
Journal of Great Lakes Research 41 Supplement 2 (2015) 100–109

Contents lists available at ScienceDirect

Journal of Great Lakes Research

j ourna l homepage: www.e lsev ie r .com/ locate / jg l r
Reactive silicon dynamics in a large prairie reservoir (Lake
Diefenbaker, Saskatchewan)
Taylor Maavara a,⁎, Jennifer L.A. Hood a, Rebecca L. North b, Lorne E. Doig c, Christopher T. Parsons a,
Jessica Johansson b, Karsten Liber c, Jeff J. Hudson b, Brett T. Lucas c,
David M. Vandergucht b, Philippe Van Cappellen a

a Ecohydrology Research Group, Water Institute and Department of Earth and Environmental Sciences, University of Waterloo, Waterloo, ON N2L 3G1, Canada
b Department of Biology, University of Saskatchewan, Saskatoon, SK S7N 5E2, Canada
c Toxicology Centre, University of Saskatchewan, Saskatoon, SK S7N 5B3, Canada
⁎ Corresponding author. Tel.: +1 519 888 4567x37777
E-mail address: tmaavara@uwaterloo.ca (T. Maavara).

http://dx.doi.org/10.1016/j.jglr.2015.04.003
0380-1330/© 2015 International Association for Great Lak
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 4 July 2014
Accepted 9 March 2015
Available online 4 June 2015

Communicated by John-Mark Davies

Index words:
Reactive silicon
River damming
Nutrient retention
Reservoir zonation
Biogenic silica
Nutrient cycling
There is an up-coming global surge in dam construction. River damming impacts nutrient cycling in watersheds
through transformation 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 compositions in most freshwater aquatic ecosystems. In this
study, we quantified reactive Si cycling and annual Si retention in Lake Diefenbaker, a 394 km2 prairie reservoir
in Saskatchewan, Canada. Retention estimates were derived from 7 sediment cores combined with high-
resolution spatiotemporal sampling of water column dissolved Si (DSi). Current annual DSi retention in the res-
ervoir is approximately 28% of the influx, or 2.5 × 108mol yr−1. 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 res-
ervoir. The largest accumulation of reactive particulate Si (PRSi) is found in sediments deposited in the mid-
reservoir region, which corresponds to the region of highest epilimnetic DSi decrease during the 2013 open
water season. This region corresponds to the fluvial-to-lacustrine transition zone, and represents a hot spot for
Si retention. Differences in retention efficiencies of macronutrients may not only affect the in-reservoir ecology
andwater quality, but alsomodifies the N:P:Si ratios exported downstream, which has the potential to alter eco-
system processes in receiving water bodies.

© 2015 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.
Introduction

Rivers and streams are being dammed worldwide for flood control,
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 in-
creased sedimentation and burial of allochthonous and autochthonous
particulate matter (Friedl and Wüest, 2002; Humborg et al., 2006;
Vörösmarty et al., 1997). Damming reduces the downstream delivery
of nutrients and alters nutrient ratios in receiving water bodies, includ-
ing the coastal zone (Garnier et al., 2010).

The relative availabilities of phosphorus (P), nitrogen (N), and sili-
con (Si) influence the phytoplankton community composition of aquat-
ic ecosystems (Sferratore et al., 2008; Teubner and Dokulil, 2002;
Triplett et al., 2012). In freshwater environments, including dammed
reservoirs, diatoms are usually present as a large component of the phy-
toplankton biomasswhen Si is available in relative excess to theN and P
requirements of siliceous algae (Billen et al., 1991; Brzezinski, 1985;
.

es Research. Published by Elsevier B
Malone et al., 1996). Dissolved silicon (DSi), the most bioavailable
pool, is almost entirely in the form of monomeric silicic acid (H4SiO4),
with ionized forms and polymers representing only a small portion in
most freshwater bodies (Iler, 1979). In many aquatic systems, diatoma-
ceous silica (SiO2) comprises the majority of reactive particulate Si
(PRSi) (Sauer et al., 2006; Triplett et al., 2008). PRSi refers to all
particulate-associated Si that may dissolve 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, mineral-sorbed Si,
and poorly crystalline aluminosilicates (Davis 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 environments
(Frings 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 hydrodynamics (Hecky et al., 2010;
Schelske, 1985). Upon death or senescence, diatoms sink to the bottom
of the reservoir and a fraction of the frustules are buried in the sedi-
ments, removing reactive Si from the water column, while the remain-
der is re-dissolved to the water column (Humborg et al., 2008; Triplett
et al., 2008). Abiotic removal of DSi by sorption and (co-) precipitation
.V. All rights reserved.
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is of minor importance in Si-rich water bodies compared to DSi uptake
by diatoms (Saccone et al., 2007). Due to the longer residence times
than their previous riverine state, and lake-like hydrodynamics charac-
teristic 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 a relative-
ly under-studied nutrient element, particularly in reservoir environ-
ments, with fewer than 20 Si budgets available globally (Maavara
et al., 2014). The quantification of reservoir Si retention and the conse-
quences to downstream environments is made difficult by the lack of
literature and robust datasets. Given the global surge in dam construc-
tion (Zarfl 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 prai-
rie reservoir, Lake Diefenbaker, in Saskatchewan, Canada. Lake Diefen-
baker represents an ideal location to quantify seasonal changes in
spatiotemporal Si cycling, particularly under-ice Si cycling, given the
northern climate's dramatic seasonal differences. The nearly 200 km
long reservoir is additionallywell suited to quantifying Si cycling and re-
tention throughout the transition from the up-reservoir riverine envi-
ronment to the down-reservoir lacustrine environment. The objectives
of this study are to (1) analyze and establish the drivers of the spatio-
temporal trends in DSi and PRSi in Lake Diefenbaker, and (2) estimate
the present-day annual DSi retention and PRSi accumulation in the res-
ervoir. 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.

