesshatproducesNOs by oxidizing NH,", andconsume<€O..
Nitrification alsoyieldsN,O asanintermediateproduct,andhasbeenshownto dominate
N cycling processes low-DOC environmentgTaylorandTownsend2010. In urban
watershedgjenitrificationis oftenlimited by DOC dueincreasedN loadingand/or
decreasedonnectivitywith carbonrich soilsin theriparianzone(Mayeretal. 2010;
Newcomeretal. 2012).Theinteractiveeffectsof increasednthropogeni€ andN
loadingandbiogeochemicatiransformationfiavethe potentialto alter GHG production
andemissiondrom streamgKaushaletal. 2014).

The goal of the present study wasdentify patternand potential drivers related
to GHG dynamics in urban headwater streams draining different forms of infrastructure
(stream burial, septic systemss;line SWM wetlands and Riparian/Floodplain
preservation) Although less considered, GHG emissiamesy be an unintended

consequence of urban water qualipairments and biogeochemigabcesses occurring

53



within and downstream afrbaninfrastructure An improved understanding of the
relationship between infrastructusge and biogeochemical functismlong the urban
watershed continuums critical for minimizing unintended consequences of water quality
managementKaushal and Belt 2012)Additionally,a better understanding of the
contribution of urban watersheds to global GHG emissions will be critical, given that
urbanizations the fastest form of lardse change angrban areasontain greater than

60% of Eart®dpopulation (Foley et al. 2006).

3.3. Sampling Methods

3.31 Study Sites

Eight headwater streamgere sample@very other week for water chemistry and
dissolved gases at the Baltimore Lehgrm Ecological ResearchTER) site
(www.beslter.org).Sampling geswere locatedn the Red Rurand Dead Run
subwatershedshese two subwatersheds of the Gwynn Falls watershed were developed
at different timegFigure3.1). Previous work at the Baltimore LTER site has extensively
characterized the hydrology, biogeochemistry, and geomorphologg Gwynns Falls
stream networke(g., Groffman et al. 2004, Nelson et al. 2006; Meierdiercks et al. 2010;
Kaushal et al. 2008, Shields et al. 2008, Sivirichi et al. 2011, Newcomer et al. 2012;

Newcomer Johnson et al. 2014; Pennino et al. 2014; Pennih@e18).
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Gwynns Falls
Watershed

Legend [ | Developed- Open Space
@ Headwater Sampling site

‘: SWM Drainage- Red Run
I: SWM Drainage- Dead Run

:] Developed- Low Intensity

- Developed- Medium Intensity
- Developed- High Intensity

u Pasture/ Hay - Deciduous Forest
- Cultivated Crops - Evergreen Forest
——— Open Water Mixed Forest

Infrastructure Category:

a. Septic Systems

b. Riparian/Floodplain Preservation
¢. In-line SWM Wetlands

d. Stream Burial

Figure 31 Site mapof headwater stream sites within Red Run and Dead Run. Colors within the larger Gwynns Falls
watershed signify land cover, whereas green and purple coloring in Dead Run and Red Run maps signify the area
drained by stormwater management structures (deteb#sins, wetlands, sand filters, etc.). Blue dots signify

headwater stream sampling sites, with letters for the paired infrastructure categories across Red Run and Dead Run.

Studysiteswereselectedasedn differencesn sewerandstormwater
infrastiucturewithin eachof eightheadwatewatershedsDeadRun (15 km?) andRed
Run (17 km?) werebothdominatedby mediumto high-densityresidentialand
commercialand.DeadRunwasdevelopedetweerthe 1950sand1970s with primarily
channelizedr buriedstormwatetinfrastructureandubiquitous,agingsewerlines.
Stormwatemwetlandsandpondsdraina portionof the DeadRunwatershedndare
locatedin-line with streamchannelsRedRunexperiencedntensivedevelopmenin the
2000sandstormwatetinfragructurereflectsmoreinfiltration-baseddesignssuchas
streambuffer zonesjnfiltration wetlands andbio-retentioncellsthroughouthe
landscapéBaltimore CountyDepartmenbf Planning,2010).Sanitarysewersvere

constructedn this watershedetween2000and2010 (Baltimore CountyDepartmenbf
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Planning,2000).Smallareaswith low-densitydevelopmenandsepticservicearelocated

in thenorthernpartof RedRun(Figure3.1).

Infrastructurevasgroupednto categoriedbasedon the extentof exising

infrastructureacrosBaltimoreCounty. Four distinctcategorie®f stormwaterand

sanitaryinfrastructureemergedncluding: 1) completestreamcontainmentn pipesand

burial, 2) in-line stormwatemvetlands 3) riparian/floodplainpreservationand4) septic

systems.Two streamsvereselectedor eachcategory(Table3.1).

Table 3.1. Summary of site characteristics including drainage area (3}, pencent impervious cover in
watershed and percent of the watershed drained by stormwater best manggenties (i.e. neburied

pipes).

Category Site

DA

% IC

% SWM

Description

Septic Systems RRSD

RRSM

0.23

0.68

7.9

3.78

0.00

13.97

Low-density residential
development with septic
systems, minimal stormwater
management, and some strea
burial.

RRRM

Riparian/Floodplain
Preservation

RRRB

0.63

0.21

16.4

22.81

100.00

54.67

Suburbarandcommercial low
impact development convertet
from agriculture in early
2000s. Many stormwater
wetlands in upland + wide
riparian buffer zones around
each streamandsanitary sewer
infrastucture.

In-line SWM DRKV

Wetlands

DRGG

0.31

0.6

39.16

36.68

100.00

47.60

Older suburban development
(circa 1950s) with a mixture of
dry stormwater detention
basins and stormwater sewer
lines. Entire watershed is
serviced by sanitary sewers

DRAL

Buried Streams

DRIS

0.26

0.18

41.9

30.57

1.10

0.00

Older suburbamand
commercial development
(circa 1950s) with completely
buried headwaters upstream ¢
thesampling point. Entire
watershed is serviced by
sanitary sewers.
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3.3.2Temporal Sampling of Dissolved Gases and Stream Chemistry

Dissolvedgassamplesverecollectedbi-weekly from eightheadwatesites(first
orderstreamsyrainingthe categorieof OComplet8treamBurial, 30n-Line SWM
Wetland© ORiparian/Floodplaireservation@ndBepticSystem<LFive replicate
samplesverecollectedperstreamon eachdate.Samplesverecollectedby submerginga
140mL syringewith a 3-way luer-lock andpulling 115mL of streamwaterinto the
syringe. Next, 25 mL of ultra-high punty heliumwasaddedo a syringe,andshakerfor
5 minutesto promotethe equilibrationof gasedetweertheaqueousndgasphase.
After equilibration,20 mL of theheadspacwastransferrednto a pre-evacuatedial
cappedwith screwtop rubberseptaLabCoLimited, Lampeter UK) andstoredatroom
temperaturdor up to four weeksprior to analysesWatertemperatur@andbarometric
pressuraluringthe equilibrationwererecordedandthreeblank samplesveretakenat
eachfield site.

Watersamplesverecollectedin 250mL high-densitypolyethylenebottlesat
eachsite. Singlesamplesveretakenat eachsite,with onerotatingsite duplicatedon
eachsamplingdate Dissolvedoxygen(DO) concentratiorandpH weremeasuredtthe
upstreanmendof eachstudyreachusinga handheldy SI 550-A dissolvedoxygenmeter
(YSIInc. Yellow Springs,OH) andan OaktonhandheldpH meter(Oaktoninstruments,

VernonHills, IL).

3.3.4. Longitudinal Sampling of Dissolved Gases along the Urban Watershed Continuum

Longitudinalsurveyswvereconductedalongthe two mainpairedwatershedsf
RedRunandDeadRun. Longitudinalsamplingstartednearthe headwatestudysites

wheretemporalsamplingoccurredandtypically extendedseverakilometersdownstream
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to the confluencewith GwynnsFalls (Figure3.1). During springandfall months solute
andgassamplesverecollectedalongall majortributaries(>5% mainstemflow) aswell
asevery500m alongthe mainstemof DeadRunandRedRun. Streamdischargevas
measuret eachsamplingpoint usinga MarshrMcBirney Flo-Mate handheldvelocity
meter(MarshMcBirney Inc., Frederick MD, USA). Dischargemeasurementseremade
by taking crosssectionaimeasurementsf streamvelocity andwaterdepthat eachsite. A
minimumof 10 pointswasmeasure@longeachcrosssection.Wheresamplingpoints
wereco-locatedwith USGSgagingstationsdischargedatawasprovidedby USGS.
Locationsfor eachsamplingsite wereeitherrecordedvith ahandheldGPSor
estimatedusingGoogleEarth software . The watersheaontributingareaaboveeach
samplingpointandflow lengthfrom eachsamplingpointto the watershedautlet(Dead
Runor RedRunrespectivelywerecalculatedusingArcMap 10 usinga 2 x 2mdigital
elevationmodelof the Baltimoreregion Thesesurveyswvereusedto determinewvhether
or notthe patterndn GHGOsndsoluteconcentrationsvithin headwatestreamsvere
presentlongthe broaderurbanwatersheaontinuumencompassingngineered
headwateflowpathsto higherorderstreams Reachscalehydrologicmassbalancesvere
calculatedalongthe mainstemof RedRunandDeadRunfrom thesesynopticsurveys
following methodgsletailedpreviously(Kaushalktal. 20145, NewcomerJohnsoretal.
2014. Along eachreachof the mainstem,relativecontributionsof inflow were
calculatedollowing equation3.1,
Eqg.3.1 Qos = QustQrris+Qow
where Qps is dischargeneasuredhe mainstem(m?® s*) atthe bottomof areach,Qus s

dischargean the mainstematthetop of areach,Qrris is inflow from majortributaries,
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andQgw is groundwateinput. Qew wasestimatedy differenceusingfield

measurementsf Qps, Qus, andQrris.

3.4 Laboratory Methods

3.4.1 Dissolved Gas Concentrations

CO,, CH4, andN,O concentrationsveremeasuredisinga Bruker450 (Billerica,
MA, U.S.A)gaschromatograplequippedvith amethanizeandflameionization
detector(FID) for CO, andCH, measurementAn electroncapturedetectoECD) was
usedto measuréN,O concentrationdnstrumentdetectionlimits were100ppbfor N»O,

10 ppmfor CO,, and0.1 ppmfor CH..

3.4.2 Solute Concentrations

Watersamplesveretransportean ice to the University of Marylandandfiltered
usingpre-combusted.7!m glassfiber filters within 24 hours.A Shimadzuanalyzer
(ShimadzuScientific,Kyoto Japanwasusedto measurdotal dissolvednitrogen(TDN)
anddissolvedorganiccarbon(DOC). The nonpurgeableorganiccarbon(NPOC)method
wasutilized for DOC, despitepotentialunderestimate®f volatile compounddecauseét
is insensitiveto variationsin DIC (Findlayetal. 2010).Nitrate (NO3’) concentrations
weremeasuredia colorimetricreactionusinga cadmiumreductioncolumn(Lachat

method10-107-04-1-A) on aLachatflow injectionanalyzerHach,Loveland,CO).

