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SYNTHESIS AND EMERGING IDEAS

Lack of steady-state in the global biogeochemical Si cycle:
emerging evidence from lake Si sequestration
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Abstract Weathering of silicate minerals releases
dissolved silicate (DSi) to the soil-vegetation system.
Accumulation and recycling of this DSi by terrestrial
ecosystems creates a pool of reactive Si on the
continents that buffers DSi export to the ocean.
Human perturbations to the functioning of the buffer
have been a recent research focus, yet a common
assumption is that the continental Si cycle is at steady-
state. However, we have no good idea of the
timescales of ecosystem Si pool equilibration with
their environments. A review of modelling and
geochemical considerations suggests the modern con-
tinental Si cycle is in fact characterised in the long-
term by an active accumulation of reactive Si, at least
partially attributable to lakes and reservoirs. These
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lentic systems accumulate Si via biological conversion
of DSi to biogenic silica (BSi). An analysis of new and
published data for nearly 700 systems is presented to
assess their contribution to the accumulating conti-
nental pool. Surface sediment BSi concentrations
(n = 692) vary between zero and >60 % SiO, by
weight, apparently independently of lake size, location
or water chemistry. Using sediment core BSi accu-
mulation rates (n = 109), still no relationships are
found with lake or catchment parameters. However,
issues associated with single-core accumulation rates
should in any case preclude their use in elemental
accumulation calculations. Based on lake/reservoir
mass-balances (n = 34), our best global-scale esti-
mate of combined lake and reservoir Si retention is
1.53 TMol year ™', or 21-27 % of river DSi export.
Again, no scalable relationships are apparent, sug-
gesting Si retention is a complex process that varies
from catchment to catchment. The lake Si sink has
implications for estimation of weathering flux gener-
ation from river chemistry. The size of the total
continental Si pool is poorly constrained, as is its
accumulation rate, but lakes clearly contribute sub-
stantially. A corollary to this emerging understanding
is that the flux and isotopic composition of DSi
delivered to the ocean has likely varied over time,
partly mediated by a fluctuating continental pool,
including in lakes.

Keywords Silica cycle - Biogenic silica - Lake
retention - Silicon isotopes
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Introduction

The global biogeochemical Si cycle is characterised
by two discrete sub-cycles of comparable magnitude
on the continents and in the oceans. Rivers are the
principal link between these sub-cycles, supplying
~85 % of annual inputs of dissolved silicate (DSi) to
the ocean, after its mobilisation from terrestrial soils
and bedrock. The long-term Si cycle consists of (1)
release of dissolved silicate (DSi) and particulate
silicates from regolith at the Earth’s surface, (2)
cycling and partial transfer of DSi and particulates
from land to ocean and (3) permanent burial in ocean
sediments (see Struyf et al. 2009a and Tréguer and de
la Rocha 2013 for reviews). All stages are driven by
biological activity and include various reservoirs that
act to buffer or even temporarily reverse the long-term
unidirectional flux from land to ocean.

Silicate weathering releases DSi and consumes CO,
at a temperature dependent rate, thereby acting as a
negative feedback for atmospheric CO, (Berner et al.
1983). Weathering is strongly biologically mediated
through root exudation of organic acids, subsurface
pCO, enrichment, physical breakage and facilitation
of soil water flow (Berner 1992; Berner et al. 2005). A
substantial fraction of the mobilised DSi enters the
soil-vegetation system, where it contributes to the
production of biogenic silica (BSi) structures in
continental vegetation that convey structural and
ecological benefits (Epstein 1999). Continental vege-
tation BSi production is estimated at ~84 x 10'* mol
Si year~! (Carey and Fulweiler 2012) which is too
large to be supported entirely from newly mobilised
DSi. Instead, it derives from recycling of a pool of
reactive amorphous Si (ASi) compounds (including
BSi) in ecosystem soils. This soil-vegetation Si pool is
orders of magnitude larger than annual Si mobilisation
and has been termed the ecosystem silica filter (Struyf
and Conley 2012). This filter buffers DSi export from
catchments such that actual Si export will equal Si
mobilisation from bedrock only when the filter
functions at steady-state.

After cycling through continental ecosystems,
approximately 6 TMol DSi year™' (I TMol = 1 x
10" mol) is delivered to the oceans via the fluvial
system. Annual ocean BSi production of ~240 TMol
year™' (Tréguer and De La Rocha 2013) is therefore
similarly supported by recycling of previous produc-
tion. The diatoms dominate ocean BSi production,
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corresponding to ~40 % of oceanic primary produc-
tion (Yool and Tyrrell 2003). After death, the BSi is an
efficient exporter of organic C to the deep ocean.
Annually, ~3 % escapes dissolution and is perma-
nently removed from the ocean sub-cycle (Tréguer
and De La Rocha 2013).

These two linkages—silicate weathering and BSi
export in the ocean—tightly couple the Si and C
cycles. DSi release from bedrock and subsequent
transport to the ocean are key elements in the Earth
System. They are commonly assumed to be equivalent
and are typically assessed through measurement of
stream DSi concentrations and discharge. Yet such an
assessment assumes steady-state conditions in the
continental Si cycle. On human (<100 years) time-
scales, steady-state depends on the constancy of Si
pools in the ecosystem filter, where different ecosys-
tems have different weathering, internal recycling and
release rates. An emerging paradigm asserts humans
have perturbed the balance between these processes,
and ecosystem Si pools are growing or depleting
following land use change, agricultural Si export,
eutrophication or climate change (Clymans et al.
2011; Struyf et al. 2010a; Conley et al. 2008; Sommer
et al. 2013). We now know the modern Si cycle is
highly perturbed, so steady-state should not be
assumed in the Anthropocene.

On longer timescales, the Si cycle would be in
steady-state if permanent burial in the oceans equals
the sum of Si mobilised by weathering and erosion on
the continents. On these timescales, and distinct from
anthropogenic activity, we hypothesise the continental
Si cycle is not at steady-state and instead is charac-
terised by gradual aggradation or depletion of the ASi
pool held in continental soils, sediments and deposits,
in response to changing environmental forcings. This
has implications for the ultimate flux of DSi from land
to ocean and the strength of the silicate weathering-
pCO, feedback.

In this contribution, we summarise evidence for
non-steady state functioning of the global Si cycle
independent of human activity (“An accumulating
continental Si pool”). Meybeck and Vordsmarty
(2005) conceptualise the fluvial system from soils to
estuaries as a series of filters that ‘recycle, store,
remobilise and transform’ material. Within this frame-
work, we focus on a key element—Ientic systems—
and present a meta-analysis of a compilation of lake/
reservoir sediment BSi and associated catchment data
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for nearly 700 systems to better understand where and
why Si is being sequestered (“Lake and reservoir Si
accumulation: a meta-analysis™). Our synthesis and
interpretation of this dataset highlights uncertainties
and flaws in current approaches and the assumption of
steady-state. We place our data in the context of our
understanding of past and present Si cycling and
demonstrate that river DSi fluxes are variable in
magnitude, isotopic composition and spatial distribu-
tion over a range of timescales (“Lake Si accumula-
tion: uncertainties and implications for the global Si
cycle”). Implications of a non-steady-state continental
Si pool are highlighted and recommendations formu-
lated for future research priorities.

