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ABSTRACT OF DISSERTATION

SILICA BIOGEOCHEMISTRY ACROSS A GRASSLAND CLIMOSEQUENCE

The importance of primary mineral dissolution and formation of secondary
minerals has been recognized as an important control on silica concentrations and fluxes
in soil solutions and stream waters. Such reactions are important in understanding such
earth surface processes as soil development, soil buffering against acid deposition and
regulation of atmospheric carbon dioxide. Links between terrestrial and marine systems
are also important in terms of Si, where Si-based diatoms play a large role in marine
primary productivity. Assessments of the controls on silica export from the terrestrial
environment tend to ignore the role of plant silica cycling and biogenic silica storage in
soils and vegetation, assuming that mineral weathering reactions alone controls this flux.
Most weathering studies have occurred in forested ecosystems; though weathering in
grasslands is typically less intense, they cover up to 40% of the earth’s land surface and
may play an important role in global Si biogeochemistry.

To this end, I employed a mass balance study of Si pools and fluxes along a
grassland climosequence in the Central Great Plains. In general, shortgrass systems tend
to have greater pools of soil biogenic Si than tallgrass systems though the plants in
shortgrass systems add less Si to the soil annually. Though biologically mediated Si

accounts for only a few percent of the total Si in these systems, I believe that this Si is far
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more labile than mineral Si. Although these grassland systems are less weathered than
temperate and tropical forests, biological Si cycling appears to impact mineral weathering
to a greater extent as compared to forested systems.

To date, the biological fractionation of Ge during plant Si uptake has been
deduced from studies of plants in situ, where isolation of source Si is difficult at best. 1
provide more solid evidence regarding the magnitude and direction of biologic Ge
fractionation through a controlled greenhouse study, where source Ge/Si values are more
easily isolated. Fractionation differences among grassland species were similar, with
those species grown in a nutrient solution fractionating against Ge by roughly 82%, and
those grown in different soil mediums fractionating against Ge by approximately 53%.
However, the differences between these two groups (nutrient solution vs. soil grown
vegetation) and differences between leaf and stem Ge/Si values point to potentially
different uptake mechanisms in Ge compared to Si. Biologic Ge fractionation could be
the result of differences in reactivity and speciation, as well as Ge toxicity and kinetically
driven fractionation resulting from differences in molecular weight between Ge and Si.

As Ge behaves as a pseudo 1sotope of Si, differences in Ge/Si ratios among major
pools in terrestrial systems allows for the potential use of Ge/Si as a tracer of silicate
weathering and Si flux in these systems, and can provide a valuable tool for studying
weathering processes and Si cycling in terrestrial and marine systems. Trends of Ge
sequestration in secondary minerals, and depletion in both biologic and aquatic pools
were similar in direction to those of tropical systems but less in terms of magnitude.

Overlap in Ge/Si ratios among the pools examined (plant, soil, stream) in the less

v
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intensely weathered grassland ecosystems confounds the utility of this particular isotopic
tool in elucidating weathering relationships.

This initial extensive look at grassland Si biogeochemistry provides promise in
studying fluxes of terrestrial Si, though a combination of more intensive catchment scale
studies and/or additional tools to Si mass balance and Ge/Si ratios will be necessary to
clarify the complexities associated mineral weathering and the Si biogeochemistry in

terrestrial systems.

Steve Blecker

Soil and Crop Sciences Department
Colorado State University

Fort Collins, CO 80523

Fall 2005
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Chapter I: INTRODUCTION

Background

Impetus for this research was fueled by decades of laboratory and field studies designed
to further our understanding of the influence of plants on soil formation and the critical
plant and soil interactions that mitigate biogeochemical functioning of terrestrial
ecosystems. Study of plant-soil interactions and their impact on mineral weathering has
taken on many forms, details of which are provided in extensive reviews (e.g. Drever
1994 and Kelly et al. 1998). Plants impact mineral weathering through a number of
biogeochemical processes, such as the production of weathering agents (e.g. CO», organic
acids, and ligands; Berner 1992), cation biocycling (Johnson-Maynard et al. 2005),
production of biogenic minerals (Kelly et al. 1998), and physical processes that increase
soil stability and soil-water residence time. The significance of these interactions has
been debated for decades, with numerous studies providing evidence that plants increase
weathering rates by varying orders of magnitude (e.g. Lovering 1959, Drever 1994,
Brady et al. 1999, Moulton et al. 2000, Hilsinger et al. 2001, Wilson 2004). Studies
across larger temporal and spatial scales have examined the influence of plant-soil
interactions on such areas as long-term regulation of atmospheric CO; (e.g. Berner 1992,
Chadwick et al. 1994), and the relationship between atmospheric CO, and marine net

primary productivity or NPP (Mortlock et al. 1991, Froelich et al. 1992).
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One of the focal points of these interactions involves the terrestrially ubiquitous
compound silica (SiO;). The importance of primary mineral dissolution and buffering
provided by secondary mineral formation has long been recognized as a key control of
silica concentrations and flux in soil solutions and stream waters (e.g. Drever and Zobrist
1992, Likens and Bormann 1995, Swistock et al. 1997, White et al. 1998, Gaillardet et al.
1999). The influence of watershed-scale impacts by plants on mineral weathering is
occasionally hinted at (e.g. Taylor and Velbel 1991, Schulz and White 1999, Schmitt et
al. 2003), or in some instances focused on in studies of plant uptake and cycling on silica
activity and mineral stability (Bartoli 1983, Lucas et al. 1993, Alexandre et al. 1997,
Markewitz and Richter 1998, Meunier et al. 1999), but typically not included in complete
mass balance studies. In addition, the aforementioned catchment-scale weathering
studies are typically conducted in forested ecosystems, while contributions of less

intensely weathered ecosystems remain largely unknown.

With these points in mind, another driving force that helped shape the experimental
design of my study was brought out by Kelly et al. (1998), who discussed current
knowledge and gaps in the research of soil and plant interactions: lack of studies in
climatically diverse settings; reliable means of linking nutrient content of biological
components to nutrient provenance; quantitative understanding between vegetation and
hydrologic cycles; and lack of information regarding the relationship between NPP,

internal nutrient cycling and soil mineral weathering therein.
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The Great Plains of North America is an ideal system for assessing the biogeochemical
behavior of grassland ecosystems. These ecosystems are graminoid-dominated with
woody species rare, sub-dominant or co-dominant. Moreover fire, large grazers and
climatic extremes (droughts) were important to their evolution, and remain key drivers of
ecological patterns and processes across precipitation and productivity gradients.
Grasslands of North America are relatively young ecosystems, first arising 5-7 million
years ago, with many of the present vegetation associations arising less than 10,000 yrs

ago (Wright 1970; Stebbins 1981; Axelrod 1985; Coughenour 1985).

Given this backdrop, I became interested in the relationship between soils and plants
within grassland ecosystems and the relative importance of grasslands to the global
biogeochemical silica cycle. I decided to conduct a detailed study of the biogeochemistry
of Si in different grassland ecosystems distributed across a Great Plains climosequence
(Jenny 1941) that spanned a moisture gradient from the semi-arid shortgrass steppe of
eastern Colorado to the humid remnant tallgrass prairie of western Missouri. Relatively
level landscape positions sustaining 10 to 30 ky soils formed in sedimentary residuum

and loess comprised the field setting for this study.

Research objectives and hypotheses

Using a state factor approach (Jenny 1941), a combination of geochemical, mineralogical
and mass balance techniques were applied to examine the 1) biogeochemistry of Si in
grassland ecosystems, 2) the impact of plants on mineral weathering, and 3) associated

linkages between less intensely weathered terrestrial and aquatic systems on a catchment-
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level scale. Sampling and characterization of the major ecosystem pools (soil, vegetation,
stream water), were carried out to study potential variations that weathering intensity and
above ground net primary productivity (ANPP) have on Si biogeochemistry in grassland
ecosystems and how grassland data compare to the accumulated data from temperate and

tropical forests.

