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Abstract 

Increased loading of nitrogen and phosphorus from agricultural and urban intensification has 

led to severe degradation of inland and coastal waters. Lakes, reservoirs, wetlands, and streams 

retain and transform these nutrients, thus regulating their delivery to downstream waters. While 

the processes controlling nitrogen and phosphorus removal from the water column are 

relatively well-known, there is a lack of quantitative understanding of how these processes 

manifest across spatial scales.  

 

This thesis explores the relationship between hydrologic and biogeochemical controls on 

nutrient processing in a lentic water body (lakes, reservoirs, and wetlands). Here, our work 

revolves around three research questions: 1) What are the emergent patterns between nutrient 

processing rates and residence times in lentic systems? 2) What are the underlying mechanisms 

contributing to the observed patterns? 3) What is the relative magnitude of nutrient retention 

as a function of wetland size? These questions are addressed through a meta-analysis of 

existing literature, the development of a modelling framework, and an analysis through 

upscaling of the results.  

 

Within the meta-analysis, we synthesized data from 600 sites across the world and various 

lentic systems (wetlands, lakes, reservoirs) to gain insight into the relationship between 

hydrologic and biogeochemical controls on nutrient retention. Our results indicate that the first-

order reaction rate constant, k [T-1], is inversely proportional to the hydraulic residence time, τ 

[T], across six orders of magnitude in residence time for total nitrogen, total phosphorus, 

nitrate, and phosphate. This behavior prompted the hypothesis that the consistency of the 

relationship points to a strong hydrologic control on biogeochemical processing. Specifically, 

we hypothesized that small systems have a higher sediment surface area to water volume ratio 

that would facilitate the biogeochemical processes of the system.  
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To validate the hypothesis, we developed a two-compartment model that links the major 

nutrient processes with system size: the water column and the reactive sediment zone are 

coupled through a mass exchange process, with nitrogen being removed through denitrification 

in the sediments and phosphorus transferring to long term storage via particle settling. The 

model analyses validated our hypothesis by replicating the empirical inverse k-τ relationship 

through deterministic modelling. Additionally, we demonstrated the inverse relationship 

between the sediment surface area to water volume ratio and size through an analysis of the 

bathymetric relationships.  

 

Finally, we focused on wetland systems that have been relatively less studied, and upscaled 

the k-τ relationships to the landscape scale using a wetland size-frequency distribution. Results 

highlight the disproportionately large role of small wetlands in landscape scale nutrient 

processing, such that for the same wetland area removed, the nutrient removal potential lost is 

larger when smaller wetlands are lost. The disproportionately larger role of small wetlands in 

landscape scale nutrient processing is important given previous research on the preferential 

loss of smaller wetlands from the landscape. 

 

Through the use of a cross-system meta-analysis that spanned multiple orders of magnitude of 

system size, we were able to quantify multi-scale behavior that is less apparent when studying 

individual systems. Our study highlights the need for a stronger focus on small lentic systems 

as potential nutrient sinks in the landscape due to their high reactivity rates in comparison to 

larger water bodies. With a growing recognition that wetlands play a critical role in landscape 

nutrient cycling, our work will help policy makers and water managers to better understand 

the suite of functions that is associated with the different size classes and types of wetlands.  

 
Note: This work has been submitted for publication in Water Resources Research and is now 

undergoing moderate revisions.    
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Chapter 1 – Introduction 

1.1  Background and Motivation 
 

Over the last century, human activities have dramatically altered global nutrient cycles, leading to 

both negative ecosystem impacts as well as threats to human health [Vitousek et al., 1997; 

Filippelli, 2008; Gruber and Galloway, 2008]. Specifically, increased fertilizer use and cultivation 

of crops have accelerated the transport of nutrients such as nitrogen (N) and phosphorus (P) and 

consequently increased eutrophication of both inland and coastal waters [Tilman et al., 2001; 

Anderson et al., 2002; Smith, 2003]. Rivers, lakes, wetlands, and reservoirs typically act as 

important net sinks of nitrogen and phosphorus during their transport across the landscape, and 

thus can prevent further deterioration of receiving waters [McClain et al., 2003; Groffman et al., 

2009; Powers et al., 2014].  

 

There has been a large body of research quantifying the role of the river network in both watershed 

and global scale nutrient retention [Peterson et al., 2001; Seitzinger et al., 2002; Wollheim et al., 

2006; Alexander et al., 2009; Botter et al., 2010; Basu et al., 2011; Ye et al., 2012]; however, 

relatively less has been done to quantify the role of lakes and reservoirs [Harrison et al., 2009], 

and even less research has quantified the role of natural and constructed wetlands in global nutrient 

processing [Saunders and Kalff, 2001]. Many global studies have either omitted or only indirectly 

included wetlands [Piña-Ochoa and Álvarez-Cobelas, 2006; Seitzinger et al., 2006], yet wetlands 

are one of the largest sinks of anthropogenic nitrogen and phosphorus. A recent review suggests 

that 64% of reactive nitrogen removal in US freshwaters systems occurs in wetlands, while 28% 

occurs in lakes and reservoirs, and only 8% occurs in streams and rivers  [Baron et al., 2013] 

 

Both nitrogen and phosphorus have complex biogeochemical pathways that facilitate the internal 

cycling between different species of the nutrient; however, the scope of this thesis focuses 

primarily on the input-output dynamics of a water body or its net retention. Nitrogen retention 
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within a water body, defined as the difference between nitrogen inputs and outputs in a given 

system, is impacted by three key processes: permanent loss to the atmosphere via denitrification, 

sedimentation of organic particles, and biological uptake by plants and microbes [Saunders and 

Kalff, 2001]. Of these, denitrification is considered to be the dominant pathway for nitrogen 

retention in water bodies. Aquatic systems are often considered to be the hotspots of denitrification 

in watersheds, given the availability of anoxic bottom sediments, which promote microbial activity  

[Seitzinger et al., 2006]. Phosphorus retention, similarly defined as the difference between 

phosphorus inputs and outputs, includes sedimentation of both inorganic sediment-bound and 

organic forms of phosphorus and biological uptake by plants and microbes [Søndergaard et al., 

2003]. Unlike N, phosphorus does not have removal mechanisms that permanently remove the 

nutrient from the water column within the water body; however, lakes, reservoirs, and wetlands 

are considered hotspots for phosphorus retention given their slower velocities, which provide 

enhanced opportunities for settling.  

 

While the processes contributing to nutrient retention are well-established, a major limitation to 

research in global nutrient cycling is the difficulty in measuring or quantifying nutrient removal 

rates across diverse ecosystems [Groffman et al., 2006]. Large-scale synthesis efforts are required 

to understand the dominant controls on nutrient removal and spatiotemporal patterns in the 

removal rate constants. Research on the role of river networks in global nutrient cycles has 

identified factors such as stream temperature, the supply of biogenic nutrients, respiration rates 

and contact time of water with sediments as the key variables affecting nutrient retention [Boyer 

et al., 2006; Alexander et al., 2009]. Both mass balance and stream tracer studies have revealed an 

inverse relationship between nutrient retention potential and stream depth, thus leading to a higher 

nutrient retention potential of small streams compared to larger rivers [Seitzinger et al., 2002; 

Peterson et al., 2001; Alexander et al., 2000; Botter et al., 2010; Basu et al., 2011; Ye et al., 2012]. 

In a study of five drainage ditches in Sweden, for example, phosphorus retention rates were found 

to decrease with increases in the depth and flow of the watercourse [Olli et al., 2009]. Similar 
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results have also been observed for both nitrogen and phosphorus in reach-scale isotope tracer 

studies by Ensign and Doyle [2006] and Marcé and Armengol [2009].  

 

Studies in lakes and reservoirs have also demonstrated the disproportionately greater role of small 

systems in nutrient and carbon cycling. For example, Crisman et al. [1998] found oxygen 

concentrations to be lower in ponds and small lakes, enhancing greenhouse gas emission and 

carbon sequestration. Downing et al. [2010] found that rates of organic carbon burial in small lakes 

and reservoirs exceeded those of larger lakes by more than an order of magnitude. Similarly, 

Harrison et al. [2009] found that small reservoirs (< 50 km2) accounted for 84% of nitrogen 

removal in all reservoirs, and that small lakes account for 65% of the nitrogen removal in all lakes. 

As with lotic ecosystems, Hejzlar et al. [2006] synthesized data to estimate the phosphorus 

retention of approximately 200 lakes and reservoirs, finding an inverse relationship between the 

phosphorus removal rate constant and residence time. Similarly, Brainard and Fairchild [2012] 

studied small constructed ponds and found that the area-specific sediment accumulation rates were 

inversely proportional to the pond surface area.  

 

While the stream, lake, and reservoir communities have converged on recognizing the significantly 

greater role of smaller systems in global nutrient processing, there has been relatively less research 

exploring the role of system size on nutrient processing for wetlands. One of the most exhaustive 

meta-analyses on wetlands [Jordan et al., 2011] found a positive relationship between nitrogen 

retention and nitrogen loading over several orders of magnitude of both wetland area and nitrogen 

loading rates. They estimated worldwide reactive nitrogen removal by wetlands to be 

approximately 17% of anthropogenic nitrogen inputs, though they did not explore the role of 

wetland size on nutrient processing. A meta-analysis of 186 wetland sites, however, found a 

negative correlation between wetland size and water quality [Ghermandi et al., 2010]. Further, in 

a review of 17 constructed wetlands receiving agricultural runoff in Europe, Braskerud et al. 

[2005] found specific particulate phosphorus retention (g P retention/m2/year) to decrease as 
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wetland area increased. However, these studies linking wetland size to water quality are relatively 

sparse compared to literature related to streams and lakes. 

 

In North America, interest in the landscape-scale role of small wetlands has grown in recent years 

in response to two U.S. Supreme Court decisions indicating that small, geographically isolated 

wetlands can only be afforded protection under the U.S. Clean Water Act if they demonstrate a 

“significant nexus” with nearby rivers or other surface water systems [Leibowitz, 2003; Tiner, 

2003; Marton et al., 2015; Cohen et al., 2016; Golden et al., 2016].  Thus, lawmakers have placed 

scientists and engineers in the position of demonstrating whether small wetlands have significant 

hydrologic or biogeochemical connectivity with other surface waters [Leibowitz et al., 2008].  

Interest in the role of wetland size in providing key ecosystem services has also increased in recent 

years with increased efforts to restore previously drained wetlands and to construct new wetlands 

to improve water quality [Mitsch and Day, 2006; Zhi and Ji, 2012]. Mitsch et al. [2005], for 

example, used a simple empirical model to provide an estimate of the extent of new wetland 

creation necessary in the Mississippi River Basin to remove 40% of nitrogen loading to the Gulf 

of Mexico. But as pointed out by many authors [Semlitsch and Bodie, 1998; Downing, 2010; 

Ghermandi et al., 2010]: the functionality of a wetland is not uniform across systems, and thus 

wetland restoration must focus not only on goals related to total wetland area, but also to the type, 

landscape position, and morphometry of the wetlands being restored [Van Meter and Basu, 2015]. 

To better direct restoration efforts, a better understanding of how wetland attributes alter nutrient 

processing is required; currently, such information is lacking [Marton et al., 2015]. Our goal is to 

address this knowledge gap by quantifying the role of small and large wetlands in nutrient 

processing.  
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1.2 Objectives 
 

The overall goal of the work presented in this thesis is to quantify the role of the size of lentic 

systems (lakes, reservoirs, wetlands) on landscape-scale nitrogen and phosphorus processing. It is 

our hypothesis that similar to lakes, reservoirs, and stream systems, small wetlands play a 

disproportionately large role in global nutrient processing. More specifically, we hypothesize that 

the greater ratio of reactive area to water volume in small water bodies leads to greater nutrient 

removal, by area, than that found in larger water wetlands. In testing this hypothesis, we focus on 

the following three questions in the subsequent chapters: 

- What are the emergent patterns between nutrient processing rates and water residence times 

in lentic systems? 

- What are the underlying mechanisms contributing to the observed pattern? 

- What is the relative role of wetland size in landscape nutrient processing? 

In Chapter 2, the existing literature relating to nutrient processing in the both lotic and lentic 

systems is presented. Here, the methods of quantifying and modelling these systems and highlight 

the need to quantify nutrient removal wetlands in the context of the different water bodies are 

summarized. In Chapter 3, our methods used in the data synthesis and meta-analysis, the two-

compartment model used to mechanistically test our hypothesis, and upscaling analysis to quantify 

landscape scale nutrient processing are presented. In Chapter 4, the results and discussion related 

to our analyses are presented. Finally, Chapter 5 summarizes our work with some comments on 

future directions. 
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Chapter 2 – Literature Review 

2.1  Introduction 
 

In this thesis, we explore the impacts of hydrology, biogeochemistry and bathymetry on nutrient 

removal in a range of aquatic systems. Various methods for quantifying nutrient retention have 

been developed, including the nutrient spiraling concept and the advection-dispersion-reaction 

equation as well as its associated forms. In this section, we summarize the various parameters 

typically measured during field or experimental studies that are used in these models. Finally, we 

compare the similarities and differences in methodologies used to model nutrient retention in lentic 

and lotic ecosystems and the need to frame nutrient processing in wetlands within the context of 

other aquatic ecosystems.  

 

2.2 Nutrient Dynamics in Diverse Ecosystems 
 

Inland water bodies receive large quantities of excess nutrients generated from terrestrial 

ecosystems, and both lentic systems (slow-moving water bodies such as lakes, reservoirs, and 

wetlands) and lotic systems (fast-moving water bodies such as streams and rivers) function as key 

reactive interfaces for both nitrogen and phosphorus removal from the water column [McClain et 

al., 2003]. All future references of nutrient removal or retention in this thesis refers to the removal 

of nitrogen or phosphorus from the water channel. Interestingly, the biogeochemical processes that 

govern nutrient removal are similar across lentic and lotic systems, even though the hydrological 

processes are unique between them.  

 

Terrestrial ecosystems receives nitrogen through biological nitrogen fixation, fertilizer inputs and 

atmospheric deposition [Galloway et al., 2004]. Once on land, nitrogen can be immobilized by 

bacteria, used by vegetation, or be exported through the watershed through various pathways 

[Seitzinger et al., 2006; Gruber and Galloway, 2008]. Overland runoff or leaching to the 
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underlying aquifer will eventually transport dissolved nitrogen to inland aquatic ecosystems and 

finally the ocean – often with detrimental effects [Vitousek et al., 1997; Gordon et al., 2008]. 

Importantly, nitrogen removal from the water column can occur along these transport pathways 

via the process of denitrification, which transforms nitrate in the water column into nitrogen gas 

or nitrous oxide by bacteria and releases it to the atmosphere[Seitzinger et al., 2006]. 

Denitrification can occur in soils across the terrestrial ecosystem, in the groundwater system, as 

well as in aquatic ecosystems [Seitzinger, 1988; Vitousek and Howarth, 1991; Howarth et al., 

1996]. Although terrestrial soils and the underlying groundwater account for 31% (168 Tg) of 

global denitrification and lakes and rivers only 11% (66 Tg), Seitzinger et al. [2006] found that the 

rate of denitrification in lakes and rivers on a per area basis was approximately 10 times greater 

than the terrestrial ecosystems in their synthesis of global scale denitrification. High denitrification 

rates in aquatic ecosystems are facilitated by several factors typically found in the sediment zone 

of these systems: strong redox gradients due to the mixing of groundwater and surface water, 

availability of organic carbon, and relatively anoxic conditions that denitrifying bacteria need to 

thrive [Seitzinger et al., 2006; Fennel et al., 2009]. 

 

The phosphorus cycle differs from the nitrogen cycle in that there are no significant atmospheric 

pathways and there are no ‘permanent’ removal mechanisms from the water column [Filippelli, 

2008; Ruttenberg, 2014]. Additionally, phosphorus typically exists in two major forms: sediment-

bound phosphorus and dissolved phosphorus [Pierrou, 1976]. Phosphorus typically enters the 

terrestrial ecosystem through physical or chemical erosion of phosphorus-bearing minerals (such 

as apatite) or anthropogenic inputs such as fertilizer [Ruttenberg, 2014]. Once in the soils, 

phosphorus may be used by plants if bio-available, stored as sediment-bound phosphorus until 

eroded by overland flow, or leached into groundwater [Follmi, 1996; Filippelli, 2008]. Unlike 

nitrogen, phosphorus is only retained in the watershed via storage (whether in biomass or 

sediments). These storage pools can be temporary in nature, as biomass will eventually die and 

become active in the cycle again, and sediment phosphorus can be re-released under reducing 
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conditions and high pH [Christophoridis and Fytianos, 2006; Filippelli, 2008]. The settling of 

particulate phosphorus in aquatic ecosystems, however, serves as an important sink of phosphorus 

in watersheds.    

 

Retention processes for nitrogen and phosphorus are typically modeled as first-order reactions, 

although more complex process-based models that consider saturation kinetics and second-order 

dependencies do exist [Hamilton and Schladow, 1997; Bicknell et al., 2001; Wade et al., 2002; Gu 

et al., 2007]. First-order fluxes are characterized by a rate constant (e.g. k) multiplied by the mass 

or concentration of a chemical constituent. While first-order equations allow for simple analytical 

solutions of models and thus less computation time, they may be only applicable under certain 

conditions. For example, denitrification may more closely resemble a Michaelis-Menten function 

(linearly increasing at low concentrations until a plateau due to saturation); as well, there may be 

dependencies on the availability of other chemical constituents (such as oxygen or organic carbon) 

[Heinen, 2006]. Consequently, models of these first-order processes can be modified to 

accommodate different biogeochemical factors. Heinen [2006] synthesized over fifty models that 

quantified denitrification and found that approximately 65% of them followed first-order kinetics. 

Amongst these models, additional modifiers such as soil saturation, temperature, pH level, and 

nitrate availability have been formulated.  

 

Similarly, the settling and sorption of phosphorus is not truly linear in the environment. Linear 

settling rates are based on the assumption that lakes are dilute and that the sediment particles do 

not interact with each other [Di Toro, 2001]. While the kinetics of phosphorus sorption can be 

modelled using a linear isotherm, they can also be modelled using Michaelis-Menten type 

functions, or dependencies on iron concentrations, pH, etc. [Weber et al., 1992; Limousin et al., 

2007; Song et al., 2007]. In the present study, we do not explicitly model sorption, but treat settling 

as a dominant, first-order process, which implicitly assumes that phosphorus will be adsorbed onto 

sediment. Accordingly, our focus herein is on literature that employs first-order modeling 
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approaches to simulate nutrient retention processes in different aquatic ecosystems. The impacts 

of such assumptions are summarized in the subsequent chapters.  

