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ABSTRACT

The ecology of Andropogon gerardii(sensu /af.) in three representative stages of

sand dune stabilization was studied in the Baldhead Hills of southwestern Manitoba,

from 1983 to 1985. Plant community composition, assessed using relative cover and

above-ground biomass, and environmental variables (soil texture, chemistry and

moisture, soil and air temperatures, precipitation, wind and sand movements) were

measured. ln each of the sites (Dune, lntermediate and Prairie) Andropogon gerardii

(sensu /af.) density, phenology, morphology, above-ground biomass, biomass allocation,

tissue nutrient content and reproduction (seed yield, size, numbers, condition and

reproductive effort) were also measured.

Winds above the threshold for sand movement (14 km hr-1), acting on a dry sand

surface (with over 75o/o bare ground) resulted in unstable conditions on the Dunes.

This, combined with the nutrient-deficient soils, temperature extremes and sporadic and

variable moisture availability presented significant constraints to colonizing plants. The

few species present showed adaptations to the rigours of the environment, which

nevertheless resulted in low community biomass and sparse vegetation cover. Greater

surface stability on the lntermediate and Prairie enabled more species to colonize, a

more complex community structure, greater community biomass, more litter and less

bare ground. Plants intolerant of burial (Selaginella densa, Cladonia spp.) were only

found on stabilized Prairie.

Andropogon gerardii(sensu /af.) per-formed better on the Dunes with higher total

shoot density, numbers of reproductive shoots, total biomass, individual plant biomass

and relative cover. lts proportion of the total community biomass was g5% on the

Dunes compared with 29% on the Prairie. ln the spring Andropgon gerardii(sensu /af.)

was slower to emerge on the Dunes but then developed more quickly, 10-14 days

before lntermediate and Prairie plants. Dune plants were taller with a higher rate of

stem elongation and greater biomass allocated to stems than lntermediate and Prairie

plants. Biomass allocated to stems and inflorescences was allometrically related to

plant size in all populations. Dune plant nutrient content exceeded that for Prairie plants

for most elements, which were concentrated in the leaves. The concentration of K, Ca

and Mg was high in stems, particularly in Dune plants.

Andropogon gerardii(sensu lat.) on Dunes matured earlier than lntermediate and

Prairie plants and had more seeds, higher seed yield, more ripe seed and larger seeds



although variability was high in all populations for most measured traits. lmmature and

aborted seeds accounted for over 80% loss in Dune and Prairie populations. But in

some individuals over 80% of seeds were mature and in good condition. Problems with

establishment notwithstanding, when favourable growing conditions permit, Andropogon

gerardii(sensu lat.) may be able to access open sites and establish new individuals from

seed.
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1.1 tNTROnUCTtON

lnland dune environments are widely scattered across the Great Plains, and in

Canada include the Great Sandhills of Saskatchewan, the sandhill areas of central

Alberta and southwestern Manitoba. Although recognized as ecologically interesting,

few studies deal with the ecology and reproduction of dominant species in these

environments. Unlike coastal and lake-related dune systems, plant colonization of

inland dunes has not been well documented, nor has the ecology of sand prairies and

dunes (Ward 1980, Barnes and Harrison 1982, Brown 1997, Shay ef a\.2000).

lnstability of the substrate has generally prevented such areas from being turned over to

agriculture, with the result that they represent one of the last major remnants of

relatively undisturbed native sand prairie.

The objectives of this study were to 1) examine the physical environment and

describe the plant species composition and biomass of three sandhill habitats, 2) quantify

the resource allocation and 3) describe the reproductive biology of Andropogon gerardii

Vitman (sensu lat.), a prominent component of these habitats.

ln Chapter 1, a review of the literature pertaining to the physical and biotic

environment of inland dunes and prairies and the ecology of Andropogon gerardii(sensu

/af.) is presented. Chapter 2 describes the environment and vegetation in three sandhill

habitats, Chapter 3 deals with the autecology of Andropogon gerardii (sensu lat.) in these

habitats, and Chapter 4 focuses upon its reproductive biology.

I ITFRATTIRE REVIEW

lnland Dune and Sand Prairies

Sand dunes and their associated flora have interested plant ecologists for

decades, and this interest has contributed to the development of plant successional

1.2
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theory. The classic studies of succession in Lake Michigan dunes established the

importance of sand colonizing plants in dune stabilization (Cowles 1899). More recent

studies on dunes of the Great Lakes have contributed, among other things, to an

understanding of rates and patterns of vegetation change (Olson 1958a, Morrison and

Yarranton 1974, Lichter 1998,2000), plant growth responses to sand movements and

accretion (Olson 1958b, Maun 1998), plant community diversity and species richness

(Morrison and.Yarranton 1973), dune microclimate (Baldwin and Maun 19S3) and the

population biology of colonizing species (e.9., Maun 1985).

Coastal dunes have been especially well studied, notably in Britain (Salisbury

1952, see citations in Ranwell 1972). For example, extensive research has occurred on

dune plant communities at Braunton Burrows in Devon (Willis et al. 1959a, 1959b) and

Newborough Warren on the lsle of Anglesey (Ranwell 1959).

lnland dunes not associated with large lakes, are characterized by environmental

factors common to most sand dominated systems: unstable substrate, relatively low soil

nutrient status and soil water retention capacity, and a high exposure to wind. However,

the lack of a nearby body of water has meant that they are not influenced by wave

action, do not receive nutrient input from a water source in the form of spray, and do not

have the accumulations of littoral organic debris, so essential to dune formation in

coastal systems (Ranwell 1972).

The extensive inland dunes in Nebraska were formed when periglacial winds

eroded Tertiary sediments in an essentially desert-like environment, to create the

landforms that now cover approximately a third of the state (Smith 1965). Further north,

strong winds during post-glacial times (Bryson and Wendland 1967) shaped Pleistocene

fluvial and lacustrine sediments. These created the dune areas of southwestern

Manitoba, southern Saskatchewan and North Dakota (David 1968). Periods of dune



activity were the result of increased dryness in the othen¡rise sub-humid local climate

and either corresponded with or followed fluctuations in regional climate (Bryson and

Wendland 1967 , Muhs and Wolfe 1999). Wet periods allowed an increase in plant cover

while dune activity occurred primarily during droughts (David 1971).

Recent inland dune systems are a mosaic of active and migratory dunes in

various stages of plant colonization and decreased sand movement (depending on

topography and orientation), re-activated dunes where the vegetation and preliminary

soil profiles have been ovenruhelmed by a resurgence of activity, and fully stabilized

sand dune prairie (Smith 1965). The literature reviewed in this section will pertain to the

environment and vegetation of inland dune systems and associated sand prairies in

North America.

Although sandhills are scattered across the Great Plains, those in Nebraska are

the largest area of dunes and sand prairies in North America (Smith 1965) and certainly

the most extensively studied. The earliest ecological study in Nebraska was that of pool

(1914) who reviewed much of the early work on the taxonomy of various sandhills

species, and described in detail the plant communities and their relationship to

topographic features and environmental factors. Tolstead (1942) examined the extent

and diversity of vegetation and community types. He stated that although sandhill

grasses are physiologically adapted to a relatively arid climate, the rapid absorption of

summer precipitation and efficient water storage capability of the dunes allows greater

moisture availability for sandhill plants than for those on the plains. This may be the

major determinant of vegetation composition between areas of different soil texture.

Weaver and Albertson (1956) described the herbaceous flora of sandhills as

being very diversified, composed of species of mixed and true prairie, as wetl as species

only found in sandy soils of the central United States. They provided detailed species

3



descriptions. The presence of a well developed rooting system and/or a rhizomatous

growth habit was found to be central to the success of plants within the sandhill

environment (Tolstead 1942, Weaver and Albertson 1956, Weaver 1958).

The physiological ecology of five dominant sandhill grasses was examined by

Barnes and Harrison (1982). They wanted to verify (experimentally) the importance of

soil moisture availability, as dictated largely by topography, in controlling species

distributions. The Cs species were found to be opportunistic in their use of available

water, rapidly depleting surface soil moisture with their high transpiration rates. More

conservative water use patterns were found in Ca species. Barnes and Harrison (1982)

concluded that community organization in the sandhills may be influenced by

competitive interactions between species primarily through their differential use of soil

moisture.

Autecological studies have also been carried out on the dominants of Nebraska

sandhills. Satten¡vhite (1970) examined morphological variability in Andropogon gerardii

and A. hallii as it related to certain edaphic factors. He found that soil moisture, as

mediated by texture and depth to the water table, influenced sandhills bluestem

distribution. Germination studies revealed that, although seeds of sand bluestem

germinated more rapidly than those of big bluestem, both were similar in drought

resistance at the seedling stage (Satterwhite 1970).

Barnes (1985) also examined whether physiology could account for habitat

selection in the big bluestem-sand bluestem complex along a dune-meadow moisture

gradient in Nebraska. Variations in leaf rolling and the amount of epicuticular waxes

were major factors in the control of water loss. Drought avoidance by sand bluestem

may be an important mechanism of habitat segregation along dune-meadow soil

moisture gradients.



The sandhills of northeastern Colorado are floristically similar to the Nebraska

sandhills although fewer species are involved (Ramaley 1939). As in Nebraska, plant

communities are found in conditions ranging from blowout communities and unstable

sandhills to depressions with restricted drainage and broad "hay meadow" valleys.

Plant succession and dune movements in southeastern ldaho were studied by

Chadwick and Dalke (1965) who found five successional stages, with distinct dominants,

occurring as belts parallel with the direction of dune movement. On average, active

dunes migrated approximately 3 m yeai1. They observed that establishment of a

species on sand, depended on the relative stability of the surface rather than on the

build-up of soil nutrients from previous vegetation.

The sandhills of southeastern North Dakota developed on deltaic deposits of the

Sheyenne River as it emptied into glacial Lake Agassiz, and where stabilized they

support tallgrass prairie species (Whitman and Wali 1975). A floristic study of the

sandhills by Wanek and Burgess (1966) reported 156 species of vascular plants.

Compared with the flora of other sandhills, there is a high degree of similarity between

the sandhills of Manitoba and North Dakota. Similarity between regional floras

decreases as the linear distance between them increases, although many species

tolerant of sand environments transcend regional differences in macroclimate. Plant

succession in the North Dakota sandhills involved distinct groups of pioneer, transitional

and climax grasses, with little overlap between sites (Burgess 1966). Forbs tended to

display a broader range across the successional spectrum while certain genera were

found to segregate in their successional roles.

The sandhills of southern Saskatchewan were studied by Hulett, Coupland and

Dix (1966) who examined plant species distributions and the primary controlling

environmental factors of dune sands. Soil moisture and surface stability gradients



contributed to an intergradation of species abundance suggesting the continuous nature

of dune sand vegetation. With the exception of Andropogon spp., many of the prominent

and characteristic psammophilous species found in the Saskatchewan sandhills also

occur in similar habitats elsewhere (e.9., Tolstead 1942).

The other major sandhill and dune environments in the northern Great Plains

occur in southwestern Manitoba, in an area occupied by the ancient Assiniboine River

delta (Smith et al. 1998, Muhs and Wolfe 1999). The surficial geology and Pleistocene

history of the southern part of the delta (including the sandhills of Carberry and

Glenboro) was described by Elson (1955), who gave detailed accounts of glacial and

post-glacial history, delta formation and deposition of aeolian sediments. Radiocarbon

dating of sediments and chronological studies of dune activity were conducted by David

(1971), who found that initial dune stabilization occurred prior to 3,700 years ago.

Subsequent major periods of dune activity probably affected most of the sandhill area

east of Shilo, Manitoba. The present degree of stability of northern Great Plains dunes

is primarily influenced by the finite sand supply, which may explain the smaller size of

dune fields in the northern Great Plains compared with those further south (Muhs and

Wolfe 1999). The overall moisture balance, through effects on both sediment cohesion

and vegetation cover, is one of the most important controls in the amount of dune

activity here (Muhs and Wolfe 1999).

The vegetational history of the area was described by Ritchie (1976) who

suggested that an early version of the spruce dominated northern boreal forest covered

the region prior to 10,000 B.P. A marked increase in the graminoid flora at about this

time reflects the replacement of forest by prairie vegetation over much of the plains.

Thus, the present distribution of white spruce in the Carberry area is a relic from the
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retreat of the spruce forest northward. Modern vegetation in the area became

established at approximately 3,500 B.P. (Ritchie 1976).

ïhe earliest description of the Manitoba sandhill communities was by Bird (1927),

who described species associations of the sand plains, prairie, deciduous and mixed

forest and larch swamps. Botanical studies (Shimek 1925, Scoggan 1978-79) indicated

a floristic similarity with dune and sand prairie environments elsewhere (Tolstead 1942,

Wanekand Burgess 1966, Hulett etal.1966). As mostof the prairie region in Manitoba

has been cultivated, the sandhills of the southwestern part of the province represent the

best remaining example of the original mixed grass prairie flora (Scoggan 1978-79). The

sandhills are part of the Shilo Ecodistrict, situated in a subdivision of the Grassland

Transitional Ecoclimatic Region that lies between the driest area to the southwest and

the most humid area to the east and northeast (Smith ef a/. 1998). The vegetation

changes with slope, aspect, soil texture and the amount of time since stabilization.

Ward (1980) examined aspects of the physical environment and vegetation

development on four sites near Carberry ranging from open dunes to stabilized prairie.

Colonization of bare dunes was influenced by wind, slope and aspect and was

accompanied by an increase in soil nutrients, organic matter and water retention.

Successional processes were marked by an increase in species cover, diversity and

community complexity. She concluded that the sandhill communities were continuous in

nature, with overlaps in species composition occurring as microenvironmental effects

were modified (Shay et a|.2000). McKernan (1984) studied the effects of military

disturbance on native mixed prairie at the Canadian Forces Base, Shilo and Shay ef a/.

(in press) examined the effect of repeated flres on mixed-grass prairie.



1.2.2 Ecology of Andropogon gerardii (sensu /af.)

Andropogon gerardii(sensu /af.) occurs in the flora of most of the major sandhills

across the Great Plains, with the exception of the Great Sandhills of Saskatchewan.

When not a dominant, it is a prominent component of the vegetation. Although known

from sandy and sandy loam soils from Texas to Manitoba (Gould 1975), most biological

and ecological investigations have centered on the heavier textured soils of tall grass

prairie. The only major research on Andropogon gerardii (sensu lat.) in sand

environments occurred in the Nebraska sandhills, where the physiological ecology and

aspects of habitat separation were studied by Satteruuhite (1970), Barnes and Harrison

(1982) and Barnes (1985).

This study focuses upon the Carberry sandhills of Manitoba, home to one of the

largest natural sand prairie populations of Andropogon gerardii (sensu lat.) at the

northern limit of its distribution. ln the following section, the taxonomy of Andropogon

gerardii(sensu lat.) is reviewed, together with a discussion of its general life history and

ecology.

1.2.2.1 Taxonomy

Andropogon gerardii (sensu /af.) belongs to the Tribe Andropogoneae in the

subfamily Panicoideae of the Poaceae (Gould 1968). Other genera belonging to this

tribe that are native to Manitoba include Sorghastrum and Schizachyrium.

Traditionally, Andropogon gerardii (sensu lat.) has been regarded as composed

of two species - Andropogon gerardii Vitman and ,4. hallii Hack (Hitchcock 1971).

However, difficulty in distinguishing them has been noted for a long time. Nielsen (1939)

reported A. halliito be exceedingly polymorphic, often blending with races of A. gerardii.

ln recognition of this, A. gerardii-A. hallii have been treated as a complex by some
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authors (McMillan 1959, Newell 1968, Riley and Vogel 1gB2). The various

morphological characters on which species separations have been based included

rhizome length, awn presence and length, and hair length on peduncles and rachises

(Hitchcock 1971, Scoggan 1978-79). These characters have all been found less than

definitive. For example, similar rhizome lengths were reported for both species by

Weaver (1958). ln a morphological study by Sutherland (1978), many intermediate

plants were found, and allthe characters mentioned above exhibited intergradation.

The two bluestems are inter-fertile and hybridize readily (Peters and Newell

1961), they have the same number and variation in chromosomes (Riley and Vogel

1982, Keeler 1992) and intergrade morphologically in the wild (Sattenruhite 1970).

lndeed, separation of A. gerardiifrom A. hallii is purely arbitrary in Nebraska populations

(Satterwhite 1970), and classification of intermediate types difficult at best (Peters and

Newell 1961). Gould (1975) worked extensively with the genus Andropogon and revised

the taxonomy of the two taxa. He includes sand bluestem within the species A. gerardii

as two varieties: A. gerardiivar pauciplus with short-awned or awnless sessile spikelets

and inconspicuously short-hairy inflorescence rachises and A. gerardiivar chrysocomr,ls

with long-awned spikelets and densely villous rachis margins. Big bluestem is described

as A. gerardii var gerardii with long awns and ciliate rachises. lt occurs on sandy or

loamy soils, often with A. gerardiivar. paucipilus.

Despite more than 25 years since Gould's (1975) change in nomenclature, with

few exceptions (e.9., Masters 1995) treatments of the plants in the literature have

maintained the two species, A. gerardii and A. hallii. ln the present study, plants of the

three types (sensu Gould 1975) were observed on all sites, with intergradations

occurring in awn presence and length, degree of hairiness on inflorescence rachises,

and inflorescence colour. ln addition, different combinations of characters frequently



were noted such as no awns and relatively bare rachis, short awns and bare rachis, long

awns and bare rachis, long awns and hairy rachis, or no awns and hairy rachis. All

plants were glaucous (with a waxy bloom), and yellow and purple plants had a variety of

awn and pubescence types. ln light of this, and the difticulty of distinguishing between

sand and big bluestem in the vegetative stage, in my opinion the tall bluestems of the

Carberry sandhills represent intergradations of sand and big bluestem, and may be

impossible to distinguish in the field.

The bluestem examined in the present study are thus composed of:

Andropogon gerardii Vitman var. gerardii

Andropogon gerardii Vitman var. pauciprTus (Nash) Fern. (formerly A. hallii

(Nash) Fern.)

Adropogon gerardiiVitman var. chrysocomus (Nash) Fern.

after Gould (1975). For brevity, Andropogon gerardiiwill be used throughout the text

and following chapters.

1.2.2.2 Growth Habit, Morphology and Physiological Ecology

ln prairie environments growth and performance of Andropogon gerardii has

generally related to its dominant role in tall grass prairie communities. Weaver (1954)

described the species as an erect, warm-season perennial with rapid shoot development

resulting in abundant foliage. Upon elongation of the flowering culms, heights of 1-2 m

are common, with 3 m reported from moist lowland prairie. Stems and leaves are often

glaucous and conspicuously blue-purple upon maturity. Plants are shade tolerant, with

leaves photosynthesizing at 5-10% of full sun. Flowering occurs during mid- to late

summer with abundant seed produced annually (Weaver 1954).
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Growth and development of underground structures were also studied in detail

by Weaver (1958, 1968). Big bluestem produces abundant coarse roots 2-3 mm in

diameter and frequently extending to depths greater than 2m. The rhizome is usually 3-

6 mm thick, often found to depths of 10 cm and 15-25 cm long (Weaver 1958).

McKendricket al. (1975) did an extensive study on the vegetative life history of

individual bluestem tillers. Vegetatively reproductive tillers consisted of a rhizome,

adventitious roots, aerial shoot system and mature buds in leaf axils on the rhizome.

After shoot emergence, rhizome growth was restricted to diameter enlargement,

development and elongation of the uppermost internode. Rhizome lengthening ceased

when aerial culms developed. Leaf production and death occurred continuously, with

senescence normally occurring acropetally. On average, two vegetatively reproductive

tillers were produced during the following growing season, however approximately 50%

of the shoots initiated in successive seasons were not vegetatively reproductive. They

did not produce mature buds on the rhizome and had no roots.

With the exception of these studies of underground structures and vegetative

development, most ecological research on bluestem has related to the species

response to fire in tallgrass prairie (Curtis and Partch 1950, Kucera and Dahlman 1968,

Knapp 1985), the combination of fire and grazing disturbance (Collins 1987), burning

regimes, topography and climatic variation (Abrams et al. 1986, Gibson and Hulbert

1987), and drought (Hayes 1985, Knapp 1985). Research has othenruise been

agriculturally oriented, concerning digestibility and yield (Owensby et al. 1970, Owensby

et al. 1974, Vogel and Bjugstad 1968, Umoh et al. 1982), seed production (Smith and

Smith 1996), and usefulness of native grasses in forage production (Hendrickson et al.

1998, Madakadze ef a/. 1998).
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Similarly, most descriptions of sand bluestem in the literature are brief and

scattered. Pool (1914) described the plant as a tall, coarse perennial, that developed

later than most other grasses of the sandhills. Tolstead (1942) and Weaver and

Albertson (1956) described the species as glaucous grey to pale gold, growing 1-2 m in

height with conspicuously villous racemes, forming loose open bunches of only a few

stems per clump, resulting in low basal cover. ln Nebraska populations, Tolstead (1942)

noted seed production was rare. Rhizome growth takes place in spring, with rhizome

elongation from 10-23 cm, similar to that observed in big bluestem (Weaver 1958).

Rapid root growth from rhizome nodes results in rooting depths of up to 3.5 m.

Morphological development, as it influences accessibility and palatability to herbivores

was studied in Nebraska populations of sand bluestem by Hendrickson et al. (1998).

They found a positive correlation between tiller weight and growing conditions

(increased temperature and precipitation), with over 80% of tillers remaining vegetative

late into the season.

Morphological variation, intergradation of characters between sand and big

bluestem and their relation to soil type has been noted by several researchers. Peters

and Newell (1961) and Sattenruhite (1970) quantified variation in awn length,

inflorescence villousness, rhizome growth habit and foliage colour. Newell (1968)found

sand bluestem to be more productive on fine sands than on silty clay loam soils. Big

bluestem was more productive than sand bluestem on sands as well as on fine textured

soil, while hybrids exceeded mean yields of both parents on all soil types. Wali ef a/.

(1973) also reported better growth of big bluestem on sandy substrates. Soil type

seems to affect glaucousness. Sand and big bluestems and their hybrids may have

glaucous leaves when growing on sandy soils (McMillan 1964, Newell 196B, Gould
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1975). ln contrast, the bright green colour reported for big bluestem seems to be more

common when it grows on finer textured prairie soils (Newell 1968).

Barnes (1986) described the nature of morphological variation in adjacent

populations of sand and big bluestem and traits concerning internal leaf structure not

previously reported. He found sand bluestem populations in Nebraska generally had

thicker leaves, more major leaf veins and more adaxial stomata than big bluestem

plants. ln addition, leaf spectral characteristics differed between groups, probably

relating to the effect of epicuticular wax on leaves of sand bluestem (Tulloch and

Hoffman 1979). Although this is also a characteristic of big bluestem foliage (Weaver

1954, Hitchcock 1971, Gould 1975), Barnes (1986) reports that a greaterwax content in

sand bluestem lowered absorbance of photosynthetically active radiation in sand

bluestem populations compared with those of big bluestem.

The physiological ecology of bluestems under field conditions has received little

attention (Risser et al. 1981, Knapp 1985). Knapp (198aa) studied the effects of

microclimate on leaf temperatures and leaf water potentials in big bluestem in tall grass

prairie after burning. He found that early season patterns of lower leaf water potentials

and greater leaf temperatures in unburned sites may contribute to the reduction in

above-ground biomass in unburned compared with burned prairie. He also found that

plants from burned plots displayed higher levels of photosynthesis and N-use efficiency,

had thicker leaves and greater shoot biomass compared with shoots from unburned

prairie (Knapp 1985). He stated that the dominance of big bluestem in tall grass prairie

is due to its ability to maintain high rates of carbon gain over a greater range of leaf

temperatures and at lower leaf water potentials than certain other prairie species.

Physiological adjustments to water stress were also examined by Knapp

(1984b). Osmotic adjustments in big and little bluestem were found to be greater than
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those reported for many other more xeric species. Although less effective at increasing

solute concentrations, big bluestem's relatively elastic cell walls allowed it to lower its

osmotic potential significantly more than Panicum virgatum during drought conditions.

ln addition, leaf rolling or folding was reported for days or portions thereof when mid-

season water stress occurred. Other studies of bluestems have shown similar response

of leaf water potentials during periods of water stress (e.9., Hake eú a/. 1984).

Avoidance of water stress in big bluestem by virtue of its deep root system probably

enables it to be less affected by soil water depletion in the upper soil profile.

Under drought conditions sand bluestem maintained higher midday leaf water

potentials than adjacent big bluestems and hybrids (Barnes 1985). lts greater drought

resistance appeared to be related to a greater ability to control transpiration losses, so

that higher leaf water potentials were maintained for longer periods of time. Barnes

(1985) states that leaf rolling of sand bluestem, not observed in big bluestem in his

studies, may contribute to its greater drought resistance. However, leaf rolling does

occur in big bluestem (Knapp 1984b). No differences were found between bluestems in

osmoregulatory capabilities or in stomatal sensitivity to vapour pressure deficits.

Results for resistance to drought in the seedling stage appear inconclusive. Sattenruhite

(1970) has reported both species to be equally drought resistant as seedlings, surviving

greater than 2 weeks without water, while Barnes (1985) reports massive mortality of

seedlings following brief dry periods.

1.2.2.3 ResourceAllocation

Harper (1967) elucidated the importance of patterns of resource allocation,

whereby plants allocate different proportions of resources to various life history

functions. Allocation at the physiological level involves resource supply, translocation
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and consumption. At the ecological level, the relationship between resource investment

in one function at the expense of another involves trade-offs. Harper (1982) states that,

at the evolutionary level, any change in an organism's form or behaviour seems likely to

have developed at the expense of compensatory changes in some other aspect of its

life history (e.9., defense vs. reproduction). Therefore, species performance represents

the result of compromises, whereby the allocation pattern of the organism defines its

ecological role and aids in understanding its distribution and nature of the constraints

that affect its behaviour within habitats (Harper 1982).

Central to the concept of resource partitioning is the implicit assumption that any

perceived benefit to the plant, through a particular resource allocation pattern, comes

with an associated cost (Harper 1977). The relationship between ecology and

economics has been proposed by Bloom et al. (1985), who examined resource

acquisition in the context of exchange ratios, or the relative cost of resources in terms of

the amount and nature of the reserves being expended by the plant. Although plants all

require the same kinds of resources (carbon, light, water), studies of allocation have

most often centered on dry weight as the currency to measure allocation patterns. lt is

considered to reflect a plant's net energy budget (Harper and Ogden 1970, Hickman

and Pitelka 1975), and is an integral measure of the abiotic and biotic characteristics of

a habitat.

It is unlikely that the same resources limit growth in different environments

(Harper 1977). Questions as to whether fixed carbon, or biomass, is the appropriate

measure (Harper 1977) have prompted research into mineral nutrient allocation. This

has had mixed success (Lovett-Doust 1980, Abrahamson and Caswell 1982). Reekie

and Bazzaz (1987a) showed that in Agropyron repens carbon allocation reflected the

distribution of other nutrients, and that allocation of carbon tended to be biased toward
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that of the most limiting resource. Although plants are limited by resources other than

carbon, carbon is an appropriate currency because it is the ultimate result of the

integration of physiological processes within the plant (Gifford and Evans 1981,

Abrahamson and Caswell 1982, Watson and Casper 1984, Reekie and Bazzaz

1987a,b).

Nutrient and biomass allocation patterns have been examined in a variety of

species and environments (Abrahamson and Caswell 1982, Maessen et at. 1983,

Whigham 1984). ln particular, biomass allocation has been studied in a wide variety of

species, to examine a number of features. These include differences in growth form

and developmental patterns (Bradbury and Hofstra 1976, Roos and Quinn 1977), effects

of varying environmental conditions (Cartica and Quinn 1982, Hume and Cavers 1983,

Callaway et al. 1994, Brown 1997), allocation in young plants (Hawthorn and Cavers

1978) and modifications of allocation in hybrids (Brouillet and Simon 1g7g). Patterns of

resource allocation have been used to examine niche separation and species co-

existence at the community level (Newell and Tramer 1978, Abrahamson 1g7g, Anten

and Hirose 1999), and to describe patterns of plant succession on poor soils (Gleeson

and Tilman 1990).

Tilman and Wedin (1991a,b) used Andropogon gerardiiin studies of the nutrient

reduction theory of plant competition. When grown in monoculture on a nitrogen

gradient Andropogon gerardiiwas found to reduce soil nitrogen to the lowest level in the

most infertile soil. lt had a lower vegetative growth rate, lower reproductive allocation

and higher allocation to roots than the other species examined (Tilman and Wedin

1991a). When it was grown in painruise competition in the same nitrogen gradient,

Andropogon gerardiiwas a superior nitrogen competitor but produced few seeds on low

nitrogen soils (Tilman and Wedin 1991b). lt was concluded that trade-offs between
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competit¡ve ability and colonization ability may influence the first 30-40 years of

secondary succession in nitrogen-poor soils (Tilman and Wedin 1gg1b).

Caldwell et al. (1981) and Adams and Wallace (1985) undertook studies of

nutrient and biomass allocation in native grassland species. Dry matter allocation in big

bluestem was examined by Knapp (1985) in tallgrass prairie of Kansas and byAdams

and Wallace (1985) in Oklahoma tallgrass prairie. Although nutrient and biomass

allocation are known for some species of coastal dune systems (Cartica and Quinn

1982), such studies are uncommon for species of sandhill or inland dune environments.

