Biogeochemical Hotspots:

Role of Small Water Bodies in Landscape Nutrient Processing

by

Frederick Yiu Sum Cheng

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Master of Applied Science
in
Civil Engineering (Water)

Waterloo, Ontario, Canada, 2017

© FrederickYiu SumCheng 2017



Author's Declaration

This thesis consists of material all of which | authored cauthored:see Statement of
Contributions included in the thesis. This is a true copy of the thesis, including any required
final revisions, as accepted by my examinérsnderstand that my thesis may be made

electronically available to the public.



Statementof Contributions

| would like to acknowledge my eauthorsDrs. Kimberly Van Meter and Nandita Bastno

contributed to the research descrilirethis thesis.



Abstract

Increased loading of nitrogen and phosphorus from agricultural and urban inteosiftcadi

led to severe degradation of inland and coastal waters. Lakes, reservoirs, wetlands, and streams
retain and transform these nutrients, thus regulatingdk®ireryto downstreanwates. While

the processescontrolling nitrogen and phosphorusremoval from the water columare
relatively weltkknown, there is a lack of quantitative understandihppow these processes

manifest across spatial scales

This thesis explores the relationship betwdésdrologic and biogeochemical controls on
nutrientprocessingn a lentic water body (lakes, reservoirs, and wetland®re,our work
revolves around three research questi@p$vVhat are the emergent patterns between nutrient
processing rates and residence times in lentic syst2rigRat are the underihg mechanisms
contributing to the observed pattePr8) What is the relative magnitude of nutrient retention
as a function of wetland sizelhese questions are addressed through a-ametigsis of
existing literature, the development of a modelling frenmik, and an analysis through

upscaling of the results.

Within the metaanalysis,we synthesized data fro00 sites across the world andrious

lentic systems (wetlands, lakes, reservoirs) to gain insight into the relationship between
hydrologic and mgeochemical controls on nutrient retentiOir results indicate that the fiest

order reaction rate constak{ T, is inversely proportional to the hydraulic residence tithe,

[T], across six orders of magnde in residence time for total nitrogetotal phosphorus
nitrate and phosphaterhis behavior prompted thieypothess that the consistency of the
relationship points to a strong hydrologic control on biogeochemical proceSgeagfically,

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

that would facilitate the biogeochemical processes of the system.
v



To validate the hypothesisye developed a twa@ompartment model that links the major
nutrient processes with system size: the water column and @hevee sediment zone are
coupled through a mass exchange processnitittgenbeing removed through denitrification

in the sediments anpghosphorugransferring to long term storage \particle settling. The

model analyses validatemir hypothesis by rglicating the empirical inversie Urelationship

through deterministic modelling. Additionallyye 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 studieahsaaded
thek-Urelationshipgo the landscape scalsing a wetland sizEequency distributionResults
highlight the disproportionately large role of small wetlaridslandscape scale nutrient
processing, such that for the same wetland area remttnegujtrient removapotential lost is
larger when smaller wetlands are |0&he disproportionately larger role of small wetlands in
landscape scale nutrient processmgmportant given previous research on the preferential

loss of smaller wetlands from the landscape.

Through the use of a cresgstem metanalysis that spanned multiple orders of magnitude of
system sizewe wereable to quantify multscale behavior that is less apparent when studying
individual systemsOur study highlights the need for a stronger focus on small lentic systems
aspotentialnutrient sinks in the landscapee to their high reactivity rates in coarson to
larger water bodie®ith 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 diffeseae classes and types of wetlands.

Note: This work has been submitted for publicationVifater Resources Researeind 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 Résitlsek et al. 1997;
Filippelli, 2008;Gruber and Galloway2008]. 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 \WEteran et al, 2001;
Anderson et al.2002; Smith 2003] Rivers, lakes, wetlands, and reservadygically act as
importantnet sinks ofnitrogenand phosphorugluring tkeir transport across the landscape, and

thus carprevent further deterioration oéceiving waterg§McClain et al, 2003;Groffman et al.

2009;Powers et a].2014]

There has been a large body of research quantifying the role of the river networkwatevgined
and global scale nutrient retentififeterson et a).2001;Seitzinger et aJ.2002;Wollheim et al.
2006; Alexander et aJ.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 andogs¢Harrison et al, 2009]
and even less research has quantified the role of natural and constructed wetlandsrintgiental
processingSaunders and Kalf2001] Many global studies have either omitted or only indirectly
included wetland§Pifia-Ochoa and AvarezCobelas 2006;Seitzinger et a].2006] yet wetlands
are one of the largest sinks of anthropogeaitimgenandphosphorusA recent reviewsuggests
that 64% of reactivaitrogenremoval in US freshwaters systems occurs in wetlands, 28#e

occurs in lakes and reservoirs, and @y occurs in streams and rivefBaron et al, 2013]

Both nitrogenandphosphorusiave complex biogeochemical pathways that facilitate the internal
cycling between different species of the nutriedmbwever, the scope of this thesis focuses

primarily on the inpubutput dynamics of a water body or its net retentMitrogen retention
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within a water bodydefined as the difference betwesitrogeninputs and outputs in a given
systemjs impacted byhreekey processes: permanent ldesthe atmosphenrga denitrification,
sedimentation of organigarticles andbiological uptakeby plants and microbg&aunders and
Kalff, 2001] Of these, denitrification is considered to be the dominant pathwagitfogen
retentionin water bodiesAquatic systems anftenconsidered to be the hotspots of denitrification
in watersheds, given the availability of anoxic bottom sediments, which promote microbial activity
[Seitzinger et al. 2006] Phosphorus retentiorsimilarly defined as the difference between
phosphorusnputs and outputs, includes sedimentation of both inorganic sedboentd and
organic forms ophosphorusndbiological uptakeby plants and microbd&gndergaard et al.
2003] Unlike N, phosphorugioes not haveemoval mechanismthat permanently remove the
nutrient from tke water columrwithin the water bodyhowever, lakes, reservoirs, and wetlands
are considered hotspots fphosphorugetention given their slower velocities, which provide

enhanced opportunities for settling.

While the processes contributing to nutriegtiention are welestablished, a major limitation to
research in global nutrient cycling is the difficulty in measuring or quantifying nutrient removal
rates across diverse ecosysté@roffman et al.2006] Largescale synthesis efforts are required

to understand the dominant controls on nutrient removal and tgmagioral 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 sedimgrats the key variables affecting nutrient retenfBoyer

et al, 2006;Alexander et a).2009] Both mass balance and stream tracer studies have revealed an
inverse r&ationship between nutrient retention potential and stream depth, thus leading to a higher
nutrient retention potential of small streams compared to larger fi8erzinger et al.2002;
Peterson et al.2001;Alexander et a).2000;Botter et al, 2010;Basu et al.2011;Ye et al. 2012]

In a study of five drainage ditches in Sweden, for exanpplesphorusetention rates were found

to decrease with increases in the degotd flow of the watercoursgOlli et al., 2009] Similar
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results hae also been observed for batlirogenand phosphorusn reachscale isotope tracer

studies byEnsign and Doyl§2006] andMarcé and ArmengdPR009].

Studies in lakes and reservoirs have alsoaretnated the disproportionately greater role of small
systems in nutrient and carbon cycling. For exam@lesman et al.[1998] found oxygen
concentrations toe lower in ponds and small lakes, enhancing greenhouse gas emission and
carbon sequestratiodowning et al[2010]found that rates of organic carbon burial in small lakes
and reservoirs exceed those of larger lakes by more than an order of magnitude. 8ymila
Harrison et al.[2009] found that small reservoirs (< 50 Rmaccoungd for 84% of nitrogen
removal in all reservoirs, and that small lakesount for 65% of theitrogenremoval in all lakes.
As with lotic ecosystemsHejzlar et al.[2006] synthesized data to estimate thieosphorus
retention of approximately 200 lakes and reservoirs, finding an inversemslaifp between the
phosphorugsemoval rate constant and residence time. Simil&tgjnard and Fairchild[2012]
studied small constructed ponds and found that thesprezfic sdiment accumulation rategere

inversely proportional to the pond surface area.

