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SUMMARY


Information on the historical condition of ecosystems forms the basis for both natural resource management and conservation.  However, reconstructing historical changes in vegetation is particularly challenging in grassland systems where tree ring and pollen-based approaches are limited, and the temporal resolution of soil organic matter and plant phytolith data is poor.  We propose to improve the temporal resolution of phytolith data by using 32Si dating.  To demonstrate the exciting applications of this approach, we address the question: how did the spatial distribution of intense grazing on the Great Plains change with European settlement and the replacement of vast herds of bison with managed domestic livestock?  Our central hypothesis states that water availability constrains large ungulate distributions in the drier portions of the Great Plains.  The development of artificial water sources following settlement must have altered the distribution of heavy grazing and, in turn, the composition of vegetation.  We will test this hypothesis by comparing the δ13C values of phytoliths (an indicator of plant species composition) corresponding to pre- and post-settlement periods at key landscape positions.

1. INTRODUCTION


Both natural resource managers and conservationists use the past as a guide to the future.  Information about past ecosystems, such as the historical species composition and natural range of variability (Landres 1999, Swetnam et al. 1999) helps us formulate management objectives for modern ecosystems.  In forests, dendrochronology provides an excellent tool for generating historical and pre-historical data.  In grasslands, however, no comparable tool exists and deriving historical information about environmental conditions is more complex.  The scarcity of large water bodies in regions of expansive grasslands limits the use of pollen as a proxy for past vegetation.  Paleoecological reconstructions in arid and semiarid grassland regions must utilize pack rat middens (REFERENCE) or soils (Cerling, 1984). Over the last decade, researchers have made great progress in developing quantitative methods for extracting paleoenvironmental information from soils by assessing the stable carbon isotope ratios of soil organic matter, and pedogenic and biogenic minerals (Amundson et al, 1989; Cerling et al, 1989; Cerling, 1990; Kelly et al, 1991a,b; Kelly et al, 1998; Quade et al, 1989). However, the temporal resolution provided by pedologic research is generally not suitable for questions concerned with historical events, such as the transformation of North American grasslands following European settlement.

Biogenic minerals such as opal phytoliths which are produced in plant cells and stored in soil generally improve the temporal resolution, but since they have been based on 14C dating only allow analysis of changes on the order of thousands of years (Kelly et al. 1991, 1998, McClaran and Umlauf 2000).  In order to study the changes caused by European settlement, we need to push the temporal resolution of reconstructions to hundreds of years.  Using phytolith analysis in conjunction with 32Si dating promises to allow us to address these exciting questions.

To demonstrate the potential of this approach, we propose to study how the spatial distribution of intense grazing on the Great Plains changed with European settlement and the replacement of vast herds of bison with managed domestic livestock.  Both the general public and ecologists are very interested in how grazing patterns by wild herbivores, especially bison, compare to grazing by domestic livestock.  Since large ungulate grazers can have a great influence on vegetation structure and composition, they influence the diversity of many other types of organisms.  In fact, many ecologists are now discussing how grazing might be used as a tool to create spatial heterogeneity, and in turn, maintain or restore biodiversity of both plants and animals (Collins et al. 1998, Knapp et al. 1999, Fuhlendorf and Engle 2001).  Restoring evolutionary patterns of grazing requires understanding the role of biological and ecological differences between bison and cattle, but also the impact of modern rangeland management (Hartnett et al. 1997).  Although previous research has addressed the biological differences between bison and cattle, the relative importance of these differences compared to changes caused by management and how these differences interact with management activities remains unexplored.  Our proposed work will describe changes in vegetation at key landscape positions resulting from the adoption of modern rangeland management practices.

2. BACKGROUND


Before European settlement, tens of millions of bison occupied the Great Plains (estimates reviewed in Hart and Hart 1997, Knapp et al. 1999).  The enormous size and density of many bison herds created dramatic impacts on vegetation and soils as evidenced by many explorers’ and settlers’ accounts (Hart and Hart 1997).  The precipitous decline of bison populations in the mid-19th century, followed by the equally rapid increase in numbers of domestic livestock, raises an obvious question as to the ecological effects of this wholesale species substitution.  Not surprisingly, the question of the functional equivalence of bison and cattle has attracted the attention of many ecologists.


One approach to the topic has focused on the foraging ecology of the two species.  While bison and cattle are both generalist grazers (Hofman 1989), studies in the Great Plains have shown that bison feed almost exclusively on graminoid plants, while cattle select a slightly higher proportion of forbs (Peden et al. 1974, Plumb and Dodd 1993).  This difference in diet preference is accompanied by a difference in habitat use, with bison preferring open terrain, and cattle spending more time in swales, woodlands, and riparian areas (Peden et al. 1974, Steuter and Hidinger 1999).  Studies of digestive efficiency have shown that bison more effectively digest the low quality forage on which they specialize, while cattle may have equal or superior digestive efficiencies for higher quality forage (Peden et al. 1974, Hawley et al. 1981, Plumb and Dodd 1993).  These consistent differences should not obscure the fact that bison and cattle are far more similar in diet choice than are cattle and other native herbivores, such as pronghorn antelope and deer (Knapp et al. 1999).