Brown (1997) reported shifts in biomass and nitrogen allocation in response to burial in

three dune species on active dune fields in California.

1.2.2.4 Seed Reproductive Ecology of Andropogon gerardii

Bluestems are hermaphroditic, obligate outcrossers, and, like most grasses, are

wind pollinated (Peters and Newell 1961, Gould 1975, Riley and Vogel 1982, McKone ef

a/. 1998). Due to their palatability and rhizomatous habit, much of the information on

their reproduction has been agriculturally oriented for plant breeding and cultivar

development relating to pasture improvement and conservation planting (Masters ef a/.

1993). Much of the ecologically relevant information on factors affecting seed size, yield

and fertility has thus been derived from studies on crop improvement (Boe and Ross

1983, Boe et al. 1983, Glewen and Vogel 1984). lnformation concerning the

reproductive biology of bluestems relates largely to seed viability and requirements for

germination (Blake 1935, Tolstead 1941).

Despite its ecological and economic importance, until recently genetic and

reproductive analyses of Andropogon gerardii have been few. Recent studies have

found Andropogon gerardiÌ to be a cytotypically complex species (Norrmann et at.
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1997). Although commonly reported as hexaploid (Gould 1975) other naturally

occurring polyploids exist in the wild (Keeler 1992), with the bulk of most natural

populations investigated consisting of two predominate cytotypes (Keeler and Davis

1999). Although they are morphologically indistinguishable in the field, they differ

significantly in the amount and frequency of production of viable seed (Norrmann ef a/.

1997, Keeler and Davis 1999).

Accounts of reproductive ecology of native species growing in natural

environments have discussed habitat succession and environmental stability

(Abrahamson 1975, Newell and Tramer 1978, Stewart and Thompson 1982), vegetative

and seed reproductive strategies (Thomas and Dale 1975, Douglas 1981), degree of

plasticity in reproduction and the effects of density (Sarukhan 1974, Abrahamson 1979,

Bostock and Benton 1979, Lovett Doust 1980, Soule and Werner 1981), reproductive

effort (Harper 1967, Abrahamson and Gadgil 1973, Thompson and Stewart 1981,

Reekie and Bazzaz 1987a,b, Welham and Setter 1998) and costs of reproduction

(Ashman 1994, Worley and Harder 1996). The focus upon seed ecology reflects its

importance in the maintenance of genetic diversity, colonization and exploitation of new

environments.

Seed production, as a measure of reproductive potential, is important to plant

fitness (Harper 1977). Regulation of seed yield, seed size variation and the relationship

between variation in size and number has received increasing attention in the literature

(Primack 1987, Winn and Werner 1987, Stamp 1990, Winn 1991, Kang and Primack

1991, Obeso 1993, Susko and Lovett-Doust 2000, Jakobsson and Eriksson 2000).

Within a species, seed size has been viewed as a relatively stable character, although

much of the information has come from studies on crop plants (Harper et al. 1970).

Plants generally respond to the environment by altering the number of seeds produced,
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but not in the size or quality (Sultan 1996, Weiner et al. 1997). Studies with native

plants have shown seed size to be phenotypically plastic (Marshall et al. 1985, Winn

1988, Stamp 1990) and some have reported positive correlations instead of trade-offs

between size and number (Winn and Werner 1987). The reproductive ecology, in terms

of seed size, number and yield of naturally occurring populations of Andropogon gerardii

has seldom been reported.
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2.

2.1

VEGETATION OF THE SAND DUNE AND SAND PRAIRIE

rNTROnt rcTtoN

lnland dunes and sand prairies, not associated with large water bodies, are

landforms found in the subhumid to semiarid Great Plains of North America (Muhs and

Wolfe 1999). Dunes and sand prairies are found in Nebraska, Colorado, North Dakota,

Saskatchewan and Manitoba, where they persist under a particular set of environmental

conditions uncommon over most of the continent.

Surface instability and the physical conditions imposed by the nature of the

environment have resulted in variable and often demanding habitats for plant growth.

Relatively few species grow successfully in the early stages of active dune colonization.

However, as stabilization proceeds, the mosaic of environments created by topography

and the degree of stabilization that has occurred, result in some varied and unique plant

and animal communities.

Sandhills are difflcult to classify. They do not belong to either the true prairie or

mixed-grass prairie associations, although, depending on the degree of dune stabilization,

they often contain species common to both. The fragility of sandhills results from their

inherently unstable surface. However, it is this instability that has protected sandhills from

agriculture, and they are therefore valuable because they represent one of the last havens

of a native prairie flora (Scoggan 1978-79).

The relative distinctiveness of sandhills and their associated plant communities has

led to considerable interest and research effort in places such as Nebraska. Although the

Carberry sandhills support one of the largest remnants of a natural prairie vegetation in

Manitoba, their ecology has received little attention. Shimek (1925) provided plant species

accounts of areas that included the sandhills. Bird (1927, 1930) was one of the first to

describe the plant communities and associated fauna of the area, while later research that
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included descriptions of the plant associations, focused on the mammalian fauna (Wrigley

1974). Ward (1980) and Shay ef a/. (2000) provided a more comprehensive botanical

description of the sandhills, including floristic information and plant community ordinations.

McKernan's (1984) studies of disturbance effects on stabilized dune prairie contained

descriptions of the flora on sites 20 km west of the present study locations.

The present study was a continuation of research in similar habitats to Ward

(1980). lts objectives were to investigate relations between plant community composition,

production and environmental conditions in habitats that characterize sandhill colonization.

This chapter provides a framework for a more focussed study of the production, resource

allocation and reproductive ecology of Andropogon gerardii (Chapters 3 and 4). As

outlined in Chapter 1, Andropogon gerardiiis considered to include Andropogon gerardii

var. gerardii, A.g. var. chrysocomus and A.g. var. paucipilus (Gould 1975) and for brevity

will be referred to as Andropogon gerardii.

2.1.1 Location

The Carberry sandhills lie approximately 150 km west of Winnipeg (99"W 17-18',

49'N 40-41'), at the extreme southeastern corner of the Shilo Military Reserve adjacent to

Spruce Woods Provincial Park. The area of open dunes is known as the Baldhead Hills

and is bounded by the Assiniboine River to the south and Provincial Highway #5 to the

east (Figure 2-1).

2.1.2 Climate

The climate is continental, with a wide range in temperatures between summer and

winter. The average July temperature is 19.7"C, while the average January temperature is

-18.3"C (Ehrlich et a\.1957). The frost-free period is approximately 100 days. The area is
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Figure 2-1: Location of Study Area
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considered dry sub-humid, where approximately 80% of the precipitation falls as rain

between April and October. On average, 33.4 cm of precipitation falls during this period

(Ehrlich et al. 1957), but there is considerable inter-year variation in summer precipitation.

One study in the area found total 4-month summer precipitation to vary from 29.2 cm in

1978, to 14.5 cm in 1979, to 28.8 cm in 1980 (McKernan 1984). The mean annual

precipitation at Glenboro, the nearest meteorological station to the site, 7 km away, is 52.3

cm. The long-term (1951-1980) averages for precipitation and temperature at Glenboro

are shown in Figure 2-2.

2.1.3 Physiography and General Vegetation

The study area is part of the Shilo Ecodistrict (Smith et al. 1998). This ecodistrict

forms a major part of the Upper Assiniboine Delta, covering approximately 2,659 kmz. The

Campbell beach at roughly 320 m elevation separates the older (upper) part of the delta

from the younger (lower) part (Klassen 1983). The deltaic sediments, which can be as

thick as 80 m (Elson 1967) are primarily sands in the upper delta and overlie coarser

textured deposits of post-glacial till. The underlying bedrock, at approximately 300 m in

the vicinity of the study sites, is shale and limestone of the Favel formation in the Upper

Cretaceous.

Periods of aeolian activity followed deposition of the Assiniboine Delta (Elson 1955,

1967), resulting in gently rolling topography. ln the Baldhead Hills active dunes can be as

high as 25 m (Elson 1955). However most are in the 7 m range and many have been

stabilized by vegetation.

The regosolic soils in the area arc well drained and exhibit very poor structural

development (Ehrlich et a\.1957).
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Figure 2-2: Thirly-year averages (1951-1980) for mean monthly precip¡tation
and daily maximum and minimum temperatures for the Glenboro meteorological
station approximately 7 km south of the study site (Atmospheric Environment
Service, 1985).
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The Carberry sandhills are a part of the Aspen Parkland Ecoregion within the

Prairies Ecozone (Smith et al. 1998). The vegetation changes with degree of soil

stabilization, slope, aspect and drainage and is a complex mix of plant associations.

The grasslands on the drier landscapes are dominated by Sfþa sparfeâ*, S.

comata, Koeleria cristata, Bouteloua gracilis, B. curiipendula, Andropogon gerardii,

Schizachyrium scopariurn, and Agropyron trachycaulum. These are typically found in

association with Carex spp., Pofentilla pensylvanica, P. arguta, Geum triflorum, Anemone

patens, Lithospermum canescens, Artemisia ludoviciana vat. gnaphalodes, Solidago

missouriensis and the spike-moss Se/agrnella densa. The principal species observed

colonizing the active dunes include grasses such as Andropogon gerardii and Oryzopsis

hymenoide,s, usually in association with Elaeagnus commutata, Lygodesmia juncea and

Helianthus petiolaris. Populus tremuloides, P. balsamifera and Quercus macrocarpa

characterize the groves of aspen parkland found throughout the area. Where fìre has

been prevented shrubs such as Symphoricarpos occidentalis, Elaeagnus commutata,

Amelanchier alnifolia, Prunus virginiana, P. pensylvanica, and Rosa spp. are common and

are found with a varieÇ of herbs such as Lathyrus ochroleucus, Aralia nudicaulis, and

Smilacina stellata.

White spruce (Picea glauca) characterizes the mixed forest areas and is found with

Populus tremuloides, P. balsamifera and Betula papyrifera, usually in locally humid sites

such as depressions and on north facing slopes. Commonly associated with these

species are Juniperus communis, Arctostaphylos uva-ursi, Polygala senega, Cornus

* Nomenclature follows Gould (1975) for grasses; Scoggan (1978-79) for other
vascular plants.
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canadensis and the lichens Cladonia arbuscula"* and Cetraria islandica. The white spruce

stands are considered to be relict populations left as the archaic boreal forest retreated

north (Ritchie 1960, Shay 1976). ln the wetter areas Larix laricina, Picea mariana and

wetland species are encountered.

2.2 MFTHODS

2.2.1 Study Sites Selection

Following an initial reconnaissance of the general area in 1982, guided by relevant

aerial photography, three areas within the sandhills were chosen to represent a diversity of

habitats for Andropogon gerardii. Due to the mosaic nature of the vegetation and the fact

that bluestems were not found throughout the study area, habitat selection was based

upon the following criteria:

(1) The presence of a large population of bluestems in relatively undisturbed conditions.

Since the study area within the Military Reserve had been used historically as a military

training ground, and was still being used in that capacity, evidence of human

disturbance (e.9., shrapnel, evidence of fires, signs, trails, vehicular scouring, etc.) was

frequent. Care was taken to select sites free from such activity.

(2) Representative stages of colonization. Due to the heterogeneity of the plant

associations and landforms, sites were selected to represent different stages of local

vegetation development, as inferred from the type and abundance of plant cover.

The three study sites selected were sparsely vegetated sand dunes (the Dune

sites), an area of intermediate vegetation colonization (lntermediate sites), and a fully

** Nomenclature for lichens follows Hale (1969)
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vegetated sand dune pra¡rie (the Prairie sites). Study sites, in which three replicate

sampling areas of approximately 0.5 ha in size were randomly selected, were located

within 1.5-2.0 km of each other. Due to a severe infestation of poison ivy, only two prairie

sites were safe to sample. Thus, sampling was carried out on three adjacent dune sites,

three adjacent areas of intermediate stabilization, and two prairie sites.

2.2.2 Site Description

2.2.2.1 Precipitation

ln the centre of each site, one V-shaped plastic rain gauge was placed

approximately 1.5 m above the soil surface. Coloured oil was added to prevent

evaporation of water. The amount of rainfall was recorded approximately every two weeks

and new oil added when necessary. ln addition, precipitation records for the Glenboro

meteorological station (7 km. south)were obtained.

2.2.2.2 Wind

lnstantaneous wind speed was monitored on each site periodically throughout the

growing season at heights of 50 and 100 cm above the ground surface. Readings were

taken using a hand-held Casella anemometer at 15 second intervals for 2 minutes.

Average wind speed was calculated for the 2 minute test period. Data were collected on

the same day for all sites, at approximately the same time of day, with 18 separate

readings taken at each location.

2.2.2.3 Sand Movement

Dune sand erosion and accretion were monitored at the beginning, middle, and

end of each growing season. Wooden stakes 3 m in height and marked in centimetre

27



interuals, were placed along transects perpendicular with and parallel to the leading edge

of the dune. This placement resulted in one transect of 12 stakes 5 m aparl (stakes 1-12)

spanning a trough between two dune ridges and another transect of 5 stakes placed 20 m

apart (stakes 13-17) established from the toe of the dune to an area behind the dune crest.

The amount of sand erosion or deposition was determined from measurements taken

from the top of each stake to the sand surface.

2.2.2.4 Temperature

(1) Air Temfreratrrre ln 1983 and 1984, one battery-powered Grant temperature recorder

was located adjacent to a bluestem plant in each site. ln 1984, probes were placed on

the soil surface beside the culm, and at 10 and 20 cm intervals above the soil.

Recordings were made at hourly intervals for two-week periods from June to

September, dependent upon battery strength and battery or chart replacement

schedules. Ambient air temperature data were obtained from the Glenboro

meteorological station where maximum and minimum daily temperatures were

recorded throughout the growing season.

(2) .Snil Temfreratttre Temperature probes connected to the Grant recorder were also

inserted horizontally in the soil column at the same location at depths of 10, 20 and

30 cm. Data were recorded as described above.

2.2.2.5 Soils

(1) Textt're Soil texture was determined from two soil samples collected from randomly

selected (using a table of random numbers) places in transects established across

each site. lf necessary, vegetation was clipped, and two soil cores were extracted

from a soil depth of 5-15 cm (approximate volume 500 cm3 each) and placed in plastic
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bags. Five replicate samples were taken from each study site and returned to the

laboratory in the Botany Department at the University of Manitoba for analysis.

Samples were subsequently air dried and sieved through a 2 mm mesh to remove

coarse debris. A weighed sand fraction was dried and placed in a series of sieves of

1.0, 0.5, 0.25,0.1and 0.05 mm mesh diameter. Each fraction was then dried at 80.C

to a constant weight to determine the weight of each size class. Soil textural type was

determined from a standard soil triangle (Brady, 1984).

(2) Chemisfry Soil samples were collected in July and August 1983, and May and July

1985. Sample locations were the same as for soil texture. Soil cores (500 cm3 each)

were taken from beneath clipped Andropogon gerardiiplants and also from the vicinity

of each plant (0.5-1.0 m away) in an area of bare soil. Twenty samples were collected

in each study site. Cores were placed in pre-labelled plastic bags and taken to the

laboratory where they were air dried, sieved using a 2 mm mesh and individually

boxed. Analyses of pH, N, P, K, Ca, Mg, S, and carbonates were conducted by the

Manitoba Provincial Soils Testing Laboratory at the University of Manitoba.

(3) Moistrrre ln 1983 two soil irrometers (lrrometer Company of California) were installed

at a depth of 30 cm in each habitat to monitor soil moisture tension, an index of

available soil water (Kramer 1969). A monitoring system such as the lrrometer allows

continuous field observations to be taken. Soil moisture tension readings were taken

for several consecutive days at approximately two-week intervals. Unfortunately

difficulties arise when attempting to measure field soil moisture tension in extremely

sandy soils, where the large particle size of sand allow less than optimal contact

between the ceramic tip of the irrometer and adjacent soil particles. Optimum

conditions for these instruments occur in medium and fìner textured soils, and in

circumstances where soil moisture tension is less than one negative atmosphere.
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Mindful of these constraints, and in the absence of available alternative measurement

techniques, irrometers were used in 1983 to allow comparison of soil moisture trends

across study sites having the same type of soil. The lrrometers were thus relied upon

to generate comparative rather than absolute measurements.

ln addition, soil samples were collected from each site for determination of gravimetric

soil water content in the spring and fall of 1983. Three replicate samples were taken

from depths of 5, 10,20 and 30 cm, with additional samples at 40 and 50 cm on the

dunes. Each sample was placed in double plastic bags and returned immediately to

the laboratory for gravimetric analyses. Samples were weighed and dried at 90"C to a

constant mass.

2.2.3 Vegetation Sampling

2.2.3.1 Community Composition

Plant community composition in each site and the herbaceous cover of all species

were measured using the point-frequency frame (Goodall 1952). The point frame

consisted of 10 pins spaced 10 cm apart in a folding wooden frame. ltwas placed at 1 m

intervals along a 20 m transect located randomly at each site. This resulted in 200 sample

points per transect. The contact of plant aerial parts by each pin was recorded by species

using the all-contacts method (Whitman and Siggeirsson 1954). Base contacts of pins on

either bare ground or litter were also recorded. Relative percentage cover was then

determined as the percentage cover of each species intercepted by the pins relative to the

total number of interceptions. A list was made of all plant species found at each location.
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2.2.3.2 Biomass

ln July and August 1983, the above ground plant biomass in each site was

sampled using at least 15 quadrats,0.25x0.25 m, placed at intervals determined by a

table of random numbers along a transect traversing each site. The transect was located

using a random numbers system corresponding to direction. Subsequent transects were

placed parallel with and 5 m distant from the previous one. Within each quadrat plant

aerial parts were clipped at ground level and placed in labelled paper bags. Previous

years' dead material and litter were excluded and bluestems were separated from other

species. Samples were then taken to the lab and dried in a forced air oven at 80"C for a

minimum of 48 hours. Material was weighed to the nearest 0.01 g on an Mettler PE 360

digital balance.

2.2.3.3 BluestemDensity

ln mid-August, 1983 and 1984, at the period of peak growth, Andropogon gerardii

shoots were counted. Five quadrats (0.25 x 0.25 m) were located by means of random

numbers along a transect running from east to west across each site. The number of

above-ground shoots within each quadrat was recorded for the following phenological

stages:

o êfnêtgênce to early vegetative;

o mid-vegetative (pre-reproductive);

o earl! reproductive to flowering; and

o late flowering to seed dispersal.
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2.2.4 Data Analysis

All statistical data analyses were carried out on the mainframe computer at the

University of Manitoba using the StatisticalAnalysis System (SAS, 1982).

lnitially environmental data were tabulated and graphed. Then Analysis of

Variance (ANOVA) and multiple range tests (e.9., Student-Newman-Keuls) were used to

assess differences among populations for soil N, P, K, Ca, Mg, S, carbonate and pH.

Canonical discriminant analysis (DISCRIM) was used to describe the site differences in

terms of soil chemistry.

Community composition was analyzed using canonical discriminant analysis. This

multi-variate procedure is useful when individuals are in groups defined a priori, and the

objective is to determine how different the groups are and summarize those variables that

are the most useful in group discrimination. Analysis of variance, Duncan's multiple range

test (on significant results), and univariate statistics were used in analysis of biomass and

bluestem shoot densities.

2.3 RESIILTS

2.3.1 Precipitation

Within each year, similar trends in precipitation were observed in all habitats,

with little inter-habitat variation (Table 2-1). For the four-month summer season,

approximately equal amounts of rain fell in each location. For a given month, the

amount of variation between study locations was no more than 2 cm, however the

difference was typically in the range of 0.5 cm. Total precipitation from June to August

was approximately three times greater on the dunes in 1985 than in either 1983 or 1984
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TABLE 2-1. Monthly total precipitation (cm) on the Dune, lntermediate and Prairie
study sites in 1983, 1984 and 1985

STUDY SITES

PRAIRIE
XSD

DUNE
XSD

INTERMEDIATE
XSD

1983

June

July

August

September

TOTAL June-August

1984

June

July

August

September

TOTAL June-August

1985

June

July

August

TOTAL June-August

2.42

3.73

2.97

2.72

9.12

6.21

2.19

1.34

3.17

9.74

7.44

4.62

16.86

28.92

+ 0.09

r 0.65

+ 0.46

r 0.01

t 0.04

+ 0.23

+ 0.12

+ 0.47

r 0.22

+ 0.33

r 0.84

2.58 +

N.D.1

2.98 r
2.47 r

0.11 2.81

5.69

r 0.18

r 1.16

0.04 N.D.

0.05 2.90 + 0.17

7.04 r
2.23 r
1.72 +

3.41 r
10.99

0.16 6.69 t 0.37

0.09 2.44 r 0.07

0.06 1.63 r 0.12

0.11 2.81 r 0.85

10.76

0.16 7.13 r 0.03

0.07 4.27 + 0.03

0.38 16.88 r 0.38

28.28

7.66

4.83

10.302

22.79

+

t
+

t N.D. = no data.
2 August 1-15, 1985.

Note: X = mean value, derived from 3 measurements in each location.
SD = standard deviation.
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The variation in annual precipitation on the study sites corresponded with trends

for the Glenboro meteorological station (Table 2-2). The 30-year average summer

(June-September) rainfall for Glenboro was 27.9 cm. ln 1983 and 1984, summer

precipitation for the Glenboro station was 5.7 and 10.9 cm below the 22-year mean

value respectively, while in 1985 the 4-month summer rainfall was 5.5 cm above the22-

year mean value. Comparison of monthly precipitation at the study locations with the

corresponding monthly data for 1983 and 1984 for Glenboro shows some degree of

localization of precipitation. Total monthly precipitation on study sites often differed from

the value for Glenboro, 7 km away, except for 1983 when Dune sites received about 7

cm less than Glenboro. During this study, summer precipitation was variable, and

sporadic as found in previous studies (Ward 1980, McKernan 1984). Frequently,30-

50% of the total monthly precipitation fell on a single day (Table 2-3).

2.3.2 Wind Speed

The long term (1951-1980) averages for Brandon, the closest meteorological

station with wind records, indicate that west and west-northwest winds are the most

frequently experienced both annually, and between June and September (Environment

Canada, 1985). The highest annual mean wind speeds recorded are moderately high

being 20.6 km hr-1 from the northwest and 20.5 km hil from the west-northwest

(Figure 2-3).

During the growing season, wind speeds on the Dune and Prairie sites were

higher on average in June than in late summer (Table 2-4), and corresponded with the

general wind pattern for the area. ln June, at the 100 cm height, Dune and Prairie sites

were similar in both mean wind speed and for the extremes observed (Table 2-4),
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TABLE 2-2. Monthly precipitation (cm) for 1983, 1984 and 198b and 30 year
averages at Glenboro, Manitoba

PRECIPITATION

MONTH 1951-r980 1983 1984 1985

May

June

July

August

September

October

TOTAL June-September

5.89

7.96

9.65

5.90

4.43

2.71

27.94

5.58

5.51

4.88

5.06

6.79

1.82

22.24

2.91

5.38

2.82

2.89

5.94

12.40

17.03

5.02

11.47

2.28

14.61

5.10

2.76

33.46

Source: Atmospheric Environment Service 1985.
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TABLE 2-3. Total precipitation (cm) and monthly distribution for 1983, 1984 and
1985, Glenboro, Manitoba

DATE TOTAL
PRECIPITATION

NO. OF DAYS
WITH

PRECIPITATION

MAXIMUM DAILY
PRECIPITATION

DATE OF %OF
MONTH MONTHLY

TOTAL

r983

May

June

July

August

September

TOTAL June-September

1984

May

June

July

August

September

TOTAL June-September

l98s

May

June

July

August

September

TOTAL June-September

5.58

5.51

4.88

5.06

6.79

22.24

2.91

5.38

2.82

2.89

5.94

17.03

5.02

11.47

2.28

14.61

5.10

33.46

I
12

I
12

10

13

15

7

5

13

I
18

10

16

16

12

21

15

31

14

20

20

12

5

11

30

24

16

3

19

44.1

32.3

45.9

23.6

34.5

23.4

32.7

47.5

47.1

39.4

32.3

26.2

36.8

60.0

46.9

Source: Atmospheric Environment Seryice 1985.
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TABLE 24. Average, extreme high and low wind speeds (km hrr)for Dune, lntermediate
and Prairie sites in the Carberry Sandhills, 1983. Values are the mean from nine
separate recording periods each month t standard deviation.

INTERMEDIATE PRAIRIE

JUNE

Mean Wind Speed

- at 100 cm

-at 50cm

Difference

Highest Speed

- at 100 cm

-at 50cm

Lowest Speed

- at 100 cm

-at 50cm

AUGUST

Mean Wind Speed

- at 100 cm

-at 50cm

Difference

Highest Speed

- at 100 cm

-at 50cm

Lowest Speed

- at 100 cm

-at 50cm

11.9 t 4.5

8.6 r 2.5

3.2!2.2

20.8

12.9

6.0

5.5

8.6 * 5.7

4.5 t 3.9

4.1 t2.7

20.1

14.5

1.2

0.8

5.2 ! 1.0

3.5 + 1.6

1.7 !2.7

6.4

4.5

4.5

1.6

6.7 !2.9

3.7 !2.2

2.8 ! 1.6

12.6

8.0

3.1

0.8

10.6 r 4.8

5.8 r 2.3

5.1 t 3.5

20.0

9.9

4.5

3.2

5.813.0

3.5 r 2.3

2.2 x 1.6

9.7

8.0

1.2

0.8
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exceeding those for the lntermediate sites. This may be influenced in part by topography.

Sparsely vegetated Dune ridges and un{reed Prairie slopes are both high wind

exposure environments. At the 50 cm height, the effect of vegetation did not decrease

wind speed on the Dunes as noticeably as on the Prairie and lntermediate sites. The

generally low wind speeds at both heights observed on the lntermediate sites were

partly a result of local topography, these sites being shallow depressions, and partly a

result of the high proportion of standing dead grasses that persisted from the previous

growing season.

ln late summer, even though vegetation cover was at its peak, the mean wind

speed and highestobserved speed on the Dune atthe 100 cm heightdid notfall as much

as those recorded for the Prairie (Table 24). Although Andropogon gerardii and Elymus

canadensis on the Dunes often exceed 100 cm in height, the wide spacing of the plants

and long expanses of open sand allow for greater wind speeds. The reduction in wind

speed at the 50 cm height was approximately 50% in all habitats.

2.3.3 Sand Movements

A summary of the total sand movement obserued on the Dune transects is given in

Figure 2-4. For the transect oriented perpendicular to the prevailing no¡th-west winds

(Figure 24a), the zones of maximum sand deposition occurred on the elevated slopes and

ridges (stakes 1,2,3, 11 and 12). The deposition area was actually part of the windward

slope immediately behind the Dune crest which acquired sand blown from the long sloping

heel. Between 10 and 50 cm of sand was deposited in these areas over a 19-month study

period. Erosion occurred in the low trough between the two ridges, where between 10 and

40 cm of sand was lost during this time. Periodically, stakes 6-9 were blown down and

had to be re-positioned and their new elevations noted. High winds were common in the
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central portion of the transect, with the trough and ridges creating a wind tunnel effect

because the trough was oriented along the axis of the prevailing winds. Vegetation cover

was confined primarily to the ridge tops and slopes in the vicinity of stakes 1-5 and 10-12

and was typically absent at the base of the trough. The Dune trough was generally

unvegetated, but an occasional Lygodesmia juncea and Helianthus petiolaris plant

colonized this open area.

The transect oriented parallel with the wind (Figure 24b) revealed the major area

of sand deposition to be slightly past the crest and leading edge of the Dune (stakes 16

and 17). The stake immediately windward of the Dune crest also acquired sand, but to a

lesser degree (stake 15). Care was taken to disturb the sand as little as possible when

measurements were taken on stakes 16 and 17. Over a 19-month observation period,

approximately 63 cm of sand was deposited at the toe of the Dune. The major area of

erosion was along the back of the windward slope, at stakes 13 and 14, where over 30 cm

of sand was lost, similar to the trough described above. Typically, these areas were

unvegetated, with the exception of scattered Helianthus petiolaris plants that appeared

during mid-summer. Beyond the Dune crest near the location of stake 16, a clump of

Andropogon gerardiiwas in the process of being covered by sand.

September, October (possibly the winter) and early spring saw maximum sand

movement, when strong north and west winds were common (Figure 2-3 and Table 2-5).

This is expected as the winds are strongest at these times, and act upon the dry surface

layers of sand when senescent vegetation provides minimum cover.

2.3.4 Air and Soil Temperature

Comparisons between habitats for air and soil temperatures were possible only

where data were available for sites on the same day, and where verifications of dates and
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TABLE 2-5. Dune sand movements during an 1 1 month period 1983-1984 (stake
numbers refer to Figure 24)

STAKE
NO.

