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Abstract

The damming of rivers represents one of the mostefaching human modifications tbe flows of
water and associated ttex from land to seaGlobally there are overO 000 large dams whose
reservoirs store more than seven times as much water as natural rivers. Due to indeeasits for
energy, irrigationdrinking water, and flood control, the construction of dams eghtinue into the
foreseeable futureindeed, here is currently an ongoing boom in dam construction, particularly
focused in emerging economies, which is expected to double the fragmentation of rivers on Earth.
Essential nutrient elements such as phogph (P), nitrogen (N), silicon (Si), and carbon (C) are
transported and transformed along the fandan aquatic continuum (LOAC), forming the basis for
freshwater food webs in lakes, rivers, wetlands, reservoirs, and floodplains, and ultimately fer marin
food webs in estuarine and coastal environméltte. damdriven fragmentatiorof the rivers along

the LOAC will significantly modify global nutrient andC fluxes via elimination from the water

column in reservoirs.

In this thesis, | quantify imeservoi elimination and transformation fluxes for phosphorus (P),
silicon (Si), and organic carbon (O®)ith the goal of determining (1) how much Si, P, and organic C
(OC) are retained or eliminated globally due to river damming, (2) how damming modifies the
bdance of productivity (heterotrophy vs. autotrophy) in river systems worldwide, (3) to what extent
damming changenutrient speciation or reactivity along the LOAC, and (4) if reservoirs retain or
eliminate certain nutrients more efficiently than othersg & so, how this decoupling changes
nutrient ratios delivered to coastal zonlkeaddress these research questions at the reservoir scale, by
quantifying nutrient elimination in Lake Diefenbaker, Saskatchewan,haodgh the development of

spatially exfiicit globalnutrientand carbon models.

In Chapter 2, | presena reservoiscale field study of reactive silicon dynamics in Lake
Diefenbakera reservoir in Canadadés centuseadyegourali r i e
dataset of surface watsamples and sediment cores to construct a Si budget for the reservoir,
including an estimation of the amount of Si buried in the reservoir annually. | use this study to
illustrate the differences in retention of Si relative to N and P, and put forth ploghlegis that river
damming results in a decoupling of nutrient aygl This study acts as an introduction to the concept
of differential nutrient retention in reservoirs, which | go on to show at the global scale for Si, P, and

C in reservoirs in Chaptes, 4, and 5.
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Following Chapter 2, | address my research questions by developing a mechanistic approach to
global scale biogeochemical modellinichis approaclyields spatially explicit results, whichllows
for the quantification ofegional watershed drcoastal trends, as well as lumped continental changes.
In Chapter 3, the modelling approach itself is introduced, through application to the Si cycle. | show,
via a metaanalysis comparing the distribution of physical and chemical parameters of published
reservoir Si budgets to reservoirs worldwide, that the existing literature Si budgets are severely
limited in their ability to represent the dataset of global reservoirs. | then introduce the mechanistic
approach by developing a biogeochemical box magfaiesenting Si dynamics in reservoirs. | assign
rate expressions to transformation fluxes and input/output fluxes, which are constrained as uniform
distributions between limits that encapsulate possible global ranges. Using a Monte Carlo approach, |
allow the model to randomly select each rate constant independently for 6000 iterations, generating a
database of hypothetical Si dynamics in reserweoddwide | use this generated dataset to establish
expressions relating Si retention to water residence, timtich | apply to an existing datd®e of
global reservoirs Ultimately | developa global estimate of dissolved and reactive Si burial in

reservoirs foryear 2000

Chapters 4 and 5 use the same modelling approach presented in Chapter 3, but apmigukto r
P and organic carbon (OC) fluxes. Because the cycles of P@rtthve been studied in more detail
than Siin the literatureit is possible to constrainigher ordemprobability density function§PDFs)
for many rate constanttn the case of OCt also becomes possible to use a statistically significant
semiempirical approach to calculate a number of fluxes, as expressions to predict OC dynamics have
been established from globally applicable datasets. Using the upstaéetiment areaormalized
GlobatNEWS model 6s watershed yields as input to eact
2050 model predictions to estimate historical and predict future P and OC elimibgtéams In
Chapter 4] show that damming retains 12% of the global tétdbad to watersheds in year 2000,
potentially rising to 17% by 2030ln Chapter 5, show that globaDC mineralization in reservoirs
exceeds carbon fixatiolP€R); the globalP/Rratio, however, varies significantly, from 0.20 to 0.58
because of the emging age distribution of dams.further estimate that at the start of the*21
Century, inreservoir burial plus mineralization eliminated 4.0.9 Tmol yi* (48 + 11 Tg C yt) or
13% of totalOC carried by rivers to the oceans. Because of the ondmog in dam building, in
particular in emerging economies, this value could rise ta@.% Tmol y* (83 + 18 Tg C yr) or
19% by 2030.
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Chapter 6 ties the previous global scBleand Si modetogether, plus a global scale N model
(Akbarzadeh et alin preparation), to predict changes to nutrient ratios delivered by rivers to the
coastal zones. | use this analysis, in combination with anthropogenic nutrient loading data, to
contextualize the role of river damming as a driver of changing nutrienafianitin the coastal shelf
zones ofthe world Results indicate that dams preferetyigliminateP over Si, and Si over N, from
the water columnl show that while damming drivasverine N:P ratios up, anthropogenic nutrient
loading is shifting these ratios down, increasing the prominence -binikhtion in river water
discharged to the coasts. Because of the preferential elimination of Si over N, tie imetN-
limitation increases the prominence ofli&itation in coastal rive discharge, potentially creating
conditions suitable for harmful algal blooms to develop.

My results show that damming is drivimgsevere reorganization of global nutrient cycles along
the entire LOAC. By quantifying the changes to multiple nutrientesydl show that a muttiutrient
management approach eeded inheavily dammed watersheds, as deliberate reduction of one
nutrientspeciedlux can have unintended consequences on other nutrient eleifieese. alterations
persist from the reservoirthite r i ver 6s di scharge into coast al
nutrient cycling in combination with other human pressures and managestrattgiestherefore

have the potentidb affectecosystems worldwide.
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uncertainties associated with the GlebEWS model yield estimates. Other error estimates
include those associatavith the model parameterization, upscaling, and errors in Global

NEWS, see Methods. Pie charts in top left of each panel represent the proportion of POC plus
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AThe best thing for being sad, o6 replied Merlyn,

That is the only thing that never fails. You may grow old and trembling in your anatomies, you may
lie awake at night listening to the disorder of yoains, you may miss your only love, you may see
the world about you devastated by evil lunatics, or know your honour trampled in the sewers of baser
minds. There is only one thing for it thno learn. Learn why the world wags and what wags it.
That is he only thing which the mind can never exhaust, never alienate, never be tortured by, never
fear or distrust, and never dream of regretting. Learning is the thing for you. Look at what a lot of
things there are to leadnpure science, the only purity thase You can learn astronomy in a lifetime,
natural history in three, literature in six. And then, after you have exhausted a milliard lifetimes in
biology and medicine and theocriticism and geography and history and ecodamhigsyou can
start to make aastwheel out of the appropriate wood, or spend fifty years learning to begin to learn
to beat your adversary at fencing. After that you can start again on mathematics, until it is time to
l earn to plough. o

- T. H. White,The Once and Future King
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Chapter 1

l ntroducti on

1.1 Rivers in the Anthropocene

Rivers are the great connectors of the freshwater cycle. They provide essential services to humans and
ecosystems alike, including drinking water, transportation channels, food security, wastetassimila
water purification, and nutrient cycling. River systems have supported human settlements for
millennia since humans progressed from nomadism to sedentéifiyankova, 1994)Rivers and

their associated riparian areas and floadp harbour a plethora of habitathat sustain rich
biodiversity Essential nutrient elements such as phosphorus (P), nitrogen (N), silicon (Si), and carbon
(C) are transported and transformed along the famgean aquatic continuum (LOAC), forming the
basis for freshwater food webs in lakes, rivers, wetlaimdpoundments and floodplains, and
ultimately for marine food webs in estuarine and coastal environmdihis.current geological era

has been referred to as the Anthropocene due to the dramdticraversible changes made by
humans to the BiogeosphergCrutzen, 2006) Enhanced nutrient loading,iver damming,
channelization, urbanization, and land use change all alter river biogeochemmigryesulting
changes to nutrient fluxealong the LOAC are thus funneled throughdhe global aquatic
ecosystemsvith important consequences for water qyaiihd ecosystem serviceEBhis thesis will

focus on two modifications that seemingly have inverse effects on the magnitude of riverine nutrient

fluxes: anthropogenic nutrient loading and river damming.

1.1.1 Nutrient enrichment

Humans have profoundly modifiedadpal riverine N and P fluxes, by increasing nutrient loading,
primarily in the form of agricultural fertilizer and manure application, and wastewater discharge
(Galloway et al., 2004; Meybeck, 1982; Ruttenberg, 20B@yeased nutrient loading can result in
the development of eutrophic conditions in water bodies, with increases in algal growth and,biomass
which maylead to theoccurrenceof harmful algal blooms (HABs)In their worst manifestation,
HABs are charactezed bythe abundance of algal species that release harmful toxins, which result in
fish, sea life, and occasionally, human mortalieisler et al., 2008)HABs and nuisance algal
blooms ted to promote anoxia in bottom waters, due to aerobic bacterial decomposition of dead
algae(Anderson et al., 2002}t is estimated that nearBvery coastal nation, and virtually all nations

with freshwater bodies, suffer from eutrophication to some de@pawlerson et al., 2@&)
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Hallegraeff, 1993; Smith et al., 2006h the United States, coastal HABs alone have an estimated
economic impact of $50 million USD annua(l§nderson et al., 2000With rising populationsand
conseguent agricultar intensificatiorand wastewatguroduction nutrient loadingo riverscontinues

to rise despite management efforts.

It is estimated that both N and P loads delivered to the coastal ocean have doubled or tripled since
pre-Industrial times(Compton et al., 2000; Filippelli, 2002; Galloway et al., 20@grbon loads to
river systems, meanwhile, have increased by approximately 70%, due largely to increased soil erosion
following deforestation and land use chan@fdeughton et al.1999; Regnier et al., 2013Riverine
Si fluxes, compatively, have decreased due to anthropogenic interference. Plants, including trees
and crops, uptake Si, and are subsequently removed from the landscape due to deforestation or
harvestingthereby reducing the stores of reactivdBrwyf et al., 2010)

Phytoplanktorassimilatenorganic C, P and N according to the following generalized reaction for
photosynthesis to generate soft tissue organic matter:

106 CQ + 16 NQ + HPQ? + 122 HO + 18 H A CyodH2601:N1P + 138 Q (1.7

The C:N:P ratiof 106:16:1in the organic mattgrroduceds called the Redfield ratio, and represents
the average composition in most marine and many freshwater phytoplagsiemblage@Redfield,
1934; Teubner and Dokulil, 2002) f an aqgu at ratoisgneaet tha6:5theNystem
tends to be Mimited, and if N:Pis below 16:1, Nimited. Existing research has shown that by
reducing the load of the limiting nutrient, eutrophication can be mitigated, particularly if the
bioavailableforms of the nutrienarereducedSchindler, 1977; Schindler et al., 2008he Redfield
ratio has been expandtalinclude Si and is referred to as the Redftdezinski ratio. Th&C:N:P:Si
ratio for photosynthesis is approximately 106:15:1:16 for marine diatomd$aricestwater diatoms,
varies between 106:15:1:14 and 106:15:1:@¥zezinski, 1985; Conley et al., 1989; Struyf et al.,
2009) Due to these photosynthetic uptake ratios, the C, N, P and Si cycles are strongly coupled along
the LOAC, patrticularly in unperturbed environments.

1.1.2 River damming

The damming of river systems hlagen ongoing fomillennia, with the first dams built before 2000
BCE to store drinking and irrigation water in the Egyptian emfi@OLD, 2007) Global dam
construction continued steadily over time, but it was not until following the Second World War that

humans began systematically damming rivers worldwitlleis boom in dam construction peaked in
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the 1960s and 1970s, with most dams built in North Amepdmarily Canada and the United

States, and in Western Euroffégure 1.1) Dams are built foone or more purposewhich include

flood or ice control, hydropowergeneration irrigation and drinking water supply, navigaticand
recreati on. I n 2015, 16. 6% of t he (RBN21, 8046 el ect
while at the end of the 30Century dam reservoirs supplied around4® of irrigation water

globally (WCD, 2000) A comprehensive list of ecosystem and societal services provided by river

dams is summarized in Table 1.1

We are currently in the midst of a second boom in dam construction, witl36@@rhydroelectric
dams with generating capacities of 1 MW or greater planned or under construction wo(kcavitle
et al., 2015) The total ost of these dam projects is estimated as around $2 trillion USD worldwide
(Hermoso, 2017)There is a distinct geographic shift in the locations of these new dams compared
with those constructed in the ®6entury (Figure 1.1). South America, China, Southeast and Central
Asia, and the Balkans emerge as the major hotspots for dam construction, largely driven by the need
to reduce greenhouse gas emissions worldwide while simultaneously providing energy for growing
economies. At present, hydroelectricity accounts for 80%hefenergy produced by renewable
sources, which together account for 20% of the global energy prodyZsaefh et al., 2015) The
3700 new damwill increase the global hydroelectric generating capacity by 73%. Despite the
anticipated reduction in greenhouse gas emissions provided by these dams, the consequences to

freshwater and coastal ecosystems have the potential to be severe.

Freshwater ecosystems have been referred to as
on climate changealue to the global push to construct more dams to offset greenhouse gas emissions
(Hermoso, 2017)Based ontheir River Fragmentation diex Grill et al. (2015)estimate that
following the current dam building boon®3% of the rivers on Earth will bmoderately to severely
fragmented. One of the major consequences of damming is the homogenizaticooékbgaariable
river flows and spatial differences alotige LOAC (Poff et al., 2007)River biodiversity is directly
related to flow heterogeneity, the reduction of which makes ecosystems more susceptible to
pathogens, pests or subsequent disturbances, natural or oth@gravidees et al., 1999Declining
fish populations, particularly salmon, is most often cited as a major consequence of river damming,
due to the s tolretuwnntd s upstneand spawinibgy habifareiva et al., 2000)
Following the completion of the planned dams on the Mekong, Congo, and Amazom&sives, up

to a third of all freshwater fish species globally could become threafévieémiller et al., 2016)

3



Table 1.1: Positives and negatives of river damming

Benefits of river damming

Perceived or potential negativesdamming

Flood control

Ice control

Drinking water storage
Irrigation water storage

Hydroelectricityproduction

Transportation and trade channels
Recreation

Aquaculture

Retention @ elimination of nutrients
Potential to settle transboundary water
disputes

Potential to reduce the spread of invasive
species (e.g. Asian carp, sea lamprey)
Increased job opportunities

Construction of new infrastructure (e.g. roads
Reduction of greenhousgas emissions from
energy production

Reduction in fish populationgishspecies extinction
Sediment accumulation and reservoir infilling
Evaporation and loss of water due to stagnation
Flooding of sacred larahd/or artifactsduring reservoir
infilling

Retention or elimination of nutrientsom rivers
Increased seismic activity

Increased prevalence of disease (e.g. schistosomiasi
Ecosystem fragmentation

Flood risk property damagéf not maintained
Increased greenhouse gas emissions in reservoirs

Forced relocation of local communitiby dam
construction

Potential to galvanize transboundary water disputes
Low economic rate of return on investment

Loss of fertile land

Flooding of high quality timber

Loss ofrevenue

Costoverruns during constructiofaveraging 96%are
the normand are usually shouldered by taxpayers
(Ansar et al., 2014)




Figure 1.1: Existing dams (in red) and planned or under construction dams (in blue), according to the Global Reservoirs and Dams (GRanD)
databasdlLehner et al., 2011and the database assembledZayfl et al. (2015) Grey lines indicate major watershed boundaieSTN-30p
databasé¢Fekete et al., 2001)



Flooding of formerly riparian or terrestrial ecosystems also results éciesp population decline,
while often simultaneously promoting the propagation of unwanted or invasive sf(dchManus et
al., 2010; Nilsson and Berggren, 2000)

1.2 Damming and biogeochemical cycling

This thesis focuses on quantifying the damranigen modifications to the C, Si, P and, to a
lesser extent, N cycles. By advancing our understanding of the-deatge impacts of dam
construction on nutrient cycles, watershed managers may be able tostEgecloser to responsible
dam construction and operatidd.and the macronutrients P and N serve as the basis for all life on
Earth, while Si is an important auxiliary nutrient used primarily by plants, diat@dmlaria, and
sponges Undammed riveract as conduits for nutrient transport from the continents to the oceans,
with |imited A vsburial orgas Exohangds wikh ¢he atrsoapti@rde et al., 2007)
By installing a dam, the riverdos flow is impeded
lengthens. Water residence tinik s defined as:

- (1.2)

whereV is the volume of the water bodyLand Q is the discharge or flow through the water body
[L®T7. A system that was previously fluvial in nature transitions to a more lentic environment,

though typically retains fluvial properties and thus is not a typical lake (Figure 1.2).

Reservoirs typicd} display a continuum of fluvialo-lentic hydrodynamics from their upstream
to downstream zones, with upper reaches more turbid and shallower, and with lower water residence
time and higher nutrient availabilitftHayes et al., 2017Thornton et al., 1996)Sediment and
sedimeria s soci ated nutrient deposition takes place wlt
advective upwelling in the reservdiFriedl and Wuiest, 2002)In the fluvial portion of a reservair,
advective upwelling remains high and so particle settling and burial are minor. Moving downstream,
the water residence time increases, advective upwelling decreasesuspehded sediment is
deposted from the water column, reducing turbidity and increasing light availability, which, in turn,
promotes biological productivity drawing down dissolved nutrient concentrations through
assimilation into biomass. The lentic region of reservoirs closers daerefore tends to have low
turbidity, low nutrient availability, and high water residence times. Total reservoir nutrient retention

or elimination,Ry, is calculated as:

A A— (1.3)



whereF;, is the influx of nutrient Xo the reservoir [M F], Fou is the efflux through the dam [MT

andRy is a unitless value, usually less than 1.

Anthropogenic changes to nutrient loads operate in conjunction with losses from damming.
Existing evidence suggests that generalin-reservoir elimination of P and Nis relatively small
compared with the magnitude ahthropogenic nutrient emissions to river systemisich would
seem to suggest that river damming plays a relatively minor role in riverine niitniesg However,
regionalstudies have shown that river damming can promote HABs in coastal ecos{Bileansand
Garnier, 2007; Conley et al., 1993; Humborg et al., 2000; Humborg et al.,. TB®&F)current
paradigm indicates that reservoirs eliminate bioavailable P, N, and Si from the water column through
burial (and denitrification in the case of N), reducing the overall loads transported downstream.
However, P and N are replaced throughthropogenic activities while Si, which has few
anthropogenic sources, is not replenished, compounding anthropogenic Si removal from deforestation
and agriculturgStruyf et al., 2010)The global P:Sand N:Siratios delivered to castal zones may
thereforebe significantlyhigher than inprehuman conditions. Th8i-limiting conditionscan result
in diatomsheing outcompetetly species more characteristic of HABSgure 1.3)(Billen et al.,

1991) HABs arising from dandriven Stlimitation havebeen obseed in the Baltic Sea, arttieir
drivers have beemodded for coastal zones glaba (Garnier et al., 2010; Humborg et al., 2008)
Given that diatoms account fop toa quarter of global primary productivity, and 40% of the primary
productivity in the oceandBuchan et al., 2014; Falkowski et al., 1998)s shift has the potential to
greatly altercoastal oceanic food cims, and asa result, global carbon cycling(Tréguer and
Pondaven, 2000)

The situation described in Figure 1.3 impliese®tess as a desirable scenario in coastal
ecosystemgBillen and Garnier, 2007; Billen et al., 1991; Garnier et al., 2010; Strokal et al.,.2017)
However, it is important to note that-&kcess may also lead to toxic diatom blooms. In the diatom
genusPseudenitzschia more than a dozen species can produce the neurotoxin domo{&3sielll
et al.,, 1997) In 1987, three residents of Prince Edward Island, Canada, died due to ingestion of
shellfish contanmated with domoic acid, which was found to originate from a bloorR?s&ude
nitzschia multiseriegBates et al., 1989; Perl et al., 1990he California coast has been a hotspot for
Pseudenitzschiablooms since the 192(sryxell et al., 1997)with recorded instances of sea lion

mortality and sea bird poisonin@argu et al., 2012; Scholin et al., 200@ne such instance of



seagull domoic acid poisoning, characterized by thousands of birds pelting into buildings and the

ground and regurgitating anchovies in Monterey, fGalia, inspired Alfred Hitchcock to make the



%welling
primary production

N fixation
biomineralization

A unreactive soluble ——; inorganic

/ ‘ >< early diagenesis

reactive ——3 particulate —— organic l

total

nutrient \

burial
fluvial

intermediate

reservoir zone

lentic

Figure 1.2: Generalized ifreservoir physical and biogeochemical processes. Modified VflamCappellen and Maavara (2016)
9



unperturbed perturbed

harmful flagellates,
diatoms cyanobacteria

T T

: :

Q harmful flagellates, o .

o , o| diatoms

° cyanobacteria )

< <

v v

April May June April May June
P or N limited Si limited
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film The Birds(Bargu et al., 2012)ThoughPseudenitzschiablooms have never been explicitly
correlated with river damming, the case studies provide a reminder that changing nutrient delivery

to coastal areas can result in varied, often unexpected, consequences to ecosystem health.

A key question that arises when considering damming is whether dams are a responsible solution
for water and energy issues. In other words, do the societal, economic, and environmental services
outweigh the detriments? It is difficult to answer this quessimply, and is usually only relevant at
the scale of individual dam8Br oad questions such as fare dams ¢
answered in a meaningful way, as each dam presents a g@tjé circumstancesyith its own
advantages and dideantagesThe reasons for proposing the dam, the vahmd interestof the
parties impacted by the dam construction, and the quantity and quality of the data available all must
be weighed. There are few cases where dams are unquestionably the ares\wesliem, just as

there are few cases where dams are a perfect solution.

For example, the Three Gorges Dams on the Yangtze River in China is one of the most
controversial dam construction projects in history. On the one hand, the hydroelectricity provided has

in part allowed China to reduce its dependence on more pollutingyesurces like coal, which has

resulted in the countryds recent sl owin@ge down o
Quéré et al., 2016) On t he ot her hand, t he d aranmehta s beer
catastrophe, 0 having resulted in the displ aceme]

the reservoirds tri but ar-boens diseaseaschissmiasid, pgientially a | e n «
increased seismic activity in the regj and bringing a local dolphin species to the brink of extinction
(Hvistendahl, 2008; Wu et al., 2003 s the negative effects of greenhouse gas emissions on global

climate worsen, the obvious question arises of whether the environmentalnégamdsocial costs

of the Three Gorges Dam are outweighed by the reduction C hgieenhofise gas emissions.

Such discussions weighing the pros and cons of river damming coatthbactedegarding any
dam worldwide.However, in manycases, these discussions are lacking, and the dams are being
constructed with insufficient environmental assessments or understanding of the consequences of
damming. In developing countries, hydroelectric construction projects with generating capaéities <
MW are often exempt from environmental assessrtiéatmoso, 2017)A classic example of a dam
built with a severe misunderstanding of the environmental consequences is the Balbina Dam in
Amazonas, Brazilwhereit is estimated that itvould take 114 yearsf hypothetich emissions from
coal or natural gafor the same energy production as the daraqual those from the degradation of
the forestflooded following dam closur@~igure 1.4 (Fearnside, 1995)n the United States, 38.4%
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Figure 1.4: CO, emissions normalized by amount of energy generation for Balbina Dam compared
with coal fire and natural gas. Data frétearnside (1995)
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of dams exist for recreational pur pos dFEMA, whi |l e
2016) Given the ecological detriment suffered by rivéosprovide a superficial, noressential
service, one suspects that these dams were Wittt little considerdbn of the ecological

consequences

Factors such as the impacts of nutrient retention or elimination by reservoirs on river ecosystem
health remain poorly understood and so are rarely included as part of environmental assdasments.
addition environmental assessments rarely extend beyond the immediate ecosystem surrounding the
location of dam constructiohe science dedicated to constraining the role of dammirggobal
nutrient fluxes along thentire LOAC remains in its infancy. Thexising estimates have high
uncertainies and are calibrated using equations derived empirically from small, statisticadly
significant datasets. Often the same equation is used to predict reservoir elimination for multiple
nutrient elements and so any pettial preferential retention of one nutrient over another is not
considered. Theeffects of river damming on global nutrient cycléberefore remain poorly
guantified atthe present time and the implications for ecosystem health along the LOAC ara in th
coastalocean are difficult to predict. Given the global impact that dams have on river systems, a
comprehensive global study is needed to predict how humans have and will continue to reorganize

riverine nutrient fluxes.

1.3 On the importance of global scale biogeochemical modelling

A key value of global models lies in their ability to integrate findings across many spatial and
temporal scales. They provide the only means of addressing an entire category of research questions
concerned with quantifying theepercussions of human modifications to one aspect of a
biogeochemical cycle on the rest of the cycle, no matter how far spatially or temporally removed.
Global models allow for the quantification of a worldwide perturbation, such as anthropogenic
nutrientloading or river damming, on the fluxes delivered along the entire LOAC. Mechanistic or
processbased global models, in particular, are exceptionally useful in their ability to make
predictions to regions of the world where data are sparse. This prodess tan enable scientists
and policy makers to identify further research directions. Global biogeochemical models have
demonstrated their usefulness to cycles such as thaSeanél N, which include greenhouse gases
among their species. These modelsv® crucial information to climate models. As the world
economy responds to climate change, global biogeochemical models become relevant when
developing policies like carbon cap and trade and nutrient credit tréditgjll and Hoffmann, 2011;
Lal, 2010)
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When developing a global model, the dater is forced to determine which parameters are the
most important drivers of the processes being considered. By assigning a hierarchy to the relative
significance of biogeochemical drivers, global models also enable researchers to, say, identify
whethera given watershed is an outlier among the global dataset. This process can guide the
establishment of management plans or formulation of research questions at smaller scales. By relying
only on local studies, one runs the risk of collecting data thahatrstatistically representative or
misidentifying the dominant processes.

1.4 Modelling the global biogeochemical impacts of damming

The initial work on lake P retention tollenweider (1975%erves as a starting point for reservoir
nutrient modelling. Vollenweider identified water residence time as a master variable controlling lake
P retention using a mass balance approach to expresgriakeof P in sediments (see Appendix C for
full derivation). A similar approach can be applied to dam reservoirs, which is justified given the high
statistical correlation observed between water residence time and the magnitudessefvoir
fluxes (Brunskill et al., 1971; Hejzlar et al., 2006; Mulholland and Elwood, 1988 landmark
study byVaorésmarty et al. (199fuantifies the contemn t a | fageingo of water due
predict that freshwater in impounded basins spends an average of 27 more days before reaching the
oceans than for unimpounded basins. Using a similar approach quantifying changes to water
residence timed/6rosmartyet al. (2003)redict that reservoirs trap 30% of the sediment in regulated

basins, or 16% of the total sediment transported along rivers worldwide.

