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Abstract. Human land use changes perturb biogeochemicaflux carried by rivers. It is necessary to update this estimate
silica (Si) cycling in terrestrial ecosystems. This directly af- in future studies, incorporating differences in pedology,
fects Si mobilisation and Si storage and influences Si exporgeology and climatology over temperate regions, but data
from the continents, although the magnitude of the impactare currently not sufficient. Yet, our results emphasize the
is unknown. A major reason for our lack of understandingimportance of human activities for Si cycling in soils and for
is that very little information exists on how land use affects the land-ocean Si flux.

amorphous silica (ASi) storage in soils. We have quantified
and compared total alkali-extracted (PZind easily soluble
(PSk) Si pools at four sites along a gradient of anthropogenic,
disturbance in southern Sweden. Land use clearly affects
ASi pools and their distribution. Total PSand PSi for |t is well known that the oceanic biogeochemical cycle of
a continuous forested site at Siggaboda Nature Reservg; is driven by biological processes (i.e. diatom uptake)
(66 900+ 22800kg SiQha * and 952 16kgSiGha')  (Treguer et al., 1995). Studies on biogenic silica (BSi) dy-
are significantly higher than disturbed land use typespamics, i.e. biologically precipitated Si, have focused mostly
from the Fashult Culture Reserve including arable land on marine environments (DeMaster, 2002; Ragueneau et al.,
(28800+7200kg SiQhat and 23%t91kgSiGha?'),  2006). In the oceanic and coastal zone, dissolved silica (DSi)
pasture sites (27 3685980 kg SiQ ha ! and 370+ 129 is an essential nutrient for diatom production and consequent
kg Si0; ha*) and grazed forest (23 6806370 kg SiQ diatom BSi burial promotes carbon sequestration in the ocean
ha ' and 346t 123kgSiQ ha'?!). Vertical PSh and PSi  depths (Brzezinski, 1985; Dugdale et al., 1995).

profiles show significant /(< 0.05) variation among the  The terrestrial and marine Si cycle are linked through the
sites. These differences in size and distribution are interyjyerine fluxes of Si, which replenish the BSi lost to the deep
preted as the long-term effect of reduced ASi replenishmentgceans due to the diatom burial (Laruelle et al., 2009) and are
as well as changes in ecosystem specific pedogenic praherefore a key element in maintaining the ocean’s primary
cesses and increased mobilisation of theaR$idisturbed  productivity. Evidently, the ultimate control on riverine Si
soils. We have also made a first, though rough, estimatg|yxes is the rate at which silicate minerals are weathered on
of the magnitude of change in temperate continental ASithe continents. However, Si weathering and riverine Si fluxes
pools due to human disturbance. Assuming that our datgre not directly coupled. In parallel to the biological control
are representative, we estimate that total ASi Storage in Soilén oceanic Si Cyc“ng, there is growing evidence i”ustrating
has declined by ca. 10 % since the onset of agricultural dethe importance of biological Si cycling in terrestrial ecosys-
velopment (3000 BCE). Recent agricultural expansion (aftefems (Meunier et al., 1999; Conley, 2002; Van Cappellen,
1700 CE) may have resulted in an average additional exporpoo3; Derry et al., 2005). Large amounts of Si are stored
of 1.1+ 0.8 Tmol Siyr! from the soil reservoir to aquatic in terrestrial soils in a more soluble amorphous form than
ecosystems. This is ca. 20% to the global land-ocean Spjineral Si. The amorphous Si (ASi) constitutes mainly of
biogenic silica (BSi), primarily in the form of plant siliceous
bodies called phytoliths (Alexandre et al., 1997), but also

Correspondence tdV. Clymans as different pedogenic Si forms (Sauer et al., 2006). This
BY (wim.clymans@ees.kuleuven.be) implies that riverine Si fluxes will be affected by biological
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and pedological processes. Uptake of DSi in the vegetatiorent land use types will allow for assessing the response of

and dissolution of ASi in soils has been shown to be an im-ASi stocks to human impact. We provide a first evaluation of

portant factor for the DSi export to rivers from catchments the concepts introduced by Struyf et al. (2010b) and provide

dominated by boreal wetlands (Struyf et al., 2010a), forestsa first estimate for the time scale and the magnitude of the

(Gérard et al., 2008) and grasslands (Blecker et al., 2006). changes in continental ASi stocks in temperate regions due
Recent papers have also demonstrated that land us® cultivation of the landscape. Finally, we illustrate how this

changes can have significant effects on Si mobilization frommay have impacted the total riverine Si flux from the conti-

the continents (Conley, 1997; Struyf et al., 2010b). Struyf etnents to the coastal zone.

al. (2010b) showed that in temperate European watersheds

sustained human cultivation led to a two-to threefold de- ]

crease in base flow delivery of Si to rivers. A conceptual? Materials and methods

model was proposed relating changes in Si fluxes to long-

term soil disturbance. The model is based on the short-terr‘r%1 Study area

(<20yr; Conley et al., 2008) and long-term (500-1000Y) gijica (Si) pools within soil profiles were assessed under

response of riverine Si fluxes following deforestation and yitrerent land use types including pasture, arable land and
historical agricultural expansion (Struyf et al., 2010b) and¢,reqts Al sites were located in southern Sweden: one at
is comprised of four different stages: developing forest, C”'Siggaboda (continuous forest) and three asiult (grazed
max forest, recently deforested areas and sustained cultivatqgrest, pasture and arable land), located ca. 30 km northwest
areas. The authors suggest that developing forests stimulas Siggaboda. The sites had similar soil properties, geologi-

mineral weathering. The major part of the weathered DSicy) history, climate and topography, but differed in land cover
is taken up by plants, deposited as ASi in the biomass anqilistory and anthropogenic influences.

is finally incorporated in the soil through litterfall and vege- Siggaboda is a 71 ha nature reserve ina%md, south-
tation die-off. The amount of ASi annually added to soil is &/, Sweden (587 N, 1412 E) that has been con’tinuously
higher than the DSi leaching, creating a net ASisink. As ASitq asted for at least 2700 years and is co-dominated by
mobilization through dissolution can be assumed to increasgaach Fagus sylvatica..) and pine Picea abies..). Evi-

with increasing soil ASi stock, a near-equilibrium between yonce for anthropogenic impact in the past three millenia is

ASi production and removal may eventually be reached uny,cying. peglaciation occurred approximately 14500 years
der climax forest. When deforestation occurs, removal Ofago. Fashult is a cultural reserve neAmhult (56°36 N

ASi from the soil system is increased through different path-4 01 1/ E) and is best known as Carl Linnaeus' birth place.
ways. Vegetation water consumption is lowered, thereby in—rpe areq has a typical infield-outfield structure with tradi-

creasing soil water and groundwater fluxes promoting leachyignaly tilled arable fields and hay meadows in the vicinity

ing, which may be further enhanced by organic matter de-uf the homestead (i.e. infields) and grazing areas, both pas-

composition. Additionally, increased soil erosion may leadre and forest, at a distance (i.e. outfields) (Lindbladh and
to the physical removal of ASi. After this initial flush, Si graqshaw, 1998) (Fig. 1). Arable fields are tilled using a sys-
fluxes W!|| glradually decrease as crop haryestlng and contlntem calledenside which means fields are sown every year
uous soil disturbance prevent the replenishment of the AS|,iihout fallow periods (M. Mikaelsson, personal communi-
stock. Finally a new equilibrium state with a reduced soil Si 4401 2010). Crops include barleki¢rdeum vulgare..)
stock will be reached. At this stage, the soil ASi stock andyq (Sécale ceredl.), oats Avena sativd.) and flax (_inurryl