  

The biogeochemical processes that are within the nitrogen and phosphorus are complex and 

continues to be the subject of intense research. While aquatic ecosystems are often thought of as 

net nutrient sinks in the landscape, there are instances in which these systems act as net nutrient 

sources. Net source dynamics may manifest seasonally and be caused by the dominance of certain 

internal processes or the reduction of the main removal processes [Morris, 1991]. Net export of 

reactive nitrogen in water bodies across long time scales tend to be uncommon, as described by 

the meta-analysis performed by Jordan et al. [2011] and the work by Seitzinger et al., [2006]. 

There have been documented cases of net nitrogen export in some cases such as in a marsh 

ecosystem undergoing coastal erosion [Childers and Day, 1990] or water diversions [DeLaune et 

al., 1989]. Other aquatic ecosystems such as salt marshes or mangrove wetlands have also been 

observed to exhibit net nitrogen export behaviours due to the transport of particulate nitrogen in 

detritus or dissolved nitrogen in shallow pore water due to tidal movement [Valiela et al., 1978; 

Aziz and Nedwell, 1986]; however these types of systems are not explored in our work. 

 

Within the nitrogen cycle, nitrification (the oxidation of ammonia to nitrite and nitrate through 

nitrogen fixating plants or bacteria) is a source pathway of nitrogen in a water body. Nitrification 

is an aerobic process, which requires the presence of oxygen to proceed, can often be found in 

shallower regions of a water body [Dunnette and Avedovech, 1983; Pauer, 2000]. Water bodies 

that may experience oxygenation of the bottom sediments will consequently see a reduction of 

denitrification and experience an increase of nitrification and thus nitrates [Cebron et al., 2003]. 

Lake Superior, which has been observed to be ‘increasingly nitrifying’ in recent years, is a prime 

example of the competing nitrogen processes at work. The steadily increases of nitrate export from 

Lake Superior has been largely attributed to several factors: (1) low loading of organic carbon, 

thus limiting the denitrification process; (2) the lake water is considered to be an oxidizing 
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environment and nitrate is favoured, and (3) the low productivity of the lake limits uptake of 

nitrogen [Sterner et al., 2007]. Though Lake Superior has strong nitrification fluxes and relatively 

weak denitrification, the lake continues to be a net nitrogen sink in annual or long-term budgets  

[Sterner et al., 2007]. 

 

The phosphorus cycle is highly dynamic and water bodies may become phosphorus sources due 

to a range of factors. Physically speaking, phosphorus that is stored within the sediment zone may 

be washed out during extreme hydrological events such the spring snow melt [Gibson et al., 2001; 

van der Perk et al., 2007]. There are also biogeochemical factors that may lead to net phosphorus 

export. The sorption of phosphorus is a reversible process that can result in phosphorus release 

from the sediments depending on a variety of factors such as pH and the redox conditions within 

the water. It has long been recognized that lakes, especially those that undergo seasonal turnover, 

have fluctuating oxic conditions in the sediment zone [Boström et al., 1988]. In general, there has 

been a longstanding paradigm in limnology in which oxygenated waters promote phosphorus 

fixation to iron whereas anaerobic conditions causes the dissolution of iron-phosphorus complexes 

back into the water column [Mortimer, 1942; Christophoridis and Fytianos, 2006]; there has been 

increasing recognition that additional factors such as the binding material and bacteria that are 

active in the phosphorus cycle prevent the use of oxygen as the sole controlling factor of internal 

phosphorus loading [Hupfer and Lewandowski, 2008]. Similarly, studies in wetlands have 

documented a saturation effect that reduces the efficiency of phosphorus retention. Richardson et 

al. [1996] observed that short-term processes such as uptake by periphyton and plants can remove 

phosphorus from the water column quickly, but are limited in total magnitude due to biophysical 

constraints. Richardson et al. [1996] also note that loads greater than 1 g P m-2 yr-1 often resulted 

in drastic increases of output phosphorus concentrations due to the exceedance of the assimilative 

capacity of the wetland system.  
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Since the scope of the work in this thesis will focus on larger spatial scales (watershed and 

landscapes) as well as longer time scales (steady-state behavior and greater than a year to average 

out seasonal patterns), the remainder of the literature review, as well as the thesis, will focus on 

the nutrient removal dynamics of water bodies, while recognizing that can be instances of nutrient 

export at shorter time-scales. 

 

2.2.1  Nutrient Retention Rates in Lotic Systems (Streams) 
 

The importance of streams in watershed nutrient cycling is increasingly being recognized, and we 

have come far from the days of treating lotic systems as mere conduits of contaminants that lead 

to the oceans [Howarth et al., 2002]. Some early work on stream nutrient cycling by Robinson et 

al. [1979], Cooke and White [1987], Mulholland [1992], and Jansson et al. [1994] explored 

dominant controls on nitrogen  export and retention in streams, including loading, land use, and 

the characteristics of the sediment bed. More recently, the research community has expanded the 

spatial scales of interest to watersheds and continents. Most notably, Alexander et al. [2000] found 

that in-stream loss rates scale inversely with stream depth across the Mississippi River Basin. In 

other words, the smaller, headwater streams are more reactive than their larger counterparts 

downstream. Peterson et al. [2001] and Mulholland et al. [2008a] further explored these 

relationships through extensive isotope tracer tests and quantified the rapid uptake of nutrients in 

lower-order headwater streams. 

 

This loss rate-depth dependence has been explained using the concept of nutrient spiraling through 

the hyporheic zone [Newbold et al., 1982]. Stream systems are not simply the visible water channel 

but include the surrounding flood plain and underlying hyporheic zone. The hyporheic zone is the 

interface between groundwater and surface water and consequently is a site of strong redox 

gradients and critical biogeochemical processes.  Within the nutrient spiraling framework, the 

spiral begins when nutrients are brought to the sediment zone through hyporheic flow, then is 
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assimilated from the pore water into benthic biomass in the hyporheic zone, and then are either 

retained permanently via denitrification or burial, or mineralized back into the water column 

[Newbold et al., 1982; Ensign and Doyle, 2006]. This cycling or spiraling between the aqueous, 

biological, and mineral forms of the nutrient and the transfer between the water column and 

sediment zone was a large deviation from the original conceptualization of through-flow only in 

the water channel [Ensign and Doyle, 2006]. The mass transfer between the compartments are 

facilitated by the natural bedform morphology and meanders of a stream, which forces the flow of 

the water and soluble contaminants into the sediment zone [Gooseff et al., 2006]. 

 

Systems with high hyporheic exchange will bring a greater proportion of water and nutrient mass 

to enter the reactive zone in the sediments [Harvey et al., 1996a] ; small streams (or those of lower 

stream order) have been observed to have higher hyporheic exchange fluxes [Gomez-Velez and 

Harvey, 2014]. This was seen again at the Mississippi river basin scale by Gomez-Velez et al. 

[2015], where catchments with high gradients, hydraulic conductivity, and thus high hyporheic 

exchange were observed to have lower nutrient export.  

 

The traditional approach for measuring reach-scale nutrient retention and nutrient spiraling is 

through the use of mass balance studies. In these studies, nutrient isotopes or inorganic forms of 

nutrients are injected into the stream, and the spatiotemporal changes in concentrations are 

measured at a downgradient location to quantify retention [Bencala et al., 1984; Triska et al., 

1989]. Some of the earliest tracer studies aiming to parameterize the nutrient spiralling model were 

conducted by Newbold et al [1983] and Mulholland et al. [1985], who used 32P isotopes. The Lotic 

Intersite Nitrogen experiment by Mulholland et al. [2008a] quantified the denitrification rates of 

72 streams in 8 distinct biomes across the conterminous United States through the use of 15N 

isotopes. Ensign and Doyle [2006] synthesized 52 injection and tracer studies and found that the 

loss rates normalized by area were relatively constant across stream orders in the river network. 

These studies were able to quantify the nutrient removal rates by measuring changes in 
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concentration over a characteristic length scale and using various mathematical models or metrics, 

as described below. 

 

2.2.1.1 Methods of Modelling Nutrient Retention in Streams 
 

The nutrient spiraling model can be summarized using several simple metrics. Newbold et al. 

[1982] presented the concept of the spiraling length, S, which is the characteristic length that a 

nutrient particle must travels to complete one spiral (from dissolved form in water to particulate 

phase to organic phase and back to aqueous phase). This spiraling length, S, can be quantified by 

using the uptake rate constant, k, and the stream velocity, u, where S = u/k [Ensign and Doyle, 

2006]. Thus systems with a low spiraling length are considered to be more efficient in using 

nutrients. Other commonly used forms of these parameters are discussed in Section 2.2.3. 

 

A process-based model that is commonly used to characterize nutrient retention in the literature is 

the advection-dispersion-reaction equation (ADRE) [Bencala and Walters, 1983; Runkel, 1998; 

Roig and Shrestha, 1999; Jones and Mulholland, 2000]. This model provides three modes of 

transport for a contaminant: advective transport with the flow of water, dispersion or diffusive 

transport due to concentration gradients, and a reactive pathway due to a general biogeochemical 

reaction. As described below, there have been two common modifications to the ADRE in the 

stream literature: 1) the addition of the hyporheic exchange and 2) the simplified plug flow reactor 

model (PFR). More complex nutrient spiraling models that explicitly account for biological uptake 

in the channel and hyporheic zone do exist, but it has been demonstrated that at long-term scales 

(at annual or greater time scales) settling (for P) and denitrification (for N) are the dominant 

retention processes (see DeAngelis et al. [1995] or Jones and Mulholland [2000]). Furthermore, 

while more complex models provide more flexibility and fewer assumptions, the number of 

parameters may lead to issues of equifinality and difficulties in isolating the interactions between 
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state variables and outputs [Snowling and Kramer, 2001; Robson et al., 2008]. In this thesis, we 

will thus focus only on two forms of the ADRE model: 

 

(1) The ADRE with hyporheic exchange, also known as the One-Dimensional Transport with 

Inflow and Storage model (OTIS) model was originally developed to model the tracers 

under the influence of surface and groundwater interactions on water quality in streams 

[Bencala and Walters, 1983; Harvey et al., 1996b]. This modeling framework has been 

widely used in stream systems where the groundwater-surface water exchange constitutes 

an important component of nitrogen  cycling [Botter et al., 2010; Basu et al., 2011; Stewart 

et al., 2011] and can be used to link the physical geometry to nutrient retention in a 

parsimonious manner. This model can be written as: 

 

𝜕𝐶

𝜕𝑡
=  −𝑣

𝜕𝐶

𝜕𝑥
+ 𝐷

𝜕2𝐶

𝜕𝑥2
− 𝑘𝐶 −  𝛼(𝐶 − 𝐶𝐻𝑍)   (1a) 

𝜕𝐶𝐻𝑍

𝜕𝑡
=  𝑅𝛼(𝐶 − 𝐶𝐻𝑍) − 𝑘𝑠𝐶𝐻𝑍     (1b) 

 

where C is the concentration of the contaminant in the channel [M/L3], t and x are time [T] 

and space [L], v is the mean velocity of the advective flow [L/T], D is the dispersion 

coefficient [L2/T], k is a biogeochemical reaction in the channel [1/T], CHZ is the 

concentration in the hyporheic zone [M/L3],  is a mass exchange coefficient [1/T], R is 

the ratio of the cross-sectional area of the main channel to the hyporheic zone [-], and ks is 

the biogeochemical reaction rate constant in the hyporheic zone [1/T].   

 

(2) The PFR model is a simplification of the ADRE model in that it removes the dispersive 

term and assumes that the contaminant moves as a ‘plug’ through the system. In this model, 

it is common to use the apparent uptake velocity vf [L/T] to quantify nutrient uptake in 

streams assuming first-order kinetics. This parameter also spatially and temporally 

averages the nutrient spiraling mechanisms into a constant. The PFR equation and its 

associated analytical solution are: 
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𝜕𝐶

𝜕𝑡
=  −𝑣

𝜕𝐶

𝜕𝑥
−

𝑣𝑓

ℎ
𝐶     (2a) 

𝐶 = 𝐶𝑜𝑒−
𝑣𝑓

ℎ
𝜏      (2b)  

 

where vf is the nutrient uptake velocity [L/T] and h is the mean depth of the channel [L], 

Co is the initial concentration at the inlet [M/L3], and τ is the mean water residence time 

[T].  

 

The PFR model has been used extensively in stream literature at watershed and continentals scales 

due to its simplicity and its spatiotemporal averaging of the fine-scale processes. SPARROW, the 

commonly used watershed model [Smith et al., 1997] uses the PFR approach, as have studies by 

Runkel and Chapra [1993], Boyer et al. [2006], Wollheim et al. [2008], Basu et al. [2011], etc., to 

name only a few. In addition, Wollheim et al. [2006] used the PFR model as the basis for a river 

network model to determine the relative roles of stream order on nutrient removal. They found that 

small streams remove more nutrient mass on a per length basis while larger streams remove more 

total nutrient mass due to longer residence times and because most of the land (and nutrient mass) 

will eventually drain through the large streams.  

 

2.2.2  Nutrient Retention Rates in Lentic Systems (Lakes, Reservoirs and Wetlands) 
 

Numerous studies have focused on nutrient processing and removal in lentic water bodies [Nichols, 

1983; Dillon and Molot, 1990; Saunders and Kalff, 2001; Jeppesen et al., 2005; Brett and 

Benjamin, 2007; Downing, 2010; Maavara et al., 2015]. For nitrogen, the importance of nitrate 

reduction in the sediment bed was addressed in many early studies such as those by  Keeny et al. 

[1971] and  Seitzinger [1988].  For phosphorus,  the mass flux of particulate phosphorus into long-

term sediment storage has also been widely recognized as a dominant process for phosphorus 

removal [Chapra, 1975; Vollenweider, 1975]. Wetlands, and especially constructed wetlands, 
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have also been a subject of interest as sites for removing nutrients from runoff or wastewater 

[Tilton and Kadlec, 1979; Nichols, 1983].  

 

Limnological research was initially more strongly focused on phosphorus removal, stemming from 

the seminal work of Schindler [1977], who observed the limiting effects of phosphorus from a 

lake-scale experiment, and the early work by Smith [1983] observing N:P ratios on lake ecosystem 

health. However, more recently there has been a shift to consideration of other nutrients and to 

larger scales. Downing [2010], for example, has quantified the disproportionate importance of 

small lakes and ponds in global carbon removal. Similarly, Harrison et al. [2009] and Harrison et 

al. [2012] described the collective importance of small lakes and reservoirs in global nitrogen and 

silica cycles respectively (those smaller than 50 km2). They estimated that the smaller systems 

remove 20 to 27% more nitrogen per unit area and 97 to 670% more silica per unit area than larger 

water bodies. The authors also note that these estimates are due to the difficulty of quantifying the 

number of small water bodies and the assumption of loading in grids enter small lakes within their 

model during upscaling. Harrison et al. [2009] and Harrison et al. [2012], using a regression based 

model, did not focus on the results pertaining to small lakes and reservoirs nor postulate a 

mechanistic reason for this phenomena. This modelling result was treated as a curiosity and also 

speaks to the need of furthering our understanding of these systems.  

 

Early models of wetlands stem from the constructed wetland literature and generally use the  PFR 

formulation to describe nutrient retention (Kadlec and Knight [2009], Mitsch et al. [1995], Griffin 

et al. [1999], Arheimer and Wittgren [2002], Carleton and Montas [2010]). More complex models 

that consider the wetland to be comprised of different compartments like the surface water, littoral 

zone, macrofauna, top and deep soil exist as well (e.g. Kadlec and Hammer [1988], Hantush et al. 

[2012], Paudel and Jawitz [2017], etc.). The model type used in the studies are often directed by 

the research question at hand. Those using the simpler input-output model such as the PFR 

formulation typically are interested in the overall behavior and the influence of relatively few 
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controlling factors; conversely, complex models are able to quantify the interaction of multiple 

processes and the presence of feedback loops at the cost of needing many parameters or constraints. 

The goal of this thesis falls under the former category; the next sections will summarize the use of 

the parsimonious input-output models to describe lentic system behavior.  

 

2.2.2.1  Methods of Modelling Nutrient Retention in Lentic Systems 
 

Similar to modelling nutrients in stream, there are many levels of complexity that can be added to 

a model to capture more complex interactions among the biophysical and ecosystem controls on 

nutrient removal. In their simpler forms, models can simulate water column dynamics alone, while 

more complex approaches can extend to additional compartments such as sediments, macrophytes 

and periphyton [Paudel and Jawitz, 2012].  

 

The most basic models focus on the water column, with the sediment being treated as a boundary 

(e.g. Hejzlar et al. [2006], Kelly et al. [1987], Vollenweider [1975]). Limnologists studying 

phosphorus retention commonly use the Vollenweider equation [1975], which conceptualizes the 

lake as a continuously stirred tank reactor (CSTR) with an effective removal rate constant σ (also 

referred to as the volumetric rate constant kv,C, [T-1]) that can be estimated based on the percent 

removal R and the mean water residence time 𝜏 (Table 1). In its most basic form, the CSTR 

equation can be written as: 

𝑉
𝑑𝐶

𝑑𝑡
 =  𝑄𝐶𝑜 − 𝑄𝐶 −  𝑘𝑣,𝐶𝐶𝑉     (3) 

 

where V is the volume of the water column [L3], Co is the concentration in the inflow [ML-3], C is 

the nitrogen concentration in the water column and outflow [ML-3], and Q is the flow [L3T-1]. 

 

CSTRs, or well-mixed reactors, are diffusion-dominated systems, with any mass entering the 

system being assumed to be instantaneously mixed within the water body, such that the 
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concentration within the water body and the outflow are the same. Modeling a lentic system as a 

CSTR is a widely accepted practice in the limnologic literature. Brett and Benjamin [2007] 

conducted a review and found hundreds of studies citing the original Vollenweider model or some 

variant of the CSTR model to describe phosphorus retention. The Vollenweider approach has also 

been adapted to other systems – as an example Spieles and Mitsch [1999] used the Vollenweider 

model for nitrogen  in wetlands and Dettmann [2001] for nitrogen  in estuaries. By adding other 

mass fluxes such as a sedimentation term, other studies such as those by Sonzogni et al. [1982] 

and Maavara et al. [2015] used the CSTR formulation for phosphorus in lakes and reservoirs.   