Reservoir nutrient retention has been quantified at scales ranging from the individual reservoir to
all reservoirs worldwide, with most efforts focused on total P (TP), total N (TN), and selected C
fluxes (e.g. gaseous G@nd CH emissions). Global modelling efforts have been largely empirical;
that is, relationships generated from individual reservoir datasets are applied to global databases of
reservoirs. Most existing estimates of reservoir nutrient elimination are builtunmtped models
designed to predict nutrient loading to watersheds, or in earth system box models representing major
pools and fluxes within global nutrient cycles. As a result, reservoir nutrient retention is typically
predicted using a single empirical aaktion, derived based on a small dataset of nutrient burial in
previously published studies. In the following sections, | will discuss existing global reservoir
nutrient retention models, with particular emphasis on the GBS model, which is utilizin
Chapters &b.
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1.4.1 Global-NEWS

The Global Nutrient Exports from WaterSheds (GlIdWEWS) model is a lumped, semmpirical
model that predicts nutrient loading to coastal zones world(tds/orga et al., 2010; Seitzinger et
al., 2005) Specifically, itpredicts sedimengrganic C QC) and nutrien{N, P, and Siyields based

on land use and land cover (e.g., wetlands, cropland, and gdsslalimate variables (including
temperature and precipitation), geomorphological parameters (including slope and lithology), and
anthropogenic alterations (including consumptive water usad@e GlobaINEWS model
differentiates between dissolved andtigalate nutrient and OC species, as well as organic and
inorganic nutrient species, it implicitly accounts foistneam nutrient and OC losses, and it has been
used to hindcast nutrient loads to watersheds in the years 1970 and 2000, and to for2@28tahe
2050 loads according to the Millennium Ecosystem Assessment (MA) sce(Bgitanger et al.,
2010)

The model includes an empirical damming correction factor for dissolved inorganic nutrient
species and particulate spediBgusen et al., 2005; Harrison et al., 2009)e empirical equation for
reservoir dissolved inorganic P (DIP) retention was originally derivetiVidigelmus et al. (1978)
using water residence time as the independent variable. The equation for dissolved inorganic N (DIN)
retention was developed empirically based orhbotdraulic residence time and water depth (i.e.
hydraulic load), using lake and river data from eight locations, mainly first order st(Bamsnt et
al., 2005; Seitzinger et al., 2002)hese equations were then applied to a worldwide database of 714
reservoirs with dams taller than 15¢thehner and Doll, 2004)The GlobalNEWS output has
additionally been used as a foundation for moreaingh lake and reservoir N and dissoh\gidDSi)
retertion models, called the NiRReLa and SiRRelLa models (Nitrogen or Silicon Retention in
Reservoirs and LakegHarrison et al., 2012; Harrison et al., 200Bhe developers of these models
use the GlobaNEWS watershed arg@ormalized loads (i.e. yields) to predict nutrient input to lakes
and reservoirs in the Global Lakes and Watersheds Database (GlLéh»er and D6ll, 2004)and
then apply empirical retention equations to these loads to predict reservoir N and DSi removal. |
evaluate the approach used for DSi in naeail in Chapter 3. Because of the separation of yields by
nutrient species, as well as the spatially explicit model outpatGlobatNEWS output with its
damming correction factor excludeid, well suitedto use as an input to the models | develop in
Chapters .



1.4.2 Other global retention models

The IMAGE-Global Nutrient Model (GNM) predicts TN and TP loads and retention in freshwater
systems (lakes, wetlands, rivers and reservoirs) and soils on an annual timescale and at a 0.5°x0.5°
grid cell spatial scaldBeusen et al., 2015; Beusen et al., 20Id)e GNM component is an
immensely complicatethiydrologybasedmodule within the IMAGE integrated assessment model,

which incorporates the Earth system (e.g. changes to land, ocean, and atmosphere) with the human
system (e.g. changes to popida, economy, and developmelriStetfest et al., 2014)The model

uses a global drainage network, which incorporates the GRanD(Hahreer et al., 2011}o predict

N and P removal using a firetder relationship with hydraulic load cdnuptake velocity. Uptake
velocity is predicted by empirically modifyinghaveragditerature value based on temperature and
nutrient concentration within the water column. The IMAGEM model allows for important
guestions related to sustainability to bddressed, and the approach of using a single, global
hydrological network incorporating all types of surface water bodies is an important advancement in
global nutrient modelling (see Chapter 7 for more discussion related to this point). However, the
mockl suffers from the same shortcoming as GIoWaWS of using an ovesimplified, empirically

derived damming retention factor. Furthermore, tMAGE-GNM is not calibrated, and the
validation is done only on a few arbitrarily selected sites on major niverslwide. This approach

does not lend confidence to the validity of the model output at theréggiution global scale that the
authors suggest their model predicts.

Other estimates of reservoir nutrient and C elimination are built into global nuiggnnodels.
Laruelle et al. (2009 eveloped a global box model of the Si cycle, with an assessment of the effects
of river damming on xierine fluxes delivered downstreaiFrings et al. (2014yenerated the first
estimate of biogenic Si (BSi) burial in reservoirs worldwide, by averaging the BSi deposition fluxes
calculated using sediment cores from a limited number of reservoirs, and then multiplying this value
by the global reservoir surface ard heTerrestriailOcearaTmosphere Ecosystem Model (TOTEM)
similarly represents N, P, C and sulfur (S) fluxes, and includes a lumped lake and reservoir burial flux
for each nutrien(Mackenzie et al., 2002; Ver et al., 1999jith regard to th€ cycle, the majority of
studies on global reservoir dynamics focus on predicting greenhouse gas enfiBaros et al.,

2011; Deemer et al., 2016; Mendonca et al., 2012b; Raymond et al., Z8bBgh estimates di

burial in reservoirs do exist, they are outdated-brsler estimates incorporated into global models

(see Chapter 6 for more details)ke GlobalINEWS6 s da mmi ng c end theNiRReLan f act o
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and SiRReLa models, these estimates are made with empirical approaches, based on small datasets of

reservoirs that are statistically unrepresentative of the global reservoir distributions.

1.5 Thesis structure

In this thesis, | address the fmNing research questions
1. How much Si, P, and O@re retained or eliminated globally due to river damming worldwide?

2. How does damming modify the balance of productivity (heterotrophy vs. autotrophy) in river

systems worldwide
3. To what extent does damminbange nutrient speciation or reactivity along the LOAC?

4. Do dam reservoirs retain or eliminate certain nutrients more efficiently than others, and if so,

how does this decoupling change nutrient ratios delivered to coastal zones?

| begin the research pasti of this thesis (Chapters&® with a reservoiscale field study of
reactive silicon dynamics in Lake Diefenbakar, r eser voir in Canadads cen
Saskatchewa(Maavara et al., 2015al) use this study to illustrate the differences in retention of Si
relative to N and P, angresenthe hypothesis that river daming results in a decoupling of nutrient
cycling (Research Questions 3 and 4)

Following Chapter 2, | address my research questions by developing a mechanistic approach to
global scale biogeochemical modelling that does not rely on empirical equatioreddeom small,
statistically norsignificant datasets.introduce themechanistic approadh Chapter 3y developing
a biogeochemicabox modelof reservoirSi dynamics, tgredict global dissolved and reactive Si

bural in reservoirs (Research Questib).

Chapters 4 and 6se the same modellirapproach presented in Chaptetb8t applied taiverine
P and OCfluxes. Using the upstreasmatchment areaormalized GlobaNEWS model 6s wat e
yields as input to each reservoir, | use the 12000,2030and 2050 model predictions to estimate

historical and predict future P and OC elimination by dams (Research Quesspns 1

Chapter dinks theP and Simodels togethewith a global scaldN model (Akbarzadeh et al., in
preparation)to predict changes tautrient ratios deliveretly riversto the coastal zonekanalyze to
what extent the damming of rivers worldwide alters nutrient limitation, between Si, P amdir

water discharged to continental margirisuse this analysis, in combination witmthropogenic
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nutrient loading data, to contextualize the role of river damming as a driver of changing nutrient

limitation in the coastal shelf zones of the world (Research Question 4).

Chapter 7 summarizes the major conclustorthe four Research Quems, and elaborates on the
research directions that should be pursued following the work in this thesis. In particular, | discuss
the need for autrientloading and retentiomodelthat includes the entire river continupand our
growing understandingf the role of nutrient elimination in small reservoirs (<0.1%krhconclude
with a brief discussion of the management challenges and opportunities that dam construction

presents

18



Chapter 2
Reactive silicon dynamics (iLmkae | ar g

Diefenbaker, Saskatchewan)

This chapter is modified from:

Maavara, T., Hood, J.L.A., North, R.L., Doig, L.E., Parsons, C.T., Johansson, J., Liber, K., Hudson,
J.J., Lucas, B.T., Vandergucht,ND and Van Cappellen, P. (201Beactive silicordynamics in a

large prairie reservoir (Lake Diefenbaker, Saskatchewan). Journal of Great Lakes Research 41, 100
109.



2.1 Summary

There is an tygoming global surge in dam construction. River damming impacts nutrient cycling in
watersheds through transforriaet and retention in the reservoirs. The bioavailability of silicon (Si)
relative to nitrogen (N) and phosphorus (P) concentrations, in combination with light environment,
controls diatom growth and therefore influences phytoplankton community compogitiongst
freshwater aquat ecosystems. In this studyguantified reactive Si cycling and annual Si retention

in Lake Diefenbaker, a 394 Ifrprairie reservoir in Saskatchewan, Canada. Retention estimates were
derived from 7 sediment cores combined wiilghlresolution spatiotemporal sampling of water
column dissolved Si (DSi). Current annual DSi retentioménreservoir is approximately of the

influx, or 2.7x 10 mol yr'. The relative retention of DSi is higher than that of bioavailable N, but
lower than that of bioavailable P, indicating a decoupling of the P, N, and Si cycles in the reservoir.
The largest accumulation of reactive particulate Si (PRSI) is found in sediments deposited in the mid
reservoir region, which corresponds to the regiohigiiest epilimnetic DSi decrease during the 2013
open water season. This region corresponds to the flioviatustrine transition zone, and represents

a hot spot for Si retentiomifferences in retention efficiencies of macronutrients may not onlytaffec
the inreservoir ecology and water quality, but also modifies the N:P:Si ratios exported downstream,
which has the potential to alter ecosystem processes in receiving water bodies.

2.2 Introduction

Rivers and streams are being dammed worldwide for flomatrol, crop irrigation, hydroelectric

power generation, and drinking water supply. Reservoirs resulting from dam construction act as sinks
(and on long time scales potentially as sources) of nutrients, because of increased sedimentation and
burial of albchthonous and autochthonous particulate méfeedl and Wuiest, 2002; Humborg et

al., 2006; Vorésmarty et al., 199 Damming reduces the downstream delivery of nutrients and alters

nutrient ratios in receiving water bodies, including the coastal @@amier et al., 2010)

The relative availabilities of phosphorus (P), nitrogen (N), and silicon (Si) influence the
phytoplankton community composition of aquatic ecosysté®hsrratore et al., 2008; Teubner and
Dokulil, 2002; Triplett et al., 2012)In freshwater environments, including dammed reservoirs,
diatoms are usually presentasarge component of the phytoplankton biomass when Si is available
in relative excess to the N and P requirements of siliceous @dkea et al., 1991; Brzezinski, 1985;
Malone et al., 1996)Dissolved silicon (DSi), the most bioavailable pool, is almost entirely in the

form of monomeric silicic acid (}$i0,), with ionized forms and polymers representing only a small
2C



portion in most frehwater bodiegller, 1979) In many aquatic systems, diatomaceous silica SiO
comprises the majority of reactive particulate Si (PRSguer et al., 2006; Triplett, 2008 RSi

refers to all particulatassociated Si that may dids® in the water column or be transported out of

the reservoir prior to burial in the sediment. PRSi can include amorphous biogenic or pedogenic Si,
mineralsorbed Si, and poorly crystalline aluminosilica(Bswis et al., 2002; Saccone et al., 2007,
Sauer et al., 2006)

The formation and dissolution of diatom frustules are the major transformation fluxes between
DSi and PRSi in reservoir environmer{igings et al., 2014)Diatom production is seasonal and
controlled by the availability of major macronutrients (DSi, N, and P), temperature, photic depth, and
water column hydrodynamicéHecky et al., 2010; Schelske, 198%)pon death or senescence,
diatoms sink to the bottom of the reservoir and a fraction of the frustules are buried in the sediments,
removing reactive Si from the water column, while the remainderdssselved to the water column
(Humborg et al., 2008; Triplett, 200&biotic removal of DSi by sorption and (Qgrecipitation are
of minor importance in Siich water bodies compared to DSi uptake by diat¢Beccone et al.,

2007) Due to the longer residence times than their previous in&vestate, and lakike
hydrodynamics characteristic of many reservoirs, PRSi burial represents a significant Si sink, which

is introduced to the watershed after reservoir construction.

Despite the important role of Si in aquatic ecosystems, it is dvalaunderstudied nutrient
element, particularly in reservoir environments, with fewer than 20 Si budgets available globally
(refer to Chapter 3, dvlaavara et al. (2013) The quantification of reservoir Si retention and the
consequences to downstreamvieonments is made difficult by the lack of literature and robust
datasets. Given the global surge in dam constru¢@arfl et al., 2015)the need to quantify reservoir
Si dynamics in a variety of climatic and morphological zones is critical to alleviating the knowledge
gap.

This study focuses on quantifying the Si dynamics of a northern prairie reservoir, Lake
Diefenbaker, in Saskatchewanar@da. Lake Diefenbaker represents an ideal location to quantify
seasonal changes in spatiotemporal Si cycling, particularly #icele3i cycling, given the northern
climateds dramatic seasonal di f f er pallyovellssuitedT he n e
to quantify Si cycling and retention throughout the transition from theregervoir riverine
environment to the dowreservoir lacustrine environment. The objectives of this study are to (1)

analyze and establish the drivers of the spatioteahpeends in DSi and PRSi in Lake Diefenbaker,
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and (2) estimate the presatay annual DSi retention and PRSi accumulation in the reservoir. This
study, the first to quantify Si cycling in Lake Diefenbaker, provides a firm basis for future hypothesis
driven studies of reactive Si cycling in the basin and the effects of Si retention on downstream

ecosystems.

2.3 Materials and Methods

2.3.1 Site description

Lake Diefenbaker is a dimictic reservoir | ocat ed

central pairie province of SaskatchewafWSA, 2012) Trophic status varies spatially in the
reservoir, with oligemesotrophic waters dowmservoir and meseutrophic waters upesevoir
(Dubourg et al., 2015)The watershed area of the reservoir is approximately 120,080nkth 67%

of the area under agriculture use and the remapr@eiominantly native grasslafd/SA, 2012) The
reservoir was created in 1967 by the construction of two large embankment dams, the Gardiner Dam
on the SSR, pandet DamQudmApt he Q28)AThe @ardine Ddfi v er
drains 99% of the outflow of the reservoir with hypolimnetic withdrawal. The reservoir is used for
irrigation, recreation, flood and ice control, hydroelectricity production, and as a supply for

potable water in local and downstream communities.

The water residence time in the reservoir is on average 1.1 ({&amald et al., 2015)he mean
depth is 22 m, the maximum depth is 59 m near the Gardiner Dam, the volume is approximately 9.03
km?®, and the total surface area is 394 kBadeghian et al., 2019jor the purposes of this study, four
reservoir sections have been identified (Fig2il§. The upreservoir region extends from Highway 4

to Core 2 and is 48 KimThe midreservoir extends from Core 2 to Elbow and is 228 Krne down

( Fi

reservoir Gardiner and QudAp°meldkeairespectively. have surf a

2.3.2 Field sampling

To establish a DSi budget, water samples were manually collecteeLip@@ethylene bottles every

two weeks from June to October of 2013 and once monthly from November 2013 to May 2014, from
the two inflowing rivers, SSR and Swift Current Creek (SCCY, the outflows below the two dams
(Figure2.1). In order to quantify imeservoir DSi dynamics, monthly water sampling was conducted
during the open water season (JuDetober) of 2013 at 11 stations distributed along the entire length

of Lake DiefenbakefFigure 2.1). Water samples were collecteith a Van Dorn sampler from 2
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deptts, representative of the mixed layer, except during periods of stratification when hypolimnetic
samples were also collected (Takel). Stratification was inferred from the presence of a
thermocline (gradient > 0.5°C ‘Hhusinga temperature sens¢¥Sl, model 6600 V2)The water
samples were transported to the University of Saskatchewan where they were stored in an

environmental chamber gt situlaketemperature until filtration the following day.

Seven cores were collectad 7.5cm innerdiameter Lucite tubes using a Glew gravity corer and
transported to the University of Saskatchewan, where the cores were sectioed iatdrvals and
the sediment was freerigied (for detailsseelLucas et al. (2015lp) Two cores were collected in the
up-reservoir region befer(Core 1) and at the confluence (Core 2) of SSR and SCC. Three cores were
collected between the SSFCC confluence and the town of Elbow (Core§)30One core was
collected in the Gardiner arm (Core 6)5ad@ one in
were collected in September 2011, Cores 3 and 7 in July 2012. All cores were obtained from mid
channel locations (Figur21).

2.3.3 Analytical methods

2.3.3.1 Water column DSi

Samples were filtered through 0. Zoneentratigneweee si ze p
determined colorimetrically with the heteropoly blue method (Standard Method 4500, D;

APHA, 1989) . The detection Iimit was 11.2 &M, wit
e M. The detecti on | stamdard dewatien ofcthe blank dbsotbandes @mes tlieh e
number of blanks analyzed (Method 3 frépostol et al. (2009) Standard errors were determined

using an outside Sitandard from Ricca Chemical Company (cat. no. 6150

2.3.3.2 Sediment PRSi

Concentrations of reactive particulate Si (PRSi) were determined on-ffeedesediments using the

alkaline extraction procedure described@iylendorf ad Sturm (2008)50 + 15 mg ground sample

wasdigested in 10 mL of 1M NaOH for 3 hours at 100°C in Teflon digestion bombs. The hot NaOH
extraction solution was filtered through 0.2 &em j
concentrations are analyzed bynductively coupled plasma optical emissions spectros¢tipy-

OES, Thermo Scientific iCAP 6000). The total extracted Si was corrected for the contribution of

silicate minerals assuming an Si:Al ratio of 2:1, a®hendorf and Sturm (2008pamples extracted
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Table 2.1: DSii

at depth Om, epilimnion at depth 2m, and hypolimnion varied dependithgcation and extent of

concentrations
biweekly-monthly intervals between June and October 2013, and additionally once monthly at inflow
and outflow locations from November to May 2014. Inflow and outflow surface samples were taken

(e M)

at

sampling

sites

stratification of water column (depth ranged between 13.5 and 46.5m). All means are unweighted and

arithmetic.
Location Site Depth Max Mean Min n
Upstream Lemsford Ferryinflow)  Surface 112 73 17 21
Up-reservoir M3 Epilimnion 103 82 63 4
M5 Epilimnion 115 82 63 5
Hypolimnion 93 90 86 2
Tributary Swift Current Creek Surface 281 157 61 19
inflow (SCC)
Mid-reservoir  U1-M Epilimnion 104 83 80 5
Hypolimnion 113 96 69 4
C1-M Epilimnion 99 86 57 5
Hypolimnion 91 74 52 4
u2-mM Epilimnion 101 75 43 6
Hypolimnion 77 55 38 4
F4-M Epilimnion 97 76 41 5
Hypolimnion 85 61 40 4
C3M Epilimnion 87 63 28 6
Hypolimnion 73 57 42 5
Down-reservoir Elbow Epilimnion 75 58 27 5
Hypolimnion 74 63 49 4
Gardiner am M8 Epilimnion 63 47 24 5
(down Hypolimnion 57 51 38 3
reservoir) Gardiner Danfoutflow)  Surface 236 63 33 19
(below dam)
QuodAppra M9 Epilimnion 69 54 36 5
(down Hypolimnion 78 63 47 2
reservoir) M10 Epilimnion 92 61 25 5
Hypolimnion 88 75 67 3
QudbdAppell e Surface 339 92 31 19
(outflow) (below dam)




in triplicate gave an average standard error of 15%. The method detection limit for the extractions was
0.08 mol kg PRSi(Ohlendorf and Sturm, 2008and theanalytical detection limit was 0.007 mol kg

(Apostol et al., 2009)Average standard deviation for the KOES analyses was 3%, based on
triplicate measurements of the samples plus CattReference Materials (QEX, lot 1224831, High

Purity Standards, Charleston, SC; Phenova WP Silica 74.0ppyi SI® 3 2 ¢ M]-17,Gblden, 9051
CO; Phenova WP Silica 112.0ppm $j01 8 6 2 ¢ M}21, Golden, C@.1 3 1

The Si:Al ratio of 2:1 used to corrietor the contribution of aluminosilicate dissolution to the
extracted Si concentrations is assumed to be representative of common clays minerals found in
lacustrine sediments, such as montmorillonite. Measurements performed on individual aluminosilicate
grains in a scanning electron microscope equipped withyXmicroanalysis (SEM/EDS) all yielded
Si:Al ratios close to 2. The procedure for determining PRSi was further tested on 3 of the samples from
the interlaboratory comparison coordinated Ggnley (1998knd 2 samples characterizedSgccone
et al. (2007) The results deviated on average by 9% from the PRSi values quoted in the original
literature (for details, refer tAppendix A Table AB1).

2.3.4 DSi fluxes and retention

The annual DSi fluxes into and out of the reservoir were estimated usingwémlited DSi
concentrations for the inflows (SSC and SSR) and
influx and efflux location, thé e a Iratidestimator equatiofBeale, 1962; Quilbé et al., 2006)s

used to diermine annual DSi fluxe§ps;:
-

ol

0  800-230

2.1)
—o—

with

whereFps;is the flux (mol yi'), 6 0 is the arithmetic average of the fluxes calculated on days where
concentration (C) and discharge (Q) were both measured (nid), @is the discharge (kiday™) on

dayi (Figure 22), 0 is the arithmetic mean discharge for the days Q and C are leatsured (mol
day?), n is the total number of days over theriod of flux estimation, i.e., 36&ays,ny is number of

days C and Q were both measuréfl, is the covariance betwe&n0 and0, and"Y is the variance
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of 0. This ratio estimator is an unbiased calculation of flux that adjusts for the covariance between flux
and discharge. Floweighted concentration averages can be {wadkulated by dividind-ps; by the
total annual discharge at the relevant inflow or outfloeation. For a detailed discussion of the ratio

estimator method and a comparison with other flux calculations, refgmpendix A

To estimate the outflow through the Gardiner Dam, discharge values for downstream Saskatoon
were usedPomeroy and Shook (2018pow that the discharge through the Gardiner Dam is linearly
related to the discharge in Sasi@t with less than 8% difference, assuming a delay of one calendar
day. Discharge values collected at Hadur intervals for Saskatoon and the Elbow Diversion Canal,
which receives the outflow through the RddRAPpell
Water Office (2014)Inflow for 2013 was estimated from discharge values measured on SCC and on
the SSR at the upstream town of Medicine Hat and the Red Deer River before its confluence with the
SSR near the Alber8askatchewan border. Discharges were adjusted for therladdithe reservoir,
which depends on volume of flow (data provided by D. Lazowski, Environment Canada). Upstream
discharge data for the SSR were not available at the time of writing from January to May, 2014. Daily
discharge for this period was estimatgdtaking the average discharges from the same calendar days
in 2011 2013.

The annual DSi retentiofiRf) was calculated using:
Y — (2.2

whereDSj, and DSi, represent the influx and efflux of DSi in mol”yrrespectively. Net retentions
calculated using locatiespecific water discharges and Equatib2 include both biogeochemically
driven retention processes (e.g. uptake and burial) and hydrologica#n processes (e.g., loss and

gain of DSi due to resvoir volume change associated with fluctuating water levels).

2.3.5 Sediment and PRSi accumulation

Several methods are used to estimate average sediment accumulatioBdtas, yr'). Sediment
depth at year of reservoir formation (1967) was determinaablipg the absence of diatom frustules;
this depth occurred at 15 cm in Core 4 and 27 cm in Cofleu6as et al., 2015a)The norzero
guantity of PRSi below 27 cm depth in Core 6 may be the result of dissolution-bfagamic PRSi in
the extraction procedure, possibly pedogenic amorphous Si washedrig tesérvoir iffilling. S

over the history of the reservoir at the location of Cores 4 and 6 was calculated by dividing the depth
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of sediment by the years over which it accumulated, yiel8ingf 0.61 cm yi*at Core 6 and 0.34 cm
yr*at Core 4.

The bottoms of the remaining cores did not capture the 1967 transition from river to reSgyvoir.
at Cores 1 and 2, found using recent and historical -sexsional and bathymetric dgigadeghian et
al., 2015)indicate anS,.; of 4 cm yrl at the location of both cores. Diatom stratigraphies were similar
among coresi4, indicating that diatom communities alorge tlength of the reservoir were similar
since its creation. For the following calculatiohwjill assume Cores 4, 6, and 7 capture 44 to 45 years
of historical sediment deposition in the reserhucas et al., 2015aComparison of the magnetic
susceptibility stratigraphic profiles of the Core 5 (20113 @m additional core collected in 2012
(analyzed for chironomid remains) demonstrated that Core 5 profile represented 1976 to 2011. Since
did not capture the full depositional history at Core 3, it is impossible to calcul&g.aHowever,
one can bestimated. Given that Core 3 is greater than 50 cm deep, and assuming at most 45 years of
accumulation,S,.c must exceed 1.1 cm Yr Sadeghian et al. (2015pport decreasing sediment
accumulation with distance dowaservoir, with a rate of 2 cm Yrapproximately 15 km down
reservoir of SCC. Linear interpolation between this location and Core 4 yaeldverage sediment
accumulation rate at Core 3 of approximately 1.3 ¢ Vhese calculateS,.. allow for the evaluation

of trends in PRSi deposition.

To convertS,cin cm yr' to average mass accumulation raMg,, in kg yr', a dry bulk densitpf
0.29 g cni? (dry weight/wet volume) was calculated by averaging dry bulk densities from Cores 1, 2,
4, 5, and 7 at two depths per core. Cores 6 and 7 were used to represent the accumulation in the
Gardiner and Qu d ANM.pd 1.3 16 lgryrthand 4.6yxi 18Kg gri, regpectively.
Cores 1 and 2 were used to represent the areasepvoir of SCC, with aM, of 5.6 x 18 kg yr'.
Two estimation methods are used to determine a ranlyg.eofor the midreservoir. The first is the
arithmetic mean of the mass accumulation rates ofmesgrvoir cores (Cored B) as applied to the
reservoir area from SCC to Elbow, yielding 5.6 X k yr*. The second estimate assumes a linear
change in rates between SCC, the location 15 km degervoirof SCC, Core 3, 4 and 5, and
assuming no change in accumulation perpendicular to the core transect, yielding §.8gxyftd

accumulationM, for the entire reservoir is estimated to be between 1.3 % 1 x 10 kg yr'l.

