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ABSTRACT OF THE DISSERTATION

QUANTIFYING HOW COASTAL FLOODING AND STORMWATER RUNOFF

DRIVE SPATIOTEMPORAL VARIABILITY IN CARBON AND NUTRIENT

PROCESSING IN URBAN AQUATIC ECOSYSTEMS

by

Matthew Smith

Florida International University, 2021

Miami, Florida

Professor John Kominoski, Major Professor

Coastal river networks alter the transport and transformation of dissolved organic

carbon (DOC) and dissolved organic matter (DOM), which vary in concentration

and composition across spatiotemporal scales. Climate-induced shifts in rainfall and

tidal variation in coastal regions can significantly alter DOC and DOM regimes by

influencing the timing and delivery of fresh versus saltwater to coastal waterways.

While the sources of pollution in urban ecosystems are well understood, the in-

fluence of flooding on biogeochemical cycling is uncertain. Most research on DOC

and DOM in urban aquatic systems to-date has not been done in low-lying coastal

areas, despite the majority of the world’s cities residing in coastal regions. Thus,

quantifying changes in the hydrologic and land-use drivers of DOM source and com-

position change is needed to understand its role in metabolic processing and export

to downstream aquatic ecosystems.

In Chapter 2, I evaluated time-variable interactions among water source con-

tributions in urban canals and found that terrestrially-sourced DOC and DOM is

pulsed to urban canals and supplemented by microbially-sourced DOM during the

wet season at high tide. In Chapter 3, I compared the source and composition of

DOM across urban canals and found that interactions between runoff and tides in-

vi



creased bioavailability and increases in recently produced DOM corresponded with

elevated indicators of human waste from groundwater inputs. In Chapter 4, I exam-

ined the role of hydrologic and landscape variables on water column versus whole

system nutrient uptake capacity of urban wetlands. We found that nutrient uptake in

the water column represents a significant portion of total uptake and increases in the

stoichiometric availability of labile carbon can stimulate sequestration of nitrate and

phosphorus in nutrient-limited urban wetlands. Finally, Chapter 5 investigated how

urbanization has impacted the spatiotemporal variability of high discharge events

across regional climates. Here, I introduce the urban flow-shunt flood-pulse con-

cept to better explain how spatiotemporal synchrony of urban stream discharge

occurs following extreme precipitation across regional climates. Together, this re-

search shows that urban aquatic systems serve as biogeochemical hotspots where

transformations of DOC and DOM are influenced by the source, magnitude, and

timing of water contributions to coastal environments.
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CHAPTER 1

Introduction

Dissolved organic carbon (DOC), is a critical source of energy for aquatic organ-

isms that promotes proper ecosystem functioning and in-stream biogeochemical pro-

cessing (Findlay et al.; 1993; Tank et al.; 2010; Dick et al.; 2015). In ecosystems that

rely on allochthonous inputs of carbon (i.e. net heterotrophic), DOC is a fundamen-

tal link between energy and nutrient dynamics (Bernhardt and Likens; 2002; Seybold

and McGlynn; 2018). The interdependence of DOC and other key nutrients including

nitrogen (N) and phosphorus (P) in aquatic ecosystems is greatly influenced by local

hydrologic regime (Ågren et al.; 2014; Maranger et al.; 2018). Climate-induced shifts

in seasonal precipitation and tidal amplitude influence the rate of carbon and nutri-

ent transport and transformation along upstream-downstream flowpaths in coastal

ecosystems (Regier and Jaffé; 2016). In turn, changing hydrological conditions lead

to variable in-stream biogeochemical processing and nutrient transport. In the case

of extreme event precipitation or tidal inundation, excess runoff may exceed the wa-

ter storage capacity of an ecosystem, resulting in localized flooding of variable extent

and duration (Poff et al.; 1997). These flood pulses can introduce mixed sources of

carbon, and nutrients from the surrounding landscape and alter the timing and con-

centration of nutrient subsidies to downstream waters (Junk et al.; 1989; Tockner

et al.; 2000). In turn, significant flood events may produce biogeochemical ”control

points” that can have short- or long-term effects on biogeochemical processing and

ecosystem health (McClain et al.; 2003; Bernhardt et al.; 2017). As the frequency

and magnitude of flood events shift with climate change, there is a critical need to

quantify effects of flooding on carbon and nutrient cycling across spatiotemporal

scales.
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1.0.1 Sources of DOM to aquatic ecosystems

Dissolved organic matter (DOM) is another critical piece of the aquatic carbon pool.

The multitude of effects of DOM on aquatic ecosystem function are dependent on

the chemical properties determined by its source and the degree to which it under-

goes processing. DOM originates from a range of allochthonous (i.e., outside the

aquatic system) and autochthonous (i.e., within the aquatic system) sources includ-

ing plants and soil matter, bacterial or algal production, and exudates from marine

phytoplankton (Sobczak et al.; 2002; Asmala et al.; 2016, 2018). Autochthonous

DOM is considered to be higher quality (lower C:nutrient) and more bioavailable

than allochthonous matter. While the overall pool of autochthonous DOM may be

small, it has the ability to stimulate heterotrophic metabolism in aquatic ecosys-

tems (McClain et al.; 2003; Epstein et al.; 2016). However, the composition of DOM

varies widely across spatiotemporal scales, especially in coastal drainages. Thus,

quantifying changes in the hydrologic and land use drivers of DOM source and com-

position change is needed to understand its role in metabolic processing and export

to downstream water bodies (Parr et al.; 2015).

1.0.2 Biotic and biotic processing of DOC and DOM

Microbial processing and photochemical degradation of DOM are two of most im-

portant mechanisms that alter the amount and quality of DOM in aquatic environ-

ments. The relative influence of each process is dependent upon the relative source

(and composition) of DOM and the physiographic and climatological factors of the

surrounding environment. Our ability to quantify the fate of DOM in coastal waters

relies on accurate estimations of in-stream biogeochemical processes that contribute
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or remove DOM from coastal streams and rivers (Bernal et al.; 2018; Wagner et al.;

2015; Ward et al.; 2017).

As DOC and DOM is transported from headwater streams to the coast, biological

processing by microbes, phytoplankton can alter the overall composition of the DOM

pool by removing fractions that are labile and or rich in organic nutrients (Hosen

et al.; 2021). This process is highly dependent on site-specific biotic (e.g., microbial

activities, phytoplankton production) and abiotic (e.g., light) conditions that vary

across spatiotemporal scales.

Additionally, solar radiation can elicit changes to the chemical properties of

DOM including the breakdown of large molecules to smaller ones (Osburn et al.;

2012), photobleaching (Helms et al.; 2013), or mineralization to CO2 in the atmo-

sphere (Fellman et al.; 2008). Photochemical degradation of DOM can also influence

the proportion of inorganic nutrients in the water column which can shift the stoi-

chiometric balance of carbon to nutrients (N or P) and lead to nutrient limitation.

Yet, the influence of photochemical changes in DOM are less pronounced in temper-

ate, hydrologically active urban ecosystems where large amounts of water transport

occurs underground or rivers with short water residence time.

1.0.3 DOM in urban aquatic systems

Urbanization alters aquatic DOC and DOM composition and processing rates by

changing stormwater flow paths and surface-subsurface connectivity (Hosen et al.;

2014). The suite of changes to stream chemistry, biology, and geomorphology caused

by urbanization are collectively known as the Urban Stream Syndrome (Walsh et al.;

2005). Urban development significantly alters how water moves through the land-

scape through the construction of impervious surfaces and subsurface flowpaths that
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can shunt water downstream during storm events (also known as engineered head-

waters; (Kaushal and Belt; 2012; Fork et al.; 2020). Changes in local hydrology

and climate can shift the timing and magnitude of carbon and nutrient delivery

from headwaters to streams and rivers. Stormwater runoff is thought to undergo

little biogeochemical transformation in headwaters due to short residence time of

hydrologically flashy systems. Instead, runoff is transported to coastal waterways

(e.g., canals) where carbon and nutrients may undergo further transformation via

biotic processes. Given the frequent and substantial contributions of runoff in urban

ecosystems, many studies have documented increased DOC concentrations in urban

water bodies compared to non-urban areas (Hosen et al.; 2014; Parr et al.; 2015) and

that urban-sourced DOM tends to more bioavailable (Fork et al.; 2020). However,

most urban aquatic research to-date has not been done in low-lying coastal areas,

despite the majority of the world’s cities residing in coastal regions.

1.0.4 Urban hydrology shapes DOC and DOM regimes

Urban flooding is becoming increasingly common worldwide due to biophysical alter-

ations to local and regional hydrology through the process of urbanization (Grimm

et al.; 2008; Meierdiercks et al.; 2017). Hydrologic modifications including changes

in impervious cover and development of complex stormwater infrastructure can shift

the local water balance from periodic infiltration to increased surface runoff, cre-

ating a range of pulse and press disturbances to aquatic ecosystems downstream

(Grimm et al.; 2008; Miller et al.; 2021). In turn, high frequency or long duration

flood pulses in urban ecosystems can alter ecosystem biogeochemical processing rates

(Meyer et al.; 2005; Walsh et al.; 2005; Roy and Shuster; 2009; Hale et al.; 2016).
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Although an expanding body of literature has contributed to the successful char-

acterization of urban stream biogeochemistry (Walsh et al.; 2005; Kaye et al.; 2006;

Kaushal and Belt; 2012), considerable gaps remain in understanding how seasonal

and event-driven rainfall and tides influence DOC and nutrient dynamics at local

and regional scales (Hosen et al.; 2014; Miller et al.; 2021; Ward et al.; 2017). Further,

little is known about how urbanization can decouple flows in the surface watershed

from the underlying sewershed across spatial and temporal scales. As a result, there

is an increasing need to quantify water source contributions to urban coastal water-

ways across seasons, which is needed to quantify the effects of stormwater runoff and

coastal flooding on carbon and nutrient biogeochemical cycling (Moftakhari et al.;

2018).

1.0.5 Advancing ecohydrological theory in urban coastal

ecosystems

The role of urban coastal waterways in transporting and transforming carbon and

nutrients from headwaters to the ocean is well known. Hydrologic modifications from

urbanization, including changes in impervious cover (ISC) and complex stormwater

infrastructure can shift the timing and source of water delivery creating a range of

pulse and press disturbances to aquatic ecosystems downstream (Blaszczak et al.;

2019; Kaushal and Belt; 2012; Miller et al.; 2021). However, prevailing conceptual

models have overlooked the influence of combined terrestrial runoff and coastal dy-

namics on the timing and composition of carbon and nutrients in urban coastal wa-

ters. For example, Walsh et al. (2005) proposed that urban stormwater has become

a new class of environmental flow problem: one that requires the reduction of high

volumes of water to maintain riverine ecological integrity. Given this new problem,
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urban stormwater delivered through conventional drainage systems is delivered to

receiving waters unfiltered, through pipes, resulting in more frequent, intense flood

pulses of shorter duration and of poor quality. Raymond et al. (2016) went further to

propose that episodic hydrologic events result in DOM bypassing headwaters, me-

tabolized in large rivers, and exported to coastal systems. While this Pulse-Shunt

Concept has provided a strong framework to identify the timing and magnitude of

OM delivery from headwaters to larger river networks, an expanded model is needed

to understand how water sources in coastal urban ecosystems influence DOM and

nutrient processes. Consequently, high frequency or long duration flood pulses or

extreme tide events in coastal urban ecosystems can introduce a range of stressors

that differentiate urban and natural ecosystems and biogeochemical processing rates

(Meyer et al.; 2005; Walsh et al.; 2005; Hale et al.; 2016).

Although an expanding body of literature has contributed to the successful char-

acterization of urban stream biogeochemistry (Walsh et al.; 2005; Kaye et al.; 2006;

Kaushal and Belt; 2012), considerable gaps remain in understanding how seasonal

and event-driven rainfall and tides influence DOC and nutrient dynamics at local

and regional scales (Hosen et al.; 2014; Miller et al.; 2021; Ward et al.; 2017). In

coastal riverine ecosystems, streams or rivers can shift from reactors to pipes with

changing hydrological conditions (Casas-Ruiz et al.; 2017). Further, little is known

about the quantification of water source contributions from the surrounding land-

scape during flood pulse events and their influence on downstream water quality.

As a result, there is an increasing need to quantify effects of stormwater runoff and

coastal flooding on carbon and nutrient biogeochemical cycling (Smith et al.; 2021).
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1.0.6 Outline of this dissertation

In this dissertation, I examine how interactions between climate, hydrology, and

land use influence the concentration, composition, and ultimate fate of carbon and

nutrients in urban coastal aquatic ecosystems. Within each chapter, I test the effects

of specific hydro-climatological factors on the source and processing of DOC and

DOM that can have both immediate and long-lasting effect on ecosystem processes.

The results of this dissertation culminate in a new framework to better understand

the spatiotemporal variability of climate-driven flooding on carbon source, transport,

and transformation in urban aquatic ecosystems. In Chapter 2, I quantified the

relative water source contributions to coastal canal networks to indicate the rising

influence of groundwater on carbon and nutrient fluxes. In Chapter 3, I examined

how seasonal interactions between stormwater runoff and tidal extension influence

the bioavailability of DOM and support evidence of an urban ‘priming’ effect. In

Chapter 4, I experimentally measured the capacity of urban wetlands to remove

nutrients and found that optical properties of DOM may be a strong indicator of

total removal capacity. Finally, Chapter 5 concludes the dissertation by placing

this research in the wider context of the flow-shunt versus flood-pulse paradigm in

which spatiotemporal synchrony of urban stream discharge occurs following extreme

precipitation events across regional climates.
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2.1 Abstract

The capacity for coastal river networks to alter the transport and transformation

of dissolved organic matter (DOM) is widely accepted. Climate-induced shifts in

stormwater runoff and tidal extension likely alter fresh and marine water source

contributions and associated DOM and nutrient loading rates. However, the abil-

ity to trace sources of DOM relies on the use of various hydrologic and geochem-

ical tracking techniques, of which commonly-used spectroscopic indices of DOM

source have not been thoroughly explored. Here, we investigate how time-variable

interactions among coastal water source contributions influence DOC and nutrient

concentrations and DOM composition in urban canals connected to the ocean. We

quantified the spatiotemporal variability of DOM quality and nutrient concentra-

tions to determine fractional contributions of marine water, rainwater, stormwater,

and groundwater to three coastal urban canal systems of Miami, Florida (USA). We

created a Bayesian Monte Carlo (BMC) mixing model using monthly measurements

of DOM composition, DOC concentrations, δ18O and δ2H isotopic signatures, and

chloride (Cl-). Source fractional contributions varied monthly and between seasons,

particularly groundwater contributions that averaged 0.17 in the dry season and

0.26 at peak high tide during the height of the subtropical wet season (September -

November). Results indicate that the canal-to-marine head difference (CMHD) was

a primary driver of groundwater contributions to coastal canals and was linked to

synchronous monthly patterns of fDOM and DOC. This relationship indicates the

influence of major hydrologic events – such as extreme high tide (> 1 m) and high-

flow stormwater discharge – that connect canals to upstream sources of terrestrial

DOM. In consideration of the Pulse-Shunt Concept, loading of terrestrially sourced

DOC and DOM is pulsed to urban canals and shunted downstream and supple-
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mented by microbially sourced DOM during the wet season at high tide. Overall,

a combined tracer approach with dual water isotopes and fDOM characteristics re-

veals differences in short-term fluctuations in water source and fDOM composition

that likely influence biogeochemical function in urban canals.

2.2 Introduction

The transport of dissolved organic matter (DOM) from rivers to the coast is a major

component of the global carbon cycle (Casas-Ruiz et al.; 2017). Yet, our ability to

quantify the fate of DOM in coastal waters relies on accurate estimations of in-stream

biogeochemical processes that contribute or remove DOM from coastal streams and

rivers (Bernal et al.; 2018; Wagner et al.; 2015; Ward et al.; 2017). Coastal river net-

works are often identified as active conduits through which DOM can be transported,

produced, buried, or mineralized (Raymond et al.; 2016). However, the timing and

magnitude of DOM transport relative to processing rates is influenced by various

hydrological and biophysical factors that vary across spatiotemporal scales. There-

fore, evaluating the factors that promote in-stream processing of DOM versus its

passive transport downstream is critical to understand the role of coastal waterways

in DOM cycling.

In coastal riverine systems, the concentration and composition of DOM and nu-

trients differ by source and with changing water levels. As such, headwater streams

can shift from reactors to pipes with changing hydrological conditions (Casas-Ruiz

et al.; 2017). Major hydrological events, such as high-flow stormwater discharge and

extreme high tide (> 1 meter), can shift the hydraulic gradient and lead to prolonged

mixing of freshwater and marine water, thereby altering overall DOM composition.

This pulse-shunt regime dictates the timing and delivery of DOM based on changes

16



in (1) drainage network connectivity, hydraulic scaling, DOM bioreactivity, and

downstream subsidies (Raymond et al.; 2016). Due to high internal spatial and tem-

poral heterogeneity in the fluxes and biogeochemical processing of DOC, the fate of

pulsed terrestrial DOC in receiving estuarine and coastal environments is unclear

(Asmala et al.; 2021). A key challenge is to delineate the distinct changes in DOC

concentrations and DOM quality across various freshwater and saltwater sources

following hydrologic disturbances. While marine and stormwater contributions to

coastal waters have been well characterized, the role of coastal groundwater in de-

termining fluxes of DOC concentrations and DOM composition in tidally influenced

waterways is uncertain.

Shallow coastal aquifers and permeable karstic environments provide a reaction

zone where freshwater and seawater mix to influence groundwater inputs of DOM

and nutrients to coastal waters (Moore; 1999; Niencheski et al.; 2007). The subter-

ranean mixing zone is biogeochemically active and can support rapid changes in nu-

trient speciation and transformation. This freshwater-saltwater boundary migrates

in response to seasonal runoff, tidal extension, and groundwater hydraulic gradients.

Coastal groundwater nutrient concentrations are often higher than in surface waters

and influence nitrogen and phosphorus ratios and may shift surface water N-limiting

conditions to P-limiting (Slomp and Cappellen; 2004). Therefore, groundwater in-

puts to coastal waters via canals may increase nutrient loads and more bioavailable

DOM compared to surface waters. Recent studies showed that groundwater-derived

dissolved nutrient and organic matter inputs have a strong influence on primary

productivity and alter the composition of phytoplankton in coastal waters (Rodellas

et al.; 2015). It has also been suggested by Hosen et al. (2021) that autochthonous

production can stabilize DOM concentrations and maintain chemostasis at lower

flows in large rivers. However, the role of coastal groundwater impacted by anthro-
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pogenic pollution (i.e., wastewater) on seasonal fluctuations of DOC and DOM is

still relatively unclear (Smith et al.; 2021).

Tracing water sources based on selected DOM quality parameters has potential

to provide direct estimates for source contributions of DOM to coastal waterways.

There are a variety of indices for characterizing DOM quality, including specific UV

absorbance (SUVA254), spectral slope to indicate molecular weight (SR), humifica-

tion index (HIX), biological index (BIX), and fluorescence index (FI) (Mcknight

et al.; 2001; Helms et al.; 2008). Several studies demonstrated the strong capabil-

ity of combining isotope ratios and fluorescence spectroscopy to trace OM sources

in complex and mixed environments (Derrien et al.; 2018; Lee et al.; 2018; Yang

et al.; 2015). Further, it has been suggested that some optical properties (e.g., BIX,

SUVA254, FI) could provide reliable estimates of DOM source independent of local

biogeochemical processes (i.e., biodegradation, UV irradiation, adsorption), partic-

ularly in systems with short-residence times (Lee et al.; 2018). It is necessary to

consider the large variation in DOM concentration among various end-members

which can introduce unexpected uncertainties in source estimates (Rudolph et al.;

2020). However, few studies have combined water isotopes with DOM fluorescence

to investigate the role of coastal groundwater in shifting DOM quality and nutrient

concentrations in coastal canals and nearshore estuarine environments.

The objective of this study was to investigate the influence of seasonal rainfall

and tidal extension on relative water source contributions using a combined isotope-

fluorescent DOM (fDOM) Bayesian mixing model. We asked the question of how sea-

sonal interactions between canal hydrology and tidal extension influence the amount

and composition of DOM and nutrients in coastal urban canals. Using a reach-scale

approach, we traced changes in DOM composition along several canals of a coastal

estuarine environment using a novel combination of water isotopes and DOM optical
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properties. We then determined relevant hydrologic and biogeochemical drivers of

changes in DOC and nutrient concentrations in canal and nearshore bay waters. We

hypothesized that (1) the gradient in canal-to-marine water hydraulic head would

determine the extent of groundwater contributions during the wet season and at

high tide and (2) groundwater source contributions and indicators of autochthonous

production would explain seasonal changes to the concentration of DOC and DOM

quality in surface canal waters. Further, we assumed that Pulse-Shunt Concept pro-

cesses are important in this system, but we propose that seasonal tidal contributions

of bioavailable DOM in groundwater can alter overall DOM composition in urban

coastal canals.

2.3 Methods

2.3.1 Site Description and Hydrology

This study was conducted in three coastal drainage basins of Miami, FL (USA).

We collected water samples at four locations along inland-to-coastal gradients of

three canals that drained into Biscayne Bay (Wagner Creek, WC; Coral Gables,

CG; Little River, LR; n = 12; Fig. 2.2). The three drainages represent a range of

imperviousness (33-50%), land use, and total drainage area. Canal stage (meters;

NGVD29) and flow (cfs) was monitored continuously at 15-minute intervals for the

duration of the study period (June 1, 2018 – May 31, 2019) and was collected from

South Florida Water Management District (SFWMD) water control structures in

each drainage basin (Fig. 2.2; Table S1; SFWMD, 2008). Tides are diurnal and range

between 0.63 – 1.17 m throughout the year. Tidal heights can reach upwards of 3 m

(MLLW) during periodic perigean spring tide events during the wet season (May –
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October). Daily cumulative precipitation (mm) was recorded from a local rain gage

located in each basin (n = 3; Fig. 2.2). Precipitation in the region occurs in two

distinct seasons: a wet season from June through November and dry season from

December to May. Each drainage basin contains a salinity control structure (Fig.

2.2) that serve to maintain higher groundwater levels on the upstream side to limit

subsurface saltwater intrusion and limit upstream migration of saltwater in canals

during high tide events and storm surge (Sukop et al.; 2018). These structures are

located approximately 6.5 km (G93), 9.2 km (S26) to 1.9 km (S27) inland of the

coastline and coincide with the position of the saltwater intrusion line in the shallow

portion of the underlying aquifer (Fig. 2.2). All structures contain two vertical lift

gates that are automatically opened at a stage of 2.5 ft (G93), 2.8 ft (S26), and 1.9

ft (S27) NGVD. Design headwater and tailwater stage varies across each structure

(S-27; 3.2 HW, 2.7 TW NGVD; S-26; 4.4 HW, 3.9 TW NGVD; G-93 4.5 HW, 3.0

TW NGVD). We quantified two metrics relative to shifts in the hydraulic gradient

including the canal-to-marine hydraulic head difference (CMHD) and groundwater-

to-marine hydraulic head difference (GMHD). CMHD and GMHD were calculated

as the difference between each respective canal or groundwater well water level and

mean sea level at Virginia Key tidal gage station.

2.3.2 Water Quality Determination

Surface water grab samples were collected monthly from twelve canal locations dur-

ing baseflow from June 2018 through May 2019 (Fig. 1; n = 288). For the purposes

of this study, we collected water samples during periods no less than 24 h after a

rainfall event to remove the direct influence of rainfall-driven effects on streamflow.

