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Abstract 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 dams on river Si fluxes, however, is limited by the sparse data set on Si
budgets for reservoirs. To alleviate this limitation, we use existing data on dissolved Si (DSi) retention by dams
to calibrate a mechanistic model for the biogeochemical cycling of DSi and reactive particulate Si (PSi) in
reservoir systems. The model calibration yields a relationship between the annual in-reservoir siliceous primary
productivity and the external DSi supply. With this relationship and an estimate of catchment Si loading, the
model calculates the total reactive Si (RSi=DSi+ PSi) 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 Si retention in reservoirs as a function of the water residence time. This relationship is
applied to the Global Reservoirs and Dams database to estimate Si retention by damming worldwide. According
to the results, dams retain 163 Gmol yr~" (9.8 Tg SiO, yr~") of DSi and 372 Gmol yr—' (22.3 Tg SiO, yr") of RSi,
or 5.3% of the global RSi loading to rivers.

1. Introduction

Silicon (Si) is an essential nutrient element for numerous aquatic organisms, foremost diatoms [Conway et al.,
1977; Tréguer et al., 1995; Van Cappellen, 2003]. The availability of Si is therefore a key variable controlling the
ecology and health of many aquatic environments, including rivers, lakes, and the coastal zone [Billen et al.,
1991; Conley et al., 1993; Koszelnik and Tomaszek, 2008; Schelske and Stoermer, 1971; Tavernini et al., 2011].
A growing 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 consequences for regional to global-scale
nutrient cycling and ecological processes [Beusen et al., 2009; Conley et al., 1993; Garnier et al., 2010; Harrison
etal,2012; Hartmann et al., 2011; Humborg et al., 2000; Laruelle et al., 2009; Teodoru and Webhrli, 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 impacts on Si fluxes 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, many Si-containing solid phases, including quartz and silicate
minerals, are unavailable for biological utilization [Cornelis et al., 2011; Diirr et al., 2011; ller, 1979]. A 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 reservoirs. Diatoms 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 et al., 2008; Znachor et al., 2013].
Silicon retention is thus the net result of the interactions between the external supply of reactive Si, in-reservoir
formation of biogenic silica, plus the dissolution and ultimate preservation of particulate reactive Si [Lauerwald
et al,, 2012; Teodoru et al., 2006; Van Cappellen, 2003].

A number of recent studies have addressed global Si retention by river damming. Beusen et al. [2009] used
the Global-NEWS-DSi model, in which dissolved Si retention is assumed to correlate with global trends in
phosphorus and sediment retention. Laruelle et al. [2009] introduced a correction factor in their global Si
box model to simulate increased reactive Si retention on the continents under various damming scenarios.
Harrison et al. [2012] took a step further with the development of the Silica Retention in Reservoirs and Lakes
(SiRReLa) model. The SiRReLA model was statistically calibrated using a data set of 12 lakes and 15 reservoirs.

MAAVARA ET AL.

©2014. American Geophysical Union. All Rights Reserved. 842


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-9224
http://dx.doi.org/10.1002/2014GB004875
http://dx.doi.org/10.1002/2014GB004875

@AG U Global Biogeochemical Cycles 10.1002/2014GB004875

Harrison 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 work of Beusen et al.
[2009], the SiRReLa model only accounts for the retention of dissolved Si. More recently, Frings 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 of uncertainty 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 we reevaluate worldwide reactive Si retention by man-made river dams, by combining existing data 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 process-
based model accounts for the fate of both reactive 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 characteristics on the model-predicted
retention of reactive Si. Based on the results, we then derive a relationship between reactive Si retention and
water residence time and use it to estimate global accumulation of reactive Si in reservoirs.