The fluxes of PRSi to sedent, PRSi., in each section of the reservoir (mo1lywere calculated
by multiplying M. (kg yr') by core PRSi concentrations (mol}g The PRSi concentrations in the

most recent five years of deposition in each core were averaged to approxies&teiday annual
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fluxes. Cores 1 and 2 were averaged to estimate PRSi concentratiesemywir of Swift Current
Creek until the first sampling site (M3). Core 3 was used to estimate PRSi concentrations from SCC to
U2-M, Core 4 from dowsreservoir of U2M to F4M, and Core 5 from dowreservoir of F4M to

Elbow. Cores 6 and 7 were used to estimate PRSi concentration in each arm of the reservoir.
2.4 Results

2.4.1 Discharge

The year 2013 was a wet year, with spring flooding occurring throughout the watéystateér than

50-year floods in some locations). The total annual flow for the June 2Qlay 2014 sampling

period into the reservoir via the SSR was 10.3 kwith an additional 0.1 kinflowing in through

SCC. Total flow t hr ou detdants tvas 11@Badmmutio.07ekn) reapeativelflQu 6 Ap p e
Instantaneous discharge through the Gardiner Dam peaked on June 26 af €b3isoharge on the

SSR was lowest while ieeovered in winter, maintaining an average flow of approximately 10§'m
frommdDecember through March. FIl ow out of the Qubo.
less than 10 s’ on June 22 during a downstream channel conveyance test, and averagég2.4 m

(Water Office, 2014)

2.4.2 Water column DSi

The flowrweighted average DSi inflow concentration (Equaal) at the upstream Lemsford Ferry
sampling site was 8véghtedvaveragehostflova concansrdtions thraugh the
Gardiner and QubébAppell e dams were 56 and 78 gM
spatially and temporally throughout ethreservoir (Figure2.3). On average, epilimnetic DSi
concentration showed a decreasing trend with distance -oesenvoir. Peaks in epilimnion DSi
concentration were observed in the fmredervoir from midluly to early August, and from late
September to aly-October. Peak concentrations shifted progressively to later times with distance
downreservoir. In the mideservoir, epilimnetic DSi concentrations over the sampling period ranged
from 24 to 115 ¢gM, wi 2h) .a Tnteea nQ m@xhipGeebthel ighe@Ta b | e
concentrations throughout the monitoring period,
eM on September 10. The highest hypo btiatificaton i ¢ DS
were observed in the wpservoir © midreservoir transition at the end of August. The mean

hypoli mnion DSi concentration (67 M) was si mil q
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Figure 2.2: Total timespecific DSi influxes and dffxes. Retention (unitless) is calculated as the
difference between the influx and the efflux, divided by the influx (Equ&i®n Horizontal dashed
line indicates anral average DSi retention of 0.30
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Figure 2.3: Open water season spatial and temporal variability of DSi concentratiomsi)im (a)
epilimnion and (b) hypolimnion, from the M3 sampling site to the Gardiner Dam (epilimnion) or to
M8 (hypol i mni on) . ccduhteforQnlyd% of pusflbw aad isanot showan. Distances
are relative to upstream Lemsford ferry. Epilimnion DSi contours are based on 58 data points,
hypolimnion contours on 32 data points. Hypolimnion DSi concentrations were only collected during
periods of thermal stratification. Overlain circles identify temperature measurements used to
determine thermal stratification; white circles indicate stratification, black circles indicate -a well
mixed water column. See text for details. Note that samplimgstand locations of temperature and

DSi measurements do not always correspond.
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downreservoir movement of the peak DSi concentration water over time, as observed for the

epilimnion, was not seen in the hypolimnion.

With the spatiotemporal shiribution of the DSi concentrations, 4 distinct periods during the open
water season are visually identified; a spring low DSi period (JunelBne 18), an eadsummer
high DSi period (June 1B July 16), a DSi late summer low (July 17August 28) folowed by
increasing DSi in the fall (August 29 October 15) (Figur@.3a). Analysis of varianceANOVA)
analysis confirmed that DSi concentrations differed significantly among these perags @552,
p <0.001). For the hypolimnion, only 2 periods could be distinguished; a spring low DSi period (June
177 July 16) and a high DSi summer/fall period (July i1 October 15; Figure 3b). The DSi
concentrations in these 2 periods were statistically differgnt €720.85,p < 0.001).

2.4.3 DSi retention

In the year of study, DSi retentioRp, (Equation2.2) in Lake Diefenbaker was 0.3Bigure2.4).
The reservoir experienced a large inflow volume due to heavy rain in southern Alberta in late June of
2013. Two retetion estimates were calculated for the sampling y@agas described in the methods,
and an adjuste®®, which is closerto a more typical year. To calculate an adjusigg selected
outlier peak flows were removed from the flow dataset. Outliers weegndieed by comparing the
inflow discharge at SSR to a§2ar histrical average inflow dischard@/aterOffice, 2014) and by
comparing the yearly flow profile of both the inflow at SSR and outflow discharge at the Gardine
Dam to the preceding ye@idudson and Vandergucht, 2015he average inflow discharge was 10.3
km?® yr* for the June 2018 May 2014 sampling year, while the 52 year historical average was 7.1
km?® yr'. The preceding year, 2012, hadnare typical average discharge of 8.1%kyri*. In 2013,
only three days were in excess of the peak discharge of the previous year at both the Gardiner Dam
and at the SSR inflow: June 26. The annuaDSi, without these outliers 9.2 x 1¢ mol yr* and
DSiwis 7.5x 10° mol yr'. These values differ by and17% respectively, from the fluxes obtained
by using all the flow data from the 2012014 sampling yea®.1 x 16 mol yr* and 6.4x 10° mol
yr'’. The adjusted?, excluding outliers i9.18 which may be more typical of an average flow year,
while the unadjuste®®, for the 2013 2014 sampling year is 0.30he small change in influx and
larger efflux as a result of outlier removal indicates there is greater DSi retention in a reservoir during
a flood event, particularly if reservoirs like Lake Diefenbaker operate by reducing discharge through

the dam in response to flooding.

In addition to the annual calculations, sepafatevalues were calculated for the open water

season (Juni October, 2013) and the winter (November 2018ay 2014). The open water season
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Figure 2.4: Annual reactive Si fluxes in Lake Diefenbaker for styge r i o d .
Saskatchewan River, SCC = Swift Current Creek. Refer to text for assumptions related to each flux.
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Ry including the June flood wdk68 and 0.64wvithout flood data. Throughout the remainder of the

year,Rp was equal tel.3, indicating a net export.

2.4.4 Reactive particulate silicon

The PRSi concentration for the 7 cores averaged 0.38 miqRkg) dry wt% SiQ) (Figure2.5). The

highest PRStoncentrations were observed in the m@dervoir Cores 3, 4 and 5, which peaked at
0.88 mol kg in the top 1 cm of Core 5. Concentrations in Cores 1 and 2 were much lower, averaging
0.22 and 0.29 mol Ky respectively. Core 3 had the highest overall iP®RBcentration, averaging

0.62 mol kg" with consistently high concentrations > 0.5 mol‘lag all depths. Sediments from the
downtreservoir arms (Cores 6 and 7) had intermediate PRSi concentrations, averaging 0.53 and 0.46
mol kg* in the mos recent Syears of depositiaWhile there was little change in PRSi concentration

with depth in Cores 1, 2, and 3, all cores daeservoir of Core 3 show decreasing PRSi trends with
depth (Figure2.5).

2.5 Discussion

2.5.1 Sediment PRSi records

The downcore trend in PRStoncentration in Cores 3 to 7 can indicate changes in reservoir silica
dynamics over time (Figur25). Downcore trends in PRSi concentration differed among cores,
indicating that temporal changes in diatom biomass varied spatially throughout the resémvoi
reservoir of SCC there was no apparent change in PRSI concentration with depth, indicating no
change during the period captured by these cores (approximately 8 and 13 years) at this location.
PRSi concentrations were below 0.36 mot kg-reservoirof SCC in Cores 1 and 2, but were highest
overall at Core 3 (about 0.62 mol kgRSi on average), indicating a hotspot for Si deposition
throughout the period of time represented by the core profile (approximately 38 to 39 years). Top
core concentrationsf PRSi suggest that the current region of highest siliceous algal biomass is
currently between Cores 3 and Abirhire et al. (20150 bser ved the reservoiros
biomass in this location, further indicating that high PRSi concentrationseared from diatom
frustules. Dowrcore PRSI concentrations were similar among all cores, suggesting more uniform
diatom biomass anBRSj.. throughout the reservoir in its earlier history. This is also indicated by
Lake Diefenbaker downore diatom community structufeucas et al., 2015a)he recent increase

in PRSI concentration miteservoir suggests increases in algal biomass or changes in phytoplankton

community composition favouring andreased abundance of diatoms.

34



Depth (cm)

PRSi (mol kg™) PRSI (molkg™) PRSi (mol kg'") PRSi (mol kg™
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
0 L L 1 1 O 1 I 1 1 0 L 1 1 L 0 L 1 L 1
Core 1 Core 2 Core 3 Core 4
2 A 2006 -
10 A 20094 10 A 1
4 4 2000
10 - 2009 -
L 20 20064 20 I 19941
8 - 1988
207 20067 55 2004 1 30 1 40 1982 -
12 A 1976 -
40 20019 40 1981
30 2004 - 1 ,
14 1667 1970
50 50 16
PRSi (mol kg™) PRSi (mol kg™") PRSi (mol kg™
00 02 04 06 08 10 00 02 04 06 08 1.0 00 02 04 06 08 10
0 ‘ : ; : 0 : ‘ : : 0 ‘ ; ; ‘
Core 5 Core 6 Core 7
2 A 2005
0 10 - 1994 -
2003 4 A 1999 1
T 20 4 1977 4 6 1993 -
Qo
= 204 1094 4
‘% 1967 8 1987
) 30 1
p 10 A 1981
30 1 1986
40 § 1 121 1975
II\‘
40 1 1977 4 14 1 1969

50

Figure 2.5: PRSI concentration (mol K for sediment cores within Lake Diefenbaker. Core bottoms (1967) are marked for Cores 4 and 6.
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The perceived higher diatom production midervoir between Cores 3 and 5 could have resulted
from slower currenvelocity, leading to decreased turbid{yoballe and Kimmel, 1987yhile still
maintaining relatively high DSi and other nutrient concentrations that enter the reservoihavith
inflow water. Decreased turbidity results in increased light availability, which may stimulate diatom
and other algal production, leading to increased biomass. The increased algal biomass may drawdown
water column nutrient concentrations, resultindower dissolved nutrient concentrations available
further down the reservoir. A turbidity gradient devaservoir of SCC is supported by a shift in algal
community from upstream diatom species (e8tephanodiscus}o highlight species (e.g.,
Aulacoseig; Lucas et al. (20158) These dynamg are consistent with established hydrodynamic
zonation of dammed river valley reservoirs, which can be subdivided into longitudinal fluvial,
transition, and lacustrine zon@<€immel and Groeger, 1986; Thornton et al.,, 1996pres 3 to 5
capture LakeDi ef enbaker 6s transition zone, chatyacterize
(Dubourg et al., 2015)thus enabling higher algal productivity and biomass. The desgvoir
|l acustrine zone, represented in the Gardiner and
nutrient availability and lower light availability, likely due to higher maximum depths. These
characteristics are reflected by the lower PRSI canattons observed in the sediment cores. Similar
DSi reductions have been observed in the tributaries and upstream lakes of the Yangtze River, where

diatom uptake draws down DSi concentrations before waters reach the mafbuiarret al., 2007)

2.5.2 In-reservoir DSi dynamics

DSi concentrations in the epilimnion and the hypolimnion vary seasonally and spatially within the
reservoi, but are high enough not to be limiting for diatom production (i.e., less than 16:1:17 N:P:Si;
Hecker et al. (2012); Teubner and Dokulil (200Z}hanges in epilimnetic DSi concentration can
resultfrom changes to DSi inflow concentrations and from diatom uptake. During a diatom bloom
event, DSi concentrations are often drawn ddgttafmann et al.2002; Opfergelt et al., 201Bnd
assuming no major changes to inflow concentrations, patterns in epilimnetic DSi concentration may

reflect patterns in diatom biomass.

The four distinct [3i concentration periods track from -tgservoir to dowsreservoir, moving
with the water current, and coincide with stratification, mixing, and high discharge from the spring
melt (Figure2.3). Low DSi concentrations in the spring may coincide with & pediatom biomass,
a phenomenon observed in many temperate reservoirs, lakes, andfereis and Lehman, 2007;
Goedkoop and Johnson, 1996; Mller et al., 2006 low spring concentrations, averagh@ ¢ M,
appear first further dowreservoir, but, as we have observed that concentration highs and lows move
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from upstream to downstream over time, it is possible that the low period extendesenmir
earlier than the sampling period of this study. ©heervations of high diatom biomass Dybourg

et al. (2015hroughout the migteservoir support the inference of a spring peak in diatoms.

The DSiconcentratt i ncreased in early summer, after st
the epilimnion (Figure.3). This may indicate the end of the spring diatom biomass peak, which also
coincides with yearly peak discharge, and therefore peak turbidity, at thef @nde. Although the
DSi low concentration period extends deveservoir, the period of higher DSi concentration does
not; this is likely a result of DSi uptake, indicating that diatoms control water column DSi
concentrations even in the summer, aftex gpring bloom. This interpretation would seem to be
supported by observations of high diatom biomass in the Gardiner arm duringheh{®ubourg et
al., 2015) This is also th period associated with the highest DSi retention (Fig@e Spatially, the
decline in DSi concentration migservoir coincides with the locations of Cores 3 to 5, supporting
the finding that PRSI is higher in the mielservoir cores due to biologicaptake and subsequent
sedimentation. Together, these observations indicate that the-tliN@austrine transition zone mid
reservoir is a hotspot for DSi uptake and Si retention, exhibiting disproportionately high reaction rates
relative to the rest dhe reservoi(McClain et al., 2003)We can further conclude that diatom uptake
is the most dominant control on DSi concentrations in Lake Diefenbaker during the open water

season throughout the reservoir.

Late summer DSi concentration lows reflect low inflow concentratioisl@aver phytoplankton
biomasqDubourg et al., 2015After a bloomevent, diatoms sink below the thermocline and become
buried in the sediment, but any increase in DSi resulting from partial dissolution of frustules cannot
be brought back to the surface until fall turnover. The increase in DSi in theesaid/oir regionn
late-September is most likely the result of delivery of DSi from the hypolimnion during fall turnover,
and evidence suggests this supported a small increase in phytoplankton biomass, which included
diatoms (Dubourg et al., 2015)The timing of fall turnover for the miteservoir location (between
Ul-M and F4M) is supported by observations of water column mixing (FiguBa). This period
coincides with negative DSi retentioor, apparent DSi export (Figug2). DSi concentrations were
less variable and relatively high in the hypolimnion throughout the summer and fall, suggesting
sediment Si dissolution. Note that net PRSi preservation in the cores indicates that onlgradfacti

PRSi is dissolved during this time.
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Changes in DSi concentration represent the net effect of both uptake and remineralization or
dissolution, and the high DSi concentrations observed in the hypolimnion of Lake Diefenbaker
indicate sediment Si disselon. During stratification, DSi originating from the sediment cannot
easily enter the mixed layer to subsequently be taken up by diatoms, leading to hypolimnetic DSi
concentration buildip over the summer. Rapid PRSi dissolution and recycling has beenwexbin
other lakes and reservoirs, including Marne Reservoir, Three Gorges Reservoir, and Lough Neagh
(Garnier et al., 1999; Gibson et al., 2000; Ran et al., 2R&3ults from these studies indicate that
sediment dissolution can take place over relatively small timescales (i.e., on the order of days to
weeks), leading to Si changes seasonally within the reservoir, rather than sltdvdyeservoir ages.

2.5.3 DSi retention

The majority of Lake Diefenbakerés retention
September when diatom productivity facilitated the transformation of DSi into RR8uring this

time was 0.640.66, indicatingefficient transformation of inflowing DSi to PRSi. Through the-ice
covered winter, the reservoir was a source of DSi to the downstream watershed, indicatelgpby the

of -1.3. The reservoir is drawn down in the winter, and so from a #balssice approachortion of

the net DSi loss is due to a decrease in the volume of water present in the reservoir. During the
reservoir drawdown period from October to March, the reservoir level dropped approximately 4.6 m.
We can use this drawdown to calculate the apprate change in reservoir volume during this period

(1.8 kn?). By then multiplying this volume loss by the average reservoir outflow DSi concentration,
the approximate mass lost due to reservoir drawdown is calculated. Using an average concentration of
656 &M at t he dstanatethahapproxibatety 1.2 **1ol of DSiis exported from the
reservoir via drainage alone, or 34% of the net export. The remainder of the efflux presumably arises
due to the dissolution of previously deposited PRSih#® water column, and delivery from the
hypolimnion after fall turnover. These vastly different seasonal results provide compelling evidence
for the need to quantify yeaound Si fluxes in reservoir budgets in order to determine the effect of

the reservaion the Si cycle of downstream environments.

Lake Dief enlodMRevalieof 030s E@newhat higher than the retention found in
other reservoirs, while th®.18 retention calculated without flood outliers is more typical of
reservoirs of this sizévlaavara et al. (2014stimated that globally, reservoirs have an aveRagsf
0.13 and rarely exceed 0.3 except when residence time approaches 5 years or more. Lake
Di ef enb akRs n@G3 rhay behdriven by reservoir operation protocol (i.e., a reduction in
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discharge through the dam as a result of the need for flood control), while the au$fetid is
more similar to the average global retention estimiiis. finding suggests high flow years and years
with large flood events, may have higher DSi retention, and dam operation protocol has an impact on

reservoir DSi retention, and thus, the DSi cycle in downstream environments.

There are few studies on Si dynias for large reservoirs with similar residenitees with which
to compare myindings. Falcon Reservoir on the Rio Grande in Texas is hydrodynamically similar to
Lake Diefenbaker with a residence time of 0.8 years and a surface area of’382lkm2001) Ry
in Falcon Reservoir is 0.17, Rt RadconRasereoira@se hasake D
an excess of DSi relative to N and P, and comparable turbidity (typicallNgU) (Hudson and
Vandergucht, 2015)it is likely that there is considerable annual and seasonal variability governing
retention in each of these reservoirs, as there is for Lake Diefenbaker. However, whether the seasonal
trends in DSi retention are similar in all reservoirs has yet teeb=rdined. Longerm evolution of
Si transformations in reservoirs additionally may be critical to the amount of retention that takes place
annually. Reservoir ageing hypotheses suggest that over time, water column turbidity and sediment
accumulation decese(Holz et al., 1997; Kimmel and Groeger, 1986he combined effects of these
changes on primary productivity and PRSdissolution to the water column remain unclear and may

be key variables governing lostgrm Si retention ingservoirs.

2.5.4 Annual PRSi accumulation

TheRp estimates for the 2012014 sampling year indicates that the reservoir is a net sink for Si and
it promotes the transformation of DSi to PRSI,
PRSj.. values supportthis observation. Using the most recent 5 years of deposition for each core and
applying theM,. range, &PRSi..of 5.8 x 161 8.2 x 1§ mol yr* was calculatedsrings et al. (2014)

have shown that using one sedim core to represent cressctional deposition in lacustrine water
bodies can lead to overestimationRIRSj... Sediment focussing tends to result in the majority of
accumulation taking place in the deepest section of a water body, correspondingntd-thannel
locations where Lake Diefenbaker cores were collected. Geag®ns reconstructed for Lake

Di ef e n b afesemwair focation show that the sediment depositional area may represent as little
as 50% of the overall reservoir surface dfeadeghian et al., 2015Halving yields a reviseBR S

of 2.9 x 167 4.1 x 16 mol yr*.

The most recently depiied PRSi may not have yet undergone seasonal dissolution to the water

column. The high values in the top 1 cm of Cores 5 and 6 may be indicators-s#agmal
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diagenesis. Including these values in the-doge concentration averages could lead to agr-ov
estimation of the net annuBRSj.. | have therefore calculatedPRRSj.. that excludes the top 1 cm
in the calculation of all average tapre PRSi concentrations. Overall resenRIRSj.. decreases to
5.6 x 107 8.0 x 1 mol yrusing reservoisurface area, or 2.8 x i04.0 x 1 mol yr* using a 50%

sediment depositional area.

My overall range oPRSi..estimates, 2.8 x £0 8.2 x 1 mol yr' (normalized by surface area to
0.71 2.1 mol n? yr‘l) is lower thanPRSj.. of Sirich reservoirsincluding the Iron Gates Reservoir
on the Danube River (2.6 molnyr™) (Friedl et al., 2004; Teodoru and Wehrli, 2005). Croix on
the Mississippi River (2.9 nhan? yr") (Triplett, 2008) and Amance and ChampaubReservoirs in
the Seine River basin (3.4 and 4.5 mof ! respectivelyXGarnier et al., 1999)The disparity of
low PRSj.. and averag#o-high Ry values relative to other reservoirs may be accounted for by the
water column PRSi fluxes, specifically, large PRSi effluxes via the dams. Future research quantifying
watero |l umn PRSI fluxes would be beneficial to enhan

help contextualize Si budgets for other reservoirs.

In contrast to Si retention, the Lake Diefenbaker phosphorus and nitrogen budgets indicate near
complete retentionf P in the reservoifNorth et al., 2015)and low N retetion, with net export in
some yeargDonald et al., 2015)The difference between Si, P, andrétention suggests a -de
coupling of the nutrient cycles, and indicates that the mechanisms of retention are not the same for Si,
P, and N. This feature of reservoir nutrient retention has not been explored in the literature and future
research should foswn assessing the impact of preferential P retention on both reservoir ecosystems

and downstream aquatic and marine environments, in both Sk @andNPdeficient systems.

2.6 Conclusions

This study represents the first report of Si dynamics in Lake Diekamb Analysis of Lake
Diefenbaker water column samples (DSi concentrations), sediment cores (PRSi concentrations), and
sediment accumulation rates ealed that DSi retention is 0.86r the 201832014 sampling year. The
mechanisms responsible for the hig8i retention in Lake Diefenbaker may likely be related to high
water column DSi concentration relative to N and P, long water residence times, and flood control
operation of the reservoir. The majority of Si retention takes place in theesedvoir regpn in the
transition zone from fluvial to lacustrine hydrodynamics, which represents a hotspot in Si cycling.

This may be a feature unique to rinefluenced reservoirs and highlights their importance in
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landscape biogeochemical cycling. Temporally, hdiatom productivity during the open water

season (Jungé October) results in the transformation of DSi to PRSI, and a net flux of PRSi to the
sediment. In winter, PRSI is dissolved to the water column, leading to net DSi export from the
reservoir. The neacomplete retention of P, low N retention, and moderate Si retention represents de
coupling of the phosphorus, nitrogen, and silicon cycles and has the potential to influence
downstream, coastal, and marine ecosystems. Future reservoir Si budgets stesddtlze role of

nutrient retention in Lake Diefenbaker in the context of downstream ecosystem health. In addition,
long-term multiyear data, including water column PRSI, should be collected in order to assess
internal variability in Si retention, andégimed e pendent evol uti on of the ¢
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Chapter 3
Worl|l dwi de retention of nutrient si |l i1 co

sparse dataset to gl obal esti me

This chapter is modified from:

Maavara, T., Dlrr, H.H. and Van Cappellen, P. (2014yl#wide retention of nutrient silicon by
river damming: From sparse data set to global estimate. Global Biogeochemical Cycles&5.842
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3.1 Summary

Damming of rivers represents a major anthropogenic perturbation of the hydrological cycle, with the
potential to profoundly modify the availability of nutrient silicon (Si) in streams, lakes and coastal
areas. A global assessment of the impact of damenSi fluxes, however, is limited by the sparse
data set on Si budgets for reservoire. alleviate this limitation, lse existing data on dissolved Si
(DSi) retention by dams to calibrate a mechanistic model for the biogeochemical cycling of DSi and
reactive particulate SIRS) in reservoir systems. The model calibration yields a relationship between
the annual imeservoir siliceous primary productivity and the external DSi supply. With this
relationship and an estimate of catchment Si loading, tltehealculates the total reactive Si (RSi =

DSi + PS) retention for any given reservoir. A Monte Carlo analysis accounts for the effects of
variations in reservoir characteristics, and generates a global relationship that predicts the average
reactive Siretention in reservoirs as a function of the water residence time. This relationship is
applied to the GRanD database to estimate Si retention by damming worldwide. According to the
results, dams retain 163 Gmol'y(9.8 Tg SiQ yr™) of DSi and 372 Gmojr™ (22.3 Tg SiQ yr) of

RSi, or 5.3% of the global RSi loading to rivers.

3.2 Introduction

Silicon (Si) is an essential nutrient element for numerous aquatic organisms, foremost diatoms
(Conway et al., 1977Tréguer et al., 1995; Van Cappellen, 2003)e availability of Si is therefore a

key variable controlling the ecology and health of many aquatic environments, including rivers, lakes
and the coastal zon@illen et al.,, 1991; Conley et al., 1993; Koszelnik and Tomaszek, 2008;
Schelske and Stoermer, 1971; Tavernini et al., 204 rowing number of studies have highlighted

the effects of human modifications of stream and river systems, in particular the building of dams, on
Si retention and the resulting consequenceseigional to global scale nutrient cycling and ecological
processegBeusenet al., 2009; Conley et al., 1993; Garnier et al., 2010; Harrison et al., 2012;
Hartmann et al., 2011; Humborg et al., 2000; Laruelle et al., 2009; Teodoru and Wehrli, 2005; Thieu
et al., 2009) As ongoing construction of dams continues to increase the global volume of reservoirs,
it is important to develop a predictive understanding of the accompanying imp&git$lres along

the river continuum.

Silicon is supplied to reservoirs under both dissolved and particulate forms. While diatoms and
other siliceous organisms can directly take up dissolved Si, magcpn&iining solid phases,

including quartz and silica minerals, are unavailable for biological utilizati@ornelis et al., 2011;
43



Durr et al., 2011; ller, 1979A fraction of particulate Si, however, is supplied as reactive solid and
solid-bound forms that can potentially act as a source of soluble Si in resebiatsns and riparian
plants further contribute to the particulate reactive Si pool of a reservoir through the production of
biogenic silica(Sauer et al., 2006; Triplett, 2008; Znachor et al., 203Bicon retention is thus the

net result of the interactions between the external supply of reactive -Risenvoir formation of
biogenic silica, plus the dissolution and ultimate preservation of particulate reactheu8iwald et

al., 2012; Teodoru et al., 2006; Van Cappellen, 2003)

A number of recent studies have addressed global Si retention by river darBeuirsgn et al.
(2009) used the GlobaNEWS-DSi model, in which dissolved Si retention is assumed to correlate
with global trends in phosphorus and sediment retentiamuelle et al. (2009)ntroduced a
correction factor in their global Si box model to simulate increased reactive Si retention on the
continents under various damming scenarldarrison et al. (2012jook a step further with the
development of the Silica Retention in Reservoirs and Lakes (SiRReLa) model. The SiRReLA model
was statistically calibrated using a dataset of 12 lakes and 15 reseHairison and coworkers
proposed that the effects of trophic status and hydraulic load on the particle settling velocity represent
the primary factors modulating Si retention in reservoirs. As with the woBea§en et al. (2009)
the SiRReLa model only accougrfor the retention of dissolved Si. More recerfiyings et al. (2014)
derived an average accumulation rate of biogenic silica in reservoirs, based on data from 18
reservoirs. By multiplying this rate by the total reservoir surface area, they then computed the mass of
reactive Si retained annually by dams. A major source cémainty in the work of both Harrison et
al. (2012) and Frings et al. (2014) is the small size of the data sets on which the global estimates are

based.

Here, |re-evaluate worldwide reactive Si retention by nmaade river dams, by combining
existing da& on dissolved Si retention with a mechanistic model of biogeochemical Si cycling in
reservoirs. The proposed approach is designed to compensate for the sparse data on Si budgets in
artificial reservoirs. The procesmsed model accounts for the fate ofhbreactive dissolved and
particulate Si in reservoir systems. The model is calibrated with existing data on dissolved Si
retention in reservoirs, while a Monte Carlo analysis accounts for the effects of the statistical
variability of reservoir charactetiss on the modepredicted retention of reae¢ Si. Based on the
results, Ithen derive a relationship between reactive Si retention and water residence time, and use it

to estimate global accumulation of reactive Siin reservoirs.
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3.3 Terminology

In this chapter reactive Si (RSi) refers to the sum of dissolved reactive Si and reactive particulate Si.
Dissolved reactive Si (DSi) consists almost entirely of monomeric silicic acid or silicon hydroxide
(H4SiO4). In most freshwaters, ionized forms of silicic ca@nd silica dimers and polymers only
contribute minute fractions of DSller, 1979) Reactiveparticulate SiRS) comprises all particte
associated Si that can potentially dissolve prior to removal by burial in bottom sediments or river
outflow. The distinction between reactive and unreactive particulate Si is somewhat subjective and
depends orhee reservoir under consideration. The inpuP8fto a reservoir includes se#énd river
derived amorphous silica (Sifoand hydrous, poorly crystalline aluminosilicates, as well as Si sorbed
to minerals, for example ferric oxyhydroxidé3avis et al., 2002)and natural organic matter. For
many reservoirs, thBSiinput likely consists largely of biogenically mhoced SiQ, that is, structural
siliceous deposits produced by plants (phytoliths), diatoms and other orgédBerés et al., 2014,
Saccone et al.,, 2007; Sauer et al.,, 2006; Struyf and Conley, 2009; Teetdat., 2006; Van
Cappellen, 2003)Production of siliceous frustules by diatoms within the reservoir or lake further
adds to théSipool.