DSi export fluxes are low in comparison to those occurminggitatissimimL.). Pastures are dominated by herbaceous

under forest or just after deforestation. , species such as viper's graSsrzonera hispanida.), com-
The model proposed by Struyf et al. (2010b) provides a,on milkwort (Polygala vulgarisL.), matt grass Axonopus

conceptual framework for the interpretation of the limited fsgifoliug, bitter vetch Yicia ervillia L.) and others. The for-
observational data on the effect of land use and land US@gt component includes major deciduous tree species such as

change on Si cycling. Yet, information about the timescalesjjy,o (Tilia cordatd), hornbeam Carpinus betulut..), hazel
associated with the transitions between different stages i”th?CoryIus avellanal.) and beech Ragus sylvatical.). In

conceptual model is at present entirely lacking. Key datayqih areas soils have developed on moraine material over-

needed to validate the model and to constrain the time scale@ing granitic to gneissic bedrock and are located within the

involved are ASi stocks under different land uses, prefer-y,rea1-nemoral vegetation zone with a mean annual precipi-
entially with known dates of deforestation or reforestatlon.tation of ca. 700mmyrt. The mean annual temperature is

However, at present no systematic surveys on the distribuz, soc with the July mean lying between 15 and°T5 and
tion of ASi in the soil as a function of land use and age of ;o January mean lying betweer2°C and—3°C. Both ar-

disturbance are available. We therefore aim to quantify and, 5 have an undulating topography with slope gradients gen-

compare the distribution of total alkali-extracted Si and €aS-grally below 5 %.
ily soluble Si pools under different land uses, and compare

Si stocks between the land use types. Comparison of differ-
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Fig. 1. Representation of the land use sequence in the study area, southern Sweden. Values indicate measutestametand errors) for
total amorphous silica pool (Pgiand easily soluble silica pool (Rsiin the soils.

The agricultural system in@&hult has not undergone any ble 1. Except when stones obstructed augering, cores were
major changes since 1545 (Sweden Land Registry). The oldtaken until the C-horizon (i.e. parent material).
est indications of human impact are graves and cairns dat-
ing to the Bronze Age (1000-500 BCE). The landnam was2.3 Laboratory analysis
an interplay between periods of deforestation and agricul-
tural expansion and periods of population decline and re2.3.1 Soil properties
forestation (Lageas, 2007). The first permanent settlements ] . o
in southern Sweden were established during the early Irorp0il samples were analysed every five centimetres within
Age (500 BCE-400 CE). Farmers abandoned the area agaifﬁaCh horizon. Cores were cut, oven dried atG@nd storeq
in the late Iron Age (400—1000 CE) and people resettled thdn & cold room (4C). Theregfter samples were homogenized
area again in the 12th and 13th century. From this point onPY mortar and pestle and sieved through a 2mm mesh. Car-
two major periods of agricultural settlement and abandon-20n content was measured with a vario MAX CN Macro El-
ment can be distinguished (Lagsr 2007). The first coin- emental Analyzer (Elementar Analysensysteme GmbH, Ger-
cides with the pan-European occurrence of the Black Deatfna@ny). The grain size distribution was determined using a
(14th and 15th century) and the second is related to depop—oulter Counter LS 13320 (Beckman Coulter, USA). Soil pH
ulation of the countryside and the introduction of forestry Was measured using a glass electrode in 0.01 M £as-
(19th and 20th century). Two reform acts affected agricul-Pensions at a soil-to-solution rat|q of 1:5. Cation Exchange
tural development in the area but were of minor importanceCapacity (CEC) and Base Saturation (BS) were measured us-
in Rashult. The Land Division Reform (mid 17th century), iNg NHsOAc (Warncke and Brown, 1998).
was an unsuccessful attempt to group scattered properties.

The Land Enclosure Reform, which started in the 19th cen-2-3-2 Alkali-extraction

tury and continued in the 20th century, regrouped propertiesl_he N&CO; extraction is a weak-base method originating

all over the country. At Bshult, the impact of these reforms . .
was limited to administrative aspects such as property right fr?m Degl_e}_ster (|1981) \{{\{ho fougd élzgh?t alutrrxréq-ds_lhcaltes
while the Land Enclosure Reform created a strong intensi- €' €as€ St linearly over ime an (2) that mos | dISSOIVES

fication of agriculture elsewhere in southern Sweden (Lind_completely n th? first 2h of the_ d'ges“or?' Thg alka!lne
bladh and Bradshaw, 1995). (NapxCO3) extraction procedure digests various Si fractions

(i.e. biogenic and pedogenic silica, absorbed silica, poorly
) ) crystalline forms) (Sauer et al., 2006). Given their origin
2.2 Field sampling and the acidic conditions in our soils, poorly crystalline min-
eral forms such as allophane and imogolite are not impor-
An automatic hammer auger was used to take continuougant in this study. The alkali-extractable Si pool can there-
cores of the soil pedons at the different sites. In total,fore be considered as equivalent to the amorphous Si pool.
29 cores were taken at random places within different landWe therefore refer to the extracted Si pool as the amor-
use types including 7 in arable land, 8 in pasture, 8 in grazeghous Si pool (Pg) and to the equivalent Si concentration as
forest and 6 in continuous forest. An overview is given in Ta- the amorphous Si concentration, (gSIA generally higher

www.biogeosciences.net/8/2281/2011/ Biogeosciences, 8, 22832011
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Table 1. Physical and chemical soil properties of the studied soils (ND =No Data).

Land Use Depth ‘ Silica Concentration‘ oC Soil Texture CEC BS‘ pH
CSiy CSie Sand Silt  Clay
[m] [9SiO kg~ [%] (CaCh)
Continuous 0-0.1 15.0 0.049 ND ND ND ND 21 6.7 ND
Forest ¢ =6) 0.1-0.2 11.4 0.043 20.3 58.2 384 3.3 18 9.9 33
0.2-0.4 5.3 0.089 42 591 38.2 2.7 9.0 13 4.3
0.4-0.6 7.2 0.089 20 559 410 3.1 6.8 13 4.5
0.6-0.85 4.3 0.086 1.4 52.7 436 3.7 3.8 11 45
Grazed Forest 0-0.1 9.8 0.026 125 733 239 2.7 17 16 35
(n=8) 0.1-0.2 4.8 0.026 6.1 58.0 37.9 4.1 6.3 14 3.9
0.2-0.4 3.2 0.045 1.8 626 34.1 3.3 4.5 16 4.4
0.4-0.6 3.0 0.040 1.2 66.2 30.8 3.0 3.1 8 4.5
0.6-0.85 1.8 0.041 0.8 727 245 2.8 1.6 10 4.6
Pasture 0-0.1 12.1 0.017 104 735 24.2 2.3 12 15 3.9
(n=8) 0.1-0.2 3.3 0.025 2.7 639 33.0 3.2 4.3 11 4.1
0.2-0.4 2.9 0.041 20 655 31.3 3.2 6.3 12, 4.5
0.4-0.6 3.4 0.037 1.1 743 233 2.4 55 13 4.6
0.6-0.85 2.0 0.030 03 773 20.3 2.4 53 13 4.6
Arable Land 0-0.1 7.5 0.013 28 57.1 39.8 3.1 6.7 46 4.6
(n=7) 0.1-0.2 7.0 0.015 2.3 584 384 3.2 59 39 4.6
0.2-0.4 5.1 0.019 14 601 364 3.6 1.7 53 4.7
0.4-0.6 2.5 0.029 0.7 627 33.7 3.5 1.5 34 4.7
0.6-0.85 1.7 0.016 0.2 0913 7.6 1.2 ND 44 45