Material and methods

Site description

Lake Diefenbaker is a dimictic reservoir located on the South
Saskatchewan River (SSR), in Canada's central prairie province of
Saskatchewan (WSA, 2012). Trophic status varies spatially in the
Fig. 1.Mapof LakeDiefenbaker, including 11water column sampling sites (circles), 7 core locati
areas. Also note that water samples are collected on the two inflowing rivers (South Saskatc
Qu'Appelle Dam).
reservoir, with oligo-mesotrophic waters down-reservoir and meso-
eutrophic waters up-reservoir (Dubourg et al., 2015). The watershed
area of the reservoir is approximately 120,000 km2, with 67% of the
area under agriculture use and the remainder predominantly native
grassland (WSA, 2012). The reservoir was created in 1967 by the con-
struction of two large embankment dams, the Gardiner Dam on the
SSR, and the Qu'Appelle Dam on the Qu'Appelle River (Fig. 1). The Gar-
diner Dam 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 source of potable water in
local and downstream communities.

Thewater residence time in the reservoir is on average 1.1 yr (Donald
et al., in press) themean depth is 22m, themaximumdepth is 59m near
the Gardiner Dam, the volume is approximately 9.03 km3, and the total
surface area is 394 km2 (Sadeghian et al., 2015). For the purposes of this
study, four reservoir sections have been identified (Fig. 1). The up-
reservoir region extends from Highway 4 to Core 2 and is 48 km2. The
mid-reservoir extends from Core 2 to Elbow and is 228 km2. The down-
reservoir Gardiner and Qu'Appelle arms have surface areas of 72 km2

and 46 km2 respectively.

Field sampling

To establish a DSi budget, water samples weremanually collected in
20-L polyethylene 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 (SCC), and the out-
flows below the two dams (Fig. 1). In order to quantify in-reservoir
DSi dynamics, monthly water sampling was conducted during the
open water season (June–October) of 2013 at 11 stations distributed
along the entire length of Lake Diefenbaker (Fig. 1). Water samples
were collected with a Van Dorn sampler from 2 m depth, considered
to be representative of the mixed layer, except during periods of strati-
fication when hypolimnetic samples were also collected (Table 1).
Stratification was inferred from the presence of a thermocline
(gradient N 0.5 °C m−1) using a temperature sensor (YSI, model 6600
V2). The water samples were transported to the University of
ons (numbered), andfish farm (star). Dashed lines separate up-,mid-, and down-reservoir
hewan River and Swift Current Creek) and at the two dam outflows (Gardiner Dam and

Image of Fig. 1


Table 1
DSi concentrations (μM) at sampling sites throughout LakeDiefenbaker, sampled at biweekly–monthly intervals between June and October 2013, and additionally oncemonthly at inflow
and outflow locations fromNovember toMay 2014. Inflow and outflow surface samples were taken at depth 0m, epilimnion at depth 2m, and hypolimnion varied depending on location
and extent of stratification of water column (depth ranged between 13.5 and 46.5 m). All means are unweighted and arithmetic.

Location Site Depth Max Mean Min n

Upstream Lemsford Ferry (inflow) 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 inflow (SCC) Surface 281 157 61 19
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-M Epilimnion 101 75 43 6

Hypolimnion 77 55 38 4
F4-M Epilimnion 97 76 41 5

Hypolimnion 85 61 40 4
C3-M Epilimnion 87 63 28 6

Hypolimnion 73 57 42 5
Down-reservoir Elbow Epilimnion 75 58 27 5

Hypolimnion 74 63 49 4
Gardiner arm (down-reservoir) M8 Epilimnion 63 47 24 5

Hypolimnion 57 51 38 3
Gardiner Dam (outflow) Surface (below dam) 236 63 33 19

Qu'Appelle arm (down-reservoir) M9 Epilimnion 69 54 36 5
Hypolimnion 78 63 47 2

M10 Epilimnion 92 61 25 5
Hypolimnion 88 75 67 3

Qu'Appelle Dam (outflow) Surface (below dam) 339 92 31 19
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Saskatchewan where they were stored in an environmental chamber at
in situ lake temperature until filtration the following day.

