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Patterning of vegetation into mono-dominant, discrete zones is a common feature of

inland boreal saline sites. This discontinuous vegetation gradient cannot be totally

accounted for by gradients in soil factors, especially salinity, which tend to be continuous

at these sites. Inter-relationships between a vadety of environmental factors and the

vegetation of four saline sites located in the Overflow Bay area of Lake Winnipegosis,

Manitoba, was examined. Reciprocal transplant experiments using f,reld and greenhouse

material were employed at each site to determine the effects of salinity zurd competition on

the performance of dominant species. The experimental design involved placing vegetation

plugs from each zone into cleared (salinity effects only) and uncleared (competition and

salinity effects) plots of each other zone within each site. Conrols were also established in

each plot. The transplant experiment and soil-vegetation rnonitoring was conducted over

two consecutive growing seasons (1989 and 1990). Results indicate that interspecific

compeútion and salinity are important factors influencing the patteming of vegetation at

these sites.
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The objectives of this study were two-fold:

1) to identify and describe the relationship between the soil and vegetation of inland

boreal saline habitats through periodic soil and vegendon sampling, gradient

analysis, and seed bank surveys.

Stud]¡ Ohjectives

2) to assess the relative role of edaphic factors and competition in the creation and

maintenance of the vegetation zonation in inland boreal saline habitats.
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Section 1.1 - Introduction

Ecological stuclies of the vegetation of coastal saline habitats are numerous and

geographically diverse (Chapman 1960; Waisel 1972; Odum 1938). Studies have been

conducted on coastal marshes of Hudson Bay (Jefferies et a\.1983;Zbigniewicz 1985) and

James Bay (Glooschenko 1978; Ewin g et al.1989); British Columbia @awe & White

1986); Alaska (Snow & Vince 1984); New England (Shea et al.I975: Bertness & Ellison

1987; Ellison 1987; Niering & Waren 1980); the southeastern United States (Statler &

Batson 1969; Nestler l9l7; Wiegerr 1979); Califomia (Pearcy & Ustin 1984); oregon

(Gallagher & Kirby 1980; Selisk¿r 1985); England (Adam 1978; Jeffenes et al. 1979,

1981; Davy & Smith 1985; Iìutchings & Russel 1989); The Netherlands (Joenj e 1979;

Groenendijk & Vink-Lievaart 1987); Ausrralia (Clarke & H¿urnon 1969); and New Zn,il¿nd

(Panridge & Wilson 1987). Inland saline sites have not received as much arrenrion.

Plants of both inland and coastal saline habitats must adapt to high levels of salt in

their environment (Burchill 1991). The concentration and composition of ions in the soil

solution directly influences the types of plants that can occur in saline habitats. However,

other environmental factors which also influence plant life often differ between coastal and

inland saline habitats (Ungar I97a@Ð. For example, regular tidal inundation and wrack

disturbance affect coastal areas, but are not present at most inland sites. Drought

conditions often occur in inland habitats, but a¡e virtually absent in coastal regions.

Furthemrore, the salinity levels ¿uld ion composition of inland saline habitats tend to be

variable. Coastal saline habitats, which are regularly inundated by tidal saltwater,

experience more constant salinity levels and ion composition (Ungar et at.l979).

North American inland saline sites are generally located in arid to semi-arid areas of

the mid-western United States and western Canada. While some of these sites have
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developed under natural conditions, the majority are the result of poor irrigation, dry land

fallowing, and other agricultural activities (McKell et a\.1986). A number of ecological

studies have investigated the vegetation composition, patteming, dynamics, and vegetation-

soil relationships of sites in western Canada (e.g.: Keith 1958; Dodd et al. l9&; Dodd &

Coupland 1966(a); Guy er al.1986) and the mid-western United States (e.g.: Flowers

1934; Ungar 1968, 1970,1974(a), 1987; Williams & Ungar 1972; Skougard &

Brotherson 1979;Ungar et al.1979; Shupe et al.1986; Ungar & Riehl 1986; Ungar &

Khan 1986). Waisel (1972) presents a review of studies on inland saline sites found in

North America, Europe, and the Mediterranean Australasian regions.

Recent ecological studies by Burchill (1991) and Burchill & Kenkel (1991) have

been conducted on the plant communities found at boreal inland saline sites of the Lake

V/innipegosis region in west-central Manitoba. However, detailed research into the

underlying mechanism of species' spatial distribution and vegetation patterning at these

northern sites is lacking.

Section 1.2 - Description of the Lake Winnipegosis Saline Sites.

Section 1.2.1 - Introduction

The Lake Winnipegosis saline sites of this study belong to a series found along the

western shoreline of Lake Winnipegosis in west-central Manitoba, Canada (Figure 1.1).

The geographical range of the sites is from 5lo 20' N to 53o 8' N, along the lake's

western shoreline. Ivisited 25 sitesof this seriesduring this study (Figure 1.2). The

southern sites (i.e. those of the Camperville-Winnipegosis area) tend to be highly disturbed

by agricultural activity (e.g.pasture). The northern sites, located in the Dawson Bay and

Overflow Bay areas appeff to be less disturbed. However, there is evidence from aerial

photos that logging and road construction have taken place in the vicinity of some sites.
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Section 1.2.2 - Geography

The Lake Winnipegosis and area is situated in the Manitoba l,owlands (Rowe

1972), which is a sub-division of the larger Interior Plains physiographic region (Rowe

1972). The Manitoba l,owlands is a lake plain containing the remnants of Glacial Lake

Agassiz in the form of Lakes Winnipeg, Manitoba, and Winnipegosis. The region is

bounded on the west by the Manitoba Escarpment, on the north by the The Pas Moraine,

and on the east by the Canadian Shield. Raised beach ridges composed of glacio.fluvial

material deposited by the stepwise recession of glacial Lake Agassiz a¡e comrnon

throughout the region (Nielson 1987). However, the area generally has very low relief

with elevations ranging from 305 meters in the west to 218 meters in the northeast (van

Everdingen l97l). Tlris results in drainage of the region in an easterly to northeasterly

direction. A number of streams and rivers flow into the region from the Manitoba

Escarpment. The majority of these empty into Lake Winnipegosis and Lake Manitoba, and

then into Lake Winnipeg. Lake Winnipeg is drained by the Nelson River system, which

eventually carries the rvater of the Manitoba Lowlands across the Canadian Shield to the

Hudson Bay coast.

Section 1.2.3 - Geology

Lake Winnipegosis and environs are underlain by Devonian Period limestone and

dolomite bedrock (Geological Survey of Canada 1987). This bedrock extends from

approximately 50o 25'N to 53o 30'N. On average the deposit is 60-70 km wide, with its

greatest width of 90-100 km attained in the northeast corner of the Lake (refer to Figure

1.3). The Devonian bedrock of this region is divided into six north-south oriented rock

Formations. Moving from the bottom to the top of this Devonian deposit the following

formations are encountered: the Ashern Formation; the Elm Point Formation; the

Winnipegosis Formation; the hairie Evaporite Formation; the Dawson Bay Formation; and



Figure 1.3. Map of Lake Winnipegosis region, showing location of underlying
Devonian bedrock Formations and saline sites (Modified from Geological Survey
of Canada 1987). I cm = 7.5 km.
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the Souris River Formation (Geological Survey of Canada 1987). The Ashern Formation

contains deposits laid dov¡n during the late Silurian and early Devonian Periods (Kent

1961), and thus contains the oldest rocks of this Devonian system. The Souris River

Formation, located at the top of this stratum, contains the most recent deposits. Sporadic

outcrops of this Devonian bedrock occur in the Lake V/innipegosis and Lake Manitoba

regions, with the Ashern Formation reaching the surface in the extreme east where it meets

Silurian deposits. The Souris River Formation is exposed in the west at the base of the

Manitoba Escarpment (i.e.: Jurassic-Cretaceous deposits; Kent 1967). Outcrops of the

Prairie Evaporite Formation, situated between the Winnipegosis and Dawson Bay

Formations, do not occur.

The Ashern Formation, consists mainly of dolomitic shale and argillaceous

dolomite. The Elm Point Formation consists of high-calcium limestone, upper member-thin

interreef dolomitic and calca¡eous bin:minous laminites, and thick reefal dolomite, and

gladually grades into lower member dolomite and platform facies of the V/innipegosis

Formation. The h'airie Evaporite Formation consists mainly of halite, with traces of clay

and anhydrite (Kent 1967). On the northeast extreme of the Formation anhydrite and

dolomite inclusions are evident. Tl¡e Dawson Bay Formation forms the western shoreline

of Lake V/innipegosis and is composed of bas¿rl red shale, bituminous dolomite, high-

calcium micritic limestone, calcareous shale, coral-stromatoporoid high-calcium limestone,

and dolomite. The Souris River Formation consists of basal red shale, argillaceous and

high-calcium limestone, and dolomite. The presence of sedimentary rocks (e.g. dolomite,

limestone, and halite), reef stn¡ctures, and marine fossils in the bedrock indicates that the

L¿rke Winnipegosis region was subject to intermittent marine transgressions during

Devonian times.

The geological stratigraphy of the Manitoba l,owlands plays a prominent role in

determining the distribution of the Lake Winnipegosis saline springs and seeps. Geologists

postulate that the salt solutions are derived from subterranean waters originating below the
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Devonian bed¡ock (see van Everdingen 1971; Wadien 1984; Geological Survey of Canada

1987). This water percolates up through the permeable reef deposits of the Winnipegosis

Formation and into the halite-rich Prairie Evaporite Formation. The water, now containing

dissolved salts, flows through the Dawson Bay Formation and is discharged at the surface.

Section L2.4 - Soils

When not exposed at the surface, the Devonian bedrock is overlain by a mixture of

glacial till and till-derived sand, silt, clay, and gravel (Geological Survey of Canada 1987).

Glacial till constitutes the parent material of tlre majority of the soils of the l¿ke

Winnipegosis region. This material is highly calcareous as it was derived primarily from

Devonian carbonate rocks flileir 1983).

The soils of the western shoreline of Lake Winnipegosis are divided into three

Great Soil Groups (Weir 1983). The soil of the Camperville-Winnipegosis region is

classified as a Dark Gray Chemozem. It is cha¡actenzed by a loamy texture with a

relatively high stone content and good horizontal drainage (Clayton et al.1977). The

tendency for carbonate leaching of the B horizon and deposition in the C horizon suggests

that the soil is Orthic (Clayton et al.1977). The pH ranges from neutral to slightly alkaline.

The soil to the north and northeast of the Camperville- Winnipegosis area belongs

to the Eurric Brunisol Great Soil Group (Weir 1983). As in the Dark Gray Chernozems,

this soil is derived from calcareous parent material, is medium-loamy in texture, and ranges

from neutral to alkaline. However, it is distinguished from the Dark Gray Chernozems by

poor horizon development due to a lack of recognizable zones of mineral leaching and

accumulation (Weir 1983) in the prohle.

The third soil type associated with the Lake Winnipegosis region is the Mesisolic

Organic Soil (Clayton et al. 1977). These organic soils a¡e situated in the Overflow Bay

and Dawson Bay ¿ì-rea at the northwest corner of the Lake. Mesisolic soils are derived from

partially decomposed herbaceous fen material and boreal forest peat (Clayton et al.1977).
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Organic matter content of this soil is >307o (V/eir 1983) and the soils a¡e thus acidic (Brady

r974).

Soil moisture of the Lake Winnipegosis area is classed as sub-humid to humid,

with moisture deficits often occurring in the southern regions, but rare in the north

(Clayton et al.1977).

Although these three soil types preclominate, minor inclusions of other soil types do

occur. In Saskatchewan, D)dd et al. (1,964) found that the main soil types were Saline

Gleysols, Salìne Chernozems, and Saline Regosols. Most soils specifically associated

with the saline sites of the V/innipegosis shoreline exhibit characteristics of Saline

Regosols. A Regosol is a mineral soil with a thin organic layer at the surface and no

horizon development below (Clayton et al. 1977). Thus, the characteristics of the parent

material dominate the entire profile. The parent material of Saline Regosols is always

saline, and usually calcareous (Clayton et al.1977). These are two characteristics common

to the Winnipegosis sites (Burchill 1991). A few of the saline sites of the Dawson Bay and

Overflow Bay are characterized by soils high in organic maffer.

Section 1.25 - Climate

According to the Koppen-Geiger classification scheme (deBlij 1981), the climate of

the Lake Winnipegosis region is humid and cold, with short, cool summers, long, cold

winters, and no discernible dry periods. On average the area experiences a frost-free

period of 100 days, from 25-30 May to 10-15 September (Weir 1983). Temperature

ranges from an average low of -26.7 oC in January, to an average high of 23.9 oC in July,

with a mean annual temperature of -0.3 oC (Rowe 1972). The mean temperature over the

growing season (May to September) is 13.8 oC. Average annual precipitation is 557 mm,

with approximately 250 - 280 mm falling as rain from May to September (Rowe 1972;

Weir 1983).
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Section I .2.6 - Vegetatíon

Lake Winnipegosis lies in the Manitoba Lowlands Section of the Boreal Forest

Vegetation Region (Rowe 1972). The a¡ea is essenrially a ransition zone between the

broad-leaf Aspen-Oak Section to the south, and the Northern Coniferous Section to the

north and east. The southern half of the Lake area is dominated by Populus tremuloides,

with Picea mnriana occurring in wet depressions, and Picea glauca on gravel ridges (Weir

1983). The northern area of Lake Winnipegosis, including Dawson and Overflow Bays, is

dominated by Picea rnariana and Picea glauca. Populw tremuloides, Popuhts balsarndera,

Betula papyrifera, and Larix laricina are coÍunon, with Pinus banksiana occurring on

outcrop areas and low ridges (Rowe 1972). Sphagnum bogs and sedge meadows are also

common in depressions in the northwest.

Annual halophytes (mainly Chenopodiaceae) along with perennial halophytic

graminoids (including members of Juncaginaceae,Juncaceae, and Poaceae) and composites

(Asteraceae) characterize the vegetation of the saline sites. The sites a¡e often surrounded

by stands of Picea glauca located on elevated gravel ridges (Burchill l99l). Appendix I

presents a list of species found at the saline sites visited in this study.

Section I .2.7 - Saline Sites

The saline sites of Lake Winnipegosis range from actively flowing springs (Figure

1.4) to more passive saline seeps (Figure 1.5). Chemical analysis of the soil and water of

these sites has indicated that sodium and chloride a¡e the dominant ions (van Everdingen

1971; Burchill 1991). Sulphate, carbonate, calcium, and magnesium ions also occur, but

at fa¡ lower concentrations (van Everdingen l97l). The concentration and composition of

ions in the soil of the Winnipegosis sites differs appreciably from that of other North

American inland saline sites to the south and west. These other sites tend to be dominated

by sodium and/or magnesium cations and sulphate anions (Keith 1958; Dodd et al.1964;

Dodd & Coupland 1966(a);Ungar 1970).
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The soil associated with active springs is generally very hard-packed and stony.

The area immediately surrounding the springs lacks vegetation, although cyanobacteria and

members of Bacilla¡iophyceae (diatoms) can proliferate in the run-off from the springs. A

number of active springs occur on gravel beaches of the lake shore. These discharge into

the lake and thus influence aquatic macrophyte and algal populations.

Submerged springs also occur throughout Lake Winnipegosis itself (Nielson et al.

1987). This results in localized regions of saltwater in an otherwise freshwater body

(Wadien 1984).

The majority of the saline sites are passive saline seeps. In such sites actively

flowing springs are absent, although evidence of past springs, in the form of cauldron-like

clomes, may be present. Saline seeps consist mainly of a highly saline, unvegetated cenral

pan or "playa" surrounded by roughly concentdc bands or zones of vegetation. The

concentration of soil salts decreases away from the pan. The elevation tends to rise slightly

as one moves from the pan outward, giving the seep sites a shallow "bowl-shape". This

results in water drainage into the pan area following rainfall and snow-melt. Soil salinity

results from capillary movement of dissolved salts from the underlying gloundwater

(Burchill 1991). Analysis of soil samples collected from the pans of 20 seeps in 1989

indicated that the soil salt concentration varies between sites (Table 1.1). These differences

may be due to small scale local variation in environmental factors such as drainage and

weather from site to site.

Burchill (1991), in a detailed discussion of the ecology of saline sites in the Overflow Bay

area, compa¡ed the Overflow Bay sites to other inland saline sites at nine different

geographic locations in North America (Nebraska, Kansas, Oklahoma, Colorado, Utah,

California, North Dakota, South Dakota, and Saskatchewan). A sum of squares cluster

analysis algorithm was used to delineate the sites into fou¡ main groups based on the

presence/absence of 37 vascular plant species. The results (Figure 1.6) show that the

1l



Fi.gure 1.4 Photograph of actively flowing saline spring, Dawson Bay, Lake
Winnipegosis, Manitoba,
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Figtrre 1.-5 Photograplt of passive saline seep íìrea, Dawson Bay, Lake Winnipegosis,
Manitoba.
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Overflow Bay sites are distinct. This is likely due to differences in climate and soil ionic

composition between the Overflow Bay sites and the other sites add¡essed.

faUte t.t- neiutts of p.ãti-i"a.), sati"îty-a"alysis of saft pan soiITrorn ZO satine sites.
Mean soil salinity analysis was done by the author, while chlorine ion concentration is
based on data collected by McKillop (1989, personal communication). NA = information
notavailable. n=3.
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Section 1.3 - Vegetation Zonation

Section 1.3.1 - Intoduction

The distribution of plant species in discrete vegetation zones has been reported in

many studies of coastal saline marshes (for reviews see Waisel1972; Odum 1988).

Vegetation zonation also occurs in inland saline habitats (reviewed by Ungar 1974(a)), and

is apparent at the Lake Winnipegosis sites. Burchill (1991), working at Overflow Bay,

identified eight distinct vegetation zones. Moving from most saline to least saline (i.e.

from playa or pan outward) the zones are: (1) Salt Pan (Salicornia); (2) Puccinellia; (3)

Triglochin; (4) Hordeum-Distichlis; (5) Spartina; (6) Agropyron; (7) Calamagrostis; and (8)

Rosa. (Figure 1.7). (Note that henceforth non-italicized genera names refer to vegetation

zones).

Section 1 .3.2 - Vegetation Zones

The Salt Pan zone soil has the highest salinity. Where vegetation is present, it is

dominated by Salicornia rubra. Other associated species are Spergularia mnríra,Triglochin

maritima, and Plantago maritima. The Puccinellia zone is almost solely occupied by

Puccínellia nuttalliana. with Suaeda depressa co.occurring at far lower cover values. The

Triglochin zone is dominated by Triglochin maritíma with minor occturences of Plantago

maritima, Puccinellia nuttalliana, Suaeda depressa, Distíchlis stricta, and Hordcutn

iubatum. The Triglochin zone is followed by the Hordeum-Distichlis zone, co-dominated

by Hordewn jubaturn and Distichlis sricta. The next zone, the Spartina zone, is

dominated by Spartína gracilis with a few associated species such as Hordewn jubatlun,

Distichlis stricta, Grindelia squerrosa, Aster pauciflortn, andTriglochín maritima. The

Agropyron zone is dominated by Agropyron trachycaulum with Aster pauciflorus and

Sonchus arvensis also present. Following the Agrop)iron zone is the Calamagrostis zone

which is dominated by Calamagrostis írnxpansa. Associated species in the Calamagrostis
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zone include Agropyron trachycaulwn, Aster patrciflorus, Sonchus arvensís, and Juncw

balticus.

The final and least saline zone of this sequence is the Rosa zone. It is dominated by

the shrub Rosa acículør¡s, with a number of relatively salt intolerant composites such as

Helianthus maximilianl, Sonchus arvensis,and Solidago sp. This zone is located adjacent

to Picea glauca dominated gravel ridges which surround the saline sites.

Section 1.3.3 - Soil Gradients

Burchill (1991) described a number of soil gradients which run from the pan

outward. Soil salinity decreases gradually from a high of 2O mg/rnl of soil to a low of 3.9

mg/ml in the Rosa zone. Relative surface elevation (elevation of the soil surface in relation

to the lowest point in the site) increases gradually from the salt pan zone (0 cm) to the Rosa

zone (+45 cm). This results in a drainage pattern from the Rosa zone toward the pan. The

soil pH gradient is inversely related to salinity, with the salt pan area having a pH of 8.8,

and the Rosa zone a pH of 7 .5. ln general, bulk density and ca¡bonate content of the soil

decreases from the salt pan outward, while soil organic matter increases. Potassium,

nitrogen, and phosphorus were analyzed by Burchill (1991). Only phosphorus showed a

clear gradient across the vegetation zones. Quantities ranged from a low of 11.8 ppm in

pan soil to a high of 53.4 ppm in Rosa soil. The lowest and highest readings for both

potassium and nitrogen can be found in the salt pan and Rosa zones respectively.

Canonical correlation analysis by Burchill (1991) on eight environmental factors

indicated that salinity was the soil factor influencing vegetation distribution (Table 1.2).

Other factors of importance include soil pH, relative surface elevation, and bulk

density. However, the discontinuous vegetation gradient (i.e. zonation) cannot be

described as being directly reflective of continuous edaphic gradients. Thus, some other

factor(s) must be involved in the creation and maintenance of vegetation zonation. Factors

18



may include soil parameters not measured in Burchill's study, such as moisture content, or

biotic factors such as interspecific competition.

Table 1.2 Results of canonical correlation analysis applied to saline site soil data. Note
salinity, pH, and relative elevation have the highest correlation values (from Burchill
1991).

Soil Factor

Saliniry

pH

Relative Elevation

Bulk Density

Potassium

Phosphorus

Nitrogen

Organic Matter

Canonical Correlation

Axis I

-0.813

-0.756

o.643

-0.488

-0.44

0.22

-0.t7

0.145

Section 1.4 - Salinity and Its Bffects on Plants

Section 1.4.1 - Introduction

Soils of saline habitats contain salts in such excess as to adversely affect the normal

$owth and development of plants. Effects on plants result from decreased osmotic

potentials in the root zone due to the presence of dissolved salts (Bemstein 1975). This

disrupts the water potential gradient and can lead to loss of turgor pressure and evenrually

wilting. Plants of saline soils can take in water only if they can produce and maintain an

osmotic potential lorver than the surrounding soil (Larcher 1980). They also suffer toxic

effects of ions in the soil solution (Bemstein 1975; Jefferies & Piunan 1986). l-ow

concentrations of salts in rooting media are not directly toxic to plants (Yeo & Flowers

t9

Axis tI

0.415

-0.101

-0.026

0.456

0.328

-o.132

-0.18

0.301



1977). This indicates salt toxicity is more a function of concentration than of the types of

ions present in the rooting medium. At higher concentrations, however, the actual

composition of ions involved increases in importance (Yeo & Flowers 1977). High

salinity can also influence the availability of nutrients directly, by competing for and

occupying sites on soil micelles, and indirectly, by altering soil pH (Brady 1974) and

reducing the uptake of water-nutrient solutions (Bernstein & Hayward 1958). The short-

term, rapid fluctuations in salinity which occur in saline habitats can also be detrimental to

plant growth (Dainty 1979). Some species are more susceptible than others, and the

mechanisms involved in resisting the effects of salinity often differ between species

(Jefferies & Rudmik 1984).

Section 1.4.2 - Salt ResÌstance

Introduction

Larcher (1980, p.187) defines salt resistance as "the ability of a plant to withstand

the presence of excess salts without serious impairment of vital functions". He defines salt

tolerance as "a property of the protoplasrn that enables it to tolerate ... the changed ionic

ratios associated with salt sress and the toxic and osmotic effects associated with increased

ion concentration". These def,rnitions harken back to lævitt (1972) who distinguished salt

tolerance mechanisms from those of salt avoidance (regulaúon), and put both strategies as

subcategories of salt resistance. According to [,evitt, avoidance or regulation refers to the

ability of a plant to avoid or exclude the stress agent (i.e. salt), while tolerance refers to the

ability of a plant to survive an internal stress brought about by external salts. Both salt

tolerance and salt resistance have been used interchangeably (Shannon 1984), and there are

arguments for and against using each term. For the purposes of this thesis I will refer to

the definitions provided by Larcher. Thus, the abiliry of a plant to regulate the uptake of
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excessive external ions, coupled with its ability to tolerate and adjust internally to changes

in external osmotic pressures, constitute its degree of salt resistance.

There are a number of mechanisms employed by plants to counter the effects of

salinity (see I-evitt 1972, and Flowers et al. 1977 for detailed reviews). These mechanisms

(Figure 1.8) fall into nvo main categories: (1) osmotic tolerance, including the accumulation

of organic solutes and inorganic ions to maintain a low osmotic potential, and (2) salt

regulation, including exclusion, storage ancl elimination, and dilution.

Osnntíc Tolerance

By increasing the solute concentration in both the cell vacuole and cytoplasm, plants

can lower thei¡ osmotic potential relative to the soil solution, and create a favorable osmotic

gradient such that turgor pressure is maintained (Jefferies 1981; Jefferies et al. l98l;

Ewing et a\.1,989). Organic osmotic solutes (osmotica) include: (i) nitrogenous

compounds such as proline, glycinebetaine (Stewart &.Lee 1974; Storey & Wyn Jones

1975;Cavalieri & Huang 1979;Rozema1979; Jefferies 1981; Ewinget aL.1989;),

homobetaine (Stewart et al.1979), and choline (Storey & Wyn Jones 1975), (iÐ

carbohydrate compounds including reducing sugars such as sucrose (Jcfferies et al.1979;

Rozema 1979; Briens & Larher 1982; Ewing 1989), and (iii) various polyols (Ewing et al.

1989) such as sorbitol and mannitol (Ahmad et al.1979; Jefferies et a.l. L979).

Glycinebetaine appears to gradually accumulate with increasing salinity, while production

of proline does not appear to increase until a certain salinity is reached @wing et al. 1989).

Proline production has also been shown to be effective as a means of drought resistance in

xerophytes (Stewart &.Læ,l9l4). The relative importance of carbohydrates and polyols in

osmoregulation is poorly understood (Jefferies et al. 1979; Briens & Larher 1982;Ewing et

al. 1989). Plants under saline conditions will often employ a combination of these

compounds for osmotic adjustment (Stewart et al.1979; Ewing et aI. 1989).
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Studies have shown that accumulation of nitrogenous organic compounds in the .

plant does not disrupt normal enzymatic activity (Guy er al.1984; Jefferies & Pitman

1986). Because of this, nitrogenous compounds are accumulated in the cytoplasm.

However, their increased production in response to salinity is energy consumptive (Dainty

7979), resulting in reallocation of photosynthate zurd a subsequent reduction in growth rate,

flowering, and seed production (Bernstein 1961; Dainty 1979; Jefferies et al.1979;

Jefferies 1981; Ewin g et al. 1989). Because increasing salinity often limits the availability

of soil nitrogen (Jefferies et al. 1979), the accumulation of nitrogenous organic compounds

as a primary means of osmotic adjustment tends to be more prevalent in plants of relatively

low to moderate salinity (Stewart et al.1979). These plants, referred to as glycohalophytes

(Bernstein L975), tend to be long-lived, perennial graminoids and composites (Rozema

1979;Ewng et al. 1989). They are capable of storing niuogen in below-ground organs

during periods of low salinity (i.e. in spring) and later, during periods of high salinity (i.e.

summer), they can access this nirogen and use it in osmotica production (Jefferies et al.

1979; Jeffenes et al. l98l). This is not an exclusive property, as proline is present in a

number of highly salt resistant, non-graminoids such as Spergularia m.arina, Plantago

maritima, Salicornía europaea, Suaeda mnritima, md Glaux mnritima (Stewart &.I-eß

1974). The degree to which proline aids in salt tolerance in these latter species is

unknown. However, since they live in hypersaline conditions, it is likely that another

mechanism, in combination with proline, aids in salt resistance.

As with organic solute accumulation, inorganic osmotica lower the osmotic

potential in the plant and thus maintain turgor. Plants relying on inorganic osmoúca are

called euhalophytes by Bernstein (1975). Greenway & Munns (1980) and Jefferies &

Pitrnan (1986) indicate that this may be the main means of osmotic adjustment employed by

haloph¡es. Studies on coastal and inland halophytes reveal that dicotyledons tend to

accumulate Na+ and Cl- (Albert 1975; Riehl & Ungar 1982; Jefferies & Pitman 1986),

while graminoids accumulate K+ and Cl- (Jefferies & Pitman 1986). Studies by Jefferies
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et al. (1979) indicate that some form of compartmentation may occur in halophytes. This

would involve segregation of accumulated ions, thus limiting their influence on the activity

of enrymes. Studies have shown that most inorganic ions are stored in the cell vacuole

(e.g. Yeo 1981; Riehl & Ungar 1982.). This appears to maintain hydrosratic equilibrium

within the cell (Jefferies & Pitman 1986), as well as protecting enzynres in the cytoplasm

from toxic effecs of inorganic ions. Flowever, this accumulation of inorganic ions does

have a limit, beyond which further ion intake will adversely affect metabolic processes

(Jefferies and Pinnan 1936). This thresholcl differs from species to species, and is a

measure of a species' salt tolerance. This means of osmotic adjustment consumes energy,

and thus is accompanied by decreased plant growth and development (Haines & Dunn

1e85).

Some halophytes, such as members of the Chenopodiaceae, accumulate Na+ even

when external concentrations are low (Jefferies & Rudmik 1984). Because of this, Storey

& tù/yn Jones (1977) suggested a classification of salt resistant plants inro two groups: (l)
osmoregulators and (2) osmoconformers. Osmoregulators are plants which maintain a low

osmotic potential throughout the season by constantly taking in ions regardless of external

fluctuatons in concentration. This may be an adaptive feature to counter the effects of

external salinity fluctuations. This group would include many of the succulents such as

species of Halimione, Salicornia, anc| Suaedn, which are generally shallow rooted annuals,

and as such are subjected to high, rapid fluctuations in salt concentration. By constantly

accumulating salts, these species are prepared for periods when the external salinity

increases. Osmoconforrners adjust their internal water potential in line with changes in the

external water potential. Most a¡e deep rooted perennials, with their rooting zone well

below that of annuals, and as such, tend to experience relatively low, non-fluctuating

salinity levels.
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Salt Regulatíon

The second main category of salt resistance involves treatment of the salt solution in

such a way as to minimize intake and maximize protection of plant tissues frorn the toxic

effects of ions (Larcher 1980). One way plants can do this is through exclusion (Waisel

1972), involving selective impermeabiliry of roots to specifïc ions (Caldwell 1974; Yeo

1983) and/or the retention of ions (particularly Na+) in the roots and lower stem (Larcher

1980), thereby preventing ions from reaching the leaves. Transportation of salts out of the

roots and back into the soil can also occur in halophytes (V/aisel 1972) via a process

known as recretion (Larcher 1980). Example species include Salicornía europaea and

Suacda monoica (Waisel 1972). The salt content of these planrs peaks in the lare morning

and late afternoon, with signifîcant decreases occurring in the early afternoon and at night,

suggesúng that salts are being uansported back into the soil. Recretion is poorly

understood (Waisel 1972), but may be related to fluctuations in the salt content of the soil

solution near the roots. Diurnal temperature fluctuations at the soil surface cause capillary

movement of the soil solution (Brady 1974\. This could cause the vertical movement of

salts into and out of the root zone. Periods of draw-down (i.e. night) would result in a

lower concentration of salts in the root zone than in the roots, allowing diffusion of salts

from roots into the soil.

Another mechanism of salt regulation involves the uptake and excretion of excess

salts (Jennings 1976; Flowers et al.1977; Ewing et al.1989). This is accomplished

through specialized salt glands (Waisel 1972), the structure of which differs from species

to species (Anderson 1974), or through accumulation of salts in senescing leaves (Waisel

1972;Larcher 1980). Salt-excreting glands have been observed in Spartina alterniflora,

Spartína patens, Limoniutn spp., Distichlis spicata (Anderson 1974), Glaux mnritima,

and Atriplex spp. (Larcher 1980), however, they are not necessarily present in all

halophytes (Anderson 1974). Waisel (1972) stated that salt excrerion through glandular

structures is mainly a mechanism employed by non-succulent halophytes.
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The energetics of salt excretion through specialized glands is poorly understood

(Haines & Dunn 1985). However, it is advantageous as it prevents accumulation of

harmful ions (e.g. Cl- and Na*), without affecting the uptake and balzurce of nutrients

(Waisel 1972). Many salt-excreting species also employ recretion and exclusion (Waisel

r972).

The disca¡ding of salt-saturated leaves has been observed in Salícornia spp.

(Waisel 1972), Plantago mnritima,Triglochin mnritima, and Aster tripolium (Larcher

1980). This mechanism may be a response to hormonal activity brought about by exposure

to high salinity. Mizrahi et al. (1971) observed that increased salinity led to a decrease in

the transport of kinetin from the roots to the shoots and leaves, accompaniecl by an

increased concenration of abscisic acid in the leaves. Such changes decrease the stomatal

apefture and thus prevent water loss through ranspiration (Mizrahi et al.l97l). Kinetin

promotes cell elongation and delays senescence, while abscisic acid promotes senescence

and leaf abscission (Abercrombie et al. l98l). Decreased kinetin and increased abscisic

acid levels in response to high salinity may result in loss of salt saturated leaves, thus

lowering the salt load of the plant. Whatever the precise role of kinetin and abscisic acid

may be in salt resistance, it appears that it is only tempora-ry, as re-establishment of normal

hormone levels takes place once osmotic adjusunent has occurred (Bernstein 1975).