Other studies have focused on differences in non-feeding behavior such as rutting and, especially, wallowing (Collins and Uno 1983, Polley and Collins 1984).  Buffalo wallows can represent important sources of environmental heterogeneity, and contribute to both plant and animal species diversity (Knapp et al. 1999).  Wallows were a common feature on pre-settlement Great Plains landscapes (England and DeVos 1969).


Another line of research has explored interactions between fire and bison grazing.  In productive grasslands, where fire frequency is high and forage quality often a limiting factor, bison show a high preference for the high quality regrowth found in recently burned areas (Coppedge and Shaw 1998, Biondini 1999).  Ungrazed patches will, in turn, be more likely to burn, resulting in a shifting mosaic of burned and grazed patches (Fuhlendorf and Engle 2001).  However, cattle grazing may result in very similar interactions (Hobbs et al. 1991).  More importantly, in drier, less productive areas of the Great Plains, where fire frequency and intensity is much lower, the importance of these interactions decreases markedly.


The important question from our perspective is whether these subtle differences between bison and cattle translate into observably different effects on vegetation and soils.  Unfortunately, comparisons of bison and cattle grazing effects in which management (stocking rate and timing of grazing) has been held constant are extremely rare.  One ongoing experiment in tallgrass prairie has shown that pastures grazed by cattle have lower abundance and richness of annual forbs, a minor component of the vegetation, but no difference in the cover of the dominant grass or perennial forb when compared to bison-grazed pastures (Knapp et al. 1999).  Separate studies in the northern mixed-grass prairie, which covers eastern Wyoming and Montana and the western portion of the Dakotas and Nebraska, found that grazing by both bison (Whicker and Detling 1988) and cattle (Schuman et al. 1999) caused an increase in the abundance of C4 shortgrasses and a decrease in the taller C3 grasses.  These results suggest functional equivalence for bison and cattle as far as their effects on dominant species is concerned.  

Hartnett et al. (1997) also concluded that biological differences between the species were likely to be small, especially relative to the enormous influence that modern management activities have had on Great Plains landscapes.  The primary objective of livestock management is to promote uniform utilization of the forage resource.  Ranchers use fencing and the development of artificial water sources to prevent overgrazing and under-utilization, both of which are uneconomical.  The result may be a significant loss of spatial and temporal heterogeneity at the landscape scale, with potentially large effects on the diversity of native flora and fauna (Knopf and Samson 1997).   Increased understanding of the effect of grazers on heterogeneity (Adler et al. 2001) has allowed ecologists to propose new management strategies intended to mimic “evolutionary” patterns of grazing characterized by intense bouts highly variable in time and space (Fuhlendorf and Engle 2001).  
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Unfortunately, we have no direct evidence to suggest that grazing patterns were in fact highly variable in time and space on the pre-settlement landscape.  Beyond the first-hand accounts of explorers and settlers, we know very little about the distribution of bison grazing on the Great Plains.  But these early narrative accounts (Hart and Hart 1997) as well as experience in other grazing ecosystems (McNaughton 1993) certainly suggest that the availability of water constrained bison distributions.  We should expect that this constraint would have been strong and constant in the driest portion of the Great Plains, but would operate only during droughts in the wetter part of the region.  Grazing would still have been extremely heterogeneous, but at broad watershed or regional scales, and not at finer pasture or landscape scales.  The development of artificial water sources (wells and reservoirs) during settlement would have removed this constraint on ungulate distributions and profoundly altered the spatial pattern of grazing (Fig 1).

2. HYPOTHESIS AND PREDICTIONS
Our central hypothesis states that water availability constrains the distribution of both wild and domestic large ungulates in the western, semi-arid portion of the Great Plains.  Two predictions flow from this hypothesis:


Prediction 1:  Pre-settlement, intense grazing (by bison) greatly influenced plant species composition near permanent water sources, but had less influence on areas far from water.


Prediction 2: Post-settlement, intense grazing (by cattle) continues to influence plant species composition near permanent, natural water sources, as well as in areas far from natural water but near developed water sources.


To test these predictions, we will use the isotopic signature of carbon contained in phytoliths to characterize pre- and post-settlement vegetation (C3 versus C4) in sites near perennial rivers and in sites far from perennial rivers but close to current, developed water sources.  Our predictions rest on three main assumptions:

1) Heavy grazing by both bison and cattle increases the dominance of C4 grasses, and this effect can be measured despite other influences on plant species composition.  