3.4.3 Dissolved Organic Matter Characterization

Filteredwatersamplesvereanalyzedor optical propertiesn orderto
characterizalifferencesn the sourcef organicmatterspatiallyandtemporally.

Filteredwatersamplesvere storedin amberglassvials at 4¥4@Gor a maximumof two
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weeksprior to analysesDetailedmethodologyfor optical propertiesandfluorescence
indicescanbefoundin SmithandKaushal(2015). Briefly, fluorescencandabsorbance
propertiesof dissolvedorganicmatter(DOM) weremeasuredn orderto evaluatethe
relativeabundancef terrestrial(high molecularweightplant/soilBderivedhumicacids)
andaquatic(low molecularweightbacterialor planktoniccompoundsyourcedo the
overallorganicmatte pool.

A FluoroMax4 SpectrofluorometefHoribaJobinYvon, EdisonNJ, USA) was
usedto measureghe emissionspectraof samplesn responséo a variety of excitation
wavelengthsExcitationremissionmatrices(EEMs) wereusedfor characterizingndices
of terrestrialvs. aquaticDOM sources Forexamplethe humificationindex(alsoknown
asHIX) is definedastheratio of emissionintensityof the435480nmregionof theEEM
to theemissionintensityof the 300-345nmregionof the EEM atthe excitation
wavelengthof 254nm (Zsolnayetal. 1999;0hn02002).The humificationindexvaries
from O to 1, with highervaluessignifying high-molecularweight DOM molecules
characteristiof humicterrestrialsourcesLower humificationindexvaluesindicatelow
molecularweightDOM of bacterialor aquaticorigin (Zsolnayetal. 1999).The
autochthonousputsindex (alsoknownasBIX) is definedastheratio of fluorescence
intensityatthe emissionwavelengti380nmto theintensityemittedat 430nm atthe
excitationwavelengthof 310nm (Huguetetal 2009).Lower autochthonousputsindex
values(<0.7)representerrestrialsourcesandhigherautochthonousputsindexvalues

(>0.8)represenalgalor bacterialsourcegfHuguetet al. 2009).
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3.5 Greenhouse Gas Calculations

3.5.1 Gas Concentrations

Dissolvedgasconcentrationsverecalculatedrom the measuredheadspace
concentrationHenryOfaw, andthe Bunsensolubility coefficient(StummandMorgan
1981) ThemolarconcentrationfA 4] of gasin the headspaceascalculatedusingthe

idealgaslaw asfollows
Eq.3.2 [Ad ==

wheren is measuregbartial pressurdatm), R is theuniversalgasconstan{0.0821L
atm/molK), andT is thetemperatur€K). Themolarconcentratiorof gasremainingin
theaqueougphaseollowing headspacequilibrationwascalculatedusingthe
temperatue-correctedBunsensolubility coefficientfor eachgas,total pressureandthe

measuregbartial pressuréppmv) of eachgasusingequation3.3.

Eqg. 3.3 [Aaq] = %

whereBp is the barometrigpressuréatm)andBunsenis the solubility coefficientin the
vesselL/L-atm). Calculationsof the Bunsencoefficientwerebasedn Weiss(1974)for
CO,, Weiss(1970)for N,O, andYamamotoetal., (1976)for CH,;. Theoriginal stream
watergasconcentration|A ;] wasdeterminedia massbalancefollowing equation3.4,
whereV ,qandVy werethe volumesof waterandgasrespectivelyin a watersamplewith

heliumheadspace.

[Aaq!!V!" | [Ag]!'Vg
l'aq

Eq. 3.4 [! "4 !

Becauseaassolulility is temperaturelependentt wasusefulto displaygas

concentrationgisthe % saturationpr theratio of the measuredlissolvedgas
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concentratiorio the equilibriumconcentrationTo determinegassaturationthe
equilibriumconcentratior{[A<q), wascalculatedbasedn watertemperature,
atmospheripressureandanassumedaluefor the currentatmospherienixing ratiosof
eachgasfollowing eq.3.3. Saturationratiois definedasaratio [Asy] / [Aegl, while excess

(i. xsCO,) is described as a mass difference ([Ast] - [Aeql).

3.5.2 Apparent Oxygen Utilization

GHG concentrationgn streamsepresenanamalgamatiormf sourcesncluding
in-situ production,nearstreanriparianzonesandtransportfrom soilsthroughmore
regionalizedgroundwateflowpaths(e.g.Richeyetal. 1988;Hiscocketal. 2003;
Jahangietal. 2012).Comparinggassaturatioracrossstreamsanbe misleadingoecause
variablegasexchangeatesmayobscurdlifferencesamongsites.Using pairedgasratios
within a streamis oneway to exploredifferencesn metabolicprocesseacrosssites.For
examplerelationshipdbetweenCO, andO, to canbe usedto examineaerobicys.
anaerobigasproductionbecausé¢hesetwo gasesaremechanisticalljinked via aerobic
respirationandphotosynthesis.

Equilibrium oxygenconcentrationsverecalculatedollowing equations3.2-3.4
andoxygensaturatiorfrom field DO measurementé&pparentoxygenutilization (AOU)
wascalculatedasthe differencebetweenO, concentrationsat equilibriumwith the
atmospherandmeasure®, concentrationsPositivevaluesof AOU thereforesignify
netconsumptiorof O, alongwatershedlowpaths,andnegativeAOU valuessignify net
productionO,. Similarly, excessCO, wascalculatedasthe differencebetweerthe
measure@ndequilibriumdissolvedCO, concentration.Underaerobicconditions,

respirationof organicmatterconsume®-, andproducesCO;, in approximatelyal:1
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molarratio (Richeyetal. 1988. Therefore 1 moleof AOU shoud resultin 1 mol of CO,
excess.Thisratiowasthenused with anoffsetto 1.2:1to accountor differencesn
diffusion constantgor thetwo gasegRicheyetal. 1988),to determinethe proportionof
CO, producedrom aerobicrespiration(Fig. S1). Forinstance1 mol of AOU would
resultin 1 mol of CO, excessf aerboicrespirationwheretheonly CO, source.A CO;
excesyaluegreaterthan1 mol would beindicativeof otherCO, sourcesnamely
anaerobigespirationwhich produce< O, without consuming O,. This frameworkwas
usedto calculatethe percentagef CO, producedrom anaerobiass. abiotic processes.
AnaerobicCO, concentrationsverecalculatedasthe differencebetweeraerobically

producedCO, (assumecequivalento AOU) andmeasuredCO, concentration.

3.5.3 Greenhouse Gas Emissions

Gasemissionsverecalculatedusingeq.3.5,in which KGHG.temp(time‘l) is derived
from Ko (seebelow),d is waterdepth,andFghc is theflux (g m?d™) of agivenGHG.
Eq.3.5 Fere= Kahg.temp® d* ([AStr] - [Aeql)

Theair-watergasexchangeatewasestimatedisingthe energydissipatiormodel
(TsivoglouandNeal 1976),which predictsK asa functionof watervelocity, stream
slope,anda constantalledthe escapeoefficient. The escapeoefficiert (Ces is
derivedfrom the slopeof therelationshipbetweerkK andvelocity andstreambedlope
(eq.3.6),whereK o (unitsday?) is a function of Cesc(unitsm™), velocity (V) with units

of m day*, andthe changen depth(dH, m) overareachwith length,| (m).

Eq.3.6 Kao=!1"% 12—
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Cescis asitebspecificparameterelatedto additionalfactorsthataffectgas
exchangencludingstreambedoughnessndtherelativeabundancef poolsandriffles.
Cescwasestimatedor this studyusingdatafrom 22 directmeasurementsf K, made
usingsulfur hexafluoride(SK;) asatracergasacrosssix streanreachedocatedwithin 5
km? of the sitesinvestigatedn this study(Pennincetal. 2014) Thesix studyreaches
investigatedoy Pennincetal. (2014)wereadjacento USGSstreamgageg#015893.2,
#01589317and#01589316).Streamslopewasneededo calculateCesc.To estimate
streanmslopefor thesereachesfield measuremenigsublishedby the USGSfor these
gagingstationswvereusedto parametrizethe continuity equation.The continuity
equationdescribedn detailby LeopoldandMaddock(1953),describesherelationships
betweerdischargdQ), depth,velocity, andstreamwidth for agivenstreanreach.
Continuity parametersllowedusto estimateslopeby rearranginglanning®sequation

(eq.3.7):

Eq. 3.7 s

AL 23

wheren is ManningOs, aroughnesparameteryasestimatedo be 0.035basedn
descriptionsn theliteraturefor similar streamgArcementandSchneided 989).Q refers
to discharggm?® d*) measuredta USGSgagingstation. A refersto crosssectionakrea
(m), calculatedasdepthmultiplied by width from, andR is hydraulicradius(A divided
by wettedperimeter) Wettedperimetemwasestimatedo be depthmultiplied by 2 plus
width basednfield observation®f channeimorphology.

Cescwascalculatedo be0.129(n=22,r’=0.79,P<0.01).The 95%confidence
interval of this Cescbasedn measured ;5 valueswas+0.031which corresponds$o

+24%o0f agivengasflux estimate This estimateof Cescfrom nearbysiteswasassumed
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to berepresentativef the 8 streanreachs investigatedn this study.The uncertainty
associateavith Cescis smallcomparedo thedifferencein estimatedlux acrosssites.
Therewereadditionaluncertaintieassociateavith site-specificslopeandvelocity
estimatesandapplicability of ageneralizedCescestimate Areal flux datawasthus
interpretedvith caution,andonly examinedn termsof the magnitudeacrossall sitesand

in comparisonsvith literaturevalues.

3.6 Statistical Analyses

3.6.1 Role of Infrastructure and Seasonality

A linear mixed effects modeling approach was applied to evaluate temporal and
spatial variability in gases and solutes in order to determine the significant drivers of each
gas across streams in different headwater infrastructure categories. Due to data gaps at
stream gaging stations and uncertainties in the gas flux parameters, GHG saturation ratios
were used rather than GHG emissions to compare spatial and temporal patterns across
sites. Mixed effects modeling was carried out using R (R Core Team, 2014) and the nime
package (Pinheiro et al. 2012) following guidance outlined in Zurr et al. (2009).