solubility of the amorphous Si fraction as compared to theprofile, but provides no information about total silica pools
mineral phase makes it more easily available for biologicalper horizon. Dry bulk densityg, kgm—3) samples were
(re-)cycling on shorter time scales (Sommer et al., 2006).taken at different depths. The alkali-extracted pool 4PSi
The reliability of the method has been shown for forestedkg SiQ, ha 1) per horizoni was then calculated as:

soils (Saccone et al., 2007), arable soils (Clymans et al., )

2011) and wetland soils (Struyf and Conley, 2009). Approx- PSki = (CShi - pa. - di) - 10 @)
imately 30 mg of dried soil €2mm) was mixed in 40ml with:

of 0.094 M NaCOs solution and digested for 5h at 86.

A 1ml aliquot was removed from the sample bottle after 3, — CSi; the total alkali-extracted silica concentration
4 and 5h and neutralized with 9 ml of 0.021 M HCI, before (9SiO kg™

DSi determination (Cg) by the automated molybdate-blue . .

method (Grasshoff et al., 1983). The total extracted silica — #d.i dry bulk density of horizon (kg m~3)

concentration (C$ig SiO» kg~1) was calculated for each of
the aliquots from:

) CSiy - 0.04- 60 - 10 Total pools were calculated by integration of the pool over
CSi = 1) depth of the core. The maximum common depth that was

) e ) reached in field sampling was 0.85 m.
where 10 is the HCI dilution factor, 60 is the molecular mass

of SiO; and 0.04 (1) is the volume of N&O3 solution in 2.3.3 CaCp-extraction

which the sample is digested. The total £i8ithen calcu-

lated by determining the intercept of the regression betweerasily soluble silica (Cg) is an estimate of DSi available

CSi and extraction time (DeMaster, 1981). Extrapolating theto plants (Haysom and Chapman, 1975). Moreoverg@Si

Si release to the intercept is assumed to correct for minerah good predictor of the equilibrium Si concentration in soil

dissolution of Si (Koning et al., 2002). pore water (Zysset et al., 1999). The weakest extractant (af-
The distribution of concentrations, the amount of silica perter water) is CaGl, which only extracts this easily soluble Si

unit soil, provides information on the ASi pools within a soil pool (Berthelsen et al., 2001). In our measurements, 2 g of

— d; depth of horizon (m).

Sample Weight

Biogeosciences, 8, 2282293 2011 www.biogeosciences.net/8/2281/2011/



W. Clymans et al.: Anthropogenic impact on amorphous silica pools in temperate soils

CSi, (g Si0, kg™

2285

CSi, (g Si0, kg™

0 5 10 15 20 0 5 10 15 20
00 1 L L 00 L : 1 = L
P—+—1 I
|
0.2 1 —— J 0.2 1
Arable Land Pasture
= 041 (n=7) 04 (n=8)
E
ey
a
L
0 06 0.6 -
08 —x 0.8 1
[ Pool [ Pool
—@— Concentration —&— Concentration
1.0 T T T T 1.0 T T T T
0 1000 2000 3000 4000 5000 O 1000 2000 3000 4000 5000
PSi, (kg Si0, ha™) PSi, (kg Si0, ha)
CSi, (g SiO, kg™ CSi, (g SiO, kg™
0 5 10 15 20 0 5 10 15 20
00 1 L L 00 1 I| \-
— +
! — f
0.2 1 0.2 -
Grazed Forest Continuous Forest
(n=8) (n=6)
N, i ‘ 1
o 0.4 0.4 * L
= T & —
a
j5]
O 06 4 0.6 -
0.8 1 0.8 1
1 Pool 1 Pool
—@— Concentration —@— Concentration
1.0 T T 1.0 T T

T
2000

PSi, (kg SiO, ha™)

T
0 1000 3000 4000 5000

Fig. 2. Average distribution of alkaline (N&0O3) extracted silica (Ci
depth under various land uses in southern Sweden géo#snumber of

dried soil (<2 mm) was shaken (linear movement) for 16 h
with 20ml 0.01 M CaC extractant (1:10 ratio) in a 50 ml
Nalgene tube at 20C (Hohn et al., 2008). After centrifu-

T
4000

PSi, (kg SiO, ha™)

T
0 2000 6000 8000 10000

g Si0y kg1 dry soil) and total CSi-pools (PSi, kg SiOy ha1) by
profiles analysed under specific land use. Scale x-axis not constant.

atively rich in CSj up to a depth of 0.25m. This depth
corresponds with typical plough depths of traditional tillage
(Tebrugge and During, 1999). Under continuous forest,

gation at 4000 rpm for 30 min, the supernatant was filteredgrazed forest and pasture the g8ch top layer extended

over 0.45 um pore size (ChroinIA—45/25) and analyzed

down to 0.15m. About 75 % of the profiles at pasture sites,

for Si by the automated molybdate-blue method. Total eas50 % of the profiles in grazed forest, and all profiles in the

ily soluble pools (P3) were calculated following the same
methodology as used for RSialculations.

3 Results

3.1 Distribution of amorphous silica

Under all land uses the maximum GSiccurred in the top
layer, followed by a general decreasing trend with depth
(Fig. 2), despite small variations in distribution between land

continuous forest showed a second peak of;@Einterme-
diate depths (0.3-0.6 m), but after averaging, this secondary
maximum is only visible for pasture and continuous forest.
CSiy in the top layer generally followed the trend continu-
ous forest>- grazed forest pasture- arable land. Continu-
ous forest soils were most enriched in g&idepths between
0.1-0.4 m followed by arable landgrazed forest pasture
soils (Table 1). From 0.4 m downwards, continuous forest
soils had considerably higher GSthan all other land uses

while grazed forest and pasture soils had slightly higher val-

ues than arable land.

use types. On arable fields (Fig. 2) the top layer was rel-

www.biogeosciences.net/8/2281/2011/
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The total PS (integrated over a depth of 0.85m) shows were in the top layer and at depth®9.6 m, where continu-
a major difference between the continuous forest and allous forest has a significant larger pool then the other land
other land uses (Fig. 1). Total RSfor the continu- uses p <0.05).
ous forest site was more than double compared to other
land uses (66 90& 22 800kg SiQha1). The total PSj 3.3 Physical and chemical soil properties
in arable land was 288097200kg SiQha! and was
slightly, but not significantly higher than the RSit the  Soil properties like OC, CEC, BS, pH and texture are given
grazed forest (23 608 6370 kg SiQ ha 1) and pasture sites in Table 1. The soils for each land use type are classified
(27 300+ 5980 kg SiQ ha™1). as a typical Cambisol (ISSS-ISRIC-FAQO, 1998). Analogous