The third main mechanism of salt regulation in halophytic species involves the

retention of relatively large volumes of water in cells (Larcher 1980), a phenomenon

termed succulence. The main problem erìcountered by plants is not the quantity of salt

present per gam dry weight of tissue, but the concentration of lhese salts in the cell sap

solution. Thus, by increasing the amount of water in its cells, a plant is able to dilute the

salts to an acceptable concentration (Jennings 1968; Larcher 1980). Succulence is

characterized by an overall reduction in plant size, increased leaf thickness, enlargement of

cells with increased elasticity of the cell wall, low chlorophyll content, and clecreased size

and number of stomata (Waisel 1972). Identification of the controlling mechanism behind
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succulence has received considerable attention. Strogonov (1962) suggested that Cl- plays

a prominent role in increasing elongation of the palisade layer, thus leading to increased

succulence. Later research indicated that succulence likely depends more on the

concentration of Na+ in the root zone and plant tissues (Jennings 1968), and involves the

operation of an ATP-d¡iven sodium pump which deposits ions into the cell vacuole. This

indicates that succulence is closely tied to inorganic solute accumulation in cells as a means

of osmotic tolerance. Succulence has been observed in halophytes, particularly the family

Chenopodiaceae, and in a number of xerophytes (Larcher 1980). Plants which regulate

their salt content by excretion tend to be non-succulent (Waisel 7972; Anderson 1974).

Section I .4.3 - Effects of Saliniry on the plant Life Cycle

Introduction

As mentioned above, the direct effects of salinity on plants a¡e osmotic and toxic,

while indirect effects include limitation of nutrient uptike and assimilation. The abiliry of a

species to tolerate high salinity is a function of its salt resistance and the timing of events in

its life-cycle. A species' susceptibility to hypersaline conditions va¡ies at different stages of

its life-cycle. Many halophytes have evolved specific life-history strategies to cope with

hypersaline habitats.

G e rmi natio n and S ee dl íng E stabli s hme nt

High salinity decreases germination and seedling establishment in many inlancl

halophytes including Salícornia rubra (Ungar et al. 1979), Suaedn depressa (lMilliams &

Ungar 1972), Distíchlis strícta (Unga¡ 1974(a)), Puccinellia nuttalliana (Macke & Ungar

l97l), and Hordcwniubatwn (Ungar 1974(b)). Experiments have found that seeds of

some species remain domlant until subjected to periods of high moisture and low salinity

(ungar 1974(a); ungar 1978), such as occur in spring and early summer, and seeds
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subjected to high salinity conditions remained viable after salinity was lowered, indicating

that the effect of salinity on the seeds is osmotic rather than toxic. This externally imposed

dormancy allows a population to persist as seeds over periods of high salinity, and under

conditions which seedlings and mature plants would not normally survive (Ungar 1978;

McMahon & Ungar 1978; Ungar & Riehl 1980). Release from seed dormancy is likely

related to the activity of endogenous hormones in reaction to changes in external osmotic

potential, temperature, and light (Ungar lgTS).

Seed dimorphism has been observed in a numtrer of annual halophyte and non-

halophyte species (Philipupillai & Ungar 19S4). As a rule, this phenomenon has evolved

as a mechanisms of survival in "weedy" or "ruderal" species found in unpred.ictable, harsh

habitats (Harper et al.l97O). Salicornia europaca (Ungar 1979; Philipupillai & Ungar

1984) and Atiplex triangularis (McMahon & Ungar 1978; Ungar & Riehl 19S0) produce

two types of seeds which vary in size and length of dormancy: large seeds germinate in the

spring when salinity levels a¡e relatively low, and smaller seeds persist in the seed bank

and may germinate later in the summer if conditions a.re optimal. This seed dimorphism

and staggered period of germination aids in assuring the survival of the population. The

success of seed germination, seedling establishment, growth, and reproduction is largely

dependent on environmental conditions. Seedling establishment is hindered by drought,

excessive rainfall, and flooding, which may result in the demise of the population. Seed

dimorphism offers a solution to this problem by ensuring that some seeds are available for

re-establishment of the population later in the growing season should conditions change

and become more suitable.

Most halophytes are perennials (Jefferies & Pitman 1986; Odum 1988), and have

extensive rhizome systems or robust tap-roots. In rhizomatous graminoids and composites

sexual reproduction occurs, but the main rnethod of propagation is by tillering and

fragmentation of rhizomes (Waisel1972; Odum 1988). These fearures aid in the survival
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of populations under stressful conditions because allocation of large quantities of

photosynthate and energy to seed production is not required.

General Growth Rate and Plntosynthesis

Excess salinity is responsible for decreased growth rares in planrs (Larcher 1980),

as observed in most glycophytes at low salinities, and halophyres at higher salinities

(Waisel 1972). Some annual halophytes such as Salicornia europaea and Spergttlaría

maritim-a, and perennials such asTríglochin maritima. actually display stimulated growth in

response to moderate increases in salinity under laboratory conditions (Caldwell 1974;

Jefferies & Pitman 1936). Such growth enhancement is only temporary, as continued

increases in salinity will lead to an eventual decline in growth rate (Jefferies & Pitman

1986). Decreased growth rate can result directly from the disruption of the physical

structure of soil, decreased water intake, increased water loss, toxic effecs of ions on

enzymatic activity and plasma membranes, and reduced nutrient availability (Waisel lg72).

Indirectly, growth rate suffers as a result of the reallocation of photosynthate and energy to

operating salinity resisrance mechanisms (yeo 1983; Oclum 19S8).

Pearcy & Ustin (1984) indicate that increasing salinity has a negative impact on

photosynthesis and relative gowth rate. They suggest that as salinity increases, the ability

of Scirpus robwttu and Spartinafolíosa to photosynthesize decreases. Both species close

stomatâ in response to increasing salinity in an effort to conserve water. This results in a

decrease in CO2 intake, which then decreases the rate of photosynthesis. They found that

salinity had a greater effect on relative growth rate than photosynthesis. f-his suggests that

much of the photosynthate produced is allocated to salt resistance rather than to vegetative

$owth. Guy et al. (1980, 1986) also point out that photosynthesis in halophytes is

affected by increasing salinity, which they suggest may be due to the decrease in available

water brought about by high salinity.

29



Nwrient Límitatiors

The main limiting macro-nutrients in inland saline sites are available nitrogen ancl

phosphorus (Jefferies & Pitman 1986). In such habitats the availability of nurrients for

plant growth and development is limited directly by excess soil salts and indirectly through

reallocation of nutrients to maintaining salinity resistance. Inorganic phosphates (FIZPO+-

and HPO4-2) *" the nlain sources of phosphorus for plants. Both phosphates are

available to plants at a soil pH range of 6.0 - 7.0, however, saline soils tend to be alkaline,

with pH levels usually in excess of 7.0 (Brady 1974). At pH levels above 7.0 HZpOq-

becomes bound to cations in the soil (e.g. Ca+2) forn'ring insoluble compounds, and only

HPO4-2 is available (Waisel lg72). Thus, an increase in salinity creates an increase in soil

pH, which can adversely affect phosphorus availabiliry anrl uptake by plants.

Pigot (1969), valiela & Teal (r974), and Jefferies & perkins (1977)have

demonstrated through fertilizer application experiments that niuogen is a limiting factor in

coastal saline marshes. There are three main forms of nitrogen in soils (Brarty 1974):

(1) organic nitrogen associated with soil humus; (2) ammonium nitrogen which is bound to

certain clay materials; and (3) nitrogen compounds dissolved in the soil solution. Only the

latter form of nitrogen is readily available to plants. Soluble nitrogen compounds include

ions of inorganic ammonium and nitrates. Plants take up nitrate directly, and ammonium

ions indirectly through the process of nitrification, a two step process carried out by

nitrobacteria. First, ammonium ions are converted to nitrous acid (nitrites), and are

subsequently oxidized into nirates that can be used by plants. Nitrosomonas is

responsible for converting ammonium to nitrite, while Nitrobacter oxidizes nitrite to

nitrate. Energy is also a by-product of these conversio¡rs, and is used by the bacteria for

metabolic processes. Nitrification is rapid and keeps the concentration of nitrites in the soil

Iow, thus minimizing acidic affects on microbial activity. Soluble nitrogen seldom

constitutes more than l-2percentof the total nirrogen content of soil (Brady lg74).
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Major inputs of soluble nitrogen in salt marshes include: (1) fixation of aunospheric

nitrogen by blue-green algae and bacteria; (2) inflow of ground water containing dissolved

nitrate, nitrite, and ammonium ions; (3) deposition of dissolved nitrogen compounds in

precipitation; and (4) inflow from tidal inunclation (in the case of coasral ma¡shes). Major

losses of nitrogen result from: (l) extraction of nitrogen compounds and detrital material by

out-flowing tidal waters; (2) denitrification, in which microbial activity converts nitrates to

nitrogen gas which escapes into the atmosphere; (3) volatization of ammonia and its release

into the atmosphere; and (4) leaching of compounds deep into the sediment and beyond the

reach of plant roots. Valiela & Teal (1979) state thar the inpurs and outputs of nitrogen to

the salt marsh ecosystem result in a net loss of available nitrogen, and thus nitrogen

deficiency for plants. McClung & Frankenberger (1985) indicate that microbial enzymatic

activity is reduced by increasing salt ions, particularly Cl-, in the soil, leading to a decrease

in nitrification. They also suggest that increasing salinity leads to increased volatization of

ammonia-

There are few studies of inland salt marsh nitrogen budgets. The absence of tidal

influence on inland habitats makes direct comparisons of inland and coastal ma¡sh nitrogen

budges invalid' Loveland & Ungar (1983) found that growth of Salicornia europaea in an

inland marsh increased d¡amatically with the application of nitrogen. This suggests that

populations of Salicornía europaea are normally limited by nirogen. Application of

nitrogen to Hordeuniubatutn and Atilplex triangularis populations had no significant

effect (I-oveland & Ungar 1983). This lack of response may indicate that Hordcurn

iubatwn wñ Atriplex triangularis a.re not limited by nitrogen. Alternatively, these results

may indicate an enor in the experimental design. For instance, the application of fertilizer

may have been improperly timed with the plants' Iife-cycles. The soil in which the latter

two species grow is less saline than that of the Salicornía europcßa population. This lower

salinity may allow near optimal amounts of available nitrogen for growth of Hordeunz

jubaturn and Atriplex triangularis.
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Results from a preliminary nutrient experiment, conducted at Overflow Bay in 1989

(Burchill 1990 personal communication), suggest that growth of vegetation in the

Hordeum-Distichlis zone is initially limited by available nitrogen and then by available

phosphorus. This experiment involved using a randorn block design with three fertiliznr

treatments (nitrogen, phosphorus, and nitrogen-phosphorus) and a control. The treaunents

and control were replicated four times. Plant response to heatment was based on biomass

accumulation over the growing season. Burchill (1990 personal communication) found

that increase in growth was very evident in the nitrogen fertilizer treatments, but was

insignificant in the phosphorus treatments. The gleatest incrcase in growth was observed

in the nitrogen-phosphorus treatments (p = 0.0099). This indicates that vegetation in the

Hordeum-Distichlis zone will readily assimilate nirogen until it is limited by available

phosphorus. A similar experiment was conducted on vegetaúon of the salt pan zone.

Resuls were inconclusive as the vegetation of this zone died in the early spring due to

drought.

Inland halophytic perennials have adapted to nitrogen limitation by redistributing

nitrogen between their leaves and rhizomes (Jefferies et al. 1979). They are able to store

nitrogen in their rhizomes during periods of high salinity and later access this supply for

continued growth during periods of low salinity, when nit¡ogen in the soil becomes more

available.

Root and Leaf Growth

Studies into the effects of salinity on root growth are few (Groenendijk & Vink-

Lievaart 1987), probably because roots are inaccessible for study, especially under field

conditions. Williams & Ungar (1972) showed that root biomass in Suaeda depressa

declined when plants were grown in media with >1.0 7o NaCl. Decreased root biomass

with increased salinity has also been otrseruedin Salicornia europaea (Ungar et al.1979;

Riehl & Ungar 1982), Suneda monoica (Storey & Wyn Jones 1979), Spergularia maritima

32



(Yeo & Flowers 1977), Atriplex spongiosa (Storey & Wyn Jones 1979), Hordeutn

jubatwn (Kenkel et al. l99l), and Puccinellia nuttatrliana (Kenkel et aI. l99l). Cooper

(1982) studied the effects of waterlogging and salinity on the growth of eight salt marsh

halophytes. Festuca rubra, Juncus gerardii, Armeria maritima, Plantago maritimn, Aster

tripoliwn, andTriglochin møritim¿ showed the greatest decrease in shoot and root growth

under the combined conditions of high salinity and poor soil aeration (i.e. waterlogging).

Plantago mnritima showed grcatest above-gtound and below-ground biomass reduction

under conditions of high salinity alone. Salicornia europa¿a shoot and root growth

reduction was greatest under poor aeration conditions. Salicornia europaea actually

showed an increase in growth of shoot and roots on saline soil compared with non-saline

soil. Thus, its growth rate was more affected by soil aeration than salinity. While the

overall growth rate of plants declines with increasing salinity, the decline in growth rate of

glycophyte roots is greater than shoos (Larcher 1980). 'fhus, there is a pronounced

increase in the shoot:root ratio in glycophytes with incrcasing salinity. This increase in the

shoot:root ratio does not appear to be as pronounced in halophytes (Waisel 1972; Cooper

1982; Kenkel et aI. 1991). Groenendijk & Vink-Lievaart (1987) found that the below

ground biomass of Elymus pycnanthus, Halimione portulacoides, Spartina anglica, and

Triglochin maritims was significantly higher than the above-ground biomass and that most

of the below-ground biomass was concenrated in sedimen¡.Z0 - 60 cm deep. This would

be advantageous because concentrating energy and photosynthate on root development

allows halophytes to extend roots deeper into the soil where the salinity is usually lower.

Salinity has both toxic and osmotic effects on leaf development. Fligh salinity leads

to development of succulence in the most highly salt resistant halophytes (e.9. Salícornia

spp. (Poljakoff-Mayber 1975), Suaeda spp. (Waisel1972), and Atriplex spp. (Waisel

1972)). If the salinity in leaf cells becomes too high, salts become toxic. Toxic effects on

leaves tend to result from disruption of enzyme activity. Leaves of salt-affected plants

usually become darker green, and may take-on a deep bluish-green hue (Bernstein 1975)
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due to increased cuticle thickness. I observed this colorationin Hordeutn jubatum and

Puccinellia nunalliana. Eventually leaf chlorosis and necrosis occurs, followed by leaf

abscission and death (Levitt 1972), a sequence observed in Spartína spp. (Nestler l97l)

under conditions of high salinity.

Flowering ard Fruiting

Flowering and fruiting of both glycophytes and halophytes is dependent on

photoperiod, temperature, light intensity, and plant maturity (Waisel 1972). Although

many studies are available for crop plants (see Bernstein & Hayward 1958), literature

addressing the effect of salinity on flowering and fruit development in halophytes is

lacking. However, one would expect that flowering and fruiting would be delayed or

reduced in the presence of high salinity. This would likely result from a decrease in the

allocation of photosynthate to sexual reproduction. As mentioned above, halophytic

perennials a¡e able to counter this decrease by concentrating on asexual propagation

through rhizome fragmentation and tillering. Annual halophytes, on the other hand, do not

produce vegetative propagules. Williams & Ungar (1972), in a study on growth and

developrnentof Sua¿da depressa, found that flower and fruit production declined as

salinity levels increased to >1.0 7o. This decrease was conelated with decreases in leaf,

shoot, and root gowth. They also found that flowering was induced by a short

photoperiod treaunent, and discouraged during the long photoperiod treatment. This

reliance on photoperiod for induction of flowering could be a strategy to counter high

salinity. A short photoperiod corresponds with field conclitions in late summer and early

fall, at which time salinity levels in the soil tend to be low due to decreased temperature and

increased rainfall. Thus, the delayed flowering and fruiting in annual halophytes may be a

strategy for improved reproductive success.
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Summary

In summary, salinity may stimulate a variety of responses in halophyte growth and

development. A plant's response to saline co¡lditions is dependent on the level and

composition of ions present, its innate salt resistance mechzulisms and life-history traits,

and its life-cycle stage.

Section 1.5 - Competition and Distribution of Halophytes

Sectíon 1 5J - Definitions and Discussion

The concept of competitive interactions and the effects of these interactions on

organisms have been of interest to biologists since the writings of Darwin in the mid-

1800's (furkington & Aarssen 1984). Darwin (1859) states "we have reason to believe

that species in a state of nature a¡e limited in their ranges by competition of other organic

beings". This early recognition of competitive interactions between species led to

definitions describing competiúon as "tlìe struggle for existence", and is often referred to

as the Darwinian approach to competition (Harper 1977).

Early studies concentrated on quantifying the observable results of interactions

between pairs of species (see Volterra I93l; Lotka 1932; Gause 1932). These studies,

conducted under controlled laboratory conditions, resulted in the first series of working

models of competition. The models, often referred to as t otka-Volterra Models, led to the

formulation of a general phenomenological-based definition of competition, namely that

"...two species compete when an increase in the density of one leads to a decrease in the

density of the other, and vice versa" (Tilman 1987). The impacts of these early models on

the study of competition were immense and, according to Tilman (1987), they play a

significant role in the design and interpretation of competition experiments to this day.

There a¡e several problems with the l.otka-Volterra interpretation and definition of

competitive interaction. First, it is unlikely that the models, which were developed for the
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pair-wise interactions of two species, apply to the natural situation where many species

interact. l,evine (1976) stated that in natural situations, interactions between species are

both direct and indirect. The l,otka-Volterra model breaks down when there are more than

two species, because one species may influence the performance of a second species,

indirectly or directly, through its influence on the remaining species (Tilman 1987).

Secondly, this approach to defining competition omits consideration of the mechanisms

underlying interactions, and thus relegates competitive interactions to the category of

observable, but not predictable, responses.

According to Weaver & Clements (1938), the struggle for plant existence occurs

between each plant and its habitat, and competition is one of the factors characterizing a

plant's habitat. They defined competition as a decrease in the amount of water, nutrients,

or available light for each individual plant. Furthennore, they state that cornpetition

betrveen two or more plants always occurs where and when individr¡als require resources

in excess of supply, and is therefore greatest beween species or individuals which make

similar demands on the same resource at the same time. Weaver & Clements also

recognized the importance of species composition and phenological development in plant

competition (Kershaw & Looney 1985).

Donald (1963) defined competition as a phenomenon that occurs when two

organisms attempt to satisfy thei¡ needs for a certain element when the total amount of a

resoÌrrce available is less than the sum of their requirements. Waisel (1972) ståted that

"...competition usually refers to all types of allelopathy or mutual inhibition and, in a strict

sense, is existence is difficult to prove".

Milne (1961) proposed the following definition of animal competition: "competition

is the endeavor of two (or more) animals to gain the sanre particular thing, or to gain the

measure each wants from the supply of a thing when that supply is not sufficient for both

(or all)". Attempts have been made to extend this to inciude plants by simply substituting

'animals' with'individuals' (Pielou 1978). This creates a problem as it is difficult to
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designate individuality in plans, which often reproduce vegetatively. Pielou suggests that

the term'individual' should be replaced by the term'population' when considering a

dehnition of competition in plants. In this way the word 'population' can refer to a single

individual, a group of separate individuals, or all or part of a clonal population. Pielou's

(1978) def,rnition is thus: "competition takes place when the growth of a biological

population, or any part of it, is slowed because at least one necessary factor is in short

supply".

Harper (1977) suggests that the word 'competition' be abandoned and replaced

with a more general term that he calls 'interference'. He states that the presence of a plant

changes the envi¡onment of its neighbors, thus altering their growth rate and form, and

these changes in the envi¡onment brought about by the proximity of individuals may be

regarded as interference. Interference not only incorporates the Weaver-Clements concept

of competition (i.e. consumption of resources in limited supply by two or more individuals

or species), but also includes other plant interactions such as allelopathy, changes in

conditions such as protection from wind, and influences on the behavior of predators

(Harper 1977). Interference therefore incorporates both direct and indirect interactions that

occur between neighboring plants and between theses plants and the rest of their

envi¡onment. The response of plants to interference can take a number of forms including

reduced growth rate of individuals, reduced growth or death of certain parts of individuals,

and increased death rate of entire individuals. According to Flarper (1977), the ability of an

individual or species to cope with interference is not a measure of its conrpetitive ability,

but is rather an indication of its adaptability to environmental change. I{arper does not,

however, attempt to define how envi¡onmen[al changes may orccur.

Harper's view is useful in that it does away with the colloquiallism inherent in the

term competiúon. It is also useful in that it inroduces two main mechanisms underlying

interactions between plants: consumption of resources and production of toxins. Harper is

quick to point out that there is still little proof that allelopathy (i.e the production and release

37



of toxins by plants to harm or kill their neighbors) is anything but a laboratory artefact, and

thus, plant interactions have generally concentrated on resource consumption and

availability.

Grime (1979a) defined the competitive ability of a plant as its ability to compete

with is neighbors for necessary limiting resources. "Competitive ability" is difficult to

measure quantitatively, and therefore should be thought of as a relative term. The ability

of a plant to compete successfully, and thus acquire necessary resources, is a function of

the area, activity, and spatial-temporal distributio¡l of the surfaces through which resources

are absorbed flileaver & Clements 1938). Grime (1979a) expands this concept, stating

that the competitive ability of a plant depends on morphological, anatomical, and

physiological characteristics, including type and efhciency of storage organs, stature,

extent of lateral spread, phenology, growth rate, and response to stress and disturbance.

For the purpose of this paper I will use the defînition of 'stress' offered by Grime (1977)--

"the external constraints which limit the rate of dry-matter production of all or part of the

vegetation". Burdon (1982) and Tilman (1988) state that disease resistance and

morphological plasticity, respectively, are also important in influencing a species'ability to

compete.

T he M ec lanístic Approach

The mechzurisms underlying competition or interference have largely been

overlooked in the preceding definitions that addressed competition more in

phenomenological terms based on the 'outcome' of thc interaction between two or more

competing individuals or species. The mechanistic approach attempts to define competition

on the basis of the mechanisms that cause individuals of one species to influence

individuals of that and/or another species (Tilman 1988). Both 'phenomenological' and

'mechanistic' approaches imply that all plilnts involved in competition are affected, though

not necessa¡ily equally; the interaction is reciprocal, but may not be symmetrical
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(Silvertown 1987). Silvertown (1987) noted that the immediate effect of competition is to

decrease individual performance and not plant density. The closer two plants are spatially,

the more depressed their growth rate since they interfere with each other's efforts to acquire

the same resource(s) (Watkinson 1986), leading to mortality or at least reduced seed and

ramet production.

Grime (1979a) states that plants (the same or of different species) growing in close

proximity exhibit differences in growth, seed production, zurd mortality. He does not refer

to this response as competition, but rather indicates that one cause of this response is

competition. Grime further emphasizes that to define competition we must distinguish it

from other processes which also influence vegetation, such as allelopathy, pathogenicity,

environmental sress, natural disturbance, and selective predation. In this way his view

differs from Harper's, which attempted to lump all interactions between plants under the

term interference. Grime believes that conrpetition works with, and is influenced by, other

events in nature, and that all of these together determine species composition, distribution,

and (ultimately) community structure.

Taking the mechanistic approach, Grime (1979a) defined competition as "the

tendency of neighboring plants to utilize the same quantum of light, ion of mineral nutrient,

molecule of water, or volume of space". Accordingly, Grime believes competition refers

only to the capture of resources by plants, and is only one of rnany mechanisms by which a

plant may affect the performance of a neiglrbor. This definition is helpful as it allows us to

classify the means by which plants become successful in crowded environments, and also

allows analysis of situations, such as in distu¡bed or resource-poor habitats, in which

dominance of vegetation is achieved by plants that have relatively low rates of resource

acquisition (Grime 1979a). The use of the word 'tendency' makes the dehnition somewhat

vague, as well, the definition implies that neighboring plants are able to utilize precisely the

same resource at the same time, which is not possible. Neighboring plants may place
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similar demands on an available resource, but only one individual (i.e. the one with the

highest competitive ability) in any given interaction will take-in and use that resource.

Tilman (1986, 1987, 1988) also presents a mechanistic approach to competition.

He defines competition as an interaction between plants in which increases in the

population density of one brings about a decrease in the per capita growth rate and density

of another (filman 1986). Tilman he states further that in order to be mechanistic, a

def,rnition must include both the process by which competition occurs, and information

concerning the physiology, morphology, and behavior (i.e. life-history) of the species or

individuals involved. A change in the population density of one plant species affects the

amount of resources available for growth of another. Tilman (1988) refers to this as

resource competition, and indicates that the mechanisln driving the inhibition of one plant

population (or individual) by another lies in both consuming a resource that is in lirnited

supply. A resource is a factor required by plants, which, when readily available, leads to

an increase in growth rate as it is consumed (Tilman 1980). However, the availability of

one resource can affect the availabiliry of, and the population's response to, other

resources. According to Tilman (1986) a resource can be considered limiting if an increase

in its availability brings about an increase in plant growth rate.

Competition for a single limiting resource can be illustrated by the following

hypothetical example. Suppose we have two neighboring plants, (A) and (B), that are

limited at different levels of the same resource (R), with plant (A) requiring a lower

concenration of (R), and plant (B) requiring a higher concentration for its survival. If the

two plants compete for the resource, plant (A), which requircs less of (R), will eventually

displace plant (B) because plant (A) can reduce (R) below the level required to sustain plant

(B). This rather simplified illusuation shows that plants do not directly affect each other in

competition, but do so indirectly by affecting the availability of ß). This is somewhat

different from the model proposed by Grime (1979a), who felt that when two species
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attempt to obtain the same limiting resource, the one that is able to obtain the resource the

quickest will displace the other, regardless of the concentration of that resource in nature.

Tilman (1982) contrasts his resource competition model rvith that of the more

classical models developed by Lotka-Volterra. Although he demonsrates that his model of

resource competition can actually be reworked to mirror the Lotka-Volterra model, he

emphasizes that the Lotka-Volterra model equations, unlike his model, do not consider the

mechanisms involved in the interaction, but rather show only the outcome of the

interaction. Tilman poinß out that the competition coefficients (i.e the effects of species A

on species B (c¡) and the effects of species B on species A (P)) and the carrying capacity

for each species (i.e. Ka and Ks), both integral to the Lotka-Voltera model, change

along with changes in the type of resource, its availability, and the consumptive

characteristics of the species involved. Therefore, it is difficult to predict competitive

coefficients without thorough knowledge of the mechanisms (i.e. resource consumption) of

the interaction. He states that using the Lotka-Volterra model for illustrating cases of

resource competition along a gradient is invalid because "it is clifhcr¡lt to know which

mechanisms of competition are reflected in a given pattem of change of the competition

coefficents and carrying capacities along the gradient"(T'ilman 1982 p.204).

Plants, of course, take up and assimilate a number of different resources

simultaneously. Tilman (1985) has applied his concept of competitive interactions to

competition for a number of limiting resources, resulting in the formulation of a resource-

ratio hypothesis. Referring back to the hypothetical exarnple, recall that species (A) out-

competed species (B) for the available resource (R). However, according to Tilman, a

point will be reached at which further up-take and assimilation of (R) will level-off because

of limitation by, and thus competition for, another resource (R2). This can be illusEated as

follows. Suppose we have two resources: nitrogen and phosphorus. Species (A) may out-

compete s¡recies (B) for available nitrogen because it requires lower levels of the nutrient in

the soil. However, a point will be reached when use of nitrogen by species (A) becomes
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limited by the availability of phosphorus. For increased growth, species (A) may have to

compete for available phosphorus with another species, perhaps species (C). Tilman's

concept of competitive interactions emphasizes the importance of concentration and

availability of resources and the variation in physiological requirements of different species.

The views of Grime and Tilman, although both mechanistic in approach, describe

varying roles for competition in the life-history suategies of plants (McGraw & Chapin

1989). Grime, in his C-S-R (Competitor-Stress Tolerator-lìuderal) süategy theory (Grime

1977,1979a, t979b), proposes that a plant's compeútive ability is important in

determining its survival in nutrient-rich, undisturbed habitats. In stressed environments,

however, the competitive ability of a plant is secondary to its ability to tolerate the stress

factor(s) of the environment. According to Grime, competitive plants are able to take in

nutrients more rapidly than non-competitive plants. Under stressed conditions, when the

availability of resources is restricted, stress-tolerant plants are able to retain the resources

they acquire for longer period of time, through slow growth and low turnover. Ruderal

plants are able to preside in unstable or periodically disturbed habitats by out-reproducing

plants that are adapted to nutrient-rich or stressful habitats. Thus, there are trade-offs

between adaptations for survival (stress- tolerators), growth (competitors), and

reproduction (ruderals) (McGraw & Chapin 1989). The C-S-R theory depends on a strict

allocation of photosynthate to certain plant parts at certain phenological stages. This

allocation is influenced directly by the external environment. In conclusion, Grime's

theory implies that because highly developed tolerance to low resource availability (i.e.

stress-tolerance) and a high competitive ability are in clirect op¡rosition, these two traits

cannot be highly developed at the same tinle in any one individual or species. Grime

(1979b) presents a review of the morphological, physiological. and life history

characteristics of competitive, stress-toleran t, and ruderal plants.

Tilman (1982,1985), in his resource-ratio hypothesis, states that a species is

adapted to a range of resource ratios, with each species having its own optimum resource
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ratio. At this ratio of available resources, a species is competitively superior, and it

becomes less competitive when this ratio is not optimum. This contrasts with Grime's

theory, as it suggests that the relative competitive abilities of species change in accordance

with environmental changes or along gradients. This suggests that competitive interactions

are still present and are of importance in disturbed or stressful environments.

The degree of a competitive interaction often differs between shoots and roots.

Grime (1979a) states that during colonization of a new area by plants, a higher degree of

competition occurs below-ground between roots and rhizomes than on or above the

surface. As the canopy increases, above-ground competition increases. Below-ground

competition influences the ability of a plant to compete above-ground, and vice versa

(Grirne 1979a). The relative importance of below-ground and above-ground competition is

considered by Grime to be a function of the'maturity' of the vegetation.

Summary

In summary, the competition theories of Grime a¡rd Tilman, although both

mechanistic, differ on a number of points (Grace & Clark 1990). First, Grime's theory

infers that competitively superior species are able to rapidly take up and utilize resources,

while Tilman's theory states that superiority is a condition of a species'resource ratio

requirements, and not necessarily its rate of resource uptake. Secondly, Grime contends

that a species' ability for rapid uptake is positively correlated with all available resources

and thus, the rapid assimilation of an available resource will facilitate the rapid uptake and

use of other resources. On the other hand, Tilman believes that the uptake of one resource

by a species is dependent on the availability (ratio) of other resources, and thus resource

uptake may be negatively correlated. In otherwords, a species may be competitively

superior for one resource(s), but not for other resources. Grime's 'life-history traits

strategy' model also states that species can be classified according to their ability to

compete. Tilman, however, sresses that a species'competitive ability is very dependent
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on environmental conditions. Thus, a species that is a'good'competitor in one habitat

may be inferior in another habitat. Tilman emphasizes that the term 'competitive ability' is

inherently vague. 'Competitive ability' is a relative term, and is influenced by temporal and

spatial fluctuations in the biotic and abioúc environment. Species may be considered

competitively superior at a given time and place, but rnaking sweeping generalizations of

species' overall competitive ability in a nurnber of habitats may not be valid. Grime also

contends that competition plays a minimal role in community structure in unproductive,

disturbed, or'stressed' habitats. Tilman counters that the importance of competition may

not decrease in such habitats, and that other factors, such as the ability of a species to

tolerate the harsher environmental conditions actually increase in importance. As ¡rcinted

out by Grace & Clark (1990), some of the apparent contradictions between the two

theories are a question of interpretation and semantics.

To date, neither theory has been entirely proven nor rejected, and further research is

required to test their prediction capability. For this thesis I will define competition as a

general term used to describe the direct or indirect interaction that occurs between two or

more individuals that have the same or similar requirements for a resource that is limited.

This interaction is d¡iven by the availability of the resource and by the relative ability of the

individuals involved to take up this resource. The individual(s) in the interaction that can

best acquire the resource (usually to the detriment of the other individual(s)) can be

considered the superior competitor. The ability of an individual to compete with others is

influenced by its response to other environmental conditions (e.g. stress, disturbance, and

the availability of other resources) and may change with the life-history stage of the

individual or its neighbors. The interaction generally results in decrease in the growth of

the competitive inferior, and a maintenance or increase in the gowth of the competitive

superior.

Since its inception as a biological concept, cornpetition, although difficult to defîne,

has been recognized as being important at all levels of ecological organization. Competition
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influences or plays a role in: (1) plant form by eliciting a response of morphological

plasticity (V/eaver & Clements 1938; Bell 1985; White 1985; l-ovell & I-ovell 1985); (2)

phenology (Jefferies et al. l98l; Grubb et al. 1982); (3) conrmunity patterning and

zonation (C'rubb 1985; Tilman 1988); (4) niche differentiation and species evolution

(Burdon 1982; Turkington & Aarssen 1984); (5) species diversity, composition, and

dominance (Iilman 1988); (6) and successional processes (Weaver & Clements 1938; Peet

& Christensen 1987).

Section I 5.2 - Types of Competition

Competitive interactions can be categorized according to their operating mechanisms

or according to the number of individuals or species involved. Mechanistically there are

two classes of competition -- exploitative and interference (Schoener 1983; Tihnan 1987).

Exploitative competition occurs when certain individuals (or species) take up available

resources and thus deprive other individuals of those resources. Interference competition is

more direct and involves the inflicting of physical 'hann' on an individual(s) by another

individual(s).

Exploitative competition can be consumptive or preemptive. Consumptive

competition occurs when resources are consumed by one individual(s) at the expense of

another individual(s). Preemptive competition occurs when an individual(s) occupies a

sp¿rce and prevents another individual(s) from gaining the resources located within that

space, even though the occupying individual(s) may not be using all the available

resources. Consumptive and preemptive competition terminology can be applied to both

plants and animals (sessile animals in the case of preemptive competition).