To meet the objectives of this work I generated the following questions to guide my
research:

1) What are the quantities of biogenic Si stored in both the annual biomass and soils
within and among grassland ecosystems as a function of climate and grassland type?

2) What is the chemical behavior of biogenic Si in the soil matrix with regard to solubility
and weatherability in each grassland system?

3) Does experimental evidence support results derived from the field evidence with
regards to the biologic fractionation of Ge versus Si?

4) Does the biogenic Si in grassland plants carry a unique Ge/Si fingerprint as a function
of climate and biotic community?

Work in temperate and tropical ecosystems by Bartoli (1983), Lucas et al. (1993),
Alexandre et al. (1997), and Meunier et al. (1999) have emphasized the role of plants in
the biogeochemical Si cycle through intriguing, yet incomplete, Si mass balance studies.
Measurement of plant uptake, storage and return of Si to the soil were conducted in
varying levels of completeness, but have generally not encompassed the totality of Si
pools and fluxes in a given system. I set out to employ a more complete mass balance
analysis in a relatively unstudied ecosystem to compare how the biogenic cycling of Si

varies within a grassland climosequence as well as between grassland and forest
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ecosystems. To this end, I measured (bold) or estimated (italic) the biogeochemical Si

pools and fluxes as depicted in Figure 1.1.

The following hypotheses will be tested in Chapter 2 of this dissertation, addressing

questions 1 and 2.

H1: Grassland ecosystems mobilize and store higher proportions of biogenic silica per
unit biomass than forested ecosystems.

H2: The rates of biogeochemical cycling of biogenic silica in temperate grassland
ecosystems are controlled, in part, by the impacts of precipitation and Annual Net
Primary Production.

A host of studies have related the importance of Si to plant structure, function, growth
and development (e.g. Raven 1983, Sangster et al. 2001). Examining Ge and Si uptake
by grasses in the controlled conditions afforded by a greenhouse, where an individual Si
source can be isolated (in terms of its Ge/Si signature), I set out to take a more definitive
look at the magnitude and direction of biologic Ge fractionation and compare that data to
what has thus far been inferred in field studies (Derry et al. 2005; Chapter 4). Such
information should increase the utility of Ge/Si ratios as a tool in the study of terrestrial

weathering and biogeochemical Si cycling.

The following hypothesis will be tested in Chapter 3 of this dissertation, addressing

question 3.

H3: Plants fractionate against Ge compared to Si during monogermanic/silicic acid
uptake.
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The few weathering studies employing Ge/Si ratios in terrestrial systems (Murnane and
Stallard 1990, Froelich et al. 1992, Filippelli 2000, Kurtz et al. 2002, Derry et al. 2005)
have been carried out in tropical and temperate forested systems, and show promise for
understanding mineral weathering processes and Si fluxes. Applying this tool in other
ecosystems will test the versatility and utility of Ge/Si ratios in less intensely weathered
systems. To this end, I measured Ge/Si ratios for the pools (soil, plant, water) sampled in

Chapter 2 as an attempt at further quantifying biogeochemical Si cycling and weathering

in grassland systems.

The following hypothesis will be tested in Chapter 4 of this dissertation, addressing

question 4.

H4: The export of dissolved silica from grasslands in streams (and ultimately to the

oceans) is proximally controlled by the dynamics of biogenic silica rather than mineral
weathering reactions.
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Figure 1.1 Conceptual model of the terrestrial Si biogeochemical cycle.
(bold = measured, italic = estimated).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

E plant uptake litterfall

i mineral phytolith

E -~ dissolution : dissolution Soil plllytoliths
: k o1 - > Soil water :

: minerals (exchangeable |€¢—— |

é < H,Si0,) E

E secondary labile i stable
i mineral '

! formation



References

Alexandre A., Meunier J.D., Colin F., and Koud J.M. 1997. Plant impact on the
biogeochemical cycle of silicon and related weathering processes. Geochim.
Cosmochim. Acta 61:677-682.

Axelrod D.I. 1985. Rise of the grassland biome, Central North America. Botanical
Review 51:163.201.

Bartoli F. 1983. The biogechemical cycle of silica in two temperate forest ecosystems.
Environ. Biogeochem. Ecol. Bull. 35:469-476.

Berner R.A. 1992. Weathering. Plants and the long term carbon cycle. Geochim.
Cosmochim. Acta 56:3225-3231.

Brady P.V., Dorn R.I., Brazel A.J., Clark J., Moore R.B., and Glidewell T. 1999. Direct
measurement of the combined effects of lichen, rainfall, and temperature on
silicate weathering. Geochim. Cosmochim. Acta 63:3293-3300.

Chadwick O.A., Kelly E.F., Merritts D.M., and Amundson R.G. 1994. Carbon dioxide
consumption during soil development. Biogeochemistry 24:115-127.

Coughenour M.B. 1985. Graminoid responses to grazing by large herbivores —
Adaptations, exaptations, and interacting processes. Annals of the Missouri
Botanical Garden 72:852-863.

Derry L.A, Kurtz A.C., Ziegler K. and Chadwick, O.A. 2005. Biological control of
terrestrial silica cycling and export fluxes to watersheds. Nature 433:728-730.

Drever J.1. 1994. Effect of plants on chemical weathering rates. Geochim. Cosmochim.
Acta 58:2325-2332.

Drever J.1. and Zobrist J. 1992. Chemical weathering of silicate rocks as a function of
elevation in the southern Swiss Alps. Geochim. Cosmochim. Acta 56:3209-3216.

Filippelli G.M., Carnahan J.W_, Derry D.A., and Kurtz A. 2000. Terrestrial paleorecords
of Ge/Si cycling derived from lake diatoms. Chemical Geology 168:9-26.

Froelich P.N., Blanc V., Mortlock R.A., Chillrud S.N., Dunstan W., Udomkit A., and
Peng T.H. 1992. River fluxes of dissolved silica to the ocean were higher during
glacials: Ge/Si in diatoms, rivers and oceans. Paleoceanography 7:739-767.

Gaillardet J., Dupre B., Louvat P., Allegre C.J. 1999. Global silicate weathering and

CO; consumption rates deduced from the chemistry of large rivers. Chemical
Geology 159:3-30.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Hilsinger P., Barros O.N.F., Benedeti M.F., Noack Y., and Callot G. 2001. Plant-induced

weathering of a basaltic rock: Experimental evidence. Geochim. Cosmochim.
Acta 65:137-152.

Jenny, H. 1941. Factors of soil formation; a system of quantitative pedology. McGraw-
Hill, New York. 281p.

Johnson-Maynard J.L., Graham R.C., Shouse P.J., and Quideau S.A. 2005. Base cation
and silicon biogeochemistry under pine and scrub oak monocultures: implications
for weathering rates. Geoderma 126:353-365.

Kelly E.F., Chadwick O.A., and Hilinski T.E. 1998. The effect of plants on mineral
weathering. Biogeochemistry 42:21-53.

Kurtz A.C., Derry L.A., and Chadwick, O.A. 2002. Germanium-silicon fractionation in
the weathering environment. Geochim. Cosmochim. Acta 66:1525-1537.

Likens G.E. and Bormann F.H. 1995. Biogeochemistry of a forested ecosystem.
Springer-Verlag, New York. 159 p.

Lovering T.S. 1959. Significance of accumulator plants in rock weathering. Bull. Geol.
Soc. Am. 70:781-800.

Lucas Y., Luizao F.J., Chauvel A., Rouiller J., and Nahon D. 1993. The relationship

between the biological activity of the rain forest and the mineral composition of
the soils. Science 260:521-523.