PSj, depends on both dry bulk densitys) and CSj. The  to CS, distribution there was (1) generally a progressive
low pq in the top layer resulted generally in low RSalues ~ decrease of OC with depth, (2) an accumulation of OC in
for the top layers, although CSieached their maxima at the top layer and (3) a decrease in OC pool from contin-
these depths (Fig. 2). This difference was most striking foruous forest over grazed forest and pasture towards arable
continuous forest, as this highly humic top laye20 % OC)  land. A positive trend suggested the existence of an impor-
had an extremely loysg (<200 kg nT3). For the deeper soil  tant relation between OC and GSiCSkh=3.4+0.4x OC
layers, variations ipg were less important and variations in (R?=0.45, p <.0001). Good relationships between these
PSk, coincided with variations in CSi two variables were found mainly for arable lankf(= 0.65),

The differences in total PSiand its distribution be- Ppasture £2=0.83) and grazed foreskf=0.62).
tween the different land use types were tested using a non- pH varied between 3.3 and 4.7 with an average of
parametric ANOVA analysis (Sas-Institute, 2002—2003). To-4.28+0.45 and is within the range for constant Si solubil-
tal PSj, was significantly larger in continuous forests than at ity (2.5-8) (Dove, 1995). The humic soil top layer under
grazed forest =0.0019), pasturep(=0.0018) and arable the continuous forest had the lowest pH values. No relation-
(p=0.0062) sites. Although there were differences in ship was found between pH and G8i CSi. Texture varied
PSh in the top layer (0-0.1m), these differences werebetween sand and sandy loam. There was no systematic dif-
not statistically significant. By contrast, RSbetween ferentiation with depth, nor with land use.
0.1-0.2m in arable profiles were significantly larger then
in pasture p=0.024) and grazed foresp £0.0015) pro-
files. Below 0.2m PSQiwas significantly larger in continu- 4 Discussion
ous forest profiles compared to all other land uses (grazed
forest (p=0.0019), pasture =0.0028) and arable land 4.1 Human impacts
(p=0.0062)).

4.1.1 ASipools
3.2 Distribution of easily soluble silica
Human activities exert a long-term influence on nutrient cy-

In the top layers the distribution of GSivas rather dis- cling and concentrations in soils, including ASi pools (Fos-
tinct from the CSj (Figs. 3 and 4). While the maximum ter et al., 2003). Although total Psilid not change within
CSi, occurred in the top layer (0—0.1m) under all land athree year period following forest clearance at the Hubbard
uses, CSidid not reach its maximum here. Most profiles Brook Experimental Forest, a clear redistribution of 2Si
taken on pasture, grazed forest and continuous forest cordeeper layers was observed (Saccone et al., 2008). We show
tained only small amounts of CSat depths between 0.1 and that the total PSipool in an undisturbed forest ecosystem,
0.2m. Further down Cgiincreases again and maximum e.g. Siggaboda, was more than twice the size of tota} PSi
values were reached at depths varying between 0.25-0.6 mools under land uses influenced by human activities for five
(Fig. 3). Deeper in the soil profile CSdecreased again. centuries, e.g. &shult. The discrepancy between a contin-
For arable land CgGimonotonously increased with depth. uously forested and disturbed sites is due to the long-term
CSki values were generally lowest in profiles at arable landeffects of reduced ASi input by litterfall and the increased
sites< pasture sites grazed forest siteg continuous forest  mobilization of the PSipool in soils due to soil disturbance
sites (Table 1). and the change in hydrological regime. The reductions in

All averaged profiles exhibited similar distribution in RSi  soil PSj, storage after deforestation supports the conceptual
with low pools in the top layer and increasing values at model presented by Struyf et al. (2010b).
depth with maxima at different levels (Fig. 3). Continuous We expected significantly lower total RSh arable land
forest soils contained almost triple (93216 kg SiQ ha™1) soils because it experienced the most intensive human impact
the amount of PSiin pasture soils (37& 129 kg SiQ ha™1) through the systematic removal of crop residues with harvest
and grazed forest soils (346123kgSiQhal), and and tillage operations. Yet, there were no significant differ-
four times the amount found in arable land soils ences in total Pgibetween the three anthropogenic land use
(239+ 91 kg SiG ha 1) (Fig. 1). Mostimportant differences types. Larger easily soluble pools (BSiere found under

Biogeosciences, 8, 2282293 2011 www.biogeosciences.net/8/2281/2011/
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grazed forest and pasture showing that arable fields have exsoil CS}, profile under continuous forest cover results from
perienced a greater mobilisation or conversion to less solubl¢he interaction between both processes. Similag BiSiri-

Si phases of the labile ASi pool. Losses of P8ay also oc-

butions were observed in temperate forest soils (Cornelis et

cur due to soil erosion which can prevent the establishmenal., 2011a). The large PSpool in the top layer is the result
of ASi rich surface horizons and replenishment of ASi in the of biogenic accumulation processes (Alexandre et al., 1997;
deeper horizons. However, due to the limited relief in the Blecker et al., 2006; Saccone et al., 2007; Cornelis et al.,

arable fields at Rshult, soil erosion was probably not a sig-

nificant factor and limited the losses of R8i soils.

4.1.2 ASidistribution

2010). At depth, the increase in G3esults from root phy-
tolith input at root depth (Watteau and Villemin, 2001) and
pedogenic processes such as the translocation-accumulation
of phytoliths and Si adsorption onto Fe oxides and the forma-
tion of pedogenic opal (Cornelis et al., 2011a). Although to-

Nutrient leaching, biological (re)cycling and pedogenic pro- ta| PSj, pools were not different for the three human-affected

cessgs determine the vertical distribution of soil nutrient5|and use types, there are Significant differences in the vertical
(Joblagy and Jackson, 2001; Sommer et al., 2006). The acdistribution of PSi. The PSj peak at depth was absent un-
cumulation in the top layer and occurrence of a peak at depthjer arable land and much less developed under pasture and

(0.25-0.6 m) in CSjindicates the influence of both leaching grazed forest as compared to continuous forest. The absence
and biological cycling on the Si distribution in our soils. The
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of a PSj peak at depth for arable land supports the hypothe-ASi content, which has been previously shown in grassland
sis of insufficient ASi replenishment (Meunier et al., 2008). soils (Blecker et al., 2006). Nevertheless, variations in,CSi
The transition towards arable land limits biological cycling with depth in continuously forested ecosystems did not re-
to the upper soil layer, i.e. root depth. At depth, a decreasdlect variations of soil OC with depth. Several factors such as
in PSk has occurred during the last five centuries of culti- a varying phytolith input of roots with depth (Gill and Jack-
vation due to continuous dissolution of the Si that formerly son, 2000), vertical translocation of phytoliths (Alexandre et
accumulated here under forest. al., 1997; Meunier et al., 1999), variations in silica solubil-
PSi in the upper 0.25 m of the soil was higher under arableity (Sommer et al., 2006) or (re-) precipitation of pedogenic
land than both under grazed forest and pasture. This is soméilica (Cornelis et al., 2011b) with depth could all contribute
what surprising, given the fact that harvesting is believed tot0 the observed ASi distribution. Our data do not allow to
limit PSi, input (Vandevenne et al., 2011). However, the Si identify the relative contribution of each of these processes.
replenishment rate in the topsoil of arable land can be rela- The percentage OC occluded in phytoliths is limited (Parr
tively high due to the high root density of crops in this zone. and Sullivan, 2005), no strict coupling between OC and,CSi
On grazing land, CSiis high in the top layer due to the ef- exists. Moreover most of the litter-Si in the phytoliths is not
fects of above ground biomass decomposing at the surfaceomplexed with OM as dissolved organic carbon release rate
replenishing PSipools. The lower subsoil~0.4m) PSj is independent of silica release (Fraysse et al., 2010). OC
pool and PSipool under arable land as compared to pasturecould only be used as an indicator for g8i topsoil layer,
and grazed forest may indicate that Si leaching under arableather than a predictor as it only implies input of both OM

land is indeed more intense. and phytoliths. However, the difference in ASi and OC pro-
files observed under forest clearly indicate a differentiation
4.2 Amorphous silica and organic carbon in biological and pedogenic processes responsible for ASi

and OC storage, and explains why OC cannot be used as an

Plant-available Si is determined by the solubility of the dif- indicator along a profile.