2. Terminology

In this paper, 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 (H4SiO,4). In most
freshwaters, ionized forms of silicic acid and silica dimers and polymers only contribute minute fractions of
DSi [ller, 1979]. Reactive particulate Si (PSi) comprises all particle-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 on the reservoir under consideration. The
input of PSi to a reservoir includes soil- and river-derived amorphous silica (SiO,) and hydrous, poorly crystalline
aluminosilicates, as well as Si sorbed to minerals, for example, ferric oxyhydroxides [Davis et al., 2002], and
natural organic matter. For many reservoirs, the PSi input likely consists largely of biogenically produced SiO,,
that is, structural siliceous deposits produced by plants (phytoliths), diatoms, and other organisms [Saccone
et al., 2007; Sauer et al., 2006; Teodoru et al., 2006; Van Cappellen, 2003]. Production of siliceous frustules by
diatoms within the reservoir or lake further adds to the PSi pool.

Retention of RSi refers to its removal by processes in the reservoir. The main sink for RSi is burial of PSi in
bottom sediments. Because data on PSi burial fluxes in artificial reservoirs are fairly scarce [Frings et al., 2014],
RSi retention is generally estimated from the difference between measured input and output fluxes:
RSiin — RSiout
where Rp is the relative retention of RSi (unitless), and RSi;,,, and RSiy, are the input and output fluxes of
reactive Si in units of mass per unit time. Equation (1) assumes that, on an annual basis, the reservoir’s RSi
budget is close to steady state. In most studies, the inputs and outputs of reactive Si are assumed to occur
entirely via the river network, hence neglecting potential contributions to the RSi budget by atmospheric
deposition or groundwater flow.

Because data sets on Si budgets for reservoirs usually only include measurements of DSi, but not PSi, usually
only the retention of DSi is calculated from
__ DSiin — DSiout

R
b DSiin

@)
where Rp is the relative retention of DSi (unitless), and DSi;,, and DSig,, are the input and output fluxes of DSi.
The values of Rp and Ri converge when DSi dominates RSi inputs and outputs. The latter is in fact an implicit
assumption in most existing studies on Si retention in reservoirs and lakes. The input of DSi;, is typically

calculated as the product of inflow discharge (Q;,) and the inflow DSi concentration (C;,). In reservoirs that
discharge all water through the dam (e.g., hydroelectric reservoirs), DSig is similarly the product of outflow
discharge (Qoy) and outflow DSi concentration (C,,). For storage reservoirs (e.g., reservoirs used for irrigation
or municipal water supply), DSioy: 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
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the reservoir and discharged through the dam is assumed to equal Q;,; that is, losses through groundwater
recharge and evaporation are neglected. Unless available information indicates otherwise, we assume that the
DSi concentrations in the pumped and discharged water flows are the same. In what follows, water fluxes,
concentrations, and retentions refer to annual averages.

3. Data Set

An exhaustive literature search yielded only 20 reservoirs for which Ry was provided or could be estimated
(Table 1). (Note that we focus on DSi retention, because of the general lack of PSi measurements.) For
comparative purposes, a data set of 24 natural lakes was also assembled (Table S1 in supporting information).
The reservoir data set in Table 1 extends those of Harrison et al. [2012] and Frings et al. [2014]. We only
included artificial reservoirs associated with constructed 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 depth, (4) river
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).
In addition, for the reservoirs we 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, t tests, and regression models. The statistical analyses aimed at identifying the key variables to
be included in the mechanistic Si reservoir model (section 4). A complete description of the results of the statistical
analyses can be found in Appendix S1 and Table S2 in the supporting information. Local bedrock lithology was
obtained from the various countries’ national geological maps and crosschecked against the global lithology map
(GLiM) database [Hartmann and Moosdorf, 2012]. Water residence time (z,) was calculated as 7, = V/Q;,, where Vis
the lake or reservoir volume and Q;, the combined river inflow. In the absence of information on trophic status,
or when it was poorly supported, we relied on Carlson and Simpson’s [1996] trophic status index approach. When
not stated in the reference(s) listed in Table 1, 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 annual precipitation and temperature were obtained for the nearest town or city from
the World Climate [2005] database and Environment Canada for Canadian lakes; for Toolik Lake, Alaska, climate
data were retrieved from the Toolik Field Station website (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 Reservoir is “0 years” [Wang et al., 2010]. In order to include
this reservoir in the statistical analyses, we 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 most notable examples are Amistad Reservoir and the Lower Columbia Basin, for

which the available data yielded large negative DSi retentions (—0.2 and —0.67, respectively). These reservoirs

were all together removed from further analysis. Additionally, three reservoirs (Ardleigh, Suofenying, and Masinga)
were excluded from the mechanistic model calibration (for justifications, see caption of Table 1). Thus, in total, 20
reservoirs were included in the statistical tests and 17 reservoirs in the calibration of the mechanistic model.