Markewitz D. and Richter D.D. 1998. The bio in aluminum and silicon geochemistry.
Biogeochemistry 42:235-252.

Meunier J.D., Colin F., and Alarcon C. 1999. Biogenic silica storage in soils. Geology
27:835-838.

Moulton K.L., West J., and Berner R.A. 2000. Solute Flux and mineral mass balance
approaches to the quantification of plant effects on silicate weathering. Amer. J.
of Sci. 300:539-570.

Mortlock R.A., Charles C.D., Froelich P.N., Zibello M.A., Saltzman J., Hays J.D., and
Burckle L.H. 1991. Evidence of lower productivity in the Antarctic Ocean during
the last glaciation. Nature 351:220-223.

Murnane R.J. and Stallard R.F. 1990. Germanium and silicon in rivers of the Orinoco
drainage basin. Nature 344:749-752

Raven J.A. 1983. The transport and function of silicon in plants. Biol. Rev. 58:179-207.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sangster A.G, Hodson M.J., and Tubb H.J. 2001. Silicon deposition in higher plants. In
Datnoff L.E., Snyder G.H, and Korndorfer G.H. (eds.) Silicon in Agriculture.
Elsevier, New York. p. 85-114.

Schmitt A.D., Chabauz F., and Stille P. 2003. The calcium riverine and hydrothermal

isotopic fluxes and the oceanic calcium mass balance. Earth and Planetary Sci.
Letters 213:503-518.

Schulz M.S. and White A.F. 1999. Chemical weathering in a tropical watershed, Luquillo

Mountains, Puerto Rico II: Quartz dissolution rates. Geochim. Cosmochim. Acta
63:337-350.

Stebbins G.L. 1981. Coevolution of grasses and herbivores. Annals of the Missouri
Botanical Garden. 68:75-86.

Swistock B.R., Edwards P.J., Wood F. and DeWalle D.R. 1997. Comparison of methods

for calculating annual solute exports from six forested Appalachian watersheds.
Hydrological Processes 11:655-669.

Taylor A.B. and Velbel M.A. 1991. Geochemical mass balances and weathering rates in
forested watersheds of the southern Blue Ridge. 2. Effects of botanical uptake
terms. Geoderma 51:29-50.

White A.F., Blum A.E., Schulz M.S., Vivit D.V_, Stonestrom D.A., Larsen M., Murphy
S.F., and Ebrel D. 1998. Chemical weathering in a tropical watershed, Luquillo
Mountains, Puerto Rico: I. Long-term versus short-term weathering fluxes.
Geochim. Cosmochim. Acta 62:209-226.

Wilson M.J. 2004. Weathering of the primary rock-forming minerals: processes, products
and rates. Clay Minerals 39:233-266

Wright H.E. 1970. Vegetational history of the central plains. /n W. Dort, and J.K. Jones
(eds). Pleistocene and recent environments of the Central Great Plains. University
of Kansas Press. Lawrence, KS. p. 157-172.

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER II: SILICA BIOGEOCHEMISTRY ACROSS A GRASSLAND
CLIMOSEQUENCE

Introduction

Silicon is the most abundant element in the earth’s crust after oxygen, plays a key role in
earth surface processes, and is an important nutrient and structural component of marine
and terrestrial organisms. Understanding the fate and mobility of SiO, (silica) in
terrestrial systems is critical to understanding soil development (Kelly et al. 1998),
buffering capacity against acidic deposition (Drever 1994), and long-term regulation of
atmospheric carbon dioxide (Berner 1992, Chadwick et al. 1994). The importance of
primary mineral dissolution and formation of secondary minerals has been recognized as
a primary control on silica concentrations and fluxes in soil solutions and stream waters
(White and Blum 1995, Gaillardet et al. 1999). Most assessments of the controls on silica
export from the terrestrial environment have largely ignored the role of biogenic silica
stored in soils and vegetation, assuming that mineral weathering reactions alone control
this flux (e.g. Berner 1995, White et al. 1998). However, several pivotal papers have
stressed the importance of plant uptake and cycling on silica activity and mineral stability
in soils subjected to high amounts of chemical weathering (Lucas et al. 1993, Alexandre

et al. 1997, Markewitz and Richter 1998, Meunier et al. 1999).
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Plants extract silica from the soil as monosilicic acid, transport it via the transpiration
stream, and transform the soluble silica into opal that is stored in cell walls, cell luminas,
and intercellular spaces near evaporating surfaces (Jones and Handreck 1967, Raven
1983, Sangster and Hodson 1992, Epstein 1999). These structural features form
amorphous silica bodies known as phytoliths, which have unique morphological features
that can be diagnostic of plant species (Piperno 1988). Phytoliths are present in most
plants, ranging in concentration from 0.5% or less in most dicotyledons, 1-3% in typical
dryland grasses, and up to 10-15% in some wetland plant species. Species within the
latter two groups often actively transpire Si against the concentration gradient (Epstein
1994). This plant, or biogenic silica, is cycled back into the soil upon death and
decomposition of the plants. Phytolith abundance and distribution in the soil is regulated
by the balance between plant production and the degree of chemical weathering
(Alexandre et al. 1997), soil mineralogy (Dahlgren et al. 1993), and bioclimatic
conditions (Kelly et al. 1993). Phytolith stability in the soil environment plays a key role
on the impact that biogenic Si has on the overall terrestrial Si cycle. In terms of solubility,
phytoliths are generally grouped with amorphous silica (107", a solubility product

intermediate to silica glass (10'2‘71), and quartz (10'4'00; Lindsay 1979).

Growing evidence exists suggesting that plants play a major role in controlling silica
storage in, and export from, terrestrial environments. Both the literature and current
understanding of silica production and cycling focus primarily on forested ecosystems.
Lucas et al. (1993) reported that silica inputs from vegetation in a Congo rainforest study

was 4 times greater than the silica that was leached from the system. This process has
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maintained a soil mineralogical profile that is more siliceous (kaolinitic) in the upper
horizons compared to more aluminous (gibbsitic) lower horizons, which contrasts with
expected geochemical model predictions. In another tropical forest setting, Alexandre et
al. (1997) calculated that the relatively small pool of more soluble biogenic silica
(phytoliths) released twice the silica to the soil compared to the much higher pool of less
soluble mineral silicates. Meunier et al. (1999) notes that a significant portion of silica
dissolved from parent rock can be stored in the soil as phytoliths, thus slowing the
transfer of silica from soils to surface and ground waters. Therefore, quartz and silicate
mineral dissolution do not always control dissolved silica concentrations of surficial
waters in systems with high rates of biologic silica turnover. In temperate forest systems,
where biogenic silica turnover can be much lower than the tropics, Markewitz and
Richter (1998) demonstrated that the greater biogenic silica sink could increase silica
released by silicate mineral weathering by upwards of 82%. They also point out that
omission of biotic uptake and accumulation can create up to 4 fold errors in estimates of
mineral weathering rates. Bartoli (1983) concluded that biogenic Si cycling is an
important control on mineral weathering in deciduous forest systems, where 85% of
soluble silica was derived from biogenic silica, compared to only 15% in coniferous

forest systems.

These studies in forest ecosystems have illustrated that omitting the biological cycling of
Si in mass balance weathering studies can critically underestimate the role of vegetation
on mineral weathering. Conley’s (2002) review of global Si biogeochemistry highlights

the need for greater understanding of terrestrial Si, particularly in grassland ecosystems,
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where biogeochemical data is lacking. Grassland phytoliths and their paleoenvironmental
significance have been studied for decades (e.g. Wilding and Drees 1971, Kelly et al.
1993, Blinnikov et al. 2002), but their role in the overall terrestrial biogeochemical Si
cycle has not been quantified. If grassland ecosystems are a particularly large and active
reservoir of biogenic silica, the global expansion of grasslands during the late Neogene
(Axelrod 1985, Stromberg 2004) could have had important consequences for both marine
and terrestrial Si cycles, and perhaps the global carbon cycle. Despite the potential
significance of grasslands for the global silica (and carbon) cycle, the biogeochemical
behavior and residence time of biogenic Si in terrestrial grassland ecosystems is largely

unknown.