Interference cornpetition can be allelopathic, ill which chemical toxins are released

by an individual(s), resulting in damage to surrounding individuals, or it can be

confrontational, in which case harm occurs due to physical combat, death by predation, or

theft of food supply. Allelopathic competition occurs mainly in sessile organisms such as
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plants, while confrontational or encounter competition is more characteristic of non-sessile

animal interactions.

Two other types of competition, which can be either consumptive or interference,

include overgrowth competition and territorial competition (Schoener 1983). Overgrowth

competition occurs when an individual(s) grows over or upon another individual(s), and in

doing so deprives it of resources (e.g. light, in the case of plants, and access to food, in the

case of filter feeding sessile marine animals) and causes physical damage as a consequence

of contact (e.g. abrasion). Territorial competition is strictly an animal characteristic and

occurs when an individual(s) actively defends, or, by signal, shows that it intends to

defend its tenitory against encroachment by another individual(s).

Competition that occurs between two individuals of the same species is the simplest

scenario of competitive interactions (Weaver & Clements 1938). Such competition leads to

variation in characteristics such as root penetration, leaf shape, and plant height between

individuals of the same species (Weaver & Clements 1938). This response is a reflection

of the phenotypic/genotypic plasticity of individuals of a given species ancl has certain

implications in evolutionary tâxonomy. Generally, the more'plastic'a plant ttre better it is

able to cope with the effects of competition, and thus adapt to changes in its environment

(Tilman 1988). A competitive interaction which takes place between two individuals or

populations of different species is called interspecific competition (Tilman 1986).

According to Silvertown (1987) interspecific interactions in the field a¡e generally more

dependent on the size of the individuals than on the actual species involved. This is due to

the concept that the relative size of a plant and the phenological stage of it, or its

competitors (whether they be seedlings, juveniles, or larger), has a great bearing on its

ability to compete successfully. Watkinson (1985) states that innaspecif,rc and interspecific

competition are basically different aspects nf the same. general phenomenon of competition

between plants, although they have generally been stuclied in isolation from each other.
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Competition in the field rarely occurs between only two individuals or populations

of the sÍune or different species. Populations of plant species, with the exception of cases

involving extreme mono.dominance, ane usually interspersed in nature, and interact with

several other populations. This has been called cliffuse competition. A number of possible

definitions for diffuse competition have been proposed (Moen 1989). However, I think the

definition suggested by MacArthur (1972) describes the concept best: "a cluster of

competitors may much more easily out-compete one species than can a single competitor. It

has been suggested that competition by a constellation of species be called'diffuse

competition"' (his quotation marks). Silvertown (1987) reworked this def,rnition slightly,

defining diffuse competition as: "the interference effects on a species which derive

indiscriminantly from all or many of the other species in a community". Both definitions

assume that the individual competitive interactions between a certain species and its

neighboring species are relatively weak, but that the total affects the performance of a given

species in the community (Moen 1989). Such competition is likely omnipresent in

communities, with more severe competiúve interactions occurring between individuals and

species that require the same limiting resource (Silvertown 1987). Diffuse competition has

received little study (Wilson & Keddy 1986), probably due to the diff,iculty in developing

adequate experimental designs and rnethods of data uralysis, and in distinguishing it from

other intraspecific and interspecific forms of competition (Mitchley 1987). We should be

reminded that the term'diffuse'is not a reference to'distance', but means multifaceted

(both direct and indirect) and multi-species.

Experiments have shown that in extreme cases, competition may ultimately lead to

the elimination of the least competitive individuals/species. This is known as the

Competitive Exclusion Principle or Gause's Principle (Silvertown 1987). For this to occur

the competing species must have the same or very simila¡ requirements for a limiting

resource, in other words they have the same or very similar niches. This proposition raises

several questions. \ù/hy then do we observe situations in which many species, some rare
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and some abundant, live together in a given area? If competition is taking place, why are

rare species not totally excluded by dominant species? Finally, does this lack of total

exclusion indicate that each species in a community occupies its own discrete niche? Also,

problems arise in determining whether a species is being competitively excluded or whether

it is actually invading a community. In nature, complete annihilation of a species'

population by a superior competitor is rare. Rather, poor cornpetitors a¡e excluded to the

periphery of their fundamental niche, thus establishing their realised niche, where they are

better adapted than the superior competitors (Grime 1979a). This implies that species do

not occupy precisely the same niche, but where fundamental niche overlap occurs, the

competitively superior species will exclude the competitively inferior species to the inferior

species' realized niche.

Pontin (1982) and Turkington & Aarssen (1984) assert that sp€cies are inherently

different from each other, and that these differences allow them to coexist. However,

recent literature on the subject of coexistence suggests that niche differentiation may only be

one mechanism behind coexistence of species (see Silvertown 1987; Aarssen 1989).

Silvertown (1987) presents a number of equilibrium (coexistence) models in an attempt to

offer a more complete explanation for the occurrence of species coexistence. The models

are add¡essed briefly below.

Model I - The competitive exclusion principle and the niche
model suggests that in a strict sense coexistence does not occur. Rather,

the apparenf coexistence is actually the result, in part, of the competitive

exclusion of inferior species by superior species to their realized niches.

This apparenf co€xistence is maintained by a number of processes,

including competition, disturbance, and allelopathy. For example, suppose

we have two plant species, A and B, existing in the same habitat, with A
competitvely excluded by B to slightly drier sites in the habitat. During

periods of high soil moisture, the niche of species B would expand to

occupy a larger area at the expense of the niche of species A, while the
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reverse would be the case during periods of low soil moisture. Thus, the

area (geographically) occupied by the two species would be constantly

changing depending on the environmental conditions. If the dry and wet

sites were numerous and dispersed throughout the habitat, it would appear,

at any one-moment in time, that the two species were coexisting. This

implies the concept of dynamic species'niches which differentiate

temporally and spatially. The remaining models a variants of this niche

differentiation theme.

Model 2 - The guilds and niches model deals with differences

betrveen the fundamental niche and the realized lliche. The fundamental

niche of a species is the 'space' it would occupy in the absence of
competition, and is determined by the species' ability to grow over ranges

of various environmental factors. the realized niche is the 'space' occupied

by a species in the presence of other species. The realized niche is smaller

than the fundamental niche, and its size relative to its fundamental niche is

positively correlated with its comperirive ability. This indicates that a

number of species may have very similar fundamental niches, but their

realized niches will be dependent on their relative competitive abilities under

given conditions.

Model 3 - The regeneration niche model takes into account

differences in phenology and life-history strategies berween species. It
suggests that coexistence between species may be possible because the

competitive ability of species is different at different phenological stages in

is life-cycle. For example some species have rapid rates of growth,

flowering, and fruit-set, which allows them to complete their life-cycle

early, thus avoiding competition with competitively superior species which

develop later in the growing season. These sftategies are characteristic of
ruderal plants as described by Grime (1979a).

Model 4 - The resource ratio hypothesis model suggests that

competition for resou¡ces occurs in coexisting species, but that competition

intensity is reduced. Resources are rarely distributed homogeneously

throughout a community. Their patchy disr¡ibution resulrs in spatial

variation in resou¡ce concentrations. Areas where concentrations are low
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favour species that have adapted efficient me.tlìods for resource use or

def,rciency tolerance, while areas of high resource concenüation favour

species which can compete well for light in producúve vegetation. It should

be emphasized that these spatial variations in resources can be on a very

small-scale, resulting in the apparent coexistence of species.

Model 5 - The aggregation model is based on the idea that increasing

inraspecific competition leads to a reduction in interspecific competition.

This model agrees with the l,otka-Volterra model of competition, which

states that competing species will stably coexist, at high density, because

each will inhibit, or be inhibited by, its own population more than that of its

competitors. This idea can be faced back to early discussions of
competition theory (e.g. Weaver & Clements 1938). One expects that

individuals of the same species will require the same types and amounts of
resources, and thus, that intraspecific competition will be more intense.

Model 6 - The density and distance-dependent predation and

disease model suggests that the density of individuals and their distance

from each other influences predation and pathogenicity. This may promote

coexistence by decreasing the competitive ability of dense plant populations.

These models emphasize that niche differentiation alone does not fully account for

coexistence. Vy'e must account for various life-history strategies of species and the role of

factors in the environmental, besides competition, in order to fully understand coexistence.

Section 1.5.3 - Competítion Experíments

Although the literature on plant competition experiments is extensive (for reviews

see Connell 1983; Schoener 1983; Aarssen & Epp 1990), the interpretation md usefulness

of results from most of these experiments is questionable. Problems arise because it is

difficult to distinguish plant responses to competition from responses to other

environmental factors (Kershaw & l,ooney 1985). Most competition experiments

performed to date deal with pair-wise combinations of species, and are often conducted
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under controlled conditions. Both of these cha¡acteristics make the extrapolation of

experimental results to the natural system difficult.

According to Tilman (1987) " a study of competition requires a multifaceted

approach that is both observational and experimental". Such a study should include tests to

determine which mechanisms lie behind the interaction, the limiting resource(s) involved,

and the role of density effects. Once mechanisms have been identihed, information on

species' life-history, morphology, and physiology should be incorporated. Experiments

(both laboratory and field) should be designed to test the predictive power of the results.

According to Silvertown (1987), there a¡e three main types of experimental design

used in competition experiments: (1) re¡tlacement ser[es experiments; (2) additive

experiments; and (3) additive series experiments.

The replacement seríes design involves a series of mixtures of two species in

which the proportions of the two are varied, but the total density is kept constant (e.g.

0:100, 25:75, 50:50, 75:25, 100:0 Vo). From this, one determines the relative

performance (yield) of each species at va¡ious proportions and then compares the results

with their performance in monoculture. Presumably, the difference between the

performance of a species in the proportional mixtures from that of its performance in

monoculture will be due to competition with the other species. The replacement series has

problems for a number of reasons (Silvertown 1987). First, it does not provide much

information about how composition and yield behave in mixtures in which density is not

held constant; this is the situation most commonly found in the field. Secondly, the

performance of the plants involved is assessed relative to a monoculture cont¡ol of each

species. These controls are at arbirary dcnsities, and thus a choice of different

monoculture densities as reference points may produce different performance values and

subsequently lead to different interpretations. Thirdly, the constant density used presents

problems in that it may not reflect actual densities in the field. For instance, if the constant

density used in the experiment is higher than that found in the field, the experimental
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results may falsely suggest that competition is actually taking place between the two

species. In this case the experiment may be'inducing'competitive interaction. The reverse

may occur if the constant density chosen for the experiment is too low. Thus, prior

knowledge of field densities is an important requirement for replacement series

experiments.

The second type of design is the additive expenment. In this case the density of

one species is kept constant while that of the other species is varied (e.g. 100:0, 100:50,

lCÐ:100, 100:150, 100:200 individuals). As in the replacement series design, plant

responses are compared to monoculture controls. One control would be established for the

'constant' species, and a number of monoculture conrols would be established for the

'va¡ied' species, corresponding to each of the density values used. This design is useful in

that it illustrates the real life situation of a plant species existing at a fixed density being

invaded by another species (Silvertown l9B7). According to Mack (1985), experiments

which simulate plant invasions can be very helpful in studying competition as few

verifiable and demonstrable examples of competition exist in nature.

The third type is the additíve series experiment. This design is basically a

combination of the two previous designs and involves rnixtures of two species grown over

a range of densities and proportions. This type of design comprehensively explores plant

responses to a range of densities and proportions of two competitors and, therefore, better

reflects the natural situation (Silvertown 1987).

These designs can be modified to incorporate varying levels of resources (e.9.

nutrient addition) or other environmental factors (e.g. salt addition). This allows testing of

the effects of selected environmental factors and resource limitation on the performance of

the species, and may shed some light on the mechanisms underlying competitive

interactions.

A recurring problem with these experimental designs is they are generally resricted

to pair-wise studies of interspecific competition and, therefore, do not address the question
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of diffuse competition. Also, because they require conÍolled conditions, they are usually

carried out in artificial envi¡onments, producing results which are of limited practical use

when applied to the field situation.

Connell (1983) liss four main criteria for designing a successful field competition

experiment. First, replication is extremely important. Not only should controls and

Featments be sufficiently replicated witirin an experirnent, but the enti¡e experiment should

be conducted at different times in a number of similar sites in order to increase the

predictability of results. A second important decision is that the densities used in treatments

should reflect those found in nature. Densities, especially those far in excess of the narural

situation, are of little use. In order to detemine what densities to use, preliminary surveys

of the natural vegetation are required. Another criterion for a successful held experiment is

to ensure that the results can be applied to the natural situation. This is less a problem in

vegetation studies than animal studies, because of the sessile habit of plants. However,

one must take into account cha¡acteristics of the species involved, including their

physiology, morphology, and life-history (Tilman 1987). Finally, data analysis methods

to be used for interpreting the data must be considered in the design. One must be awa¡e

that manipulation of the natural vegetation may alter (enhance or reduce) the indi¡ect effects

of other species and/or environmental factors and thus influence the performance of the

target species. As Connell (1983) states, these indirect effects should not be dismissed as

simply anomalous as they may give important information about interactions which occur

naturally in vegetation. They do, however, complicate the situation by making predictions

and identification of mechanisms diffîcult. A way around this problem is to incorporate, or

at least be aware of, these indirect effects in the experiment design. This may lead to a

more complex design with several types of controls, but this is necessary to increase the

likelihood of reachin g realistic conclusion s.

Field experiments for studying compeútion involve the manipulation of narural

vegetation, usually through changes in density or morphology, to expose the presence of
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competitive interactions. Aarssen & Epp (1990) present an up-to-date summary of

vegetation manipulation experimental designs. They found that there were three basic

designs: (r) ínffodrctionexpenments; (2) trenching experiments; and (3) removal

experiments.

Iwroduction experiments involve the transplantation of individuals or placement of

propagules into existing vegctation. This design was used to test the response of plants to

competition in different habitat types (for examples see Aa¡ssen & Epp 1990). It has also

been used extensively to distinguish species'ecotypes and species'phenotypic plasticity

(e.g. Statler & Batson 1969; Shea et al. L975 Jefferies et al. 1981; Jefferies et a\.1983;

Seliskar 1985). Resource addition (e.g. nutrient fertilization) can also be incorporated into

the experimental design.

Trenching is often used to study the effects of root competition in plants. This

involves digglng a trench around an individual plant or population in a plot to severe roots

and confine them to the plot. The plot can then be manipulated (e.g. resource

additions/deletions) and the response of species determined. This design is not used much

as it is very labour intensive and the validity of results may be poor due to difficulties in

ensuring that deep roots have been severed.

Removal experiments are the most common design (Aarssen & Epp 1990), and

follow three basic variations. First, whole plant groups such as gmsses or broad-leaf herbs

may be removed, either by clipping, excavation, or selective herbicide application.

Second, particular species or group of species may be removed, with the removal method

dependent on the species involved. Third, removal of all species with the exception of a

target species (i.e. the species of interest) may occur. Again, this can be accomplished

through clipping, excavation, or selective herbicide applications. In all cases responses of

the remaining plants a¡e measured and compared with untreated connol plots. Differences

between reaunents and controls are inferred as being attributable to compeútion.

Unfortunately, the removal method used may itself result in unnatu¡al disturbance to the
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remaining vegetation. Also, one cannot be assured of complete removal of below-ground

overwintering organs; periodic maintenance of plots is therefore necessary to prevent

introduction of propagules from outside of the plot or regrowth of persistent organs in the

soil.

Sectíon I 5.4 - Factors Influencíng Vegetation Zonation

The main physical factors influencing the distribution of coastal species are: salinity

level of the growth medium, water level, and wave and wrack disturbance (for examples

see: Adams 1963; Kershaw 1975; Jefferies et al.1919; Niering & Warren 1980; Cooper

1982; Snow & Vince 1984; Dawe & White 1985;ZbieLriewicz 1985; Ewing & Kershaw

1986; Bertness & Ellison 1987). These factors are directly related to tidal inundation and

relative surface elevation (Adams 1963).

Although early studies emphasized the role of abiotic factors, they did not totally

discount the importance of biotic factors in influencing plant zonarion. Reed (1947)

concluded that the distribution of North Carolina salt marsh species was limited along the

seaward border by tidal inundation, high salinity, and poor soil aeration, and along the

landwa¡d periphery by competition with competitively superior species. Statler & Bason

(1969), in one of the first reciprocal transplant experiments on salt marsh vegetation, also

concluded that interspecific and intraspecific competition, along with abiotic factors, were

important in creating zonation. However, the design of their experiment did not allow them

to actually assess the relative importance of abiotic and biotic factors. Work by Pielou &

Routledge (1976), Barbour (1978), Berrness & Ellison (1987), and Ellison (1987)

suggests that interspecific competition may play an important role in the distribution of

vegetation within coastal salt marshes. The pretext of their argument is the observed

disparity between the ecological optimum (realized niche) and the physiological optimum

(functional niche) of a species, particularly in harsh habitats (Barbour I97S). Bertness &

Ellison (1987), in a study of a New England salt marsh, concluded that competitively
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superior species occupied the most favorable sites, forcing competitively inferior, but

more salt-resistant species to more saline areas.

Flowers (1934) and Hull & Martin (1939) found that the distribution of a number

of salt-resistant species of inland saline habitats correlated highly with the salt content of the

soil. The importance of soil salinity in influencing the disribution of plants in inland

saline areas was further ernphasized by Gates et al. (1956). Keith (1958) agreed, but

suggested that soil pH plays an important role in species' distribution once a certain salinity

is attained. The idea that soil salinity is the main factor determining vegetation distribution

in inland saline habitats relates to a long-held belief that the plants of such habitats are

obligate halophytes. However, studies of the salt tolerance of saline species (see Ungar

1966) have shown that most species occupied very wide salinity ranges, but tended to

grow best at low salinity. This indicates that most plants of saline habitats are facultative

halophytes, and very few, if any (Barbour 1970), are actually obligative. Ungar (1968,

1970) stated that exremely salt resistant species such as Salicornia rubra, Suaeda

depressa, and Sesuviurn verrucosum are likely relegated to high saliniry soils because of

their poorly developed root systems, their requirement for large amounts of water (related

to succulent habit), and their inability to compete with rapid-growing glycophytes. Ungar

Q97a@Ð stated that the distribution of inland halophytes is most directly determined by

soil salinity, with climate, soil moisture, topography, and biotic factors playing accessory

roles. According to Ungar "species appear to be selected out by the highly saline

environment in a gradient from tlle most to the least salt toleralt". Competition, leading to

exclusion of poor competitors to the limits of their tolerance, is likely one of the'selection'

factors involved.

Experiments by Szwarcbaum & Waisel (1973) involving the halophyte Hordeu¡n

marinwn and the glycophyte Triticutn vulgare showed that under non-saline conditions

growtlr of Hordeurn marínutn declined in the presence of Triticurn vulgare. However,

under saline conditions Tríticurn vulgare declined while Hord.em mnriruan flourished.
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They suggest that the glycophyte out-competed the halophyte under non-saline conditions,

but that in the presence of salinity the competitive ability of the glycophyte declined,

allowing increased gowth of the halophyte. They concluded that halophytes are poor

competitors relative to glycophytes, and are thus normally relegated to saline soils.

Reciprocal transplantation of the halophytes Atriplex triangularis (McMahon &

Ungar 1978) and Salicornia ewopaea (syn. rubra) (Ungar et al. 1979; Ungar 1987) into

soil of cleared and uncleared plots of less saline vegetation zones resulted in the plants

generally performing best in cleared plots and worst in the unclea¡ed plos of these lower

saline zones. These results indicated that interspecif,rc competition, along with soil salinity,

were important in determining the dist¡ibution of these species on inland salt flas. This

suggests that high salt levels are not necessarily physiologically required by halophytic

species. Rather such species are relegated to high salinity soils because they cannot

compete with faster growing, taller glycophytes.

The effects of herbivory by waterfowl, rodents, and insects on salt ma¡sh species

distribution have also been studied (Jefferies et al. 1979; Joenje 1979; Ellison 1987).

However, according to Ellison (1987), much study is still needed in order to gain an

understanding of the specifics of these interactions.
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Chanter 2 - Sfrrdv Sife f)eserinfions and Exnerimenfel Plof Í)esiøn

Section 2.1 - Introduction

The four saline sites of the study are located l2-I4 km south of Overflowing River

in the Overflow Bay area of Lake Winnipegosis (53o05'N and 101o07'W). Sites were

chosen because they are easily accessible, relatively undisturbed, and have distinct

vegetation zonation. All four sites are saline seeps, and are surrounded by gravel ridges

of boreal vegetation. F-our sites were selected in order to study differences between sites

and to increase the predictability of the results (i.e. decrease the chance of site-specific

anomalies).

Section 2.2 - Local Geography

An aerial photograph of the sites (Figure 2.1) shows their location relative to each

other, Overflow Bay, and Provincial Highway #10. Sites I and2 (Figure 2.2) arelarge

with a minimum of four distinct zones of vegetation, while sites 3 and 4 (Figure 2.3'¡ are

snraller, with three distinct vegetation zones. Sites 2 and 4 are located within 1 km of the

shoreline of Overflow Bay. Sites I and 3 are situated further inland from the lake, and are

separated from sites 2 and 4 by Flovincial Highway #10.

Although sites 2 and 4 are located adjacent to the lake shore, they are rarely

inundated by lake water (Burchill 1991). The water level of the lake has been high enough

to cover the lowest reaches of the salt flats 19 times in the last 20 years, with 18 of these

inundations occurring in 1914. Four years of observation by Burchill and myself (1987 -

1990) indicated that the lake water and wrack disturbance has reached the lakewarcl edge

of these salt flats, but never came in contact with the vegetated a¡eas of the sites. Sites 2

and 4 experience exposure to winds off the lake.

Sites I and 3 are located inland from the lake and are, therefore, more sheltered than

sites 2 and 4. Logging has occurred in the vicinity of sites I and 3, but the sites

58



Fig.2.1. Aerial photo of Overflow Bay shoreline with study sites.
1cm = 500 m.
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Site I

Site 2

Fig.2.2 Aerial photographs of sites 1 (top) ¿¡nd 2 (bottom).
Note unvegetated salt flat (white), surrounding halophytic
vegetation zones (light to medium gray), and boreal vegetation
(dark gray to black). lcm = 75 m-
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Site 3

Site 4

Fig.2.3 Aerial photographs of sites 3 (top) and 4 (bottom). Note
unvegetated salt flat (white), surrounding halophytic vegetation zones
(light to medium gray), and boreal vegetation (dark gray to black).
lcm = 75 m.
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themselves have been left essentially untouched. I was concerned as to'ù/hether the

construction of Provincial Highway #10 had had any adverse effects on sites I and 3. The

highway was first built in 1939, and upgraded in 1960 (Burchill 1991). Comparison of

aerial photos taken prior to and following construction indicates that the basic shape of the

salt sites, and possibly the vegetation zones themselves, have not been altered by highway

building (Burchill 1 9x, I ).

Section 2.3 - Geology and Soil

The four saline sites a¡e located within 3 km of each other. The underlying

bed¡ock for all sites belongs to the Dawson Bay Fomration. Although bedrock geology is

the same, field observations indicated differences in surface deposits and soil types. Sites

1,2 and 4 are cha¡actenzed, by Saline Regosols and have a hard-packed, gravelly to stony,

high salinity salt pan. Moving out from the salt pan the soil becomes less calca¡eous and

more silt-laden, and there is a surface layer of organic matter. The thickness of the organic

matter layer differs between vegetation zones both within and among sites.

The soil of site 3 differs considerably from the other sites. The salt pan of site 3,

although having a relatively high salinity, is a silt-clay-organic matter mixture, and does not

contain signif,rcant amounts of gravel, sand, or stone. The organic matter content of the

vegetation zones surrounding the salt pan of site 3 is also high; the soil has a da¡k-brown

to black, peaty appearance.

Section 2.4 - Climate

Climatic data for the 1989 and 1990 growing seasons are presented in Figures.2.4

and 2.5. The 1989 records are from the village of Overflowing River, 14 km north of the

sites. In 1990 the climatic data were not collected at Overflowing River, therefore data

from the station at Mafeking, Manitoba,40 km to the south are presented in Figure 2.5.

The region experienced relatively low precipitation in spring and mid- summer of 1989.
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This, coupled with high daily temperatures, created drought-like conditions similar to those

experienced in southern Manitoba. The 1990 data indicate that precipitation was

considerably higher during the 1990 growing season than in the previous year; particularly

during the spring and early summer.

The salt flats of sites 1, 2, and 4 experienced extreme drying conditions during

1989, manifested by the deposition of a thin, crystalline layer of salt at the soil surface.

The salt flat zone of site 3, however, did not experience the degree of drying that occurred

at other sites in 1989. The significantly higher orgzuric nratter content of site 3 soils

probably provided greater water holding capacity, thus reducing the effects of

evapotranspiration.

The salt pans and some of the adjacent vegetation zones of all sites experienced

flood-like conditions in spring 1990. The salt pans of sites 1,2, and 4 were submerged

until late June, while the pan of site 3 was submerged until late July.

Section 2.5 - Vegetation

The four sites support vegetation typical of Lake Winnipegosis saline sites

generally. All study sites displayed distinct vegetation zonation (Table 2.1). Yegetation

zones are named by the genus of their dominant species (dominance as Vo cover). Burchill

(1991) referred to the'salt pan' zone as a distinct vegetation type. However, only the

periphery of the salt pan is commonly vegetated. This vegetation consists of the most salt

resistant plans of the sites, and is dominated by the annual Salicornia rubra (Burchill

l99l). In this thesis I refer to the vegetated part of Burchill's 'salt pan' vegetation type as

tlre SalicorniaZnne.
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Table 2.1. List of dominant and associated species present in vegetations zones at each
studv site. The species were recorded durine the 1989 season.

Site Vegetation Lone Dominant Species Associated Species

Calamagrostis

Hordeum

C alanng r o stís i nexp ans a

Puccinellia

Hordewn jubaam

Salicomia

Triglochin maritima
Aster pansus
Sonchus arvensís
Potentilla anserinn
Achillea millefoliutn
Hierchloe odorata

'I'rigloclún marítimn
P uc c i ne Il ia nwtal liana
Atriplex paala
Glauxmaritima

Glauxmaritimn
Triglochin maritima
Hordewn jubatwn
Suneda depressa

Suaeda depressa
Triglochin nwritima
Spergularia marína

P ucc inel lia nwtolliana

Calamagrostis

Salicornia rubra

Hordeum/Distichlis

C alatnagr o s tis i nexpans a

Puccinellia

Salicomia

Hordeunt juhatmt &
Distichlis stricta

Aster pansus
Sonchus arvensis
Atriplex patula
Hordewn jubatwn
Disticlúis stricta
Ambrosia psílostachys
A g r o py r o n t rac hyc aulurn

Atriplex patula
Aster pansus
Gri¡delia squøffosa
Spartina gracilís

Suaeda depressa
Triglochín maritima

Suaedn depressa
Spergularin marina

P ucc inel lia ru¿Ítal liu ut

Salicornia rubra
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Table 2.1. lcontinued)

egetation

Calamagrostis

omrnant Spectes

C alanag r o s tís i nexp ans a

Hordeum

Salicomia

Calamagrostis

ssociated Species

Hordeum jubatunt

Aster pansus
Sonchus arvensis
Atriplex patula
Hordeurn jubatwn
Triglochin marítima
Grindellia squürosa
Aster paucíflorw
Aster simplex

Triglochin mnritima
Atríplexparula
Aster pansus
GrindellÌa sqwvrosa
Sonchus arvensis

Triglochin mnritima

Distichlis

Salicornia rubra

C alarna g r o s t i s i ne xp a ns a

Salicornia

In 1989 germination and seedling est¿rblishment in SalicorniaZone of sites 7,2, and

4 occurred in late-May. By the end of June to early July the vegetation d.ied. This was

probably due to lack of moisture and high salinity levels. In contrast, vegetation of the

Salicornia Znne in site 3 flourished. It appears that the soil moistu¡e content of this zone

was high enough, and the salinity low enough, to permit growth and development.

Distíchlis strícta

A.çter pansus
Sonchns aryensis
Achillea milleþliurn
Aster laevis

Hordeum jubatwn
Triglochin marítima
Atriplex patula
Suneda depressa
Grindellia squorrosa

Suacda depressa
Distichlis strícta

Salicornia rultra

67



In 1990, Salicomia Zonevegetation was present at sites 1,2, and4, but was

virtually nonexistent at site 3. Presumably the wet conditions in late spring and early

summer at sites t,2, and 4 promoted the germination and establishment of SalicorniaZnne

vegetation. The SalicorniaZnne of site 3, however, experienced prolonged submergence,

which likely hindered germination and seedling establishmenr.

Section 2.6 - Experimental Plot Design

For the sake of convenience, the study sites were numbered I - 4. Ten plots (75cm

x 15(hm) were established in each vegetation zone of the two large sites (1 and2), while

six plots were delineated in each zone of sites 3 and 4, because zones were narrower and

Iess accommodating. A total of 116 plots were used in the entire study; 40 in each large

site, and l8 in each smaller site. Each plot of each zone was designated with a

numberletter code. For example, plots in the Salicomia Tnne of site I were given the

number code 1-A through l-J. The numeral refers to the vegetation zones of the site, while

the letter refers to plots within zones. Tnnes were numbered in order of decreasing salinity.

Thus,the plots of the Puccinellia zone of site 1 would be designated as plots 2-A through 2-

J. The lay-out of the plots for each site is illustrated in Figure s 2.4 - 2.7 . Plots were used

for soil sampling and transplantation experiments. The expedrnent was designed to run for

two consecutive growing seasons in 1989 and 1990. Appendix II provides a schedule of

activities carried out at the saline sites in 1989 and 1990.
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Figure 2.8 Diagram of site 3 showing plot lay-out in vegetation zones. Scale: 1 cm = 25 m
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Figure 2.9 Diagram of site 4 showing plot lay-out in vegetation zones. Scaie 1 cm = 10 m
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Section 3.1 - Introduction

Soil cores were extracted from experimental plots using a metal soil corer to a depth

of 10 cm (unless otherwise specif,red). This depth was chosen because the majority of the

underground biomass of the plants of these sites is found within the top 10 cm of soil

(Burchill 1991). The use of a soil corer allows the extraction of a known volume of soil,

making possible the analysis of soil factors (e.g. salinity) on a per volume basis. Relating

soil factors to a volume of soil often provides more informative results than using the more

traditional dried soil mass methd (Gosselink et al.l9B4), since the underground biomass

of a plant occupies and interacts with a certain volume of soil (Brady 1974). It is the

concentration and composition of materials in this soil volume that directly influences plant

response.

Chanter3-SoilFacfors

Section 3.2 - Methods and Analysis

Section 3.2.1 - PlotVariation and Monítoring

On 2 June 1989, a 5 cm diameter corer was used to extract two soil cores from each

experimental plot. Cores were then analyzed to deterrnine pH, soil salinity (mg of NaCVml

of soil), bulk density, and organic matter content. Two cores were taken from each plot to

test for within-plot variation.

After determining variation within plots, monitoring of soil pH, salinity, and

moisture content was conducted periodically over 1989 and 1990 (see Appendix II).

Analysis for these factors did not require large amounts of soil, therefore, a smaller soil

corer Q'.5 cm in diameter x 10 cm deep) was employed. At all monitoring dates one core

was extracted from each plot of each site. Cores wele frozen and ransported to the

University of Manitoba where they were air-dried prior ro analysis.
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Section 3.2.2 - Bulk Densíry

The bulk density of soil was measured on each sampling date in the various

vegetation zones. Bulk density of the cores w¿rs determined by taking the d.y mass of each

sample and dividing by the sample volume (McRae lgsg) as follows:

m,ass of 4ry soil (g) = mass of dry soil (g)/rnl
volume of sarnple(nrl)

Section 3.2.3 - Organic Content

Soil organic content was determined by the combustible carbon method @avies

1974; McRae 1988). Approximately 10 grams of air-dry, ground soil was taken from each

soil core and placed in labelled beakers and dried at 105oC for 24 hours. The d.y soil was

then placed into preheated, pre-weighed ceramic crucibles. The crucibles containing the soil

were placed into a muffle furnace and firerl at 430 oC for l8 hours. I was initially

concemed about the high CaCO3 content of the soil of these sites (Burchill 1991) and the

effect this may have on the final organic content determinations (McRae 1988). However,

Davies (1974) states that, by following this temperature and time regime, the loss of carbon

due to combustion is not affected by the presence of CaCO3. After firing, the crucibles and

their contents were placed into a desiccator, cooled, and massed. The amount of organic

matter of each sample was presented as a percentage value using the following calculation

(McRae 1988):

lmass of tre-f,rred soil lg) - mass qf fired soil (g\) x r 00 = vo ar+anic marter
mass of pre-fired soil (g)

Section 3.2.4 - Soil Particle Analysis

One soil sample (5 cm in diameter x 10 cm deep) was collected at random from half

of the plots in each zone of each site. These samples were air d¡ied in the lab and subjected

to the Stoke's Law of soil particle size analysis (McRae 198S). The method involved three
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main steps: (1) elimination of organic matter from the soil by hydrogen peroxide digestion,

followed by dispersion of particles in a water column; (2) removal of sand by sieving; and

(3) determination of silt and clay contents by pipette sampling ar appropriate rimes.