In order to determine the role of spatial and temporal variability on gases and
solute concentrations, separate mixed effects models were examined for the role of
infrastructure category and date on each response variable. Response variables included
saturation ratios for each gas (CO,, N,O, and CH,) as well as solute concentrations
(DOC, DIC, TDN, NOy) and organic matter source indices (humification index,
autochthonous inputs index). Fixed effects were ‘infrastructure category’ and ‘sampling
date,” as well as an interaction term for the two. The effect of a random intercept for

‘site’ was included in each model.
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Model assumptions of normality, independence, and equal variances were
validated by visually inspecting the pattern of residuals. When necessary, variances were
weighted based on infrastructure category to remove heteroscedasticity in model
residuals (Zuur et al. 2009). Tests were run for temporal autocorrelation using the
corAR1() function of nlme. The significance of random effects, weighting variances, and
temporal autocorrelation was tested by comparing akaike information criterion (AIC)
scores for models with and without each of these attributes. Additionally, pairwise
ANOVA tests were run to determine whether the residual sum of squares was
significantly reduced by each additional level of model complexity. Final model selection
was based on meeting model assumptions, minimizing the AIC value, and minimizing
residual standard error. Pairwise comparisons among infrastructure categories were
examined using the Tukey HSD post-hoc test (Ismeans package, Lenth, 2016) for each
response variable where ‘infrastructure category’ had a significant effect. Where
‘infrastructure category’ did not have a significant effect on a response variable after
incorporating ‘site’ as a random effect, a separate set of linear models was run with ‘Site’
and ‘Date’ as main effects rather than ‘Infrastructure category’. The role of ‘Site’ was
evaluated in these cases to determine the degree to which site-specific variability

overwhelmed infrastructure category.

3.6.2 Role of Continuougariables on Gas Saturation

A stepwise linear regression approach was used to examine the role of multiple
variables on CO,, N,O, and CH, saturation across sites and dates. Predictor variables
were selected via backward stepwise procedure, using the ‘Step’ function in R. This

involves first running a model that includes all potential driving factors, then running
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sequential iterations of that model after removing one variable at a time until the simplest
and most robust combination of predictors was achieved. Model fit at each step was
evaluated using the AIC score. Parameters that did not significantly reduce AIC were
removed until the model had the best fit with only significant factors. The initial list of
potential drivers included temperature, DO, DOC, TDN, DIC, humification index (HIX),
and the autochthonous inputs index (BIX). Prior to the stepwise regression, a test for
multicolinearity was run by calculating the variance inflation factor (VIF) for each
response variable. VIF >3 was the cutoff for assessing multicolinearity (Zuur et al. 2010),
and all response variables in this study were below this threshold.

Analysis of covariance (ANCOVA) was carried out to determine whether
relationships among gases (CO, vs. N,O, CO, vs. CH,) and solutes (DOC vs. NOy) varied
systematically across infrastructure categories. ANCOVA involved comparing two
generalized least squares models. The first linear model included an interaction term
between one of the predictor variables (i.e. DOC or CO,) and infrastructure category to
predict the response variable (N,O or CH,). The second was a linear model with the same
two independent variables but no interaction term. When infrastructure category had a
significant influence on both the intercept (first model) and slope (second model) of a
relationship, this refuted the null hypothesis that infrastructure category had no influence

on a relationship.
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3.7 Results

3.7.1 Effects of Urban Infrastructure Water Qualityand DOC: NQ Ratios

ThereweresignificantdifferencesamongTDN, NOs', andDOC: NOs' ratios
acrossdnfrastructure category(Table3.2). TDN concentrationsangedirom 0.12to
8.7mgN L™ (Table3.3). Pairwisecomparisongieldedsignificantly higher TDN
concentrationg siteswith SepticSystemscomparedvith sitesdrainingin-line SWM
Wetlandsandsiteswith Riparian/FloodplairPreservationSiteswith CompleteStream
Burial fell within the mid-rangeof TDN concentrationandwerenot differentfrom any
othercategory DOC concentrationsariedwidely from 0.19to 16.89mg L™, butwere
notsignificartly predictedby infrastructurecategory(Table3.2).DOC: NOs ratios
variedoverseverabrdersof magnitudefrom 0.02to 112 (Figure3.2). Infrastructure
categorywasa significantpredictorof DOC: NOs, with thelowestratiosin siteswith
SepticSydemsandhighestin siteswith Riparian/FloodplairPreservatiorfFigure3.2).
DOC: NOs ratiosdid not differ betweenn theIn-line SWM wetlandandComplete

StreamBurial categoriegFigure3.2).

3.7.2 Effects of Urban Infrastructure on Dissolved Orgafadter Quality

Organicmattersourcemetrics,humificationindex (HIX) andautochthonous
inputsindex(BIX) showedmixedresults.StreamsirainingSepticSysteminfrastructure
hadsignificantlylower humificationindexvaluesthanany otherinfrastructue category.
Theautochthonousputsindex (BIX) valuesshowedno significantpatternacross

infrastructurecategoriegTable3.2).
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Figure 3.2Boxplot of DOC: NQ ratio across sites in differing infrastructure categories

3.7.3. Effects of Infrastruate on Greenhouse Gas Saturation

Mixed effectsmodelsdid not detectsignificantinfluenceof infrastructure
categoryaloneon N,O, CH,4, andCO;, saturationin streamsTherewas howevera
significantinteractioneffectbetweersamplingdateandinfrastructurecategoryon the
saturatiorratiosof all threegasegTable3.2). Thisindicatdthatsamplingdatewas
importantto GHG saturatiorfor someinfrastructurecategoies Thesecondsetof linear
models which usedsite ratherthaninfrastructurecategoryasa maineffectyielded
significantdifferencesacrossall sitesfor N.O. Similarly, for CO,, thereweresignificant
differencedn 25 out of 28 pairwisecomparisonsPairwisecomparisonsacrosssitesfor
CH, saturationweresignificantin 23 out of 28 casesThesepatternsuggesthatsite-

specificeffectsoverwhelmedherole of infrastructurecategorieon GHG saturation.
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Figure 3.3C0O,, CH,, and NO saturation ratios acrosstershed sites in varying infrastructure categories.
Letters denote significant pairwise differences across sites for a given gas.
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Table3.2 Summaryof results(maineffectsp-valueg from mixed effectsmodelsexaminingtherole of
infrastructurecategoy anddateon eachresponsevariable(CO,, N,O andCH, saturatiorratios; TDN and
DOC concentrationsng L™, autochthonougroductivityindex (BIX) andhumificationindex (HIX)).

inflastructre CO, N0 CH,  TDN  DOC  BIX  HIX  [O%
Category

Infrastructure

Category 0.496 0.488 0.298 0.068  0.200 0.441  0.020 <0.0001
p-value

Datep-value 0.957 <0.01 0.001 0.086 0.387 0.155 0.765 0.492
Date x

Infrastiucture. 4 o1 <001 0.000 0114 0978 0490 0.899  0.894
Category

Interaction

p-value

Table3.3.Mean(SE) GHG saturatiorratios, TDN andDOC concentrationgémg L ™), autochthonous
productivityindex (BIX) valuesandhumificationindex (HIX) values P-valuesfrom mixedeffectsmodels
examiningtherole of categoryanddateon eachvariable. The bottomsectionof this tablelists p-valuesfor
spatialandtemporalvariability acrosdnfrastructurecategorie@nddatesfrom mixed effectsmodels.

Infrastructure DOC:
Category Site CO, N,O CH, TDN DOC BIX HIX NO3
RRSD 52.9 28.0 149 6.40 0.76 0.89 0.74 0.06
(1.1) (0.7) (0.5 (0.20)  (0.12) (0.02) (0.01) (0.01)
SepticSystems
RRSM 13,5 5.9 25.6 3.49 1.40 0.70 0.782 0.27
(0.5) (0.2) (1.5) (0.13)  (0.25) (0.02) (0.015) (0.04)
o RRRM 6.6 1.7 207.3 0.59 2.89 0.67 0.85 12.16
Riparian/ (0.3) (0.04) (36.2) (0.08) (0.27) (0.01)  (0.02) (3.45)
Floodplain
Pres. RrRrp 96 36 1036 0.35 158 0716 0.85 9.24
(0.4) (0.1) (8.6) (0.02)  (0.18) (0.01) (0.01) (2.43)
DRKV 28.1 19.1 50.8 2.52 265 0.75 0.86 2.38
(1.0) (0.6) (8.5) (0.16)  (0.24) (0.01) (0.003) (0.67)
In-line SWM
DRGG 16.3 7.9 225.8 1.16 532 0.73 0.83 8.72
(1.1) (0.4) (31.9) (0.07)  (0.60) (0.02) (0.01) (2.23)
DRAL 7.9 51 11.3 2.68 2.64 0.81 0.83 1.42
Complete (0.3) (0.2) (0.6) (0.09) (0.37) (0.01) (0.01)  (0.40)
StreamBurial DRis 226 107 784 242 251 079 0.82 1.82
(1.0) (0.5) (5.8) (0.09)  (0.27) (0.01) (0.01)  (0.44)
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3.7.4. Role of Continuous Variables on Gases and Solutes

Stepwisemodelparameteselectionyieldedseveralvariableshatcorrelatewith
eachGHG (Table3.4). TDN wasthe strongespredictorof N,O saturationfollowed by
DO. Thefinal modelfor N,O (r*=0.78)alsoincludedtemperatureHIX, BIX, %SWM,
andDOC:NGQ;". CO; saturatiorhada similar patternof predictorsandnearlyidentical
mockl fit (r>=0.78). DOC:NQ; ratio wasthe strongespredictorof CH, saturation
followed by DO andtemperatureHIX, %IC, and%SWM alsocontributedto the

predictng varianceof CH, saturationbut TDN andBIX did not.

Table3.4.Resultsof stepwiseregressiormodelsexaminingcontinuougfactorson CO,, N,O, andCH,
saturatiorratios.Predictorsselectedor thefinal modelarelistedwith p-values.Theabsolutevalueof "
signifiestherelativecontributionof eachpredictor,andsignsignifiesthedirection of influence.* Indicate
the predictorwith the greatstinfluencefor eachgas.ON.A.@dicatesthatthe predictorvariablewasnot
retainedn thefinal model.