While the stream, lak@and reservoir communities have converged on recognizing the significantly
greater role of smaller systems in global nutrient processing, there Ima®lagi®ely less research
exploring the role of system size on nutrient processing for wetl@masof the most exhaustive
metaanalyseson wetlandgJordan et al. 2011]found a positive relationship betweritrogen
retention anchitrogenloading over several ordeof magnitude of both wetland area awitdogen
loading rates. They estimated worldwide reactiw#rogen removal by wetlands to be
approximately 17% of anthropogemitrogeninputs, though they did not explore the role of
wetland size on nutrient prosesg. A metaanalysis of 186 wetland sites, however, found a
negative correlation between wetland size and water q@i@igrmandi et a.2010] Further, in

a review of 17 constructed wetlands receiving agricultural runoff in EuBaskerud et al.

[2005] found specific particulatphosphorusretention (g P retentionfityear) to decrase as

3



wetland area increasddowever, these studies linking wetland size to water quality are relatively

sparse compared to literature related to streams and lakes.

In North America, mterest in the landscaseale role of small wetlands has grow 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
Asignificant nexus o wface taten sysiemibejpowitzi 2003;Tieer, o r ot I
2003;Marton et al, 2015;Cohen et al.2016;Golden et al.2016] Thus, lawmakers have placed
scientists and engineers in thaesfiion of demonstrating whether small wetlands have significant
hydrologic or biogeochemical connectivity with other surface wdteehowitz et al. 2008]

Interest in the role of wetland size providing key ecosystem séreshasalso increasenh recent
yearswith increased efforts to restopeeviously drained wetlandsdto constructnew wetlands

to improve water quality[Mitsch and Day 2006;Zhi and Jj 2012] Mitsch et al.[2005], for
example, used a siftgpempirical model to provide an estimate of the extent of new wetland
creation necessary in the Mississippi River Basin to remove 40%trofenloading to the Gulf

of Mexico. But as pointed out bypany authorgSemlitsch and Bodj€l998; Downing 2010;
Ghermandi et a).2010} the functionality of a wetland is noiniform across systemand thus
wetland restoration must focus not only on goals related to total wetland area, butladsiype,
landscape positigmnd morphometry of the wetlands being rest@xéh Meter and Bsy, 2015]

To betterdirectrestoration effortsa betterunderstandingfohow wetland attributes alter nutrient
processings requiredcurrently such information is lackinpMarton et al, 2015] Our goal is to
address this knowledggap by quantifjng the role of small and large wetlands in nutrient

processing.



1.2 Objectives

The overall goalof the work presented in this thesssto quantify the role of the size of lentic
systems (lakes, reservoirs, wetlands)amscapescalenitrogenandphosphorugrocessing. 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 ofeactive 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 rarest@mesidence times

in lentic systems?
- What are the underlying mechanisms contributing to the observed pattern?

- What is the relativeole of wetland size in landscape nutripmcessing?

In Chapter 2, the existing literature relating to nutrient processing in the both lotic and lentic
systemss presentedHere, the methods of quantifying and modelling these systems and highlight
the need to quantify nutrient removal wetlandghe context of the different water bodm®
summarizedIn Chapter 3, our methods useth the data synthesesnd metaanalysis, the two
compartment modelsedio mechanistically testur hypothesis, andpscaling analysis tguantify
landscape scale trient processing are presentédChapter 4, theresults and discussion related

to our analyses are presentédnally, Chapter 5 summarize our workwith some comments on

future directioss.



Chapter 2 — Literature Review

2.1 Introduction

In this thesiswe explore he impactsof hydrology, biogeochemistry and bathymedry nutrient
removal in a range adquatic systems/arious method$or quantifyingnutrient retentiorhave

been developed, including the nutrient spiraling concept anddbectiondispersionreaction
equation as well as its associated forms. In this seatiersummarize the various parameters
typically measureduringfield or experimental studies that are used in these models. Finally,
compare the similarities and ifences 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 Dynamicsin Diverse Ecosystems

Inland water bodis receive largejuantities of excess nutrients generated from terrestrial
ecosysterg andboth lentic systems (slomoving water bodies such as lakes, reservoirs, and
wetlands) and lotic systems (fasbving water bodies such as streams and riveng}ion as key
reactive interfacefor both nitrogenandphosphorusemoval from the water columfiMcClain 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 chanmgtrestingly, the biogedemical processes that
govern nutrient removal are similar across lentic and lotic systems, even though the hydrological

processes are unique between them.

Terrestrial ecosystesmeceives nitrogen through biologigatrogenfixation, fertilizer inputs ad
atmospheric depositiofGalloway et al. 2004] Once on landpitrogencan be immobilized by
bacteria, used by vegetation, or be exported through the watershed thesiggls pathways

[Seitzinger et al. 2006; Gruber and Galloway 2008] Overland runoff or leaching to the



underlying aquifer will eventally transport dissolveditrogento inland aquatic ecosystems and
finally the oceari often with detrimental effectpvitousek et a).1997;Gordon et al. 2008]
Importantly, nitrogenremovalfrom the water columian occur along these transport pathways
via the process of denitrificatiomvhich transforms nitrate in the water column into nitrogen gas
or nitrous oxide by bacteria and releases it to the atmodi@etanger et al. 2006]
Denitrification can occur in soils across the tstmial ecosystemn the groundwater system, as
well asin aquatic ecosysteniSeitzingey 1988;Vitousek and Howarth1991;Howarth et al,

1996] Although terrestrial st and the underlying groundwater account for 31% (168 Tg) of
global denitrification and lakes and rivers only 11% (66 Bg)tzinger et a[2006] found that the

rate of denitrification in lakes and rivers on a per area hessapproximately 10 timegreater

than the terrestrial ecosystems in their synthesis of global scale denitrifithgbrdenitrification

rates in aquatic ecosystems are facilitated by several factors typically found in the sediment zone
of these systems: strong redox gradients ttuthe mixing of groundwater and surface water,
availability of organic carbon, and relatively anoxic conditions that denitrifying bacteria need to

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

The phosphorus cycle differs from the nitrogen cycle in that there are no significant atmospheric
pat hways and there are no O6per man e nRilppelll,e mov al
2008;Ruttenberg2014] Additionally, phosphorus typically exists in two major forms: sediment

bound phosphorusand dissolveghosphorugPierrou, 1976] Phosphorus typically enters the
terrestrial ecosystem through physical or chemical erosiphagphorudearing minerals (such

as apatite) or anthropogenic inputs such as fertiligettenberg 2014] Once in the soils
phosphorus may besed by plant# bio-available stored as sedimebbundphosphorusuntil

eroded by overland flow, or leachedadargroundwater{Follimi, 1996;Filippelli, 2008] Unlike

nitrogen phosphorusis only retained in the watersheda storage (whethem biomass or
sediments) These storage pools can be temporary in natureipasass will eventually die and

become active in the cycle agaend sedimenphosphorusan be reeleasedunder reducing

7



conditions and high pHIChristophoridis and Fytianqgs2006; Filippelli, 2008] The settling of
particulatephosphorugn aquatic ecosystem$iowever serves asanimportant sink ophosphorus

in watersheds.

Retention processder nitrogenand phosphorusare typically modeled as firstrder reactions,
although more complex procelsased models that consider saturation titcseand secondrder
dependenciedo exist[Hamilton and Schladowi997;Bicknell et al, 2001;Wade et a].2002;Gu

et al, 2007] First-order fluxes are characterized by a rate constantkjengultiplied by the mass

or concentration of a chemical constituent. While {fingter equations allow for simple analytical
solutions of models and thus less computation time, they may be only applicable under certain
conditions. For example, denitrifitah may more closely resemble a Michadllenten function
(linearly increasing at low concentrations until a plateau due to saturasowgll,there may be
dependencies on the availability of other chemical constituents (such as oxygen or organjc carbon
[Heinen 2006] Consequently, models ohdse firstorder processes cahe modified to
accommodate different biogeochemical factblsinen[2006] synthesized ovdifty models that
guantified denitrification and found that approximately 65% of them followeddidsr kinetics
Amongst these models, additional modifiers such as soil saturation, temperature, pH level, and

nitrate availability have been formulated.

Similarly, the settling and sorptioof phosphoruss not truly linear in the environment. Linear
settling rates are based on the assumption thad kdeglilute and that the sediment particles do
not interact with each oth¢bi Toro, 2001] While the kiretics of phosphorusorption can be
modelled using a linear isotherm, they can also be modelled using Mieligglisn type
functions, or dependencies on iron concentrations, pH[\&kber et al 1992;Limousin et al.
2007;Song et a].2007] In the present studwe do not explicitly model sorption, but treat settling
as a dominant, firsbrder process, which implicitly assumes thladbsphorusvill be adsorbed onto

sediment. Accordinglyour focus herein is on literature that employs fwstler modeling

8



approaches to simulate nutrient retention processes in different aquatic ecosyegemgacts

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 aguatic ecosystems are often thought of as
net nutrient sinks in the landscapleere are instances in which skesystems 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 prodédsass, 1991] Net export of

reactive nitrogen in water bodies across long time scales tend to be uncommon, as described by
the metaanalysis performed byordan et al.[2011] and the work bySeitzinger et al.[2004.