 

Another group of models focus only on the sediment, with the water column providing a boundary 

condition to the sediment model (e.g. Reed et al. [2011], Hantush [2007], Katsev et al. [2006]). 

Commercial models such as the HYDRUS Wetland Module and COMSOL operate in a similar 

manner [Orellana et al., 2012]. HYDRUS and COMSOL solve the Richard’s equation for water 

flow and couple advective-dispersive transport processes to contaminant flow [Langergraber, 

2016]; however these models are highly parameterized and are more tailored to subsurface 

systems, with the surface water being treated as a boundary condition.  

 

There are also more complex limnologic models such as Minlake [Riley and Stefan, 1988], the 

wetland model by Kadlec and Hammer [1988] and eutrophication models (Arhonditsis and Brett 

[2005]) that couple nutrient processes in the water column to the sediment zone, but these models 

have the added complexity of hydrodynamics, spatial dimensions, or ecological feedbacks that are 

beyond the scope of what can be parameterized from a data synthesis.  

 

2.2.3  Nutrient Retention Rate Constants across Aquatic Ecosystems 
 

Modelling studies attempting to replicate field studies or predict future behavior of a specific water 

body or its internal processes at small scales tend to require more precise spatiotemporal resolution 
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and may necessitate additional parameters to account for effects of temperature, pH, etc. [Snowling 

and Kramer, 2001]. On the other hand, studies quantifying the behavior of systems at larger scales 

such as watersheds or even continents will encounter issues of expensive computational 

simulations because of model complexity [Beven, 2000; Beven and Freer, 2001]. In the case of 

larger scales, the first-order rate constant approach is often considered sufficient to describe the 

behavior of water bodies as many processes may be averaged spatially or temporally – thus 

organization from complexity may emerge so that dominant behaviours may be quantified at these 

scales with simple rate constants [Turcotte, 2007; Jenerette et al., 2012; Sivakumar and Singh, 

2012; Bras, 2015]. The scope of this thesis more closely aligns with the second category and thus 

the CSTR and PFR models were explored.  

 

Traditionally, CSTR models have been used for lentic systems and PFR models for lotic systems. 

There has been much overlap of the models when modelling a particular type of water body. For 

example, the widely cited NiRReLa model by Harrison et al. [2009], which quantifies global 

nitrogen retention in lakes and reservoirs, applies the PFR formulation. Similarly, the most 

commonly used approach in the constructed wetland literature is to conceptualize the system as a 

PFR [Kadlec, 2000; Werner and Kadlec, 2000; Rousseau et al., 2004].  

 

While the original nutrient spiraling model for streams by Newbold et al. [1982] presents an areal 

rate constant ka [LT-1] in the form of uptake velocity, there is also a large body of work that uses 

the volumetric constant kv,P  [T-1] (example papers for both can be found in Table 1). The choice 

of rate constant typically depends on the research question at hand and may be a matter of 

convenience. The relation between the two rate constants can be expressed as  𝑣𝑓,𝑖 = 𝑘𝑎,𝑖 = ℎ𝑘𝑣,𝑖 

where h [L] is the depth of the water body, i = c or p for CSTR and PFR formulations [Kadlec and 

Wallace, 2009]. The areal rate constant ka,i or vf,i is a biological measure of removal that is 

independent of the surface water hydrology, while spatiotemporal variations in hydrology are 

considered in the volumetric rate constant [Alexander et al., 2000; Ensign and Doyle, 2006; 
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Wollheim et al., 2006; Alexander et al., 2009; Marcé and Armengol, 2009]. The areal rate constant 

is mainly affected by biogeochemical controls such as dissolved oxygen, redox potential, organic 

content and microbial activity [Boyer et al., 2006], and has been shown to be relatively independent 

of stream order. The independence of the areal rate constant with respect to the depth and volume 

of a system makes it a weaker choice when comparing the effects of system size on its nutrient 

processing and points to the choice of the volumetric rate constant within our work to explore the 

controls of system size.   

 

Interestingly, tracer tests on a number of treatment wetlands have shown that the flow regimes 

actually lie between the extremes of a PFR and a CSTR  [Kadlec, 1994], and thus studying these 

two end-member systems enable us to constrain the system response. The simplicity of the 

equations allows us to calculate these rate constants as a function of R and  (for the volumetric 

rate constant) or R and hydraulic loading rate q (for the areal rate constant). 
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Table 1. Comparison of commonly used first-order removal rate constants 

Removal Rate 

Constant Name 
Units 

Steady State 

Removal/Retention 

Equation 

Example Usage in Papers in 

Different Disciplines 

CSTR Model    

 

Apparent removal 

velocity (vf,c) 

 

[LT-1] 𝑘𝑎,𝐶 = 𝑣𝑓,𝐶 =  (
𝑅

1 − 𝑅
) 𝑞 

Lakes and reservoirs: Sonzogni et al. [1982], 

Dillon and Molot [1996] for P; Kelly et al. [1987] 

for N 

Volumetric rate 

constant (kv,C), 

Vollenweider rate 

constant (σ) 

[T-1] 𝑘𝑣,𝐶 =  (
𝑅

1 − 𝑅
)

1

𝜏
 

Lakes and reservoirs: Hejzlar et al. [2006] for P, 

Vollenweider [1975] for P; 

PFR Model    

 

Areal rate constant 

(ka,p), Uptake velocity 

(vf,p) 

 

[LT-1] 𝑘𝑎,𝑝  = 𝑣𝑓,𝑝 = −ln (1 − 𝑅)𝑞 

Lakes and reservoirs: Harrison et al. [2009] for N, 

Knight et al. [2003] for P, Wollheim et al. [2008] 

and Beusen et al. [2015] for N and P; 

Constructed wetlands: Kadlec and Wallace 

[2009] for N and P; 

Rivers: Wollheim et al. [2006] for N 

Volumetric rate 

constant (kv,p), time 

specific uptake rate 

[T-1] 𝑘𝑣,𝑝 = ln(1 − 𝑅)
1

𝜏
 

Constructed wetlands: Carleton et al. [2007] for 

N and P;  

Rivers: Alexander et al. [2009] for N 

where R is the fraction of nutrient retained [-], q is the hydraulic loading rate [LT-1] and τ is the 

mean water residence time [T]. The subscripts a and v indicate the areal and volumetric rate 

constants, the p and c refer to the PFR and CSTR models.  

 

2.2.4  Damkohler Number: A Ratio to Unite Hydrology with Biogeochemistry 
 

The Damkohler number, Da, is a dimensionless ratio between a hydrological time scale (for 

example the water residence time τw [T]) and a reaction time scale (for example the inverse of the 

volumetric rate constant τrxn = 1/k [T]); the ratio can be generally written as τw /τrxn. A Damkohler 

number equal to 1 indicates that the transport and reaction timescales are balanced, while Da < 1 

indicates transport limitation, and Da >1 implies reaction rate limitation where biophysical 

conditions are limiting for the reaction [Harvey et al., 2013]. In other words, the reaction times are 

much smaller than transport or exposure times, and thus the nutrient will be removed fully from 

the water column under reaction rate limiting conditions. Conversely, if reaction times are larger 
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than transport times, there is insufficient time for reactions to occur (and often assumptions of 

equilibrium are not met) in transport limiting conditions.  

 

Lansdown et al. [2015] sampled a transverse cross-section of a streambed and found that deep 

locations characterized by hyporheic exchange flows had a Da greater than 1 (i.e. reaction rate 

limited). These hotspots had more reducing conditions and lower oxygen levels that promoted 

better denitrification. Harvey et al. [2013] similarly found that the hyporheic zone was largely 

reaction limited in their study site. Ocampo et al. [2006] applied the Da framework to hillslopes 

and riparian zones and found that the slope of the system acted as a major control on nutrient 

attenuation. The flatter hillslope, which had longer transport times, would consequently be reaction 

limited whereas the nitrate would behave similarly to a conservative tracer in the steep hillslope 

due to insufficient reaction time. The use of the Damkohler number provides a concise way to 

summarize a system’s behavior in a non-dimensional manner and thus allows one to compare 

different types of water bodies that span multiple orders of magnitude in size.  

 

2.3 Small Wetlands as Biogeochemical Hotspots in Landscapes 
 

The inverse relationship between nutrient processing rates and the size of a system has been more 

fully studied in the stream literature [Wollheim et al., 2006; Alexander et al., 2009; Olli et al., 

2009; Basu et al., 2011]. However, there has been less focus on such phenomena in lentic systems. 

Recent work by Holgerson and Raymond [2016] and Downing [2010] quantified the relatively 

large role of small ponds and lakes in global carbon cycling and generating greenhouse gases; 

Harrison et al. [2009] also quantified the greater role of small lakes in removing nitrogen at global 

scales. Nitrogen and phosphorus retention of wetlands as a function of size, unfortunately, has not 

been addressed fully in the literature.  
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The need to quantify how nutrient processes scale with size in wetlands grows as wetland loss 

continues: while it is relatively easy to remove or drain a wetland, restoring wetlands is a costly 

and complex endeavor that requires years of ecological succession before the intended functions 

may manifest [Kentula, 2000; Mitsch and Day, 2006]. A recent study estimated that there has been 

a 40% reduction of wetlands globally in the 20th century with an overall loss of 83% since the 

1800s [Davidson, 2014]. Regionally, these losses may be even greater due to competing land use 

change due to urbanization and agricultural usage. For example, the Prairie Pothole Region (PPR), 

an approximately 700,000 km2 area across the central US and Canada, has lost an estimated 65% 

of wetlands primarily due to drainage of wetlands for cropland from the 1800s to the mid-1980s; 

southwestern Ontario has similarly lost 72% of wetlands since pre-settlement to urban and 

agricultural expansion [Ducks Unlimited Canada, 2010]. In a previous study, Van Meter and Basu 

(2015) quantified the historical and current size-frequency functions of depressional wetlands in 

the southernmost lobe of the PPR (Iowa), and found that, in addition to an overall loss of wetlands 

across the size classes, there has been a preferential loss of smaller wetlands in upland locations 

and may allude to a preferential loss of biogeochemical processes in the landscape 

 

Indeed, small, geographically isolated wetlands (GIWs) are considered to be at particular risk of 

drainage due to both a lack of legislative protections and general patterns of land development, i.e. 

the smallest wetlands are the easiest to drain, and their importance in landscape functionality 

(whether hydrologically, biogeochemically or ecologically) is easily underestimated [Van Meter 

and Basu, 2015].  GIWs are defined as wetland systems that do not have an apparent surface 

connection to a nearby water body (such as a river or lake) and thus are completely surrounded by 

uplands [Leibowitz, 2015]; however, it should be noted that many GIWs are connected through 

subsurface pathways or are seasonally connected for a portion of the year and form wetland 

complexes and thus are not ‘visibly’ connected or deemed to be useful [Leibowitz and Vining, 

2003; Johnson et al., 2010]. Many distinct wetland systems fall under this category such as vernal 

pools in forests, the playa formations in the southwestern US, desert spring wetlands, the coastal 
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Carolina and Delmarva bays, cypress domes, ponds, and wetlands of the Prairie Pothole Region – 

many of which tend to be small systems in the landscape [Tiner, 2003; Mushet et al., 2015]. 

 

Recently, GIWs have seen significant reductions of legal protection in the USA following two US 

Supreme Court rulings: Solid Waste Agency of Northern Cook County v. U.S. Army Corps—

SWANCC (2001) and Rapanos v. U.S. (2006). With these rulings, federal protection for GIWs 

were abolished unless a ‘significant nexus’ in relation to the physico-chemical or biological 

integrity of navigable waters can be proven [EPA and U.S. Army Corps of Engineers, 2003; Mushet 

et al., 2015]. More locally, some wetlands in southern Ontario are protected by the Ontario 

Planning Act [2016] and the associated Provincial Policy Statement (PPS) [2014] as well as the 

Greenbelt Act [2009] and Conservation Authorities Act [2011]. Specifically, the PPS does not 

permit the development or alterations of provincially significant wetlands with some exceptions 

to infrastructure projects. While provincially significant wetlands are based on an aggregate score 

of ecosystem and human utility vales, the evaluation system may deem wetlands as not significant 

if they do not reach a threshold score; ‘wet lands’ that are periodically saturated but used in 

agricultural settings are not considered to be wetlands in the PPS [Ontario and Ministry of 

Municipal Affairs and Housing, 2014].   

 

There has been criticisms of the GIW and ‘significant’ terminology as it precludes the idea of 

“connectivity continua,” as systems may have different degrees of connectivity in hydrological, 

biogeochemical and ecological connection.  The term GIW implies that these systems are 

functionally isolated from the landscape [Mushet et al., 2015]; ‘significant wetlands’ are implied 

to be the only systems to be truly beneficial A growing number of recent studies have begun to 

explore the collective effect of wetlands in landscapes but with a growing emphasis on the role of 

size, location, and type on its functionality in hydrological, biogeochemical, and ecological cycles. 

Cohen et al. [2016] presented a framework in which the different wetland types classified by 

connectivity and relative location to the stream network perform unique functions in the landscape. 
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GIWs that are primarily disconnected from the surface water network have been shown to stabilize 

water table the regional [McLaughlin et al., 2014; Cohen et al., 2016; Golden et al., 2016]; 

occasionally connected GIWs provide both sediment and bank storage as well as habitats for 

waterfowl [Craft and Casey, 2000]; riparian wetlands exert a strong influence on streamflow 

generation and floodplain morphology [Junk et al., 1989].  

 

There are further studies examining the coupled nature of nutrient and hydrological cycles in GIWs 

within landscapes. Marton et al. [2015] synthesized the morphometric factors affecting the nutrient 

removal potential in GIWs and outlined a framework of biogeochemical reactivity in the context 

of connected and isolated wetlands in the landscape. The authors present the conceptual 

relationship between the nutrient removal processes as a function of its position in the landscape. 

They postulate that GIWs, and in particular small wetlands, are much more reactive than wetlands 

that are connected or adjacent to the stream network due to their soil surface area to storage volume 

ratio. Other contributing factors such as wetland perimeter-area ratios as well as the position, slope, 

and abundance within a watershed allow different types of wetlands to remove different nutrient 

constituents: in other words, different classes of wetlands can provide unique benefits and only a 

distribution of wetland classes will provide full functionality and ecosystem benefits [Marton et 

al., 2015]. 

 

Thus, it is imperative that the functionality and behavior of these GIWs are quantified so that we 

can better understand how to protect our water resources and how to direct restoration efforts. Both 

Verhoeven et al. [2006] and Mitsch et al. [2005] quantified the potential of wetland restoration on 

catchment nutrient removal in Sweden and the Mississippi River Basin respectively. However, 

these studies did not focus on the role of size in nutrient removal but rather the total area that is 

required to improve water quality. Consequently, there remains a critical need to understand how 

the size of a wetland system can affect its nutrient processing ability so that we can manage the 

entire range of wetlands (based on size, connectivity, etc.) in a holistic manner.  
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2.4  Summary 
 

Research in the lotic literature and in lake research have seen clear relationships between the 

biogeochemical functions of the water body and the size of the system while there has been fewer 

studies in wetlands literature. The need to directly quantify the role of size has increased with the 

surge of interest in understanding the functionality of GIWs and whether they are ‘significant 

nexuses’. 

 

Cross-system comparisons and meta-analyses (such as those conducted by Alexander et al. [2000], 

Harrison et al. [2009], Downing et al.[2010], Jordan et al. [2011] that were previously discussed 

in this chapter)  can help to identify interesting dynamics that are often missed when focusing on 

individual systems and have been used extensively in lotic literature as well as lakes research. The 

main benefit of meta-analyes are that emerging patterns emerge as the mean response of numerous 

data points that span a range of behavior whereas trends within a local system can be confounded 

by factors or be data limited. For example, Seitzinger et al. [2006] synthesized denitrification rates 

as a function of nitrogen  loading and showed that there is a positive linear relationship across a 

range of ecosystems – a conclusion that may have been attributed to other local variables if the 

data originated from a single system.  As such, there is a clear opportunity to explore how wetlands 

are able to remove or retain nutrients as a function of size through a meta-analysis of different 

systems across a wide range of spatial scales.  
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Chapter 3 – Methods 

In Chapter 3, the methods for the various analyses conducted in the study are presented. Section 

3.1 describes the global meta-analysis on nutrient processing in wetlands, lakes, and reservoirs. 

The mechanistic modelling framework used to test the hypotheses is presented in Section 3.2. 

Finally, the upscaling analysis from individual wetland to the landscape scales are detailed in 

Section 3.3. 

 

3.1  Cross-System Synthesis of Nutrient Processing in Lentic Systems 
 

A database of water bodies and their nutrient processing capabilities was compiled through a 

literature review in Scopus in 2015 using a combination of the keywords “nutrients”, “nitrogen”, 

“nitrate”, “phosphorus”, and “phosphate” to constrain the nutrient constituents and the keywords 

“wetland”, “lake”, “pond”, and “reservoir” to constrain the water body type. Studies providing 

data on hydraulic residence times as well as input/output concentrations and mass loads were 

included in the database and used in subsequent analyses (full data table in Supplementary 

Materials). Additionally, the North American Treatment Database v2.0 (NADB) was used for 

additional constructed wetland data prior to 1994 [Knight et al., 1994]. A total of 1604 data points 

representing approximately 600 sites were included in the analysis (Figure 1).  
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Figure 1.  a) Locations of the study sites and the size distribution of b) wetlands, c) reservoirs, 

and d) lakes used in the analysis 

 

3.2  Estimating Rate Constants for Nutrient Retention 
 

Nutrient retention (R) in wetlands, lakes and reservoirs refers to the removal processes in the water 

body, and is generally estimated as the difference between the input and output fluxes: 

 

𝑅 =  
𝑀𝑖𝑛−𝑀𝑜𝑢𝑡

𝑀𝑖𝑛
      (4) 

 

where Min and Mout are the measured mass fluxes at the inlet and outlet of the system, in units of 

mass per time [MT-1].  

