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“Cttawa River.

. * Abgiract

-

This thesis examined -the.relaticnship between pattern and

mechanism in the emergent mac?ophyte communities along the Cttawa

River, Canada. This was done by (a) statistically ?ngly:ing the

distribution of species' boundaries aleng a gradient of water

depth; (b) perfd;ming a 15 menth field experiment in whigh ramets

1 L
of three species (Carex crinita Acorus calamus and Tyeha

-

anqustifolia) were trénsplanted into four sites along the water

depth gradient, both in the presence and in the absence of the

1N

natural vegetation‘ of each site; and (e describing .the

distribution of 25 morpholaogical and physiological plant traits

= along environmental gradients “ound along the shores 3f the

/‘i -

-

Chapter 1 considered the péttern cf species' distributions
aloné the water .depth éradient fram the perspective cof the
community-unit and individualistic concepts by reformulating
these- concepts as falsifiable hypaotheses cohcerning the

distribution of species boundaries.. These boundaries were Tound

-

to be clustered at certain height intervals, contradictirg ths

individualistic concept, but upper ~—and lower bouncaries d:d rot

behave éimilarly along tHe gradient, contradicting the comm%nity—
unit concept. - It was conclueded  that these concepts reguire
testing by . manmipulative field experiments, ‘and a mechanistic
‘H;pothpsis for the individualigtic cnnc;pt was introduced.
. Chapter 2 reported the results of the field experiment and

; -
compared these results -<tg™ throe published models designa2d to

explain community organization alecng environmental gradients,



At

Species' realized distributions were not eguivalent to their

g ”
potential distributions, all three species did .not g(ow best a-x
. e
\

the same point on the gradient inm the absence ofJéompef“tors, anc
each species was least affected by competitors&iﬂ that part of
the gradient that it normally inhabited.
In chapter 3 this description pf causes was furthe-
< investigated by measuring 20 morpholeogical and physioclogical
traits of 25 species, describi%g the correlations between thecs
tewaits, and relating these to envirenmental gradients. There
were strong correlations between:® seven traits related to seeds

L T
ﬂ5\\and_seedling5, as well as between 13 adult traits, bu* nz

\\\ )
dssociation betweenm these two sets of traits. The Righ intra-

. ~ . . . . .
class correlations resulted in low-dimensional principle co-

ordinate ordinations, which were interpreted as differ:nz

strategies to disturbance, competition and stress-tolerance.
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General Introduttioﬁ

Science 1is cobjective in so far as it concerns itself with

. repeatable, cobservable phenomena.. Orn the other hand, in any
écienEEfic stuay, the researcher must choose a small subsest of
questions for investigatiqn qut qf an _ almost. unlimited pccixof
poténtjal.questions. Therefore; the task of deciding upon which
questions to ask (;nd by extensign.'thoge'that won't be agked? is
much l'ess cbjective. The inmevitable biases which result from

such a choice ar=s often more insidious than biases in methcecdeclogy

because the criteria are vsually implicit. Therefore, before

L}

entaring into the biolegical cetails contaimed in this thesis
would like to explain why I have asked the guestions posed In
the thesis, and why I have triad to answer them in the way that I

have. The thgmes upon which my research is based are described

under the fcllowiné headings;

1. Concepts and hypcoctheses

Ecology is rich in concepts.: By "concept", I refer to
general todies of ideas often stated in the form of analogies.
Concepts are necessary . becacse thewv bring together disparate
. . !
ideas and N"&'Q..'t:;ges.‘: new and interesting avenues Tor research. i
believe though, tij;/szoloqists have been cursed by thrir good

-

/' .

t Ll
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fortune. We have a storehouse full to bursting with concepts

.,

. : -
(adaptation, the niche, the competitive exclusion prihbéple, for

exémple) but this wealth of concepts has not produced aﬁ’equally
large store of testable hypotheses - that is, statements

specifying functional relationships between measurable variables.

One example . is the cebate concerning the nature of

'

commenities along environmental gradients, cast as a dichotomous

choice between the community-unit conéept and the individualistic

concept (Whittaker 19482). This argument has existed for almoast a

century without a setisfactory resolutian. In chapter cne [

extract mutually exclusive predictions from these two conca2pts.
"y

Throughout this thesis I have attempted o derive testable

hypcthesei from the various corncepts related te community
. 2

crganizaticen® aleng environmental gradients by clearly detining

the variables involved and the oradicted functicmal relatiorships

between them.

2. Pattern angd mechanism, predictions and assumptions

.

This trhesis 1s cencermnad with the relathHship hohween

pattern and mechanism, specifically, the pattern of distrisution
of =2mergent macrophytes in frashwater marshes and the mechanisns
—

producing such patterns. Th:is dialectic between pattern and

mechanism is Zentral to scienc2, but it is impaortant to receognize



the " unidirectiormal relationship 1in the

pattern and mechanism.

Consider the

application of the hypothetico-deductive

series of

assumptions is assembled into

~

communtty orgéniéation, predicted patterns

consequences of these assumptionsﬁ: and

patterms are compared to those observed

observed and predicted patterns

b
mechanistic model is rejected. This is
observed and predicted patterns are the

sufficienmt to Justify an inference

mechanistic model is correct. All

concluding is that the wuncerlying model

observed pattérn. If more

for the same pattern, mot much

showing a concerdance of

more than one model carn predict t?e
s

‘mossibility in ecology, where

affecting the distribution af specles.

studied in chapter two,

in the

disagree, then the

is cansistent
that one mechanistic model
information has,
observed and predicted patterns.
same
there are many forces

One example

3
loegical structure of
structure of a typical

method in ecolc;y._ A
a mechanistic model of
are derived as lcglcal

thgn these predicted
field. if thé

under lying

Justified. If thsa
same, then this is not
that the ;underlying'
that one 1s capable of

with the

can account
been gained by
That

pattern is a rgﬁl

potentialily

of this is

where three different madels generate

exactly the same zeonatiocn pattern of the emergent macrophyt=s,

In such situations, a more powerful analysis can he done by

tecting the assumptions of the models rather

than their pred:cted

A

patterns.



3. Description, explanation amd prediction
-

At -the. risk of overgeneéeralizing, I categorize the different

goals in science as (1) describing the system (2) explaining how

the system weorks .and (3) predicting the behaviour of the system
-« !

under_pertufbaticns. Scme authors (Peters 1982) have argued that
cnly the third goal, that of prediction; is justified in ecclogy.
I bhave appreoached my research by assuming that all three are
valid goals but that each is incomplete in isolaticn.
¥
Each chapter reflects one ,Of these . geals. Chapter ~ne 1isg
Primarily a description of the emergent macrophyte commurity.
lChapter two is - cerncerned  with explaining the mechanmisms
generating the patterns observed in chapter one. Chapter sthree
attempts to predict life history traits of plants, and ther2fore

represents a compromise ameongst the three primary goals.

]

4. Pluralism of methads

There 1s a tenderncy amongst ecologisés_ to argue abc.t the
one "right" way to study ecology {Diamaond and Case 1985:. In
contrast, I have assumeg th;t ane such "right” way deoes not
_EXiSt; instead I have relied on three different methodologies:
pattern description, manipulative Figld experiments and

4

ccmparative ecology. I have done this because it is ghvicus (at



5 .
least to me) that each method had  its own -inherent strengths and

weaknesses and so each in isplation can only produce a caricature
*

of the system under étudy. ] v

Multivariate ordinmations can simul taneously take into
aczounrt all species ?ﬁ the community, allowing o%e to quickly and
objectively detect patterns from complicated data’ sets. The
obwvious weakness of‘ this apprcach 1is that the underlying

processes generating these patterns are “veiled and cannot be

cecnvincingly exposed.

Manipulative field experiments allow c¢ne to better control
variables and convingcingly demonstrate mechanisms, but there are
two main drawbacks to this approach (Diamond 198&). First,
becacse they are labour intensive, anly - a small subset cf the
spe2cies in a cemmunity can be included in the experiment, making
it difficult to extrapolate tg more general situatiﬁ%s. Second,

‘field experiments cannot normally continue for long periods cof

time, yet it is possible that some important structuring agents
act only periodically (MacArthus= 1972}, cr orn a time scale
lgrger than that of the experiment. This is especially relevant

in communities of long=-lived perennial plants, Thus, the types
of interactions that can-.be studiegd by field =xperiments are

N
. . ~ -
ores which are continuous and 1ntense.

Camparative ecolegy represents a compromise between the



. ' &

first two methods. The goal ié‘to look for correlations between

life-history characteristics and environmental gradients, Since

\

the types of physiological and morprological traits used can be
shown to affect the fitness of individuals'pcsseésing them, a
link between pattern and mechanism is available. Thus,

comparative ecology shares both the strengths and weaknesses of

the fifst two methods. -

+This pluralism of methods is necessary because each method,
by itself, gives a biased view of the system under siudy.

Hopefully, I mhave ocbtained a ,more realistic understanding of

I
emergent macrophyte cammunities by Juxtaposing the btlased
"snapshot", that eath methed provides.

Finally, in assembling the eviderce presenfed in thi ;hesis.
I became convinced that I actually understood the erganizatiom of
planmt communities in detail. J0f course, this tQ0, was due t9 an
unconscious bias: I was preocccupied with what I had learned, and
had overlooked all that I st+ill do not knpw. I, and other
ecologists, wiil havg\ﬁévelcped a seolid understanding of natural
ccmmunities w@%m we can read the follewing quote ttaken
shamelessly out of comtext) and nct fall silent:

If you can lcdk inte the seeds... . {

ANd say whilch grain will grow and wgich will &qf,
¥

Speak then to me.

William Shakespeare
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Introduction

%
.