Comparison of the 20 reservoirs in Table 1 to the Global Reservoirs and Dams (GRanD) database [Lehner et al.,
2011] (Figure 1) reveals a lack of reservoirs in Table 1 with water residence times over 3 years, which account for
21% of the GRanD reservoirs. They further point to a possible bias of our data set toward reservoirs in areas
dominated by limestone and, thus, toward more alkaline pH, which may increase the dissolution and decrease
the preservation of biogenic silica [Van Cappellen and Qiu, 1997; Ryves et al., 2006]. Our data set 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 subarctic reservoirs, which account for 8% of
the GRanD reservoirs. All major reservoir functions, particularly, hydroelectricity generation and flood control,
are represented in Table 1.

A key outcome of the statistical analyses is that Ry significantly differs between reservoirs and lakes (p < 0.0001)
with, on average, 42% more DSi retention in lakes compared to reservoirs. In addition, reservoirs typically
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Figure 1. Comparison of reservoirs included in the calibration data set (gray bars), described in section 3 and Table 1,
and those of the GRanD database (black bars), according to residence time (in units of years), bedrock lithology, climate,
and reservoir purpose. “Other” reservoir purposes include fisheries, navigation, and recreation.

exhibit lower water residence times (z,) and higher hydraulic loads than lakes. The statistical analyses further
imply that grouping lakes and reservoirs together may generate spurious results. For example, when combining
lakes and reservoirs, a significant (p < 0.05) dependence of Rp 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 data set, the trend is no longer apparent, suggesting that the
relationship between Ry 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 data set 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 nonlinear regressions
further imply that, for reservoirs, Rp is most closely related to z,.

Although the 20 reservoirs in Table 1 encompass a fairly broad range of settings and reservoir characteristics,
as can be seen in Figure 1, it is important to emphasize that they represent less than 0.03% of the more than
75,000 reservoirs with a surface area 0.1 km? [Lehner et al,, 2011]. The limited data set is thus unlikely to

be statistically representative of reservoirs worldwide. For this reason, the primary function of the data set is to
calibrate a mechanistic model of Si cycling in reservoirs, which incorporates well-understood processes and
parameter values constrained through an extensive literature review. The model then provides the means to
extrapolate the sparse data set to the global scale.

4, Mechanistic Si Cycling Model
4.1. Model Description
A four-box biogeochemical model is used to simulate annual reactive Si (RSi) cycling in reservoirs (Figure 2).

In the model, the inputs to and outputs from the reservoir occur under the form of both reactive particulate
(PSi) and dissolved silica (DSi). Note that the model does not distinguish between different input and output
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! 1,0ut > 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 of PSi

in,1 (1) Dissolved

— silicon (DSi)

F
12 generates additional DSi, while siliceous
organisms, primarily diatoms, transform
2) Fresh
bio( Z:nic silica DSi into biogenic silica (BSi). The BSi
g(BSi) pool represents silica deposits within

living or recently deceased biomass,
that is, silica still surrounded by
protective organic membranes. Upon the
degradation of the organic membranes,
BSi integrates into the PSi pool and is,
from then on, exposed to dissolution
[Loucaides et al., 2012]. The PSi that does
not dissolve is exported downstream or
accumulates in the sediments. In order
to account for the fairly rapid loss in
reactivity of particulate Si (i.e., aging), as

Pl
in,3

. (3) Particulate
silicon (PSi)

Faal,

(4) Sediment

silicon (S5i) well as the buildup of pore water
DSi, the sediment Si pool (SSi) was
@ assigned a much lower rate constant of
F4,buried dissolution than PSi [Van Cappellen et al.,

2002]. The fraction of SSi that escapes
dissolution is permanently removed by
burial in the reservoir's sediments.