CO, N,O CH,

Predictor " P-value # P-value " P-value
TDN 1.08* <0.0001 1.10% <0.0001 n.a. n.a.
Temperature -0.22 0.002 -0.26 0.002 0.25 0.032
DO -0.46 <0.0001 -0.37 <0.0001 -0.27 0.022
HIX 0.09 0.054 0.13 0.054 -0.15 0.090
BIX 0.11 0.045 0.15 0.045 n.a. n.a.
%IC n.a. n.a. 0.14 0.036 -0.16 0.063
%SWM 0.18 <0.0001 0.31 <0.0001 0.16 0.100
log(DOC:NG) 0.32 0.123 0.19 0.123 0.55* <0.0001
OverallModel Fit

Adjustedr? 0.78 0.78 0.50

P-value <0.0001 <0.0001 <0.0001

3.7.5. Covariance among GHG abundance and C: N Stoichiometry

N,O andCH, werebothcorrelatedwvith anaerobicCO, concentrationsandthese

relationshipsrariedsignificantlyacrossnfrastructurecategoriesTherelationship
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betweeranaerobicCO, concentrationandN,O saturatiorratio (Figure3.4a) wasmore
consistentcrosdandusecategorieshanCH, saturatiorratio vs. anaerobic€CO, (Figure
3.4b). TherewasanoverallinverserelationshipbetweerDOC andNO;” acrossstudy
sites. ANCOVA resultsshowedthatthe slopeof this relationshipdiffered significantly

with landusecategory(Figure 3.4c).
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Figure 34 Scatterplots of a) pO saturatiorvs. anaerobic Cg CH,saturatiorvs.anaerobicCO,, and c)
relationships between NCandDOC. Lines show significant correlations among gas concentrations,
which vary by infrastructure category.

3.7.6. Longitudinal Patterns in Water, Carbon, Nitrogen, and GHGs

Spatialvariability in GHG abundancevasexaminedn orderto evaluatevhether
concefttrationsmeasurean tributarieswereconsistenalongthe drainagenetworkfor
RedRunandDeadRun.Very high N,O saturatiorratiosweremeasuredn headwatersf
bothRedRunandDeadRun,whichwerenotrepresentativef theremaindeof the
drainagenetwork(Figure3.5). Instead a logarithmicdeclinewasobservedetweerthe
siteswith highestN,O saturatiorandthe main stemalonghydrologicflowpathsfrom
engineeredheadwaters$o largerorderstreams.HeadwatelCH, saturatiorratioswerenot

markelly differentfrom thatin the mainstem. Because¢he headwatesiteswerelocated
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very closeto their origin (eitherin naturalsprings,createdSWM wetlandsor storm
drains),it is possiblethatthe high GHG concentrationsoundin someheadwatesites
represengroundwatesourcesyhich arereleasedut not completelyreplenishedlong
the streamnetwork. The heterogeneougatterndoundin gasconcentration®othamong
headwatesitesandalongthe streamnetworkarelikely areflectionof variationsin
dissolvedN concentrationgn groundwater concentrationancompletedenitrification,
anddifferencesn groundwateinflow volumes.Waterbalancesstimats showedhat
groundwateinflow contributedup to 25% of reachflow in RedRunandupto 50%in
DeadRunalongthe mainstem.During early springsurveys pothwatershedslsohada

losingreach(groundwatepoutflow), which couldhavebeendueto evapotranspiration.

3.7.7. Greenhouse Gas Emissions

Greenhousgasemissionssariedsubstantiallyacrosssitesanddates.CO, and
N,O emissionsncreasedaignificantly (P<0.01r°=0.5andp<0.01,r’=0.62,respectively)
with dischargeatthetwo siteswith the greatesstreamchannelgradient(RRRBand
DRKYV). Sensitivityof emissiongo dischargevasin partdueto thedependencef K
onslopeandvelocity; however CH, emissionsverenot correlatedvith dischargeatany
site. Emissiongduring threehigh-flow samplingdates(over0.015ms* for all sites)
increasedhe varianceof overallmeangasemissionratesestimatesWhenthesehigh

emissionrateswereremovedaverageCO, emissiorrate(x standarcerror)was11.7
(x 2.9)and13.3(x 2.38)atthetwo siteswith higherchannelgradienttRRRM and
DRKY respectively)and0.64(+ 0.14)and0.27(x 0.09)atsiteswith low channel

gradient(DRGGandDRAL). Averagesite-specificN,O fluxes(x standarcderror)
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excludinghigh flow samples/ariedfrom 0.0003(1x10%) to 0.016(0.003)g N.O-N m?d
! CH;, fluxesexcludinghigh flows followed a similar patternwith site meanganging

from 1x10% (4 x10°) to 0.02(1.2x10%).

Red Run Dead Run
- 15 A
20 i i Wy e
% 20 A\ Tributaries ;] ‘ % 10 SR A
oc 'O @ Main Stem o \ A
2 ige O A
© 5 © o
w w A
o o
o) o)
= -
1 A e 30 ______
[5) 1000 2000 3000 4000 5000
S -
a0 |4\ Tributaries 2 s
2 g n K= Fis
& 30/ Main Stem o &
5 - 60 :
(% 20 (% '
s of L oA T g :
O 10 A [&] A
0 ! 0
[5) 2000 4000 6000 [5) 1000 2000 3000 4000 5000
Distance from WS Outlet (m) Distance from WS Outlet (m)
@ Surfacewater OTributaries @ Groundwater
o . i3 L < B surfacewater OTributaries 8 Groundwater
100% s
— = 100%
& 75%
g it 75%
£ &
2 sox §50%
$ - = 3
g 25% — = 5%
= 2
b D &
5 | L 1l S 0%
R 0% D e D D D *
25%
.25% 0 630 1300 2030 2510 3330
0 445 1480 1740 2490 3380 3655 4095 4395 Distance from WS Outlet

Distance from WS Outlet

Figure 3.5Longitudinal variability in CQ, N,O, and CH saturation ratios from springsynopticsurvey in

Dead Run and Red Run. &lbottom panel shows the proportion of discharge at each sampling location

from tributaries, surface water upstream of the reach, and groundwater inflow along the main stem reaches.
Variable water sources along the main stem may contribuigtd, and NO along the urban watershed

continuum.

3.8 Discussion

3.8.1.0verview
This studyshowedstrongrelationshipdetweerurbanwaterquality andGHG
saturatioracrossstreamgirainingdifferentforms of urbaninfrastructureNitrogen

concentrationsverecorrdatedwith N,O andCO, saturationSignificantrelationships
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betweerninfrastructre categoryandGHG saturationverenot detectedHowever the
starkgradientan TDN, dissolvedoxygen,DOC:NGs’, andotherGHG predictorsacross
thefour categoriesuggesthatinfrastructuranay haveanindirectinfluenceon
biogeochemicabrocesses streamsRelationshipdetweermnaerobicCO, andN,O
concentrationsuggesthatanaerobianetabolisnmcontributeso N,O productionalong

hydrologicflowpaths.

a. Riparian/Floodplain b. In-line SWM ¢. Stream Burial d. Septic Systems
Preservanon

Highest C:N M{.d'h’.gh CN ) Mid-low C:N Lowest C:N
N inputs from sewer lines N inputs from sewer lines N high from sewer leaks Very high N loading from
High Cinputs along wetland/  Cfrom soil & upstream C low, some from gutter groundwater septic plume.
nparvnan HoNpatn Wetinnos . -> low capacity for N removal Denitrification within plume
- High N removal > Hyporheic N removal depletes DOC
Hyporheic Gravity Sewer Water table Septi

Key z0ne line v -_E S:fte(r:n

Groundwater b“ I] ] ‘SAzIor:nw;ter Stream Burled . Sepuic

—*  Flow direction |f[[[}¥ Wetlan channel Stream W) Plume

Figure 3.6Conceptual illustrations of hypothesized ways in which headwater infrastructure can influence C and N
delivery, processing and GHG production along highly altered subsurface flowpaths. Streams with preserved or
restored floodplain/riparian zones) @relikely to have highbOC: NGy ratios due to C loading from saturated soils

and ample opportunities for N removal in wetland and floodplain sediments. StreanrslimehSWM wetlands, but
degraded riparian zonels) @are likely to have slightly lower DOMOj' if N inputs from leaky sewers are not

attenuated in the riparian zone. Completely buried stregmmsay have N and C inputs form leaks in adjacent gravity
sewersor plant matter in street runoff, but reduced microbial processing due to higheti@glacd lack of soil /

water interaction. Finally streams draining septic systems (d) may be highly enriched in N relative to C, depending on
the connectivity and concentration of se]Mi©;” plumes adjacent to streams.

76



3.8.2 DOC: Nitrate as aofentid Indicator of Microbial Metabolism

By comparingvariousforms of infrastructureyesultsfrom this studysupporta
growingunderstandin@f thebiogeochemicatonsequencesf expandedydrologic
connectivityin urbanwatershedsStronginverserelationshipsbetweerDOC andNOs
werepresentcrossll four infrastructurecategoriegFigure3.4), which sugges that
organiccarbonavailability modulatesiitrogenloadingto streamsDOC availability has
beenshownto controlNOs concentrationscrossterrestrialandaquaticecosystems
throughavariety of coupledmicrobial processegHedinetal. 1998,KaushalandLewis
2005, TaylorandTownsend2010).Varyingforms of urbaninfrastructurealsoinfluenced
DOC: NOs stoichiometrywhich suggest thatinfrastructurenfluencesC andN inputs
and/ormicrobialmetabolismalongflowpaths(Figure3.6).

Understandinghe locatiors of Ohospots@ndprocessesponsibldor N,O
productionandNOs removalin watershedss usefulfor informing watershed
managemeniStrongpositiverelationshipdetweerN,O saturatiorandanaerobicCO,
concentrationsuggesthatdenitrificationwasthe sourceof N,O. By contrastyery low
DOC: NOs ratiosin streamwaterwith highestN,O saturatiorsuggesthatnitrification
wasthedominantprocessatthesesites. TaylorandTownsend2010)suggesthatthe
idealDOC: NOjs stoichiometryfor denitrificationis 1:1, andthatpersistentonditions
belowthataremoreidealfor nitrification. DOC: NOs” wasconsistentlybelow1 in
streamswith SepticSysteminfrastructureandconsistentlyabovel at sitesin
Riparian/FloodplairPreservatiorcategory which suggest that DOC andNOs” were
limiting to in-streamdenitrificationin thesetwo infrastructurecategoriesespectively.

Converselythe meanstoichiometriaratio wasconsistentlynearl in siteswith In-line
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SWM WetlandsandCompleteStreamBurial. While DOC: NOs stoichiometryin same
streamsappearedanorefavorablefor nitrification; the positiveanaerobicCO, vs. N,O
relationshipsn thesestreamsuggesthatthesegasesvereproducedanaerobicallyby
denitrification). Onepossibleexplanatiorfor this discrepancys thatthe N,O andCO,
observedn the streamwereproducedunderstoichiometricconditionsmorefavorablefor
denitrificationalonggroundwateflow pathsprior to emergingn the streamchannel.
Becausesamping took placevery closeto the origin of the streannetwork (eitherburied
in pipesor stormwatemanagementetlands)jt is not necessarilygurprisingthat

groundwaternputswould dominatethe GHG signal.