ferent silica fractions present in the soil. Solubility is a func-

tion of temperature, particle size, pH, chemical composition4.3 Historical deforestation: an estimate for temperate
(type of Al and Fe oxides), organic matter (OM) content regions of the effect on ASi pools

and exposed surface area (Sommer et al., 20@6ntet al.,

2008). In contrast to other factors like pH and clay, OC var-Our data provide an opportunity to estimate historical
ied significantly between land use types (Table 1). Positivechanges in ASi storage in soils, and the magnitude of as-
relationships between CSnd OC for grazed forest, pasture sociated Si loss towards the aquatic system, assuming that
and arable land confirm that OC is often strongly related toa large part of ASi is converted to DSi and exported from
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Table 2. Historical evolution (3000 BCE—2005 CE) of the biogenic silica gPp@ind easily soluble silica pools (R¥yifor continuous,
disturbed and total land area in temperate soils. Standard errors are given in between parentheses. Land use data: Klein Goldewijk e
al. (2011) and World Bank databahktp://data.worldbank.orglast acces: 22 February 2011.

Year Continuous Disturbed Total Temperate

Area (Mha) PSi(Tmol)  PSk (Tmol) Area (Mha) PSi(Tmol) PS¢ (Tmol) Area (Mha) PSi(Tmol) PS¢ (Tmol)
3000BCE 3963 441741506) 63 (1.05) 14 7¢1) 0.07 ¢-0.04) 3977 442441506) 63 {£1.06)
0CE 3865 4309+41469) 61 (1.03) 112 49412) 0.59 (0.37) 3977 4359+41469) 62 {1.10)
1000 CE 3869 431241470) 62 (1.03) 108 5745) 0.71 ¢0.31) 3977 4369+(1470) 62 (1.08)
1500 CE 3774 420741434) 60 (1.00) 203 114414) 1.37 ¢0.57) 3977 4321+41434) 61 {1.16)
1700 CE 3704 413041407) 58 (1.21) 273  16445) 2.06 ¢-0.69) 3977 429341407) 61 {1.39)
1800 CE 3546 395441348) 56 (£0.95) 431 318+430) 4.14 (£0.80) 3977 4271£1348) 60 ¢1.24)
1900 CE 2931 326811114) 47 (£0.78) 1046 9434201) 12.7841.02) 3977 4211+41132) 59 {1.28)
2005 CE 1866 20804709) 29 (0.50) 2111 19324406) 26.06 £1.96) 3977 4012+817) 56 (2.02)

the system. We neglect processes that can be responsibté the ecosystem. The first official records fronadRult
for ASi losses but do not result in increased Si delivery recording human disturbance date back to 1545 and the land
to rivers such as (re-)precipitation of dissolved ASi as sec-use of that time has persisted until present. The length
ondary clays (e.g. koalinite and gibbsite) (Lucas et al., 1993)of the period of disturbance may therefore be estimated
bio-mineralization (Van Cappellen, 2003), direct removal of as 465 years, although there are traces of agriculture from
ASi by annual crop harvest, timber logging and grazing (Van-medieval time. If we assume a constant annual loss be-
devenne et al., 2011) and losses due to soil erosion (Triplettween 1545 and 2010 this results in an average annual loss
2008; Smis et al., 2011). of 86.7+51.0kgSiQ halyr1 from the PSj pool and

We also assume that our Swedish data are representativie4= 0.4 kg SiQ ha~tyr—! from the PSi pool. This esti-
for the whole temperate region, which comprises 70 % ofmate is significantly higher than the increase in Si export that
the Earth's land surface and varies strongly in climate, ge-was observed after deforestation in Hubbard Brook Experi-
ology, pedology and vegetation. Clearly this implies that themental Forest (on average 16 kg Si@ 1 yr—1) (Conley et
obtained estimates can only be a first rough approximational., 2008), and it is also higher than the highest specific DSi
However, our up-scaling exercise is meant only to illustratefluxes for Swedish rivers reported (50 kg S tyr—1)
the possible importance of reduced amorphous Si-storage ifHumborg, 2008). We assumed the loss inRSconverted
terrestrial ecosystems and its potential impacts on the landin a net DSi delivery which is unlikely as discussed above
ocean flux. It is a best estimate which can be made based ofsee earlier in this section). On top, these authors’ measure-
current data, as research on the interactions between Si ma#rents neither include all significant processes, such as phys-
bilisation and the processes above is still in a pioneer phasdcal ASi transport, responsible for net ASi and DSi deliv-
Incorporating these processes will require a much more thorery. Furthermore, the Si loss rates in both studies were based
ough study of all ecosystem soil processes affecting Si moon riverine measurements which were possible influenced by
bilisation. We hope our first estimate will encourage researctdifferent processes of Si sequestration.
on this topic. Historical arable land and pasture distributions were re-

The amount of ASi accumulated in soils depends upon theconstructed based on statistics combined with satellite infor-
input, output and recycling of silica within the soil-vegetation mation and specific allocation algorithms covering the pe-
continuum. Measurements of ASi pools in soils are rare, esfiod 10 000 BCE to 2000 CE (Klein Goldewijk et al., 2011).
pecially for temperate regions (Blecker et al., 2006; SaccondVe assumed that the total area to be considered is con-
et al., 2007). Studies are constrained to specific vegetatiostant, and equals the sum of the forested area @raad
types (forest or grassland), and data for arable land are lacldisturbed area (Areg in 2005 (World Bank database —
ing. Measured ASi pools typically range between 15 000 andhttp://data.worldbank.orgllast acces: 22 February 2011).
105000 kg Si@ha (Struyf and Conley, 2011). We found We used only two land use types: continuous forest cover
that ASi pools in southern Sweden were larger in soils un-and disturbed landscapes (pasture and arable lands). We
der continuous forest cover (66 98®2 800 kg SiQ ha 1) also assumed that a constant annual Si loss rate occurred
and were lower under grazed forest, pasture and arablafter a conversion between both land use types. Based on
land (on average 266@96520kgSiQha1). Our data these assumptions, total REFig. 5) and PSi (Fig. 6) pools
fall within the range of total ASi pools that were pre- were calculated at different moments in time in temperate re-
viously observed. Our study found that RSwas  gions (Table 2). According to our calculations, soils stored
reduced by 40308 23700kgSiQha™l, and PSi by approximately 4018-817 Tmol Si in 2005 CE, which rep-
6344+ 199kg SiQ ha ! due to anthropogenic disturbance resents a decrease of 400 Tmol Si since 3000 BCE. Recent
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land use conversion, after 1700 CE, has resulted in maload (which is estimated 1.3 Tmolyt) (Durr et al., 2011)
jor depletion of PSi and PSi. In temperate regions from and a 20% increase of the global land-ocean flux of DSi
3000 BCE onwards the PSpool has decreased at a rate of (which is estimated to be 5.6 Tmol Siyk) (Tréguer et al.,
0.09+ 0.06 Tmol Siyr* while recent agricultural expansion 1995). Clearly, the net contribution will be almost certainly
(after 1700 CE) is calculated to have resulted in an averagéower than this estimate as not all lost ASi will be mobilised
decrease of 1.4£0.8 Tmol Siyr! over the last 300 years. as DSi. Furthermore, Si retention within rivers and lakes
If all lost ASi would be delivered to the river system this is considerable: estimates range from 1.15 Tmol Styo