Section 3.2.5 - Soil Salinity

Introduction

Methods used to determine soil salinity are numerous, and more precise methds

are constantly being developed (Rhoades & Corwin 1984). A number of factors should be

considered when choosing a method to measure soil salinity. Soil salinity is often spatially

and temporally variable. A large number of soil samples are generally required to get an

accurate measurement even within a small land a¡ea (Rhoades & Corwin 1984). This

problem can usually be solved by resamplirrg the same spot in the field. However, care

should be taken that the sampling process does not alter the acrual soil itself. This ca¡r be

accommodated by the use of small soil corers. Although in situ rnethods have been

developed, soil salinity is most often determined in the laboratory by measuring the

conductivity of soil sample extracts (Rhoade & Corwin 1984). lhe dilution factor

employed in extracting the sals from the soil sample depends on the type of salt present in

the soil, as different salts often have different solubilities (Bernstein 1975). Soil extract

methods involve removal of soil from the fîeld, grinding, sieving, ancl dilution with water

(Rhoades & Corwin 1984). Thus, the measured salinities may not be representative of

actual field conditions. If the method employed in assessing salt content is consistently

applied, however, comparable soil salinity measures are generated (Rhoades & Corwin

1984; Jacober & Sandoval l97l; Bemstein l9l5).
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The Casefor the Dílution Extact

The electrical conductivity of a soil is related to the its salt content. Soil salinity

levels are usually determined by measuring the electrical conductivity of an aqueous soil

extract, followed by extrapolation to yield ionic conce¡rrration (Rhoades & Corwin lg}4).

Sonneveld & Van den Ende (197I) found that the rario of soil:water used in obtaining an

extract solution was dependent on the types of salt present, ancl the organic content of the

soil. A l:5 soil:water (by weight) extract method was found to be adequate for soil salinity

determination in my study for a number of reasons. Fi¡st, some salts (e.g. NaCl) are highly

soluble in water, while others (e.g. salts of sulphate and calcium) are less so (Chzurg er a/.

1983). Because of these differences in solubility, a soil saturation extract (paste) is not

recommended, as it may lead to an underestimation of the actual salt content of the soil ,

especially if the soil being studied contains a variety of salts (Chang et a\..1983). Chang et

al. (1983) found that a l:10 extract was suitable for extraction of salts in sulphate

dominated soils. However, as NaCl was found to be the dominant salt of the Overflow Bay

saline sites (Burchill 1991), a l:5 dilution was deemed adequate for salt exrraction

(Agarwal et al. 196l). Secondly, although a soil saturation exffact could have been used,

the high soil organic matter content of the sites would have necessitated the collection of

relatively large soil samples (Sonneveld & Van den Ende lgTI). The use of the l:5 dilution

allowed for the collection of small samples which could easily be carried from each site and

transported to the lab. Finally, when relative measures (such as those between vegetation

zones of the study sites) are of more concem than absolute values, salinity determination

using a fixed extracr dilution is acceptable (Rhoades l97g).

Methodology Using the Dílution Extract

\ù/hen sodium chloride predominates in the soil, the conversion factor:

Total Dissolved Salts (mg/ml) =0.64 mg/mVS x Electrical Conducriviry (S)

can be used to esrimare soil salinity (Richards 1954; Bernstein 1975).
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Ten grams of dry, ground soil and 50 ml of distilled water were placed into

numbered 125 rnl Erlemeyer flasks. The flasks were placed on a mechanical shaker for one

hour to allow soil salts to dissolve. The contents of each flask were then vacuum filtered

through Whannan Number I paper filters to extract the salt water solution. The soil

particles caught by the f,tlter were discarded. The conductivity of each extract solution was

determined using a ConductanceÆDS meter (Analytical Instrument Science, Ser No.

COND72485) and platinum electrode (Radiometer Electrodes). This value was rhen used to

determine the amount of salt per ml of soil using the following calculations (modifred from

Richards 1954, to incorporate soil density and the dilution of the exract):
(l) electrical conductivity (S) x 0.64 rng/ml/S = salr (mg/¡nl)
(2) salt (mg/ml) x 50/10 g soil = mg of salt/l0 g of soil-
(3) (mg of sal/l0 g of soil)/l0 g = mg of salt/g of soil
(a) (mg of salt/ g of soil) x soil density (g/mlf= mg of salt/ml of soil

The four steps can be summarized in the following equation:

3-2mglmUS x electrical conductivity (S) x soil density (m/ml) = mg salVml soil.

Section 3.2.8 - Soil pH

Saline soils are alkaline (Brady 1974) and may have pH values as high as 9.0, and

possibly higher (Agarwal et al.196l). This can create nutritional problenrs for plants since

the availability of some macronutrients (narnely Ca, Mg, and P) and micronutrients (e.g.

Fe, Mn, Zn, Co, and Cu) decrease as pl-I increases (Brady 1974). Therefore, knowledge

of soil pH is important when dealing with saline soils. Agerwal et al. (1961) determined the

pH of highly saline soils using a 1:5 exÍact, and compared their results with those obtained

from a saturation exract of the same soils. Their comparison showed that the correlation of

pH values obtained from the 1:5 extract to those obtained from a saturation extract was

approximately r = 0.98. I determined soil pFI by immersing a pFI probe (Fisher, Model

No. 229) into the same 1:5 extract as was used in salinity detennination. pH was

monitored over both field seasons (see Appendix II).
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Section 3.2.7 - Nutríent Analysis

On 30 May 1990 one soil core (5 cm in diameter and 10 cm in depth) was obtained

from each plot at each site and used for soil nutrient cleterminations. The samples were

placed in Iabelled plastic bags and kept in cold storage until ready for processing. Analysis

for available nitrogen, potassium, and phosphorus was performed by the Manitoba

Provincial Soil resting Laboratory, University of Manitoba, winnipeg, Manitoba.

Available nitrate (nitrogen) and phosphorus were determined using the sodium bicarbonate

(NaFICO¡) exraction technique. Filtered extracts (Whatman No.30 paper) from a shaken

mixture of 2.5 grams of soil, 1.0 gram of activated charcoal, and 50 ml of 0.5M NaHCO3

were analyzed using a Tecnicon Auto Analyzer system. Available potassium was

determined through the exchangeable ammoniunr ace[ate (NIl¿OAc) method. An extract

was obtained by filtering (Whaunan No.1 paper) a shaken solution containing 2.5 grams of

soil in 25 ml of neutral lN NH4OAc. The extract was then subjected to flame photomeury

to yield the potassium concenradon. All values were expressecl in parrs per million (ppm)

dry soil.

Section 3 .2.8 - Soil Moísture

Soil moisture content was calculated as a percentage of loss of mass of field soil

when dried at 105 oC for 24 hours (Brady 1974). The calculation is as follows:

(.mass of wet soil (g) - mass of dry soil (g)) x 100 = vo soil moisture
mass of wet soil (g)

As it is important to prevent water loss due to evaporation, samples were kept cool or

frozen immediately after collection.

Sectíon 3.2.9 - Soil Water Saliniry

Rhoades and Corwin (1984) state that total salt concentration in soil water is a

particularly useful measure, since it is the concentratio¡l of solute in the soil solution to
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which plants are directly exposed. They recommended the use of in sítu salinity sensors,

which make the collection and extraction of soil samples unnecessary. However, the use

of in situ plot monitoring in the present study would have required a very large number of

salinity sensors, which was not economically or logistically feasible. I therefore calculated

soil water salinity on the basis of the measured soil water content. This involved

determining the concenFaúon of salts in the 1:5 soil extract, and then using soil moisture

content data to calculate the concentration of salts in the soil water. This rnethod assumed

that the majority of the salts were in solution in the field. Since sodiurn chloride is highly

soluble in water, ttiis assumption is tenable. The following steps were used to determine

soil water salinity.
(l) Determine amount of water in the original soil sample.

g of water/g of dry ro¡1 f drY soil (g)
mass of dry soil (g)

g of water/g of dry soil = ml of warer/g of dry soil

(2) Determine salt concenüation in the 5:1 extract solution.

mg salVml exracr = conducrivity(S) x 0.64 mglmVS

(3) Determine the amount of salt in the watel of the original soil sample (soil water
salinity), taking into consideration the ratio of the amo,int of water in the extract to
the amount of water in the original sample, and rnultiplying by the salinity of the
extract.

mg salt/ml water = 5 x mass of dw soil (g) x mg salt/ml extract
mass of wet soil (g) - rnass of dry soil (g)

The advantage of using soil water salinity as a measure is that it does not require

information on soil density . If nreasures incorporating soil density are usecl, extreme care

must be taken to obtain identically sized samples at each sampling date, and from one

sampling date to the next. Even so, soil density may vary spatially within a given plot, and

even a slight va¡iation could result in very different salinity values per volume of soil.

Measures based on soil water saliniry are therefore useful in comparing soil samples both

spatially and temporally.
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In order to test the reliability of the 1:5 dilution extract method, results of soil

salinity (mg salt/ml soil) and soil water satinity (mg sallmt soil water) determinations were

compared with those obtained from other salinity measurement methods. Linear regression

analysis was used to examine the relationship between the 1:5 extract method and salinity

readings obtained from: (1) soil saturation extracts, (2) evaporation of filrrate, and (3) a

variety of soil:water ratios (extract dilutions). The results, which are presented in

Appendix III, confrmed the validity of using the 1:5 dilution exrract merhd.

Section 3.2.10 - Soil Depth Cores

Soil depth cores were extracted in order to examine gradients in soil water

salinity and moisture content with increasing depth in the soil profile. Burchill (1991)

conducted similar investigations using soil pits, but only on a single occasion at a single

site.

Th¡ee replicate soil cores were exracted from each vegetation zone at each site.

When possible soil cores were extracted to a depth of 60 cm. However, the presence of

stones and high soil density (due to compaction of mineral particles) in some zones allowed

only shallow soil penetration at some sites. Soil core depths therefore ranged from 10 to

60 cm, depending on the vegetation zone and the site sampled. After extraction, each soil

core was divided into 10 cm lengths and frozen. Samples were then transported back to

winnipeg where soil moisture and soil water salinity were determined.

Evapotranspiration leads to a decrease in soil water content. However, the total

amount of salt remains more or less constant (Rhoades & Corwin 1984), and as a result,

the concentration of salts in the remaining soil water increases. Also, the dynamic natue of

salts in soil (i.e. tendency for movement vertically in the soil profile as a result of

precipitation, run-off, evaporation, and evapotranspiration), leads to changes in prohle

gradients that are reflective of changes in environment and vegetation conditions (Brady

1974; Rhoades er al. 1976). In order to obtain some indication of soil depth gradient
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variability, cores were collected on two separate occasions for each site during the 1990

field season: under wet conditions and early vegetation (end of May) and drier conditions

with more mature vegetation (early July for site 3 and 4, and late August for sites I and 2).

Section 3.2.1 I - Data Arnlysis

Paired t-tests (a = 0.01) were used to indicate if there was signihcant variability

within plots. Tukey Box-Plots (see Figure 3.1) of bulk clensity, organic matrer, pH, soil

salinity, and soil nutrients were used to illustrate va¡iation both within and befwecn

vegetation zones. Mean values and standard erors were calculated for soil moistu¡e and

soil water salinity measurements. ANOVA and Scheffe's multiple comparison test (cr =

0.05) were used to determine if significant differences existed between zones and sites.

Section 3.3 - Results

Section 3.3.1 - Plot Variation

Results of paired t-tests on soil bulk density, pFI, and salinity (Table 3.1) indicated

that within-plot soil variation was not significant for the three factors tested (p > 0.01).

Table 3.1 Results from

I
1

1

)
2
2
2
3
3
3
4
4
4

Hordeum
Puccinellia
Salicornia

Calamagrostis
Hordeum/Distichlis

Puccinellia
Salicornia

Calamagrostis
Hordeum
Salicornia

Calamagrostis
Distichlis
Salicornia

t-test anal

0.35
0.66
0.67
0.t2
0.93
0.04
0.07
0.09
0.7 r
0.45
0.27
0.57
0.39

on three soil factors.

o.22
o.l4
0.62
0.25
0.98
0.58
0.36
0.08
0.7 t
0.44
0.09
0.31
0.89

8r

Salinity
salt/ml soil

0.73
o.7 t
0.54
o.46
0.89
0.09
0.54
0.06
0.49
0.52
0.73
0.84
0.49
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t 1.5 -> 3.0 Interquartile
Range
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liq. :.1 Diagram of Tukey Boxplot with _explanation. The rectangula¡ box represenrs+ interquarrile range, with the median indicãted by the horizontaliine, and thé shaded
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to.the neare.st point within t 1.5 interquartile range. Circles and stars represent outliers
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Section 3.3 2 - Soil Density, Saliniry, pH, and Partículate Maner

Results of soil density, salinity, pH, and particulate matter analysis for each site are

presented in Tables 3.2 - 3.5. Distinct trends were observed in these soil factors across

vegetation zones. Soil salinity increased from the Calamagrostis through to the Hordeum,

or HordeumlDistichlis, or Distichlis, Puccinellia, and Salicornia zones (specific zones are

dependent on site). A similar gradient was observed in soil bulk density, with lowest

densities occurring in the least saline zones and highest densities in the Salicornia zone. In

general, the lower salinity zones were more acidic thzur the Salicornia zone. However, the

trend in pH was not as distinct as that observed in the other soil factors. Soil of the

Calamagrostis and Hordeum zones had higher organic content levels than that of the

Salicornia zone. The soils of the Calamagrostis and Hordeum zones of site 3, and the

Hordeum and Puccinellia zones of site I were particularly high in organic matter. The soil

of the remaining zones and sites (i.e. Calamagrostis and Salicornia zones of site 1, the

Salicomia zone of site 3, and all zones of sites 2 and 4) were predominantly mineral in

nature.

Based on these soil analysis results, the sites can be roughly classified into tlree

types. Sites 2 and 4 are similar, both possessing highly saline mineral soils with high pH

values. These sites a¡e similar as they are located in close proximity to each other. On the

other hand, site 3 soil is less saline overall, somewhat acidic, and predominantly organic.

Site I fits between these trvo groupings. The Puccinellia and Hordeum zone soils of site I

are similar to the Hordeum zone soil of site 3, while the Calamagrosús and Salicorniazone

soil have characteristics in common with the Calamagrostis and Salicomia zones of sites 2

and 4.
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Table 3.2 Results of analysis for selected soil factors from vegetation zone soils of site 1.
Values are means t SE. n = 20 for salinity, density, pH, and organic matter. n = 5
for mineral oarticles.

Salinity (mg salVml soil)

pH

Bulk Density (g/ml)

Organic Content (7o of dry soil)

Gravel (7o of dry soil)

Sand (7o ofdry soil)

Silt (7o of dry soil)

Clay (7o ofdry soil)

2.8i f{.17

7.59 r0.16

0.96 f0.04

15.99 t_2.64

1.30 +0.27

16.3t +1.75

43.6r X3.47

11.03 +1.68

10.7010.39

6.41 10.18

0.26 r0.01

&.84.+2.76

0.00

2.96 +0.50

7.73 +t.35

9.33 t0.92

Table 3.3 Results of analysis for selected soil factors from vegetation zone soils of site 2.
values are means t SE. n =20 for salinity, density, pH, and organic matter. n = 5
for mineral

18.21 +1.05

6.84 r0.15

0.44 X0.M

43.90 +6.01

0.43 +0.43

4.06:t0.95

l8.l l 13.85

12.72 +t.77

Soil Salinity (mg salt/ml soil)

pH

Bulk Density (mg,/ml)

Organic Content (7o dry soi!)

Gravel (7o of dry soil)

Sand (7o of dry soil)

Silt (7o of dry soil)

Clay (Vo of dry soil)

Sorl f,actor

39.59 10.88

7.83 r0.ùr

1.48 10.04

8.41 r1.95

t.6t fr.44

35.30 t7.99

39.63 15.6ó

8.84 rr.66

Calamagrostis

6.59 +0.42

7.55 10.09

0.55 10.02

25.t9 +t.62

1.03 +0.13

26.00 +2.56

40.99 +1.37

7.74 +0.93

Vegetauon Zones

Hordeum/
Distichlis
9.20 +0.46

7.76 !0.06

0.61 +0.02

18.44 +1.44

0.60 +0.22

11.45 +1.03

5r.92 X2.71

12.07 +0.96

Puccinellia

15.31 10.46

7.95 10.06

0.99 10.03

11.61 +1.31

0.24 +0.r2

19.0r 12.38

56.74 +3.29

9.07 +0.49

Salicorma

27.62 t{.95

8.00 10.06

1.34 f0.04

9.40 r1.05

M.56 r3.U

30.98 +2.42

39.21+1.73

4.24 f:0.73
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Table 3.4 Results of analysis for selected soil factors from vegetation zone soils of site 3.
Values aÍe means t SE. n = 12 for salinity, density, pH, and organic matter. n = 3 for
mineral

Salinity (mg sallml soil)

pH

Bulk Density (mg/ml)

Organic Content (7o dry soil)

Gravel (7o of dry soil)

Sand (7o of dry soil)

Silt (7o of dry soil)

Clay (7o of dry soil)

Soil Factor

Calamagroshs

6.00 10.30

6.37 10.06

0.14 10.01

79.17 +0.39

0.00

5.95 10.82

3.07 +1.&

5.85 10.25

Table 3.5 Results of analysis for selected soil factors from vegetation zone soils of site 4.
Values are means t SE. n -- 12 for salinity, density, pH, and organic matter. n = 3 for

Vegetation Tnnes

mineral

Hordeum

Salinity (mg salt/ml soil)

pH

Bulk Density (mg/ml)

Organic Content (7o dry soil)

Gravel (7o ofdry soil)

Sand (% of dry soil)

Silt (7o of dry soil)

Clay (Vo of dry soil)

Soil Factor

6.14 t{.44

6.74 fl.20

0.15 10.00

75.85 r1.46

0.00

4.46 +1.t6

5.23 +1.12

8.08 10.58

Salicornia

25.23 t1.02

7.37 fr.12

0.49 t.0.0u

t4.ro l1.22

0.00

4.16 tr.t6

48.58 +3.72

28.63 t3.75

Ualamagrostls

4.87 fl.46

7.6 +0.10

0.68 10.05

18.58 t2.29

0.75 10.03

25.11 10.93

53.11 f3.28

2.91 +1.00

Vegetation Tanes

Distichlis

10.55 10.65

7.75 +0.07

0.55 r0.M

22.48 +1.47

0.54 10.29

7.63 +1.39

57.05 r10.34

t0.89 +2.26

Salicomia

43.20 !3.08

7.99 10.05

1.49 10.03

10.53 10.79

1.07 f0.39

27.48 !2.92

57.92 t2.52

3.34 10.48
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Section 3.3 3 - Soíl Nutrients

Results from soil analysis for nitrogen, phosphorus, and potassium content are

presented in Tables 3.6 - 3.9. Nitrogen content did not show a clear across-zone gradient,

with the possible exception of site 4, which showed a trend of decreasing nitrogen levels

from the Calamagrostis zone through to the Salicornia zone. The lowest levels were

consistently found in the Salicornia zone soils. In general,less saline soils had lúgher

nitrogen levels. Site 3 soils had the highest nitrogen levels when compared with

corresponding zones of the other sites. This is probably due to the lower salinities in these

soils, which provid*:s a better habitat for nitrogen-fixing organisms (Brady 1974). Across-

zone gradients in phosphorus \¡/ere more apparent than gradients in nitrogen. In general,

the sites showed a gradual decrease in phosphorus content of soils from the low salinity

Calamagrostis zone to the high salinity Salicornia zone. This gradient in decreased

phophorus availability may have occurred indirectly through increasing salinity and

subsequent increases in pH. As with nitrogen, site 3 soils generally had the highest mean

phosphorus content compared with corresponding zones of the other sites. Potassium was

relatively high in all zones of all sites. No clear gradient was evident for potassium

content, although the lowest levels were consistently recorded in the Salicornia zone soils.

Again, site 3 soils had the highest potassium levels, and actually exceeded the maximum

detectable amount for the scale employed in analysis (700 ppm).

ì

Table 3.6 Nutrient content (ppm) of soil from experimental plots in vegetation
zones of siterl. Values ateäeans + SE. n = 10^.

Nutnent 
r

(ppm)

Nitrogen

Phosphorus

Potassium

ualamagrosls

44 t5.9

10 r1.l
M8 +53.3

Vegetatlon 'l-nnes

Hordeum

61.8 +17.1

57.4 Xl.5

699 +1.0

Puccinellia

255 t67.1

39.7 +3.2

685 +12.5
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5.7 t2.3

8.8 r1.8

326 X40.t



Table 3.7 Nurient content (ppm) of soil from experimental plots in vegetation
zones of site 2. Values are means t sE. n = 10. Data is noi availablãfor the

ium content of
Nutnent

(ppm)

content of the Salicornia zone soil

Nrtrogen

Phosphorus

Potassium

Calamagrostis

Tuble 3
zones of site 3. Values are means t SE. n = 6. 

-Values 
for potassium in ttre

Calamagrostis and Hordeum zones exceeded the maximum detectable amount.

r04 t9.ó

28.8 t2.8

497 t32.6

Vegetaúon Tanes

Horcleum/

Distichlis

90.7 tt4.9
20.2 tz.t
5t3 t27.2

Nutrient

(ppm)

s and Hordeum zones exceeded the maximum detectable

Puccinellia

Nlhogen 175 *71.2 29t +tZI 40.2 XB.l

Phosphorus 58.8 10.8 57.9 +2.2 43.5 +2.9

Potassium 700+ 700+ 410 +17.3

92.2 X13.8

12.2 Xt.o

40t t14.4

zones of site 4. Values are means + SE. n = 6.-

Calamagrostisl Hordeum I Salicornia

Salicomia

Vegetation Tnnes

2.3 t{.3
4.4 fl.s

N/A

Nutnent

(ppm)

Nrrrogen ó5.8 19.0 30.9 t16.0 5.9 11.4

Phosphorus 79.7 +43.8 24.4 +4.9 10.2 tt.4
Potassium 360 140. I M9 +32 tB4 t13.4

section 3.3.4 - comparíson of corresponding zones benveen sites

The previous section presented the soil analysis results on a site by site basis. This

section ad¡lresses the same data, but in such a way as to allow comparison of

corresponding vegetation zones between sites. The results are presented graphically using

Calamagrostis

Vegetation'hnes

Distichlis Salicomia
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Tukey boxplots. Horizontal lines on the x-axis of each graph connect sites between which

the particular vegetation zones are not significantly different (Scheffe c¿ = 0.05).

Calanagrostís htæs (Sites I - 4)

Soils of the Calamagrostis zone of site t had the highest density and the lowest

organic matter content (Figures 3.2 and 3.3). Sites 2 and4 soils had similar densities and

similar amounts of organic matter, while soils of the Calamagrostis zone of site 3 were

significantly lower in density and higher in organic matter than the other three sites.

Calamagrostis zone soil salinity ranged from a low of about 2mg/ml in site 1, to a high of

just under 9 mg/ml in site 2. Soil salinity levels were similar between the Calamagrostis

zones of site 2,3, and 4. The salinity of the Calamagrostis zone soil of site 1 was lower

than that of sites 2 and3, but not significantly different from that of site 4. Soil pH

hovered around 7.5 in the Calamagrostis zones of the study sites, with the exception of site

3, The soils of site 3 were somewhat more acidic, probably due to the presence of organic

acids resulting from the soil's high organic matter content.

There was no significant difference in available nirogen and phosphorus in the

Calamagrostis zone soils between sites. However, the values obtained from site 3 soils

had a wide range, and if more cores had been collected they might have shown significantly

higher levels of nitrogen and phosphorus in the soil than that of the other study sites. The

Calamagrostis soil of sites 1,2, and 4 had similar levels of potassium, with site 3 soil levels

being signif,rcantly higher.

Hordewnhnes (Sítes I and 3)

Hordeum zones were present in sites I and 3. The soil of the Hordeum zone in site

I was significantly more dense, had less organic matter, and was more saline (Figure 3.4)

than that of site 3. Salinity levels in the Hordeum zone in site 1 were l0 - 11 mg/ml, while

in site 3 they were between 5 and 7 mg/ml. The soil pH of the Hordeum zones of the
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not siginificantly different (scheffé s =0.05). n = l0 for sires I &z,and n = 6 for
sites 3 & 4. *Note the potassium value for site 3 exceeded the maximum of the de-
tection scale, and was significantly different from the other sitcs.
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two sites was, for the most part, slightly below neutral, and did not differ significantly

between sites @gure 3.4).

Soil nitrogen content was significantly higher in the Hordeum zone soil of site 3

than in site I (Figures 3.5). No significant difference was found between the amount of

available phosphorus between sites I and 3. Both sites showed maximum detectable levels

for soil potassium.

HordeuunlDistichlß and Distichlís hnes (Sites 2 and 4)

Hordeum/Distichlis zone of site 2 and the Distichlis zone of site 4 (Figures 3.6 and3.7),

with the exception of nitrogen, which was signif,rcantly higher in the Hordeum/Distichlis

zone than the Distichlis zone soil, .

No significant differences in soil factors were found between the

PuccinelliaTnnes (Sites I ønd2)

Analysis of the soil from the Puccinellia zones of sites 7 and2 indicated that the

Puccinellia zones of the two sites were significantly different for all the soil factors

investigated (Figures 3.8 and 3.9). The Puccinellia zone soil of site 1 is less dense, has

more organic matter, a slightly higher salinity, and a lower pH than that of site 2. Nutrient

content was consistently highest in the site I soils.

Salícornía Zones (Sítes I - 4)

Salicornia zones were present at all the study sites. Soil bulk density was lowest in

the Salicornia zone of site 3, and highest in the corresponding zone of site 4 (Figure 3.10).

Bulk density values of the Salicomia zone soil of sites I and2 were not significantly

different. Organic matter content of the Salicornia zone soil was significantly higher in site

3 than the other sites. Soil salinity was lowest in sites 2 and 3, and significzurtly higher in

9t
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sites I and 4' soil pH was significantly lower in the Salicornia zone of site 3 compared

with the other sites. Soil nitrogen and phosphorus concentration were highest in the

salicornia zone soil of site 3 @igure 3.11). Nitrogen and phosphorus content were not
significantly different between sites 1, 2, and4. r,evels of potassium in the Salicornia

zones were high, with no signifîcant difference between the sites. (potassium content for
the salicornia zone soil of site 2 was not available due to lost sampres).

section 3-3-s - soil Moßture and soilwater sarínity

The initial soil analysis agenda did not address moisture as a soil factor. However,
as facilities in the field became available (i.e use of a refrigerator to keep samples cool), soil
moisture determinations became possible. Incorporating soil moisture readings into salinity
determinations allowed for the calculation of soil water salinity. As stated in the

' introductory chapter, plant growth is directly affected by the ionic composition of the soil
solution (i.e. soil water). Soil water salinity was therefore deemed to be the best

measurement of salt concenration in the site soils.

Soil moisture and soil water salinity were monitored over both field seasons. The

mean results are presented graphically by site in Figures 3.rz - 3.15. soil moisture is
influenced by rainfall, temperature, evaporanspiration, soil density, and surface

topography' For purposes of comparison, the precipitation regirne for the area during both
field seasons appears at the top ofeach Figure.
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Site I
I¡ site I (Figure 3.12) the mean soil moisture of each zone increased over the

monitoring period during the 1989 fìeld season. Initially the soil was relatively dry due to

low precipitation in the early spring. This was followed by a rather sharp increase in laæ

June and a slight decrease or levelling-off (depending on the zone) by mid-summer.

Moisn¡re again increased following rainfall in the month of August. During 1990 mean soil
moisture was fairly constant in the Puccinellia and Salicornia zones, and showed a gradual

increase of between l07o and,2}Vo inthe Calama$ostis and Hordeum zones. The mean

soil moisture of the Hordeum zone was consistently higher than the other zones at each

sampling date over both growing seasons. The Puccinellia zone had the next highest mean

soil moisrure content, followed by the Calamagrostis and Salicornia zones. Note that while
the mean soil moisture of one zone may have overlapped with that of an adjacent zone

during the growing season' no overlaps occurred on the same sample date. For example,

in 1989, the highest moisture reading for the Salicornia zone occurred in late August,

which overlapped with the soil moisture content present in the Calamagrostis zone in June

and July' Thus the soil moisture gradient across the vegetation zones, although subject to
fluctuations, was maintained over both growing seasons.

Mean soil water salinity also fluctuated during both field seasons. During l9g9 rhe

least saline zone was Calamagrostis, followed by Hordeum and puccinellia- During

periods of steady precipitation and subsequent high moisture conditions (such as occurred

in August of 1989 and over the 1990 season) the mean soil water salinity of these zones

tended to overlap considerably. The reverse was true during periods of low rainfall, such

as the late spring and early summer of 1989. The salicorn ia zonewas the most saline zone

and experienced the greatest range in mean soil water salinity over the two field seasons.
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Site 2

Unlike site 1, the Calamagrostis and Hordeum/Distichlis zones of site zhadsimilar

soil moisnue values (Figure 3.13). Mean values overlapped on a number of occasions

tluoughout the nvo field seasons. The soil of the Puccinellia zone was generally drier than

the previous two zones. The Salicornia zone soil had the lowest mean moisture values over
both seasons, with the exception of early spring, 1990; atthis time its moisture content

was equal to that of the puccinellia zone.

In 1989 the general trend in soil moisrure over the season involved an initial
increase in June followed by a slight decline or steady state (depending on the zone) during

July and another increase towards the end of August. This was reflective of the

percipitation regime for the season, which began with a dry spring, a short period of
rainfall in late June, low rainfall from July to mid-August, concluding with a relatively high

amount of precipitation during the end of August. The 1989 trend at siæ 2 was similar to

that of site 1. However, the 1990 trend was quite different. Rather than a gradual

increase, the soil moisture content of the site 2 vegetation zones gradually decreased over
the field season- This difference may be related to the topography and drainage pattern of
the sites.

Trends in mean soil water salinity of site 2 were simila¡ to those in site l, with a
gradual decrease over 1989 season, and a gradual increase over the 1990 season.

However, mean salinities were generally higher in the vegetation zones of site 2 than their

corresponding zones in siæ l. In periods of increased precipitation the mean salinity of tt¡e
Calamagrostis, Hordeum, and Puccinellia zones overlapped. The mean salinity of the

Salicornia zone was consistently higher than the other vegetation zones. one exception to

this occurred in April of 1990, when ttre mean soil water salinity of all four zones was

similar.
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Síte 3

The mean moisture content and soil water salinity of site 3 soils (Figure 3.14)

showed trends similar to site 2. The Salicornia zone was the driest and most saline, while

the Hordeum and Calamagrostis zones were significantly wetter and lower in soil water

salinity' Mean moisture content fluctuated between 80 and gyVo forthe Hordeum and

Calamagrostis zones, and was essentially the same at each sample date over both seasons.

Salinity also differed littte benveen tÌ¡e rwo zones.

Síte 4

Trends in the mean soil moisrure and soil water salinity of site 4 were basically the

san're as in sites 2 and 3. Again, the wemest zones -- Calamagrostis and Distichlis -- were

also the least saline. The mean soil moisture content readings were very similar over the

1989 growing season. In 1990, the soil moisture of the Distichlis zone was slightly higher

than that of the Calamagrostis zone. In 1989 the mean salinity of the Distichlis zone was

higher than Calamagrostis, even though their moisture conteùt was essentially the same.

By the end of the 1989 season, the salinity reaclings for the two zones had decreased and

became equilibrated. This corresponded with a¡r increase in soil moisture for both zones.

The soil water salinity of the Distichlis and Calamagrostis zones in 1990 were

almost identical over the entire season. All zones showed an increase in mean soil moisture

content and a decrease in mean soil water salinity over the 1989 season. This trend was

reversed in 1990, with a decrease in moisture and an increase in salinity over the season.
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Summary

In summary, sites 2,3, and4 showed similar trends of increasing soil moisture and

decreasing soil salinity over the 1989 season. In 1990 the trend was reversed, with soil

moisture declining, and soil salinity increasing, over the season. Site I showed a similar

trend for 1989, but in 1990 the soil moisture of site I increased rather than decreased. The

soil salinity in 1990, however, showed the same decreasing trend observed in the other

study sites. Salicornia zone soils at all four sites were the d¡iest and most saline.

Generally, the next highest salinity levels were found in the Puccinellia zone soils. The

soils of the Calamagrostis, Hordeum, HordeumlDistichlis, and Distichlis zones were the

least saline and often showed similar moisture contents. The mean salinity values of these

zone were indistinguishable at a number of sampling dates over the two seasons. Mean

moisture and soil water salinity levels varied between corresponding zones from site to siæ.

overall, sites 1 and 3 were the wettest and least saline of the four sites.

Section 3.3.6 - Soil Depth Cores

Introductíon

Soil moisture content and soil water salinity were measured on cores taken at

various depths in the soil profile. The results are presented by site in the following series

of graphs (Figures 3.16 - 3.19). Each graph incorporates mean soil moisture (top axis),

mean soil water salinity (bottom axis), and soil depth (left axis). Two sample periods are

presented for each site; 29 and 30 May 1990 (wet period) md2July or 22 August 1990

(dry period). Vegetation zones are presented from the top of the Figure to the bottom in

order of increasing salinity for each site. Note that the moisture and salinity scales may

change from zone to zone and between sites, and that only the depth scale is constant.
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Síre I

On both sample dates soil moisture showed a d¡amatic decrease with depth in all

the vegetation zones of site 1. Data from 30 May indicates that a mean moisture conænt of
between 10 and 2O Vo was maintained in all the zones for a depth of 20 -60 crn On2Z
August only the Hordeum zone could be fully sampled because of increased compactness

of the soil with drying conditions. However, it appears that ttre same 10 - 20 Vo soil

moisture level was maintained. This happened even though the mea¡r surface (0 - l0 cm )

moisture content differed between zones and sample dates.

The increases in moisture in the Calamagrostis zone at a depth of 50 - 60 cm in

May, and in the Puccinellia zone at a depth of 30 - 40 cm in August, are difficult to

explain. They may be due to sampling error, or localized pockets of moisture in ttre

underlying clay.