The debate <cancerning the nsture-cf :Dmmdﬂity crganization has
continued sporadically for meore than. 70 years (see Whittaker 1942
fgf a review of the controversy). The Clemenésian interpretation
(Clements 1214), often called the ‘“community-unit concept"
(Whittaker 1975) was accépted by the majority of ecologists
during the first ;§rt of this century. The wu}k cf a number of
ecologists hcweyer (Cain 1947; Egler 1947 Mascn 1947{ McIntesh
1967; Whittaker 1951,1956,1967) quickly converted the majority of
community ecol?gists (McIntosh 1?75) to the "individualistic

concept" of community organization based primarily an the ideas

of Gleason (1926,1939). This tranmsition to ar individualis:itc

"
viewpoint was due in part because, by using direct or indiract

gradgent analysis (Whittaker 1967, the observed pattern of
species replacements along a gradient was  stated to be
inconsistent with the patterns predicted by Clements. This

transition (Mirkin 1987 calls it a "paradigm change") occurred in

Eircpe and the Soviet Union as well as in North America (Mirkin

1987 .
7 1}
L] -
Gradient analvysis methods have improwved the stugay of
‘community erganizatior by insisting on objective sampling. They
: i ]
still suffer +from the preblem of uwsing subjective methods of

analyzimg the cbserved patterns by failing to use tnferentral
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statistics to compare empirical data with proposed models.

-
-

In this chapter 1 use a direct gradient analysis (Whittaker

1967) of the emergent vegetation of a freshwater " marsh to obtain

data on: €ﬁg distribution of species' houndaries reldtive to a

~ -

gradient?iaﬁﬁiéx of water depth. After stating falsifiable

hypctheses based on the predicted patterns of the individualistic

and community-unit concepts, the observed pattern of boundaries

rs

along the gradient 1is compared to these hypotheses using an

_analysis of deviance (McCullagh and Nelder 1983).

Hypotheses for the patterns implied by the two concepts
'/
The communlty-un:it corncept claims that when species’

distributions are plotted zlong some gradient or gradient-complex

Whose rate of charge is constant, there exist groups of
speciss,i.e. "communities", which replace themselves aleng the
chesen gradient (Whittaker 1973 . Within each grouping most

specias  have similar distributions and the end of one Sroup

coincides with the beginming of another {(figure .17,

Tha individuealistic concept states that tcenters and

s

bouncaries of species’ distributions are scattered alcecnz the

envirommantal gradiemt” (Whittaker 1975). No distinct groups of
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species are predicted to exist, therefore precluding the

coincidence of one group with another.

Explicit hypotheses of these two concehté are formulated
using the following terms. Define “upper boundary" as that

polint on the gradient where the distribution of a species ( not a

group) begins relative to an arbitrary direction on the gradient.

Define "lower boundary" of a species as that point on the
gradient where its distribution ends.
TR

The individualistic .hypothesis states that:

(1) the average number of boundaries Iboth upper and. lower)
in each interval of the gradient should be 2qual except for

random variation about the meang

(i1) the number of vupper boundaries per interval of the
gradient should be independent ‘of the number ~of lower

boundaries.
The community-unit hypothesis states that: .

(i) there should be significantly more boundaries (both upper
ang lower) 1in some intervals of the gradienmt than in others,

N
i.2. boundaries are clugtered;
19



' | ' . S
(ii) the number of  upper and lower boundaries per interval.

1. )
shou}d increase and decrease) together along the gradient.

The patterns predicted by these ‘hypotheses are shown in
figure 1.2. Note that~ the 2X2 table suggests at least two other
possibilities for patterns along a gradient, as pointed ocut by

Whittaker (19795).

,/\_"

-
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ethods -

The study site 1is near Breckenridge, Quebec, which is

approximately 40 km. northeast of Ottawa, Ontario, Canada (Figuré
. !
1.3). This marsh cccurs on a very geltly sloping shorelire. On

the highest ground is a forest dominated by Acer saccharinum
Id

which is fleooded during the high water period =sach spring. The
study site itself ceonmsists of herbacecus emergant species (see
figure 1.9); this portion of the.marsh extends for apprgximately
200m although not all éf this section of marsh was actually

sampled. Seyond 200m ‘from the edge of the tree canopy, flaating

ieaved species such as Nuphar variagetum and Potomeogeton segp. are

found, giving way Ginally to submerged wvegetation. To eb%tain a
random sample of the emergent community a 200 m  line was
established running along the edge of the tree cancpy amd civided
into 'S m segménts. Thirteen af these éegments were chosen using
a ‘random number table to se the locaéicns of belt transects

runnimg down into the marsh. Each transect was therefore at

least am distant from any other transect.

The water level on "July 24 1984 was marked and will be
}

called the "standard zerg" ~ater level; this correspongcs to a

Gecdetic height (Water Survey of Canada) of S8.40 m based cn

water  level records fraom the Brittamia Bay, Jntario measuring

staticn {number O2KFOO3)4 located in the same drainage basin.



was'surveyed down to a height

tncluding,

Usimg a suiveying level,
height intervals .bﬁéed on the standard zero mark. -Each transect
tg,

A .
13

Tyl
each transect was di&f;ed inte S ecm -

P

and up but not
Transects were not

of =40 .cm

the édge of the tree cancpy.

extended into the forested region to aveid the confounding affect

Because the edge of the tree canopy varied

animal runway.
the upper limit of each transect corresponded to
zerc mark.

5

of an

aleng the marsh,

a height of from 30 cm to 1S5 em above the standard
-40 cm refers to a pcint on the water depth gradient which

Thus,
by
is 40 cm below the standard zero water level.

the presence or

found
emergent
region of the marsh containing fleoating-leaved or submerged

rarmdomly chosen
absence of all specles was recorded.
surveyed

N

Transects were censused in the order in which they had been
1Y .

and in each 5 cm height interval of all transects
All species
-

were

actually
the

™

marsh

in the section of the
plants; no transects penetrated into
1

heroaceous

+ f '
vegetation.

Voucher specimens for all species were collectec and s2nt to
Agriculture Canada for
) -~

thé Hiosystematics Reseirch Centre of
verificétion and d2pesited in their herbariuem (DAD).
Nemenclature thrcughoué the;thesiskfgllows Gleasan _and Cronguist
(19863) unless otherwise indicated, except for the grasses, which
are from Dore and McNeill (1980) . Note that two spécies,
armd Lvsimachia thursiflora, could not be

Lvsimach:a terrestris
1]
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separated in their vegetative state and were therefore grouped

together as Lysimachia spp.

In erder te defermine the fbcation‘oﬂgboundaries it had -to
be assumed (Pielou 1977; Underwecod 1978a,b; Keddy 1983) that &
gap in the distlibution of a species along the gradient did not
represent a true disjunction. In reafity, onlgaspe:ies that were
duncommen in'the marsh showed such gaps and so it seems reascrable
to accept such an  assumpticn. JIf the highest height interwval
censused contained a species it follows that the upper bounrndary

. .
for that species could not be determined, .ner canm  the lower

>,

bounrndary be found if the species was present im the lowest
height interval censused. Finally,. if a species had both its
upper and lower boundary in the same height interva! it was

excluded from the analysis to aveid a bias inm part Ci@) cf the

two hypotheses.

The procedure described above yields a contingency table
-censisting of the rmumber of wupper anmd lower boundaries found in

each relative height interval of gach transect. Th=se data

were analyzed Dby an analysis of deviance (Karson 1982;
McCullagh and Melder 1983), using a genrmeralized linear model

assuming a multincmial distribution.

An analvsis of deviance is aralogous tc an analysis of

-

variance but is nmot restricted to assumptions of homogemeity of

variance in the error strugcture ‘'of the model. To test for
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LY
significant systematic components of the data, one looks at the
by ;
difference between the deviance of the data from a model mot
incorporating the factor of interest and the deviance of the

data from a madel in which the factor is included. The charge in
deviance, twice the negative log—likelihood __ ratio is

asymptotically distributed as a Chi-Squared variate.

Part (i) of the two hypeotheses can be evaluated 5y testing
for a %ain éffect of relative height along the gradient; 1T this
effecé exists then there are significantly more boundaries in
some height intervals than in others, .The interaction %ferm
between the type of boundary (upper or lower) and relative haight
is used to evaluate part (ii)  of the two Hypcetheses. If this

-

interaction term 2xists then the rnumber of upper and lower

boundaries per bheight interval does not increase and decrease
together.
»
A Since [ collected data using relative heignt intervals, the
\

actual distance of marsh included within an interval varied
depending on the slope of the share; for instance, i:
Breckenridge ﬁarsh the height 1intervals had distances from a
minimum of 0.8 m to a maximum of 19.1 m. If boundaries are
randomly distributed along the relative height gradien? but some
intervals are correlated with longer distances, then a spurious

clustering of boundaries would be found. To solve this problem

the distance occupied by 2ach height interval was ingcluded as a

/‘.
7/
S
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covariate and its effects removed. Appendices 1.2 and 1.3 give

the actual data sets for the boundary data and the length of

height intervals, respectivefy.

The Genstat [V statistical package was used and the data

were analyzed on the Agriculture Canada computer network.

£
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Results -
. {
A .
Both upper and lower boundaries were clustered (p<0.001;
figure 1.4). The individué@{;tic hypothesis was therefore
p ) : . '
rejected. As well, there was a significant interaction between

the type of bouncdary (upper cr lower) . and t%e main effect of
relative height on the gradient, indicaéing that . the pattern of

~

clustering with respect to upper bounda;:fs differed from the

pattern of clustering amangst lower undaries along the
gradient (pLC.001, table .12, In‘ fact, thére was 2o
ccrrelaticn between the number of upper and laower boundaries.per
relative height interval (r=0.00%2, p»0.38). I must therefcre

-

reject the community-unit hypothesis as well.