There have been documented caskset nitrogen export in some cases such as in a marsh
ecosystem undergoing coastabsion[Childers and Day1990]or water diversionfDelLaune et

al., 1989] Other aquatic ecosystems such as salt marshes or mangttaeds/dave 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 movdmalmla et al, 1978;

Aziz and Nedwelll986] however thesgypes ofsystems are not explored in our work.

Within the nitrogen cycle, nitrification (the oxidation of ammonia to nitrite and nitrate through
nitrogen fixating plants ordzteria) is a source pathway of nitrogen in a water body. Nitrification

is an aerobic proceswhich requires the presence of oxygen to proceash often be found in
shallower regions of a water boflyunnette and Avedovech983;Pauer, 2000] Water bodies

that may experience oxygenation of the bottom sediments will consequently see a reduction of
denitrificaion and experience an increase of nitrification and thus nitf&sron et al. 2003]

Lake Superior, whichhashee observed to be éincreasingly ni
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 oicocgewon,

thus limiting the denitrification process; (2) the lake water is considered to be an oxidizing

9



environment andhitrate 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 etetomdpudgets

[Sterner et al.2007]

The phosphorus cycle is highly dynamic and water bodies may become phosphorus sources due
to a range of factor$?hysically speakingphosphorus that is stored within the sediment zone may
be washed out during extreme hydrologicargs such the spring snow mighibson et al.2001;

van der Perk et al2007] There are also biogeochemical factors that may lead to net phosphorus
export. The sorption of phosphorus areversible process that can result in phosphorus release
from the sediments depending omaiety of factors such as pH and the redox conditions within
the waterlt has long been recognized theltes, especially those that undergo seasonal turnover,
hawe fluctuatingoxic conditions in the sediment zofBostrom et al.1988] In general, there has

been a lagstanding paradignm limnology in which oxygenated waters promote phosphorus
fixation to iron whereas anaerobic conditions causes the dissolution-@hosphorus complexes

back into the water coluniMortimer, 1942;Christophoridis and Fytiang2006]} there has been
increasing recognition that additional factors such as the binding matedabacteria thadre

active in the phosphorus cycle prevent the use of oxygen as the sole controlling factor of internal
phosphorus loadingHupfer and Lewandowski2008] Similarly, studies in wetlands have
documented a saturation effect that reduces the efficien@yasiphorus retentiolRichardson et

al. [1996] observed that sheterm 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
constraintsRichardson et al[1996] also note that loads greater than 1 gPym' often resulted

in drastic increases of output phosphorus concentrations due to the exeeeidde 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 (ststady 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 timecales.

2.2.1 Nutrient Retention Rates inLotic Systems Gtreamg

The importance of streamswatershedutrient cycing 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 oeangHowarth et al, 2002] Some early worlon stream nutrient cyclingy Robinson et

al. [1979], Cooke and Whit¢1987], Mulholland [1992], and Jansson et al[1994] explored
dominant controls onitrogen export and retention in streamscludingloading, land useard

the characteristics of theediment bed. More recently, the research community has expanded the
spatial scales of intest to watersheds and contineMsest notablyAlexander et all2000] found

that in-stream loss rates scale inversely with streamhdaptoss the Mississippi Rive@Bin.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 rabie ofphutrients in

lower-order headwater streams.

This loss ratalepth dependence has been explained using the concept of nutrient spiraling through
the hyporheic zongNewbold 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 beveen groundwater and surface water and consequently is a site of strong redox
gradients andritical biogeochemical processedVithin the nutrient spiraling framework, the

spiral beginswhen nutrients are brought to the sediment zone through hyporbeictien 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 Doyle2006] This cycling or spiraling between the aqueous,
biological, aad mineral forms of the nutrient and the transfer between the water column and
sediment zone was a large deviation from the original conceptualization of tHtowgbnly in

the water channdEnsign and Doyle2006] 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[zareseff et a].2006]

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

to enter the reactive zone in the sedim@idtevey et al. 1996a], smal streams (or those of lower
stream order) have been observed to have higher hyporheic exchangd GlorezVelez and
Harvey, 2014] This was seen again at tMassissippi river basin scale lgomezVelez 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 reachle nutrient retention and nutrient spiraling is
through the use of mass balance studies. In these studies, nutrient isotopes or inorganic forms of
nutrientsare injected into the stream, and the spatiotemporal changes in concentrations are
measurecat a downgradient location to quantify retent{@encala et al. 1984; Triska et al,

1989] Some of the earliest tracer studies aiming to parameterize the nutrietingpimadel were
conducted byNewbold et aJ1983]andMulholland et al[1985], who used?P isotopes. The Lotic
Intersite Nitrogen experiment bylulholland et al.[2008a]quantified the denitrification rates of

72 streas in 8 distinct biomes across the conterminous United States through thelgNe of
isotopesEnsign and Doyl¢2006] synthesized 52 injection and tracer studies and found that the
loss rates normalized by area were relatively constant across stréers 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.

2.2.1.1Methods of Modelling Nutrient Retention in Streams

The nutrient spiraling model can be summarized using several simple mid@gbold et al.
[1982] presented the concept of the spiraling len§tlwhich 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}pitaEling lengthS can be quantified by
using the uptake rate constakitand the stream velocity, whereS = 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 discuSsetion 2.2.3

A processhased modehat is commonly used to characterize nutrient retention in the literature is
the advectiordispersiorreaction equation (ADRHBencala and Walters1983;Runke] 1998;

Roig and Shresthal999;Jones and Mulholland2000} This model provides three modes of
transport for a contaminantdweective 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 complexutrient spiraling modslkthatexplicitly account for biologicaliptake

in the channel and hyporheic zahe exist, but it has beatemonstrated that at losigrm scales

(at annual or greater time scalesgitling (for P) and denitrification (for N) are the dominant
retention processgseeDeAngelis et al[1995] or Jones and Mulhollan§2000]). Furthermore,

while more complex modglprovide 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 outpySnowling and Kramer2001;Robson et aJ.2008] In this thesiswe

will thus focus only on two forms of the ADR&odel

(1) The ADRE with hyporheic exchange, also known asdhe 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 Waltersl983;Harvey et al. 1996b] This modeling framework has been
widely used in stream systems where the groundveatdace water exchange constitutes
an important component oftrogen 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 moaeain be written as:

16 A< T B T S v w
'I'_O U 'I'_w O'IE Qo0 | 6 006 (1a)
— Y8 & Q8 (1b)

whereC is the concentration of the contaminant in the channel JMtlandx are time [T]
and space [L]v is the mean velocity of the advective flow [L/T), is the dispersion
coefficient [L%/T], k is a biogeochemical reaction imet channel[1/T], Cuz is the
concentration in the hyporheic zone [MjLa is a mass exchange coefficient [1/R]js
the ratio of thecross-sectionalarea of the main channel to the hyporheic zeh@hdksis

thebiogeochemical reactiaate constanin 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
it is common to use the apparent uptake veyogi{L/T] to quantify nutrient uptake in
streams assuming firsrder 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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wherevs is the nutrient uptake velocity [L/T] ardis the mean depth of the channel [L],
C., is theinitial concentration at the inlet [MA, andUis 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 averagintheffinescaleprocesses. SPARROW, the
commonly used watershed modi&mith et al. 1997]uses the PFR approach, as have studies by
Runkel and Chaprfl993], Boyer et al[2006], Wollheim et al[2008], Basu et al[2011], etc., to

name only a few. In additioW/ollheim 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 streaesmere

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 SystemgLakes, Reservoirs and Wetlands)

Numerous stdies have focused on nutrient processing and removal in lentic water [didless
1983; Dillon and Molot 1990; Saunders and Kalff2001; 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 tkesaybgt al.
[1971]and Seitzinge[1988]. Forphosphorus the mass flux of particulaphosphorugto long
term sediment storage has also been widely recognized as a doprimegss fophosphorus

removal [Chaprg 1975; Vollenweidey 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 Kadlec1979;Nichols 1983]