Surface grab water samples were collected within 3 h of each other on sampling
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days. In addition, triplicate grab water samples were collected quarterly from four

distinct end-members (marine water, rainwater, stormwater, groundwater; (n =

48)) to determine baseline concentrations of geochemical parameters (Fig. 1). Three

wells were sampled for baseline groundwater quality during wet and dry seasons

(n = 12; Table S1). All wells were pre-existing and installed by the United States

Geological Survey (USGS). Wells were completed to various depths ranging from

4.6 m (USGS G-3959), 6.0 m (USGS F-319), and 23.5 m (USGS F-179, Table S1).

Prior to sampling, the groundwater wells were purged of at least three standing

well volumes. All samples were filtered in the field using Whatman 0.7-µ glass fiber

filters (GF/F) that were pre-combusted at 500ºC and collected in acid-washed, am-

ber HDPE bottles. Samples were transported to the laboratory on ice and stored at

4◦C and analyzed within seven days of collection. All water samples were analyzed

for dissolved organic carbon (DOC) on a Shimadzu TOC-V total organic carbon

analyzer after acidification and purging to remove inorganic C. The net change in

longitudinal DOC concentration (∆ DOC; mg C -1) in each canal was calculated

as the difference between downstream and upstream concentrations. Hence, posi-

tive values indicate net DOC gain, whereas negative values indicate net DOC loss.

However, this approach does not denote the significance of in-stream biotic and abi-

otic processes responsible for net DOC changes. At each sampling location, we also

measured water physicochemical parameters [temperature, dissolved oxygen (DO),

conductivity, and pH with a YSI multiparameter handheld sonde (YSI Company,

Yellow Springs, OH, USA). Water chemistry parameters, including total phospho-

rus (TP; mg L-1), total Kjeldahl nitrogen (TKN; mg L-1), nitrate + nitrite-nitrogen

(NOx-N; mg L-1) were collected and analyzed by the Miami-Dade County Depart-

ment of Environmental Resources Management (DERM; Lietz, 1999) at the most

upstream and downstream sites of this study. Water quality analyses were analyzed
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at DERM using EPA methods 365.1, 353.2, and 351.4, for TP, TKN, and NOx,

respectively (U.S. EPA, 2018).

δ18O and δ2H isotope compositions of water samples were analyzed using a Los

Gatos DLT laser isotope analyzer at Florida International University (FIU). This

instrument uses infrared absorption spectroscopy to quantify the isotopic compo-

sition of water molecules in a sample. Samples were loaded into a 2mL glass vial

with split cap septa and placed into an auto-sampler. For each sample, six 1.2-µL

aliquots were injected into the instrument. A series of four internal standards and on

standard of Vienna Standard Mean Ocean Water were analyzed in between samples.

Results of the first aliquot were discarded, and remaining aliquots were analyzed for

outliers, with the acceptable values averaged and corrected for per mil scale linear-

ity. Precision of this method was about 0.2‰ for δ18O and 0.5‰ δ2H. Deuterium

excess (d-excess) of each of the water samples was estimated as d = δ2H – 8 * δ18O

(Dansgaard, 1964).

2.3.3 DOM Fluorescence

DOM fluorescence spectroscopy was also conducted on all samples to determine

chemical composition and relative aromaticity. Fluorescence excitation-emission ma-

trices (EEMs) were collected with a Horiba Aqualog (Jobin Yvon Horiba, France)

using the methods of Yamashita et al. (n.d.). EEMs were collected on room tem-

perature samples every 3 nm over excitation wavelength intervals between 240 and

455 nm, and an emission wavelength range of λex + 10 nm to λex + 250 nm in

a 1 cm quartz cuvette. EEMs were corrected for instruments optics, Raman nor-

malized, and blank subtracted using MATLAB version 2019 software. Three flu-

orescence indices were calculated including the fluorescence index (FI) indicating
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proportion of microbial DOM sources, biological index (BIX) indicating proportion

of recently produced DOM, and humification index (HIX) indicating proportion

of terrestrial derived DOM (Table 2.2; Jaffé et al. (2008)). Specific ultraviolet ab-

sorbance at a wavelength of 254 nm (SUV A254) provides a measure of the relative

amount of chromophoric C in a sample and is correlated with percent aromaticity

of DOM (Weishaar et al.; 2003). SUV A254 was determined from measuring the UV

absorbance at a 254 nm wavelength on triplicate water samples for all sites. Spec-

tral slopes were calculated for two primary wavelength ranges (S275−295, S350−400)

using nonlinear least-squares for each spectral range where higher S values indicate

low molecular weight or decreasing aromaticity (Hansen et al.; 2016). Spectral slope

ratio (SR) was calculated as S275−295 divided by S350−400 where ratios are negatively

correlated to DOM molecular weight (Helms et al.; 2008).

2.3.4 Bayesian Monte Carlo Mixing Model

A Bayesian Monte Carlo (BMC) four end-member mixing model was used to deter-

mine the source fraction contributions to three coastal urban canals (Arendt et al.;

2015). BMC has been useful in determining fractional contributions of water source

to bulk samples across a range of ecosystems including glacial meltwaters (Cable

et al.; 2011; Arendt et al.; 2015), terrestrial headwaters (Yang et al., 2015), and

nearshore marine environments following extreme weather events (Rudolph et al.;

2020). Among our sites in each canal, we identified the proportion of contributing

end-member sources from marine water (f mw), rainwater (f rw), stormwater (f sw),

and groundwater (f gw). The sum of the fractional contributions (f ) of water sources

(f mw, f rw, f sw, f gw) in mixed canal water is given in Equation 1.

f mw + f rw + f sw + f gw = 1 (1)
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To quantify the relative contributions of each end-member to mixed canal water

samples, we identified δ18O, δ2H, HIX, BIX, FI, and chloride (Cl−) as geochemical

parameters with ranges specific to end-member concentrations. Unique geochemical

end-member compositions were defined based on measurements from marine water

(n = 12), rainwater (n = 12), stormwater (n = 12), and groundwater (n = 12). We

quantified mean values of all three geochemical tracers and incorporated standard

deviation within each end-member to allow the model to account for natural vari-

ability and uncertainty. We used a Monte Carlo sampling scheme where randomly

chosen samples of the prior were retained as samples of the posterior proportional

to the estimate likelihood of the misfit between predictions and data (Arendt et al.;

2015). The BMC uses prior and posterior probability density functions based on the

known (i.e., end-member concentrations) and the unknown (i.e., relative contribu-

tions from end-member to bulk sample) to determine the likelihood of any fractional

contribution outcome. The likelihood of a model prediction was calculated by Eq.

2;

L α exp [(d18Op − d18Oo)
2/σ2

d18O]xexp[(HIXp − HIXo)
2/σ2

HIX ]xexp[(FIp −

FIo)
2/σ2

FI ](2)

where subscripts p and o are the predicted and observed measurements of each

variable and σ is the measurement of uncertainty. One million prior and posterior

samples were tested for each bulk water sample. Average acceptance rates of each

model were determined via the ratio of prior samples to accepted posterior samples

(see Eq. 2). These values were used to measure our confidence in each of the model

fits. Previous studies that employed similar models suggest that BMC mixing models

would provide accurate results if the mean acceptance rates fall between 0.1 and 0.6,

with optimal rates between 0.2 and 0.4 (Rosenthal et al.; 2011; Lunn et al.; 2009).
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2.3.5 Statistical Analyses

Linear regression was used to determine relationships between monthly mean wa-

ter quality parameters and water source contributions between sites and seasons.

Pearson’s bivariate correlation (r) and linear regression analysis (R2) were used to

calculate significant relationships among hydrological variables, water source con-

tributions, and DOM optical properties using Bonferroni corrections to account for

multiple pairwise comparisons. Relationships with a p < 0.05 were selected for mul-

tiple regression and models with R2 > 0.5 and p < 0.05 were considered to represent

strong correlations. Principal component analysis (PCA) was used to determine the

drivers of spatiotemporal variability in water source contributions and associated

DOM characteristics and nutrient concentrations. PCA was conducted using the

scikit-learn package in Python (3.6). Prior to statistical analysis, an alpha level of

0.05 was set for all analyses and some data were log-transformed to meet the as-

sumptions of normality and homoscedasticity. To determine the drivers of change

in DOC concentrations, we also used multiple linear regression (MLR) models us-

ing the scikit-learn package in Python (3.6). Predictor variables were added and

removed from the model according to the Bayesian Information Criterion (BIC).

2.4 Results

2.4.1 Rainfall and Hydrology

Over the 12-month period, wet season rainfall occurred from May to October with

peak daily rainfall in August 2018 (6.70 mm/day; (Menne et al.; 2012). Daily cu-

mulative rainfall averaged 2.32 mm in the dry season and 4.78 mm in the wet

season. Canal stage was variable across all canal reaches with a mean value of 1.20
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m (NGVD29) in the dry season and 1.14 m (NGVD29) in the wet season (Fig. 2.3).

Canal flow responded rapidly to rain events and closely tracked patterns in total

precipitation throughout the year. Mean canal flow ranged from 65.54 cfs in the dry

season to 227.54 cfs in the wet season. Canal stage and flow were also influenced

by periodic spillway gate openings and closings based on changes in seasonal pre-

cipitation and tidal extension (Fig. 2.3). Although canal stage was similar across all

canals, freshwater flow was markedly lower in CG compared to LR and WC, due to

the greater tidal influence in CG.

2.4.2 DOC and Nutrient Concentrations

DOC concentrations ranged from 2.03 mg C L−1 to 10.38 mg C L−1 across all canal

sites and sampling dates, with a mean value of 5.70 in the dry season and 4.83 in

the wet season. DOC was greatest in the LR basin (7.83 mg L−1 ± 1.77) compared

to WC (4.25 mg L−1 ± 1.91) and CG (3.72 mg L−1 ± 1.87). Concentrations of DOC

were higher in the dry season (5.71 mg L−1 ± 3.02) compared to the wet season

(4.83 ± 2.01). The net change in longitudinal DOC concentrations varied between

canals with mean ∆DOC values of 0.76 mg L−1 in CG, 1.41 mg L−1 in LR, and 2.68

mg L−1 in WC. No evident patterns were observed in ∆DOC across seasons. DOC

in groundwater averaged 6.80 mg C L−1 but did not significantly differ from surface

canal water.

Concentrations of TP, NOx, and TKN in surface water were similar among sites

and between seasons. Mean TP concentrations ranged from 18.5 to 46.3 µg/L across

the three canals (Table 1). Nitrogen concentrations were low to moderate across

all canals with mean inorganic NOx concentrations between 0.1 - 0.2 mg L−1 and

TKN concentrations between 0.5-0.62 mg L−1. Groundwater nutrient concentrations
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were slightly higher compared to surface waters, although not significantly different

(Table 2.1). N:P molar ratios in surface ranged between 15 to 567 with a mean value

of 104, indicating moderate P limitation across all basins and sites. N:P ratios in

groundwater were lower than that of surface water with a mean value of 38, but

still indicated some degree of P limitation. N:P increased downstream during the

wet season, not during the dry season, indicating the influence of pulsed runoff on

nutrient availability.

2.4.3 DOM Fluorescence Indices and Source Characteristics

HIX values ranged from 2.73 (dry season) and 29.93 (wet season) with a mean

value of 10.45 (Table 1). SUVA254, ranged between 1.05 and 12.92 L mg−1 m−1,

suggesting that canal DOM was a mixture of aromatic (i.e., humic) substances and

more protein-like DOM. We observed an increase in SUVA254 during the wet season

(4.67 L mg−1 m−1) compared to the dry season (1.26 L mg−1 m−1; Table 2.1). HIX

values increased with SUVA254 but not with concentrations of DOC, suggesting a

mixture of terrestrial and marine derived carbon in the DOC pool. FI ranged between

1.45 and 1.67 and reflected a mixture of terrestrial derived, lignin rich DOM with

marine derived protein-like DOM. FI values varied month-to-month but did not

differ significantly between wet and dry season. Generally, upstream sites showed

higher FI values compared to downstream sites, suggesting an autochthonous source

of DOM.

The large variation in HIX and BIX values indicated that humic and proteina-

ceous OM content changed significantly across canal reaches, likely due to differences

in local hydrology and residence time (Fig. S2). Groundwater HIX and BIX values

were less variable but showed generally higher BIX compared to surface canal water.
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Interestingly, we observed a significant negative relationship between DOC concen-

tration and BIX during the dry season (R2 = 0.61, P < 0.05) and during peak tidal

events in the wet season (R2 = 0.56, P < 0.05), but not in the wet season. (Fig. S3).

Groundwater was characterized by high BIX (0.71-0.83) and FI (1.61-1.83) values

compared to surface water (0.58 – 0.81, 1.45 – 1.67 respectively; Table 1). HIX

values in groundwater were low ranging from 0.8 – 1.3 compared to surface water

(2.6 – 18.2), as seen in other studies (Hosen et al., 2021). Similarly, SUVA254 in

groundwater was generally low with a mean value of 0.05 L mg−1 m−1 (Table 1). The

minimum value of SR was 0.92 in surface canal water samples while the maximum

SR of 2.21 was found in in groundwater. S275−295 values ranged between 0.0124 nm−1

and 0.0209 nm−1 and did not differ between basins or seasons.

2.4.4 Water Isotopes

Oxygen isotope (δ18O) values ranged from -2.77 ‰ to +3.19 ‰ , while hydrogen

isotope (δ2H) ranged from -10.22 ‰ to +10.36 ‰ (Fig. 2.4). Average surface values

for δ18O and δ2H were -1.07 ‰ and -2.87 ‰ in the wet season and -0.60 ‰ and

+0.59 ‰ in the dry season. Groundwater samples were generally depleted compared

to surface water and marine water values (Fig. 2.4). Groundwater δ18O and δ2H

values ranged from -2.55 to -0.65 ‰ and -8.93 to -0.26 ‰, respectively. Marine

water isotopes sampled from Biscayne Bay varied depending on distance from coast

and relative influence of evapotranspiration.

2.4.5 Spatiotemporal Distribution of Water Sources

The mean acceptance rates for our four end-member mixing model ranged from

0.27 to 0.41. Across the three canal systems, the BMC model revealed significant
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seasonal differences in source fractional contributions during the wet season (f mw

=0.46; f sw =0.25, f rw =0.08, f gw = 0.21) and the dry season (f mw =0.52; f sw

=0.22, f rw =0.08, f gw = 0.17; Fig. 2.5). Groundwater accounts for roughly 21.4 % of

total canal inputs during the wet season and 17.4 % during the dry season. Monthly

mean f gw was greatest in August (f gw = 26.3) and lowest in February (f gw = 11.4).

Contributions of f gw increase with distance upstream and mean values are slightly

higher in the dry compared to the wet season (Fig. 2.6). Additionally, estimates of

f gw trend closely with increase with indicators of autochthonous production (i.e.,

BIX, FI) with distance upstream. While annual estimates of monthly groundwater

inputs are low compared to other sources (f mw, f rw, f sw), ƒgw inputs can account

for upwards of 25-30% in canals that drain directly into Biscayne Bay. This finding

parallels previous results from Stalker et al. (2009) that suggested groundwater may

in part explain the relatively high concentrations of N, P, and DOC in surface waters

on the western shoreline of Biscayne Bay (Fig. S2).

2.4.6 King Tide Water Source Contributions

Fractional contributions of f mw and f gw were elevated during three consecutive

perigean spring tide events (≥ 0.52m MLLW) on October 7, 19, and 27, 2018.

Across all canal sites, f mw increased across rising, peak and ebb tides while f gw

showed a decreasing trend across tide heights. Interestingly, contributions of f gw

were saturated with f mw by the third tidal event and show no significant trend

with rising or ebb tide (Fig. 2.7). Groundwater contributions trended with steadily

increasing values of BIX across tide events, with no significant differences between

rising and ebb tides (Fig. 2.7).
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2.4.7 PCA and Regression Results

PCA revealed a clear seasonality in water sources and DOM composition between

wet and dry seasons and among basins (Fig. 2.8). PC 1 and 2 explained 30.32%

and 17.68% of the total variance in DOM composition, respectively. PC1 described

a gradient of salinity that distinguished marine water from all other sources. PC2

explained differences in DOM source from terrestrial versus autochthonous pro-

duction. Together, our results show that fractional contributions were thoroughly

mixed during the wet season compared to more distinct source groupings and DOM

composition in the dry season. Water quality parameters appeared to be driven by

groundwater in WC compared to greater tidal influence on water quality in LR and

CG. Changes in salinity were driven by increasing seasonal proportions of stormwa-

ter and groundwater, as evidenced along PC1 (Fig. 2.8). CMHD trended closely

with indicators of fresh DOM (FI, BIX) likely driven by increases in fresh runoff

rather than low salinity groundwater inputs.

The MLR model explained 65.8% of the variation in DOC concentrations (Table

2). Our analysis shows positive correlations between DOC and HIX (p = 0.037) and

δ18O (p = 0.010). We found strong negative relationships between DOC and FI (p

= 0.002) and CMHD (p < 0.001). There was also a weaker negative relationship

between DOC and SUVA254 (p = 0.05). While fgw was not a significant predictor

of DOC, it is likely that DOC concentrations are determined by the interaction of

several controlling factors.

30



2.5 Discussion

2.5.1 Role of Coastal Canals in DOM Cycling

The capacity for coastal canals to transport and transform DOC and DOM relies

on the proportional contributions from fresh and marine water sources. Most of the

uncertainty around estimating biogeochemical processing rates at large scales comes

down to the fact that groundwater inputs are rarely directly or indirectly measured.

Our combined tracer approach provided reliable estimates of water source contri-

butions to mixed urban canals while still considering the physical and biological

constraints on the type and rate of DOM processing. We found multiple lines of

evidence that seasonal shifts in the hydraulic gradient between groundwater and

marine water significantly alter water source contributions and the concentration

and composition of DOC and DOM in urban coastal canals. We found that signifi-

cant increases in pulsed DOM and nutrient concentrations correspond to changes in

the canal-to-marine head difference and increased groundwater contributions dur-

ing the subtropical wet season. Further, we provide evidence that indicators of au-

tochthonous production and recently produced DOM are elevated during perigean

spring tide events and correspond to incremental increases in groundwater (Fig. 2.7).

In all, we see that this seasonal pulse-shunt regime can lead to the stabilization of

DOC concentrations by inputs of autochthonous production that may be critical to

the ecology of such coastal riverine systems.
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2.5.2 Groundwater Contributions to the Pulse-Shunt Con-

cept

Results of this study are in agreement with the Pulse-Shunt Concept (Raymond

et al.; 2016), which postulates that OM is pulsed into streams during high-flow

events and subsequently shunted into larger rivers prior to microbial transforma-

tion. Although DOC loading is increased during pulsed events, high flows result in

low in-stream processing and decreased microbial but increased terrigenous DOM

being exported downstream. In coastal basins, marine pulses from extreme tide

events, particularly during the wet season, can supplement these moments with

microbially sourced DOM when shallow groundwater connects with surface waters

(Fig. 2.7). Although the relative proportion of groundwater contributions may be

minor compared to other water sources, we suggest that the importance of nutrients

and chemical constituents through shallow groundwater contributions may be im-

portant to microbial priming (Stalker et al.; 2009). Specifically, increases in labile,

proteinaceous DOM from groundwater or in-stream autochthonous production may

contribute to local bacterioplankton activity and lead to elevated bacterial carbon

demand downstream in Biscayne Bay (Battin et al.; 2009).

2.5.3 Autochthonous Production Supports DOM

Chemostasis

There is growing evidence of an urban priming effect where labile autochthonous

DOM from anthropogenic sources facilitates microbial degradation of DOM (Fork

et al.; 2020; Smith et al.; 2021). Increases in sources of bioavailable DOM may

impact ecosystem metabolism and affect the quality of DOM exported downstream,
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particularly in urban ecosystems (Bianchi; 2011). We found that sources of DOM

from autochthonous production, as measured by SR, BIX, and FI, are controlled, in

part, by seasonal increases in stormwater runoff and tidal height (Fig. 2.8). These

results may also suggest a compensatory mechanism where increased autochthonous

production during the wet season balances decreased allochthonous DOM inputs

during the dry season resulting in relatively stable DOM concentrations and high-

quality DOM across the year (Parr et al.; 2015). Thus, the stabilization of DOM

concentrations and quality, regardless of hydrologic influence, can help to maintain

chemostasis during lower flows in large coastal waterways (Hosen et al.; 2021).

2.5.4 Shifts in Hydraulic Gradients Drive DOC Concentra-

tion and DOM Quality

Our observations of change in DOC and DOM related to the canal-to-marine hy-

draulic gradient suggest a variety of mechanisms are important for controlling sea-

sonal export and processing rates. We observed elevated DOC concentrations in

groundwater compared to surface water and changes in seasonal DOC corresponded

to shifts in salinity. We also found that HIX, FI, and SUVA254 were all significant

DOM quality predictors of DOC concentration and all optical parameters showed

a negative trend with CMHD (Table 2). In addition, dissolved nutrients originat-

ing from the canal reaches showed positive trends with NO3 (r2 = 0.22, p < 0.05)

and TP (r2 = 0.36, p < 0.05) and may contribute to increases in downstream

phytoplankton production (Fig. S4). Interestingly, we found a significant negative

relationship between DOC and BIX during the dry season and during consecutive

King Tide events in the wet season. These results support previous studies that ob-

served coastal waterways as primary sources of DOC, particularly supplemented by
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groundwater inputs, and that may contribute microbial DOM to increase in-stream

metabolism downstream (Kim et al.; 2020).

2.5.5 Estimating DOM Source Using DOM Quality Indices

The combined isotope/DOM fluorescence method presented in this study shows

promise for reliable estimations of DOM source using optical properties. This ap-

proach to DOM source tracing has the potential to better explain discrepancies

among patterns in DOM concentration and quality resulting from differential flow

paths and site-specific bioreactivity (Lee et al.; 2018; Yang and Hur; 2014). For ex-

ample, SUVA254 typically increases during periodic stormwater runoff events in the

subtropical wet season (Fellman et al.; 2009) but may decrease with tidal extension

during the dry season (Couturier et al.; 2016). Similarly, BIX can increase due to

elevated in-stream production of autochthonous DOM but may also correspond to

increases in FI associated with phytoplankton production (Kim et al.; 2020). Thus,

incorporating multiple optical indices into mixing models that evaluate DOM source

inputs from fresh and marine water sources allows for a more comprehensive and

mechanistic understanding of DOM processing and transformation.

We cannot disregard the potential effects of photo- and biological degradation

on the utility of organic matter properties for source tracking. While biodegradation

heightens the possibility of under-estimating autochthonous DOM origins, indices

such as BIX and FI are rather robust to changes in mineral absorption and can

provide reliable estimates of DOM source (Lee et al.; 2018). However, this may

not hold up in large-scale estuaries where residence time and sunlight exposure are

increased. For example, Osburn et al. (2012) observed significant shifts in DOM

composition upon biodegradation and exposure to sunlight in a coastal estuary. In
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this study, canal stage was highly variable due to periodic fluctuations in stormwater

flow, tidal height, and freshwater release from periodic tidal gate openings which

further limited the possibility of degradation of optical indices.

2.6 Conclusions

As sea levels rise, seasonal and diurnal tidal forcing will continue to push the hy-

draulic gradient inland, shifting the fresh-saltwater boundary upward and upstream.