Although the covariate, the actual distance et marsh
.

included in each interval, was significant {(table 1.1, the
effect was to increase the importahce of clﬁstering alorg the
grad:ent since when <the covariate was excluded fram the
analysis, the change of Jcocviance due to relative height was
gecreased from 33.6 ta 2.5, This was because some of tne-
%ongest relative heigHt intervals contained very few bourdaries.
In any case, the amqunt: of variatlon explained by'the ccvariate
was small. Ii should also be Boted ;haé after incluc:ng wthe
effects of the | covariate, the relative height term, and *the
interaction term, the residuql deviance of the made! bhecane

non-sigrificant (p>2.05) indicating that all bHut randcm

-
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variation has been accounted for by the model.

In order to better visualize these results, figure 1.5 shaws
the distribution of each species plotted against.relative height

in the marsh, averaged over the 13 transects. It can be seen

that there exists ore group of species (Lvcopus uniflorus, Carex

vulpinoidea, Potentilla anserina, Equisetum arvense, Aster
N

—

simplex, Crnoclea sensibilis, Plantago major, Carex crinita,

Lvsimachia nummularia) which all reach their lower distributionmal

limits in the interval from 10 to 20 cm. Equally impertant is

the absence of any —speciss whose distribution begins at this
part of the gradient. In the interval from -10 to -25 cm thera
occurs another group of species (Iiris versicolor, Scirpus

americanus.Spartina pectinata. Eleccharis ervithraoseoda Studel,

i

. >
Carex vesicaria) who.all reach their iower distributional limits

but there also "exists a group cof species who simultanmeously

. - . - - - . -
begin their distrin®tion (Sparganium eurvcaroum, Carex retrorsa,

Sulichium aurvndinaceum, Rumex verticillatus, Polwvgonrum

hydropiperoides, Eguisetum fluviatile, Scirpus fluviatilis,

Penthorum secolides, . Tvpha augustifolial), It IS this
- =

Jdisconcordant pattern of .upper anmd lower boundaries that causes

the interaction term in table :.1.

-

In order te compare these results with those of other
studies, ! have computed Underwood's (1978a) statistic. Using

that ~test., lower boundaries are again found to be ciustered
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(p<0.01) but upper boundaries appear to be randomly distributed
(0.1>p>0.05). ~Note however, that Underwood's test can fail to

detect non-random patterns (appendix 1.1}, which explains the

differences between the resglts of the two tests.
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Discussion \\

AN

“

In order to relate the results of this study to the debate
concerning the in;ividualistic and community-unit concepts it is
necessa?y to cons:i:der the argument both . from the perépecﬁive of
pattérn and from the perspective of the mechanism. In this
section then, I will concentrate separately on three different,
but related, questions. First, from the perspective of pattern;
I will consider the results of this study im relation to
previgusly published results,. Secand, I will discuss the
acceptability of using predicted patterns to test hypotheses of
mechanism. Fimnally, I will examine a hypothesis of the

individualistic concept as a . _cstatement of the mechanisms

cenirclliing the distributicon of species alaong a gradient.

1) Hypotheses of pattern

The deba*e cancerning pattern has usually been structured as

a dichotomous choice between the predicted patterns of the

-

community-unit and individualistic concepts (Curtis 1955;
Gleason 1926; Mcintosh 19&7; Whittaker 19313 but =& Whittaker
1973 for an exception). Such a dichotomy is misleading however,

because 1t 1implies that evidenmc= contradicting one expect?d

pattern can bte Interpreted as 2vidence,. supperticrg the other. ‘Such
/
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reasoniﬁg has been used to support fhe individualistic concept
"(Curtis - 1955; Nhitta#éf 1931, 1967). If we recognize that the

LS -
two predicted patterns do not exhaust the number of ﬁossible
patterns available (Whittaker 197S) then one can no laonger rely

on negative evidence te support either of the two usual concepts

of coemmunity organization aleong a gradient.

-;ﬁ this paper I have shown that the distributicns of the
species in EBreckenridge Marsh are non-=random, but de not
correspond  to the patterns predicted by the community—-unit
hypothesis. This demoﬁstr§%95 that the historical dichotomy i;
too limited, but might also be %taken to suggest thet Breckenridge
Marsh 1s exceptional, since the reéﬁlts disagree with a large
ony D#s evidence apparéntly demonstrating individualistic
communities (fer example; McIntesh l??S;-Nhittaker 1962,1973) .
Although this may be true, there are two reasons teo believe that
such a corclusion should be questioned.’

i

First, the only other study in which both direct-gradient

analysis and inferential statistics was used (Keddy 1983} found
poundary clustering in a lakeshere plant community. Three other
studies have used inferential statistics tc test bounrndary

distributions, although the species ranges were not obtalned
using direct gracient armalysis. Of these, Pielcu and Routleodge
(19748) found clustering, Underwood ~ (1978a,bk) found a random

distributicn i{but see appendix 1.1) and Dale (1984) found a
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contiguity of upper and lower boundaries.
Second, the stuaies supporting the individualistic concept

did nmot wuse inferential statistics to conpare observed patterns
Wwith thﬁse predicted by the individualistic hypothesis and
therefore may have failed to detect true non-réndom patterns. By
subjectively scénnihg the dist}ibutions of many speciés along ,a
gradient by eye, all bﬁt the most pronounced structure of such
data would appear random, therefore biasing cornclusions in favour

cef the individualistic contest.

Using pattern to deduce mechanism

Ik this chapter I study the pattern of speci=s’ ranges
relative to  an obvigus =nvironmental gradient, but make ro

attempt to interpret the 're2sults” as a test of :éhy causal
' ~
hypothesas. In the context of this debate heowever, pattern has

generally been wused to preove or disprove proposed mechanisms of

cemmunity organization (Clements 1919; Gleason 1924; Whittaker

1951, 1973, Certain assumpticns are combinec to produce a model
of cemmunity organizatiosn, predicted patterns are derived as

logiéal consequences of the model, and then the observed patterns
- ' _ v _

of natural communities are compared with those predicted by the

model. if the observed and predicted patterns are different then

the underlying,mechanistic mcdel is assumed to be wrong. If the
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gbserved and predicted patterns are similar then the underlying

- \/
mechanistic model is assumed to be correct (Whittaker 1951). The
problem with such amn approach is that, given the large number of

1 .

abiotic, biotic, and interactive facters to checose from, there

are 50 many degrees of freedaoam that many different caﬁgédx\

. AN

mechanisms could all 'explain’ the same empirical pattern. /ﬂ/
: ] ’
Consider this demonstration of boundary clustering "' 1n
Breckenridge Marsh. This can be made consistent with the

individualistic hypothesis by assuming that ‘there are one or more

{unknown) abiotic factors which change rapidly at those points on

tha\ gradient where boundaries are clustered. "There exists in
B ~ .

Breckenridge Marsh, as irn all-natural communities, many atiotic
factors which could possibly éxplain such a pattern: the degree<
of anoxia due teo flcodiﬁg or to ige cover, the degree of moisture
stress when the water lavel falls, changes in  any ore of mény
mineral nutrients or ratics of nutrients, disturbance due to ic;
damags ar wave action in the spring, amd sc  an. If it is
pessible to find a correlation of boundary clustering with a
rao;d change in any one of the large number of abiotic factors
to cheoose from, should this correlation be interpreted as
agreement with tha individualistic concept? If some other
abiotic factor 'is shown to change rapidily in a section of the
marsh where there are relatively few boundaries, should we then
conc lude that the individqalistic concept ts still correct but

that the factor in guestion plays mno causal role? By arguing in
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*shown in  figure 6.1 where the distributions of various speci
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such a way we render the individualistic concept unfalsifiable at

the level of pattern analysis.

The problem is not solved by rhoosing strong environmental
gradients such as the altitudiasal gradient up mountainsides
(Whittaker 1651, 1954 or the gradient of relative water ‘depth in
a lake (Keddy 1983) er in a marsh, in which many abiotic

gradien{s are correlated to prcduce a gradientscomplex, This is
- ’
“

i

3
are pleotted along a hypothetical gradient. The values of two
abiotic facters, A4 and B, are also plotted. If one wer2 to o

two different direct-gradient analyvses af this ‘gradient', the-~

-4

relative to actor A the foundaries would be clustered but

relative to factor B the boundariss are regularly spaced. Thess2
-

two different results are ogb=ainmed even though the two factors

are positively correlated. - Thus, the problem remains: th=

individualisiiz hypothesis is unfalsifiable whon using pattern k2

deduce mechanism. -~

v

Hypotheses of meechanism

Whereas rypotineses regarding pattern can be tested Lsinmg
inferential statisctics, hypotheses regarding mechanisms must S=

tested with esperiments.

T

h

il

Levins ard Lewontin (1982 and Simberloff{l1982b) restate
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4

assumed mechanisms producing individualistic communitigs in an
experimentally testable form. In Simberloff's words: "species
are individually gistributed accordiﬁé to their interactions witgh
their physical surroundings and, ... only upon falsification of
this hypothesis ought one to move on to mecre complex {(physical
enviromnment X other—species interaction) ones". Such a
Fypothesis has the aanntage of not only being talsifiable but,
centrary to Simberloff (1982 a,b?), has actually.been falsified 1in
many Tield experiments. . These experiments te2st the assumed
mechanisms and not the predicted patterns which may arise 3s

logical%Fonsequences from the mechani;ms.