Throughout, we discriminate between particulate
silicates and amorphous Si (ASi). Here, particulate
silicate refers to minerals formed in situ during
weathering or to unaltered erosional products. ASi
also refers to solid phases of Si, but those neoformed
from a DSi precursor after movement from its point of
mobilisation, i.e. not as an integral step in the
weathering process. ASi includes BSi but also various
inorganic phases that span a range of crystallinity. For
the sake of consistency with previous literature, we
retain the term ASi to refer to all neo-formed phases,
although we note some clay minerals fulfil our criteria
of forming from a translocated DSi precursor, but have
a high degree of crystallinity.

An accumulating continental Si pool
A non-steady state global sediment budget

Many lines of evidence imply current net continental
accumulation of both particulate and amorphous Si.
The accumulation of particulate silicates is not
contentious and is a direct consequence of a time-
lagged global sediment response to changing climates
since the last glacial maximum (Hinderer 2012). Areas
of net deposition have long been acknowledged within
the context of the carbon cycle (Stallard 1998). The
current era of marine transgression, as a recovery from
the LGM sea-level lowstand, means many river
catchments are actively aggrading in paraglacial areas.
For example, in the coterminous United States,
~90 % of eroded material does not reach river
mouths (Meade 1988). Floodplains are known to
accumulate substantial percentages of river sediment,

especially in tectonically active areas (Allison et al.
1998). In particular, large river floodplains appear to
buffer sediment delivery on timescales greater than
Quaternary environmental changes (Métivier and
Gaudemer 1999; Blothe and Korup 2013). Similarly,
colluvial and aeolian sediments are accumulating in
many regions, particularly those with agriculturally
disturbed sediment budgets (Trimble 1983). Reser-
voirs annually accumulate about 20 % of the global
river sediment flux delivered to the ocean by rivers
(Syvitski et al. 2005) and the number of established
reservoirs are increasing markedly (Lehner et al.
2011). Lakes and ponds presumably have a similar
function (Hay 1998; Houser et al. 2010). Such
accumulation is not a realistic long-term situation.
The timescales of equilibration are unclear but occur
over many millennia. This development of particulate
Si pools has implications for the silicate-weathering
feedback, since it implies a long-term trend towards a
more transport-limited system at a global scale. Long-
term sediment disequilibrium is discussed elsewhere
(Vance et al. 2009; Goudie and Viles 2012), which
also touch upon implications for weathering rates (e.g.
Mills et al. 2011). A discussion of silicate-weathering
feedback mechanisms is beyond the scope of this
manuscript.

Evidence for continental retention of DSi

In addition, a fraction of the DSi released during
weathering also accumulates in lake, reservoir and
floodplain sediments or terrestrial soils via the forma-
tion and sequestration of ASi. This is well known
(Conley et al. 1993a), but a common assumption is that
prior to human perturbations accumulation was bal-
anced by losses, such that no net change occurred. The
emerging understanding is that these ASi pools are
dynamic and respond to environmental forcings, and
the timescales of build-up or decay are so long that
dynamic equilibrium cannot be assumed. Evidence
suggests the modern-day ASi pool is actively expand-
ing, i.e. continental processes currently act as a sink in
the Si cycle, as in the C cycle (Stallard 1998). If
correct, this has implications for our understanding of
the coupled Si and C cycles. It suggests that (a) in
some cases observed fluxes of Si and other elements in
streams partially reflect imbalances in the terrestrial
biosphere rather than mineral weathering rates, so
weathering rates may be systematically under- or
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overestimated, (b) the presence of feedbacks relating
terrestrial ASi pool development and weathering rates
(Struyf et al. 2010a), and (c) changes in sequestration
rates will alter downstream ecology and biogeochem-
istry via changing elemental stoichiometries.

Evidence for continental DSi retention from global
Si-cycle models

Modelling efforts give a first indication of the
importance of this sink. A global Si cycle box-model
based on mass-balance principles (Laruelle et al.
2009) suggests 6.4 TMol of DSi mobilised during
weathering accumulates annually on the continents as
BSi in soils and lake sediments. Similarly, a discrep-
ancy of 12-40 TMol between modelled DSi mobili-
sation (19—46 TMol year™'; Hilley and Porder 2008)
and actual fluxes of DSi to the ocean (5.7-7.1 TMol -
year™'; Beusen et al. 2009) suggests the presence of a
large, actively accumulating continental ASi pool
every year. These two modelling efforts agree on the
presence of a large and accumulating reservoir of
continental Si, but differ by an order of magnitude,
emphasising the need to better constrain the
accumulation.

Evidence for continental DSi retention from river
geochemistry

River geochemistry provides further insight. The
silicon isotopic ratio (53 0Si) of DSi in rivers is
systematically heavier than the ratio in catchment
bedrock, since the lighter **Si isotope is preferentially
incorporated into secondary minerals and BSi (Ziegler
et al. 2005), requiring a continental sink to balance
river export (Basile-Doelsch et al. 2005). 5°°Si of DSi
typically (but not always) increases along river
longitudinal profiles, implying progressive preferen-
tial retention of 28Si (Hughes et al. 2012; Fontorbe
et al. 2013; Cardinal et al. 2010; Cockerton et al.
2013). Based on mass-balance De La Rocha et al.
(2000) concluded that 64 % of weathered silicon is
retained in secondary clay minerals, which is in rough
agreement with the stoichiometry of weathering
reactions. Hughes et al. (2013) find that between 25
and 100 % of Si is retained by clay formation in sub-
basins of the Amazon based on the ratios of Si and
cations in bedrock and surface waters. A similar
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conclusion was reached in the basaltic terrain of
Iceland (Georg et al. 2007).

Changes are also observed in Ge/Si ratios in global
discharge. Ge has similar geochemical behaviour to
Si, but is preferentially partitioned into secondary
minerals during weathering and clay neoformation
(Kurtz et al. 2002). Low Ge/Si ratios reflect incon-
gruent weathering or preferential removal of Ge from
soil solutions or river water. Ge/Si ratios in global
discharge (mean ~0.6 pmol mol~') are approxi-
mately half that expected from congruent dissolution
of bedrock (Mortlock and Froelich 1987, Kump et al.
2000), implying formation of a Ge-enriched phase,
although at what stage between bedrock weathering
and river mouth export is unclear. In the Amazon
River from Manaus to its mouth, and the Congo River
from Kinshasa to its mouth, Ge/Si ratios decrease from
1.15 to 0.52 and 0.68 to 0.52 pmol mol ™", respec-
tively (Mortlock and Froelich 1987), interpretable as
selective removal of Ge into neoformed ASi minerals
in lakes, wetlands and floodplains.

Together, river 8*°Si and Ge/Si imply neoformation
of isotopically light and perhaps Ge enriched ASi
phases within the fluvial filter. The fate of these
neoformed phases is not well understood.

We cannot completely discount that human impacts
are responsible for these results, but believe that they
reflect a true long-term disequilibrium in the Si cycle.
We note that for the modelling studies, human activity
would probably act in the opposite direction, i.e. to
increase DSi export on the short-term (Clymans et al.
2011; Conley et al. 2008; Struyf et al. 2010a) though
reservoirs and eutrophied systems may provide
counter-examples. Moreover, the river geochemistry
data tend to derive from regions of the world with
limited human impacts. The terrestrial Si isotope
budget could be considered in steady-state if river
sediment loads counter-balance the dissolved phase
transport. The available data urgently need extending,
but suggest this is not the case (Ding et al. 2004, 2011).