 

To draw on the literature of different disciplines and systems of variable spatial scales in a 

comparable framework, we fitted the input-output loadings of lakes, reservoirs and wetlands into 
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the PFR and CSTR models to determine the effective volumetric removal rate constant. The use 

of a single effective rate constant to represent removal in lentic and lotic systems is common 

practice in most watershed models (as examples, see NiRReLa [Harrison et al., 2009], SPARROW 

[Smith et al., 1997]), despite the existing complexities and uncertainties related to removal at the 

local scale. All nutrient removal pathways (such as sedimentation and denitrification) were 

implicitly assumed to be incorporated into an effective removal rate constant within this 

framework under steady-state conditions (with seasonal and other effects averaged into the 

constant). Both kv,P  and kv,C were calculated; however, the latter is presented only in the 

supplemental material for simplicity; all subsequent references of k in this paper refer to the 

volumetric PFR removal rate constant (kv,P) unless specified. The k values that are derived from 

the data synthesis are the mean response of the spatiotemporal variability that may arise from 

hydroclimatic variability (such as the daily evapotranspiration rates and precipitation) and 

fluctuations in the controlling biogeochemical parameters (such as temperature, pH, available  

organic carbon material, oxygen levels). 

 

3.3  Mechanistic Two-Compartment Model of Lentic Systems 
 

3.3.1 Model Formulation 
 

Similar to the OTIS modeling approach in lotic systems, a two-compartment sediment-water 

interaction model was developed in which an advective water column is coupled to a sediment 

zone by first-order mass transfer processes. The computational domain of the model includes the 

water column and a certain reactive depth dr [L] of the benthic sediments (see Figure 2). The lotic 

system (wetland, lake, or reservoir) is modeled as a completely mixed reactor of volume Vw [L3] 

and a steady flow rate Q [L3T-1]. The reactant of interest (N or P) enters the reactor as dissolved or 

suspended in the water column and leaves the reactor through the outflow. There is mass exchange 

between the reactant in the water column and the sediment, with a mass exchange rate coefficient 



 30 

α [T-1]. In this model, denitrification in the benthic sediments is assumed to be the primary 

mechanism for long-term removal of nitrate, whereby nitrate is converted to gaseous N2, N2O or 

NO and released to the atmosphere [Alexander et al., 2000; Seitzinger et al., 2002; Boyer et al., 

2006; Mulholland et al., 2008b]. Similarly,  settling of sediment-bound phosphorus is considered 

to be the primary process responsible for the phosphorus removal [Reddy et al., 1999; Hejzlar et 

al., 2006; Withers and Jarvie, 2008]. Uptake by biota is not generally considered to be part of 

long-term removal since biologically-associated nitrogen and phosphorus is often recycled until 

ultimate burial via settling. Settling of phosphorus is described following the equations proposed 

by Chapra [1975]. Note that the goal of this study is not to develop the most comprehensive model 

for nitrogen and phosphorus cycling in lotic systems, but to demonstrate using a parsimonious 

modeling framework that the emergent patterns observed in the data synthesis can be explained 

using some basic principles. 

 

The mass balance equations for the system can be written as: 

 

For nitrogen: 

𝑑𝐶𝑤

𝑑𝑡
 =

 𝑄

𝑉𝑤
𝐶𝑜 −

 𝑄

𝑉𝑤
𝐶𝑤 −  𝛼(𝐶𝑤 − 𝐶𝑟)    (5a) 

 

𝑑𝐶𝑟

𝑑𝑡
 =  + 

𝑉𝑤

𝑊𝐴∗𝑑𝑟
𝛼(𝐶𝑤 − 𝐶𝑟) − 𝑘𝑑𝑒𝑛𝐶𝑟    (5b) 

 

For phosphorus: 

𝑑𝐶𝑤

𝑑𝑡
 =

 𝑄

𝑉𝑤
𝐶𝑜 −

 𝑄

𝑉𝑤
𝐶𝑤 −  𝛼(𝐶𝑤 − 𝐶𝑟)−𝐶𝑤𝑣𝑠𝑆𝐴   (6a) 

 

𝑑𝐶𝑟

𝑑𝑡
 =  + 

𝑉𝑤

𝑊𝐴∗𝑑𝑟
𝛼(𝐶𝑤 − 𝐶𝑟)      (6b) 
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where Co is the N (or P) concentration in the inflow [ML-3], Cw is the N (or P) concentration in the 

water column and the outflow [ML-3], Vw is the volume of the water column [L3], kden [T
-1] is the 

intrinsic volumetric denitrification rate constant in the sediment, Cr is the N (or P) concentration 

in the pore water [ML-3], WA is the wetted contact area [L2], dr is the effective reactive depth [L], 

vs is the settling velocity for sediment-bound phosphorus [LT-1] and SA is the surface area [L2]. 

Note that the settling velocity vs is a physically based parameter describing the net flux between 

downward sedimentation and upward sediment release or desorption. 

 
Figure 2. Plan and cross-sectional view of the two-compartment (sediment-water) model for 

nutrient mass removal 

 

The coupled equations were solved at steady state to simulate the long-term input and output 

dynamics of nitrogen and phosphorus in these systems. The steady-state concentrations in the 

water column and the sediment pore water were obtained as a function of input concentration Co, 

flow rate Q, wetted area WA, water column depth d, and volume of the water column Vw. Finally, 

the modelled steady-state output concentration C was used with the volumetric PFR equation 

(Equation 4) to determine the effective volumetric rate constant k. 
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3.3.2  Model Parameters  
 

Our overall goal was to use the model to generate the removal rate constant k as a function of 

surface area SA. To achieve this goal, the range of SA values observed in the data analyses was 

discretized into six equally spaced bins ranging from 101 to 1011 m2 on a logarithmic scale to cover 

the range of data. For each of the six area classes, the mean area was calculated, and empirical 

values of flow, input loading and system depth were obtained by using the equations from the 

regression analyses (see Table 5). A cylindrical bathymetry was then assumed to calculate Vw and 

WA from the mean surface area and depth parameters. The reactive depth dr was assumed to be 

equal to 30 mm based on the zone of active denitrification seen in field studies [Harvey et al., 

2013]. To test the model sensitivity to the parameters, a local perturbation test was performed by 

changing a single parameter by 10% and comparing the percent change of output concentrations 

to the base case parameter set (Supplementary Table S1). The model is most sensitive to vs, 

followed by kden, dr, and WA. The model is relatively insensitive to the other parameters. The 

methods used to account for the uncertainty that may stem from the wide variability of vs and kden, 

are described in the following paragraph and sections. While the model is moderately sensitive to 

WA and dr, we will not be exploring the effects of these parameters due to the low variability 

associated with these parameters given a wetland size class.  

 

Both the intrinsic denitrification rate constant in the sediment kden and the settling rates of 

phosphorus vs have high degrees of variability in the environment. Mulholland et al. [2008b] 

measured the intrinsic denitrification rates in sediments from stable nitrogen isotopes across a wide 

range of biomes. They injected 15N into the stream and measured the resulting concentrations 

across a characteristic length scale and derived various nutrient spiraling metrics including the 

sediment denitrification rate. These values had an asymmetric distribution that ranged between 

0.002 to 4.8 hr-1 (mode = 0.01 hr-1). Several authors have summarized phosphorus settling rates 

(for inorganic and organic P) for numerous lentic systems and their associated descriptive statistics 
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[Chapra, 1975; Dillon and Molot, 1996; Hejzlar et al., 2006]. Similarly, Battin et al. [2008] 

conducted a synthesis of tracer experiments across a wide range of climatic zones (such as Arctic, 

semi-arid, tropical, temperate, etc.) and have provided a dataset of mass exchange coefficients. 

These mass exchange coefficients ranged from 0.02 to 16 hr-1 and are also skewed towards the 

mode of 0.36 hr-1. Using these published datasets (Figure 3), lognormal probability distributions 

were fitted to the intrinsic denitrification rate, phosphorus settling rate, mass exchange coefficients 

datasets (summarized in Table 2) and were used in the subsequent Monte Carlo analysis.  

 

Table 2. Fitting parameters for lognormal probability distributions 

 μln σln 
kden (hr-1) -3.64 1.7 

vs (m/d) -3.1 2.35 

α (hr-1) -0.35 0.6 

 

 

Figure 3. Histograms of a) sediment denitrification rate constant, b) phosphorus settling rate, c) 

mass exchange coefficient [Dillon and Molot, 1996; Hejzlar et al., 2006; Battin et al., 2008; 

Mulholland et al., 2008b] 
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3.3.3  Monte Carlo Analysis 
 

Due to the uncertainty in the model variables, a Monte Carlo analysis (MCA) was used to quantify 

the range of likely model outputs. MCA is an iterative algorithm that requires one or more state 

variables to be described as probability distributions (Figure 4). For each iteration, a new random 

variable is drawn from each statistical distribution to create a unique subset of parameters and used 

in the model to generate a feasible output variable. This process is repeated so that a distribution 

of likely output values are generated and can be characterized by descriptive statistics (such as 

mean, median, etc.). The output distribution can be used to bound the output with confidence 

intervals based on the percentiles of the distribution.  

 

A MCA analysis is typically run until the output distribution is considered stable (e.g. no 

significant changes to the mean or variance with increasing iterations). To ensure such conditions 

were met,  the model was run 10,000 times for each size class using the values of Lo, Q, Vw, and 

WA, and the probability distributions for the intrinsic denitrification rate constant kden, phosphorus 

settling velocity vs, and the mass exchange coefficient α (Figure 4). The modeled output mass 

loadings were then used to calculate the median and 95th percentile values for R as well as the 

effective removal rate constant k for each size class (see Table 4). The 5th and 95th percentile of 

extreme values from the final set of outputs were used as the confidence intervals for the median 

value. The k values obtained for the six size classes were used to create the modeled k-τ 

relationship, which was then compared with results from the meta-analyses. 
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Figure 4. Schematic of Monte Carlo simulation process. Steps a) and b) will be run multiple 

times to generate the final output distribution. 

 

3.4 Scaling Up: From Individual Wetlands to Landscape Scale Nutrient Removal 
 

The results of the data synthesis were upscaled to the landscape scale to determine the relative role 

of different sized wetlands in removing nutrients from the water column. The focus of this analysis 

was on wetlands; however similar conclusions should hold for other water bodies. The size-

frequency function of lakes and reservoirs also follows an inverse power-law distribution 

[Downing et al., 2006] and the loading-size as well as the k-τ relationships of lakes and reservoirs 

were found to be consistent with the wetland relationships. Lakes and reservoirs were omitted due 

to the lack of fine-resolution datasets that would allow the results to be upscaled concurrently for 

the same area as the wetlands.   

 

3.4.1  Regression Relationships for Scaling 
 

The total mass of nutrients removed Lr [MT-1] in wetlands as a function of surface area SA can be 

described using the following equations:  
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𝐿𝑟 =  𝑅(𝑆𝐴) × 𝐿𝑜(𝑆𝐴) × 𝑁(𝑆𝐴)       (7) 

 

𝑅(𝑆𝐴) =  1 − 𝑒−𝑘(𝑆𝐴)𝜏(𝑆𝐴)     (8) 

 

where Lo
 is mass loading into the system [MT-1], N is the number of water bodies with a given 

surface area and R is the fraction of mass removed given the system surface area [-]. Note that 

Lo(SA), k(SA), and τ(SA) relationships were developed based on the data synthesis described in 

Section 3.1. The form of Equation 8 is derived from the plug flow reactor model relationship (See 

Table 1). The N(SA) relationship was based on a distribution of wetlands found in the prairie 

pothole region in Iowa. A previous study had used high-resolution (1 m resolution) LIDAR data 

to estimate the number of water bodies as a function of surface area in the Des Moines Lobe in 

Iowa [Van Meter and Basu, 2015]. This size-frequency distribution was chosen as there have been 

few studies that have quantified the distributions of small wetlands at such a fine spatial resolution 

within landscape scales. Global datasets such as the HydroLAKES database which characterizes 

the area, volume, and residence times of lakes are truncated at waterbodies less than 10 ha in area 

[Messager et al., 2016] – thus would not be useful when attempting to quantify the truly smaller 

systems. The Des Moines Lobe landscape is part of the Prairie Pothole Region, which has 

numerous depressional features with surface areas ranging from 100 m2 to 5x104 m2 [Van Meter 

and Basu, 2015]. Analyses by Van Meter and Basu [2015] showed that there is a power law 

relationship between the number of depressional wetlands in the lobe and their surface areas 

(Figure 5; N = 2x1010 x SA-1.67; p <0.001; r2= 0.99). Or in other words, the smallest wetlands are 

found more frequently in the landscape than their larger parts; small wetlands sized 103 m2 have a 

frequency three orders of magnitude higher than those sized 105 m2 in the Des Moines lobe 

landscape. These depressional landscapes, much like lakes and other earth system features, follow 

a power-law distribution which speaks to the fractal nature of the erosional processes and form 
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these features and thus the relationship’s lack of dependence on spatial scale [Downing et al., 2006; 

Seekell and Pace, 2011; Seekell et al., 2013]. 

 

Figure 5. Historical size-frequency relationship for depressional wetlands in the Des Moines 

Lobe, Iowa, USA [Van Meter and Basu, 2015]. 

 

3.4.2 Monte Carlo Analysis 
 

Similar to the MCA used to quantify the uncertainty of the model outputs in Section 3.2, a Monte 

Carlo approach was also used when solving Equation 7 to develop estimates of the cumulative 

mass removed for each wetland size class. The surface areas used in the analysis ranged between 

102 and 105 m2 to model the wetland sizes found in the Des Moines Lobe; thus, the wetlands were 

divided into six equally sized bins (102 to 102.5, 102.5 to 103 m2, etc.).  

 

To describe the associated uncertainties for each wetland size class, lognormal probability 

distributions were fitted to the associated removal rate constants k, hydraulic residence times τ, 

and mass loading Lo found in each size class. Specifically, the range of values that were found in 
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the data synthesis for each parameter were separated into each size class. A distribution was then 

fitted to the subsets of each parameter of each bin for use in the MCA. 

 

The Monte Carlo analysis was run using 10,000 simulations for each bin to generate a range of 

probable values for the mass loading removed Lr by drawing on a new parameter set from the 

various probability distributions each time. The interquartile values of mass removal for each size 

class were determined and used as the bounds around the median values.  

 

3.4.3 Denitrification Potential Loss at the Landscape Scale 
 

Since wetlands are typically hotspots of nitrogen removal in the landscape, loss of wetlands is 

analogous to a Denitrification Potential Loss (DPL) of the landscape. In this section, the question 

whether DPL is greater when smaller wetlands are preferentially lost in the landscape, or is it larger 

when we preferentially lose the larger ones is asked. This is relevant because previous research 

has shown that humans preferentially drain smaller wetlands in the landscape [Van Meter and 

Basu, 2015]. The cumulative DPL loss was estimated by semi-analytically integrating the Lr-SA 

relationship derived in Section 3.3.1 using different intervals of integration using the following 

equation: 

 

∫ 𝐿𝑟
𝑆𝐴𝑖+1

𝑆𝐴𝑖
𝑑𝑆𝐴 =  ∫ 𝑅(𝑆𝐴)

𝑆𝐴𝑖+1

𝑆𝐴𝑖
× 𝐿𝑜(𝑆𝐴) × 𝑁(𝑆𝐴)𝑑𝑆𝐴     (9) 

 

where SAi and SAi+a create discrete bounds that are equally sized on a logarithmic scale from 102 

to 105 m2 . In this analysis, twelve bins were created: 102 to 102.5, 102.5 to 102.75 … 104.75 to 105 m2 

to span the range of system sizes found in the Des Moines Lobe (Section 3.4.2).  

 

Two scenarios were created to simulate wetland loss: Scenario one describes the progressive loss 

starting with the small size classes towards the large size classes, Scenario two simulates the 
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preferential loss of large wetlands first. The DPL was then normalized to the total denitrification 

potential of the original landscape to determine the fractional DPL due to wetland loss.   
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Chapter 4 – Results and Discussion 

4.1 Results of Data Synthesis 
 

4.1.1  Percent Nutrient Removal for the Different Water Bodies 
 

A total of 355 wetlands, 138 reservoirs and 117 lakes were synthesized in this study. The means 

and standard deviations of percent removal of TN, TP, nitrate and phosphate were calculated for 

the lakes, reservoirs and wetlands (Table 3). A standard two sample t-test assuming unequal 

variances was used to compare the means between each constituent and system. The samples are 

independent, assumed to follow a normal distribution (given the Central Limit Theorem with large 

sample sizes) and the data are continuous – thus satisfying the assumptions of the statistical test. 

Overall, the percent removal does not vary significantly between systems (all wetlands, lakes, and 

reservoirs) and across constituents, ranging between 32% and 65% (p<0.05). Natural wetlands had 

a wider variance in means (except nitrate) compared to other systems; however, there were not 

many natural wetland data points relative to the other systems due to the difficulty in quantifying 

the hydrological and bathymetrical parameters in these systems.  

 

Table 3. Mean removal (%) of constituents by system 

 TN NO3
- TP PO4

-3 

All Wetlands 49.4 ± 25.4 60.8 ± 29.5 49.0 ± 28.8 52.3 ± 30.5 

CSF 47.1 ± 21.8 52.0 ± 28.2 39.8 ± 29.3 49.8 ± 26.5 

CSSF 

NW 

51.0 ± 26.3 

17.5 ± 14.4 

65.3 ± 29.4 

58.7 ± 26.1 

51.7 ± 28.4 

27.9 ± 26.1 

53.8 ± 32.0 

26.3 ± 19.2 

Lakes 44.0 ± 27.4 59.4 ± 28.2 50.2 ± 25.5 65.2 ± 27.7 

Reservoirs 31.8 ± 20.6 46.9 ± 24.0 47.8 ± 25.6 64.7 ± 18.9 

Note: Natural Wetlands (NW), Constructed Subsurface (CSSF) and Constructed Surface 

Flow (SF) wetlands are subsets of the total wetlands. 

 

4.1.2  Nutrient Removal Rate Constants as a Function of System Size 
 

The volumetric nutrient removal rate constants k of all four constituents (TN, NO3
-, TP, PO4

-3) 

follow a significant inverse relationship with the residence time of the system (p<0.001). 
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Residence time can be a surrogate for system size, where longer residence times indicate larger 

water bodies. Within the dataset, water residence time has a significant positive relationship with 

surface area (p<0.002) and is illustrated in Figure 6 (τ=1.44xSA0.23). It was assumed that 

confounding factors such as managed flows, relative magnitude of groundwater exchange, and 

preferential flowpaths which cause variance in this relationship will not significantly alter the slope 

of this relationship at longer time scales.  