Limnological research was initially more strongly focusegloasphorusemoval, stemming from

the seminal work oSchindler[1977], who observed the limiting effects phosphorugsrom a
lake-scale experiment, and the early work3mith[1983] obsering N:P ratios on lake ecosystem
health However, more recently there has been a shift to consideration of other nutrients and to
larger scalesDowning [2010], for example, has quantified the disproportionate importance of
small lakes and ponds in glolzarbon removal. Similarlyylarrison et al.[2009] andHarrison et

al. [2012] described the collective importance of ditakes and reservoirs in global nitrogen and
silica cycles respectively (those smaller than 5@)kfihey 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. fie authors also note that these estimategue to the difficulty of quantifying the
number of small water bodiesd the assumption of loading in grids enter small lakes within their
model during upscalinddarrison et al[2009] andHarrison 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 genertily #eR
formulation to describe nutrient retentidte(dlec and Knighf2009], Mitsch et al[1995], Griffin

et al.[1999], Arheimer and Wittgref2002], Carleton and Montaf2010]). More complex models
that consider the wetland to be comprisédifferent compaments like the surface water, littoral
zone, macrofauna, top and deep soil exist as(eglKadlec and Hammdi988], Hantushet al.
[2012], Paudel and Jawiti2017], etc.).The model type used in the studies are often directed by
the research question at hand. Those using the einmgbutoutput 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 &dblguantify the interaction of multiple
processes and the presermf 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 inptdgutput models to describe lentic system behavior.

2221 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 aontrols
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 periphytorfiPaudel and Jawit22012]

The most basic modelscus 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
phosphorusetention commonly use the Vollenweider equafit®i/5], which conceptualizes the

lake as a continuously stirred tank reactor (CSTR) with an effective removal rate carataat
referred to as the volumetric ratenstantk,c, [T™}]) that can be estimated based on the percent
removalR and the mean water residence titn@able 1). In its most basic form, the CSTR

eguation can be written as:

G— 06 06 Qpé o 3)

whereV is the volume of the water column®[LC, is the concentration in the inflow [Mi], C is

the nitrogen concentration in the water column and outflow {MandQ is the flow [L3T].

CSTRs, or welmixed reactors, are diffusieslominaed systems, with any mass entering the

system being assumed to be instantaneously mwighin 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 literatBrett and Benjamir{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
beenadapted tmther system$ as an exampl8pieles and Mitscf1999] used the Vollenweider

model fornitrogen in wetlands andettmann[2001] for nitrogen in estuaries. By adding other

mass fluxes such as a sedimentation term, other studies such as tsasedyni et al[1982]

andMaavara et al[2015] used the CSTR formulation fphosphorusn lakes andeservoirs.

Another groupf models focusnly onthe sedimentwvith the water column providing a boundary

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

Commercial models such as the HYDRUS Wetland Module and COMSOL operate in a similar
mannerfOrellana et al, 2012 HYDRUS and COMSOL solve the Rioc
flow and couple advectivdispersive transport processes to contaminant fleangergraber

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

systems, witlihe surface water being treated as a boundary condition

There are also are complexlimnologic models such as MinlakdRiley and Stefgn1988] the
wetland model bKadlec and Hammdil988] and eutrophication modef{érhonditsis and Brett
[2005]) thatcouple nutrient processesthe water columto the sediment zonbut these models
have the added complexity of hydrodynamsgstial dimension®r 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 ptddiure 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[ hpwtng

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 ofiodel complexityBeven 2000;Beven and Freer2001] In the case of

larger scales, the firgirder rate constant approach is often considered sufficient to describe the
behavior of water bodies as many processes may be averaged spatially or teripitmadly
organization from complexity may emerge so thahohant behaviours may be quantified at these
scales with simple rate constaffaircotte 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 modslhave been usedbr lentic systems and PFR mosl@r 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 bharrison et al.[2009], which quantifies global
nitrogen retention in lakes and reservomppliesthe PFR formulation. Similarlythe most
commonly used approach in the constructed wetland litersttmeconceptalizethe system as a

PFR[Kadleg 2000;Werner and Kadlec2000;Rousseau et al2004]

While the original nutrient spiraling modigr streams byNewboldet al.[1982] presents an areal

rate constarka [LT1] in the form of uptake velocity, there is also a large body of workuibes

the volumetric constarit,p [T] (example papers fdoth can be found iffable 1). The choice

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

convenience. fie relation between the two rate constants eaexdpresseds U ; QX5
whereh [L] is the depth of the water bodiy= c or pfor CSTR and PFR formulatiofikadlec and
Wallace 2009] The areal rate constaki; or vis a biological measure of removal that is
independent of the surface water hydrology, while spatiotemporal variatidmglrology are

considered in the volumetric rate constpstexander et a). 2000; Ensign and Doyle2006;
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Wollheim et al.2006;Alexander et a).2009;Marcé and ArmengoP009] The areal rate constant

is mainly affected by biogeochemical controls such as dissolved oxygx potential, organic
content and microbial activifBoyer et al.2006] and ha®een shown to be relatively independent

of stream orderThe irdependence 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 systeom its nutrient
processing and points to the choice of the volumetric rate constant within our vecsqidce the

controls of system size.

Interestingly, tracer tests on a number of treatment wetlands have shown that the flow regimes
actuallylie between the extremes of a PFR and a C$KRdleg 1994] andthus studying these

two endmember systems enable us to constrain the system resgdreseimplicity of the
equations allows us to calculate these rate constants as a fund®@mat (for the volumetric

rate constant) or R and hydraulic loading ka(éor the areal rate constant)
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Table 1L Comparison of commonly used fistder removal rate constants

Steady State

Removal Rate Example Usage in Papers in

Units Removal/Retention . oo
Constant Name Equation Different Disciplines
CSTR Model
. Lakes and reservoirs: Sonzogni efa882],

i . Qx L — N Dillon and Molot[1996]for P; Kelly et al.[1987
Apparent removal LT o i Y i i d Molot[ 199611 f |[1687]
velocity () p Y for N
Volumetric rate
constantky,c), T . Y o p Lakes and reservoirs: Hejzlar et [@006] for P,
Vollenweider rate [T~ O p Y + Vollenweider[1975] for P;
constant ()

PFR Model

Lakes and reservoirs: Harrison et[2009] for N,
Areal rate constant Knight et al.[2003]for P, Wollheim et al[2008]

. 1 T~ . N T and Beusen et gR015]for N and P;
(kap), Uptake velocity [LT-] Qi U e ¥ Constructed wetlands: Kadlec and Wallace
(Vip) [2009] for N and P
Rivers: Wollheim et al[2006] for N

Volumetric rat(? . o Constructed wetlands: Carleton et[@D07] for
constantk,p), time [T Q 11 Y T N and P;

specific uptake rate Rivers: Alexander et aJ2009] for N

whereR is the fraction of nutrient retained,[q is the hydraulic loading rate [Lf andUis the
mean water residence time [T]. The subsciyaadv indicate the areal and volumetric rate
constants, thp andc refer to the PFR and CSTR models.

2.2.4 Damkohler Number: A Ratio to Unite Hydrology with Biogeochemistry

The Damkohler numbeDa, is a dimensionless ratio between a hydrological timees(far
example the water residence tifdT]) and a reaction time scale (for example the inverse of the
volumetric rate constatikn = 1k [T]); the ratio can be generally written Bs/Gkn. A Damkohler
number equal to 1 indicates that the transpadlt r@action timescales are balanced, wbie< 1
indicates transport limitation, anbBa >1 implies reaction rate limitation wheig@ophysical
conditions are limiting for the reacti¢hlarvey et al. 2013] In other wordsthe reaction times are
much smaller than transport or exposure times, and thusuthientwill be removed fullyfrom

the water colummnde reaction rate limiting condition€onversely, 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 cresection of a streambed and found that deep
locations chareterized by hyporheic exchange flows haBagreater than li.e. reaction rate
limited). These hotspots had more reducing conditions and lower oxygen levels that promoted
better denitrificationHarvey et al.[2013] similarly found that the hyporheic zone was largely
reaction limited in their study sit€campo et al[2006] applied theDa 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 woulelave simildy to a conservative tracer in the steep hillslope

due to insufficient reaction timd@he use of the Damkohler numbenovides a concise way to
summari ze a syst e-dmessiomalentaaneriandrthus allowsaonent@ compare

differenttypes 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 st@m literature] Wollheimet al, 2006;Alexander et a).2009;0lli et al.,
2009;Basu et al.2011] However, there has been less foauswuch phenomena in lentic systems.
Recent work byHolgerson and Raymon@016] 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] alsoquantified the greater role of small lakes in removing nitrogen at global
scalesNitrogenandphosphorusetention 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 prgses 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 iintecttats

may manifesfKentula, 2000;Mitsch and Day2006] 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 agriculturalges~or example ite Prairie Pothole RegidRPR),

an approximately 700,000 Krarea across the centta$ and Canadas lost an estimatéib%

of wetlands primarily due to drainage of wetlands for cropfama the 1800s to the miti980s
southwestern Ontario has similarly lost 72% of wetlands sincesgitiement to urban and
agricultural expansiofDucks Unlimited Canad&010] In aprevious studyVan Meter and Basu
(2015) quantified the historical and current dimgjuency functions of depressalrwetlandsn
thesouthernmost lobe of the PPRWa), and found that, in addition to an overall loss of wetlands
across the size classes, there has been a preferential loss of smaller wetl@hatsd locations