Evidence for continental DSi retention
from ecosystem-scale studies

This conclusion of current terrestrial ASi accumula-
tion is validated by ecosystem scale Si studies. They
indicate ASi accumulates as preserved BSi and
inorganic neo-formed ASi phases in the sediments of
lakes, wetlands and floodplains and in terrestrial soils
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(Conley 2002). The sizes, location and net aggradation
rates of these Si pools are poorly constrained and
current knowledge is limited (Struyf and Conley
2012).

A large soil ASi pool and its impact on DSi release
has been observed across a range of landscapes (e.g.
Alexandre et al. 1997; Melzer et al. 2012; Gerard et al.
2008; Blecker et al. 2006). Depth distributions of BSi
suggest the presence of a refractory pool of ASi which
may include aged BSi (Saccone et al. 2006; Cornelis
etal. 2011). Soil ASi losses can be via physical erosion
or through DSi export after dissolution. Contemporary
net accretion or depletion of soil ASi is unclear. In some
settings, soils appear to be in equilibrium with their
environment (Hewawasam et al. 2013), so presumably
there is no net accumulation of ASi. In others, soils can
develop or degrade, sometimes disappearing altogether
(‘regolith stripping;’ Phillips 2005) and at other times
involving biological activity and weathering profiles to
100 m depth (Stone and Comerford 1994). Phillips
(2010) sees the concept of steady-state soil thickness
(and presumably composition) as ‘a convenient fiction,’
i.e. not true, but occasionally useful. In summary, soils
store a huge ASi stock that often will be actively
accumulating or depleting and is particularly susceptible
to human perturbation (Clymans et al. 2011).

Floodplains are important sinks of particulate Si
(Meybeck and Vorosmarty 2005) and can similarly
remove DSi from solution, biologically or though
mineral neoformation (Humphries et al. 2010, 2011).
However, floodplains can also release DSi through
chemical weathering (Lupker et al. 2012), so the net
effect is unclear. In wetlands, ASi depth-profiles in
boreal (Struyf et al. 2010b), temperate (Struyf et al.
2009b), tropical (Frings et al. in prep.) and freshwater
tidal settings (Struyf et al. 2007) show rapid recycling
in the uppermost centimetres and minor but non-
negligible long-term accumulation. The net effect of
wetlands and floodplains on Si fluxes is therefore
unclear, and a thorough assessment is currently
missing due to lack of available data.

In lacustrine sediments, BSi is near-ubiquitous and
often accumulates continuously, as demonstrated by
its regular use in palaeolimnological investigations.
Despite continuous accumulation, we consider lake Si
retention to represent a long-term imbalance in the Si
cycle because it breaks the land—ocean linkage, and a
given lake typically only has a finite lifetime (Hinderer
and Einsele 2001). The soil ASi pool is probably the

most responsive to environmental change in that it can
act as both source or sink, while lake sediments
typically vary just in the magnitude of the sink.
However, we choose to highlight the contribution of
lakes to the development of a continental Si pool
because they accumulate consistently and continu-
ously, and a large amount of data is available, while
poor data availability and lack of knowledge about the
degree of equilibrium preclude quantification of soil
ASi stocks. Additionally, lentic systems probably
attain equilibrium with their environment much
quicker than soils. Further, if we can identify controls
on Si retention for lakes, they may be generalizable to
the rest of the continental Si pool.

Lake and reservoir Si accumulation: a meta-
analysis

Lakes, ponds and reservoirs act as efficient biogeo-
chemical reactors (Benoy et al. 2007; Dean 1999),
providing the low turbidity environments needed for
efficient assimilation of dissolved nutrients (i.e. Si and
other macro- and micro-nutrients) into biomass by
primary producers. In lakes and reservoirs, DSi is
taken up by siliceous organisms and precipitated as
biogenic silica (BSi) in skeletal structures. After the
organism dies, this BSi will sink to the sediment where
part can become permanently retained (Fig. 1). Lake-
scale Si mass-balances suggest the Si sink can be a
substantial fraction of inflowing Si (Hofmann et al.
2002; Muvundja et al. 2009), so a global scale study of
the magnitude and location of the lake Si sink will help
to diagnose shifts in the build-up or depletion of Si in
the continental reservoirs.

Harrison et al. (2012) used a spatially explicit
global model ‘Silica Retention in Reservoirs and
Lakes’ (SiRReLa) to calculate retention efficiency
(% of inflowing Si retained) as a function of lake
trophic state (classified from the NEWS-DIP-HD
phosphorus loading model; Harrison et al. 2010) and
the ratio of water input to unit lake area, a surrogate for
residence time (from Fekete et al. 2002 and Lehner
and Doll 2004, respectively). Combined with an
estimate of DSi input from the NEWS-DSi model
(Beusen et al. 2009), SiRReLa produces an estimate of
absolute retention rates (mean 21.7 g m~~ year™ ') of
Si in lentic systems. SiRReLa is calibrated on 27
published mass-balances for lakes and reservoirs.
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Fig. 1 Conceptualisation
of the mechanism of
dissolved Si (DSi) retention
within lake sediments as
biogenic Si (BSi). See text
for details

DSiin

Groundwater
DSiin

Despite the success of SiRReLa, differences
between the retention of Si in reservoirs and lakes
remains unexplored, although studies have shown
proportionally larger storage of carbon in reservoirs
than in lakes (Tranvik et al. 2009). It also neglects the
potential of a wealth of unexplored BSi accumulation
rates (ARgg;) or surface sediment BSi concentrations
(Cgsy), routinely analysed during (palaco)limnological
investigations as an proxy for lake productivity.
Likewise, potential links between catchment pro-
cesses or characteristics and lake Si sequestration have
been neglected. SiRReLa is sensitive to input DSi
from the NEWS-DSi model, which is calibrated on
river-mouth DSi export, implicitly already accounting
for DSi retention. Finally, lakes and reservoirs are
treated as one in the calibration and implementation
steps despite hydrological and ecological differences.
We attempt to address these problems via a synthesis
of published and new mass-balance, ARgg; and Cgg;
data combined with catchment information. We show
Si accumulation in lakes is a complex process not
easily predicted from theoretical first-order controls,
but indications are that lentic Si sequestration is a key
component in the continental Si sink and can help to
reveal imbalances therein.

Approach

Individual publications were found with searches in
ISI Web of Science and relevant data extracted from
tables, text or figures. Three classes of data are
recognised: Si mass-balances, BSi accumulation rates
and surface sediment BSi concentrations. Si mass-
balances provide whole-lake average Si accumulation
rates, calculated from differences between in- and
outflowing Si, whereas BSi accumulation rates
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(ARgs;) represent only one point, usually the deepest,
in a lake basin. Finally, surface sediment BSi concen-
trations (Cgs;; %dry weight) provide no direct infor-
mation about accumulation rates but may provide
proxy information on lake or catchment processes.
Supplementary data on lake/reservoir size, location,
climate (mean annual temperature and precipitation,
MAT and MAP) and physicochemical characteristics
were taken from the original text, where mentioned, or
otherwise from secondary sources (see below).