The objectives of this chapter are fourfold: First, to determine the quantities of biogenic
Si stored in the annual biomass within and among temperate grassland ecosystems as a
function of climate and grassland type; second, to determine the quantities and
distribution of biogenic Si within and among soils of temperate grassland ecosystems;
third, to determine the range in biogeochemical behavior (turnover) of biogenic Si in the
soils formed under grassland vegetation; fourth, to estimate the potential significance of

grasslands in mobilizing silica from terrestrial ecosystems.
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Methods

Study Area/Sampling Design

A climosequence (Jenny 1941) spanning a precipitation gradient of approximately 350 -
1100 mm (Table 2.1) in the Central Great Plains was sampled in order to utilize estimates
of annual net primary production (ANPP) data measured by McCulley and Burke (2004).
The climosequence was extended into western Missouri and additional sites within the
sequence were sampled in order to further examine variability of Si cycling in grassland
ecosystems. Figure 2.1 provides a site location diagram with major grasslands types, and
study site abbreviations. Table 2.1 provides a description of basic site characteristics
including vegetation, soil, and ownership. Appendix I provides more detailed soils

descriptions for the pedons sampled across the climosequence.

To minimize the influence of slope and aspect across the sampling gradient, relatively flat
upland sites were selected; two in shortgrass (SGS and ARIK), three in mixedgrass (SV,
HAYS and WILSON) and two in tallgrass (KONZA and WKT) communities. Two
pedons were sampled at the Shortgrass Steppe LTER in order to examine smaller scale
spatial variability (SGS-A and SGS-B). SGS-A is located approximately 1 km from
SGS-B, the former having a greater fluvial component (Blecker et al. 1997). Soils are
derived from residual sedimentary rock and loess (Mason et al. 2003; Roberts et al. 2003)
and range from drier (Aridic Argiustoll) to wetter (Typic Hapludoll) Mollisols across the
gradient. Given the geomorphic history along the gradient and radiocarbon dates I have

estimated soil age at 10-30 ky (Blecker et al. 1997; Oviatt 1998). Land use was held
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constant (moderate grazing) and plant communities varied with mean annual precipitation
(MAP). In terms of plant species, blue grama (Bouteloua gracilis) and buffalograss
(Buchloe dactyloides) dominate the shortgrass sites (SGS-A, SGS-B, ARIK), Bouteloua
gracilis, Buchloe dactyloides, fescue (Festuca sp.) the drier mixedgrass sites (SVR and
HAYS), little bluestem (Schizachyrium scoparium) and big bluestem (Andropogon
gerardii) the wetter mixedgrass site (WILSON), and Andropogon gerardii the tall grass

sites (KONZA and WKT).

Field Methods

To quantify the degree of chemical weathering along the precipitation gradient, soils
were sampled to the C horizon (SGS-A, SGS-B, ARIK, SVR, HAYS) or bedrock
(WILSON, KONZA, WKT) during the summer of 2003. Pedons were described and
sampled by genetic horizon (Soil Survey Staff, 1992). Approximately 1 kg of soil was
sampled from each horizon. To examine soil phytolith variability, two additional surface
horizon samples were taken in a random direction three meters from each pedon. Where
possible, soil peds were taken back to the lab for bulk density analysis. For plant
phytolith study, samples of the major grass, shrub and forb species at each site were taken
adjacent to the soil sampling area. To examine yearly and seasonal variability in plant Si
concentration, live (green) and dead (brown) plant samples from consecutive years
(2002-2003) were sampled. The ANPP data was taken from McCulley and Burke
(2004), except for the WILSON and WKT sites, where ANPP was measured using

0.25m” quadrats.
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Water samples were taken near each sample site periodically from Spring 2003 through
Spring 2004 to examine temporal and spatial variability in dissolved Si inputs
(precipitation) and outputs (groundwater, stream water). It is important to note that
natural water values are dissolved Si and do not include particulate Si. Likens and
Bormann (1995) estimated 25% particulate and 75% dissolved Si in stream water
measurements within the Hubbard Brook experimental forest. Treguer et al. (1995) noted
that particulate Si comprises only about 5% of the total terrestrial Si load delivered to the
oceans. To supplement the water samples, publicly available USGS hydrologic data for
discharge and water chemistry was used. Stream, rain, and ground water were collected
in acid-rinsed LDPE bottles, filtered through 0.4um polycarbonate filters and stored in

acid-washed LDPE bottles prior to analysis.

Analytical Methods

Total carbon and nitrogen were analyzed on oven-dried <2-mm subsamples of ground
soil using a LECO-1000 CHN analyzer (LECO Corporation, St. Joseph MI). Inorganic
carbon was measured by pressure-calcimeter method (Sherrod et al., 2002). Organic
carbon was determined by subtracting inorganic carbon from total carbon. Soil texture
was determined on a subsample of <2-mm unground soil by hydrometer method (Gee
and Bauder 1986). Soil bulk density was determined by a combination of core and clod
method (Blake and Hartge 1986), where sotil structure and consistency determined which
method was used. Oven-dried, ball-mill pulverized soil and rock samples were submitted
to SGS Mineral Services of Toronto, Canada for total elemental analysis. Samples were

ashed at 500°C to remove organic matter, fused with Li-metaborate, dissolved in dilute
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HNO; and analyzed by inductively coupled plasma atomic emission spectroscopy
(Hossner 1996). Results are reported on ash-free samples. Internal standards, blind

standards and duplicates were analyzed for quality control.

Soil phytoliths were extracted by heavy liquid floatation from sand and silt fractions, and
cleaned with dilute hydrochloric acid, hydrogen peroxide, and deionized water in a
method adapted from Piperno (1988), Kelly (1990), and Parr (2002). Oven-dried (105
°C), 2-mm sieved soils were treated with sodium acetate (buffered at pH 5 with acetic
acid) to remove carbonates, and 30% hydrogen peroxide to remove organic matter. After
rinsing with deionized water, 5% sodium hexametaphosphate was added and the sample
was shaken overnight. Sand was separated from the silt and clay fraction by wet sieving
through a 53 wm screen. Silt was separated from clay by centrifugation and gravity
sedimentation. The sand and silt fractions were then rinsed with deionized water, dried
overnight and stored in plastic bottles. To obtain phytoliths, a subsample (2-5g) of either
sand or silt was placed in a 50-ml plastic centrifuge tube along with cadmium
iodide/potassium iodide (specific gravity of 2.30 g cm™). The samples were thoroughly
stirred and then centrifuged at 2000 rpm for 10 min. Phytoliths were removed by pipet
from the surface and stored in a separate container. Additional stirring and centrifugation
was repeated until negligible yield was obtained. Samples were rinsed of the heavy
liquid with deionized water. Small amounts of clay obtained during the separation were
removed by shaking the phytolith sample in 5% sodium hexametaphosphate overnight,
allowing the phytolith to settle, and siphoning off the suspended clays. Phytoliths were