In the May samples, the mean soil water salinity gradient was basically the inverse

of the soil moisture depth gradient. However, with the exception of the Salicornia zone,

the salinity continued to increase even though the soil moisture stayed the sarne. In

Salicornia, the salinity increased slightly from 0 - 30 cm in depth, and then remained

essentially the same. In August the surface (0 - 10 cm) salinities of the Salicornia and

Puccinellia zones va¡ied considerably from those of the previ,rrus sample date, while the

Hordeum zones surface salinity appeared to decrease. That of the Calamagrostis zone

remained virtually unchanged from the previous clate. The Calamagrostis and Hordeum

zones showed a distinct increase in soit water salinity with deprh, while the puccinellia

zone remained the same. In the Salicornia zone, there was a clecrease with depth towards

the levels recorded in May.
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Site 2

As in site l, the mean soil moisture content in site 2 decreased with depth during

the May sampling period (Figure 3.17) but, the decrease was not as substantial. The

moistu¡e levels remained a¡ound the 20 - 25 7o level from a depth of l0 - 60 cm in the

Calamagrostis, Hordeum/Distichlis, and puccinellia zones. This occurred despite the fact

that all three zones had different levels of soil moisture at the surface. The soil moisture of
the Salicornia zone decreased from 20 Vo to fluctuate around 15 Vo . Salinity increased

gradually with depth in the Calamagrostis and Hordeum/Distichlis zones to a level of 30

mg sallml water. The Puccinellia zone also showed an increase in soil water salinity with

depth. However, once a depth of 20 - 30 cm was reached, the mean salinity levelled at

between 35 and 42 mg/mlfor the rest of the profile. Mean soil water salinity in the

Salicornia zone decreased in May from a surface reading of 62 mgsalt/ml warer to 40 - 50

mg for depths 20 - 60 cm.

In August, the zones of site 2 differed from each other in levels of moisture in

their surface soils. Also, the mean soil moisture content of the surface soil of each zone

had dropped about l0 7o fromthe May sample date. At a depth of 10 - 20 cm the moistu¡e

levels in the Calamagrostis, Puccinellia, and Hordeum/Distichlis zones had decreased o
approximately 15 -20Vo. Thislevelof moisturewasmaintainedthroughouttherestof the

soil profile in the Hordeum/Distichlis and Puccinellia zones to a depth of 50 - 60 cm and 40

- 50 cm respectively. Sarnpling in the Calamagrosris zone was only possible to a depth of
20 - 30 cm. The mean soil moisrure content in the Salicornia zone flucruaæd between 15 -

19 Vo to a depth of 40 cm. Further depth sampling was nor possible due to impermeability

of the soil.

Mean soil water salinity at the soil surface (0 - 10 cm) also varied between zones,

and had increased from the previous sampling date. Soil warer salinity in the

Calamagrostis zone dropped from 50 mg salt/rnl water at the surface to 40 mg benveen l0 -

30 cm in depth. The Hordeum/Distichlis zone's salinity increased from a¡oun d,25 mg/ml
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at the surface to level-offat between 35 and 40 mg/ml from l0 - 60 cm in depth. The

Puccinellia zone's salinity remained fair{y level, fluctuating between 40 and 50 mg/nrl as

depth increased. The Salicorniazoneexperienced a sharp decline in mean salinity fr,om a

high exceeding 130 mg/ml at the surface, to a low of about 55 mg at a depth of 30 -40 cm.

Site 3

The general trend of decreasing soil moisture and increasing soil water salinity with
soil depth was repeated on both sampring dates in site 3 (Figure 3.rs). In May, soil

moisture in the Calamagrostis zone remained above 80 Vo fromg - 40 cm, after which it
declined sharply to about 15 vo ata depth of 50 - 60 cm. Mean soil moisture in the

Hordeum zone remained above 80 7o toa depth of 10 - 20 cm. It then decreased to20 vo

at a depth of 30 - 40 cm and remained at that level to 50 - 60 cm. The Salicornia zone

experienced a steady decrease in mean soil moisture from a high of 65 Voat the surface, to a

low of about 15 vo at40 - 50 cm in depth. Soil water salinity increased steadily down the

soil profile in the Calamagrostis zone from 5 mg/ml to 17 mglml. The soil of the Hordèum

zone experienced a more rapid increase in salinity, and tended to level-off at 17 - 22 mglml
at 30 - @ cm in depth. The Salicorniazanerecorded an initial increase in mean salinity

between 0 - 20 cm in depth. This was followed by a gradual decrease to about 22 mglml at

a depth of 40 - 50 cm.

The general trends observed in the May sampling period were repeaæd on 3 July,

when the moisture content of the surface soil of the three zones had not changed from the

previous sample date. The surface soil moisture content for the Calamagrostis and

Hordeum zones remained above 80 vo, while that of the Salicorn ia zonehovered around

65 - 70 vo' As depth increased, the Calamagostis soil moisture content dropped to20 vo at

50 - 60 cm. The Hordeum zone also experienced decreased moisture with depth.

However, rather than a rapid declin e to 20 Vo, ?sin May, the moisture content in July

remained above
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80 vo ftomO - 40 cm, and then decreased to 50 7o at50 - 60 cm. The Salicornia zone

showed a steady decline in moisture content to a low of 15 Vo at p depth of 50 - 60 cm.

While the mean soil water salinity at the surface increase{ in the Calamagrostis and

Ilordeum zones over that of the previous sampling date, the surface salinity of the

Salicornia zone remained unchanged. The calamagrostis and Hor,deum zones experienced

a gradual increase in salinity from around Z - S mg salVml water tq 15 - 17 mglmlat a depth

of 50 - 60 cm' The salinity in the Salicornia zone had an iniriat ilcrease ro over 30 mg/rnl
between 20 and 4o cm, followed by a decreas etozT mgml at a dçpth of 50 _ 60 cm.

Site 4

Site 4 was the most difficult site to sample for depth core gradients because of the

highly compacted nature of the underlying clay. It was not possible to obtain deep cores

from the Salicornia and Calamagostis zones. However, the soil of the Distichlis zone was

less dense, and allowed for deeper peneration of the soil corer. In May, the Distichlis zone

experienced a decrease in soil moisture content from about 44 Vo atthe surface to}S Vo ata
depth of 10 - 20 cm (Figure 3'19). The moisture conrent rhen rose slightly to fluctuate

around the 30 vo mark for 20 - 50 cm. Mean salinity in May increased from 14 mg/ml ¡g

about 2o mg/rnl at a depth of l0 - 20 cm,and then flucuated betvyeen 17 and,20 mg salt/rnl

water for the remaining 30 cm of the prof,rle.

July 2 sampling showed that the moisture conrent of the surface soil in the Distichlis

zone remained unchanged from the29 May sampling. However, the soil water salinity

concenration had risen by about l0 mg/ml. The soil moisture coritent decreased with depth

to 17 Vo at a depth of 30 - 40 cm. The salinity increased slightly from 3l mdml ar rhe

surface to 36 mg/rnl over the same depth.
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Section 3.4 - Discussion

secrton 3.4.1 - soil Gradíents ondTrends ín sítes andvegetationhnes

The soil analysis results indicated that the sites had a number of soil factor gradients

in common' In general, soil bulk density increased with increasing soil salinity. The soils

of the outer vegetation zones (i.e. Calamagrostis, Hordeum, and Distichlis) tend to contain

more organic matter and less sand, silt, and clay than the inner zones (i.e. puccinellia and

Salicornia), and are therefore less dense. Ungar (1970), in a srudy of satine sites in South
Dakota, noted a gradient of increasing soil organic matter from the salt pan outward to the

less saline vegetation zones, with maximum soil organic matter content in the

HordeumlDistichlis zone. This was similar to my findings. However, organic values

exceeding 50 7o wete not uncommon in my study sites, whereas the maximum soil organic

matter content recorded by ungar was 14.7 vo. Greater productivity in inland boreal saline

sites, along with the persistence of organic matter in the soil (especially in site 3) may

account for the higher organic content readings at my sites.

Gradients in soil pH were not as well defined as those of density and organic

matter' No gradient in pH was readily apparent in sites I and.2,while results from sites 3

utd 4 indicated a gradient of increasing pH from the Calamagrostis zone towarìds the

salicornia zone- Dodd, et al. Qg&l) and Ungar (1970) assessed soil pH at a numberof

inland saline sites in Saskatchewan and South Dakota respectively. Dawe & White (19g6)

investigated soil pH at a coastal ma¡sh in British Columbia. All three studies found

comparable gradients of decreasing pH from the Salicornia zone outward to the peripheral

vegetation zones. Soil pH is related to organic matter (Brady lg74), with more acidic soil
having a higher organic matter content .

Mean soil salinity (mg saly'ml soil) showed a general gradient of increase

sequentially from the Calamagrostis to the Hordeum, Hordeum/Distichlis, Distichlis,
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Puccinellia, and the Salicornia zone. This gradient has been reported in a number of
studies on inland saline habitats in North America, and is apparent regardless of the ionic

composition of the soil @odd et al. l9&: ungar 1966; ungar 1970; ungar 1974(a);

McMahon & Ungar 1978; Ungar et al. 1979: and McGraw & Ungar 1981). More detailed

comparison of the salinity values from my results with those of past studies was difficult
due to differences in the methods of determination and the units employed.

Gradients in soil nutrients were not as distinct as those of salinity. Nitrogen was

highest in the low salinity zones, which may reflect a higher level of microbial activity.

Phosphorus showed a gradient of decreasing availability with increasing salinity, and

corresponding increases in pH likely played a parr in this relationship (Brady lg74).

Potassium content ofæn su¡passed the maximum level of detection, and exceeded tfre

requirement necessary for plant growth (Burchill 1990). Levels of potassium were

consistently lowest in the Salicornia zone of each site.

Comparison of corresponding vegetation zones between sites revealed that although

the species composition of each zone was the same or very similar, soil factors often

varied' This indicates that each dominant species is able to grow under a wide range of
edaphic factors. It also suggests that a species'distribution within a specific site, although

strongly influenced by the soil cha¡acteristics, is also governed by the presence of other

species.

Section 3.4 -2 - Seasonal Fluctuatiors and Extremes ín Moisture and Saliniry

Trends in soil moisture and soil water salinity over the field season were similar

between sites. In general, incrcased soil moisture content in the dilution of the salts in the

soil solution, and thus lower salinity levels. The reverse was true during periods of low

moisture content. This fluctuation in moisture and salinity over the season is largely

dependent on precipitation. The data show that dramatic differences in salinity and

moisture can occur during the growing season, as well as from one season to the next.
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This dynamic characteristic of saline soils has been readily observed in other studies (e.g.

McMahon & Ungar 1978; Unga¡ et at. 1979: and McGraw & Ungar 1981). Soil moisture

is dependent on a number of variables, and one-time sampling of soil often yields linle

useful information. However, periodic monitoring of soil moisture, and interpretation in

relation to climatic conditions, can prove helpful in saline habitat research. McMahon &
Ungar (1978) monitored the soil moisture of four vegetation zones over a single growing

season and found that soil salinity and vegetation growth fluctuated with changes in soil

moisture, which was in turn influenced by precipitation and temperature. Seasonal

va¡iation in soil salinity with soil moisture has also been documented by Beadle et al.

(19 57 ), Waisel (197 2), Sharma (lg7 j), and Ungar (tg7 4 (b)).

The use of soil water salinity as a meastue of salt concentration in saline sites is not

cornmon. As mentioned earlier, most studies tend to measure salinity on the basis of the

conductivity of a soil saturation extract or soil paste. The conductivity readings are then

converted to give salt concentrations based on the mass of dried soil. Units such as

milliequivalents' percentages, parts per million, and grams per kilogram have been used

(Burchill 1991). Soil water salinity has been used in some laboratory based experiments

(Bradley & Morris, 1991; Ewing et al. 1988; Kenkel et al. l99l),as well in the field
(Flaines & Dunn 19s5). It has generally been expressed in grams of salt per litre of
water. The soil water salinities determined from Salicornia zone soils at my study sites

were compa¡able with those reported by Haines & Dunn (1935) for similarvegetation in a

coastal salt ma¡sh.

The results have shown that salt concentrations in the soil solution fluctuated with

soil moistu¡e. During periods of low soil moisture the salt concentration in each zone

usually increased and the salinity levels between zones became more widely separated and

rarely overlapped. During periods of heavy rainfall and low temperatures the soil water

salinity levels of the zones tended to overlap or became equal. If either of these situations

were maintained over a long enough period, it could cause a shift in the vegetation zone
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boundaries towards, or away from, the central salt pan. However, as aerial photographs of
the study sites failed to reveal any movement of vegetation zones over the last 64 years, it
is likely that such vegetation changes would require a very prolonged period of non-normal

precipitation and temperatue regimes.

Mean values of the data (t standard error) were used to illustrate the relationship

benveen soil salinity and soil moisture. However, as poinred out by Burchill (1991), the

actual exFemes in salinity (and perhaps moisture) are probably more important from the

'plant's point of view' than mean levels. Variability in salinity exists within each

vegetation zone and between corresponding zones of different sites. In addition, the soil

water salinity is constantly fluctuating with the external environment, and the vegetation

must have ttre ability to rapidly adapt its physiology to rhe exrremes of these fluctuations in
order to survive. Figures 3.20 - 3.23 present the ranges in soil moisture and soil water

salinity for the vegetation zones of each site over the 1989 and 1990 growing seasons.

Table 3'10 combines the moisture and salinity data collected over both seasons and shows

the extremes' means, and median values for each vegetation zone.

Moisture (7o

Hordeum
Hordeum/Distichlis
Distichlis
Puccinellia
Salicornia

20.0 - 68.2
26.6 - 71.5
18.4 - 82.s
15.5 - 73.0

77.4 fls
44.0 +1.r
43.0 +1.2
48.6 +1.3

31.2 +0.E

77.8
44.1
41.6
44.4
24.6

160
100
60

200
320

ater Salinity (

Hordeum
Hordeum/Distichlis
Distichlis
Puccinellia
Salicornia

5.8 - 51
6.t - 52.4
3.6 - 70.8

tt.4 - 199.0

23.9 +t.I
2t.4 tt.4
26.6 tt.t
71.9 +2.0

10.1
21.4
18.9
24.5
68.9

160
100
60

200
320

ï:ll*19-sy-:s"tve$etation zone. Data werc from all sit"s orréi6õth ,"uronr.
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Section 3.4J - Soíl Depth Gradients

visual inspection of the soil depth cores indicated that the amount of organic matter
decreased with depth, while the silt-clay particles increased. This resulted in a gradient of
increasing soil density with increasing depth in the soil profile. Increasing soil density is
relaæd to compaction of soil particles and greater impermeability of the soil. The grad.ient

of increasing soil density with depth differed berween vegetation zones and sites. In
general, the density gradient reflecæd a decreasing gradient of soil moisture to a certain

depth in all zones. SoiI water satinity tended to increase to a certain deptrr in the low
salinity zones and remain the same or decrease in the high salinity salicornia zone. similar
changes in soil salinity with depttr have been reporred by Dodd et ar. (1964) and ungar
(1966)' studies by Flowers (1934) and Bolen Qg6/| found that salinity of the subsurface

soil was often less than that recorded at the surface.

' The moisture and soil water salinity grad.ients often levelled-off at a certain depth in
the soil profile. In the Calamagrostis, Hordeum, and Hordeum/Distichlis zones soil
moisture tended to level-off at 10 - 207o andsoil water salinity at 30 mg/rnl. The Distictrtis
zone soil decreased to a constant moisture content of between 30 - 3s Vo, anda salinity
level of about 20 mg/rnl. The Puccinellia zone maintained a moisture content fluctuating
a¡ound the20 7o mark, and a salinity level of berween 30 - 50 mg/ml. The high salinity
salicornia zones showed a decrease in moisture to a level of l0 - 20 vo. The concentration

at which salinity reached an equilibrium with depth varied between sites. In sites I and,Z

salinity equilibraæd to between N - &mg/ml, while in site 3 it increased with depth to a
plateau of 20 - 30 mg/rnl- For all zones, the depth at which this levelling-off occurred
varied between vegetation zones and sites, probably because of differences in soil density
gradients' Although the surface soil varied considerably between zones, sites, and

sampling dates, the depth at which the soil moisture and soil water salinity levelled-off was
generally maintained. This suggests that only rhe top 10 or 20 cm of the soil profile is
directly influenced by external environmental factors such as climate, evapotranspiration,
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and topography. This rnay tre important in the growth strategies and disribution of
halophytic species. Those species that are capable of only shallow root penetration, such

as annual members of the Chenopodiaceae, must be able to adapt rapidly to changes in the

surface soils' On the other hand, species capable of deeper root penetration, such as long-
lived perennials, may be able to by-pass the upper soil profile completely, and establish

their root systems at a grcater depth, where soil factors are more static.
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Section 4.1 - Introduction

The interrelationships betrveen soil and vegetation gradients in an inland boreal
saline region at overflow Bay have been discussed in detail by Burchill (lggl) and Burchi[
& Kenkel (1991)' However, these authors examined cond.itions at only two adjacent sites
(one of which was site 2 in this study) in the overflow Bay area; no research has been

conducted on the other three sites of my study. My observations of vegetation zone species

composition and detailed soil collection and analysis indicated that a numhr of similarities
and differences existed between zones within each site and between coresponding zones of
different sites. Investigations into the density, growth rate, phenology, and seed dispersal
of dominant species is lacking. This chapter will address these vegetational aspecß and
relate them to environmental factors.

Section 4.2 - Methods and Analysis

Section 42.1 - Vegetation-Soíl Gradíents

Burchill's study (1991) of two adjacent Overflow Bay sites involved the use of
transects to sample soil and vegetation. His results showed a continuous gradient of
increasing salinity from the periphery to the central salt pan of each site. Associatecl with
this salinity gradient was a discontinuous vegetation gradient, resulting in zonation of salt
tolerant species near the salt pan, and less torerant species around the periphery.

Figures 2'6 - 2.9 show that the experimental plots in one vegetation zone are

spatially separated from those of adjacent zones in each study site. The soil data and

species composition of these plots indicated the existence of between zone trends in soil
factors and vegetation. However, ttrey failed to conclusively demonsrate that continuous

soil gradients and discontinuous vegetation gradients are present at all my study sites.
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Furthermore, although each site displayed discrete vegetation zonation, the species

composition of conesponding vegetation zones between sites was often not consistent. For
example, the Puccinellia zone of sites I and,2,although dominated in both cases by
Pttccirullia ruatallíarta. had different associated species. ln site I sweda depressa,

spergularía mùrittL,Triglochínmaritima,and occasio nally Hordcum jubaturn, were
associaæd with Prccinellia nuttattiana.However, in site 2, Suaeda depressa was the only
species generally associated with Ptrccinellía nuttallíana .Thewidth of respective vegetation
zones also differed between sites. For example, the Florcleum/Distichlis zone of site 2 is
approximately 10 - 20 m in width, while the corresponding Hordeum zone of site 3 is well
over 50 m wide' It was hypothesized that these between-site differences in vegetation w€,Íe

probably the consequence, at least in part, of soil ancl topographic (i.e. drainage)

differences between sites. In order to gain some insight into these differences and to be

' assured that continuous soil and discontinuous vegetation gradients existed, a line transect

survey was conducted at each of my study sites.

Transects were laid down ¿tcross each site pe¡pendicular to the vegetation zones.

The transects were positioned to incorporate the area of each zone in which experimental
plots had been placed- Transects were aligned parallel with one another, and separated by a
distance of 5 m. The length, positioning, a¡¿ number of trmsects emproyed varied
between siæs' This was reflective of between-site differences in the extent and relative
location of vegetation zones (see Figure s.2.6 - 2.9)

Figure 4'1 shows the placement of sampling transects in each study site. In siæ I
four parallel transects, each75 m in length, were established. Each transect extended across
the entire site and incorporaæd the four main vegetatio¡r zones. In site 2, four transects,

each 70 m in length' were established ¿rcross the Salicornia, puccinellia, and Hordeum
zones' The portion of the Calamagrostis zone used in site 2 is separated from the other
zones' For the Calamagrostis zone th¡ee shorter ransects, each 25m in length, were
employed.
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Three 100 meter long Eansects were laid down across the vegetation zones of site 3 . In site
4' four transects, 15 m in length, were established to survey the Salicornia, Distichlis, and
calamagrosds zones. The portion of the Distichlis zone sampled by the transects is
relatively n¿urow, and did not include the area of that zone where the experimental plots
were located.

Transect sampling was conducted on 23 Apnl1990. Elevaúon data were recorded
every 5 m along each transect' and more often when observable changes in elevation were
encountered' When a vegetation boundary was encountered elevations were taken at the
boundary, and 50 cm on either side of the boundary. The dominant vegetation was noted

and a soil core was extracted at each elevation point. cores were placed into a labelled bag
and frozen for transportation back to the lab. soil cores were analy zeÅ forwater content
(vo) and soil water salinity (mg salt/ml soil water). At site 4 ttre pH of each transecr soil
core was also determined.

Section 4.22 - Species' Densiry, Growth, and phenology

In order to obtain a better understanding of the natural growth and development of
the vegetation of the study sites, a phenology survey was conducted over the 1990 growing
season' At each sampling date throughout the 1990 season the above-ground biomass of
each vegetation zone at each site was randomly sampled using an g cm x g cm quadrau All
above-ground plant material was removed and transported back to the lab where the
phenology, density, and biomass were determined for each species. Ten quadrats were
used to sample zones at sites l,z, and 3, and five quadrats at site 4. The sampling
schedule allowed the monitoring of only general phenological categories includ.ing seed
germination, vegetative growth, flowering, and seed set.
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Section 4.2J - Seed Bank Experiments

A simple germination experiment w¿rs conducted to determine if the seed banks of
the study sites were transient orpersistenL and to examine whether the seed bank of each
vegetation zone reflected the zones' curïent species composition. on 23 Apnl,three soil
samples, each2 cm in depth and 10 cm in d.iameter, were collected randomly from each

vegetation 7ßne ateach site. The samples were placed in labelled bags and transported back
to the lab' In the lab the three samples of each zone were combined and placed into a 0.2
mm sieve' The soil was then washed thoroughly with water to remove salts. The washed
soil from each zone was spread evenly over the surface of plastic flats which had been

previously filled with approximately 5 cm of sterilized potting soil. Each flat was labelled
by zone and site of origin, placed on tables in the greenhouse, and flooded with water to
simulate field moisture conditions. The flats were watered regularly to maintain a high soil
moistu¡e content, and emerging seedlings were identifiecl to species. The flats were
monitored for two months, at which time seedling emergence had ceased.

Section 4.2.4- Data Analysis

Transect data were entered into a computer graphics prograûrme to produce three-
dimensional images of the gradients present at the four sites. Mean values were calculated
for species' density and biomass data. Density was expressed as the mean number of
culms (individuals for non-grasses) per square meter, and biomass as the mean dried
biomass (g¡ams) per individual or culm. The phenological data and seed bank experiment
results were not quantitative, and therefore were not subject to statistical analysis.
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Section 43- Results

Section 4 3.1 - Trønsect Results

Site I

Transects for site 1 were oriented in a north-south d.irection. The graphs of the
results (Figure 4'2 - 4.4) show an oblique view in a west-to-east direction across the
transecæd area' The highest surface elevations a¡rd soil moisture readings were in the
Hordeum zone lFigure s 4.2 and4.3). soil surface elevations and moisture levels
decreased through the Puccinelhazoneand into the salicorn iazoneand the salt pan, where
they remained relatively constant, before rising stightly in the calamagrosris zone. All the
zones sloped in an eastward direction. surface water flowed down from the Hordeum,

' Puccinelliq and calamagrostis zones and into the salicornia zone and the salt pan. It then
drained into a small stream at the eastern edge of the site. soil water salinity was low in
the Hordeum zone and gradually increased through the puccinellia zone (Figure a.a).
Highest readings were obtained in the salicornia zone and the salt pan. salinity showed a
number of peaks and tnoughs through both the salicornia zone and the salt pan. It
decreased towa¡d the Calamagrostis zone, where the lowest salt concentrations were
reached.

Síte 2

Figures 4'5 - 4.7 present results from transect sampling of the Salicornia,
Puccinellia' and HordeumlDistichlis zones of site 2. Transects were oriented in an east-
west dircction and the graphs show a view looking northward across the z¡nes. Figurcs
4'8'4'10 present results from the calamagrostis zone transects. In this case, the transects
were laid north-to-south, and the view presented in the graphs is west_to_easl
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There was a definite increase in elevation from the Salicornia zone through the
Puccinellia and Hordeum/Distichlis zones (Figure 4.5). soil moisn¡re also showed an
increasing gradient across the salicornia and Puccinellia zones (Figure 4.6). Moisture
levels peaked nea¡ the western extent of the Puccinellia zone, and then decreased slightly
into the Hordeum/Distichlis zone. The moistu¡e gradient was not as linear as that of
elevation' Soil moisture was subject to fluctuation across the puccinellia and

Hordeum/Distichlis zones' and resulted in the presence of peaks and valleys in the
graphical representation. Drainage of the zones was in a eastwa¡d direction towards the salt
pan.

The gradient in soil water salinity was in general the reverse of the moisture
gradient (Figure 4.7). Salinity was high in the Salicornia zone and then gradually
decreased to the HordeumlDistichlis zone. The Puccinellia zone experienced spatially

' fluctuating levels of salt, which is reflective of fluctuations in soil moisrure.

Elevation inc¡eased gradually from the Hordeum/Distichlis zone to the
calamagrostis zone (Figure 4.g). soil moisrure was highest in the Hordeum/Distichlis
zone and decreased towards the calamagrostis zone (Figure 4.9). once in the

calamagrostis zone the soil moisture began to increase again. soil water salinity was
highest at the southern edge of the area transected (Figure 4.10). This was followed by
decreasing peaks and troughs through the Hordeum/Distichlis zone towards the

calamagrostis zone. with neamess to the calamagrostis zone the gradient became morc
linear, and continued to trre northern extent of the sampled area.

Site 3

The transects of site 3 were oriented in a northeast-southwest direction. The view
across the tansected area, presented in Figures 4.ll -4.13, is in a southwest direction.
Gradients of increasing elevation and soil moisture were apparent from the unvegetated satt
pan to the Calamagrostis zone (Figures 4.1I and 4.12). The elevation and moisture
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increased rapidly through the Salicorn ia znne. The increase then became more gradual over
the Hordeum and calamagrostis zones. The peaks and valleys in elevation and moisture
through the Hordeum and calamagrostis zones reflected trre hummocrc/hotow topography
of the site, which resulted from the high organic, peat-like nature of the soil. The gradient
in soil water salinity was the reverse of the moisture and elevation gradients. Salinity
decreased quickly from the salt pan to the Hordeum zone (Figure 4.13).It then remained
fairly level across the Hordeum and calamagrostis zones. surface water tended to drain
towards the salt pan, although site drainage was generally poor due to the pooling of water
in small hollows in the Hordeum and calamagrostis zones.

Síte 4

Results from Eansect sampling of site 4 are presented in Figures 4.14 - 4.17.
' Transects w€re established in an east-west direction and the view presented in the Figures

is from north to south across the width of the transected a¡ea. Soil surface elevation and
moisture showed a gradient of increase from the Salicornia zone, across the Distichlis zone,
and into the Calamagrostis zone (Figures 4.14 and 4.15). Highest surface elevations were
found in the southeast comer of the calamagrostis zone, while the lowest elevation was in
the northwest corner of the salicornia zone. surface water flowed off the vegetation zones
and onto the salt pan and then exited the site via a small sream in a northeastern direction.
Soil water salinity decreased rapidly through the Salicornia and Distichlis zones and
gradually leveled-off in the calamagrostis zone (Figure 4.16). soil pH remained relatively
level across the zones, but rapidly decreased at the eastern extreme of the calamagrostis
zone (Figure 4.17).
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Sectíon 4.3 2 - Densíry, Growth, and phenology

C al attagr os tís inery ans a

calamagrostis ineryansa (Table 4.1) experienced a general rend of decreasing

culm density over the season. Individual culm biomass generally increased over the

season' Culms in sites I and2 showed a general increase in biomass at each sample period

until late August. when a significant decrease in culm biomass occured. The decrease

may have resulted from biomass loss due to seed dispersal at these two sites. Culms of
calatnagrostís inexpansa in sites 3 and 4 continued to show an increase in biomass during
the season' There was close correspondence in the phenological stages between sites I and

2' Culm density was highest, and phenological development was most rapid in sites 3 and

4.

Hordewnjubatwn

In general the density of Hordeu¡¡t jubaum (Table 4.2) insites 2 and 3 increased in
the early summer, and then decreased later in the season. Initially site 3 experienced the

densest growth, but later in the season declined to the densities observed in site 2.

Hordewn iubatwn density in site I showed an initial increase in early summer, followed
by a sharp decline at the beginning of August. Density then increased agai¡ towards the

end of August' The decline at the beginning of August is difficult to explain, and may be

the result of an error in sampling (e.g. sample size). Initial biomass of ind.ividuals was the

same between sites. Biomass then increased until the late August sampling period, where

there was a decline in individual biomass. The most robust plants were found in site l.
Phenology of Hordewn iubatwn showed little variarion between sites. Fruit development

was cornmonly observed by early August. The decline in individual biomass by late

August corresponded with seed dispersal, and was likely a precursor to plant senesence.
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;?:iä,fY'*ä
site 1, 2, and 3, n = 5 forõite ¿.

Ur
b.J

29May
5 July

2 August
24 August

30 May
2 luly
31July

22 August

30 May
5 July

31 July
23 August

29 May
2 luly

l August
21 August

90
90
80
90

30
50
90
60

100

90
90
100

100

100

100

100

4r.0
106.0
234.0
202.0

13.2
43.r

265.4
171.2

s9.1
2T1.2
299.8
383.9

34.2
153.8
192.3

330.0

(individuals/m2)

s00.0
390.6
390.6
375.0

265.6
234.4
734.4
406.3

1359.4
1250.0
968.8
i 109.4

843.8
1031.3
r2s0.0
968.8

Vegetative
Vegetative
Flowering
Seed Set

Vegetative
Vegetative

Flowering
Seed Set

Vegetative
Vegetative & Flowering

Seed Set
Seed Set

Vegerative

Vegerative
Flowering & Seed Set

Seed Set



Table 4.2
jubatwn

(Jt(,

29 May
5 July

2 Augusr
24 August

30 May
2 luly

31 July
22 August

30 May
5 July
3i July

23 August

Occurrence
(vo)

100
100
100
100

80
70
100
100

Biomass
(mg)

2t.0
90.0
69.0
50.0

21.4
37.2
42.6
37.7

22.1

57.0
s9.1
47.0

100

100

80
100

rt7 t.9
32t8.8
1437.5
4156.3

1546.9
1140.6
2984.4
2203.r

3968.8
6390.6
28s9.4
2890.6

Vegetative
Flowering
Seed Set
Seed Set

Vegetative
Flowering
Seed Set
Seed Set

Vegetative
Vegetative & Flowering

Seed Set
Seed Set



Distíchlß stricn

' The biomass of Distichlis sfficta ind.ividuals increased steadily over the 1990

season (Table 4'3), without the decline in biomass ar rhe end of the sampling period that
was observdin Hord¿wn itrbattun andcalamagrostis íneryansaindividuals. Density of
culms showed an initial increase untit mid-sunmer. It then decreased by early August and
remained fairly constant until the end of the sample period. plants were generally more
robust' but less dense in site 4. Phenological development varied little between sites,
although individuars appeared to set seed ea¡lier in site 4.

P uc c i ne I I ia ruutal tíana

The density of Fuccinellia ruttalliarn was higher in site I than in site 2 at the start
of the sample period. Density in site I then decreased dramatically by the second sample

' date' It remained essentially unchanged through the third sample date and then increased
by the final sample date in late August. Density in site 2 showed a distinct increase from
one date to the next over the growing season. Biomass of individuals in site I was low at
the start of the season and then increased steadily until the beginning of August, whereupon
it began to decline until the last sample date in late August. The low individual biomass and
high density values for the early season in site I are reflective of the phenology of the
population' At this time a large proportion of the population was still in the germination

stage of developmenL In siæ 2 individuats showed a¡r initial increase in biomass at the start
of the season' After the 2 July sample the biomass remained the same for the rest of the
season' In general, the highest densities and most rapid maturation of puccínellia

ruatalliana occurred in site 2. Plants in site 1 were not ¿rs dense, but appeared to be more
robust.
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Table a.3 Mean
srricta over the 1990grõwing season. Bi;ñr;ääå*iil*r.rs to individual cutms.for site 2, n = 5 for siTe 4.

tJt
(.lr

2

Date

U

30 May
2 July

31 July
22 August

29 May
2July

l August
21 August

Occurrence
(vo)

uency

60
90
90
90

60
100
60
60

Biomass
(mg)

9.5
50.2
60.8
64.3

11.9
53.6
59.8
83.s

(individuats/m2)
enslty

328.t
1078.1
8t2.5
765.6

37s.0
1593.8
437.5
s93.8

Distichlis
n=10

nology
Stage

Vegetative
Flowering

Flowering & Seed Set
Seed Set

Vegetative
Flowering
Seed Set
Seed Set



Uì
o\

29 May
5 July

2 August
24 August

30 May
2 IuIy
31 July

22 August

lividual biomass, d
*hg.season. Biomas io indiui¿uä;;h"r. n = 10.

90
100
100
100

6.7
40.3
52.2
36.5

12.4
25.2
27.9
26.0

(individuals/m2)

54s3.t
3546.9
3296.9
7000.0

3921l9
4796.9
7046.9
7703.r

Germination &Vegetative
Flowering
Seed Set
Seed Set

Vegetarive
Flowering & Seed Set

Seed Set
Seed Set



Salícorniantbra

Salicornía rubra individuals showed a distinct trend in increasing biomass over the

growing season. Biomass accumulation was similar between populations from sites I and

4' Greatest biomass accumulation occured in plants from site 2. Densiy of individuals

increased in sites 1 and 4, and then decreased by the final sample date. Density of
individuals was low in site 3, while in site 2 the population appeared to maintain a constant

density after seedling establishment. Overall highest densities were recorded at site 4.

Phenology was similar between sites 1, 2, and4. Development of the siæ 3 population

was hindercd by standing water in the early summer. Flowering was not observed at any

site until early August, and fruit development was common by ttre final sample date later

that month.