This literature data is supplemented with new
analyses on sediments from lake surveys in Greenland,
Iceland, Denmark, the Azores, Greece, and Tasmania
(n = 182; Jeppesen et al. 2003a, b and Jeppesen,
unpublished data). BSi concentrations were determined
from 1 to 5 integrated core-top (1-3 cm) samples per
lake using a standard wet-alkaline extraction (Conley
and Schelske 2001) and the molybdate-blue colouri-
metric reaction (Strickland and Parsons 1968).

Data on lake/reservoir climate, catchment lithology,
land cover/vegetation and soil characteristics were
extracted from geospatial datasets. Climate variables
come from spatially explicit GIS products (monthly
precipitation and mean, minimum, and maximum
monthly temperature, with 19 extra biologically relevant
parameters—the ‘BIOCLIM’ variables—for the period
1950-2000 at a resolution of 30 arc seconds (Hijmans
etal.2005). Catchment lithology (15 classes) comes from
a global lithological map, aggregated at 0.5° x 0.5°
resolution (Diirr et al. 2005). Catchment vegetation (22
classes) was derived from the Global Land Cover product
(g1c2000; Bartholomé and Belward 2005). Catchment
heterogeneity is not well captured with this approach,
owing to the inability to accurately delineate watersheds
and the low resolution of the geospatial data relative to
catchment size, so all catchments are therefore
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Fig. 2 Location of lakes and reservoirs included in our database. Green points represent surface sediment BSi concentrations, red
triangles BSi accumulation rates and blue stars whole-system Si mass-balances. (Color figure online)

represented by a single point. Where the geospatial data
identified the point as a water body, the nearest non-water
area was selected. If elevation is not in the original
publication, it is derived from a global digital elevation
model (ASTER or GTOPO30 depending on coverage).
All BSi concentration and accumulation rate data refers
to SiO, throughout.

We conceptualise Si retention in lakes/reservoirs as a
function of three factors: DSi input, transformation of
DSi to BSi, and preservation of BSi. We specifically
focus our attention on identifying relationships with
catchment lithology/soils, vegetation and climate (first-
order controls on DSi input; Beusen et al. 2009), latitude,
nutrients and climate (first order controls on BSi
production; Lewis 2011) and pH, lake size/depth and
water chemistry (first order controls on BSi preserva-
tion; Loucaides et al. 2012). Since catchment vegetation
isinfluenced by the same factors, we investigate whether
vegetation type may be used as a proxy for Si retention.

Results

The dataset consists of 692 lakes and reservoirs,
including 749 individual Cgg; measurements, 118
ARgg; determinations and 34 Si mass-balances taken
from over 200 (palaeo)limnological publications and

182 new data points. Data cover 47 countries on all
seven continents (Fig. 2). A summary is given in
Table 1. The dataset incorporates four large training
sets of multiple lakes developed for (a) the use of BSi
as a palaeoclimatic index (n = 63; Fortin and Gajew-
ski 2009), (b) the use of Fourier-Transform infrared
spectroscopy (FT-IRS) for measuring sediment BSi
concentrations (n = 94; Rosen et al. 2010), (c) assess-
ment of the contribution of sponge spicule BSi to total
sediment BSi in Florida lakes (n = 82; Conley and
Schelske 1993), and (d) assessment of lake sensitivity
to acidification (n = 67; Conley, unpublished data).

Si mass-balance studies

Thirty of the thirty-four systems have positive reten-
tion rates, i.e. they are net sinks for Si. The remaining
systems have negative retention rates, implying they
are net sources of DSi to the fluvial system. Based on
the documented in- and outflowing Si fluxes for the
remaining systems, lakes and reservoirs retain
between —163 and 99 % of inflowing DSi, equivalent
to sedimentation rates of —7.3-268 g m ~ year .
The systems are detailed in Table 2.

Mean retention efficiency is 37.1 % and the mean
accumulation rate is 33.1 g m~2 year . When lakes
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Table 1 Summary of compiled dataset

Continent BSi (%dw) SARgs; (g m2 yearfl) Max depth (m) Area (km?) pH DSi (mg 17h
Africa 821 + 4.4 (7) 389 £21.5 ) 363.8 24,239 9.7

Antarctica 1.79 £ 1.8 (8) - 26.6 2 - 1.22 (1)
Asia 8.37 £ 6.8 (15) 155 + 211 (6) 207.3 650 8.7

Europe 16.59 £+ 13.1 (211) 101 + 159 (24) 17.1 33 6.7 0.90 (97)
North America 9.96 + 10.3 (403) 84.2 + 101 (63) 17.9 689 6.8 1.30 (120)
Oceania 7.26 + 2.8 (5) - 13.7 286 -

South America 13.11 £ 11.7 (I15) 205 + 278 (6) 62.5 643 7.4 7.63 (2)
Global Average 11.96 £ 11.59 (664) 97.7 + 138 (103) 29.5 884 6.78 1.18 (220)

Where given, £ values correspond to 1 standard deviation of the mean, and values in brackets correspond to the number of data

points available in that class

with controlled discharge (see Table 2) are grouped
with reservoirs, lakes and reservoirs have significantly
different relative retention efficiencies (respective
means for lakes and reservoirs 64.2 and 13.0 %) and
absolute sedimentation rates (respective means 18.6
and 46.0 g m~? year '). Relative retention (%) is
related to residence time and is weakly correlated with
the ratio of lake to catchment area (Fig. 3).

Within this dataset, absolute and relative retention
rates do not vary systematically with catchment
vegetation or lithology. Classification of lakes by area,
depth, latitude or elevation does not improve correla-
tions, and relationships are not substantially altered
whether lakes and reservoirs are considered separately
or together. Similarly, standard multiple linear regres-
sion fails to develop robust predictive models for mass
balance-based accumulation rates. These results high-
light the complex nature of BSi accumulation. For
example, temperature influences lake DSi input and
siliceous productivity rates, but also alters dissolution
rates, confounding any potential correlation that may
provide a scalable parameter. Potential differences
among bedrock lithologies or catchment vegetation are
not apparent despite being recognised as key controls
on DSi release, which may perhaps be attributable to
the data resolution. A recent reanalysis of the global
Nutrient Export from Watersheds (NEWS) models
identified similar catchment-to-catchment variability
in N and P retention (Tysmans et al. 2013).