Seven cores were collected in 7.5-cm inner-diameter Lucite tubes
using a Glew gravity corer and transported to the University of Sas-
katchewan where the cores were sectioned at 1-cm intervals and the
sediment was freeze-dried (for details, see Lucas et al., 2015a). Two
cores were collected in the up-reservoir region before (Core 1) and at
the confluence (Core 2) of SSR and SCC. Three cores were
collected between the SSR–SCC confluence and the town of Elbow
(Cores 3–5). One core was collected in the Gardiner arm (Core 6) and
one in the Qu'Appelle arm (Core 7). Cores 1, 2, 4, 5, and 6were collected
in September 2011, Cores 3 and 7 in July 2012. All cores were obtained
from mid-channel locations (Fig. 1).

Analytical methods

Water column DSi
Sampleswere filtered through 0.2 μmpore size polycarbonate filters

and DSi concentrations were determined colorimetrically with the
heteropoly blue method (Standard Method 4500 — SiO2 D; APHA,
1989). The detection limit was 11.2 μM, with a standard error for dupli-
cate samples of ±0.9 μM. The detection limit was calculated as the
standard deviation of the blank absorbances times the number of blanks
analyzed (Method 3 from Apostol et al., 2009). Standard errors were
determined using a SiO2 standard from Ricca Chemical Company
(cat. no. 6750-16).

Sediment PRSi
Concentrations of reactive particulate Si (PRSi) were determined on

freeze-dried sediments using the alkaline extraction procedure de-
scribed by Ohlendorf and Sturm (2008): 50 ± 15 mg ground sample
were digested in 10mL of 1MNaOH for 3 h at 100 °C in Teflon digestion
bombs. The hot NaOH extraction solution was filtered through 0.2 μm
pore size polyethersulfone filters and the Si and Al concentrations
were analyzed by ICP–OES (Thermo Scientific iCAP 6000). The total ex-
tracted Si was corrected for the contribution of silicate minerals assum-
ing an Si:Al ratio of 2:1, as in Ohlendorf and Sturm (2008). Samples
extracted in triplicate gave an average standard error of 15%. The
method detection limit for the extractions was 0.08 mol kg−1 PRSi
(Ohlendorf and Sturm, 2008), and the analytical detection limit was
0.007 mol kg−1 (Apostol et al., 2009). Average standard deviation for
the ICP–OES analyses was 3%, based on triplicate measurements of the
samples plus Certified Reference Materials (QCS-27, lot 1224831, High
Purity Standards, Charleston, SC; Phenova WP Silica 74.0 ppm SiO2

[1232 μM], lot 9051-17, Golden, CO; Phenova WP Silica 112.0 ppm
SiO2 [1862 μM], lot 8131-21, Golden, CO).

The Si:Al ratio of 2:1 used to correct for the contribution of alumino-
silicate dissolution to the extracted Si concentrations is assumed to be
representative of common claysminerals found in lacustrine sediments,
such as montmorillonite. Measurements performed on individual alu-
minosilicate grains in a scanning electron microscope equipped with
X-ray microanalysis (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 inter-laboratory comparison coordinated by Conley (1998)
and 2 samples characterized by Saccone et al. (2007). The results
deviated on average by 9% from the PRSi values quoted in the original
literature (for details, refer to Electronic Supplementary Material, ESM
Table S1).

DSi fluxes and retention

The annual DSi fluxes into and out of the reservoir were estimated
using flow-weighted DSi concentrations for the inflows (SSC and SSR)
and outflows (SSR and Qu'Appelle River). At each influx and efflux
location, the following ratio estimator equation (Quilbé et al., 2006)
was used to determine annual DSi fluxes, FDSi:

FDSi ¼ CQ � μQ
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where FDSi is the flux (mol yr−1), CQ is the arithmetic average of the
fluxes calculated on days where concentration (C) and discharge
(Q) were both measured (mol day−1), Qi and Ci are the discharge
(km3 day−1) and concentration (mol km−3), respectively, on day i

(Fig. 2), Q is the arithmetic mean discharge for the days that Q and C
are both measured (mol day−1), n is the total number of days over
the period of flux estimation, i.e., 365 days, nd is number of days that C
and Q were both measured, and Ai is an indicator of C and Q data avail-
ability on a given day (1 if available, 0 if not). This ratio estimator is an
unbiased calculation of flux that adjusts for the covariance between
flux and discharge. Flow-weighted concentration averages can be
back-calculated by dividing FDSi by the total annual discharge at the rel-
evant inflow or outflow location. For a detailed discussion of the ratio
estimator method and a comparison with other flux calculations, refer
to Appendix 1 in the Supplementary Material.

To estimate the outflow through theGardiner Dam, discharge values
for downstream Saskatoon were used. Centre for Hydrology (2012)
show that the discharge through the Gardiner Dam is linearly related
to the discharge in Saskatoon with less than 8% difference, assuming a
delay of one calendar day. Discharge values collected at half-hour inter-
vals for Saskatoon and the Elbow Diversion Canal, which receives the
outflow through theQu'Appelle Dam, were obtained from Environment
Canada's Water Office (2014). Inflow for 2013 was estimated from dis-
charge 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 Alberta–Saskatchewan border. Discharges were adjusted for
the lag time to the 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 estimated by taking
the average discharges from the same calendar days in 2011–2013.
Fig. 2. Total time-specific DSi influxes and effluxes. Retention (unitless) is calculated as the
difference between the influx and the efflux, divided by the influx (Eq. (2)). Horizontal
dashed line indicates annual average DSi retention of 0.28.
The annual DSi retention (RD) was calculated using:

RD ¼ DSiin−DSiout
DSiin

ð2Þ

whereDSiin andDSiout represent the influx and efflux of DSi inmol yr−1,
respectively. Net retentions calculated using location-specificwater dis-
charges and Eq. (2) include both biogeochemically-driven retention
processes (e.g. uptake and burial) and hydrologically-driven processes
(e.g., loss and gain of DSi due to reservoir volume change associated
with fluctuating water levels).