 

 
Figure 6. Water residence time (τ) versus surface area (SA) regression based on entire dataset 

from meta-analysis. 

 

The data all follow a power law function that is consistent across six orders of magnitude for 

residence times. The inverse relationship holds whether a CSTR or a PFR model is assumed to 

describe the reaction kinetics. Figure 7 and Table 4 show the values based on the PFR model, 

while Supplemental Figure S1 shows the similar results obtained under the CSTR assumption. 

The strong relationship between the rate constant and the water residence time for the variety of 

system types (wetlands, lakes or reservoirs, as well as their trophic state, climate, nutrient loading, 
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etc.) suggests that there is a common physical constraint acting as the primary modifier of the 

relevant biogeochemical processes. The physical constraint altering biogeochemical processing 

could likely be attributed to the wetted sediment area (total area of sediment that comes into contact 

with water) to water volume ratio, with larger water bodies having a smaller ratio, and thus smaller 

effective rate constants. In the following section, a model analysis is used to explore this 

hypothesis. 

    
Figure 7. Removal rate constant (k) versus hydraulic residence time (τ) for a) total nitrogen 

(TN), b) nitrate (NO3
-), c) total phosphorus (TP), d) phosphate (PO4

3-) 

 

The effective removal rate constants were also regressed against surface area (Figure 8). Again, 

there were significant inverse relationships between k and SA across all four constituents. It should 

be noted that the best fits were weaker with surface area and the r2 values ranged from 0.13 to 0.52 

but the downward slopes remained significant. The lower r2 values point to other drivers of the 
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relationship such as depth and water residence time. However, surface area is an important proxy 

for these factors as it is the parameter most easily collected from aerial imagery and for use in 

watershed or global analyses as both depth and flow typically requires field measurements.  

 

It is likely that the hydraulic residence time serves as a better proxy for the sediment area-volume 

ratio as τ can be derived from the volume, surface area, as well as the flow of the system. Thus, 

the hydraulic residence time better integrates the hydrology and the geometry of the system than 

simply the surface area.  

 

 
Figure 8. Removal rate constant (k) versus surface area (SA) for a) total nitrogen (TN), b) nitrate 

(NO3
-), c) total phosphorus (TP), d) phosphate (PO4

3-) 
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While all available data on lotic systems were used to develop a single regression equation for 

each constituent in Figure 7, also explored the individual relationships between effective removal 

rate constants and residence times for lakes, reservoirs, surface and subsurface flow constructed 

wetlands were also explored (Table 4). All the different water body types show statistically 

significant power function relationships between the effective removal rate constant and the 

residence times (Table 4). For TN, the constant of the relationship was an order of magnitude 

higher for wetlands than for lakes and reservoirs, and the slope for wetlands was also slightly 

greater. A higher constant and a steeper slope for wetlands indicate that (a) smaller wetlands are 

disproportionately more reactive than smaller lakes or reservoirs; (b) the surface area to volume 

ratio is a more critical control for wetlands. Similar patterns are observed for TP, with wetlands 

having a greater constant and steeper slope compared to lakes and reservoirs. The patterns for 

nitrate and phosphate are much less apparent; however, the dataset is also much more sparse for 

these two constituents. 
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Table 4. Summary of k-τ regression analyses for lakes, reservoirs and wetlands 

Element System n Constant Exponent p r2 

TN Lakes 102 0.048 -0.55 <0.001 0.392 

 Reservoirs 74 0.053 -0.60 <0.001 0.427 

 Wetlands 357 0.375 -0.78 <0.001 0.475 

 CSSF 95 0.413 -0.80 <0.001 0.292 

 CSF 

NW 

249 

9 

0.295 

0.169 

-0.65 

-1.10 

<0.001 

<0.001 

0.414 

0.848 

NO3
- Lakes 40 0.184 -0.72 <0.001 0.724 

 Reservoirs 17 0.884 -1.09 <0.001 0.564 

 Wetlands 338 0.540 -0.73 <0.001 0.374 

 CSSF 106 0.365 -0.60 <0.001 0.171 

 CSF 

NW 

220 

12 

0.635 

1.009 

-0.75 

-1.08 

<0.001 

<0.001 

0.392 

0.900 

TP Lakes 117 0.186 -0.78 <0.001 0.807 

 Reservoirs 178 0.175 -0.73 <0.001 0.546 

 Wetlands 332 0.306 -0.71 <0.001 0.404 

 CSSF 63 0.228 -0.62 <0.001 0.226 

 CSF 

NW 

255 

7 

0.289 

0.256 

-0.66 

-1.01 

<0.001 

<0.001 

0.332 

0.913 

PO4
3- Lakes 18 0.122 -0.60 <0.001 0.763 

 Reservoirs 13 0.803 -0.95 <0.001 0.791 

 Wetlands 209 0.321 -0.67 <0.001 0.279 

 CSSF 53 0.388 -0.76 <0.001 0.298 

 CSF 

NW 

149 

4 

0.306 

0.190 

-0.65 

3.02 

<0.001 

0.73* 

0.245 

0.075 

Note: Natural Wetlands (NW), Constructed Subsurface (SSF) and Constructed Surface Flow (SF) 

wetlands are subsets of the total wetlands. The number of SSF and SF wetlands may not add up to 

the total number of wetlands due to unclassified or hybrid wetland types. *Exponent value not 

significant  

 

Table 5. Summary of regression analysis for various parameters derived from data synthesis. All 

water body types were included in the analysis. Regression parameters are all significant 

(p<0.001). 

Regression Equation r2 

Q = 41.6 X SA0.91 0.87 

d = 0.13 X SA0.21 0.50 

Lo=0.05XSA0.45 0.44 

τ = 1.51 X SA0.23 0.40 
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4.1.3 Hydrologic versus Biogeochemical Controls on Nutrient Removal Rates  
 

The balance between hydrologic and biogeochemical controls on removal rates can be expressed 

most succinctly by the dimensionless Damkohler number Da, defined as the ratio between the 

transport and the reaction timescales (τ /(1/k)). A Damkohler number equal to 1 indicates that the 

transport and reaction timescales are balanced, while Da < 1 indicates transport limitation, and Da 

> 1 implies reaction rate limitation where biophysical conditions are limiting for the reaction 

[Harvey et al., 2013]. For this study, a large fraction of the Da values were less than 1 across all 

systems (Figure 9), suggestive of a transport-limited system. The reaction rate constant, however, 

is not the intrinsic reaction rate in the sediment, but is modified by the sediment-area to water 

volume ratio as described in Section 3.3. Thus, a transport limitation implies access limitation to 

the reactive sediment zone where denitrification or sediment entrapment occurs removing the 

element (N or P) from the water column. 

   
Figure 9. Frequency distributions for the Damkohler number (τ/(1/k)) 
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4.2 Results of Model Analysis 
 

The regression relationships developed from the entire dataset for Q and d with surface area (Table 

5) were used with the lognormal distributions for kden and vs to run the model 10,000 times for each 

size class, and the values of the volumetric rate constant k was plotted as a function of residence 

time (Figures 10a and b for nitrogen and phosphorus respectively). These modeled-derived 

relationships were then compared with the data-derived relationship between k and residence time. 

The 95% confidence intervals on the modeled relationship capture the variability in the data 

adequately well with 94% of the TN data and 77% of the TP data falling within the model-derived 

bounds (Figures 10a and b). The correspondence between the modeled and data-derived 

relationships confirm our hypothesis that the greater surface area to volume ratio of the smaller 

water bodies is the primary factor contributing to their larger rate constants.  

 

It is interesting to note that for nitrogen, the mean value of the intrinsic rate constant in the sediment 

(kden) used in our model is equal to 0.63 d-1, which is close to the k values from systems with lower 

residence times, and larger contact area to volume ratios.  With increasing size of the water body 

and residence times the effective rate constant decreases following a power function to as low as 

0.001 d-1. Thus, the intercept of the k-τ relationship is indicative of biogeochemical control, while 

the slope is controlled by hydrology. In other words, the intrinsic rate constant in the sediment is 

a primary control on the intercept, with the effective k of small systems approaching kden; the water 

residence time (which largely controls how much of the water and nutrient comes into contact with 

the sediment and for how long acts) as a further modifier that reduces the intrinsic rates. For 

phosphorus, the mean vs value of 16 m/year and the 95% CI range between 3.3 and 79 m/year falls 

within the observed ranges reported in the literature (12-36 m/yr [Hejzlar et al., 2006], 16 m/yr 

[Chapra, 1975], 6-81 m/yr [Dillon and Molot, 1996].  

 

The variance around the median may be attributed to some of the assumptions made in the model 

conceptualization. The hydrology of the system is assumed to be driven only by a generic point 
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inflow and is discharged by a point outflow. Other fluxes such as groundwater exchange with the 

surrounding uplands or aquifers are neglected, as are seasonal non-point sources of water such as 

snowmelt or flood events. These dynamics are difficult to capture in a generalized modelling 

framework yet they can modify the nutrient dynamics of the system.  For example, groundwater 

often has a different oxygen concentration than that of the sediment bed (may depend on if the 

groundwater is sourced from deep or shallow aquifer, and if the discharge is near the edge or 

bottom of the water body) and will alter the redox gradient and modify the denitrification rates in 

the system [Stoliker et al., 2016]. Similarly, the oxic level of the sediments determine the source-

sink dynamics of sorbed P. In oxic conditions, iron hydroxides are strongly bonded and limit the 

diffusive flux between the water-sediment interface; in anoxic conditions, the phosphorus is 

released [Van Cappellen and Berner, 1988; Slomp et al., 1996, 1998].  
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Figure 10. Comparison between the model-estimated k-τ relationship (solid line) and data from 

meta-analyses for a) total N and b) total P. Scatter plot is data based on meta-analyses, while the 

lines are modeled values. The black solid line is the median value, while the red dashed lines are 

the 95% confidence intervals of the k-τ relationship derived from Monte Carlo simulations. The 

black horizontal dashed line in 4a is the intrinsic sediment denitrification constant that captures 

the biogeochemical control on the relationship. 
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4.3 Exploring Dominant Controls on the Observed Inverse k-SA Relationship 
 

Both the data and model results reveal an inverse relationship between the water residence time 

(or surface area) and the effective nutrient removal rate constant. The cause of this behaviour can 

likely be attributed to the higher ratio of wetted sediment area and the volume of water (WA:V 

ratio) in small water bodies. As discussed previously, the sediment zone is a critical part of the 

nitrogen and phosphorus cycles where denitrifying bacteria can remove nitrogen and is the storage 

zone for sediment bound P. Here, the relationship between the WA:V ratio and size using an 

analytical expression is shown. 

 

The model described above assumes a cylindrical bathymetry for ease of calculations. The wetted 

area term serves as a link between the bathymetry and the removal processes in the system. To 

determine a relationship between the size of a water body and wetted area, the bathymetric 

relationship developed by Hayashi and van der Kamp [2000] was used:  

 

𝑦

𝑦𝑜
=  (

𝑟

𝑟𝑜
)

𝑝
      (10) 

 

where y and r are the maximum depth and radius of the water body [L], yo and ro are the depth and 

radius at a reference depth [L ] and p is a shape factor. The shape factor describes the slope of the 

water body where p=1 creates a cone and p approaching infinity creates a cylinder (Figure 11). 

Surface area-wetted area-volume relationships were developed by integrating the bathymetric 

equation (i.e. the slope profile) around the vertical axis.  
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Figure 11. Example slope profile of symmetric basin following y = yo(r/ro)
p 

 

The effect of varying bathymetry was explored by calculating the wetted area – volume ratio of 

the water body. As such, the wetted contact area (Sy) and volume (V) were calculated using 

Equations 11 and 12 respectively: 

𝑆𝑦 = 2𝜋 ∫ 𝑟(𝑦)√1 + (
𝑑𝑟

𝑑𝑦
)

2

𝑑𝑦
𝑦2

𝑦1

      (11) 

 

𝑉 =  𝜋 ∫ 𝑦(𝑟)2𝑦2

𝑦1
𝑑𝑦         (12) 

 

where Sy, which represents the wetted contact area and is the surface of revolution along the y-

axis, r is the radius as a function of depth (based on Equation 10), V is the volume of the solid of 

revolution along the y-axis. 

 

A common metric for the biological richness and diversity of a wetland is the perimeter-area ratio 

[Helzer and Jelinski, 1999; Fairbairn and Dinsmore, 2001]. The same metric can also be used in 

determining wetland hydrological behaviour. Studies such as those by Millar [1971] and Hayashi 

and Rosenberry [2002] found that the water level recession in wetlands are highly dependent on 

the perimeter-area ratio which accounts for the higher surface areas allowing for 

evapotranspiration or groundwater exchange. Thus, it should follow that nitrogen and phosphorus 
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removal dynamics in lentic systems, which are greatly dependent on the hydrological processes 

and pathways, should also be dependent to analogous metrics such as the wetted area-volume ratio. 

 

The wetted contact area-volume ratio, regardless of the shape of the system, is higher for smaller 

systems (Figure 12). This relationship supports the hypothesis that a controlling factor to the 

overall reactivity of the system is dependent on size due to the contact area-volume ratio. The 

effect is most apparent for small water bodies: accounting for system bathymetry will be more 

important when modelling the biogeochemical processes for small systems. However, this 

relationship tends to converge at larger scales where the wetted area approaches unity with volume 

due to the relatively small magnitude of depth.  

 

 
Figure 12. Decreasing wetted area-volume ratio as a function surface area 

 

The shape of the water body is another factor that can affect the wetted area-volume ratio. Systems 

that are more conical in shape tend to have a higher ratio when compared to cylindrical systems. 

However, the conical and cylindrical are end members of likely scenarios with most systems 

having concave bathymetries but the negative relationship between the wetted area-volume ratio 

and surface area still holds true. 
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4.4 Nutrient Removal Potential Loss at the Landscape Scale 

 

The TN mass removed by wetlands belonging to different size classes, and the cumulative fraction 

of mass removed are presented in Figure 13. The results clearly demonstrate that in a landscape 

with a distribution of wetland sizes the smaller wetlands remove a greater amount of TN than the 

larger ones. In fact, approximately 50% of the TN loading is removed by wetlands smaller than 

102.5 km2. The disproportionate removal by the smaller systems occur due to their high removal 

rate constants coupled with a higher frequency of smaller water bodies on the landscape (Figure 

13). The results are very similar for the other constituents (TP, nitrate and phosphate) since the k-

τ relationships are not significantly different for the different species. It is important to note again 

that the similarity in the k-τ relationships for the four constituents with very different 

biogeochemical properties points to the strong hydrologic controls that overwhelm the site-specific 

biogeochemistry.  

 

To explore the effect of the preferential loss of smaller water bodies, we calculated the fractional 

denitrification potential lost as a function of fractional loss in wetland area. When smaller wetlands 

are lost preferentially (green line in Figure 14), a greater fraction of the denitrification potential is 

lost, even when the same amount of wetland area is lost, compared to the case when larger wetlands 

are lost preferentially (red line in Figure 14). Thus, for the same fractional area of wetlands lost 

in the landscape, a greater fraction of the denitrification potential will be lost if we lose smaller 

versus larger wetlands.  

 

The observation of a greater fraction of nutrients removed by smaller wetlands is significant, 

especially in the context of the current loss of protection for smaller wetlands on the landscape. 

Regions such as the historically wetland-rich Prairie Pothole Region have indeed seen a 

disproportionate loss of small wetlands to agriculture [McCauley and Jenkins, 2005; Van Meter 

and Basu, 2015]. Urban landscapes have lost water bodies with a preferential loss of smaller 
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systems relative to the surrounding undeveloped land [Steele et al., 2014; Steele and Heffernan, 

2014]. This disappearance of small wetlands thus has significantly impacted landscape-scale 

nutrient-processing potential and thus must be better taken into account with regard to wetland 

protection and wetland restoration efforts. 

 

   
Figure 13. The TN mass removed (solid line) and the cumulative fraction of mass removed 

(dashed line) by each size class, given the wetland size frequency distribution of the Des Moines 

Lobe, and the k-τ relationship from the data synthesis. The grey shaded area indicates the 

interquartile range estimated based on Monte-Carlo simulations. 
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Figure 14. Fractional denitrification potential lost as a function of fractional wetland area lost, 

given the wetland size frequency distribution of the Des Moines Lobe and the k-τ relationship 

from the data synthesis. For the same fractional area lost, the loss is greater if smaller wetlands 

are lost preferentially.   
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Chapter 5 – Conclusions  

5.1 Summary  
 

Wetlands often function as critical sinks of nutrients in the landscape, and thus significant research 

has focused on understanding the biogeochemical cycling of nutrients in wetlands over the last 

few decades. However, most studies have focused on individual wetlands, making it difficult to 

extend these findings to wetlandscapes, which are composed of a distribution of wetlands. Similar 

challenges exist with other aquatic systems - in fact, research comparing small streams with larger 

rivers has highlighted differences in nutrient cycling in these systems [Alexander et al., 2000]. Our 

goal in the present study was to explore nutrient retention potential across various wetland types 

and sizes, and to place these results in the context of other lentic systems, namely lakes and 

reservoirs.   

 

we examined the retention rate constants for total nitrogen, nitrate, total phosphorus and phosphate 

in lakes, wetlands and reservoirs through a meta-analysis of data from over 600 sites. A strong 

inverse relationship (power function) was apparent between the volumetric first-order nutrient 

removal rate constant (k, [T-1]) and the mean residence time (τ, [T]) across six orders of magnitude 

in residence times. The consistency of the relationship across constituent and system types alludes 

to an underlying physical mechanism that leads to the emergent inverse k-τ relationship. 

Specifically, the similarities in the effective removal rate constants between a biologically 

mediated nutrient (N) and a physically mediated nutrient (P) suggests the dominance of hydrologic 

controls on biogeochemical functioning.  

 

To test the hypotheses that hydrologic controls dominate the nutrient removal rate constant, we 

developed a two-compartment sediment-water model that simulated denitrification as the primary 

removal mechanism for nitrogen and settling as the primary removal mechanism for P. The model 

was able to replicate the k-τ relationship observed in the data synthesis, thus supporting the 
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hypothesis that larger water bodies with longer residence times have smaller first-order removal 

rate constants.  