2) The shift in vegetative composition resulting from grazing is reflected in phytolith assemblages. 

3) The age of phytoliths increases with their depth in the soil profile, and can be resolved to the time scale of interest: 200-400 years for pre-settlement vegetation, and less than 100 years for post-settlement vegetation (based on land use history in Hart [in press]).

Assumption 1 should be valid in dry portions of the northern mixed-grass prairie where the most grazing resistant grasses are C4’s, grazing sensitive grasses are C3’s, and fire frequency is low. We will explicitly test assumptions 2 and 3 in a preliminary experiment conducted at the site of a controlled grazing manipulation.   Additionally, the validation of assumption 3 will be part of the site selection criteria used in the main experiment.  

3. RESEARCH PLAN

We will conduct 2 experiments.  The objective of the first experiment is to test assumptions inherent in our methodology.  The objective of the second experiment is to test our predictions about changes in the spatial distribution of heavy grazing following settlement.

Experiment 1: Testing the method
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Fig. 2: Hypothesized relationship between soil depth
and phytolith age.




To demonstrate that phytoliths collected from soil can track C3-C4 shifts in vegetation caused by changes in historical grazing regimes, we will identify a long-term (over 50 years) grazing exclosure experiment in the northern mixed-grass prairie.  We will collect soil from the edge of a trench both inside and outside the exclosure.  Soil will be removed in 2 cm depth increments down to 10 cm (5 samples total at each location).  After isolating the phytoliths in these samples, we will remove two subsamples, one for 32Si dating, the second for determination of δ13C values (see Laboratory methods below).  

In order to validate our assumptions, the data must show that 1) phytolith age increases with increasing depth in the soil profile for samples collected inside and outside the exclosure (Fig. 2), 2) sample ages correspond to the time periods of interest, in this case before and after the exclosure installation, and 3) δ13C values of these phytolith samples accurately reflect changes in the C3-C4 composition of vegetation inside the exclosure, without showing abrupt changes over the same time period outside the exclosure. 

Experiment 2: Changes in grazing patterns following settlement
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Fig. 2: Hypothesized relationship between phytolith age and phytolith s*c
signature for heavily grazed sites near natural, permanent water
sources and near post-settlement, developed water sources.




This experiment depends on the successful outcome of Experiment 1.  Our sampling will focus on the region of southeastern Montana surrounding the Fort Keough Livestock and Range Research Laboratory of the Agricultural Research Service.  This is one of the driest parts of the northern mixed-grass prairie, with extensive areas separating perennial rivers.  Within this region, we will select four pairs of perennial river-developed water sites.  Each pair of sites must meet the following criteria:  Similar soil types and topographic positions, similar cattle management past and present, the perennial river site must be located where the river channel is well defined (not meandering), the developed water must be at least 10 km from the nearest perennial river and date to at least the early 20th century.  Because of such restrictive site-selection criteria, we expect to spend far more time identifying appropriate sites (3 weeks) than completing the sampling (1 week).  At each site, we will establish a soil pit 100 m from the water source in a randomly chosen direction.  We will collect and date soil samples as described in Experiment 1.  δ13C values will be obtained for samples corresponding to pre-settlement (200-400 years) and post-settlement (<100 years) periods.  Only samples from sites at which phytolith age increases with depth in the soil profile will be included in the analysis.
To support our central hypothesis, we must confirm both predictions: 1) At sites near perennial rivers, no significant increase in the C4 component of vegetation post-settlement (or no increase in the δ13C of phytoliths with time), and 2) at sites far from perennial rivers but near developed water, a significant increase in the C4 component (or an increase in the δ13C of phytoliths with time).  Note that a decrease in the C4 component over time at the perennial river sites would still confirm the prediction.  We illustrate this expected result in Figure 3. 

Laboratory methods


In this section we (will eventually) describe three distinct procedures: the extraction of phytoliths from soil samples, 32Si dating of phytoliths, and determination of phytolith δ13C values.

 Phytolith extraction: 

32Si dating:

Determination of phytolith δ13C values: All soil phytolith samples will be boiled in 18% H2O2 for a period of two to four hours, rinsed with water, freeze-dried and pulverized.  All mass spectrometric measurements will be conducted utilizing a sealed tube combustion procedure and a dual inlet unit.  Sample tubes of sufficient size need to be prepared to hold sufficient quantities of phytolith sample.  The conversion of occluded C in phytoliths to CO2 for isotopic analysis is accomplished by combusting the samples at 875oC, purifying the resulting CO2 cryogenically, and determining C quantities manometrically (Northfelt et al., l98l). The δ13C values of all phytolith samples will be determined by mass spectrometry utilizing a VG Prism (Series II) mass spectrometer and reported relative to Pee Dee Belemnite (PDB) carbonate. The precision of determination of δ13C values are ± 0.10 o/oo.
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