Retention of RSi refers to its removal by processes in the reservoir. The main sink for RSi is burial
of PSiin bottom sediments. Because dataR&iburial fluxes in artificial reservoirs are fairly scarce
(Frings et al., 2014), RSi retention is generabyimated from the difference between measured input

and output fluxes:
Y — (3.2)

whereRg is the relative retention of RSi (unitless), &8}, andRSj,; are the input and output fluxes

of reactive Si in ung of mass per unitrtie. Equation 3.-assumes that, on an annual basis, the
reservoirds RSi budget is close to steady state
are assumed to occur entirely via the river network, hence neglectingigotentributions to the

RSi budget by atmospheric deposition or groundwater flow.

Because data sets on Si budgets for reservoirs usually only inceadeiraments of DSi, but not

PSi, usually only the retention of DSi is calculated from

A — (32)



whereR; is the relative retention of DSi (unitless), ab&i, and DSi,, are the input and output
fluxes of DSi. The values d®, andRr converge when DSi dominates RSi inputs and outputs. The
latter is in fact an imlcit assumption in most existing studies on Si retention in reservoirs and lakes.
The input ofDSi, is typically calculated as the product of inflow dischar@g)(and the inflow DSi
concentration @y). In reservoirs that discharge all water througlke ttam (e.g., hydroelectric
reservoirs) DSk, is similarly the product of outflow discharg®,) and outflow DSi concentration

(Couy- Forstorage reservoirs (e.g., reservoirs used for irrigation or municipal water supply).is

split between the water flow pumped out of the reservoir and that discharged through the dam. In
order to maintain a water balance, the sum of the water flows pumped out of the reservoir and
discharged through the dam is assumed to egualhat is,losses through groundwater recharge and
evaporation are neglected. Unless availablerin&tion indicates otherwise,assume that the DSi
concentrations in the pumped and discharged water flows are the same. In what follows, water fluxes,

concentrationsral retentions refer to annual averages.

3.4 Dataset

An exhaustive literature search yielded only 20 reservoirs for wRictvas provided or could be
estimated (Table3.1). (Note: | focus on DSi retention, because of the general lackPSf
measurermants.)For comparative purposes, a dataset of 24 natukakslavas also assembled (Table

AB1, Appendix B. The reservoir data set in Tal8d extends those of Harrison et al. 12) and

Frings et al. (2014). bnly included artificial reservoirs associated with ¢omged dams. Thus,
causeways, such as Lake Lugano, and natural impoundments, such as Lake Pepin, were not
considered as reservoirs. For each reservoir or lake, the following information was collected: (1)
surface area, (2) volume, (3) average water ddgdhriver discharge, (5) hydraulic load, (6) annual

DSi influx and (7) efflux, (8) water residence time, (9) trophic status, (10) bedrock lithology of the
catchment, (11) pH, and (12) climate (that is, temperature and precipitation). lroradfiiti the

reservoirs included the (13) primary function and (14) age of the reservoir.

The effects on DSi retention of the reservoir and lake properties included in the database were
assessed through analysis of variance (ANOVAEsts, and regression modelEhe statistical
analyses aimed at identifying the key variables to be included in the mechanistic Si reservoir model
(section 3.5 A complete description of the results of the statisticallygea can be found in
Appendix B and Table AB. Local bedrock tihol ogy was obtained from
national geological maps, and crosschecked againsGlbigal Lithology Map (GLiM) database
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(Hartmann and Moosdorf, 2012)Vater residence timdJ{ was calculated a§ = V/Q;,, whereV is

the lake or reservoir volume, arg@}, the combined river inflow. In the absence of information on
trophic status, owhen it was poorly supported,rélied onCarlson and Simpson (1996¥%rophic

status index approach. When naitet in the reference(s) listed in TaBl&, the primary reservoir
function (e.g. hydroelectricity production, irrigation, drinking water supply, or other) was extracted
from the Global Reservoirs and Dams (GRanD) database (Lehner et al. 2011). Average an
precipitation and temperature were obtained for the nearest town or city from the World Climate
database (worldclimate.com) and Environment Canada for Canadian lakes; for Toolik Lake, Alaska,
climate data were retrieved from the Toolik Field Stati@bsite (http://toolik.alaska.edu/). The age

of a reservoir is the number of years between dam closure and the date of data collection as stated in
the original literature source. In those cases where data covered a range of years (e.g., Lake
Alexandrina),the midpoint age was used. The age reported for the recently completed Suofenying
Reser voi r (Wasg et 2040 laarderdo include this reservoir in the statisticalyses,

| arbitrarily assigned a reservoir age of 0.1 years.

While originally data for 22 reservoirs were found, detailed analysis of the literature sources
revealed that in a few of the studies major river inflows to the reservoir were neglected, thus
introducing significant uncertainty in the estimated DSi retention. The nuiable examples are
Amistad Reservoir and the Lower Columbia Basin, for which the available data yielded large
negative DSi retentions@.20 and-0.67, respectively). These reservoirs were all together removed
from further analysis. Additionally, threeeservoirs (Ardleigh, Suofenying, and Masinga) were
excluded from the mechanistic model calibration (for justifications, see caption of I apldhus,
in total, 20 reservoirs were included in the statistical tests and 17 reservoirs in the calibrdt®n of

mechanistic model.

Comparison of the 20 reservoirs in TaBl& to theGRanDdatabase (Lehner et al., 2011) (Figure
3.1) reveals a lack of reservoirs in Tal3l& with water residence times over 3 years, which account
for 21% of the GRanDreservoirs. They furthepoint to a possible bias of mgataset towards
reservoirs in areas dominated by limestone and, thus, towards more alkaline pH, which may increase
the dissolution and decrease the preservation of biogenic @Ricees et al., 2006; Van Cappellen
and Qiu, 1997)My dataset provides a reasonably good climatic distribution, with the majority of
reservoirs located in temperate and subtropical latitudes, although no DSi retentions were obtained for

arctic and subatic reservoirs, which account for 8% of the GRanD
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Figure 3.1: Comparison of reservoirs included in the calibration dataset (gray bars), described in

section 34 and Table 3.1, and those of the GRanD database (black bars), according to residence time

(in units of years), bedrock Ilithology, climate,
include fisheries, navigation and recreation.
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Table 3.1: Reservoir data set: see text for detdiligo = oligotrophic, meso = mesotrophic, and eu = eutrophidicates reservoirs excluded

from the calibration of the mechanistic model, but included irsthea t i st i c al analyses (Ardleighotés water
missing DSi flux information, and initial conditions for Suofenying could not be reconstructed).
Latitude Reservoir Location  Bedrock lithology Trophic Surface Mean pH Climate Residence DSi influx Rp Primary usage Age  Ref.
name status area depth time (mol yr?) (yrs)
(km?) (m) (years)
26.97 Suofenying* China Carbonate Meso 5.7 235 8.06  Subtropical 0.016 456x18 -0.072 Hydroelectric 0 1
26.9 Dongfeng China Carbonate Oligo 19.7 52 8.06  Subtropical 0.1 3.99x18 -0.055 Hydroelectric 12 1
27.3 Wujiangdu China Carbonate Eu 47.5 48.4 8.06  Subtropical 0.14 5.41x 168 0.23  Hydroelectric 27 1
36.9 Lake Powell USA Sandstone Oligo 658 40 8.5 Subtropical 23 4.81x108 0.081 Irrigation 29 2
36.4 Lake Mead USA Sandstone Meso 640 40 8.3 Subtropical 2.6 4.94 x 10 0.13 Irrigation 62 2,21
26.6 Falcon USA Mixed Eu 338.5 11.52 7.9 Subtropical 1 7.02x 16 0.17 Irrigation 44 2
sedimentary
44.6 Iron Gate Romania Mixed sed, Eu 156.4 17.3 8.0 Temperate 0.03 1.41x18° 0.040 Hydroelectric 29 3,4,5
carbonate
48.2 Amance France Carbonate Eu 0.5 45 N/A Temperate 0.03 5.39 x 10 0.089 Flood control 4 6
48.2 Seine France Carbonate Eu 23 7.6 N/A Temperate 0.62 5.45 x 10 0.43  Flood control 28 6,7
48.2 Aube France Carbonate Eu 21 8.9 N/A Temperate 0.4 2.32x 10 0.57  Flood control 4 6
48.3 Marne France Carbonate Eu 48 7.2 N/A Temperate 0.46 5.39 x 14 0.48  Flood control 20 6
48.3 Champaubert  France Carbonate Eu 0.5 35 N/A Temperate 0.11 2.32 x10° 0.158 Flood control 20 6
21.7 Thac Ba Vietnam  Gneiss, carbonate Meso 235 58 7.5 Tropical 2.2 7.19 x 16 0.012 Hydroelectric 31 8,9
20.5 Hoa Binh Vietnam Mixed sed, Meso 208 46 5.57 Tropical 0.09 8.07x10 0.16 Hydroelectric 9 8,9,
carbonate 20
30.8 Three Gorges  China Carbonate Eu 1100 35.5 8.04  Subtropical 0.097 4.65x16° 0.038 Hydroelectric 4 10,11
-6.9 Saguling Indonesia Volcanic Eu 56 18.4 7.6 Tropical 0.23 1.49 x 18 0.382 Hydroelectric 18 13
-0.9 Masinga* Kenya Mixed igneous/ Meso 120 13.3 8.2 Tropical 0.25 N/A 0.4 Hydroelectric 27 14
metamorphic
-35.5 Lake Australia Carbonate Eu 580.6 2.86 8.6 Subtropical 0.3 9.29x 16 0.39 Irrigation 47.5 15,
Alexandrina 16, 17
515 Ardleigh* England Mixed Eu 0.57 3.8 8.2 Temperate 0.36 1.39 x 16 0.79  Water supply 13 18
sedimentary 9.4
49.2 Solina Poland Mixed Meso 24 22 6.4 Temperate 0.61 3.25x 10 0.20  Hydroelectric 36 19
Myczowce Sedimentary 6.8

References: (1)Vang et al. (2010)(2) Kelly (2001} (3) Teodoru and Wehrli (2005§4) FriedI et al. (2004)(5) McGinnis et al. (2006)6)

Garnier et al. (1999)7) Thieu et al. (2009)8) Le Thi Phuong et al. (2005)9) Tran (1995) (10) Muller et al. (2012)(11) Ran et al. (2013)

(13) Wakatsuki and Masunaga (200@)4) Hughes et al. (2012J15) Cook et al. (2010)16) Geddes (1984)17) Mosley et al. (2012)(18)

Redshaw et al. (1988)19) Koszelnik and Tomaszek (200820) ISAG (2000) (21) Hoffman et al. (1967)
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reservoirs. All major reservoir functions, particularly, hydroelectricity generation and flood control,

are represented in Takel.

A key outcome of the statistical analyses is Ratsignificantly differs between reservoirs and
lakes (p<0.0001) with, on average, 42% more DSi retention in lakes compared to reservoirs. In
addition, reservoirs typically exhibit lower water residence tirisgd higher hydraulic loads than
lakes. The statistical analyses further imply that grayipaikes and reservoirs together may generate
spurious results. For example, when camrig lakes and reservoirs, a significant (p<0.05)
dependence d®; on the catchment lithology is found, with metamorphic and crystalline felsic rocks
yielding the highest DSi retention, and carbonate rocks the lowest. However, when lakes are removed
from the dataset, the trend is no longer apparent, suggesting thaiatenship betweelR, and
lithology may be representative of lakes, but not of reservoirs. Reactive Si cycling in reservoirs is
thus statistically distinct from that in lakes, which argues against merging data from both types of
systems into a single datt when estimating global lentic Si retention, as done by Harrison et al.
(2012). Therefore, in what follows, only the data from the artificial reservoirs are considered. The

nontlinear regressions further implied that, for reservadgsis most closelyelated taJ.

Although the 20 reservoirs in TabBl encompass a fairly broad range of settings and reservoir
characteristics, as can be seen in Fiduteit is important to emphasize that they represent less than
0.03% of the more than 75,000 reservos wi t h a s u2r(l.feiaaner@t ab 20dH. TI20 . 1  k m
limited dataset is thus unlikely to be statistically representative of reservoirs worldwide. For this
reason, the primary function of the dataset is to calibrate a mechanistic model of Si @ycling
reservoirs, which incorporates welhderstood processes and parameter values constrained through
an extensive literature review. The model then provides the means to extrapolate the sparse dataset to

the global scale.
3.5 Mechanistic Si cycling model

3.5.1 Model description

A 4-box biogeochemical model is used to simulate annual reactive Si (RSi) cycling in reservoirs

(Figure3.2). In the model, the inputs to and outputs from the reservoir occur under the form of both

reactive particulateRS) and DSi Notethat the model does not distinguish between different input

and output pathways. Thus, the input flux of DSi for instance includes river inflow as well as

potential contributions by atmospheric deposition and groundwater discharge. Within the reservoir,

dissolution ofPSigenerates additional DSi, while siliceous organisms, primarily diatoms, transform
5C



DSi into biogenic silica (BSi). The BSi pool represents silica deposits within living or recently
deceased biomass, that is, silica still surrounded byegie¢ organic membranes. Upon the
degradation of the organic membranes, BSi integrates inteShgool and is, from then on, exposed

to dissolution(Loucaides et al., 2012)he PSithat does not dissolve is exported downstream or
accumulates in the sediments. In order to account for the fairly rapid loss in reactiatyiaiflpte Si

(i.e., ageing), as well as the buig of pore water DSi, the sediment Si pool (SSi) is assigned a much

lower rate constant of dissolution th&®i (Van Cappellen et al., 200Zfhe fraction of SSi that
escapes dissolution is permanently removed by bt

The annual input fluxes of DSi amiSito the reservoir are imposed inet model. As a default
value, lassume that thPSiinflux equals 10% of the DSi influx, based on the global estimate of
riverine PSiby Conley (1997)and supported by data Bfan et al. (2013and Triplett et al. (2012)
With one exception, all internal and outflow fluxes are assigneddiidgr rate expressions with
respect to the source reservaitsruelle et al., 2009)The exception is siliceous productivify;,,

which is calculated assuming parabolic saturekimetics(Valiela, 2013)

o J— (33)

where R is the maximum rate of BSi production, [DSi] the DSi concentration, kanithe half
saturation constant for DSi uptake by siliceous organisms. The vaRig,0f e pr esent s t he r e

mean annual carrying capacity for biological Si fixation.

In the malel, the reservoir is treated as a walked reactor; the rate constants for the outflow
fluxes of DSi andPSi(i.e., F1otandFs o) are therefore equal to the inverse of the water residence
time. Default values for the other linear rate constant§@nids were derived from isdepth reviews
of the literature (Table8.2). The values ofR,. are reservoispecific and were determined as
explained in the next section. The mass balance equations were solved in Matlab for time steps of
0.01 year using Rge-Kutta 4 integration. Reservoir age was incorporated by running the models for
the number of years since river damming; e.g. for-ge&¥old reservoir, the model was run for 2000

time steps.
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Figure 3.2: Mechanistic model of biogeochemical silicon cycling in reservoirs. See text for details.
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The mechanistic model provides a highly simplified description of Si cycling, in line with the
sparse database on reactive Si budgetsefgrvoirs. Some processes are not included, for example
the direct incorporation of DSi into the SSi pool via clay mineral formation, while other processes are
merged into a single flux. For instance, the fluxesaRd R4 on Figure3.2 combine reactive silica
transformations and vertical transport. In addition, the model does not resolve seasonal effects on Si
cycling in reservoirs, such as diatom blooms, flow variability or water column stratification. The
model thus represents a firstep in the knowledgkased scaling up of the limited data on Si

dynamics in reservoirs.

3.5.2 Siliceous production: calibration

The mass balance Si model was applied to the 17 reservoirs of the calibration dataset described in
section 3. For each reservothe corresponding river discharge, reservoir volume, water residence
time (), DSi influx and age (i.e., years since dam closure) were imposed. After assigning the default
parameter values of Tab82, the only remaining free model parameter was theéman siliceous
production rateRy.. For each of the reservoirs, the valueRpf, was adjusted until the calculated

DSi retentionRy, matched the observed value.

The modelderivedR ., values fall between 0.5 and 14.7 mol Siyn™ (Table3.3), that is, values
consistent with observed diatomaceous production rates. Reservoirs receiving inflow with low DSi
concentrations (I%¥ 0 ¢ M, Dongfeng, Mar ne, AuUuDbRyy valued Sol ir
comparable to mean open ocean diatom produiesv{D.60.8 mol Si nf yr') (Krause et al., 2011;
Nelson efal., 1995) The other modellerivedR .« values are similar to silicon uptake rates measured
in lakes and reservoirs. For example, siliceous productivities reported for Lake Michigan, Lake
Ontario, Lake Superior, Lake Myvatn (Iceland) and two natumgloundments on the Mississippi
River (Pepin and St. Croix) range from 0.5 to 7.1 mol Siym' (Opfergelt et al., 2011; Schelske,
1985; Triplett, 2008)while for the Three Gorges Reservoir they fall between 1.6 and 2.7 mat Si m
yr! (Ran et al., 2013). The higheBf.xv al ues ( OF @r', Anahce, €Ehampaubert and
Saguling reservoirs) are within the range of siliceous productivities measured in coastal upwelling

areas, where values can be as high as 416 mof $i'h(Brzezinski et al., 1997; Nelson et al., 1995)

Non-linear regression indicates that fRg,, values most strongly correlate with tinput fluxes of
DSi into the reservoirs. The following power relationship predigis &ross more than three orders

of magnitude (Figur8.3):

Rumax= 10.837 DSi,>%%° (R* = 0.83) (34)



Table 3.2: Fluxes and parameters of the mechanistic Si reservoir model (Figure 3.2). Details on the
fluxes and assumptions are given in the text (section 3.5).

literature sources.

Flux Default vale Range Reference

Fin1 DSi influx Reservoir specific  2.32x10 1 4.65x See Tabls.1

10 mol yrt
Fin3 PSiinflux 10% of DSi influx 0i 54% DSi influx Conley (1997); Harrison et al.
(2012); Ran et al. (2013);
Triplett et al. (2012)

Fio Biological DSi Rmax = calculated Rmaxsee Tabl8.3 Brzezinski et al. (1997); Donk

uptake using equation 6. K¢ 5x1077 0.05 and Kilham (1990); Michel et
Ks=0.005mol if  mol m? al. (2006); Znachor et al. (20123

Fa1 FreshPSi Ky = 3 yrt 0.21 40 yrt Loucaides et al. (2012); Van
dissolution Cappellen et al. (2002)

Fas Decay siliceous k3= 25 yr* 5-250 yrt Dai et al. (2009); Wetz et al.
biomass (2008)

Fas PSiageing plus  kgs= 10 yr* 5- 45 yrt Horn and Horn (2000)
sedimentation

F1 out DSi efflux from kg= 1/ Whisr Flvoutzlxlo7 T 4.47 x See Tablg.1; volume data
reservoir residence timein 10" mol yr? from Lehner et al. (2011)

years.

Fs out PSiefflux from kg= 1/ U Same as above Same as above
reservoir

Fa1 Dissolution ks = 0.01 yi* 0.002- 0.16 yr* Loucaides et al. (2012); Van
deposited SSi Cappellen et al. (2002)

F4,buried Permanent k4,buried= 0.002 yi’l NA Laruelle et al. (2009)
burial SSi
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Table 3.3: Maximum siliceous primary productivity (R, and predicted RSi retention {Rfor
reservoirs in the dataset. See text for detailed discussion.

Reservoir Rimax (Mol m? yr) Predicted R
Iron Gate 5.43 0.02
Amance 11.40 0.04
Hoa Binh 8.27 0.11
Lake Alexandrina 1.16 0.29
Dongfeng 0.51 0.04
Champaubert 10.60 0.11
Wujiangdu 4.00 0.15
Saguling 14.73 0.29
Aube 0.84 0.48
Marne 0.84 0.41
SolinaMyczowce 0.54 0.22
Seine 1.74 0.40
Falcon 0.81 0.21
Thac Ba 2.87 0.10
Lake Powell 1.45 0.16
Lake Mead 3.13 0.19
Three Gorges 2.64 0.06




whereR .« and DSi, are both given in mol jr (Note: theR,x Values in Table3.3 are converted to

units of mol yi* through multiplication with the corresponding resersirface areas given in Table

3.1). A positive correlation betweelR,,x and DSi, is not surprising: the higher the supply of
bioavailable Si to a reservoir, the more siliceous production can be sustained. Other factors are
expected to affed®na, however. These include temperature, light intgnsitrbidity, the availability

of other essential nutrients, such as phosphorus and nitrogen, and reservoir hydrodynamics. These
factors may in part explain the scatter seen in Figi&e

3.5.3 Sensitivity analysis

In order to analyze parameter sendifivof the mechanistic model, define the following
hypothetical, average reservoir, based on the information in Bahl&he reservoir is 10 years old

and has a volume of 6 R surface area of 210 krand a river discharge of 35 Rrylr'l (e, Q=

0.17 years). The inflow to the reservoir is assigned the global average river DSi concentration of
162.5 &M, according to the Gl oRi Ch database of
University of Hamburg, pers. comm.). From Equati@®)( an Rnax value of 6.0x18 mol yr' is
obtained. All other parameters are assigned the default values listed in3Palfkarameter values

are then doubled and halved in turn and the effects on the prelicted R: values quantified. The
results of tle sensitivity analysis are sumnmad in Table3.4. They reveal thaR,. is the most
sensitive parameter governing the mepieddicted values oRp, and Rz. Doubling (halving)Ryax

yields a percent increase (decreaselRpby 68% (138%). Thus, not unexpegdly, RSi retention in

reservoirs is highly sensitive to biological Si fixation.

In the above example, the computed DSi and RSi retentions are not sensitive to the age of the
reservoir in the range tested-4B years). The latter range, however, far edeethe water residence
time of the reservoir (0.17 years). In fact, right after dam clogyaendRi are quite sensitive to the
age of the reservoir (Figurgé4). When sediment starts to accumulate, retention of reactive Si is
initially relatively high. As the sediment builds up, dissolution of the SSi pool returns increasing
amounts of DSi to the water column, hence cauBigndRx to decrease. After about 1.5 years, the
R, andRy values stabilize. (Note: for reservoirs with longer water residen@stiintakes longer for
R, andRk to stabilize.

3.5.4 Monte Carlo analysis
The statistical and sensitivity analyses imply that RSi retention by river damming is most strongly

related to reservoir hydraulics and siliceous productivity. To accoutitddarge variability in these
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Table 3.4: Local sensitivity analysisesponses of fRand R, to doubling and halving of parameters in
mechanistic moel. Default parameters are listed in section 3.6.3. Defwl= 0.056 and R=
0.086. Percent change calculated as (default reteinsemnsitivity retention)/(default retention), and
S0 negative values indicate an increase in retention compared with the default.

Parameter Parameter description % change from dault Ry % change from defaultfR
(doubling, halving) (doubling, halving)

ko3 Decay siliceous biomasate  0.02,-0.03 0.01,-0.02
constant (yr)

ka4 PRSiageing plus -14.0, 14.6 -30.7, 32.0
sedimentatiomate constant
()

Ks Biological DSi uptak€half- 0.16,-0.09 0.06,-0.03
saturation constant) (molfh

K31 FreshPRSidissolutionrate 38.2,-24.0 13.7,-8.6
constant (yr)

Ka1 Dissolution deposited S&te 15.5,-8.3 9.2,-4.9
constant (yr)

K4 puried Permanent burial S$ate -0.16, 0.08 -0.10, 0.05
constant (yr)

Rmax Biological DSi uptake -137.9, 68.5 -49.6, 24.6
maximum rate constant (mol
m2yrh)

Fin3 PRSi influx (mol yi) 37.0,-18.5 54.8,-27.4
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Figure 3.3: Maximum siliceous productivity, R., for the 17 reservoirs used to calibrate the
mechanistic model, plotted against the DSi input. The solid line corresponds to Equation 3.4. Dashed
lines are 95% confidence intervals. Thg,Ralues are listed in Table 3.3.
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Figure 3.4: Retentions of DSi and RSi as a function of reservoirfager t he hypot heti cal
reservoir defined in sectidh5.3.
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reservoir characteristics, a Monte Carlo analysis ohtkehanistic Si cycling model was performed

by randomly varying the following variables within prescribed ranges:

f  volume (0.00% 180 knf),

1 reservoir age (0.5 100 years),

§  discharge (0.01 40 kn? yr),

1 DSiinflow concentration (301 500 & M) ,
1 PSiinflux (0.57 30% of DSi influx),

1

Rnax (Equation3.4 + one order of magnitude).

The above ranges were selected based on reported values in the literature, excluding obvious
outliers. Only variables for which parameter ranges could be quantitativelyainadtwere included
in the Monte Carlo analysis. The variables were further assumed to vary independently from one
another, although some of the variables may be weakly correlated. Once the values of reservoir
volume and discharge were selected, the wagsidence time was calculated @s= V/Q,,. The
simulations further allowed for the possibility of BSi export from the reservoir via the dam outflow.
(Note: in the baseline version of the model only DSi B&iare exported from the reservoir.) The
BSi dflux was calculated by multiplying the BSi concentration with the inverse of the water
residence time (as for the DSi aR8ieffluxes) and a randomly generated coefficient ranging from O
to 1. All other model parameters were assigned their default visgdtexs in Table3.2. The analysis

was carried out on 6000 model realizations.

The results of the Monte Carlo analysis are illustrated in FigiireAs expected, for any given
water residence time the computed total reactive Si reteRigvalues covea wide range (Figure
3.5A). The outlying values typically correspond to combinations of extreme reservoir characteristics.
For exampleRy values approaching 1 at the lower residence times are primarily associated with very
small reservoirs exhibiting éxemely high productivities (i.e., much higher than predicted with
Equation 3.4). Overall, mostR; values tend to fall between 0.03 and 0.5, with average values

increasing with increasing water residence time.

The Monte Carlo analysis further reveals atsgnatic variation of the relative contributions of
dissolved and particulate Si to total reactive Si retention, with increasing water residence time (Figure
3.5b). Short residence times result in a more efficient downstream exp&®igiroduced by in
reservoir siliceous production. Hence, at |gwreactive Si retention tends to be dominated by the

removal of inflowing DSi. AdJ increases, however, there is more time forRSeand SSi pools to



dissolve back to DSi. The relative cobtition of Ry to the total retention of reactive Si then

decreases, as seen for the mgueldicted averagey: Rk ratios (Figure3.5b).

