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Three grasses (Poa pratensis, Horrlerun jubaturn, and Puccirlellia nuttalliarza) were grown in rnonoculture and three-species 
mixture at each of eight salinity levels in a controlled environment chamber. In monoculture, all species grew best when no 
salts were added to the nutrient medium. When salts were added the species showed differing degrees of salt tolerance. 
Percent decreases in total biomass with increasing salinity and shifts in aboveground to belowground biomass ratios suggested 
increased salt tolerance in the order P. pratensis < H. jubaturn < P. nurralliatza. In mixture, all species showed a significant 
change in salinity response when compared with their responses in rnonoculture. Interspecific competition resulted in 
P. pratensis being suppressed at all but the lowest salinities. Horde~trrl jubatllrr~ showed the least suppression at intermediate 
salinities, while P. nuttalliana was least suppressed at the highest salinities. These results indicate that interspecific com- 
petition results in a shift in the peak performance of more salt-tolerant species toward the high end of the salinity gradient. 
The species distributions in our experimental mixtures reflected those observed in the field, suggesting that competition plays 
an important role in structuring inland saline plant communities. 
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Trois plantes herbactes (Poa pratensis, Hordeurn jubaturn et Plrccirzella rzuttalliana) ont CtC cultivCes en monoculture et 
en melanges des trois espkces, en presence de huit teneurs en sel, les experiences Ctant conduites en chambre de croissance. 
En monoculture, chacune des espkces a le mieux pousske en absence de sels. Lorsque les sels on t t t  ajoutis, les espkces 
ont montrC des degrts divers de toltrance aux sels. Les donntes sur la diminution relative de la biomase avec l'augmentation 
de la salinitk et le dkplacernent des ratios des biomasses aCriennes et racinaires suggkrent l'existence d'une tolerance croissante 
dans I'ordre suivant: P. pratensis < H. jubatlrrn < P. rzuttalliana. En melange, toutes les espkces montrent un changement 
significatif dans leurs rCactions a la salinite si on les comparent leurs rtactions en monoculture. La compttition interspi- 
cifique conduit a la suppression du P. prarensis a toutes les concentrations sauf aux plus basses teneurs en sels. Horrle~rrn 
jubatunz montre un minimum de suppression aux teneurs intermkdiaires en sels, alors que le P. r~uttalliarza est le moins 
supprim6 aux teneurs les plus ClevCes en sels. Ces resultats montrent que la competition interspecifique a entrain6 un dtplace- 
ment de l'optimum de croissance relative des especes les plus tolirantes aux sels vers la partie suptrieure du gradient de 
salinitC. Les distributions des espkces observees dans les mClanges expkrimentaux sont comparables celles observies aux 
champs, ce qui suggere que la compCtition joue un r61e important dans le dCveloppement des communautCes salines terrestres. 

Mots cle's : halophyte, glycophyte, communautC, Hordeurn jrlbnturn, Puccir~ellia r~uttalliann, Poa praterzsis. 
[Traduit par la rCdaction] 

Introduction 

Vegetation zonation in coastal and inland saline environ- 
ments of North America has been noted in a number of studies 
(Ungar 1 9 7 4 ~ ;  Haines and Dunn 1985; Bertness and Ellison 
1987). Both competition and environmental variation have 
been suggested as important factors causing zonation in these 
systems, but few studies have experimentally tested this 
hypothesis. In coastal marshes, investigations of vegetation- 
environment relationships suggest that zonation is closely 
linked to environmental discontinuities resulting from tidal 
rhythms (see Cooper 1982). In inland saline systems, how- 
ever, vegetation discontinuities are often not linked to envi- 
ronmental discontinuities (Ungar 1 9 7 4 ~ ) .  Because descriptive 
studies cannot generate information on levels of interspecific 
interaction (Silander and Antonovics 1982), manipulative field 
and laboratory experiments are required to determine the role 
that competition plays in creating vegetation zonation; dem- 
onstrating a correspondence between vegetation "edges" and 
environmental discontinuities (e.g., Johnson et al. 1985) does 
not prove that competition is unimportant. 

'Contribution No. 219 from the University of Manitoba Field Sta- 
tion, Delta Marsh. 