Further, large inputs of terrigenous DOC can be introduced following significant pre-

cipitation (i.e., hurricane) events (Letourneau et al.; 2021), or during extreme high

tide, as evidenced in this study. Taken together, these factors can lead to increases

in annual groundwater contributions and seasonal pulsed inputs from stormwater

runoff. This may result in larger seasonal differences in DOC concentrations and

the contribution of DOM produced from within the canals and nearshore estuary

will increase relative to that delivered from upstream sources. Net changes in DOC

concentration versus DOM quality will influence the cycling of dissolved nutrients,

bioavailability of allochthonous vs. autochthonous produced DOM, phytoplankton

production, and the effect of light attenuation from DOM on phytoplankton ecology

(Fellman et al.; 2011). Results presented here provide insight into the complex role of

water source on in-stream reactions and the ultimate fate of riverine DOM in coastal

environments. The combined isotope-DOM fluorescence mixing model used in this

study could be applicable to any estuarine system and provides a sound method

for differentiating among water source and flow paths in coastal systems. Our study

highlights the relevance of groundwater contributions and in-stream DOM produc-

tion on river carbon fluxes, which is often overlooked as it may support microbial

metabolism and energy flow across trophic levels in coastal waters.
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2.8 Tables

Table 2.1: Mean (± standard deviation) values for hydrologic variables, water
physicochemistry, and DOM optical properties in surface, ground, and marine water
from June 2018 to May 2019
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Table 2.2: Coefficients, variance, and significance of multiple linear regression model
to explain differences in DOC concentrations of surface canal waters.
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2.9 Figures

Fig. 2.1. Graphic representation of the various hydrologic (freshwater and saltwater)

contributions to surface canals in an urban coastal karstic system.

Fig. 2.2. Map of canal surface water (red circles), groundwater (yellow circles),

marine (blue circles), and rainwater collection sites in Miami, FL. Water control

structures are represented by grey squares in each canal basin.

Fig. 2.3. Mean (a) canal stage (m; NGVD29) and surface flow (cfs) across three

water control structures (G-93, S-26, S-27) and (b) mean groundwater level (m;

NGVD29) at three USGS wells control structures (F-319, F-179, F-45) from June

1, 2018 to May 31, 2019.

Fig. 2.4. Stable isotopic composition (δ2H and δ18O) of surface waters in three

canal drainage basins: Coral Gables (CG), Wagner Creek (WC), and Little River

(LR). Also depicted are the δ18O and δ2H values of shallow groundwater (GW; gold

diamonds), and marine water (MW; blue squares) relative to each canal basin. The

bold black line represents the global meteoric water line (GMWL) with a slope of

+8 and an intercept of +10 ‰. The thin gray line represents the best fit line for

surface canal samples.

Fig. 2.5. Best fit fractional contributions of monthly mean groundwater (GW),

marine water (MW), rainwater (RW), and stormwater (SW) from the Bayesian

mixing model (2H/HIX/FI) across all study canal basins. Mean salinity (ppt) con-

centrations (± 0.95 C.I) are also represented.

Fig. 2.6. Relationships between distance upstream (m) and mean annual (a)

dissolved organic carbon (DOC) concentrations, (b) humification index (HIX), (c)

biological index (BIX), (d) fluorescence index (FI), and (e) fractional groundwater
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contributions across all three coastal canals. Points represent the seasonal mean at

each site (± SE, n = 6).

Fig. 2.7. The dashed horizontal line represents the mean GW contribution in

the month of October (x = 0.215 ± 0.20) and the dotted line represents the annual

mean GW contribution during the entire study period (x = 0.194 ± 0.20).

Fig. 2.8. Loadings and scores of principal components PC1 and PC2 for the

composition of water source and quality parameters including water isotopes (δ18O

and δ2H), optical properties (HIX, BIX, FI), fractional source contributions of (GW,

MW, RW, SW), and canal to marine head differential (CMHD). Axes are labeled

with the percent variability explained by each principal component.
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Figure 2.1: Graphic representation of the various hydrologic (freshwater and salt-
water) contributions to surface canals in an urban coastal karstic system.
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Figure 2.2: Map of canal surface water (red circles), groundwater (yellow circles),
marine (blue circles), and rainwater collection sites in Miami, FL. Water control
structures are represented by grey squares in each canal basin.
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Figure 2.3: Mean (a) canal stage (m; NGVD29) and surface flow (cfs) across three
water control structures (G-93, S-26, S-27) and (b) mean groundwater level (m;
NGVD29) at three USGS wells control structures (F-319, F-179, F-45) from June
1, 2018 to May 31, 2019.
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Figure 2.4: Stable isotopic composition (δ18O and δ2H) of surface waters in three
canal drainage basins: Coral Gables (CG), Wagner Creek (WC), and Little River
(LR). Also depicted are the δ18O and δ2H values of shallow groundwater (GW; gold
diamonds), and marine water (MW; blue squares) relative to each canal basin. The
bold black line represents the global meteoric water line (GMWL) with a slope of
+8 and an intercept of +10 ‰. The thin gray line represents the best fit line for
surface canal samples.

49



Figure 2.5: Best fit fractional contributions of monthly mean groundwater (GW),
marine water (MW), rainwater (RW), and stormwater (SW) from the Bayesian
mixing model (2H/HIX/FI) across all study canal basins. Mean salinity (ppt) con-
centrations (± 0.95 C.I) are also represented.
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Figure 2.6: Relationships between distance upstream (m) and mean annual (a)
dissolved organic carbon (DOC) concentrations, (b) humification index (HIX), (c)
biological index (BIX), (d) fluorescence index (FI), and (e) fractional groundwater
contributions across all three coastal canals. Points represent the seasonal mean at
each site (± SE, n = 6).
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Figure 2.7: The dashed horizontal line represents the mean GW contribution to the
Coral Gables (CG) canal during the month of October (x = 0.215 ± 0.20) and the
dotted line represents the annual mean GW contribution during the entire study
period (x = 0.194 ± 0.20).
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Figure 2.8: Results of a principal component analysis (PCA) represented by princi-
pal components (PC1 and PC2) scores during the (a) wet season, (b) dry season, (c)
across a range of salinity (0-30 ppt), and (d) the model loadings. Model parameters
include water isotopes (δ18O and δ2H), optical properties (HIX, BIX, FI), fractional
source contributions of (GW, MW, RW, SW), and canal to marine head differential
(CMHD). Axes are labeled with the percent variability explained by each principal
component.
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2.10 Supplemental Information

Figure 2.9: Relationship between HIX and BIX of DOM corresponding to canal wa-
ter (CW) and groundwater (GW) samples. Shaded areas represent a 0.95 confidence
interval.

[!ht]
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Figure 2.10: Relationships between DOC concentration and BIX during (a) wet and
dry seasons I 2018-2019 and (b) three consecutive King Tide events in October 2018.
The shaded area represents a 0.95 confidence interval.
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Figure 2.11: Relationship between the groundwater-to-marine head difference (m)
and surface water nutrients in Biscayne Bay including (a) TP and (b) NOX. Sig-
nificant R2 values are shown (P ¡ 0.05). Shaded regions represent 95% confidence
intervals.
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Figure 2.12: Relationship between turbidity and chlorophyll-a concentrations across
three marine water sites in Biscayne Bay.
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Table 2.3: List of USGS, SFWMD, NOAA, and Miami-Dade County DERM hydro-
logic variable collection sites for rainfall, groundwater, canal stage/flow, and marine
water.
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Table 2.4: DOM Fluorescence indices analyzed in this study, indicating the calcu-
lation and interpretation according to referenced literature.
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CHAPTER 3

Stormwater runoff and tidal flooding transform dissolved organic matter

composition and increase bioavailability in urban coastal ecosystems

Matthew A. Smith1, J.S. Kominoski1, E.E. Gaiser1, René M. Price2, T.G.

Troxler2

1Institute of Environment and Department of Biological Sciences, Florida Inter-

national University, Miami, Florida 33199, USA
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3.1 Abstract

Coastal drainages contain multiple sources of dissolved organic matter (DOM) that

influence OM transformation and fate along inland-to-marine gradients. Anthro-

pogenic activities have altered DOM composition in urban drainages, thereby influ-

encing in-stream breakdown rates, primary productivity, and downstream export.

Yet, it is uncertain how hydrologic conditions (i.e., rainfall, tides, shallow groundwa-

ter) interact with different sources of DOM to regulate the transformation and export

of DOM through urban coastal drainages. We characterized how seasonal changes

in hydrologic conditions influence DOM composition and bioavailability in tidally-

influenced drainages in Miami, FL, USA. We estimated the quality and bioavail-

ability of DOM using compositional proxies based on fluorescence spectroscopy,

including parallel factor analysis, and measured dissolved organic carbon (DOC)

degradation during laboratory incubations containing a local bacterial community.

Interactions between stormwater runoff and tidal amplitude increased the bioavail-

ability of DOM and were positively correlated with predominantly humic-like com-

ponents in the wet season and protein-like components in the dry season. Further,

increases in tryptophan fluorescence intensity corresponded with elevated concentra-

tions of Escherichia coli and enterococci – likely from waste-impacted groundwater

– and contributed substantially to overall DOM bioavailability. Our results pro-

vide new evidence of an urban priming effect in which labile autochthonous DOM

from anthropogenic sources facilitates microbial degradation of DOM that is driven

by seasonal differences in stormwater runoff and tides. As hydrologic conditions in

near-shore aquatic ecosystems shift with urbanization and climate-driven changes in

sea level rise, increases in autochthonous sources of bioavailable DOM may impact

ecosystem metabolism and affect the quality of DOM exported downstream.
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3.2 Introduction

Dissolved organic matter (DOM) is a vital component of the aquatic carbon cycle

and constitutes the majority of terrestrial organic carbon inputs from rivers to the

ocean ((Hedges et al.; 1997; Battin et al.; 2008). Indeed, DOM controls a range of

biogeochemical processes by regulating nutrient availability and microbial activities

(Hullar et al.; 2006; Fellman et al.; 2008; Coble et al.; 2019). In coastal drainages,

DOM originates from a range of allochthonous and autochthonous sources including

terrestrial plants and soil, bacterial or algal production contributions, and exudates

from marine phytoplankton (Sobczak et al.; 2002; Romera-Castillo et al.; n.d.; As-

mala et al.; 2016). The role of DOM in biogeochemical cycling is a function of its com-

position (i.e., quality) and is driven by changes in land use (Wilson and Xenopoulos;

2009; Kaushal and Belt; 2012; Kominoski and Rosemond; 2012; Kelso and Baker;

2020) and hydrologic conditions, such as stormwater runoff and tidal mixing (Gard-

ner et al.; 2005; Duan et al.; 2014; Hosen et al.; 2014). Despite the abundance of DOM

in aquatic ecosystems, often only a small fraction is bioavailable (i.e., easily degrad-

able; Parr et al. (2015)). Autochthonous DOM is widely considered to be higher

quality (lower C:nutrient) and more bioavailable than allochthonous DOM poten-

tially stimulating heterotrophic metabolism in aquatic ecosystems (McCallister and

Giorgio; 2012; Epstein et al.; 2016). Changes in the relatively small pool of bioavail-

able DOM may significantly alter ecosystem functions (Findlay and Parr; 2017) and

ultimately determine how much DOM is transported downstream, enters aquatic

food webs, or is metabolized and released in gaseous forms (Søndergaard et al.;

2003). Quantifying how changes in land use and hydrologic conditions (e.g., water

level, tidal amplitude) influence DOM composition and bioavailability is needed to
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understand DOM processing and downstream export in urbanizing drainages (Parr

et al.; 2015).

Urbanization alters aquatic DOM composition and processing rates by changing

stormwater flow paths and surface-subsurface connectivity (Hosen et al.; 2014). Ur-

ban landscapes contain unique sources of DOM such as petroleum products (e.g.,

oil, gas), debris from ornamental vegetation, pet waste, and sewage from leaky septic

or sewer systems (Walsh et al.; 2005; Hale et al.; 2016; Fork et al.; 2018). Enhanced

hydrologic connectivity among streets, storm sewer drains, and subsurface pipe net-

works results in high infrastructure drainage densities (i.e., stream or pipe length

per unit watershed area) in urban watersheds (Baruch et al.; 2018; Kelso and Baker;

2020). In turn, runoff from highly urbanized landscapes increases loading of terres-

trial allochthonous organic matter and nutrients (nitrogen, N; phosphorus, P) which

may also increase autochthonous DOM production and stimulate microbial activ-

ity. Non-point source inputs of DOM mobilized by stormwater runoff are much less

constrained to a particular chemical composition yet are often differentiated from

distinct terrestrial and marine endmembers

Recent findings suggest that urbanization can increase autochthonous production

and bioavailability of DOM inputs to streams particularly during warm and/or wet

months when runoff is increased (Asmala et al.; 2013; Fork et al.; 2020; Kelso and

Baker; 2020). However, in some coastal drainages, diurnal and seasonal tides can

interact with runoff, which may influence the timing, quality, and bioavailability of

DOM. Changes in DOM composition and relative source in coastal urban drainages

are uncertain but can be better understood using compositional proxies including

those based on fluorescence spectroscopy, such as the humification index (HIX)

and autochthonous index (BIX) (Yang et al.; 2015). By decomposing the complex

mixture of fluorescence signatures into discrete compositional features, we can begin
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to understand the source and biogeochemical function of DOM in coastal urban

ecosystems.

In low-lying coastal urban drainages, tidal influence on shallow groundwater is

a potentially important but overlooked source of DOM (Zhou et al.; 2019). Shal-

low groundwater often consists of lower density fresh water residing above higher

density, saline water (Rochelle-Newall et al.; 2014). The water table in unconfined

aquifers is dynamically connected to mean sea level, fluctuates with diurnal and

lunar (perigean) spring tides, and tidal amplitudes decrease exponentially with dis-

tance from the coast (Rotzoll and Fletcher; 2013; Sukop et al.; 2018). As sea levels

rise, the boundary between fresh and saline groundwater moves inland and elevates

the water table, leading to land surface inundation during high tide events in low-

lying areas (Abarca et al.; 2013; Befus et al.; 2020). Anthropogenic sources accumu-

late in shallow aquifers in urban drainage basins, relative to stormwater runoff that

is discharged during seasonal storm events (McKenzie et al.; 2021). Previous studies

in urban drainages have noted increased bioavailability of anthropogenic DOM and

microbial processing rates in wastewater-impacted streams or shallow groundwater

(Kalscheur et al.; 2012; Meng et al.; 2013; Parr et al.; 2015). High perigean spring

tides and episodic storm events that come onshore can force marine water to in-

trude further into the aquifer, causing the water table and labile DOM to interact

with surface water in coastal urban drainages (McKenzie et al.; 2021). Therefore,

understanding the combined influence of seasonal stormwater runoff, groundwater

infiltration, and marine forcings (i.e., sea level rise, tidal flooding) on the concen-

tration and composition of DOM in coastal aquatic ecosystems is critical to define

ecosystem function and predict ecosystem responses to shifting environmental con-

ditions (Medeiros et al.; 2017).
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Our goal was to quantify changes in DOM concentration, composition, and

bioavailability driven by seasonal stormwater runoff and daily or seasonal tidal flood-

ing in coastal urban drainages. We characterized DOM composition and bioavail-

ability in three urban canal basins draining into a near-shore estuarine environment

strongly influenced by the ocean. Specifically, we asked: (1) how do seasonal changes

in stormwater runoff and tidal amplitude influence DOM composition and bioavail-

ability in coastal urban drainages, and (2) how do increases in anthropogenic sources

influence DOM bioavailability and autochthonous production? We hypothesized

that DOM from terrestrial sources in stormwater runoff would be more aromatic

and less readily used by microbial communities compared to DOM from marine,

fresh groundwater, or anthropogenic sources. We also hypothesized that the fre-

quency and timing of seasonal runoff would have a stronger influence on DOM

bioavailability and stimulate DOM processing via increased microbial activities as

compared to daily or seasonal tidal influences alone. Finally, we hypothesized that

increases in protein-like DOM from anthropogenic sources in shallow groundwater

would increase overall DOM bioavailability and rates of autochthonous production

with increasing tidal amplitude. As hydrologic conditions are anticipated to shift

in response to climate change and coastal watershed urbanization, understanding

the complex linkages of urban DOM and hydrology is critical to predict how car-

bon processing and aquatic ecosystem function will respond to rising sea levels and

saltwater intrusion.
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3.3 Methods

3.3.1 Study Design and Hydrology

Study Design and Hydrology We conducted our analysis in three coastal drainage

basins of Miami, FL (USA). Each drainage basin contained a canal that discharges

into Biscayne Bay. We collected water samples at four locations along inland-to-

coastal gradients of three canals (Wagner Creek, WC; Coral Gables, CG; Little

River, LR; n = 12; Fig. 3.1). The three drainages represent a range of impervious-

ness (33-50%), land use, total drainage area, and drainage density among surface

and subsurface stormwater infrastructure (Table 1). Canal stage (meters; NGVD29)

was monitored continuously at 15-minute intervals for the duration of the study pe-

riod (June 1, 2018 – May 31, 2019) and was collected from South Florida Water

Management District (SFWMD) water control structures in each drainage basin

(Fig. 3.1; Table S1; SFWMD, 2008). Daily cumulative precipitation (mm) was also

recorded at a local rain gage in each basin (n = 3; Fig. 3.1).

3.3.2 Land-Use/Land Cover Analysis

Land-Use/Land Cover Analysis Drainage basins were delineated based on the piped

stormwater drainage network identified by the South Florida Water Management

District (SFWMD, 2008). Total imperviousness, canopy cover, and land use data

were calculated using the 2016 National Land Cover Dataset (Dewitz, 2016). Land

use categories included (1) road/parking density, (2) residential, (3) commercial,

(4) industrial, and (5) vacant land (Table 1). Stormwater sub-basins were further

characterized by drainage density (calculated by total length of stormwater pipes

divided by total drainage area), number of storm drains, and number of outfall
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locations (Table 1). We calculated a septic:stormwater ratio as the number of septic

systems within a drainage basin divided by the total number of stormwater outfall

locations to indicate the drainage-specific differences in hydrologic inputs from septic

release versus stormwater runoff to each canal. Septic system data were obtained

from the Miami-Dade County Open Data Hub (MDC, 2017). All geospatial analyses

were conducted using ArcGIS 10.8.

3.3.3 Water Chemistry Analysis

Surface water grab samples were collected quarterly from twelve canal locations

at baseflow during low and high tide in a diurnal cycle in the subtropical (1) wet

season (August, October 2018) and (2) dry season (February, April 2019) (Fig.

3.2; n = 144). High tide flooding in the wet season was captured during a high

perigean spring tide, otherwise known as “King tide,” on October 27, 2018. For the

purposes of this study, we collected samples during periods no less than 24 h after

a rain event to remove the direct influence of rainfall-driven effects on streamflow

and first-flush water quality. Surface grab water samples were collected within 3 h

of each other on sampling days. In addition, two groundwater wells were sampled

for baseline groundwater quality on four occasions (n = 8; Table S1). Both wells

were pre-existing and installed by the United States Geological Survey (USGS). One

well was completed to a depth of 6 m (USGS F-319, Table S1) to sample shallow

groundwater and one well was completed to a depth of 23.5 m (USGS F-179, Table

S1). Prior to sampling, the groundwater wells were purged of at least three standing

well volumes. All samples were filtered in the field using Whatman 0.7-µm glass fiber

filter (GF/F) that were pre-combusted at 500ºC and collected in acid-washed, amber

HDPE bottles. Samples were transported to the laboratory on ice and stored at 4°C
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and analyzed within seven days of collection. Samples were analyzed for dissolved

organic carbon (DOC) on a Shimadzu TOC-V total organic carbon analyzer after

acidification and purging to remove inorganic C. At each sampling location, we also

measured water physicochemical parameters [temperature, dissolved oxygen (DO),

conductivity, and pH with a YSI multiparameter handheld sonde (YSI Company,

Yellow Springs, OH, USA).

Other water chemistry parameters, including total phosphorus (TP; mg L-1), to-

tal Kjeldahl nitrogen (TKN; mg L-1), nitrate + nitrite-nitrogen (NOx-N; mg L-1),

Escherichia coli (E. coli; MPN 100 mL-1) and enterococci (MPN 100 mL-1) con-

centrations were collected and analyzed by the Miami-Dade County Department of

Environmental Resources Management (DERM; Lietz, 1999) at the most upstream

and downstream sites of this study. Water quality analyses were analyzed at DERM

using EPA methods 365.1, 353.2, 351.4, 1603, and 1600 for TP, TKN, NOx, E. coli,

and enterococci respectively (U.S. EPA, 2018). Heterotrophic bacterial abundance

(BA; 106 cells mL-1) and bacterial productivity (BP, µg C L h-1) were measured at

each collection period at the most upstream and downstream locations in each canal

to relate ambient bacterial activities with changes in DOM bioavailability (n = 24).

Total bacteria counts were measured using DAPI (4’,6-diamndino-2-phenylindole;

fluorescent stain) epifluorescence (Porter Feig, 1980). Bacterial production was es-

timated from rates of biosynthesis using the tracer 3H-thymidine (Findlay, 1993).

Unfiltered samples were collected and processed within 24 h of collection, incubated

for 1 h with tracer addition, and measured for unincorporated label (Kemp et al.;

1993).
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3.3.4 DOM Bioavailability Assays

To quantify DOM bioavailability, bioavailable dissolved organic carbon (BDOC)

degradation assays were conducted following standard methods (Servais et al.; 1989;

Fellman et al.; 2008) in August 2018, October 2018, February 2019, and April 2019.

In this study, we refer to BDOC as the proportion of total DOC that is utilized

by heterotrophic bacteria through one of two processes: (1) mineralization of C

for energy or (2) incorporation of C into bacterial biomass (Fellman et al.; 2008).

Net loss of DOC through bacterial production and respiration was measured over

28-day chamber incubations (Eckard et al.; 2017). Triplicate 500-mL water samples

were collected and filtered using 0.22-µm sterilized filters (Millipore Corporation,

Burlington, Massachusetts) within 24 h of field collection. A small aliquot of un-

filtered canal water was collected from each sample location for use as a microbial

inoculum. In this study, the local microbial community was comprised of both bac-

terial and algal microbes. A total of 450 mL of filter-sterilized canal water and 22

mL of microbial inoculum ( 5% total volume) were combined and gently mixed in

500-mL amber polypropylene bottles. Samples were loosely capped to allow airflow

and stored in the dark at 20°C for the duration of the experiment. Samples were

regularly agitated every 3 d to prevent anoxia. Subsamples were taken at 0, 1, 3, 7,

14, and 28 d to measure the time-specific percent BDOC and change in DOM prop-

erties. Net loss of bulk DOC was measured at each time step by from depletion of

total DOC concentration over time. For the purposes of this study, incubations were

conducted without amending nutrient concentrations of nitrogen (N) or phosphorus

(P) to prevent nutrient limitation (McDowell et al.; 2006). Molar N:P ratios were

compared to the Redfield ratio of 16:1 to assess either N or P limitation. Triplicate

control samples were included in the experiment using Ultrapure water and dosed

with the same microbial inoculum from each site.
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To measure biofilm biomass over the incubation period, a quarter section of a pre-

combusted Whatman 0.7-µm glass fiber filter (GF/F) was added to each bottle. After

28 d, filters were dried (60ºC), weighed for dry mass (DM), and then combusted

(500ºC for 8 h) to provide the ash-free dry mass (AFDM). For each sample, the

ratio between AFDM and DM was quantified to indicate the relative proportion of

organic content in the total biofilm (Paule et al.; 2009).

3.3.5 Fluorescence spectroscopy of DOM

DOM fluorescence spectroscopy was conducted on all samples to determine rela-

tive abundance and chemical composition. Fluorescence excitation-emission matri-

ces (EEMs) were collected with a Horiba Aqualog (Jobin Yvon Horiba, France).

EEMs were measured from samples at room temperature (approximately 21ºC) ev-

ery 3 nm over excitation wavelength intervals between 240 and 455 nm, and an

emission wavelength range of ex + 10 nm to ex + 250 nm in a 1 cm quartz cu-

vette. EEMs were corrected for instruments optics, Raman normalized, and blank

subtracted using MATLAB R2019a (Mathworks, Natick, MA). Three fluorescence

indices were calculated including the fluorescence index (FI) indicating proportion

of microbial DOM sources, biological index (BIX) indicating proportion of recently

produced DOM, and humification index (HIX) indicating proportion of terrestrial

derived DOM (Jaffé et al.; 2008). Specific ultraviolet absorbance at a wavelength of

254 nm (SUVA254), which is the ratio of UV absorbance at a 254 nm wavelength

divided by the DOC concentration, has been used to estimate the aromaticity of

DOM (Weishaar et al.; 2003) and the type of environmental degradation (Hansen

et al., 2016). Higher SUVA254 values (3-5) are considered an indicator of more

aromatic ring structures. The spectral slope ratio (SR) was calculated by dividing
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the natural log of the slope of absorbance spectra between two primary wavelength

ranges (S275−295, S350−400). SR values are a qualitative indicator of molecular weight,

with larger values indicating lower molecular weight (Helms et al.; n.d.).