BSi accumulation rates

BSi accumulation rates in sediment cores span three
orders of magnitude from <0.1 g m~2 year ' (e.g. Lake
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Sanagak; Stewart et al. 2008) to >500 g m~~ year

(e.g. Laguna de los Pozuelos or Lake Logung; McGlue
et al. 2012; Rodysill et al. 2012), with mean = 97.7
g m” year . Sedimentation rates derived from cores
overlap with mass-balance-based estimates, but are on
average ~ 5x higher. Core based accumulation rates are
unrelated to lake size, depth, location, climate or
limnological characteristics (Fig. 4) and show no var-
iation among catchment lithological or vegetation
classes (Fig. 5). Since BSi accumulation rates are
numerous and globally distributed, they have the
potential for calibration of a model relating lake and
catchment parameters to ARgg; that could subsequently
be upscaled to the globe. This approach requires
accumulation rates at the surface of one sediment core
to be representative of whole system long-term BSi
accumulation. In addition to age-depth model uncer-
tainty, which is beyond the scope of this paper, we
identify three confounding issues. We believe these
should preclude the use of single-core accumulation
rates for calculation of whole lake Si sequestration and
suggest that the same is true for other elements.
Firstly, sediment accumulation rates vary within
and among lake basins (Hilton 1985; Likens and
Davis 1975). This variation, known as sediment
focussing, creates heterogeneity that is acknowl-
edged, but rarely accounted for (Hilton 1985;
Mackay et al. 2012), and typically studies use one
core from the deepest part of the lake. Previous work
comparing P and Fe retention estimates derived from
sediment cores and from mass balances explicitly
finds a single core is insufficient to account for
spatial variability (Dillon and Evans 1993, 2001).
Secondly, pore water DSi profiles typically increase
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Table 2 Summary of mass-balance studies used

Name Lat. Long. Elev. Class Catchment Lake area Maximum Residence Retention SAR Reference
(°N) (°E) (masl) area (km?) (km?) depth (m) time efficiency (g/m?2
(years) (% input) year’l)
1 Suofengying 27.0 106.4 837 Artificial 21,862 5.7 837 0.02 -7.3 —163.7 1
2 Dongfeng 26.9 106.2 700 Artificial 1,816 19.7 970 0.10 —-53 -30.5 1
3 Amistad 29.5 —101.1 340 Artificial - 263 66 1.60 —66.7 —27.8 2
4 Seine 48.3 43 135 Artificial 100 23 17.5 0.62 —14.5 -9.7 3
5 Spring 63.7 —-90.7 3 Lake 0.306 0.0693 7.1 1.63 57.3 0.5 4
6 P&N 63.7 —90.7 16 Lake 0.286 0.0709 10.2 2.90 73.5 0.6 4
7 Far 63.7 —90.7 31 Lake 0.279 0.0363 5.2 2.93 79.7 0.7 4
8 Jade 63.7 -90.7 18 Lake 0.166 0.037 8.9 0.85 90.2 1.9 4
9 Michigan 44.0 —86.9 177 Lake 117,845 58,016 281 36.00 82.2 3.0 5
10 Winnipeg 52.0 -97.0 217 Lake 953,250 17,520 19 2.50 49.1 32 6
11 Toolik 68.6 —149.6 760 Lake 65 1.5 25 1.00 17.1 35 7
12 Superior 47.3 —85.0 182 Lake 126,269 82383.5 406 191.00 65.2 3.5 8
13 Kivu -2.0 29.0 1,460 Lake 5,097 2,370 485 100.00 54.5 5.7 9
14 Falcon 26.6 —-99.2 92 Artificial - 400 34 0.80 16.7 8.2 2
15 Marne 48.6 4.8 135 Artificial 100 48 17.5 0.46 42.5 12.2 3
16 Mirror 439 —71.7 213 Lake 1.03 0.15 11 1.00 63.8 12.4 10
17 Aube 48.3 44 125 Artificial 100 21 17.5 0.40 48.6 12.7 3
18 Pepin 44.5 -92.3 207 Artificial 122,000 103 20 0.05 0.6 14.7 11
19 Southern Indian 57.0 —-99.0 258 Lake 242,000 625 32 0.23 21.2 15.5 6
20 Solina-Myczkowce 494 22.5 420 Artificial 1,250 24 60 0.58 19.7 16.0 12
21 Powell 56.9 —111.5 1,113 Artificial - 658 170 3.30 8.1 16.6 2
22 Lugano 473 9.0 270 Artificial 270 25.1 221 8.20 78.2 20.4 13
23 Mead 36.3 —114.4 345 Artificial - 640 149 3.70 13.2 28.5 2
24 Neagh 54.6 —6.4 15 Lake 4,500 383 25 1.24 59.2 329 14
25 Kasumigaura 36.0 140.4 0 Lake 1,426 171.5 7.3 0.55 67.3 40.0 15
26 Malawi —10.6 34.1 500 Lake 100,500 29,600 701.5 140.00 99.1 522 2,16
27 Alexandrina —355 139.0 1 Artificial 1,061,469 570 4.05 0.30 39.2 53.1 17
28 Leven 56.2 —-34 107 Lake 145 133 25.5 0.43 67.4 58.6 18
29 Biwa 353 136.1 82.8 Lake 3,174 672.2 103.8 5.50 79.8 63.5 19
30 Wujiangdu 27.3 106.8 700 Artificial 27,790 47.5 760 0.14 22.8 72.8 1
31 Iron Gate 44.5 12.2 708 Artificial 3,174 104.5 53 0.03 4.1 155.0 20, 21
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Si surface sediment concentrations

Mean surface sediment BSi concentrations are highly
variable, ranging from below detection to 61.5 % (lake
58 in Rosen et al. 2010). Lakes have mean
Cgsi = 12.1 % SiO, by weight and are uncorrelated
with surface water chemistry (TP, conductivity, pH or
DSi). At a global scale, the data exhibit no spatial
patterns nor any correlation with latitude, altitude or lake
size and depth (Fig. 6). They also show no systematic
variation among catchment lithological or vegetation
classes (data not shown). Exploratory multivariate
techniques (also performed on ARgg; and the Si budget
data) provided no useful insight.

Lakes with BSi concentrations >50 % tend to be
high latitude, low conductivity lakes with diatom
species characteristic of low-nutrient, low productiv-
ity systems (Rosen et al. 2000). This implies high BSi
concentrations do not reflect high productivity but
rather lack of dilution and limited dissolution, since

diatoms appear to have a competitive advantage in low
nutrient environments (Egge and Asknes 1992). By
contrast, some other lakes with high BSi concentra-
tions are associated with volcanic activity. Clearly, the
mechanisms governing diatomite formation are poorly
understood (Wallace 2003), and further research is
needed to understand the occurrence of lakes with
exceptionally high BSi concentrations. Conversely,
high ARgg;, low Cpgs; lakes—for instance Petén Itza,
Guatemala (Rosenmeier et al. 2004) or Dallund Sg,
Denmark (Bradshaw et al. 2005b)—suggest high
production but dilution by non-siliceous autochtho-
nous production or allochthonous material from the
catchments. BSi concentrations are unrelated to core
based BSi sedimentation rates (r2 = 0.03, n = 103)
and to mass-balance-derived estimates (1> = 0.17,
n = 8). Further, Cgg; is variable within lake basins
(“BSi accumulation rates”). A bias in the (palae-
o)limnological literature towards eutrophic systems
further complicates Cps; and ARpgg; use. It is thus
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Fig. 5 Variation in BSi accumulation rate for lakes in
catchments with different vegetation classes. Classes are
merged from the 22 defined within the GLC GIS product
(Bartholomé and Belward 2005) as follows: 1: Tree cover (both
broadleaved and needle-leaved), 2: Mosaiced landscape, 3:
Shrub/herbaceous cover, 4: Regularly flooded areas, 5: Culti-
vated and managed cover, 6: Snow, ice or artificial areas

highly unlikely such a compilation of BSi concentra-
tions can contribute to global accumulation estimates.