The role of interspecific competition in organizing and 
structuring plant communities is typically examined by per- 
forming perturbation experiments in the field. In coastal eco- 
systems, such experiments have indicated that environmental 
variation, disturbance, and interspecific competition are all 
important factors in the formation of vegetation zones (Silander 
and Antonovics 1982; Snow and Vince 1984; Bertness and 
Ellison 1987). In these studies the role of competition is 
inferred from results indicating that species normally found at 
high salinity perform better in less saline areas when not sub- 
jected to interspecific competition. This suggests that more 
salt-tolerant species are excluded from areas of low salinity by 
competitive exclusion. The principal advantage of such exper- 
iments is that they are performed under natural conditions. 
However, since gradients in the field are environmentally com- 
plex, it may be difficult to determine unequivocally which 
environmental factors are most important in controlling species 
distributions. Furthermore, because field investigations are 
time specific (Silander and Antonovics 1982), interpretations 
may be misleading if based on results from a single growing 
season. 

Controlled laboratory experiments offer a more direct 
approach to examining competitive interactions in plants. 
However, most such experiments have concentrated on pair- 
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However, most such experiments have concentrated on pair- 
wise interactions and have generally been restricted to a few 
levels of one (occasionally two) environmental factor. While 
some authors have expressed the opinion that results of pair- 
wise competition experiments might be successfully extra- 
polated to predict multispecies interactions (e.g.,  Harper 
1982), others feel that experimental approaches involving 
competition between many species must be developed (see 
Austin and Austin 1980). The multispecies experimental 
approach was pioneered by Ellenberg (1954). H e  created a 
water table gradient along which four grass species were sown 
in monoculture and four-species mixture, in two replicates. 
Monoculture and mixture responses along the gradient were 
similar for three of the species, but the response of the fourth 
changed when grown in mixture. From this and other studies, 
Ellenberg concluded that interspecific competition is important 
in determining species distributions under natural conditions 
(but see Ernst 1978). Later studies using Ellenberg's approach 
obtained similar results (Mueller-Dombois and Sims 1966; 
Pickett and Bazazz 1978; Austin and Austin 1980). Unfortu- 
nately, replication was not used in these studies, making sta- 
tistical inference difficult. Austin et al. (1985) used replication 
but did not directly address the question of whether species 
responses differed in monoculture and mixture. 

The experiment described here follows from a survey of 
vegetation-environment relationships of  NaC1-dominated 
saline flats in central Manitoba, Canada (Burchill and Kenkel 
1991). On these flats, we found that boundaries between veg- 
etation zones did not cor res~ond  to environmental discontin- 

- 1 

uities. This confirmed observations from inland saline areas 
throughout North America (see Ungar 1974a) and led us to 
hypothesize that interspecific competition plays a role in 
organizing vegetation along salinity gradients. W e  tested this 
hypothesis using an experimental salinity gradient in a modi- 
fication of Ellenberg's multispecies approach with replication. 
Three grasses (Poa pmtensis L. ,  Hor-deurn jubaturn L.,  and 
Puccinellin nuttullianu (Schultes) A.S.  Hitchc.) were grown 
at eight salinity levels, both in monoculture and three-species 
mixture. Our objectives were (i) to statistically compare the 
monoculture and mixture responses of each species along the 
salinity gradient and (ii) to assess the hypothesis that compe- 
tition and salinity together play a role in creating vegetation 
zonation in the field. 

Materials and methods 
Species crrzcl gertninutiorl 

The three species chosen for our study are found in or near saline 
sites, have similar growth forms, and have viable seed that is avail- 
able in sufficient quantities. Previous studies indicated that 
P. r~lrftalliunu is one of the most salt-tolerant grasses (Macke and 
Ungar 1971), while H. jubutum tolerates intermediate salinities 
(Ungar 19746). Seed of these two species was collected in September 
1989 from saline flats at the University of Manitoba Field Station, 
Delta Marsh (50°1 I'N, 98'23'W). The glycophyte P. prutensis 
(Canada No. 1 Park Variety Bluegrass, T&T Seeds Ltd., Winnipeg, 
Man.) was chosen as a representative salt-intolerant species. Hor- 
deutn jubutum and P. t~~ltmlliurza con~monly dominate vegetation 
zones in saline areas of Manitoba (Burchill and Kenkel 1991), while 
P. prutetlsis is often found near saline sites. 

Germination trials were performed in a controlled environment 
chamber with a 16-h light - 8-h dark cycle and 25°C-4°C (k 1.5"C) 
temperature cycle. Temperature fluctuation was used since it encour- 
ages seed germination in many halophyte species (Ungar 1987). For 
each species, 100 mg of seed was carefully sprinkled over 500 g (dry 

weight) of washed silica sand in 10 cm diameter plastic pots. Seeds 
were gently pressed into the sand and covered with an additional 10 g 
of dry sand. Pots were covered with a plastic Petri dish lid to prevent 
desiccation and were watered from the bottom by placing them in 
acrylic drain trays filled with distilled water. Salt was not added to 
the water, as halophyte seeds germinate best under nonsaline con- 
ditions (Flowers et al. 1986). Germination results indicated that 
42 mg of P. turttalliann, 263 mg of H. jubntum, and 294 mg of 
P. praterlsis seed were required to obtain 150 seedlings per pot. 