~ LY
Sharitz and McCormick (1973) have cdcamonsitrated that.the

distribution of Sedum <smallii an granite outcrops in  the

southeastern Urnited States is conirclled by a complex interaction

et abiotic fac*tors and competition with Minuartia uniflaora. On=

boundary of Sedum smallili on these ocutcrops is determined Ly

an

moisture stress and shallowness of the scil. Tre other end of

its distributicn is controlled through competitive exclusicn from

Minuartia unitlora. tudies on  the rocky intertidal Tone
\ .
(Connell 1972, Paine 1884 ; Lubchencs 15S0) have alsec
demonstrated trhe impartance cf both Dbiotic factore as well as
interactions b=2tween biotic and abioctic factors in determinilng
the «<tructure oﬂ such communities. Grace and Whetzel (1981

give . evidence that the distribution of Twveha augustifolia is

partly determired by competition wypth Typha latifolia in thae
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pornds which they stud&ed. Siiander and Antonovics (1982), in a
‘series of removal experiments, showed that‘;he distributions of
‘most of the' plant épecies in a coastal plant community were
profoundly affected by the'types of neighbors that were removed.
Snow and WVince (1984) and Vincé and Snow (1984) used transplant
experiments in an Alaskan salt marsh to demonstrate the

interaction of biotic, and abiotic factors in determining the

structure cof that community. Dther— papers reaching similar
conclusians were reviewed by Conne{l (1%E3) and Schoerer
(1983). Fimally, Turkingtcn and Aarssen (EQBQ and references

ther=in) prasent evidence thaf biotic interactions can produce

coevolutiorary differenc=ss between locgl genctyges, depending cn

the types of species which sazh interacts with, therefore biotic
—

interactions may affect zommunmity structure on an_evolutionary

time scale as well.

There is therefore a large bedy of evidence which falsifios
the causal assumptions of the iImdividualistic cenceptk ard
’ ~

demonstrates integrated, that is causally dependent, responrnses of

¢

species within a community.

_Hypotheses of pattern should be tested wusing inferential
statistics. Hypotheses‘ ef mechanism should be tested =v
experimental manipulations, making sure not to‘equate correlatizn
wlth causat:on (Levins and Lewontin 1982). The way out of ths

community-unit vs. individualistic community debate is to de—y

rl
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the dichotomy and to consider -multiple working hypotheses of

27

¥
community structure.
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J Table 1.1: Analysis of deviance of the boundary distributians in
4 . . \
‘Breckenridge Marsh, Quebec, Canada. The 'residual{deviance'

\ .
column gives the gcodness-of-fit of each meodel to the observed

distribution. The ‘change of deviance' column tests the

significance of each term in improving the goodress-of-fit in
each successive medel. *%: p<0.00l; probability values greater
than 0.03 are not concidered significant and are mot indicated Dy

asterisks.

Terms dlf. Residual d.f. . Change of

deviance T+ deviance
Constant 297 433.4 - - o
Interval length 29& .QEO.S 1 12.8~~
(covariate) o “
aH2ight interval 283 3585.0 i3 23.6~~
Boundary type 282 364.0 i 1.0
Height interval
X 269 293.7 13 7O.3~-
- Boundary tyr- \\
A
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Fiojure captions

figure 1.1: Predicted distributiaons of species aicng an
environmental gradient, according to the twe concepts. Above:the
community-unit concept; below:the individualistic concept (after

Whittaker 1973).

figuré 1.2: THe rumber of community patterns which could be
obtained fraom species whese boundaries are either, (a) rangomly
distributed or clustered and whpse upper and lower boundafies are
either (b} coincicent or independent. Not= that the two

historical community concepts do not exhaust the possibilities
; P ]

shown.

figure 1.3: Breckenridge Marsh, latitude 48~ 48' 00'', long!ltuce

45 97' 30''. The study site is located within the square. The

city et Ottawa is located apcroximately 40 km to the scoutheast.
&

figure 1l.4: The m=an number of species boundaries in egeach S ¢m.

hMelight interwval plcotted against relative height. Within esach

\
rectangle the mean nuﬁqE:‘of uoper boundaries (hatched) and lower

boundaries (clear) are shown.
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figure 1.5: The di;tribution of all plant speciegﬂg;curring in at
least two transects, relative to the height /radient. These
distributioqé are determined by calculating the verage position
of each species'  wupper and lower boundaries oSér

thg thirteen

transects. o

<
.-

figure 1.6: () the field distributions of nine species is
pletted in a hypothetical gradient along with the values of %wo
correlated abictic factors. (b)Y *The distribution of species’

boundaries obtained from direct-gradient analyses of this marsh

relative to the *wo abiotic factors.
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Chapter two

- v
»

A test of hypotheses concerning community organization along an

environmental gradient

- -

"
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introduction

Mechanisms preoducing. {or nat producing) structure in
2cological communities have frequently been inferred from
sbserved species’ distributions (MachArthur 1972, Pielou and

Jgutladge 1976, Diamond 1975,1979, Simberloff 1978, Cecnnor and
Simberloff 1978,1979, Grant and Abbott 1980, Wright and Biehl
. ’ * .

1922, Silverthﬁ 1983, Keddy 1983). An underlying mechanistic
LY .

n

nocsel is often hypothesized, predicted patterns are derived, and
tran the ohbserved pattern of species’ distributions is compared
to the sredicted pattern. With this methocd it is possible ta

reject models whose predicted patterns are incoansistent with

those observed in real communities, but what can be comcluded if

very different models produce identical patterns? in such
situations no amount of debate concerning inferences Trom
patterns can resolve the 1ssue- Only experimental manipulations

designed to test the validity of the premises of the models will
suffice; I will illustrate this probiem,land its résclution, by
examining plant distributicns along an envirenmental gradient,
shera three different models yield identicalJprgdictiOﬁs.

Zoned plant cammunities are found in many systems, including
the rocky intertidal zome (Connell 1272, Underwood 1978a,0,

Lubchenco 1980, Paine 1984), calt marshes (Piglou and Routledge

1974, Srow and Vince 1984), mountainsides {(Whittaker 1956,
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Terborgh 1571) and fréshwater wetlands (Buttery and Lambert® 1955,
s

Nicholson and Aroyo 1975. Grace and Wetzel 1981, Keddy 1982,198S,

Wilsonm and kKeddy 1986a,b). Rabinowitz (19789 has summarized the

three ‘ very different mechanisms which can: produce such

diséri:utians (figure 1.2) and these are cescribed below.

The first model assumes thét the differential distribdticr
ef species aleong anm envircnmental gradient is determinec solel:
by the indi:ianI tolerances of each species to the.c*anging
physical conditiens af the gradient, as well as stc:%astic
factors relatirng toc dispersal. Abele et al. {1984) claim tha=<
this mechanis% is of general occurren;e, and Simberleff (1%382s,b’
sugsgsts that +*this model should be assumed correct until
explicitly Talsified. of ccursa,rthis m5d51 is mot mew; 1t i<
=imply a mechanistic reformulation cof Gleascn's - (192&, 193%.
individualistic concep% cf plant c;mmunities {(Chapter 1, Snigples
and Keddy 1987). A critical assumption of this model ie the
equivalence of reali:zec (field) distributions and poTtential
distributicens. A potential distribution 1s the distributicH that
a species would have along anm environmental gradient w-en the
effects of neighbors have been removed.

The seconé and third medels each assume a role for~ botr
biotic and abiotic factors in determining the différential

distributions of species along an environmental gradient. They

differ in the way these Two classes of factors interact. The
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second meodel assumes that zonation patterbhs result because there
is a trade-off between the ability to tolerate stressful (sensu
Grime 1979) conditions. and the ability +to be a cocmpetitive
-dom:némt. Thus, dominmants o?cupy the least stressful part of
the gradient and competitivé'subordinates are excluded to the
more stressful parts of the gradient. Noie that according tc
this, model, sbecies' pctential distributions are necessarily
inclusive (sensu Colwell! and Fuentes 1975) and species’' ranks or
& competitive hierarchy do not change alang' the agaradient, =&
point stressed by Grime (1977).

The third model 1s reminiscent of MachArthur's "limitin

13}

similarity” concept (MacPrthur 1972) and has been proposed tc
ccount for wetland plant distributions by Hutchinson (1975, p.
QQ7)l Species have widely overlapping potential distributicons
but with different maxima, and zonation cccurs because cpecies’
ranking on a competitive hierarchy change§/ along the gracdient.

Each species is the competitive dominant at some point aleng the

gradient and excludes all others in that regicn.

-

< \
~

These three models camnot be tested by comparing observece

and predicted patterns, since they predict the same patterns.

L

On the other hand, these models make varicus, and often muotually
exclusive assumptions. These assumptions will be tested inm thie
study, using transplant experiments of three species of emergent

macrophytes (Carex crinita, Acorus calamus and . Tvpha=
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anquetifolia) having contiguous distributions aleong o water

depth gradiemt 1in a zoned freshwater marsh plant cammanity.

Specifically I ask:

. . . ) ¢
1} can species expand their range along the water-depth cradient

in the absence of iMmterspecific competition?
: . A

-

) are the potential distributions eof these species along the

water depth gradient inclusive?

~

-

2) does the ranking of species in a competitive hierarchy

vary along the water depth gradient?
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Methods

3&

. . -
1. Description of the march

Pad
—

The field site is a freshwater marsh locatecz near

B

Breckenridge, Quebec, Canada, along the Ottawa River (45 2@' ©
N, &3 Z7 30" W), Thise is the same marsh as described in

chapter 1. The distribution of all emergent macrcohytes alcnz

the water depth gradient between the average yearly maximo~  ane

minimum wa{er levels can be found in figure 1.4 c* Cif::er i
< &

The study site is located in e sheltered bav anc has fe-tile,

organic soil.
. " <
Figure 2.2 shows the average\hpnthly water le.ele i~ tric
marsh over the last twenty years as well as one s<tandarce

derivation, based on the records at a momitoring stetion & murter

-—

Nt
n

Q2KFOQS) located within® the same draimage basin; the =<znc
, v
zero mark 1s equivalent to a geodetic height of S8.40 m ‘Was

58

m

. s
Survey of Canada). Also shocwn are the water levels dur:-g =H

experiment, from July 1985 to September 198&. As can be seen,

water levels were above average over most of the excerimer=, bus
3

!
-

naot abrnormally high.