Lake Si accumulation: uncertainties
and implications for the global Si cycle

An estimate of the lentic Si sink

A primary purpose of this study is to estimate global
scale lake Si storage and to indicate where major
uncertainties remain. The only attempt to date (Har-
rison et al. 2012) used 27 Si mass balances, including
24 of those compiled here (different inclusion criteria)
to calibrate the SiRReL.a model, but did not explore the
use of ARgg; or Cgg; data or potential links between
catchment processes and Si accumulation. Our ana-
lysis demonstrates that core-based accumulation rates
are unsuitable for upscaling (“BSi accumulation
rates”), that surface sediment BSi concentrations are
unrelated to accumulation rates (“Si surface sediment
concentrations”) and that inclusion of catchment
parameters does not help create scalable models, so
only 30 mass-balance based sedimentation rates (“Si
mass-balance studies”) remain. Therefore we have

@ Springer

developed a single, global scale estimate for lentic Si
retention. We account for the differences in lake and
reservoir Si storage (“Si mass-balance studies”) with
two different calculated accumulation rates (lakes =
18.2 g m 2 year™'; reservoirs = 46.0 g m~ 2 year ',
“Si mass-balance studies”, Table 3). We take a global
lake area of 4.2 x 10° km?, of which 43 % is systems
less than 1 km? (Downing et al. 2006) and the Global
Reservoir and Dam (GRanD) database (Lehner et al.
2011) area of reservoirs of 0.3 x 10° km>.

Using these accumulation rate and area estimates,
we calculate a lake Si sink of 1.30 TMol year and a
reservoir sink of 0.23 TMol year, for a combined Si
sink of 1.53 TMol year. Previous estimates put lake Si
retention at 1.49 TMol yearfl (Harrison et al. 2012) or
2.8 TMol year™' (Laruelle et al. 2009). Campy and
Meybeck (1995) estimated a mean lake accumulation
rate of 20 g SiO, m~?year !, giving a global
retention of 1.4 TMol. Land to ocean river DSi
transport is between 5.66 and 7.12 TMol year '
(Beusen et al. 2009; Durr et al. 2011). Our updated
estimate of combined lake and reservoir retention
(1.53 TMol) confirms that BSi accumulation is
towards the low range of previous estimates, with
lakes and reservoirs accumulating an additional
21-27 % of global Si outputs to the ocean. At a global
scale, our approach predicts the greatest retention to
occur in regions of high lake density, i.e. the northern
high latitudes.

Our approach differs from SiRReLa (Harrison
et al. 2012) in two key ways. Firstly, our results are
not spatially explicit. An advantage is inclusion of
DSi input to lakes, a key but uncertain parameter that
SiRRelLa is sensitive to, is not needed. Further, in
SiRReLa it is unclear where small lakes are
positioned in the landscape (cf. Meybeck and
Vorosmarty 2005), and how they receive their DSi
and water, since they are below the scale of the DSi
and hydrology inputs. In our analysis we observe no
size or elevation dependency in Cgg; or ARgs; (“BSi
accumulation rates” and “Si surface sediment con-
centrations”), implying that our analysis is insensi-
tive to the position of lakes in the landscape in
contrast to SiRReLa. Secondly, we treat lakes and
reservoirs separately so different results are obtained
despite the estimates deriving from similar datasets.
We therefore generate a smaller reservoir Si sink and
a larger lake Si sink.
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Impact of reservoirs on the Si cycle

Our compilation shows that lakes

accumulate Si differently. Reservoirs accumulate

faster, but with less efficiency than

less dependency on residence time (Fig. 3). Beusen
et al. (2009) estimate that 18-19 % of DSi in North

America may be retained behind

SiRReLa model, 0.52 TMol Si yf:ar_1 (7.3-9.1 % of
total DSi export) are trapped behind dams. In our

er pH. Note the log scales

global analysis, reservoirs retain 0.23 TMol Si year™

1

(3.2-4.0 % of total DSi export), confirming that dams

and reservoirs

lakes and with

dams. In the

Table 3 Summary of Si retention in lakes and reservoirs

act as a significant perturbation in the modern Si cycle.
Average retention efficiency of reservoirs is 24 %,
implying the local impact of dams can be large,
especially when a cascade of dams exists, as on the
Danube or the Daugava (Friedl et al. 2004; Humborg
et al. 2006; Humborg et al. 2008). Si retention
efficiency is related to water residence time, and
impoundments with relatively short residence times—

Global surface Rel

ative retention BSi sedimentation

Total retention

% of total river

area (10° km?)? efficiency (%) rate (g m2 year‘” (TMol Si) DSi exportb
Lakes 4.2 64 18.2 1.30 24-30
Reservoirs 0.3 13 46.0 0.23 3.2-4.0

% From Lehner and Doll (2004) and Lehner
® River DSi flux from Beusen et al. (2009)

et al. (2011)
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“run of the river” dams—therefore will have a smaller
impact on dissolved fluxes.

Implications for weathering rate calculation

Chemical weathering of silicates consumes CO; at a
rate that is temperature and pCO, dependent (Beaulieu
et al. 2010; Lenton and Britton 2006), balancing
volcanic CO, input and constituting a long-term
thermostat on Earth’s climate. The most powerful
means for assessing this flux is through chemical
mass-balance/stoichiometric analysis of input/output
water chemistry from well-characterised watersheds
(Bricker et al. 2005; Garrels and Mackenzie Garrels
and Mackenzie 1967). This assumes catchment equi-
librium; i.e. no net creation or depletion of soil-plant
elemental pools, which we know to be invalid for at
least Si (Conley et al. 2008; Struyf et al. 2010a), and
probably for other bioactive elements (e.g. Chaudhuri
et al. 2007). It also assumes that there is no loss within
the fluvial system at the scale under consideration.
Some of these assumptions may hold for small,
headwater catchments, but are untested for large
(continental-scale) systems (e.g. Gaillardet et al.
1999). Calculations of weathering rates occasionally
use DSi flux as a proxy for denudation rate (White and
Blum 1995; Bluth and Kump 1994). Coupled with
river transport of non-dissolved, but highly reactive Si
phases (Conley 1997), our results suggest imbalances
in the continental Si pool, including lake Si retention,
may cause systematic mis-estimation of weathering
fluxes and CO, consumption rates, particularly when
using river Si fluxes at large spatial scales.