The general trend dRz with respect to the water residence time was fittedatdous standard

curves (FiguréAB1 in Appendix B. The following power law relationship yielded the best fit:
Y mxtoet?®  (R°=0.31, p<0.0001) (35)

where(J is expressed in units of years. For consistency, a similar power law equation was fitted to

the DSi retention values generated by the Monte Carlo simulations:
Y mrwo Pt (R*=0.12, p<0.0001) (3.6)

(Note: TheR, values are showim Figure AR of Appendix B)
3.6 Global Si retention by river damming

3.6.1 Approach

The estimation of the global retentions of RSi and DSi by river damming assumes that Equations
(3.5) and 8.6) offer a reliable representation of reaetiSi dynamics imeservoirs. lemphasize that

the equations are not necessarily good predictors for any specific individual reservoir, but rather that
they provide a meaningful representation of the average behaviour of Si when considering a large
ensemble of reservoirsh€& equations are then appliedihe GRanDdatabase (Lehner et al., 2011),
which comprises informationn 6862 reservoirs and their associated dams. Note that the previous
global estimate of DSi retention in reservoirs by Harrison et al. (2012) was basbé earlier,

smaller subset of 822 reservoirs presenteldiyer and Doll (2004)The GRanD database stifies

several natural lakes as reservoirs if they are used as a primary water supply (e.g. Lake Ontario and
Lake Victoria). In order to ensure no natural lakes are included in the estimates given below, the
GRanD database was overlain with Lehner and D& s Gl obal Lakes and Wetl
(GLWD) levels 1 and 2 (large and small lakes). Water bodies appearing in both datasets were

removed from the calculations.

For each reservoir, the DSi input from the corresponding watershed was obtained froobtie Gl
NEWS-DSi model, using the prgam scenario (Beusen et al., 2009):

DSi, = W x SiY (3.7)
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whereDSi, is given in units of mol yt, W is the upstream watershed area?isted in the GRanD
database, and SiY is the DSi yield of the watershednits of mol Si krif yr’. Equation 3.7)
assumes a uniform DSi yield throughout a given catchitidautrison et al., 2012; Hartmann et al.,
2010; Jansen et al., 2010he amount of DSi retained annually in the reservoir was then obtained as

(see Equatiol.2):
DSiet = DSk T DShout = Rp % DSy (38)

whereRp was calculated with Equatidh6. Because Glob@llEWS only proviés DSi yields, it was
assumed that, globally, the river supply Rfbi equals 10% of that of DSi (see above). Thus, the

amount of reactive silica retained annually in a reservoir was computed as:
RSjet = RSj, T RShy = Rr X1.1xDSi, (3.9)

where Rz was calculated using Equati&b, and the 1.1 factor accounts for the 10% read®i8e
input. The water residence time used in Equat®bsand3.6 was derived from the discharge and
volume given in GRanD.

The frequency distribution of tHe; values alculated with EquatioB.5 for the GRanD reservoirs
are shown in Figur8.6. The distribution shows a positive skew towards lower retentions, with over
3000 reservoirs with RSi retentions between 0.1 and 0.2, followed by about 1600 reservoirs with
retentons between 0.2 and 0.3. The arithmetic meamh®Ry value is 0.20, that fdRy is 0.13. The
meanRpy: Rk ratio (0.13:020 = 0.65) is plotted as the solid horizontal line in FigREd. As can be
seen, reservoirs with water residence times less thayef@irltend to havBy:Ry ratios exceeding the

mean value, while the opposite is true for reservoirs with water residence times larger than 0.1 year.

The GRanD database accounts for at least 76% of the estimated global volume of reservoirs
worldwide, with tte bulk of the remaining 24% volume mainly including reservoirs less tharf ihkm
size (Lehner et al., 2011). The latter are typically associated with low RSi retentions @Fxuie
we assume that the reservoirs not included in the GRanD database receive on the order of 24% of the
global RSiinput and exhibit, on average, only half the retention efficiency of the GRanD reservoirs
(i.e., 10% rather than 20%,), then the missiegervoirs account for 12% of RSi retention by river
damming. A 12% extra contribution was therefore added to the total RSi retention computed for the

GRanD reservoirs.
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Figure 3.5: Monte Carloanalysis ofthe mechanistic model: a) RSi retentiongjRralues for 6000

model realizations versus the water residence time; JoRgRratios for the same 6000 model
realizations versus the water residence time. The dashed horizontal line on panel brodsrasthe
(arithmetic) mean RRg ratio (0.65), the solid horizontal line to the globally weightedRR ratio

(0.45). See text for more details. Inside each box on both panels, the solid line indicates the median,
the dashed line the mean value. Thiges of each box represent tiieahd 3 quartiles, and the
whiskers are standard deviations. Note that outliers are not shown in panel B.
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3.6.2 Global estimates

With the approach described in the previous section, global RSi and DSi retentions in reservoirs are
estimated to bequal to 372 Gmol ¥r (22.3 Tg SiQ yr'), and 163 Gmol yt (9.8 Tg SiQ yr),

respectively. The GlobalIEWS model yields a global DSi loading to watersheds of 6325 Grifol yr

for the predam scenario (Beusen et al. 2009). AssumingRigatoading eqals 10% that of DSi, a

corresponding RSi loading of 6957 Gmol'ys obtained. Thus, according to regtimates, 2.6% of

t he DSi and 5.3% of the RSi |l oadings to the world

The 95% confidence interval of thewer law forRg as a function of water residence time (i.e.,
Equation3.5) yields an error on the global RSi retention on the order of 1 GriolTyis relatively
small error indicates that the Monte Carlo analysis used to scale up the mechanisticomedel d
itself introduce a large uncertainty on the global estimation of reactive Si retention. The main sources
of uncertainty on the global estimates are associated with the calibration of the mechanistic model,
the inputs of dissolved Si predicted tine GlobalNEWS model| and the relative contribution &XSi

to the total RSi input to reservoirs.

The globally weighted?y:Rk ratio equals 0.45 (= 163/3001:372/3301), that is, a value markedly
different from the meay:Rk ratio (0.65 = 0.13:0.20). The ason is that global RSi retention is
skewed toward reservoirs with higher water residence times, which, in turn, fa@ouvetention
(Figure 35B). Little data are available to confirm the dominant roleP&i in global reactive Si
retention. To myknowledge, only the Si budgets for the Three Gorges Reservoir (Ran et al., 2013),
Lake St. Croix and Lake Pepin (Triplett et al., 2008) account for both DSP&ndFor these three
water bodies, the budgets imply tHa6i retention exceeds DSi retentian, line with our global

estimates.

My estimated DSi retention is about one quarter lower than the global reservoir DSi retention of
516 Gmol yi (31 Tg SiQ yr) proposed by Harrison et al. (2012). One major reason for the
difference is that Harrisonnd coworkers used a combined dataset including both lakes and
reservoirs.My analysis, however, shows that reservoirs are less efficient in retaining Si than lakes
(section 34). Combining both lentic systems may thus lead to an overestimation of Siaretent
reservoirs. In a recent study, Frings et al. (2014) der®®daccumulation rates for 30 lakes and
reservoirs from mass balance considerations. By multiplying the mean accumulation rate for the
reservoirs only with the global reservoir surface atkase authors obtained a RSi retention of 230

Gmol yr?, that is, a vle significantly lower than mgstimate. The RSi retention proposed by Frings
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and coworkers, however, depends on the extent to which the aR®agecumulation rate of 18

reservoirds representative of worldwid@Siretention in reservoirs.

With the mechanistic model presentedséction3.5it is possible to make additional gloksdale
estimations. For example, application of the model to the GRanD database yields a globalabiologi
Si production in reservoirs of 516 Gmol'yiCombined with the total surface area of reservoirs (3.7 x
10° ki, Lehner et al, 2011) this translates into a mean siliceous productivity of 1.4yl nThis
value is higher than the average open nagiatom productivity (0.6.8 mol n¥ yr*; Nelson et al.,
1995), but similar to Si fixation in mesotrophic Lake Michigan (1.16 miblymT; Schelske et al.,
1985). Furthermore, according to the model, globally 62% of the external input pleseivoir
production ofPSiredissolves to DSjTable 3.5) The latter estimate was obtained by calculating the
reactive Si recycling efficiencyRE) for each of the reservoirs in the GRanD data set as follows:

YO

primb (3.10)

f
The 62% estimate is of the same order of magnitude as reported Si recycling efficiencies for
individual lakes and reservoirs, including 65% for Lough Ng&ibkson, 1975; Gibson et al., 2000)

66% for a dam reservoir on the Marne River (Garpieal., 1999), and 55% for the Three Gorges
Reservoir (Ran et al., 2013).

3.7 Conclusions

The global impact of dams on river Si fluxes is estimated via a new approach that merges
biogeochemical modeling of reactive Si (RSi) cycling with data on reservoindgjelts. A Monte

Carlo analysis of the biogeochemical model yields a predictive relationship between reservoir RSi
retention and water residence time, which, when applied to the GRanD data set, allows us to estimate
global RSi retention by river damming. tAbugh the construction of dams represents a major
perturbation of the water cycle on the continents, the estimated retention of RSi in reservoirs is
relatively small, on the order of 5% of the RSi
the global rise in phosphorus and nitrogen loadings to surface waters even a small reduction in the
worldwide riverine flux of RSi may exacerbate ecological changes that can lead to eutrophication of
streams, lakes and the coastal zone. The modeling réstiisr imply that the building of dams may

turn former river stretches into hotspots for siliceous productivity, fuelled by the efficient recycling of
biogenic silica in reservoirs. By incorporating mechanistic knowledge of Si cycling, the proposed

appro@&h optimizes the extrapolation of the sparse data set on RSi retention in reservoirs to the global
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scale. Global retention in reservoirs of other nutrients, for example phosphorus, could in principle be

evaluated using a similar approach.

66



Table 3.5: Output of global silica retention model (Note: global reservoir surface area = 37 x 10
km?, Lehner et al., 2011).

Description Value
DSi retention (Gmoyr™) 163.5+2.2
DSi retention (Tg Si@yr?) 9.79+0.13
DSi retention rate (mol fyr™) 0.44
Global averag®, (arithmetic) 0.13

RSi retention(Gmol yr%) 372421
RSi retention (Tg Sigyr?) 22.29+1.26
RSi retention rate (mol yr?) 0.99
Global averag®&g (arithmetic) 0.20
Siliceous productivity (Gmoyr™) 516
Siliceous productivity (mol fyr™) 14
Recycling efficiency (%) 62
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Chapter 4

Gl obal phosphorus retention by

This chapter is modified from:

Maavara, T., Parsons, C.T., Ridenour,$kgjanovic, S., Durr, H.H., Powley,.R. and Van

Cappellen, P. (20385lobal phosphorus retention by river damming. Proc Natl Acad Sci U.S.A. 112,
1560315608.
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4.1 Summary

More than 70,000 large dams have been built worldwide. With growing water stredsraadd for
energy, this number will continue to increase in the foreseeable future. Damming greatly modifies the
ecological functioning of river systems. In particular, dam reservoirs sequester nutrient elements and,
hence, reduce their downstream transfe floodplains, lakes, wetlands and cedstnarine
environments. Here,duantify the global impact of dams on the riverine fluxes and speciation of the
limiting nutrient phosphorus (P), using a mechanistic modeling approach that accounts fer the in
resevoir biogeochemical transformations of P. According to the model calculations, the mass of total
P (TP) trapped in reservoirs nearly doubled between 1970 and 2000, reaching 42 &Gmolgf6

of the global river TP load in 2000. Because of therant sirge in dam building, project that by

2030 about 17% of the global river TP load will be sequestered in reservoir sediments. The largest
projected increases in TP and reactive P (RP) retention by damming will take place in Asia and South
America, especlly in the Yangtze, Mekong and Amazon drainage basins. Despite the large P
retention capacity of reservoirs, the export of RP from watersheds will continue to grow unless

additional measures are taken to curb anthropogenic P emissions.

4.2 Introduction

The sytematic damming of rivers began with the onset of the Industrial Revolution and peaked in the
period 195601980 (Vorosmarty et al., 1997; Zarfl et al., 2018¥ter slowing down during the 1990s,

the pace of dam building has recently risen again shé&@ill et al., 2015) As a consequence, the
number of hydroelectric dams with generating capael MW is expected to nearly double over the
next two decadeg¢Zarfl et al., 2015) The current surge in dam construction will increase the
proportion of rivers that are moderately to severely impacted by flow regulation from about 50% at
the end of the 20century to over 90% by 203@rill et al., 2015) Homogenization of river flow
regimes resulting from damng is a growing, worldwide phenomenon and has been invoked as one

of the reasons for the decline in freshwater biodive(Bioff et al., 2007)

Another major global driver of environmental change of river systems is enrichment by
anthropogenic nutrients, in particular phosphorus(@®yrell, 1998; Smil, 2000)Fertilizer use, soil
erosion and the discharge of wastewater have more than doubled the global P load to watersheds
compared to the inferred natural basel{@mpton et al., 2000; Filippelli, 2002; Meybeck, 1993;
Ruttenberg, 2003)Because P limits or eamits primary productivity of many aquatic ecosystems,

increased river fluxes of P habeen identified as a main cause of eutrophication of surface water
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bodies, including lakes and coastal marine environmé@tmley et al., 2009; Correll, 1998;
Schindler, 1977)River damming and P enrichment are interacting anthropogenic forcings, because
sediments accumulating in reseirgarap P and, thus, reduce the downstream transfer of P along the
river continuum(Friedl and Wlest, 2002; Harrison et al., 2010; Teodoru and Wehrli, 20083

raises the question to what extent P retention by daays afiset anthropogenic P enrichment of

rivers.

The number of published studies from which P retention efficiencies in dam reservoirs can be
obtained is small: an extensive literature search only yields useable data for 155 reservoirs (Dataset
S1, AppendixC), that is, less than 0.2% of the approximately 75,000 dam reservoirs larger than 0.1
km® (Lehner et al., 2011)The existing data nonetheless clearly show that even a single dam can
significantly alter the flow of P along a river. For example, danpounded Lake Kariba (Zambezi
River), Lake Diefenbaker (South Saskatuedtee wan
approximately 87%, 94% and 71% of their total P inflows, respect(iz@yald et al., 2015; Garnier
et al., 1999; Kunz et al., 20115or the 1 million krh Lake Winnipeg watershed, 28 reservoirs and
lakes accumulate over 90% of the total P I¢adnald et al., 2015)The global retention of P by
dams, however, remains poorly constrainéeérman et al., 2004; Mayorga et al., 2010; Van
Cappellen and Maavara, 201®revious estimations have simply applied a correctiotofdo river
P loads to represent retention by dgiBeusen et al., 2005; Harrison et al., 2005; Mackenzie et al.,
2002) This approach does not distinguish between the various chemical forms of P, nor does it
account for differences in reservoir hydraulics, or provide information about uncertainties on

retention estimates.

Here, Ifollow a mass balance modeling approach develdapdathapter 3o calculate the global
retention of nutrient silicon by danfMaavara et al., 2014he mass balance model represents the
key biogeochemical processes controlling P cycling in reservoirs (FiglireThe model separates
total phosphorus (TP) into the following pools: total dissolved P (TDP); particulate organic P (POP);
exchangeable P (EP); and unreactive particulate P (UPP). UPP consists mostly of crystalline
phosphate minerals that are inert @sarvoirr el ev ant ti mescales (O 100
inorganic and organic forms of P, while EP includes orthophosphate and organic P molecules sorbed
to or coprecipitated with oxides, clay minerals and organic matter. Reactive P (RP) is defihed as t

sum of TDP, EP and POP; it represents the potentially bioavailable fraction of TP.
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Figure 4.1: Mass balance model used to estimate retention of P in resefgirss the influx of the
i-th P pool into the reservoirF . the corresponding efflux out of the reservdii, represents P
fixation by primary productivityF,; represents mineralization of POP;; andF3; are the sorption
and desorption rates of dissolvedHp;,, is thepermanent burial flux of theth particulate P pool in
the reservoirds sedi ment s.
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Global predictive relationships for the retention of TP and RP in reservoirs are derived from a
Monte Carlo analysis of the model, which accountgpfmameter variability within expected ranges.
The relationships are applied to the reservoirs in the Global Reservoirs and Dams (GRanD) database
(Lehner et al., 2011)in order to estimate the sequestration of TP and RP by dams in each of the

major river basins of the world. Throughout, P retention efficiencies in a reservoir are defined as:
Y — 4.1)

whereRy is the fractional remntion of TP or RP, an,, and X, are the input and output fluxes of TP

or RP in units of mass per unit time. Annual amounts of TP and RP retained in a reservoir are then
calculated by multiplying thé&y values with the corresponding TP and RP inpukdk from the

dambés upstream water shed. T h-NEWS rmddel, evhich astineateso bt ai n e ¢
emission yields for dissolved inorganic P (DIP), dissolved organic P (DOP), and particulate P (PP), of

which 20% is assumed to be react{@ompton et al., 2000; Meybeck, 1982he GlobalNEWS

yield estimates are based on the biogeophysical characteristics, population decgigconomic

status, land use and climatic conditions within the drainage (dayorga et al., 2010)

Because the biogeochemical mass balance model explicitly represents -téservir
transformations between the different forms of P, it allows us ima&st how dams modify both the
total and reactive fluxes of P along riveWith the proposed approachreconstruct global TP and
RP retentions by dams in 1970 and 2000, and make projections for 2030. For thé daipey the
nutrient P loading trends developed for the four Millennium Ecosystem Assessment (MEA) scenarios
(Seitzinger et al., 2010The results illustrate the evolving role of damming in the continental P cycle
and, in particular, # ongoing geographical shift in P retention resulting from the current boom in

dam construction.
4.3 Results

4.3.1 P retention in dam reservoirs

Phosphorus retention in lakes and reservoirs correlates with the hydraulic residende)tiiBee(t

and Benjamin, 2008; Hejzlar et al., 2006; Kdiv et al., 20Atyordingly,T explains more than 45%

of the variability of theRrp andRrp values generated by 6000 Monte Carlo iterations of the B mas
balance model. The moddérived Rrp and Rrp values follow the equation originally proposed by

Vollenweider (1975Jor P retentionn natural lakes:
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Y p — (4.2)

wher e 0 -oider rate cofistamt slescribing P loss from the water column (see supplementary
material for a derivation of Equatieh2 ) . For TP retention in | akes
thickness of the photic zone and the average patrticle settling velocity (30, 32, 33inddorieast
squares regressions yield the foll owi AfgrRet ati st |
(p<0.05) and 0.754 yrfor Rgp (p<0.05). The hgher O value for TP refle
retention of UPP delivered to reservoirs, compared to the reactive P pools. The resulting difference
betweerRrp andRrpis highest for hydraulic residence times between 0.5 and 1 year.

Preferential accumation of UPP in reservoirs or, conversely, enhanced relative export of RP
from reservoirs, is supported by observatiddalviaCastellvi et al. (2001jound that cascades of
small dams in Luxembourg exhibit higher TP retention efficiencies than soluble reactive P, leading to
the stepwise increase in TP reaityi\after each consecutive dam passage. For 11 out of 16 reservoirs
in the Lake Winnipeg drainage basibponald et al. (2015%kimilarly found that retention of TP
exceeded that of TDP, suggesting that the presence of dams increases the reactive fraction of the

riverine P flux.

4.3.2 Global P retention by dams: 1970-2000

The global, modepredicted retention of TP for 2000 is 42 Gmot'yequivalent to 12% of the
worldwide river TP load of 349 Gmol y(Table4.1). The corresponding retention of RP amounts to
18 Gmol yi'. The global annual mass of TP retained in 2000 is almost doubie tt2f0 (22 Gmol
TP yrY), although global TP loading to rivers only increased by 12% over the same time interval.
Thus, the growth in TP (and RP) retention during the last three decades of ten@y primarily
reflects the increasing number of dafile volume of dam reservoirs rose from about 3000 in 1970
to almost 6000 krhin 2000 (Lehner et al., 2011)while the mean reservoir retention efficiencies
stayed nearly constarRpa 4 R¥3 4 3 %) .

During the 197@000 period, the 3.2 million Kmdrainage basin of the Mississippi River
remained the top P retaining catchment in the world (Figu@ssand4.2b, Table4.2, Dataset San
Appendix Q. In 2000, the 700 reservoirs of the Mississippi Rwatershed accounted for 5.2 and
5.4% of the global amounts of TP and RP retention by dams, respectively. Other drainage basins with
high TP and RP retentions included those of the Zambezi, Nile, Yangtze (Chang Jiang), Volga, and
Parana rivers. The higltentions in the drainage basins of the Zarthbed Volga are explained by a
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Table 4.1: Global retentions of total phosphorus (TP) and reactive phosphorus (RP) by dams, in years
1970, 2000 and 2030. The 2030 retentions are calculated by including the new hydraulic dams (>1
MW generating capacity) planned to be completed by 2030, and usipgojeeted 2030 TP and RP

river loads for the foumMMillennium Ecosystem AssessmerVIEA) scenarios: AM = Adapting
Mosaic, GO = Global Orchestration, OS = Order from Strength, and TG = TechnoGarden.

1970 2000 2030AM 2030GO 20300S 2030TG

Global river TP load (Gmol ¥ 312 349 366 384 372 380
Global river RP load (Gmol ¥ 113 133 151 175 159 169
TP retained (Gmol yf) 22 42 61 67 62 66

RP retained (Gmol ¥ 9 18 29 36 31 35

Fraction of global TP load retainer 7 12 17 17 17 17

(%)

Fraction of global RP load retaine 8 14 19 21 19 21

(%)
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Figure 4.2: Reactive phosphorus (RP) retention by dams in individual watersheds in (a) 1970, (b)
2000, and (c) 2030 under the Global Orchestration (GO) scenario. The 2030 RP retentions assume
that all dams currently planned or under constructiohbeilcompleted by 203arfl et al., 2015)

The GO scenario predicts the highest global river P load by 2030 and, hence, yields the largest
relative changes in P retention.



relatively small number of large reservoirs, including the 186 kake Kariba along the Zambezi
River, and thecascade of reservoirs on the Volga River, including the Volgograd, Rybinsk and

Kuybyshev Reservair each exceeding 25 &in volume.

4.3.3 Projected P retention by dams: 2030

Estimates of retention of P in dam reservoirs in 2030 are calculated by combining the four MEA
scenarioqSeitzingeret al., 2010)with the added retention capacity of new hydroelectric dams with
generation capacities O1 MW t haZafletale20ibyThg ect e d
corresponding global TP retentions fall between 61 and 67 Gmpbyrl7% of the global riverine

TP loads (Table.1). The RP retentions are in the range389Gmol yi*. Currently available global
projections of river dammingadnot include smaller reservoirs or reservoirs whose main function is

not electricity production. Myprojections are therefore likely at the lower end of the potential

increase in P retention by 2030.

Over the next 15 years, South America, central Africaj Southeast Asia will experience the
greatest growth in P retention by river damming (Figuge, Table4.2). By 2030, the largest single
increase in dam P retention will occur in the Yangtze basin, with up to 2.6 Gihohgre RP
retained behind 142 new dams. The Yangtze alone will then account for roughly a quarter of the
additional mass of RP retained globally. Large increases in TP and RP are also projected for the
drainage basins of the Mekong, Salween, and GaBgdsnaputra Rivers. In the Mekong River
basin, 121 new dams will increase RP retention by 0.7 Gnibl Together, the basins of the
Amazon, Parana and Tocantins Rivers in South America will retain an additional 0.7 GniRiP yr
because of the construction 616 new dams. In Africa, the Zaire and Zambezi river basins will
experience significant increases in P retention due to the construction of 30 new dams. The retention
of RP by dams in the basin of the Kura River, which empties into the Caspian SeajretreakE by

0.2 Gmol yi* upon completion of 14 new dams.

4.4 Discussion

Nutrient enrichment and damming are major anthropogenic pressures eifoodgtain systems and
receiving water bodies. By building dams, humans further modify the fluxeésspeciation of
nutrients along the river continuu¢rriedl and Wuiest, 2002; Maavara et al., 2014; Van Cappellen
and Maavara, 2016)n particular, retention in reservoirs can greatly reduce the delivery of P to

downstream areas and the coastal zone, influencing regional nutrient limitation patterns, trophic
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Table 4.2: Top 10 watershedsanked according to the annual mass of reactive phosphorus (RP)
retained in their dam reservoirs, for 1970, 2000, and 2030 (GO scenario). Number of reservoirs, river
RP load and RP retention are provided. An expanded list with the top 150 watersheds &0¢e

can be found in the Appendix C (Dataset S2). Only reservoirs listed in the GRanD database and, for
2030, reservoirs under construction or planned for completion by 2030, are included.

Rank  Watershed Number of RP load RP % retention
reservoirs  (10° retaned
mol/yr) (ac®
mol/yr)

1970
1 Mississippi 546 2700 1805 66.9
2 Volga 15 1423 676 47.5
3 Zambezi 13 734 390 53.1
4 Nile 7 581 376 64.7
5 St. Lawrence 162 1896 337 17.8
6 Dnepr 5 466 298 63.9
7 Yenisei 3 773 280 36.2
8 Niger 17 602 247 41.0
9 Zaire 6 2574 221 8.6
10 Ganges 43 6044 152 2.5

Brahmaputra
2000
1 Mississippi 700 1880 920 48.9
2 Zambezi 50 863 531 61.5
3 Volga 17 1320 500 37.9
4 Yangtze 358 3758 480 12.8
5 Parana 70 2410 357 14.8
6 Ganges 83 8961 322 3.6

Brahmaputra
7 Yenisei 6 840 267 31.8
8 Niger 52 687 262 38.1
9 Nile 10 624 239 38.3
10 Dnepr 6 438 202 46.1
2030 (GO scenario)
1 Yangtze 500 8327 2898 34.8
2 Mississippi 700 2294 1124 49.0
3 Parana 418 3912 676 17.3
4 Mekong 140 3283 650 19.8
5 Zambezi 65 884 649 73.4
6 Ganges 483 10 006 621 6.2

Brahmaputra
7 Niger 74 1422 568 39.9
8 Volga 17 1334 506 37.9
9 Zaire 20 2462 417 16.9
10 Huang He 51 1033 402 38.9
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conditions and food web dynami¢briedl and Wuest, 2002; Nixon, 2003; Teodoru and Wehrli,
2005) For example, the drop in primary production due to the-os@plete cessation of P suppdy t

the offshore Nile delta region, following the completion of the Aswan High Dam in 1964, is believed
to be at the origin of the collapse of the local fishery indu@tlixon, 2003) Here, lextend the
existing studies on indidual reservoirs and watersheds by performing spatially explicit assessments

of the global impacts of damming on the riverine P fluxes for the period 2030

PostWorld War Il dam construction was particularly intense in North America and Europe, with
more than one third of all dams globally located in the United States by(lLef0er et al., 2011)
The geographical hub of dam construction started to shift during the last 30 years &t teatRéy.
This trend continues to the present day, as new regional economies develop and the need for non
fossil fuetbased energy sources becomes more critical. Current anduhear damming hotspots
include western China, the Himalayas and Andes, Br8putheast Asia, and the Balkans, where
collectively more than 3000 major hydropower dams (>1 MW generating capacity) are under
construction or plannedGrill et al., 2015; Zarfl et al., 2015)As a consequence, the global
distribution of TP and RP retention by dams in th& @&intury will depart significantly from that of
the second halffahe 20" century.

The global river TP load has at least doubled sincehprean times(Compton et al., 2000;
Filippelli, 2002; Meybeck, 1982)That is, 50% or more of the average TP flux in rivers is now of
anthropogenic origin. In addition, anthropogenic sources deliver relatively more reactive P to rivers
than natural sourceCompton et al., 2000} rom an ecological health perspective, riverine RP is
more relevant than TP, because RP represents the P pool that is pptewntigdible for biological
assimilation. Although on average individual dam reservoirs retain more than 40% of the inflowing
TP and RP, river damming itself had not offset global anthropogenic P enrichment of rivers by the
end of the last century. In 200the modelpredicted worldwide retention of TP by dam reservoirs
only represented 12% of the global riverine TP load (T4ldlg because (1) not all TP entering rivers
passes through dam reservoirs, and (2) the majority of TP retention currently occmsier
reservoirs characterized by relatively short wate

relatively low retention efficiencies-{gure AC).