Figure 2. Mechanistic model of biogeochemical silicon cycling in reservoirs.
See text for details.

The annual input fluxes of DSi and PSi to the reservoir were imposed in the model. As a default value, we
assumed that the PSi influx was equal to 10% of the DSi influx, based on the global estimate of riverine PSi by
Conley [1997] and supported by data of Ran et al. [2013] and Triplett et al. [2012]. With one exception, all internal
and outflow fluxes were assigned first-order rate expressions with respect to the source reservoirs [Laruelle et al.,
2009]. The exception was siliceous productivity, F;,, which was calculated assuming parabolic saturation
kinetics [Valiela, 1995]:

Rmax % [DSI]

Fia =
27 K, + DSi]

(3)
where R,y is the maximum rate of BSi production, [DSi] the DSi concentration, and K the half-saturation
constant for DSi uptake by siliceous organisms. The value of R,y represents the reservoir's mean annual
carrying capacity for biological Si fixation.

In the model, the reservoir is treated as a well-mixed reactor; the rate constants for the outflow fluxes of
DSi and PSi (i.e., Fy oyt and F3 oyt) are therefore equal to the inverse of the water residence time. Default values
for the other linear rate constants and for K; were derived from in-depth reviews of the literature (Table 2).
The values of R.x are reservoir specific and determined as explained in the next section. The mass balance
equations were solved in MATLAB for time steps of 0.01 year using Runge-Kutta 4 integration. Reservoir age
was incorporated by running the models for the number of years since river damming; e.g., for a 20 year old
reservoir, the model was run for 2000 time steps.

The mechanistic model provides a highly simplified description of Si cycling, in line with the sparse database
on reactive Si budgets for reservoirs. 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 fluxes F,3 and F34 on Figure 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 first step in the knowledge-based
scaling up of the limited data on Si dynamics in reservoirs.
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Table 2. Fluxes and Parameters of the Mechanistic Si Reservoir Model (Figure 2)°

Flux Default Value Range Reference
Fin,1 DSi influx Reservoir specific 232%107-4.65x 10" mol yr_1 See Table 1
Fin;3 PSi influx 10% of DSi influx 0-54% DSi influx Ran et al. [2013], Triplett et al. [2012],
Conley [1997], and Harrison et al. [2012]
F12 Biological DSi uptake Rmax = calculated using Rmax: see Table 3 Van Donk and Kilham [1990],
equation (4). K;=0.005 mol m2 Ks: 5% 10~7-0.05 molm—2 Michel et al. [2006],
Znachor et al. [2013], and
Brzezinski et al. [1997]
F3q Fresh PSi dissolution k31=3 yrf1 0.2-40 yri1 Van Cappellen et al. [2002] and
Loucaides et al. [2012]
Fy3 Decay siliceous biomass ko3 =25 yr71 5-250 yr71 Dai et al. [2009] and Wetz et al. [2008]
F3q PSi aging plus sedimentation k3= 10yr71 5-45 yr71 Horn and Horn [2000]
F1,0ut DSi efflux from reservoir kout=1/t, where 7, is Fi,0ut:1 X 107-4.47x10"° mol yr71 See Table 1; volume data from
residence time in years. Lehner et al. [2011]
F3,0ut PSi efflux from reservoir kout=1/7, Same as above Same as above
Fa1 Dissolution deposited SSi k41 =0.01 yr71 0.002-0.1 6yr71 Van Cappellen et al. [2002] and
Loucaides et al. [2012]
Falburied Permanent burial SSi ka,buried = 0.002 yr71 NA Laruelle et al. [2009]

@Details on the fluxes and assumptions are given in the text (section 4). Ranges are compiled from diverse literature sources.