Sediment and PRSi accumulation

Several methods are used to estimate average sediment accumula-
tion rates, Sacc (cm yr−1). Sediment depth at year of reservoir formation
(1967) was determined by noting the absence of diatom frustules; this
depth occurred at 15 cm in Core 4 and 27 cm in Core 6 (Lucas et al.,
2015b). The non-zero quantity of PRSi below 27 cm depth in Core 6
may be the result of dissolution of non-biogenic PRSi in the extraction
procedure, possibly pedogenic amorphous Si washed in during reser-
voir in-filling. Sacc over the history of the reservoir at the location of
Cores 4 and 6 was calculated by dividing the depth of sediment by the
years over which it accumulated, yielding Sacc of 0.61 cm yr−1 at Core
6 and 0.34 cm yr−1 at Core 4.

The bottoms of the remaining cores did not capture the 1967 transi-
tion from river to reservoir. Sacc at Cores 1 and 2, found using recent and
historical cross-sectional and bathymetric data (Sadeghian et al., 2015)
indicate an Sacc of 4 cm yr−1 at the location of both cores. Diatom stra-
tigraphies were similar among cores 4–7, indicating that diatom com-
munities along the length of the reservoir were similar since its
creation. For the following calculations, we will assume Cores 4, 6, and
7 capture 44 to 45 yr of historical sediment deposition in the reservoir
(Lucas et al.,2015b). Comparison of the magnetic susceptibility strati-
graphic profiles of the Core 5 (2011) and an additional core collected
in 2012 (analyzed for chironomid remains) demonstrated that the
Core 5 profile represented 1976 to 2011. Since we did not capture the
full depositional history at Core 3, it is impossible to calculate an Sacc.
However, one can be estimated. Given that Core 3 is greater than
50 cm deep, and assuming at most 45 yr of accumulation, Sacc must
exceed 1.1 cm yr−1. Sadeghian et al. (2015) report decreasing sediment
accumulation with distance down-reservoir, with a rate of 2 cm yr−1

approximately 15 km down-reservoir of SCC. Linear interpolation be-
tween this location and Core 4 yields an average sediment accumulation
rate at Core 3 of approximately 1.3 cm yr−1. These calculated Sacc allow
for the evaluation of trends in PRSi deposition.

To convert Sacc in cmyr−1 to averagemass accumulation rates,Macc, in
kg yr−1 a dry bulk density of 0.29 g cm−3 (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 7were used to represent the accumula-
tion in the Gardiner and Qu'Appelle arms, yielding Macc of
1.3 × 108 kg yr−1 and 4.6 × 107 kg yr−1, respectively. Cores 1 and 2
were used to represent the area up-reservoir of SCC, with an Macc of
5.6 × 108 kg yr−1. Two estimation methods are used to determine a
range of Macc for the mid-reservoir. The first is the arithmetic mean
of the mass accumulation rates of mid-reservoir cores (Cores 3–5)
as applied to the reservoir area from SCC to Elbow, yielding 5.6 ×
108 kg yr−1. The second estimate assumes a linear change in rates be-
tween SCC, the location 15 km down-reservoir of SCC, Core 3, 4 and 5,
and assuming no change in accumulation perpendicular to the core tran-
sect, yielding 9.3 × 108 kg yr−1 accumulation.Macc for the entire reservoir
is estimated to be between 1.3 × 109–1.7 × 109 kg yr−1.

The fluxes of PRSi to sediment, PRSiacc, in each section of the reser-
voir (mol yr−1) were calculated by multiplying Macc (kg yr−1) by core
PRSi concentrations (mol kg−1). The PRSi concentrations in themost re-
cent five years of deposition in each corewere averaged to approximate

Image of Fig. 2
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present-day annual fluxes. Cores 1 and 2 were averaged to estimate
PRSi concentration up-reservoir 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 down-reservoir of U2-M to F4-M, and
Core 5 from down-reservoir of F4-M to Elbow. Cores 6 and 7 were
used to estimate PRSi concentration in each arm of the reservoir.