TOTAL SAND
MOVEMENT

23 0CT/83 TO
29 SEP/84 (cm)

MOVEMENT
DYNAMIC

% OF TOTAL SAND MOVEMENT

23 0CT/83 22MAYI84
TO TO

22MAYI8,4 5 JUNE/84

5 JUNE/84 24 AUGIB4
TO TO

24 AUGI8,4 29 SEPT/84

Perpendicular to Wind

21

17.5

10

10

22

29

33

24

19

12

10

33

Parallel to Wind

1

2

3

4

5

6

7

I
o

10

11

12

13

14

15

16

17

24

23

11

21

33

52.4

45.7

35.0

0.0

53.0

53.4

57.6

39.6

5.3

8.3

30.0

81.8

62.3

60.8

0.0

23.8

72.7

19.0

11.4

5.0

30.0

15.9

12.1

12.1

10.4

26.3

16.7

10.0

6.1

0.0

6.5

27.3

4.7

24.2

14.3

17.2

20.0

30.0

17.5

17.3

18.2

25.0

26.3

33.3

30.0

4.6

21.0

11.0

27.2

43.0

3.1

14.3

25.7

40.0

40.0

13.6

17.2

12.1

25.0

42.1

41.7

30.0

7.5

16.7

21.7

45.5

28.5

0.0

Deposition

Deposition

Deposition

Deposition

Erosion

Erosion

Erosion

Erosion

Erosion

Erosion

Deposition

Deposition

Erosion

Erosion

Deposition

Deposition

Deposition
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time of day were possible. The -10 cm probe on the Dunes recorded very sporadically

and therefore only data from -20 cm and -30 cm depths were used. Due to persistent

problems with the instruments (e.9., paper jamming, recordings at inconsistent time

intervals and periodic probe malfunction), results will be presented only for the following

problem free periods: June 6-7 , 19-21 and July 14-16 1984 for the Dune and Prairie.

ln early June both sites demonstrated the variable nature of daily temperatures in

spring, where temperature differences between the soil (-20 cm depth) and air (+10 cm

height) ranged from 3oC to 15"C in a single day (Figures 2-5 and 2-6). More consistent

temperature patterns and generally higher temperatures were observed later in the

month and into July. For example, Dunes exhibited generally higher soil and air

temperatures, with rapid warming of air in the late morning to a daily maximum in the

early afternoon and gradual cooling in the late afternoon (Figure 2-6). Maximum air

temperatures and the greatest range in daily maximum and minimum temperature were

found just above the sand sudace, presumably resulting from reflective heat transfer.

Changes in soil temperature were observed approximately 2-3 hours after changes in

the soil surface temperature. As expected, soils showed less diurnal temperature

variation than surface and air temperatures.

Although Prairie and Dune temperature response curves were similar, the average

maximum surface temperature and maximum air temperatures were higher on the Prairie

at comparable heights. The greatest range in temperature and the highest daily

temperature occurred at the soil surface on the Prairie, probably a result of surface litter in

the Prairie preventing radiation. Although the soil temperatures on the Prairie were slightly

lower than those for the Dune, the variation was less (Figures 2-6). Whereas the change

in air temperature was fairly abrupt in the late mornings and late afternoons, the soil
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temperatures showed little change and usually lagged behind the surface air temperature

by 8-9 hours.

2.3.5 Soils

(1) Texture Soils at the three sites were extremely sandy (Table 2-6), with no appreciable

difference between habitats. Little or no silt or clay was found on the Dune or

lntermediate sites. The Prairie soils contained approximately 4.5% silt, probably the

result of the increased litter and vegetation cover trapping windborne fine materials,

and their subsequent incorporation into surficial soil layers.

(2) Chemistry Significant differences were found among the sites for K, S, Ca, Mg, pH

and carbonates (Table 2-7). No significant differences were found for N or P. Soils

from Dune and lntermediate sites had higher pH, carbonate and Ca concentrations

than those from Prairie sites. Prairie soils had higher concentrations of K, S and Mg.

Concentrations of K and Mg were significantly higher in the plant root zone than in the

unvegetated soil nearby. No significant interactions were found between populations

and sample type (bare soil vs. under plant).

ln general, Prairie soils had higher concentrations of N, P, K, S and Mg and lower

concentrations of Ca than Dune or lntermediate soils for both vegetated (root zone)

and unvegetated samples (Table 2-8). ln all populations, concentrations of K and Mg

were significantly higher in the rooting zone while concentrations of S and Ca were

higher in the unvegetated soil (Table 2-8).

Ïhe results of the canonical variates analysis (CVA) indicated that the first two

canonical variates were significant and corresponded to carbonates and

concentrations of K and Mg (Table 2-9). Discrimination was found among the three
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TABLE 2-6. Particle size distribution for soils in Dune, lntermediate and Prairie sites

STUDY SITES

DUNE INTERMEDIATE

TEXTURAL CLASS (%)

Clay

sitt

Sand

SAND FRACTIONS

Very coarse sand (2.0-1.0mm)

Coarse sand (1.0-0.5mm)

Medium sand (0.5-0.25mm)

Fine sand (0.25-0.1mm)

Very fìne sand (<0.1mm)

0.46 t 0.50

0.89 t 0.76

98.65 t 0.71

0.04 r 0.02

0.18 r 014

55.75 r 16.18

41.23 t 15.08

2.79 ! 1.35

0.09 t
1.69 t

98.21 !

0.13 t
1.49 t

63.95 r
31.41 t
3.01 r

0.18 0.58

0.51 4.31

0.65 95.12

0.07 0.33

0.55 1.33

5.79 59.82

6.26 35.65

0.62 2.86

I
+

t

0.46

0.69

0.31

0.24

0.20

6.12

5.81

0.72

Note:X = mean value for 5 replicate samples per site.
S.D. = standard deviation.
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TABLE 2-7. Analysis of variance and Student-Neuman-Keuls (SNK) multiple range test for
soil chemistry variables in Dune, lntermediate and Prairie sites, July 1985

VARIABLE POPULAT¡ON

F p>F F p>F

pH 3.79 0.0006 0.23 NS

Carbonates 46.17 0.0001 0.05 NS

N (ppm) 1.47 NS 0.40 NS

P (ppm) 2.24 NS 0.11 NS

K (ppm) 165.77 0.0001 18.31 0.0001

S (ppm) 9.42 0.0001 0.20 NS

Ca (ppm) 18.26 0.0001 2.40 NS

Mg (ppm) 64.96 0.0001 4.67 0.03

VARIABLE POPULATION

DUNE INTERMEDIATE PRAIRIE
(n=20) (n=19) (n=20)

pH LOoa 7.goa z.6ob

Carbonates 3.15a. 3.52a 1.STb

N (ppm) 3.s8a 3.ssa 4.goa

P (ppm) z.g2a 2.96a 3.3b4

K (ppm) 3g.oob 4o.sob 63.104

s (ppm) 9.40b 6.63b 14.goa

ca (ppm) zlll.sea 24sr.4oa 2024.s0b

Mg (ppm) 6o.B5b 43s2c ios.Tsa

VARIABLE sotL

UNDER PLANT** BARE
(n=30) (n=30)

K (ppm)

Mg (ppm)

s1.1a 43.2b

74.0a 65.gb

" Means in the same row with the same letter are not significantly different (o=.05).
"* Andropogon gerardii
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TABLE 2-8. Soil chemistry under A. gerardiiplants and in nearby unvegetated soils from Dune,
lntermediate and Prairie sites in July 1985; data are mean (X), standard error (SE)and coefficient
of variation (CV) (n=20 for each site)

DUNE INTERMEDIATE

UNDER PLANT BARE SOIL UNDER PLANT BARE SOIL

X SE CV XSECV X SE CV SE CV

cos 0.20

pH 7.99

N(ppm) 4.34

P(ppm) 2.U

K(ppm) 42.50

S(ppm) 7.48

Ca(ppm) 2443.00

Ms(ppm) 66.30

0.25 7.8 3.1

0.24 33.0 8.0

1.40 32.2 2.8

0.32 12.6 3.3

5.50 12.9 33.5

22.20 29.4 11.3

121.20 4.9 25U.0

5.60 8.4 55.4

0.28 9.0 3.60

0.21 2.6 8.10

0.24 8.5 3.18

0.47 14.2 3.04

1.30 3.8 45.00

2.90 25.6 5.60

78.20 3.0 2372.00

2.80 s.0 44.00

0.22 6.1 3.40

0.10 1.2 7.80

0.20 6.3 3.98

0.51 16.7 2.89

2.50 5.6 3s.s0

2.40 42.8 7.78

69.90 2.9 2552.20

1.41 3.2 42.56

0.24 7.1

0.20 2.5

0.96 24.1

0.38 13.1

1.76 4.9

3.12 40.0

72.40 2.8

0.90 2.1

PRAIRIE

UNDER PLANT BARE SOIL

x SE GV X SE CV

co¡ 1.45

pH 7.60

N(ppm) 3.78

P(ppm) 3.52

K(ppm) 65.80

S(ppm) 13.66

Ca(ppm) 2009.00

Ms(ppm) 111.70

0.28 19.3

0.10 1.3

0.38 10.1

0.64 18.2

3.57 5.4

2.65 19.4

101.30 5.0

8.10 7.3

1.70 0.26 15.3

7.60 0.13 1.7

6.06 1.40 23.0

3.18 0.65 20.3

60.50 2.70 4.5

16j4 1.97 12.2

2040.00 88.30 4.3

99.80 6.39 6.4
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TABLE 2-9. Canonical discriminant analysis of soil chemistry data, July 1985

CANONICAL
CORRELATION

CANONICAL
f

p>F

cl

cll

0.927

0.799

0.860

0.640

6.20

2.90

0.0000

0.0000

STRUCTU RE CORRELATIONS

cllcl
pH

Carbonates

N

P

K

S

Ca

0.43

0.83

-0.18

-0.09

-0.39

-0.48

0.61

-0.91

0.22

0.29

0.06

-0.30

-0.70

-0.01

0.39

-0.12
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sites for the soil chemistry variables examined (Figure 2-7). The populations were

separated on the first canonical axis (Cl) by an inverse function of Mg concentration

and carbonates, while Dunes were distinct from the other populations on the second

canonical axis (Cll) by an inverse function of K concentration.

(3) Moistrrre lrrometers were used to measure in situ soil water potential. This is a

measure of the energy with which moisture is held in the soil and indicates how readily

available the water is for plants (Kramer 1969). Although several irrometers were

placed at each location to facilitate control over intrasite variation, the data presented

are only for the instruments that worked consistently throughout the growing season in

1 983.

The values for soil moisture tension indicated a drying trend from early June to August

in all habitats (Figure 2-8). lntermediate and Dune sites showed a subtle drying trend,

but this was most pronounced on the prairie.

ln June the gravimetric soil moisture was 2-3o/o for all habitats, and similar at the

various depths (Table 2-10). The soil moisture data corresponded with the distribution

of rainfall. For example, the dry period from approximately July 15 to August 15

showed the greatest increase in tension values on the Prairie (Figure 2-8). Tension in

the lntermediate and Dunes also increased during this period, but to a lesser degree.

Soil moisture tensions declined on all sites after September 5, indicating increased

moisture availability, presumably the result of the precipitation during the last half of

August. Whereas total precipitation in September 1983 was comparable with June

1983 (Table 2-2), soils at the three study sites showed different increases in

gravimetric water content at different depths. ln the surface 10 cm of soil, September

water content was up to 2.24 times greater than the June water content across all
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TABLE 2-10. Gravimetric soil moisture contentl for Dune, lntermediate and Prairie
sites in June and September, 1983

LOGATION DEPTH (cm) SOIL MOISTURE %

JUNE SEPTEMBER

RATIO OF
SEPTEMBERY

JUNE

DUNE

INTERMEDIATE

PRAIRIE

5

10

20

30

40

50

Mean 5-30cm

5

10

20

30

Mean 5-30cm

5

10

20

30

Mean 5-30cm

2.05

2.29

1.87

2.43

2.90

3.20

2.16

2.28

2.29

2.13

2.15

2.21

1.78

2.06

2.07

1.95

1.97

2.10

2.54

3.46

3.46

4.21

5.10

2.96

2.76

3.77

3.50

3.24

3.32

1.87

4.63

4.36

2.95

3.45

1.02

1.11

1.85

1.85

1.45

1.59

1.37

1.21

1.65

1.64

1.51

1.51

1.05

2.25

2.11

1.51

1.75

t Values represent the mean of three samples at each depth.
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three sites. ln contrast, September water content in the strata deeper than 10 cm at all

sites varied from 1.45 times the June water content (at the Dune location)to 2.11 times

the June water content (at the Prairie location) (Table 2-10).

ln June, gravimetric soil moisture contents were between 1.7 and 2.4o/o and similar for

all sites to depths of 30 cm. However, Dune soil moisture at 30 cm soil depth and

deeper exceeded that for either the lntermediate or Prairie sites at the same depth.

Where soil moisture was measured at greater depths on the Dunes, it gradually

increased to 32% at 50 cm. ln September, this was more pronounced. lntermediate

and Prairie sites were higher than the Dunes in soil moisture down to 20 cm soil depth

as observed earlier in the spring. At 30 cm Dune soil moisture content surpassed that

on the lntermediate and Prairie sites at the same depth, and increased to 5.1%

moisture at 50 cm.

2.3.6 Plant Community Composition

A total of 120 plant species was encountered in the vicinity of the three habitats.

However, the number of species observed during point frame analysis of cover in each

community was only 58 (Ïable 2-11). The number of species increased from the Dune (10

sp) to the lntermediate sites (26 sp), and from the lntermediate to the Prairie (42 sp). As

the number of species increased the total vegetation cover predictably followed a similar

pattern, approximately quadrupling between the Dune and Prairie habitats. Associated

with this was a marked increase in litter accumulation, especially between the Dune and

lntermediate sites. With the increases in vegetation cover and litter production the decline

in the amount of bare ground was dramatic.
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TABLE 2-11. Mean relative percentage plant cover for Dune, lntermediate and Prairie
Communities. Scientific names follow Scoggan (1gZB-1g7g).

POPULATION

DUNE INTERMEDIATE PRAIRIE

SPECIES SE SE SE

Oryzopsis hymenoides

Andropogon gerardii

Elaeagnus commutata

Elymus canadensis

Lygodesmia juncea

Helianthus petiolaris

Rumex yenosus

Petalostemum villosum

Oenothera nuttallii

Le s q u e re I I a I u d ov i c i a n a

Koeleria cristata

Sch izachyriu m scopari um

Artemisia campestris

Equisetum hyemale

Sofdago spp.

Sporobolus cryptandrus

Festuca ovina

Carex spp.

Populus tremuloides

Senecio spp.

Bouteloua cuñÌpendula

Cal amovilfa longifoli a

Arctostaphylos uva-u rsi

J u ni peru s horizontalis

Cfrrysopsis villosa

Bouteloua gracilis

Asferpansus

Linum lewisii

Selaginella densa

Stipa comata

Carex filifolia

Stipa spartea

59.5

16.4

8.9

6.9

4.4

1.2

0.5

0.4

0.1

0.1

5.6

4.5

2.5

1.8

1.1

0.6

0.4

0.4

0.1

0.1

0.4

14.2

3.8

1.3

0.4

2.8 8.3

1.0

0.4 0.04

0.09 0.3

0.2

1.9 2.0

2.8 4.7

1.1

1.9

1.1

1.0

0.6 0.1

0.4 17.4

0.8

0.3

0.5 7.5

0.2 6.8

0.3 2.5

0.3

0.2 0.04

0.2 5.3

0.2

0.04

12.7

7.3

3.8

3.2

1.6

0.04

0.14

0.3

27.4

22.6

6.3

5.0

4.9

4.2

1.5

0.95

0.8

0.6

0.5

0.3

0.3

0.3

0.3

0.2

0.2

0.04

0.5

0.9

0.3

0.8

1.1

1.1

0.04

0.7

0.1

1.6

2.5

1.2

0.9

1.0



POPULATION

DUNE INTERMEDIATE PRAIRIE

X SE SE SE

Añemisia frigida

Rosa spp.

Helianth us laetifloru s
var. subrhomboideus

Rhus radicans

Prunus virginiana

Antennaria campestris

Cam pa n ul a rotu ndifolia

Asclepias viridiflora
var.lanceolata

M u h I e n be rg ia rÌ ch ard so n i i

Litho spe rm u m ca n e sce n s

Arfemisia ludoviciana
var. gnaphalodes

Physalis virginiana

Lithospermum incisum

Prunus pensylvanica

Prunus pumila

And ro sace se pte ntri o n a I i s

Tragopogon dubius

Petaloste m u m pu rpu re u m

Ag ro pyro n trachyca ul u m
var. subsecundum

Amelanchier alnifolia

Mirabilis hirsute

Arabis holboellii

Allium cernuum

Erysimum asperum

Mosses

Lichens

3.0

0.1

1.3

0.1

2.0

1.8

1.8

1.8

0.6

0.3

0.3

0.3

0.3

0.3

0.3

0.2

0.2

0.2

0.1

0.1

0.'1

0.1

0.1

0.04

0.03

0.02

0.01

0.01

1.2

6.2

0.4

0.4

0.3

0.9

0.2

0.2

0.2

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.09

0.1

0.1

0.04

0.1

0.04

0.02

0.02

0.01

0.01

0.4

'1.3

Mean total no. species

Total vegetation cover (%)

Bare ground (%)

Litter (%)

4.05

14.17

77.15

8.46

8.65

22.20

23.96

53.85

0.29

1.51

1.31

1.24

0.36 15.32

2.26 54.87

2.68 1.75

2.68 44.01

0.63

2.63

0.34

2.59

55



The relative mean percentage cover values for each species within each

community are given in Table 2-11. ln the analysis some species were grouped into their

appropriate genus: Carex species other than C. filifolia, Solidago missouriensis, S.

nemoralis, S. rigida and S. mollis. Non-vascular plants were included in the analysis, but

were classed as moss and lichens. Although the focus was on vascular plants, mosses

and lichens contributed significantly to the ground cover in certain habitats.

Species with the highest relative cover values differed in each habitat (Table 2-11).

On the Dunes, Oryzopsis hymenoides far exceeded other species with 59% relative cover,

followed by Andropogon gerardii (16%), Elaeagnus commutata (9%), and Elymus

canadensis (7%). Tne lntermediate sites were characterized by co-dominance of Koeleria

cristata (27%) and Schizachyrium scoparium (22%), with Andropogon gerardii (14o/o) and

Artemisia campestris (6%) also well represented. A more equitable distribution of relative

cover values was typical for the Prairie. Carex spp. (17%) and Selaginella densa (12%)

were more abundant than A. gerardii(8%), Sftpa comata (7%), Calamovilfa longifolia (7o/o),

Bouteloua curtipendula (7%) and B. gracilis (5%). A larger number of species, each with a

fairly low relative cover characterized the Prairie.

Some species overlap was observed between the Dune and lntermediate, and the

lntermediate and Prairie communities, but this was accompanied by substantial differences

in cover. For example, Lygodesmia juncea and A. gerardiiwere found in all three habitats,

but declined in cover progressively from the Dune to the Prairie. Dominants in one habitat

were conspicuously absent in others. Together, Koeleria cristata and Schizachyrium

scoparium had 50% relative cover in lntermediate sites but less than 7% on the Prairie.

The Bouteloua spp., while uncommon in lntermediate sites (both less than 1%), were more

prominent on the Prairie (12%).
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The results for the CVA using the summary variables (Table 2-12 and Figure 2-g)

support the contention that three different communities were involved. The variation

explained by the first canonical axis was high (f=0.95), reflected in the significant

eigenvalues and squared canonical correlations (Table 2-12). The three communities

were well discriminated with respect to the first axis, corresponding to a positive

relationship with number of species and a negative relationship with the amount of bare

ground. The second axis, associated with total vegetation cover and negatively with litter,

was not as useful in distinguishing the three communities.

A CVA using all species, bare ground and litter was limited by too many variables

for the number of observations and a high proportion of zero cover values in the data

set. Therefore, variables were only included when their relative cover exceeded 1%.

This resulted in 30 variables (Table 2-13 and Figure 2-10). Both canonical variates were

significant (Table 2-12). The eigenvalues were higher for both variates in this analysis

than the previous one, indicating that more of the variability in the data was accounted

for (Table 2-13).

The correlations (Table 2-13) showed high positive loadings on the first canonical

variate for bare ground, Oryzopsis, and the number of species, while Carex and Bouteloua

cuñipendula were negatively loaded on the first variate. Litter, Schizachyrium and Koeteria

were highly positively loaded on the second axis while Oryzopsis had the highest negative

loading (Figure 2-10). The three communities were well separated with respect to both

axes. The discriminating variables of bare ground and Oryzopsrs separated the Dunes

and lntermediate sites from the Prairie, while increasing cover of B. cutiipendula, Carex

spp. and a greater number of species characterized the position of the Prairie on the far

left side of the first axis. Separation on the second axis reflected the high Oryzopsrs cover
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TABLE 2-12. Canonical discriminant analysis for Dune, lntermediate and Prairie community
vegetation data

CANONICAL
CORRELATION

GANONICALT'z PROPORTION
OF VARIANCE

EXPLAINED

F p>F

CI

cil

0.97

0.67

0.95

0.46

0.96

0.3

90.3

18.1

0.0001

0.0001

STRUCTU RE CORRELATIONS

cilct
Number of Species

Bare Ground (%)

Vegetation Cover (%)

Litter (%)

0.88

-0.99

0.77

0.76

0.38

0.03

0.61

-0.64
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TABLE 2-13. Canonical discriminant analysis for Dune, lntermediate and Prairie community
vegetation data

CANONICAL
CORRELATION

GANONIGALT' PROPORTION
OF VARIANCE

EXPLAINED

F p>F

CI

cil

0.99

0.98

0.99

0.96

0.83

0.17

78.14

37.73

0.0001

0.0001

STRUCTU RE CORRELATIONS

cilct
Bare Ground

Litter

Number of Species

Oryzopsis hymenoides

Sch izachy ri u m scopa ri u m

Koeleria cristata

Carex spp.

Bouteloua cuftipendula

0.86

-0.47

0.89

0.63

0.10

0.25

-0.83

-0.75

-0.48

0.74

0.10

-0.63

0.79

0.90

-0.13

-0.11
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on the Dunes. The lntermediate habitat was well diflerentiated by litter, Koeleria and

Schizachyrium, all highly positively loaded on the second axis.

2.3.7 Bluestem Density

Andropogon gerardii reproductive and vegetative shoot density was lower in 1984

than in 1983 for all sites. This is likely due to the dry conditions throughout the 1983

growing season. The mean total shoot density was significantly greater on the Dunes than

both the other sites in 1983 and the Prairie in 1984 (Table 2-14). While the lntermediate

site showed relatively little difference in ramet density between years, the densities on the

Prairie sites declined by more than 50%, and on the Dune sites by approximately 21%.

Vegetative shoot densities on the Dunes and lntermediate sites in 1984 (Figure

2-11) were approximately equal, and both were greater than those for the Prairie.

Reproductive stem densities were significantly different between sites (p = O.OZ)

(Table 2-15), increasing from the Prairie to the lntermediate sites, and approximately

doubling on the Dunes (Figure 2-11). Reproductive densities were slightly higher than

vegetative stem densities on the lntermediate and Prairie sites, however, on the Dunes

they were twice as high.

2.3.8 Biomass Production

Above-ground biomass of Andropogon gerardii was significantly greater on the

Dunes than in the other habitats, and was also greater in July than August (Table 2-16).

The majority of biomass in August at each site was composed of reproductive shoots,

especially on the Dune and lntermediate sites (Figure 2-12). Reproductive sienr biomass

was similar to the vegetative biomass on the Prairie. Heavier Dune plants, as indicated by
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TABLE 2-14. Analysis of variance and Duncan's multiple range test for total
shoot density, 1983 and 1984

ANOVA

SOURCE Df F p>F

1983 Population 2 6.57 0.002

1984 Population 2 3.62 0.03

DUNCAN'S TEST

MEAN*
(# m-')

n POPULATION

1983 1ag.67a

76.00b

90.00b

1984 1e2.41a

73.61ab

41.60b

48

48

40

15

15

15

Dune

lntermediate

Prairie

Dune

lntermediate

Prairie

* Mean values with the same letter are not signifìcantly different (o=.05).
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TABLE 2-15. Analysis of variance and Duncan's multiple range test for Andropogon gerardii
reproductive stem density, August 1984

ANOVA

SOURCE Df F p>F

Population 2 4.04 0.002

DUNCAN'S TEST

MEAN* N POPULATION
(# m")

70.44 15 Dune

3g.4ab 15 lntermediate

24.0b 15 Prairie

" Mean values with the same letter are not significantly different (o=.05).
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TABLE 2-16. Analysis of variance and Duncan's multiple range test for Andropogon gerardii
biomass (g t") in Dune, lntermediate and Prairie populations, July and August 1g83

ANOVA

SOURGE df p>F

Period

Population

Period x Population

I

2

2

4.15 0.04

27.56 0.0001

3.33 0.03

DUNCAN'S TEST

MEAN* PERIOD

143.Of

930.1 7b

72

64

August

July

MEAN" POPULATION

242.094

59.99b

42.46b

48

48

40

Dune

lntermediate

Prairie

* Mean values with the same letter are not signifìcantly different (o=.05).

64



|'.a

l:r' :::.::2

Reproductive Stem

Vegetative Stem

q
Ë
d

'õ
coô

Dune lntermediate Prairie

Figure 2-11: Mean reproductive and vegetative stem density for Andropogon gerard¡¡from
Dune, lntermediateand Prairie sites, August, 1984. Vertical bars representone standard error
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Figure 2-12: Mean Andropogon gerardiiabove-ground biomass from Dune, lntermediate
and Prairie sites, August, 1984. Vertical bars represent one standard error.
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weight per stem values (Table 2-17) probably resulted from the higher proportion of

reproductive culms in this population in late summer.

Community biomass (Figure 2-13) showed the opposite trend to that of

Andropogon gerardii (Figure 2-12) between the three sites. There were significant

differences in mean biomass between all populations, being greatest on the Prairie and

least on the Dune (Table 2-18). Community biomass (excluding Andropogon gerardií) was

not significantly different between the sampling periods of July and August (Table 2-18).

2.4 nrsct tssroN

2.4.1 Soil and Water Relations

Soil texture in the sandhills is a result of the glacial history of the region. The

sandhills are part of the Upper Assiniboine Delta, formed approximately 11,400 B.P. where

the old Assiniboine River emptied into glacial Lake Agassiz (Fenton ef a/. 1983). Sand

deposited by such underflow currents is better sorted than fluvial deposits. Thus

subsequent aeolian forces acted on largely pre-sorted material to form the dune landscape

(Elson 1955, Fenton ef a/. 1983). Consequently, the surface deposits on the study sites

are composed of medium and fine sands. The difference in texture between sites is a 4%

silt content on the Prairie, probably the result of the trapping of fines by the extensive cover

of vegetation and litter.

Low percentages of silt and clay were also found by Ward (1980) on Prairie sites in

this area. These data are similar to those of Chadwick and Dalke (1965) who found a

greater than 95% sand fraction in ldaho dunes and stabilized prairie sites, (although the

sand fraction was predominately in the "fìne" category). The Great Sandhills of

Saskatchewan show ag3% sand fraction in the active dune complex (Hulett ef a/. 1966),

but sand declines to 87% on the stabilized dunes and71% on the sand flats. The higher
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TABLE 2-17. Analysis of variance and Duncan's multiple range test for Andropogon gerardii
weight per stem (g) in Dune, lntermediate and Prairie populations, July and August 1983

ANOVA

SOURCE df p>F

Period

Population

Period x Population

1

2

2

5.29 0.02

33.11 0.0001

6.43 0.002

DUNCAN'S TEST

MEAN* PERIOD

1.274

o.g7a

72

64

August

July

MEAN* POPULATION

1.g24

0.g7b

0.62b

48

48

40

Dune

lntermediate

Prairie

* Mean values with the same letter are not significantly different (o=.05).
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TABLE 2-18. Analysis of variance and Duncan's multiple range test for community
(excluding Andropogon gerardii) biomass (g m-') in Dune, lntermediate and Prairie habitats,
July and August 1983

ANOVA

SOURCE Df F p>F

Period

Population 43.45 0.0001

1

2

0.50 0.48

DUNCAN'S TEST

MEAN* POPULATION

gg.20a

58.24b

11.20c

40

48

46

Prairie

lntermediate

Dune

* Mean values with the same letter are not signifìcantly different (o=.0S).
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silt and clay components in stabilized prairie also contributed to the more mesic conditions

and to different vegetation composition (Hulett ef a/. 1966).

The total precipitation potentially available to plants is mediated primarily by soil

texture and also by organic matter and litter. The presence of relatively large pore spaces

between particles in sandy soils influences water movement and retention in response to

the sporadic local precipitation. ln dry regions, sandy soils with low water-holding

capacities have more water available for plant growth than soils with higher water-holding

capacity (Sala ef a/. 1988).

Colonization of sand dunes by tall-grass prairie species, which typically require

greater average annual precipitation, in an area that would normally support mixed prairie,

is a result of the efficient water storage capability of the dunes (Tolstead 1942). The

situation described by Tolstead (1942) for dunes in Nebraska is analogous to the Manitoba

sandhills. Relatively large amounts of water available from snowmelt and spring

precipitation come at a time of cool temperatures, when vegetation is either still dormant or

just beginning to emerge. This early spring water is not used by the vegetation and

instead becomes the major source of groundwater re-charge (Manitoba Dept. Mines,

Resources and Environmental Management 1977). Later as the dune vegetation grows,

precipitation from localized showers is absorbed with little water lost to groundwater re-

charge, evaporation, or runoff. Because of the porous soil texture and rapid percolation,

there is efficient use of showers during the growing season, with soil moisture in the

rooting zone frequently replenished (Tolstead 1942, Barnes and Harrison 1982).