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

Indeed, small, geographically isolated wetlands (GIWSs) 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, andithportancein landscape functionality
(whether hydrologically, biogeochemically or ecologicall/easily underestimatdé/an Meter

and Basy 2015] GIWs are defined as wetland systetimgt 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
complexesasnd thus are not 0V itshe bdefu[beibmviznandeVininge d o r
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 baysypress domes, ponds, and wetlands of the Prairie Pothole Region

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

Recently, GIWs have seen significaatluctionsof legal protection in the USA following two US
Supreme Court rulingsSolid Waste Agency of Norther@ook County v. U.S. Army Corps
SWANCC (2001) andrapanos v. U.S(2006).With these rulings, federal protection for GIWs
were abolished unless a 0si gn-chémicalantiologca x us 6
integrity of navigable waters can be peo[EPA and U.S. Army Corps of Engine&2803;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 (PER}¥] as well as the
Greenbelt Acf2009] and Conservation Authorities Af2011). Specifically, the PP#8oes 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 evalumagigstem may deem wetlands as not significant

if they do not reach a threshold scote t l andsdé that are periodic
agricultural settings are not considered to be wetlands in the[GRt@rio and Ministry of

Municipal Affairs and Housing2014]

There has been criticisms of the G&Vn d 6 s i mmindlogycaa i prechles the idea of
Aconnectivity continua, 0 as systems may have
biogeochemical and ecological connectiohe term GIW implies that these system®
functionally isolated from the landscajpdushet et al.2015] 6significant wetl a
to be the only systems to be truly benefidajronwing 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 wetlaruks$yclassified 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 regiongMcLaughlin 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 Casey2000] riparian wetlands exert a strong influence on streamflow

generation and floodplain morpholopjunk et al. 1989]

There are further studies examining the coupled nature of nutrient and hydrological cycWsin Gl
within landscapedVarton 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 theéuaoncep
relationship between the nutrient removal processes as a function of its position in the landscape.
They postulate that GIWSs, and in particular small wetlands, are much more reactive than wetlands
that are connected or adjacent to the stream netwerkodtheir soil surface area to storage volume
ratio. Other contributing factors such as wetland periraates ratios as well as the position, slope,

and abundance withiawatershed allow different types of wetlands to remove different nutrient
constitients in other words, different classes of wetlands can provide unique bearefitnly a
distribution of wetland classes will provide full functionality and ecosystem befifitdon 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 restoratioBetforts.
Verhoeven et a[2006] andMitsch et al [2005] quantified the potential of wetland restiioa 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, tliemains 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 theotic 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 asz@dreased with the

surge of interest in understanding the functionality of GIWs whdther they aré@ si gni f i can

nexuse§

Crosssystem comparisons and meataalysegsuch as those conductedMgxander et al.2000],
Harrison et al.[2009], Downing et a[2010], Jordan et al[2011]that were previously discussed

in this chaptér can help to identify interesting dynamitst are often missed when focusing on
individual system&nd have been used extensively in lotic literature as well as lakes re3&arch
main benefit of metanalyes are that emerging patterns emerge as the mean response of numerous
data points that gfm a range of behavior whereesnds within docal system can be confounded

by factors or be data limited. For exam3ejtzinger et a[2006] synthesized denitrification rates

as a function ohitrogen loading and showed that there is a positive linear relationship across a
range of ecosystenisa concusion that may have been attributed to other local variables if the
data originated from a single systeAs such, there is a clear opportunity to explore how wetlands
are able to remove or retain nutrients as a function of size through @anadyais ofdifferent

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 preSeaotieah.
3.1 describes the global metaalysis on nutrient processiimgwetlands lakes, and reservoirs.
The mechanistic modelling framework used to test the hypotliegessented irBection 3.2
Finally, the upscaling analysfsom individual wetland to théandscape scales are detailed in

Section 3.3

3.1 CrossSystem Synthesief Nutrient Processing in Lentic Systems

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

|l iterature review in Scopus in 2015 wusing a ¢
Anitrateo, Aphosphorusod, and fAphosphateo to c
Awetl ando, il akeo, A p @in the waterabody type.r Séudies provading 0t O
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, tb North American Treatment Database v2.0 (NADB) was used for
additional constructed wetland data prior to 1pRdight et al, 1994] A total of 1604 data points

representing approximately 600 sites were included in the an@igise 1).

27



102 10* 10 108 10%° 102 10% 10¢ 108 10%° 102 10* 10 108 10

Surface Area (m?)

Figure 1. a) Locations of thetudy 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 retentionR) in wetlands, lakes and reservoirs refertheremoval processes in tivater

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

Y — )

whereMin andMoyt are the measured mass fluxes at the inlet and outlet of the system, in units of

mass per time [MT].

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

comparable frameworkye fitted the inputoutput loadings of lakes, reservoirs and wetlands into
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the PFR an€CSTRmodels to determine the effective volumetrimoeval rate constant.he 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 NiRakason et al, 2009] SPARROW

[Smith et al. 1997), despite the existing complexitiesdanncertainties 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 steaedstate coditions (with seasonal and other effects averaged into the
constant).Both k,p and ky,c were calculated; however, the latter is presented only in the
supplemental material for simplicitgll subsequent references lofn this paper refer to the
volumetic PFR removal rate constamd, f) unless specifiedlhe k values that are derived from

the datasynthesis are the mean responsehef 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 materiabxygenlevels)

3.3 Mechanistic Two-Compartment Model of Lentic Systems

3.3.1 Model Formulation

Similar to the OTIS modeling approach in lotic system$wacompartmentsedimemwater
interactionmodel was developed in which an advective water column is coupledddiraent

zone by firstorder mass transfer processése computational domain of the model includes the
water column and a certain reactive deptfL] of the benthic sediments (segure 2). The lotic

system (wetland, lake, or reservoir) is modeled as a completely mixed reactor of Val{inig

and a teady flow rateQ [L3TY]. 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 sedimena maksexchange rate coefficient
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U [TY. In this model, denitrification in the benthic sediments is assumed to be the primary
mechanism for longerm removal of nitratewhereby nitrate is converted to gaseousNgO or

NO and released to the atmosphlgiexander et a).2000;Seitzinger et al.2002;Boyer et al.
2006;Mulholland et al, 2008b] Similarly, settling of sedimenAboundphosphoruss considered

to be the primary process responsible forghesphorusemoval[Reddy et aJ.1999;Hejdar et

al., 2006;Withers and Jarvie2008] Uptake by biota is not generally considered to be part of
long-term removal since biologicalgssociatechitrogenand phosphoruss often recycled until
ultimate burial via settling. Settling ghosphoruss described following the equations proposed
by Chapra[1975]. Note thathegoalof this studyis not to develop theost comprehensivaodel

for nitrogenand phosphorugycling in lotic systers, 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:

Fornitrogen

— —0 —-6 | 6 0o (5a)
— —| 6 6 Q6 (5b)
For phosphorus
— —06 —6 | 6 o6 06070 (6a)
— ) (6b)
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whereC, is the N (or P) concentration in the inflow [M], Cw is the N (or P) concentration in the
water column and the outflow [Mi], Vi, is the volume of the water column?[LKksen[T}] is the
intrinsic volumetric denitrification rate constant in the sedim€nts the N (or P) concentration

in the pore water [M£3], WAis the wetted contact area’[Ld: is the effective reactive depth [L],

Vs is the settling velocity for sedimebbund phosphorus [LF] and SAis the surface area L.