would then correspond to 80 % increase of the temperat®.4 Tmol Siyr! (Laruelle et al., 2009; Drr et al., 2011)
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and it may be expected that a significant part of the surplusa more degraded state under arable land. This is explained
Si would also be retained. Despite all these uncertaintiesby the absence of severe soil erosion in the traditional tilled
our estimate shows that contemporary and historical landarable fields. Nevertheless the larger easily soluble pools
use changes may have a significant impact on Si delivery tahat were found under grazed forest and pasture indicate that
freshwater systems and the oceans (Conley et al., 2008). arable fields have undergone a larger mobilisation/conversion
Uncertainties not only arise from the lack of information of the labile ASi pool. Significant differences in the verti-
on the fate of the mobilised Si and the fact that our studycal PSi and PSi distributions result from the effect of de-
area is probably not entirely representative for the entire temforestation on biogenic and pedogenic processes responsi-
perate zone of the Earth. There are also uncertainties assble for the Si distribution in our soils. Along the gradient,
ciated with historical land use data. Moreover, our arablethe disappearance of an ASi peak at intermediate depths im-
land use data are from “traditionally” managed arable lands plies that land use conversion limited biological cycling and
while under intense cultivated land use used today in indusintensified other processes responsible for the reduction of
trial agriculture, pools could be depleted even more (StruyfASi (e.g. leaching and neoformation) at depth. Our data al-
et al., 2010b). In order to improve the estimate, attentionlowed us to make a first estimate of changes in ASi pools
needs to be given in further studies to the effects of land us@nd its effect on the land-ocean Si flux. According to our
and land use history on ASi storage and mobilisation. Un-calculations historical land use changes in temperate regions
til now research has mainly focussed on natural ecosystemdecrease ASi storage in soils by 10 % and could be responsi-
(Alexandre et al., 1997; Blecker et al., 2006; Saccone et al.ple for up to ca. 20 % of the global land-ocean Si flux carried
2007; Cornelis et al., 2011a) rather than systems affected by rivers. Despite uncertainties, these estimates show the im-
human impact (Kelly, 1998; Conley et al., 2008). Our study portance of contemporary and historical human perturbations
suggests that a correct assessment of human impact will ben Si-cycling in soils and potential Si-delivery to the ocean.
necessary to understand the Si cycle completely. A new estimate will have to include a more spatially accu-
Our calculations suggest that total PEools have beenre- rate database of ASi pools, a more thorough understanding
duced by ca. 10 % in temperate regions as a result of land usef pedological soil processes affecting Si output over land
changes. Although a considerable amount is known aboutse gradients, as well as the currently unknown contribution
the factors controlling silicate weathering, to date there areof ASi fluxes to total Si fluxes from the continents.
very few studies that have considered the impact of changes

in the terrestrial biosphere on Si fluxes (Conley, 2002; Street-’A‘CknOWleoIgementSThe authors thank ansstyrelsen in Kro-

nobergshn for consenting to fieldwork in the nature reserve

P.ermt.t and Barker, 2(.)08)' It should also t?e kept I_n mind tha iggaboda and culture reservadRult. Special acknowledgements
biological and geological processes may interact: removal of, ;"1 M. Mikaelsson and S. Vandevelde for fieldwork support.

vegetation may affect mineral weathering rates (Kelly, 1998).\we acknowledge the Associate Editor and the two anonymous
Recent technological developments, based on the measurgsviewers for their constructive comments that have helped to
ment of stable silicon isotopes and Ge/Si signatures may bgubstantially improve this manuscript. Wim Clymans would like
of great use in furthering our understanding of the dynam-to thank the Flemish Agency for the promotion of Innovation by
ics of terrestrial ecosystem pools (Derry et al., 2005; ZieglerScience and Technology (IWT) for funding his personal promotion
et al., 2005; Blecker et al., 2006; Opfergelt et al., 2010;drant and acknowledge FWO (Research Foundation Flanders) for
Cornelis et al., 2011b) as well as tracking the origin of Si funding the project with a travel grant. This work was partially
in aquatic systems (Struyf and Conley, 2011). Ultimately asup_ported by a research g_rant to D. J. _Conley from the Swedish
combined analysis of ASi pools under different land-uses an ational Science Foundation (VR). Eric Struyf acknowledges

. . R . WO (Flemish Research Foundation) for funding his postdoc
T.SI (A.SI+D.SI) W.'” be necessary to disentangle the effect of grant. We acknowledge the Belgian Science Policy (BELSPO,
biological Si-cycling on land-ocean fluxes.

SD/NS/05a) for funding the project “LUSI: land use changes and

silica fluxes in the Scheldt river basin” and FWO for funding

project “Tracking the biological control on Si mobilization in

5 Conclusions upland ecosystems” (Project no. GO14609N). Floor Vandevenne
would like to thank BOF-UA for Ph.D. fellowship funding.

We have shown that total PSh a continuous forest ecosys-

tem was more than twice the size of total P&ider human  Edited by: S. Bouillon

disturbed land uses. We believe long-term disturbance of

the vegetation-soil continuum lowered ASi inputs, affected

key pedogenic processes and induced depletion of the Aéi?eferences

pool. These results are consistent with an existing CONCePAexandre, A., Meunier, J., Colin, F., and Koud, J.: Plant impact
tual model describing the effect of human impact on the ter- o the biogeochemical cycle of silicon and related weathering
restrial Si-cycle along a deforestation gradient (Struyf et al., processes, Geochim. Cosmochim. Acta, 61, 677-682, 1997.
2010b). The absence of a significant difference in total PSi Berthelsen, S., Noble, A., and Garside, A.: Silicon research down
for the disturbed land use types conflicts with the idea of under: Past, present, and future, in: Silicon in agriculture, edited