 

Finally, we explored the role of small versus large wetlands on nutrient retention at the landscape 

scale. The historical size frequency distribution of wetlands in the Des Moines Lobe in Iowa was 

used for this analysis. The results from this analysis demonstrate the disproportionately larger role 

that small wetlands have in total nutrient removal at the landscape scale. For example, wetlands 

smaller than 102.5 m2 accounted for approximately 50% of TN removal when analyzing systems 

up to 105 m2 in size. The results also showed that for the same wetland area lost, the total 

denitrification potential lost is larger when smaller wetlands are lost than when larger ones are lost. 

These results are important to consider in the context of wetland protection and wetland restoration 

efforts, since, as highlighted by Van Meter and Basu [2015], anthropogenic disturbances have not 

only contributed to a loss of overall wetland area, but have also in a preferential loss of smaller 

wetlands. These smaller wetlands on the landscape provide critical watershed functions, and thus 

warrant greater protection than is currently provided [Marton et al., 2015; Cohen et al., 2016]. 

This study, for the first time, quantifies the disproportionately larger role smaller wetlands can 

play in landscape nutrient processing, and highlights the need for valuing and protecting these 

smaller, often ignored, landscape features.  

 

5.2 Future Work 
 

The meta-analyses focused on the long-term nutrient reduction behavior of water bodies and 

identified small water bodies as ‘hotspots’ in watershed biogeochemical cycles. However, water 

bodies are dynamic systems that will exhibit distinct seasonal or short-term activity. These ‘hot 

moments’ have been identified to be just as important in furthering our understanding of the 

nitrogen and phosphorus cycles [McClain et al., 2003; Groffman et al., 2009]. Additional work 

will need to be done to couple existing hydrological models that capture the dynamics of the 
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aquifer-wetland interface [McLaughlin et al., 2014] or to further existing catchment scale 

biogeochemical models to include wetland dynamics and other nutrients [Porporato et al., 2003]. 

There remains an opportunity to also couple nutrient cycles (e.g. C, N, P) together within the 

catchment scales to quantify the interaction of these ecohydrological processes.  

 

A direct extension of this thesis will be to introduce the concept of spatial and temporal 

connectivity between these reactive interfaces in the catchment. The transient nature of 

hydrological connectivity of wetlands and its surrounding upland influences the biogeochemistry 

of the system [Groffman et al., 2009; Golden et al., 2014]. In particular, geographically isolated 

wetlands may work in networks and exhibit hydrologic threshold behaviors that need to be 

quantified so that these systems, which are often co-located in agro-ecosystems and subject to 

excess nutrient loading, can be better understood.  

  



 59 

References 

Alexander, R. B., R. A. Smith, and G. E. Schwarz (2000), Effect of stream channel size on the 

delivery of nitrogen to the Gulf of Mexico, Nature, 403(6771), 758–761, 

doi:10.1038/35001562. 

Alexander, R. B., J. K. Böhlke, E. W. Boyer, M. B. David, J. W. Harvey, P. J. Mulholland, S. P. 

Seitzinger, C. R. Tobias, C. Tonitto, and W. M. Wollheim (2009), Dynamic modeling of 

nitrogen losses in river networks unravels the coupled effects of hydrological and 

biogeochemical processes, Biogeochemistry, 93(1–2), 91–116, doi:10.1007/s10533-008-

9274-8. 

Anderson, D. M., P. M. Glibert, and J. M. Burkholder (2002), Harmful algal blooms and 

eutrophication: Nutrient sources, composition, and consequences, Estuaries, 25(4), 704–

726, doi:10.1007/BF02804901. 

Arheimer, B., and H. B. Wittgren (2002), Modelling nitrogen removal in potential wetlands at the 

catchment scale, Ecol. Eng., 19(1), 63–80. 

Arhonditsis, G. B., and M. T. Brett (2005), Eutrophication model for Lake Washington (USA), 

Ecol. Model., 187(2–3), 140–178, doi:10.1016/j.ecolmodel.2005.01.040. 

Aziz, S. A. b A., and D. B. Nedwell (1986), The nitrogen cycle of an East Coast, U.K., saltmarsh: 

I. Nitrogen assimilation during primary production; Detrital mineralization, Estuar. Coast. 

Shelf Sci., 22(5), 559–575, doi:10.1016/0272-7714(86)90014-4. 

Baron, J. S., E. K. Hall, B. T. Nolan, J. C. Finlay, E. S. Bernhardt, J. A. Harrison, F. Chan, and E. 

W. Boyer (2013), The interactive effects of excess reactive nitrogen and climate change on 

aquatic ecosystems and water resources of the United States, Biogeochemistry, 114(1–3), 

71–92, doi:10.1007/s10533-012-9788-y. 

Basu, N. B., P. S. C. Rao, S. E. Thompson, N. V. Loukinova, S. D. Donner, S. Ye, and M. 

Sivapalan (2011), Spatiotemporal averaging of in-stream solute removal dynamics, Water 

Resour. Res., 47(10), doi:10.1029/2010WR010196. 

Battin, T. J., L. A. Kaplan, S. Findlay, C. S. Hopkinson, E. Marti, A. I. Packman, J. D. Newbold, 

and F. Sabater (2008), Biophysical controls on organic carbon fluxes in fluvial networks, 

Nat. Geosci., 1(2), 95–100, doi:10.1038/ngeo101. 

Bencala, K. E., and R. A. Walters (1983), Simulation of solute transport in a mountain pool-and-

riffle stream: A transient storage model, Water Resour. Res., 19(3), 718–724, 

doi:10.1029/WR019i003p00718. 

Bencala, K. E., V. C. Kennedy, G. W. Zellweger, A. P. Jackman, and R. J. Avanzino (1984), 

Interactions of solutes and streambed sediment: 1. An experimental analysis of cation and 

anion transport in a mountain stream, Water Resour. Res., 20(12), 1797–1803, 

doi:10.1029/WR020i012p01797. 



 60 

Beusen, A. H. W., L. P. H. Van Beek, A. F. Bouwman, J. M. Mogollón, and J. J. Middelburg 

(2015), Coupling global models for hydrology and nutrient loading to simulate nitrogen 

and phosphorus retention in surface water - description of IMAGE–GNM and analysis of 

performance, Geosci. Model Dev., 8(12), 4045–4067, doi:10.5194/gmd-8-4045-2015. 

Beven, K., and J. Freer (2001), Equifinality, data assimilation, and uncertainty estimation in 

mechanistic modelling of complex environmental systems using the GLUE methodology, 

J. Hydrol., 249(1–4), 11–29, doi:10.1016/S0022-1694(01)00421-8. 

Beven, K. J. (2000), Uniqueness of place and process representations in hydrological modelling, 

Hydrol Earth Syst Sci, 4(2), 203–213, doi:10.5194/hess-4-203-2000. 

Bicknell, B. R., J. C. Imhoff, J. L. Kittle Jr, T. H. Jobes, A. S. Donigian Jr, and R. Johanson (2001), 

Hydrological simulation program-Fortran: HSPF version 12 user’s manual, AQUA 

TERRA Consultants, Mountain View, California. 

Boström, B., J. M. Andersen, S. Fleischer, and M. Jansson (1988), Exchange of phosphorus across 

the sediment-water interface, Hydrobiologia, 170(1), 229–244, doi:10.1007/BF00024907. 

Botter, G., N. B. Basu, S. Zanardo, P. S. C. Rao, and A. Rinaldo (2010), Stochastic modeling of 

nutrient losses in streams: Interactions of climatic, hydrologic, and biogeochemical 

controls, Water Resour. Res., 46(8), doi:10.1029/2009WR008758. 

Boyer, E. W., R. B. Alexander, W. J. Parton, C. Li, K. Butterbach-Bahl, S. D. Donner, R. W. 

Skaggs, and S. J. D. Grosso (2006), Modeling denitrification in terrestrial and aquatic 

ecosystems at regional scales, Ecol. Appl., 16(6), 2123–2142, doi:10.1890/1051-

0761(2006)016[2123:MDITAA]2.0.CO;2. 

Brainard, A. S., and G. W. Fairchild (2012), Sediment characteristics and accumulation rates in 

constructed ponds, J. Soil Water Conserv., 67(5), 425–432, doi:10.2489/jswc.67.5.425. 

Bras, R. L. (2015), Complexity and organization in hydrology: A personal view, Water Resour. 

Res., 51(8), 6532–6548, doi:10.1002/2015WR016958. 

Braskerud, B. C., K. S. Tonderski, B. Wedding, R. Bakke, A.-G. B. Blankenberg, B. Ulén, and J. 

Koskiaho (2005), Can constructed wetlands reduce the diffuse phosphorus loads to 

eutrophic water in cold temperate regions?, J. Environ. Qual., 34(6), 2145–2155, 

doi:10.2134/jeq2004.0466. 

Brett, M. T., and M. M. Benjamin (2007), A review and reassessment of lake phosphorus retention 

and the nutrient loading concept, Freshw. Biol., 53(1), 194–211, doi:10.1111/j.1365-

2427.2007.01862.x. 

Carleton, J. N., and H. J. Montas (2010), An analysis of performance models for free water surface 

wetlands, Water Res., 44(12), 3595–3606, doi:10.1016/j.watres.2010.04.008. 



 61 

Cebron, A., T. Berthe, and J. Garnier (2003), Nitrification and Nitrifying Bacteria in the Lower 

Seine River and Estuary (France), Appl. Environ. Microbiol., 69(12), 7091–7100, 

doi:10.1128/AEM.69.12.7091-7100.2003. 

Chapra, S. C. (1975), Comment on “An empirical method of estimating the retention of 

phosphorus in lakes” by W. B. Kirchner and P. J. Dillon, Water Resour. Res., 11(6), 1033–

1034, doi:10.1029/WR011i006p01033. 

Childers, D. L., and J. W. Day (1990), Marsh-Water Column Interactions in Two Louisiana 

Estuaries. II. Nutrient Dynamics, Estuaries, 13(4), 404, doi:10.2307/1351785. 

Christophoridis, C., and K. Fytianos (2006), Conditions affecting the release of phosphorus from 

surface lake sediments, J. Environ. Qual., 35(4), 1181, doi:10.2134/jeq2005.0213. 

Cohen, M. J. et al. (2016), Do geographically isolated wetlands influence landscape functions?, 

Proc. Natl. Acad. Sci., 113(8), 1978–1986, doi:10.1073/pnas.1512650113. 

Cooke, J. G., and R. E. White (1987), The effect of nitrate in stream water on the relationship 

between gentrification and nitrification in a stream-sediment microcosm, Freshw. Biol., 

18(2), 213–226, doi:10.1111/j.1365-2427.1987.tb01309.x. 

Craft, C., and W. Casey (2000), Sediment and nutrient accumulation in floodplain and depressional 

freshwater wetlands of Georgia, USA, Wetlands, 20(2), 323–332, doi:10.1672/0277-

5212(2000)020[0323:SANAIF]2.0.CO;2. 

Crisman, T. L., L. J. Chapman, and C. A. Chapman (1998), Predictors of seasonal oxygen levels 

in small Florida lakes: The importance of color, Hydrobiologia, 368(1), 149–155, 

doi:10.1023/A:1003289813849. 

Davidson, N. C. (2014), How much wetland has the world lost? Long-term and recent trends in 

global wetland area, Mar. Freshw. Res., 65(10), 934, doi:10.1071/MF14173. 

DeAngelis, D. L., M. Loreau, D. Neergaard, P. J. Mulholland, and E. R. Marzolf (1995), Modelling 

nutrient-periphyton dynamics in streams: the importance of transient storage zones, Ecol. 

Model., 80(2–3), 149–160, doi:10.1016/0304-3800(94)00066-Q. 

DeLaune, R. D., T. C. Feijtel, and W. H. Patrick (1989), Nitrogen flows in Louisiana Gulf Coast 

salt marsh: Spatial considerations, Biogeochemistry, 8(1), 25–37, 

doi:10.1007/BF02180165. 

Dettmann, E. H. (2001), Effect of water residence time on annual export and denitrification of 

nitrogen in estuaries: A model analysis, Estuaries, 24(4), 481–490, doi:10.2307/1353250. 

Di Toro, D. M. (2001), Sediment flux modeling, Wiley-Interscience, New York. 

Dillon, P. J., and L. A. Molot (1990), The role of ammonium and nitrate retention in the 

acidification of lakes and forested catchments, Biogeochemistry, 11(1), 23–43. 



 62 

Dillon, P. J., and L. A. Molot (1996), Long-term phosphorus budgets and an examination of a 

steady-state mass balance model for central Ontario lakes, Water Res., 30(10), 2273–2280, 

doi:10.1016/0043-1354(96)00110-8. 

Downing, J. A. (2010), Emerging global role of small lakes and ponds: little things mean a lot, 

Limnetica, 29(1), 0009–24. 

Downing, J. A., Y. T. Prairie, J. J. Cole, C. M. Duarte, L. J. Tranvik, R. G. Striegl, W. H. 

McDowell, P. Kortelainen, N. F. Caraco, and J. M. Melack (2006), The global abundance 

and size distribution of lakes, ponds, and impoundments, Limnol. Oceanogr., 51(5), 2388–

2397, doi:10.4319/lo.2006.51.5.2388. 

Ducks Unlimited Canada (2010), Southern Ontario Wetland Conversion Analysis Final Report, 

Barrie, Ontario, Canada. 

Dunnette, D., and R. Avedovech (1983), Effect of an industrial ammonia discharge on the 

dissolved oxygen regime of the Willamette river, Oregon, Water Res., 17(9), 997–1007, 

doi:10.1016/0043-1354(83)90040-4. 

Ensign, S. H., and M. W. Doyle (2006), Nutrient spiraling in streams and river networks, J. 

Geophys. Res. Biogeosciences, 111(G4), G04009, doi:10.1029/2005JG000114. 

EPA and U.S. Army Corps of Engineers (2003), Clean Water Act Jurisdiction following the U.S. 

Supreme Court’s decision in Rapanos versus United States and Carabell versus United 

States, U.S. Environmental Protection Agency and Army Corps of Engineers Draft 

Guidance Document. 

Fairbairn, S. E., and J. J. Dinsmore (2001), Local and landscape-level influences on wetland bird 

communities of the prairie pothole region of Iowa, USA, Wetlands, 21(1), 41–47, 

doi:10.1672/0277-5212(2001)021[0041:LALLIO]2.0.CO;2. 

Fennel, K. et al. (2009), Modeling denitrification in aquatic sediments, Biogeochemistry, 93(1–2), 

159–178, doi:10.1007/s10533-008-9270-z. 

Filippelli, G. M. (2008), The global phosphorus cycle: past, present, and future, Elements, 4(2), 

89–95, doi:10.2113/GSELEMENTS.4.2.89. 

Follmi, K. (1996), The phosphorus cycle, phosphogenesis and marine phosphate-rich deposits, 

Earth-Sci. Rev., 40(1–2), 55–124, doi:10.1016/0012-8252(95)00049-6. 

Galloway, J. N. et al. (2004), Nitrogen cycles: Past, present, and future, Biogeochemistry, 70(2), 

153–226, doi:10.1007/s10533-004-0370-0. 

Ghermandi, A., J. C. J. M. van den Bergh, L. M. Brander, H. L. F. de Groot, and P. A. L. D. Nunes 

(2010), Values of natural and human-made wetlands: A meta-analysis, Water Resour. Res., 

46(12), doi:10.1029/2010WR009071. 



 63 

Gibson, C. E., G. Wang, R. H. Foy, and S. D. Lennox (2001), The importance of catchment and 

lake processes in the phosphorus budget of a large lake, Chemosphere, 42(2), 215–220. 

Golden, H. E., C. R. Lane, D. M. Amatya, K. W. Bandilla, H. Raanan Kiperwas, C. D. Knightes, 

and H. Ssegane (2014), Hydrologic connectivity between geographically isolated wetlands 

and surface water systems: A review of select modeling methods, Environ. Model. Softw., 

53, 190–206, doi:10.1016/j.envsoft.2013.12.004. 

Golden, H. E., H. A. Sander, C. R. Lane, C. Zhao, K. Price, E. D’Amico, and J. R. Christensen 

(2016), Relative effects of geographically isolated wetlands on streamflow: a watershed-

scale analysis, Ecohydrology, 9(1), 21–38, doi:10.1002/eco.1608. 

Gomez-Velez, J. D., and J. W. Harvey (2014), A hydrogeomorphic river network model predicts 

where and why hyporheic exchange is important in large basins, Geophys. Res. Lett., 

41(18), 2014GL061099, doi:10.1002/2014GL061099. 

Gomez-Velez, J. D., J. W. Harvey, M. B. Cardenas, and B. Kiel (2015), Denitrification in the 

Mississippi River network controlled by flow through river bedforms, Nat. Geosci., 8(12), 

941–945, doi:10.1038/ngeo2567. 

Gooseff, M. N., J. K. Anderson, S. M. Wondzell, J. LaNier, and R. Haggerty (2006), A modelling 

study of hyporheic exchange pattern and the sequence, size, and spacing of stream 

bedforms in mountain stream networks, Oregon, USA, Hydrol. Process., 20(11), 2443–

2457, doi:10.1002/hyp.6349. 

Gordon, L. J., G. D. Peterson, and E. M. Bennett (2008), Agricultural modifications of 

hydrological flows create ecological surprises, Trends Ecol. Evol., 23(4), 211–219, 

doi:10.1016/j.tree.2007.11.011. 

Griffin, D. M., R. R. Bhattarai, and H. Xiang (1999), The Effect of Temperature on Biochemical 

Oxygen Demand Removal in a Subsurface Flow Wetland, Water Environ. Res., 71(4), 

475–482, doi:10.2175/106143097X122185. 

Groffman, P. M., M. A. Altabet, J. K. Böhlke, K. Butterbach-Bahl, M. B. David, M. K. Firestone, 

A. E. Giblin, T. M. Kana, L. P. Nielsen, and M. A. Voytek (2006), Methods for measuring 

denitrification: diverse approaches to a difficult problem, Ecol. Appl., 16(6), 2091–2122, 

doi:10.1890/1051-0761(2006)016[2091:MFMDDA]2.0.CO;2. 

Groffman, P. M., K. Butterbach-Bahl, R. W. Fulweiler, A. J. Gold, J. L. Morse, E. K. Stander, C. 