further cleaned in separate steps with 10% hydrochloric acid and 30% hydrogen
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peroxide. Samples were collected on a 0.2 um polycarbonate filter, dried overnight, and
stored in plastic vials. Subsamples of the soil phytoliths were mounted in immersion oil
with a refractive index of 1.51 and examined under light microscope as well as a
dissecting scope to ensure that samples were not contaminated with other minerals. X-
ray diffraction anaylsis of random phytolith samples corroborated the lack of
contamination. The lack of correlation (r2 = 0.001; p = 0.79) between sediment used in
the extraction and phytolith recovered also supports the purity of the soil phytoliths.
Known amounts of diatomaceous earth (with a density similar to that of phytoliths) were
used to check the recovery rates of the procedure, both alone (94% recovery) and spiked
with silt-sized material known to contain negligible phytolith (96% recovery), suggesting
minimal contamination from non-phytolith material. Soil phytolith data was converted to
a mass/volume basis by incorporating bulk density, pedon thickness, and percent soil
phytolith by weight to arrive at g/crn2 of phytolith per site. This value was then
converted to soil phytolith content on a watershed scale in terms of kg Si/ha assuming 10
% soil phytolith water concentration and 5% concentration of elements other than SiO»
(Bartoli and Wilding, 1980; Bartoli 1985; Drees et al. 1989). The upper 50cm of each
pedon was used in order to: 1) affect an equivalent comparison among all the sites, and 2)
compare the grassland data to those data reported in forest ecosystems. Given the sharp
decline in soil phytolith content with depth (Figure 2.3), this approach is reasonable,
except for SGS-A, where relatively high soil phytolith content throughout the profile may
be due to the fluvial influence of the site, rather than a buried soil, as the soil organic

carbon remains low with depth.
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Plant samples were cleaned to remove soil contamination, dry ashed, then treated to
remove non-siliceous material in a method adapted from Piperno (1988), Kelly (1990),
and Parr et al. (2001). A 5-10 g sample of oven-dried (55-60 °C) plant material was cut
into 2-3 cm lengths, washed in a mixture of 5% sodium hexametaphosphate, 10%
hydrochloric acid and deionized water. After thorough rinsing, the sample was washed in
70% ethanol, and rinsed again with deionized water. After drying again at 55-60 °C, a
subsample of the cleaned plant material was weighed into a Ni crucible. The sample was
ashed at 500 °C for 1 hour, allowed to cool in a desiccator and weighed. The ash was
washed in warm, 10% hydrochloric acid, rinsed with deionized water, washed in hot 30%
hydrogen peroxide, filtered through a 0.20 pm filter, and rinsed thoroughly with
deionized water. After drying at 55-60 °C, the sample was allowed to cool in a desiccator,
weighed, and stored in a plastic vial. Average plant Si values by site were determined by
converting cleaned plant phytolith contents to % Si dry weight, assuming a 10% mean
water concentration (Bartoli and Wilding 1980; Bartoli 1985), and a 5% concentration of
other elements (Drees et al. 1989), which amounted to an average plant phytolith Si

concentration of 39.7% dry weight.

Soil water samples were prepared by bringing soil samples to near saturation with
deionized water (Lajtha et al. 1999). After equilibrating for 72 hr, the samples were
filtered through Whatman 40 filter paper and filtered again through a 0.22 pm
polycarbonate membrane. Sample aliquots of soil water, stream water and precipitation
were analyzed for Si concentration using a blue silicomolybdous acid method and read on

a spectrophotometer at 812 nm (Mortlock and Froelich 1989).
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To determine the impact of atmospheric inputs of Si to these systems, Si concentrations
were directly measured via precipitation or estimated in the case of dust. Monthly rainfall
samples taken from April through September 2003 near the SGS sites were analyzed for
Si concentration, and averaged 0.003 mg Si/L or 0.03 kg Si ha/yr over the period studied.
Applying this concentration throughout the study gradient, the maximum amount of Si
added to the wettest site (WKT) would be approximately 0.1 kg Si ha/yr. An estimate of
annual dust influx rates and the Si concentration of that dust were used to estimate eolian
Si inputs. Mahowald et al. (1999) estimated dust deposition rates in the Central Great
Plains at approximately 2 to 10 kg/ha/yr, a range that spans current to the last glacial
maximum approximately 12 ky. Combining the average of this influx rate with a typical
Great Plains loess composition of 20% clay and 80% silt (Roberts et al. 2003), and an
average Si concentration of 34% for clay and 77% for silt as measured from surface

horizons of the current study, I calculated an annual dry deposition rate of roughly 2 kg

Si/ha/yr.

Results

Plant biogenic Si

Dominant grass species at each of the sites along the gradient were measured for plant Si
concentration. Bouteloua gracilis, Buchloe dactyloides, Aristada longiseta, Carex sp.,
Agropyron smithii at the shortgrass sites ranged from 2.4-3.0 % Si on a dry weight basis;
Bouteloua gracilis, Buchloe dactyloides, Festuca sp., and Schizachyrium scoparium at

the mixedgrass sites ranged from 2.2-3.6 % Si; and Andropogon gerardii at the tallgrass
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sites ranged from 1.7-2.1 % Si. The widest range in values is associated with the
mixedgrass sites, which also happen to have the widest range in ANPP within a given
grassland type. A slight though statistically non-significant decrease in plant Si with
increasing ANPP (Figure 2.2) was noted and may be due to differences in plant
physiology (e.g. differences in transpiration stress) or soluble Si in the soil. Fredlund and
Tieszen (1994) noted a species difference between Bouteloua gracilis (7.5% phytolith
content) and Andropogon gerardii (2.5% phytolith content) from a Great Plains field
study. Plant Si values from the current study are in line with values for grasses
(approximately 1-3%) reported in other studies (Piperno 1988, Epstein 1999, Ma et al.
2001). Though forbs tend to accumulate less Si on a dry weight basis (with dominant
forb species averaging 0.24% Si for the shortgrass, 0.20% for the mixedgrass, and 0.29%
Si for the tallgrass sites), their contribution to ANPP in grassland ecosystems is
significant enough that a measure of just grasses would tend to overestimate biomass Si.
For example, estimates from previous LTER studies at SGS and Konza (unpublished data
from the respective LTER websites) reported a contribution of forbs to total ANPP of
approximately 11% and 23% respectively. When calculating plant Si on a watershed
scale (kg Si/ha), differences in ANPP along the climosequence overshadow differences in

plant Si concentration among the sites.

Soil biogenic Si

Soils contain roughly 1,000 times more biogenic Si than the plant biomass when viewing

these grassland systems as a whole (Table 2.2). Figure 2.3 shows the depth distribution

for soil organic C and soil phytolith contents grouped by grassland system. In general,
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both parameters exhibit similar trends typical of plant-mediated constituents, with
maximum accumulation near the surface and a fairly sharp decrease with depth; however,
differences between SOC and soil phytoliths among the different grassland systems are
evident. Whereas SOC and annual input of Si though litterfall (Table 2.2) increase with
increasing precipitation (i.e. from short to tallgrass), soil phytoliths do not show a similar
trend. On average the greatest accumulation of soil phytoliths are found in the mixed
grass sites (48.5 x 10° kg Si/ha; 1.8% of total soil Si), followed by shortgrass (31.5 x 10°
kg Si/ha; 1.5% of total soil Si) and tallgrass sites (15.3 x 10° kg Si/ha; 0.9% of total soil
Si). The weight percentage of total soil St is derived from the soil phytolith and soil
mineral Si numbers from Table 2.2. Assuming differences in phytolith solubility are
minor, the balance between weathering intensity and litterfall inputs are the most likely
explanation for this trend. Shortgrass systems experience the lowest weathering intensity
and receive the least amount of annual plant Si; whereas on the other end of the spectrum,
the relatively large annual inputs of plant Si associated with tallgrass systems may be
offset by greater weathering intensity. The large variability of soil phytolith content
within the mixed grass sites may be due to differences among plant communities and
parent material. The Wilson site, though falling within the mixed grass zone
geographically, actually resembles a tallgrass site in terms of species composition, SOC
and soil phytolith stocks. The low soil phytolith content may also reflect parent material
composition, as the soil at this site is fairly shallow to limestone. Higher pH generally

increases phytolith solubility (Fraysse et al. 2004).
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Soil Mineral Si