From 1970 to 2000, the fraction of the global river TP load sequestered in reservoirseithicrea
from 7 to 12% (Tablel.1). This increase is attributed to the construction of about 2500 new dams
during the last three decades of thd' 2@ntury, 65% of which have water residence times greater

than 6 months (16) and corresponding average TP retsnin excess of 25%Figure ACJ). By
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2030, the retained TP fraction is projected to rise up to 17% of the global river TP load,
notwithstanding the much higher number of dams (3782) projected to be built between 2000 and
2030. The more modest increasepwst2000 TP retention per dam, compared to the previous 30

year period, reflects the predominance of hydroelectric dams currently under construction or planned.
Hydropower reservoirs generally have shorter water residence times, and correspondingly lower
retention efficiencies, than reservoirs of similar size that are primarily used for irrigation or flood
control. Of the dams under construction or planned, 63% have reservoirs with water residence times
00.1 years (2). I n ¢ o mgraaurrestly included in they GRarD Hatabdse t h e
have water residence times O0.1 years.

The combined effects of anthropogenic nutrient enrichment and damming on P export fluxes to the
coastal zone are illustrated in Figur8. The decreases in TP and RP ekpetween 1970 and 2000
observed for Europe are mainly due to the approximately 10% drop in river TP loading following
legislation to curb phosphate use in detergents and upgrades to wastewater treatmehtgisigts
et al., 2009; Van Drecht etl., 2009) For the same time period, TP export in South America also
decreased. However, in this case, damming caused the decline in TP export, as anthropogenic TP
loading actually increased. In contrast to TP, RP export in South America increasetioff0 to
2000, because (1) RP made up much of the additional anthropogenic P released to rivers, and (2) RP
tends to be retained less efficiently than UPP in reservoirs. Little change in TP and RP export fluxes
are observed for North America, while in ather cases, TP and RP exports increased from 1970 to
2000. Thus, at the global scale, the accelerating anthropogenic P release to rivers during the last

decades of the #@entury exceeded the added retention capacity of new dams.

Among the four MEA sagarios, the Global Orchestration (GO) and Adapting Mosaic (AM) yield
the largest and lowest riverine TP and RP loads in 2030, respectively d@apléssuming that
either (1) no new dam construction takes place after 2000, or (2) all dams under donstmuct
planned will be completed by 2030, export fluxes calculated using the GO and AM river loads show
that, with the exception of Europe, North America and Australia plus Oceania, the building of new
dams in the 200Q030 period should reduce the expoftTP (Figure4.3 and Figure ACR For
Africa and Europe, TP export fluxes are predicted to be lower than in 2000, while for Asia, North
America and South America TP export fluxes under the AM scenario would remain close to their
2000 values. The currentirgie in dam construction would therefore appear to be able to largely offset

the ongoing and future increases in anthropogenic TP inputs to river systems.
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Figure 4.3: Changes in riverine export fluxes of (a) TP and (b) RP to the coastal zone, relative to the
corresponding 1970 values. Export fluxes are calculated by subtracting P retained by dam reservoirs
in a watershed from the raam river P load predicted by the G&-NEWS model. The 2030
scenarios with Ano new damso only account for
while the 2030 scenarios with Anew damso i ncl
completed by 2030, as compiled Barfl et al. (2015)
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The global export of RP follows a different trajectory, however (Figbk). In contrast to TP, even

with the construction of new dams, the 2030 export fluxes of RP for South America, Asia and
Australia and Oceania are predicted to substantially exceed the corresponding fluxes in 2000, even
under the AM scenario. These upward trends for RP are due pripdipétie fact that anthropogenic
sources are mostly delivering reactive P phases to river systems. Hence, for South America, Asia and
Australia and Oceania combined, the RP fraction of the river TP load is estimated to grow from 34%
in 2000 to 43% in 2030rherefore, in spite of the massive dam building activity now and in the near
future, global anthropogenic RP loading is projected to continue to outpace RP retention until at least
2030. Under the GO scenario, global RP export is expected to be 21%ihi@d&0 than in 2000.

Such a large global increase in RP export would likely further exacerbate cultural eutrophication of
surface water bodies.

My estimations of TP and RP retention in reservoirs imply that global river damming represents a
major arthropogenic perturbation of the continental P cycle. Dams also influence river fluxes of other
nutrients, including nitrogen and silicon ($Harrison et al., 2009; Maavara et al., 201B8&cause
retention efficiencies by reservoirs diff'om one nutrient element to anoti{&onald et al., 2015;
Maavara et al., 2014; Maavara et al., 2018#&) presence of dams may modify nutrient stoichiometry
along rivers and thereby affect nutrient limitation and femi dynamics in rivefed aquatic
ecosystems. The existing evidence suggests dams generally remove P more efficiently than N and Si
(Donald et al., 2015; Maavara et al., 20192amming could therefore be one factor explaining the
trend toward more widespread P limitation of coastal wddser et al., 2007; Howarth and Marino,
2006) Given the importance of P as a key, and often limiting, nutrient, as well as the rapid pace of
globd damming, there is an urgent need to better understand the effects of dams on riverine P fluxes,

and to fully determine the associated environmental impacts.

4 5 Materials and Methods

The biogeochemical processes controlling P cycling in surface water badieselatively well
understood. The existing knowledge base is thus used to build a P mass balance model that captures
the key transformations responsible for changes in P speciation between river inflow and dam outflow
(Figure4.1). Note that the model dg not account for spatial trends within a reservoir, or for sub
annual variability in P dynamics. It is not designed to provide a detailed representation of any
particular reservoir, but rather to perform fistler estimations of annual P sequestratipilams at

the river basin scale or higher.
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The model assumes that P is supplied to a reservoir via river inflow. For each of the P pools
considered in the model (TDP, POP, EP, and UPP), the input is computed as

O 0 YO | (4.3)

whereQ is the volumetric river dischargel ], the TP concentration of the inflow, atlf' the
fraction of species in inflowing TP. The fluxes redistributing P between the TDP, POP and EP
pools, the burial fluxes of the particulate forms of/R@&P and UPP, and the outflow fluxes of the
four pools of P are all assumed to obey finder kinetics with respect to the corresponding source
pool massBurial is definedas the transfer of P below the topmost, active surface layer of sediment,
where mineralization and desorption processes remobilize part of the deposited POP and EP. The
pools in Figure4.1 are therefore partly located within the water column and parthirvihe upper,

active sediment layer.

4.5.1 Monte Carlo analysis: Model parameters

The P mass balance model contains 13 adjuspavkmetersTable 4.3. Based on the available
literature, probability density functions (PDFs) are assigned to 11 parametiesfixeld values are
imposed to the remaining tw@able 4.3. Monte Carlo simulations are carried out by randomly
generating 6000 different parameter combinations from the imposed PDFs. Each individual model
run is performed with Rungkutta 4 integrationand 0.01 year time steps, for the length of time
elapsed since dam closure (i.e., if the dam is 20 years old, the model is 2000aime steps). e
modelpredictedRrp and Rgp values exhibit positive trends with the hydraulic residence tithe,
(Figure AC1) as expected from the literatuigrett and Benjamin, 2008; Hejzlar et al., 2006; Kdiv et
al., 2011) The trends are fitted to the classical Vollenweider model for P sequastiatiakes
(Equationd.2).

Details on how the parameter ranges and distributions are selected are given below. It is important
to emphasize that sectiods.1.1 through 4.%.4 deal with assigning values to the rate constants (in
yr') of the processamontrolling the cycling of P in reservoirs, not to the corresponding fluxes (in mol
yr’l). In the model, the effluxes out of the reservoir are inversely related to the water residence time,
that is, inreservoir fluxes (or rates) increase with water rexiddime as the corresponding processes
act overlonger time scales. In turn,dssume that the rate constants are independent of the water

residence time, in order to avoid duplication of the water residence time effect on the rates/fluxes.
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4.5.1.1 Permanent burial

The rate constant for burial of particulatekRya, IS the most sensitive parameter governing model
predicted TP retentionsSéction 4.5.8 The probability function assigned gy, iS obtained by
fitting a gamma function to burial rate constanéported for 61 lakes and reservoirs gathered from
literature sources (Tabke3). The resulting gamma distribution reproduces the observed rafyge of

values of theeservoirs included in Dataset @\ppendix Q.

4.5.1.2 Primary productivity

Phosphorus uptakend assimilation via primary productivitif{) is, in general, the main4reservoir
process leading to RP retention. The imposed randg,aé based on annually averaged, whole
reservoir primary production rategported inthe literature(Imboden and Géchter, 1978; Imboden,
1974; Maavara et al., 2014; Snodgrass and O'Melia, 19iti¢ that these rates are typically lower
than those derived from shdagrm microcosm incubation€otner and Wetzel, 1992; Hudson et al.,
2000) Thek,, range reproduces the TDP retentions and their corresponding TP retentions calculated
for the 16 reservoirs with available TDP budgets of DataséAfdendix C)

4.5.1.3 Mineralization

Mineralization of organic PFp;) is modded using a fixed value of 7 yifor the rate constankmines
based on the referencesTiable 4.3(Griffin and Ferrara, 1984; Katsev et al., 2006; Malmaeus et al.,
2006; Slomp and Van Cappellen, 200Results of themodel sensitivity analysisSgction 4.5.3,
Table 4.4 show no change (<0.1% difference) in model outcome for variatidggdrof £10%.

4.5.1.4 Sorption

Sorption and desorption cover a wide range of processes with widely different kinetics. The
sensitivity amlysis indicates thdr andRgp are relatively insensitive to the absolute values assigned
to the rate constanig., andkgesorn (Table 4.4, but rather depend on their ratio. Hence, the sorption
rate constant is fixed, while the desorption rate comstavaried over a sufficiently broad range in

order to simulate conditions ranging from net P sorptigi$Kiesor) t0 net desorptionk{o<Kgesor-

In general, phosphate sorption is stronger under oxygenated condit@mnéntithe absence of
oxygen (Katsev et al., 2006)As a first order approach to determine the likelihood thabtitom
watersof a reservoir become anoxicuse the average water depth: in analogy with lg&sham

and Boyce, 1989) assume that reservoirs with average water depth >7 m are more prone to undergo
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stratification and, hence, haveh@her potential for anoxia than shallower reservoirs. A lokygs
value (0.5 y1) is assigned when water depth >7m, and a higher value (3).5vwen water depth
O7m.

4.5.1.5 Riverine P inputs

The distribution of TP in world average river water3% TDP, 4% POP, 72% UPP and 15% EP
(Berner and Berner, 1995; Compton et al., 2000; Meybeck, 1982; Meybeck, TB88§ proportions
imply that, on average, about 20% of particulate P (PP) is reactive. Gamma probafiligns are
used to represent the proportions of the reactive pools of P delivered by rivers into resdtyoirs (

U"; values vary between 0 and 1, with mean vakesl to the wod average values given above.
4.5.2 Global phosphorus retention estimates

4.5.2.1 1970 and 2000 Retentions

To generate the 1970 and 2000 global TP and RPtiaterin reservoirs, Equatiodsl and4.2 are

scaled up by spatially intersecting the GRanD dataflad®ner et al., 201Wvith the 1970 and 2000

P river loads calculated by the GlotEWS model (Harrison ¢ al., 2010; Maavara et al., 2014;

Mayorga et al., 2010)or the 1970 calculations, all dams built in 1971 and later are removed from

t he GRanD database. For each reservoir, the TP

computed as
Xin,i =WxY (44)

whereX;,; is the TP or RP influx to reservaiin units of mol yI', Wis the upstream watershed area
(km?) listed in the GRanD database, anis the RP or TP yield of the watershed in units of mol P
km? yr'. Note that theY values in Equation.4 are obtained after inactivating the GloihEWS

mo d e | &isdarnirig Fubction.

Equation4.4 assumes uniform RP and TP yields throughout a given catch{iamnison et al.,
2012; Jansen et al., 2010jhe amounts of TP or RP retained annually in the reservoir are then

calculated as

Xreti = Xin,i | Xouti = Rx X Xin (4.9
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Table 4.3: Parameter ranges and distributions used in Monte Carlo analysis. PDF = probability distribution function. See texs.fofodetdiht
s values listed in the PDF parameter column are unrelated to the nutrient loss pasame&iguation 4.2.

Parameter Range Accuracy  PDF equation PDF parameters Assumptions/notes Ref.
Volume 0.001180 knt High Pareto: s =0.0556487, PDF fitted to GRanD database reservc (Lehner et al., 2011)
o — k = 1.39388, volume distribution, binned according
I p p O— d = 0 to FreedmasDiaconis rule.
Discharge 0.01:150 kn?yr*  High Pareto: s =0.0511971, PDF fitted to GRanD database reservc (Lehne et al., 2011)
o o — k =2.12464, discharge distribution, binned accordir
©w - p O— d = 0 to FreedmaiDiaconis rule.
Inflowing TP 0.00:800"M High Lognormal: ¢ = 15 . 1 PDF fitted to reservoir P budget Dataset STAppendix C)
concentration (1000:8x1G mol P .. T G = 1. 24 database according to Freedman
km'®) o Qon G Diaconis rule.
Proportion TDP  0-1 Moderate =~ Gamma: a=12,b=15 Gamma PDF constrained using world (Berner and Berner, 1995; Compton
(Uror) P & o average proportions of each species et al., 2000; Meybeck, 1982;
Proportion POP 6 w3 w a=0.8,b=1.0 (TDP =0.09, POP =0.04, EP =0.15, Meybeck, 1993)
(Uron) ¢m UPP = 0.72). Mean of Monte Carlo
Proportion EP a=3.0,b=1.0 outputswill equal these constrained
(U"ep) means, but full range of proportions
Proportion UPP Uupp =17 ( 'Gop+ "ddp+ "Ukp) N/A possible in outcome.
(UnUPP)
Kdesorb 0.01-2 yrt Low Uniform N/A Sorption is heldonstant while (Gorham and Boyce, 1989)
Ksorb 0.50r1.5yF Low N/A N/A desorption can vary. sk, is 1.5 yf* if
reservoir depth is less than or equal to
7m, and 0.5 yt if greater than 7m.
Kourial 0.01-60 yr* Moderate  Gamma: a=0.2,b=13 61 values, binned according to (Duras and Hejzlar, 2001; Imboden
P FreedmarDiaconis rule, crosschecked and Géchter, 1978; Imboden, 1974;
®3 0 © O for suitability of range against Dataset James and Barko, 1997; Krogerus a
S1 data. Ekholm, 2003; Larsen and Mercier,
1976; Moosmann et al., 2006;
Snodgrass and O'Melia, 1975)
Kup 0.08200 yr* Moderate  Uniform N/A Range constrained using literature (Imboden and Géachter, 1978;
values, checked against Dataset S1 di Imboden, 1974; Maavara et al., 201«
Snodgrass and O'Melia, 1975)
Reservoir ag 0.051000 years High Lognormal: ¢ = 3. 88 PDFfitted to GRanD database reservc (Lehner et al., 2011)
(i.e. model run , [o I (A 0 = 0. 46 agedistribution, binned according to
time) © % Vi Qan < FreedmarDiaconis rule.
Kminer 7 yrt Moderate  N/A N/A Model insensitive to changes in this (Cotner and Wetzel, 1992; Gorham

parameter.

and Boyce, 1989; Griffin and Ferrare
1984; Malmaeus et al., 2006; Slomp
and Van Cappellen, 2007)
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where Ry is definel by Equation 4.1Because GlobalEWS estimates the yields of dissolved
organic P (DOP), dissolved inorganic P (DIP) and particulate P (PP), the corresponding RP yield is
calculated as the sum of DOP and DIP, [20% of PRRCompton et al., 2000; Meybeck, 1982)

The GRanD database accounts for O7m®%orldwide.t he est i
The bulk of the reservoirs not included in the GRanD database are relatively small? il dine
(Lehner et al., 2011)Those reservoirs in the GRanD database that are smaller thah Hakena
median water residence time of O/8ars. Itherefore assume that the missing reservoirs receive
approximately 24% of the global riverine TP and RP inputs and have water residence times of 0.6
years. The missing reservoirs then account for aniadeit14 Gmol TP yt and 6 Gmol RP yt
retained in 200. For the 1970 calculationsassume the number of missing reservoirs is half that in
2000, because 1970 was roughly midway through the first\@¢ll boom in dam construction
(Grill et al., 2015; Zarfl et al., 2015) thus estimate that in 1970 the missing reservoirs account for an
additional 7 Gmol TP yf and 3 Gmol RP yt.

4.5.2.2 2030 Retentions

With the recently published database of hydroelectric dams under construction or arlhedal.,

2015; Zarfl et al., 2015}t is possible to estimate the projected increases in TP and RP retentions by
the year 2030, under the assumption that all planned dams will be con{@atket al., 2015) The
database contains 3782 dams with hydropower production capacities of 1 MW or greater. Projected
hydropower production capacities and dam discharges are givenfiret al. (2015)while reservoir
volumes are estimated using a linear regression between hydroelectric capacity and reservoir volume
established byrill et al. (2015) | overlay the global map of new reservoirs with the GlataWwWS

model output in order to estimate nutrient retention by the new dams constructed between 2000 and

2030, as done for existing reservoirs using the GRanD databa

| use the four Millennium Ecosystem Assessment scenarios as incorporated into theNGlMsal
model bySeizinger et al. (2010)As before, the GlobalEWS model is run after turning off the
built-in damming function. The four scenarios, TechnoGarden (TG), Global Orchestration (GO),
Adapting Mosaic (AM), and Order through Strength (OS), yield different riveaés depending on
whether society follows a proactive approach to environmental management (TG and AM) or a
reactive approach (OS and GO), and whether the world becomes increasingly globalizedd(GO an
TG) or regionalized (AM and Q{Garnier et al., 2010)
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The 3782 dams planned or under construction will be built on 344 rivers, that is, dam cascades are
the norm for the current surge damming. This is accounted for in the retention estimates by
applying, the following equation to all dam reservoirs in a watershed, except the nioshmpsne

(for which Equation 4.4s used),

(AR w w w O f (4.9
whereW,; is the catchment surface area of the reservoir immediately upstream of reisenadix;.
1.0utiS the TP or RP flux out of the reservoir immediately upstream of reservoir

4.5.3 Uncertainty and sensitivity analyses

To approximate the uncertainties giobal dam P retention estimates associated with tahamistic
modeling approach, fitted gamma functions to thierp and Rgp distributions produced by the 6000

Monte Carlo simulations of the modéligure ACJ. A second Monte Carlo analysis was then carried

out to calculate global P retentions in which, for each reservoir in GRanRNd Rrr values were
randomly selected from the corresponding gamma distributions. A total of 20 simulations were
carried outyielding 7% standard deviations on the average global TP and RP retentions. Note that
these relatively modest uncertainties do not account for the errors associated witheghstmotire,

the GlobalNEWS output and the GRanD databad&odel uncertairies on the global TP and RP
retentions of the 2030 MEA scenarios are +20% higher than those of 1970 and 2000, because dams
added between 2000 and 2030 tend to have shorter water residence times (9% hae y ear s) t
dams built before 2000. The +208fror estimate is based on the drop in goodné$is of Equation

4.2 when only using the results of the Monte Carlo analysi fmtween 0 and 2 years.

A sensitivity analysis is performed bydbyarying
+10%, and running 150 model iterations per parameter value. Discharge and volume (and therefore
surface area and depth) vary according to the ranges dridutisns described in Table 4.1 order
to quantify parameter sensitivity over a range of hytlc residence times. The sensitivity to the
proportions of the different pools making up the total river P load is assessed using Ariedilees
reflecting the range of uncertainty in global rivierexport to the oceans (Table ¥.Z0 test the
mokel 6s sensitivity to initial conditions,®? the ol

are compared to the global averages for rivers from the Global River Chemistry Database (GloRiCh).

For each set of 150 iterationByr and Rrp are plotted against the hydraulic residence time and
fitted to Equatior#.2 to determine the corresponding changes Results show that,i, and theU"
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values are the most sensitive model parameters. The imposed variations in initial condgemejrr
age, inflowing TP concentration and the other rate constants have little or no effdets and

generally somewhat larger effectsiRgp (Table 4.3.
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Table 4.4: Summary of the senaitty analysis of the mass balance P model. The calculated

responses refer to the relative change 1in
Parameter Default parameter Adjustment TP response RP response
inflow TP 7.4nM (GloRiCh +10% <0.1% <0.1%
concentration average)
Kgesorb 1yrt +10% +0.2% +1%
Ksorb 1yrt +10% +0.1% +1%
Kup 4 yrt +10% +0.5% +2%
Kpurial 2.6 yrt +10% +10% +9%
Kmin 7 yrt +10% +0.1% +0.5%
Reservoir age 40 yr =10 years <+0.1% <+0.1%
Species inflow POP =0.04, TDP = 0.09, All species =0.25 +14% +0.4%
proportions | UPP =0.72, EP =0.15 POP =0.04, TDP =0.05, -2.7% -9%

UPP =0.73, EP =0.18
Initial conditions 0 nmvi = GloRiCh averages <+0.1% +0.2%

= influx <0.1% +0.4%

t
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Chapter 5

Gl obal pertamrdganiioncafbon cycling by

This chapter is modified from:

Maavara, T., Lauerwald, R., Regnier, P. and Van Cappellen, P. (@0d¥) perturbation of organic
carbon gcling by river damming. NaturedIhmunication$: 15347
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5.1 Summary

The damming of rivers represents one of the mostefaching human modifications of the flows of

water and associated matter from land to sea. Dam reservoirs are hotspots of sediment accumulation,
primary productivity P) and carbon mineralizatiofR( along the river continuunterel show that

for the period 197@2030,global carbon mineralization in reservoirs exceeds carbon fixaBigR)(

the globalP/R ratio, however, varies significantly, from 0.20 to 0.58 because of the icigaage
distribution of dams. further estimate that at the start of the' Zkentury, inreservoir burial plus
mineralization eliminated 4.0@9 Tmol y* (48 = 11 Tg C yt) or 13% of total organic carbon (OC)

carried by rivers to the oceans. Because of the ongoing boom in dam building, in particular in
emerging economies, this value could rise ta#619 Tmol yi* (83 + 18 Tg C yi') or 19% by 2030.

5.2 Introduction

Rivers actas reactive conduits connecting the continental and oceanic carbon (C) cycles: they
annually deliver around 1.0 Pg C (83 Tmol) to the sea, about half under the form of total organic
carbon (OC)Battin et al., 2009; Cole et al., 2007; Regnier et al., 2013; Syvitski et al., 2005; Ver et
al.,, 1999) Humans, however, have profoundly altered the balance between carbon fixation,
mineralizdion and OC burial along the river continuum, not only by increasing the loadings of OC
and nutrients to rivers but also through the massive building of @aats et al., 2007; Grill et al.,
2015; Tranvik et al., 2009; Vitousek et al., 19%obally, there are over 16 million dams, with more
than ®,000 large dams having heights exceeding 18 ehner et al., 2011)Over the next few
decades, many new dams will be built, primarily for energy production. The number of large
hydroelectric dams, whicburrently represent about 20% of large dams, is expected to double in the
next 1520 yearqLehner et al., 2011; Zarfl et al., 2018)l the available eience suggests that river
damming significantly changes riverine OC export to the ofleagnier et al., 2013)

Upon dam closure, increased water residence time, improved light conditions, nutrient retention
and sediment trapping in the impounded reservoir amplify primary productivity and promote the
burial of autochthonousnd allochthonous OCDowning et al., 2008; Mendonca al., 2012a;
Mulholland and Elwood, 1982; Skalak et al., 20IB)e construction of a dam also causes flooding
and subsequent degradation of submerged biomass and soil organic matter within the reservoir
(Barros et al., 2011; Catalan et al., 2016; Fearnside, 19885e processes modify the downstream
transfer of OC and nutrients, and thus the trophic state of the river system, as indicated by the

decrease in pCbserved in many rivers after dam clos¢@arnie and Billen, 2007; Jones et al.,
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2003; Lauerwald et al., 2015; Wang et al., 206¥wever, the globadcale changes in riverine OC
fluxes due to damming remain poorly quantifi¢gdendonca et al., 2012aPpnly OC burial in the
largest 600700 reservoirs has been estimati®lhyorga et al., 2010Wwhile global estimations of in
reservoir photosynthetic carbon fixation améheralization are highly uncerta{Barros et al., 2011;
Cole et al., 2007; Regnier et al., 2013)

In this study, Ipresent a worldwide analysis of decadal trends in riverine OC fluxes that explicitly
accounts for reservoirs as a dynamic compartment of the C cycle on the corftiee@tgére et al.,

2015; Regnier et al., 2013)use a spatially explicit modelling approach to predict globatgervoir
primary production®), mineralization R) and burial of OC, from 1970 to 20560,order to assess the
evolving role of dams in the rivegnexport of OC to the oceanspredict that dams decreased OC
delivery to the oceans by 13% in 2000, with this value amirg to 19% by030. My analysis
further reveals that, during the period 12B0, worldwide reservoir respiration exceeds primary
production P<R), because of the continual addition of new dams. Should dam construction become
negligible after 2030, dam reservoirs abglobally become net autotrophic (i.23R) by the middle

of the century.
5.3 Methods

5.3.1 Dam databases

The Global Reservoirs and Dams (GRanD) database provides the most comprehensive compilation of
data on dams and reservoirs, including reservoir voleméace area, water discharge through the
dam, and date of dam closuilechner et al., 2011)GRanD includes reservoirs with surface areas
greater than 0.1 kfrand is near complete for reservoirs lardert 10 kri. The 6862 reservoirs in
GRanD(Lehner et al., 201Ijepresent 77% of the estimated global reservoir volume of 8089 km
Small reservoirs with surface areas down to 0.000% rkake up the remaing volume. Myglobal
estimates of carbon fixation, mineralization and burial for years 1970 and 2000 are based on the dams
listed in GRanD (with closure dates preceding either 1970 or 2000), hence including a much larger
number of reservoirs than previoestimates(Lehner and Doll, 2004; Seitzinger et al., 2005;
Vorésmarty et al., 2003Jor the 2030 and 2050 projections, GRanD is augmented witlathleade

compiled byZarfl et al. (2015)which contans over 3,700 hydroelectric dams with generating

capacities O 1 MW t hat anedtobeocomplaied by@d3Gdswnethdatr uct i on
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these dams will account for most of the increase in global reservoir volume in the first half ¢f the 21

Century.

5.3.2 Modelling approach

Dams under operation at the selected time points (1970, 2000, 2030 and 2050patedefxbm the

dam databasesakssume that all the dams in the databaséadt et al. (2015)will be completed by

2030, andhatthe ongoing dam building boom will end by 2030, beyond which no major further dam
construction will take placdn-reservoir organic carborOC) transformations and burial rates are
simulated using a simple, biogeochemical mass balance (or box) riiglele(5.). The parameters

of the kinetic expressions representing theeiservoir processes are assigned probability density
functions (PDF)hat t ake i nt o acc o-uandintrareservoir varability atdhtee r 6 s
annual timescale. The PDFs are derived from available data on photosynthetic C fixation, OC
mineralization and OC burial in lentic systems. A similar approach was privapied to predict
globalscale phosphorus and nutrient silicon retention in dam reserfddaavara et al., 2014;
Maavara et al., 2015b)

A virtual database of model reservoirs is generated by performing 6000 Monte Carlo (MC)
simulations with rate parameters selected randomly from their corresponding PDFs. From this virtual
database, global relationships are derived that predict burial, mineralizatibphotosynthesis rates
from the reservoirds hydraulic residenwald ti me.
database that includes existing reservoirs (GRahBhner et al., 2011 1970 and 2000and
reservoirs under construction or planned to be completed by(Za80 et al., 2015) Together with
the DOC and POC loads to reservoirs obtained from the GMBWS model, the burial,
mineralization, and photosynthesis fluxes in the reservoirs of all major watersheds worldwide are then
simulated for four selected time points (1970, 208180 and 2050). The MC analysis also yields

estimates of the uncertainties on the OC fluxes associated with parameter variability.