Soil moisture availability is determined by the amount of water that percolates into

the rooting zone and the amount lost to runoff, evaporation and transpiration. For sandhills

sites, soil moisture values were generally less than 5%, and typically 2-3% across depths

sampled. ln Dune sites the 10-20 cm of sand beneath the dry surface was always moist
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and ¡n 1985, the surface was frequently observed to be moist as well. This corresponds

with 1977 data of Ward (1980), and observations by Rutulis (1982). ln the Nebraska

sandhills, soil moisture for the sandiest soils as reporled by Satterurhite (1g70) also ranged

from2-5%. ln Saskatchewan, active dune complexes contained more soil moisture (9.2%)

than stabilized dunes (2.7%) at depths of 15-90 cm, while the surface sand layer (0-1S cm)

was driest on the active dunes (1.60/0) (Hulett ef a/. 1966). On the open dunes of Lake

Michigan, surface soils (0-5 cm) dried more rapidly to lower moisture levels (1.3%) than

deeper soils (10-15 cm) which remained at 3.5% (Lichter 1998). Baldwin and Maun (1983)

also found low moisture levels in surface layers in Lake Huron open dunes, but at depths

greater than 10 cm soil moisture was always plentiful (>2.5o/o). ln the present study the

Prairie sites were always the driest at 30 cm, which is similar to the stabilized dunes of the

Dundurn area in Saskatchewan (Hulett ef a/. 1966).

The Prairie sites received approximately the same amount of precipitation, but

remained relatively dry throughout the season. Presumably much of the precipitation was

intercepted by above-ground vegetation and the extensive litter layer. Weaver (1968)

found Andropogon scoparius (sic) intercepted 50-60% of water applied at the rate of 12

mm in 30 minutes. For bluestem prairie, the amount of water intercepted increased from

57%to 81% as the rate of application dropped from 12 mm to 3 mm in 30 minutes. ln

Weaver's (1968) study, very little water ran down the stems to the soil surface,

representing a significant loss of precipitation to the plant root zone. Thus, more of the

incident precipitation on the Prairie is susceptible to evaporation from the plant surfaces

and runoff. Also, the higher percentage of plant cover implies a higher water demand than

would occur on the Dunes.

ln summary, the more favourable environment of the Dunes reflects the relatively

high water infìltration and percolation rates in sands, where most of the precipitation can be
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be absorbed effectively by roots in the deeper layers. The moderating or mulch effect

created by the surface sands acts as a protective, evaporation-resistant layer over water

that has percolated to deeper layers, and was well described by weaver (1gsg).

2.4.2 Soil and Air Temperatures

ln sunny environments such as sandhills, a large amount of radiant energy strikes

the surface. Pad of this energy is reflected, while the remainder is absorbed by the soil

and heats the soil surface, heats the boundary air layer above the surface, evaporates

surface soil water, and is radiated from the sudace back to the atmosphere. At night, the

net flow of energy from the surface results in a cooling of the suface and bound ary air

layers (Baver et al. 1972). The low thermal conductivity of sand prevents heat transfer

from the subsoil to the surface to replenish the dissipated heat.

When the surlace is predominately bare sand as in the Dune and lntermediate

habitats, energy exchange takes place in a relatively small zone and creates high diurnal

temperature variations. Diurnal variations of 25"C were not uncommon at the 10 cm

height in these areas and measured surface soil temperatures were more variable here.

This is consistent with observations that sandy substrates tend to display rapid rates of

heating and cooling, resulting in large daily temperature fluctuations (Baver et al. 1g72).

Baldwin and Maun (1983) also reported extremely high day temperatures on the open

dune surface (5 cm)of Lake Huron dunes, with large diurnaltemperature variations.

Solar energy lost from the soil's reflective surface could, however, be recaptured by

the vegetation cover. The presence of vegetation markedly affects energy flux as plants,

especially tall grasses, intercept much of the inciCent radiation and effectively distribute

energy through a larger vertical surface. Height, density and uniformity of the vegetation

influences the magnitude of the temperature gradient. Short dense or uniform vegetation
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lowers the verlical exchange zone. The taller the vegetation, the greater the effective

vertical zone.

The reduction of wind velocity by plant cover in these strata is important in

providing a sheltering effect, as occurred on the Prairie. lt creates higher energy exchange

strata resulting in higher temperatures. Water vapour loss by transpiring vegetation results

in heat loss through convective cooling at the higher layers in the canopy. However, close

to the ground surface the cover of vegetatíon results in higher temperatures and relative

temperature stability from the buffering effect of plant cover.

2.4.3 Soil Chemistry

All sites were nutritionally-poor for the measured elements. Low nutrient levels

were expected because sites are dunes in various stages of stabilization with litile or no

soil development. Other dune systems have been characterized by their nutrient defìcient

soils, particularly macronutrients (Willis 1963). Nutrient loss through leaching of elements

such as nitrogen, potassium and sulphur probably occurs in soils with the high sand

fraction (95-98%) of sandhills sites.

Nutrient concentrations were lower for nitrogen, phosphorus and potassium than

values reported for Stockton loamy sands in the Carberry area (Ehrlich ef at. 1g57).

McKernan (1984) also reported higher nutrient levels for undisturbed sites in nearby

mixed-grass prairie. Baldwin and Maun (1983) found low levels of nutrients (particularly

phosphorus) on Lake Huron sand dunes. The three sandhills habitats were comparable

with those of Baldwin and Maun (1983)for pH, phosphorus and calcium, but the Manitoba

sandhills sites had higher concentrations of potassium and magnesium.

Although all sites were low in nutrients, the three sandhills habitats could be

distinguished on the basis of mid-season soil chemistry. The most favourable site was the
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Prairie, which exceeded the other sites for concentrations of all soil nutrients except

calcium and also had the most neutral pH (Table 2-7). The Prairie site was functionally a

stabilized dune, and not equivalent to prairie in the sense of tall or mixed-grass prairie

(Weaver 1954). But, nitrogen values in the sandhills Prairie sites exceeded those of the

Dunes and were comparable with those reported by Adams and Wallace (1985) for tall-

grass prairie in Oklahoma; although other nutrients were more abundant in the Oklahoma

prairie.

The sandhills sites are considered relatively infertile compared with nutrient levels

typical of most tall-grass prairie (e.9., Adams and Wallace 1985). The sandhills soil

chemistry resembled more closely the nutrient-poor dune systems studied in England

(Willis and Yemm 1961) and those of the Great Lakes (Baldwin and Maun 1983). ln

infertile soils diffusion of nutrients from the bulk soil matrix to the root hairs limits absorption

by plants (Chapin 1980). Species growing on such soils maximize nutrient uptake

primarily by maintaining a large root biomass and associated mycorrhizae (Chapin 1980).

Andropogon gerardiiis well known to have a very large root system compared with other

typical prairie grasses, roughly three times that of Stipa comafa and four to five times that

of Koeleria cristata and Agropyron smithii(Weaver and Albertson 1956). Anderson ef a/.

(1984) found Andropogon gerardii formed functional mycorrhizal associations, where

infections of plants increased from wetter nutrient-rich environments to those that were

drier and relatively nutrient-poor. Hetrick ef a/. (1989) found Andropogon gerardiito be

98% dependent on mycorrhizal symbiosis, and considered this species an obligate

mycotroph. ln tall grass prairie, suppression of mycorrhizae resulted in decreased

abundance (Hartnett and Wilson 1999) and total biomass (Wilson and Hartnett 1997) of

Andropogon gerardii, as well as other Ca species. Mycorrhizal colonization of Andropogon

gerardii roots was inversely related to annual precipitation (Hartnett and Wilson 1999).
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Growth of Andropogon gerardii benefìtted significantly from inoculation with Glomus

etunicatum, probably related to phosphorus availability (Hetrick et al. 1986). ln alkaline

soils, such as on the Dunes, phosphorus may be immobilized by calcium (Lajtha and

Schlesinger 1988), and where phosphorus is limiting, dependence on mycorrhizae is high,

especially under conditions of low soil moisture (Hetrick ef a/. 1986). ln sandy soils where

plant-available phosphorus was high, Anderson ef a/. (1994) found the benefits of

mycorrhizal symbiosis were not realized in Andropogon gerardii. Mycorrhizal associations

are most strongly developed in infertile habitats, in particular when there is a phosphorus

deficiency, where they prolong root life and are critical to plant nutrition (see references in

Chapin 1980). These are often sand dune and sand prairie environments. Vesicular-

arbuscular mycorrhizal (VAM) colonization is highly associated with species of inland sand

prairies (Benjamin et al. 1989) and dunes (Koske and Tews 1987, Al-Agely and Reeves

1995). Studies of sand dune communities, both inland and coastal, have shown VAM

fungi provide nutritional benefits to colonizing plants (Nicolson 1960, Koske and Polson

1984, Al-Agely and Reeves 1995). They also promote substrate stabilization (Sutton and

Sheppard 1976, Koske and Polson 1984), protect plants from deleterious effects of

pathogenic fungi and nematodes (Little and Maun 1998), and enhance the vigour of dune

plants following burial (Little and Maun 1996, Maun 1998). Although not examined, VAM

fungi undoubtedly exist in the sandhills of Carberry, enabling Andropogon gerardii to be

productive in spite of general soil infertility and moisture deficits.

The sandhills Prairie could be considered a more mature habitat, with relatively

greater concentrations of soil nutrients than those in the Dune or lntermediate sites. The

presence of lichens on the Prairie, with their N-fixing capability, may have contributed to

increased soil N on this site. This corresponds to the soil driven hypothesis of primary

succession (Tilman 1985)where increasing nurient availability facilitates the establishment
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of competitively superior species. But, in plant communities the nutrient supply is often in

a state of flux (Chapin et al. 1986). Available pools of nutrients often experience frequent

turnover during the course of a growing season (Chapin et al. 1986) and soil nutrient

concentrations may therefore be quite variable. ln some dune systems the deficiency of

certain soil nutrients (nitrogen and phosphorus in particular) has been found to severely

inhibit vegetation development, and is suggested to be the cause of the failure of grasses

to form a continuous plant cover on dunes (Willis et al. 1959, Willis and Yemm 1961).

However, it cannot be presumed that vegetation development in the sandhills depends on

increased concentrations of soil nutrients as stabilization proceeds. Chadwick and Dalke

(1965) found that vegetation establishment on dune sands in ldaho did not depend on soil

nutrient buildup, but rather was more dependent upon site surface stability. Upon

stabilization of the surface, vegetation cover should progressively increase with resulting

soil profile development and increased nutrient status (Olson, 1958). ln other semi-arid

grassland soils, fertility did not appear to be closely related to the pattern of vegetation

(Gurevitch, 1986).

2.4.4 Wind and Sand Movements

Wind is one of the most important factors in sandhills, through its effects on

moisture availability and sand movement. The Dune environment was the most exposed

and experienced the highest recorded wind speeds. Wind velocity on the Dunes was

often above the threshold velocity for sand movement (14 km hr1) (Baldwin and Maun

1983). Effects of topography in altering wind speed are considerable and lntermediate

habitats experienced reduced velocities (Table 2-9) due to protection afforded by their

location in shallow depressions. ln the Prairie sites where there was considerable

vegetation cover, wind speed was reduced by 50% at 50 cm above the ground.
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Aeolian forces have shaped the landscape since the glacial deposits were

exposed. David (1971) identified six periods of major dune activity in the area, the first

reported to have ended prior to 4000 B.P. Following a period of relative stabilization and

soil development, subsequent periods of activity occurred between 3700 and 2500, 2100,

1500, 900 and 400 years ago, corresponding with times of major drought. phases of

relative stability allowed soil formation to occur, as reflected in buried soil profiles reported

in blowouts and exposed in road cuts (Elson 1955). On the dune examined by David

(1971), fìve paleosols alternating between six layers of dune sand were found. ln the

present study, where major erosion had occurred, dark coloured layers of buried soil

profiles were observed.

Dune movement is a complex and variable phenomenon, resulting from the

interaction of wind, precipitation, vegetation cover and dune height (David 1971). Dune

sand movements in this study were monitored on one major dune over a 19 month period.

Greatest sand movement occurred in the late fall and early spring, when the surface was

dry, vegetation senescent or still dormant, and winds strongest. The prevailing north and

west winds transport sand from the windward slopes and deposit it on the leeward sides,

resulting in dune movements roughly in an east-southeast direction. The total amount of

sand moved was 0.62 m over a 19 month period (0.39 m yri). This is roughly twice the

rate found by Ward (1980) in the same area, and similar to the slowest rate reported by

Chadwick and Dalke (1965) in ldaho of 0.7 m yrt. The rates of dune movement in the

Baldhead Hills are relatively slow compared with other literature (e.g., average rate of 3.S

rTì yl"t, Üiradwick and Dalke, 1965). David (1971) estimates that since the last major

period of dune movement, only minor dune activity is believed to have occurred in the

area. This may account for the comparatively slow rates of advancement. These dunes

are relicts of deglaciation, with a fìnite supply of sediment (Muhs and Wolfe 1999). Dune
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activity and the degree of stability may be a function of changes affecting the supply of

sand, in addition to relatively high moisture contents and plant cover (Muhs and Wolfe

leee).

Dune height is an important variable in the response to climatic change (David

1971). Dunes less than 6 m high become active only during times of major drought, but

higher ones are affected by droughts of both minor and major intensity (David 1971).

Currently, there are fewer large dune complexes active in the Baldhead Hills. Disruption of

the vegetation cover provides an active surface, and when combined with relatively dry

weather influences the rate and extent at which dune stabilization occurs. Due to the

increasing stabilization of sandhills nodh-west of the study area, there is less sand being

moved in a south-easterly direction. The finite amount of mobile sand may eventually

herald the end to dune movement (Shay et al.200Q).

2.4.5 Community Composition

Species abundance or cover is based upon the vertical projection of the crown or

shoot area to the ground sudace (Mueller-Dombois and Ellenberg 1974). Hence,

interception of each pin with the above ground part of a plant contacted was recorded, as

opposed to only the part of the shoot that enters the soil, as is the case with the basal

cover method. Aerial canopy cover by a shoot system is important in that it directly affects

microclimate. Wind speed, rate and amount of temperature change, humidity and shading

effects are all influenced by the extent of plant cover. Oryzopsis hymenoides on the

Dunes and Carex spp. on the Prairie display a relatively high horizontal cover, due to their

long spreading filiform leaves, whereas Andropogon gerardii or Calamovilfa longifolia are

more vertical in their growth habit and consequently stand a greater chance of being

under-represented during point frame sampling.
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Each of the three communities had distinctive vegetation. The active dunes

showed a vegetation pattern influenced by the degree and amount of sand movement. As

distance from the moving part of the dune increased, the amount of vegetation cover

increased. Elaeagnus commutata and Lygodesmia juncea sent out runners into the active

areas (e,9. troughs and windward slopes), while a sparse cover of Rumex yenosus,

Helianthus petiolaris, Melilotus officinalis and Elymus canadensis colonized the margins.

Dune ridges and crests were anchored by large clumps of Andropogon gerardii,

O. hymenoides, Elymus canadensis and Elaeagnus commutata. Tall grasses such as

Sporobo/us cryptandrus and Calamovilfa longifolia are known to do well in sandhill

environments (Tolstead 1942). ln addition, Petalostemum candidum and P. villosum were

encountered. The chance that an individual will successfully colonize and persist in this

environment depends on its ability to withstand burial and abrasion by the coarse substrate,

extract moisture from the deeper sand layers and tolerate surface temperatures. Many

species found here are thus deeply rooted (Weaver 1954, 1958), rhizomatous and exhibit

xeromorphic adaptations. Many species of the Carberry sandhills are reported from other

sandhills such as Nebraska (Tolstead 1942), Colorado (Ramaley 1939), North Dakota

(Burgess 1966, Wanek and Burgess 1966); Saskatchewan (Hulett et at. 1966) and

Michigan (Lichter 1 998).

Although some of the early colonizers persisted into later stages of dune

stabilization (e.9., Andropogon gerardii, Lygodesmia juncea), most were gradually replaced

by species that characterize later stages. ln the lntermediate habitat, C. tongifotia and S.

cryptandrus gradually became more prcminent while Schizachyrium scoparium and

shallower rooted species such as K. cristata became the major co-dominants. Although

bare sand was still found between plants on lntermediate sites, the number of forbs

increased and plant cover generally expanded and became more complex.
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Aspect and slope influence the composition of the vegetation in stabilized Prairie

sites. Grassland vegetation was most prominent on south, southeast and southwest

faces; northern faces were usually colonized by Populus tremuloides, P. balsamifera,

Picea mariana, Quercus macrocarpa and assorted shrubs, grasses and forbs

characteristic of both prairie and parkland. Although the vegetation on stabilized sites

most closely resembled that of mixed-grass prairie, the general area is considered

transitional to both aspen parkland and tall-grass prairie (Brd 1927,1930, Gould 1968). lt

is on the eastern periphery of mixed prairie according to Coupland (1950), and species

characteristic of more arid grasslands are common.

Compared with less stabilized sites, the Prairie community exhibited greater

complexity, had less exposed bare ground and a larger number of species. The ground

cover was well defined and consisted of Selaginella densa, Arctostaphyllos uva-ursi,

Juniperus horizontalis. mosses and lichens (primarily Cladonia spp.), with short grasses

(e.9., Bouteloua gracilis) and sedges (Carex spp.) providing a slightly taller second layer.

lncreasingly medium height grasses had become part of the flora, with B. curtipendula,

Stipa comafa and S. sparfea more abundant in the Prairie than on the lntermediate sites.

Taller grasses still persisted (e.9., Andropogon gerardii, C. longifolia) to create an upper

stratum which was overtopped by a shrub canopy with Prunus virginiana, Amelanchier

alnifolia, and Rosa spp. present in scattered groups.

2.4.6 Community and Andropogon Biomass

Biomass is an overall measure of the amount of incident energy captured by

vegetation within a single growing season. Although below-ground biomass is recognized

as a very important component, emphasis in this study was on the accumulaton of above-

ground biomass. Biomass values reported here are necessarily under-estimated because:
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(1) herbivore consumption is not included;

(2) sampfing frequencies often do not account for species reaching peak biomass at

different times;

(3) new leaves and shoots skew estimates by virtue of their relatively low density;

(4) tissue produced early in the season may have senesced or decomposed before

sampling occurs; and

(5) older senescent tissue may be lost to the 'litter' component and not weighed (Coupland

1e7e).

The Prairie site in the Carberry sandhills is a type of mixed-grass prairie. Although

variation in biomass in mixed prairie reflects the variety of associations found within the

classification, the estimate at Carberry of 158 g m-'is within the range reported in other

studies (e.9., Whitman 1979). McKernan (1984) estimated biomass on disturbed native

mixed-grass prairie approximately 20 km west of the present study area at between 85.6

and 444.5 g m-t from three-year control plots. The variability was associated with wide

ranges in precipitation between years.

Although estimates of biomass are scarce for native prairie stands in northern

sandhills communities, several values are available from studies of tall grass prairie in

North Dakota. ln ascending order, these are 163 g m-t (Redmann 1975), 262.s g m-2

(whitman 1979), 270 g m¿ lHadley 1970), 338 g m" lHadley and Buccos 1967), and 450 g

t;2 lwali et at. 1973). The Prairie and lntermediate sites at Carberry fell at the low end of

the range while the Dune sites with 253 g m-2, were in the middle of this range. Additional

reports in the literature from tall grass prairie are from more southern areas in the United

States. Biomass in nearly pure stands of bluestem in Kansas range from 296 to 319 g m-2

on control plots used in burning experiments (Knapp 1985). Other values range from 174.4

81



g m-2 in Ohio (Annala and Kapustka 1982), 263 g m-' in Wisconsin (Peet et al,1975), 374.5

g m-'in Missouri (Rabinowitz et at.1979) to 550 g m-t in lowa (Hill and Platt 1975).

There are clearly wide variations in biomass data from native prairie. Burke ef a/.

(1997) found that above-ground net primary productivity in the Central Grasslands of

North America was influenced both by water and nitrogen availability, but that it was not

possible to separate the extent to which each factor controlled productivity. Others have

also concluded mean annual temperature and mean annual precipitation were

determinants of productivity and distribution of Cg and Ca functional types within the Great

Plains (Paruelo and Lauenroth 1996, Ehleringer ef al. 1997, Epstein et al. 1997). Wilson

and Stubbendieck (1995) found that the primary determinants of Andropogon gerardii

productivity in Nebraska were soil moisture and temperature. Epstein et al. (1997)

quantified productivity of Cs and Ca grasses throughout the Great Plains and found that, in

addition to the importance of mean annual temperature and precipitation, the percentage

sand was positively related to C4 production. ln mixed prairie Barnes et al. (1983) found

that C¿ dominated communities were never the most productive, as might be expected

from the higher photosynthetic rates of Ca species.

Differential growth responses fo temperature in Cg and C4 plants is a possible

mechanism to reduce competition for water resources in a short-grass prairie (Kemp and

Williams 1980). The physiological characteristics of the Cs and C+ pathways may allow for

a variety of species to occupy the same area with minimal interspecifÌc competition

(Williams and Markley 1973). On the Dune and Prairie sites, the Cg and C4 species were

equally represented, although the sandhills sites displayed light and temperature regimes

that would be more favourable to plants with the C+ metabolic pathway. Ca photosynthesis

is maximized under conditions of high light intensities and high temperatures with optimum

temperatures being above 30.C (Ehleringer and Bjorkman 1977, Waller and Lewis 1979,
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Ehleringer et al. 1997). ln contrast, C3 plants are adapted to lower light intensities and

temperature optima between 10 and 25'C resulting in a seasonal displacement in growth

and production of Cs and C4 species (Williams and Markley 1973, Ode ef a/. 1980). On the

prairie, C3 species start growing earlier in the cool, moist spring months, while the

physiological traits of Ca plants confer an advantage to growth during the hot, dry summer

months (Williams and Markley 1973). ln North Dakota, Redmann (1975) found that

communities with a large Cs, or cool-season component, had maximum production

between 15 May and 15 June while communities with a predominance of Cq, or warm-

season plants, peaked between 15 June and 15 July.

Differences in the efficiency of Ca and C4 species in using solar radiation relates

well to overall plant distributions, and light use efficiency is the primary mechanism

proposed to explain these distributional patterns (Ehleringer et al. 1997). lf C4

photosynthesis contributes to superior growth rates or competitive abilities especially in

warm regions, it may enable a species to displace those without this advantage. Gurevitch

(1986) showed that increased competition from neighbouring Ca grasses along a

topographic gradient was responsible for limiting Stipa neomexicana, â C3 grâss, to ridge

crests.

ln the Carberry sandhills the proportion of bluestem in the biomass ranged from an

average 29o/oon the Prairie, to51% on the lntermediate sites, and to 95% on the Dunes.

Other studies (Rabinowi2 et al. 1979, Whitman 1979, Annala and Kapustka 1982) report

that the proportion of bluestems in the total herbage varies from 15-20%. Relatively high

proportions of bluestems in community production are related to their good performance in

sandy substrates as was also found by il/ali et at. (1973). The bluestem growth habit

differs on the Dunes where it forms clumps, and the Prairie site, where it tends to be more

of a sod-former. Robustness of the Dune plants may be partly due to adaptations to
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r¡gours of the surface environment, such as an increased vigour with burial (Maun 1998),

as well as their very deep root systems (Weaver 1958), allowing greater access to soil

mositure.

The decline in bluestem biomass from the Dune through the lntermediate and

Prairie sites, may be the result of an increase in abundance of other species. ln old-field

communities a decrease in Andropogon gerardiiperformance is related to an increase in

community biomass and litter accumulation (Foster and Gross 1997). Suppression of

Andropogon gerardiiincreased in magnitude with increasing community biomass and the

effects increased more rapidly across sites of low to medium biomass (Foster 1999).

These results suggest Andropogon gerardiiis restricted to low productivity habitats within

the old-field landscape because of strong interference by existing vegetation (Foster

1999). ln the upland and Prairie environment bluestem production declined as more

species colonized to form a predominantly mixed-grass association. A trade-off of the

greater drought resistance of sand bluestem may be a reduction in its competitive ability

(Newell 1968, Barnes 1985). lts role in the sandhill communities may be that of a primary

colonizer and not as a dominant in stabilized sandhill vegetation.

Data on bluestem mean shoot density also supports this hypothesis. At the period

of peak production, total shoot density declined from the Dune (102-129 m-2) to the Prairie

(41-76 m''?). Andropogon gerardiidensities on the Dune were comparable with Knapp's

(1984a) for total mean shoot density on control plots in Kansas (125.7 shoots m-'¡, but

densities on the lntermediate and Prairie sites were considerably lower.

A reduction in flowering stem density from the Dune to the Prairie was particularly

noticeable. Although reproductive culm densities on the lntermediate and Prairie sites

were roughly half those found by Knapp (1984a) on previously burned plots, they were

three times as high as the controls in Knapp's study. The Dunes had approximately eight
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times the density found in Knapp's control plots. ln another study on irrigation effects,

Knapp (1984b) found mean values of 34 shoots m-2 on control plots, data similar to the

Carberry lntermediate and Prairie sites.

The density of reproductive shoots on the Dunes was greater than that observed

on the other sites, and exceeded the values for burned plots in tall grass prairie (Knapp

1984a). The lack of surface litter on the Dunes may have a similar effect as fire. Knapp

and others (e.9., Curtis and Partch 1950, Masters ef al. 1993, Towne 1995) established

that litter removal promotes flowering stem production in bluestems. Other factors such as

reduced vegetation cover and increased subsurface moisture may also produce higher

densities of reproductive shoots on the Dunes.

2.4.7 Succession and Vegetation Dynamics in the Baldhead Hills

The plant communities in the dunes represent the earliest stages of succession

on poorly-developed, nutrient deficient soils. The stress from sand movement

distinguishes open dunes from other primary successions (Lichter 199S). Surface

instability, in the form of sand accretion, erosion and sand blasting make it difficult for

many species to become established. Burial eliminates species at all stages of growth

from germination to adult plants (Maun 1998) and is a major cause of selection on seed

size within and between species on sand dunes (Maun 1998). Larger seeds are able to

emerge from greater depths and establish more effectively (Weller 1985, Turnbull ef a/.

1999). Burial may also reduce seed predation (Thompson 1987) in what is a very visible

environment for seed predators.

Dune plants have little influence over prevailing abiotic conditions (i.e.,

succession is allogenically controlled): productivity is relatively low with few and

scattered species. ln physically harsh environments such as dunes, interactions may be
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largely positive, where primary colonists buffer neighbours from potentially limiting

stresses (Bertness and Calloway 1994). By ameliorating habitat conditions, such as

increasing surface stability and lessening the effects of sand movements, other species

are able to establish.

Gradual and partial burial often enhances the vigour of plants that colonize

dunes (Maun 1998). Andropogon gerardiiplants were taller, more robust, had a greater

allocation to seed and had higher reproductive stem densities than plants from Prairie

sítes. However, seeds and seedlings of Andropogon gerardii(and many other species)

were seldom encountered in many open sites. This is consistent with the suggestion

that seed limitation is highest in sand dunes and occurs more often in early successional

habitats, especially where there is a considerable amount of bare ground, and in early

successional species (Turnbull et al. 2000). lf the dominant species is recruitment or

seed limited, it is unable to colonize all potential sites leaving space for other species to

invade (Lichter 2000, Turnbull et al. 2000). But, for many species, conditions for

seedling establishment are more stringent than conditions for germination (Turnbull ef a/.

2000), and this applies to species affected by burial (Maun 1998). The predominance of

Andropogon gerardiion the dunes and its better performance in this site suggest its role

is a primary colonizer with adaptations that enable it to do well in the dune environment

(Barnes 1985).

As the dunes stabilize and drifting sand and burial is no longer a selective force,

succession progressively becomes more autogenically controlled, with an increasing

influence of biotic factors (Houle 1997). With the exception of greater surface stability,,

later successional sites in the Carberry sandhills did not show dramatic improvements in

site conditions. But the numbers of species, community productivity, the amount of litter

and reduction in bare ground increased substantially. As a result plant-plant interactions
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increase on the Prairie and trade-offs between colonizing ability and competitive ability

have a greater influence on succession (Werner and Platt 1976). Lichter (2000) found

succession on Lake Michigan sand dunes to be controlled more by limited seed

dispersal, dessication, seed predation and episodic burial than the effects of low nutrient

availability. Gleeson and Tilman (1991) also found succession on nutrient-poor soils in a

Minnesota sand plain was the result of transient dynamics of colonization and

competitive displacement. Co-existence depends on trade-offs that prevent species

from being both good competitors and good colonists (Turnbull ef a/. 1999), so that

superior competitors are prevented by their poor colonizing ability from occupying an

entire area (Tilman 1994). However, a species may also be absent or under-

represented, not because of biotic interactions (e.g., competition), but because none of

its seeds reach the site (Tilman 1994). Gross and Werner (1982) also found such

recruitment limitation was a factor in determining community composition.