Sectíon 4.3.3 - Seed Bank Investígatíons

The seed bank experiment results (Tables 4.6 - 4.g)ind.icate that the vegetation

zones not only had a seed bank reflective of their native vegetation, but also contained

seeds of a number of species from adjacent zones. For example, in site I (Iable 4.6) the

Salicornia zone soil contained seeds from species normally found only in the puccinellia

zone' A number of species normally restricted to the Salicornia and the Hordeum zones

were found germinating in soil taken from the Puccinellia zone. Following this trend, the

Hordeum zone soil contained seed from Puccinellia and Calamagrostis zone species, but
no seed from Salicornia zone species. Finally, the Calamagrostis zone soil yielded species

native to its own zone' as well as nvo species normally restricted to the other vegetation

zones of the site. This trend was also observed at sites 2, 3, and, 4.
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Table 4.5 Mean frequeny, inai{
over^the 1990 gro.wing season. Biomass and density iefersio indi;iá;ilp1¿,1j;. n = 10 for sites 1, 2,and 3, n = 5 for site 4.

(Jr
æ

29 May
5 July

2 August
24 August

30 May
2 July
31July

22 August

30 May
5 July

31 July
23 August

29 May
2 July

l August
21 August

Occurrence Biomass
(7o) (mg)

50
100

100

70

0
100

100

100

2.0
13.0
18.0
33.0

0.0
10.9
29.6
s8.6

0.0
0.0
0.0
37.8

3.6
13.8
17.9
28.9

(individuals/m2)

4

1781.3
1656.3
2718.8
750.0

0.0
i078. i
968.8
1218.8

0.0
0.0
0.0

140.6

3875.0
6437.s
3250.0
2343.8

0
0

0
60

100

100

100

100

Gerrnination
Germination &Ve getative

Flowering
Seed Set

none
Vegetative
Flowering
Seed Set

none
none
none

Vegetative & Flowering

Germinarion
Vegetative
Flowering
Seed Ser



Table 4.6 Results fro
ting species are indicatea uy '*; óí 'i.' A¡r ,*, i"di""rËil;e"i"sinát ar"-"årnäry
íiiTf, #r*"rrïicurarvegeiationìon",*hil""îi;äätJr-rprói"iì"rn'¿iïîfu ¿

Tî,!P 1Í,jes_lt{rting species are indicatdo u/ ü; o;'n:;"J;ìilñäË;öäÈ#iìffi,?"ïåääi,
f ilfl # r*"rrTic 

u l ar ve ge â tion ìo n", *hì l. 
" 

^'ïi;ää 
rJirp"ó i r, 

" """äî Til¿

Calamagroitisl@sa
Sonchus arvensis
Aster pansus
Astcr pauciflorus
Atriplex patula
Ilordeum jubatum
Triglochin maritims
Puccinellia nuttalliana
Spergularia mari¡w
Suseda depressa
Salicornia rubra

tÍ

¡ß

:t

+
tl.

+
*

*
*
+

rf

*
*
*
+
+
*

*

+
*
*
*

Hierchlæ odorata

C al atnagr o s ti s inexpa rua
Sonchus arvensis

Asler pansus

Grindelia squarrou

Atriplex patula

Hordeum jubatum

Dßticltlis stricta
Triglochin maritima
Puccinellia nwtulliana
Spergularia marina

Swefu depressa

Sslicornis rubra

*
*
*

+

+

+

*

*

+
{.

+
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Table 4'8 Results from preliminary seed bank investigations in site 3. Germina-ting species are indicatet ur C;;;';i;;;ìiîåiäËiii'""i", 
rhar are normauy

fiilf,#r*"tïicular uegeätion ,oni *rrir" 
" 
'îïäätär'rp"ri., normarry round

Table 4.9 R

*,9*f,* l-_T.ql:3:io_li . :' ;;,;,:' 4Tl. 
t üi¿i.äiËiïi", i* th at a¡e normar i

f :'1fl g,**ïicuraru"gãänon"";;;hfu 
"1iïäi""à,"J,"J::tiJl,ffi ä,",fråili.

Juncus baltictu
C a latnag ro s t is i nexpansa

Sonchus arvensis

Aster lacvís

Asler pansus

Atriplex pøula
Gløxnariana
Ilordeum jubatun

Triglochin maritima
P uc ci nellia naual liana

Suaeda depressa

Salicornia rubra

+
*
*
*
*

+
*

+
*

+

+

*

-t-

*

*

+

+

+

Polygonum sp.

Typha sp.

Rumex occideualis
Juncus balticus

C al atnag ro s t is i rrcxp ans a
Achillea milleþlium
Sonchus qryensis

Aster pansus

Stellaria longifolia
Ranuncuhu cymbataria

Atriplex patula

Grindelía sQurroscr

Hordewn jubattan

Triglochin maritima
P uc ci ne ll ia nut tallí ana
Suaeda dcpressa

Salícornia rubra

*

*
,i

*
*
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Section 4.4 - Discussion

Section4.4.I - Soil andVegetatíon Gradients

The relationship between plant disribution and soil gradients in inland saline

habitats have been studied extensively (e.g. Keith lg5g; Dodd & coupland 1g66a,b; ungar
1966; 1968;1970 1974;McMahon & ungar l97g; Badger & ungar 1990; Burchill l99l;
Burchill & Kenkel 1991). These studies emphasize the existence of a continuous gradient
of decreasing soil salinity from the salt pan towa¡ds the peripheral vegetation zones, and
concluded that this gradient was a major influence on species distribution within inland
saline habitats' ungar (1978), in a study of ohio salt pan soil-vegetation relationships,
found that this gradient was maintained even though soil salinity fluctuated over the
growing season. Although salinity gradients described in these studies were continuous,
vegetation gradients were not. Instead, the vegetation was patterned into distinct vegetation
zones dominated by a single species or pair of species.

Relationships between vegetation d.istriburion and soil surface elevation, soil
moisture, and soil pH have not received as much attention as soil salinity. Keith (195g)
and ungar (1968; 1970) found weak tends in soil pH at the saline sites they studied. The
salt pan often had the highest soil pH, while the soil pH on the ourer periphery of the site
was generally the lowest' soil pH values of the zones in between these two extremes often
overlapped' Burchill (1991) reponed a conelation between soil pH and vegetation

distribution, but this correlation was considerably weaker than that between vegetation and
soil sarinity. Keith (195g), ungar (1g6g; 7g70),and McMahon & ungar (rg7il)
described the existence of a soil moisture gradient across saline sites, and found that it was
generally negatively correlated with soil saliniry. They found that an increase i' soil
moisture generally resulted in a corresponding decrease in soil salinity. ungar (1g70), in a
study of sulphate dominated soil of south Dakota, found a di¡ect correlation between soil
moistu¡e and soil organic matter contenl Generally the two factors increased along a

161



gradient away from the salt pan. Presumably the higher a soil's organic matter content the
greate'î its moisture holding capacity, which would lead to a decreased concentration of
salts in the soil solution. The influence of elevation gradients on species distributions in
coastal saline manhes has been well documented (Adams 1963; Neiring & v/arren 19g0).
Descriptions of elevation gradients in inland saline habitats are generally lacking, although,
Burchill (1991) discovercd an increasing gradient of relative surface elevation away from
the salt pan and across the vegetation zones. The gradient was generally linear and resulted
in the drainage of surface waters from the periphery of the sites toward the salt pan.

Salinity zuralysis of the surface waters from inland sites has not been reported ill the

literature. However, it is likely that salts are transported in the run-off of surface water
from the higher to the lower zones. This may play a role in maintaining a soil salinity
gradient across a site.

Results from transect sampling of my study sites were similar to those reported in
the literature' continuous grad-ients in elevation, soil moisture, and soil water salinity, and
discontinuous gradients in vegetation were present at each site. The vegetation zones met
to form distinct boundaries at which there was little mixing of species. sample cores taken
on both sides of a vegetation boundary, and on the actual boundary itself, failed to indicate
a discontinuity in the soil factors analyzed,. some small-scale fluctuations in soil factors
within vegetåtion zones occurred, but these were probably the rcsult of localized

differences in soil texture, erevation, and water holding capacity.

The width of vegetation zones differed between sites, but the extent of zones was
found to conespond well with the slope of rhe soil gradients. Gradual gradients in soil
factors, as occurred in site 3, resulted in wide vegetation zones. presumably the soil
factors fell within the dominant species' tolerance ranges over a larger spatial a¡ea. In site 4
the soil gradients were steeper, which led to rapid changes in soil factors over a short
distance, and resulted in reratively n¿urow vegetation zones.
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Section 4.42 - Growth of Dominant Specíes

C al atnag r o s tís i neq ans a

calarnagrostis inexpansa is a native North American perennial grass usually
inhabiting slightly saline, moist areas and ma¡shes (Budd & Best 1964). A sea¡ch of the
literature revealed little information about the growth and development of calanngrostis
inexpansa in inland saline habitats. The only exceprion to this is in Burchill (1gg1), who
describes calamagrostís inexpansd as a tall rhizomatous grass forming a loose sod and
dense standing litter' He found that the species was the least salt tolerant dominant grass
commonly found at the overflow Bay siæs. while the calamagrostis zones of all sites had
the lowest salinity levels, calanngrosrts ínexpansa growth was considerably more robust
and denser at sites 3 and 4 than at sites I md2. An explanation for this d.ifference is
difficult because of the present lack of information about the species, physiological and
ecological requiremen ts.

Hordewn jubatwn

Hordewniubatum is a short lived perennial bunch-grass commonly found in waste
places, pastures, and sarine habitats throughout North America (cords r960; ungar
1974(b))' The salinity tolerance of Hordewn iubatwn has been described as moderate by
Badger & Ungar (1990). However, its abiliry ro complete its life-cycle in the absence of
salts (ungar 1974(b)) zurd its prevalence in non-saline habitats indicate that it is not an
obligate halophyte' Badger & ungar (1990) reported that phenological development and
growth of the species was concentrated in late spring and early summer. This was
probably the result of long exposure to sunlighr which encouraged growth (unga¡ lg74b).
cords (1960) reported that seed dispersal occurred in mid-summer and by late summer
seeds germinated, which allowed the plants to overwinter as seedlings. He suggested that
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this overwintering habit was a survival strategy, as seed viability was found to be reduced
by prolonged periods of cord remperature. Findings by ungar (rg74(b)),however,
indicaæd that seeds may retain their viability over long periods of time, and attributed
cords'results to ecotypic variation or some form of secondary seed donnancy induced by
low temperatures.

At the first sampling date in 1990I observed that individ uals of Hordcurn jubaturn
were in the vegetative phase of growth, with no germinating individuals present, which
tends to support cords view (see above). However, germination and seedling
establishment may have occurred prior to my first sample date. My observations indicated
that growth and maruradonof Hordeurn iubatun was relatively rapid, as most individuals
flowered by ttre end of June and set seed during the month of July. plants continued to
accumulate biomass until early August. The decline in biomass after this date probably
resulted from seed dispersal; my findings a¡e thus in close agreement with those of
Badger & Ungar (1990).

studies by ungar (1974(b)) and Badger & ungar (1gg0) indicate that Hordeum

iubatwn is most susceptible to high salinity during the seedling establishment phase of its
life-cycle' Thus, soil salinity is important in limiting the d.istribu nott of Hordcurn jubanan
in saline habitas' These studies also found that soil moisture was correlated with the
species'distribution. From this they concluded that salinity effects on seedling
development were therefore likely osmotic rather tha¡r toxic. Badger & ungar (lgg0)
suggested that competition, along with physiological tolerance, also played an important
role in tlre distribunon of Hordeurn jubaturn This will be discussed in more detail in the
next chapter.

Distíchlis stricta

Distíchlís sticta is a shallow-rooted, rhizomatous perennial. It occurs throughout
the westem united states and western canada, but is generally restricted to saline soils in
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these regions (ungar 1974a).It is often associaæd with other species such as Hordewn

iubatwn andPuccineltia nttattiana (Jngar 1974a),and may, under suitable conditions of
salinity and moistu¡e, become a co-dominant with these species, or even form pure stancls.

The range of salt tolerance of Distíchlk strícta overlaps with that of puccincllía

rwttalliana at the upper extreme andHordewn jubatum at the lower (ungar 1974(a)).

This probably plays a major role in its apparent coexist with both these species. Apparent
coexistence of Diostichlisstricta andHordcwniubatum wasreadilyobservedinsite2of
my study' soil moisture requirements forDisrrc hlis stricta are less than those of Hordeurn

iubatum ' This, along with is wide range of salinity tolerance, may have enabled it to
coexist with Hordewn jubattan Observations on Hordeun/Distichlis communities in the
midwestern united States (unga¡ 197 a)indicate that on a micro-topographical scale

Hordewn iubatwn was often found in moist depressions while Distichítis stricta
occupied the drier ridges. Differences in phenologic¿rl developrnent between Distichlís
stricta and' Hordewn iubatum may also aid in coexistence of the two species. Growth of
Hordewniubatum ismost active in the spring and early surnmer (Unga¡ 197 a),while
other species, Distichlis strícta among thern, tend to reach full maturity later in the

swnmer' Bolen Gge) observed thatDistichlís sticta began growth at the same time as

Hordewn jubarum, but did not flower and set seed until at least a month after Hordcurrt
jubatwn ' These latter observations coincide with results I obtained of Distíchtis stricta
growth and development at sites 2 and 4. Plants or Distichlis strícta continued to increase
in biomass throughout the cou¡se of the 1990 season, unlike Hordeum jubatum,which

showed a decline in individual biomass over the month of August. phenological

observations indicate that in site 2, where coexistence witlt Hordeum jubatum occurred,
the majority or Distichlís stricta was still flowering while Hordeurn jubatum had.already

developed seeds. In site 4, where Dístichlis strícta formed mono-dominant stands,

phenological development followed a similarregime as in mono-dominant stands of
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Hordcwniubanatl atthe other sites- This suggests that Distíchlís stícta may be able to
modify its phenological development in order to coexist with Hord¿um jubaturn.

Prccinellia rutnttíann

Dodd & c-oupland (1966a) have describú.Puccíræltíe nuttauiana asthe most salt
tolerant grass species in saline soils of saskatchewan. The species is perennial and is
found on alkaline, saline soils throughout the interior plains of western North America
(ungar 1974a)' soil texture does not appear to have a major influence on puccinellia

nwtalliana distribution (Dodd et.al. '1,964). The species has been found under a wide
range of soil moisture conditions (ungar 1974a),but probably requires wet periods for
successful germination. Ungar (1970) found that Puccinellia nuttalliana completed its life-
cycle under a wide range of soil salinities, i;md concluded that it should not be considered
anobligatehalophyte. In snrdysites 1 andTPrccinellía nuttalliatø dominated the
vegetation between the Salicomia zone and the HordeumlDistichlis or Hordeum zone.
Individuals or Puccinellía nunalliana often appeared sporad.ically in the Flordeum and
Hordeum/Distichlis zones' and germinating individuals were observed in the Salicornia
zone of site 3 during the early spring of 1990, when salt levels were low and soil moisture
levels were high' These seedlings died after the onset of drying condiiions in the summer.
Macke & ungar (1971) suggested that the species' wide sart rolerance allows it to occupy
highly saline a¡eas where few competitors occur. presumably it cannot compete with
Hordcu¡n iubanm and,Dístichlís stricta under low sarinities, but is able to out-compere
salicornia zone species under conditions of high salinity up to the limits of its physiological
tolerance (Macke & Ungar lgTI).

Phenological developmentof Puccirrcllia nwmllíana atsrudy sites I a¡d 2 was
similar to that of Hordetun iubanm. Gennination and vegetative growth occu*ed in the
early spring, while flowering and seed production were observed by early Jury.
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Laboratory experiments by Macke & ungar (rg7r) found that rapid growth and

developmentof Puccinellia rutttallíaru was a function of photoperiod. Long days (14
hou¡s of light) promoted vegetative growth and flowering, and a¡e in accordance with
conditions in the late spring and early sunmer.

Macke & ungar (1971) also found that seeds of puccinellia nütulliana remained
viable over periods of high salinity and germinated when cond.irions ameliorated. Although
they found that salinity inhibited germination, the level at which salts became inhibitory
was higher ror puccineilia ruttailiana thanfor Hordcwn jubatwn.

Salícornia rubra

salícornia rubra is a succulent, annual halophyte, and a member of the

chenopodiaceae (scoggan 1957). The species is found across the western united states
and British columbia and the prairies provinces of canada (ungar 1,974 (a)). The
taxonomic classificationof salicornia rubra remains uncertain and often has been

considered synonymous with, or a subspecies of, the more widespread Salicornîa
europcæt ' studies specific to the growth and development of .g¿li cronia rubra (salicornía
europaea ) in inland saline habitas are numerous (Tiku 1976;llngu et.at.l919;McGraw
& Ungar 1981; Rieht & Ungar l9g2; philipupillai & Ungar l9g4; Guy er at. t9g6; Ungar
1987)' The various literature sources agree that salícornía rubra is Iikely rå¿ rnost salt
tolerant species found in inland saline sites. This high tolerance is instrumental in is ability
to exist on and dominate the edge of the unvegetated salt pan. However, studies, such as

ungar enl' (1979), have shown that plant growth and development was enhanced under
less saline conditions. Despite this, the species normally occurred only under highly saline
conditions' Presumably interspecific competition with less sarine tolerant species limits the
distribution of Saücornia rubra.

salicornía rubra requires a wet spring for successful seed germination (ungar
l97a@Ð' High soil moisture is probably required ro dilure rhe concentration of salts in the
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soil' thus creating osmotic conditions favorable to the breaking of seed dormancy. seed
dispersal by salicornía rttbra is usually very localized, and seeds were usually observed
germinating on and around the previous season's growth. Germinatio n of Saltcornía
rubra was app¿ì-rent a sites I and 4 in rate April, and continued through May. The
salicomia zones of sites 2 and,3 were inundated with standing water in the early spring.
This period of soil saturation appeared to limit germination. Germination eventually
occured at these sites once the standing water was no longerpresent. Also, the
germination of new seedlings was observed throughout the season, and appeared to be

correlated with periods of high soil moisture (however, not ro the point of saturation).
Germinationof salicornia rubra later in the season may be a function of seed dimorphism
and an ability of the seed to maintain viable during periods of unfavorable environmental
conditions (Philipupillai & ungar 1984). Flowering occurred during July, and seed

development over the month of August.

Jefferies et ar. (1979) and ungar (r9g7) found that the primary response of
salicornia rubra to increasing salinity was a reduction in plant growth and eventual death
if salinity exceeded the species' tolerance. They found no evidence for intraspecific
competition' and concluded that density-dependent mortality was limited or non-existent in
populations of salicornia rubra,a¡rd that the main factors controlling populations were
abiotic' However, I found that salicornía rubra individuals continued to increase in size
until the end of the season. This was accompanied by a decrease in density in sites I and 4
and a maintenance of density in site 2. Increasing size of individuals does not suggest
excessive stress from salinity, but a simultaneous decrease in density suggests intraspecific
competition' My results are somewhat preliminary; clearly nlore detailed monitoring of
salicornia rubra populations is required in order to address the problem more completely.

168



Section 4.4.3 - Seed Banlq

Hutchings & Russell (1989) studied the seed bank of a coasral salt marsh in
chichesær Harbour, sussex, England in order to determine if seedbanks of such habitats
were tansient or persistent, and if there was a correlation between seed bank species a'd
existing vegetation. Their findings showed that the seed bank of their salt marsh was more
transient than persistent. They suggested that the main reasons why such seedbanks were
not persistent related to wave and tidal action, which removed the majority of the seeds

before they became secured in the sedimenl To counter this, plants of the tidal zone tend to
grow rapidly, be prolific seed producers, a¡rd thus a¡e able to replenish the seed bank
annually' conversely, those species of less disturbed zones (at high tide), tend to be
rhizomatous perennial grasses.

Seed bank studies on inland saline habitars have been conducred by Ungar
' (1974(b)' 1978) and ungar & Riehl (1980). Inland saline sires such as those of my srudy

are not influenced by wave or tidal disturbances, as are coastal marshes. Thus, one would
expect the establishment of a persistent seed bank within each vegetation zone of each site.
Results from preliminary seed bank investigations within vegetation zones revealed that
each zone does in fact contain seed reserves reflective of the naturally occurring vegetation,
as well as seeds of species from adjacent vegetation zones. similar findings are reported
by ungar & Riehl (1980) in a study of the seed bank of an inland saline habitat near
Rittman' ohio' Their study site contained four vegetation zones -- Hordeum, Atriplex,
tall salicornia a¡rd dwarf salicornia -- and a sparsely vegetated salt pan. They found that
seed from each of the zones was present in each of the other zones, and concluded that the
zonal distribution of species in inland salt sites is not due to the segregation of seed or the
absence of seed from the seed bank of the vegetation zones. salinity appeared to be the
main factor controlling germination. Seeds of low salt tolerant species such as Hordcum

iubanm andCatanagrostß inexpansa will not germinate in puccinellia or Salicornia zone
soils until the concentration of salts is reduced. This explains why these species are
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restricted from the Puccinellia and salicornia zones. However, it does not explain why
individuals of salt tolerant species such as Puccinellía nunalliana, salicornia rubra, and
Distichlis sticta are rarely, if ever, found in the Hordeum and calamagrostis zones, even
though ttre soil of these zones contains their secd. The next chapter will deal with this
problem.
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Section 5.1 - Introduction

Chapærs 3 and 4 described in detail interrelarionships between the soil and
vegetation gradients at the four study sites. soil gradients were shown to be continuous
and vegetation gradients discontinuous. Burchill (lggl) showed that salinity was the most
irnportant soil factor influencing the disribution of species. It is likely, from looking at my
results' that soil moisture and salinity act in concert to influence the species present and
their distribution within the study sites. Although salinity and moisture are very important
in species distribution, they cannot totally acæunt for the vegetation zonation pattern
observed' Thus, some other factor such as interspecific competition may be important in
the creation and maintenance of zonation. In order to assess the relative roles of salinity
and interspecific competition, a reciprocal transplant expedment was conducted. The
design of the experiment was modified from thar used by McMahon & ungar (lg7g),
Ungar et al. (1979), Ungar (lgg7),and Bertness (1991).

Section 5.2 - Methods and Analysis

Section 5.2.1 - FieldTransplants

The reciprocal ransplant experiment involved tansplanting uniform plugs of
vegetation and soil from each zone into experimental plots of each other zone at each site.

In order to distinguish between the effecs of salinity alone, and the combined
effects of salinity and comptition on transplants, the vegetation in half of the experimental
plots was removed by herbicide application. The use of herbicides in vegetation
manipulation experiments is relatively common, and has been reviewed by Aarssen & Epp
(1990)' A2vo solution of RoundupTM herbicide was applied to half of the plots (selected

at random) in each zone ateach site to kill the vegehtion. A 25 cmbuffer zone was also
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sprayed ¿uound each of these plots. sprayed plots are referred to as 'cleared plots,.
RoundupTM is a gllphosate herbicide and must be apptied ro photosynthesizing vegetation
in order to be effecúve @uke 1988), therefore, application took place in early June of
1989' when plants were actively growing. This herbicide was chosen because it is non-
selective' it is quickly absorbed by the vegerarion, and it rapidly binds to soil particles to
become inert within about seven days of application @uke lg8g). In order to be certain that
the herbicide was no longer active, clea¡ed plots were reft tbr a period of two weeks before
transplantation of vegetation plugs. The dead plant rnaterial that resulted from the herbicide
application was left in place in order to provide a ground cover and mininúze evaporation of
soil moisture in clea¡ed plots. uncleared plots were used to gauge the response of
transplanted vegetation to salinity and rnterspecific competition, while transplants placed
into cleared plots were used to gauge the response of vegetation to salinity alone.

' To extract vegetation/soil plugs for transplanting, a 10 cm diameter stai'less steel
tube was forced into the ground to a depth of 10 cm. The corer was then twisted to break
the soil and vegetation within the tube free of the surrounding soil. The corer and contents
were then removed from the ground and úe transplant plug pushed out the end of the tube.
The majority of the underground biomass was located within l0 cm of the soil surface
(Burchill 1991)' Each transplant plug contained uniformly monodomilanr vegetation and
soil representative of the zone from which it was exracted.

In uncleared plots, plugs were taken from within the boundary of the plot. In
cleared plots, plugs were extracted from just outside the buffer zone. plugs were then
nansplanted into corresponding plots of each other zone within each site. For example
plugs from plot A of the salicornia zone were transplanted into 'A plots' of each other zone
in the site' Thus, the origin of each transplanted plug was known. placement of plugs
within plots was randomized.

Two t¡pes of control plugs were established in each plot. In unclea¡ed plots, one
plug of native vegetation was extacted and then replanted into the same hole.In cleared
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plots a plug was extracted from just outside the buffer zone or each plot and placed into that
plot' In both cleared and unclea¡ed plots this t¡pe of control was called a cw-and-replace
control' The other type of control plug involved delineating a circular area of vegetaúon
with a diameter of 10 cm within each plot This type of contror plug was left untouched and
was called a non-tbnsplawed control. The cw-and-replace control plugs of each zone
\Ã/ere compared with nonirüßplanted control plugs to assess trre disturbance effects of
transplantanon' cut-and-replace controls allowed comparison of the response of vegetation
transplanæd into experimental plots of foreign zones relative to its response in experimental
plots of its native zone.

The field experiment was designed to run for two consecutive growing seasons,

and required that two complete series of plugs to be established in each plot of each site. In
sites I and2 five plugs were used per season, for a total of ten plugs per plot. These plugs
consisted of two each of: (a) non-ftansplanred controls; (b) cut-and-replace controls; and
(c) vegetation plugs transplanted from each of the other vegetation zones of the site. The
total number of plugs used in each large site was 400. The two smaller sites requirecl 144
plugs per site' The total number of plugs over all the sites for the duration of the experiment
was 1088. AII were established in mid_June of 19g9.

Clea¡ed plots were periodically weeded to keep them clear of recolonizing
vegetation' A schedule of monitoring periods is given in Appendix tr. Figure 5.1 shows
an example of a cleared plot and an uncleared plot containing transplanted vegetation, and
control plugs' Figure 5.2 is a photograph taken in July l9B9 of the experimental plot lay-
out with transplanted plugs in ttre Salicornia zone of site 3.
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Figure 5.2 Photograph of experimental plots in the Salicomia zone of site 3, 19g9.
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one series of plugs was chosen at random and designated for the lggg harvest.
with the exception of site 3 plugs, ttre above-ground biomass of each plug of this series
was harvested during the final week of August, 1989. The remaining series was harvested
during the third week of August, 1990, which, according to the growth and phenology
study (see chapter 4) represented the period of maximum biomass accumulation for the
species involved' In each case the biomass of each plug was clipped, placed in plastic
bags' Iabelled' and frozen' The 1989 biomass harvest of site 3 invorved the extraction of
the entire vegetation plug (including soil) from each plot. The plugs were rhen placed in
labelled plastic bags and frozæn. The endre plug was removed in order to cretermine below-
ground biomass' The 1989 harvest results were used to assess the progress of the
experiment' onty the 1990 transplant data will be presented and discussed in this thesis.

one soil core sample was also removed from each harvested plug to determine soil
' water salinity' rnoisture content' and pH. soil samples were frozen to preserve moisture.

Biomass and soils were then üansported to the university of Ma¡ritoba for processing.
Above-ground plant material was thawed, separated by species, and dried at g0 oc

ror 24 hours' Material was massed and biomass recorded. species, density was recorded
for the 1990 series' Plugs extacted from site 3 in l9g9 (for below-ground biomass
determinations) were treated as above, and then the soil was washed on a 2mm sieve to
removal soil particles from the below-ground material. An attempt was made to separate
live material from dead and decaying material. This involved separating roots on the basis
of color (live material being whiter, and dead being off-white to brown). The below-
ground material was dried, and biomass determined and recorded. No attempt was made to
separate below-ground biomass by species because of the diffîculty of cloing so, and the
probable inaccuracy of the results obtained. Resurts of the below-ground biomass
measurements are presented in Appendix rv (lggg harvest data).
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Section 5 .2.2 _ Growh C lnmber Transplants

Transplant experiments can also be conducted by growing plants under controlled
conditions (such as in a greenhouse or growth chamber) and then transplanting them into
the field' This method of transplantation allows more contror over the density and
uniformiry of species b"ing transplanted . salicornta rubra, Hordeum jubatun, and,
calattwgrostis íneryansa--the three dominant species of each vegetation zone of site 3 --
were grown at known densities in a growth chamber and later transplanted into cleared and
unclea¡ed plots of site 3.

seeds of the three species were placed in pots in the $owth chamber under
conditions favorable for germination (following Kenkel et al. l99l). Twenty fourpots
were used per species, while 10 control pots were established in which no seeds were
placed' The control pots allowed analysis of soil moisture, soil water salinity, and pH of

' the pofting medium prior to transplantation. This amounted to a toral of 72 species pots and
10 controls' The pots were 10 cm in diameter x 10 cm deep (the same size as the field
transplant plugs)' A sterilized potting soil mix of I part peat: I part sand: 2 parts loam was
used' Thirty seeds of each species were placed in the pots for germination, and the pots,
including the seedless controls, were watered daily to maintain high soil moistu¡e and
humidity' After two weeks germination had ceased and seedlings were then removed to
establish the following densities for each species: salícornia rubra- 3 plants/po t; Hordc,m
iubarum - 5 plantvpoç catarrugrostis ineryansa- 4 plantsþot. plants were grown for six
weeks' At the end of May 1990, the pots were then transported to site 3 and the entire
contents of each pot (plants and soil) was placed into the transplant plug holes left from by
the previous seasons above/below ground biomass harvest. Four po$ of each species were
placed into the cleared plots and fou¡ into the unclea¡ed plots of each zone. The prants in the
plugs were then clipped to conform in height with each other and the surrounding
vegetation. The control pots were not transpranted into the site.
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The above-ground plant material of the $owth chamber u'ansplants was harvested

at the same time and in the same manner as the 1990 f,relcl transplants. A soil core was also

collected from each transplant soil for purposes of soil water content, soil water salinity,
and pH determinations.

Section 5.2.3 - Transplant Data Analysís

Means (t SE) of biomass were determined for the clominant species transplanted

into cleared and uncleared plots of each zone, as well as for the control plugs in clea¡ed and

uncleared plots of each zone. Mean values (t SE) were also calculated for the soil
moisture, soil water salinity, and pH of ransplante.d and control plug soils in each zone.

Biomass values for species in field transplanted plugs were calculatecf relative to their
corresponding cut-and-replace controls (i.e. biomass (g) of ransplanted plug - biomass (g)

of the control = net gain or loss of biomass (g) due to ransplantation). A two-factor
ANovA (ø = 0.05) with interaction was used to determine if there were significant

differences in biomass accumulation between clea¡ed and uncleared plots within each

zone' and between cleared plots from one zone to the next, for each species transplanted. In
a number of cases the vegetation died as a result of transplantation. When this occurred in
both cleared and unclea¡ed plots of a particular zone, the data were excluded from the
ANovA' T-tests using the pooled estimate of variance (a = 0.05) were used to indicate

whether significant differences existed between the biomass of species in non-trarsplanted
controls and cut-and-replace conFols in order to determine effects of transplantation on the
dominants' The t-test was also used to determine if significant differcnces existed between

soil factors (salinity, moisture, and pH) of cleared versus unclea-red plots, in order to
determine if the soil of plots had been altered by herbicicJe applicarion. ANSVA and

Dunnett's test (c[ = 0.05) for comparing a conû'ol mean with each other group rnean were

used to determine whether soil factors of plugs (groups) were significantly different from
those of the plots (controis) into which they werc transpranted.
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only the 1990 biomass accumulation results are presented and discussed in the
following sections' The biomass accumulation results for l9g9 are presented in Appendix
rv' The 1989 results allowed assessment of the experiment's progress over the flrst
season. Density can be used as a measure of a species' growth response, however,
biomass accumulation was deemed to be the better indicator of overall plant production in
the transplanted plugs. The results from density data for the 1990 ha¡vest, although not
dealt with in the folowing sections, are presented in Appendix v.

Section 5.3 - Results

sectíon 5.3.1 - soír Factors of creared and (Jncreared prots

It was important for the success of the transplant experiment that the effect of the
herbicide application on soil factors be minimal. In other words, the soil cha¡acteristics of
cleared plots should not differ appreciably from those of uncleared plots within the same
zone' I was concemed ttrat the removal of vegetation in clea¡ed plots may have led to
changes in evaporation rates, and thus altered the soil moisture, pH, and saliniry of the
cleared plots' In order to determine if this occurred, the soil pH, soil moisture content, and
soil water saliniry of clea¡ed and uncleared plots from eacrr zone of each site were compared
to determine if significa¡t differences existed . Figures 5.3 - 5.5 present a series of graphs
showing the relationship between cleared and unclea¡ed plots for the three soil factors
analyzed.

The specific data tested for soil moisture and soil water salinity were collected on
the final sample date of 1989, and the first and last sample dates of 1990. Data for
comparison of soil pH are from the 1990 season only. These dates were chosen because
they are periods between which climatic conditions differed. Results of this analysis
indicated that' for the most pal't, soil pH, moisture, and water salinity were not significantly
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different betr¡¡een clea¡ed and uncleared plots. A few exceptions to this are listed in Table
5.1.

Table 5.l List of'occ
soil pH, soil moisrure, and soilú;ril¿ñtüätd;iü:ï#ár*try berween
cleared and uncleared plots (t_test a = 0.05).

Although there were, on occasion, significant differences between cleared and
uncleared plots, these differences were relatively small. The soil factors witirin the plots
(whether clea¡ed or uncleared) of a particular zone, stin iernained within the ge'eral
tolerance range for the zone's dominant species. Thus, herbicide apprication and
eradication of vegetation did not appear to adversely affect or alter the soil of t¡e cleared
plots.

sectíon 5.3 '2 - soil Factors of prots andrransprantedvegetation prugs

A second important condition for the success of the experiment was the need for
conformity between the soil of the transplanted vegetation plugs and the soil of the plois
into which they were placed. For example, the soil of vegetation plugs extracted from the
salicornia zone plots and transplanted into the calamagrostis zone plors should have
decreased in salinity and pH, and increased in soil moisture to levels found in the soil of the
Calamagrostis zone plots.