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

downward sedimentation and upward sediment release or desorption

Mass removed

Denitrification

Reactive depth (d,)

Figure 2. Plan and crossectionaliew of thetwo-compartment (sedimemtater) model for
nutrient mass removal

The coupled equations were solved at steady state to simulate thiedonmput and output
dynamics ofnitrogenand phosphorusn these systems. The steagtgte concentrations in the
water column and the sediment pore water were obtained as a function of input concetyyation
flow rateQ, wetted are®VA,water column deptld, and volume of the water colunwi. Finally,

the modded steadystate output concentratiod was used with the volumetric PFR agjon

(Equation 4) to determine the effective volumetric rate conskant
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3.32 Model Parameters

Our overall goal was to use the model to generate the removal rate cérassaatfunction of
surface are®&A To achieve this goal, the range®Avalues observed in the data analyses was
discretized intix equally spaced bins ranging from'16 10'* m? on a logarithmic scale to cover

the range of datd-or each of the siarea classes, the mean area was calculatecenapidcal

values of flav, input loadingand system deptivere obtainedy using the equatiorfsom the
regression analyses (sEable 5). A cylindrical bathymetry was then assumed to calcWatand

WA from the meansurface area and depth parametéte reactive deptt: was assumed to be
equal to 30 mnbased on the zone of active denitrification seen in field stiytias/ey 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 Sipplementary Table S). The nodel is most sensitive ta,
followed by kgen, dr, andWA The modelis relatively insensitive to the other parametditse
methods used to account for the uncertainty that may stem from the wide varialbgigymdkgen

are describeth the following paragraph and sectiokghile the model is moderately sensitive to

WA anddr, 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 intmsic denitrification rate constant in the sedimé&m, and the settling rates of
phosphorussis have high degrees of variability in the environmevtlholland et al.[2008b]
measuredhe intrinsic denitrificatiomates in sedimentdom stable nitrogen isotopes across a wide
range ofbiomes.They injected™®N into the stream and measured the resulting concentrations
across a characteristic length scale and derived various nutriesdtngpmetrics including the
sediment denitrification rate. These values had an asymmetric distribution that ranged between
0.002 to 4.8 ht (mode = 0.01 hf). Several authors have summarized phosphorus settling rates

(for inorganic and organic Ryr numeroudentic 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,
semtarid, tropical, temperate, etc.) and have provided a dataset of mass exchange coefficients.
These mass exchange coefficientsgeginfrom 0.02 to 16 ht andarealso skewed towards the

mode of 0.36 ht. Using these published datasetg(re 3), lognormal probability distributions

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

datasets (summarized Tiable 2) andwere used in the subsequent Monte Carlo analysis.

Table 2 Fitting parameters for lognormal probability distributions

Min Oin
Kden(hr?) -3.64 1.7
Vs (m/d) -3.1 2.35
U Ohr -0.35 0.6
030 035
025 | @) 030 - b)
2020 2025
= Z 020
o] o]
%0'15 £015
& 010 & 0.10
0.05 0.05
0.00 0.00
o o~ o o~ o o~ o v wn 00 <4 o o O <+
S 5 3 4 3 49 288833335
=) =) o for P o o O O O O O O O O
ksed (hr-U Vs (m/yr)
0.08
007  C)
0.06
Zoos
= 0.04
S 0.03
£ 0,02
001
0.00
[e0] [0 0] [e0] o [en] [en] [e0] [en]
~— I~ N (23 ) i I~ o
S m N S ¥ o o= o0
<o L] < i i i o o~
a (hr)

Figure 3. Histograms of a) sediment denitrification rate constant, b) phosphorus settling rate, c)
mass exchange coefficigi®illon and Molot 1996;Hejzlar et al, 2006;Battin et al, 2008;
Mulholland et al, 2008b]
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3.33 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 distributidiigure 4). For each iteration, a new random
variable is drawn from each statistical distribution to create a usigmset of parameters and used

in the model to generate a feasible output variable. This pricesgeated so that a distribution

of likely outpu values are generated and can be characterized by descriptive statistics (such as
mean, median, etc.). The output distributan be used to bound theutput with confidence

intervals based on the percentiles of the distribution.

A MCA analysis is tymally 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 modelas run10,000 timegor each size class using the values §fQ, Vi, and

WA and the probability distributions féne intrinsic denitrification rate constaat, phosphorus
settling velocityvs, and the mass exchange coefficienFigure 4). The modeled output mass
loadings were then used calculate the median and"®percentile values foR as well as the
effective removal rate constakfor each size class (s@able 4). The 8" and 9% percentile of
extreme values from tHaal set of outputs were used as the confidence intefeathe median

value. The k values obtained for the six size classes were used to create the miotlbled

relationship, which was then compared with results from the-arethyses.
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a) Input from probability distribution b) Model c) Output probability
distribution

A VAN

One random number from each
distribution per iteration

p(k)

p(x)

Figure 4. Schematic of Monte Carlo simulation process. Steps a) andliewiin 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 nutrigintsn the water columnThe focus of this analysis

was on wetlandshowever similar conclusions should hold for other water bodibs. size
frequency function of lakes and reservoirs also follows an inverse pawedistribution
[Downing et al. 2006]and the loadingize as well adek-Urelationships of lakes and reservoirs

were found to be consistent with the wetland relationshgdees and reservoirs were omitted due

to the lack of fineresolution datasets that would allow the results to be upscaled concurrently for

the same ameas the wetlands.

34.1 Regresson Relationships for Scaling

The total mass of nutrients removadMT ] in wetlands as a function of surface aBfscan be

described using the following equatson
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0O YY0O 0 YO 0 YO (7)

YYo p Q (8)

wherelL, is mass loading into the system [MT N is the number of water bodies with a given
surface areand R is the fraction of mass removed given the system surfacg Jafdate that

Lo(SA) k(SA),and U ( Sdéationshipswere developed based on the data synthesis described in
Section3.1. The form ofEquation 8is derived from the plug flow reactor model relationship (See
Table 1). The N(SA)relationship was based on a distribution of wetlands found in rdigep

pothole region in lowa. A previous study had ubgghresolution (1 m resolution) LIDAR data

to estimate the number of water bodies as a function of surface area in the Des Moines Lobe in
lowa[Van Meter and Bas2015] This sizefrequency distribution was chosen as there have been
few studies that have quantified the distributions of small wetlands at suctspdirad 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]i 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?10Gxa¢ m? [Van Meter

and Basuy 2015] Analyses bywan Meter and Bas{R015] showed that there is a power law
relationship between the number of depressional wetlands in the lobe and their surface areas
(Figure 5; N = 2x10*°x SAL®" p <0.001; ¥= 0.99).Or in other wordsthe sméest wetlands are

found more frequently in the landscape than their larger parts; small wetlands Sin€ha0e a
frequency three orders of magnitude higher than those sizeah®1i@ the Des Moines lobe
landscapeThese depression@ndscapes, much like lakes and other earth system features, follow

a powerlaw distribution which speaks to the fractal nature of the erosional processtsrand
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these features and thus the r el[Rowningeta.Bd0OG 6s | ac
Seekell and Pa¢c@011;Seekell et a).2013]

Figure 5. Historical sizefrequency relationship for depressional wetlands in the Des Moines
Lobe, lowa, USAVan Meter and Basu, 2015].

3.42 Monte Carlo Analysis

Similar to the MCA used to quantify the uncertainty of the model outp@sdtion 3.2 aMonte
Carlo approach waalsousedwhen solvingequation 7 to develop estimates tifie cumulative
mass removed for eaetetlandsize classThe surface areas used in the analysis rabgegeen
107 and 16 m? to model the wetland sizes found in the Desrde Lobe thus,the wetlands were

divided intosix equally sizedvins (1Gto 1G5, 1¢°to 13 m?, etc.).

To describe theassociateduncertainies for each wetland size class, lognornpabbability
distributions were fitted to the associated remauage constantk, hydraulic residence timds

and mass loading, found in each size clasSpecifically, 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 he subsets of each parameter of each bin for use in the MCA.

The Monte Carlo analys wasrun using 10,000 simulations for each bin to geneaatenge of
probable values fothe mass loading removéd by drawing on a new parameter set from the
various probability distributions each timehdinterquartilevaluesof mass removdbr each size

classwere determined and used as the bounds around the median values.