Results

Discharge

The year 2013 was a wet year, with spring flooding occurring
throughout the watershed (greater than 50-year floods in some loca-
tions). The total annual flow for the June 2013–May 2014 sampling
Fig. 3. Openwater season spatial and temporal variability of DSi concentrations (in μM) in
(a) epilimnion and (b) hypolimnion, from the M3 sampling site to the Gardiner Dam
(epilimnion) or toM8 (hypolimnion). TheQu'Appelle arm accounts for only 1% of outflow
and is not shown. Distances are relative to upstream Lemsford ferry. Epilimnion DSi con-
tours 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 sampling times and locations of temperature and DSi
measurements do not always correspond.
period into the reservoir via the SSR was 10.3 km3, with an additional
0.1 km3 flowing in through SCC. Total flow through the Gardiner and
Qu'Appelle dams was 11.8 km3 and 0.07 km3, respectively. Instanta-
neous discharge through the Gardiner Dam peaked on June 26 at
2057 m3 s−1. Discharge on the SSR was lowest while ice-covered in
winter, maintaining an average flow of approximately 100 m3 s−1

from mid-December through March. Flow out of the Qu'Appelle arm
peaked at a value close to, but less than 10 m3 s−1 on June 22 during
a downstream channel conveyance test, and averaged 2.4 m3 s−1

(Water Office, 2014).

Water column DSi

The flow-weighted average DSi inflow concentration (Eq. (1)) at the
upstream Lemsford Ferry sampling site was 87 μM. The annual flow-
weighted average outflow concentrations through the Gardiner and
Qu'Appelle dams were 56 and 78 μM, respectively. Concentrations of
DSi varied spatially and temporally throughout the reservoir (Fig. 3).
On average, epilimnetic DSi concentration showed a decreasing trend
with distance down-reservoir. Peaks in epilimnion DSi concentration
were observed in the mid-reservoir from mid-July to early August,
and from late September to early-October. Peak concentrations shifted
progressively to later times with distance down-reservoir. In the mid-
reservoir, epilimnetic DSi concentrations over the sampling period
ranged from 24 to 115 μM, with a mean of 69 μM (Table 1). The
Qu'Appelle arm exhibited the highest concentrations throughout the
monitoring period, averaging 91 μM with a peak concentration of
339 μM on September 10. The highest hypolimnetic DSi concentrations
duringwater column stratificationwere observed in the up-reservoir to
mid-reservoir transition at the end of August. The mean hypolimnion
DSi concentration (67 μM)was similar to the epilimnion (66 μM). How-
ever, the same down-reservoirmovement of the peakDSi concentration
water over time, as observed for the epilimnion, was not seen in the
hypolimnion.

With the spatiotemporal distribution of the DSi concentrations, 4
distinct periods during the open water season are visually identified; a
spring lowDSi period (June 5–June 18), an early-summer high DSi peri-
od (June 19–July 16), a DSi late summer low (July 17–August 28)
followed by increasing DSi in the fall (August 29–October 15)
(Fig. 3a). ANOVA analysis confirmed that DSi concentrations differed
significantly among these periods (F3,42 = 6.552, p b 0.001). For the
hypolimnion, only 2 periods could be distinguished; a spring low
DSi period (June 17–July 16) and a high DSi summer/fall period
(July 17–October 15; Fig. 3b). The DSi concentrations in these 2 periods
were statistically different (F1,31 = 20.85, p b 0.001).

DSi retention

In the year of study, DSi retention, RD, (Eq. (2)) in Lake Diefenbaker
was 0.28 (Fig. 4). The reservoir experienced a large inflow volume due
to heavy rain in southern Alberta in late June of 2013. Two retention es-
timates were calculated for the sampling year, RD as described in the
methods, and an adjusted RD, which is closer amore typical year. To cal-
culate an adjusted RD, selected outlier peak flows were removed from
the flow dataset. Outliers were determined by comparing the inflow
discharge at SSR to a 52-year historical average inflow discharge
(Water Office, 2014), and by comparing the yearly flow profile of both
the inflow at SSR and outflow discharge at the Gardiner Dam to the pre-
ceding year (Hudson and Vandergucht, 2015). The average
inflow discharge was 10.3 km3 yr−1 for the June 2013–May 2014 sam-
pling year, while the 52 year historical average was 7.1 km3 yr−1. The
preceding year, 2012, had a more typical average discharge of
8.1 km3 yr−1. 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 24–26. The annual DSiin without these outliers is
9.2 × 108 mol yr−1 and DSiout is 7.6 × 108 mol yr−1. These values differ

Image of Fig. 3


Fig. 4. Annual reactive Si fluxes in Lake Diefenbaker for study period. GD= Gardiner Dam, QD=Qu'Appelle Dam, SSR= South Saskatchewan River, SCC= Swift Current Creek. Refer to
text for assumptions related to each flux.
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by 1% and 15% respectively, from the fluxes obtained by using all the
flow data from the 2013–2014 sampling year, 9.1 × 108 mol yr−1 and
6.6 × 108 mol yr−1. The adjusted RD excluding outliers is 0.17, which
may be more typical of an average flow year, while the unadjusted RD
for the 2013–2014 sampling year is 0.28. The 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 reser-
voirs like Lake Diefenbaker operate by reducing discharge through the
dam in response to flooding.

In addition to the annual calculations, separate RD valueswere calcu-
lated for the open water season (June–October, 2013) and the winter
(November 2013–May 2014). The open water season RD including the
Fig. 5. PRSi concentration (mol kg−1) for sediment cores within Lake Diefenbaker. Core bottom
where applicable. 0 cm depth represents 2011 for Cores 1–2 and 4–6, and 2012 for Cores 3 an
June flood was 0.67, and 0.64 without flood data. Throughout the
remainder of the year, RD was equal to −1.3, indicating a net export.