Soil mineral Si was split into two pools: <2um (clay) and 2um - 2mm (silt and sand).
From X-ray diffraction analysis, quartz and feldspar were found to dominate the sand and
silt size fraction, with smectite, illite and kaolinite comprising the majority of the clay
fraction. Increasing clay content (clay = 0.0029(MAP) +0.705, 1’ = 0.872, p = 0.006;
excluding the Wah-Kon-Tah site, which has a much lower clay content due to the more
resistant sandstone parent material), and decreasing carbonate content (carbonate =
12.952e01FTMAR) 12 = 0952, p = 0.05) excluding the Wilson site, which formed in
relatively shallow limestone) along the climosequence reveal expected trends in these
parameters when regressed with MAP. As mentioned previously, differences in mineral
Si among the study sites are a reflection of climate and parent material, with slightly
more total soil Si found in more resistant parent materials (e.g. Arikaree and WKT). Not
surprising, mineral Si dominates the overall Si pool in the soil, comprising 96 to 99% of
the total soil Si across the climosequence. Magnitude alone, however, does not tell the
whole story of the reactivity of both the mineral and biogenic Si pools in the overall

terrestrial biogeochemical Si cycle.
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As a means of examining weathering and Si flux along the climosequence, open-mass

transport functions were calculated using the equations 2.1 and 2.2 (Egli and Fitze 2000).

Tiw = [Pw Ciw/Pp Cip (Eiw + 1)] -1 (2.1)
where;

Tj,w = open-system mass transport function for element j
pw = bulk density of soil

Pp = bulk density of parent material

C;p = concentration of element j in the parent material
Cjw = concentration of element j in the soil

8i,w = (pp Ci,p/pw Ci,w) - l (22)
€ w = strain; volumetric change during weathering compared to volume of initial parent
material

Cjp= concentration of immobile element i in soil
C w = concentration of immobile element i in the parent material

Results of these calculations are graphed in figure 2.4 for Si and 2.5 for Al. Titanium
was selected as the immobile element for these calculations, based on transported mass
fraction vs. strain comparisons with zirconium (another relatively immobile element) for
the sampled horizons (Chadwick et al. 1990). Limitations to this approach include
selection of representative parent material and elemental additions from sources other
than the parent material, such as atmospheric input. Minor fluctuations in Si and Al
relative to the parent material were observed throughout the climosequence, the major
exception being Wah-Kon-Tah (possibly due to a combination of weathering, soil depth

and parent material). However, atmospheric input (a variable requiring further study)
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cannot be ruled out as a partial explanation for maintaining an elemental balance relative
to the parent material (i.e. it is difficult to quantify the impact of eolian additions versus
weathering losses and flux). Surficial losses of Al across the weathering gradient provide
another potential line of evidence of weathering and illuvial transport in these systems.
Greater surficial losses of Al compared to Si across the climosequence may be the result

of greater Si biocycling supporting higher surficial Si concentrations.

External Inputs and Outputs

Given the minor input of precipitation derived Si, this component was omitted from the
atmospheric input component, and was based solely on the dust input estimation of 2 kg
Si/ha/yr. For comparison with previous studies of Si cycling, atmospheric inputs were
estimated at <1 to 1.5 kg Si/ha/yr (Alexandre et al. 1997 and Bartoli 1983, respectively),
and either ignored or comprised a very small portion of the overall Si cycle. The slightly
higher values estimated for this study seem reasonable given the drier climate associated
with grassland systems compared to forests. Estimation errors are likely to have a minor
impact, as this input is a minor component in the terrestrial biogeochemical Si cycle.
Table 2.2 provides a look at the Si exports estimated for each site along the
climosequence. Average stream water Si concentration tended to decrease slightly
(shortgrass sites: 10.4 mg Si/L, n=4 watersheds; mixedgrass sites: 8.3 mg Si/L, n=3
watersheds; tallgrass sites: 5.2 mg Si/L, n=5 watersheds; data is taken from the current
study and unpublished USGS data available on the internet) with increasing precipitation
along the gradient. Greater stream discharge associated with wetter sites led to substantial

increases in Si output along the gradient (Si export = 0.0149(MAP) — 6.569; r* =0.935, p
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= 0.0002). Groundwater exports of Si are assumed to be minor or accounted for by the

stream water.

Discussion

Distribution and behavior of biogenic Si in grasslands

Table 2.2 and Figure 2.6 display the trend of plant mediated Si across the grassland
climosequence. As mentioned previously, grasses in the shortgrass systems tend to have
higher plant Si concentration on a dry weight basis than grasses of tallgrass systems.
However, tallgrass systems realize greater annual Si input through litterfall, as the greater
ANPP associated with tallgrass sites offsets lower plant Si concentration (litterfall =
30.945In(ANPP) — 185.26; = 0.872, p = 0.01). The large variability in litterfall
apparent at some of the sites along the climosequence is not necessarily peculiar to that
particular grassland type and is at least partially due to sampling bias (i.e. greater
variability in ANPP during the years sampled; McCulley and Burke 2004). Such
variability in ANPP is directly related to variability in MAP. Conversely, soil biogenic Si
pools tend to decrease across the gradient (soil biogenic Si = -37.32In(ANPP) + 271.56,
= 0.445, p = 0.10), even though the trend isn’t as prominent as that seen with litterfall,
largely due to the variability within the mixedgrass ecosystems. Part of this variability
can be explained by the difference in plant communities between the driest (Smokey
Valley = lowest ANPP) and wettest (Wilson = highest ANPP) sites within the mixed
grass communities. The general trend in decreasing soil phytolith content is likely driven
by the increased weathering intensity along the gradient. As mentioned previously, soil

biogenic Si as a percentage by weight of the total Si pool is quite small, but this small
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pool of more soluble biogenic Si likely undergoes faster turnover than the larger more

stable poo! of mineral derived Si (Alexandre et al. 1997).

Figure 2.7 displays the relationship between soil organic carbon and soil phytoliths across
the grassland climosequence for all horizons sampled. In general, soil phytoliths tend to
accumulate to a greater extent in soils of drier sites (i.e. short- and mixedgrass, where
MAP < 600 mm). Soil organic carbon accumulates to a greater extent at the wetter sites
(i.e. tallgrass where MAP > 600 mm). Such a distribution profile illustrates that both
translocation and dissolution of the soil phytoliths are likely occurring in the soil (Bartoli
and Souchier 1978, Piperno 1988, Alexandre et al. 1997). If translocation were the only
process, the annual influx and soil phytolith pool would provide an estimate of the soil
age (approximately 100-1,200 years across the climosequence of the current study).
Radiocarbon dates (Blecker et al. 1997) and morphological properties of the soil across
the climosequence imply that phytolith dissolution has occurred, as this age range is too

young for these soils.

Stabile vs. Labile soil phytolith pools

Phytolith solubility

Existing studies of plant phytolith solubility, though useful, are generally laboratory
based, and given the various extraction methods and propensity for greater dissolution
rates under lab conditions compared to the field, should be interpreted with caution.
Bartoli and Wilding (1980) found that plant phytolith solubility increased with increasing

Si/Al ratio, surface area and water content. Although based on relatively few samples,
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solubility tended to decrease in the order of grass>deciduous>coniferous species, owing
primarily to the differences in composition. In a later study, Bartoli (1985) reported
lower phytolith surface Si/Al ratios compared to the whole phytolith and again showed
that plant phytoliths of deciduous and graminoid plants (Festuca sp.) are more soluble
than those of coniferous plants. More recently, Fraysse et al. (2004) reported bamboo
phytolith dissolution rates intermediate between quartz and vitreous silica. With a
minimum dissolution at pH 3, the authors reported a linear increase in phytolith solubility
with increasing pH (approximately two orders of magnitude greater at pH 9 than pH 3).
Phytoliths isolated from the soil fraction tend to have greater Al concentration, less water
and surface area and consequently are less soluble than plant phytoliths (Bartoli and

Wilding 1980).