4.2, Siliceous Production: Calibration

The mass balance Si model was applied to the 17 reservoirs of the calibration data set described in section 3.
For each reservoir the corresponding river discharge, reservoir volume, water residence time (z,), DSi influx
and age (i.e., years since dam closure) were imposed. After assigning the default parameter values of Table 2,
the only remaining free model parameter was the maximum siliceous production rate, Rax. For each of the
reservoirs, the value of R, Was adjusted until the calculated DSi retention, Rp, matched the observed value.

The model-derived Rimay Values fall between 0.5 and 14.7 mol Si m 2 yr’1 (Table 3), that is, values consistent
with observed diatomaceous production rates. Reservoirs receiving inflow with low DSi concentrations
(15-70 uM, Dongfeng, Marne, Aube and Solina reservoirs) exhibit R, values comparable to mean open
ocean diatom productivities (0.6-0.8 mol Si m~2yr~") [Nelson et al,, 1995; Krause et al., 2011]. The other
model-derived R,ax 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 natural impoundments on the Mississippi River (Pepin and St. Croix) range from 0.5 to 7.1 mol

Table 3. Maximum Siliceous Primary Productivity (Rmax) and

Predicted RSi Retention (Rg) for Reservoirs in the Data Set

a

Reservoir Rmax (mol m~2 yr_1) Predicted Rg
Iron Gate 543 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
Solina-Myczowce 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 313 0.19
Three Gorges 2.64 0.06

See text for detailed discussion.

Si m 2 yr’1 [Schelske, 1985; Opfergelt et al.,
2011; Triplett et al., 2008], while for the Three
Gorges Reservoir they fall between 1.6 and
2.7mol Si m~2yr ' [Ran et al, 2013]. The
highest Rmax values (=10mol Si m™2yr~',
Amance, Champaubert, and Saguling reservoirs)
are within the range of siliceous productivities
measured in coastal upwelling areas, where
values can be as high as 416 mol Sim™2yr~
[Nelson et al., 1995; Brzezinski et al., 19971].

1

Nonlinear regression indicates that the Rp.y
values most strongly correlate with the input
fluxes of DSi into the reservoirs. The following
power relationship predicts Rynax across more
than 3 orders of magnitude (Figure 3):

Rmax = 10.837 x DSiin®®'%° (R* = 0.83) (4)

where Rax and DSi;,, are both given in mol yr71.

(Note that the Ry,ax Values in Table 3 are converted
to units of mol yr~' through multiplication with
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Figure 3. Maximum siliceous productivity, Rmax, for the 17 reservoirs
used to calibrate the mechanistic model, plotted against the DSi
input. The solid line corresponds to equation (4). Dashed lines are

the corresponding reservoir surface areas
given in Table 1.) A positive correlation
between R,,ax 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 affect Rmax, however. These include
temperature, light intensity, turbidity, the
availability of other essential nutrients, such
as phosphorus and nitrogen, and reservoir
hydrodynamics. These factors may in part
explain the scatter seen in Figure 3.

4.3. Sensitivity Analyses

In order to analyze parameter sensitivity
of the mechanistic model, we defined the
following hypothetical, average reservoir,

95% confidence intervals. The R values are listed in Table 3.
0 max based on the information in Table 1. The

reservoir is 10 years old and has a volume of
6km?>, a surface area of 210km?, and a river discharge of 35 km>yr~" (i.e,, 7,=0.17 years). The inflow to the
reservoir was assigned the global average river DSi concentration of 162.5 uM, according to the GloRiCh
database of world river nutrient concentrations (J. Hartmann, University of Hamburg, personal communication,
2013). From equation (4), an Rmax value of 6.0 x 108 mol yr~' was obtained. All other parameters were
assigned the default values listed in Table 2. Parameter values were then doubled and halved in turn, and the
effects on the predicted Rp and Ry values were quantified. The results of the sensitivity analysis are
summarized in Table S3 (supporting information). They reveal that R,y is the most sensitive parameter
governing the model-predicted values of Ry and Rg. Doubling (halving) Rmax Yields a percent increase
(decrease) of Rp by 68% (138%). Thus, not unexpectedly, 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 (5-20 years). The latter range, however, far exceeds the water residence time of the
reservoir (0.17 years). In fact, right after dam closure, Rp and Ry are quite sensitive to the age of the
reservoir (Figure 4). 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 causing Rp and Ry to decrease. After about 1.5 years, the Rp and Ry values stabilize.
(Note that for reservoirs with longer water residence times, it takes longer for Rp and R to stabilize).