Reactive particulate silicon

The PRSi concentration for the 7 cores averaged 0.38 mol kg−1 (2.3
dry wt% SiO2) (Fig. 5). The highest PRSi concentrations were observed
in the mid-reservoir Cores 3, 4 and 5, which peaked at 0.88 mol kg−1

in the top 1 cm of Core 5. Concentrations in Cores 1 and 2 were much
lower, averaging 0.22 and 0.29 mol kg−1, respectively. Core 3 had the
highest overall PRSi concentration, averaging 0.62 mol kg−1 with con-
sistently high concentrations N0.5 mol kg−1 at all depths. Sediments
s (1967) are marked for Cores 4 and 6. Approximate dates are given on a secondary y-axis
d 7.

Image of Fig. 4
Image of Fig. 5
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from thedown-reservoir arms (Cores 6 and7) had intermediate PRSi con-
centrations, averaging 0.53 and 0.46 mol kg−1 in the most recent 5 yr of
deposition. While there was little change in PRSi concentration with
depth in Cores 1, 2, and 3, all cores down-reservoir of Core 3 show de-
creasing PRSi trends with depth (Fig. 5).

Discussion

Sediment PRSi records

The down-core trend in PRSi concentration in Cores 3 to 7 can
indicate changes in reservoir silica dynamics over time (Fig. 5). Down-
core trends in PRSi concentration differed among cores, indicating that
temporal changes in diatom biomass varied spatially throughout the
reservoir. Up-reservoir of SCC therewas no apparent change in PRSi con-
centration with depth, indicating no change during the period captured
by these cores (approximately 8 and 13 yr) at this location. PRSi concen-
trations were below 0.36mol kg−1 up-reservoir of SCC in Cores 1 and 2,
but were highest overall at Core 3 (about 0.62 mol kg−1 PRSi on aver-
age), indicating a hotspot for Si deposition throughout the period of
time represented by the core profile (approximately 38 to 39 yr). Top-
core concentrations of PRSi suggest that the region of highest siliceous
algal biomass is currently between Cores 3 and 5. Abirhire et al. (2015)
observed the reservoir's highest diatom biomass in this location, further
indicating that high PRSi concentrations are derived from diatom frus-
tules. Down-core PRSi concentrations were similar among all cores, sug-
gesting more uniform diatom biomass and PRSiacc throughout the
reservoir in its earlier history. This is also indicated by Lake
Diefenbaker down-core diatom community structure (Lucas
et al.,2015b). The recent increase in PRSi concentration mid-reservoir
suggests increases in algal biomass or changes in phytoplankton com-
munity composition favoring an increased abundance of diatoms.

The perceived higher diatom production mid-reservoir between
Cores 3 and 5 could have resulted from slower current velocity, leading
to decreased turbidity (Søballe and Kimmel, 1987), while still maintain-
ing relatively high DSi and other nutrient concentrations that enter the
reservoir with the inflowwater. Decreased turbidity results in increased
light availability, which may stimulate diatom and other algal produc-
tion, leading to increased biomass. The increased algal biomass may
drawdown water column nutrient concentrations, resulting in lower
dissolved nutrient concentrations available further down the reservoir.
A turbidity gradient down-reservoir of SCC is supported by a shift in
algal community from upstream diatom species (e.g., Stephanodiscus)
to high-light species (e.g., Aulacoseira; Lucas et al., 2015b). These dy-
namics are consistent with established hydrodynamic zonation of
dammed river valley reservoirs,which can be subdivided into longitudi-
nal fluvial, transition, and lacustrine zones (Kimmel and Groeger, 1984;
Thornton et al., 1996). Cores 3 to 5 capture LakeDiefenbaker's transition
zone, characterized by higher light and nutrient availability (Dubourg
et al., 2015), thus enabling higher algal productivity and biomass. The
down-reservoir lacustrine zone, represented in the Gardiner and
Qu'Appelle arms, is characterized by slightly lower nutrient availability
and lower light availability, likely due to higher maximum depths.
These characteristics are reflected by the lower PRSi concentrations ob-
served in the sediment cores. SimilarDSi reductionshave been observed
in the tributaries and upstream lakes of the Yangtze River, where dia-
tom uptake draws down DSi concentrations before waters reach the
main river (Duan et al., 2007).

In-reservoir DSi dynamics

DSi concentrations in the epilimnion and the hypolimnion vary sea-
sonally and spatially within the reservoir, 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 andDokulil, 2002). Changes in epilimnetic DSi con-
centration can result from changes to DSi inflow concentrations and
from diatom uptake. During a diatom bloom event, DSi concentrations
are often drawn down (Hofmann et al., 2002; Opfergelt et al., 2011)
and assuming no major changes to inflow concentrations, patterns in
epilimnetic DSi concentration may reflect patterns in diatom biomass.