The boundaries of the species distributions: along the water

depth gradient are not randomly locdted. Rather, there are three
RN

[8 -—

AN
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groups of species distribufions (Chapter 1, Shipley and Keddy

1987). The fTirst group =all stop et arcund the average May g0
water level (see fTigure E2.2). Carmv  crinita is one of the
dominant species in this group. A second, smaller, group of

species have distributiens straddling the water depth gradient,
with uprper limits at around the average June 1 water level and
lower limits at anound the average June EO water level. Scocme of

the species in this group are rare \*he marsh and sz their

placemenrt in this group may be due to the vagaries of sampling,
g g

but Accrus calamus  1s abundant in this part of the marsk. The
. »

third group of species begin their distribution at around the

average July 20 water level and JTvpha angusii“olie i1s the

aracie

7 \ *
dominant in tg?z\b&ﬁt cf the marsh.

2. Transplant experiment

Four locations were cheosen along the water depth gracient.

The first site was established within the realized distritution
/ //
z

¥ 'Carex crinita, the - second site within the reszlizec

o I

distribution of #&. calamus, the third within the realizecd

distributicn of T. angustifolia, and the fourth site beyecnd the
/

realized distributions of all three Fést species. This last

site-was dominated by Spargenium euricarpum and was &t the

average yearly lpw water level. Therefore, each site was in
progressively deeper portions of the marsh and was inundated for

progressively langer periods of the greowing season.
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W:thir  each site, thirty gQuadrats were establishec (éOth
cm’. Each guadrat was <separated from the-ﬂext By 50 crm, was
divided into w0 (20%x20cm) subplots ahd was surrounded by &
plastic ba;rier sunk 1¢. cm  into the soil tc prevent «rizomes
from ocrowimg into o~ out of. the sybplet. One eof the twc
subplots wee randomly ;Hoseh arnd all abbve-ground bicméss WaS
removed (removeal treatment). The thirty guadrats in tr2 site
were divided into ~ ten blnéks ©T three quadrats each. Withir

gach Elock each of the three test species was randomlw ascignec

te one  of the guacrats. Cne ramet of the chosen sSpeciszs wacs
planted in the centre of each subp}ct. This was there<ore 2
three factor experiment: (1) speries, (2} site emz (3
treatment, {.e. removal of neighbeors. T=e actual layout z7 this

experiment, as well as the dry weight per ramet and relevent

covariates, are given in appendix 2.1.

Ramete of the ithree test species were collected from wistrir
the same local region of the marsh from July 7 +to July < 19g5.
The ramets of each <epecies ;;re chosen to be appreoximate:y the
same size and the rhizome of each was cut to e staﬁdard length.,
Roots were not immediately washed of soil, inStead the rémets
were placed in standing water for up to six days, afte- whick
most soil bhad fallen off naturally without d;maging the fi%e

roots. Before planting, !5 ramets of each species were rendomly

chosen to determine the initial biomass per ramet ot each
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specier.' These initial biomass values were obtained after drying
the ramets at 60C to & constant weight. Plastic tags were
placed arcund the rhizome of each; ramet so that they cculd be
identified at the end of the expe?iment.

‘

Ramets were planted frem July 9 to July 12 1985 following 3

randomized planting schedule to avoid the confounding ‘effects of

.
®

rlanting time. During the first two wgeks‘follbwing planting,
thhe transplants were shaded and misted to brevent praméplant
shock; cnlg six put of 240 plants died during this pericd. Ary
plants showing obvious signs of tranmsplant shock during the first’
month follcwingr transplanting was replaced. No further ~amets
were replaced after August 12 1985. All guadrats were moem:tored
and’ weeced regula;ly during the experiment and thelr corzitior
noteé, inmcluding =yvidence of Hherbilvory, which was due el@ast

r

exclusively \to muskrats. The experiment ran. from July 198S .

!

/ .
until September 19863 the test plants therefore experienced the

natural cornditiors of all four seasons.

e e

£
. Competitive ability includes both the ability to reduze the

growth of neighbors and the ability to resist the depression of

one's own. growth due to the presence of neighbors. In this

study, only the second effect could be measured. - Thuse, the
competitive 2bility of species i at si.e J (D,,) was measured as

kS

D; _sz(C;J_U_;J)/Cia

L
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!
where C,, (cleared>.i5- the average bicmass of species i in the
subplot clearéd et neighbors ané U,.'(un:léared) ‘is the averege
biomass of species i in -the subplets not cleared of neighbore
and therefere comntalning the natural vege&atioﬁ of site j. A
value of zero {@plies that the presence of neighbors hac nc
measurdble affect on the growth cf the test specie% at thaf
site. The final biomass of the ramets was again obtaineg afrer

¢rying them at &C'C to a constant weight.
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‘Results

KN * ~ t

- . ~
. -
LD

Ne test plants survived gt site 4 over the course of the

evperiment, except for two lone individuals of T. angustifolia.

L
Therefore, site 4 was not included in the analysis of wvariance.
ANOVA of the remaining data (table 2.2) revealed that all three
species were similarly affected by the presence cf _neichbors.

Competitive dea%ession decreased the grdhth cf the test plants ir

" all three sites. On the other thand, the respenses of each

species to competitive depressicn changed with positic~ on the
water-depth gradient. This is shown by the significant th-ee-way
interaction term 1n the ANDQA, indiceting that ranks in the
competitivé hierarchy wvaried according—to gradient pcsition.
Figure 2.3 illustrates this %ﬁ plotting: the comgetitive

-

cdepression of each species at each site.

Since t¥e rhizomes of the test ramets had been taggec befcore
planting and ’ all gquadrats were regularly monitored, I we-e able
to classify all deaths as due £d~(1) Hherbivory by muskrz<s, (2;

. N . o,
enknown disturbance events during the winter or early spring,

AN ‘

.most likely caused by wave or ice action, or (3) deaths not Auc

to disturbance (i.e. plant sti1ll présent and intact,but dead!}.
A\
The relative contributions of these th%ee classes of factors are

shown 1n figure 2.4. ‘Deaths not due to disturbance could be

attributed to abiotid effects since the proportion of deaths ir
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cleared and uncleared plots were approximately equal.

+

cC. crinita was excluded from sites 3 anmd 4 primarily

because of aﬁ'}nability to tolerate the abiotic conditions of the
site (figuref 2.4). In site 4 monme of the twenty test
survived te the end of the experiment anc almost all 189 of the
deaths were due to abiotic effecté. in s:te 3 there was & smell
reduction in growth due to competition (figure 2.35' fo- .thzee
plants that had not died, but this redgction was smell cesparecg
to the large percentage of deaths (5S0%) due to azictic

conditions and to disturbance events (Z0%). On the other hard,

-

C. crinite was capable cf ‘growing in site 2. Ornly one zf +he
twenty test plants died ard surwiving ramets incr-eases their
biomass beyond their initial level in the absence of surrconding

vegetation (figure 2.95). Thus, C. crinite acpears to he

excluded from site 2 because of competitive depressic=.

-
-

Ramets of A. calamus were excluded from site &4 =, <ne

actions of muskrats. Sirnce only one ramet remaine:z UnecsTen by
the end of the experiment it 1is unknocwn whether this s-ecice

could survive in site Tfour in the abserce of herbivery. Sametc
’ -

of A. calamus were also eaten in site 3, although o a leccser

degree (35%). 0f those plants that survived, compe-itior

severely reduced the growth of ramets planted within unc.ecrecq
plots {figure 2.95). In the plots cleared of surrc.nding

&
vegetation, ramets were able ta maintain their initial rese-ve

<
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cf biomases” but did not incredse 1In éi:e. Presumably peopulations
. L
of A. calamus in site 3 would be vulnmerable'to both hergivory and

=

competition and - therefore would not persist for long. In site 1

a

A. calamus could grow guite well in the absence of competiteors,

but was depressed in their presence. Thus, 1t is presumably
_ '

excludgd from site I by comgetition. \J

L

T. anqustiftolia was excluded from site 4 due toc disturbance

events. The majerity of these events (70%) occurred during the

winter and early sp{ing when monitoring was impossible. It 1s
possiblé that these plants ™ were e;ten‘ during this time but i1t
.SEEmS-muCh more likely that they were uprooted by wave and ice
actign, since the above—-ground parts of the plants had been
frozen 1In the ice during the winter. The very loose mucky scil

at this site would have made secure rooting very difficult anc

many uprooted ramets of Sparganium eurvcarpum were Tound gt this

site in the spring. Despite the severe mortality at site &4, twe

-

ramets of JT. angustifolia survived, and' in fdct grew exiremely

well. In site 1, T. angustifolia maintained, but cid not
increase ité initial biomass reserve when gfown in thé ebsence
of competitors. In their presence, biomass dgcréased.,
Therefore, it scseems unlikely that T. aanstifclie coule

; P
maintain & . population at -this site even in the absence of
competition. In site 2 .7. anqustifolia had an increase in the
average bicmass of ramets when grows in the absence cof
surrpounging vegetation, but was depressed when in the gresence

; M

l\‘



of competiters. I. angustifolia appears to be

csite £ due to competition.

N e

excluded frorm

.
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Discussion ‘ ' -

The first model, that of eguivalence between realized ane
potential dietributions, must be rejected. Althourgl: physical

factors did eliminate all three species from th2 fourth site,

the presence of neighbers had obvious effects in general, botr
on the growth -of éhe plants and on the expansion of thé
rotential ranges of the three test species along the water deptr
gradient. There are a few pub&ished field experiments showing
ns  apparent effect - of neighbors on ”the distribution af
ror-motile sprcies in z2oned communities (Buckley-lqea) but mosf

Tield experiments - have found competitive effects to be cresent

-

(Clements et al. 1929, Commell 1972, Sharitz and McCeormick 1972,

+

i . .
Colwell and Fuentes 1973 and references therein, Crace anc Wetzel
L]

19g1, Silander and Antorovics 1982, Faine 1984, Wilson a=nZ Kedd,

198&a,b, Burevitch 1986). //““*“‘\\

AN

of this, a number Df'de5e>3ptiv studies cf ccnec

In spite

communities (Gleason 1926, 1939, Walker and Webrhahn 1271 as

well as physiclogical autecological studies (Kozlowski 1984 anc
references therein) accept the first  model 0T cemmunity
crganization. In fact, Spence (1982), in his major review of

.

freshwater plant zonation, lists a large number of abiotic

-
. -

factors but dees not discuss biotic interacticns among vescular

plants at all. Hutchinson's (1975) book on aquatic botany ic
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devoted mostly to abiFtic factors as well, despite the'aJthcr's
many contributions to the concept of competition. .-e doesg
mention the probable éxistence of competitivé interactions in his
booL (for instance, on pages 118, 497) but does nct go Imto amy
more detatil, presumably because of a rack of publishec papers
investigating the existence of such interactions.