3.3.6 Statistical Analyses

Processing of absorbance and fluorescence data and parallel-factor analysis

(PARAFAC) modeling were carried out using the DrEEM 3.0 toolbox in MAT-

LAB R2019a (Murphy et al.; 2013). First, we normalized EEMs by total sample

fluorescence, and then we fit a PARAFAC model to n = 150 EEMs as described

by Stedmon and Markager (2005). We validated the model using split-half valida-

tion (Fig. S5), random initialization tests, and visual examination of the residuals.

To compare across components, we compared the intensity (Fmax) of each com-

ponent normalized by total fluorescence in each sample. Pearson’s bivariate cor-

relation (r) and linear regression analysis (R2) were used to calculate significant

relationships between environmental/landscape variables, DOM optical properties,

and water quality parameters using Bonferroni corrections to account for multiple

pairwise comparisons. One- and two-way repeated measures analysis of variance

(ANOVA) were used to test significant ( = 0.05) main and interactive effects of

season and tide on DOM fluorescence and bioavailability, followed by Tukey’s hon-

est significant difference (HSD) post hoc tests. Principal component analysis (PCA)

was used to reduce the dimensionality of the dataset and determine the primary

sources of variability in water chemistry across seasons and tides. PCA was con-

ducted using the scikit-learn package in Python (3.6). Relative abundance scores (%

Fmax) were used for PARAFAC components in regression analyses. Prior to sta-

tistical analysis, an alpha level of 0.05 was set for all analyses and some data were
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log-transformed to meet the assumptions of normality and homoscedasticity. We

also performed an analysis of covariance (ANCOVA) to determine how PARAFAC

components influence DOM bioavailability (% BDOC). The ANCOVA test included

a linear model with % BDOC as a dependent variable and PARAFAC components

indices as independent variables across season, tide, and canal location.

3.4 Results

3.4.1 Hydrology and Water Quality

Local hydrologic conditions and water chemistry varied considerably across sites,

drainage basins, and seasons (Table S1). Daily average rainfall was between 2 and

5 times higher in the wet than dry season across all drainage basins (Fig. 3.2).

Sub-hourly measurements of water level show distinct differences in tidal amplitude

during diurnal tidal cycles and seasonal high tide events across drainage basins

(Fig. 3.2, Table 2). The WC drainage had the greatest tidal amplitude whereas

tidal amplitude in LR was relatively low. Average canal surface water temperatures

were significantly different across seasons and basins with highest temperatures in

WC between 28.9°C (dry season) and 29.1°C (wet season; Table 2). Salinity varied

between 0 and 32 ppt along the three inland-coastal gradients and displayed distinct

seasonal differences in average salinity within each drainage (Table S1). Turbidity

was relatively low (<10 NTU) and did not display any trends across seasons or

drainage basin. DOC concentrations (mg/L) ranged between 2.03 to 10.11 mg L-1.

DOC was negatively correlated with imperviousness (P < 0.05), highest in upstream

locations and was different between seasons and drainage basins (two-way ANOVA,

F(2,42)= 8.30, P < 0.001; Table S2).
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Concentrations of TP, NOx, and TKN in surface water were similar among sites

and between seasons. Overall, N:P molar ratios ranged between 15 to 567 indicating

slight to moderate P limitation at all sites. N:P molar ratios were elevated down-

stream compared to upstream locations, particularly in CG and WC basins, but

mean N:P molar ratios did not differ between seasons or basins. However, molar

ratios of N:P increased when moving downstream during the wet season and de-

creased when moving downstream during the dry season reflecting the influence of

stormwater runoff on nutrient availability (Fig. S2). TP concentrations were highest

in WC sites which corresponded with relatively low inorganic NOx and high TKN

concentrations. N:P molar ratios ranged from 16 to 154 during the dry season and

20 to 567 during the wet season, indicating moderate to severe P limitation across

all canal locations. E. coli concentrations were different between basins with val-

ues reaching 6,900 MPN 100 ml-1 in the wet season in WC at high tide (ANOVA,

F(2,42) = 5.04, P < 0.01; Table 2,). Similarly, enterococci concentrations varied

significantly between basins (two-way ANOVA, F(2,13) = 5.73, P < 0.01; Table

2). Heterotrophic bacterial abundance (BA) was different between basins (ANOVA,

F(2,33) = 5.30, P < 0.05; Table 2) and highest values were observed in the CG

basin. Mean bacterial productivity (BP) was significantly different between basins

(ANOVA, F(2,33) = 3.39, P < 0.05) with highest values in the CG basin (3.14 µg

C L h-1) but did not differ between seasons.

Relative to surface water, groundwater showed lower mean TP (0.12 mg L-1) and

NOx (0.015 mg L-1) concentrations (Table 2). Molar ratios of N:P increased with

depth and mean values ranged from 6.0 (F-319) to 38.0 (F-179). Deeper groundwater

was enriched with DOC (10.50 mg L-1; F-179) compared to shallow groundwater

(1.65 mg L-1; F-319). Salinity ranged between 0.25 and 19.2 ppt with highest values

in deeper groundwater.
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3.4.2 DOM Bioavailability Assays

During 28-d incubations, BDOC concentrations ranged between 0 to 22.83% of the

total DOC with the highest concentrations in the wet season at low tide (Fig. 3.3).

Overall, % BDOC increased with septic:stormwater ratio across all drainage basins

and varied between seasons and tides (Fig. 3.3, Fig. S4). There was no relationship

between BDOC and initial DOC concentrations. BDOC was greatest in CG during

the wet season and during the dry season in LR. BDOC was greatest during low tide

in CG and LR drainage basins while BDOC in the WC basin was mixed. Results of

a two-way ANOVA shows an interaction between % BDOC and season*tide (two-

way ANOVA, F(1,44) = 3.58, P < 0.05), but no influence of season or tide alone

(Fig. 3.3; Table 3). Biofilm biomass, measured by AFDM, varied between seasons

(P = 0.05) and drainage basins (P = 0.03). AFDM was very low in LR, particularly

during the dry season, (0.16-1.09 g.m-2) compared to other sites (Table 2). Ratios

of BA and BP with % BDOC increase when moving upstream in CG and LR canals

while a decreasing trend is observed in the smaller tributary of WC (Fig. 3.3).

Highest BDOC:BA and BDOC:BP ratios were observed in downstream section of

CG (CGCP).

3.4.3 DOM Fluorescence Indices

HIX values ranged from 2.73 in the dry season at high tide and 29.93 in wet season at

high tide, with a mean value of 10.45 (Table 2). SUVA254 ranged between 1.05 and

12.92 L mg-1 m-1, suggesting that canal DOM was a mixture of aromatic (humic)

substances and more protein-like DOM. We observed an increase in SUVA254 during

the wet season (4.67 L mg-1 m-1) compared to the dry season (1.26 L mg-1 m-

1; Table 2). HIX values increased with SUVA254 and AFDM but not with DOC
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concentration, suggesting a mixture of terrestrial and marine carbon in the DOC

pool. FI ranged between 1.45 and 1.67 and reflect a mixture of terrestrial derived,

lignin rich DOM with marine derived protein-like DOM. FI values increased during

high tide and decreased during low tide but did not differ between wet and dry

season. Generally, upstream sites had higher FI values compared to downstream sites

but decreased with imperviousness, suggesting an autochthonous source of DOM.

Fresh groundwater was characterized by high BIX (0.71-0.83) and FI (1.61-1.83)

values compared to mixed canal samples (0.58 – 0.81, 1.45 – 1.67; Table 2). HIX

values in groundwater were low ranging from 0.8 – 1.3 compared to surface water

(2.6 – 18.2). Similarly, SUVA254 in groundwater was generally low with a mean

value of 0.37 L mg-1 m-1 (Table 2). The minimum value of SR was 0.92 in surface

canal water samples while the maximum SR of 2.21 was found in in groundwater.

Mean SR in both surface and groundwater samples were comparable to SR from

riverine samples in other studies (Helms et al.; n.d.) and did not differ between

basins or seasons. S275−295 values ranged between 0.0124 nm-1 and 0.0209 nm-1 and

did not differ between basins or seasons.

3.4.4 EEM-PARAFAC Components

Three humic-like and two-protein-like components were identified in the EEM-

PARAFAC model (Table 4; Fig. 3.4). Humic-like component 1 (C1; Ex: 333 nm

/Em: 440 nm) reflects humic acids derived from processing of DOM by terrestrial

or aquatic microbes (Yamashita et al.; 2013; Hosen et al.; 2014). Humic-like com-

ponent 2 (C2) has peaks at Ex: <250, 303 nm/Em: 380 nm and is a humic-like

component that is ubiquitous in marine environments with biological activity (Ya-

mashita et al.; n.d.; Fellman et al.; 2010). Humic-like component 3 (C3) has a peak
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at Ex: 267 nm/Em: 460-480 nm and a secondary peak at Ex: 381 nm/Em: 460-480

nm is related to organic humic substances or marine-like humic substances (Mur-

phy et al.; 2011). C3 is related to autochthonous production and/or influence from

anthropogenic sources (Meng et al.; 2013). Protein-like components C4 (Ex: 276

nm/Em: 335-345) and C5 (Ex: 270 nm/Em: 305) are indicative of the presence of

tryptophan-like and tyrosine-like proteins, respectively (Elliott et al.; 2006; Hudson

et al.; 2007; Nowicki et al.; 2019). C4 is common in waters subject to anthropogenic

influence and areas of high primary productivity (Williams et al.; 2010). Trypto-

phan components (230-280/330-360 nm) like C4, generally contribute the highest

intensity peaks in wastewaters, even in treated effluents, compared with background

levels in natural surface and groundwaters (Reynolds and Ahmad; 1997; Fox et al.;

2017). C5 is protein-like and shares spectral properties with wastewater-impacted

DOM and is often associated with high nutrient content and high autochthonous

production (Murphy et al.; 2011; Fork et al.; 2020).

The proportional abundances of individual PARAFAC components were related

to the septic:stormwater ratio in each urban drainage basin (Fig. S6). C1, C2 were

positively correlated (r = 0.33, P = 0.02; r = 0.30, P = 0.03) and C4 was negatively

correlated (r = -0.38, P < 0.01) with imperviousness while C5 showed no significant

relationship (Fig. 3.4). Two-way ANCOVA results revealed C1, C2, and C4 differed

across seasons and tides while C5 also differed across upstream and downstream

locations (Table 5). Components associated with humic substances (i.e., C1, C2,

C3) had a greater mean Fmax (1.86, 1.07, 0.70) than protein-like components (i.e.,

C4, C5; 0.25, 0.16) which implies that humics were important contributors to DOM

pool in these urban waterways (Fig. S6). Humic-like components (C1, C3) and

protein-like component (C4) were significantly different across wet and dry seasons

as well as high and low tide (Fig. S7). Proportions of the humic component C2
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were highest in fresh groundwater (25-29%) compared to surface water. Results of

an ANCOVA test show that the relative proportion of humic component C1 and

protein component C4 were significantly related to % BDOC across season, tide, and

upstream-downstream location (Table 5). Trends between % BDOC and C5 were

only significant between upstream and downstream locations. Component C4 was

positively correlated with BIX and SR], indicating recent origin and low molecular

weight (Fig. 3.5).

The composition of DOM varied between wet and dry seasons, less between tidal

flooding events (Fig. 3.5). Variables corresponding to humic or refractory substances

(HIX, SUVA254) were closely associated with principal component (PC) axis 1

and represent the majority of DOM in the wet season (Fig. 3.5). Variables that

represent recently produced, proteinaceous DOM (BIX, FI, SR) and PARAFAC

component C4 were grouped on the opposite end of PC1 and characterized the

majority of DOM in the dry season. PC2 was closely aligned with % BDOC and

PARAFAC component C5 and corresponds with wet season DOM composition.

Humic-like components C1, C2, and C3 grouped together with DOC concentration

but with no clear trend between season or tide. Fresh groundwater unimpacted by

wastewater grouped separately from mixed samples and was characterized by high

BIX and FI values (Fig. 3.5). Tidal differences in DOM character were less clear,

however, the majority of DOM collected at high tide corresponds with increases in

humic-like, high molecular weight material.

We observed a positive correlation between tryptophan-like C4 and % BDOC in

the wet season (R2 = 0.18, P < 0.05) and a negative correlation in the dry season (R2

= 0.15, P ¡ 0.05; Fig. 3.6). No significant correlations between tyrosine-like C5 and %

BDOC were observed. Fecal indicator bacteria showed positive trends with protein-

like fluorescence, particularly in the wet season (Fig. 3.6). E.coli concentrations were
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positively related with C5 during the wet season (R2 = 0.20, P < 0.05). Enterococci

concentrations were positively correlated with C4 during wet (R2 = 0.52, P < 0.001)

and dry seasons (R2 = 0.26, P < 0.001) and also with C5 during the wet season

only (R2 = 0.22, P < 0.05). Elevated concentrations of protein-like fluorescence may

indicate high quality DOM and nutrient composition but may also reflect breakdown

products of lignin (Aiken, 2014). Overall, proteinaceous DOM signatures, including

indicators of tryptophan-like (C4) and tyrosine-like (C5) fluorescence, can be related

to sources of anthropogenic waste (Nowicki et al., 2019).

3.5 Discussion

Urbanization in coastal environments has led to ecosystems with distinct biogeo-

chemical characteristics (Kaye et al.; 2006; Parr et al.; 2015). We provide evidence

of distinct seasonal shifts in urban DOM sources, composition, and bioavailability

driven by seasonal runoff and tidal flooding. Our data show that DOM contributions

from urban runoff, marine water, and fresh groundwater are thoroughly mixed dur-

ing the wet season, whereas individual sources of DOM are distinct during the dry

season (Fig. 3.5). Our results agree with previous studies in urban ecosystems that

found DOM bioavailability increases with anthropogenically-sourced, autochthonous

DOM during the wet season when stormwater runoff is increased (Hosen et al.; 2014;

Parr et al.; 2015). Additionally, we found that elevated indicators of autochthonous

production increased the proportion of bioavailable DOM and were related to sources

of anthropogenic waste signified by tryptophan-like fluorescence (Osburn et al.; 2012;

Kelso and Baker; 2020); Fig. 3.6). Interestingly, elevated heterotrophic bacterial

abundance and activities during the wet season, when the water table is high, led

to shifts in microbial utilization of C from allochthonous sources to autochthonous
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sources. Overall, the combined effects of seasonal runoff and tidal flooding suggest an

urban priming effect where labile autochthonous DOM from anthropogenic sources

facilitate microbial degradation of humic DOM in coastal waters (Guenet et al.;

2010; Bianchi; 2011; Fork et al.; 2020).

3.5.1 Role of Hydrology on DOM Composition

Seasonal variation in hydrologic conditions drives shifts in DOC concentration and

DOM composition. Our results highlight changes in the timing and distribution of

fresh and marine water driven by seasonal runoff and tidal amplitude (Fig. 3.2).

Interactive effects of seasonal runoff (e.g., overland flow, stormwater conveyance)

and drainage-level landscape characteristics (e.g., imperviousness, drainage density)

determine the concentration and biodegradation of DOC in urban drainages. In

turn, the timing and magnitude of stormwater runoff ultimately determine the pro-

portion of labile and recalcitrant humic substances in receiving water bodies, as

seen in previous studies (Hosen et al.; 2014; Dalmagro et al.; 2017; Fork et al.;

2020). We found that optical measures of aromaticity and humic-like components

(HIX, SUVA254, C1-3) were strongly correlated with bioavailability in the wet sea-

son and indices of marine-derived, recently produced, proteinaceous DOM (BIX,

C4, C5) were the determining factor of bioavailability in the dry season. Similar

to previous studies, we observed a notable shift in DOM composition away from

humic-like components to more fulvic-acid and protein-like DOM suggesting that

more readily used forms of protein-like DOM are processed more quickly (Hosen

et al.; 2014; Williams et al.; 2016). Elevated concentrations of protein-like fluores-

cence may indicate high quality DOM and nutrient composition but may also reflect

breakdown products of lignin or residual effects of photodegradation (Helms et al.;
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2013; Aiken; 2014). The coupled influence of seasonal runoff and tidal amplitude dic-

tate the extent of shallow groundwater inputs to surface waterways, thereby driving

increases in anthropogenically-sourced DOM. Together, these results suggest an ur-

ban priming effect in which labile autochthonous DOM from anthropogenic sources

facilitates microbial degradation of DOM that is driven by seasonal differences in

stormwater runoff and tides (Bianchi; 2011). We may also have observed a com-

pensatory mechanism where increased autochthonous production balances loss of

allochthonous DOM inputs during the dry season resulting in relatively consistent

BDOC concentrations and high-quality DOM across the year (Parr et al.; 2015).

Overall, seasonal canal stage and increasing tidal amplitude shift the composition

of the DOM pool to reflect increasing anthropogenic, protein-like DOM signatures

in the water column.

The composition of DOM in coastal urban waters is influenced by runoff and tidal

flooding. Our results partially support the second hypothesis that DOM composi-

tion and bioavailability is driven by seasonal stormwater runoff to a greater degree

than tidal amplitude. Sources of DOM during low and high tide are diffuse but

suggest multiple inputs of bioavailable DOM from (1) in-stream autochthonous pro-

duction and/or (2) shallow groundwater inputs impacted by anthropogenic waste.

The transition from flood (high) to ebb (low) tides shifts DOM sources from seawater

with low DOC to fresh surface water or shallow groundwater with tryptophan-rich,

bioavailable DOM as seen in other studies (Lønborg et al.; 2010; Zhou et al.; 2019).

At low tide, large quantities of nutrients and DOM may be released to the water

column from surficial sediments due to a hydraulic pressure gradient from tidal forc-

ing (Wu et al.; 2018). This influx of carbon and nutrient availability can stimulate

in-stream autochthonous production and lead to rapid processing of newly intro-

duced DOM when tides turnover. At high tide, decreased freshwater pressure may

80



enhance saltwater intrusion and mobilize humic- or protein-like DOM from shallow

soils into surface flow paths. Mobilization of shallow soil-borne DOM is supported

by the observation that PARAFAC components C3 (low molecular weight; humic)

and C4 (recently produced; protein-like) increased in with septic:stormwater and

suggest that low tides enhance combined terrestrial and anthropogenic DOM sig-

natures. Although the extent of surface-subsurface connectivity was not measured

in this study, it can influence DOM composition (Chen et al.; 2010; Zhang et al.;

2020).

Variation in residence time along urban stream networks is an important factor

in determining the rate and extent of DOM processing (Battin et al.; 2008). Urban

water systems are characterized by flashy hydrology and short water residence time.

However, pulsed inputs of stormwater to urban drainages result in the flushing of

leaf litter, DOC, and anthropogenic waste into storm drains during the wet season

contributing to a ‘gutter subsidy’ of organic matter to urban streams (Kaushal and

Belt; 2012). This flushing effect introduces elevated nutrients and organic matter

that may stimulate microbial activities and associated DOM processing rates when

flows or tidal amplitude are low. This seasonal and/or event-driven flushing effect

may also mobilize other anthropogenic carbon sources including particulates, pol-

yaromatic cyclic hydrocarbons, oil, and grease to urban canals, which may further

affect DOM bioavailability ]Badin et al. (2008).

Relative location to upstream and downstream water sources drive variation in

bioavailability of DOC along coastal urban drainages. One possible explanation for

our observed differences in % BDOC is the increased heterotrophic processing and

autotrophic production at downstream locations directly connected to the ocean.

Biofilm biomass (AFDM), representing increased heterotrophic bacterial produc-

tion, was positively correlated with % BDOC and was greatest in downstream loca-
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tions where N:P molar ratios were low. However, we observed seasonal increases in

nutrient availability during the wet season via stormwater runoff that temporarily

alleviated nutrient limitation and increase dissolved oxygen (DO) at upstream sites,

providing ideal conditions for in-stream production. These findings are supported

by the observation that % BDOC increases with the proportion of protein-like flu-

orescence (Fig. 3.6).

3.5.2 Urban Sources of Bioavailable DOM

Our data suggest that the DOM pool in this coastal urban system is dominated

by humic-like DOM that is periodically supplied by proteinaceous DOM when au-

tochthonous production is increased. Typically, urban DOM is represented by lower

molecular weight and aromaticity compared to DOM found in non-urban stream

ecosystems (Asmala et al.; 2013; Parr et al.; 2015). Of particular interest is the ob-

servation that protein-like component C4 correlated with % BDOC across seasons,

tides, and upstream-downstream location (Table 5). C4, a tryptophan-like fluo-

rescence related to autochthonous production and wastewater impacted streams,

displayed strong positive relationships with BIX and SR highlighting its recent pro-

duction and simple, low molecular weight composition. Similarly, increasing propor-

tions of C4 relative to humic-like fluorescence are significantly correlated to DOM

bioavailability (Fig. 3.6). Protein-like fluorescence (C4, C5) was positively correlated

with log-transformed E. coli concentrations in the wet season with highest bacterial

loads at high tide (Fig. 3.6). These findings support the notion that tryptophan-like

fluorescence intensity may be used as a proxy for degraded water quality determina-

tion in wastewater impacted streams (Baker and Inverarity; 2004; Gu et al.; 2020;

Mendoza et al.; 2020; Sorensen et al.; 2020). We found that likely diffuse sources of

82



anthropogenic waste (e.g., septic release, pet waste), indicated by increased bacterial

loads, including E. coli, and associated DOM composition, may result in increased

microbial utilization of DOM and processing rates in the water column.

Point sources of anthropogenic DOM in urban canals are attributed to wastew-

ater effluent from leaky wastewater systems (Kalscheur et al.; 2012). Large num-

bers of septic systems (n = 4101) in the CG drainage basin are likely contributing

high quality (low C:N), labile DOM to shallow groundwaters following significant

runoff or tidal events. These contributions may explain some of the elevated bac-

terial abundance/productivity, E. coli concentrations, and rates of biodegradation

in CG sites (Table 2). Our findings support the third hypothesis that labile DOM

from wastewater impacted subsurface flow (and septic effluent) contributes bioavail-

able DOM to surface flows and, when coupled with elevated nutrients and bacterial

productivity, leads to rapid biodegradation of DOC. In drainage basins with greater

imperviousness and hydrologic connectivity via stormwater outfalls (WC, LR), other

petroleum-based hydrocarbons may also contribute small, labile fractions of DOM

from urbanized landscapes, similar to contributions seen with C3.

3.5.3 Ecosystem Implications for Urban DOM Processing

Urbanization has the potential to modulate microbial processing rates in urban

aquatic ecosystems by altering the biotic (e.g., microbial community composition)

and abiotic (e.g., light exposure) conditions along the urban drainage continuum

(Walsh et al.; 2005; Parr et al.; 2015). Previous studies have demonstrated that

engineered headwaters may act both as locations of significant DOM processing

and as sources of fresh DOM when surface-subsurface connectivity is increased dur-

ing stormwater runoff events (Fork et al.; 2020). In turn, DOM found in surface
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canal water reflect multiple simultaneous processes, including algal and microbial

production and consumption, input of fresh allochthonous DOM, and photodegra-

dation (Hosen et al.; 2021). In urban headwaters, the role of photodegradation in

DOM processing is limited since flow and in-channel storage occurs underground

(Cory et al.; 2018). As DOM moves downstream to surface channels, the role of

photodegradation in DOM processing becomes increasingly important as algal re-

sources supplement the microbial DOM pool (Cory et al.; 2018). Optical indices,

including S275−295 and SR, have been used to deconvolute the relative proportions

of photobleached versus fresh microbial DOM in ocean waters (Helms et al.; 2013).