Graphs comparing the soil of experimental plots and transplant plugs are presented
in Figures 5'6 - 5'11' The data for transplant plug soils are from soil co¡es collected from
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tne 1990 biomass harvest period. Data for plot soils were obtained from soil cores
collected in the plots at the same time as plug harvesting.

soil pH of transplant plugs was collected from site 2 only (Figure 5.6). Note that
each graph represents the transplanted plugs from a specific zone, while the bottom axis
lists the vegetation zones into which the plugs were transplanted. The black bars represent
the values obtained from transplant plug soils while the shaded bars represent levels
reported for the plot soils.

The format of the graphs used to present the moisture and salinity data (Figures 5.7
- 5'11) differs from that used to present the pH data (Figure 5.6), in that each Figurc
compares the soil of a particula¡ type of transplant plug with the soil of each zone at each
site into which it was placed. Both soil moisture and soil water salinity are presented in
each Figure. For example, Figure 5.7 is a series of graphs comparing the soil of
Cølarnagro.stís ìnexparsa transplant plugs to the soil of each zone of each site. soil
moisture is shown on the left side of the page, whiie soil water salinity is on the right. The
left axis of each gaph represents the scale for each soil factor. Note that this scale may
differ between sites' The bottom axis represents the vegetation zones into which, in the
case of Figure 5'7, transplant plugs containing calanngrostis ínexpansa wereplaced.
Black bars represent the soil of the transplant plugs, while shaded bars represent the soil of
the experimental plots.

The results of the statistical analysis are presented in Appendix vI. It was

discovered that the majority of the transplanted soils were significantly higher or lower in
soil moisture, soil water salinity, and soil pH than the soils into which they were placed.
Thus' the degree of conformity between transplant plug soils and experimental plot soils
was less than optimal' However, by looking at the graphed results, a rend approaching
conformity is apparent. In generar the soil water salinity of transprant plugs
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from low salinity vegetation zones increased when placed into the higher saline zones. The
expected reverse trend in soil moistu¡e did not occur. soil moisture of ransplant plugs
showed the least amount of change and conformity to zone soils. Moisture content is
strongly influenced by the amount of organic matter in the soil. Thus, the soil in plugs
from low salinity zones' such as Hordeum and caiamagrostis, which tend to be high in
organic matter' maintåined a high soil moisture level when transplanted into the high
salinity zones, even though the surrounding soil of the high salinity zones was low in
moistu¡e' This retention of soil moistu¡e did not appeff to radically hinder soil water
salinity from increasing in plugs put into high salinity soils. Thus, the proportion of water
in the transplant plugs often differed significantly from the amount in the surrouncling soil,
but the concenfation of salts in that water showed a trend towa¡ds conformity.

Section 5.3.4 - FieldTransplant Experimert

Iwroduction

The previous section dealt with the soil characteristics of transplanted plugs in
relation to the soil of experimental plots of eac h rnne. This section will compare the
response of the transplanted species to that of the cuÍ-and-replace con,rol plugs of
unclea¡ed plots' First, the rnean biomass (t sE) for each dominant species transplanted
into cleared and uncleared plots in each zone of each site was calculated. secondly, the
mean biomass (t sE) of the dominzurt species in the curand,-replace contol plugs from
unclearedplots in each zoneof each site was determined. The means of the transplanted
dominants were then standardized to that of the cut-and,-replace contols for each species.
Figures 5'12 - 5'16 present the results of this data manipulation. Each Figure represenrs
the biomass resurts for a specific dominant. For exampre, Figures 5.12 presents the
response (as relative biomass accumulati on) of calamagrostís írrcxparsa (i.e. the plugs
that originated from the Calamagrostis zone) to transplantation into clea¡ed and uncleared
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plots of each zone in each study site. The 1990 seasonal range of salinity for each zone is
presented in parenthesis along the x-axis of each graph. The horizontal line across each
gaph which intercepts the y-axis atzerorepresents the cut-and-replace control to which
the transplant plugs are compared. values occurring above the horizontal line represent
cases where growth was greater than that of the control, while values below the line signify
cases in which gowth declined below the control. For example, in the site 3 graph of
Figures 5' 12' the maximum growth of calamagrostis inexpansa occurred when it was
transplanted into clea¡ed plots of its native zone, while it decreased in growth when
transplanted into the Hordeum zone, and died in the plots of the Salicornia zone.

The data were also subjected to a two-factor ANovA (u = 0.05) with interaction.
The questions asked of the analysis were:

(1) v/as there a significant effect on the $owrh of the dominant species when they
were transplanted into different vegetation zones? Did an increase or decrease in
salinity signifîcantly affect the growth response of the transplanted species?

(2) v/as there a significant effect on the response of transplanted dominant species

due to treahnent of plots? In other words, did a species'response to transplantation
into clea¡ed plots, with no competition, differ significantly from its response to
transplantation into unclea¡ed prots, where competition was present?

(3) v/as there any interaction between the two variabres (competition and salinity)
on tl¡e growth response of transplanted species? That is, if both the effects of
competition and salinity proved signif,rcant, was the effect of competition the same
between different salinity levels (no interaction), or cüd the effect of competition
differ from one zone to the next (interaction present).

C alanng rostís inexpans a

Transplants of calanngrostis inexpansø showed the best growth when placed into
their native zone (Figure S.l2,Table 5.2), and died when transplanted into plots of the
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salicomia zones of sites 7 - 4, thePuccinellia zones of sites I and z,and the Hordeum,
Hordeum/Distichlis, and Distichlis zones of sites r,2, and4 respectively. In sites 3 and
4' calatnagrostís ínexpansa, as well as showing best growth in its native zone, showed a
distinction between Eeaünenß, performing better in clea¡ed plots than in the uncleared plots
of its native zone (p < 0'05 ANovA). It is also interesting to note that when ranspranted
into the Hordeum zone of site 3, where soil factors between the Hordeum and
calamagrostis zones were very similar, the species also performed better in clea¡ed plots as
opposed to uncleared plots.

Table 5.2 Resurts of two-factorANovA (cr = 0.05) .ondu"ãin bi**,
*?"?[,,r:,::::f:!:inexpansi o*rpi*r, a-r each site. rhe two facrors are:vegetation zones ,r?1.-T_é.r,,arini;t ¡ã = ro ioiüi;; i;ää'i:'åi;J:,är,3. and 4); and plot'tre-atment lpreseíóe'òr.absencl;i;righñrs) (n = 5 forsites I and2, n = 6 for site i, 

" = t?;;irr;j. "ñä ffiri,i, non_uppricabilitv
iHJ: 

death of the transplani.i¿-i"¿i"iäì¿sin åa"r, 
"ìïä^"äp, the calamagrostis

The graphs a¡rd the ANovA results indicate that the main factor influencing the
performance of transplants in sites I and 2was soil water salinity (vegetatio' zones).
ANovA indicated that differences between transplants praced into the catamagrostis zone
and those placed into the Hordeum zone in site 3 were ress signif,rcant (p = 0.0671).

Saline

Site

ANOVA Results (p values

I N/A 0.8709 NiA

2 N/A 0.4588 NiA

3 0.0671 0.0132 0.7965
4 N/A 0.0395 N/A
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However' the presence or absence of neighbors (plot ireatment) played a significant role in
determining the response of these surviving transplants (p = 0.0132). In Site 4 salinity
strongly influenced the performance of the transplants, while ANovA results indicate a
significant difference (p = 0.039s) between plot featments for the transplants that survived
in the the Calamagrostis zone.

Hordeumjubatum

Trends in the performanc e of lrordewn iubatwn transplants in sites I - 3 are not
as evident as those expressed in the case of calamagrostis ínexpansa transplants (Figu¡e
5'13)' Results tended to vary somewhat between sites. However, some similarities can be
observed' In all th¡ee sites Hordeum iubatum died when transplanted into plots of the
salicornia zone' The vegetation also died in plugs transplanted into rhe puccinellia zone
plots of site 2, while those placed into the Puccinellia zone plots of site I showed a decline
in mean biomass accumulation. Placem ent of Hordeum iubatwn into uncleared plots of
the calamagrostis zone of site 1 also resulted in death. Transplantations into uncleared
plots in the calamagrostis zones revealed no change in growth in site 2, anda decline in
growth in site 3 relative to ttre cut_and_replace conrrols.

In zones in which transplants survived, the highest mean biomass accumulations
were recorded in the cleared plos as opposed to the uncleared plots. ANovA results
(Table 5'3) indicate that the response of the surviving prants appeared to bc influenced
more by plot treatrnent than by sarinity levers in sites r and 2(p < 0.05).

The growth response of survivin g Hordewniultatum transplants in site 3 differed
somewhat from that of sites I and 2. Both the zone and the treaÍnent were found to
significantly affect the species'response (p = 0.0001), and signifîcant interaction between
the two va¡iables was evident (p = 0.0002). Figure 5.13 shows that in site 3 the
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perfonnance of Hordewniubatrtn was highest for transplants placed into cleared plots of
its native zone' when transplanted in'.o cleared plots of the calamagrostis zone, biomass
accumulation did not differ from than that of the cut-and-repløce controls in the Hordeum
zone.

l:,:t:jå}"j$1 g,f y*facror eñoïÀ (cr = 0.05) 
"on¿u".tø 

ãn;d;;
!:2?!.I:r!:ytpg* fralfplants ai each site. rhe *";itii'#Ï
{i.s::ii,:.Íf :f:t y1:?, s ari å i iyi¡n : io iði-ii t* î i"i á, i"l"diå,,i "?,31Ét13,"*.F::E{:*1":iTä'bå;""orneighbors)<n?,i;.:f,:i:

Distíchlis strícta

In site 2, Distíchlts striua growth was negligible when transplanted into the
Puccinellia zone, and death resulted from transplantation into the salicomia zone @g're
5'14)' The species survived transplantation inro plots of the Hordeum/Distichlis zone and
the calamagrostis zone. However, the biomass of the transplants did not differ between
these latter zones' The ANovA results for site 2 (Tabre5.4) indicate that there was no
significant difference due to prot treaünent for biomass accumuration (p _ 0.gs2g
ANovA), but t'ere was a significant difference due ro vegetation zones (p = 0.0074) for
the surviving transplan ts.

Saline

Site

ANOVA Results (p values)

r 0.2861 0.0263 0.g23g
' 2 0.0667 0.0008 0.0651

3 0.0001 0.0001 0.0002
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rabre5.4ú;"ù-oÌ;;d;r",-Ãñov;õ:õ"0tt;;;;,.d;;il*"*
data ofD¡sticrtris strig-ta transptants æ,*r, site. The two factors are:

#åif¡J.;?å"'"fX'ly:::'j1i)li =:iöõi.;äü î ror siæ 4 );

The trend in the growth response of Dístichlís stricta to m.nsplantation in site 4
differed considerably from that of site 2. As in site 2, plants died when placed into the
salicomia zone' However, unlike site 2, transplantation into unclea¡ed plots of the
calamagrosds zone of site 4 also resulted in the death of the plants. Mean biomass of
Dístichlis stricta also dec¡eased below the cw-and-reprace conftol when transpranted into
cleared plots of the calamagrostis zone. Transplantation into cleared plots of its own zone
in site 4 resulted in an increase in mean biomass. Excluding the ransplants placed into the
salicornia zone, ANovA indicates that biomass was significantly different between the
remaining zones (p = 0'0196), but was not significantly different for the plot treatments þ
= 0.1836).

Prccirrcllia nwnJlinna

Transplantation of Puc cínellía nuttalliana plugs was conducted in sites j. 
'*d,Zonly' The biomass accumulati on of Puccinellia nutallíana in transplant plugs showoc

some similarities between the two sites (Figure 5.15). In both sites the species died when
placed into the salicornia zone plots, and plants either died (site 1) or biomass was greatly
reduced (site 2) with transplantation into the uncleared plots of the calamagrostis zone.

Saline

Siæ

ANOVA , Results þvalues)

2

4

0.0074 0.9s28 0.6089

0.0196 0.1836 0.4292
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The graph of site I results shows that the mean biomass of transplants placed into
clea¡ed plots of the Puccinellia zone and clea¡ed and unclea¡ed plots of the Hordeum zone
differed little from that of the cut-and-replace contols, but mean values tended to be higher
in the cleared plots' when placed into cleared plots of the c-alamagrostis zone the mean
biomass decreased slightly relative to the control, but remained higher than the biomass of
plugs placed into uncleared plots of this zone. In site l, ANOVA was conducted only on
those transplants placed into the calamagrostis, Hordeum, and puccinellia zones. The
ANovA results indicate that while there was no significant difference between plot
treaünents (P = 0.1357) on the growth response of survivin gthe puccínellia nuttallíana
individuals in site 1, the difference benveen vegetarion zones was approaching significance
(p = 0.0898).

data,of Purcinellía nwnlliana t unrpì-ì, ut ria.re:veserard;;fi åä""'##elä'#iiliÌå'jiåi,t#orî,H#å,iîJ:fand plot treatment (pre-

In site 2 the accumulated biomass values of Puccinelria nuttalliarn ransplanted into
cleared plots of the Puccinellia, Hordeum/Distichlis, and calamagrostis zones, were not
ottly similar to each other, but were considerably higher than that of the uncleared plots for

Saline

Site

ANOVA , Results (p values)

I 0.0898 0.13s7 0.8923

2 03772 0.0a05 0.74rg
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each zone. Placement into uncrea¡edplots of the calamagrostis and HordeumDistichlis did
not result in total eradication of Puccincllia nuttalliana, but biomass accumulation was
reduced relative to the conEol. ANovA results from the siæ 2 transplants (excluding those
placed into the salicornia znne)indicate that competition had a significant effect on rhe
growth of Puccinellia tattalliana. tçt = 0.0@5), while no significant difference was
apparenr due ro salinity @ =0.3772)

Salicornia rubra

Transplantation of ^fal¿c ornía rubra into each vegetation zone was conducted at all
four study sites (Figure 5.16). Individuals of salicornia rubra survived transplantation
into cleared plots of each vegetaúon zone. Thus, values for biomass accumulation,

although often very low, were available from each vegetation zone in each site. Because of
this' all the data on salicornia rubra transplants were included in the ANovA testing.

rable 5.6 Re;;;;-r*o Ë;.-Ãñõv; õ-= 0¡t-;";d"*dili"*;
dataon salicornta rubra.nanspr_ants a1each site. Thó nuo r*to* are: vegeta-
l\:""::T'^f'::l.yi:l:tt"tti6;i0;;' iit"i r;ãä;;î ror sites 3 and4); ¿nd ptot reatment þreseiód ; 

"È;'.i"" 
;ä#h#lj'<; : ;i ìåii¿iïand2, n = 9 for sites 3^and 4).

Saline

Site

ANOVA Results (p values)

I 0.0001 0.t297 0.9

2 03329 0.0018 0.1244

3 0.0037 0.0001 0.0032

4 0.0196 0.0023 0.0057
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In site 1, the biomass of ,S¿l¿co rnia ntbra decreased from that of the control when
placed into clea¡ed and uncleared plots of the Hordeum and puccinellia zones, and the

cleared plots of the Calamagrostis zone. Plants placed into uncleared plots of the

Calamagrostis zone died. ANOVA (Table 5.6) indicates this decrease in biomass is
significant (p = 0'000t). ANovA also ind.icaæs that there was no significant difference

between salícornía rubra transplants placed into cleared and uncleared plos in each zone
(p = 0.1297).

The graph of site 2 results shows a trend towa¡ds increasing mean biomass

accumulation between transplants in clea¡ed plots of the lower salinity zones (i.e.

calamagrostis and HordeumlDistichlis) and the Puccinellia and salicomia zones. ptants

placed into the uncleared plots of the Puccinellia and calamagrostis zones d.ied, while those
in the uncleared plots of the Hordeum/Distichlis zone exhibited very limited growth.

' ANovA indicates that this different response to cleared and uncleared plots was significant
(p = 0.0018), while differences benveen zones were not significant (p = 0.3329)

The results from site 3 show a trend of increasing biomass of Salicornta rubra
with decreasing soil salinity in cleared plos. ANovA results indicate that there was a

significant difference between vegetation zones (p = 0.0037) and benveen plot teatments
(p = 0.0001), and that interaction (p = 0.0057) existed between rhese two facrors.

salicornia rubra performed best in the cleared plots of the Hordeum and calamagrostis

zones' where salinity was low and competition greatly reduced. No difference in biomass

accumulation was observed between the control and transplants placed into uncleared plos
ofeach zone.

Resuls from transplantation of salicornia rubra in site 4 are simila¡ to those of site
3' In site 4 salícornía rubra performed best in cleared plots, but clied in the uncleared

plots' of the calamagrostis zone. Mean biomass decreased for plants placed into unclea¡ed
plots of the Distichlis zone. Plans placed into cleared plots of the Distichlis a¡rd Salicornia
zones showed no difference with regmds to biomass accumulation. ANOVA indicates that
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biomass accumulation differed significantly due ûo vegerarion zones (p = 0.0196) and plot
treatment (p = 0.0023), with interaction occuring between the two variables (p = 0.0057).

Sections.S5 - Effects of plug Extraction

The main purpose of the reciprocal transplant experiment was to show the sing'lar
a¡rd combined effects of competition and salinity on the dominant species. However, the

data did not show the effect that the physical extraction of vegetation plugs (for
transplantation) might have had on the dominant species of the plugs. The process of
extraction would ineviøbly result in the severing of plant rhizomes and roots, and thus,

may have hæ[ a negative affect on the performance of the vegetation following
transplantation' In order to determine if the vegetation of the transplants was adversely

affected by th,e plug extraction process, the accumulated biomass of cut-and-replace

contnols and non-ffansplanted controls, both from uncleared plots, were compared using a
pooled estimaæ of va¡iance t-test (a = 0.05). No significant difference in biomass

accumulation betrveen the two controls could be interpreted as a sign of minimal
disturbance due to plug extraction. Biomass results from both the lggg and 1gg0 harvests

were used to see if there were any between-season differences.

The results of this comparison afe presented in Figures 5.17 -5.21. Each Figure
presents the biomass accumulation from both seasons for a specific dominant species. For
example, Figuré 5.17 presents the biomass for Calanngrostís ineryarsø controls, Figure
5'18 the results for Hordeurniubatwn, and so on for the five dominant species of the four
study sites' The rnean biomass of the control plugs is presented along the y-axis, while the
study sites a¡þ found along the x-axis. The presence of square brackets (along the x-axis)
indicates thaù the controls were not significantly different (ø = 0.05) for a particula¡ site.

I
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The results indicate that the biomass of species in the cw-and-repl¿ce controls
tended to conform to that of the non-transplanted controls over the course of the two
growing seåsons' salicornia rttbra and, Puccinellia runallíana appear to have been the
least affecæd by the extraction process. Biomass accumulati on of Distíchlís stricta and,
Hordcutn iubaturn was significantly lower in cw-and-replace controls than tn rnn-
transplanted controls in the 1989 season. This decline in growth may have been due to
damage resulting from plug extraction. However, the 1990 results suggest that the
vegetation had recoveted by the end of the second field season. Results from the 19g9
calatnagrostís íneryansa controls indicates that the extraction process may have caused
damage to vegetation in plugs of sites 2 and3, but nor to those of site I and 4. The 1gg0
results suggest that the vegetation in plugs of sites 2 and3 had recovered by the second
field season.

Sectíon 5.3.6 - Growth Chamber Transplants

Soil Factors

As with the field ransplant experiments, it was important that the soil of the growth
chamber transplants conform to the soil of the plots into which they were placed.
comparisons were made between the transplanted soils and the plot soils to determine if the
soil pH' soil moisture content, and soil water salinity had been altered by placement into the
experimental plots' These comparisons are presented graphically in Figures 5.22 - 5.24.
Note that each Figure presents the three soil factors for a particular transplanted species in
separate graphs' Each graph is divided into three sections; one for each vegetation zone of
siæ 3' The scale for the soil factor is located on the y-axis, and does not differ between
Figures' This allows easy comparison between transplanted species. plot treatment
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categories (cleared or uncleared) are listed along the x-axis. Note that there is a cleared
fteamnt and an unclea¡ed treatment foreach vegetation zone. This ¿urangement allows
comparisons to be made between the plug and plot soils in cleared and uncleared plots
within aparticular zone, as well as between vegetation zones of the site.

Based on soil analysis of the growth chamber controls, the mean soil pH of the
transplant plugs prior to transplantation was 7.57 t0.02, while the mean moisture content
was 67'l t l'|'vo, and the mean soil water salinity was 0.67 t 0.06 mg/rnl. The soil pH
of transplant plugs increased slightly when placed into the plot soils. conformity of pH in
plugs to that of plots occurred only in the salicorn ia zone. The pH of plugs placed into the
Hordeum and calamagrostis zones did not decrease to levels present in the plot soils of
these zones' but rather increased slightly above the pre-transplantation levels. There
appeared to be little difference benveen the pH of plug soils with regards to plot treatment.
The soils of the Hordeum and calamagrostis zone aÍefairly acidic because of their
extremely high organic matter content. The growth chamber transplant plug soils were
only about 25vo organic matter þeat), and thus the pH of these plug soils remained slightly
basic, and were not infruenced by the s'rrounding prot soils.

soil moisture content of nansplanted plugs did not conform to the moisture of the
plot soils into which they were placed. As mentioned in the previous paragraph, the
organic matter content of the vegetation zones was considerably higher than that of the plug
soils' This probably allowed greater water retention in the plot soils compared with the
transplant plug soils, resulting in lower moisture content levels in the plug soils. In
general ttre soil moisture content of the plugs ranged between 35 and 45 vo atthe time of
plug biomass harvesting. Like the moisture conrent in field soils, ir is probable that the
moisture in the plugs fluctuated over the growing season in concert with the precipitation
and temperature regimes. The soil moisture of the plug soils showed little va¡iation
between clea¡ed and uncleared plots and betrveen vegetation zones.

215



unlike soil pH a¡rd moisture, the soil water salinity of the transplant plugs tended to
increase to levels present in the plot soils of the three vegetation zones. soil pH and soil
moisture were roughly equal in atl the transplant plugs regardless of the plot treaünent or
veget'ation zone into which they had been placed. The soil wat€r salinity levels of the
nansplanted plugs, although apparently not influenced by plot tneahnent, were dependent
on the vegetation zone soils into which they had been transpranted-

Species Transplanæ

The biomass accumulation results for transplanted plugs containing calanwgrostis
inexpansa' Hordewn jttbatrtn, and salicornia rubra are presented graphically in Figure
5'25' A two-way factorial ANovA with interaction was also conducted on the biomass
data' The results of the ANovA a¡e presented in Table 5.7. In situations in which plants
died in both clea¡ed zurd uncleared plots of a particular zone, the data were excluded frorn
the ANovA' Note that the graphs in Figure 5.25 dtffersomewhat from the fîeld transplant
graphs' Each graph presents the biomass accumulation for a single transplanted species,
however' the graphs use histograms to illustrate biomass accumulation, and the values are
absolute' rather than relative to a cut-and-replace conbol. Biomass values (means + sE)
from cleared plots are represented by white ba¡s, while shaded bars represent uncleared
plots.

C alarnag ro s tis i neq aw a

Calanagrostis ircryawa died when placed into the plots of the the Salicornia zone.
Mean biomass accumulati on of calarnagrostis inexpansa was lower in uncleared plots
compared with clea¡ed plots of the calamagrostis and Hordeum zones. Also, there was a
slight decrease in biomass in the calanagrostís ineryarsa praced into the cleared plots of
the Hordeum zone compared with cleared plots of the calamagrostis zone. ANovA (Table
5'7)' however, indicates that these differences in means were not significant (p > 0.05).
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Transplanted

Species

ANOVA Results (p values

C alarnag ro s tß i ncryans a

Hordcurn jubaturn

0.4291

< 0.0001

< 0.0001

0.t26

0.s065

< 0.0001

0.625

0.4478

0.0007

Hordeum jubatwn

Individuals of Hordewn inbatwn survived transplantation into all of the vegetation
zones (Figure 5'25)' However, biomass was greatly reduced due to transplantation into
plots of ttre salicorni a 7nne. ANovA (Table 5.7) indicates that there was no significant
difference due to plot treatment (p = 0.5065), but there was a siginificant d.ifference due to
zones (p < 0.0001) for transplants of Ë/o rdewn jubatwn.

Salicornia rubra

salicornía rubra did not survive transplantation into cleared plos of the salicornia
zone' and growth was negligible in uncleared plots of the same zone. The graph clearly
illusfates that the species performed considerably better in cleared plots of the Hordeum
and calamagrostis than in uncleared plots of these two zones, and in experimental plots of
the salicornia zone' ANovA indicates significant differences due to plot treaÍnenr (p <
0.0001) and zones (p < 0.0000), with interacrion (p = 0.0007).
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Section 5.4 - Discussion

Sectíon 5.4.1 - Inroduction

Three main conditions were important for the success of the transplant experiments.
Fint' the effect of vegetation removal with herbicide on the soil factors in cleared plots
should have been minimal. second, the soil of the transpranted plugs should have shown
conformity with that of the experimental plos into which the plugs were placed. Third, the
effect of plug extraction on the transplanted vegetation should have be minimal.

significant differences between soils from clea¡ed and uncleared plots were few,
suggesting that the effects of vegetation removal were minor. Although the soil factors of
the plugs were sometimes significantly different from trre soil factors of the plos, there
appeared to be a general trend in conformity in the soil water salinity factor. The soil
moisture and soil pH of the transplant plugs appeared to be strongly influenced by organic
material' Because of this, the soil moisture and soil pH of plugs from zones high in soil
organic matter did not conform to the soil of plots in zones of low soil organic matter and
vice versa' soil water salinity appeared unaffected by organic matter content. This was
best revealed in the results from the growth chamber transplant plug soils. Thus, although
the soil moisture in plugs and plots may have differed, the salt concentration in the soil
water of the plugs compared to that of the plots was similar. As salinity is likely the most
important soil factor governing the distribution of species in these saline sites (Burchill
7991)' the soils data results were positive. Biomass data from the transplant experiment
contnol plugs showed that some species, such as puccínellia nwtallíanø. appeared
unaffected by extraction, while others, such as Hordeurn jubatuÍn, suffered damage the
first year' but appeared to have recovered by the second season. Thus, the three conditions
outlined in the previous paragraph were attained, and permit further discussion of the
transplant experiment results.
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Section 5.42 - Use of ANOVAfoT Data Analysís

The ANovA method fordetermining significant differences assurnes that the data
have a normal distribution and that the sample means of the data have equat va¡iances. The
biomass accurnulation data from the field and growth chamber transplant experiments did
not fully meet these assumptions. In some situations the transplanted species died when
placed into unclea¡ed plots and into high salinity soils. This generated a number of znro
values and' consequently,led to non-normality and unequal va¡iances. In an attempt to
counter this problem' cases in which there were no surviving transplants in both cleared
and unclea¡td plots of a particular zone (e.g. placement of calamagrostis ineryansa nto
the salicornia zone) were excluded from the ANovA. This data manipulation was not
totally successful, however it did somewhat increase the normality and equalize the
va¡iances of'the daa.

Nonnal probability plots of the data residuals indicated that in most cases there were
too many extremes or outlying points to be considered normal. This resulted in a non-
linear relationship benveen the residual scores and the normal scores of the data- A linear
relationship between residuals and normal scores indicates normality in a data set. In order
to determine höw close to normal the data were,I subjected the residual and normal scores
to the Pea¡son product-moment correlation. Tables 5.8 and 5.9 presents the correlation
coefficients (ri- values) for the transplanted species of each site, where r = 1.00 indicates
a positive correlation and normality in the data. In my data the r - values, although less
than l'00' were relatively high and thus indicate that the data, for the most part, werc close
to normal. :

7År (\984) states that the robustness of the ANovA allows operation even with
considerable heteroscedasticity (heterogeneity of variances) as long as the sample sizes are
equal' He states further that the analysis, because of its robustness, is not affected
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ùamatically by even considerable deviations from normality such as skewness and/or
kurtosis' Tttus, although the data did not entirely fit the assumprions of the ANovA,I
decided that ANovA was the most appropriate method fordetermining significant
differences, and that, coupled with the graphical representation of the data, would provide
the desired information for proper interpretation of the transprant results.

Table 5.8 C

!|$ffi#,'.iualsand"o'-¿-'"å''-oitr'"täilä;i,i,tm;¿AË*iliäransprant

Transplanted Saüne Correlation Coeffrcient

Species sita

C alattagros rts i neryans a I

2

3

4

I

2

3

,)

4

I

2

I

)

3

4

0.960

0.988

0.950

0.982

0.905

0.910

0.945

0.957

0.947

0.942

0.861

0.867

0.833

0.974

0.875

Hordcwn jubatwn

Distichlis stricn

P uc c ittcllía rußØl ltana

Salicorniarubra

221



section 5.4.3 - Effects of satinity and competítíon on Transpranted specíes

Calanagrostis inqansa

with the exception of the Hordeum zone of site 3, calamagrostís ínexpansa d'4,
when placed into zones of higher salinity, regardless of the plot treaunent. It was unable to
tolerate high soil salinities, and thus, was excluded from the salicornia, puccinellia,

Disticl¡Iis' Hordeum/Distichlis, and Hordeum zones. The species survived transplantation
into the Hordeum zone of site 3. However, growth of plants in uncleared plots was
considerably less than that of the cut-and-replace contors and the transprants placed into
clea¡ed plots' The soil satinity of the Hordeum zone of site 3 was similar to that of the
adjacent calamagrosds zone, and. calarnagrostis íruxpansa was able to tolerate the stightly
higher salinities under conditions of no competition (i.e. in cleared prots). ANovA
revealed that when ransplanted into plots of its own zone, the response of calarnagrostß
ineryansa was significantly higher in cleared plots than in uncleared plots in sites 3 and
4' This suggests that in these sites the growth of calamagrostis irrcxpansa within its native
vegetation zone was influenced to a degree by inuaspecific competition. No interaction

Transplanæd Correlation C-oefficient

Calamagrostß íneryansa 0.960

Hordewt jnbatwn 0.9gg

Salícorniantbra o oso

-

7)','



was found be¡veen plot treaunents and vegetation zones for surviving transplants in site 3.

This indicaæs that the effect of competition is the same regardless of the salinity level.

The growth chamber transplant results for Calamagrostis ineryansa were simila¡
to those of field transplants in site 3 in that individuals died when placed into the high
salinity soils of the salicornia zone. However, unlike the field transplant results, growth
chamber transplants of Calanugrostís iruryansa showed no significant difference in
growth between cleared and uncleared plots or between the Hordeum and Calamagrostis

zones' However, the mean biomass values were lower in uncleared plots than in clea¡ed
plots, and if left to grow for another season significant differences in growth between plot
treaünents might have developed.

Hordewn jubatutn

Field transpla¡rts of r/ordeutn iubanun died when placed into clea¡ed and uncleared

plots of the salicornia zones in each site, and the Puccinellia zone in site 2. obviously the

salinity in these zones exceeded its tolerance levels. Death or reduced growth also occured
in transplants placed into unclea¡ed plots of the calamagrostis zones in sites 1 and 3, while
mean biomass accumulation increased for individuals placed into the cleared plos of this
zone' This indicaæs thatHordewninbamrn was competitively excluded frrom the

unclea¡ed plos, but was able to thrive in situations where competition was absent. This
increased growth in cleared plots therefore was due to a lack of competition and lower soil
water salinity levels. Transplants placed into clea¡ed plots of its native zone in sites 2 and 3

showed increased growth over the cut-and-replace conrrols from uncleared plots,

indicating that inraspecific competition was prevalent in these Hordeum jubatwn

populations' ANovA indicated significant interaction betrveen the biomass accumulation

in transplants placed into the Hordeum and calamagrostis zones of site 3. Thus, the effects
of competition on the Hordewniubatum transplants differed depending on the level of
salinity.
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Results from growth chamber transplants indicated that there was a major influence

from salinity on the growth of Hordewn jubattun transplants. The species was able to

survive in all the vegetation zones, although growth was considerably reduced in the

Salicornia zone. The species was probably able ûo survive in the Salicornia zone because

of high soil moisture levels which creaæd relatively low salinity levels throughout most of
the 1990 season. According to the ANOVA, competirion did not play a significant role in

the response of these Hordewniubatilrz transplants. However, the mean biomass

accumulation resulß indicate a trrend to increased growth in cleared plots over uncleared

plots in the Hordeum and Calamagrostis zones. Also, the mean biomass accumulation in

the cleared plots of the Calamagrostis zone wÍls higher than that in both clea¡ed and

unclearedplots of the Hordeum zone. Clearly Hordetan jubøwn grows best in

situations of low salinity and low competition. These trends might have become more

apparent if the transplants had been left in the field for a second season.