Andropogon gerardii has been shown to be a superior nitrogen competitor in

tallgrass prairie (Tilman and Wedin 1991, Tilman 1994) and a poor colonist in old-fleld

successions (Tilman and Wedin 1991). But, Fosterand Gross (1997)found all aspects

of Andropogon gerardiiperformance were negatively affected by neighbours in Michigan

old-fields. They attributed the reduced growth of established plants to the exploitive

effects of living neighbours rather than inhibition by litter. However during the

recruitment phase, Andropogon gerardii seeds and seedlings were especially

susceptible to the effects of both living neighbours and the mechanical barrier of litter

(Foster and Gross 1997, Foster 1999). Their results show that the recruitment phase is

when Andropogon gerardii is most sensitive to variation in community biomass,

emphasizing the importance of regenerative processes in determining species

distribution in space and time, rather than only the performance of established plants
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(Grubb 1977, Gross and Werner 1982).

ln the Carberry sandhills Andropogon gerardii declined as the cover of other

native prairie plants increased. The better performance of Andropogon gerardiion open

dunes may be the result of trade-offs between its colonizing and competitive abilities in

the different stages of dune succession. Changes that promote periods of dune activity

(e.9., drought) may increase the importance of colonizers such as Andropogon gerardii

in these sites.

Sandhill community structure and diversity may also be influenced by mycorrhizal

activity, as in tallgrass prairie (Hartnett and Wilson 1999), where differential host

response to fungal colonization was an important factor accounting for the dominance of

Ca grâsses, and limiting species diversity. Mycorrhizal fungi affect plant communities

indirectly by influencing the pattern and strength of competitive interactions, in particular

increasing the abundance of dominant grasses (Smith ef a/. 1999). Development of

mycorrhizal fungi is linked to above-ground vegetational changes during sand dune

colonization and succession (Nicolson 1960, Koske and Gemma 1997). Although

present with initial colonists, VAM fungi are more abundant in later successional sites

where there is greater soil stability (Nicolson 1960) and more vegetation cover (Nicolson

1960, Koske and Halvorson 1981 ). Al-Agely and Reeves (1995) demonstrated that VAM

fungi on Oryzopsis hymenoides roots in Colorado sand dunes increased with increasing

soil stability and were seldom found at depths of more than 15 cm. VAM also decline

with increasing soil moisture, which may also have been partly due to a decrease in

oxygen in moist soils. Within a single species, mycorrhizal dependency may be strong

uncjer one set of conditions and absent in another (Anderson et al. 1994). Andropogon

gerardii, often considered to be an obligate mycotroph (Hetrick et al. 1989)was found to

be mycorrhizalin soils low in phosphorus, but not in high-phosphorus soils (Anderson ef
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al. 1994). The response of native grasses may vary depending upon soil fertility and

host-fungal endophyte specificity (Anderson et al. 1994).

2.4.8 Summary

The rigourous physical environment of the Carberry sand dunes influences plant

colonization and establishment. Exposure to high winds and resulting surface instability,

extreme and variable surface and boundary air temperatures, lack of soil development

and poor fertility present significant constraints to colonizing plants. This is reflected in

the small number of species, sparse vegetation cover and low community biomass on

the dunes. Species able to persist here can withstand partial burial, resist sand

abrasion and mechanical damage, regenerate vegetatively and tolerate xeric surface

conditions. However, the greater water availability and storage capacity of the deeper

sands present a favourable moisture regime for those plants such as Andropogon

gerardiiand Elymus canadensis that are able to exploit it.

W¡th increased dune stabilization, the physical environment moderates

somewhat. As vegetation cover increases there is a reduction in wind velocity, greater

surface stability and slight increases in soil development and fertility. The sand prairie is

also much drier, although it receives similar amounts of precipitation as the dunes. The

plant community is a closed one with a continuous and stratified vegetation cover, larger

number of species, more litter and less bare ground. The greater community biomass

creates a higher water demand resulting in dry grassland vegetation. The increased

biotic component of the sand prairie results in increasing importance of plant

interactions as dune succession proceeds.

Andropogon gerardii performed better on the dunes than on the other sites.

Dune plants were taller, heavier and had higher proportions of reproductive stems. As
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the dunes stabilized and the plant community became more closed, Andropogon

gerardii vigour and its presence in the plant community declined significantly. The

robustness of dune plants may result from their ability to withstand adverse conditions

such as burial, as well as the ability to access deep soil moisture. A far greater number

of reproductive tillers were found in dune plants increasing the probability of seed

establishment at this site. When good weather and favourable growing seasons permit,

Andropogon gerardii may be able to take advantage of open colonizable space and

establish new plants.
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3.

3.1

AUTECOLOGY OF ANDROPOGON GERARD// IN THE BALDHEAD HILLS

INTRONLICTION

Andropogon gerardiiVitman has long been recognized as an important part of

the grassland flora (Weaver and Fitzpatrick 1932, Weaver 1954). When not a dominant,

it is often a prominent part of the vegetation. Although it has a relatively large

geographic range (Gould 1975), most of the Andropogon gerardii research has been

conducted in the tall-grass prairie ecosystem where its role in community structure and

its response to disturbances such as fire and grazing have been well studied (Knapp

1984a,b) 1985, Abrams et al.1986, Collins 1987, Gibson and Hulbert 1987).

Usually classified as a tall-grass prairie dominant, Andropogon gerardii is an

important plant in sand dune and sandhill environments. Despite this, its growth and

performance, especially at the northern limit of its distribution, has received little

attention. The major research on the ecology of Andropogon gerardii in sand

environments has occurred in Nebraska, where habitat separation and physiological

ecology have been investigated by Sattenruhite (1970), Barnes and Harrison (1982) and

Barnes (1985). Studies relating to biomass production and vegetation changes in the

Nebraska sandhills have also provided information on Andropogon gerardii as a

component in the community (Newell 1968, Keeler et al. 1980, Potvin and Harrison

1e84).

This study examined the ecology oÍ Andropogon gerardii in three habitats

representing stages in sand dune stabilization. The performance of Andropogon

gerardii in terms of morphology, individual shoot biomass, dry-matter allocation and

plant nutrient status was examined during the growing seasons of 1984 and 1985.
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3.2 METHONS

The focus of this study centered on Andropogon gerardiiVitman, which includes

Andropogon gerardiiVitman var. gerardii, A. gerardiiVitman var. paucipllus (Nash) Fern.

and A. gerardiiVitman var. chrysocomus (Nash) Fern. (Gould 1975), which for brevity

will be referred to as Andropogon gerardii. The taxonomy is detailed in Chapter 1.

3.2.1 General Sampling Procedures

Three sites in each of three areas designated as Dune, lntermediate and Prairie

were selected for study. One Prairie site was eliminated due to a severe infestation of

poison ivy (Rhus radicans).

Sampling was conducted in each of the eight sites at approximately two-week

intervals from mid-June to mid-September in 1984 and 1985, with eight sampling

periods each year. Sampling occurred along randomly selected transects. lndividual

plants along each transect were then randomly selected with diseased or predated

individuals omitted. An individual plant consisted of all above-ground parts associated

with the primary shoot system, and was probably not the complete genetic individual.

Subsequent transects were parallel to the first and five metres apart. Sampling

continued until ten plants had been collected from each site, resulting in a total of

approximately 1250 plants.

3.2.2 Phenology and Morphology

The phenological state of each plant sampled was given a nulmerical designation.

Culm height was recorded from the soil surface to the top of the uppei'nrost

inflorescence, or the tip of the uppermost leaf. The number of leaves with a developed

collar was counted. Leaf dimensions were measured on a fully developed, mid-culm leaf
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on each plant. Leaf width was measured to the nearest 0.01 mm at the mid-point of the

flattened leaf blade. Leaf length was measured from the base of the blade to the green

tip. The number of tillers associated with the main shoot was also recorded.

ln 1984 during each alternate sampling period, additional plants in each habitat

were randomly selected for determination of leaf area for a total of 161 leaves. Lengths

and widths were measured on every leaf as described above. Leaves were labelled as

to position on the plant, removed from the plant, stored in plastic bags, and their

perimeter traced within several hours of removal. This method worked well as long as

leaves were fresh and pliable. Paper silhouette tracings of individual leaves were

carefully cut out, weighed, and leaf areas determined from the area: weight ratios of the

silhouettes to the whole paper. Although the method was primitive and time-consuming

it was effective.

ln 1985, a digital machine for leaf area measurement (Lycor) was made available

by the University of Manitoba Department of Plant Science. A separate harvest was

conducted once in mid-July. Leaves were bagged in plastic and measured at the field

camp while still pliable. Measurements were taken on 149 leaves.

ln both years, the logarithmic regression log A = log L + log w- log K, where A is

area, L is leaf length, W is mid-leaf width and K is the proportionality constant (Lal and

Subba 1951)was used to analyze the data.

3.2.3 Plant Biomass

The focus for biomass sampling was on annual above-ground dry matter

production as this is the net result of the plant's growth within a single growing season.

Underground biomass was not measured as the majority of root biomass represents

material accumulated through the plant's lifetime. Perennial tissues represent the sum
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of a number of years with unknown rates of biomass accumulation and thus confound

actual allocation of resources gathered within a particular growing season (Soule and

Werner 1981).

A number of constraints also precluded root biomass being measured in this

study. These included 1) the inability to identify the roots of the individual species,

particularly in the Prairie; 2) the relatively low probability of obtaining an individual plant's

entire root system; and 3) the difficulty in separating dead from living tissue.

At each sampling date, after morphological measures were taken, plants were

clipped at the soil surface, placed in pre-labelled paper bags, and taken to the

Department of Botany where they were stored for later biomass separation into various

components.

Each plant was partitioned into living leaves, stems, senescent leaves,

reproductive stalks and inflorescence. Component parts were then dried at 80.C in a

forced air oven for a minimum of 48 hours, and weighed to the nearest 0.001 g on a

Mettler digital balance. Allocation of biomass to plant parts was calculated as the mass

of the component part divided by total plant mass and was expressed as a percentage.

The rate of increase in dry matter production for component parts was calculated

by regressing the natural logarithm of plant mass against time. The slope of the

regression line gives the calculated growth rate (Hunt 1978).

3.2.4 Plant Nutrient Analysis

After plant dry weights had been determined, a subsample of leaves, stems and

dead tissue from each population was ground in a Wiley mill for subsequen'r

determination of nutrient content and within-plant allocation. lnflorescences were not of

sufficient weight to be analyzed. Samples were taken at two stages of plant
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development: inflorescence emergence (heading) and mature seed (ripe). A 0.S g

sample of ground tissue was used for determination of Kjeldahl nitrogen, with a separate

0.5 g sample taken for analysis of P, K, ca, Mg, Fe, cu, Mn and Zn. Nutrient contents in

the plant tissues were multiplied by the mass of the plant part. Within plant allocation

was determined as a percentage of the whole individual biomass at each stage.

Analyses were performed at the Plant Tissue Analysis Laboratory in the Department of

Soil Sciences at the University of Manitoba. Due to the minimum weight required for

analysis, only 85 samples could be used.

3.2.5 Data Analyses

All statistical data analyses were performed using the most recent computer

package (SAS) on the mainframe at the University of Manitoba. Descriptive statistics

(e.9., means, standard error) were generated for all data. Where appropriate, analysis

of variance (ANOVA), means tests (e.9. SNK), linear regressions and discriminant

(DISCRIM) procedures were used. Data transformations fiog (x+1)] were performed

prior to analysis as required.

3.3 RFSIILTS

3.3.1 Phenology

Phenological development of Andropogon gerardii was assessed using a

numerical system (Table 3-1), with results from June 27 to September 25, 1984 and

from June 6 to September 12,1985, shown in Figure 3-1 a) b) and c). Results from the

1985 season will be emphasized.

On June 6, 1985, the first leaves had expanded in plants in the lntermediate and

Prairie populations, while Dune plant leaves were still emerging. Development of Dune
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TABLE 3-1. Phenological classification for development of Andropogon gerardiiplants in
Dune, lntermediate and Prairie sites

PHENOPHASE PHENOLOGICAL GROUP DESCRIPTION

2

3+4

5

6+7

8+9

10+

Emergence

Early vegetative

Mid vegetative

Late vegetative -
Early reproductive

Reproductive maturity

Ripe

Expansion of fìrst leaves

Expansion of middle leaves; stem
production begins

Late leaves expand; leaf production
slows; stem production increases; floral
buds developing in sheath

Appearance of inflorescence; flowers
open; basal leaf senescence

Grain development and ripening;
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plants was steady foilowing emergence, while lntermediate plants experienced periods

with little change in phenology between approximately July 18 and August 1. The same

was true for Prairie plants between July 4 and 18.

Plants were vegetative until the onset of stem development, which begins the

transition to the reproductive state. Stem development was initiated in phenophase 5,

but intensifìed in phase 6. By this time the late leaves had expanded and leaf production

had finished. Plants from the lntermediate and Prairie populations remained in this late

vegetative, early reproductive stage approximately twice as long as the Dune plants

(Figure 3-1a). Reproductive maturity, defined here as the emergence of the

inflorescence from the leaf sheath and initiation of flowering, was accompanied by a

decline in leaf production and basal leaf senescence. This was in mid-July on the

Dunes and in early August for lntermediate and Prairie populations. The initiation and

proliferation of tillers occurred at this time in Dune plants. Little tillering was observed in

the other populations.

The pattern of phenological development was similar in both years for Dune and

lntermediate populations. At corresponding dates, plants were generally more advanced

phenologically in 1985, especially early in the season. This may have been the result of

adequate moisture in May and June 1985 (Chapter 2). The extreme dryness in 1984

probably delayed development in the spring and early summer, as well as later with

advancing senescence, particularly in the Prairie population (Figure 3-1c). Variability

was also greater in the 1984 data.
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3.3.2 Leaf Production

The mean number of leaves per plant was slightly greater for lntermediate (X=9)

plants than for those of Dune and Prairie plants (X=8). ln all populations most of the

leaves were produced prior to July 4. After July 18 leaf production declined.

Dune and lntermediate plants had a similar number of leaves per cm. stem

height (Figure 3-2). Leaf production increased until rapid shoot elongation began, after

which it dropped steadily as a shift occurred towards stem production. This was in early

July in Dune and lntermediate populations, while Prairie plants peaked about two weeks

later. Although lntermediate and Prairie population curves were higher than the curve

for the Dune population, it was not because lntermediate and Prairie plants had more

leaves, but that Dune plants were taller.

3.3.3 Shoot Elongation

On average, over the growing season, Dune plants were significantly taller than

the lntermediate plants, while lntermediate plants were significantly taller than Prairie

plants (F=85.01, p =0.0001). The average plant height was similar in the three

populations until July 4 (Figure 3-3), when most plants were in the late vegetative

phenological stage and beginning the transition to the reproductive state. The greatest

increase in height occurred between July 4 and 18 for the Dune and lntermediate

populations, and between July 18 and August l for Prairie plants. lntermediate and

Prairie plants also showed late season shoot elongation. After June 20 height was

significantly different between the three populations for most dates sampled (Figure 3-3).

The regression of plant height with time indicates that the relative rate of increase

was greatest for Dune plants (Table 3-2). When plant height was regressed with total

plant weight the situation was reversed (Table 3-3). Prairie plants showed the
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ÏABLE 3-2. Regression of plant height {log (height)} with time for Andropogon gerardii
plants from Dune, lntermediate and Prairie sites, 1985

Dune

lntermediate

Prairie

0.28

0.22

0.18

0.009

0.01

0.01

0.80

0.65

0.69

0.0001

0.0001

0.0001

TABLE 3-3. Regression of plant height {log (height)} with totat ptant weight for
Andropogon gerardiiplants from Dune, lntermediate and Prairie sites, 1gB5

POPULATION R (day -1) S.E. R2 p>F

Dune

lntermediate

Prairie

0.29

0.45

0.63

0.01

0.02

0.03

0.75

0.83

0.77

0.0001

0.0001

0.0001
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highest rate of increase in height per unit plant total weight, while Dune plants had the

lowest rate of increase.

3.3.4 Whole - Plant Leaf Area

Nineteen eighty{ive was a favourable growing season. lt resulted in a typical

plant growth pattern. ln mid-July 1985 more leaves had been produced per plant than

at the same time the previous year, and leaf senescence was less pronounced. For the

most part stem elongation had occurred and inflorescences were enclosed within leaf

sheaths. Leaf areas were greatest for the basal leaves in each population, declining

progressively up the stem (Figure 3-4). Dune plants had leaf areas larger than those in

the other populations, except for culm leaves five and six. Prairie plants had larger leaf

areas for upper stem leaves than lntermediate plants, while lntermediate plants had

larger basal leaves than Prairie plants. Leaf area decline in upper stem leaves was

earlier in the Dune population (after the appearance of the third leaf) than in the

lntermediate (after the fourth leaf) or Prairie population (after the fifth leaf). This was

probably related to the earlier onset of stem elongation in the Dune and lntermediate

populations.

The proportionality constant K, relating leaf linear measurements to surface area

(Lal and Subba 1951), was determined in both years from actual measurements of leaf

area, leaf length and width (Table 3-4). K from mid-foliage leaves (number 3-6) was not

significantly different in 1985 from that averaged over all stem leaves in any population

(Dune K=1.38; lntermediate K=1.79; Prairie K=1.76). Therefore K averaged over all

plant leaves was used to make comparisons. ln 1985, K was significantly greater in the

lntermediate and Prairie plants than in the Dune population, and leaf areas significantly

greater in Dune plants than in plants from the other two populations (Table 3-4).
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TABLE 34. Mean vaiues for leaf area and proportionality constant (K) for Andropogon gerardii
leaves from Dune, lntermediate and Prairie populations, 1gB4 and 1g8S

1984
5 JULY.IS AUGUST

1985
13 JULY

DUNE INTERMEDIATE PRAIRIE DUNE INTERMEDIATE PRAIRIE

N

K*

41

1.444

14.204

24.Oga

0.g14

30

1.394

1 1.05b

21.69b

0.55b

51

1.734

7.80b

21.63b

0.56b

45

1.744

8.80b

27 324

0.55b

35 53

1.4f 1.44b

1o.7ob 13.s7a

19.84b 26.oga

o.ffib o.zoa

Leaf area (cm')t

Length (cm)t

Width (cm)t

* Calculated as length x width/area for a population of 106 leaves in 1984 and 149 leaves in
1985.

a,b Means with the same letter are not significantly different (o=.05).

t 
Leaf area = length x width measured on all leaves/plant harvested in 1984 and 1985. Leaf area
was measured by different methods in each year (see METHODS for explanation).
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K was not significantly different among populations from July 5 to August 15,

1984. There was also no significant difference in K values among the populations for

the three sampling dates within this period (Table 3-5). Although K from the Dune plants

was the same in 1984 and 1985, K from lntermediate and Prairie plants, while very

similar within years, differed by about the same amount between years (Table 3-4).

Because K was not a constant for all populations and changed between years (for

lntermediate and Prairie), there was no single value that could be used for all

Andropogon gerardiipopulations in all years. Determinations would therefore be season

and population specific.

ln both years, significant differences in leaf areas were found between the Dune

plants and plants from the other two populations (Table 3-4). Dune plants had longer

leaves and were similar in both years, while lntermediate and Prairie plant leaves were

smaller and differed between years. ln the 1984 season leaf area was significantly

greater in early July than in the rest of the season (Table 3-5).

ln 1984 Dune leaves were signiflcantly longer and wider than those from the

other two populations (Table 3-4). ln 1985 they were significantly longer than

lntermediate leaves and significantly wider than both lntermediate and Prairie plant

leaves (Tables 3-4, 3-6).

ln the Dune and lntermediate populations in 1984, leaf length was maintained

longer into the season (approximately 26 July)than in the Prairie population (Table 3-6).

Changes in width were not significant for Prairie plants. While width was maintained to

the end of July on the lntermediate site in 1984, on the Dunes leaves from the end of

July were significantly wider than those from early July or mid-August (Table 3-6).
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TABLE 3-5. Mean values for leaf area (cm2) and K for three sampling dates in 1984,
averaged across Dune, lntermediate and Prairie populations

SAMPLING DATE 1984

5JULY 26JULY ISAUGUST

35 25 45

K lsza 1.44a 1.44a

Leaf area (cm2) 11i7a e12b g.7gb

a,b Means with the same letter are not significantly different (o=.05).
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TABLE 3-6. Mean leaf dimensions and Student-Newman-Keuls (SNK) tests on leaves
from Dune, lntermediate and Prairie plants in July and August 1984 and July 1985

SAMPLING DATE LENGTH (cm)

DUNE INTERMEDIATE PRAIRIE

5 July 1984

26 July 1984

15 August 1984

13 July 1985

26.154

26.044

20.06b

26.03

29.24

24.154

MtTb

21.62

22.8f

fi.57b

ß.14b

27.31

SAMPLING DATE WIDTH (cm)

DUNE INTERMEDIATE PRAIRIE

5 July 1984

26 July 1984

lSAugust 1984

13 July 1985

0.77b

0.g64

0.79b

0.69

0.794

0.6g4

0.54b

0.56

0.6g4

0.604

0.674

0.55

a,b Means with the same letter in the same column are not signifìcantly different (o=.05).
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Biomass

ln both years total plant biomass was significantly different among the three sites.

Biomass was highest on the Dunes, less in the lntermediate site (67% of Dune plants)

and lowest on the Prairie (44o/o of Dune plants) (Figure 3-5). Although populations were

comparable in June, after about July 4 the pattern and extent of dry matter accumulation

differed in the three populations (Figure 3-5).

Leaf biomass in Dune plants increased rapidly (0.02 g day-t) and linearly until

about July 18 (Figure 3-6). After July 18 leaf production levelled off and declined

dramatically by early September. Leaf production was 77o/o of peak seasonal when

sharp increases in stem production occurred. The rate of increase in stem dry weight

between July 4 and 18 was 0.037 g day-t, and dropped to 0.002 g day-t between mid-

July and August 30. lnflorescence production (0.01 g day-t) was concurrent with high

rates of stem biomass production. Flower production increased in early July and

remained fairly constant until the end of August. Full emergence of the whole

inflorescence occurred by about August 1. General plant senescence progressed

rapidly after August 30.

Biomass for lntermediate site plants was less than Dune plants for all component

parts, but the pattern of dry matter accumulation was similar (Figure 3-7). The highest

rate of leaf production occurred prior to July 4. After a plateau period lasting about a

month, another short increase in dry matter occurred in early August. By mid-August

leaf dry matter declined rapidly. When leaf biomass was approximately 85% of peak

seasonal, stem biomass increased rapidly at a rate of 0.017 g day-l between July 4 and

18. Steady increases in stem tissue occurred until about August 30.

Flower production was gradual and did not peak until late August, when plants

were beginning to senesce. The overall rate of increase in dry weight was 0.002 g daft
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between June 20 and August 30. Senescent leaf material was noticeable in mid-July

and increased rapidly after mid-August.

Prairie plants showed a similar rapid leaf production (0.015 g day-t) as the other

populations until about July 4 (Figure 3-8). Peak leaf biomass occurred in mid-July and

declined thereafter. Stem production increased steadily from June 20 to July 18 and

began a marked increase in mid-July, about two weeks later than Dune and lntermediate

populations. Two periods of high stem production occurred from July 18 to August 1,

(0.015 g day-t) and from August 15-30 (0.01 1 g day-t). Flower production remained low

until August 1 with a slight increase to maximum biomass at the end of August (0.001 g

day-1 from July 4 to August 30). Senescent leaf material was greater than inflorescence

biomass at all dates, and rose steadily after mid-August.

Canonical variate analysis (CVA)was used to compare plant biomass at the time

of reproductive maturity for all populations. The results of the CVA were significant

(Ïable 3-7). A plot of the first two canonical variates showed distinct separation of Dune

plants from the other two population along the X-axis (stem and flower mass), with less

distinct separation between lntermediate and Prairie plants along the Y-axis (leaf mass)

(Figure 3-9).

Although the CVA results were based on mid-August data, plots of the variables

(stem, inflorescence and leaf dry weights) showed that discrimination between

populations is possible anytime after early July (Figure 3-10). After July 4, significant

differences between populations existed for most dates for stem, and to a lesser extent,

inflorescence biomass (Figure 3-10). Dry-matter accumulations in stems and flowers

cccurred earlier in Dune plants, while Prairie plants were about two weeks iate¡-. Leaf

production was similar in all populations until early July. Dune plants produced about

50% more leaf material than lntermediate and Prairie populations by 1B July.
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TABLE 3-7. Canonicaldiscriminant analysis of Andropogon gerardiibiomass data, 1985

CANONICAL CANONICALÉ F p>F
CORREL,ATION

cr 0.80 0.64 8.8 .0000

cil 0.56 0.32 4.9 .0008

STRUCTU RE CORRELATIONS

ct cil
Leaves 0.72 0.59

Dead -0.03 0.53

Stems 0.94 0.20

Senescent leaves -0.24 0.32

Flowers 0.90 -0.11

Reproductive stalks 0.82 0.08
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Divergence in the Prairie and lntermediate populations occurred after this time, when

leaf biomass began to decline in Prairie plants but lntermediate plants continued to

increase. The shift from leaf dry matter accumulation to senescence occurred earlier in

the Prairie plants than in Dune or lntermediate plants.

A summary of peak seasonal plant biomass from 1984 and 1985 growing

seasons indicates that plants in all populations were more productive in 1985 (Table 3-

8). ln both years there was a similar pattern of increasing biomass from Prairie to

lntermediate to Dune plants.

3.3.5 BiomassAllocation

Biomass allocation was not consistent among populations when averaged across

the season (Table 3-9). Dune plants had proportionately more stem and reproductive

tissue and less leaf tissue on average than lntermediate or Prairie plants. Prairie plants

had the greatest average allocation to leaves and the least allocation to stems and

reproduction. Allocation to leaves declined to 20-28% of the total biomass in the three

populations when averaged over the growing season. Maximum allocation to stems was

similar for Dune and lntermediate plants (45o/o and 41% respectively), and lowest on the

Prairie (36%). Senescent leaf weight increased in all populations, but was greatest in

lntermediate and Prairie plants at the last harvest. Maximum reproductive allocation

was found in Dune plants while Prairie plants had a greater maximum allocation to

reproduction than plants from the lntermediate site (Table 3-9).

Allocation patterns were approximately linear for most plant components, and

were similar in the three populations (Figure 3-1 1). Allocation to leaves (LWR) was

inversely related to total plant weight in all populations, while allocation to stems (SWR)
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TABLE 3-8. Maximum seasonal plant biomass (g)for Andropogon gerardiifrom Dune,
lntermediate and Prairie poplulations, 1984 - 1985

PLANT FRACTION 1984 1985

N MEAN S.E. MEAN S.E.

LEAVES

Dune

lntermediate

Prairie

STEMS

Dune

lntermediate

Prairie

FLOWERS

Dune

lntermediate

Prairie

TOTAL PLANT

Dune

lntermediate

Prairie

26

28

20

27

30

20

27

29

20

27

29

20

1.62

0.92

0.97

1.55

0.82

0.58

0.21

0.10

0.06

3.10

1.83

1.49

0.07

0.05

0.06

0.16

0.09

0.08

0.04

0.02

0.01

0.27

0.18

0.15

1.60

1.18

1.02

1.86

1.10

0.66

0.32

0.18

0.12

4.10

2.73

1.80

0.09

0.09

0.12

0.16

0.10

0.07

0.03

0.02

0.02

0.30

0.24

0.19
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TABLE 3-9. Maximum, minimum and average biomass allocation (%) to component
pafis of Andropogon gerardiiplants from Dune, lntermediate and Prairie populations,
averaged over the growing season

POPULATTON - ALLOCATTON (%)

DUNE INTERMEDIATE PRAIRIE

LEAVES

Mean

Max

Min

STEMS

Mean

Max

Min

SENESCENT LEAVES

Mean

Max

Min

INFLORESCENCE

Mean

Max

Min

59

100

28

74

100

24

16

36

0

10

37

0

5

13

0

67

100

20

21

41

0

11

31

0

6

10

0

27

45

0

7

20

0

11

16

0
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and reproduction (RE) increased with increasing total plant weight. The amount of

senescent leaf material also followed this pattern.

The propottion of leaf biomass equalled that of stems in Dune and lntermediate

populations (approximately 42% for Dune plants and 41o/o lor lntermediate plants), but

contributed more to total plant weight in Dune plants (3.7 g for Dunes and 2.5 g for

lntermediate). This point for Prairie plants occurred at a lower percentage allocation

(36%) and at a lower plant weight (1.8 g). ln all populations the point where LWR =

SWR was also the point at which RE was highest.

At low total plant weight (June 6 to July 4), the three populations were similar in

their allocation pattern (Figure 3-12). After July (0.8 - 0.9 g log total weight) the Prairie,

lntermediate and Dune populations showed a gradation of relative allocation as a

function of increasing total plant weight.

Reproductive effort (RE) calculated by the ratio of total reproductive tissue

(flowers and supporting stems) to total vegetative tissue (leaves, stems and attached

senescent leaves) (Samson and Werk 1986), increased with increasing plant size in all

populations. Regressions of total reproductive tissue with total vegetative tissue

resulted in negative Y- intercepts for all populations (Table 3-10), indicating that RE is a

monotonically increasing function of vegetative plant size. Therefore apparent

differences between populations in the relative proportion of leaf, stem and reproductive

tissue may be accounted for by average plant size.