Experimer~tal design 
Species were grown in monoculture (150 plantslpot) and three- 

species mixture (150 plants of each specieslpot) at eight salinity levels. 
There were three replicates of each "treatment" combination for a 
total of 4 x 8 x 3 = 96 pots. Initial growing conditions were iden- 
tical to those described in the germination experiment above, except 
that the pots were placed in plastic Petri dishes supported by acrylic 
rods within the drain trays. This prevented salt contamination from 
occurring between treatment levels. Pot positions were randomized 
initially and rerandomized three times during the experiment to min- 
imize the effect of environmental differences within the chamber 
(Potvin et al. 1990). 

By day 8 of the experiment, all three species had germinated and 
Petri dish lids were removed from the tops of pots. On day 12, the 
night temperature was increased to 10°C and nutrient medium (one- 
quarter strength modified Hoagland's solution; Behringer 1973) was 
added to the pots from the bottom by filling the acrylic drain trays. 
Beginning on day 19, 150 mL of nutrient medium was added to each 
pot from the top (150 mL was sufficient to completely flush out the 
old medium). At this stage the medium contained initial levels of 0 ,  
0.75, 1.5, 2.25, 3.0, 3.75, 4.5, and 5.25 g NaC1.L-'. Salt levels 
were gradually increased to final levels of 0, 2, 4, 6, 8, 10, 12, and 
14 g NaC1.L-' by day 29 of the experiment. Salinity was increased 
gradually to mimic the trend of increasing salinity that occurs in the 
field from spring to summer and to minimize osmotic shock to seed- 
lings. The salinity levels used in this experiment were within the 
range of those observed in the field; mean soil water salinity values 
over two summers in a Lake Winnipegosis salt pan were 
10.5 g sa1t.L-' in the H. jubaturn zone and 26.6 g sa1t.L-' in the 
P. rzctttallianu zone. 

To maintain constant salinities and an adequate nutrient supply, 
pots were flushed with 150 mL of the nutrient-salt medium twice a 
week for the duration of the experiment. On other days distilled water 
was carefully added to pots in amounts sufficient to saturate the soil 
without flushing medium from the pots. Towards the end of the 
experiment, it was necessary to water plants twice daily to prevent 
desiccation. 

On day 94 aboveground and belowground biomass of monoculture 
pots was harvested, dried at 85"C, and mass determined to k0.01 g. 
Aboveground biomass in the mixture pots (separated by species) was 
determined in the same way. It was not possible to separate the 
belowground biomass of mixtures by species. 

Data ntlnlysis 
To assess relative salinity tolerance, we calculated the relative total 

biomass (RTB) for each species at the eight salinity levels: 

monoculture total biomass at salinity level i 
[ I ]  RTB, = 

mean monoculture total biomass at zero salinity 

Since all three species accumulated the highest total (aboveground 
+ belowground) biomass at zero salinity, this ratio expresses the 
proportional loss in total biomass at higher salinities. We also com- 
puted the aboveground to belowground biomass ratio at each salinity 
level for each species. 

Data for each species were analyzed separately (using aboveground 
biomass data) to determine whether or not interspecific competition 
affected species responses to salinity. For this purpose we used an 
implementation of the general linear model (see Table 1) in which 
species biomass was a function of both salinity level (S)  and com- 



Salinity (g . L-l) 

FIG. I .  The effect of salinity on relative total biomass (RTB) for 
Pocr prntertsis. Hor-deirrr~ j~rbaturr~, and P~rccirlellin r~~rttalliar~a grown 
in monoculture. Second-order polynomials are fitted to the data. 