4.4. Monte Carlo Analysis

029 The statistical and sensitivity analyses
—— RpD imply that RSi retention by river damming
0201 —<— RR is most strongly related to reservoir
c hydraulics and siliceous productivity. To
'% 0.157 account for the large variability in these
% reservoir characteristics, a Monte Carlo
{,—; 0.10 ooy ] analysis of the mechanistic Si cycling
model was performed by randomly varying
0.051 * * 1 the following variables within prescribed
ranges: (1) volume (0.001-180 km?3),
0.00 ' ‘ ' ‘ (2) reservoir age (0.5-100 years), (3) discharge
0 1 2 3 4 5  (0.01-40km>yr~"), (4) DSi inflow

Reservoir age (years) concentration (30-1500 uM), (5) PSi influx

(0.5-30% of DSi influx), and (6) Rmax
(equation (4) = 1 order of magnitude).

Figure 4. Retentions of DSi and RSi as a function of reservoir age, for
the hypothetical “average” reservoir defined in section 4.3.
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Figure 5. Monte Carlo analysis of mechanistic model: (a) RSi retention (Rg) values for 6000 model realizations versus
the water residence time and (b) Rp:Ry ratios for the same 6000 model realizations versus the water residence time. The
dashed horizontal line in Figure 5b corresponds to the (arithmetic) mean Rp:Rp ratio (0.65) and the solid horizontal line
to the globally weighted Rp:Rg 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. The edges of each box represent the first and third quartiles, and the whiskers
are standard deviations. Note that outliers are not shown in Figure 5b.

The above ranges were selected based on reported values in the literature, excluding obvious outliers.
Only variables for which parameter ranges could be quantitatively constrained were 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 water residence time was calculated as z,=V/Q;,. The simulations further
allowed for the possibility of BSi export from the reservoir via the dam outflow. (Note that in the
baseline version of the model, only DSi and PSi are exported from the reservoir.) The BSi efflux was
calculated by multiplying the BSi concentration with the inverse of the water residence time (as for
the DSi and PSi effluxes) and a randomly generated coefficient ranging from 0 to 1. All other model
parameters were assigned their default values listed in Table 2. The analysis was carried out on 6000
model realizations.

The results of the Monte Carlo analysis are illustrated in Figure 5. As expected, for any given water
residence time the computed total reactive Si retention, Rg, values cover a wide range (Figure 5a). The
outlying values typically correspond to combinations of extreme reservoir characteristics. For example,
Rg values approaching 1 at the lower residence times are primarily associated with very small reservoirs
exhibiting extremely high productivities (i.e., much higher than predicted with equation (4)). Overall,
most Ri 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 a systematic variation of the relative contributions of dissolved
and particulate Si to total reactive Si retention, with increasing water residence time (Figure 5b). Short
residence times result in a more efficient downstream export of PSi produced by in-reservoir siliceous
production. Hence, at low 7, reactive Si retention tends to be dominated by the removal of inflowing DSi.
As 7, increases, however, there is more time for the PSi and SSi pools to dissolve back to DSi. The relative
contribution of Rp to the total retention of reactive Si then decreases, as seen for the model-predicted
average Rp: Rg ratios (Figure 5b).