I

This curious contradiction between experimental field studies -

v

and descriptive or ac%ecological physioleocgicad stUudies may be dle

to a feilure to distinguish cerrelation from Causaticn. Wher

- analyzing patierns, 1¥ species distributions can be show- to be
9 F el

‘correlated-with wvarious physical factors, one should. c=zncluce

that model one canmnot be rejected, not  that it ekzuld be

accepted. This distinmction has important ramifications “or the

null" models in ecolegy (Sis-erlof<

current debate concerning

1978, Connor and Simberloff 1978,1979, Diamond 1979, Wrizoht ang

- Ll

Biehl 1982, 'Rnughgarden 1983, Gilpin and Diamond 1984, .Zolwell

and Winkler 1284). Since often more than one mcdel can credicst

the same paétern,'as in this study, analyses of patter- alone

can preovide littie if any evidence in suppeort of amy conc._sicnes.
]

I ¢o not claim that the first model s never Forrecs singe

it may reasonebly apply in those systems where the effs-tg g~

neighbors are minimal, for instance in highly disturbed =zr very
' .

 stressful habitats (Grime 1979). Another system which might be

a likely candidate for model 1, though not in the corm<ext of
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. f . . . . . +
clant emmunities, is ore in which the organisms are highly
‘motile and itramsient, at feast seasonally, - such as  the bird
&>
. communities studied by Weins (1984). Howewver, as stressed
above, sirong evidence for this can only come from experimental
}anipula:ions cf either the species or the gradient.
* Y
The second modeY¥ must alec be rejected. However, I >Eélec
R N
to reject the third mcdel. The potential distributiorne of the

three sSpecies were not irclusive and the species ranks on &

campetitive hierarchy changed alongl the gradient. Competitive
dominante did not occopy the least stressfel parts of the
graedient because "competltive Eominance“ varied with gradient
position. Competitive subordinates were not excluded to the

most stressful parts of the cgcradient Secause "strecss” was

experienced differently By *he Yisee species.  Thecse two resultcs

have impeortant implicaticrms Tor Grime's (1979) model. -~ If eacr
sepecies experiences the gradient differe%tly, then gne cannct
speak of stress as an atiribute of a comm;nity. I1f competitive
ability, in this case the ability toc resist competitive

depression, depends on where aiong the gradient the interacticne
are occurring, it 15 difficult to speak of " competitor” as ar
invariént attribute of a species.
]
There are, however, a number of systems in which this secong
moael has been shown +to operate. In the rocky intertidal zone

|
{Connell 1972) the lower parts of the water depth gradient are
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lecss stressful for most of the vSPBCles studied, and. it is thic
partfofr £he gradient in which biotic' interactions arelmost
i&psrtant. Grime (127%9) has compiled a large body of evidence
suggesting that this model operates alomng moisture and soil

fertility gradients in terrestrial grasslands. Wilson and Kedc.

{1983) have <hown that strese  wac experienced similarly by =

grcup ef twelve wetland specieé growing along a exposure
gradient. A&s well, Colwell and Fuentes {(1975) have documented 2
number cof Examﬁles in whigch this model applies. Finally, Gréce
and Wetzel (12B1) have showrn that in their artificial pends
containing T. latifolia ang  T. ;nqustifolia. the pcoctenmtial

distribution of the former species was included within the

potential distribution of the latter. T. latifolia wae capable

ot competitively excluding 7. anqustifolia from the highe-

shoreline, ceusing its realized distribution *o B8e truncated.

Zomation in that sys%em was apparently consistent with model E.

Interestingly, JT. angqustifolia was also competitively excludec

Trom the higher shore in our study as well.

Thic apparent disagreement between my results and those

cited above canm be reconciled by censidering the typee of

gragdlents involved. Those gradients whose communities are
&

arranged accerding toc meodel 2 appear to be ones coensisting of

increasing quantities of some essential resource (sensu Tilmar

1982) or condition. It seems quite reasonable to expect most

plant species to respond similarly to a gradiemt of nutrient or
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&9
soil water cocncentration, as described by GBrime (197%), E;ef the
range of cancentrations normally encountered in " thoss

. ’ . . .
communities. On gradients consisting of non-rescurces or cf
.sibstitutable resources (senSu.Tiyman 1962) there 15 no reason o
expect a shared response. Cr gradients of this type differe®s:
mcrphoingical adaptations, such as btill <size iIn.birds toc ez
ciffereq}\ii:es (qualities? of seedé, or different physiologicel

adaptations, such as the 2ability to tolerate <co0il anoxia 1r

wetland plants, may result in gistinct recponses by each species
to the same aqradient. These differential adaptations may atez
affect competitive ability. For instance, C. crimita did ncs

Begin growth until the spil was uncovered by receding water.

after which it grew well ¢«in the cleared subplots even in thc

deeper sites, while both AL calamus and T. anoustifolia coulc=

grow while still submerged. As a result, LC. crinita was mors

severely affected by competitive depression in the deeper site:z

because by the time the water level had fallen sufficiently, the
‘ P
natural! vegetation of the site had already establichec a cancpy -

~

The three models d;%cussed in éhis paper may be mutuall.
exclusive for a particular gradient, but different types c”
gradients may- possess communities constructed according t=
different mechanisms. In emergent wetlands, fcr example, thers=

exist two different-types of gradients, one of - water depth anc
one of exposure, and there may therefore be two differens

mechanisms operating (figure 2.6). The exposure gradient i<
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‘DEVDEﬂdiCulaf to the water-depth gradient and in»oives correlates
changes 1¢ Zisturbance {(sensu  Grime 1979 and soil fertility.
N One end cof this expocsure gradient consists of nutrient-poor-.
sandy beacres which are Exposed to the full force of inmcomirg,

wWaves. The other end of this exposure aradient conmeists ¢+
sheltered, nutrient-rich bays (Keddy 1982, 1983). At & cocnstars
water depth anc moving along the exposure gradient, model 2 me-

apply (Wilson and Keddy 1985, 198&a,b). At a constant level c~

Exposure ardg moving along the water depth gradient, as cone in
J 1 :
¥ this study, model 3 -apparently applies, Firnally, model 1 mz.
. ~apply along the water depth gradient at the most exposed cheorec.
~ -
where a com2ination of low =cil fertility and extreme exposure
te wave ang "ice action prevents aen extensive vegetaticn cove-
from Tormira. \\
Whether this pluraligtic model is correct cannot be resclve-=
- by inferences from pattern. Experimental - tests of trs

.assumptions will opreovide +the best method for examining tre

LI1]

hypothesized relationships between patterns and the mechanisr

which generate them.
2

e A
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Table 1.2. Summary of the analysis of wvariance. Subplots thet
were disturbed, and all of site 4, have been removed from t=e

analyeis. Ramet biomass values, the response variable, are lecc-

transfeormed.

Source | D.F. SS MS Sigmnificance
epecies (S2) 2 43.132

treatment (T) 1 ‘ .62 9.62 0.0Q2
site (5) 2 54 .33 27.285 <0.001

T % 8 2 0.67 0.33 0.72

Sp x T 2 2.17 1.09 0.3%

Sp x S 4 21.97 7.9% 0.001
Spox T x € & 13.04 3.27 <0.0Q1
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Figure captiors:

Figure 2.1. Realized distributions of three species along anm

e
gnvironmental gradient are shsown at left. The three panels or
the . right derict models 1,2 and 3, respectively. Realizec

distributions are shown with solid lines, the potential

distributions are shown with broken lines.

-
r ,
Figure 2.2. The thick, sclid line sheows the average maonthl.

- . i

water Ievelé in Breckenridge Bay over the lact tweﬁty yeérs.
The thin, selid lirmes give one standard deviaticn aboJE anrc
belecw the monthly averages. The broken line shows the actua:
momnthly water levels durim§¥the experiment. The four stipple:z
regions mark the position bf the four experiﬁental sitez
relative to the water-depth gradient. The months are sheown alorz

- £
~the bottom and those enclosed in the box represent the growin4

season.
Figure 2.3. The percent reduction in growth in the presence ¢~

surrounding vegetation for each of the thres fest species (C.

crinita, A. calemus and T. anqustifoplia respectively} is SROow "

in each block of three histograms? ‘The three sites are show-

along. the bottom. Cross-hatched histograms indicate the speciec

I 4
that normally occurs in each site. e
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Figure 2.4. The percent mortality cdue to herbivory (H), abiotic
. b

-

disturbance (AD) and abiotic conditiens (AC) respectively are
cshown in each block of three histograms. Each block represents

cne of the four experimental sites.

Figure 2.5. Average Tinal ramet biomass of the three test species

im the feour sites. Barg represent 235% cenfidence (-tervals. The

-

stippled “‘renion Eives the 93% confidence integvals for the

-~

initial ramet bicomass values. Data are log.. transformed.