To our knowledge, no systematic assessment of the
degree of lentic elemental retention has been under-
taken for the vast majority of elements. It is therefore
necessary to quantify the size of the lake sink for the
base cations, trace elements or isotope systems more
commonly used in weathering rate/CO, consumption
rate calculations. They are often bioactive or can
substitute for a bioactive element, so biologically
mediated lake retention can feasibly occur (cf. Fig. 1).
Evidence suggests that sequestration associated with
BSi alone can be large. We know that vegetation BSi
structures can incorporate relatively large amounts of
trace elements (Kamenik et al. 2013), although
whether the same is true for siliceous organisms that
actively uptake DSi is unclear. Preliminary work by
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Emoto et al. (2013) shows marine diatom BSi has
elemental concentrations at levels close to the con-
centrations of the continental crust, which is much
higher than expected. Cell-specific analysis using
synchrotron radiation demonstrates that diatoms can
accumulate excess quantities of the micronutrient Fe
(Nuester et al. 2012), and this productivity is key in
removing Fe from surface waters of the Southern
Ocean (Ingall et al. 2013). Dillon and Evans (2001)
and Niirnberg and Dillon (1993) present Fe budgets for
a series of Canadian lakes draining the Cambrian
shield where Fe retention seems to be important,
hinting at a similar freshwater mechanism. The
freshwater diatom Asterionella formosa was shown
to incorporate substantial but variable amounts of K,
Mg, and Ca during a spring bloom in the eutrophic
Rossthere Mere, UK (although less than other non-
diatom groups; Krivtsov et al. 2000). Retention of the
major base cations (Ca>", K™, Mg>", Na™) from mass-
balance seems to be minor in some systems (Callender
and Granina 1997; Jeffries et al. 1988), and more
significant in others (Einsele et al. 2001), and can
proceed inorganically in hard-water systems, but this
issue has never been addressed systematically. Over-
all, this represents a major knowledge gap that may
cause systematic underestimation of continental-scale
weathering rates.

Impact on lakes on magnitude and isotopic
signature of land—ocean DSi flux

Importance of lakes for the magnitude of land—ocean
DSi flux

The presence of lakes reduces the flux of DSi and other
nutrients to the ocean. The reduction (relative to a
landscape with no lakes) is most extreme in regions with
high lake density (Conley et al. 2000). Bernard et al.
(2010, 2011) demonstrates that the spatial distribution of
Si inputs to the oceans is vital to capture observed
variability in ocean models. A landscape with a more (or
less) efficient lake sink would deliver less (or more)
nutrients (Si, but also e.g. N, P, Fe) to the coastal zone,
and this change would come disproportionately from the
northern high latitudes. Not only could total nutrient
quantities vary—the stoichiometry, important for deter-
mining phytoplankton community composition—
would presumably also shift. The impact on coastal
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zone and open ocean ecology and biogeochemistry
needs assessing with spatially explicit models, given the
importance of ocean biogeochemistry in modulating and
driving global climate change.

Importance of lakes for isotopic signature of land—
ocean DSi flux

The presence of lakes also increases the silicon
isotopic signature (5°°Si) of river DSi. By isotope
mass-balance:

Oinput = (Oinputte - fBsi) + (Jriv - friv) (1)

where inpye and J, are the isotope ratios of the DSi
that enter the river system and the oceans, and
fsiandf,;, are the fractions of this DSi that are retained
in lake sediments and are delivered to the oceans,
respectively. Assuming a similar fractionation (8]33051)
of freshwater and marine diatoms of —1.1 %o (All-
eman et al. 2005; De La Rocha et al. 1997) and using
our retention estimate and an ocean DSi delivery of
6.2 TMol year™', we find lake/reservoir Si storage
increases river 8°°Si by ~0.30 %o, independent of the
Oy value used. This implies downstream increases in
5°Si as Si is progressively retained, consistent with
the limited observations (Cockerton et al. 2013;
Fontorbe et al. 2013; Hughes et al. 2012). Confirma-
tion of this effect has been demonstrated in both lake
dominated boreal regions (Engstrom et al. 2010) and
in the tropical Congo river (Hughes et al. 2012).

If lake Si retention efficiency varies, then the
magnitude, 8°°Si and spatial distribution of DSi
delivered to the ocean will vary correspondingly. This
may necessitate consideration in palaecoceanographic
studies using &°°Si of sedimentary BSi to trace
productivity or Si cycling (e.g. De La Rocha 2006;
De La Rocha et al. 1998, Egan et al. 2013) that
commonly assume constant ocean-input 5°°Si. Ocean
3%°Si can be altered by shifting in the relative
contributions of river and hydrothermal Si, as envis-
aged by De La Rocha and Bickle (2005), but also by a
shift in input 5°°Si itself. Rivers supply ~85 % of
ocean DSi (Tréguer and De La Rocha 2013), with the
majority of the remainder coming from hydrothermal
inputs, so ocean 8°°Si is relatively insensitive to
changing total river DSi fluxes, but relatively sensitive
to changing river 5°°Si (De La Rocha and Bickle 2005;
Georg et al. 2009).

Mechanisms to induce variations in lake Si
retention efficiency

100-1,000 Year timescales

Several centennial to millennial scale ontogenetic
mechanisms exist to alter lake Si retention efficiency
and thereby the magnitude and &°°Si of river DSi
fluxes. Time-progressive, regionally coherent trends in
lake chemistry are observed over millennial scales
following deglaciation (Engstrom et al. 2000; Boyle
2007, Fritz and Anderson 2013). However, broad-scale
relationships between lake chemistry and Si accumu-
lation are lacking in our dataset, suggesting that Si
retention changes in response to lake or catchment
ontogeny do not vary in a consistent manner. Sediment
infilling (Bradshaw et al. 2005a, b) can also impact Si
retention since retention efficiency is broadly related to
residence time (Fig. 3). A reduction in lake volume
may decrease the magnitude of Si retained and lessen
its subsequent impact on river 8*°Si. Typical Holocene
lake sediment accumulation rates for glacial lakes are
in the range 0.5-4 mm year ' (Hodder et al. 2006;
Odgaard 1993; Beck et al. 2001), which is sufficient to
completely remove small lakes in a few millennia or
less (Englund et al. 2013). This implies gradual but
progressive reduction of residence time and landscape
retention efficiency, assuming similar hydrology, and
consequently a reduction in the Si retention efficiency
of the northern high latitudes, increasing DSi fluxes
and decreasing downstream §39si. However, coeval
changes in regional hydrology, lake levels or catch-
ment weathering intensities in response to changing
climates may confound this, requiring detailed multi-
core lake studies combined with modelling efforts for a
full appreciation. In particular, tropical to sub-tropical
hydroclimatology can change on these timescales,
impacting vegetation dynamics and lake functioning in
these regions (Burrough et al. 2007).

10,000 Year timescales

On glacial-interglacial (G-IG) timescales, drastic
changes occur in climate, ecology and hydrology.
Variation in 8°°Si of BSi in ocean sediments spans
~1 %0 over G-IG cycles, typically interpreted in
terms of diatom Si utilisation and assuming constant
input (De La Rocha et al. 1998). An emerging
understanding is that adjustments in terrestrial Si
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cycling may alter the supply and isotopic signature of
Si to the ocean (Opfergelt et al. 2013; Georg et al.
2006, 2009). Opfergelt et al. (2013) find lower 8°°Si of
DSi in glaciated than non-glaciated streams draining
basaltic terrain in Iceland, which is attributed to
reduced weathering intensities in non-glaciated areas
(cf. Tranter 2005). They extrapolate this to argue river
5°Si signals vary over G-IG cycles, changing ocean
3°Si and necessitating consideration in palaeo-inter-
pretation of silicon isotopes. Georg et al. (2009)
present a related hypothesis whereby shifting contri-
butions of groundwater and river discharge to total
ocean Si input causes a ~0.2 %o decrease in net input
in glacial periods. Today, lake occurrence peaks in
regions between 50° and 70°N (Lehner and Doll
2004)—most being glacial relics (Hutchinson 1957).
Both our analysis and that of SiRReLa indicate that the
regions of the world with the greatest Si retention in
absolute and relative terms correspond to previously
glaciated areas. Therefore, lake Si retention is a
corollary to these hypotheses and can increase further
the difference between glacial and interglacial Si
cycling and delivery. The cumulative effect of these
three mechanisms, plus altered weathering regimes
(Vance et al. 2009), may be changes in river Si
delivery large enough to substantially impact whole-
ocean 5°°Si on G-IG timescales. The feasibility of this
should be a future research priority, particularly given
recent suggestions of a much shorter oceanic Si
residence time (Jeandel and Oelkers 2013).