3.8.3 Effects of Infrastructure on,® along the Urban Watershed Continuum

The presenstudydocumats someof the highestN,O concentrationsurrently
reportedn theliteraturefor streamsandrivers, rangingfrom 0.009to 0.55!M, with a
medianvalueof 0.07!M andmeanof 0.11!M N,O-N. Thisrangeof concentrations
greaterthanreportedfor headwagr agriculturalstreamsn the MidwesternUnited States
(0.03D0.07!M, Werneretal.2012;0.03to 0.15!M, Beaulieuetal.2008). A similar
rangeof dissolvedN,O concentrationsvasreportedfor macrophyterich agriculturally
influencedstreamsn New Zealand(0.06to 0.60!'M, Wilcock andSorrell,2008).The
only reportof higherdissolvedN,O concentrationgn streamss from a subtropical
streanreceivingirrigation runoff, livestockwaste andlargely untreatedurbansewage
(saturatiorratio maxof 60 comparedvith 47 in this study;Harrisonetal. 2005).Average
daily N2O emissionestimatewariedacrosssitesfrom 0.1to 3.7mgN.O-N m? d* and
fell within therangeof daily estimateseportedfor nitrogenenrichedagriculturalstreams

in the MidwesternU.S. (mean:0.84,max:6.4mg N,O-N m? d*, Beaulieuetal. 2008)
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andtropical agriculturalstreamsn Mexico (mean= 0.4, max=5.9mg N;O-N m?d™
HarrisonandMatson2003). Controlson N>O emissiondrom urbanwaterwaysvarrant
furtherstudyasa potentiallysignificantcontributorto global GHG.

N2O emissiondgrom agriculturalrunoff arecurrentlyincludedin IPCCestimates,
butemissionsassociateavith urbanecosystemarenot currentlyaccountedor (Ciaiset
al. 2013).Urbanandagriculturalstreamsaresimilar in thattheyreceiveexcessiitrogen
inputs,includingwidespreadjroundwateN contaminationKey differencesarisewhen
consideringN,O budgetsWhereasagriculturalstreamemissionsareestimateasedn
annualfertilizer inputs,N in urbanstreamss derivedfrom diffuse, spatially
heterogeneousonpointsourcesFor instancestudiesn Baltimorehavefoundthat
atmospheriadepositionandhumanwastecontributeapproximately25 % and50% of
nitrateinputs,while theremaindeiis derivedfrom soilsandplantmaterialg§ Kaushalet
al. 2011;Pennincetal. 2015). The proportionof thesesourcesandothersis likely to
vary widely acrossandwithin watershedsRecenteviewshavesuggestethatN,O
emissiondrom humanwaste(i.e. leaky sewerlines, septicsystemeffluent,dugpits) are
importantglobally but alsolargelyunmeasure@StrokalandKroeze2014;UNEP 2013).
Directemissiondrom wastewatetreatmenplants(WWTPs)aswell asindirect
emissionsfrom posttreatmeneffluentin riversarecurrentlyaccountedor in IPCC
methodology.However potentialleaksfrom aginggravity fed sanitarysewersarenot
(UNEP2013).Shortetal. (2014)measuredN,O concentrationgn WWTP influentfrom
gravity fed sanitarysewerdn Australiaanddeterminedhatgravity fed sanitarysewers
aresupersaturatedvith N,O, with concentrationg excesof equilibriumby asmuchas

3.5uM. Averagedaily sewemipexsN,O concentrationsvere0.55uM, whichis neary
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identicalto the maximumxsN2O measuredn the presenstudy(0.54uM). While
wastewateonly contributesa portionof excessN in urbanstreamsfurtheraccounting

for this sourcecanlikely improveurbanGHG budgetssubstantially.

3.8.4 Effects ofnfrastructure on Cllalong the Urban Watershed@tinuum

Methanewasconsistentlysupersaturatedicrossall streamsn this study,and
variedsignificantlyacrossheadwatemfrastructurecategoriesThe highestCH,
abundancevasmeasuredhn siteswith riparianreconnectiofRRRM andRRRB)
followed by streamgrainingin-line SWSwetlands(DRKV andDRGG)(Figure3.3). As
with N,O andCQO,, CH,4 saturationwvasnegativelycorrelatedwvith DO, howeverCH, was
positively correlatedwith DOC:NG; while othergasedadstrongerrelationshipswith
TDN (Table3.4). Thesepatternssuggesthat,alongwith redoxconditions,carbon
availability may modulatetherelative proportionof differentgaseghatoccurin stream
water.Measirementof CH, saturatiorratio (3.0to 2157)fell within thelower rangeof
previouslymeasuredaluesin agriculturalstreamsn Canadgsat.ratio 500to 5000,
Baulchetal 2011a) Meandaily CH, emissionsestimatesn this studyvariedfrom 0.1to
3.5mg CH4-C m?d™ andareanorderof magnituddower thanmeasurements
agriculturalstreamsf newZealand(Wilcock andSorrel,2008;17-56 mg CH,-C m?d™)
andsouthernCanadg20-172mgC m? d*, Baulchetal. 2011). Theseprior studiesalso
includedebullitive (i.e. bubble)fluxes,whereaghe presenstudyonly examined
diffusive emissionsWilcock andSorrel(2008)alsomeasuregblanttransportwhere
sedgeplantswith aerenchymaverefound. Theseplanttypeswerenot presenin this
study,althoughthey may be presenin adjacenstormwatemwetlandsandfloodplains.

Measurement€H, emissionestimatesn the presenstudyhavea largemarginof
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uncertaintydueto factorsrelatedto gasflux parametersliscusse@bove.Consistent
variationsin CH, abundanceacrossheadwatemanagementategoriesaswell as
negativerelationshipsvith TDN, suggesthatCHy, is susceptibléo humanactivitiessuch
aswetlandandfloodplainreconnectionn urbanareas.

Resuls wereconsistentvith prior studies showingthatstreamsarecommonly
supersaturatedvith CH, (e.g.JonesandMulholland 1998;Wilcock andSorrel2008;
Baulchetal. 2011a;Werneretal. 2012). In contrastwith IPCCmethodology(Ciaisetal.
2013)thereis growingevidencehathumanimpactson watershedifluenceCH,
emissiondrom streamgKaushaletal. 2014¢ CrawfordandStanley2015;Stanleyetal
2015).Prior studieshavefound CH,4 productiontendsto be elevatedn streamawith fine
benthicsedimentsaninflux of organicmatter,or significantwetlanddrainaggDinsmore
etal. 2009;Dawsonetal, 2002;Baulchetal. 2011). Significant negativerelationships
betweenTDN andCH, were detectedn this study,andelevatedCH, concentrations

streamdrainingintactfloodplainsand/orstormwatemmanagementetlands.

3.9 Conclusions

Urbanwatershedsarehighly alteredsystemswith numeroushotspotsof
biogeochemicahctivity andGHG emissionsThe presenstudydemonstratethat GHG
saturatiorandemissionsrom urbanheadwatestreamsanbe similarin magnitudeto
thoseof agriculural streamsandwarrantfurtherstudy. Variationsin urban
infrastructurgi.e. SWM wetlandsyiparianconnectivity, septicsystemsyanaffect C:N
stoichiometryaswell asredoxstateof aquaticecosystemandsignificantlyalter GHG

production. Basedon the observedemporalandspatialpatterndn this study,variation
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in nonpointsourcesandflowpathsof nitrogenhaspotentialto modify microbial
metabolisnof organicmatterandmay contributesignificantlyto urbanGHG budgets.
An increasinghumberof scientific studieshavecompiledGHG budgetsof
anthropogeni@andecologicalemissionsacros<ities(e.g.,BradyandFath,2008;
Hoornwegetal. 2011;Weissertetal. 2014).Understandingpoththe anthropogeniand
ecologicalcomponent®f aregionalGHG budgetis crucialfor settingGHG targetsand
managingecosystenservicegBelluccietal. 2012). Therole of humanactivitieson GHG
emissiondrom agriculturallyimpactedwaterwayss well recognizedCiaisetal. 2013;
Nevison2000) However further studiesexaminingthe magnitudeandvariationsin
GHG emissionsalongthe urbanwatersheatontinuum which explicitly includes
flowpathsfrom engineerednfrastructureo streamsandrivers(e.g.KaushalandBelt
2012),arenecessaryAs citiesandpopuhtionscontinueto expandglobally, GHG
emissiondrom wastewatenrelikely to rise.A greaterunderstandin@f theinterplay
betweerurbanwaterinfrastructureandbiogeochemicgbrocessess necessaryo mitigate

negativeconsequences N,O, CH,4, andCO..
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Chapter 4interaction between Land Cover and Climate influence

CO,, CHy, and N0 fluxes from Urban Soils

4.1 Abstract

Urban lawnsare widepreadacross the United Statesd have been shovimo
accumulate carbon and nitrogever time(Milesi et al. 2005Pouyat et al. 200&Raciti
et al2011). Recent studies have shown that, while soils accumulate carbon and nitrogen,
they can also be significant® sources and weakened £3thks Kaye et al. 2004;
Groffman and Pouyat 200%ownsendSmall andCzimczik2010. The Baltimore
Ecosystem Study LTER site maintam$5-year record of soil greenhouse gas (GHG)
emission measuremerftem urbanlawns and forestd his studyaddresssl) sensitivity
of GHG fluxesfrom lawns and forestto temperature and soil moistu& overall global
warming potentiabf soils urbarvs. rural soils and3) therole of soil emissions oa
countyscaleGHG budgetTemperaturaensitivity of respiration was neignificantly
different across vegetatidyppes.Lawns were net sources of ¢ahd NO with an
average flux of 0.03 Mg Cfg ha'yr’. However, when net G&onsumption by soil
organic carbon storage from in Baltimore (Raciti et al. 2011) was taken into account,
lawns were much stronger GHG sif(k8.78 Mg CQeq ha'yr?). With 49% forest cover
and 35% lawns,asl carbonstorageand GHG sinks offset 0.5% of anthropogenic

emissions from Baltimore County, M{Brady and Fath 2008)
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4.2 Introduction