The four distinct DSi concentration periods track from up-reservoir
to down-reservoir, moving with the water current, and coincide with
stratification, mixing, and high discharge from the spring melt (Fig. 3).
Low DSi concentrations in the spring may coincide with a peak in dia-
tom biomass, a phenomenon observed in many temperate reservoirs,
lakes, and rivers (Ferris and Lehman, 2007; Goedkoop and Johnson,
1996; Müller et al., 2005). The low spring concentrations, averaging
47 μM, appear first further down-reservoir, but, as we have observed
that concentration highs and lowsmove from upstream to downstream
over time, it is possible that the low period extended up-reservoir earli-
er than the sampling period of this study. The observations of high
diatom biomass by Dubourg et al. (2015) throughout the mid-
reservoir support the inference of a spring peak in diatoms.

TheDSi concentration increased in early summer, after stratification,
to an average of 81 μM in the epilimnion (Fig. 3). This may indicate the
endof the spring diatombiomass peak,which also coincideswith yearly
peak discharge, and therefore peak turbidity, at the end of June. Al-
though the DSi low concentration period extends down-reservoir, the
period of higher DSi concentration does not; this is likely a result of
DSi uptake, indicating that diatoms control water column DSi concen-
trations even in the summer, after the spring bloom. This interpretation
would seem to be supported by observations of high diatom biomass in
the Gardiner arm during this time (Dubourg et al., 2015). This is also the
period associated with the highest DSi retention (Fig. 2). Spatially, the
decline in DSi concentration mid-reservoir coincides with the locations
of Cores 3 to 5, supporting the finding that PRSi is higher in the mid-
reservoir cores due to biological uptake and subsequent sedimentation.
Together, these observations indicate that the fluvial-to-lacustrine tran-
sition zone mid-reservoir is a hotspot for DSi uptake and Si retention,
exhibiting disproportionately high reaction rates relative to the rest of
the reservoir (McClain et al., 2003). We can further conclude that dia-
tom 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 concentra-
tions and lower phytoplankton biomass (Dubourg et al., 2015). After a
bloom event, diatoms sink below the thermocline and become buried
in the sediment, but any increase in DSi resulting from partial dissolu-
tion of frustules cannot be brought back to the surface until fall turn-
over. The increase in DSi in the mid-reservoir region in late-
September is most likely the result of delivery of DSi from the hypolim-
nion 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 mid-reservoir location
(between U1-M and F4-M) is supported by observations of water col-
umnmixing (Fig. 3a). This period coincides with negative DSi retention,
or apparent DSi export (Fig. 2). 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 only a fraction of PRSi is dissolved during this
time.

Changes in DSi concentration represent the net effect of both uptake
and remineralization or dissolution, and the highDSi concentrations ob-
served in the hypolimnion of Lake Diefenbaker indicate sediment Si dis-
solution. 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 build-up over the summer.
Rapid PRSi dissolution and recycling has been observed in other lakes
and reservoirs, including Marne Reservoir, Three Gorges Reservoir,
and Lough Neagh (Garnier et al., 1999; Gibson et al., 2000; Ran et al.,
2013). Results from these studies indicate that sediment dissolution
can take place over relatively small timescales (i.e., on the order of
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days to weeks), leading to Si changes seasonally within the reservoir,
rather than slowly as the reservoir ages.

DSi retention

The majority of Lake Diefenbaker's retention occurred in the open
water season from June to September when diatom productivity facili-
tated the transformation of DSi into PRSi. RD during this time was
0.64–0.66, indicating efficient transformation of inflowing DSi to PRSi.
Through the ice-covered winter, the reservoir was a source of DSi to
the downstream watershed, indicated by the RD of −1.3. The reservoir
is drawn down in the winter, and so from a mass-balance approach a
portion 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 approximate change in res-
ervoir volume during this period (1.8 km3). By then multiplying this
volume loss by the average reservoir outflow DSi concentration, the ap-
proximate mass lost due to reservoir drawdown is calculated. Using an
average concentration of 65.6 μMat theGardiner Dam,we estimate that
approximately 1.2 × 108 mol of DSi is 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 PRSi
to the water column, and delivery from the hypolimnion after fall
turnover. These vastly different seasonal results provide compelling
evidence for the need to quantify year-round Si fluxes in reservoir bud-
gets in order to determine the effect of the reservoir on the Si cycle of
downstream environments.

Lake Diefenbaker's 2013–2014 RD value of 0.28 is somewhat higher
than the retention found in other reservoirs, while the 0.17 retention
calculated without flood outliers is more typical of reservoirs of this
size. Maavara et al. (2014) estimated that globally, reservoirs have an
average RD of 0.13 and rarely exceed 0.3 exceptwhen residence time ap-
proaches 5 yr or more. Lake Diefenbaker's high RD in 2013may be driv-
en by reservoir operation protocol (i.e., a reduction in discharge through
the dam as a result of the need for flood control), while the adjusted RD
(0.17) is more similar to the average global retention estimate. This
finding suggests high flow years and years with large flood events,
may have higher DSi retention, and dam operation protocol has an im-
pact on reservoir DSi retention, and thus, the DSi cycle in downstream
environments.