We observed a significant increase in mean SUVA254 during the wet season while

mean SR did not change, suggesting seasonal shifts in aromaticity but no notable

changes in molecular size of DOM. Given that our experiment excluded irradiation of

DOM, our results largely reflect the continual microbial recycling of existing DOM,

which decreased in bioavailability over time with flocculation processes. Overall, the

urban DOM pool appears to shift away from humic-like DOM from terrestrial, al-

lochthonous sources to protein-like DOM from autochthonous, in-stream production

in urban drainages (Parr et al.; 2015; Williams et al.; 2016; Hosen et al.; 2018).

Seasonal differences in hydrology interact with urban infrastructure to influence

DOM sources and bioavailability. During warm, wet months, we found that the pro-

portion of labile DOM increases due to more frequent contributions from terrigenous

humic substances in stormwater runoff. Autochthonous DOM (indicated by greater

values of BIX, C4, C5) may also facilitate microbial degradation of more humic DOM

via a priming effect (Bianchi; 2011; Fork et al.; 2020). Increased microbial processing

of urban DOM may result in a more aromatic and/or recalcitrant DOM pool when

autochthonous production is low. However, increases in dissolved oxygen conditions

in open channel urban waterways during stormwater runoff events can stimulate
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rates of in-stream primary production (Gold et al.; 2020). Overall, seasonal runoff

and tidal cycles appear to regulate the balance between humic and proteinaceous

DOM inputs, but increases in urban DOM from more frequent or intense runoff and

tidal events may lead to changes in ecosystem metabolism. Therefore, quantifying

the timing and relative proportion of DOM inputs from stormwater runoff, marine,

and shallow groundwater resources is critical to determine the extent of bacterial,

nutrient, and metabolic controls on stream ecosystem function.

3.6 Conclusions

Our findings highlight a complex system of processes that control DOM source,

transformation, and export in coastal urban ecosystems. The timing and magni-

tude of water inputs from stormwater runoff, marine water, and shallow ground-

water determine the quantity and composition of DOM that is released from the

landscape. Increases in labile, microbially sourced DOM from septic release and

in-stream autochthonous production are introduced during peak stormwater runoff

or tidal events when the underlying water table connects with surface flow paths.

Despite smaller proportions of anthropogenically sourced, protein-like components

compared to terrestrial matter, they constitute a significant portion of bioavailable

DOM (Fig. S6). Specifically, increases in tryptophan-like fluorescence may indicate

an increased capacity for in-stream production and lead to rapid microbial degra-

dation of humic DOC, as well as the conversion of nutrients to more bioavailable

forms in downstream locations.

As sea levels rise, saltwater intrusion will lead to more frequent and longer inun-

dation of surface flow paths with groundwater. More frequent and spatially robust

groundwater monitoring of organic matter composition is needed to evaluate the
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short-term effects of tidal fluctuations on potentially harmful release from urban

wastewater systems. Future work should attempt to collect high temporal resolu-

tion measurements of tryptophan-like fluorescence during seasonal rainfall and tidal

events to understand the full extent of effect of urbanization and sea level rise on

coastal riverine DOM processing. Understanding the spatiotemporal linkages among

seasonal hydrology and DOM composition in coastal urban ecosystems will inform

future assessments on the influence of DOM composition on microbial processing

and food web interactions in coastal urban ecosystems.

86

3.7 Bibliography

Abarca, E., Karam, H., Hemond, H. F. and Harvey, C. F. (2013). Transient ground-

 water dynamics in a coastal aquifer: The effects of tides, the lunar cycle, and the

 beach profile, Water Resources Research 49: 2473–2488.

Aiken, G. (2014). Fluorescence and dissolved organic matter: a chemist’s perspec-

 tive, Aquatic organic matter fluorescence 35.

Asmala, E., Autio, R., Kaartokallio, H., Pitk¨anen, L., Stedmon, C. and Thomas, 

D. (2013). Bioavailability of riverine dissolved organic matter in three baltic sea

estuaries and the effect of catchment land use, Biogeosciences 10(11): 6969–6986.



87

Asmala, E., Kaartokallio, H., Carstensen, J. and Thomas, D. N. (2016). Variation

 in riverine inputs affect dissolved organic matter characteristics throughout the

 estuarine gradient, Frontiers in Marine Science 2.

Badin, A. L., Faure, P., Bedell, J. P. and Delolme, C. (2008). Distribution of

 organic pollutants and natural organic matter in urban storm water sediments as

 a function of grain size, Science of the Total Environment 403: 178–187.

Baker, A. and Inverarity, R. (2004). Protein-like fluorescence intensity as a possible 

tool for determining river water quality, Hydrological Processes 18: 2927–2945.

Baruch, E. M., Voss, K. A., Blaszczak, J. R., Delesantro, J., Urban, D. L. and

 Bernhardt, E. S. (2018). Not all pavements lead to streams: Variation in imper-

 vious surface connectivity affects urban stream ecosystems, Freshwater Science

 37: 673–684.

Battin, T. J., Kaplan, L. A., Findlay, S., Hopkinson, C. S., Marti, E., Packman,

 A. I., Newbold, J. D. and Sabater, F. (2008). Biophysical controls on organic

 carbon fluxes in fluvial networks, Nature geoscience 1(2): 95–100.

Befus, K. M., Barnard, P. L., Hoover, D. J., Hart, J. A. F. and Voss, C. I. (2020).

Increasing threat of coastal groundwater hazards from sea-level rise in california, 

Nature Climate Change 10: 946–952.

Bianchi, T. S. (2011). The role of terrestrially derived organic carbon in the coastal

 ocean: A changing paradigm and the priming effect, Proceedings of the National

 Academy of Sciences of the United States of America 108: 19473–19481.



88

Chen, M., Price, R. M., Yamashita, Y. and Jaff é, R. (2010). Comparative study of
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3.8 Tables

Table 3.1: Land use and cover characteristics of canal drainage basins in Miami,
FL, USA.

98



Table 3.2: Mean (± standard deviation) values for hydrologic variables, water
physicochemistry, optical properties, and autotrophic and heterotrophic biologi-
cal stocks including process rates in surface water and groundwater during dry
(November-April) and wet (May-October) seasons from June 2018 to May 2019.
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Table 3.3: Results of two-way ANOVA with balanced design of effects of tide and
season on % BDOC.
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Table 3.4: Emission and excitation maxima and characteristics of modeled EEM-
PARAFAC components
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Table 3.5: Statistical comparisons of EEM-PARAFAC components across seasons,
tides, and location with percent bioavailable DOC (BDOC) as a covariate using
two-way repeated measures analysis of covariance (ANCOVA).

102



3.9 Figures

Figure 3.1. Map of sampling locations and land use/cover in three canal drainage

basins including Coral Gables (CG), Wagner Creek (WC), and Little River (LR).

Grab sampling locations are designated by yellow circles (n=12). Coordinates are

presented in decimal degrees.

Figure 3.2. Daily cumulative rainfall and canal stage in three study canals from

June 2018 to May 2019. Data represent stage (m; NAVD29) measured at (1) 15-

minute intervals and (2) 3-day moving average. Four sampling events are represented

by solid black lines.

Figure 3.3. Comparison of (a) dissolved organic carbon (DOC), (b) percent

bioavailable DOC (BDOC), and ratios of % BDOC to (c) bacterial abundance (BA;

106 cells mL-1) and (d) bacterial productivity (BP, µg C L d-1). Drainage basins

are ordered by increasing septic:stormwater (WC, LR, CG). The direction of arrows

indicates the upstream-downstream location within each canal.

Figure 3.4. Excitation-emission plots of five EEM-PARAFAC components (C1,

C2, C3, C4, C5) validated in this study. Orange hues indicate higher and blue hues

lower fluorescence intensities.

Figure 3.5. Principal component analysis (PCA) for water quality parameters.

PCA score plots show differences (a) wet and dry season versus (b) high and low

tide. PCA loading plot (c) depicts the distribution of variables including EEM-

PARAFAC components, DOM fluorescence indices, and % BDOC. Axes are labeled

with the percent variability explained by each principal component.

Figure 3.6. Seasonal relationships between the standardized percentage of

PARAFAC components and (a,b) % BDOC, (c,d) log10 Escherichia coli (E. coli)

concentrations, as well as fluorescence intensity in raman units (RU) with (d,f) log10
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Enterococci concentrations. Significant R2 values are shown (P < 0.05). Shaded re-

gions represent 95% confidence intervals.
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Figure 3.1: Map of sampling locations and land use/cover in three canal drainage
basins including Coral Gables (CG), Wagner Creek (WC), and Little River (LR).
Grab sampling locations are designated by yellow circles (n=12). Coordinates are
presented in decimal degrees.
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Figure 3.2: Daily cumulative rainfall and canal stage in three study canals from June
2018 to May 2019. Data represent stage (m; NAVD29) measured at (1) 15-minute
intervals and (2) 3-day moving average. Four sampling events are represented by
solid black lines.
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Figure 3.3: Comparison of (a) dissolved organic carbon (DOC), (b) percent bioavail-
able DOC (BDOC), and ratios of % BDOC to (c) bacterial abundance (BA; 106
cells mL−1) and (d) bacterial productivity (BP, µg C L d−1). Drainage basins are
ordered by increasing septic:stormwater (WC, LR, CG). The direction of arrows
indicates the upstream-downstream location within each canal.
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Figure 3.4: Excitation-emission plots of five EEM-PARAFAC components (C1, C2,
C3, C4, C5) validated in this study. Orange hues indicate higher and blue hues lower
fluorescence intensities.
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Figure 3.5: Principal component analysis (PCA) for water quality parameters. PCA
score plots show differences (a) wet and dry season versus (b) high and low tide.
PCA loading plot (c) depicts the distribution of variables including EEM-PARAFAC
components, DOM fluorescence indices, and % BDOC. Axes are labeled with the
percent variability explained by each principal component.
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Figure 3.6: Seasonal relationships between the standardized percentage of compo-
nents and (a,b) % BDOC, (c,d) log10 Escherichia coli (E. coli) concentrations, as
well as fluorescence intensity in raman units (RU) with (d,f) log10 Enterococci con-
centrations. Significant R2 values are shown (P < 0.05). Shaded regions represent
95% confidence intervals.
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3.10 Supplemental Information

Figure 3.7: Seasonal average (a) salinity (ppt), (b) surface water temperature (deg
C), and (c) dissolved oxygen (mg/L) in upstream and downstream locations in
three drainage basins of Miami, FL from June 2018 to May 2019. Significant sea-
sonal differences were observed in salinity (P < 0.05) while differences in surface
water temperature and dissolved oxygen and were seen across seasons and basins
(P < 0.01). Significant interactions between season and basin were observed with
temperature (P < 0.01).

[!ht]
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Figure 3.8: Comparison of dissolved N:P molar ratios in surface water samples.
Samples were analyzed by canal location along an inland-coastal gradient (upstream-
downstream) and by season (wet and dry). Repeated measures ANOVA followed
by Tukey’s honest significant differences (HSD) post hoc test showed a significant
difference among locations (P = 0.04), but not seasons (P > 0.05). A significant
interaction among location*season was observed (F1,34 = 4.90; P = 0.03).
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Figure 3.9: Average % BDOC proportions across all 12 sites in (a) wet and dry
seasons and (b) low and high tides. Drainage basins are ordered by their respective
septic:stormwater ratio (WC, LR, CG).

113



Figure 3.10: Seasonal rainfall and tidal relationships between Septic:Stormwater
ratios and bioavailable DOC (BDOC; %).
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Figure 3.11: Emission and excitation loadings from splits used in split-half analysis
of the 5-component PARAFAC model (Fig. 5) validated for 146 samples.
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Figure 3.12: Relationships between percent contributions of five components across
a gradient of septic:stormwater.
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Figure 3.13: Comparison of PARAFAC components across season and tide. Sig-
nificant differences were determined by two-way repeated measures ANOVA with
Tukey’s HSD.
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Table 3.6: List of USGS/SFWMD collection sites for canal stage/flow, groundwater,
and rainfall.
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Table 3.7: Results of two-way repeated measures ANOVA on mean values for water
physicochemistry and autotrophic and heterotrophic biological stocks and process
rates in each canal basin during dry (November-April) and wet (May-October) sea-
son between June 2018 to May 2019.
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4.1 Abstract

Wetlands are key transitional areas between terrestrial and aquatic ecosystems that

serve as critical carbon and nutrient sinks, but our understanding of wetland bio-

geochemistry in urban settings is limited. Urban development alters the timing and

magnitude of hydrologic and geomorphic processes of wetlands, thereby influencing

the source and composition of dissolved organic matter (DOM) and concentrations

of dissolved organic carbon (DOC) and nutrients [nitrogen (N) and phosphorus (P)].

Our objective was to quantify the influence of ambient DOC and nutrient concen-

trations, landscape physiography, and dissolved organic matter (DOM) composition

on water-column and whole-system nutrient uptake capacity in freshwater wetlands

along a gradient of imperviousness in Valdivia, Chile. We added elevated dissolved

inorganic nitrogen (NO3− + NH4+) and soluble reactive phosphorus (SRP; PO43-)

to open water areas in wetlands (n = 9) along a gradient of watershed impervious-

ness. We quantified NO3−, NH4+, and SRP loss rates (k), uptake velocities (vf )

and total daily maximum uptake rates (Uvol) from severely P-limited (N:P = 110-

2954) wetlands. We found that water column uptake of NO3- and SRP represents a

significant proportion of total uptake, particularly in small urban wetlands supplied

with labile, proteinaceous carbon and with short water residence time. Overall, our

study shows that increases in the stoichiometric availability of labile organic car-

bon can stimulate sequestration of NO3- and SRP in nutrient polluted or nutrient

limited urban wetlands. Results of this study provide evidence for the need to iden-

tify thresholds for various hydrologic and landscape variables beyond which water

column and/or whole system nutrient uptake can be increased.

121



4.2 Introduction

Wetlands function as biogeochemical control points (i.e., a point in time and/or

space of disproportionate biogeochemical significance) and serve as critical carbon

and nutrient sinks (Verhoeven et al.; 2006; Jordan et al.; 2011). Freshwater wetlands

have long been recognized as important regulators of excess nitrogen (N) and phos-

phorus (P) in surface waters (Mulholland; 1992; Cheng and Basu; 2017), and there

is growing evidence that small wetlands can provide effective nutrient removal rela-

tive to total watershed area (Howarth et al.; 1996; Wollheim et al.; 2014). Nutrients

entering freshwater wetlands are either removed completely (i.e., via denitrification)

or are removed from the water column via microbially-mediated processes and tem-

porarily stored as particulate or dissolved organic matter (Mulholland et al.; 2008).

The relative importance of water column versus benthic contributions to whole-

system nutrient uptake depends upon the extent of reactive surface area, water

residence time, and nutrient loading rates (Reisinger et al.; 2015; Wollheim et al.;

2018). For example, low topographic, fluvial wetlands may be consistently inun-

dated but connected to surface flow, whereas floodplain wetlands are connected to

river and stream mainstems under high-flow conditions. These isolated wetland ar-

eas provide significant capacity for nutrient retention and/or uptake by increasing

reactive surface area, heterotrophic processes and storage or organic matter, and

unique redox conditions that promote denitrification (Forshay and Stanley; 2005;

Wollheim et al.; 2014). Wetlands contribute to significant N and P removal from

the system (McClain et al.; 2003; Wollheim et al.; 2008), but may be limited by the

amount and composition of dissolved organic matter (DOM) inputs (Tank et al.;

2008; Reisinger et al.; 2015).
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The importance of DOM concentrations in supporting wetland biogeochemical

processing is well understood (Tank et al.; 2010; Ghosh and Leff; 2013), but little

is known about how changes in DOM composition alter the rate and magnitude

of nutrient uptake wetlands among different land use types. Disturbances to hy-

drologic regimes via changes in land use can alter water-column mediated nutrient

transport and/or uptake of N and P that contribute to nutrient removal capacity at

the whole-system level (Johnston et al.; 1984; Ashkenas et al.; 2004; Bernot et al.;

2006). Additions of labile carbon (C) can increase bacterial production (i.e., biomass)

(Bernhardt and Likens; 2002), transformed inorganic nitrogen (Johnson et al.; 2009),

and increased phosphorus (P) demand (Oviedo-Vargas et al.; 2013). DOM compo-

sition and dissolved organic carbon (DOC) concentrations are linked to changes in

watershed imperviousness, catchment area, and wetland coverage (Parr et al.; 2015;

Singh et al.; 2017). Similarly, urban watersheds exhibit a distinct biogeochemistry

with the majority of DOM from labile, proteinaceous sources (Williams et al.; 2016).

Elemental stoichiometry controls benthic uptake processes where great potential for

microbial processing and sedimentation exists (Battin et al.; 2008; Coble et al.; 2016;

Stutter et al.; 2020). Therefore, pulsed inputs of elevated DOM (including DOC),

N and P concentrations, and N:P molar ratios may differentially influence water

column versus whole-system nutrient removal capacity (Stelzer et al.; 2003; Larson

et al.; 2014), especially in urban wetlands.

Globally, wetland ecosystems are under pressure from rapidly expanding urban

development (Ehrenfeld; 2000; Lee et al.; 2006). Urban landscapes are character-

ized by elevated nutrient loading rates and variable forms of labile or allochthonous

DOM across longitudinal (upstream-downstream) and vertical (surface-subsurface)

gradients (Fork et al.; 2020). In turn, the capacity of wetlands to regulate N and P

inputs may decline as nutrient loading increases with urbanization, particularly in

123



wetlands with short water residence time (Hogan and Walbridge; 2007; Palta et al.;

2017; Wollheim et al.; 2018). Recent findings suggest that urbanization can increase

autochthonous production and bioavailability of DOM inputs to downstream wa-

ter bodies, including wetlands (Asmala et al.; 2013; Kelso and Baker; 2020). The

availability of inorganic N (N; nitrate; NO3− and ammonium; NH4+) and soluble

reactive P (SRP; PO4-3) in urban runoff influences water-column N and P uptake

based on the extent of nutrient limitation (Bechtold et al.; 2012; Coble et al.; 2016).

Despite differences in nutrient composition, nutrient loss rates typically decline with

increasing water depth (Alexander et al.; 2007) and exceedingly high nutrient loads

(O’Brien et al.; 2007). Therefore, the capacity of small wetlands to remove N and P

depends on their relative position within the watershed (i.e., upstream-downstream),

as well as surrounding land use and ambient N and P concentrations and N:P molar

ratios (Cheng and Basu; 2017). In turn, small freshwater wetlands located close to

upstream nutrient sources can drive significant nutrient removal, particularly fol-

lowing significant runoff events (Schmadel et al.; 2019).

Most studies that address nutrient uptake functionality in wetlands have focused

on linking nutrient uptake to a limited range of hydrological, chemical or biological

attributes, often for constructed wetlands (Fink and Mitsch; 2004; Laterra et al.;

2018). Additionally, few studies address the importance of water-column relative

to whole-system N and P uptake. An alternative to whole-system measurements

of nutrient uptake is to measure processing rates in specific compartments of the

ecosystem directly. Water-column nutrient uptake can be estimated using short-term

incubation experiments where the conversion rate of inorganic dissolved N and P to

organic forms is measured (Reisinger et al.; 2015; Larson et al.; 2019). Estimations

of water-column nutrient uptake can be modeled at the scale of the larger wetland

if water residence time is known (Larson et al.; 2019). Understanding the capacity
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for water-column relative to whole-system nutrient uptake is becoming increasingly

important as wetlands decrease in size and residence time with urbanization.

To better understand the influence of DOM composition and nutrient availability

on uptake dynamics, we quantified water-column uptake of NO3−, NH4−, and SRP

along a gradient of impervious cover and N:P limitation. We employed a combination

of whole system (in situ) nutrient manipulations and water column (ex situ) chamber

measurements to address the following questions: (1) How do water-column and

whole-system nutrient uptake compare along a gradient of urbanization? (2) How

do different indicators of DOC composition and quality influence total nutrient

uptake? and (3) How does the relative extent of N and P limitation influence water

column and whole system nutrient uptake? We predicted that (1) water-column

nutrient uptake and demand of N and P would be higher in wetlands with low

to moderate ambient nutrient concentrations and optimal redox conditions [driving

NO3− relative to NH4+ loss], (2) increased concentrations of labile DOC would

result in accelerate metabolism and transformation of naturally occurring DOC and

nutrients via a priming effect , and (3) decreasing water-column and whole system

uptake with increasing P-limitation existing nutrient limitation would drive water-

column uptake.

4.3 Methods

4.3.1 Study Locations

We quantified water-column and whole-system nutrient uptake in wetlands of Val-

divia, Chile (Fig. 4.2; 39° 81’ 96 S, 73° 24’ 52 W). Study sites were located within

90 km of the coast and all wetlands were characterized as freshwater (salinity < 2
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ppt). Valdivia exhibits a temperate rainforest climate with significant annual pre-

cipitation (109 – 250 cm y-1) during a distinct wet season (April – October). The

local geology is dominated by a volcanic lithology and soils are comprised of organic

matter of a recent origin (Heusser; 1976; Sable and Wohl; 2006). The potential abi-

otic adsorption of P to underlying bedrock and surficial sediments was considered

to play a role in nutrient uptake (Patil et al.; 2013). However, short water residence

time (e.g., < 24 h) and the presence of shallow bedrock suggest that hyporheic

zone biological processes rather than geochemical adsorption drive nutrient uptake

dynamics (Ensign and Doyle; 2006).

4.3.2 Wetland Characteristics

Nine wetlands were selected for nutrient addition experiments along a gradient of

imperviousness (1 – 58 %) in January – February 2018 and 2020 (n = 18). In each

wetland, a shallow, isolated pool was selected to conduct the experiment that repre-

sents the larger wetland ecosystem (Table 1). For statistical comparison, watershed

imperviousness was classified into three categories including high (>40%), medium

(20-40%), and low (<20%) percent imperviousness. Land use type (i.e., residential,

commercial, industrial, parking, open land) was also considered for statistical com-

parison of nutrient uptake dynamics but was not considered as part of the initial site

selection. Hydrologically modified stormwater retention ponds, bioswales, or other

stormwater features were not considered as part of this study. We also collected

data on wetland vegetation structure during the study period in 2018 (Table S1).

Individuals counts of vegetation species were used to compute species richness and

vegetation density (relative to total wetland area). Catchments draining to each

wetland were characterized using a modified digital elevation model (DEM; 15 ft
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resolution) and computed using the ‘Pysheds’ package in Python (Python 3.6.0).

Catchment boundaries were used to clip land use and land cover data gathered

from the National Land Cover Database (NLCD, 2014). All geospatial analyses

were conducted using ArcGIS 10.8 (Esri Corporation, Redlands, CA, USA).

4.3.3 Water Chemistry

Ambient concentrations of NO3-, NH4+, SRP, DOC, and Chloride (Cl-) were mea-

sured in all wetlands one week prior to addition experiments. Other water quality

parameters including pH, temperature, dissolved oxygen, and specific conductivity

were also measured at the time of collection as well as during the duration of each

nutrient addition experiment. DOM composition and source characterization were

measured on 0.45 um-filtered water samples collected during each site collection and

stored in amber HDPE containers. Triplicate samples were collected at each site and

refrigerated (4 °C) until analysis using excitation-emission matrix fluorescence spec-

troscopy. Fluorescence excitation-emission matrices (EEMs) were collected with a

Horiba Aqualog (Jobin Yvon Horiba, France) using the methods of Yamashita et al.