The GlobalNEWS model is well suited for the proposed modelling approach: it differentiates
between POC and @C, it implicitly accounts for irstream OC losses, and it has been used to
hindcast nutrient loads to watersheds in the years 1970 and 2000, and to forecast the 2030 and 2050
loads according to the Millennium Ecosystem Assessment (MA) scerfpfayrga et al., 2010;
Seitzinger et al., 2010¥lobatNEWS predicts sediment, OC and nutrient yields based on land use
and land cover (e.g., wetlandspopland, and grasslands), climate variables (including temperature

and precipitation), geomorphological parameters (including slope and lithology), and anthropogenic
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Figure 5.1: Mechanistic model of ineservoir organic carbon cycling.

94



alterations (including consumptive water usage). The MA scenarios are storylines for a future world
that will become either more globalized (Global Orchestration, GO, and TechnoGarden, TG) or
regionalized(Adapting Mosaic, AM, and Order from Strength, OS), and take either a proactive (TG
and AM) or reactive approach to environmental management (GO an(S@igjnger et al., 2010)

Each of he MA scenarios assumes changing land uses, climate regimes, and anthropogenic
perturbations, which in turn modify the fluxes of sediments, OC and nutrients delivered to river
systems.

A caveat of GlobaNEWS is the lack of representation of extreme bialyical events with a low
recurring probability but potentially large contributions to ldegn riverine fluxes. These events are
not captured by the GlobAIEWS model itself or by the observed data it was trained on. These
events can involve geomorphglo processes such as landslides, which mobilize the carbon stored in
the entire soil horizon plus the standing biomass. Such events, which can be related to extreme
weather phenomena (e.g. tropical cyclones) or earthquakes, have been described faickieepts
in the subtropics (e.g. TaiwarfWest et al., 201))and temperate regions (e.g. New Zeal@titton

et al., 2011) Their contributiosto OC mobilization at the global scale remain to be quantified.

In my modeling approach, reservoir infilling due sedimentation is not taken into account.
Vorésmarty et al. (1997¢stimate that sedimentation has reduced the volume of reservoirs in the
United States by up to 2 Rthat is, only ~0.2% of the total US reservoir volume. While reservoir
infilling may vary significantly from one reservoir to another, the effect of sediment accumulation on
water residence time likely represents a relatively minor source of uncertainty on the impact of dams

on the global riverine OC flux.

5.3.3 Mass balance model

The mass bafece model for irreservoir allochthonous and autochthonous OC cycling is shown in
Figure 5.1 Riverine inflow fluxes of allochthonous particulate and dissolved OC (POC and DOC) are
calculated by multiplying inflow concentrations (mol Rmby the river disharge Q, knt® yr)
through the dam. Assuming inflow of water to a reservoir exthal outflowthroughthe dam, values

for Q areretrieved from the GRanDatabaséglLehner et al., 2011)augmented withhie database of
hydroelectric dams oZarfl et al. (2015)for the 2030 and 2050 projections. Outflow fluxes of OC
through the damra obtained by multiplying the 4reservoir POC and DOC masses (mol) by the
flushing ratey (yr"), which is equal t@/V whereV is the reservoir volume in KiInThe key role of

(or its inverse, the water residence time) in material mass balance®woresis welestablished

(Maavara et al., 2014; Tranvik et al., 2009; olveider, 1975; Vérosmarty et al., 2003)
95



Except for primary production, the fluxeB,(mol yr') describing the imeservoir OC processes
assume firsbrder kinetics with respect to the mad4, (mol) of the OC pool from which the flux

originates:
O Q 0 (5.1)

wherek is the firstorder rate constant (y). Primary production of autochthonous PO ifol yr)
is assumed to be phosphorusited (Hecky andKilham, 1988; Schindler, 1977; Smith et al., 1999)

according to
0 0 — (5.2)

wherePais the maximum value d® under nutrient saturated condition§DJP] the concentration

of total dissolved phosphorus in the reservoir, Knthe halfsaturationTDP concentration. Foeach
reservoir and time point, TDP] is extracted from the previously published global reservoir
phosphorus modéMaavara et al., 2015bJhe mass balance equations for the various OC pools are
solved using the Rungg¢utta 4 integration scheme with 0-§&ar time steps, and run for the length

of time since dam closure (i.e. tife dam is 10 years old, the model is run for 1000 time steps).

5.3.4 Model parameterization

For each parameter value a probability density function (PDF) is derived from data reported in the
literature Table 5.). For the river inflow D@ concentration impos the gamma distribution
proposed bysobek et al. (200Mased on data for 7500 lakes. This is justified as the mean and range
of DOC concentrations in rivers are comparable to those observed in(Nd&gseck, 1988; Spitzy

and Leenheer, 1991for the inflow POC concentrations, a generalized Pareto distribution yields the
highest loglikelihood when fitted to the POC concentrationsicer by applying the GlobalEWS

loads and discharge values to the GRanD reserfoaisner et al., 2011; Mayorga et al., 2010)
Similarly, the PDFs for reservoir volume, discharge, latitude, altitude and age (i.e. years since dam
closure) are the functions that were found to best fit the observed distributions in the GRanD database
(Table 5.). Reservoirs in GBnD further yield the following relationship between surface &éa (

km?) and volume:

YO TR OT w8 (5.3)
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Table 5.1: Probability distribution functions (PDFs) used in the Mo@&rlo analysis. Note that

parameters a and b are unrelated to those used in Equations 5.8, 5.9 and 5.12, 5.13.

Parameter Range, units PDF equation PDF parameters Ref.
Volume () 0.001180 kn? Pareto: 5=0.0556487, (Lehner et al., 2011)
G — k=1.39388,
®w - p O— d=0
Discharge Q) 0.02-150 kn? yrt Pareto: $=0.0511971, (Lehner et al., 2011)
o & — k=2.12464,
®w - p O— d=0
Latitude -90.007 90.00° Normal: U= 35.5964, (Lehner et al., 2011)
: p . €=12.1614
[0V} —0Q
. Nt
Altitude -3371 4515 m Lognormal: 0=1.11179, (Lehner et al., 2011)
p .. 1D £ =5.71949
0w —Qwn
w M G,
Inflow DOC 0.001i 1x1® ppm  Gamma: a=1.218, (Sobek et al., 2007)
concentration P b=5.886
—w Q
w3 w
Inflow POC 01110 000 Pareto: 5=0.991719, (Lehner et al., 2011;
concentration o o — k=208.827, Mayorga et al., 2010)
©w - p O— d=0
Half-saturation  2.0x1071 6.3x1C Uniform N/A (Ahlgren, 1977, 1978;
constantKy) mol TDP km® Holm and Armstrong,
1981; Lehman, 1976;
Nalewajko and Lean,
1978; Nyholm, 1977;
Reynolds, 1988;
Tilman and Kilham,
1976; van Liere and
Mur, 1979)
Kour 17 15 yr? Uniform N/A (Dean and Gorham,
1998; Jargensen,
1976; Kastowski et al.
2011; Mulholland and
Elwood, 1982; Sobek
et al., 2009)
Koo 0.256i 1.825 yi* Normal: 0= 0.685027, (Catdan et al., 2016;
, p . €=0.174299 Hanson et al., 2014;
w I/I_C_Q Hanson et al., 2011)
Autochthonous 17 6 (unitless) Normal: u=1, (Catalan et al., 2016;
koo scaling factor . p . £=3 Koehler et al., 2012;
© o= Q Sobek et al., 2009)

97



In the MC analysisSAvalues fromEquation 3.lare multiplied by a random number between 0.1
and 10, thus allowing deviations in SA by + one order of magnitude Eeunation 3.11 computeSA
from V, rather than vice versa, becauses the primary size variable used to calculate the water

residence times in the tgzaling procedure.

Mineralization fluxes include the contributions of biological respiration processesvell as
photochemical degradatiofftianson et al., 2014; Hanson et al., 2011; Tranvik et al., 200@)
temperature dependence of the allochthonous POC and DOC mineralization (biological respiration
and photochemical degradation) rate constdgs.i., IS assumed to follow the same expression as
that derived by HansofHanson et al., 2014; Hanson et al., 20ft@jn a compilation of ecosystem
scale mineralization rates of allochthonous DOC in lakes:

~ ~

(I QI (54)

where T is the average water temperature (°&) is the rate constant at 20°C, addis a
dimensionless coefficient equal to 1.0Hanson et al., 2014¥he PDF ok, in Table 5.1is directly

derived from the data of Hanson et(@anson et al., 2014; Hanson et aD,11) While the samd;,

PDF is applied to both allochthonous DOC and RB@&nson et al., 2014}hek,, values for POC

and DOC are allowed to vary independently in the MC analysis. This approach allows for reactivities
of allochthonous POC that in some cases are higher, in others lower, than those of allochthonous
DOC, ashas been reported for lentic systei@ardoso et al., 2014; Ostajeeet al., 2009)

In-reservoir produced autochthonous OC tends to be more labile than allochthon{kisebler
et al., 2012; Sobek et al., 2009)he ky value for autochthonous OC is therefore multiplied by a
variable scaling factoAn average dimes higher autochthonolig, yields the best fit bmy model
predicted total carbon mineralization rate constants to the rate constants comilethloy et al.
(2016) across a wide range of aquatic ecosystems and climate danespture the range of the
Catalan et al. (2016ate constant dafavith the exception of 4 outliers, 3 of which are from the same
small streanis the autochthonous scaling facis assumed to follow a normal distribution between 1
and 6 Table 5.). With this range of the scaling factor, the megeherated total OC mineralization
rate constants reproduce the range of observed rate const@atalain et al. (201§Figure ADJ).
Becauseof its greater lability, autochthonous OC exported through a dam is assumed to be

mineralized before reaching a downstream reservoir.

The reservoir water temperatufés computed as a function of latitude and altitude follovitagt
and Rayner (1994)or 2030 and 2050, the average air temperature increasedqutduyFekete et

al. (2010)for each individual MA scenario are converted to reservoir water temperature increases
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using the relationship dfauerwald et al. (2015)and added to the temperature predicted with the
Hart and Rayner equatiomdble 5.2.

The half saturation constalds in Equation 5.4s represented by a uniform PDF ranging from 2.0
x 10" to 7.0 x 18 mol km® in units of total dissolved phosphor(&higren, 1977, 1978; Holm and
Armstrong, 1981; Lehmanl976; Nalewajko and Lean, 1978; Nyholm, 1977; Reynolds, 1988;
Tilman and Kilham, 1976; van Liere and Mur, 197%he maximum primary productioBmay in
Equation 5.2s estimated with:

0 6 0 w 0 © (55)
whereB is the average annual depithiegrated chlorophyll concentration in the reservoir (mg-achl
km™), Pcy is the maximum, annually integrated, chloroptsgkcific carbon fixation rate (mol C (mg
Chl-a)* yr'), M is a dimensionless metabolic correction factor for water temperaturd);aadhe
yearly proportion of icdree days. The value &y, is fixed at 0.15 mol C (mg CHal)* yr, which is
equivalent to 2.5 g C (g Claly* hr', assuming an annual averagfel2 hours daylight per 24 hours
(Behrenfeld and Falkowski, 1997a, b; Falkowski, 1981; Platt, 1986)s equal to 1 at water
temperatures O28AC, and decr ga2dlewisalt, 2011ptheer t em
duration of ice cover required to estimddeis calculated from latitude followingVilliams et al.
(2004) Bis updated in each model iteration using the relationship provid&gyayolds (20086)

8 h

6 — TRU— — ai

— 0 0 0 (5.6)

wherek; is the absorbance of photosynthetically active radiation (PAR) per unit of chlorophyll (fixed
at 0.014 A (mg Chta)* globally (Lewis Jr, 2011) PP/RP is the ratio of maximum gross
photosynthesis to algal respiration per unit chlorophyll, fixed afRéynolds and Maberly, 2002)
DL is the hours of daylight, fixed annually at 12um® per day(Reynolds, 2006)l, max IS the
maximumsitess peci f i ¢ P#)RIi{tleerRAR at the onset of photosaturation, fixed at 120
g mo I”? sYmReynolds, 2006)Z. is the reservoir mixing depth (m), am@, + Kq, + Kgq is the
nonalgal PAR attenuation (h1 The value ofl, max is calculated for each reservoir based on the
annually averaged latituelpecific values provided byewis Jr (2011)assuming linear interpolation
between the latitudinal bands provid&g;, is estimated based on the empiricahtienship with lake
fetch (Lewis Jr, 2011)where fetch is assumed beequal to the diameter of a circle with the same
area as the reservoir; PAR attenuation in pure wHtgr, is fixed at 0.13 m, PAR attenuation by

inorganic suspended piatlate matter (tripton)Ky, is fixed at 0.06 m, and that by dissolved
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organic matter (gilvin)Kqg, is calculated for each reservoir with the relationship proposdawis
Jr (2011)

[0} 181 pPm 1 TO66 ™Mtwl OB (5.7)

where POC] in ppm is generated using the same PDF as for infl@{] (Sobek et al., 2007A t-

test shows thaB values generated in the MC analysis are statistically indistinguishable (p < 0.05)
from values found in the literatu@ehrenfeld and Falkowski, 1997a; Lewis Jr, 2011; Reynolds,
2006)

The burial rate constariy,, is an effectie parameter describing the letegm retention of POC
with the sediments accumulating in the reservoir, that is, the POC that is not remineralized or
otherwise remobilized and export kgaggegates allthbe r eser
factors controlling the POC burial efficiency other than the water residence time, including
sedimentation rate, reservoir morphology (which controls deposition patterns), oxygen exposure time,
temperature, and sediment resuspension ey8otsek et al., 2009 he upper and lower bounds for
the uniform ke, distribution, 1 and 15 ¥r respectively, are based on published rate constants
(Jgrgensen, 197@nd values backalculated from gloal and regional datasets of OC accumulation
rates in lakes and reservoifPean and Gorham, 1998; Kastowski et al., 2011; Mulholland and
Elwood, 1982; Sobek et al., 200More studies quantifying burial rate constants in a diversity of
reservoir settings will be needed to further delineate the form dé,thEDF. The rate constafor
allochthonous POC solubilisation to DOC is kept fixed at 071 gs the model is insensitive to this
parameter (seBection 5.3.B(Rotter et al., 2008)

5.3.5 Global upscaling

Global regression relationships are obtained from the MC analysis by carrying out 6000 iterations
with the 1970 and 2000 parameter values each, plus 6000 additional iterations for each of the MA
scenarios in 2030 and 2050 taking into account the projected changes in air temgesatltdéime

points and MA scenarios considered, the water residencelimpegvides the best predictor for the

fate of allochthonous OC entering a reservoir. Theeservoir burial and mineralization fluxds,,

andF; min, produced by the MC simulations are fitted to
G e op — (58)

and
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G G op ———— (5.9)

where the subscript stands ér allochthonous POC or DOC (POC only in the case of burral),
stands for inflow,T is average annual reservoir water temperature (@ndb; are firstorder rate
coefficients describing loss due to burial and mineralization, respectively,aaadd b, are
dimensionless coefficients. The béistvalues ofU, b;, a andb; are given inTable AD1 Note that
Egs. (8) and Eq. (9) are formally similar to the equation deriveddignweider (19750 describe
phosphorus cycling in lakes, though scaled ajtandb; to account for the separation of loss fluxes

into mineralization and burial, rather than lumped together as in Volldnevei 6 s der i vati on.

The inflows of allochthonous DOC and POT}, , are estimated by spatially overlaying the
GRanD reservoirgLehner et al., 20119nto the GlobaNEWS watersheds. GlobAIEWS is used
because it generates spatially explicit riverine OC and phosphorus yields for the four MA scenarios.
The projected MA global average air temperature increases ard.0®T in 2030 and 1.28.11°C
in 2050, relative to 2000. These projections are siniitarthe temperature increases of the
Representative Concentration Pathways scenarios RCP4.0 and RER&52013) Reservoir water
temperature], is calculated for each reservoir in GRanD using the relationship with latitude and
altitude derived byHart and Rayner (1994)or the 2030 and 30 scenarios, an increase in water
temperature is added to each reservoir based on the average -EigdiE temperature increases
predicted byFekete et al. (2010)

All reservoirs are spatially routed to account fant$ that occur longitudinally in series, and dams
on tributaries as illustrated Figure 5.2 The total influx (mol yt) of allochthonous POC or DOC to

a reservoik is then given by:
"Op B O j w B w W (5.10)

whereB 'O j is the sum of the fluxes of allochthonous POC or DOC leaving all dams

immediately upstream of reservdiron tributaries 1 ta, W is the total upstream watershed area
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Watershed Wx:

i

Figure 5.2: Schenatic representation of the breakdown of a hypothetical watershed into the sub
watersheds that are hydrologically connected to the dam reservoirs in the watershed; k represents the
most downstream dam;Xkthe next dam upstream, and so on. The corresposdingatershed for

dam k is W, W, for dam k1, and so on. The figure helps explain the routing procedure described in

Equation 5.10.
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(km?), B o is the sum of the upstream watershed areas of &dmandY, is the POC or DOC
yield (mol km® yr") in the undammed® B & , watershed area downstream of daeis In
other words, the OC loads leaving all upstream reservoirs are added to the OC load entering the river

from its undammed upstream watersheeh.

In GlobatNEWS, carbon and nutrient loads from landscapes to rivers are empirically adjusted to
match the fluvial DOC and POC export fluxes measured at the mouldugye rivers. To reconcile
my estimates of OC elimination in reservoirs with theatved OC export fluxes the coastal ocean,
the GlobalNEWS allochthonous OC loads to rivers are recalibrate@nditial hypothesid impose
the original GlobaNEWS DOC and POC loads to calculater@éservoir elimination fluxes and
export fluxes tothe coastal ocean. The loads are then iteratively adjusted until they reproduce the
GlobatNEWS coastal OC export fluxes for 1970 and 2000. For the 2030 and 2050 scenarios, which
are based on projections rather than calibrated to ldapgly the same crection factor to any given
watershed as that for 2000. On average, the revised OC loads to watersheds difiigr xinBpo

from the original GlobaNEWS estimates.

The combined outputs of the MC analyses of reservoir OC and phosphorus models yield the
following relationship between -reservoir primary production?, and the inflow flux of total
dissolved phosphoru$PP,, (mol yr"):

0 Q8 8 YOO 8 (R’=0.48) (5.11)

where the uncertainty associated with each parametezsponds to + one standard deviation (see
Model sensitivity and uncertaintyEquation 5.11is then used in rationships of the form of
Equations 5.8 and 51 describe the fractions of-neservoir produced autochthonous OC that are
buried and minera&ed:

Q 0 Op —— (5.12)
and
QG 0 wp —— (5.13)

where the subscrigtstands for burial and mineralization of autochthonous OC. The values of the

parameters], b, a andb; are listed irTable AD1

10¢



The initial amount of degradable soil and biomass OC flooded after closure of & @Q&m,is
estimated from global saHiederer and Kochy, 2018nd biomass carbdiRuesch and Gibbs, 2008)

maps, scaled to the surface area of teemair. The decay of the flooded OC follows:
YO @ YO 0Q h (5.14)

wheret is the number of years since dam closurassume the same temperature function (i.e.,
— ) for kminnoos @S in Equation 5.4nd adjust the prinction coefficientk,o S0 as to reproduce
the decay time scale of flooded soil organic matter typically observed after dam closlifeygdrs)

(Barros et al., 2011; Teodoru et al., 20IM)e resulting expression is then:
Q & p P8I (5.15)

The Strahler stream orders of the GRanD reservbablé AD2 areestimated with the empirical
scaling law relating stream order to catchmemta derived by auerwald et al. (2015)This scaling
law is derived from the HydroSHEDS stream network f8ro8der streamand higheLehner and
Grill, 2013), and extrapolated for the two lowest stream orders that are not represented in
HydroSHEDS(Lauerwald et al., 2015)To test the validity of the scaling law,have compared
calculated stream orders with actual stream orders from the HydroSHEDS stream network for all
dammed str@ms and rivers in Europe (n=2192) and South America (n=1602), yielding statistically
significant R values of 0.90 and 0.87, respectively.

5.3.6 Model sensitivity and uncertainty

Sensitivity analyses are performed separately faegervoir allochthonous andtaahthonous OC

cycling. The effects on burial and mineralization fluxes of changing one parameter value at the time

are summarized iTables AD3 and AD4In most cases, the parameter is varied £10% from the
assigned fdAdefault o v asults e whigh aré Gothpared te tha buriab and , t he
mineralization fluxes obtained using the default value. Reservoir volume and discharge (and hence

water residence time) are varied according to the distributiorf@alie 5.1 Sensitivity to initial

conditionsis assessed by comparing the results of model runs with the initial reservoir DOC, POC

and TOC masses set equal to either 0 or Arid). Two reservoir ages are tested: 10 and 40 years.
Sensitivity to a 1°C increase in global air temperature is determvi@dh is equivalent to a water

temperature increase of 0.82°C. Not surprisingly, allochthonous and autochthonous OC burial fluxes

are most sensitive to the rate constant of blttiawhile mineralization fluxes are most sensitive to
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koo and latitude, iyen the dependence kf;, on temperature, which is in turn related to latitude, and
to a lesser degree, altitudeaples AD3 and AD#

A bootstrap analysis is used to estimate the uncertainties associated with primary prodictivity
calculated with Equion 5.11 sampling with replacement was conducted drawing 5000 samples from
the 6000 model runs generated in the Monte Carlo (MC) analysis, andtditeeghower law as in
Equation 5.11After 5000 iterations, the bootstrap analysis yields the standaiatida estinates for
each parameter in Equation 5.]When scaled up globally, the uncertainty Brtranslates into
uncertainties in the mineralization and burial fluxes of autochthonousf ©15%.

The total uncertainties in the global reservoir OC dudand mineralization are assessed as
follows. Burial and mineralization fluxes predicted by the 6000 MC iterations are binned according to
water residence times as shownFigure AD2 Gamma functions are fitted to the distributions of
fluxes in each binA second MC analysis is then carried out in which, for each GRanD reservoir, the
burial and mineralization fluxeare randomly selected from the gamma functions. A total of 20
simulations vyields +8% standard deviation on the global OC fluxes for allouhikoDOC
mineralization, +15% for allochthonous POC mineralization, and +12% for allochthonous burial. For
autochthonous OC fluxes, this analysis yields +2% and +3% standard deviation for mineralization
and burial fluxes, respectively. Combined with thé&%lerror associated with thedbatNEWS OC
loads to rivers, estimate uncertainties on the order of +23%, +30%, and +27%, for allochthonous
DOC mineralization, and allochthonous POC mineralization and burial, respectively. For the global
valuesof autocltthonous OC burial and mineralizatidrnestimate an uncertainty on the global fluxes
of £32% for mineralization and +33% for burial. The higher uncertainties for autochthonous OC
reflect the uncertainty in estimatesh{see above). Note that the estingatmcertainties in the burial
and mineralization fluxes are those associated with the mass balance modeling approach, and do not

account for inaccuracies and omissions in the GRanD or future dam databases.
5.4 Results and Discussion

5.4.1 Organic carbon cycling in reservoirs

The results for 1970 and 2000 record the impacts of the first boom in dam construction that began
after World War Il (Vérésmarty and Sahagian, 200@uring the last three decades of thé" 20
Century, the number of dams increased by more than 70%, while the total reservoir storage volume
increased from about 3500 to nearly 6200 Kithe global input of allochthonous OC to reservoirs

10¢



grew from 3.8 = 0.6 Tmol ¥r(46 Tg C yi") in 1970 to 6.6 + D Tmol yr* (79 Tg C yi') in 2000
(Figure 5.3), because of the doubling of the catchment area upstream of dams combined with the
rising anthropogenic OC loading to rivers. At the same timegservoir production of autochthonous

OC grew from 0.65 + 0.2@ 1.2 + 0.4 Tmol yt (7.8 to 14.4 Tg C yb). As expected, the larger
supply of allochthonous OC and higherr@servoir C fixation caused a significant increase in the
amount of OC trapped behind dams: frarh + 0.3 Tmol yi* (13 Tg C yi*) buried in1970 to 2.2 +

0.6 Tmol y* (26 Tg C yi') in 2000. In contrast, the estimated global OC mineralization rates in 1970
and 2000 are nearly identical, around-2.6 Tmol yi* (30-36 Tg C yi'). The reason is that in 1970

over 70% of iareservoir mineralizan was associated with the respiration of flooded biomass and
soil OC in recently impounded reservoirs. In the 1960s alone, 1405 GRanD dams were built
worldwide (Lehner et al., 2011 However, becausd the slowdown in dam construction toward the

end of the 20 Century, with just 405 GRanD dams completed in the 1990s, flooded OC contributed
only about 30% of reservoir mineralization in 2000.

The second boom in dam construction started shortly &fetutn of the 2’1Century(Zarfl et al.,
2015) The new dams, however, tend to have shorter water residence times than those built in the last
century because, for the majority of them, the primary purpose is hydropower production. Reservoirs
of hydroelectric dams typically have smaller volumes and faster flows than the storage reservoirs of
the 20 century. In 2000, the median water residetimme of reservoirs was about 8 months, for post
2000 dams it is on the order of 1 month. Of the dams under construction or planned to be completed
by 2030, 7% have water residence times under 5 days, compared with just 3% in 2000. As a result,
mean OC budl and mineralization efficiencies are predicted to be lower for the208§tdam
reservoirs. For instanceebtimate that, in 2000, 40 and 120648 + 0.16 and 0.14 + 0.04 Tmol*yr
of 0.65 = 0.20 Tmol y}) of autochthonous OC produced in reservoirsewsuried and mineralized,
respectively, compared to 32% and 1(@®8 + 0.32 and 0.30 + 0.10 Tmol'yof 3.0 + 0.60 Tmol yr
1 predicted for 2030. In turn, this implies an increase in the fraction of autochthonous OC &ednsferr
downstream of dams, froA8% (0.58 + 0.2 of 0.65 + 0.20 TmolYrin 2000 to 58%1.7 + 0.6 of 3.0
+ 0.6 Tmol yi) in 2030. The relatively small changes in OC fluxes between 2030 and 2050 are a
direct consequence of the assumption that damming stops after Rf3ough it is ulikely that
damming activity will cease abruptly, a slowing down in dam construction can be expected by 2030,
at which time fragmentation by dams will already affect more than 90% of the total river volume on
Earth(Grill et al., 2015)
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Figure 5.3: Globally integrated organic carbon (OC) budgets of reservoirs in 1970, 2000, 2030 and 2050 (Global Orchestration sltenario). A
fluxes are given in units of Tmol yrand roundd to 2 significant digits. Fluxes shown are the aggregated values for reservoirs worldwige. TOC
global influx of particulate organic carbon (POC) plus dissolved organic carbon (DOC) to dam reservoirs (note: the ocetilugepavoids

double counting OC passing through cascades of dams, see Figufe primary production. TOg: global effluxof POC plus DOC exiting

dam reservoirs, without double counting TOC that passes through multiple dams. Sulserigisrial; min: mineralization;flood: flooded
terrestrial biomass and soil organic carbaifip: allochthonous;auta autochthonousput outflow. Errors assigned to TQCreflect the
uncertainties associated with the GlobEWS model yield estimates. Other error estimates include those associated with the model
parameterization, upscaling, and errors in GlolBWS, see Methods. Pie ctwain top left of each panel represent the proportion of POC plus
DOC loaded to global rivers that passes through at least one dam (shown in light green) before reaching the coastal zone.
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Table 5.2: Summary of fluxes predicted in the model, and relevant global damming parameters. Note that several database entries have bee
removed in this analysis. These include Canadian oil sands tailings dams, barrages or davegsamith no proper reservoirs, including the
Farakka Barrage on the Ganges, and the five planned dams in Chilean Patagonia that have been cancelled.