www.biogeosciences.net/8/2281/2011/ Biogeosciences, 8, 22832011



2292 W. Clymans et al.: Anthropogenic impact on amorphous silica pools in temperate soils

by: Datnoff, L., Snyder, G., and Korédfer, G., Elsevier, The Geochim. Cosmochim. Acta, 74, 70-84, 2010.
Netherlands, 241-256, 2001. Gérard, F., Mayer, K., Hodson, M., and Ranger, J.: Modelling the
Blecker, S. W., McCulley, R. L., Chadwick, O. A., and biogeochemical cycle of silicon in soils: Application to a temper-
Kelly, E. F.: Biologic cycling of silica across a grass- ate forest ecosystem, Geochim. Cosmochim. Acta, 72, 741-758,
land bioclimosequence, Global Biogeochem. Cy., 20, GB3023, 2008.
doi:10.1029/2006gb002692006. Gill, R. A. and Jackson, R. B.: Global patterns of root
Brzezinski, M. A.: The Si:C:N ratio of marine diatoms: Interspe-  turnover for terrestrial ecosystems, New Phytol., 147, 13-31,
cific variability and the effect of some environmental variables,  doi:10.1046/j.1469-8137.2000.006812000.
J. Phycol., 21, 347-35d0i:10.1111/j.0022-3646.1985.0034,7.x  Grasshoff, K., Ehrhardt, M., and Kremling, K.: Methods of sea
1985. water analysis, Verlag Chemie, 314 pp., 1983.
Clymans, W., Govers, G., Van Wesemael, B., Meire, P., and Struyf Haysom, M. and Chapman, L.: Some aspects of the calcium sili-
E.: Amorphous silica analysis in terrestrial runoff samples, Geo- cate trial at Mackay, Proceedings Conference Queensland Soci-

derma, in press, 2011. ety Sugar Cane Technologists, 42, 117-122, 1975.
Conley, D.: Riverine contribution of biogenic silica to the oceanic Hohn, A., Sommer, M., Kaczorek, D., Schalitz, G., and Breuer, J.:
silica budget, Limnol. Oceanogr., 42, 774-777, 1997. Silicon fractions in histosols and gleysols of a temperate grass-

Conley, D.. Terrestrial ecosystems and the global biogeo- land site, J. Plant Nutr. Soil Sc., 171, 409-418, 2008.

chemical silica cycle, Global Biogeochem. Cy., 16, 1121, Humborg, C.: Changes in dissolved silicate loads to the Baltic sea

doi:10.1029/2002gb001892002. —the effects of lakes and reservoirs, J. Mar. Syst., 73, 223, 2008.
Conley, D., Likens, G., Buso, D., Saccone, L., Bailey, S., and John{SSS-ISRIC-FAO: World reference base for soil resources, World

son, C.: Deforestation causes increased dissolved silicate losses soil resources reports, edited by: FAO, Rome, 1998.

in the Hubbard Brook experimental forest, Global Change Biol., Jobkagy, E. G. and Jackson, R. B.: The distribution of soil nutrients

14, 2548-2554, 2008. with depth: Global patterns and the imprint of plants, Biogeo-
Cornelis, J. T., Ranger, J., Iserentant, A., and Delvaux, B.: Tree chemistry, 53, 51-77, 2001.

species impact the terrestrial cycle of silicon through various up-Kelly, E. F.: The effect of plants on mineral weathering, Biogeo-

takes, Biogeochemistry, 97, 231-24#i:10.1007/s10533-009- chemistry, 42, 21, 1998.

9369-x 2010. Klein Goldewijk, K., Beusen, A., van Drecht, G., and de Vos, M.:
Cornelis, J.-T., Titeux, H., Ranger, J., and Delvaux, B.: Identifi-  The hyde 3.1 spatially explicit database of human-induced global

cation and distribution of the readily soluble silicon pool in a land-use change over the past 12,000 years, Global Ecol. Bio-

temperate forest soil below three distinct tree species, Plant Soil, geogr., 20, 73-8&J0i:10.1111/j.1466-8238.2010.0058,72011.

342, 369-378¢0i:10.1007/s11104-010-0702-2011a. Koning, E., Epping, E., and Van Raaphorst, W.: Determining bio-
Cornelis, J.-T., Delvaux, B., Georg, R. B., Lucas, Y., Ranger, J., genic silica in marine samples by tracking silicate and aluminium

and Opfergelt, S.: Tracing the origin of dissolved silicon trans-  concentrations in alkaline leaching solutions, Aquat. Geochem.,

ferred from various soil-plant systems towards rivers: a review, 8, 37-67, 2002.

Biogeosciences, 8, 89-11d0i:10.5194/bg-8-89-2012011b. Lage®ds, P.: The ecology of expansion and abandonment — me-
DeMaster, D.: The supply and accumulation of silica in the dieval land-use and settlement dynamics in a landscape perspec-

marine-environment, Geochim. Cosmochim. Acta, 45, 1715- tive, Riksantikvarieambetet Och Statens, 2007.

1732, 1981. Laruelle, G. G., Roubeix, V., Sferratore, A., Brodherr, B., Ciuffa,
DeMaster, D.: The accumulation and cycling of biogenic silicain  D., Conley, D. J., Drr, H. H., Garnier, J., Lancelot, C., Le

the southern ocean: Revisiting the marine silica budget, Deep- Thi Phuong, Q., Meunier, J. D., Meybeck, M., Michalopoulos,

Sea Res. Pt. I, 49, 3155-3167, 2002. P., Moriceau, B., NLongphuirt, S., Loucaides, S., Papush, L.,
Derry, L., Kurtz, A., Ziegler, K., and Chadwick, O.: Biological con- Presti, M., Ragueneau, O., Regnier, P., Saccone, L., Slomp, C.

trol of terrestrial silica cycling and export fluxes to watersheds, P., Spiteri, C., and Van Cappellen, P.: Anthropogenic perturba-

Nature, 433, 728-731, 2005. tions of the silicon cycle at the global scale: Key role of the land-
Dove, P.: Kinetic and thermodynamic controls on silica reactivity — ocean transition, Global Biogeochem. Cy., 23, GB4031/4031—

in weathering environments, in: Chemical weathering rates of GB4031/4017¢d0i:10.1029/2008gb003262009.

silicate minerals, edited by: White, A. and Brantley, S., Miner- Lindbladh, M. and Bradshaw, R.: The development and demise of a

alogical Society of America, Washington, DC, 235-290, 1995. medieval forest-meadow system at Linnaeus’ birthplace in south-
Durr, H. H., Meybeck, M., Hartmann, J., Laruelle, G. G., and ern Sweden: Implications for conservation and forest history,

Roubeix, V.: Global spatial distribution of natural riverine sil- Veg. Hist. Archaeobot., 4, 153—-166@pi:10.1007/bf00203933

ica inputs to the coastal zone, Biogeosciences, 8, 597—620, 1995.

doi:10.5194/bg-8-597-2012011. Lindbladh, M. and Bradshaw, R.: The origin of present forest com-
Dugdale, R., Wilkerson, F., and Minas, H.: The role of a silicate  position and pattern in southern Sweden, J. Biogeogr., 25, 463—

pump in driving new production, Deep-Sea Res. Pt. |, 42, 697— 477,d0i:10.1046/j.1365-2699.1998.25304631998.