(2010). EEMs were collected on room temperature samples every 3 nm over excita-

tion wavelength intervals between 240 and 455nm, and an emission wavelength range

of ex + 10 nm to ex + 250 nm in a 1 cm quartz cuvette. EEMs were corrected for

instruments optics, Raman normalized, and blank subtracted using MATLAB ver-

sion 2019 software. We calculated several fluorescence indices of DOM composition

including a fluorescence index (FI) indicating proportion of microbial DOM sources,

biological index (BIX) indicating proportion of recently produced DOM, and humi-

fication index (HIX) indicating proportion of terrestrial derived DOM Jaffé et al.

(2008). We also calculated the specific ultraviolet absorbance at a wavelength of 254
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nm (SUVA254) which provides a measure of the relative amount of chromophoric C

in a sample and is correlated with percent aromaticity of DOM (Weishaar et al.;

2003). Spectral slopes were calculated for two primary wavelength ranges (S275−295,

S350−400) using nonlinear least-squares fit for each spectral range where higher S val-

ues indicate low molecular weight or decreasing aromaticity (Hansen et al.; 2016).

Spectral slope ratio (SR) was calculated as S275−295 divided by S350−400 where ratios

are negatively correlated to DOM molecular weight (Helms et al.; n.d.).

4.3.4 Whole System Nutrient Addition Experiments

We measured whole-column nutrient uptake in isolated wetland pools using a modi-

fied nutrient addition method (Forshay and Stanley; 2005) and calculations derived

from Wollheim et al., 2014. Wetland pools were small areas of inundation that were

disconnected from surface flow in the larger wetland. Wetlands ranged in length of

water residence time (0.5 - 8 hours) and amount of P limitation ranging in molar

N:P ratios from 110 to 2954 (Table 1). Water-column nutrient uptake of NO3−,

NH4−, and SRP was measured using short-term additions (based on estimated res-

idence time) of reactive solutes with a conservative tracer using standard methods

(Wollheim et al.; 2014). Residence times were estimated from wetland pool dimen-

sions and depletion of a conservative tracer (Cl−) over the course of 8h. Residence

times were used to calculate a solute breakthrough curve (Covino et al.; 2010) and

determine the timing and total number of samples needed for each addition exper-

iment. Background solute concentrations of NO3−, NH4+, and SRP were sampled

in each wetland and used to calculate the amount of solute added to each cham-

ber. We increased dissolved inorganic N (DIN; NO3− + NH4+) 2 times and soluble

reactive phosphorus (SRP) 4 times above ambient concentrations. Solutions were
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prepared with the corresponding amount of KNO3− and KPO3
4 for each wetland

along with a conservative tracer (Cl−). In each wetland, the solution was applied

to the surface using a backpack sprayer and subsampled from the center across the

breakthrough curve, or depletion of the conservative tracer (n = 12-20). We continu-

ously collected 60-mL grab samples until the conservative tracer reached a constant

concentration. Samples were stored on frozen until analysis. We quantified dissolved

inorganic N (NO3− + NH4+) using the phenol-hypoclorite colorimetric method

(Solorzano, 1967) and SRP using the ascorbic acid method (Murphy and Riley;

1962) followed by colorimetric analysis with a flow injection analyzer (Quikchem

8100, Lachat Instruments, Milwaukee, Wisconsin, USA).

4.3.5 Water-Column Nutrient Addition Experiments

We quantified water-column NO3-, NH4+, and SRP uptake rates using chamber

incubations in the laboratory following standard methods (Harrison et al.; 1989).

Triplicate 1-L glass containers were filled with surface water from each of 9 wetland

sites. As in the previous experiment, nutrient amendment solutions were created

to increase DIN by 2 times and SRP by 4 times above ambient. Subsamples (60

mL) subsamples were collected and filtered (0.45-µm Millipore, City, Country) at

hours 0, 1, 2, 3, 4, 6, and 8. Chambers were agitated prior to each sampling to

ensure homogeneity of sample. We repeatedly collected 60-mL grab samples until

the conservative tracer reached a constant concentration. Samples were stored on

frozen until analysis following the analytical procedures outlined above.
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4.3.6 Calculation of Nutrient Uptake

We calculated maximum nutrient uptake (Uvol) using a modified Tracer Additions

for Spiraling Curve Characterization (TASCC) approach, substituting time for dis-

tance (Wollheim et al.; 2014). Time-specific uptake rates (kw; h−1) were calculated

for each time point of collection: kw = [ln(N - N addition)/Cl addition) - (ln(N -

N baseline)/Cl baseline)]/ T (1) where N - Naddition and Claddition are the con-

centrations of solute and tracer in the addition solution (mg L−1), N - Nbaseline

and Clbaseline and the background corrected solute and tracer concentrations (mg

L−1), and T is the time since initial nutrient addition (h). Uptake velocity (vf ; cm

h−1) for each time point was also calculated as: vf = kw * h (2) where vf represents

biological demand relative to baseline nutrient concentrations (m h −1.) and h is

the mean depth of the wetland pool (cm). To compare uptake velocities across wet-

lands, we standardized values to unite of m year−1. We accounted for dilution based

on the disappearance of the Cl− tracer indicating the physical exchange of surface

and subsurface water, less removal from the wetland itself. Velocities were related

to the geometric mean solute concentration for each sample point: N - Ngeomean

= (N - Nobs * N - Ncons) (3) where N - Nobs is the observed time-specific solute

concentration and N - Ncons is the time-specific solute concentration expected from

dilution only, calculated as [Clobs * N - N-addition- Cl-addition]. Total areal uptake

was calculated for each time point and represents combined oxic -anoxic processes

(assimilation and denitrification): U = vf * N - Ngeomean *1000 (4) We evaluated

first-order kinetics of nutrient uptake across wetlands (Newbold et al.; 1983). We

calculated maximum nutrient uptake (Uvol) using the linear form of the exponential

model: ln Nx = ln N0 - ax (5) where N0 is the initial nutrient concentration at the

application site, N0 is the nutrient concentration at time point (x). We assumed that

gross uptake over the study period approximates total net system uptake capacity
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at elevated concentrations. This was, in part, validated by approaching saturation

in most wetland sites without actually reaching total nutrient saturation.

4.3.7 Statistical Analyses

We used one-way analysis of variance (ANOVA) to test general differences in dis-

tributions of NO3-, NH4 and SRP ambient concentrations across sites followed by

Tukey’s Honest Significant Difference (HSD) tests. For the majority of uptake ex-

periments, we evaluated uptake kinetics using a first order decay function. In cases

of low ambient nutrient concentrations, linear correlations were used without indi-

cation of nutrient saturation. For all other cases of non-linearity, we tested the fit of

second-order, nonlinear, or efficiency-loss (EL) curves. EL is the dominant form of

uptake kinetics in small aquatic fluvial systems (i.e., rivers, streams) that experience

chronic nitrate inputs (O’Brien et al.; 2007; Hall et al.; 2013; Wollheim et al.; 2014).

We built structural equation models (SEM) to estimate hypothesized correlations

between landscape variables, nutrient concentrations, DOM fluorescence metrics,

and nutrient uptake kinetics (Fig. 4.2). Our goal was to quantify landscape and

wetland specific variables to explain variation in nutrient uptake metrics across a

gradient of watershed imperviousness. We chose to use SEM instead of traditional

statistical comparisons because it allows for specific system-level network hypotheses

and a suite of covariates (Schweiger et al.; 2016). We tested the fit of the conceptual

model to predict water column (WC) and whole system (WS) NO3− and SRP uptake

using maximum likelihood estimation. We used 12 predictor variables that include

breakdown rates (k), uptake velocity (vf ), and maximum uptake (Uvol; Fig. 4.2). We

included water column k, vf, and Uvol as covariates nested in the larger whole system

model to account for the proportional influence of uptake in the water column alone.
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Non-significant parameter estimates were excluded from the models to reduce model

overfitting and maximize parsimony. We evaluated the several performance metrics

of each model including chi-square goodness of fit, CFI, RMSEA, and Akaike’s

Information Criterion (AIC). We incorporated both study years (2018, 2020) in the

whole system uptake model as well as triplicate samples collected in 2020 for the

laboratory uptake model. An alpha value of 0.05 for significance was used for all

observations and statistical analyses were conducted using Python programming

language (Python 3.6.0).

4.4 Results

4.4.1 Water Chemistry and Environmental Characteristics

Ambient DOC and nutrient concentrations differed in wetlands across the gradient of

imperviousness. NO3- concentrations were consistently high in the most urbanized

catchments in both with mean concentrations of 2.34 mg L-1 while SRP concen-

trations were exceedingly low leading to significant P limitation (Table 1,2). NH4+

concentrations ranged from 20 to 735 µg L−1 across sites with highest concentrations

in wetlands of low impervious natural catchments. DOC concentrations decreased

with percent imperviousness (one-way ANOVA, F2,15 = 6.86, P< 0.01; Fig. 4.3). N:P

was different among groups of imperviousness (F2,15=3.76, P < 0.05) and greatest

N:P was observed in watersheds with medium imperviousness. Although watershed

area decreased with imperviousness, individual pool volume remained relatively con-

sistent across sites (Table 1). Vegetation was dominated by five macrophyte species

including Juncus acutiflorus, Ranunculusr Repens, Schoenoplectus califrnicus, Lotus

pedunculatus, and Holcus lanatus (Table S1). Juncus acutiflorus dominated indi-
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vidual species counts while Lotus pedunculatus was represented at all wetland sites.

Vegetation density and species richness increased with imperviousness (R2 = 0.57;

R2 = 0.37; P < 0.05). Individual species counts were not included in statistical

comparison of nutrient uptake metrics.

4.4.2 DOM Composition

DOM composition was variable across sites and levels of imperviousness (Fig. 4.3).

FI tended to increase with imperviousness (F=3.76, df=2,15, p < 0.05). HIX and

BIX were not significantly different across sites, suggesting a mixture of terrestrial

derived OM and labile, proteinaceous DOM at all sites. SUVA254, an indicator of

aromaticity, ranged from 0.87 to 7.16 L mg−1 m−1 and greatest SUVA254 values were

observed in moderately urbanized watersheds (Table 2). SR values, an indication of

DOM molecular weight, were variable across wetlands (0.56-0.90) with lowest values

at the least urbanized sites (Table 2). Overall, we found that fluorescence indicators

of DOM quality (BIX and FI) were highly correlated with ambient concentrations

of NO3−, NH4+, and SRP, whereas indicators of low molecular weight, recalcitrant

DOM (HIX and SR) strongly correlated with DOC.

4.4.3 Comparing Water-Column and Whole-System Nutri-

ent Uptake

At the whole system level, first-order loss rates (k) of NO3- varied significantly

among sites. NO3- k at the whole system level ranged from 0.066 to 12.264 h−1 and

SRP k ranged from 0.032 to 26.662 h−1 (Table 4.3). NO3- k increased with imper-

viousness, but SRP k did not differ with imperviousness. Water column k exhibited
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a similar range for NO3 (0.769 – 13.155 h−1), but SRP k was an order of magnitude

smaller (0.001 – 0.284 h−1) compared to whole system uptake (Table 4.3). Of the

36 samples measured for water column k, we were unable to measure significant

uptake of SRP in 4 samples. Samples with no significant SRP uptake were at sites

with low ambient SRP and high ambient NO3- concentrations. Uptake velocity (vf ),

representing nutrient demand relative to concentration, were variable between so-

lutes NO3- (2.59 ± 3.42) and SRP ( ± 2.77 ± 6.61). Greatest NO3- and NH4+

demand was seen in high impervious catchments (Table 4). We observed consider-

able variability in vf among sites, but was less variable than Uvol, suggesting that

differences in Uvol were driven by ambient concentrations of N and P. Consequently,

vf showed a strong negative correlation with increasing P-limitation (N:P molar

ratio) in whole-system nutrient additions. Measurements of vf were not comparable

with water-column experiments as ex situ chamber incubations did not accurately

represent differences in pool depth. Water column volumetric uptake (Uvol) varied

significantly between sites and among solutes (Fig. 4.4. Maximum daily uptake of

NO3− (Uvol-NO3; 0.001 – 2.63 mg NO3− m−3 d−1) was an order of magnitude

greater than SRP (Uvol-SRP; 0.0001 – 0.0463 mg SRP m−3 d−1). Uvol-SRP ranged

from 0.002 to 1.776 mg NH4+ m−3 d−1. A first order decay model was used to fit

the data for uptake measurements of significant linear decline in concentration and

report average R2 values of 0.54, and 0.63 for NO3− and SRP, respectively. The

highest uptake estimates of Uvol-NO3 (13.155 m−3 d−1) and Uvol-SRP (0.284 m-3

d-1) were recorded in small, high impervious catchments (Fig. 4.4). Interestingly,

Uvol-NO3 was greater in the water column compared to the whole system level (Fig.

4.4), likely due to the increased Uvol-NH4 in whole system experiments.
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4.4.4 Stoichiometric Controls on Nutrient Uptake

Nutrient ratios of N:P were important predictor variables of whole-system level up-

take, particularly SRP, across all wetlands. Interestingly, stoichiometric ratios were

positively correlated with increasing % imperviousness, likely due to differences in

site-specific SRP removal (assimilatory vs. dissimilatory) at the catchment scale.

Uptake of NO3- and NH4 were tightly coupled in whole-system measurements but

this relationship did hold true in the water column due to variable rates of uptake

velocity (vf ). SRP uptake was also strongly (positively) correlated with both NO3−

and NH4+ uptake (R2 = 0.73, P < 0.05) at the whole-system level suggesting that

higher SRP is supported by NO3- concentrations is receiving waters. Overall, great-

est SRP uptake (Uvol) occurred in severely P-limited wetland pools (N:P molar ratio

> 2500), whereas wetlands exhibiting moderate P-limitation (> 108) did not sig-

nificantly correlate with other solute uptake metrics, but did correlate with total N

and P concentration (P = 0.05; P = 0.04, respectively).

4.4.5 Structural Equation Models

Structural equation modeling identified causal relationships between predictor vari-

ables and whole-system nutrient uptake metrics. The resulting NO3- and SRP mod-

els were consistent with the data and performed well (NO3- χ2 test P = 0.36, df =

78; Fig. 4.5) (SRP χ2 test P = 0.08, df = 78; Fig. 4.6) explaining 73.53% and 69.38%

of the variance in Uvol, respectively (Table 4). Ambient nutrient concentrations of

NO3− were negatively correlated (0.67, -1.39) with k NO3−, but was not corre-

lated for SRP, suggesting strong influence of stoichiometric ratios and exogenous

factors on SRP uptake (Figs. 4.5, 4.6). DOC concentrations were not significantly

correlated with Uvol of NO3− or SRP, suggesting the composition of carbon is more
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influential on uptake than is concentration. DOC was also negatively correlated with

N:P ratios in both models (Fig. 4.5, 4.6). Imperviousness was positively correlated

with k NO3- (0.42) although not correlated with k SRP. Water column UNO3 was

negatively correlated with vf , representing nutrient demand, of both NO3− (-0.45)

and SRP (-0.35). Additionally, water-column breakdown rates (k) were a signifi-

cant predictor variable of SRP k at the whole system level (1.23; Fig. 4.6). Water

column USRP was positively correlated with HIX (0.28) and BIX (0.10), but not

correlated with any uptake metrics at the whole system level. SR, with larger values

representing lower molecular weight of DOM, was positively correlated with water

column k NO3- (0.16), Uvol NO3− (0.21), and k SRP (0.13). Not all metrics of DOM

composition (HIX, BIX, FI) at the whole system level were significant in this model,

perhaps because of a large degree of variance in measurement during limited time

scales.

4.5 Discussion

Using a comparative approach of water-column and whole-system nutrient uptake

dynamics, we measured significant proportions of water-column nutrient uptake

compared to system level removal. We observed that water column nutrient up-

take represents a significant portion of total uptake, particularly in wetlands with

nutrient limiting conditions, high DOC concentrations and autochthonous DOM.

Further, increases in labile DOM appear to correlate with elevated uptake of SRP

while water column conditions that support transformation of inorganic N correlate

with increased NO3- uptake. Overall, our findings correspond with similar stud-

ies of whole-system uptake in natural riparian wetlands (Wollheim et al.; 2014),

but we provide newfound estimates of significant water column uptake in urban-
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ized wetlands. We estimated a significant proportion of total uptake was driven by

water column processes that are mediated by N:P molar ratios and DOM composi-

tion. Here, we discuss the details of these relationships and how findings signify the

importance of water-column nutrient uptake in relation to whole-system nutrient

dynamics.

4.5.1 DOM characteristics as predictors of water-column

nutrient uptake

We found strong influence of DOC concentration and DOM composition on nutri-

ent demand and maximum uptake at all sites, particularly in the water column. We

found that fluorescence indices of DOC quality (BIX and FI) were strongly related

to the availability of NO3- and SRP across all study wetlands. Overall, DOC compo-

sition interacts with vf to a stronger degree than Uvol, where DOC concentrations

are the strongest limiting factor. BIX and FI were also important predictors of both

the velocity and magnitude of NH4+ and SRP uptake in the water column and not

at the whole-system level. The range of FI in the water column (1.43-1.98) represent

a significant range with greater FI values at the most urban sites compared to other

aquatic ecosystems (Table 2). Higher FI in urban wetlands may prime DOM for

microbial processing, increasing rates of turnover and demand for NH4+ and SRP

where uptake occurs. The priming effect observed here is consistent with previous

studies showing increased autochthonous DOM bioavailability and quick conversion

of N from inorganic to organic forms with increasing urbanization (McElmurry et al.;

2014; Hosen et al.; 2014). Although these fluorescence metrics were not significant

predictors of nutrient uptake at the whole system level, low-molecular weight DOM

(SR) was positively correlated with uptake of NO3− and SRP in the water column.
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These results suggest that DOM composition plays a role in mediating water column

uptake while benthic processes and other site specific factors, including vegetation

type and density and redox potential, control uptake at the system level. Our find-

ings partially support the first and second hypotheses that greater uptake occurs in

urban wetlands primarily due to increased production of microbially sourced DOM,

as seen in other studies (Thouin et al.; 2009; Robbins et al.; 2017). Further, we

demonstrate how indices of DOM quality can be used to reasonably predict nutrient

uptake capacity in the water column of urban wetlands.

4.5.2 Environmental and Stoichiometric Controls on Nutri-

ent Uptake

Relationships among solute uptake and concentration may be strongly affected by

seasonal patterns of precipitation and discharge. Nutrient addition experiments were

conducted during the transition from wet to dry season, a period typified by high

water levels and short water residence time that influence gross primary production

and aquatic ecosystem respiration (Gibson et al.; 2015). It is likely that relationships

among nutrient loading and subsequent nutrient uptake are strongest during the wet

season and shortly thereafter, compared to the dry season when there is less lateral

hydrologic connectivity (Griffiths and Mitsch; 2017). Similarly, physical conditions

of temperature, dissolved oxygen, and pH likely exert strong control over rates of

microbial metabolism, particularly in summer months. When biological activity in

the water column is high, elemental stoichiometric requirements of biological uptake

processes are likely to link N and P uptake through tightly coupled co-limitation

(Gibson and O’Reilly; 2012; Hall et al.; 2013). Therefore, uptake measurements
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during periods of high hydrologic turnover may best approximate actual nutrient

uptake capacity.

Generally, solute uptake was tightly coupled with ambient concentrations and

Uvol of other nutrients. In most cases, NO3- uptake was tightly correlated with SRP.

uptake suggesting short-term potential alleviation of P limitation. There was no ap-

parent correlation of N:P molar ratios with uptake capacity in the water column

alone. Interestingly, neither SRP nor NO3- reached full saturation despite exceed-

ingly high total concentrations (> 5 mg L−1). Cases of significant linear uptake

kinetics over short time periods may result from alleviation of other limiting fac-

tors including light availability, water depth, or ecosystem respiration in reference

to biological (microbial) activities. Although we did not measure these factors in

this study, it is important to note the influence of site-specific landscape controls on

nutrient uptake, especially at the whole-system level.

Ambient nutrient concentrations and elemental stoichiometry were significant

predictor of the rate and magnitude of uptake in the water column and whole system

level. High demand for both NO3- and SRP suggest strong co-limitation in Valdivian

wetlands, signified by a tight coupling of ambient N:P molar ratios and uptake rate.

Yet, a consistent lack of relationship between uptake velocity and single nutrient

concentration suggests that site-specific biological and physical variations in the

wetland itself may overwhelm the uptake response and biological communities may

respond differentially to change in nutrient loads (Gibson et al.; 2015). Changes

in the relative composition and availability of nutrients (NO3- : NH4) may also

contribute to the weak relationship between uptake velocity and concentration.
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4.5.3 Wetlands as Urban Watershed Biogeochemical Con-

trol Points

The role of urban wetlands as nutrient sources or sinks depends on the differential

capacity for water column versus whole system uptake of excess nutrients. As urban-

ization increases, wetland coverage decreases, residence time shortens, and nutrient

loading rates become more dependent on seasonal runoff from impervious surfaces.

Such urban wetlands rely on optimal nutrient concentrations and water column con-

ditions (e.g., light, dissolved oxygen, vegetation) to transform or sequester carbon

and nutrients over short time periods. Our study highlights the significant capacity

for nutrient uptake in the water column on short time scales, relative to the whole

system level. However, the rate and volumetric uptake of N and P is highly de-

pendent upon stoichiometric relationships of C:N:P and the chemical compositions

and/or autochthonous versus allochthonous DOM. Despite relatively low concen-

trations of DOC in urbanized wetlands, increases in low-molecular weight DOM,

as evidenced by high SR values, are needed to stimulate removal of nutrients, par-

ticularly N, at exceedingly high concentrations. In this study, we found that the

total reactive surface area of wetlands (i.e., both water column and benthic sedi-

ments) combined with alleviation of P limitation were vital for wetlands to remove

nutrients without reaching total saturation. This information is critical to support

effective nutrient removal in urban wetlands with short water residence time where

microbially-sourced DOM supports rapid conversion of N and P from inorganic to

organic forms and removal from the system. These findings highlight the importance

of understanding the relationships between catchment scale landscape characteris-

tics and DOM – nutrient composition to elucidate the timing and magnitude of

nutrient uptake in urban wetland ecosystems. A mechanistic understanding of the
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controls on nutrient uptake from urban wetlands is essential for efficient water qual-

ity mitigation in response to urban stormwater pollution.

4.5.4 Implications for Urban Wetland Management

Results of this study suggest that current estimates of nutrient removal in urban

wetlands are underestimated and less well understood compared to non-urban wet-

lands. Traditionally, there has been a focus on the importance of benthic nutri-

ent processing in assessing whole-system nutrient uptake rather than with isolated

measurements of water column uptake (Alexander et al.; 2007). Although benthic

processes are likely to drive total uptake capacity, microbially-driven nutrient pro-

cessing in the water column of urban wetlands is likely higher than natural wetlands

due to a greater proportion of bioavailable dissolved nutrients and relatively short

water residence time (< 4 h).

Most non-constructed urban wetlands are optimized for flood mitigation and

stormwater management, but few are altered to maximize water column nutrient

removal rates. Results of this study suggest that optimal vegetation type and density,

seasonal water residence time, and relative location within the larger watershed are

all critical factors in determining nutrient uptake capacity. Most importantly, the

spatial distribution and composition of small wetlands along a hydrologic network

will influence how network-scale N and P fluxes respond to increased non-point

N loading from urbanization and changes in climate variability (Wollheim et al.;

2014). For example, increasing the number and spatial coverage of smaller headwater

wetlands can improve total reactive surface area in the watershed, increase lateral

hydrologic connectivity, and improve watershed scale efficiency of N or P removal.

Results of this study provide evidence for the need to identify thresholds for various
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hydrologic and landscape variables beyond which water column and/or whole system

nutrient uptake can be increased. Further investigation on the specific transformative

pathways that determine the ultimate fate of nutrients in exported waters is needed

to validate the biogeochemical value of urban wetlands.