Approaches for estimating phytolith dissolution

Different approaches of varying complexity have been used to estimate the annual input
of biogenic Si to the soluble Si pool through phytolith dissolution. Bartoli (1983) used
biogenic silica mean residence time and soil profile distribution of phytoliths to estimate
phytolith solubility in studies of silicon biogeochemistry in temperate forests. Meunier et
al. (1999) estimated phytolith solubility by examining the radiocarbon age of material
above and below the horizon of maximum phytolith accumulation, along with a
comparison of the annual plant input of biogenic silica and the soil biogenic silica pool to
determine a soil phytolith mean residence time. Given the similarity in trends between

soil organic carbon and soil phytolith with depth, and a detailed study of phytolith
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morphology, Alexandre et al. (1997) proposed that soil phytolith stability behaves in a
similar manner to that of soil organic carbon, both having a labile pool that decreases
rapidly with depth, and a more stable pool that maintains a more constant concentration
throughout the profile. Composition of phytoliths deeper in the profile would likely be

those more resistant, translocated phytoliths.

Phytolith mean residence time (MRT)

Related to dissolution rate, and important in the calculation of phytolith dissolution in the
current study, is the mean residence time or turnover of soil phytoliths. Alexandre et al.
(1994) us‘ed qualitative observation (degree of pitting and presence/absence of different
types depending on occurrence in different parts of the leaf of phytoliths in plants and
litter) to estimate a mean residence time in the litter of between 6-18 months. Bartoli and
Souchier (1978) estimated phytolith turnover times of 0.5 to 2.4 y in plants, 2 to 10 y in
the litter, and 1 to 300 y in the soil, with coniferous forests having slower turnover times

than deciduous forests.

Using the ratio of soil phytolith pool (kg Si/ha) / litterfall Si input (kg Si/ha/yr), 1
estimated turnover times for soil phytoliths across the climosequence, finding a relatively
strong trend of faster turnover with increasing ANPP (turnover time = -797.97In(ANPP)
+ 6832; 1’=0.825, p = 0.003). Average turnover rates for soil phytoliths at the shortgrass
sites were 1150 y, mixed grass sites 725 y, and tallgrass sites 200 y (Figure 2.8).
Tallgrass systems were most comparable to the forest systems, as the application of this

equation to Alexandre et al. (1997) gives an average MRT of approximately 280 yr.
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Current approach for estimating phytolith dissolution

Silicon flux associated with phytolith dissolution has been estimated based on data from
previous studies and the phytolith distribution found in the grasslands systems.
Regressing phytolith dissolution against phytolith turnover from data in forest systems
(Bartoli 1983, Alexandre et al. 1997, Meunier et al. 1999), the following equation was
used to estimate phytolith dissolution in terms of stable and labile phytolith pools in
grassland systems: phytolith dissolution (%) = -0.0921 In(turnover) + 1.3264; = 0.778,
p = 0.08. Applying an equation derived from forest systems to grasslands may
overestimate phytolith dissolution rates, as weathering intensity does not necessarily
follow the same pattern. However, in the context of the overall biogeochemical Si cycle,
a conservative estimate downplays the impact of plant Si cycling on mineral weathering.
Also, the differences in weathering may be offset somewhat by differences in phytolith

solubility between forest and grassland plant species as mentioned previously.

Comparisons between grasslands and forest — phytolith distribution and behavior

Analyzing litterfall inputs of biomass Si and soil phytolith Si provides a framework for
comparing biogenic Si cycling between grasslands and forests. Additions of biogenic Si
to the soil are primarily a function of plant Si concentration, ANPP, and litterfall. In
general, greater total ANPP and aboveground Si storage in forest systems are offset by
the greater annual litterfall associated with grassland systems, which near 100% for
grasslands compared to roughly 5-10% for forests. Tropical forests and mixed- tallgrass

systems are quite similar in terms of annual biogenic Si inputs to the soil, the former
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having a range of 41-67 kg Si/ha/yr; (Lucas et al. 1993, Alexandre et al. 1997, Meunier et
al. 1999) and the latter 58-75 kg Si/ha/yr. The deciduous forest site (22 kg Si/ha/yr;
Bartoli 1983) is comparable to the shortgrass systems (23 - 26 kg Si/ha/yr); the lowest
annual Si additions are associated with the coniferous forest (4.5 kg Si/ha/yr; Bartoli

1983).

Despite differences in phytolith dynamics between forests and grasslands, as well as
differences in ecosystem parameters such as MAP, ANPP, and parent material, stores of
soil phytoliths in these systems are remarkably similar. The range of soil phytolith Si
pools found in tropical forests (19 x 10° kg Si/ha for Alexandre et al., 1997 and 170 x 10°
kg Si/ha for Meunier et al., 1999) is comparable to those of the grasslands (Table 2.2).
The deciduous (0.45 x10° kg Si/ha) and coniferous (1.4 x 10’ kg Si/ha) forests from
Bartoli (1983) are roughly an order of magnitude less, reflecting the lower plant Si
concentration, lower litterfall inputs and possibly greater weathering intensity compared
to the grasslands; differences that may help explain the similarities in soil phytolith pools
among these disparate ecosystems. Differences in phytolith solubility among the plant
species might also explain this trend. Given the relative similarities in biogenic Si
distribution between grasslands and forests (aside from aboveground storage), a

discussion of phytolith impact on mineral weathering follows.

Phytolith impact on mineral weathering

Researchers have long recognized that plants can increase chemical weathering rates in

soils by increasing rhizosphere acidity, cation biocycling, altering soil physical properties
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that impact mineral/water interaction time, and biogenic mineral production (Lovering
1959, Berner 1992, Drever 1994). Table 2.3 (populated by data from Table 2.2) presents
a closer look at the impact of plants on mineral weathering in terms of potential mineral
dissolution (in units of kg Si/ha/yr) along the grassland climosequence of the current
study, compared to forested ecosystems from previous studies. The input-output mass
balance approach (column 1) is a relatively simple means of estimating the relative
degree of weathering in a system, the difference between the two accounting for element
accrual or loss. A net ecosystem loss in Si occurs when the Si output (stream water Si
concentrations) exceed Si inputs (atmospheric dust deposition). Applied to the current
study, this relationship shows the expected impact of climate on weathering; where
mineral dissolution = -0.0149(MAP) + 8.5688; r* = 0.922, p = 0.0004. Not until the
tallgrass systems does Si show a net watershed level export, as eolian inputs of Si in the
drier sites exceed the Si lost to stream water (assuming that groundwater Si ultimately
winds up in streams). Table 2.3 shows that Si exports in tallgrass approaches those found

in forested ecosystems.

Comparing elemental inputs and outputs typically excludes information about internal
cycling of elements and the impact of biogenic cycling on weathering. When plant
cycling of Si is included, the impact on mineral dissolution is potentially much greater, as
indicated by the calculated increase in Si released by mineral dissolution. As the annual
dissolution of soil phytoliths is not sufficient to meet the annual plant uptake of Si, the
additional Si (assuming the inputs and outputs are relatively constant over time) would be

supplied from mineral dissolution. Although not as strong as the input-output trend, there
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is a noticeable positive relationship along the weathering gradient (mineral dissolution = -
0.0228(MAP) — 4.380; r* = 0.497, p = 0.05), where internal plant cycling increases the
amount of Si released through mineral dissolution. A threshold of plant Si concentration
and ANPP may exist that helps explain the similarity in mixed and tallgrass systems and

their greater impact on mineral dissolution over shortgrass sites.