The general trend of R with respect to the water residence time was fitted to various standard curves
(Figure S1 in the supporting information). The following power law relationship yields the best fit:

Re = 0.1746 x 197> (R* = 0.31, p < 0.0001) (5)

where 7, is expressed in units of years. For consistency, a similar power law equation is fitted to the DSi
retention values generated by the Monte Carlo simulations:

Rp = 0.0938 x 72406 (R? = 0.12, p < 0.0001) (6)

(Note that the Rp values are shown in Figure S2 in the supporting information.)
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Figure 6. Distribution of model-derived RSi values for the reservoirs . .
of the GRanD database. Arithmetic mean = 0.20, median=0.17, and [Lehner et al., 2011], which comprises
standard deviation=0.16. information on 6862 reservoirs and their

associated dams. Note that the previous
global estimate of DSi retention in reservoirs by Harrison et al. [2012] was based on the earlier, smaller subset
of 822 reservoirs presented by Lehner and D6ll [2004]. The GRanD database classifies 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 that no natural lakes are included in the estimates given below, the GRanD database was overlain with
Lehner and Doll's Global Lakes and Wetlands Databases levels 1 and 2 (large and small lakes). Water bodies
appearing in both data sets were removed from the calculations.

For each reservoir, the DSi input from the corresponding watershed was obtained from the Global-NEWS-DSi
model, using the predam scenario [Beusen et al., 2009]:

DSiin = W x SiY @)

where DSi;, is given in units of mol yr~", W is the upstream watershed area (km?) listed in the GRanD database,
and SiY is the DSi yield of the watershed in units of mol Si km~2yr™". Equation (7) assumes a uniform DSi
yield throughout a given catchment [Hartmann et al., 2009; Jansen et al., 2010; Harrison et al., 2012]. The
amount of DSi retained annually in the reservoir was then obtained as (see equation (2)):

DSiyet = DSiin — DSiout = Rp X DSiin (8)

where Rp was calculated with equation (6). Because Global-NEWS only provides DSi yields, it was assumed
that, globally, the river supply of PSi equals 10% of that of DSi (see above). Thus, the amount of reactive silica
retained annually in a reservoir was computed as follows:

RSiret = RSiin — RSiout = Rr X 1.1 X DSiin (9)

where Rz was calculated using equation (5) and the 1.1 factor accounts for the 10% reactive PSi input. The water
residence time used in equations (5) and (6) was derived from the discharge and volume given in GRanD.

The frequency distribution of the Rg values calculated with equation (5) for the GRanD reservoirs is shown
in Figure 6. The distribution shows a positive skew toward lower retentions, with over 3000 reservoirs with
RSi retentions between 0.1 and 0.2, followed by about 1600 reservoirs with retentions between 0.2 and 0.3.
The arithmetic mean for Ry value is 0.20 and that for Rp is 0.13. The mean Rp:Rp ratio (0.13:020 = 0.65) is
plotted as the solid horizontal line in Figure 5b. As can be seen, reservoirs with water residence times less
than 0.1 year tend to have Rp:Rg 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 the
bulk of the remaining 24% volume mainly including reservoirs less than 1 km? in size [Lehner et al., 2011]. The
latter are typically associated with low RSi retentions (Figure 5a). If we assume that the reservoirs not included in
the GRanD database receive on the order of 24% of the global RSi input and exhibit, on average, only half the
retention efficiency of the GRanD reservoirs (i.e., 10% rather than 20%,), then the missing reservoirs account for
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Table 4. Output of Global Silica Retention Model 12% of RSi retention by river damming.
Description Value A 12% extra contribution was therefore
DSi retention (Gmol yr™ ) 1635 added to the total RSi retention
DSi retention (Tg SiO, yr ) 9.79 computed for the GRanD reservoirs.
DSi retention rate (mol m— yr_1) 0.44 .
Global average Rp (arith1metic) 0.13 5.2. Global Estimates
RSi retention (Gmol yr L 372 With the approach described in the previous
el s (1 Slopyr ) 2229 section, global RSi and DSi retentions in
RSi retention rate (molm™ “yr ) 0.99 . .
- : reservoirs are estimated to be equal to

Global average R (arithmetic) 0.20 1 ) 1
Siliceous productivity (Gmol yr ") 516 372 Gmol yr~ " (22.3 Tg SiO; yr™ ) and
Siliceous productivity (mol m~2yr—") 14 163 Gmol yr~' (9.8 Tg SiO, yr™ "),
Recycling efficiency (%) 62 respectively (Table 4). The Global-NEWS

3Global reservoir surface area=3.7 x 10° km? [Lehner et al. 2011]. model yields a global DSi loading to

watersheds of 6325 Gmol yr~" for the
predam scenario [Beusen et al., 2009]. Assuming that PSi loading equals 10% that of DSi, a corresponding RSi
loading of 6957 Gmol yr~" is obtained. Thus, according to our estimates, 2.6% of the DSi and 5.3% of the
RSi loadings to the world’s river network are retained in dam reservoirs.