Urbanlawnsare widespread and heavily manadgeosystemscoveringthree
timesthe areaf any other irrigated crop in the Ued States (Milesi et al. 200Bolsky
et al. 2014 There is growing interest in the biogeochemical functiotudgrass
especially regarding carbon and nitrogen storageermjrouse gas emissions, and water
usage (Pataki et al. 201 Bertilization andrrigation facilitate high levels ofprimary
productivityin urban grasslandiespite regional or inteannual climatic variability
(Milesi et al. 208; Hall et al. 2A5). The® organic matter pools accumulate over time
and may serve as important sinksridrogen fertilizerin urban watershedhu et al.
2006; Raciti et al. 2008 and store more carbon than native soils as (i&lle et al.
2005; Pouyat et al. 2006; Pouyaget2009; Raciti et al. 201 1ffor instanceKaye et al.
(2005) found that irrigated, fertilized residentalvnsin Denver had higher primary
productivity and 2.5 times greater soil carbon density than agricultural soils. In
Baltimore, Raciti et al. (20L) estimated significant C and N accumulation rates (0.083 kg
C m?yrtand 8.3g N rif yr) across a@year chronosequence msidential urban
grasslands, overlyinfprmerly agricultural soilsDespite trends in carbon accumulation,
urban soils cahave the potential to be greenhouse gas sopespecially when indirect
emissions from management practices are takerag@ount TownsendSmall and
Czimczik2010). N-saturated soilsan also be significant sources afINEichner 1990;
Mosier et al. 198a; Bremer 2006andurbanlawn ecosystems arm@so regularlysources
or weakened sinks of CHKaye et al. 2004 roffman and Pouyat 2009j N
accumulation exceedsechanisms for storage inilsoN leaching may increase over

time as well(Groffman etal. 2009)
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Theglobal warming potential (&P) of lawns remaingncertaindue in part to a
lack of longterm monitoring in urban aredsxisting studies have shown conflicting
results regarding increased® CQO,, and CH emissionsThere is reason to exge
increased BD from fertilizedlawns given that fertilizeagricultural landscapes are
substantial MO sourcesNlosier et al. 1998a TownsendSmallet al. (201) and Kaye et
al. (2005)found thatN,O emissions from lawn&ere comparable to or highdranin
agriculturalsoilsin California and Colorado respectiveBy contrastRaciti et al. 2008
did not finddifferences in MO between fertilized urban lawns and undisturbed forests in
Baltimore. Reductions in methane consumption may additionallyilbate to GWP of
urbanlawns While uplandforest and grasslarsbils are generally CHsinks(Castro et
al. 1995, ssveral studies have shown reduced,Cehsumption byrrban lawnand
agricultural fields, potentially due to ammonium inhibition of {&dnsumption
following fertilization (Mosier et al. 1998lKaye et al. 2004Groffman and Pouyat 2009
Costa and Groffman 2013)hile it is clear that guiteof interactingbiotic processes
control GHGemissions from urban grasslands, ile¢ influence bthese varying
biogeochemical processes giobal warming potential (GWRyarrants further study.

| examined annual and seasamehdsin GHG emissions from urban soils
Baltimore, MD, USAusing data collectedver 15 yearsin order to better understatite
magnitude andrivers andnter-annualvariability in GWP of urbamecosystemsPrior
studies inBaltimore (Groffman et al. 2009; and Groffman and Po@980) have shown
significantly higher C@and CH emissions from fertilized lawns, compared witinefst
soils for earlier parts of this 3fear recordAlong with potential ammonium inhibition,

changes in physical environments of lawns may influence net GHG production as well.

85



For instanceyegetation covefi.e. forestvs. grasshas been shown tofluencesoil
temperature and moistu(8avva et al. 20X Savva et al. 2(), with significantly higher

soil temperatures in lawns compared to forédte present studgxaminatemperature
sensitivity(Q10) for CQ as well as the interacting roles ehtperature, moisture,
seasonality, and land coven gasemissionsSoil respiration ikinetically linked to
temperature along with other factors such as organic carbon quality, and soil moisture,
root biomass, and phenology (Davidson et al. 2006). WAalening temperatures have
been shown to increase soil €€nissions (Melillo et al. 2011), temperature sensitivity
may also differ between forests and grasslalugsto differencein root turnover,
phenologyandlitter quality (Boone et al. 1998)avidsm et al. 2006; Contosta et al.
2013. | examined various controlling factors on GHG emissions over atimesdcales

and additionally explored temporal and spatial variability in temperature sensitivity (Q10)
of soil respiration across urban and rurablscapesn order to improve future

predictions of global warming potential form temperate urban ecosystems.
4.3 Methods

4. 3. 1 Site Description

Soil gasemissionsvere measured as part oétBaltimore Ecosystem Study long
term ecological research progrdBES LTER, www.beslter.orgStudysites included
two forested urban parkisyo forestedrural parks and two suburbdmnstitutionallawns.
Urban and rural foresites were located within Gwynialls watershe@6; 300
39i150, 00kn"), the main stug area of BES LTERThe watershei$ locatedn the

Piedmontphysiographigrovince andis underlain by a mixturef crystallinegranitic
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bedrock(gneiss micaceous schisand mafic rocks(weathered amphibolitenddiabasg
(Dickenet al. 20@).

Long-termurbanforest studyplots were establishad two Baltimore parks
Leakin and Hillsdaléen 1998. Sites in Hillsdaledrk were discontinued in 2005 due to
vandalism. Rural forest sites were located across a slope transect in Oregon Ridge Park,
in Cockeyesville, MD in 199&s well Soil fertility is mixed across urban and rural sites,
with thelower fertility soils overlying crystalline rocks and higher fertility overlying the
more maifc bedrock (Groffman et al. B)0 Land use is predominantly mach to high
density residential developmemtith 34% impervious cover,26 urbanlawn, 40%tree
cover, 0.5% barren, and 0.5% wateésroffman et al. (206) describe soil and vegetation
characteristics of the forested sites in great detdifofésted ges were mixed hardwood
standsconsistingmainly of Liriodendron tulipifera (tulip poplar),Quercus rubra,
Quercus velutina (red and black oakY arya tomentosa (black walnut), andicer rubrum
(red maple)Woody shrubg/iburnum acerfolium andLindera benzoin dominated the
understory at all four sites. Urban plots have higher herbaceous ground ce28¢4)L2
compared with rural forest plots-@6). Nonnative species and vines were present at all
sites, but did not contribute significantly to overall vegetatover (Groffman et al.
20006).

Long-termturf grassstudysites were established in 2001 at theversity of
Maryland Baltimore County (UMBC) in Catonsville, MD and McDonogh SclisiiD)
in Owings Mills, MD.Grassesverenot irrigatedat any sitePlots atMCD were
periodicallyfertilizedwith manure and mowed infrequentBlots at UMBC campus had

either high or lowintensitymanagementLow-intensity plots weredrtilizedin spring
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with 9.7 gN m?yr* and mowed evergne to twoweeks. Highintensity plots were
fertilized with 19.5 &m?yr* and mowed everiwo to threeweeks(Groffman et al.

2009).

4.32 Soil gasflux measurements

Soil fluxesof greenhouse gasesarbon dioxide €O,), methane (Chj, and
nitrous oxide (NO), were measureshonthlybetween 1998 and 2013. A summary of
study sites and date ranges for eachsmesament can be found in Table 4.1
Measurements took place across a total of 48@ks<split amongst six sitesvo rural
forest (ORU, ORM) two urban fores{LEA, HD), and twourbanlawns(MCD, UMBC),

with two subplotsat each site

Table 4.1 Descriptionof soil gas fluxmeasurements

Urban forest Rural Forest Lawn
Leakin OR Ridge OR Ridge UMBC McDonogh
Site Park Hillsdale Park  Upperslope Mid-slope campus School
(LEA) (HD) (ORU) (ORM) (UMBC) (MCD)
Plots 2 2 2 2 2 2
Collars 4 4 4 4 3 4

(F3Ia5 11/10/1998  5/5/2000 11/10/1998 11/10/1998 6/25/2001  11/18/1999
ux

range  12/17/2013  5/19/2004 12/20/2013 5/25/2010 12/27/2013  4/30/2001

Fluxes were measured usitiige static chamber method. Round collars were
installed in quadruple or triplicate in each plieasurement involveglacing arairtight
lid with butyl stopper, angiercing the stopper with a syringepull L0 mL of headspace
every 5 minutes. Flux rategere calculated based on the change in headspace
concentration ove25 minutes To account folong-termchanges in solkccumulationn
the gas collarscollar volumes were measured on each sampling occasion by measuring

the depth from the top of coll&w ground. Gas samples were stored ingwa&cuated
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9mL vials and analyzed at the Cary Institute of Ecosystem Stuidigas
chromatography CO, was measured usingl@ermal conductivity detectpN,O with an

electron capture detect@ndaflame ioniation detectowas usedor CH,.

4.33 Soil temperature and moisture measurements

Continuous soil moisture atdmperatursensors were deployed the plotscale.
Both sensors were placed at 10cm depttawascollected and made available by the
Baltimore Ecosystem Study LTER order to compare temperature and gas fluxes,
matchednean dailyplot-scale temperature dataglots/ site) to chambelbscale (3 or 4
chamberfplot) gas fluxes. On dates when péaiale temperature datgerenot availdle,
temperatures were gditled by linearly interpolatingite-specific relationships between
soil temperature and the historical record of mean daily air temperature from the nearby
NOAA Meteorological Station at Baltimore Washington International Atrpo
(http://'www.ncdc.noaa.gov/cdweb/datase)s

During the early part of the sampling recadil moisture was recorded manually
in conjunction with gas flux measurements, or within a few days. Where soil moisture
measurements were not available on #imaesday as gas fluxes, the most recent
measurement within 7 daygs usedIf no measurementas taken within a-day

window of a flux measurement, thfaix was excludedrom the record.

4.3.4 Statistical Analysis: Controls on GHG Emissions

Linear mixed effects modelgere usedo examine the roles ¢dnd cover type,
temperature, soil moisture, seasonabtyd interannual variabilityon CQ, CH,, and
N>O emissionskFour predictive models for each gagre run and comparea order to

address the following questions: 1) Does soil moisture significantly influence the

89



temperature sensitivity of GOCH,, and NO emissions across land cover typ&yDo

emissions indicateeasonal or intesinnualassociated with soil moistuce temperature

These models included four configurationgtef following fixed effects©Land Cover,

OSoil Temperature®, OSoil Moistured, OSeasonO, and OYear.O Models were run separatel

for each independent variable (& @H,;, and NO). The four configrations of fixed

effects (Table 4.2ncludedLand Cover x Temperature, and Land Cover x Temperature X

Soil Moisture, with an additional fixed effect of either Year or Season for each. Each of

the four modelpredictedexponential relationships betweenl $loix es and various fixed

effects(Equation 4.1)Predicted fluxes were4&xponentiated in order to compare with

observed valuesWhere doing so improved AIC scorandom effectsvere includedo

take into account variability across sites within allaaver class, and plot within a site.
Models were compared usiimgAIC score, residual standard error (RSE) and

sum of squared residual$)(for each model. RMSE anélwere determined by

performing linear regressions of prediciedobserved gas fluxalues.All analyses were

performed using R statistical language (R Core Team 2014), and padikader mixed

effects modelingFinheiro and Bates 201L2Model comparisons were made with the

restrictedmnaximum likelihood estimation method additionally tested for the necessity

of random effects in each model by running the same-fefftts structure with and

without random effects and compared AIC scokésdel sssumptions of equal variances

and normal distributiomere evaluatefly visudly inspecting residuals of each madel
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4.3.5. Statistical Analysis: Temperature Sensitivity of Soil Respiration

Daily soil respiratiorwas modeledor each sitaising the Opredioh® model in
Table 4.2 Predictive models were based on BgansformedCO, fluxes effectively
making giving these models the exponential form se&mguation 4.1
Eq.4.1 I"#$ = BIKT
where Resp= soil respiration (gCO,-C m™ hr'), {3 is the site and year or season-specific
regression intercept, and k the site, year and season- specific slope. The ‘predict’ function
in R was used, in order to generate a vector of log-transformed values of Resp, as well as
log-transformed values for each random effect, where applicable. Final Resp values for
each site were determined for every season and year by re-exponentiating predicted
values and adding random effects Resp. Q10 values for eacéite,seasorand yeawere

calculated witHfollowing equation 4.

| ar)
RT

Eq.4.2 e

where T is a reference tempture and T10 is the reference temperatl@eC)+ 10 C.