Even though overall weathering is greater in forested ecosystems (as seen in the greater
stream outputs of dissolved Si), the impact of plant Si cycling on mineral weathering in
grasslands is potentially greater. Grasses tend to accumulate more Si on a dry weight
basis and turnover just as much Si if not more on an annual basis, offsetting the greater
overall ANPP seen in forested systems. The main exception to this trend exists in the
bamboo forest (Meunier et al. 1999), which combines the greater ANPP of a forest with
the higher Si uptake and litterfall associated with grassland systems, bamboo being a

member of the graminoid family.

Column 3 of Table 2.3 further refines the impact of plant Si cycling by removing the
input and output fluxes. The impact of grassland systems on mineral dissolution changes
slightly, with mixedgrass > tallgrass > shortgrass. Of further interest is the two-fold
increase in mineral dissolution of grasslands over forests (excluding the bamboo forest;
grassland average of -12.7 kg Si/ha/yr (n=7) vs. forest average of -6.5 kg Si/ha/yr (n=4)).
This result suggests that Si biocycling may be a more important factor on mineral
weathering in grasslands (drier systems) compared to forests (wetter systems), where

climate driven weathering overshadows weathering associated with Si biocycling.
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A key Si pathway not included in this calculation is secondary mineral formation (see
Figure 2.9). This pathway would further deplete the stock of soluble Si available for
plant uptake, theoretically increasing the amount of Si released through primary mineral
dissolution in order to maintain the calculated rates of plant Si uptake. As weathering
intensity and thus clay formation should increase along the climosequence, this impact

would be greater along the climosequence as well.

Conclusions

Phytolith distribution in grasslands is similar to that of soil organic carbon and is driven
largely by ANPP and weathering. In grasslands systems, plant Si concentration tends to
decrease as MAP increases. Across the grassland climosequence, soil phytolith pools
tend to decrease with increasing MAP, even though annual phytolith inputs through
litterfall increase. From the perspective of an ecosystem scale Si mass balance, biogenic
Si cycling should enhance mineral dissolution, as phytolith dissolution alone is not
sufficient to meet annual plant Si uptake. Despite the lesser weathering intensity and
productivity generally associated with grasslands when compared to forests, biocycling
of Si on a watershed scale is comparable between these ecosystems and should be

accounted for at the watershed scale as well as globally.
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Table 2.1 Characteristics for the 7 sites comprising the Great Plains climosequence (SGS — Shortgrass Steppe Long-Term Ecological
Research (LTER) site, ARIK — Arikaree River Ranch, owned by The Nature Conservancy (TNC), SV — Smokey Valley River Ranch
owned by the TNC, HAYS — Hays Range Area, owned by Ft. Hays State University, WILSON — owned by Wilson Lake State Park,
KONZA — Konza Prairie Research Natural Area and LTER site, WKT — Wah-Kon-Tah Natural Area owned by TNC, MAP = mean

annual precipitation, MAT = mean annual temperature.

SGS ARIK SV HAYS WILSON KONZA WKT
Shortgrass Steppe - Arikaree - TNC Smokey Valley — Ft. Hays State Wilson Lake State Konza Prairie - Wah-Kon-Tah -
LTER TNC Univ. Park LTER TNC
Latitude 40°51.99 N 39°45.02 N 38°53.11 N 38°52.44 N 38°56.33 N 39°05.48 N 37°53.52 N
Longitude 104°41.47W | 102°28.68 W | 100°57.63 W | 99°23.15W 98°40.40 W 96°34.12W | 93°58.58 W
Elevation (m) 1,650 1,220 879 610 536 406 287
MAP' (mm) 344 462 502 575 650 884 1110
MAT' (°C) 9.3 9.7 10.8 11.9 12.3 12.7 13.1
Vegetation shortgrass shortgrass mixedgrass mixedgrass mixedgrass tallgrass tallgrass
type steppe steppe
Soil Aridic Aridic Typic Typic Typic Udic Typic
subgroup Argiustoll Argiustoll Argiustoll Argiustoll Calciustoll Argiustoll Hapludoll

'us. Dept. of Commerce, U.S. Monthly Climate Normals, 1971-2000




Table 2.2 - Silicon distribution in terms of pools and fluxes across the climosequence.

Errors listed represent * 1 standard error of the mean. Soil phytolith and soil mineral Si
are from the top 50 cm.

Pools SGS Arik  Smokey Hays Wilson Konza WKT
(kg Si/ha) Valley
Biomass 29+9 25+16 66%36 70 £ 27 64 +9 83+18 72+9
Soil phytoliths | 5, |, 31% 7,59 30+24 8404 18422 20%17
(x10°) 1.8
ls\/i)ilrllerals (x 109 1.76 £ 192+ 1.53 + 1.48 + 1.29 + 1.39+ 194+
X 0.25 0.35 0.25 0.35 0.15 0.35 0.35
2um to 2mm
i/?ilrllerals (x 109 031+ 028+ 034+ 0.40 + 049+ 056+ 023+
x 0.05 0.05 0.05 0.05 0.05 0.10 0.05

<2pm

Fluxes SGS Arik  Smokey Hays Wilson Konza WKT

(kg Si/ha/yr) Valley
Input 2+1 2+1 2+1 2+1 21 2+1 2+1
Litterfall 2610 23+16 59436 63+27 58+9  T75+18 65+9
Labile 1646 15+10 40+24 48+21 50+8 6115 S2%7
phytoliths
Stable 1044 846 19+12 1546 8+1  14+3 1342
phytoliths - - B B B - h
Mineral 715+ 68+  -188+ -157+ 73410 -183+ 228+
dissolution 11 17 37 28 T 22 14
Secondary
mineral n.d. n.d. n.d. n.d. n.d. n.d. n.d.
formation
Stream/ground 02+ 05+ 1.5+ 11.0x
+

water 03 03 03+.05 40 1.7+ .48 63£27 33

n.d. = not determined
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Table 2.3 — Comparison of the impact of Si biocycling on mineral dissolution of Si
between grassland and forest ecosystems.

Mineral Dissolution (kg Si/ha/yr) ---=-=-=------

w/o plant Si w/ plant Si cycling phytolith
cycling (input + phytolith dissolution) | dissolution —
(inputs-outputs) - (output + plant uptake) plant uptake
column 1 column 2 column 3
Grasslands
SGS 1.8 -71.5 -9.3
Arikaree 1.5 -6.8 -8.3
Smokey Valley 1.7 -18.8 -20.5
Hays 0.5 -15.7 -16.2
Wilson 0.3 -1.3 -7.0
Konza -4.3 -18.3 -14.0
Wah-Kon-Tah -9.0 -22.8 -13.8
Forests

Deciduous' -4.5 -10.5 -6.0
Coniferous' -24.5 -28.5 -4.0
Tropical-congo” -15.0 -20.0 5.0
Tropical-amazon’ -10.0 -21.0 -11.0
Tropical-bamboo” -15.0 41.0 -26.0
"Bartoli 1983, *Lucas et al. 1993, 3 Alexandre et al. 1997,4 Meunier et al. 1999.
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Figure 2.1 Location map for field sites located along the Great Plains climosequence.
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Figure 2.2 — Mean plant Si concentration (on a % dry weight basis) for the major grass
species at each of the 7 climosequence sites (+ 1 S.E.M). Plant Si concentration = -0.0018

(ANPP) + 3.704; r* = 0.592, p = 0.08.
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Figure 2.3 — (a) Soil organic carbon depth profiles for the short-, mixed- and tallgrass
sites. (b) Soil phytolith depth profiles for the short-, mixed- and tallgrass sites.
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