719, 1995. Lucas, Y., Luizao, F., Chauvel, A., Rouiller, J., and Nahon, D.:
Foster, D., Swanson, F., Aber, J., Burke, I., Brokaw, N., Tilman, D., The relation between biological-activity of the rain-forest and

and Knapp, A.: The importance of land-use legacies to ecology mineral-composition of soils, Science, 260, 521-523, 1993.

and conservation, Bioscience, 53, 77—-88, 2003. Meunier, J., Colin, F., and Alarcon, C.: Biogenic silica storage in
Fraysse, F., Pokrovsky, O. S., and Meunier, J. D.: Experimental soils, Geology, 27, 835-838, 1999.

study of terrestrial plant litter interaction with aqueous solutions, Meunier, J. D., Guntzer, F., Kirman, S., and Keller, C.: Terrestrial

Biogeosciences, 8, 2282293 2011 www.biogeosciences.net/8/2281/2011/


http://dx.doi.org/10.1029/2006gb002690
http://dx.doi.org/10.1111/j.0022-3646.1985.00347.x
http://dx.doi.org/10.1029/2002gb001894
http://dx.doi.org/10.1007/s10533-009-9369-x
http://dx.doi.org/10.1007/s10533-009-9369-x
http://dx.doi.org/10.1007/s11104-010-0702-x
http://dx.doi.org/10.5194/bg-8-89-2011
http://dx.doi.org/10.5194/bg-8-597-2011
http://dx.doi.org/10.1046/j.1469-8137.2000.00681.x
http://dx.doi.org/10.1111/j.1466-8238.2010.00587.x
http://dx.doi.org/10.1029/2008gb003267
http://dx.doi.org/10.1007/bf00203933
http://dx.doi.org/10.1046/j.1365-2699.1998.2530463.x

W. Clymans et al.: Anthropogenic impact on amorphous silica pools in temperate soils 2293

plant-Si and environmental changes, Mineral Mag., 72, 263—267 Struyf, E. and Conley, D.: Silica: An essential nutrient in wetland
doi:10.1180/minmag.2008.072.1.2&%08. biogeochemistry, Front. Ecol. Environ., 7, 88-94, 2009.

Opfergelt, S., Cardinal, D., Andr L., Delvigne, C., Bremond, Struyf, E. and Conley, D.: Emerging understanding of the ecosys-
L., and Delvaux, B.: Variations of [delta]30Si and Ge/Si with tem silica filter, Biogeochemistry, 1-1@0i:10.1007/s10533-
weathering and biogenic input in tropical basaltic ash soils under 011-9590-22011.
monoculture, Geochim. Cosmochim. Acta, 74, 225-240, 2010. Struyf, E., Mdrth, M., Humborg, C., and Conley, D.: An enormous

Parr, J. F. and Sullivan, L. A.: Soil carbon sequestration in phy- bio-silica pool in boreal wetlands, J. Geopys. Res., 115, 8 pp.,
toliths, Soil Biol. Biochem., 37, 117-124, 2005. d0i:10.1029/2010JG001322010a.

Ragueneau, O., Conley, D., Ni Longphuirt, S., Slomp, C., and Ley-Struyf, E., Smis, A., Van Damme, S., Garnier, J., Govers, G., Van
naert, A.: A review of the Si biogeochemical cycle in coastal Wesemael, B., Conley, D. J., Batelaan, O., Frot, E., Clymans, W.,
waters: |. Diatoms in coastal food webs and the coastal Si cy- Vandevenne, F., Lancelot, C., Goos, P., and Meire, P.: Historical
cle, in: The silicon cycle: Human perturbations and impacts on land use change has lowered terrestrial silica mobilization, Nat.
aquatic systems, edited by: Ittekkot, V., Unger, D., Humborg, C., Commun., 1, 129%0i:10.1038/ncomms1128010b.
and Tac An, N., Island Press, Washington, DC, 2006. Tebrugge, F. and During, R. A.: Reducing tillage intensity — a re-

Saccone, L., Conley, D., Koning, E., Sauer, D., Sommer, M., Kac- view of results from a long-term study in germany, Soil Till. Res.,
zorek, D., Blecker, S., and Kelly, E.: Assessing the extractionand 53, 15-28, 1999.
quantification of amorphous silica in soils of forest and grasslandTréguer, P., Nelson, D., Vanbennekom, A., DeMaster, D., Leynaert,
ecosystems, Eur. J. Soil Sci., 58, 1446-1459, 2007. A., and Queguiner, B.: The silica balance in the world ocean — a

Saccone, L., Conley, D., Likens, G., Bailey, S., Buso, D., and John- Reestimate, Science, 268, 375-379, 1995.
son, C.: Factors that control the range and variability of amor- Triplett, L. D.: Silica fluxes and trapping in two contrasting natural
phous silica in soils in the Hubbard Brook Experimental Forest, impoundments of the upper Mississippi river, Biogeochemistry,

Soil Sci. Soc. Am. J., 72, 1637-1644, 2008. 87,217, 2008.
Sas-Institute: Sas release 9.1.3, in, edited by: Sas-Institute, Car)fan Cappellen, P.: Biomineralization and global biogeochemical
NC, USA, 2002-2003. cycles, Rev. Mineral. Geochem., 54, 357-381, 2003.

Sauer, D., Saccone, L., Conley, D., Herrmann, L., and SommerVandevenne, F., Struyf, E., Clymans, W., and Meire, P.: Agricul-
M.: Review of methodologies for extracting plant-available and  tural silica harvest: Have humans created a new and important
amorphous Si from soils and aquatic sediments, Biogeochem- loop in the global silica cycle?, Front. Ecol. Environ., in press,
istry, 80, 89-108, 2006. 2011.

Smis, A., Van Damme, S., Struyf, E., Clymans, W., van Wese-Warncke, D. and Brown, J. R.: Potassium and other basic cations,
mael, B., Frot, E., Vandevenne, F., Van Hoestenberghe, Gov- in: Recommended chemical soil test procedures, North Central
ers, G., and Meire, P.: A trade-off between dissolved and amor- Regional Research Publication, 31-33, 1998.
phous silica transport during peak-flow events (Scheldt river Watteau, F. and Villemin, G.: Ultrastructural study of the biogeo-
basin, Belgium): Impacts of precipitation intensity on terrestrial  chemical cycle of silicon in the soil and litter of a temperate for-
Si dynamics in strongly cultivated catchments, Biogeochemistry, est, Eur. J. Soil Sci., 52, 385-396, 2001.
doi:10.1007/s10533-010-9527+h press, 2011. Ziegler, K., Chadwick, O. A., Brzezinski, M. A., and Kelly, E. F.:

Sommer, M., Kaczorek, D., Kuzyakov, Y., and Breuer, J.: Silicon Natural variations of [delta]30Si ratios during progressive basalt
pools and fluxes in soils and landscapes — A review, J. Plant. Nutr. weathering, Hawaiian islands, Geochim. Cosmochim. Acta, 69,
Soil Sc., 169, 310-329, 2006. 4597-4610, 2005.

Street-Perrott, F. A. and Barker, P. A.: Biogenic silica: A neglected Zysset, M., Blaser, P., Luster, J., and Gehring, A. U.: Aluminum
component of the coupled global continental biogeochemical cy-  solubility control in different horizons of a podzol, Soil Sci. Soc.
cles of carbon and silicon, Earth Surf. Proc. Land., 33, 1436— Am.J., 63,1106-1115, 1999.

1457, 2008.

www.biogeosciences.net/8/2281/2011/ Biogeosciences, 8, 22832011


http://dx.doi.org/10.1180/minmag.2008.072.1.263
http://dx.doi.org/10.1007/s10533-010-9527-1
http://dx.doi.org/10.1007/s10533-011-9590-2
http://dx.doi.org/10.1007/s10533-011-9590-2
http://dx.doi.org/10.1029/2010JG001324
http://dx.doi.org/10.1038/ncomms1128