Two-way ANOVASs were runto test for effects of season or year and land cover on Q10.

4.3.5 Analysis: Modeling annual GHG fluxes

The OpredictionO model was used to interpolate each gas to exemaend
seasonal variability GHG emissions of £&hd NO as well as C@® Because continuous
soil moisture was not available for the entire record, and did not substaintiatbyve
model fit (Table 4.2)jt was not includedh the predictiormodel.This temperaturbased
approach is commonly applied to €€missions over annu@elillo et al. 201} and

seasonal (Fahey et al. 2005b; Contosta et al. 2011) timescales
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ANOVAs were run to test for theffect of land cover on annual GQCH,, and
N»O, emisfons as well as 109ear global warming potential (GWP). Because flux
measurements of G@epresent gross flux while,® and CH are net fluxesl, calculated
GWP of NO and CH (GWP\20+chq Without CQ. | then compared GWP to estimates of
soil organiccarbon (SOCaccumulation to evaluate tkensitivityof this carbon sink to
non-CO, gases. Calculation @&WHPRy20-cHafollowed IPCC 2007 methodology, in which
CH, and NO fluxes are multiplied by their estimated GWP compared todf@1 and

310 respectivy.

Table 4.2. Results from mixed effects models fitting exponential relationships between net soil- CO,, CH,,
and N,O fluxes and various Main Effects (temperature, site, year, soil moisture, and season). Random
effects (P/C) signify which models incorporated effects of ‘Plot’ at each site and ‘chamber’ in each plot in a
given model. AIC, residual standard error (RSE) and r* are reported for each model. Models A-D are used
to examine the role of inter-annual vs. seasonal variability and temperature alone vs. soil moisture and
temperature on gas fluxes. Prediction is the final model used for estimating annual flux.

Random
Model ID  Fixed Effects Effects AIC  RMSE r?
Co, A Site*Temp +Yr *Temp n.a. 7632 0.57 0.59
B Site*Temp*Season pP/C 8979 0.57 0.39
C Temp*SM*Site*Season pP/C 9156 0.58 0.44
D Temp*SM*Site+Temp*Yr+SM*Yr pP/C 7738 0.56 0.62
Prediction Temp*Site*Season ¥r *Temp n.a. 5489 0.56 0.64
CH, A Site*Temp +Yr *Temp pP/C -3415 0.08 0.32
B Site*Temp*Season pP/C -3188 0.07 0.28
C Temp*SM*Site*Season pP/C -2687 0.08 0.31
D Temp*SM*Site+Temp*Yr +SM* Yr pP/C -3172 0.08 0.35
Prediction Temp*Site*Season ¥r *Temp P/C -7709 0.08 0.34
N.O A Site*Temp +Yr *Temp n.a. 7410 0.85 0.47
B Site*Temp*Season n.a. 8437 0.61 0.15
C Temp*SM*Site*Season n.a. 8662 0.70 0.21
D Temp*SM*Site+Temp*Yr +SM* Yr n.a. 7568 0.85 0.49
Prediction Temp*Site*Season ¥r *Temp n.a. 5521 0.85 0.50

92



4.3.5 Scaling up: regional GHG fluxes from soils

| estimated the average annual contributionrbain soils to GHG forcing (1998
2013) kased on differences BWP between forested (urban + rural) astterland
coves. | utilized a fineresolution (In®) land covemap of Baltimore County procured
for Baltimore Ecosystem Study project by the Spatialsis Laboratorat the
University of VermontThe mapncludedlayers forlawn, forest, impervious, barren, and
wate coverage and was made using imagery f20@7.Land cover datasets from 2004
and 2011 showed minimal change in vegetation cover famBak County during the
earlier and later parts of this recorfter calculatingGWPcha+n20for lawnsand forests
(rural forest used rather than urbaountywidesoil emissions in C&q were estimated
This scaling exercise depended on the assumiitaisoil temperaturand temperature
sensitivity of GHG emissions were consistent within daod cover type for the entire

spatial extent
4.4 Results

4.4.1 Controls on GHG Emissions

Soil temperature, moisture, year, site, and season all significafhtignced CQ
fluxes (Table 4.2)Model configuration A, which incorporated site, soil temperature, and
annual variability and was a stronger predictor of gas fluxes than Mod2|svBich
incorporated seasonality and/or soil moistilr@sed orAIC). Thesecondbest model for
CO, and NO was Model D, which incorporated soil moisture and tatarual
variability. Model D was also seconbest for CH in terms of f, but third bets in terms
of AIC. Comparisons among modelsDAsignify that annual variabilitappears to have a

stronger influence than seasonality on this dataset. Additionally, while soil moisture is

93



significantly correlated with al three gases, including it in the mddehotnecessarily
improve model fit compared with temperature alQhable 4.2) This result helps to
justify the omissionof soil moisture in the prediction model (due to lack of kbegnm
continuous soil moisture data). The prediction model for each gas varied in mdd®! fit

from 0.34 for CH, 0.50 for NO and 0.660or CO..

4.42 Temperature sensitivity of respiration

Q10 values exhibited a wide range, both when estimated by seasoB 0961
and by year (1.25.6). Average Q10 values across the dataset were relatively consistent
between seasonal and annesstimates (B and 2.8 respectively) (Tables 4.3, 4.4).

ANOVAs results showed no significant groupings of Q10 across sites, seasons, or years.

Table 4.3. Summary of Q10 results for models varying by year

Urban Forest Lawn/Grass Rural Forest

HD LEA | MCD UMBC | ORM ORU

1999 2.09 250 | n.a. n.a. 2.18 2.88
2000 2.02 1.66 | 3.00 n.a. 232 2.59
2001 6.18 3.39| 5.56 3.50 291 5.35
2002 1.27 1.58 | 2.33 2.21 207 181
2003 3.08 3.38| 3.72 2.16 292 3.22
2004 251 2.02| 1.50 1.18 207 271
2005 3.40 3.27| 5.11 2.21 213 244
2006 1.73 1.62| 2.76 1.52 198 211
2007 1.62 2.26 | 1.47 2.25 149 2.24
2008 3.23 4.09 | n.a. 1.31 | 4.45 4.37
2009 1.79 212 | n.a. 2.22 1.88 271
2010 3.64 3.20| n.a. 279 | 402 3.22
2011 3.22 3.48 | n.a. 3.14 na. 4.90
2012 n.a. 341 | na. 2.49 na. 3.15
2013 n.a. 2.79 | n.a. 3.43 na. 3.71
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Table 4.4Summary of Q10 values estimated seasonally

Lawn/Grass Rural Forest  Urban Forest
MCD UMBC ORM ORU HD LEA
Fall 32 3.1 2.1 3.8 22 24

Spring 1.5 1.7 2.3 32 2.6 39
Summer 29 7.9 5.1 1.0 0.6 2.1
Winter 2.1 1.8 14 1.5 23 1.3

Site
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g Urban Forest- LEA

[ Urban Forest-HD

o %1
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T T T
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Grass-MCD
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Figure 4.1Predicted annual fluxes based on exponential models with fixed effects for site, season and
temperature, and a random intercept for year. ovéralt CO,, CH,, and NO models were 0.38, 0.32,
and 0.2Irespectively.

4.4,.3 Annual GHG Emissions

Spatialand temporavariability in annualgas fluxes was ggarent across urban
forest, rural forest, and urb#awns Gross soilCO; fluxes were consistently highest at
one of thdawn sites (MCD) compared withldbrested sites (Figuré.1). Across all

sites, annual CQemissionsaried from 48to 19.6 Mg C hd yr'. Net CH, emissions
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varied across sites. The overall range for all sites and yeard v8go 24 kg CH, ha*

yr'! (positive= source tatmospherenegative = net consumption by 3oiForested sites

were consistentlfCH, sinks or small sources, with annual mean fluxed »f4 and 10.8

for the two rural forest sites, ardl.2 and-4.0kg CH, ha' yr for the urban forest sites.

Lawn siteswere consistently either very sm@lH, sinks or net sourceanging from-

0.62- 0.69 Kg CH, ha' yr for UMBC andMCD sitesrespectively (Figurd.1). Mean

annual NO fluxeswere significantly higher in urban forests than rural, and fluxes from

lawnswere not significantly different form either forest typeiefage fluxesangedirom

0.10 to 0.21 Kg N Hayr™.

0.10

0.05

0.00

Mg CO, -eq ha yr?

-0.05

-0.10

-0.15

GWP of net N,O +CH, emissions

b**
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-L T |

UMBC MCD LEA HD ORU ORM
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Figure 4.2Average annual GWP of f+CH, across lawn, urban forest, andal forest sites across the
15-year record. Error bars signifyfandard deviation of the medretters show significant differences at
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the 0.01** or 0.05* level between land cover types (grass, urban forest, rural forest) from a Tukey HSD
pairwise test following ongvay anova of GWRs. land cover type.

Mean annuaGWPy20+cHsVaried as a function of land cover (Figure 4l3wn
soils were most often net sources gON\and CHwith a range 0f0.06 to 0.13 Mg
COgzeq ha'yr?, while rural forests were consistently®and CHsinks (0.15 t0-0.02
Mg CQOzeq ha'yr®). Urban forest sites fell in the middle, with a ran@€9 to 0.09 Mg
COzeq ha'yr™. This pattern was mainly driven by GHivhich varied strongly across land

cover types. BD emissions did not vary significantly with land cover type.

4.4, Regional GH@&missions from soils

Baltimore County encompasses a 1Kkt@0area surroundinthe city of
Baltimore, MD. Based on 2007 imagery, forest cover composed 49% of county land
cover and grass composed 35%. Impervious area was approximéte({izitBre 4.3)
Whensummed for the entire county, annagerage GWRho+cuafrom lawn soilswas
1,562Mg COseq yr*, while GWR20+crsfrom forestsoilswas-8,156 Mg COseq yr™.
The net effect of all forestnd lawn soilsn the countywas anet sink of on notCO,
gases{6,595Mg COzeq yr).