4.6 Conclusions

In this study, we build upon our understanding of nutrient uptake in aquatic ecosys-

tems and show how wetland nutrient uptake compares to lake and stream/river

nutrient uptake capacities. Our results indicate that wetlands are able to func-

tion under different nutrient loading conditions because of the hydrological, organic

matter storage, and biogeochemical differences between wetlands and other aquatic

ecosystems. Specifically, urban wetlands show great capacity for nutrient uptake in

the water column and represents a significant portion of total uptake. Further, we

show that increases in the stoichiometric availability of labile carbon can stimulate

sequestration of nitrate and phosphorus in nutrient-polluted or nutrient-limited ur-

ban wetlands. Given the modular nature of urban wetlands, the ability to modify

water residence time and nutrient and organic matter delivery may maximize nu-

trient processing and uptake rates compared to natural wetlands. However, further

investigation on the specific transformative pathways that determine the ultimate

fate of nutrients in exported waters is needed to validate the true biogeochemical

value of urban wetlands.
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4.8 Tables

Table 4.1: Physicochemical characteristics of urban wetland sites in Valdivia, Chile.
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Table 4.2: Fluorescence excitation-emission matrices of dissolved organic carbon
(DOC) in riparian wetlands.
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Table 4.3: First-order loss rates (k; h-1) for field and water column uptake of ni-
trate (NO3−), ammonium (NH4+), and soluble reactive phosphorus (SRP) across a
gradient of watershed imperviousness.
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Table 4.4: Structural equation modeling fit statistics of whole system (WS) and wa-
ter column (WC) uptake of nitrate (NO3−) and soluble reactive phosphorus (SRP).

156



4.9 Figures

Figure 4.1. Wetland study locations along a gradient of imperviousness in Valdivia,

Chile (n = 9).

Figure 4.2. Conceptual causal model linking land use and ambient biogeochem-

istry to nutrient uptake through direct and indirect links in shallow urban and

non-urban wetlands.

Figure 4.3. Water chemistry and dissolved organic matter composition variables

in wetlands represented by low, medium, and high levels of watershed impervious-

ness. Grey-scale shading used on boxplots to indicate increasing imperviousness.

Describe the box plots (median, upper and lower quartiles, and 95% confidence

intervals as error bars).

Figure 4.4. Comparison of whole system maximum (n=18) and water column

(n=36) daily nutrient uptake (Uvol; mg m−3 d−1) of (a) nitrate (NO3−) and soluble

reactive phosphorus (SRP) in wetlands along a gradient of watershed impervious-

ness. Circles represent mean values and error bars represent ± SD.

Figure 4.5. The best-supported model for nitrate (NO3-) in water column and

whole system uptake experiments of wetlands along a gradient of imperviousness.

Standardized coefficients are reported, and the sign of the coefficient indicates the

direction of the correlation between variables. Nonsignificant variables and coeffi-

cients were not included in the model (P ¿ 0.05).

Figure 4.6. The best-supported model for soluble reactive phosphorus (SRP) in

water column and whole system uptake experiments of wetlands along a gradient of

imperviousness. Standardized coefficients are reported, and the sign of the coefficient

indicates the direction of the correlation between variables. Non-significant variables

and coefficients were not included in the model (P ¿ 0.05).
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Figure 4.1: Wetland study locations along a gradient of imperviousness in Valdivia,
Chile (n = 9).
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Figure 4.2: Conceptual causal model linking land use and ambient biogeochemistry
to nutrient uptake through direct and indirect links in shallow urban and non-urban
wetlands.
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Figure 4.3: Water chemistry and dissolved organic matter composition variables in
wetlands represented by low, medium, and high levels of watershed imperviousness.
Grey-scale shading used on boxplots to indicate increasing imperviousness. Describe
the box plots (median, upper and lower quartiles, and 95% confidence intervals as
error bars).
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Figure 4.4: Comparison of whole system maximum (n=18) and water column (n=36)
daily nutrient uptake (Uvol; mg m−3 d−1) of (a) nitrate (NO3-) and soluble reactive
phosphorus (SRP) in wetlands along a gradient of watershed imperviousness. Circles
represent mean values and error bars represent ± SD.
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Figure 4.5: The best-supported model for nitrate (NO3−) in water column and
whole system uptake experiments of wetlands along a gradient of imperviousness.
Standardized coefficients are reported, and the sign of the coefficient indicates the
direction of the correlation between variables. Nonsignificant variables and coeffi-
cients were not included in the model (P ¿ 0.05).
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Figure 4.6: The best-supported model for soluble reactive phosphorus (SRP) in
water column and whole system uptake experiments of wetlands along a gradient of
imperviousness. Standardized coefficients are reported, and the sign of the coefficient
indicates the direction of the correlation between variables. Non-significant variables
and coefficients were not included in the model (P ¿ 0.05).
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5.1 Abstract

Climate-driven changes in flow frequency and magnitude directly impact urban

ecosystems worldwide. Shifts in regional precipitation interact with heterogeneous

urban infrastructure to increase stream discharge variability not explained by river-

floodplain hydrology in larger-order rivers and aquatic ecosystems. Increased urban

development and stormwater runoff conveyance enhance pulsed hydrologic connec-

tivity that can exacerbate vulnerability – and likely the timing and scale – of climate-

related flooding. We analyzed recent (2000-2020) discharge records from n = 360 wa-

tersheds and found discharge in urban streams was less persistent day-to-day but had

greater temporal synchrony during annual peak flood events in urban compared to

non-urban streams. Flood synchrony scale (i.e., distance over which multiple rivers

flood simultaneously) decreased with urbanization, reflecting smaller drainage areas

and increased connectivity in urban watersheds. We merge these ideas into the “flow-

shunt flood-pulse concept” (FSFP) to explain and quantify how climate change and

urban water infrastructure across different biomes increase and synchronize flooding

at smaller scales than in non-urban watersheds of the same geographic distribution.

As the frequency and magnitude of storm events shift with climate change, urban

water infrastructure and flood management will require mitigation strategies that

address how surface water conveyance that “shunts” urban runoff feeds back onto

spatiotemporal patterns of flooding that don’t follow watershed boundaries. Our re-

sults and expanded theoretical framework have large implications for the transport

of carbon and nutrients across longitudinal gradients in urban ecosystems.
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5.2 Introduction

The Flood-Pulse Concept proposed that rivers and adjacent floodplains are integral

components of a single dynamic ecosystem supported by interactions among biophys-

ical, hydrological, and ecological processes (Junk et al.; 1989). The major driving

force of these interactions is the pulsing of river discharge and expansion–contraction

cycles that occur below flood stage (“flow pulse”) and discharge exceedance events

above flood stage (“flood pulse”) (Tockner et al.; n.d.). Both flow magnitude and

variability determine the degree of hydrologic connectivity across longitudinal gradi-

ents that support the ecological integrity of riverine environments (Poff et al.; 1997).

In natural flow regimes, discharge patterns generally reflect the climate of a river’s

upstream drainage area, where low-order streams (i.e., headwaters and tributaries)

exhibit frequent irregular flood peaks that are directly influenced by local precip-

itation (Junk et al.; 1989; Poff et al.; 1997; Sponseller et al.; 2013). This climatic

influence on stream discharge typically diminishes with increasing drainage area and

this scaling has profound ecological consequences spanning many levels of biological

organization (Sabo et al.; 2010). However, our ability to predict the frequency and

magnitude offlood pulse regimes relies on understanding the influence of land use

change on stream discharge under changing climatic conditions (Niel and Willems;

2019; Dudley et al.; 2020; Hall et al.; 2014).

Urbanization has led to significant alterations in the timing and magnitude of

natural flood pulse regimes (Gori et al.; 2019; Grimm et al.; 2008; Montz and Grunt-

fest; 1986; Pickett et al.; 2008). Increasing high-flow magnitude and flashiness are

well documented in urban ecosystems (Hopkins et al.; 2015; Ntelekos et al.; 2007;

Willems et al.; 2012), but the frequency and duration of these events vary greatly

across hydrogeologic setting and level of urbanization (Booth and Konrad; 2017;
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Hale et al.; 2015). Urban streams are often disconnected laterally, longitudinally,

and vertically, where channelization and incision disrupt lateral connections, dams,

and surface water withdrawals, or returns interrupts longitudinal connectivity, and

changes in recharge and baseflow contributions to urban streams disrupt vertical

connectivity with groundwater (Fig. 5.1). Previous studies have observed that the

climatic influence on localized flooding is dampened through complex interactions

between infiltration losses and surface water management (Hopkins et al.; 2020;

Poff et al.; 2007). Hydrologic alterations (i.e., dams, channel modification) can re-

sult in the homogenization of regional flow variability by modifying or controlling

flood stage, and the magnitude and timing components of low and high flows (Mc-

Manamay et al.; 2012; Poff et al.; 2007; Violin et al.; 2011). However, it is not known

whether the consequences of flow alterations from dams, surface water management,

or flood control measures could have a parallel in the context of urbanization.

Recent evidence suggests that urban watersheds have distinct microclimates that

are increasingly decoupled from seasonal and multi-annual precipitation patterns of

the surrounding region (Jain and Lall; 2001; Willems et al.; 2012; Pathirana et al.;

2014; Zhang et al.; 2018). In large metropolitan areas, urban heat islands (i.e.,

spatially concentrated high temperatures) can force thermally driven circulation

patterns, leading to enhance convergence of atmospheric moisture and convective

precipitation over a city (Freitag et al.; 2018). The type and strength of climatic

events vary across the U.S. but unanimously drive increased magnitude differences

between low and high flow events in urban areas. Further, as air temperatures warm,

the intensity of extreme precipitation (>95% percentile) is expected to increase due

to the enhanced water vapor-holding capacity of warm air according to the Clausius-

Clapeyron relation (Ali et al.; 2018; Slater et al.; 2021). However, there is little ev-

idence that increases in heavy rainfall evens at higher temperatures translate into
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similar increases in streamflow, due to other landscape-level factors such as catch-

ment size, vegetation cover, and antecedent soil moisture (Wasko and Nathan; 2019;

Wasko et al.; 2020). Thus, quantifying the spatiotemporal variability in regional cli-

mate relative to local landscape variables will allow us to understand the universal

consequences of urban flow alterations on stream discharge patterns and ecosystem.

Here, we quantified the various scales of spatiotemporal flood synchrony within

and across ten major metropolitan areas of the U.S. Our goal was to identify the

phenomenon of converging high flow patterns in urban watersheds despite differences

in regional climate. We used historical analysis of stream discharge and precipita-

tion time series to evaluate relationships between climate, land cover and use, and

hydrology metrics. We tested three research questions: (1) How do seasonal changes

in precipitation and soil moisture influence low- and high-flow patterns in urban and

non-urban watersheds?, (2) How does the periodicity and amplitude of stream dis-

charge differ among urban and non-urban watersheds, and (3) Do streams in urban

watersheds have higher spatiotemporal synchrony of peak annual flood events com-

pared to non-urban watersheds? We hypothesized that discharge in urban water-

sheds would be more variable and have higher amplitude between low and high flows

compared to non-urban watersheds. We also anticipated greater spatial synchrony

of high flow events in urban watersheds owing to increased hydrologic connectivity

of urban stormwater systems.
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5.3 Methods

5.3.1 Watershed Characterization

We quantified high-flow discharge patterns at N = 361 USGS stream gages across n

= 10 metropolitan areas of the U.S. (Table 1) using daily discharge data from 2000 –

2019 (U.S. Geological Survey [USGS] Hydrologic Unit Code 10-12 [HUC10,12]). All

watersheds that fell within the statistical metropolitan area of each major U.S. city

were included in this study (Fig. 5.2). Watersheds were selected to span a gradient

of % impervious land cover (1- 69%) and limited drainage area (<500 km2). Land

use and land cover were quantified for each watershed, and we collected streamflow

data were gathered from the GAGES II dataset (Falcone; 2011). Sites that did not

have continuous discharge records were removed from analysis.

5.3.2 Hydrometeorological Variables

Daily stream discharge records were collected from 361 USGS stream gages that fell

within each metropolitan area. We calculated several hydrologic-condition metrics

(McMahon et al.; 2003) for each water year (e.g., October 1, 2010 – September

30, 2011). For comparison of annual peak discharge across watersheds of different

drainage area, were used normalized discharge per unit area (km2) for statistical

analysis. Median annual daily streamflow was used to provide a conservative upper

bound below which flow anomalies are considered “low” (i.e., flow pulse) while

discharge exceeding the 75th percentile of annual flows was considered “high (i.e.,

flood pulse) (Smakhtin; 2001).

Gridded monthly mean precipitation was derived from the Daymet Version 4

monthly climate summaries dataset at 1 km x 1 km spatial resolution from the Oak
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Ridge National Laboratory Distributed Active Archive Center (Thornton et al.;

2020). Monthly mean soil moisture data were gathered at 0.25 x 0.25 degree spatial

resolution from the Copernicus Climate Change Service. The soil moisture estimates

were generated by blending passive and active microwave soil moisture retrievals as

a weighted average with the weights being proportional to the signal-to-noise ratio

(SNR) of the data sets.

5.3.3 High-Flow Pattern Analysis

The aim of this trend analysis was to quantify historical changes in frequency and

amplitude difference among low-flow and high-flow (flood) pulse extremes (i.e.,

anomalies) in streams, as well as determine significant correlations with precipi-

tation or level of urbanization.

The following fundamental properties of streamflow signal (FDSS) statistics were

computed from daily flow time series at each of the study gages: (1) mean discharge;

(2) coefficient of variation; (3) skewness; (4) kurtosis; (5) the autoregressive lag-

one (AR-1) correlation coefficient; (6) flow amplitude; and (7) the phase of the

seasonal signal (Archfield et al.; 2014). These streamflow statistics were chosen to

characterize the varies properties of daily streamflow generation and distribution

across space and time, as described byPoff et al. (1997). Specifically, the metrics of

streamflow distribution streamflow (FDSS 1-4) describe the magnitude of flows while

the AR(1) correlation coefficient (FDSS 5) describes the persistence of streamflow

from 1 day to the next and, could be considered a proxy for the duration and rate

of change in streamflow. Further, the seasonal signal (FDSS 6-7) could be related to

the timing of streamflow events. FDSS metrics were compared between watershed

type (urban and non-urban) within each metropolitan area as well as among cities
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and ecoregions (Fig. 5.2). Auto- and cross-correlation analyses were performed on

pairwise comparisons of total daily precipitation and daily mean stream discharge.

Stream discharge covariates were also identified among all hydrologic metrics to

remove potentially confounding variables.

5.3.4 Flood Spatial Synchrony Scale

We calculated a flood synchrony scale to estimate the spatial extent of annual peak

flood events occurring (near) simultaneously. The flood synchrony scale is defined

as the maximum radius around a stream gage within which at least half of the other

stream gages also record flooding within a specific time window (Berghuijs et al.;

2019). Flood synchrony scales were calculated for all watersheds in this study during

the years 2000 and 2019. We first determined the total number of gages that flooded

simultaneously as a function of distance from each individual reference gage:

f (1) =
∑n(l)

i=1 fi = 1

Where n is the number of gages within a distance (l) of the central gage and f i

represents whether an annual flood event at gage 1 occurs within (f i = 1) or outside

(f i = 0) during a specific time interval (t) from the initial date of flooding at the

central gage. We chose a temporal window of t = 4 days (i.e., ± 2 days) to capture

instantaneous flood responses as well as moderately lagged responses that arise from

differences in site-specific drainage area and hydrologic connectivity. A hierarchical

clustering technique was also used to measure similarity (or dissimilarity) of flood

synchrony scales across watersheds along a gradient of urbanization (Thyne et al.;

n.d.).
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5.3.5 Statistical Analyses

Stream discharge anomalies were compared among watersheds within each city, as

well as across cities and climate ecoregions. The associations between (1) climate and

hydrologic metrics and (2) landscape and hydrologic metrics were assessed across

seasons, years, and ecoregions. Impervious cover was used as a representative vari-

able for urbanization in this study. We computed seasonal Pearson’s correlation co-

efficients to determine the strength of relationship among hydrologic and landscape

variables. Selected hydrologic metrics were calculated using the discharge package

(https://cran.r-project.org/web/packages/discharge/index.html in R (R Develop-

ment Core Team, 2020). Metrics were used to explain the relationship between

predictable, seasonal flow patterns relative to stochastic (or episodic) flow variabil-

ity. Auto- and cross-correlation analyses were performed on pairwise comparisons

of total daily precipitation and daily mean stream discharge. Stream discharge co-

variates were also identified among all hydrologic metrics to remove potentially

confounding variables.

5.4 Results

5.4.1 Relationship Between Precipitation and Soil Moisture

Pearson correlation coefficients between monthly mean precipitation and antecedent

soil moisture revealed distinct seasonal patterns across ecoregions (Fig. 5.3). Gen-

erally, there was a strong association between elevated precipitation and elevated

antecedent soil moisture levels in most ecoregions, with the exception of Northern

Forests (Fig. 5.3). We observed a significant influence of season on the strength of

this relationship with the strongest correlation during 2000 in spring (R2 = 0.53)
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and during 2020 in autumn (R2 = 0.52). As seen in other studies, we observed that

drier, less vegetated climate regions showed a highly linear relationship between soil

moisture and rainfall (Sehler et al., 2020). Interestingly, coefficient of variance (CV)

in the seasonal relationship between precipitation and soil moisture shifted between

2000 and 2020. Variance in autumn and spring 2000 (CV = 1.44, 0.98) decreased in

2020 (CV = 0.54, 0.49) while variance increased during Summer (0.62 – 0.76) and

Winter (0.91-1.35) months.

5.4.2 Long-Term Hydrometeorological Trends

Distributions of peak flow magnitudes varied significantly across all ten cities with

clear differences between urban and non-urban watersheds (Fig. 5.4). Overall, ur-

ban streamflows were more variable and showed lower flow amplitude across daily

and seasonal time scales than non-urban streamflows. Annual peak flow z scores

were more variable in urban watersheds and had more frequent high-flow anomalies

compared to non-urban watersheds. Mean periodicity of urban discharge in mesic

climates (0.40-0.67) was less than in non-urban watersheds (0.42-0.91), with the

exceptions of DAL and PDX (Fig. 5.5). Urban watersheds in mesic climates were

characterized by high signal-to-noise ratio (SNR) compared to urban and non-urban

watersheds in semi-arid climates. AR(1) lag correlations coefficients, describing the

persistence of daily streamflow and a proxy for rates of change in streamflow, de-

creased with imperviousness (R2 = 0.21; Fig. 5.4). Coefficient of variation (CV) of

stream discharge slightly increased with % imperviousness (R2 = 0.20). FDSS met-

rics for skewness (i.e., asymmetry of stream discharge) and kurtosis (i.e., sharpness

in stream discharge) slightly increased with imperviousness. Flow amplitude also

decreased with % imperviousness (R2 = 0.09), although not significant.
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5.4.3 Flood Synchrony Scales in Urban and Non-Urban Wa-

tersheds

Flood synchrony - the distance over which multiple rivers flood synchronously - de-

creased with urbanization across all sites and climate regions. Spatial patterns of

flood synchrony scales varied significantly across cities, with western cities (PHX,

PDX) exhibiting higher overall synchrony of peak flood events compared to eastern

cities in both 2000 and 2020 (Fig. 5.7. Flood synchrony scales ranged between 2.7

km (ATL) and 154 km (PHX) with an average of 46.72 km across all sites. Floods

that occurred around the same time (± 2 days, i.e., 30 June to 4 July) correlated

over larger distances in the western longitudes compared to those in the east, with

flood synchrony scales exceeding 70 km2 in PHX and PDX watersheds (Fig. 5.7).

The average flood synchrony scale represented a total watershed area of approxi-

mately 6,850 km2, which is an order of magnitude larger than the typical watershed

evaluated in eastern cities.

Overall, spatial synchrony of high-flow anomalies decreased from 2000 to 2020,

while the total number of synchronous flood gages increased, indicating more fre-

quent localized flooding in recent years (Fig. 5.7). A positive relationship was ob-

served between flood synchrony scales and drainage area (R2 = 0.21), particularly

in watersheds with greater than 30% imperviousness (Fig. 5.8. Watersheds with low

imperviousness (<4%) showed the highest flood synchrony scales but varied with

total drainage area compared to high impervious sites. Overall, we found that repet-

itive widespread precipitation events (> Q95) may drive the spatial synchrony of

flood events as opposed to watershed-level landscape characteristics alone.
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5.5 Discussion

We tested relationships between the timing and magnitude of annual peak flood

events in urban compared to non-urban stream ecosystems in order to predict how

flow anomalies are driven by changes in climate and urbanization. We explored how

interactions between precipitation and soil moisture can modulate stream discharge

signals, particularly during severe rain events. In our investigation of nonstationar-

ity, we observed that flood timing is more variable in summer and winter months,

consistent with changes in mean and extreme rainfall and shifts in soil moisture

due changes in urbanization. These interactions suggest hydrologic connectivity and

land use influence low-flow anomalies and relate to the timing and magnitude of ex-

treme flooding in urban and non-urban watersheds. We found that urban discharge

was strongly linked with sub-annual precipitation patterns that drive more frequent,

high-magnitude, peak-flow events of short duration compared to non-urban water-

sheds. Over two decades of daily discharge data spanning ecoregions showed that

urban streams showed decreased variability in high-flow discharge that reflected site-

specific landscape factors. Overall, changes in local weather and landscape factors

modulate the rainfall-runoff response and exhibit strong influence on the spatial

connectedness of resulting floods throughout the year.

5.5.1 Climatic and Landscape Drivers of Flood Pulse Re-

sponse

Changes in precipitation extremes due to climate change will continue to increase

the frequency and magnitude of high-flow events in streams and rivers (Sharma

et al.; 2018; Vogel et al.; 2011). In this study, we observed positive flood trends
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in urban watersheds that were increasingly linked to short-term precipitation pat-

terns that resulted in spatiotemporal synchronization of high-flow anomalies across

metropolitan regions. Seasonal precipitation trends appear to drive lower periodicity

discharge signals in urban watersheds, likely due to decreased lag time and increased

flashiness (Fig. 5.5). Our results agree with those of other long-term hydrological

assessments that highlight increased frequency and magnitude of peak flow events

in urban watersheds, primarily driven by changes in imperviousness (Smith et al.;

2013; Yang et al.; 2015). However, variability in the amount and persistence of urban

discharge may be caused by differences in regional stormwater management prac-

tices and surface water availability, which determine the strength of relationship

between hydrology and urbanization (Brown et al.; 2009; Jefferson et al.; 2017).

We highlight several climate-driven mechanisms of flow variability and anoma-

lies along a gradient of urbanization. Seasonal precipitation patterns interact with

antecedent soil moisture to modulate (1) antecedent stream conditions (e.g., low

flow persistence), (2) time-sensitive interactions with landscape characteristics to

affect the magnitude of flow versus flood conditions, and (3) compounding peak

flow via increased surface connectivity (Fig. 5.8). Low-flow responses to urbaniza-

tion are nonlinear and depend upon a suite of site-specific factors (e.g., point source

discharge, groundwater contributions, surface water evaporation; Roy and Shuster

(2009). These findings are consistent with other studies showing strong associations

between seasonal precipitation, soil moisture, and flood periodicity (Berghuijs et al.;

2019; Brunner et al.; 2020). We observed a notable decrease from 2000 to 2020 in

the variation of precipitation versus soil moisture which signifies a paradigm shift

in the presence and connectivity of stormwater management that support more di-

rect rainfall-runoff relationships in urban watersheds. As evidenced in other studies,

soil moisture anomalies can influence the magnitude of flooding as well as shape

176



the spatial dependence of floods by modulating the role of the driving atmospheric

(i.e., precipitation) forcing (Brunner et al.; 2020). This information, coupled with

decreasing patterns of signal persistence in discharge anomalies, or AR(1) correla-

tion coefficients, further supports the idea that interactions between climate and

urbanization amplify flood peak frequency but dampen flood duration.