3.4.3 Denitrification Potential Loss atthe Landscape Scale

Since wetlands argypically hotspotsof 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 smallertlaads 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 land¥eap&leter and

Basy 2015] The cumulative DPL loss was estimated by senalytically integrating thér-SA
relationship derived iBedion 3.3.1using different intervals of integration using the following

equation:

0 QY8 . YYD D YE 0 YBQ'YH 9)

whereSA andSA-. create discrete bounds that are equally sized on a logarithmic scale from 10
to 1 m?. In this analysis, twelve bins were createct tb01G>, 10°to 1¢F°¢  FOto 10 m?

to span the range of system sizes found in the Des Moines §ebgan3.4.9.

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 DPLswlaen 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 DifferentWater Bodies

A total of 355 wetlands, 138 reservoirs and 117 lakes were synthesized in thisT&eidyeans

and standard deviations of percent removal of TN, TP, nitrate and phognatealculatedor

the lakes, reservoirs and wetlan@a&ble 3). A standardtwo samplet-testassuming unequal
variancesvas used to compare the means between each constituent and $iistsamples are
independent, assumed to follow a normal distribution (given the Central Limit Theorem with large
sample sizes) anddldata areontinuous thus satisfying the assumptions of the statistical test.
Overall, the percent removal does not vary significantly between sy&émetlands, lakes, and
reservoirsjpnd across constituents, ranging betw#&#n and 686 (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 bathymetrigadrametrsin these systems.

Table 3 Mean removal (%) of constituents by system
TN NOs TP PQ;3
All Wetlands 49.4+254 60.8+29.5 49.0+28.8 52.3+30.5
CSF 47.1+218 520+£28.2 39.8+29.3 498+26.5
CSSF 51.0+26.3 65.3+29.4 51.7+284 53.8+32.0
NW 17.5+144 58.7+26.1 27.9+26.1 26.3+19.2
Lakes 440+ 274 594+282 502+255 65.2+27.7
Reservoirs 31.8+20.6 46.9+24.0 478+256 64.7+189
Note: Natural Wetlands (NW), Construct&libsurface@SSF) andConstructedurface
Flow (SF) wetlands are subsets of the total wetlands.

4.1.2 Nutrient Removal Rate Constantsas a Function of System Size

The volumetric nutrient removal rate constakisf all four constituents (TN, NQ TP, PQ?)

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 acsighijositive relationship with

surface area (p<0.002) and is illustratedFigure 6 ( U=1 . %W % Svés assumed that
confounding factors such as managed flows, relative magnitude of groundwater exchange, and
preferential flowpaths which cause vaann this relationship will not significantly alter the slope

of this relationship at longer time scales.
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Figure 6. Water residence tim@) versus surface area (SA) regression based on entire dataset
from metaanalysis.

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 kinetidsigure 7 and Table 4 show the valuebased on the PFR model,

while Supplemental Figure Sishows 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 reseryaisswell 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 process€be physical constraint altering biogeocheahiprocessing
couldlikely be attributed tohewettedsediment are@otal area of sediment that comes into contact
with water)to watervolume ratio, with larger water bodies having a smaller ratio, and thus smaller

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

hypothesis.

a) Total Nitrogen (TN)
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Figure 7. Removal rate constarit)(versushydraulic residence timeJj(for a) total nitrogen
(TN), b) nitrate (N@), c) total phosphorus (TP), d) phosphate PO

The effective removal rate constamisre also regressed against surface dfepe 8). Again,
there were significant inverse relationships betweamdSAacross all four constituents. It should
be noted that the best fits were weaker with surface area arfdvéteas ranged from 0.18 0.52

but the downward slopes remained significdite lower f 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 easllgcted 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 sedimeut anea
ratio asUcan bederived fromthe 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.
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Figure 8. Removal rate constark)(versus surfacarea(SA) for a) total nitrogen (TN), b) nitrate
(NO3), c) total phosphorus (TP), d) phosphate £PO
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While all available data on lotic systems were used to develop a single regression equation for
each constituent iRigure 7, also explored the individual relationships between effective removal

rate constants and residence times for lakes, reservoirs, surface and subsurface flow constructed
wetlandswere also exploredTable 4). All the different water bog typesshow statistally
significant power function relationships between the effective removal rate constant and the
residence timesT@ble 4). For TN, the constant of the relationship was an order of magnitude
higher for wetlands than for lakes and reservoirs, and the stopwvetlands 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 criticalantrol 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 amaichless apparent; however, the dataset is also much masedpa

these two constituents.
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Table 4 Summary ok-Uregression analyses for lakes, reservoirs and wetlands

Element System n Constant Exponent p r?
TN Lakes 102 0.048 -0.55 <0.001 0.392
Reservoirs 74 0.063 -0.60 <0.001 0427
Wetlands 357 0.375 -0.78 <0.001 0.475

CSSF 95 0413 -0.80 <0.001 0.22
CSF 249 0.295 -0.65 <0.001 0414
NW 9 0.169 -1.10 <0.001 0.848
NOs Lakes 40 0.184 -0.72 <0.001 0.724
Reservoirs 17 0.834 -1.09 <0.001 0564
Wetlands 338 0.540 -0.73 <0.001 0.374

CSSF 106 0.365 -0.60 <0.001 0.171

CSF 220 0.635 -0.75 <0.001 0.392
NW 12 1.009 -1.08 <0.001 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 0.4¢4
CSSF 63 0.228 -0.62 <0.001 0.226

CSF 255 0.28 -0.66 <0.001 0.332
NW 7 0.256 -1.01 <0.001 0.913
PO  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 149 0.306 -0.65 <0.001 0.245
NW 4 0.190 3.02 0.73* 0.075

Note: Natural Wetlands (NW), Construct&libsurface (SSF) ar€bnstructedurface 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 eluo unclassified or hybrid wetland typé&Exponent value not
significant

Table 5 Summary of regression analysis for various parameters derived from data syAlhesis.
water body types were included in the analyResgression parameters aresadinificant

(p<0.001).

Regression Equation r?
Q= 41.6 XSAOI 0.87
d=0.13 XSA?* 0.50

Lo=0.05XSA4> 0.44
U= 1.51 XSA-28 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 nunid®rdefined as the ratio between the
transport and the reaction timescalég1/k)). A Damkohler number e@iito 1 indicates that the
transport and reaction timescales are balanced, Whitel indicates transport limitation, aith

> 1 implies reaction rate limitation whet#ophysicalconditions are limiting for the reaction
[Harvey et al. 2013] Forthis study, a large fraction of tHea values were less than 1 across all
systemsfkigure 9), suggestive of ransporlimited system. The reaction rate constant, however,

is not the intinsic reaction rate in the sediment, but is modified by the sediareatto water

volume ratio as described 8ection 3.3 Thus, a transport limitation implies access limitation to

the reactive sediment zone where denitrification or sediment entramoents removing the

element (N or P) from the water column.

c) Total Phosphorus (TP)

EWetlands
EReservoir
HLake

Nu
Figure 9. Frequency distributions for the Damkohler num@#/k))
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4.2 Results of Model Analysis

The regression relationshigeveloped from the entire datak®etQ andd with surface arealfable

5) were used with the lognormal distributions keshandvsto 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 1G and b for nitrogen and phosphorusrespectively). These modelegrived
relationships were then compared with the -dbgtaved relationship betwedrand residence time.

The 95% confidence intervals on the modeled relationship capture the variability in the data
adeaiately well with 94% of the TN data and 77% of the TP data falling within the rdedeked

bounds Figures 10a and b). The correspondence between the modeled anddesiteed
relationships confirnour hypothesis that the greater surface area to volurie aathe smaller

water bodies is the primary factor contributing to their larger rate constants.