The 95% confidence interval of the power law for Ry as a function of water residence time (i.e., equation (5))
yields an error on the global RSi retention on the order of 1 Gmol yr—". This relatively small error indicates
that the Monte Carlo analysis used to scale up the mechanistic model does not in 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
by the Global-NEWS model, and the relative contribution of PSi to the total RSi input to reservoirs.

The globally weighted Rp:Rg ratio equals 0.45 (= 163/3001:372/3301), that is, a value markedly different from the
mean Rp:Rg ratio (0.65 =0.13:0.20). The reason is that global RSi retention is skewed toward reservoirs with higher
water residence times, which, in turn, favor PSi retention (Figure 5b). Little data are available to confirm the
dominant role of PSi in global reactive Si retention. To our knowledge, 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 DSi and PSi. For these
three water bodies, the budgets imply that PSi retention exceeds DSi retention, in line with our global estimates.

Our estimated DSi retention is about one quarter lower than the global reservoir DSi retention of 516 Gmol yr ™

(31 Tg SiO, yr™ ') proposed by Harrison et al. [2012]. One major reason for the difference is that Harrison and
coworkers used a combined data set including both lakes and reservoirs. Our analysis, however, shows that
reservoirs are less efficient in retaining Si than lakes (section 3). Combining both lentic systems may thus lead to
an overestimation of Si retention in reservoirs. In a recent study, Frings et al. [2014] derived PSi accumulation
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 area, these authors obtained a RSi retention
of 230 Gmol yr ™, that is, a value significantly lower than our estimate. The RSi retention proposed by Frings
and coworkers, however, depends on the extent to which the average PSi accumulation rate of 18 reservoirs
is representative of worldwide PSi retention in reservoirs.

With the mechanistic model presented in section 4 it is possible to make additional global-scale estimations. For
example, application of the model to the GRanD database yields a global biological Si production in reservoirs of
516 Gmol yr~'. Combined with the total surface area of reservoirs (3.7 x 10> km?) [Lehner et al,, 2011], this
translates into a mean siliceous productivity of 1.4molm™2yr~". This value is higher than the average open
ocean diatom productivity (0.6-0.8 molm~2yr™") [Nelson et al,, 1995] but similar to Si fixation in mesotrophic
Lake Michigan (1.16 molm~2yr~") [Schelske, 1985]. Furthermore, according to the model, globally 62% of the
external input plus in-reservoir production of PSi redissolves to DSi (Table 4). The latter estimate was obtained by
calculating the reactive Si recycling efficiency (RE) for each of the reservoirs in the GRanD data set as follows:

_ Fai+Fgq

RE =
Finz + F12

x 100% (10)
The 62% estimate is of the same order of magnitude as reported Si recycling efficiencies for individual lakes
and reservoirs, including 65% for Lough Neagh [Dickson, 1975; Gibson et al., 2000], 66% for a dam reservoir on
the Marne River [Garnier et al., 1999], and 55% for the Three Gorges Reservoir [Ran et al., 2013].
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6. 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 reservoir Si budgets. 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. Although 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 loading
to the world’s river network. Nonetheless, with 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 results further imply
that the building of dams may turn former river stretches into hot spots for siliceous productivity, fuelled
by the efficient recycling of biogenic silica in reservoirs. By incorporating mechanistic knowledge of Si cycling,
the proposed approach optimizes the extrapolation of the sparse data set on RSi retention in reservoirs to
the global scale. Global retention in reservoirs of other nutrients, for example, phosphorus, could in principle
be evaluated using a similar approach.
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