Dßticlúís stricta

The death of transplants in the Salicornia zone of sites 2 and 4, and decreased

growth in transplants placed into the Puccinellia zone of site 2 indicates that Dßtichtis

stricta could not tol€rate the high salinity levels prevalent in these soils. Thus , Dßtíchlis

stricta was restricted to soils with lower salinities. There was no significant difference

between transplants placed into cleared and uncleared plots, suggesting that Distíchtis

stricta was not strongly affected by the presence or absence of neighbors. Bertness and

Ellison (1987) examined the respons e or Distíchlis spicata to transplantation into the

various vegetåtion zones of a coastal salt marsh. They found that the species was primarily

associated with disturbed areas, and suggested its guerrilla growth form was competitively

inferior to the phalanx gïowth form of other ma¡sh species (Bertness & Ellison 19g7). The

same may be true fot Disticltlis strícta, which also has a guerrilla type of growth form and

was found to inhabit relatively dry soils with moderate salinity levels.
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Pucchellbnutalliano

As in the case of the previous species, Puccínellía nwtalliana transplants died when

placed into the high salinity soils of the Salicornia zone. Death also occurred in transplants

placed into the uncleared plots of the Calamagrostis zone in site l, and growth declined in

transplants placed into the uncleared plots of the HordeumDistichlis and Calamagrostis

zones of site 2. ANOVA conducted on the transplants in site I (excluding those in the

Salicornia zone) indicated that the growth of Puccinellía nuttalliarn was not signif,rcantly

affected by plot treaEnents or changes in salinity. However, death occurred in transplans

placed into uncleared plots of the Calamagrostis zone. This was likely a response to

competition; the vegetation of the C-alamagrostis zone being competitively superior to

Pttccinellía nuttalliana. ANOVA results from site 2 support this conclusion. The AN9VA
indicated that there was a significant difference in biomass accumulation due to plot

treaünent forsurviving transplants, and Purcinellia nuttallíana performed betterin cleared

plots, where competitors were absent and salinity was tolerable, than in the uncleared

plots, where competitors u/ere present. Thus, Puccinellia rwnallíana could not tolerate the

high satinity levels of the Salicornia zone, nor the comperition of the Hordeum/Distichtis

and Calamagrostis zones. Increased growth in cleared plots of its own zone indicates that

intraspecific competition plays a role in limiting the growth of the species in its native zone.

Salicornia rubra

In site 1, transplants of salícornia rubra died or showed considerable decline in
growth when hansplanted into the other vegetation zones. ANovA indicated that there

was no effect due'to plot tneatnenl I expected that following transplantation into cleared

plots of the lower salinity zones the performance of the species would increase relative to

the cut-and-,lpUt, controls. There is a possible explanation for these results. rilhen the
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cleared plots were sprayed with herbicide the dead plant material was not removed, but

ratl¡et it was left lying in ttre plots. This dead plant maærial was quite extensive in

cleared plots of the Puccinellia, Hordeum, and Calamagrostis zones in site l, and likely
resulted in the shading of Salicornia rubra transplants, thus reducing their growth. This
response suggests that availability of light is the limiting resource at these siæs, and that

competitive superiority is directly related to a species' statu¡e. This is further supported by
the vegetation gradient at each site, which shows a discontinuous increase in plant stature

from the high salinity Salicornia zone through to the low salinity Calamagrostis.

D€ad plant material was packed down around transplanted plugs in an attempt to

minimize shading of transplants by dead material in cleared plots. The results suggest that

this practice was nrore successful in site 2,3, and 4 than in site 1. The ANovA and the

graph of results from site 2 show that Salícornia rubra transplants were out-competed in
uncle¿red plots of the puccinellia, Hordeum/Distichlis, and Calamagrostis zones, but

survived well, and even showed an increase in mean biomass accumulation in cleared plos
of these zones; ttre lack of competition and lower satinity levels in these plots providing

betær conditions for growth. This trend was repeated in sites 3 and 4. However, unlike

the site 2 results, ANovA of the data from sites 3 utd 4indicated significant interaction

between the factors, suggesting that the degree of competition differed depending on the

vegetation zone into which the species was transplanted. presumably, competition was

nrost severe in the Calamagrostis zone because the plans of ttris zone were relatively large

and created the greatest arnount of shade.

Trends in biomass accumulation of growth chamber tansplans of Salicornia rubra
were similar to those of the ñeld transplants in sites 3 and 4. ANOVA indicated that

salinity and competition influenced the response of the species to m.nsplantation, and that

the level of competition differed from one zone to the nexl
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section 5.4.4 - competitive Excrtuion and physiorogicar rorerance

Bertness & Ellison (1987) and Bernress (1991 a,b) in a series of stud.ies ar a coastal
salt marsh concluded that inærspecific competition was an important component in
determining vegetation pattems in these habitats. Through transplant experiments they
found that the competitively superior species occupied the rnost favorable habitats, and the
non-competitive species were relegaæd to less desirable areas which were often subjecæd
to inundation, wrack disturbance, and higher salinity levels. similå¡ conclusions have been
reached by Wilson & Keddy (19g6) and Snow & Vince (19g4).

Reciprocal transplant studies on specific inland halophytes, such as Atriplex
triangularß (McMahon & ungar rg7 g), sarícornia rubra (ungar et. ar. 1979), and
Hordcwniubaum (Badger &ungar 1990), concluded that compe nnon and salinity
tolerance were important factors influencing the growth and distribution of species in inland
saline habitats' This conclusion was also reached in conrolled growth chamber
experiments studying competition and salinity tolerance between two halophytes
(Pnccinellia ruaailiara and Hordcwn jubatwn ) a¡d a glycophy te (poa pratensis )
(Kenkel et. al.l99l).

observations of abiotic and biotic factors at my study sites revealed that the
gradients of decreasing soil water salir,ity and increasing plant stature (not actually
measured, but generally obsenred) outward from the salt pan \¡/ere constant from one site to
the next' while gradients in other soil factors such as moisture, organic matter, mineral
particulate matter' bulk density, and pH differed between sites. The fact that the soil
salinity and vegetation gradients were the only constants between the sites suggests that
soil salinity and plant stature are the main factors influencing the distribution of species in
these siæs' Results from transplant experiments showed that the most salt resistant
(toleran$ species, such as salícornia rubra and, puccínellia rutøllíann , oftenperformed
betær in cleared plots of the lower salinity zones than in unclea¡ed plos in these zones and
their native zone' conversely, the results also showed that tansplantation of low salt
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tolerant species, such as Calanagrostis inexpansa and, Hord¿tnt jubattm into high
salinity soils resulted in reduced growth or death. These results, coupled with the gradient
observations indicate that under natural conditions species in these sites are distributed
according to their competitive ability (stanre) and the upp€r limits of ttreir physiological
tolerance.

Calamagrostis iruxpansa is the largest species, but has a low tolerance to salinity,
thus it dominates soils with the lowest salinities on the periphery of the siæs. Hordcwn
iufuum has a wider range of tolerance than calamagrostis inexpansa. However, being
smaller than Calanngrostís ineryarsa,it is competitively inferior, and is relegated to more
saline soils in rvhich it can suwive, but which prohibit the growth of calanagrostis
inexpansa ' In the same numner, Hordewn iubatwn competitively excludes puccínellía

rutnlliaru totheupperlimisofitssalttolerance, and,puccíncllia nunallíana excludes
Salicornia rubra to the limis of its salt tolerance.
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Section 6.1 - Introduction

Inland boreal saline habitats a¡e cha¡acterized by distinct vegetation zonation. The
purpose of this study was to investigate the vegetation and soil characteristics of such
habitas in order to detemine which factors are important in the creation and maintenance of
this zonation' Past studies (see chapter 1 for review) have shown that the relationship
between soil salinity and the physiological tolerance of species is important in determining
the distribution of species in saline habitats. In this study, as expected, high salt tolerant
species were found at the upper end of the salinity gradient, while less tolerant species
occu¡red at the lower end of the gradient However, controlled experiments with inland
halophytes have shown that species normally found in high satinity soils actually perform
significantly better when grown in soils of reduced salinity. That is, species with a high
tolerance to salinity a¡e able to grow under a wide range of salinity, but appear to be
restricted in the field to the upper extent of this range. This restricted distribution indicates
that some other factor must be involved in creating and maintaining the vegetation zonation.

Both soil salinity and inærspecific competition have been shown to be imporrant
factors in determining the distribution of vegetation at inland boreal saline sites, and the
salinity tolerance and competitive abitity of a species determines is position, relative to
ottrer species, along a salinity gradient. The salinity tolerance of a species appears to be
inversely related to its ability to compete. Thus, a species with a high tolerance to salinity
is less capable of competing successfully with a species exhibiting lower tolerance under
conditions of reduced salinity. Transplantation of salt tolerant species species such as

salicornia ntbra and, Pttccinellia ruttalliana intouncleared plots in the low salinity soils of
the Hordeum and calamagrostis zones resulted in a decline in growth. on the other hand,
transplantation of these species into clea¡ed plots of these same zones, where competition
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was absent and salinity low, resulted in a general increase in growth. Thus, there is a
restriction of high salt tolerant species to the upper extent of their tolerance nnge by less

salt tolerant, but competitively superior species.

Secfion 6.2 - Modeling the Results

Kenkel et al (1991) conducted an experiment dealing with the interactions of three
species along a satinity gradient. Their study included two halophyæ grasses (puccirællia
nwtallíana and Hordeumiubatwn) and a glycophyte grass (poø pratensis). when grown
in monoculture along the gradient, results indicated that puccinellia nuttallían¿ was the
rnost salt tolerant' followed by Hordeumiubatum,and finany poa pratens¿J. Au species

showed the best growth response under conditions of low salinity. when grown in
mixture' results indicated that each species had an advantage over the others at different
salinity levels' Thus, when grown in mixrure at high salinities, pyccinellia rwttalliana out-
performed Hordcwniubatwn and Poa praters¡s, while when grown in mixture at low
salinities, Poa pratensrs proved more successful than the other two species . Hordeurn

iubatwn appeared to be at an advantage over the other two species in mixtures grown at
intermediate salinities. They concluded that competition from competitively superior, low
salt tolerant species, leads to the exclusion of salt-tolerant species to the limits of their
tolerance range. These results are in agrcement with my results obtained from field and
growth chamber ransplants.

soil salinity and interspecific competition exert a combined influence on the species
that results in the vegetation zonation pattern. The position of vegetation bounda¡ies along
the salinity gradient, where the growth of one dominant species ends and another begins,
are determined by the relative salinity tolerance and relative competitive ability of the two
species' Figure 6'1(4, B, and c) presents a model to illusrrate this step-wise exclusion of
competitively inferior species, high salt tolerant species by competitively superior,low
tolerant species.
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Figure 6'1 (A) illustrates the relative poæntial growth of four hyporhetical species

when grown separately (i.e. no competition) along a gradient of increasing salinity. In the

model , the four species differ with respect to their salinity tolerance, with species A having

the narrowest tolerance ftmge' and species D having the broadest tolerance range. AII
species reach their highest level of growth at the low end of the salinity gradient. As
salinity increases the relative potential growth of each species begins to dectine in

accordance with its range of salt tolerance.

Figure 6.1 (B) illustrates the relative potential growth of the four species when
grown together (i. e. competition present) along the salinity gradient. The low end of the

salinity gradient is occupied by species A; the top comperiror under low salinity condirions.

As one moves along the salinity gradient, from low salinity to high salinity, there is a point
at which the competitive ability of species A declines to that of species B. Beyond this
point growth of species A ceases, allowing for the dominance of species B. Species A can

no longer tolerate the high salinity soils and simultaneously maintain its competitive

advantage over the more salt tolerant species B. The same set of circumstances prevail

between species B and C, and species C and D, as one moves further along the salinity
gradient' The decline in competitive ability with increased salinity results in the creation of
vegetation boundaries and the zonation pattern observed.

Note that in Figure 6.1 (B) the curves for species B, C, and D indicate that the

species ale not able to attain their maximum growth potential when grown together. This
occurs because competition with a superior competitor relegates the more salt tolerant

species to the higher end of its tolerance range, where the competitor is excluded by
salinity' However, conditions inherent at the upper end of each species, tolerance range ¿¡re

suboptimal, resulting in a growth response that is less than the maximum potential growth
for the species.
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Figure 6'1 (C) is derived from Figure 6.1 (B) and illustrates the decline in
competitive ability of each species as salinity increases. Each dominant species has a

specihc range of salinity along the gradient within which it is competitively superior over
other species' This relationship be¡veen relative competitive ability and salinity tolerance
creates and maintains the vegetation zonation.

The model in Figure 6.1 has implications with regards to the concept of the niche.
Each species curve in Figure 6.1 (A) represents the boundary of the fundamental niche for
a particular species. Thus, when grown in the absence of neighboring species (i.e.

transplants placed into cleared plots of each vegetatio n znne)the size of the fundamental

niche is proportional to the salt tolerance of the species. It follows that the wider a species,

physiological tolerance, rhe larger its fundamental niche. Figures 6.1 (B) and (c)
represents the response of species along the salinity gradient in the presence of competitors
(i'e' transplants placed into uncleared plots in each vegetation zone). The species curves
represents the boundary of the realized niche for each species. The model indicates that the
size of a species'realized niche, relative to its fundamental niche, is related to its
competitive ability, as well as its tolerance to salinity.

According to Grime's (1977,1979a,b) c-s-R srraregy theory, in resource_poor

habitas competition between species is less intense, and therefore less important with
regards to species distribution, than in resource-rich habitats. The theory infers that under
conditions of low resource availability plant growth declines, resulting in a reduced chance
for competitive inæractions to take place, but under conditions of high resource availability
the growth of species increases, resulting in increased occtuïence of competition (Reader &
Best 1989)' This implies that competitive ability and wide physiological tolerance are two
characteristics that cannot both be highly developed in a single species. A fu¡ther
implication of the theory is that for a given plant species there must be a trade-off between

its ability to compete, through rapid growth, with other species, and its ability to tolerate
abiotic conditions within its environment (smirh & Huston l9g9). presumably species
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adapt to resource?oor habitats by deveþing mechanisms to tolerate the sub-optimal

conditions' often these tolerance rnechanisms are energy consumptive, and consequently

the growth of tolerators relative to competitors is inhibited. In habitats characterized by
limited resor¡rces' the ability of species to effectively retain zurd eff,rciently use the resources

they acquire, through slow growth and low-turnover rates (stress tolerators), is

advantageous over the rapid up-take and utilization of resources characteristic of species
(competitors) in resource-rich habitats.

If a competitor and stress-tolerator (Grime l979ub)were allowed to compete along
a resource gradient, the stress-tolerator would occupy the lower end of the gradient, while
the competitor would occupy the upper end of the gradient. As pointed out by McGraw &
chapin (1989) the relationship between tolerance and competitive ability, as pur forth by
Grime' suggests that there would be no reversal of the interaction, over the short term, if
the resource gradient was changed. That is, according to the c-s-R theory, to make
resources more available will not increase the süþss-tolerator's competitive ability relative
to that of the competitor species, because the competitor species is able to more rapidly take
up and utilize the resources, and thus it will continue to exclude the stress-tolerator to lower
end of the gradient.

Tilman's resource-ratio hypothesis (see Tilman lggl,lggl) infers that because

resource-poor habitats provide only a limited supply of resources, competition for the
resources should be intense (Reader & Best 19s9). According to McGraw and chapin
(1989)' the Tilman approach suggests that the comperirive ability of a species can be altered
by altering the environment, which implies that the outcome of competitive interactions
between species is a function of the envi¡onment and the adaptations of the species

involved' This also implies that the competitive abilities of species may reverse along a
resource gradient.

My results agree only partially with both Grime's and rilman's approaches. They
indicate that competitive ability of species declines with increasing salinity. However, they
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also indicate that competitive interactions are not only present under conditions of salinity
stress (stress as defined by Grime), but also play a prominent role in the distribution of
plant species throughout inland boreal saline habitas. It is important to remember that
Grime and rilman formulated their theories on the basis of competition along resource

gradients' My experiment involved the competitive interactions of species along a gradient
of salinity (Nacl), which can not be considered a resource according to Tilman,s def,rnition
(see Chapter l). Therefore, neither Grime's nor Tilman's models are fully appropriate in
illustrating species interactions along a stress gradient, in this case salinity.

Section 6.3 - Areas of Future Research

The inland boreal saline sites of west central Manitoba are very unique to the
province and are currently in the process of being designated 'ecologically significant' areas

by the Government of Manitoba. The fact that they are easily accessible, relatively simple
systems' make such sites excellent candidates for ecological resea¡ch. Knowledge gleaned

from such studies can then be exrapolated to larger, more complex systems. The sites may
also be useful in'island ecology' research, as they are essentially isolated from each other
by boreal forest vegetation. some specific suggestions for future resea¡ch include:

1) Research should be conducted to address the role of competition in plant zonation at
sites varying in age' Age classes could be determined Lrased on the presence or absence of
springs and unvegetated salt pans, and the concentration of salt along the salinity gradienl
Presumably sites with active springs would be the youngest sites, while sites with little or
no salt pan, and low overall sarinity would be the oldest. Transect sampling and

multivariate analysis methods (as described in Burchill 1991) could be employed to
determine the degree of continuity/discontinuity of soil and vegebtion gradients in each age

class' Transplant experiments could be used to determine if competition is occurring, and
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if the intensity of the competitive interactions is related to the age of sites. This

investigation may provide criteria to enable one to age saline sites on the basis of their
salinity, species composition, and vegetation patterning.

2) Funherresearch should be conducæd. into the life-history srategies of the dominant

species' Numerous studies have been conducted on the growth and d.istribution of
salícornia rubra, however, parallel studies on the other dominant species of inland saline

sites are few.

3) My results indicate that soil characteristics often differed between corresponding zones

of different sites, however' the vegetation composition remained very similar between

siæs' A study involving reciprocal transplantation of vegetation into corresponding zones

of different sites may yield information regarding ecotypic va¡iation and plasticity within
the dominant species.

4) studies addressing the søbility and resiliency of the vegetation zonation are lacking.
Research should be conducted to determine how stable the zone bounda¡ies are, and if the
position of the boundaries changes over time with fluctuations in salinity and incidences of
disturbance' This could have implications with regards to environmental influences on
competitive in terac tions.
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Appendices

$pr+dix{lA): Vascularplants recorded in the saline meadows around saline flats:overflow gav G-akg rllnþgggsisj. oro*nrtatur' aòãor¿ing to scoggan. I 957),(collected and identified bic:Bu¡ôhì[, May - auruii ré'gî]
Achillea millefolíwt
Agropyron traclrycaulum
Alnw rugosa
Ambrosia psílo.stgcþa var. coronopifolia
Anrclanchier alnifolía
Arenaria lateriÍn{ra
Aster laevís
Aster pemsus
Aster pauciflorus
Aster simplex
Atríplex patula var. hastata
Betula occidcntalß
Bromw ciliatw
C_al ann g r o s tß i neq a ns a
C_alann g r o s ti s ne g I e c t a
C_atnp a ruI a r o nutdyo t i a
Cars. aurea
Carcx lanagircsa
Carex viriùtla
Castilleja miniatø
Circium aryense
Corwnandra ríclørdsonìi
Dìstichlß stricta
Dodccatluon media
Eleocharß palwtris
E_leocharß parcíflora
Ep i I o bi wn a n g us tífo I i wt
E ri g e ro n p hiladclp hic us
Festuca saximontana
Fragaria virginiana
Galiwn boreale
Glaux marítíma
Gríndclia sqwyrosa
H elianthw maximílliannii
Heracleutn lanatum
Hierchloe odorata
Hordewn jubatum
Juncw balticw var. líttoralis
Juncw compressus
funiperw communis
I-athyrus palustrís
Li I í tun p hil adc lp hic wn
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Luzula sp.
Apoendix I(A) lcontinued)

Melílotus officinat
Phragmites conünunis
Picea glauca
Planngo maritina
Poa compressa
Poa palwtris
Populw tremuloides
Potentilla anserina
Primia mistassinica
Prccinellia Mtullíana
RanmcuJw cyntbalaria
Ríbes oryacanthoid.es
Rosa acicularis
SaLícornia rubra
Scirpw arnericarun
Scirpus paludosw
Senecío integeriwruts
Shepherdia canadensis
Sisyrinc hirun montarurn
Smilacina stellata
Solídago carudcnsis
Sonchw arvensis
Sparttna gracilis
Spergularia marina
Sphenopholis obtusata
Stellaria longtfolia
Sweda depressa
Symphoriccapos albus
Tlnlictrwn ãasycarpwn
Triglochin ma¡timit
Viola sp.
Zizia aptera
Zygaderuu elegans

Apoendix IIB): vascular glanls found olJlte spruce dominated ridges around the salt flats

iå"ouilËåî,,1iåÍHtiîa'ç*:l,tinuí",|î'äí:i"iil;'s¿;ñJeö
Achillea millefoliwn
Agropyron sp.
Alnw rugosa
Antennaría paniflora
Aralia rudicaulw
Arctium lappa
Arc tos tap hy lo s uva- ursí
Aster laevis
B-etula glandulifera
Betula papyrifera
Carex spp.(two species )
Corrunandra*Wi¡as¡ana
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Corruu alba
Appendix I(B) lcontinuedl

Corrus canadettsis
Crepis sp.
Cypripediwt calceolw
Ep í I o b i um a ng us tífo I i un
Equiseturn arvense
Fragariavirginiaru
Galiwnboreale
Galiutn trífrdum
Habernria sp.
Jwtcus balticus
Juniperus communis
I-athyrw sp.
Líntneaborealis
Maiawlumtnt canadcnse
Moneses uníflora
Monoffopa uniflora
Orycoccru quadripetalw
Petasítes palmatw
Pyrola rotuttdifolia
Pyrola secunda
Ribes oryacanthoídes
Rosa acícuJarís
Rubw ídaeus
Rubus pubescens
Slæpherdia canadensís
Solidago sp.
Sympløricarytos alba
Taraxacu¡n ip.
Thalíctrum v'enulosum
Triennlß borealis
Vacciniwn sp.

! !þ ç 
r nurn r afi ræ s q uianurn

Vicía sp.
Viola sp.
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The study sites were visited six times in 1989 (2-3 June, zo-zlJune, 30 June, 12-

13 July,7 August, and 28-30 August) and five times in lggo (23-25 April, 2g-30May,2-
5 July, 3l July -2 August, and'21-24August). Table tI(A) provides a schedule of fîeld
work activities (data collection and monitoring) conducred during the l9g9 and lÐ0
growing seasons.

Table tr(A). Researìh actiîi schedule {or 1989 an¿ tqtO fiAãìAsons"lSu

I 
sol nensity All Æt

I

I 
Soit OrSanic Matter Z4Iune

f 
soir nn 2-3 June Ail, excepr 23-25

l^ .. ^ .. . 
April

I 
Soil Salinity (volume dry soil) ZJ lune I

I 
Soit *oir*" All, except 2 June All I

I 
Soit W"ro Satinity AII, except 2 June All 

I
Pa¡ticle Size Analysis 

2g_30 May 
I

Nutrient (N,p,K) Analysis 
2g_30 May I

Saliniry Methods Tests 
28_30 May 

I
soil Depth Gradients zg-3,.May & 2_5 Jdy 

I
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Siæ Transects T_25 ApnI
vegetation Sampling Aü, except 23_25 Apnl
Seed Bank Collection 

23_25 Apnt
Experimental Design Serup Z_3 June

Herbicide Application 24 hune

Vegeøtion Transplanøtion Z0_ 2l June

Growth Chamber Transplantation 2g_30 May
Weeding of plot All, excepr 2 June AII
seed collection forr,ab Experiments zg-3}Augusr zl_z4Augusr
Hawesting & Soil Sampling Zg_3}Augusr ZI_}AAugusrof Field Transplants

Harvesting & Soil Sampling of zl_Z4AugusrGrowth Chamber Transplañs
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Three variations for determining salinity concentration were conducted in order to
test the relevance of the 5:1 (water:dry soil by mass) d.ilution extract method used in the
methods (see Chapær 3).

First' 45 large soil cores were collected from plots at the study sites and transporæd
frozen back to the lab. The conductivity of extracted field water from these large soil
samples was measured This conductivity reading was then converted to mg of satt/ml of
soil water, based on the soil water content of the samples. The results were then

compared' using linear regression analysis, with results obtained from another set of core
samples that had been collecæd at the same time and place, but had been subjected to the
5:1 dilution extract method. Figure u(A) presenrs the results of the regression. .we 

see

that ttre salinity measurements obtained from the tr¡¡o methods are higlrly related (R2=
0.888; Slope = 1.0066) .

To further test the method, the soil water salinity of 36 soil samples from various
zones of site #2 was determined using the 5:1 dilution exrract method. The flasks
containing the extracts were then placed in a drying oven to allow evaporation. The mass
of the precipitate was recorded and converted to mgiml of soil water based on the soil water
content of the original sample cores. A comparison of results obtained from the two
methods is presented in Figure tr(B). Regression analysis was used to illustrate the
strength of the relationship between the two data sets. As in figure III(A), the regression
shows that the results from the two methods are closely related RZ=0.99). The slope of
the line is lower than that of Figure m(A), indicating thar the results from the 5:l dilution
method are higher than those obtained from the evaporation method. However, the high
R2 value indicates that this discrepancy is consistent throughout the samples. The
difference in results may be due to error in the conductivity meter.
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The final test of the 5:1 dilution extrÍrct method involved collecting a number of soil
samples from each zone of siæ 4, and subjecting them to a variety of dilution ratios. The
ratios (ml water: g dry soil) used included: 3:r; 4:r;5:r; 7:l; 10:r; r5:r; and 20:1. The
soil water salinity values obtained from each dilution are presented graphically in figures
trI(C) and Itr(D). In general ttre salinity levels were similar for the 3:1 up to the l0:1
dilution extracl Dilutions above the l0:1 extract tended to yield increased levels of salinity,
especially in the Salicornia zone samples. These high salinity values (with high dilutions)
likely represent an increased presence of low soluble salts in the extract solution, and thus,
do not accurately represent the Nacl content of the soil salinity. The 5:l dilution was

found to be the best for my pu{poses, as it required relativery small amounts of soil, and
provided ample extract solution for salinity determinarion, as well as pH testing.
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Fig. III(C)
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The 1989 season biomass accumulation results for the transplanted dominantspeciesare pfgs-elred in Figures rv(A) - rv@i: Ttt;grõdio[ow the same format as

äìFiit#3#"#ätffi ìLg:'fr ,ïiii,;¡lrxliaçld,;ry,y*"wowin
Table IV(A).

Table ry(A) ANOV
tr_a¡lsplanted species from the lþg9 season harvest.

Domina¡x

Species

ANOVA Results (p values

C alanngros tís ineqansa

Hordeum jubaturn

Dßrtchlis strícta

Prccinellia rufituhliat1a

Salicornia rubra

I

)

3

4

1

)

3

2

4

I

2

I

2

3

4

0.0014

0.0017

0.737

0.1233

0.1 8s6

0.1073

o.8673

0.9738

0.17 19

0.0345

0.1t29

0.178

AllDead

0.0001

0.0004

0.5519

0.0078

0.0797

0.3466

0.a23

0.0435

0.0173

0.3862

0.s631

0.21t3

0.0032

0.1064

0.0001

0.0000

0.5791

0.0556

0.5224

0.6t57

0.487

0.1478

0.7s98

0.2t65

0.16t4

0.4876

0.4674

0.178

0.0015

0.0004
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Results from deærmination of below-g¡ound biomass in transplants at site 3 (19S9
ryary,n) are present* g*r[c{yg Figure rùcn. ANovÀof :bäro*--s.üd 

bio*u*
data is presented below, ii faUlé IVG).

Table IYp). Results of two-factoi
qould bjomass data of dominant species transplanted ínto vegetation ionãs of
site 3, 1989.

Dominant

Species

ANOVA Results (p values)

Vegetation

Znne

Plot

Trcatrnent

lnteraction

C alatna g r o stis i nery ans a

Hordcurn jubatutn

Salicornía rubra

0.6889

0.283s

0.0936

0.3814

0.0595

0.0386

o.024

0.s701

0.3944
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Appendix V - l9q0 Densiqv Resúits

The 1990 season density results for the transplanted dominant species are presented

in Figures V(A) - V(E). The graphs follow the same format as rhose of the 1990 season

biomass accumulation results (Figures 5.12 - 5.16, Chapter 5). ANOVA was conducted

as described in Chapter 5. The results of the ANOVA are pnesenæd below in Table V(A).

TãbleJ-(Ã)-ResütsõTnvoaraïtõi-eTilvã-(i=õr3lõo-riäucieãõireñsìty
o 

""à"rurioi1r"", àt each site, 1990.

Dominzurt

Species

Saline

Site

ANOVA Results (p values

C alanngro s tí s i neqans a

Hordcwn jubannn

Distichlís sricm

P uc c í nel I ía ruttallía na

Sahicornia rubra

I

2

3

4

1

2

3

2

4

I

)

1

)

3

4

N/A

0.0039

0.0287

N/A

0.3485

0.2108

0.0276

0.0124

0.0888

0.0000

0.2879

0.0001

0.0799

0.0002

0.0293

0.9454

0.8251

0.0004

0.0191

0.0284

0.0002

0.0178

0.9013

o.s037

0.0023

0.0002

0.0611

0.0005

0.0001

0.0036

N/A

0.6913

0.0000

N/A

0.9805

0.1053

0.6022

o.9844

0.4306

0.1723

0.8439

0.9186

0.t723

0.0022

0.0s50
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3ti:Y.tfl];^*:ST of t-Test analysis (a = 0.05) used in comparing the soil
l*$.H:l'l1gg:E:*q,y"e9atió¡zote.ssituãtiãnsin-;hi;iTË"pä;f ä""
plogr lvgs signifiôaniy higtrer"than tr,ãt ór m"

't 
thevegetation zones is indiõated by

icantly lower.
*'. and bv'+'it

rË¡lllru¿rn[ry rugne,î mar
+' if the plug soil was

Transplanted ----E"t tt- -plug zÆe

þlug destinarion)

Significant
Differerrce

(plug higher'*'
plug lower'+')

Cal ine Calamagrostis

Hordeum/Disrichlis
Puccinellia
Salicornia

Calamagrostis
Hordcum/Disrichlis

Puccincllia

Salicomia

Calamagrostis
HordeumlDisrichlis

Puccincllia

Salicornia

Calamagrostis

Hordeum/Distichlis

Puccinellia

Salicornia

+
+

Ílor jublDis st

Puc nut *
*

Sal rub
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Table vI(B). Results of t-Test analysis. (cr = 0.05) used in 
""-p"ri"g ,rr" *ir

Tgislure of transplant plugs a'J4 vejgtatiôn zones. sir*tiä, in which the
iî:'jg_:l*. tJys^'_yï:igqf:-,ty t'igh.gìth"; ,ù 

"f 
til; vegetation zonesi' infl"u,ø uv'*',än¿ úF ä íqii *.irie"iñäil:åiäi.

SaIine

Site
r

Plug znne Difference
þlug destinaf.ion) (plug higher'*'

nl¡ra l^"'o- r, \

Cal ine Calamagrostis
Hordcum

Puccincllia

Salicomia

Calamagrostis

Hordeum/Disrichlis

Puccinellia

Salicomia

Calamagrostis

Hordcum

Salicomia

Calamagrostis

Distichlis
Salicomia

Calamagrostis

Hordeum

Puccinellia

Salicomia

*
*
*
*

Hor jub *
*
*
*
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Table VI(B) (conti

Saline
Site

T

Tranrylanted

Plug
Vegctation

Tnne

þlug destinarion)

Significanr
Diffe¡ence

þlug higher'*'
plug lower +)

Hor jub Calamagrostis
Hordeum/Distichlis

Puccincllia

Salicornia

Calamagrostis

Hordcum

Salicornia
Calamagrosús

Hordeum/Distichlis

Puccincllia

Salicornia

Calamagrostis

Disrichlis
Salicomia

Calamagrostis

Hordeum

Puccincllia

Salicomia

Calamagrostis

Hordeum/Disrichlis

Puccincllia
Salicomia

Dis str

*
*
r*

*

*

*
*
*

*

*

*
*
*
*

+

*
*

Puc nut
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Table ) (continued

Saline
Site

T*"ry
Plug znne Dfference

þlug destination) þlug highs¡'*,
P'!6 ,

Sal rub Calamagrostis

Hor&um
Puccinellia

Salicomia

Calamagrostis

Hordcum/Disrichlis

Puccincllia

Salicomia

Calarnagrostis

Hordcum

Saliconlia

Calamagrostis

Disrichtis
Salicomia

+
+
+

+

+
+

+

+
ri
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warer s¿umrfv ot mnsprant nþcs and veg,etation zones. situations in ;hich th;
f 
'îH:ffi |1lq'":h';"iqï,*ilúi,1l.'lî*T1il".I'*regetationzones$þ,ly of tþe plu It^yll:iq1lsantly.higher-than that of the vegetation ñ;;

, anc py '+',lt,.the plug soil was signif,rcantlylower.

:iï: :]il?. l"'ïlï_?l t. rlst anarysis (ø = 0.05) u rø@
w?lel rulrytry of transplant plugs a¡rá veeetarion

Saline
Site

Transplanted

Plug
Vegefation

Znne
(plug dcstination)

Calamagrostis
Hordeurn

Puccincllia
Salicomia

Calarnagrostis

Hordeum/Disrichlis

Puccinellia

Salicornia

Calamagrostis

Hordcum

Salicomia

Calamagrostis

Disrichlis
Salicornia

Calamagrostis

Hordcum

Puccinellia

Salicomia

Significant
Difference

(plug higher'*'
plug lower +)

+

Cal ine

+
+
+

+

+
+

+

+

Hor jub
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Table VI(C) (conrin
SaIine

Site
Trãmsplanffi

Plug Znne Difference

@lug dcstination) (plug higher'*'
nlrroln",n-tr\

Cahmagrosl.is

Hordeum/Distichlis

Puccinellia
Salicomia

Calamagrostis

Hordeum

Salicornia

Calamagrostis
Hordeum/Distichlis

Puccinellia

Salicornia

Calamagrostis

Disrichlis
Salicornia

Calamagrostis

Hordcum

Puccinellia

Salicornia

+
+
+

+
+
+

Dis str

Puc nut
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Table 'contin

Saline

Site
T*"rp

PIug znne Difference
(plug destination) (plug higher'*,

plug lower +)

Sal rub

uatamagrosf.is

Hordeum/Distichlis

Puccinellia
Salicornia

Calamagrosl.is

Hødzum
Puccinellia
Salicornia

Calamagrostis

Hordeum/Distichlis

Puccinellia

Salicornia

Calamagrostis

Flmdeum

Salicomia

Calamagrostis

Disrichlis
Salicornia
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