Flux (Tmol yr?) or 1970 2000 2030 2030 2030 2030 2050 2050 2050 2050
parameter GO AM TG 0OS GO AM TG 0S
POC export to coast 11 12 11 12 11 11 11 11 11 11
DOC export to coast 13 14 14 14 14 14 14 14 14 14
POC load to watersheds 12 14 15 16 15 15 15 15 15 15
DOC load to watersheds 14 16 17 17 17 17 17 17 17 17
POC load to reservoirs 1.41.5 2.5 5.4 5.5 5.5 55 6.0 6.0 5.4 55
DOC load to reservoirs 2.32.4 4.1 9.4 6.8 9.5 6.9 7.6 7.6 9.3 9.0
Number of dams 39874393 6846 10547 10547 10547 10547 10547 10547 10547 10547
Totgl regrvoirvolume 33713573 6191 8503 8503 8503 8503 8503 8503 8503 8503
(km)

Dammed catchmentarea 2.2f 2.4 3.5 4.7 4.7 4.7 4.7 4.7 4.7 4.7 4.7
(10" km?)

Dammed % of total 17-18 27 36 36 36 36 36 36 36 36
catchment area

Air temperature increase N/A N/A 1.09 1.02 0.91 1.0 2.11 1.86 1.29 1.82
relative to year 2000

POGuur alo 0.751 081 1.7 3.3 35 3.4 3.4 3.3 3.3 3.2 3.4
POGour auto 0.260.28 0.48 0.98 0.88 0.93 0.91 1.0 1.0 0.94 0.91
POGur tot 1.01.1 2.2 4.3 4.4 4.3 4.3 4.3 4.3 4.1 4.3
POGhin.alo 0.0871 0.09 0.27 0.37 0.39 0.37 0.38 0.40 0.38 0.36 0.40
DOChin,alo 0.71-0.73 1.3 1.8 1.8 1.7 1.7 1.8 1.8 1.8 1.8
TOGhinauto 0.08 0.14 0.30 0.26 0.29 0.27 0.32 0.32 0.30 0.29
TOGhin flooded 2.4 0.74 2.7 2.7 2.7 2.7 0 0 0 0
TOGhin ot 3.3 2.5 5.2 5.2 5.1 5.1 2.5 2.5 2.5 2.5
P 0.630.67 1.2 3.0 2.7 2.9 2.8 3.1 3.1 2.9 2.8
TOC load to watersheds +  26-27 31 35 36 35 35 35 35 35 35
P

Total load eliminated 1.92.0 4.0 6.8 6.9 6.7 6.7 6.8 6.8 6.6 6.8
% eliminated 7 13 19 19 19 19 19 19 19 19
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5.4.2 Production versus mineralization

During the 197030 period, reservoinemainglobally net heterotrophic with OC mineralization

(R) exceeding primary productiorP) (Figure 5.3, Table 5.3. The globalP/R ratio, however, is

highly variable, with values ranging from 0.20 in 1970 to 0.58 in 2030. Thé’I&walue in 1970

reflects tle large contribution tdR of mineralization of flooded terrestrial OC behind recently
compl eted dams. Because flooded OC degrades on |
exponentially as the reservoir ag@arros et al., 2011; Catalan et al., 2Q1@pbal reservoilP/R

depends on the pace at which new dams are constructed. The 3763 dams currently under construction
or planned to be completed within the next two decades are expected to flood 80 Tmol (960 Tg C) of
degradable OC (segection 5.3 The exact timing of the degradation of the flooded OC is difficult to
predict as the completion dates for most of the namsdare uncertaifzarfl et al., 2015)| estimate

that on average roughly 2.7 Tmol (32 Tg C) of flooded OC will be mineralized annually ever th
20002030 period. If, as assumed in the 2050 projection, new dam construction becomes negligible
after 2030, the mineralization of flooded OC vélbw down rapidly and the global reservoR/R

ratio could climb to values exceeding 1, reaching 1.24 in 2050. That is, reservoirs could become net
autotrophic.

While mineralization of flooded OC has the greatest impact on the trophic state of a reservoir in
the years following dam closure, mineratina of OC derived from the upstream catchment and that
of OC produced in situ continue over the lifetime of the reservoir. On a global scale, mineralization of
allochthonous OC exceeds that of autochthonous OC by a factorlbf Fecause the input of
allochthonous OC is much greater thawdéservoir photosynthetic carbon fixation. Global reservoir
OC mineralizati on, however, is primarily driver
associated witthighe streamorders, i.e.with the larger rivers that receive the flow fronmany
tributaries Figure 5.4. In fact, mymodel predicts that, on average, for Strahler stream orders smaller
than 5, inreservoir productivity sustained by anthropogenic phosphorus loading exceeds

mineralization, i.e.P/R>1.

The predicted net mineralization fluxes of reservoirs (Re-,P) can be compared to reported
carbon evasion rates, as the latter are primarily driven-bgsiervoir OC mineralizatioiBarros et al.
(2011) estimate that reservoirs annually emit 4.2 Tmol of carbon to the atmosphere (51)Tg yr
Regnier et al. (2013)ropose a CPevasion of 26 Tmol y¥ (320 Tg C y') for lakes and reservoirs

combined. Correcting the latter value using a regionalized lake to reservoir surfaceratiea
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(Lehner and Ddll, 2004then yields a global evasion flux from reservoirs alone of 3.3 Tml (yi0

Tg C yr'). These C@evasionfluxes are of te same order of magnitude as mst mineralization
fluxes for the period 1972000 (13-2.6 Tmol yi* or 1632 Tg yi'). The CO, evasion flux from
reservoirs ofSt Louis et al. (2000)s much larger: 23 Tmol ¥r(280 Tg C yr'). Their estimate,
however, is based on a limited set of f&®asion rates that are scaled to a total reservoir surface area

of 1.5 million kmz, that is, more than three times the surface area of the GRanireserv

5.4.3 Organic carbon burial

Around 75% of OC accumulating in reservoir sediments is allochthonous. Reservoirs along large,
higherorder rivers are preferdat sites of OC accumulation:dstimate that more than half of OC
burial takes place in reservoios 8" order or higher rivers, although they only represent about 10%

of all reservoirs worldwide (Figur®.5). These reservoirs tend to intercept the rivers carrying the
highest OC loads. Globally, OC burial in reservoirs is expected to reach 4.3 + dl.3rFrt62 Tg C

yr'') by 2030, that is, a-fbld increase relative to 1970 (FiguBe3). The increase in OC burial
correlates with the growing number of dams and, to a lesser extent, the increasing OC loading to
rivers. The latter primarily reflects chaewyin land use and land cover tltatuseincreased soil
erosion(Regnier et al., 2013)

The predicted global net mineralization to burial ratio for reservoirs in 2000 is 1.1, which is
comparable to the value of 1.5 Q@ble et al. (2007)or inland waters. Nonetheless, ngjobal
reservoir OC burial fluxes tend to fall below previously published values. For exaviylslland
and Elwood (1982¢stimate that reservoirs globally accumulate 17 TridlofrOC (200 Tg C y#)
using burial rates from Europe and North Ameridean and Gorham (1998)ptain a value of 13
Tmol yr' (160 TgC yr') by extrapolating average values of sedimentation rate, OC concentration
and bulk density to the global resenveurface area, whiléhe similarly large estimate @tallard
(1998) of 24 Tmol yi* (290 Tg C yr') is calibrated using parameters from reservoirs in the United
States. The discrepancy is likeue to two reasons. First, nfiuxes only account for reservoirs in
the GRandLehner et al., 2011gndZarfl et al. (2015 ata bases and, hence, ignore the contributions
of the largg number of small reservoirs. Second, the earlier estimates rely on empirical extrapolations
from data on small numbers of reservoirs with uneven geographical coverage, mostly concentrated in
temperate climate zong#ulholland and Elwood, 1982; Pacala et al., 200%3 a result they
probably oveipredict burial OC rates, because they do not accaurthé high mineralization rates

in the tropics. Further note that the C burial rate-8fRg C yt* (837 250 Tmol yi') for reserwirs
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Figure 5.5: (a) Global OC burial (autochthonous + allochthonous) in dam reservoirs as a function of Strahler stream order. The ZR3®and 2
burial estimates correspond to the Global Orchestration (GO) Millennium Assessment (MA) scenario. (b) Distribution otalaing &o the
Strahler stream order on which they are located. Note that the number of dams in 2050 is assumed to be equal to tBatFabE3B.D2for
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reported bySyvitski et al. (2005)ncludes inoganic carbon, while mgstimates only account for OC

burial.

5.4.4 Regional hotspots

From 1970 ta2000, reservoirs in the Mississippi, Niger, and Ganges River basins buried most OC
(Figure5.6): together, they accounted for 31 and 25% of global OC burial by dams in 1970 and 2000,
respectively $upplementary Data) 1in 1970, the highest ireservoir OCelimination occurred in the
Mississippi River basin, where 192 GnwlOC (2.3 Tg C yr) were buried and 305 Gmol (3.7 Tg C

yr'Y) mineralized annually. By 2000, OC mineralization in reservoirs of the Paran4 and Zambezi River
basins overtook the MissisgipRiver basin. The estimated 631 Gmot ¢7.6 Tg C yi') mineralized

in 70 dam reservoirs along the Parana River and its tributaries in year 2000 reflect degradation of
flooded material following construction of new dams at the end of tHe@btury, including the 11

km long Eng Sérgio Motta Dam. The high mineralization in the Zambezi basin is due in large part to
Lake Kari ba, the worldés | argest reservoir by
the basins of the Danube in fBpe, the Ganges and Mekong in central and Southeast Asia, the
Yenisei in Russia, the large Chinese rivers, and the Tocantins in South America. The OC burial
hotspots generally coincide with OC mineralization hotspots (Figie One notable exception is

the Mackenzie River basin where in 1970 relatively low OC burial fluxes coexisted with high OC
mineralization rates. The latter are explained by the large pulse in mineralization of ftmdded

and biomassin Williston Lake, the seventh largest ressrvglobally by volume, following
completion of the W.A.C. Bennett Dam in 1968.

Damming is increasingly focused in river catchments of Asia, South America, Africa and the
Balkans Figure 5.7. The Amazon, Yangtze and Ganges basins are expected to temgrimary
hotspots for reservoir OC burial and mineralization. In the Amazon basin, with the planned
completion of 184 new dams by 2030, OC burial will increaséoBBto 290 Gmol yt* (3.5 Tg C yt
1), or 7% of global reservoir OC accumulation. For Wengtze River basin, the estimated 2030
reservoir OC burial and mineralization fluxes are 172 and 152 GMdRyt and 1.8 Tg C ¥i). The
corresponding total OC removal by reservoirs (172 + 152 = 324 Griplagrees well with the
reduction in riveringDC flux since the 1950s of 408 + 158 Gmol yderived independently hyi et
al. (2015)using sediment core data from the lower reaches of the Yangtze River. These authors
ascribe the drop in OC flux to the constrantiof dams in the Yangtze River basin, whicirted in
the 1950s. Note thatuse my estimate for 2030 rather than 2000, in order to account for the very
large dams built after 2000, including the Three Gorges Reservoir dam.
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Figure 5.6: Mineralization and burial fluxes of OC in reservoirs of the main river basins of the world,
for 1970 (a and b), 2000 (c and d), and 2030 GO scenario (e and f), in units of Gnia gstimate

the 2030 mineralization fluxes of flooded OC for dams without defined completion dates or
completion dates that can be estimatedebasn start dates (n = 2925),randomly assigned
completion dates to evenly space dam closures over time between 2000 and 2QR@ceftaenty
associated with this procedure does not substantially affect the 2030 spatial trends.
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The Congo (Zaire) basimay experience a major surge in dam construction over the ne3® 20
years. Of the 15 new dams planned or under construction, the most notdldepispgosed Grah
Inga Dam, which could surpass the Three Gorges Dam in terms of hydroelectric generating capacity.
When built, the new reservoirs in the Congo basin would collectively bury and mineralize on the
order of 68 and 113 Gmol y1(0.82 and 1.4'g C yr"), respectively. New dams in the basins of the
Mekong, Parana, Salween and Tocantins rivers are also predicted to contribute substantially to
reservoir OC respiration in 2030, largely as a result of the degradation of recently flooded soil and
biomass OC (Figur®.6, Supplementary Data 1lcreases to OC mineralization fluxes in tropical
reservoirs are also expected between 2000 and 2030 due to warmer water tempeaetiatdsrly in
the 010°S latitude band~jgure AD3.

Most existing regionakarbon flux estimations for inland water bodies do not separate dam
reservoirs from lakes. Hence, the corresponding fluxes provide upperthiaits cancomparewith
my values for reservoirs alonEor instance, the U.S. Climate Change Science Proffacala et al.,
2007) estimatethat inland waters in North America buried 1.9 Tmot {23 Tg C yi') in 2003. As
expectedmy reservoironly OC burial flux for North America in 2000 is sfter, on the order of 0.3
Tmol yr'. Similarly, in Russia, where reservoirs make up around 12% of the total inland water
surface areglLauerwald et al., 2015; Lehner and Ddll, 2004)y estimate of irreservoir net
mineralization represents about 13% of th&ue of 0.98 Tmol yt (12 Tg C yi) reported byDolman

et al. (2012¥or all Russian inland waters together.

5.4.5 Organic carbon export to the global coastal zone

Damreservoirs modify the riverine export of OC to the coastal ocean: primary production adds new
OC to the river system, while burial and mineralization eliminate OC. At the global scale, dams
represent a net sink for riverine OC, as burial and mineralizafi@llochthonous and autochthonous
OC together exceed-ieservoir production for the entire 192050 period. The evolution over time
of the gl obal reservoir OC sink is <c¢closely rela
catchment area locategstream of dams: 18% in 1970, 27% in 2000, and 36% in 2030 and 2050
(Table 5.3, which in turn determines the proportion of the global OC load that enters dam reservoirs
(Figure5.1). As more and more catchment area leads into dam reservoirs, an mcpeaportion of
riverine OC is eliminated. In particular, the larger dams in lowland areas near the coast have the
greatest potential to eliminate OC as they intercept the loads generated throughout the catchment.
These dams thus play a disproportionaike in OC burial and mineralization along the aquatic
continuum.
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According tomy calculations, in 2000, dams lowered the OC export to the global coastal zone via
rivers by 13%: 7% through sequestration of OC in reservoir sediments and 6% thra@agerwir
mineralization Table 5.3. For comparison, for the same period, dams decreased riverine export of
reactive silicon and phosphorus by only 5 and 12%, respec{Mggvara et al., 2014; Maavara et
al., 2015b) All other factors equal, by eliminating OC more efficiently than nutrients, river damming
should enhance carbon fixation over mineralization in the receiving waters. With the ongoing rise in
the rumber of dams, riverine OC export in 2030 could be 19% lower thannéwalams were built
after 2000 (12% due to burial and 7% to mineralization). Therefore, in all but one of the MA
scenarios, the current boom in dam construction could even causdexreztise in OC export to the
coastal zone between 2000 and 2030, despite the increased anthropogenic loading of OC to
watershedsTable 5.2. Through its large impact on the delivery of riverine OC, damming therefore
represents a major anthropogefurcing on the trophic conditions and carbon balance of the coastal

ocean.



Chapter 6

Ri ver damming: Driver or inhibitor o
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6.1 Summary

In thischapterl calculate the dardriven changes to N:P:Si ratios delivered from rivers to coastal
zones worldwide, for year 1970, 2000 and 2050. To differentiate between the temporal changes
from anthropogenic nutrient loading and river damming, | compared résutisscenarioswith

dams and scenarida which all dams are removed from the river network. In gené&rak
eliminatedmost efficiently from the water column, followed by Si, followed by T¥ends in
anthropogenic nutrient loading suggest that N:P ratios apeedsing over time. Damming
therefore mitigates the consequential increase -limidation, to some extent. Results further
indicate that in Rimited rivers, damming serves to protect againdiritation via preferential
elimination of P. This was thdominant situation in year 2000. By 2050, whed#irhitation will
increase in prominence, the subsequent occurrence -tifniition will increase, due to

preferential elimination of Si from N in dam reservoirs.

6.2 Coastal nutrient ratios

Humannutrient enriciment of rivergepresenta global threat to coastal ecosyssddnderson et

al., 2008; Anderson et al., 2002; Cloern, 2004creasednthropogenit¢oading of the nutrient
elements phosphorus (P) and nitrogen &k causingsevere coastal eutrophication worldwide
(Nixon, 1995) Changes in the relatiteadings of nutrients may further greatly alter the structure

of coastal ecosystems. For example, when the availability of P and N increases relative to that of
nutrient silicon (Si),coastal diatom commuimss, whch rely on the supply of riverine Si for
growth (Billen and Garnier, 2007; Officer and Ryther, 1988jay beoutcompeted by non
siliceousplankton, including dinoflagellaseand cyanobacteriaence promoting thcidence of
harmful algal bloom¢Billen et al., 1991; Garnier et al., 2010)

Another major human perturbatief river systems is damming/e arenow in the midst of
the largest boom in dam construction since the decades following the Second Woflahier
et al.,, 2011; Zarfl et al.,, 2015Efforts to catalogueongoing dam buildingestimate that
approximately 3700 hydroelectric dams with generating capacities of 1 MW or greater are
currently under construction gelannedto be completed by 203Geffectively dobling the
number ofhydroelectric dams in thisategory(Grill et al., 2015; Zarfl et al., 2015By 2030up
to 93% of rivers on Earth will be fragmented by da@sill et al., 2015) Damming modifies
nutrient fluxes along the river continuugiriedl and Wiest, 2002)For instance, burial of
reactive Si in sediments accumulating withieseroirs may exacerbate Siimitation in
downstream water bodi€slumborg et al., 2000; Humborg et al., 1997; Ittekkot et al., 2000)



contrast toP and N which have large anthropogenic sources, the supply of Si to rivers depends

primarily onslow, naturalrock weatheringprocesse$Struyf et al., 2009; Turner et al., 2003)

In Chapter 3 and 4duantifiedtheimpacts of river dammip onthe fluxes of nutrient Bnd Si
delivered to the coastal zonemd a concurrent study has quantified the impacts of damming on
N fluxes (Akbarzadeh et al., in pparation for submission to PNAS; Maavara et al., 2014;
Maavara et al., 2015bj\ccording to thesstudies, dams on average reduce the riverine flokes
reactiveSi (RSi = dissolved Si + reactér particulate Jj reactiveP (RP = total dissolved P +
reactive particulate )P and total N (TN)by 21, 43 and 12%, respectivelgimilar preferential
elimination of P over Si, andf Si over N hasbeenreported folindividual reservoirgBartoszek
and Koszelnik, 2016; Donald et al., 2015; Garnier et al., 1999; Grantz et al., 2014; Maavara et al.,
2015a) Damming alone would thus increase ti# and N:Si ratios delivered thewor | d 6 s
coastal zone Primary productivity inunperturbedcoastalenvironments tends to b limited,
that is,the availability of N, rather than P or Si, controls the extent of algal gr@¥atvarth and
Marino, 2006) The changesn relative riverine nutrient supplietue todammingtherefore have

the potential to reduce N limitation of coastal productivity

In this study,l analyzehow anthropogenic nutrient enrichment and damming are changing
TN:RP:RSi ratios exportedrom watershesl to the coastal zone. In particularexamine the
hypothesis that nutrient processing in reservoirs may increase N:P and N:Si in river water
discharged to coasts. To thisce| calculatespatially explicit ™N:RP:RSi ratiosof river water
reaching the lad-ocean interfaceand compare those to the Redfi@dzezinski molar ratios
(C:N:P:Si = 106:15:1:20), which describe nutrient uptake by marine phytoplafitaezinski,

1985; Conley et al., 1989; Redfield, 193Fhe nutrient species included imy ratios include
species that are bioavailable or can easily become bioavailable to coastal phytoplankton
communities Previous global analyses of ratios in river discharge delivered to the coastal zone
use raibs of dissolved Si (DSi) to total P (TP) to TN log@arnier et al., 2010)This approach
compares species of vastly different reatigi (e.g. highly bioavailable DSi with unreactive
detrital mineral P), and excludes reactive pools like reactive particulat€h8i.effects of
dammingon individual riverine ntrient fluxes are derived fromingleelement (P, N, and Si)
modelspresentedn Chapters 3 and dAkbarzadeh et al., in preparation for submission to PNAS;
Maavara et al., 2014; Maavara et al., 2015lperform the calculationfor the years1970,2000

and 2®0 using existing anglanned dams that anecludedin available databas€kehner et al.,

2011; Zarfl et al., 2015)To distinguish between the effects of river damming enanging
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anthropgenic nutrient loads oN:P:Si ratios] examine hypothetical scenarimswhich damsare

removed or ntrient loads kept constant.

The results show that damming does decrease the prevalencdirnitddion in river water
delivered to coastal zones, relative to undammed conditions (6dbleFor year 2000, results
show that 32,000 kinyr™ of river dischage, or 90% of the 35,800 Rnyr* estimated global
discharge, is more-knited in the scenario with damming than in the scenario where dams are
excluded, due to preferential elimination of P over N in reservoirs. Despite the widespread shift
towards Plimitation, the presence of dams causes only 123ykin(0.35%) of river discharge to
coasts to cross the 16:1 N:P threshold frodinhitation into Rlimitation. With dams, 861 krh
yr' (2.4%) of coastal zones receivelizited water, without dams, 985 Rrgr™ (2.8%).

The temporal changes indicate that anthropogenic nutrient emissions and river damming have
opposite effects on N:P ratios delivered to coastal zones: nutrient emissions are driving N:P ratios
down, while damming drives these ratios up. Tktem of the modulating effect of damming on
N:P ratios is dependent on the number of dams worldwide, and thus increases over time (Figure
6.1). Our estimations project that in 2050, 2760° km® (8%) river discharge to coastal zones
receive Nlimited waer, compared with 4980 Kiyr™ (14%) in the nedam scenario. The higher
year 2050 nadlam prominence of Mmitation than in year 2000 indicates that the overall
anthropogenic emissions of TN are increasing at a greater rate thdmd&Bamdriven rise in
N:P modulates, to some extent, the decreasing N:P caused by disproportionate increases in P
emissions, resulting in only a small increase in the global proportion of coastal zones receiving N
limited discharge between 2000 and 2050 (Figute The globlN:P ratioof riversdischarging
to the coasts is 16 in year 2050, or s threshold for Nimitation. Without dams, this ratio
would be 13, clearly Nimited.

The concurrent effects of anthropogenic nutrientssions and river damming on N:P ratios
play a critical role in determining whether coastal river discharge will additionally beceme Si
limited. Coastal zones receiving river water with N:P ratios greater thani6i{@d) generally
tend t o b é&omfSdimiatior by tiverdl@amming, because mfeferential retention of P
over Si in reservoirs, which drives Si:P ratios tihis is evident in the year 2000liRmited
discharge, where more discharge is alstinsited in the nedams scenario than ihé& scenario
with dams.On the other hand, coastal zones receiving river water with Nd2 betlow 16 (N
limited) have a tendency to shift towardsligiitation, asreservoirs eliminate Ness efficiently
than Si under most conditions, thus driving Sidtias down.ln year 2000, when-Rmitation is

predominant in coastal discharge, damming drives a shift towadisiition in only 2380 km
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Table 6.1: Magnitude of discharge (Khyr™), classified based amutrient limitation, in scenarios
with and without dams included, for year 2000 and 2050.

Year, scenario P+Si limited P limited, Si non N+Si limited N limited, Si
limited norlimited

2000, no dams 1860 32,520 720 260

2000, dams 1590 32,610 720 140

2050,TG no dams 1490 28,560 260 4720

2050, TG dams 1750 30,520 760 2000
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yr' (7%) of coastal discharge, usually corresponding to regions with TN:RP < 16, compared with
a shift away from Slimitation in 30,210 km® yr’ (85%) of coastal discharge, usually
corresponding to regions with TN:RP > 16. Of thdimited discharge, 84% is also-f@nited,
compared with only 5% of the-limited discharge (Tablé.1). These data suggest that in year
2000, damming may have servednitigate Silimited coastal eutrophication in the majority of

the worl dbébs coast al zones.

The ability for damming to protect coasthi$charge from Simitation depend®n the TN:RP
ratios in the rivewater reaching the coastis year 2000, rivers wengredominantly Rimited
and thus protected from -Bimitation via preferential reservoir elimination of P over Si. As
ongoinganthropogenic nutrient emissions drive TN:RP ratios down, ongoing damming will cause
a shift towards Siimitation of river wates exported to the coastal zone (TablE). By 2050,
damming will drive a shift towards ®mitation in 21,110 ki yr* (60%) of coastal discharge,
compared with nalam scenarios. Compared with year 2000, an additional 20¢rkrdischarge
will become $limited by 2050, largely as a result of the shift towardsnhitation (Table6.1).
Relative to the 2050 rRdam scenario, a total of 760 Rlyr'l discharge becomes-fnited, 66%
of which is also Nimited. It is also worth noting that the-linited rivers no longer act as
protectors from Slimitation, with an increase in Si and P limited discharge in the scenario with
dams compared with the scenario without. This difference arises due to rising P loadssto river
compared with relatively constant IBads; though Si is removed less effectively from the water
column by dams, P concentrations are sufficiently higlheven modest removal of Si by dams
is sufficient to push the Si:P ratio across the threshold into Si limitatilencoastal shift towasd
Si-limitation in year 2050 will take place primarily in China, Southeast Asia, South America and
Africa (Figure 6.2), where there is a concurrent increase in anthropogenic nutrient loading,

primarily in the form of P, as well as dam construction.

Previous research has hypothesized that damming promeiiest&iion in coastal zones due
to rising anthropogenic P and N emissions, combined with Si retention in res¢@airser et
al., 2010; Humborg et al., 2006; Humborg et al., 2088)yel showthat damdriven Stlimitation
in coastal river discharge typically devedopn river systems that are -Wnited, due to
preferential elimination ofeactive Si over N in reservoirsFor Rlimited river waters the
preferred P elimination in reservoirs serves to protect coastal systems fliomitegion. Global
river discharge was overwhelminglylifhited in year 200Gand damming wathusa mitigating

factor with regard to coastal-finitation. | further proposehat anthropogenic nutrient emissions
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Figure 6.1: RP and TN load changes over time, broken dawm the load to rivers (red) and the
removal by damming (blue). Green numbers in brackets indicate the TN:RP ratio at each time
point. 16:1 P:N limitation threshold is shown as grey dashed line.
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are currently decreasing riverine N:P ratios worldwide, thigliggroportionatelyising P loads

are causing a shift of river dischargmvards Nlimitation, which in turn implies that dams may

be shifting from being protectors of coastatli8iitation, to drivers of coastal Simitation.

Nutrient management strategies in heavily dammed watersheds that focus on reducing N loads
without considering P loads may therefore inadvertently exacerbate the potential for coastal Si
limitation.
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Figure 6.2: Changes in TN:RP ratios (A and B) when dams are introduced, compared w@imrezenarios, for year 2000 (A) and 2080 and
changes in TN:RSi orRRSi ratios (C and D¥hen dams are introduced, compared witidam scenarios, for year 2000 (C) and 2050 (B). In C
and D, Nlimited regions are indicated with a black outline and diagonal lines.
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