Across the globe, annual minimum and maximum temperatures have increased

at faster rates in recent decades, with direct influence on the frequency and duration

and extreme weather (Hansen et al.; 2012; Zobel et al.; 2017). Climate extremes can

exacerbate the variability and unpredictability of urban hydro-climatological regimes

(Fadhel et al.; 2018; Hopkins et al.; 2020). These events place stress on cities to mod-

ify freshwater delivery during low flow periods (i.e., drought) and increase surface

water connectivity and longitudinal transport of stormwater during high flow events

(Marshall et al.; 2001). In turn, urban watersheds will be increasingly sensitive to

precipitation inputs and discharge patterns will reflect the heightened stormwater

connectivity across basins (Pathirana et al.; 2014). However, there remains a clear

distinction between discharge anomalies in mesic and semi-arid climates across the

U.S. In mesic climates, watershed flood response to urbanization is highly variable.

In semi-arid mountainous regions (e.g., Phoenix, Arizona), urbanization leads to

increased water retention and decreased flood variability, as shown in previous stud-

ies (McPhillips et al.; 2019). These patterns underscore the importance of storm

type (i.e., duration, intensity) and antecedent landscape conditions (e.g., soil mois-

ture) that vary with urban development (Sharma et al.; 2018; Smith et al.; 2013).

Thus, antecedent climate and landscape hydrologic conditions during dry months

may influence the magnitude of low-flow pulse anomalies, which can either dampen

or intensify future high-flow anomaly detection.
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5.5.2 Ecological and Biogeochemical Implications of Flood

Pulses

Projecting nonstationary trends in urban discharge is complex and requires a robust

yet flexible scientific framework to guide process-based experiments of flow-ecology

relationships (Junk and Wantzen; 2004; Olden et al.; 2012; Poff; 2018; Tashie et al.;

2020). The natural flow regime paradigm, which holds that minimum flows and

periodic flooding are critical to maintain ecological integrity, is often presented as

the benchmark for river and stream ecosystem management (Acreman et al.; 2014).

This type of management is intended to correct impacts of imperviousness and bring

an ecosystem back to ‘pre-development’ conditions. We found that low-flow condi-

tions become more variable with urbanization, while peak-flow magnitudes, but not

durations, increase and the scale at which flood synchronization occurs is reduced.

Recent studies have asserted that the full (natural) range of hydrological and eco-

logical processes cannot be restored in urban streams, but biological communities

will nevertheless become more diverse and often more resilient to changes in flow

patterns (Konrad and Booth; 2005). Other ecological repercussions are expected in

regions where surface water and/or shallow groundwater are used for domestic wa-

ter supplies. Ultimately, biological communities may benefit from the redistribution

of water availability and residence time by optimizing water storage capacity and

surface water conveyance in cities. In this study, we find that estimates of variable

baseflow conditions are linked to more synchronous flood pulses that, when man-

aged accordingly, can provide ample opportunities for beneficial nutrient, matter,

and organismal transport (Bogan et al.; 2013; Lewis et al.; 2001; Stromberg et al.;

2007). In turn, understanding regional patterns of low-flow pulse regimes and surface

hydrologic connectivity can increase the overall resilience of urban aquatic commu-
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nities to anticipated changes in precipitation from climate change (Thorp et al.;

2006; Baruch et al.; 2018).

5.5.3 Adapting the Pulse-Shunt Concept for Urban Flow

Regimes

Hydrologic connectivity in urban ecosystems is driven, in part, by the timing and

magnitude of pulsing via stream discharge. Our study reveals that urbanization

leads to increased inter- and intra-basin spatiotemporal connectedness of annual

peak flood events. In consideration of the original Pulse-Shunt Concept, the high

spatiotemporal variability of high-flow urban discharge patterns due to increased

frequency and intensity of rain events may lead to discrepancies among estimates

of flood pulse magnitude and duration (Fig. 5.8). Accordingly, we call for a new

perspective of the PSC in urban ecosystems: once that emphasizes the increas-

ing spatial and temporal connectedness of flow patterns during high flow discharge

events that may lead to the homogenization of high-flow patterns across regional

climates.

Below, we summarize the major postulates of the new concept that could form

the basis for a new urban-centric perspective of carbon and nutrient transport fol-

lowing significant discharge events:

1. Antecedent stream conditions (e.g., low flow persistence) and soil moisture

prime or dampen the correlation between precipitation and stream discharge.

This observation trends with increases in impervious cover by way of urbaniza-

tion.
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2. Time-sensitive interactions between precipitation event intensity and duration

combined with local water storage capacity affect the magnitude of flow versus

flood conditions

3. Compounding peak flow via increased surface and subsurface connectivity

during high-flow discharge exceedance events result in high spatiotemporal syn-

chrony of flood magnitude and duration.

Recent studies have suggested that urbanization results in a tightly constrained

range of hydrographic characteristics within watersheds across US cities (Hale et al.;

2015; Steele et al.; 2014). The existing paradigm of river-floodplain hydrology de-

scribed runoff generation and variability in flood response to shifting climate and

land use as a continuum. However, a recent paradigm shift in urban hydrology

describes urban flood response as a network of threshold-mediated, connectivity-

controlled processes that are driven by heterogeneity of low-flow pulse regimes and

landscape physiography (Loperfido et al.; 2014; Spence; 2010). As cities continue to

increase the spatial extent and hydrologic connectivity of stormwater management,

we can expect significant improvements in water storage capacity and low flows that

converge across increasing spatial scales.

5.6 Conclusions

The frequency and magnitude of flood pulses have increased with urbanization over

the past few decades but are synchronizing across more localized spatial scales in

recent years. We found that the relationship between precipitation and antecedent

soil moisture plays a key role in stream discharge response and variability. De-

creased variation among these two variables suggests the potential for urbanization

to dampen the relationship between seasonal precipitation and discharge to ho-
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mogenize with other urbanized watershed response across regional climates. This is

evidenced by the stronger coupling of precipitation and urban discharge in mesic

climates but not in semi-arid climates where urbanization appears to modulate peak

flow anomalies. Further, we observed heterogeneity in urban stream discharge dur-

ing low to moderate flow magnitude and heightened synchronization of flood pulses

across smaller, more localized scales following extreme precipitation. Therefore, the

spatial connectedness of peak flood events is driven by land-surface processes such

as soil moisture, impervious cover, and stormwater management that shift with in-

creasing urbanization. Overall, our findings suggest that surface water conveyance

“shunts” urban runoff onto spatiotemporal patterns of flooding that don’t follow

traditional watershed boundaries. The newly adapted framework of the urban flow-

shunt flood-pulse concept can lead to a deeper understanding of interactive effects

among climate and landscape characteristics that differ between flow-shunt and

flood-pulse events in urbanizing ecosystems.
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standing flood regime changes in europe: A state-of-the-art assessment, Hydrology

and Earth System Sciences 18: 2735–2772.

Hansen, J., Sato, M. and Ruedy, R. (2012). Perception of climate change, Proceed-

ings of the National Academy of Sciences 109(37): E2415–E2423.

Hopkins, K. G., Bhaskar, A. S., Woznicki, S. A. and Fanelli, R. M. (2020). Changes

in event-based streamflow magnitude and timing after suburban development with

infiltration-based stormwater management, Hydrological Processes 34: 387–403.

Hopkins, K. G., Morse, N. B., Bain, D. J., Bettez, N. D., Grimm, N. B., Morse,

J. L., Palta, M. M., Zak, D. R. and Groffman, P. M. (2015). Type and timing

of stream flow changes in urbanizing watersheds in the eastern us stream flow

changes in urban watersheds, Elementa: Science of the Anthropocene 3.

Jain, S. and Lall, U. (2001). Floods in a changing climate: Does the past represent

the future?, Water Resources Research 37: 3193–3205.

184



Jefferson, A. J., Bhaskar, A. S., Hopkins, K. G., Fanelli, R., Avellaneda, P. M. and

McMillan, S. K. (2017). Stormwater management network effectiveness and im-

plications for urban watershed function: A critical review, Hydrological Processes

31(23): 4056–4080.

Junk, W. J., Bayley, P. B., Sparks, R. E. et al. (1989). The flood pulse concept

in river-floodplain systems, Canadian special publication of fisheries and aquatic

sciences 106(1): 110–127.

Junk, W. J. and Wantzen, K. M. (2004). The flood pulse concept: new aspects,

approaches and applications-an update, Second international symposium on the

management of large rivers for fisheries, Food and Agriculture Organization and

Mekong River Commission, FAO Regional . . . , pp. 117–149.

Konrad, C. P. and Booth, D. B. (2005). Hydrologic changes in urban streams

and their ecological significance, American Fisheries Society Symposium, Vol. 47,

p. 17.

Lewis, W. M., Hamilton, S. K., Rodri´guez, M. A., Rodri´guez, R., Saunders, J. F.

and Lasi, M. A. (2001). Foodweb analysis of the orinoco floodplain based on

production estimates and stable isotope data, Am. Benthol. Soc 20: 241–254.

Loperfido, J. V., Noe, G. B., Jarnagin, S. T. and Hogan, D. M. (2014). Effects

of distributed and centralized stormwater best management practices and land

cover on urban stream hydrology at the catchment scale, Journal of Hydrology

519: 2584–2595.

Marshall, J., Kushnir, Y., Battisti, D., Chang, P., Czaja, A., Dickson, R., Hurrell,

J., McCartney, M., Saravanan, R. and Visbeck, M. (2001). North atlantic cli-

185



mate variability: Phenomena, impacts and mechanisms, International Journal of

Climatology 21: 1863–1898.

McMahon, G., Bales, J. D., Coles, J. F., Giddings, E. M. and Zappia, H. (2003). Use

of stage data to characterize hydrologic conditions in an urbanizing environment 1,

JAWRA Journal of the American Water Resources Association 39(6): 1529–1546.

McManamay, R. A., Orth, D. J. and Dolloff, C. A. (2012). Revisiting the homog-

enization of dammed rivers in the southeastern us, Journal of Hydrology 424-

425: 217–237.

McPhillips, L. E., Earl, S. R., Hale, R. L. and Grimm, N. B. (2019). Urbanization

in arid central arizona watersheds results in decreased stream flashiness, Water

Resources Research 55: 9436–9453.

Montz, B. and Gruntfest, E. C. (1986). Changes in american urban floodplain

occupancy since 1958: the experiences of nine cities, Applied Geography 6(4): 325–

338.

Niel, J. D. and Willems, P. (2019). Climate or land cover variations: what is driving

observed changes in river peak flows? a data-based attribution study, Hydrology

and Earth System Sciences 23(2): 871–882.

Ntelekos, A. A., Smith, J. A. and Krajewski, W. F. (2007). Climatological analyses

of thunderstorms and flash floods in the baltimore metropolitan region, Journal

of Hydrometeorology 8: 88–101.

Olden, J. D., Kennard, M. J. and Pusey, B. J. (2012). A framework for hydrologic

classification with a review of methodologies and applications in ecohydrology,

Ecohydrology 5(4): 503–518.

186



Pathirana, A., Denekew, H. B., Veerbeek, W., Zevenbergen, C. and Banda, A. T.

(2014). Impact of urban growth-driven landuse change on microclimate and ex-

treme precipitation - a sensitivity study, Atmospheric Research 138: 59–72.

Pickett, S. T., Cadenasso, M. L., Grove, J. M., Groffman, P. M., Band, L. E., Boone,

C. G., Burch, W. R., Grimmond, C. S. B., Hom, J., Jenkins, J. C. et al. (2008).

Beyond urban legends: an emerging framework of urban ecology, as illustrated by

the baltimore ecosystem study, BioScience 58(2): 139–150.

Poff, N. L., Allan, J. D., Bain, M. B., Karr, J. R., Prestegaard, K. L., Richter, B. D.,

Sparks, R. E. and Stromberg, J. C. (1997). The natural flow regime, 47: 769–784.

Poff, N. L., Olden, J. D., Merritt, D. M. and Pepin, D. M. (2007). Homogenization

of regional river dynamics by dams and global biodiversity implications.

URL: www.pnas.orgcgidoi10.1073pnas.0609812104

Poff, N. L. R. (2018). Beyond the natural flow regime? broadening the hydro-

ecological foundation to meet environmental flows challenges in a non-stationary

world, Vol. 63, Blackwell Publishing Ltd, pp. 1011–1021.

Roy, A. H. and Shuster, W. D. (2009). Assessing impervious surface connectivity

and applications for watershed management 1, JAWRA Journal of the American

Water Resources Association 45(1): 198–209.

Sabo, J. L., Finlay, J. C., Kennedy, T. and Post, D. M. (2010). The role of dis-

charge variation in scaling of drainage area and food chain length in rivers, science

330(6006): 965–967.

Sharma, A., Wasko, C. and Lettenmaier, D. P. (2018). If precipitation extremes are

increasing, why aren’t floods?, Water Resources Research 54: 8545–8551.

187



Slater, L. J., Anderson, B., Buechel, M., Dadson, S., Han, S., Harrigan, S., Kelder,

T., Kowal, K., Lees, T., Matthews, T. et al. (2021). Nonstationary weather

and water extremes: a review of methods for their detection, attribution, and

management, Hydrology and Earth System Sciences 25(7): 3897–3935.

Smakhtin, V. U. (2001). Low flow hydrology: a review, Journal of hydrology 240(3-

4): 147–186.

Smith, B. K., Smith, J. A., Baeck, M. L., Villarini, G. and Wright, D. B. (2013).

Spectrum of storm event hydrologic response in urban watersheds, Water Re-

sources Research 49: 2649–2663.

Spence, C. (2010). A paradigm shift in hydrology: Storage thresholds across scales

influence catchment runoff generation, Geography Compass 4: 819–833.

Sponseller, R. A., Heffernan, J. B. and Fisher, S. G. (2013). On the multiple eco-

logical roles of water in river networks, Ecosphere 4(2): 1–14.

Steele, M. K., Heffernan, J. B., Bettez, N., Cavender-Bares, J., Groffman, P. M.,

Grove, J. M., Hall, S., Hobbie, S. E., Larson, K., Morse, J. L., Neill, C., Nelson,

K. C., O’Neil-Dunne, J., Ogden, L., Pataki, D. E., Polsky, C. and Chowdhury,

R. R. (2014). Convergent surface water distributions in u.s. cities, Ecosystems

17: 685–697.

Stromberg, J. C., Beauchamp, V. B., Dixon, M. D., Lite, S. J. and Paradzick, C.

(2007). Importance of low-flow and high-flow characteristics to restoration of

riparian vegetation along rivers in arid south-western united states, Freshwater

Biology 52: 651–679.

188



Tashie, A., Pavelsky, T. and Emanuel, R. E. (2020). Spatial and temporal patterns

in baseflow recession in the continental united states, Water Resources Research

56.

Thornton, M., Wei, Y., Thornton, P., Shrestha, R., Kao, S. and Wilson, B. (2020).

Daymet: Station-level inputs and cross-validation result for north america, version

4. ornl daac, oak ridge, tennessee, usa.

Thorp, J. H., Thoms, M. C. and Delong, M. D. (2006). The riverine ecosystem

synthesis: Biocomplexity in river networks across space and time, River Research

and Applications 22: 123–147.
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5.8 Tables

Table 5.1: Watershed characteristics of non-urban and urban watersheds using
NLCD 2016 and GAGESII dataset information.
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5.9 Figures

Figure 5.1. Diagram illustrating the basic tenets of the flow-shunt concept adapted

from Raymond et al. (2016).

Figure 5.2. Study metropolitan areas of the continental United States including

Portland, OR; Syracuse, NY; New York City, NY; Baltimore, MD; Denver, CO;

Washington, DC; Phoenix, AZ; Atlanta, GA; Dallas, TX; and Tampa, FL. Level I

Ecoregions are represented and study sites are represented white circles.

Figure 5.3. Pearson correlation coefficients for the observed relationship between

seasonal antecedent soil moisture and precipitation in (a) 2000 and (b) 2020 across

Level I Ecoregions.

Figure 5.4. Calculated metrics of stream discharge time series for (a) periodicity

of statistically significant power spectra (95% C.I.), (b) signal-to-noise ratios (SNR),

(c) lag-one auto-correlation, and (d) cross-correlation (r) coefficients between daily

precipitation and stream discharge in urban and non-urban watersheds from 2000

to 2020. See Table 1 for city abbreviations.

Figure 5.5. Mean values of the seven fundamental daily streamflow statistics

(FDSS) with changes in % imperviousness across all study gauges. Shaded regions

represent a 95% confidence interval (C.I.).

Figure 5.6. Calculated Flood Synchrony Scale (FSS; sq km) during 2000 (left)

and 2020 (right) in (a) Portland, Oregon, (b) Baltimore, Maryland, and (c) Phoenix,

Arizona. Darker hues indicate higher FSS values.

Figure 5.7. Relationship between Flood Synchrony Scale (FSS; sq km) and (a)

change (∆) in percent watershed imperviousness and (b) total drainage area (sq

km) across all study sites.
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Figure 5.8. Conceptual diagram illustrating the the influence of urbanization

on the timing, frequency, and magnitude of streamflow anomalies during high-flow

flood events.
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Figure 5.1: Diagram illustrating the basic tenets of the flow-shunt concept adapted
from Raymond et al. (2016).
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Figure 5.2: Study metropolitan areas of the continental United States including
Portland, OR; Syracuse, NY; New York City, NY; Baltimore, MD; Denver, CO;
Washington, DC; Phoenix, AZ; Atlanta, GA; Dallas, TX; and Tampa, FL. Level I
Ecoregions are represented and study sites are represented white circles.
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Figure 5.3: Pearson correlation coefficients for the observed relationship between
seasonal antecedent soil moisture and precipitation in (a) 2000 and (b) 2020 across
Level I Ecoregions.
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Figure 5.4: Calculated metrics of stream discharge time series for (a) periodicity of
statistically significant power spectra (95% C.I.), (b) signal-to-noise ratios (SNR),
(c) lag-one auto-correlation, and (d) cross-correlation (r) coefficients between daily
precipitation and stream discharge in urban and non-urban watersheds from 2000
to 2020. See Table 1 for city abbreviations.
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Figure 5.5: Mean values of the seven fundamental daily streamflow statistics (FDSS)
with changes in % imperviousness across all study gauges. Shaded regions represent
a 95% confidence interval (C.I.).
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Figure 5.6: Calculated Flood Synchrony Scale (FSS; sq km) during 2000 (left) and
2020 (right) in (a) Portland, Oregon, (b) Baltimore, Maryland, and (c) Phoenix,
Arizona. Darker hues indicate higher FSS values.
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Figure 5.7: Relationship between Flood Synchrony Scale (FSS; sq km) and (a)
change (∆) in percent watershed imperviousness and (b) total drainage area (sq
km) across all study sites.
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Figure 5.8: Conceptual diagram illustrating the the influence of urbanization on the
timing, frequency, and magnitude of streamflow anomalies during high-flow flood
events.
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5.10 Supplemental Information

Table 5.2: List of streamflow statistics from Archfeld et al. (2013)

[ht!]

202



Figure 5.9: Comparison of of monthly mean values of gridded precipitation (blue;
a,b) and antecedent soil moisture (green; c,d) in January 2000 and January 2020 in
the continguous United States. Darker hues indicate higher values. Study locations
are represented by white circles.
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CHAPTER 6

CONCLUSIONS

Coastal urban aquatic ecosystems are biogeochemical hotspots that support

prime conditions for the processing and transformation of carbon and nutrients from

headwater streams to receiving estuaries (Basu et al.; 2010; Kroeze et al.; 2013).

Human activities in urban environments can change the source, timing, and quality

of DOC and DOM in coastal waters, thereby altering the capacity for in-stream

processing and impact the ultimate fate of carbon and nutrients downstream. Addi-

tionally, accelerated SLR and adaptive stormwater management is driving increases

in more bioavailable DOM and nutrients, particularly from groundwater sources,

that can arise during significant flow or flood pulse events. Together, these changes

in hydrologic and land use conditions have substantial impact on the health and

productivity of coastal aquatic ecosystems.

The determination of water source contributions to coastal canals presented in

Chapter 2 clearly demonstrates the importance of seasonal groundwater contribu-

tions of DOC, DOM and nutrients to coastal waterways. Chapter 2 also demon-

strates the utility of a combined isotope-fDOM tracer mixing model to estimate

water source contributions and relative DOM source.

Chapter 3 explored interactions between seasonal stormwater runoff and tidal

extension that lead to increased DOM bioavailability from anthropogenic sources

in the wet season at high tide. We provide evidence of an urban priming effect in

which labile autochthonous DOM can facilitate microbial degradation of DOM and

may affect overall ecosystem metabolism.

In Chapter 4, we demonstrate the relative importance of water column pro-

cessing of inorganic nutrients in urban wetlands that contain high proportions of

labile, easily degradable DOM. Specifically, we suggest that smaller, short-residence
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time urban wetlands may have significant capacity to uptake nutrients before being

exported downstream.

Finally, Chapter 5 introduces the urban flow-shunt flood-pulse concept in which

high-flow discharge events in urban watersheds tend to synchronize across smaller

spatial but more frequent temporal scales compared to non-urban watersheds. Fur-

ther, we observed similar flow patterns across temperate regional climates that con-

trasted those in mountainous or arid watersheds where flow synchronization de-

creased with urbanization.

6.0.1 The combined influence of runoff and tides on carbon

and nutrient cycling

This dissertation adds to our understanding of the biogeochemical complexity of

carbon and nutrient processing in coastal urban ecosystems under changing climatic

and hydrological conditions. We provide evidence that the processing of carbon and

nutrients are heavily influenced by the timing and magnitude of seasonal stormwater

runoff and tidal extension. Further, the combined influence of climate, landscape

hydrology, and coastal dynamics may not only elevate the concentration of DOC and

dissolved nutrients, but also impact the ultimate fate of constituents in downstream

waters.

Our results suggest that there is a strong connection between upstream freshwa-

ter, subsurface (ground) brackish water, and coastal saltwater during the wet season

at high tide. Given the high spatial connectedness of urban stormwater systems, wa-

ter moves freely between surface and subsurface systems resulting in a thoroughly

mixed DOM and nutrient pool (Walsh et al.; 2012; Hale et al.; 2016). Kaushal and

Belt (2012) suggested that aging urban water infrastructure can behave as an ”urban

karst” with the water they carry interacting with other pipes and shallow ground-
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water. Results from Chapter 2 and 3 suggest the increasing presence of groundwater

in surface canals and may contribute labile DOM to the larger DOM pool, as seen

in other studies (Stalker et al.; 2009; Santos et al.; 2021). Similarly, results from

Chapter 4 suggest that sources of labile and/or proteinaceous DOM, often supplied

by groundwater, can stimulate the processing of more recalcitrant DOM and in-

fluence the uptake of dissolved nutrients in the water column. Together, However,

more evidence is needed regarding

6.0.2 Urban coastal waterways serve as biogeochemical con-

trol points

The work of this dissertation supports the conclusion that the sources of carbon and

nutrients in coastal urban ecosystems are unique and support evidence of an urban

priming effect in response to significant hydrologic and/or tidal events. The coastal

waterways presented here are active biogeochemical transformers that support pro-

cessing of DOC, DOM and nutrients from both surface and subsurface hydrologic

flowpaths. While the results of this research highlight the immense capacity for in-

stream processing and transformation, we may still be underestimating the role of

urban sourced DOM in regional biogeochemical budgets (Parr et al.; 2015). Concep-

tualizing coastal urban waterways as active corridors for flow-shunt and flood-pulse

processes can lead to better understanding of catchment biogeochemical budgets

and the rising influence of coastal groundwater with SLR.
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