Tague, C. Tonitto, and P. Vidon (2009), Challenges to incorporating spatially and 

temporally explicit phenomena (hotspots and hot moments) in denitrification models, 

Biogeochemistry, 93(1–2), 49–77, doi:10.1007/s10533-008-9277-5. 

Gruber, N., and J. N. Galloway (2008), An Earth-system perspective of the global nitrogen cycle, 

Nature, 451(7176), 293–296, doi:10.1038/nature06592. 



 64 

Gu, C., G. M. Hornberger, A. L. Mills, J. S. Herman, and S. A. Flewelling (2007), Nitrate reduction 

in streambed sediments: Effects of flow and biogeochemical kinetics:, Water Resour. Res., 

43(12), doi:10.1029/2007WR006027. 

Hamilton, D. P., and S. G. Schladow (1997), Prediction of water quality in lakes and reservoirs. 

Part I — Model description, Ecol. Model., 96(1–3), 91–110, doi:10.1016/S0304-

3800(96)00062-2. 

Hantush, M. M. (2007), Modeling nitrogen–carbon cycling and oxygen consumption in bottom 

sediments, Adv. Water Resour., 30(1), 59–79, doi:10.1016/j.advwatres.2006.02.007. 

Hantush, M. M., L. Kalin, S. Isik, and A. Yucekaya (2012), Nutrient dynamics in flooded wetlands. 

I: model development, J. Hydrol. Eng., 18(12), 1709–1723. 

Harrison, J. A., R. J. Maranger, R. B. Alexander, A. E. Giblin, P.-A. Jacinthe, E. Mayorga, S. P. 

Seitzinger, D. J. Sobota, and W. M. Wollheim (2009), The regional and global significance 

of nitrogen removal in lakes and reservoirs, Biogeochemistry, 93(1–2), 143–157, 

doi:10.1007/s10533-008-9272-x. 

Harrison, J. A., P. J. Frings, A. H. W. Beusen, D. J. Conley, and M. L. McCrackin (2012), Global 

importance, patterns, and controls of dissolved silica retention in lakes and reservoirs:, 

Glob. Biogeochem. Cycles, 26(2), doi:10.1029/2011GB004228. 

Harvey, J. W., B. J. Wagner, and K. E. Bencala (1996a), Evaluating the reliability of the stream 

tracer approach to characterize stream-subsurface water exchange, Water Resour. Res., 

32(8), 2441–2451, doi:10.1029/96WR01268. 

Harvey, J. W., B. J. Wagner, and K. E. Bencala (1996b), Evaluating the Reliability of the Stream 

Tracer Approach to Characterize Stream-Subsurface Water Exchange, Water Resour. Res., 

32(8), 2441–2451, doi:10.1029/96WR01268. 

Harvey, J. W., J. K. Böhlke, M. A. Voytek, D. Scott, and C. R. Tobias (2013), Hyporheic zone 

denitrification: Controls on effective reaction depth and contribution to whole-stream mass 

balance: Scaling hyporheic flow controls on stream denitrification, Water Resour. Res., 

49(10), 6298–6316, doi:10.1002/wrcr.20492. 

Hayashi, M., and G. van der Kamp (2000), Simple equations to represent the volume–area–depth 

relations of shallow wetlands in small topographic depressions, J. Hydrol., 237(1–2), 74–

85, doi:10.1016/S0022-1694(00)00300-0. 

Hayashi, M., and D. O. Rosenberry (2002), Effects of ground water exchange on the hydrology 

and ecology of surface water, Ground Water, 40(3), 309–316, doi:10.1111/j.1745-

6584.2002.tb02659.x. 

Heinen, M. (2006), Simplified denitrification models: Overview and properties, Geoderma, 

133(3–4), 444–463, doi:10.1016/j.geoderma.2005.06.010. 



 65 

Hejzlar, J., K. Šámalová, P. Boers, and B. Kronvang (2006), Modelling phosphorus retention in 

lakes and reservoirs, Water Air Soil Pollut. Focus, 6(5–6), 487–494, doi:10.1007/s11267-

006-9032-7. 

Helzer, C. J., and D. E. Jelinski (1999), The relative importance of patch area and perimeter-area 

ratio to grassland breeding birds, Ecol. Appl., 9(4), 1448–1458, doi:10.1890/1051-

0761(1999)009[1448:TRIOPA]2.0.CO;2. 

Holgerson, M. A., and P. A. Raymond (2016), Large contribution to inland water CO2 and CH4 

emissions from very small ponds, Nat. Geosci., 9(3), 222–226, doi:10.1038/ngeo2654. 

Howarth, R., R. Marino, and D. Scavia (2002), Nutrient pollution in coastal waters: Priority topics 

for an integrated national research program for the United States, US Department of 

Commerce, NOAA, Silver Spring, Maryland. 

Howarth, R. W. et al. (1996), Regional nitrogen budgets and riverine N and P fluxes for the 

drainages to the North Atlantic Ocean: Natural and human influences, Biogeochemistry, 

35(1), 75–139, doi:10.1007/BF02179825. 

Hupfer, M., and J. Lewandowski (2008), Oxygen Controls the Phosphorus Release from Lake 

Sediments - a Long-Lasting Paradigm in Limnology, Int. Rev. Hydrobiol., 93(4–5), 415–

432, doi:10.1002/iroh.200711054. 

Jansson, M., L. Leonardson, and J. Fejes (1994), Denitrification and nitrogen retention in a 

farmland stream in southern Sweden, Ambio, 23(6), 326–331. 

Jenerette, G. D., G. A. Barron-Gafford, A. J. Guswa, J. J. McDonnell, and J. C. Villegas (2012), 

Organization of complexity in water limited ecohydrology, Ecohydrology, 5(2), 184–199, 

doi:10.1002/eco.217. 

Jeppesen, E. et al. (2005), Lake responses to reduced nutrient loading - an analysis of contemporary 

long-term data from 35 case studies, Freshw. Biol., 50(10), 1747–1771, 

doi:10.1111/j.1365-2427.2005.01415.x. 

Johnson, W. C., B. Werner, G. R. Guntenspergen, R. A. Voldseth, B. Millett, D. E. Naugle, M. 

Tulbure, R. W. H. Carroll, J. Tracy, and C. Olawsky (2010), Prairie Wetland Complexes 

as Landscape Functional Units in a Changing Climate, BioScience, 60(2), 128–140, 

doi:10.1525/bio.2010.60.2.7. 

Jones, J. B., and P. J. Mulholland (Eds.) (2000), Streams and ground waters, Aquatic ecology 

series, Academic, San Diego, Calif. 

Jordan, S. J., J. Stoffer, and J. A. Nestlerode (2011), Wetlands as sinks for reactive nitrogen at 

continental and global scales: A meta-analysis, Ecosystems, 14(1), 144–155, 

doi:10.1007/s10021-010-9400-z. 



 66 

Junk, W., P. Bayley, and R. Sparks (1989), The flood-pulse concept in river-floodplain systems, 

in Proceedgs of the International Large River Symposium, Fisheries and Oceans 

Communications Directorate, Ottawa, ON, Canada. 

Kadlec, R. H. (1994), Detention and mixing in free water wetlands, Ecol. Eng., 3(4), 345–380, 

doi:10.1016/0925-8574(94)00007-7. 

Kadlec, R. H. (2000), The inadequacy of first-order treatment wetland models, Ecol. Eng., 15(1), 

105–119, doi:http://dx.doi.org/10.1016/S0925-8574(99)00039-7. 

Kadlec, R. H., and D. E. Hammer (1988), Modeling nutrient behavior in wetlands, Ecol. Model., 

40(1), 37–66, doi:10.1016/0304-3800(88)90101-9. 

Kadlec, R. H., and S. D. Wallace (2009), Treatment wetlands, 2nd ed., CRC Press, Boca Raton, 

FL. 

Katsev, S., I. Tsandev, I. L’Heureux, and D. G. Rancourt (2006), Factors controlling long-term 

phosphorus efflux from lake sediments: Exploratory reactive-transport modeling, Chem. 

Geol., 234(1–2), 127–147, doi:10.1016/j.chemgeo.2006.05.001. 

Keeney, D. R., R. L. Chen, and D. A. Graetz (1971), Importance of denitrification and nitrate 

reduction in sediments to the nitrogen budgets of lakes, Nature, 233(5314), 66–67, 

doi:10.1038/233066a0. 

Kelly, C. A., J. W. M. Rudd, R. H. Hesslein, D. W. Schindler, P. J. Dillon, C. T. Driscoll, S. A. 

Gherini, and R. E. Hecky (1987), Prediction of biological acid neutralization in acid-

sensitive lakes, Biogeochemistry, 3(1–3), 129–140, doi:10.1007/BF02185189. 

Kentula, M. E. (2000), Perspectives on setting success criteria for wetland restoration, Ecol. Eng., 

15(3–4), 199–209, doi:10.1016/S0925-8574(00)00076-8. 

Knight, R. L., B. Gu, R. A. Clarke, and J. M. Newman (2003), Long-term phosphorus removal in 

Florida aquatic systems dominated by submerged aquatic vegetation, Ecol. Eng., 20(1), 

45–63, doi:10.1016/S0925-8574(03)00003-X. 

Knight, R. R., R. W. Ruble, R. H. Kadlee, S. C. Reed, J. D. Waternab, and D. S. Brown (1994), 

Treatment wetland habitat and wildlife use assessment and North American treatment 

wetland database v2.0, U.S. Environmental Protection Agency, Washington, DC. 

Langergraber, G. (2016), Applying process-based models for subsurface flow treatment wetlands: 

Recent developments and challenges, Water, 9(1), 5, doi:10.3390/w9010005. 

Lansdown, K., C. M. Heppell, M. Trimmer, A. Binley, A. L. Heathwaite, P. Byrne, and H. Zhang 

(2015), The interplay between transport and reaction rates as controls on nitrate attenuation 

in permeable, streambed sediments, J. Geophys. Res. Biogeosciences, 120(6), 1093–1109, 

doi:10.1002/2014JG002874. 



 67 

Leibowitz, S. G. (2003), Isolated wetlands and their functions: an ecological perspective, 

Wetlands, 23(3), 517–531, doi:10.1672/0277-5212(2003)023[0517:IWATFA]2.0.CO;2. 

Leibowitz, S. G. (2015), Geographically isolated wetlands: Why we should keep the term, 

Wetlands, 35(5), 997–1003, doi:10.1007/s13157-015-0691-x. 

Leibowitz, S. G., and K. C. Vining (2003), Temporal connectivity in a prairie pothole complex, 

Wetlands, 23(1), 13–25, doi:10.1672/0277-5212(2003)023[0013:TCIAPP]2.0.CO;2. 

Leibowitz, S. G., P. J. Wigington, M. C. Rains, and D. M. Downing (2008), Non-navigable streams 

and adjacent wetlands: addressing science needs following the Supreme Court’s Rapanos 

decision, Front. Ecol. Environ., 6(7), 364–371, doi:10.1890/070068. 

Limousin, G., J.-P. Gaudet, L. Charlet, S. Szenknect, V. Barthès, and M. Krimissa (2007), Sorption 

isotherms: A review on physical bases, modeling and measurement, Appl. Geochem., 

22(2), 249–275, doi:10.1016/j.apgeochem.2006.09.010. 

Maavara, T., C. T. Parsons, C. Ridenour, S. Stojanovic, H. H. Dürr, H. R. Powley, and P. Van 

Cappellen (2015), Global phosphorus retention by river damming, Proc. Natl. Acad. Sci., 

201511797, doi:10.1073/pnas.1511797112. 

Marcé, R., and J. Armengol (2009), Modeling nutrient in-stream processes at the watershed scale 

using Nutrient Spiralling metrics, Hydrol. Earth Syst. Sci., 13(7), 953–967, 

doi:10.5194/hess-13-953-2009. 

Marton, J. M., I. F. Creed, D. B. Lewis, C. R. Lane, N. B. Basu, M. J. Cohen, and C. B. Craft 

(2015), Geographically isolated wetlands are important biogeochemical reactors on the 

landscape, BioScience, 65(4), 408–418, doi:10.1093/biosci/biv009. 

McCauley, L. A., and D. G. Jenkins (2005), GIS-based estimates of former and current 

depressional wetlands in an agricultural landscape, Ecol. Appl., 15(4), 1199–1208, 

doi:10.1890/04-0647. 

McClain, M. E. et al. (2003), Biogeochemical hot spots and hot moments at the interface of 

terrestrial and aquatic ecosystems, Ecosystems, 6(4), 301–312, doi:10.1007/s10021-003-

0161-9. 

McLaughlin, D. L., D. A. Kaplan, and M. J. Cohen (2014), A significant nexus: Geographically 

isolated wetlands influence landscape hydrology, Water Resour. Res., 50(9), 7153–7166, 

doi:10.1002/2013WR015002. 

Messager, M. L., B. Lehner, G. Grill, I. Nedeva, and O. Schmitt (2016), Estimating the volume 

and age of water stored in global lakes using a geo-statistical approach, Nat. Commun., 7, 

13603, doi:10.1038/ncomms13603. 

Millar, J. B. (1971), Shoreline-area ratio as a factor in rate of water loss from small sloughs, J. 

Hydrol., 14(3–4), 259–284, doi:10.1016/0022-1694(71)90038-2. 



 68 

Mitsch, W. J., and J. W. Day (2006), Restoration of wetlands in the Mississippi–Ohio–Missouri 

(MOM) River Basin: Experience and needed research, Ecol. Eng., 26(1), 55–69, 

doi:10.1016/j.ecoleng.2005.09.005. 

Mitsch, W. J., J. K. Cronk, X. Wu, R. W. Nairn, and D. L. Hey (1995), Phosphorus Retention in 

Constructed Freshwater Riparian Marshes, Ecol. Appl., 5(3), 830, doi:10.2307/1941991. 

Mitsch, W. J., J. W. Day, L. Zhang, and R. R. Lane (2005), Nitrate-nitrogen retention in wetlands 

in the Mississippi River Basin, Ecol. Eng., 24(4), 267–278, 

doi:10.1016/j.ecoleng.2005.02.005. 

Morris, J. T. (1991), Effects of Nitrogen Loading on Wetland Ecosystems with Particular 

Reference to Atmospheric Deposition, Annu. Rev. Ecol. Syst., 22(1), 257–279, 

doi:10.1146/annurev.es.22.110191.001353. 

Mortimer, C. H. (1942), The exchange of dissolved substances between mud and water in lakes, 

J. Ecol., 30(1), 147, doi:10.2307/2256691. 

Mulholland, P. J. (1992), Regulation of nutrient concentrations in a temperate forest stream: Roles 

of upland, riparian, and instream processes, Limnol. Oceanogr., 37(7), 1512–1526, 

doi:10.4319/lo.1992.37.7.1512. 

Mulholland, P. J., J. D. Newbold, J. W. Elwood, L. A. Ferren, and J. R. Webster (1985), 

Phosphorus spiralling in a woodland stream: Seasonal variations, Ecology, 66(3), 1012–

1023, doi:10.2307/1940562. 

Mulholland, P. J. et al. (2008a), Stream denitrification across biomes and its response to 

anthropogenic nitrate loading, Nature, 452(7184), 202–205, doi:10.1038/nature06686. 

Mulholland, P. J. et al. (2008b), Stream denitrification across biomes and its response to 

anthropogenic nitrate loading, Nature, 452(7184), 202–205, doi:10.1038/nature06686. 

Mushet, D. M., A. J. K. Calhoun, L. C. Alexander, M. J. Cohen, E. S. DeKeyser, L. Fowler, C. R. 

Lane, M. W. Lang, M. C. Rains, and S. C. Walls (2015), Geographically isolated wetlands: 

Rethinking a misnomer, Wetlands, 35(3), 423–431, doi:10.1007/s13157-015-0631-9. 

Newbold, J. D., R. V. O’neill, J. W. Elwood, and W. Van Winkle (1982), Nutrient spiralling in 

streams: implications for nutrient limitation and invertebrate activity, Am. Nat., 120(5), 

628–652. 

Newbold, J. D., J. W. Elwood, R. V. O’Neill, and A. L. Sheldon (1983), Phosphorus dynamics in 

a woodland stream ecosystem: A study of nutrient spiralling, Ecology, 64(5), 1249–1265, 

doi:10.2307/1937833. 

Nichols, D. S. (1983), Capacity of natural wetlands to remove nutrients from wastewater, J. Water 

Pollut. Control Fed., 495–505. 



 69 

Ocampo, C. J., C. E. Oldham, and M. Sivapalan (2006), Nitrate attenuation in agricultural 

catchments: Shifting balances between transport and reaction, Water Resour. Res., 42(1), 

n/a-n/a, doi:10.1029/2004WR003773. 

Olli, G., A. Darracq, and G. Destouni (2009), Field study of phosphorous transport and retention 

in drainage reaches, J. Hydrol., 365(1–2), 46–55, doi:10.1016/j.jhydrol.2008.11.039. 

Ontario (2009), Greenbelt Act, 2005, S.O. 2005, c. 1, 

Ontario (2011), Conservation Authorities Act, R.S.O. 1990, c. C.27, 

Ontario (2016), Ontario Planning Act, R.S.O. 1990, c. P.13, 

Ontario, and Ministry of Municipal Affairs and Housing (2014), 2014 provincial policy statement 

under the Planning Act., Ministry of Municipal Affairs and Housing, Toronto, ON. 

Orellana, F., P. Verma, S. P. Loheide, and E. Daly (2012), Monitoring and modeling water-

vegetation interactions in groundwater-dependent ecosystems, Rev. Geophys., 50(3), 

doi:10.1029/2011RG000383. 

Paudel, R., and J. W. Jawitz (2012), Does increased model complexity improve description of 

phosphorus dynamics in a large treatment wetland?, Ecol. Eng., 42, 283–294, 

doi:10.1016/j.ecoleng.2012.02.014. 

Pauer, J. (2000), Nitrification in the water column and sediment of a hypereutrophic lake and 

adjoining river system, Water Res., 34(4), 1247–1254, doi:10.1016/S0043-

1354(99)00258-4. 

van der Perk, M., P. N. Owens, L. K. Deeks, B. G. Rawlins, P. M. Haygarth, and K. J. Beven 

(2007), Controls on Catchment-Scale Patterns of Phosphorus in Soil, Streambed Sediment, 

and Stream Water, J. Environ. Qual., 36(3), 694–708, doi:10.2134/jeq2006.0175. 