Figure £.5. %@pothesized relaticonship between the fwr

l’
» . .
environmental gradiente found on shorel:ines and the three models

of zonation. The cress-hatched area marks the . position of tre

stddy site.
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Chapter Three

Plant strategies of emergent macrophytes

™

54
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Introduction ' - &
" ¥ !
Plant communities ghange along enviremmental gradients. The
species found at consecutive points alaong a gradient change, ac
shown in cbépter one. The mechanisms controlling community
strLcture change, as shcocwn in chapter two. The tvypes cof
1
. - .‘ -
morphologies and physioclecgies of the plants found along a

gradient alse ¢hange, and this leads naturzlly te the concept cof

3
ecologigal strategies. In this third chapter I will propose an
A
opgrational definition of a strategy and use this defirmition %=z

(1) dembnstrate{’an unceupliing of juvenile and adult traits i=

¥
emergent macrophytes, (2) propose the existence of two plarcs
strategies: regeneration and establishment, (3) show the*

Grime's (1979 classification of plant strategies ie cormsister:
with these results but thet earlier models of ecologice!

strategies are not, and (4 interpret se ostrategies in t*r

i

context of the exposure gradient described an Chapter 2.

Definition of & strategy

Ecclogists have often used the term “"strategy" intuitivel,
to convey the idea of a solution to some ecological c-
evolutionary problem (eg. Stearmns 1976, FPianka 1978, Smith 198z,

van Hulst 1987a,b). Colinvaux (19846) Ter instance, defines &

_
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strategy as "any pattern cf life history or behaviour of an
orgSﬂism, cr all mepbers of a pcpulation; that is adspted to
gaining fitness by  the’ efficient collection or usé of
resources™. This defirnition suggests that -a strategy involves
physjalcgical,_ marphclcgi}al or (fér animals) b;havioral
att(ibutes b have some functional rel%{ions“ip tc

| -
i

environmantal con;it:cns. !

Grime (1977, 197%) has also givem a definitio~ of a

strategy: "groupings of .similar or analogous genetic
characteristics which r95url wid&ly amongst spezies or
copglatiOﬁs and cause them to exhibit similarities in ezology".
Though quite Ydifferent from Colinvaux‘'s definition, Grime toc

implied that a strategy must have a predictable relaticrship %z

»

the environment. He went on to introduce two new aspe-cis of =

strateqgy net found in Colinvaux'g definition. First, o cstrategy

muct inveolve a suite of ceorrelated characteristizs, ang
hY

- H b 5 2 - -

therefore emphasises the Entire organism, rigeher than =&

recductionistic treatment of traits in isolation. Secend, he

emphasised that there will be a convergence of traits irm simila-

environments even -+ though the actual speciecs comprising the

-

various communities may differ. This definition of a strategy is

o
similar to Stearn's (197&) def?ﬁ?t&cg\of a "tactic".
=Ty
\
- \;

In this chapter I define a strategy as a correlated set o~*

traits, possessed by an assemblage of species, which ie
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functiorsl!ly related to some combination of .envirogmental,
variablecs. This definition explicitly hypothesizes fff e
precictacl= relatienship a between, a ¢ set 0{ predictor

(envirenrental) variables ard a set of respcnsé variables (the

-

The emergent zonrne of rivers and lakes is an excellent system
in whick tT¢o evaluate thig definition of a stratejy. There are
two obvious-environmental gradients, water—-depth.and exposure.

.
Equsally importani, there is a wide rarmge of .morphologies foun®
among the emergent ma:rcphytes._ Above-ground ramet biomass
varies from 0.02 g to 20.83 g in the set of 25 species examineZ

in this <ctudy. Seed weights in these 25 species range from 1 »

Aol i ’l_ . - .
10-=g to E£.2 x 107''g; tHis covers the entire range of seed sizes=

found  1- herbacecus speciéé (Harper and: White 1970).
Morgchologies vary frcom leafidess, photosynthetic stems (e.g.
Scirpus _efutus) to grass-like forms (e.g. Carex cgrinita) t=

o “

& ;
branching forbs (e.g. Penthorum sedoides). Since thisg wvariatic-—

is foung amongst taxonomically unrelated species, an,
predictable relationship between morpholcgies or physiologies
and the exposure gradient is considered to be evidence for the

-
existence of differing plant strategies, as defined above.

\
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Methods ‘i
Average values for Eé.moﬁFhological and physiological t?;its
(append:iv .3.46) were de;ermined for each of 25 épecies (Appendix
3.1). Seven of tﬁese traits are properties of seeds or seedlings
and are therefore juvenile traits. The remaining thirteen traits
aré procecrties of acdult planté. One trait, maximum relative
4 .

growth rate, Rmaw, was® ambiguous. It was measured on seedlings
Fa
agec between 10 and 320 days, but Grime'(1979), whe also measurecd

seedling Raoan. discusseg it in "the context of adult plants.
. - H

Furthermore, Qunt {(pers. comm.), who collabeorated with Brime in
»

their study  ©0f Raaw (Grime and Hunt 1975, has shown that

seedling Rpa. 1s correle+ed with Rmax 0T acult rametse. In the
test of acssociaticn between jdvenile and arult tralits, describec
belicw, I have therefofé incluced " Ramwn in both the adult anc

Juvenile data sets.

Seed cgllection and storag
-
Seeds of the 25 species were collected during September
1983. Most were collected in Breckenridge mersh, btut those of

Dulichium aurvndinaceum and  _Scirpus americanus were collected ir

Luskville marsh, five kilometers upstream. All seeds were kept
in porous nylon baés and stored In 73% saturated sand at 4=C fror
October 19é5 until the various experiments began. This storage
treatment has been shown to satisfactorily maintain viability and

subsequent germination in & wide variety of wetland plant species

L



(Moore 198%5).
Seed weight

All appendages were removed from the seeds before weighing.

,-ﬂ"f"—-_

Fifty seed< of ea=zh species were randomly chcsen, exgept thos=

that were ecbviously inviable, dried tc a censtant weight at &60°C,

-
3

and weighec individually to within ten micrograms. A few
speciecs haz seeds toe light to  accurately weighjy for thess
. . v .
species (Apcendix 3.3) samplecs cf fifty seeds each were measurec
‘ =
and then tfransfcrmed to average individual weights. For all
statistice! analyses average ceed weights were transfermed to thsz
negative of thelr natural logarithme to produce linearity witr-

the other wvariables.

Germination trials

1. Growth chamber

Seeds were removed from colid storage and counted intc eacr
of.17é (2 +reatments. X 4 replicates X 22 species) 5 cm petri-
dishes, in :ots of 25 seeds pet dish. Each petr{fdish had twz
Whatman | #: filter pepers which were saturated with 4 m]l] of
distilled water. Temperature was held constaﬂt.at 20=C. Petri-
dishes were randomly arranged in the growih chamber. ‘The "light'
treatment involved a regime cf 14 hours light féliowed by 14

hours of darkness. In the "dark" tfegtment,'seeds were removes

from cold sterage in the dark, counted using a dim neutral greern

.
f



light to avoid disturbing the phytochrome system of the seeds.

angd then covered with aluminum foil. The experiment began or

Jume 19 1986 and terminated orm, July 3 .198&.
¥ .
- - .

2. Greenroucze

*
o

This experiment was similar to the "light" treatmen:
' ) Y ' ,
describec above except that the petri-cyshes were placed in &

greenhouse which experienced ratural fluctuatioms in temperature

{freom 10@ to 30C)r and light ccinditions'.J There was ne “dark’

Y treatdens singe this experiment was meant to more closel.

. -

simulate conditicns experienced in. vegetgtion gaps on  the
. ‘\1?‘ ‘ 1
shoreline. The experiment began on April 1 1986 and finished or
, ) ' , ) :
April 1 19864. A -
AN a
5 .
s .
Appendices 3.3, 3.4 /gives the agtual data from the twzs
¢ . ; / . ) )
gérminat:ion experiments / done in  the light. Data from the dar-

4 ‘ . . -
treztment are given infappencix 3.6, since only the finel number
. - N ]
cf germinating seeds were determined. . -
: s

] . -

~ Bermination traits

J. Average time to germination

’
z .

The average time to germinatjon was calculated as a weightexs
v - -
+
mean according the formula .

=2, (p, X 1) ) , ‘éﬁ
v , \

where p, 1s the proporiion of =all seeds capable of germiﬁatior
o ) - . to . ®



&1
during wythe ‘experiment which germinated on tie i*" day of tne
exgeriment. Theréfore. a small value for r méans that almpst
aji seecds capable of germination during the experi%ent.did e

rapidly. o o o

2. Bermination percentage j
- . i 1 - --‘ -
Cerminatlon percentage  was simgly the proportien cof all

seeds which had germinated durihg the'experiQent. ¢

.

7 '
. E. -
Maximum relative gfowth rate (Rpaw) !

:?wé ' ) .
I ks .. .
For 23-=pecies ({Appendix 3.&) the relative growth rate eof

-

seedlings from dey 10 to dey 30 was meas®ed. Each seedling grew

. . .
in an incividual container with S00 cm of owil. This guantity o7 .

.501] was shown By Brime and Hunt (197Z) teo be sufficient to allow .

even large seedlyngs such as sunflowers to grow unhindered for ug

>

te four weeks. The rooting medium was &2 2:1 mixture of fertile
potting. soi1l aend wvermiculite, augmented with 350 ml of RX-1Z

commercial (135-20-15) Ffertilizer befcocre the experiment began.

-”

Seill- ahalQSES were dcne on  the rooting medium by the Onteric
Ministry Ef Agriculture end Food ‘ang the results are shown ir

table 3.1. Since these~ values are higher than these founc

L

naturally alcng the Ottaws River (Day gt al. 1987) we can safely
. : !