petition (C, monoculture versus mixture). Our rnodel can be thought 
of as a hybrid between the analysis of variance and regression analysis 
(Freund et al. 1986, pp. 141-157), with a quadratic salinity term (S') 
included to account for nonlinear species responses to salinity 
(Snedecor and Cochran 1967, p. 460). Note that regression is most 
often used in this way to remove unwanted variation in an analysis 
or variance under the assumption of no interaction between the regres- 
sion and treatment terms (Mead 1988, p. 246). In our experiment, 
however. we specifically focus on the interaction terms SC and S'C, 
as they indicate whether the quadratic regressions of biomass against 
salinity diffcr in slope (SC significant) and (or) curve shape (S'C 
significant). In other words. thc prescnce of significant interaction 
implies that species responses to salinity differ between monoculture 
and mixturc. The analyses were performed using the SAS procedure 
GLM (SAS Institute Inc. 1985). For completeness, results of the gen- 
cral lincar model analyses are presented with both sequential (type I )  
and partial (type 111) sums of squares. Residuals were tested for nor- 
mality using thc Shapiro-Wilk W-statistic and for equality of vari- 
anccs using the Bartlctt tcst (Ncter and Wasserlnan 1974). 

A summary of the responses of the three species in mixture was 
obtained by relativizing values generated by thc fitted general linear 
models. Proportional biomass (PB) of species j at salinity level i was 
co~nputcd as 

aboveground biomass of spccies j in mixture 
[2]  PB,, = 

aboveground biomass of all three species in mixture 

Results 

Decreases in RTB indicated total biomass losses of 72% for 
P. prrltetzsis, 50% for H. jlrhat~rrn, and 30% for P .  tz~itt~llliatza 

~. . , 
at the highest salinity level (Fig. I). Trends in the above- 

. . . . ground to belowground biomass ratio indicated a shift in 
allocation in P .  prc~r~t~.~i .s  with increased salinity (Fig. 2). 
Hordeirttz j~rb~~tirttz showed a less pronounced trend, while 
P.  t l u t t~~ l l i~~ t zn  showed little shift in allocation. These results 
indicate relative salinity tolerance in the order P .  pratetzsis < 
H. jubtrtlrrtz < P.  t l i r t t ~ ~ l l i ~ ~ t z ~ ~ .  

Sequential (type 1) and partial (type 111) sums of squares 
yielded similar results for all three species (Table I). Residuals 
for the three models did not deviate significantly from nor- 
mality (P  > 0.68) and variances were homogeneous ( P  > 

Salinity (g - L-l) 

FIG. 2. The effect of salinity on the shoot to root biomass ratio in 
monocultures of Poo pmterisis. Horde~ttn j~ibatum, and Plrcciriellia 
r~uttallirrr~n. Second-order polynomials are fitted to the data. 

TABLE 1 .  General linear model results for the three species. 

Type I sum Type I11 sum 
Soecies Treatment of sauares P of sauares P 

Poa C 
S 
S' 
SC 
S'C 

Hor-rle~rrn C 
S 
S' 
SC 
S'C 

P~ic.c~irrollirr C 
S 
S' 
SC 
S2C 

NCYII:: Models Tor tach specius have 47 df. 42 df for the error terni, and one for each 
of rhc five model colnponents. C, cornpetition; S, salinity. 

0.10). The general linear model provided a very good fit to 
the data of all three species: P.  pratensis, R' = 0.98, F = 
413.3, P < 0.001; H. jubatutn, R' = 0.98, F = 340.6, P < 
0.00 1 ; P.  tziitmlliatza, R' = 0.99, F = 705.1, P < 0.00 1. 
The first-order interaction term (SC) was significant for all 
three species, indicating that the responses of species differed 
between monoculture and mixture. In addition, the monocul- 
ture and mixture curves of H. j~rbatiitn and P.  praretzsis dif- 
fered in shape (S'C term significant). Plots of aboveground 
biomass (Fig. 3) reveal that interspecific competition increased 
the negative response of P .  pratetzsis to salinity. Horcleum 
j~rbat~rtn showed the least reduction in biomass at intermediate 
salinities, and P.  tlurtrrllinnn responded positively to salinity 
when grown in mixture. Expressing aboveground biomass in 
mixture on a proportional basis reveals that P.  pratetlsis peaked 
at the lowest salinity, H.  jirbatiirn at intermediate levels, and 
P.  tlirttalliatla at the highest salinity (Fig. 4). 
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(b)  Hordeum jubafum 
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FIG.  3. Response curves (aboveground biomass) for (a) Poa  
prarensis, (b) Hordeum jubatum, and (c) Puccinellia nuttalliana when 
grown in monoculture and in mixture. Fitted response curves are 
second-order polynomials. 

1 Hordeum 

Salinity (g - L-l) 

FIG. 4. Mean proportional aboveground biomass (PB) of Poa pru- 
rensis, Horcleurn jubatuin, and Puccinellia ~tuttnlliana when grown in 
mixture. Values are based on the fitted response curves shown in 
Fig. 3. 