Peterson, B. J. et al. (2001), Control of nitrogen export from watersheds by headwater streams, 

Science, 292(5514), 86–90, doi:10.1126/science.1056874. 

Pierrou, U. (1976), The global phosphorus cycle, Ecol. Bull., 75–88. 

Piña-Ochoa, E., and M. Álvarez-Cobelas (2006), Denitrification in aquatic environments: A cross-

system analysis, Biogeochemistry, 81(1), 111–130, doi:10.1007/s10533-006-9033-7. 

Porporato, A., P. D’odorico, F. Laio, and I. Rodriguez-Iturbe (2003), Hydrologic controls on soil 

carbon and nitrogen cycles. I. Modeling scheme, Adv. Water Resour., 26(1), 45–58. 

Powers, S. M., D. M. Robertson, and E. H. Stanley (2014), Effects of lakes and reservoirs on 

annual river nitrogen, phosphorus, and sediment export in agricultural and forested 

landscapes, Hydrol. Process., 28(24), 5919–5937, doi:10.1002/hyp.10083. 



 70 

Rajendra Paudel, and James W. Jawitz (2017), Spatially Distributed Hydrodynamic Modeling of 

Phosphorus Transport and Transformation in a Cell-Network Treatment Wetland, , 

doi:10.1061/(ASCE)HE.1943-5584.0001403. 

Reddy, K. R., R. H. Kadlec, E. Flaig, and P. M. Gale (1999), Phosphorus retention in streams and 

wetlands: A review, Crit. Rev. Environ. Sci. Technol., 29(1), 83–146, 

doi:10.1080/10643389991259182. 

Reed, D. C., C. P. Slomp, and B. G. Gustafsson (2011), Sedimentary phosphorus dynamics and 

the evolution of bottom-water hypoxia: A coupled benthic-pelagic model of a coastal 

system, Limnol. Oceanogr., 56(3), 1075–1092, doi:10.4319/lo.2011.56.3.1075. 

Richardson, C. J., S. Qian, C. B. Craft, and R. G. Qualls (1996), Predictive models for phosphorus 

retention in wetlands, Wetl. Ecol. Manag., 4(3), 159–175, doi:10.1007/BF01879235. 

Riley, M. J., and H. G. Stefan (1988), Minlake: A dynamic lake water quality simulation model, 

Ecol. Model., 43(3–4), 155–182, doi:10.1016/0304-3800(88)90002-6. 

Robinson, J., H. Whitely, W. Stammers, N. Kaushik, and P. Sain (1979), The fate of nitrate in 

small streams and its management implications, in Best Management Practices for 

Agriculture & Silviculture, pp. 247–259, Ann Arbor Science Publications, Ann Arbor. 

Robson, B., D. Hamilton, I. Webster, and T. Chan (2008), Ten steps applied to development and 

evaluation of process-based biogeochemical models of estuaries, Environ. Model. Softw., 

23(4), 369–384, doi:10.1016/j.envsoft.2007.05.019. 

Roig, L. C., and P. L. Shrestha (1999), Mixing and Transport, Water Environ. Res., 71(5), 931–

948, doi:10.2175/106143099X133910. 

Rousseau, D. P. L., P. A. Vanrolleghem, and N. De Pauw (2004), Model-based design of horizontal 

subsurface flow constructed treatment wetlands: a review, Water Res., 38(6), 1484–1493, 

doi:10.1016/j.watres.2003.12.013. 

Runkel, R. L. (1998), One-Dimensional transport with inflow and storage (OTIS): A solute 

transport model for streams and rivers, Water Resources Investigations Report, US 

Geological Survey, Denver, Colorado. 

Runkel, R. L., and S. C. Chapra (1993), An efficient numerical solution of the transient storage 

equations for solute transport in small streams, Water Resour. Res., 29(1), 211–215, 

doi:10.1029/92WR02217. 

Ruttenberg, K. C. (2014), The Global Phosphorus Cycle, in Treatise on Geochemistry, pp. 499–

558, Elsevier. 

Saunders, D. L., and J. Kalff (2001), Nitrogen retention in wetlands, lakes and rivers, 

Hydrobiologia, 443(1–3), 205–212, doi:10.1023/A:1017506914063. 



 71 

Seekell, D. A., and M. L. Pace (2011), Does the Pareto distribution adequately describe the size-

distribution of lakes?, Limnol. Oceanogr., 56(1), 350–356, doi:10.4319/lo.2011.56.1.0350. 

Seekell, D. A., M. L. Pace, L. J. Tranvik, and C. Verpoorter (2013), A fractal-based approach to 

lake size-distributions, Geophys. Res. Lett., 40(3), 517–521, doi:10.1002/grl.50139. 

Seitzinger, S., R. V. Styles, E. W. Boyer, R. B. Alexander, G. Billen, R. W. Howarth, B. Mayer, 

and N. Van Breemen (2002), Nitrogen retention in rivers: model development and 

application to watersheds in the northeastern USA, Biogeochemistry, 57(1), 199–237, 

doi:10.1023/A:1015745629794. 

Seitzinger, S., J. A. Harrison, J. K. Böhlke, A. F. Bouwman, R. Lowrance, B. Peterson, C. Tobias, 

and G. V. Drecht (2006), Denitrification across landscapes and waterscapes: A synthesis, 

Ecol. Appl., 16(6), 2064–2090, doi:10.1890/1051-

0761(2006)016[2064:DALAWA]2.0.CO;2. 

Seitzinger, S. P. (1988), Denitrification in freshwater and coastal marine ecosystems: Ecological 

and geochemical significance: Denitrification, Limnol. Oceanogr., 33(4part2), 702–724, 

doi:10.4319/lo.1988.33.4part2.0702. 

Semlitsch, R. D., and J. R. Bodie (1998), Are small, isolated wetlands expendable?, Conserv. Biol., 

12(5), 1129–1133, doi:10.1046/j.1523-1739.1998.98166.x. 

Sivakumar, B., and V. P. Singh (2012), Hydrologic system complexity and nonlinear dynamic 

concepts for a catchment classification framework, Hydrol Earth Syst Sci, 16(11), 4119–

4131, doi:10.5194/hess-16-4119-2012. 

Slomp, C. P., E. H. G. Epping, W. Helder, and W. V. Raaphorst (1996), A key role for iron-bound 

phosphorus in authigenic apatite formation in North Atlantic continental platform 

sediments, J. Mar. Res., 54(6), 1179–1205, doi:10.1357/0022240963213745. 

Slomp, C. P., J. F. P. Malschaert, and W. Van Raaphorst (1998), The role of adsorption in 

sediment-water exchange of phosphate in North Sea continental margin sediments, Limnol. 

Oceanogr., 43(5), 832–846. 

Smith, R. A., G. E. Schwarz, and R. B. Alexander (1997), Regional interpretation of water-quality 

monitoring data, Water Resour. Res., 33(12), 2781–2798, doi:10.1029/97WR02171. 

Smith, V. H. (1983), Low nitrogen to phosphorus ratios favor dominance by blue-green algae in 

lake phytoplankton, Science, 221(4611), 669–671. 

Smith, V. H. (2003), Eutrophication of freshwater and coastal marine ecosystems a global 

problem, Environ. Sci. Pollut. Res., 10(2), 126–139, doi:10.1065/espr2002.12.142. 

Snowling, S. ., and J. . Kramer (2001), Evaluating modelling uncertainty for model selection, Ecol. 

Model., 138(1–3), 17–30, doi:10.1016/S0304-3800(00)00390-2. 



 72 

Søndergaard, M., J. P. Jensen, and E. Jeppesen (2003), Role of sediment and internal loading of 

phosphorus in shallow lakes, Hydrobiologia, 506(1–3), 135–145, 

doi:10.1023/B:HYDR.0000008611.12704.dd. 

Song, K.-Y., K.-D. Zoh, and H. Kang (2007), Release of phosphate in a wetland by changes in 

hydrological regime, Sci. Total Environ., 380(1–3), 13–18, 

doi:10.1016/j.scitotenv.2006.11.035. 

Sonzogni, W. C., S. C. Chapra, D. E. Armstrong, and T. J. Logan (1982), Bioavailability of 

phosphorus inputs to lakes, J. Environ. Qual., 11(4), 555–563, 

doi:10.2134/jeq1982.00472425001100040001x. 

Spieles, D. J., and W. J. Mitsch (1999), The effects of season and hydrologic and chemical loading 

on nitrate retention in constructed wetlands: a comparison of low-and high-nutrient riverine 

systems, Ecol. Eng., 14(1), 77–91, doi:http://dx.doi.org/10.1016/S0925-8574(99)00021-X. 

Steele, M. K., and J. B. Heffernan (2014), Morphological characteristics of urban water bodies: 

mechanisms of change and implications for ecosystem function, Ecol. Appl., 24(5), 1070–

1084, doi:10.1890/13-0983.1. 

Steele, M. K. et al. (2014), Convergent surface water distributions in U.S. cities, Ecosystems, 

17(4), 685–697, doi:10.1007/s10021-014-9751-y. 

Sterner, R. W., E. Anagnostou, S. Brovold, G. S. Bullerjahn, J. C. Finlay, S. Kumar, R. M. L. 

McKay, and R. M. Sherrell (2007), Increasing stoichiometric imbalance in North 

America’s largest lake, Geophys. Res. Lett., 34(10), doi:10.1029/2006GL028861. 

Stewart, R. J., W. M. Wollheim, M. N. Gooseff, M. A. Briggs, J. M. Jacobs, B. J. Peterson, and C. 

S. Hopkinson (2011), Separation of river network-scale nitrogen removal among the main 

channel and two transient storage compartments, Water Resour. Res., 47(10), n/a-n/a, 

doi:10.1029/2010WR009896. 

Stoliker, D. L. et al. (2016), Hydrologic controls on nitrogen cycling processes and functional gene 

abundance in sediments of a groundwater flow-through lake, Environ. Sci. Technol., 50(7), 

3649–3657, doi:10.1021/acs.est.5b06155. 

Tilman, D., J. Fargione, B. Wolff, C. D’Antonio, A. Dobson, R. Howarth, D. W. Schindler, W. H. 

Schlesinger, D. Simberloff, and D. L. Swackhamer (2001), Forecasting agriculturally 

driven global environmental change, Science, 292(5515), 281–284, 

doi:10.1126/science.1057544. 

Tilton, D. L., and R. H. Kadlec (1979), The utilization of a fresh-water wetland for nutrient 

removal from secondarily treated waste water effluent, J. Environ. Qual., 8(3), 328, 

doi:10.2134/jeq1979.00472425000800030013x. 

Tiner, R. W. (2003), Geographically isolated wetlands of the United States, Wetlands, 23(3), 494–

516, doi:10.1672/0277-5212(2003)023[0494:GIWOTU]2.0.CO;2. 



 73 

Triska, F. J., V. C. Kennedy, R. J. Avanzino, G. W. Zellweger, and K. E. Bencala (1989), Retention 

and transport of nutrients in a third-order stream: Channel processes, Ecology, 70(6), 1877–

1892, doi:10.2307/1938119. 

Turcotte, D. L. (2007), Self-organized complexity in geomorphology: Observations and models, 

Geomorphology, 91(3–4), 302–310, doi:10.1016/j.geomorph.2007.04.016. 

Valiela, I., J. M. Teal, S. Volkmann, D. Shafer, and E. J. Carpenter (1978), Nutrient and particulate 

fluxes in a salt marsh ecosystem: Tidal exchanges and inputs by precipitation and 

groundwater 1: Salt marsh nutrient exchange, Limnol. Oceanogr., 23(4), 798–812, 

doi:10.4319/lo.1978.23.4.0798. 

Van Cappellen, P., and R. A. Berner (1988), A mathematical model for the early diagenesis of 

phosphorus and fluorine in marine sediments; apatite precipitation, Am. J. Sci., 288(4), 

289–333, doi:10.2475/ajs.288.4.289. 

Van Meter, K. J., and N. B. Basu (2015), Signatures of human impact: size distributions and spatial 

organization of wetlands in the Prairie Pothole landscape, Ecol. Appl., 25(2), 451–465, 

doi:10.1890/14-0662.1. 

Verhoeven, J., B. Arheimer, C. Yin, and M. Hefting (2006), Regional and global concerns over 

wetlands and water quality, Trends Ecol. Evol., 21(2), 96–103, 

doi:10.1016/j.tree.2005.11.015. 

Vitousek, P., and R. Howarth (1991), Nitrogen limitation on land and in the sea: How can it occur?, 

Biogeochemistry, 13(2), doi:10.1007/BF00002772. 

Vitousek, P. M., J. D. Aber, R. W. Howarth, G. E. Likens, P. A. Matson, D. W. Schindler, W. H. 

Schlesinger, and D. G. Tilman (1997), Human alteration of the global nitrogen cycle: 

Sources and consequences, Ecol. Appl., 7(3), 737–750, doi:10.1890/1051-

0761(1997)007[0737:HAOTGN]2.0.CO;2. 

Vollenweider, R. A. (1975), Input-output models: With special reference to the phosphorus 

loading concept in limnology, Schweiz. Z. Für Hydrol., 37(1), 53–84, 

doi:10.1007/BF02505178. 

Wade, A. J., P. Durand, V. Beaujouan, W. W. Wessel, K. J. Raat, P. G. Whitehead, D. Butterfield, 

K. Rankinen, and A. Lepisto (2002), A nitrogen model for European catchments: INCA, 

new model structure and equations, Hydrol. Earth Syst. Sci., 6(3), 559–582, 

doi:10.5194/hess-6-559-2002. 

Weber, W. J., P. M. McGinley, and L. E. Katz (1992), A distributed reactivity model for sorption 

by soils and sediments. 1. Conceptual basis and equilibrium assessments, Environ. Sci. 

Technol., 26(10), 1955–1962, doi:10.1021/es00034a012. 

Werner, T. M., and R. H. Kadlec (2000), Wetland residence time distribution modeling, Ecol. 

Eng., 15(1), 77–90, doi:http://dx.doi.org/10.1016/S0925-8574(99)00036-1. 



 74 

Withers, P. J. A., and H. P. Jarvie (2008), Delivery and cycling of phosphorus in rivers: A review, 

Sci. Total Environ., 400(1–3), 379–395, doi:10.1016/j.scitotenv.2008.08.002. 

Wollheim, W. M., C. J. Vörösmarty, B. J. Peterson, S. P. Seitzinger, and C. S. Hopkinson (2006), 

Relationship between river size and nutrient removal, Geophys. Res. Lett., 33(6), L06410, 

doi:10.1029/2006GL025845. 

Wollheim, W. M., C. J. Vörösmarty, A. F. Bouwman, P. Green, J. Harrison, E. Linder, B. J. 

Peterson, S. P. Seitzinger, and J. P. M. Syvitski (2008), Global N removal by freshwater 

aquatic systems using a spatially distributed, within-basin approach, Glob. Biogeochem. 

Cycles, 22(2), GB2026, doi:10.1029/2007GB002963. 

Ye, S., T. P. Covino, M. Sivapalan, N. B. Basu, H.-Y. Li, and S.-W. Wang (2012), Dissolved 

nutrient retention dynamics in river networks: A modeling investigation of transient flows 

and scale effects, Water Resour. Res., 48, doi:10.1029/2011WR010508. 

Zhi, W., and G. Ji (2012), Constructed wetlands, 1991–2011: A review of research development, 

current trends, and future directions, Sci. Total Environ., 441, 19–27, 

doi:10.1016/j.scitotenv.2012.09.064. 

 

  



 75 

Appendix 1 – Additional Relationships from Data Synthesis 

A well-mixed reactor (CSTR) assumption yields significant inverse relationships between the 

removal rate constant and the hydraulic residence time similar to the plug-flow assumption.  

 

 

Figure S1. Removal rate constant (kv,c) – hydraulic residence time relationships (τ)  for a) total 

nitrogen (TN), b) nitrate (NO3
-), c) total phosphorus (TP), d) phosphate (PO4

3-). Same as Figure 

7 but with CSTR model. 

 

Table S1. Local sensitivity to parameter perturbation of 10% 

Parameter |% Change| 

vs 5.06 

dr 1.60 

WA 1.60 

Q 1.44 

d 0.01 

α 0.01 

Vw 0.01 

 


	Author's Declaration
	Statement of Contributions
	Abstract
	Acknowledgements
	List of Figures
	List of Tables
	Chapter 1 – Introduction
	1.1  Background and Motivation
	1.2 Objectives

	Chapter 2 – Literature Review
	2.1  Introduction
	2.2 Nutrient Dynamics in Diverse Ecosystems
	2.2.1  Nutrient Retention Rates in Lotic Systems (Streams)
	2.2.1.1 Methods of Modelling Nutrient Retention in Streams
	2.2.2  Nutrient Retention Rates in Lentic Systems (Lakes, Reservoirs and Wetlands)
	2.2.2.1  Methods of Modelling Nutrient Retention in Lentic Systems
	2.2.3  Nutrient Retention Rate Constants across Aquatic Ecosystems
	2.2.4  Damkohler Number: A Ratio to Unite Hydrology with Biogeochemistry
	2.3 Small Wetlands as Biogeochemical Hotspots in Landscapes
	2.4  Summary

	Chapter 3 – Methods
	3.1  Cross-System Synthesis of Nutrient Processing in Lentic Systems
	3.2  Estimating Rate Constants for Nutrient Retention
	3.3  Mechanistic Two-Compartment Model of Lentic Systems
	3.3.1 Model Formulation
	3.3.2  Model Parameters
	3.3.3  Monte Carlo Analysis
	3.4 Scaling Up: From Individual Wetlands to Landscape Scale Nutrient Removal
	3.4.1  Regression Relationships for Scaling
	3.4.2 Monte Carlo Analysis
	3.4.3 Denitrification Potential Loss at the Landscape Scale

	Chapter 4 – Results and Discussion
	4.1 Results of Data Synthesis
	4.1.1  Percent Nutrient Removal for the Different Water Bodies
	4.1.2  Nutrient Removal Rate Constants as a Function of System Size
	4.1.3 Hydrologic versus Biogeochemical Controls on Nutrient Removal Rates
	4.2 Results of Model Analysis
	4.3 Exploring Dominant Controls on the Observed Inverse k-SA Relationship
	4.4 Nutrient Removal Potential Loss at the Landscape Scale

	Chapter 5 – Conclusions
	5.1 Summary
	5.2 Future Work

	References
	Appendix 1 – Additional Relationships from Data Synthesis