Geological variation in lake Si retention efficiency

Contemporary Si retention processes may not be
applicable to pre-Quaternary periods of extended non-
glaciation—for example, the Miocene (23—-5.3 Ma) or
even the relatively cooler Pliocene (5.3-2.6 Ma).
Given infill processes and the lack of glacial activity
to deepen or replace them, landscape lake distribu-
tions, especially in the northern high latitudes, would
be radically different (Pound et al. 2013). With our
emerging understanding of the role of continental
waters in the biogeochemical cycling of Si and C, we
urgently need a better picture of how the landscape
looked in the past. Crudely assuming the LGM ice
sheets extended to S0°N/S and using the lake latitu-
dinal distribution of Downing and Duarte (2009), then
~44 % of today’s lake area is found in deglaciated
regions. A rough calculation similar to Eq. (1) shows
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that a 90 % reduction in retention above these
latitudes, i.e. matching lake distribution to the rest of
the globe, increases DSi fluxes by 0.52 TMol year™'
and lowers 8°°Si by ~0.1 % relative to modern
values. This is within the precision of mass spectrom-
etry but neither sufficient nor rapid enough to alter
interpretations of marine BSi 8°°Si centred on Si
utilisation shifts.

However, in such a scenario, a warmer, wetter world
would presumably be closer to a transport limited
weathering regime with a greater weathering intensity.
This implies the ratio of DSi released to Si retained in
clays and ASi will increase, but the magnitude and
even direction of the corresponding change in isotopic
signature of river fluxes is unclear. This potentially
confounds attempts to use silicon isotopes to address
questions of long-term changes in ocean Si cycling
(Siever 1991, 1992) or terrestrial weathering regimes.
We clearly and urgently need a better framework for
understanding and predicting river DSi fluxes and their
isotopic composition. Modelling studies that explicitly
incorporate a dynamic continental Si pool in lakes and
soils will be a helpful first step.

Synthesis and conclusions: variations
in the continental Si pool

Conceptualisation of the Si cycle has changed dras-
tically in the last two decades. Traditionally, Si was
not thought to be biologically impacted and so
transport to the ocean simply reflected chemical
weathering (Fig. 7a). However, now we know the
terrestrial Si cycle is strongly biologically mediated
(Conley 2002), which creates and recycles a pool of
reactive Si in soils and sediments. This supports most
new BSi production and is probably the source of most
of the Si delivered to the fluvial system (Derry et al.
2005; Pokrovsky et al. 2013). Our new understanding
of the Si cycle (Fig. 7b) emphasises the role of inland
waters and terrestrial ecosystem cycling in determin-
ing the total delivery to the oceans.

We have long known there is a large pool of ASi
present on the continents and that it effectively buffers
Si release to the oceans. We also know that human
activity perturbs this pool through damming, defores-
tation, agriculture and more (Ittekkot et al. 2006).
Contemporary transient, non-steady state conditions
attributable to humans have been identified (e.g.
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Fig. 7 Our emerging understanding of the Si cycle (B) relative
to a conventional conceptualisation (A). This new understanding
emphasises a biological control over the majority of Si cycling,
b that currently, more Si is released from weathering than is
delivered to the oceans, implying net continental retention,
c that the majority of Si likely cycles through the soil-vegetation
pool before release and d the ability of the fluvial system to
transform and retain Si (although not shown here, floodplains,

Sommer et al. 2013; Conley et al. 2008; Clymans et al.
2011). Yet, an implicit assumption remains that there
exists a natural steady-state. We are becoming aware
that this may be an over-simplification, since we have
no adequate estimate of the time that it takes for an
ecosystem Si pool to arrive at equilibrium with its
environment. This depends in part on the timescale
under consideration. On short timescales (<100 years,
human activity notwithstanding), the lentic Si sink can
probably be considered at equilibrium, but on longer

wetlands and estuaries are also recognised as key components in
the global Si cycle). Arrow sizes are broadly proportional to flux
magnitudes. Two key linkages with the carbon cycle are also
shown: CO, consumption during chemical weathering of
silicate minerals, and BSi-associated export of organic carbon
to the deep ocean. See the main text and recent reviews (Struyf
et al. 2009a; Tréguer and De La Rocha 2013) for more detail

(>1,000 years) timescales many (non-tectonic) lakes
are just transient features in the landscape. Indeed, on
these timescales the ultimate fate of the accumulated
(highly reactive, isotopically light) BSi and other
accumulated nutrients in lentic sediments is uncertain.
A significant fraction may be transported to the
continental margins or sub-glacially weathered during
periods of extended glaciation.

The other large continental ASi pools, especially
in soils and in floodplains, probably display similar
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time-lagged responses to environmental changes
beyond those of human activity. Several knowledge
gaps hinder understanding in this regard. The time-
scales of equilibration are unknown and nor do we
know how weathering rates or recycling efficiency
vary from ecosystem to ecosystem (including lakes).
These should be future research priorities. Lakes
themselves are archives of landscape dynamics,
making them an ideal place to start. Such consider-
ations are not yet common in paleolimnological
studies, although some pioneering studies do explic-
itly consider the build-up or depletion of a Si pool
(Street-Perrott et al. 2008; Brown 2011).

In this work, we have attempted to investigate the
role of the lentic Si sink:

e Lakes and reservoirs annually retain large amounts
of river DSi as BSi in their sediments, making
them a key sink in the global Si cycle equivalent to
an additional 21-27 % of total DSi delivered to the
oceans.

e Use of single core accumulation rates is not
recommended for derivation of global retention
since they do not accurately reflect whole-lake
conditions. Multi-core estimates or mass-balance
studies are more accurate methods.

e Lake BSi surface concentrations and accumulation
rates vary from lake to lake in what appears to be a
stochastic manner due to the complex and con-
founding factors that control DSi input to a system,
BSi production and BSi preservation.

e Lakes cause Si exports rates from catchments (and
perhaps those of other elements) to be systemat-
ically underestimated, implying underestimation
of weathering rates as well. This is particularly true
at continental scales where the potential for
sequestration is higher, but may also be relevant
in smaller systems. The same is probably true for
floodplains and wetlands, but this remains to be
demonstrated.

e Lake BSi retention changes the isotopic signature
of river water reaching the oceans. Mechanisms
that can alter the lake sink efficiency will subse-
quently alter the magnitude and isotopic signature
of river DSi fluxes. Alone, this process is probably
insufficient to impact the isotopic signature by a
large amount, but in conjunction with changing
weathering regimes it requires consideration in
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palacoenvironmental studies and incorporation
into biogeochemical models.
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