Discussion 

We used an additive experimental design in which each spe- 
cies was grown in monoculture (150 plantslpot) and three- 
species mixture (150 plants of each specieslpot); this allowed 
us to measure the salinity response of the target species with 
and without the addition of the other species. For a given target 
species density, such a design is appropriate for determining 
the loss in yield of the target species attributable to the pres- 
ence of other species (Law and Watkinson 1987). 

Our results indicate that when grown in monoculture all three 
grass species performed best at zero salinity. This supports 
previous results indicating that salt-tolerant grasses are gen- 
erally facultative rather than "obligate" halophytes (Barbour 
1970; Glenn 1987). Each species showed reduced yields with 
increasing salinity, with the degree of yield reduction indicat- 
ing relative salinity tolerance in the order P. pratensis < 
H. jubaturn < P. nuttalliana. 

Several studies have demonstrated that the aboveground to 
belowground biomass ratio of salt-tolerant species is less 
affected by salinity than that of glycophytes (Barbour 1978; 
Haines and Dunn 1976; Larcher 1980). Why such differential 
morphological responses to salinity occur is poorly under- 
stood, however. The observed changes in aboveground to 
belowground biomass ratio with increasing salinity 
(P. pratensis > H. jubatum > P. nuttalliann) support the sal- 
inity tolerance ranking based on degree of yield reduction. 

Our results also demonstrate that, when grown in mixture, 
each species has a competitive advantage at different salinity 
levels: P. pratensis at the lowest salinities, H. jubntum at 
intermediate levels, and P. nuttalliaiza at highest salinities. The 
trade-off between losses attributable to competition and sal- 
inity, combined with the differing salt tolerances of species, 
produced a shift in dominance along the salinity gradient (see 
Fig. 4) that looked much like that observed in the field 
(Burchill and Kenkel 1991). The one discrepancy in our exper- 
imental results is the relatively consistent performance of 
H. jubaturn over all salinities. Seeds of H. jubatum are larger 
than those of the other two species, and observations indicated 



that its seedlings had an initial advantage over those of 
P. pr-atensis and P. nuttalliana. This initial advantage appears 
to have been carried over into the final experimental results. 
We would predict, however, that growth over several seasons 
would result in increased dominance of P. pr-atensis at low 
salinities and of P. rzuttalliana at high salinities. 

We have demonstrated that competition "pushes" salt- 
tolerant species to the limits of their tolerance range; they are 
outcompeted in areas where they do best in monoculture. This 
has been observed in a number of perturbation experiments in 
saline systems (Silander and Antonovics 1982; Snow and Vince 
1984; Ungar et al. 1979; Badger and Ungar 1990). The "sort- 
ing out" of species along a salinity gradient, with more tol- 
erant species being competitively displaced to suboptimal 
regions, can be explained by considering an idealized salinity 
gradient (Fig. 5a). Species A can grow along the entire gra- 
dient, species B at low and intermediate salinities, and species 
C at low salinities only. If we assume that at low salinities the 
competitive ability (i.e., the ability to compete for resources 
with other species) of species C is greater than that of species 
A and B, then species B can survive in the habitat only if its 
competitive ability is greater than that of species A at inter- 
mediate salinities. The result is that in multispecies mixtures, 
salt-tolerant species (A and B) show peak performance near 
their limits of salt tolerance (Fig. 5b). Our experimental results 
are consistent with this model, implying that competitive abil- 
ity and salt tolerance are inversely related. Why such a rela- 
tionship exists remains to be determined, however. One 
possibility is that in halophytes there is a "physiological trade- 
off" (Tilman 1988, p. 119) between salt tolerance and com- 
petitive ability. 

In most studies of salt tolerance, species are grown in mono- 
culture at different salinities. Our results, however, suggest 
that monoculture experiments cannot successfully predict spe- 
cies performance along a salinity gradient when other species 
are present. Indeed, we have demonstrated that although all 
species performed best at the lowest salinity when grown in 
monoculture (with performance decreasing monotonically with 
increasing salinity), species responses were significantly dif- 
ferent when grown in mixture; the performance of a species 
along the gradient peaked at the point where the combined 
effects of interspecific competition and salinity caused the least 
suppression. This parallels conclusions drawn from dynamic 
plant community simulation models, which suggest that com- 
petitive displacement can lead to the formation of vegetation 
zones along continuous environmental gradients (Pielou 1974; 
CzBrBn 1989; Smith and Huston 1989). 
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