It is interesting to note thabfnitrogen the mean value of the intrinsic rate constant in the sediment
(Kden) used inourmodel is equal to 0.63%gwhich is close to thkevalues from systems with lower
residence times, and larger contact area to volume ratios. With increasraf the water body
andresidence times the effective rate constant decréalé@sing a power functiorio as low as
0.001 d*. Thus,the intercept of thi-Urelationship is indicative of biogeochemical control, while
the slope is controlled by hydrology other words, the intrinsic rate constant in the sediment is
a primary control on the intercept, with the effectoad small systems approachikgr, the water
residence timéwhichlargely 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 intrinsi¢-oates.
phosphorusthemeanvs 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 literature3@ gn/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 seasopalimosources of water such as
snowmelt or flood events. These dynamics are difficult tourapih a generaded modelling
framework yet they can modify the nutrient dynamics of the systeon.example, groundwater

often has a different oxygen concentration than that of the sediment bed (may depend on if the
groundwater is sourced from deep balow aquifer, and if the discharge is near the edge or
bottom of the water body) and walterthe redox gradient and modify the denitrification rates in

the systenjStoliker et al. 2016] Similarly, the oxic level of the sediments determiregburce

sink dynamics of sorbed P. In oxic conditions, iron hydroxides are strongly bonded and limit the
diffusive flux between the watesediment interface; in anoxic conditions, the phosphorus is

releasedVan Cappellen and Bernet988;Slomp et al.1996, 1998]
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Figure 10. Comparison between the modsdtimateck-Urelationship (solid line) and data from

metaanalyses for a) total N and b) total P. Scatter plot is data based camatseswhile the

lines are modeled value$he black solid line is the median value, wttthe red dashed lines are

the 95% confidence intervals of théJrelationship derived from Monte Carlo simulatiofibe

black horizontal dashed line in 4a is the intrinsic sediment denitrification constant that captures
the biogeochemical control on theationship.
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4.3 Exploring Dominant Controls on the Observedl nversek-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 conStentause of this behaviocan

likely be attributed to thdigher ratio of wetted sediment area and the volume of wétér\(

ratio) in small water bodiesAs discussed previously, the sediment zone is a critical part of the
nitrogenandphosphorusycles where denitrifying bacteria can remaoiteogenand is the storage

zone for sediment bound Plere, the relationship between ti¢A:V ratio and size using an

analytical expressiois shown

The model described above assumes a cylindrical bathyfoeggse 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 kyayashiand van der Kamf000] was used:

- - (10

wherey andr are the maximum depth and radius of the water bodyj{ldndr, are the depth and
radius at a reference depth [L ] gntb a shape factor. The shape factor describes the slope of the
water body wher@=1 creates a cone ampdapproaching infiity creates a cylindergure 11).
Surface areavetted areavolume elationships 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 ygriro)?

The effect of varying bathymetry was explotegd calculating the wetted aréavolume ratio of
the water body. As such, the wetted contact aB)yaand volume ) were calculated using

Equations 11 and 12 respectively:
Y o, Twp — Qw 1y

“ wi Qw (12)
whereSy, which repesents the wetted contact area enthe surface of revolution along the y
axis,r is the radius as a function of depth (baseéquation 10), V is the volume of the solid of

revolution along the-axis.

A common metric for the biological richness and diversity of a wetland is the perianeteratio
[Helzer and Jelinskil999;Fairbairn and Dinsmore2001] The same metric can also be used in
determning wetland hydrological behaviour. Studies such as thog4ilay [1971]andHayashi

and Rosenberrj2002] found that the water level recession in wetlands are highly dependent on
the perimetearea ratio which accounts for the higher surface areas allowing for

evapotranspiration 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, shouldsobe dependent to analogous metrics such as the wettedodueee ratio.

The wetted contact araelume 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 @ slue to the contact argalume 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 conver@t larger scales where the wetted area approaches unity with volume

due to the relatively small magnitude of depth.

Figure 12 Decreasing wetted are@lume ratio as a function surface area

The shape of the water body is another factor that can affect the wettetlarea 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 otliikscenarios with most systems
having concave bathymetries but the negative relationship between the wettedlamearatio

and surface area still holds true.
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44  Nutrient Removal Potential Lossat the Landscape Scale

TheTN mass removed hbyetlandsbelonging tdifferent size classeand the cumulative fraction

of mass removedre presented iRigure 13. The results clearly demonstrate that in a landscape
with a distribution of wetland sizes the smaller wetlands remove a greater amount of TNethan th
larger ones. In facgpproximately 50% of the TN loading is removed by wetlands smaller than
10?° km?. The disproportionateemoval by thesmaller systemsoccurdue to their high removal

rate constants coupled with a higher frequency of smaller watkeson the landscapEigure

13). The results are very similar for the other constituents (TP, nitrate and phosphate) dince the
Urelationships are not significantly different for the different species. It is important to note again
that the similarity in thek-U relationships for the four constituents with very different
biogeochemical properties points to the strong hydrologitraisrthat overwhelm the sigpecific

biogeochemistry.

To explore the effect of the preferential loss of smaller water basleesalculated the fractional
denitrification potential lost as a function of fractional loss in wetland area. When smaléerdset

are lost preferentially (green lineligure 14), a greater fraction of the denitrification potential is
lost, even when the same amount of wetlandiadeat compared to the case when larger wetlands
are lost preferentially (red line 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 smaltande is significant,
especially in the context of the current loss of protection for smaller wetlands on the landscape.
Regions such as the historically wetlamch Prairie Pothole Region have indeed seen a
disproportionate loss of small wetlands toiagiture [McCauley and Jenkin2005;Van Meter

and Basy 2015] Urban landscapes have lost water bodies with a preferential loss of smaller
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systems relative to the surrounding undeveloped 8tekle et al.2014;Steele and Heffernan
2014] This disappearance of small wetlands thus has significantly impacted lardsabpe

nutrientprocessing potential and thus must be better taken into account with regard to wetland

protection and wetland restoration efforts.

TN Mass Removal (kg/d)

1025

103 1035 104 1045

Wetland Size Class [(m?)

105

Figure 13 TheTN mass removed (solid line) and ttiemulativefraction of mass removed
(dashed linepy each size class, given the wetland size frequency distribution of the Des Moines
Lobe, and thé&-Urelationship from the data synthesis. The grey shaded area isdivate
interquartile range estimated based on Mdaelo 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 akd detationship

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

51 Summary

Wetlandsoftenfunction as critical sinks of nutrients in the landscape, lans 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 wetlandscapdsictv are composed of a distribution of wetlands. Similar
challenges exist with other aquatic systenmsfact, research comparing small streams with larger
rivers has highlighted differences in nutrient cycling in these sygilesander et a).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 constantsdtalnitrogen nitrate, totaphosphorusind phosphate

in lakes, wetlands and reservoirs through a raetlysis of data from over 600 sites. A strong
inverse relationship (power function) was apparent between the volumetraréiest nutrient

removal rée constantk( [T}]) and the mean residence timg[{]) 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 emergeatsérk-U 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 camstant,
developed a tw@ompartment sedimemtater model that simulated denitrification as the primary
removal mechanism fantrogenand settling as the primary removal mechanism for P. The model

was able to replicate thieUrelationship observed in the data synthesis, thus suppdhing
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hypothesis that larger watbodieswith longer residence timdsave smaller firsbrder 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 lowa was
used for this analysis. The results fridns analysis demonstrate the disproportionately larger role
that small wetlands have in total nutrient removal at the landscape scale. For example, wetlands
smaller than 18° m? accounted for approximately 50% of TN removal when analyzing systems
up to ©° m? in size. The results also showed th&br the same wetland area loghe total
denitrification potential lost irger when smaller wetlands are lost than when larger ones are lost
These results are important to consider in the context of wegdtatettion and wetland restoration
efforts, since, as highlighted Byan Meter and Basj2015, anthropogenic disturbances have not
only contributed to a loss of overall wetland area, but have also in a preferential loss of smaller
wetlands These smallewetlands on the landscape provide critical watershed functions, and thus
warrant greater protection than is currently provifiéarton 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 metaanalyses focused athe longterm nutrient reduction behavior of water bodaxl

identified small water bodies as Ohotspotsod i
bodies are dynamic systems that will exhibit distinct seasonal ortstot m act i vi t y. T
moment s have been identified to be just as

nitrogen and phosphorus cyclgdcClain 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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aquiferwetland interfacelMcLaughlin et al. 2014] or to further existing catchment scale
biogeochemical models to include wetland dynamics and other nuffearfsorato 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 iatetion of these ecohydrological processes.

A direct extension of this thesis willebto introduce the concept of spatial and temporal
connectivity between these reactive interfaces in the catchment. The transient nature of
hydrological connectivity of wiands and its surrounding upland influences the biogeochemistry
of the systenjGroffman 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
guantified so that these systems, which are oftelocated in agra&ecosystems and subject to

excess nutrient loading, can batbeunderstood.
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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 théighugssumgon.

N a) Total Nitrogen (TN)
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Figure S1 Removal rate constark,g) i hydraulic residence time relationship$ for a) total
nitrogen (TN), b) nitrate (N§), c) total phosphorus (TP), d) phosphate f§0Same 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
U 0.01
Vuw 0.01
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