3.3.6 Plant Nutrients

Analysis of variance and the Student-Newman-Keuls test for plant tissues show

that leaves had significantly higher concentrations of N, P and Cu than stems or

standing dead tissue (Table 3-1 1). Standing dead tissue (composed of attached dead
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TABLE 3-10. Reproductive allocation regression parameters for Andropogon gerardii
from Dune, lntermediate and Prairie populations

REGRESSION PARAMETERS: R = mV+ b*

POPULATION p>F

Dune

lntermediate

Prairie

0.183

0.104

0.124

-0.160

-0.057

-0.085

0.502

0.483

0.429

0.0001

0.0001

0.0001

m = slope
b = intercept
ft = dry weight of reproductive tissue (inflorescences and supporting stalks).
\,/ = dry weight of vegetative tissue (leaves, stems, senescent leaves), for plants

from six harvests between July 4 and September 15, 1gBS.
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TABLE 3-1 1. Results of Student-Newman-Keuls (SNK) multiple range tests for plant tissues,
from Dune, lntermediate and Prairie plant populations and early and late developmental stages

SOURCE ELEMENT
Ca Mg

%I 4%t %t (%t (%l
TISSUE
Leaves (n=34)

Stems (n=32)

Dead (n=19)

POPULATIONS
Dune (n=32)

lntermediate (n=36)

Prairie (n=17)

DEVELOPMENTAL STAGE
Early (n=48)

Late (n=37)

0.774*

0.22b

0.31b

0.744

0.38b

0.13c

0.574

0.33b

0.154

0.1 0b

0.06b

0.1 6a

0.114

0.03b

1 .164

1.6f
0.554

2i5a
0.68b

0.47b

o.1f 1i2a
0.114 1.29a

1.044 0.22a

1.924 o.2ïa
0.574 o.1oa

2.654 0.464

o.47a o.o6b

o.3sa o.o8b

o.58a o.1ob

2i5a 0.364

SOURCE ELEMENT
Gu

lonm)
Fe Mn Zn

lonm) loom) lnoml
TISSUE
Leaves (n=34)

Stems (n=32)

Dead (n=19)

POPULATIONS
Dune (n=32)

lntermediate (n=36)

Prairie (n=17)

DEVELOPMENTAL STAGE
Early (n=48)

Late (n=37)

3.25a M1.55b
1.7f 36.11c

2.14b szosga

3.104 26T.TBa

2.2f fi6.54a
1.s8b s4;Tb

2.gïa 203.564

1.70b '164.4Ta

47 sa g2.s3a

14.88b 2g.4a

50.944 36.g5a

60.454 36.g14

25.67b 37.Tga

11.36c p.26b

4oJa 3z.Ba
go.47b 31.68a

* Means with the same letter in the same column for each source are not
significantly different (o=.05).
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leaves and stems) had the greatest Fe concentrations. Leaves had significantly higher

Fe concentrations than stems. Leaves and standing dead had significantly higher

concentrations of Mn than stems but stems had the highest concentration of K, Ca and

Mg, although differences were not significant.

Dune, lntermediate and Prairie populations were fairly distinctive. Calcium was

the only element not significant in all populations (Table 3-11). The lowest

concentrations for all elements, except Mg, were found in Prairie plants. Dune plants

had consistently higher concentrations of all elements than plants in the other

populations and had significantly higher concentrations of N, K, Mg, Cu and Mn. Dune

and lntermediate plants had significantly higher amounts of P, Fe Mn and Zn than

Prairie plants. Nitrogen and Mn were significantly higher in Dune plants than in

lntermediate plants and significantly higher in lntermediate than Prairie plants. The

amount of plant litter remaining on the lntermediate (54%) and Prairie (a%) may have

tied up available nutrients.

Significant differences in nutrient content between early and late reproductive

stages of developmentwere found for N, Mg, Cu and Mn (Table 3-11). Plants in early

reproductive stages had significantly more N, Cu and Mn, while Mg concentrations were

significantly greater in mature plants.

ln general at the time of heading, chemical elements were not found to be

allocated the same manner as biomass in any of the populations (Figures 3-13a to

3-15a). As expected, all elements were found concentrated in the leaves in all plants.

Allocation patterns changed after flowering. With the exception of Mg, no element

was consistently allocated in the same way as biomass in plants from any population

(Figures 3-13b to 3-15b). ln the Dune (Figure 3-13b) and lntermediate (Figure 3-f4b)

populations leaf Mg allocation was similar to that of leaf biomass. The same was
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3.4

true for stem Mg and biomass. This was not observed in Prairie plants (Figure 3-15b).

Most elements were still concentrated in leaf tissue, however K, Ca, and to a lesser extent

Mg were found concentrated in stems in all populations (Figure 3-13b to 3-1Sb).

Changes in K and Ca in Dune and Prairie plants were particularly dramatic, but there

was considerable variation in the concentration of K and Ca in Dune plants (Table 3-12).

Elements retained in leaf tissue after flowering, while leaf senescence was advancing,

contributed to the relatively high concentrations of certain elements (e.g., Fe, Zn) in the

attached dead materialthat persisted from the previous season.

nrscusstoN

The discussion focuses on performance of Andropogon gerardiiin terms of plant

morphology, shoot biomass and biomass allocation, reproductive allocation and plant

nutrients, in relation to the particular conditions of the sandhills and dune environments.

The morphology of an Andropogon gerardiiplant in the early vegetative phase is

typical of many perennial grasses. Leaves arise in a two-ranked pattern from a short

stem, which itself is little more than a series of nodes separated by unelongated

internodes. lnitially leaves remain at the basal part of the plant.

On average, eight or nine leaves were produced by plants in each population

over the season. The period of greatest leaf production was in June when two thirds of

the leaves were initiated. ln grasses, a small number of leaves is active, and the actual

leaf life-span, in terms of photosynthetic activity is relatively short, as levels of

photosynthesis change through the growth period (Jewiss 1966). Leaf blades get

progressively larger up the stem until the time of inflorescence production, when they

decrease in area (Jewiss 1966). This pattern was observed in Andropogon gerardii.
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TABLE 3-12. Plant
environments. Data
calculated as SE/X

nutrient concentrations and
are mean (X) t standard

biomass from Dune, lntermediate and Prairie
error (SE) and coefficient of variation (CV)

POPULATION &

COMPARTMENT

N (%)

XSECV
P (%l

XSECV
K(%)

XSECV
ca(%l

XSECV
Ms (%)

XSECV
DUNES

Leaves

Stems

Standing dead

INTERMEDIATE

Leaves

Stems

Standing dead

PRAIRIE

Leaves

Stems

Standing dead

14 1.19 r 0.16 13

13 0.41 * 0.05 12

5 0.33 r 0.12 36

14 0.56 r 0.17 30

13 0.15 f 0.04 26

9 0.43 t. 0.20 46

6 0.30 r 0.17 56

6 0.00 r 0.00 0

5 0.11 r 0.10 91

0.19 r 0.04

0.15 f 0.04

0.04 r 0.01

0.15 f 0.03

0.08 r 0.03

0.09 r 0.03

0.06 i 0.02

0.02 r 0.01

0.02 t 0.01

1.76 r 0.37 21

3.10 r 2.00 æ

0.72*,0.29 40

0.83 i 0.17 20

0.62t0.17 27

0.56 r 0.21 37

0.55 r 0.12 21

0.49 r 0.05 10

0.37 r 0.13 35

1.83 r 1.00 U
4.24 t 4.20 99

0.81 r 0.23 28

0.53 r 0.13 25

0.34 r 0.09 26

0.59 r 0.18 31

0.41 r 0.07 17

0.31 r 0.07 22

0.31 r 0.05 16

0.43 r 0.28 65

0.61 r 0.4 66

0.18 r 0.09 50

0.07 r 0.02 29

0.06 r 0.01 17

0.07 r 0.03 43

0.11 i 0.03 27

0.07 f 0.01 14

0.06 r 0.02 33

21

26

25

20

38

33

33

25

25

POPI.JLATION

&

COMPARTMEN

T

Cu (ppm)

XSECV
Fe (ppm)

XSECV
Mn (ppm)

XSECV
zn (ppm)

XSECV
BIOMASS (s)

XSECV

DUNES

Leaves

Stems

Standing dead

INTERMEDIAT

E

Leaves

Stems

Standing dead

PRAIRIE

Leaves

Stems

Standing dead

14 4.53 r 0.78 17

13 2.05 r 0.37 18

5 1.85 I 0.54 29

24230t 33.90 14

50.70 r 3.90 I
903.50 r 228.00 25

86.00 r 15.40 18

25.43 r 4.30 17

79.98 r 13.90 17

40.10 i 5.83 15

34.28t 4.40 13

34.21 * 8.60 25

1.71 t 0.14 I
2.39 t 0.24 10

1.69 i 0.33 19

14 2.54t 0.43

13 1.65r 0.36

I 2.52t 0.71

6 1.94 r 0.30

6. 'l.11 r. 0.12

5 1.72t 0.51

78.80r, 12.20 15

30.35 r 9.40 31

539.70È 141.60 26

52.86 È 'l 1.90 23

16.95 r 4.80 28

102.50 i 67.60 66

21.71t 3.00 14

9.50r 1.40 15

55.19 r 10.30 19

16.63 r 4.40 26

3.69 r 0.41 11

14.24 t4.1O 2S

32.10 r 3.10 I
33.78 r 6.40 19

52.40 r 19.60 37

15.90 r 2.90 18

9.30 f 2.10 23

11.43 t210 1B

1.17 t 0j4 12

1.22t 0.17 14

1.36t 0.42 31

0.93 + 0.15 16

0.69 i 0.13 19

0.72t0.20 28

17

22

28

15

11

29
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The decline in length of successive blades is an indication of increased

competitive demands for assimilates by the elongating stem and developing

inflorescence (Jewiss 1966). The decrease in leaf surface area observed was due

primarily to a decrease in leaf length as the season advanced, a predictable result of the

pattern of leaf senescence in grasses (Jewiss 1966).

Although the larger leaves of Dune plants provide a greater surface area for

photosynthesis, the increase in the transpirational surface may result in greater water

loss (e.9., Potvin and Werner 1983). The succulent leaves of sand bluestem have been

found to be more sensitive to stress than some other prairie grasses (Hendrickson et al.

1998). Leaf-rolling, which can reduce water loss, occurred in all populations and was a

problem when making accurate leaf area measurements. Leaf rolling in Andropogon

gerardiidecreases the sunlit leaf area, thereby reducing the radiation load on the leaves

(Barnes 1985, Knapp 1985). When the leaf area intercepting radiation is reduced and

the change in leaf shape increases boundary layer resistance, leaf transpiration rates

decrease (O'Toole et al. 1979). This way of reducing transpiration by plants

experiencing water deficit is common where drought-stress is a factor. Glaucous leaves

were observed in all populations. Epicuticular leaf wax, which creates the glaucous

appearance, serves to preserve the plant's water balance (Eglinton and Hamilton 1967,

Barnes 1985), although it also has a protective function (Eglinton and Hamilton 1967).

Changes in leaf dimensions and therefore leaf area follow the onset of summer

drought and advancing senescence. Leaf aging and senescence is interpreted as part

of a programmed re-allocation of resources within the plant (Chabot and Hicks 1982), a

common tactic for drought avoidance and correlated with the onset of stem production in

grasses (Jewiss 1966). The inhibiting effect of stem elongation on leaf production was a
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significant part of the growth cycle that allowed differentiation between populations, with

a pattern of increased shoot height from the Prairie to the Dune.

Similar seasonal trends were observed in morphological variables for plants on

the Dunes, which were relatively stable from year to year. Plants from lntermediate and

Prairie populations were more variable within seasons and between years.

Environmentally-induced morphological variation is not uncommon in plants (Watson

and Casper 1984, Schlichting 1986, Coleman etal. 1994) and the differences observed

here may simply reflect a plastic response within the amplitude of the taxon.

There was a progressive increase in maximum total shoot production in plants

from the Prairie to the Dune populations. Values from these populations were in the

range of values reported from tall-grass prairie. The maximum shoot biomass of

reproductive tillers of Andropogon gerardii ranged from 4.2 - 5.5 g plantl for irrigated

and control plots of native tall-grass prairie in eastern Kansas (Knapp 1984a). These

data are interesting in that the lowest shoot weight was observed on the irrigated plots,

but during a season when precipitation was half the 4O-year mean. The high values

were from control and irrigated plots in a season when precipitation was 20o/o greater

than the 4}-year mean.

ln another study on a similar piece of tall-grass prairie, maximum shoot biomass

on previously burned prairie was 1.23 g plant-t lKnapp 1985). This was expected to be

more productive, however it was also during the year when precipitation was half the 40

year mean. There was no indication whether the data were for vegetative or

reproductive tillers.

As a C¿ species, Andropogon gerardiimay be responding to the effects of high

summer temperatures characteristic of the sandhills sites. Warmer temperatures

combined with favourable precipitation increased tiller weight in advanced phenological
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stages of sand bluestem, even though a high proportion (80%) of these were vegetative

tillers (Hendrickson ef a/. 1998). ln Bouteloua gracilis, another C¿ grâss also common in

the sandhills, Chung and Trlica (1980) found that high temperatures and optimum to

moderate water stress favoured growth and biomass production. They found increased

above ground allocation, and in particular increased allocation to culms and leaves at

high temperatures.

Few studies have measured individual shoot production in Andropogon gerardii.

Those that exist come primarily from plants growing in tall-grass prairie where shoot

production can be quite variable, depending on the growing conditions. An important

ecological determinant for all types of prairie is the nature of the growing season with bi-

modal precipitation and mid-season water stress (Knapp 1984a). This occurs when

reproductive shoots of Andropogon gerardiiare developing. Variable precipitation, with

mid-summer dry periods coincident with the highest seasonal temperatures, are

common for the study area (Chapter 2). Because of exposure, low water retention in the

soils and high temperatures, surface sands are subject to extreme moisture deficits

(Baldwin and Maun 1983).

Knapp (1984a,b), 1985) found osmotic adjustment occurred in Andropogon

gerardii plants as a response to water stress. He found plants were able to maintain

photosynthesis at high leaf temperatures and low water potentials and suggested this

physiological response may confer a selective advantage in such variable environments.

Barnes (1985) also found osmotic adjustment during drought occurred in bluestems

(Andropogon gerardii - hallii) in the Nebraska sandhills. Leaf-rolling was also observed

in both the tall-grass prairie and sandhills populations as a means of slowing the rate of

increasing water-stress while staying photosynthetically active (Knapp 1984a, 1985,

Barnes 1985). Although aspects of the physiological ecology of Andropogon gerardii
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were not measured in my study, it may be reasonable to expect that similar behaviour

would occur in the Baldhead Hills populations.

The pattern of biomass accumulation in leaves, stems and reproductive

structures was similar in all sandhills populations, and comparable with trends found by

Knapp (198aa) for reproductive tillers in Andropogon gerardii. The differences that

occurred among the populations were in the timing and rate of increase in dry-matter

production. The pattern of change in total shoot biomass was indicated by stem

elongation. The amount of stem tissue produced and the rate and onset of stem

elongation allowed differentiation between the three populations. Andropogon gerardiiis

a self-incompatible wind-pollinated grass (Peters and Newell 1961) making stem

production important in enhancing pollen exchange and seed dispersal. Strong stems

also maintain the integrity of the shoot in the Dune environment, where the mechanical

stress of sand abrasion can be detrimental.

Growth and biomass accumulation in Andropogon gerardii may also be

influenced by the presence of vesicular-arbuscular mycorrhizal (VAM) associations,

since this species is considered highly dependent on mycorrhizal symbiosis (Hetrick ef

a/. 1986, 1989), especially in nutrient-poor soils (Anderson et al. 1994). ln tallgrass

prairie, growth of Andropogon gerardiiwas found to be 98% dependent on VAM fungi,

with mycorrhizal plants 50 times larger than the non-inoculated controls (Hetrick ef a/.

1989). These fungi have been shown to act as supplemental root systems, increasing

uptake of some inorganic nutrients (Dhillion et al. 1988, Cerlogione et al. 1988).

Although the presence of mycorrhizal associations was not examined in this study, it is

possible that differences in plant growth between sites may be due, at least in part, to

the degree of root colonization by these fungi.
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Resource partitioning is a quantitative way to compare developmental patterns of

individuals from different populations (Abrahamson and Gadgil 1973, Abrahamson 1975,

Bradbury and Hofstra 1976). The allocation pattern of a plant, which is a reflection of

both genotype and environment (Brouillet and Simon 1979, Cartica and Quinn 1982,

Hume and Cavers 1983) may define its ecological role and is therefore an important

factor in understanding plant distributions and adaptations (Bazzaz et al.1987).

ln a perennial like Andropogon gerardiileaves account for 100% of the above-

ground biomass prior to stem production. But, as reproductive shoots grow out of the

vegetative phase, more resources are diverted to other functions. ln terms of average

allocation during the growing season, Dune plants channelled a greater proportion of

dry-matter into stems and reproduction and less into leaves, even though Dune plants

had more leaf production per shoot. Dune plants may have also responded to periodic

burial by increasing the proportion of biomass to stems (Brown 1997, Maun 1998).

lncreased investment in support structures to maintain mechanical stability makes sense

for the rigours of the dune environment, but this has also been found among species

from tall-grass meadows (Anten and Hirose 1999). However, in the sandhills prairie

plants allocated the least amount on average to stems and reproduction. All populations

showed a decline in leaf allocation at the end of the growing season, when the allocation

to stems increased to between 36 and 45% (Figure 3-1 1), consistent with other studies

(e.9., Anten and Hirose 1999).

When plant size was taken into account, leaf allocation decreased as a linear

function of increasing plant size, while allocation to stems and reproduction was a

positive linear function. Rates of allocation to vegetative tissue were lowest for Dune

plants as a result of overall larger plant size. The proportions of biomass accumulated in

each component part would thus be distributed over a larger plant size. lt is therefore
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unclear if real differences occurred among the populations in the pattern of allocation.

Dune plants may appear to have allocated more to stems and reproduction as the

season progressed, but this may be the result of an allometric response of larger plant

size. lt has also been suggested that grazing pressure affects plant stature and growth

rates as it determines height variation (Hartvigsen and McNaughton 1995). For

example, in ungrazed Sporobolus kentrophyllus, plants were taller and slower growing

with less investment in leaves than those subjected to simulated grazing (Hartvigsen

and McNaughton 1995).

The onset of phenological changes is important in stress environments. Dune

plants respond to environmental factors earlier in the season, on average approximately

10-14 days before plants in the lntermediate or Prairie populations. The average and

maximum allocation to reproduction occurred earlier on the Dunes and was greater than

that in the other populations. Selection to favour rapid and early increases in height and

early flowering may occur in stressful environments, as a stress avoidance strategy

(Stanton et al. 2000). ln an overall sense, reproductive allocation declined from the

earliest successional habitat (Dune) to the latest (Prairie). However, maximum

reproductive allocation was greater for Prairie plants than lntermediate plants. This may

suggest that in the sandhills reproductive allocation does not change consistently in the

predicted manner with increasing habitat maturity (Gadgil and Solbrig 1972).

Reproductive allocation has been found to be greater in species of early

successional habitats or disturbed communities (Roos and Quinn 1977, Hawthorn and

Cavers 1978, Newell and Tramer 1978, Abrahamson 1979). However, the findings of

increased habitat stability resulting in a steady decline in reproductive effort are not

conclusive. Bradbury and Hofstra (1976) found no evidence to suggest So/ldago

canadensis could change its reproductive allocation in relation to secondary
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success¡onal development. Brouillet and Simon (1979) also found reproductive

allocation did not decline with successional maturity in two species of Aster. Stewart

and Thompson (1982) reached similar conclusions for six herbaceous perennials and

cited competition as probably an important factor determining trends in reproductive

effort.

Soule and Werner (1981)found that differences in resource allocation along an

environmental gradient d¡d not consistently agree with theoretical predictions in

Potentilla recta, and attributed this to a high degree of phenotypic plasticity. plastic

responses in resource allocation should be expected in species that inhabit a range of

environmental conditions, particularly in those found across a successional gradient, or

under variable levels of environmental stress (Soule and Werner 1981, Silvertown

1998). Hickman (1975) concluded that environmentally-cued allocation to reproduction

is likely an outcome of short-term environmental unpredictability. For species which

display phenotypic plasticity in allocation patterns it is unlikely that genetic differentiation

in reproductive allocation would occur between populations across an environmental

gradient. When a plant responds in a plastic manner to environmental conditions, the

direction of the resulting change in reproductive effort will depend on the location of the

plant relative to its optimal environment (Soule and Werner 1981). Outside the

optimum, plants will experience stress of some kind (e.g., drought), requiring

proportionately more resources for maintenance and less for reproduction.

Within a species total biomass is often positively correlated with reproductive

allocation (Bazzaz et al. 1987), although exceptions exist (Kawano and Miyake 1g83,

wilson and Thompson 1989, and references in Samson and werk 1986). The

significant linear relationship between reproductive and vegetative plant welght indicates

that this is the case for Andropogon gerardii in the Baldhead Hills. The relatively low
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overall values of reproductive allocation in Andropogon gerardiiin the sandhills is within

the range reported for other caespitose perennial grasses (Wilson and Thompson

1989), and for a rhizomatous grass such as Andropogon gerardiiprobably relates to

some diversion of resources into veqetative propagation (Harper 1927, Bazzaz et al.

1987).

The sandhills habitats were characterized by relatively infertile soils, especially in

terms of nitrogen and phosphorus (Chapter 2). Dune systems are well known to be

nutrient-poor environments (Willis and Yemm 1961, Baldwin and Maun 1983), and in the

Carberry sandhills, the Dunes represented the most nutrient-deficient of the three sites

studied. However, the Dune plants had the highest levels of all plant nutrients

compared with the lntermediate and Prairie populations. They also compared

favourably with estimates of concentrations of essential elements considered adequate

for plant growth (Salisbury and Ross 197S). With the exception of copper, Dune plant

leaves exceeded the levels considered adequate for all other nutrients The prairie site

contained plants with the lowest concentrations of all nutrients, lower than those

considered adequate for plant growth (Salisbury and Ross lgZS).

The presence of the most robust plants on the most nutrient-poor sites might be

the result of the ability of plants here to alter their root biomass to increase nutrient

uptake (Tilman 1988). Dune plants were larger and so presumably also had larger root

systems to acquire more nutrients. Mycorrhizal associations would also be expected to

occur in the infertile sands of the Baldhead Hills. Schultz et al. (2001) found

Andropogon gerardiifrom low-nutrient prairies had coarser root systems and were far

more dependent upon mycorrhizal fungi than plants from high-nutrient sites.

Selection in low-nutrient habitats is also on characters that minimize nutrient loss

(Grime 1979). ln a long-term field experiment the competitive balance between Festuca
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and Arrhenatherum on nutrient poor sites was attributed to diflerences in carbon and

nitrogen losses (resulting from mowing) (Berendse et at. 1992). The increased N-

allocation to above-ground parts in Arrhenatherum in response to clipping resulted in its

replacement by Fesfuca. Berendse et al. (1992) also found that total root biomass

allocation was not responsible, as Fesfuca had a lower proportional root biomass.

lnstead the morphology of the root system (smaller root diameter in Fesfuca) may have

contributed to increased nutrient absorption. They concluded the differences in N

losses had a strong impact on the competitive balance and that traits that contribute to a

high competitive ability in nutrient-rich habitats (erect stature and rapid response of

allocation upon clipping) have an adverse effect in nutrient-poor grasslands (Berendse

et al. 1992). McConnaughay and Coleman (1998) found that increased allocation to

roots in response to nutrient changes was not important in affecting plant growth.

Although fluctuations in nutrient availability altered plant growth, the changes occurred

without adjustments to rooVshoot partitioning. lnstead, changes in leaf area

development were more important in driving growth in response to changes in nutrient

availability than gross rooUshoot partitioning, and McConnaughay and Coleman (19g8)

emphasized the importance of leaf area production patterns per unit change in biomass.

The highest concentrations of all nutrients were found in the leaves, as the

primary site of plant metabolism. Some of the micronutrients (iron, manganese and

zinc) were concentrated in the attached dead tissue, reflecting the relative immobility of

these elements, as they were not translocated out of the above-ground shoot prior to

senescence (Sutcliffe and Baker 1974).

Potassium, magnesium and calcium were concentrated in stems, particularly in

Dune plants. ln all populations this was especially true after ripening. Areas of high

metabolic activity such as meristematic zones have high concentrations of potassium.
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lntercalary meristems at the stem nodes may require potassium for stem elongation,

which occurs just prior to heading (Barnard 1964). As potassium is very mobile within

the plant, it will move to areas of greatest sink strength (Van Goor and Wiersma 1974,

Hill f 980). The increase in potassium with ripening may be a result of its translocation

to rhizomes or to developing grains. But as rhizome growth stops when stem elongation

occurs in Andropogon gerardii(McKendrick et a\.1975), translocation to grains is more

probable.

Calcium is one of the least mobile elements within the plant and is immobile

once it reaches the site of use (Sutcliffe and Baker 1974). lt is an important component

in cell walls and may be required in the formation of stem sclerenchyma. Structural

tissue, abundant in grass stem nodes, does not form until after elongation of the

internode is complete (Barnard 1964). This mayexplain the accumulation of calcium in

stems later in the season.

Much of the information concerning plant nutrition in Andropogon gerardiicomes

from rangeland studies, reflecting the importance of bluestems as forage grasses.

Concentrations of plant nutrients vary during a growing season (Umoh et al. 1982).

Although not strictly comparable because determinations were made on a forage

mixture (Andropogon gerardii, Schizachyrium scoparium, Bouteloua curiipendula,

Sorghastrum nutans), mid-summer plant nutrient values from Kansas were similar to

sandhills Prairie sites for phosphorus, calcium and magnesium (Umoh et al. 1982).

Dune plants were higher in concentrations of all measured elements.

Plant nutrients in Andropogon gerardii from the sandhills Prairie sites were

comparable with those from the Red River Valley for potassium, calcium and

magnesium although some of the micronutrients were greater in the tall-grass prairie

(Wali ef al. 1973). Dune plants were higher for all elements.
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Nitrogen has received the most attention. Nitrogen dynamics were studied by

McKendrick et al. (1975) in vegetative tillers of Andropogon gerardii from May to

October. The greatest decline (from 2.7% to 0.6%) occurred in June between

emergence and node formation, with the lowest nitrogen levels in mid-summer. Nitrogen

accumulation in shoots was related to soil moisture availability and root activity. Drought

conditions were also reported by Hayes (1985) to reduce total nitrogen content in

Andropogon gerardii. Late-season nitrogen migration from shoots to roots and rhizomes

can be dramatic in Andropogon gerardii, with rhizome nitrogen concentration doubling

through the fall (McKendrick et a\.1975). Fall translocation of nitrogen to below-ground

perennial parts has been well documented in grasses (McKendrick ef al. 1g75, Hayes

1e85).

Other grasses have been reported to have fairly high leaf nitrogen content.

Agropyron desertorum and A. spicatum showed a range of leaf nitrogen concentration

from 1.0-4.5o/o, with leaf sheath and stem values from 0.3-4.0% (Caldwell et at.1981).

High nitrogen concentrations were also reported for Bromus moltis early in the season in

the annual grasslands of California (Woodmansee and Duncan 1gB0). Comparable

nitrogen levels (as well as other nutrients) were also reported for high-arctic graminoids

(Festuca brachyphylla, Alopecurus alpinus, Carex nardina, C. sfans) growing in soils

with low nutrient availability (Maessen ef a/. 1983).

ln sand dunes the low soil nutrient status and moisture availability are major

determinants of the nature of the vegetation (Boorman 1982). Low growth rates have

been observed in grasses from infertile environments (see references in Chapin 1gB0),

and were found in Andropogon gerardii from all sandhills sites. Tilman and Wedin

(1991) also reported low growth rates for Andropogon gerardii growing on nitrogen-

defìcient soils. Boorman (1982)found variable but generally low relative growth rates for
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for sand dune plants collected from Norfolk, U.K. but grown under favourable conditions.

The lowest shoot growth rate (0.11 g day-1) was found for tillers of the perennial grass

Corynephorus canescens, but this rate was higher than the maximum total shoot growth

rate observed in Dune plants of the Carberry Sandhills. The highest rates found by

Boorman (1982) were not in a grass but 0.25 g day-t for seedlings of Lacfuca virosa.

Grasses have a wide range of growth rates, with a strong correlation between low

potential growth rates and tolerance of mineral nutrient deficiencies (Grime 1979, Aerts

and van der Peijl 1993).

Low growth rates and a high mean residence time for nutrients in a plant are

nutrient conserving strategies and confer an advantage in poor environments (Aerts and

van der Peijl 1993). Uptake of nutrients when available, as during pulses or nutrient

flushes that occur in spring, exceed the growth rate allowing reserves to accumulate.

This nutrient storage, or luxury consumption, by species in nutrient-poor soils suggests

that the cost of storage is lower than in environments that support more rapid growth

(Chapin ef a/. 1990). This may be the situation in Dune plants, which consistently

showed high tissue nutrient concentrations. ln such cases tissue nutrient content in wild

plants is a less sensitive indicator of soil nutrient availability (Chapin 1980).