There are few studies on Si dynamics for large reservoirswith similar
residence times with which to compare our findings. Falcon Reservoir
on the Rio Grande in Texas is hydrodynamically similar to Lake Diefen-
baker with a residence time of 0.8 yr and a surface area of 339 km2

(Kelly, 2001). RD in Falcon Reservoir is 0.17, the same as Lake
Diefenbaker's adjusted RD. Falcon Reservoir also has an excess of DSi rel-
ative to N and P, and comparable turbidity (typically b10 NTU) (Hudson
andVandergucht, 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 to be determined.
Long-term evolution of Si transformations in reservoirs additionally
may be critical to the amount of retention that takes place annually. Res-
ervoir ageing hypotheses suggest that over time, water column turbid-
ity and sediment accumulation decrease (Holz et al., 1997; Kimmel
and Groeger, 1986). The combined effects of these changes on primary
productivity and PRSi re-dissolution to the water column remain un-
clear and may be key variables governing long-term Si retention in
reservoirs.

Annual PRSi accumulation

The RD estimates for the 2013–2014 sampling year indicates that the
reservoir is a net sink for Si and it promotes the transformation of DSi to
PRSi, mainly driven by diatom uptake. The reservoir's PRSiacc values
support this observation. Using the most recent 5 yr of deposition for
each core and applying the Macc range, a PRSiacc of 5.8 × 108–8.2 ×
108 mol yr−1 was calculated. Frings et al. (2014) have shown that
using one sediment core to represent cross-sectional deposition in la-
custrinewater bodies can lead to overestimation of PRSiacc. Sediment fo-
cussing tends to result in the majority of accumulation taking place in
the deepest section of a water body, corresponding to the mid-
channel locations where Lake Diefenbaker cores were collected. Cross-
sections reconstructed for Lake Diefenbaker's mid-reservoir location
show that the sediment depositional area may represent as little as
50% of the overall reservoir surface area (Sadeghian et al., 2015). Halv-
ing yields a revised PRSiacc of 2.9 × 108–4.1 × 108 mol yr−1.

The most recently deposited PRSi may not have yet undergone sea-
sonal dissolution to thewater column. The high values in the top 1 cmof
Cores 5 and 6 may be indicators of pre-seasonal diagenesis. Including
these values in the top-core concentration averages could lead to an
over-estimation of the net annual PRSiacc. We have therefore calculated
a PRSiacc that excludes the top 1 cm in the calculation of all average top-
core PRSi concentrations. Overall reservoir PRSiacc decreases to
5.6 × 108–8.0 × 108 mol yr−1 using reservoir surface area, or 2.8 ×
108–4.0 × 108 mol yr−1 using a 50% sediment depositional area.

Our overall range of PRSiacc estimates, 2.8 × 108–8.2 × 108 mol yr−1

(normalized by surface area to 0.7–2.1 mol m−2 yr−1) is lower than
PRSiacc of Si-rich reservoirs, including the Iron Gates Reservoir on the
Danube River (2.6 mol m−2 yr−1; Friedl et al., 2004; Teodoru and
Wehrli, 2005), St. Croix on the Mississippi River (2.9 mol m−2 yr−1;
Triplett et al., 2008), and Amance and Champaubert Reservoirs in the
Seine River basin (3.4 and 4.5 mol m−2 yr−1 respectively; Garnier
et al., 1999). The disparity of low PRSiacc and average-to-high RD values
relative to other reservoirs may be accounted for by the water column
PRSifluxes, specifically, large PRSi effluxes via the dams. Future research
quantifying water column PRSi fluxes would be beneficial to enhance
Lake Diefenbaker's Si budget, as well as help contextualize Si budgets
for other reservoirs.

In contrast to Si retention, the Lake Diefenbaker phosphorus and ni-
trogen budgets indicate near-complete retention of P in the reservoir
(North et al., 2015), and low N retention, with net export in some
years (Donald et al., in press; pers. comm., R. North, 2015). The differ-
ence between Si, P, and N retention suggests a de-coupling of the nutri-
ent 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 focus
on assessing the impact of preferential P retention on both reservoir
ecosystems and downstream aquatic and marine environments, in
both Si and P- or N-deficient systems.

Conclusions

This study represents the first report of Si dynamics in Lake
Diefenbaker. Analysis of Lake Diefenbaker water column samples (DSi
concentrations), sediment cores (PRSi concentrations), and sediment
accumulation rates revealed that DSi retention is 0.28 for the
2013–2014 sampling year. The mechanisms responsible for the high
DSi 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. Themajority of Si re-
tention takes place in the mid-reservoir region in the transition zone
from fluvial to lacustrine hydrodynamics, which represents a hotspot
in Si cycling. This may be a feature unique to river-influenced reservoirs
and highlights their importance in landscape biogeochemical cycling.
Temporally, high diatom productivity during the open water season
(June–October) results in the transformation of DSi to PRSi, and a net
flux of PRSi to the sediment. Inwinter, PRSi is dissolved to thewater col-
umn, leading to net DSi export from the reservoir. The near-complete
retention of P, low N retention, and moderate Si retention represents
de-coupling of the phosphorus, nitrogen, and silicon cycles and has
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the potential to influence downstream, coastal, andmarine ecosystems.
Future reservoir Si budgets should assess the role of nutrient retention
in Lake Diefenbaker in the context of downstream ecosystem health.
In addition, long-term multi-year data, including water column PRSi,
should be collected in order to assess internal variability in Si retention,
and the time-dependent evolution of the reservoir's Si budget.
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