While grossCO, emissions were elevated in lawns compared wital forests
(Figure 4.1)the net CQflux depends on organic matter production and storage. A recent
study by Raciti et al. (2011) found that residential lawns accumulated carbon at a rate of
0.82 MgCO, ha'yr?, leading to higher carbon density in older lawn soils compared than
in rural forests. When this potential G8nk is considered, lawns remain strong GHG
sinks despite elevated G\WR-cHs Assuming this accumulation eats consistent across
lawns in the presemstudy,the maximum annual GWgo+cHs measured in this study

would offsd less than 16% of the GQAink from SOCaccumulation, and the mean
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GWR\20+cHawould offset less than 4¥kigure 4.4). While forest soils may also

accumulate carbon over timeetiedata vwerenot available for comparison.

Warteen

B Grass
B Rural Forest
@ Impervious

Figure 43. Map of lawn, forest, and impervious cover for Baltimore City and Baltimore County, MD.

4. 5 Discussion

4.51 Spatial and Temporal Variability in soil GHG emissions

There were significardifferences in ne€0O, and CH fluxes across sigsand land
cove classes over the Byear study periodviodeled annual pO emissions were not
significantly different across sitelsawn sites had the highest G@nd CH emissions
throughout the study, while rural forests had the lowgstbon (CQand CH) fluxes
were intermediatérom urban forest sitesear downtown Baltimorel'emperature and

soil moisture were both correlated wih threeGHG fluxes across all sites, however
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incorporating soil moisture into models with temperatlicenot significantly improe
model fit(Table 4.2.
AnnualestimatedCO, emissions from urbalawnsin this study varied from 0.5
to 1.1 kg C rify*over15yearsand two sitesTheseestimatesre very similar to
measurements of residential lawndimoenix AZ (1.1 kg C nfy™*, Koerner and
Klopatek 2002) but low compared with golf courses from the same study (6.9 KyC m
1), or urban lawns in Fort Collins, CO (2.k§ C m?y™, Kaye et al. 2005)Climatic
differences such as water availability and grovsagson length mawrther explain
differences between solil respiration fluxes intBabre and Arizona and Colorado.
Significantreductionin CH,4 uptake by soilsvas observetetween lawnand
rural forestswhich led to increased GWPigure 4.2) and these results atensistent
with Groffman and Pouyat 2009, as well as Costa and Groffman 2013 who examined
methane dynamics at these sites. Costa and Groffman (2013) evaluated N sensitivity to
CH,4 consumptionvia lab incubations and demonstrated a link between increased
potential nitrification rates and reduced £ébnsumption across urban and rural forests.
Given these results, it is more likely that reductions in Ghsumption are being driven
by microbial community dynamics than overt climatological forcing.
Trends inannualN,O emission estimategere surprisingly highesh urban forest
soils andthere waso difference betwedfertilized lawn and rural forest soilsThis
result is consistent witprior studies in BaltimoréGroffman et al. 2009Raciti et al.
2008, butremains surprising when compared with studies from highly fertilized lawns
elsewhere (Kaye et al. 2004; Townsedmall et al. 2011)For instance, Townsend

Small et al (2011) found that,® emissions from fertilized urbdawnsin California
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were sinilar to or higher than nearby agricultural fields over 1 year of studyelét al.
(2009 also found similar fluxes between urdawnsand fertilized cornfields, both of
which were ~10 times higher than natlseins Measuring fluxes prior to and within
several days of fertilizer applications is key to quantifying anng@l émissions from
managedawns(TownsendSmall andCzimczik2010. The temporal frequency of
monthly NNO measurements i&ely not sufficient for annual estimation, given the
relativeimportance of extreme events following fertilizati@geaciti et al. 2008 Extreme
N,O fluxes also occur in undisturbed forest soilthis study, suggesting that large

emissions occur in the absence of fertilization.

4.52 Soil moisture and Temperatugensitivityof GHG Emissions

CO,, N>O and CH emissions were correlated with both temperature and soil
moisture, howevemodel fits for each gas only improved slightly when moisture was
incorporated into temperatuosly model. This result is surprisingiven thathumerous
studies have documented the interactive importance of soil moisture and temperature on
CO, (Davidson et al. 1998; 2006CH, and NO are both produced anaerobically and
thus require increased soil moisture for production (Groffman et al. 2000; Le Mer and
Roger 2000)N,O can also be produced aerobicaily nitrification, however, which
contributes to difficulty in predicting #0 emisions.On the other handhe majority of
moistureconditions fell between 20 td% volumetric water contentleal conditions for
CO, production Soil moisturdell below the 12% threshold for drought stress (Davidson
et al. 1998)uring 1.8% of the gatux sampling recordnd above 40% during 0.7% of

the record
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Temperaturaevas a primary driver o$oil respiration irthis study, however
temperature sensitivity did not vasignificantlyacrosdand cover types, seasons, or
years. Because growing seas soil temperature was consistently higher in lawn sites
compared with forested sitdssought to examine whether temperature alone could
explain sit&scale differencest washypothesized that sensitivity of respiration (Q10)
might increase if labilearbon inputs from grass clippings and fine root turnover as well
as synthetic fertilizer and watering stimulated microbial activity in lawn $il.is a
usefulthough simplistianetric to examine changestime role oftemperaturen fluxes
before lookng into more complex drivers of respiration across various (2digidson et
al. 2006) Despite consistent differences in growidsgason temperature and vegetation
cover between forested alavn sitesin this study(Savva et al. 2010; Groffman et al.
2009), significant differences in Q10 across sites, seasons, onyea@ 1ot detected
(Tables 4.3, Table 4.4). The range of annual Q10 across sitesstudy (0.6 to/)
encompasses the median expected Q10 of 2 to 2.4 for soils (Davidson et al. 1998;
Schlesinger and Andrews 2000; Davidson et al. 2006). Q10 values much above 2.5
signify changes in substrate supply or water stress (Davidson et al.1998). For instance,
highe Q10 valuesvould be expecteth urbanlawns if grass clippings and dense fine
root structures contributed to an overall more labile carbon pool. Conversely, a decline
Q10 over timenvould be expected soil carbon stocks decline or become more
recalcitant over timeNon-ided soil moisture conditiongeither too wet or too dry)
would alsodecrease Q10.

Variability in seasonal and annual estimation of Q10 may be partially explained

by differences in phenology across years, since seasonsdedireatedased on equinox
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and solstice dates rather than observations ocfoleafRoot respiration can be more

sensitive to temperature changes than bulk soil (Schlesinger and Anderson 2000), and
inconsistencies in the definition of the growing seasnridskew the overall trend.
Additionally, drought stress is most severe during summer months, and a severe drought

early in the record (2062003) could influence seasonal Q10 estimates as well.
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Figure 4.4. Black bars shoawerageannual GWRo.cnsWith error bars for standard deviation. Gray bars
show potential for C@uptake in lawns from chronosequence study by Raciti et al. (2011).

4.53 Soil Respiration in the Context of Urban Carbon Budgets

Recent studies havecused orthe role ofurban ecosystems as potentatbon
and GHGsinks(Nowak and Crane 2002; Weissert et al. 20Thgre has been particular
interest inlawnsgiven their widespread nature, and conflicting studies regarding
potential for significant longerm carbon storag(Weissert et al. 2034Lawn andforest
soil GHGfluxeswere comparedta recent greenhouse gas inventory of Baltimore

County Brady and Fath2008)in order to evaluate the role of ecosystems on global
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fluxes. The anthropogenic GHGlux from the countyvas1.1x10° Mg CO,eq yr* (Table
4.5). When SOC storage lawns(Raciti et al.2011) was considerethe soilGHG sink
offset 0.5% of anthropogenilux. If SOC storage was not considered, the GHG sink
(mainly CH4 consumptionpffset less than 0.05% annual anthropogenic emissions
(Table 4.5) Additionally, if it wereassumed that the entire couatycumulatec&OC at

the same ratas lawns in Raciti et al. (201Xpils would still only offset 1.2% of yearly
anthropogenic emissiond his accounting exercise did not include any carbon sinks
(soll, or plant uptake), aboveground respiration, or aquatic GHG flieggetation

carbon storage isotlikely to offset a significant percentage of anthropogenic and soil
GHG emissionshowever On average, eastern temperate forests in the U.S. store 3.08
Mg C ha'yr* with a highend estimate of 6.30 Mg C hgr™* (e.g. Crawford ®al. 2011

and refs within)This highend estimate would still offset less than 1% of anthropogenic
emissions frontletailed local GHG budgestimateof 65 Mg C hd yr* Brady and Fath

2008).

4. 6 Conclusions

Soil CO,, CH,, and NO emissionsare sensitive to land cover and temperature
This studyfound significantly higher net combin€WP fromCH,; and NO emissions
from urban lawns, compared withral forests. Temperature was a key driver of
emissions, however sigpecific variabilityin GHG emissionsvas also importaniVhile
land cover change has clearly altered these ecosystems, the role of thisoch@htfe
emissionss smallcompared to prior estimates of soil carbon accumulation in lawns
(Raciti et al. 2011) Additionally, the net carbon + GHG consumption by soils in the

Baltimore metropolitan area was miniscule (0.5%) compared with anthropogenic
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emissions. In recent decades, urban ecosystems have been managed for multiple
ecosystem service¥/hile carbon sequestration is a key function of forestgnadsland
ecosystemglobally, it is not feasible to manageban ecosystems to sequester local

GHG emissions (Weissert et al. 2014; Pataki et al. 2011)

Table 4.5 Summary afnthropogeni€&HG inventoryof Baltimore Countyfrom Brady and Fatl§2008)
alongside scaled up s®iL,O + CH, emissions from the present studytal soil fluxes from Baltimore
County were estimated based on the average atawiakoil emissiongrom modeled fluxes during 15
years of monitorindMg CO,-eq). Lawn fluxes represeMiCD and UMBCsites and forest represent rural
forest@ites (ORUORM). Lawn area antteecanopy coverage was estimafesm 2007 imagerylm?

pixel size.

*SOC: Soil organic carbon accumulation rate in urban lawns from Raciti et al. 2011 chronosequence
study, assuming the rate they found for gagticultural lawns igonsistent across Baltimore county lawns.

Mg COeqyr* MgCQO,eq % Of total

Source Baltimore County ha'yr®  Anthropogenic
Residential 3,195,697 18.1 27.7
Commercial 2,331,496 13.2 20
Industrial 956,473 5.4 8.3
Transportation 4,897,796 27.7 42.4
Waste 166,805 0.9 1.4

Total Anthropogenie@missions 11,548,267 65.39 100

Soil CH, + N,O -6,595 -0.037 -0.06
Lawn SOC accumulation ** -51,227 -0.28 -0.44
Total Soil flux (SOM + CH + N,0) -57,822 -0.33 -0.50
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