Minimization of nutrient loss through leaching from the leaves is an important

adaptation in nutrient-poor environments (Chapin 1980). A morphological trait observed

in Andropogon gerardii, particularly on the Dunes, and found in other studies (Barnes

1985) is their thick, glaucous leaves, indicating the presence of epicuticular wax.

Relatively high amounts of leaf wax (1% of dry mass) have been reported for

Andropogon gerardii (Tulloch and Hoffman 1979). Waxy, sclerophyllous leaves may

have evolved in response to nutrient-stress as much as in response to water-stress

(Chapin 1980).
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Plants of infertile habitats are adapted to conserve mineral nutrients rather than

maximize rate of uptake (Grime 1979). Seasonal storage of minerals and

carbohydrates in non-photosynthetic structures is an essential feature of deciduous

perennials and enables their survival in low-nutrient environments (Chapin 1980, Chapin

ef a/. 1990). Fall translocation of nitrogen from the above-ground shoot to perennating

structures occurs in Andropogon gerardii (McKendrick et al. 1975, Hayes lgBS).

Movement of phosphorus is also observed in Agropyron cristatum where at seed

maturation the direction of translocation quickly changes and moves to the crown and

roots (Moser 1977). Similar translocation of carbohydrates to perennial storage

structures is well known in rangeland grasses (Moser 1977), and may also be the case

for conservation of other elements in short supply (Charley 1977). The C¿ metabolic

pathway may also confer an adaptive advantage whereby greater nitrogen use

efficiency may result in the greater abundance of Ca species on range soils low in ferlility

(Waller and Lewis 1979).

SUMMARY

The ecology of naturally occurring populations of Andropogon gerardii was

studied in three successional habitats in the Baldhead Hills. The Dune population was

distinct from the Prairie and lntermediate populations in terms of morphology, individual

plant biomass and allocation, and tissue nutrient concentrations. lntermediate and

Prairie populations were fairly similar in terms of most attributes. Dune plants were

phenologically more advanced, had higher growth rates, were taller with a greater

allocation to stems and reproduction than plants from the other populations.

ln sand dune environments, one would expect the impact of the physical

environment, with high exposure to the elements and sudace instability, low surface

3.5
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moisture and nutr¡ent status, to be a major determinant of the nature of the vegetation.

On the Dunes in particular, high levels of exposure to wind and resultant sand

movements subject plants to the mechanical stress of sand abrasion, hence the robust

stems required to withstand the effects of blowing sand.

The Dune habitat was characterized by low moisture in the surlace sands with

consistently higher moisture levels beneath (Chapter 2). Deep-rooted Andropogon

gerardiiplants could therefore avoid much of the stress of low water availability. This

may have allowed the overall larger plant size observed in Dunes. Although plants of

the Prairie and lntermediate sites would presumably have similar root systems, the

increase in other species and vegetation cover result in increased competition for water

and other resources, hence the lower stature of plants in these habitats. lntermediate

and Prairie plants may experience more density-dependent effects of increased

vegetation, compounded by a rigorous physical environment (low water and nutrients).

Low soil nutrient status was reflected in the relatively low growth rates found in plants

from each population. Dune plants also exhibited high tissue nutrient concentrations,

often found in wild plants in nutrient-poor sites.

Andropogon gerardiiin the sandhills may function more as a stress-tolerator in a

rigourous physical environment and be a poor competitor when vegetation development

increases.
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4. REPRODUCTIVE ECOLOGY OF ANDROPOGON GERARDII IN THE

BALDHEAD HILLS, MANITOBA

4.1 TNTROpUCT|ON

Bluestems (Andropogon gerardiiVitman sensu /af.) (nomenclature follows Gould

f 975) are recognized as imporlant plants in true and mixed-prairie. Their performance and

behaviour in these environments has been well studied (Weaver and Fitzpatrick 1g32,

Weaver 1954, Curtis and Partch 1950, McMillan 1959, McKendrick et at. 1g75. Knapp

1e84).

There have been a number of studies of the reproductive biology of bluestems.

These include cytogenetics (Nielsen 1939, Riley and Vogel 1g82, Keeler 1gg2, Norrmann

et al. 1997, Keeler and Davis 1999), especially with respect to breeding programs and

development of cultivars (Peters and Newell 1961, Newell 1968, Glewen and Vogel 1gg4),

the anatomy of the vascular system and development of the inflorescence and spikelet

(Maze 1977,Maze and Scagel 1982), ecotypic variation in flowering (McMillan 1gS9) and

temperature requirements for germination (Satterwhite 1970). Research into seed yield

(Masters ef a/. 1993) and its components (Boe and Ross 1983), seed size (Glewin and

Vogel 1984) and pedicellate spikelet fertility (Boe ef a/. 1983) have also been reported in

the agricultural literature.

The reproductive ecology of naturally occurring populations of bluestems has not

been widely reported. Ecological investigations by Barnes (1986) of natural populations in

Nebraska used some reproductive morphological data to examine habitat differentiation.

More recently, McKone ef a/. (1998) investigated male-biased sex allocation in bluestems

growing in a Minnesota prairie. Reproductive fitness of two common cytotypes comprising

the majority of plants in naturally occurring populations of Andropogon gerardiihas been

studied by Keeler and Davis (1999) in Kansas and Colorado.
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Seed traits are a critical component in the ecology and life history of plants through

their impact on plant fitness (Harper 1977). Reproductive potential, influenced by the

proportion of fertile florets, the total number of seeds and overall seed yield, is important to

plant fìtness, but other factors (e.9., individual seed size and seed condition) affect actual

reproductive success.

Variation in seed size has received increasing attention in the literature (Schaal

1980, Cavers and Steel 1984, Thompson 1987, Simons and Johnston 2000, Susko and

Lovett Doust 2000). Within a species, seed size has been viewed as a relatively invariant

character, especially when compared with the variation between species (Westoby ef a/.

1992), although much of the evidence has come from crop plants (Harper et at. 1970).

The hypothesis that seed size is subject to stabilizing selection is based on the idea of

evolutionary trade-offs between size and number (Smith and Fretwell 1974). lncreases in

seed size come at the expense of producing fewer seeds per fruit and fewer fruits per plant

(Primack 1987). lf there is a single optimum seed size for a particular plant in a particular

environment, then the optimal strategist should vary the numbers of seeds produced but

not their size (Haig 1989). Recent studies with native plants have shown seed size to be

phenotypically plastic (Marshall et al. 1985, Winn 1988, 1991, Stamp 1990, Obeso 1993,

Stöcklin and Favre 1994), and in addition have reported positive correlations instead of

trade-offs between size and number (Winn and Werner 1987).

I examined aspects of the reproductive ecology of bluestems in three sandhills

environments, including seed yield and its components, variation in seed mass,

reproductive allocation, loss of reproductive potential, relationships between seed size and

numbers and relationships between vegetative plant performance and reproductive

capacity.
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4.2 MFTHOI-ìS

4.2.1 Field Sampling

From the end of August to mid-September, in 1984 and 1985, 30 plants were

randomly collected from each of the Dune, lntermediate and Prairie habitats. Plants were

chosen only if they were reproductively mature. Specimens were clipped at ground level,

placed in labelled paper bags, and taken to the University of Manitoba for storage. ln

addition, 97 mature plants which had been collected for other purposes (e.g.,

determination of plant production and allocation) and had not suffered shattering were also

used, making a total of 127.

4.2.2 Laboratory Methods

Following the field season, inflorescences from each plant were removed and

stored in sealed paper envelopes at room temperature and humidity prior to sorting. The

total inflorescence included the terminal and all lateralflowering branches, each composed

of two-several racemose spikelet-bearing branches (Gould, 1975) subtended by a

peduncle and raceme sheath (Flgure 4-1).

The number of reproductive branches was considered the total of the terminal

plus lateral flowering branches. As in many of the Tribe Andropogoneae, Andropogon

gerardiibears spikelets in pairs; one sessile and hermaphroditic and the other pedicelled

and usually male. Articulation is below the glumes of the sessile spikelet in Andropogon

gerardii, and so the sessile (or fertile) spikelet and pedicellate spikelet fall together in

pairs. The paired spikelets, associated pedicels and rachis sections were dried and

weighed together as the intact inflorescence. The pedicellate spikelet usually separates,

leaving the sessile spikelet, rachis section and pedicel of the sterile floret as the

functional seed dispersal unit. The dry weight of the sessile florets was considered the
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Figure 4-1: lnflorescence and spikelet morphology in Andropogon gerardii.
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closest approximation of potential seed yield (Boe and Ross 1983). Caryopses were

dissected from florets using a dissecting microscope. As the dry, one-seeded fruit, or

caryopsis of a grass is indistinguishable from the seed, the terms will be used

interchangeably. Seeds found in this study were in one of four conditions. Mature seeds

were normal, well-filled, ovate shaped grains. Measurements of maximum seed length

and width were made on mature seeds. lmmature seeds were those where development

had started, but filling of the grain was incomplete. These seeds were small

(approximately 0.5 mm - 1.0 mm in length), flattened and often had dried anthers and

stigma still attached. Aborted seeds were those where development had occurred and

approximately full length reached, but where the seed appeared shrivelled, dried, twisted

or othen¡vise abnormal. Diseased seeds showed some evidence of predation or

abnormality due to a pathogen. This occurred at both the mature and immature stages of

seed development. Spikelets in this condition usually appeared normal from the outside,

or with an occasional "cobwebby" fuzz at the distal end of the glumes. Where predation

had occurred a small hole could be seen at the distal end of the floret. Small insect larvae

were occasionally observed. The potential total number of seeds per plant was interpreted

as the sum of the ripe, immature, aborted and diseased seeds. Reproductive allocation

was calculated as the total inflorescence weight divided by the total vegetative plant weight

(Samson and Werk 1986).

4.2.3 Data Analyses

The data were sorted, tabulated and means and standard errors generated.

Analysis of variance (ANOVA) and Scheffe's multicomparison tests (on significant results)

were used on each variable separately. As many of the variables were found not to be

normally distributed, the Kruskal-Wallis rank test was also used to test for significant
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4.3

diflerences among populations. Where significance was found, the Mann-Whitney U test

was used to make all paired comparisons. For most variables, results of the ANOVA and

non-parametric tests were similar. Where discrepancies occurred, the results of the

appropriate test are given (i.e. ANOVA/Scheffe for normally distributed variables and

Kruskal-Wallis/Mann-Whitney for variables not normally distributed). Where results were

similar, the ANOVA results are presented.

Spearman's Rank Correlations (r) were performed on the reproductive traits

described above. Regression analysis was used to examine relationships between

measures of reproductive capacity and plant vigour. Where necessary, the appropriate

transformations (logarithmic, square root) were performed prior to analysis to stabilize the

variance and reduce the correlation of variance to mean (Green 1g7g).

RESI II TS

Most measures of reproductive capacity were signifìcantly different among

populations (Table 4-1). Dune plants had significantly more flowering branches and fertile

spikelets than lntermediate or Prairie plants. Seed yield was significantly greater in Dune

plants, but was not significantly different between lntermediate and Prairie plants.

However, significant differences were found among all populations for total inflorescence

weight. The mean total seed mass per plant was significantly higher in Dune plânts than

in the lntermediate and Prairie plants, but there was no significant difference among

populations for the mean individual seed mass. Reproductive allocation was significant

only between Dune and Prairie plants (Table 4-1).
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TABLE 4-1. Reproductive characteristics measured or derived from a sample of
127 field-collected Andropogon gerardiiplants from Dune, lntermediate and Prairie sites,
August and September 1984-85

VARIABLE POPULAÏON*

DUNE INTERMEDIATE PRAIRIE

X tSE XTSEXTSE
No. of flowering branches

No. of fertile florets per plant

No. fertile florets per branch

Total inflorescence weight (mg/plant)

Seed yield (mg/plant)fr

Seed yield per branch (mg)

Total weight ripe seedst (mg/plant)

lndividual seed weightr (mg/seed/plant)

Seed lengthr (mm)

Seed widtht (rr)
Biomass allocated to reproduction (%)

0.22 1.Sgb 0.11

5.99 g132b 2.46

1.24 1g.TBa 0.83

27.00 138.67b 12.90

16.10 93.2Sb 7 .20

6.60 60.20a 3.30

44.40 13.64b 12.60

1.24 2.774 1.40

0.72 5.624 0.52

0.22 1.ZTa 0.18

0.84 7.B0ab 0.68

2.gga-'

60.134

21 374

310.374

ß3.974

74.684

71.544

3.504

6.454

1.364

g.g0a

1 .64b o. t 3o

36.oob 4.Go

2Z.OBa 1.56

BB.6Sc 15.80

6s.o7b 7.30

40.26b 2.80

rc.02b 1s.Bo

2.764 1.10

5.394 0.70

1 .354 0.15

6.Bob 0.78

Mean values based on32 observations for Dunes, 56 for lntermediate and 39 for
Prairie populations, except for paired-spikelets weight and reproductive allocation
where n = 32 for Dunes, 37 for lntermediate and 20 for Prairie populations.

Means with the same letter in the same row are not significantly different.

Weights and measurements on ripe seeds only. Values are based on225 seeds in
Dune population, 128 seeds in lntermediate and 40 seeds in Prairie.

tr Seed yield = weight of sessile spikelets and includes all caryopses.
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The mean total of potential seeds initiated per plant as well as the number of

mature seeds, was significantly greater in Dune plants than either lntermediate or Prairie

plants (Table 4-2). Mature seeds made up the smallest fraction of total seeds from the

lntermediate and Prairie populations.

The percentage loss of potential seeds due to arrested development (i.e. immature

and aborted) was over 80% in both Dune and Prairie populations (Table 4-2). Most of the

seeds found in Dune and Prairie plants appeared immature, an unexpected resutt given

the time of sampling (late-August to mid-September). lmmature seeds were also common

in lntermediate plants (35%), however, in these plants the greatest number (and

percentage of total) were diseased or predated seeds, significantly more than found in

either Dune or Prairie plants.

A relatively low proportion of fertile florets contained a mature seed (<17%) but in

some cases up to 88% of seeds on a single Dune plant were mature (Table 4-3). The

range in numbers of mature seeds on a single lntermediate plant was up to 63% and up to

27% on Prairie plants (Table 4-3). lf Dune plants produce an average of 60 seeds per

plant, then it is possible to have 53 replacements or colonizers from a single reproductive

shoot. Similar calculations for lntermediate and Prairie populations would result in 20 and

10 annual replacements respectively. Although many plants had no mature seeds, 34o/o of

all Dune plants, 43%of lntermediate plants and 31% of Prairie plants sampled contained

some mature caryopses. Problems with germination and establishment notwithstanding,

this represents a substantial source of potential new individuals.

Of the fertile florets with a mature seed, no signifìcant differences were found

among the populations for mean seed lengths, width or individual seed weight (Table 4-1).
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TABLE 4-2. Condition of Andropogon gerardíiseeds from Dune, lntermediate and
Prairie habitats, August and September 1984-85

SEED CONDITION

MATURE
Total no.

XtSE
% of total seeds

IMMATURE
Total no.
XtSE
% of total seeds

ABORTED
Total no.
XtSE
% of total seeds

DISEASED OR PREDATED
Total no.
XISE
% of total seeds

MEAN TOTAL NO. SEEDS

INTERMEDIATE PRAIRIE

225
7.03" t 1.9

16.6

1253
39.154 r 6.03

60.5

409
12.784 r 3.16

20.0

41

1.28b t 0.38
2.8

60.254 t 6.0

128
2.2gb t0.5

7.9

544
9.71b t 1.26

34.6

170

3.04b to.lz
9.3

913

16.34 t2.2
48.1

31.34b !2.45

40

1.02b t0.45
2.7

1294
33.184 t 4.4

84.9

50

t.z8b t 0.33
4.3

92

2.35b t 0.69
7.9

37.Bsb t 4.63

n = 39 plants

* 
Means with the same letter in the same row are not significantly different.
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TABLE 4-3. Range of values and coefficients of variation (standard deviation/mean x 100)

for reproductive traits in Andropogon gerardiiplants from Dune, lntermediate and Prairie

sites, August and September 1984-85

VARIABLE

No. flowering branches
No. fertile florets per branch
Seed yield (mg)
Seed yield per branch (mg)

lndividual seed weight (mg)
Totalwt. mature seeds (mg)
Total no. seeds
% mature seeds
Seed length (mm) 7.84 5'52 11 6.54 4'50 I
seed width (mm) 1.70 0.98 16 1.70 0.90 14

VARIABLE POPULATION
PR.AIRIE

MAX MIN CV

5.00 1.00
44.00 12.00

468.10 43.40
231.20 39.90

5.60 1.50
183.40 18.60
155.00 17 .00
88.00 0.00

44 4.00 1.00
32 44.00 8.00
46 258.90 23.50
50 129.50 23.50
35 7.10 0.850
62 53.70 2.40
56 88.00 8.00

168 62.50 0.00

50
31

57
42
48
87
59

162

No. flowering branches
No. fertile florets per branch
Seed yield (mg)
Seed yield per branch (mg)
lndividual seed weight (mg)
Totalwt. mature seeds (mg)

Total no. seeds
% mature seeds
Seed length (mm)

4.00
42.00

219.30
95.80

5.50
59.30

124.00
27.40

7.30

1.00
5.00

10.90
10.90

1.20
1.20
5.00
0.00
4.60

51

44
69
43
42

157
76

166
13

Seed width (mm) 1 .60 1.17 1 1
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Lengths and widths of mature seeds were the only measures of reproduction found

to have low variability across populations (Table 4-3). Although individual seed weight was

less variable than certain other measures (e.9., proportion of mature seeds), there was still

a three to eight-fold variation in mass in the three populations. Variability in the data was

high for the percentage of mature seeds and the total weight of mature seeds in particular.

Trends for low variation in the Dune population to higher variation on the Prairie were

observed for the total weight of mature seeds, weight of sessile spikelets and total

numbers of seeds, but trends across populations were not consistent for all variables.

Seed yield was significantly and positively correlated with all of its components: the

number of flowering branches (r=0.75), florets per branch (r=0.62) and the number of

sessile florets per branch (r=0.38). The only significant correlation among the components

was between the number of sessile florets per branch and the florets per branch (r=0.54)

(Table 44). The signifìcant and positive correlation of the number of flowering branches

with the weight of sessile florets (r=0.76) and total number of seeds (r=0.85), suggests that

the potential reproduction should increase with increasing numbers of inflorescences.

However, the number of flowering branches was also significantly correlated with high

numbers of immature seeds (r=0.47) and not significantly correlated with weight per seed

(r=-0.06) or total weight of mature seeds (r=0.08). These results suggest plants with more

flowering branches do not necessarily have greater reproductive success.

The average weight per seed was most highly correlated with seed width (r=0.62,

p=0.000), although seed length (r=0.54) and florets per flowering branch (r=0.45) were

also significant.
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TABLE 44. Spearman Rank Correlations (coeff¡cient ¿d significance level) of Andropogon gerardií reproduction data.

NO. FLOWERING FLORETS NO. SPIKELETS NO. SESSILE WT. SESSILE WT.

BRANCHES PER PER BRANCH SPIKELETS SPIKELETS (seed SPIKELET

yield) PAIRS

TOTAL

NO.

SEEDS

NO.

MATURE

SEEDS

NO.

IMMATURE

SEEDS

N0.

ABORTED

SEEDS

NO.

DISEASED

SEEDS

WT. SPIKET WT.

PAIRS PEi MATURE

BRANCH SEEDS

VW. PER PLANT VEGETATIVE REPRODUCTTVE

SEED HEIGHT PLANT WEIGHT ALLOCATION

BRANCH

NO. FLOWERING

BRANCHES

FLORETS PER

BRANCH

NO. SPIKELETS PER

BRANCH

NO. SESSILE

SPIKELETS

WT. SESSILE

SPIKELETS

(seed yield)

WT. SPIKELETS

PAIRS

WT. SPIKELEÏ PAIRS

PER BRANCH

WT. MATURE SEEDS

TOTAL NO. SEEDS

NO. MATURE SEEDS

NO.IMMATURE

SEEDS

NO. ABORÏED

SEEDS

NO. DISEASED

SEEDS

WT.

PER SEED

PLANT

HEIGHT

VEGETATIVE PLANT

WEIGHT

REPRODUCTIVE

ALLOCATION

1.0000
1.0000

-.0002

.9983

1.0000
1.0000

.0384

.6664

.5375

.0000

1.0000

1.0000

.8501

.0000

.292'-

.0010

.5362

.0000

1.0000

1.0000

.7558

.0000

.6233

.0000

.3817

.0000

.8436

.0000

1.0000
1.0000

.7525

.0000

.5985

.0000

.4600

.0000

.8752

.0000

.9756

.0000

1.0000
1.0000

.8482

.0000

.2960

.0009

.5379

.0000

.9990

.0000

.8470

.0000

.8808

.0000

.3934

.0002

.1 086

.2247

1.0000
1.0000

.0935

.2941

.3070

.0006

-.0083
.9258

.1 099

.2173

.3048

.0006

.2452

.o214

.2828

.0080

.9958

.0000

.'1106

.21M

1.0000
1.0000

.4699

.0000

-.0846
.3424

.4163

.0000

.6000

.0000

.2931

.0010

.4840

.0000

.1121

.2930

.2896

.0012

.6015

.0000

-.2816
.0016

1.0000

1.0000

.3550

.0001

.1264

.1 558

.0430

.6290

.3156

.0004

.3249

.0003

.3983

.0002

.1865

.0801

.1641

.0666

.3139

.0004

.1620

.0690

.0621

.4859

1.0000
1.0000

.3470

.0045

.3490

.0043

.1466

.2302

.3889

.0015

.5526

.0000

.5512

.0000

.3538

.0038

.2084

.0880

.4051

.0009

.1894

.1210

.1799

.1408

.2556

.0364

-.0538
.659

.4644

.0179

1.0000

1.0000

.4916

.0000

.6160

.0000

.3484

.0011

.5840

.0000

.7692

.0000

.7878

.0000

.6965

.0000

.1489

.1625

.5945

.0000

.1327

.2133

.3688

.0005

.2807

.0084

-.1935
.0696

.3439

.0419

.7350

.0000

1.0000

1.0000

.5875

.0000

.2590

.0'151

.2888

.0067

.6585

.0000

.6386

.0000

.6404

.0000

.2759

.0096

.2540

.0172

.6547

.0000

.2752

.0098

.2962

.0055

.2667

.0124

.1736

.1 035

-.1770

.3145

.1221

.3177

.0982

.3571

1.0000
1.0000

.0880

.3250

.3284

.0002

-.0037
.9672

.1 080

.2271

.3173

.0004

i

.09

.52
I

.98

.00

oìa

.00

.¡ìs

.08

.64

.00

.67

.00
I

1.00
I

1.0,0

.2443

.0219

.2944

.0058

1.0000

1.0000

.0822 -.0586

.3561 .6879

.1687 .4519

.0583 .0019

-.0019 -.0570
.9828 .6958

.0727 -.0657

.4143 .6523

.1839 .3059

.0390 .0360

-.0417 .1715
.6957 .3102

-.0075 .3014
.9440 .0746

.3542 .4543

.0001 .0018

.0716 .0675

.4210 .6436

.3499 .1743

.00c1 .2321

-.5263 -.2630
.0000 .0714

.0297 -.0415

.7389 .7758

'1.0000 .0201
'1.0000 .8902

1.0000

1.0000

arlì

.,:ì

.1

:::11
:,,',ì

:l

:

ir

l
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The total number of seeds produced was highly correlated with seed yield (weight

of sessile spikelets) (r=0.85) (Table 4-4). However, on examination of actual mature

caryopses without their associated floral structures, individual seed size was not

significantly correlated with the number of mature seeds produced (r=0.17) or with the total

number of seeds (r=-0.07). The low incidence of seed set and the resulting small number

of plants producing mature seeds, may mask any relationship present. ln general, there

were few negative correlations between numbers and size of most reproductive traits.

The mass of sessile spikelets and total number of seeds increased as plant weight

increased (Figures 4-2, 4-3). ln all cases regressions and correlations were significant

(Table 4-4). The regression indicates that although the linear model was statistically

significant, the presence of a positive y-intercept (or conversely a negative x-intercept)

results in a biological impossibility: reproductive output with no vegetative tissue. The

actual relationship is probably not linear for small plants. The weight of reproductive parts

in small plants would tend to be lower than that indicated by the linear model. The

absence of small, usually non-reproductive plants in the sample may account for the

anomaly. Other indications of reproductive capacity such as numbers of flowering

branches and florets per branch were also positively correlated with vegetative biomass

(Table 4-4). Although seed yield (total seed mass) and the number of fertile florets

increased with plant height (Figures 4-4, 4-5), neither the mass nor the number of ripe

seeds were significantly correlated with plant size (Table 4-4).

No significant correlation was found between vegetative plant weight or plant

height and reproductive allocation (Table 4-4). A signiflcant relationship was found

between reproductive allocation and seed production. The total number of seeds

produced and total seed mass were positively associated with reproductive effort.
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Figure 4-2: Relationship of sessile-spikelet mass to total plant vegeiative mass for
Andropogon gerardiifrom Dune, lntermediate and Prairie sites, September'1984 and 1985.
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4.4 nrscUSStoN

Seed yield, or the mass of sessile spikelets produced in a season, reflects the

current reproductive potential, and is determined by the interaction of several components

(Primack 1978). ln grasses these include: 1) the number of flowering branches; 2) the

number of fertile spikelets per branch; 3) spikelet weight per branch; 4) the number of

flowers per spikelet; and 5) the number of seeds per floret. ln Andropogon gerardii,Ihe

value of each of 4), and 5) is one because: a) although the sessile spikelets are two-

flowered, the lower floret is vestigial so that functionally the number of flowers per spikelet

is one; and b) grasses have single-seeded fruits.

ln Andropogon gerardii, values for seed yield have rarely been reported,

padicularly for naturally-growing populations. Boe and Ross (1983) defined seed yield for

agricultural cultivars of Andropogon gerardii as the total weight of the sessile, i.e. the

fertile, spikelets. The morphologically complex spikelet with its associated awns and

rachis sections functions as the dispersal unit in Andropogon gerardii(Gould 1975).

ln all populations seed yield was positively correlated with its components; the

number of flowering branches, number of fertile spikelets per branch and the spikelet

weight per branch. But, two of the three correlations between yield components were

weak and not statistically signifìcant. Only the positive relationship between the number

and weight of sessile spikelets per branch was significant. Positive or neutral within-

species correlations between yield components suggest that phenotypic plasticity is

important in regulating yield (Primack 1978, Marshall ef a/. 1985). Trade-offs between

yield components, or negative correlations, buffer or limit the variability in total yield.

Developmental compromises that result in negative correlations (for example, the often

observed trade-off between seed size and number) are most often seen for crop plants

and are largely genetic (Adams 1967, Rasmussen and Cannell 1970). This is in contrast

158



to the frequent positive or neutral correlations found in natural populations (Primack 1978,

Marshall et al. 1985, Winn and Werner 1987). Greater environmental heterogeneity,

ranges in ages within natural populations and the selection for phenotypic uniformity in

crop plants are some reasons for the observed differences (Primack 1978). ln natural

populations, while one or more yield components may be constant, in most populations all

vary and usually several are important in regulating seed production (Primack 1978). Winn

and Werner (1987) found relationships between components differed between populations

in Prunella vulgaris and were not a species-specific characteristic. lndependence of yield

components means patterns of seed production can change in response to changes in

resource availabili$ within a season. Primack (1978) found that within populations of

Plantago plasticiÇ or variation in yield components (positive correlations) were important in

the plants ability to regulate their seed yield in response to the immediate environment.

Negative genetic relationships that occur in natural populations may be masked by the

positive phenotypic relationships created by microsite differences (Winn and Werner

1987). For example, plasticity in yield components may be the result of stress from

drought or defoliation, as opposed to developmental events (Marshall ef a/. 1985).

ln general, the most variable yield components make the greatest contribution to

differences in seed yield (Winn and Werner 1987). ln Andropogon gerardiivariability of

components was fairly high (CV=30-50), but was in the range of that reported elsewhere

(Marshall et al. 1985,Winn and Werner 1987). No one yield component was consistently

the most or least variable among the populations (Table 4-3). Dune plants far exceeded

plants from the other populations for seed yield (with the lowest range in values), while

spikelet weight per branch had the highest variability. The number of flowering branches

was the most variable component in the other populations. Prairie plants had the lowest

average seed yield with the highest range in values.
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Seed yield increased significantly with increasing plant size. Allometric functions

often dictate yield; larger plants have greater yields than smaller plants and the same holds

true for yield components. Size-dependent reproduction has been well documented and,

although exceptions exist there is strong evidence for a linear relationship between

reproductive and vegetative plant weight (Samson and Werk 1986, Ohlson 1988,

Thompson and Rabinowi2 1989, Thompson ef al. 1991, Welham and Setter 1998).

lndividual plant size is often a reflection of overall resource availability, so that investment

in reproduction is size-related (Shipley and Dion 1992, Venable 1992, Reekie 1998).

Reproductive output in Andropogon gerardii, in terms of seed yield and fecundity, was an

increasing linear function of plant size in sandhills populations. Dune plants were

significantly larger than lntermediate or Prairie plants. ln addition, the strong positive

relationship between increases in the number of sessile spikelets per flowering branch and

the resulting increases in floret weight per branch was álso a function of plant size. Winn

and Werner (1987) found that plant size explained most of the variation in yield

components in Prunella vulgaris, and Stöcklin and Favre (1994) found that in Epilobium

almost all reproductive components were affected by plant size. Kang and Primack (1991)

also reported significant effects of plant size in Chelidonium majus, however it was not the

sole factor responsible for character correlation. ln Pinguicula vulgaris seed and fruit

production increased allometrically with plant size (Worley and Harder 1996).

A clear understanding of the ecological significance of reproductive effort, or the

proportion of a plant's resources allocated to reproduction (Thompson and Stewart 1981),

has not emerged (Welham and Setter 1998). ln part, this is due to the high variability in

reported estimates of reproductive effort (Soule and Werner 1981, Willson 1983, Herndon

1987, Welham and Setter 1998). Patterns of variability may in part be a function of an

intrinsic size-dependency (Samson and Werk 1986), with many populations characterized
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by a linear relationship between reproductive and vegetative biomass (Thompson ef a/.

1991). The significant difference in reproductive effort between Dune and Prairie

populations (Table 4-1) may not be due entirely to environmental factors relating to site

and successional stage (e.9., plant density, soil nutrients, etc.), but rather a result of the

allometric relation between resource allocation and plant size. Although plants were

significantly larger on the Dunes, correlations of reproductive effort with vegetative weight

and height were positive, but not significant.

lncreases in the cost of reproduction with increasing plant size can result in inverse

functions of reproductive effort with plant size, and these are not uncommon in natural

populations (Kawano and Masuda 1980, Herndon 1987, Thompson ef al. 1991, Reekie

1998). lf the cost per gram of reproductive tissue also increases with plant size, this will

reduce or negate the positive effect of any increase in the resource base and can explain

the lack of or negative correlation of reproductive effort and plant size (Ashman 1994,

Reekie 1998). Biomass may also not be a useful currency with which to assess

reproductive effort in plants (Thompson and Stewart 1981 ,Bazzaz and Reekie 1985), as

has been found to be the case in Sidalcea oregana (Ashman 1994).

Dune plants produced more seeds than plants from the other populations.

Variation in the total number of fertile spikelets produced was high for all habitats, but the

Prairie had more than double the variation of the Dune or lntermediate habitats (Table 4-

3). Salisbury (94) found extremely high reproductive capacities characterized species of

open habitats, while shaded habitats had the lowest average number of seeds per plant.

However, in all the sandhills habitats the average number of seeds was far below the

lowest mean number cited by Salisbury (942) for shaded habitats (280 seeds/plant).

Other studies have reported lower seed numbers for open habitats (Leverich and Levin
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1979, Schaal 1980), but it is well known that seed production of many species can exhibit

very wide variation (Salisbury 1975).

Average fecundity may not be as important as the range in numbers of seeds

produced. ln Andropogon gerardii, and in other species (Schaal 1980, Lubbers 1986)

often a few of the individuals produce a large number of seeds relative to the rest of the

population. Plants with seed production of 1.5 x the mean value were most frequent in the

Prairie population (20%) and similarin the Dune and lntermediate populations (16%), but

the proportion of plants with twice the average production were similar on the Prairie and

Dunes (10%) and lowest on the lntermediate sites (5%). ln all populations, between 60%

and70% of the plants sampled had less than the average individualseed production.

The trade-off between the number and size of offspring produced has a firm

theoretical basis (Harper ef al. 1970, Stebbins 1971, Smith and Fretwell 1g74, Harper

1977) and ha's been documented among species (reviewed in Harper et at. 1g70,

Jakobsson and Eriksson 2000) and within species (Werner and Platt 1976, Stöcklin and

Favre 1994, Simons and Johnston 2000). ln the Sandhills, the relationship between seed

yield and the number of seeds produced showed a signifìcant positive correlation.

Although this is contrary to the accepted theory of trade-offs, other studies have shown the

relationship may not be unequivocal (Roach 1986, Kang and Primack 1991). Schaal

(1980) found no correlation between seed weight and the total number of seeds per plant

in Lupinus fexensis. On an individual plant basis, trade-offs between seed mass and

number was not found in Asphodelus (Obeso 1993). Primack (1978) reported that only

seldom was there a significant inverse relationship between seed weight and the number

of seeds per capsule within various Plantago species, and in two of the species (P. major

and P. hellerf the correlations were positive. A positive correlation between seed mass
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and number per fruit was also reported for a species of Sesbanra (Marshall ef a/. 1985),

although none of the correlations (positive or negative) was strong.

Development and plasticity of reproductive characters such as seed size and

number may be highly susceptible to changing environments during a season and this

may change relationships among reproductive characters (Kang and Primack 1991). ln

Chelidonium majus (Kang and Primack, 1991), negative correlations between seed weight

and number did not generally occur and were not found toward the end of the season

when environmental stress was likely to be higher. The lack of negative correlations may

have been due to late season resource limitation resulting in size reduction of flowers and

fruits, rather than any buffering interaction between reproductive characters (Kang and

Primack, 1991).

Positive correlations between size and numbers may occur among individuals due

to variability in parental resource status (Venable 1992). Variation in a third factor, such as

plant size or the size of the reproductive resource pool, could be strong enough to mask

any negative correlations. Even genetic correlations of seed size and number can be

confounded by genetic variation in plant size or resource-gathering ability (Venable 1992).

Shipley and Dion (1992) found 81% of the variation in seed number among 57 species

was accounted for by seed and ramet weight.

ln Andropogon gerardii, positive correlations between measures of reproductive

potential may be an allometric function of increasing plant size, whereby larger plants have

more flowering branches, more spikelets and higher seed yield (Primack 1987). But,

Marks and Truscott (1985)found the larger infloresences of large Spartina plants produced

fewer viable seeds than smaller inflorescences, and the greatest number of spikelets were

from the most mature habitat.
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ln Andropogon gerardii, weak inverse relationships were found for the number of

fertile spikelets per branch and the number of mature seeds per plant (r=-0.008), total

weight of mature seeds (r=-0.004) and average individual mature seed weight (r=-0.06)

(Table 44). Mean weight per seed was also negatively correlated with total number of

sessile spikelets per plant (r=-0.07). This shows not only the variation that may exist within

the populations, but also the different interpretations that may arise when comparing

different measures of reproduction (i.e., overall seed yield vs. actual mean weight per seed

and fecundity). Winn and Werner (1987) also found the relationship between size and

number was not tightly buffered within populations of Prunella vulgaris, but among

populations trade-offs did exist. Kang and Primack (1991) emphasize that variation in

fitness characters such as seed size and number should not be viewed in isolation from

factors such as vegetative characters, temporal changes, flower and fruit sizes.

The relationship between seed size and number, may be related to the

successional stage of the habitat (Salisbury, 1942). Huiskes (1979) found the number of

spikelets per inflorescence in Ammophila varied with successional stage. Trade-offs

between seed size and number may be likely to occur where habitat factors díctate the

quality and availability of microsites for establishment. Seed number, whereby a plant

maximizes the number of microsites reached (and the number of recruitments attempted),

or seed size, maximizing the probability a recruitment attempt will succeed at a given

microsite, will affect the dynamics of species composition in the plant community

(Jakobsson and Eriksson 2000). ln environments where colonization is important for the

continuous establishment of new individuals, the seed size to number trade-off may be an

important factor in small-scale vegetation patterns (Jakobsson and Eriksson 2000).

Large seeds have been found to be favoured in highly competitive and late-

successional environments (Salisbury 1942, 1974, Baker 1972, Gross and Werner 1982),
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and where drought is a factor in seedling mortality (Salisbury 1974, Baker 1972), although

Mazer (1989) did not find this for species within the lndiana Dunes system. Studies of

Prunella vulgaris (Winn 1985, Winn and Werner 1987) found a tendency toward larger

seed size in later successional habitats (woodland) than in earlier successional habitats

(old-field), but this was due to phenotypic plasticity, and not genetic differentiation between

populations experiencing different selection pressures. The trade-offs reported were the

result of environmental differences between old-fields and woodland habitats. Winn and

Werner (1987) also concluded that there may be other habitats with combinations of

environmental factors that would not constrain patterns of seed production in the same

way. Rees (1997) states that adult plant longevity, height and habitat are often

confounded and this is why habitat variables account for a relatively small portion of the

variation in seed size. A re-analysis of Salisbury (974) found no significant relation

between seed size and habitat (Kelly 1996). This may be because seed mass and habitat

conditions may each possess a direct, functional relationship with a third variable, but no

significant independent relationship with one another (Kelly 1996).

Patterns of succession in sandhills are largely influenced by extremes in abiotic

environmental factors, especially in the early stages where high surface temperatures, low

nutrient and moisture availability and sand movements are important limits to plant

establishment and growth (Maun 1981). This may contribute to plasticity of reproductive

factors such as seed size. Variation in seed size may be of ecological significance for

several reasons. The characteristically large seeds of sand dune species (Salisbury 1942,

Baker 1972) may be an adaptation to low moisture availability (Baker 1972), but

differences in seed size may be adaptive when microsite changes occur in both moisture

availability and sand accumulation (Harper and Obeid 1967, Baker 1972, Maun 1981).

Higher seed mass increases the probability of successful seedling emergence and
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establishment (Glewen and Vogel 1984, Stanton 1984, Winn 1985, 1988, Westoby ef a/.

1997, Collins and Cavers 2000), and seedling growth rates (Glewen and Vogel 1g84,

Gross 1984, Zhang and Maun 1990). lt increases seedling vigour (Collins and Cavers

2000), expected final plant size (Roach 1986) and reproductive output achieved (Stanton

1984). ln addition, where burial is a factor, such as in areas of sand accumulation, greater

food reserves of large seeds aid in seedling establishment (Rogler 1954, Dawson and

Bruns 1962, Salisbury 1974).

According to Stanton (1984) seed size may be subject to conflicting selection

pressures with the outcome dependent upon local conditions. The Dune site was most

subject to surface instability with sand accumulations of up to 1m in places, but all sites

were characterized by very dry substrates having low moisture retention capacities and

high daily surface temperatures. Burial would also reduce seed germination and seedling

establishment, especially on the Dunes (Maun 1998). Such effects have been reported in

Calamovilfa longifolia growing on Lake Huron sand dunes (Maun 1981). Smaller seeds

may have increased reproductive success where seedling survival is favoured by

increased dispersal from the mother plant (Harper 1977, Wilbur 1977, Stanton 1g84).

Localized changes in the degree of ground cover, plant density and exposure may be

more important for reproductive success in lntermediate and Prairie sites, where increased

dispersal may increase the likelihood of finding a safe site. Such changes in site

conditions on the Dunes would perhaps not be as important as the dominating effect of the

physical environment. While seeds were found at all sites, no evidence of germination or

seedling establishment was ever found.

Seed size has been traditionally viewed as the least variable component of

reproduction (Salisbury 1942, Harper et a|.1970, Harper 1977), but there is considerable

evidence of high variation in seed size both within and between populations (Janzen 1977,
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Shaal 1980, Stanton 1984, Weller 1985, McGinley 1989, Winn 1991). Seed weight may

be a population rather than a species character and be as variable and plastic as other

reproductive characters (Quinn and Hodgkinson 1984). Several explanations for this

variability have been proposed. Seed size variation may represent an adaptation in

response to a varying environment whereby dispersing seeds may more thoroughly cover

a habitat in a homogenous seed shadow (Janzen 1977). lt has also been suggested that

variation results from plants being unable to produce all seeds of equal size due to

resource limitations during a season (Winn 1991), from differences in the maturity of plants

sampled (Cavers and Steel 1984), and from time of year of seed production (Collins and

Cavers 2000). Developmental constraints such as morphological limitations may influence

seed size variation (McGinley et al. 1990, Obeso 1993, Diggle 1995) Finally, detectable

genetic variation may contribute to seed mass variation if seeds of different sizes are also

different in genetic quality (Temme 1986).

Seed size variation may have its greatest impact in natural populations where

neighbouring individuals are often of unequal sizes (White and Harper 1970, Rabinowitz

1978, Stanton 1984). Gross (1984)found varying seed mass to be adaptive in influencing

seedling size and competitive ability in different cover types. Seedlings of large (X = 6.8 -

9.1 mg) and medium (X = 1.0 - 1.7 mg) seeded species were able to establish in a broad

range of cover types (bare soil, litter, vegetated and vegetated plus litter), while small (X =

0.06 - 0.3 mg) seeded species established only in bare soil. Relative growth rates in non-

competitive cover were inversely related to seed size. ln bare soil and litter small-seeded

species had seedling relative growth rates twice those of the large-seeded species. But

large-seeded species had higher seedling relative growth rates in vegetated cover. Dune

and Prairie plants produced only medium and large seeds (1.2 - 5.6 mg) according to

Gross's (1984) classification. Plants from lntermediate sites exhibited the widest range in
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sizes, producing both the largest (7.0 mg) and the smallest (0.85 mg) seeds. lt may be

that the range in sizes is the result of a more genetically varied population on the

lntermediate sites. Dune and Prairie plants (medium and large-seeded) may produce

seedlings able to establish in a wide range of cover types from predominantly bare ground

(77% on Dunes; Chapter 2) to sites with high vegetation cover and plant litter (gg% on

Prairie; Chapter 2). According to Gross (1984) small seeds, produced here only by

lntermediate plants, have an advantage on bare and litter covered ground (approximately

78% o'f the surface on lntermediate sites; Chapter 2). lf germination requirements are

correlated with seed size, then the influence of seed size on seedling competitive ability

may vary in different microsites (Gross 1984). Accumulations of litter inhibit germination

and seedling survival in Andropogon gerardii, primarily by acting as a physical barrier

(Foster and Gross 1997). Although seed sizes were not given, seed addition experiments

showed that Andropogon gerardii seeds remained lodged in the litter layer and, when

germination occurred, seedlings died within a few days (Foster and Gross 1gg7). They

found that Andropogon gerardiiwas most sensitive during the regenerative phase of its life

cycle, when seeds and seedlings were most susceptible to effects of litter and neighbours.

Sand deposition is considered the most likely cause of selection of seed size within

species on sand dunes (Maun 1998). The ability of seedlings to emerge from burial

increases with increasing seed size, due to the greater food reserves of larger seeds

(Zhang and Maun 1993, Yanful and Maun 1996), although an upper limit of sand

accumulation exists where emergence is not possible (Zhang and Maun 19g3, Maun

1998). Burial would also allow greater access by seedlings to subsurface moisture and

insulate the roots from high temperatures and desiccation. ln addition, burial of seeds

reduces predation from invertebrates, which may be significant for species such as

Andropogon with mean seed weights of less than 3 mg (Thompson 1gB7).
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Larger seeds usually do not require light to germinate and therefore encounter

fewer habitat restrictions as their seedlings can emerge from a variety of microsites (Gross

1984). Studies on Andropogon gerardii have used dark conditions for germination

(Tolstead 1941, Eddleman and Meinhardt 1978), but differences in response to light

treatments in populations, within apparently homogenous samples, exist in grasses which

may exhibit all degrees of light sensitivity (Ballard 1964). Some species, or even samples

within species may be light indifferent or light obligate (Ballard 1964). Seeds from

lntermediate plants, with their broad range in sizes, may exhibit variability in their light

requirements for germination, although there are no data to support this. lt may be that

smaller seeds do require light for germination.

Seed size variation may have evolved because of trade-offs between

colonizing/dispersal ability and competitive ability, where plants with many small seeds

have higher dispersal rates enabling them to persist in sites that remain uncolonized by the

less numerous but more competitive seeds of plants with larger seeds (Geritz 1gg5). ln

sand dune annuals, a colonization-competition trade-off was found, whereby large seeded

species were competitively superior, but were poor colonizers (Rees 1g9S). Similarly,

Jakobsson and Eriksson (2000) found trade-offs between competitive ability and the

number of recruitment opportunities in grassland plants, following a causal chain from

increased seed size through seedling size to recruitment success.

Large seeds, though not conducive to dispersal and colonization (Salisbury 1gT4,

Weller 1985), may benefit from the presence of external hairs and awns. The ornamented

diaspores ol Andropogon gerardii, in addition to enhancing dispersal of the relatively large

seeds (1.2 - 7.0 mg) may also serve to orient the seed in the best position for germination

(Peart 1981, Rabinowitz and Rapp 1981). The combination of ornamented diaspores to

aid in the dispersal of large seeds, a positive orientation for germination and the range in
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seed sizes produced may be an advantage to these plants in a heterogenous

environment.

The sandhills populations exhibited low percent seed set, or the proportion of

ovules that develop into mature seeds. On average the mature seeds produced as a

percentage of the total number of fertile florets was about 16% in Dune plants (or about 10

seeds per plant), 8o/o in lntermediate plants (or about 2.5 seeds), and 2.7% in prairie plants

(or about 1 seed). ln nursery-grown populations of Andropogon gerardiilarge seed yields

were accompanied by low seed set and light seed weight, especially in plants with more

than one flowering culm (Boe and Ross 1983).

ln natural populations o'n Andropogon gerardiiseed set is not often documented.

On restored prairie in Minnesota, McKone ef a/. (1998) found an average of 69.8% seed

set in Andropogon gerardii(ranging from 40 - 93%), but in their study all ovaries > 1 mm

were considered seed (which was recognized to have included aborted attempts).

Although this would inflate the results for viable seed, it was considered appropriate as a

measure of female function in their study of sex-allocation in Andropogon gerardii. Keeler

and Davis (1999) found a wide variation in the number of filled seeds per plant in native

prairie in Colorado (1996:0.2-58.6 filled seeds/plant). Rabinowitz et al. (198g) reported a

range of 14-22% for Andropogon gerardii in tallgrass prairie, where "boom and bust"

episodes of reproduction occurred with a high variability in seed set and frequent total

reproductive failure.

Low seed set has also been reported for other native grasses. ln Schizachyrium

scoparium, the percentage of spikelets with mature caryopses was low but varied lit¡e

between 2.5% and 3.8% in each of four field populations, and showed no relationship to

successional age of the habitat (Roos and Quinn 1977). ln Spartina anglica, the

percentage of seeds produced changed with habitat type within a coastal salt marsh
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(Marks and Truscott 1985), where the most seaward (2.3%) and landward (3.7%) zones

had the lowest seed set. The large inflorescence characteristic of the prolific vegetative

growth of plants in the mature marsh zone failed to produce a proportionate quantity of

filled seed. Reasons for the zonal variation in seed production were unclear and not

thought to be a simple correlation with tidal submergence or quantity of vegetative growth.

McKone (1985) found low seed set in Bromus inermis (29.9%), compared with other

Bromus species, and attributed this to its breeding system (self-incompatible

hermaphrodite).

A factor in low seed set and a substantial loss of reproductive potential in

Andropogon gerardii, especially in Dune and Prairie populations, was represented by

florets which remained immature after anthesis with poor seed development (i.e. an

unfìlled ovary), and those which had initiated a seed and then aborted. lt is reasonabte to

combine the immature and aborted attempts, as immature seeds may be viewed as a form

of ovule abortion, and the resulting reduction in seed set is the same for both conditions.

The combination of immature and aborted seeds resulted in an estimated B0% loss of

seeds for Dune plants, 45% loss for lntermediate plants and a g0% loss for Prairie plants.

Relatively high loss of reproductive material through abortion or an othenruise undeveloped

ovary and variability in seed set has been reported for other species (Schaal 1g80,

Stephenson 1984, Mullins and Marks 1987, Stock et at. 1989) and may relate to an

adjustment of "clutch size" to the available resources (Willson 19S3). Experimental

evidence has shown resource limitation to be a more important factor than pollination

limitations in influencing low seed set and fruit production (Stephenson 1984), and

Andropogon gerardiiis not pollen-limited (McKone et a\.1998). Low seed set is reported

to be commonly found in perennial, self-incompatible, hermaphroditic plants (Sutherland

1986). Andropogon gerardiiis a perennial cross-pollinating grass with perfect flowers in
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which self-fertilization is usually deleterious (Peters and Newell 1961), and it is known,

even under cultivation to be a poor seed producer (Cornelius 1950, Boe and Ross 1gg3,

Masters et al. 1993). Since reproduction in Andropogon gerardii is significanfly male_

biased (McKone et al. 1998), the reduced female investment per floret would help explain

low seed set. Selective abortion may be an important factor contributing to low seed set in

such species. Where more flowers are produced and fruits initiated than can mature,

selective abortion may function to retain those of high genetic quality (Stephenson 1gg4,

Sutherland 1986, Stock et at. 19Sg). The overproduction of flowers allows plants to

compensate for variations in resources available for fruit maturation (Sutherland 19g6).

Stephenson (1981)concluded that abortion between anthesis and dispersal may be the

result of either a lack of resources to produce seeds from all flowers, or destruction of

flowers and fruits by animals or parasites. Evidence for competition among ovaries was

considered unequivocal and suggested that fruit abortion is an adaptation that provides

plants with a degree of control over the number and quality of their offspring (Stephenson

1e81).

The genetic make-up of Andropogon gerardÍ populations contributes to its

reproductive success. Norrmann et al. (1997) found Andropogon gerardii populations

across their range contained two main cytotypes; hexaploid (2n = 6x = 60) and enneaploid

(2n - 9x = 90). These differed in seed set, but could not be distinguished in the fìeld,

because of great plasticity in response to environmental variability and wide variation

within each cytotype (Keeler and Davis 1999). Seed production was more efficient in the

hexaploids. Enneaploids produced markedly poorer quality seeds, but since they were

bigger plants and produced more seeds overall, on a per-plant basis they produced more

good seeds. Maintenance of the two cytotypes was through the hexaploid having more
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efficient seed set and the enneaploid having greater vegetative vigour and so greater total

production (Keelerand Davis 1999).

lnflorescence architecture has a marked effect on the probability of fruit maturation

(Wyatt 1982, Diggle 1995). The physical location of a flower within an inflorescence may

determine whether seed development will occur because of proximity to the parental

resource pool as well as competition from other developing fruits (Wyatt 1982, Cavers and

Steel 1984). On inflorescences where shattering had not occurred, immature spikelets

were always observed at the distal end of the inflorescence. As all inflorescences were

not kept intact between haruest and dissection, the actual position of all spikelets could not

be accurately determined.

A significant loss of mature caryopses in lntermediate populations was due to

disease and insect predation of spikelets prior to dispersal. Diseased or predated seeds

accounted for 48% of the total number of seeds in the lntermediate plants, but only 2.8%

and 7.9% of seeds in the Dune and Prairie plants, respectively. Although predispersal

predation is not rare (Bostock and Benton 1979, Thompson 1987) and can be variable

year to year (Klinkhammer ef a/. 1988), there is no indication why lntermediate plants were

so affected compared with the other populations.

lnsect predation reduces seed production in Andropogon gerardii (Carter ef a/.

1988, Masters ef a/. 1993). A Dipteran midge (Contarinia wattsiiGagné) in the florets of

Andropogon gerardii was found to have a minimum of three generations per season

(Carter ef a/. 1988). Emerging midges left no evidence of their former presence in the

floret, making damage assessment by the midge diffìcult. Total seed loss was estimated

at close to 40% (Carter ef a/. 1988). High predation losses have also been reported in

Schizachyrium scoparium (Roos and Quinn 1977), where in all populations, many fertile

spikelets contained insect larvae and no caryopsis. Although not reported in their study,
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the same midge has been collected from panicles of Schizachyrium (Carher ef a/. 1988).

An estimated 97% loss of potential caryopses occurred due to predation and other causes

(Roos and Quinn 1977).

4.5 SI IMMARY

There were significant differences between populations for most reproductive

characters. Dune plants had more flowering branches, higher number of fertile spikelets

and mature seeds, higher seed yield and reproductive eflort than plants from the other

populations. Size-dependent reproduction occurred in all populations, but the effects were

most pronounced in the Dune plants.

Loss of reproductive potential was high in all populations, but the lntermediate

plants had significantly greater number of diseased and predated seeds. The combination

of immature and aborted seeds resulted in over B0% loss of seeds in Dune and Prairie

populations, confirming other reports of Andropogon gerardii as a poor seed producer.

Although such losses would appear substantial, in some plants over 80% of seeds were

mature. Problems with establishment notwithstanding, this should result in some new

recruitment to the population.

There was high variability among the populations in most reproductive characters.

Positive correlations were found between seed yield and seed numbers, and between

seed yield and its components. High variability in seed size was found within all

populations. Larger seeds may be favoured on the Dunes where the prevailing extreme

physical environment, particularly surface instability, is a dominant factor in plant growth.

Plant establishment may be uncedain in such an environment, but enhanced by greater

food reserves of larger seeds. Stored material for initial seedling growth may be more

important than greater dispersal ability of smaller seed sizes. Although lntermediate and
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Prairie habitats may be unpredictable, especially with respect to soil moisture, there is a

greater degree of surface stability and vegetation cover which may provide more

opportunities for seeds of varying sizes to establish.
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5. CONCLUSION

Environmental conditions and plant communities were examined between 19g3

and 1985 on three sites characteristic of sand dune stabilization in the Baldhead Hills of

southwestern Manitoba. The study focussed on the ecology of Andropogon gerard¡, an

important colonizing grass in the sandhills.

ln general, Dune, lntermediate and Prairie sites received similar amounts of

precipitation, typically had 2-3% soil moisture in the upper 30 cm, were similar in texture

(95-98% sand), low in soil fertility and displayed high diurnal surface and bound ary air

temperature variation. wind was stronger on the Dunes and remained a factor later in the

season than on the lntermediate and Prairie sites. Over a 1g-month period, one dune

advanced at approximately 0.4 m yr1. Stabilized sites (the prairie) showed slight

increases in soil development and fertility and less exposure to wind.

High winds, nutrient-deficient and unstable substrates, temperature extremes and

sporadic and variable moisture availability present significant constraints to colonizing

plants. The few species on the dunes displayed adaptations to the rigours of the

environment, but resulted in low community biomass and sparse vegetation cover.

Greater surface stability of the Prairie enabled an increased number of species, a more

complex community structure, greater community biomass, more litter and less bare

ground.

Andropogon gerardii performed better on the Dunes with greater total shoot

density (102 m-2), number of reproductive shoots (70.m'2), total biomass (242gm-2) and

relative cover (16%) than on the Prairie. lts proportion of the total community biomass

was approximately 95% on the Dunes compared with 29% on the Prairie. The greater

robustness of Dune plants enabled them to withstand sand abrasion and burial and

allowed increased access to deep soil moisture. The greater number of reproductive tillers
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on the Dunes increased the probability of seed establishment there. When good weather

and favourable growing seasons permit, Andropogon gerardiimay be able to access open

sites to establish new individuals from seed.

Dune populations of Andropogon gerardii were distinct from lntermediate and

Prairie populations in morphology, individual plant biomass and allocation, and in tissue

nutrient concentration. Plant development was similar in the three populations, but

differences occurred in timing of events. Dune plants were slower to emerge but then

developed more quickly, about 10-14 days before lntermediate and Prairie plants. Plants

in these populations remained in the vegetative state longer. Changes in total shoot

biomass were indicated by stem elongation, which occurred earlier on the Dunes. Dune

plants were taller and had a higher rate of stem elongation than lntermediate and Prairie

plants. Reproductive maturity, accompanied by a decline in leaf production and basal leaf

senescence occurred earlier in Dune plants. lnitiation and proliferation of tillers occurred

at this time in Dune plants, but there was little evidence of tillering in the other populatons.

Total shoot biomass differed significantly between populations after 4 July, with

Dune plants exceeding the other populations. Biomass allocation also diflered significantly

between populations with Dune plants allocating more to stems and inflorescences and

less to leaves. However, this was allometrically related to plant size. Allocation of

biomass to stems and reproduction was a positive linear function of plant size.

Nutrient concentrations in plant tissue were highest in Dune plants and lowest in

Prairie plants. Elements were concentrated in the leaves in all populations, but potassium,

calcium and magnesium were also concentrated in stems, particularly in Dune plants after

ripening.

Most reproductive characters were signifìcantly different among populations. Dune

plants had the greatest number of fertile spikelets, number of flowering branches, number
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of mature seeds, higher seed yield and a higher allocation to reproduction. Reproduction

was size-dependent in all populations, but this was most pronounced on the Dunes.

Variability was also high for most measured traits. Positive correlations were found

between seed yield and seed number, and between seed yield and its components.

Variability in seed size was found in all populations. Larger seeds may be favoured on the

Dunes where the physical environment, especially surface instability, is an important

influence on plant growth. Plant establishment may be uncertain here, but enhanced by

the greater food reserves of larger seeds. Stored food for early seedling growth may be

more important than the greater dispersal ability of smaller seeds. The surface

stabilization and vegetation cover on lntermediate and Prairie sites may provide more

opportunities for seeds of varying sizes to establish.

Loss of reproductive potential was high in all populations. lmmature and aborted

seeds accounted for over 80% seed loss in Dune and Prairie populations, confirming other

reports of Andropogon gerardii as a poor seed producer. Although such losses are

substantial, in some plants over 80% of seeds were mature. Problems with establishment

notwithstanding, this should result in some new recruitment to the population.
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