-

assume that the plants were less nuirient stressed (sensu Grime

.1979) than under natural conditions. Whether the resulting

relative growth rates were maximal, in any absolute sense is

- N
: \1‘ 3 . 3

-
- -
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4 R .
vAaktrown but they  are likely mawimal .relativef te the field
rgradient &nd S0 WE can differentiate between the innate
L . N
‘abilities o diﬁiereng species to attain  a high Raan (Brime anc
Hunt 1979). Relative growth rate{g/g week) for each species was
. M <
calculatec according toc the formula (Fisher 1920

‘% /"

Rmmw = T(In{E .0 =1n(b,.0)/(30-10)

-

- A T .
' s . . . N
where b... 15 the average dry. weight per seedling at the 20°'"™ dav.
Species were planted in a complete randomized design. ' The

&>

experimené\ﬁontﬁﬁned twenty blocksf“/ Eaxh bl&ck censistec of 2
pote, one for each of the 23 species. The position cf eac-
species witnin each block was . randohized. Appendlix 2.Z gives
the dry weight biomass cof each plant.. Seeds of a particula-,
species were placed :n  the appropria&e pot and the fire<
a?ediing tc emerge was marked and its date of emergence noted.

T

Unless this seedling cied soon after emergence, it was ucsed anc

.ell other seedlings emerging later were removed.~

0f the twenty blocks, ten were randomly chosen for the firss
harvest, independently for each species. The individual ©f eact
species within each of the tem cheosen blocks was ;hen harvestec
ten davys aftter it had emerged, dried to a constant weight a=
&0=LC, and weighed to within 10 microgrems. The same pﬁbcedure

was followed with the remaining ten blocks and the individuals ir

* ) A
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L4
these pots were harvested thirty days aftdr emergence.

Adult traits .
7

-/
The recst of.the traite listed in Append:ix 3.5 werne neasured

in the Ti=sld during late August "and early ‘September 19846. At
‘»

this time, all species had bégu% flowering and were at their

-

maximal seasonal height. All reported adult traits are averages
over five randomly chosen individuals per species. These
individuals were chosen by pacing odt a random number of steps
using & rradom number table, and then taking the clcsest ramet. .
Since thecs= traits were measured in lhe field they should not be
interprete” as genotypic potentialst

The shortest and longest distance between successive sheootes
e a rhizome or stolon was used to measwure the degree of
clumping o7 a genet. Caﬁopy diameter was the widest diameter of
the canopy of a single ramet. Fhe weight of mineral nutrients
in a known dry weight of tissue was determined by ashing the
tissue at &00<C for four hour?; and was measured to within 10
micrograms. The weight of cérbon was calculated by subtracting
the ;sh weight fram  the dry weight. The ratio-of carbon weight
to the we:ight of total in&rganic minerals was includeq because
stress tolerant spécies are hypothesgzed éo have larger nutrient

concentrations per gram of tigsue than fast growing species;

when grown in fertile conditions (Chapin 1980).



N,

%

Associaticon between Jjuvenile and adult traits

=& I3
P
- ! .
The null hypothesis of nro association é?tween a soecies!
. : . / . - . +

Juvenile ang aduki/,tfaxts was tested using Lefkovitech's
non-parametric test of essociation (1984, 1%985) based on
dissimilarities <calculated from the Gower (1971) general
coefficienmt of similarity. This was used of necessity because

the dichotermous and dnardered multistate nature of some of *he

traits prevented +the use of more conventicnal technigques =such as
~

canonical correlations. Lefkcvitch's test moreover, has the
advantage that it tests for an associatiorn but does rot Tequir

' ¢
that the association take any special functional Form, unlike
! .
canonical correlaticns, and so makes fewer assumptions ab-ut the
data.

Predictable variation of traits along an environmental greziert
v ' . e
Whittaker (1967) classifies gradient analysis into tw:=s basic
types: direct andg indiréct gradient analysis. AN exarcle of
direct gradient analysis is feound in chapter one. Irdirect

gradient aralysis however, is the most common type and rmost of

the multivariate eordineticn methods wused by ecologists p-oduczes
indirect gradiénts. With such ordination methods, the resulting
axes approximate the observed similarities of the species in the

community (if the ordinmation is successful), which then cermits

- -
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.

;2 cearch for environmental gradients which are correlated with”

-

the ordimnation axec; thus, the envirocnmental gradient 1is

indirect. .

—

-

In order to determine the positiens of the <species alo®

envirgnmental gradienttis, the imdirect grad:ients cbtainec by Day
et _al (I1987) were used. They did a multivariate stud. using

.

detrended correspondence analysis (DCAY (H:ill and Gauch 1280) of
the emergent wetland communities including the same sec+ion.of
the Ottawa River Iin which my study site was located. The DCA
. - B - N . . +
szores ef each spec:%s cn the first three axes (listed in.

aopendix 2.7) represented theilr position along the gradisnts ir

lm
[

at section of the DOttawe River. Day et al. (1987) interpret

their indirect gradienmts as combinations of stress, distorbance

and water depth.

There were -thirteen species ir. commcn between my dates set of
plant traits and the data set ¢f Day et al. (1987). These
thirteen species were.- subsequently used to test  the null
hypothesis that thére ie no relationship between plant traitse
anc environmental gradients. I Tfirst performed a series of
univariate step—ﬁise multiple regressions of each guantitative
plant tréit on the.DCA scores ta identify a subset cf tra
which Qere most useful 1n predicting gradient position; note

that, since the predictor variables were means and therefore had

error associated with them, the use o7 ordinary regression can. be



a9

=1
miclieading. I then ;es%ed‘ the siénificance of the caronical

correlation between the matrix of trait values (chosen Ey the
~
ctep-wise regrescsicns) fFor the thirteen scecies, measured by me,
anc the mairix of DCA sceres for the same thirteen species, given
. s

By Day et al. (1987).

Relaticnships between nlamt traits

Principal Coordinates Analysis (Gower 1966) using CGower's
similarity coefficient wae employed to identify the major axes
of coveriationm irm the matrices of juvenile and adult traits.
The sgquared length of 2 particular eigenvalue c¢¥ the

dissimilerity matrices is analogous to an eigenvalue in prinmcipal

components analysis, and gen be interpretec in the same way .

i
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ResUlte

1. Unccupling of juveniée znd adult traits
- . ~

Téble,S.E lists the Pearson correlation coefficients btetween
all of tte guantitative traits measured. There. was e
assgciation between Juvenile and aduft traits for the t;enty five
species examined (X''=2.10, ! d.f.,p>0.1) using Lefkovitch's test.
Thisl mearns that, given the juvenile +trait wvalues for any
spec{es, tris informaticn is of no usé in p;edicting the traite

rossessed oy adults of the species. ~

. Correlation with environmental gradients

The univariaie step-wise multiple regressions identifiecz
three traits whicﬁh best predicted poesiticon o©on  the indirecs
gradients: the rate of germination in the light with fluctuatin;.
temperatures, maximum relative growth rate, and above gradnc
ramet biomass. ‘Tﬁefe were other traits which were correlatek
with the DCA scores and wiéh each other (tables 3.2 and 3.3)'b4t
they had lower"predictive ability and were therefore ndt
selected by the steb-wise regres;ions. Species' scores on the
first DCQ axis was not predictable from these three +traits, bux
scores on the second and ﬁhird axes were highly predictable withk

adju%ted RT wvalues of 0.%4% and 0.85 between the three plant



traits and the scores cn  axecs two and three. respectively. There

were two cignifigcant canmcnical correlations between the three
.

plant traits gnd the scores on the three DCA axes. The largest

canonical cerrelation was 0.94 and the second was ©0.94.

-

L r

The null hypothesis that there is ne relationship '‘between
-7 . .
the types of traits that e species possesses anmd its position on

an environmental grad¥#ent can be confidently'rejected.

Juvenile traits

peh

Figure 3.1 shows the first two axes of the principel

coordinate analysis based on  the juvenile traits. Table 3.2
. ' ) T Sal - . .
gives the Pearsen correlationsfbeitween the juvenile traits anm-

these first two ;:ESTJIThe first axis identifies the major trerd
fer  species with small seede to germinate rapidly and abundantl,
" and to have high seedling Rmawn; this accounts for 3S% of the
totel /quuared length-l Tﬁe second axis represents a subordinate
treng of species having above average ,seedléng Rmax but belcw

average quantities of seeds germinating under constar-

temperatures for a ogiven rate of germination and accounts for &

Turther 16% of the. total sguared length. There is also sare
indication that the ability to germinate in the dark i<
important .in defining this second axis. Thus 50% of the tote!l

squared length was accounted  for by these first t&g axes. The



: )

&%
third axis (not  shbwn} identified the ability of species to
germinate in the cdark, but 2ccounts for only B% cof the total

squared length.

Adult traits .

Figure 3.2 shows the first and third axes of the prinmcipal

coordinate analysis based on the adult features. Table 3.3 gives

the Pearcson correlations between the species scores cn the firss

7

Ttred anes and those traite wWhich were contingsus: ™S meacure oY

ceesnciation could Be calculated for the dicheotomovs or unorderec

.

~ultistate veriables. %h&mfirst axig identified the major tren
\ ™

[}

smongst the adulv” Tfraits and wae related to the ability ic
- -

cccupy spa:e.\\Thbr Tirst eaxis accounted for 25% of the tctel
cquared léﬂ@Th$;7fgpecies that ﬁaighted heavily con thieg axis were
those with ramets th;t were massive (il.e. those which producec
large quantities’ of bigmass), had a wide canopy diameter, thick
rhizomes and thick ieaves. The second axis identified e
comporent of size independent of biomass and species‘that scered
heavily onqthis axis were tall. This second axis accounted fcr
a further 20% of the totael squared length. The third axis,
whéch accounted for a further 13%.of the total squared length.
identified those species that were both short amd light, had thin
rhizomes or none at all, roots close to the surface of the soil

hY
H

and thin leaves.. ﬂ ‘
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a‘_.‘
- 1 have defired an adaptive Trait as one whick varies
Fredictably with an environmentsl gradient. Presumably such

traits vary- predictably because possession o? them by a plart
— -
increases the probability . that the zlant will ' successfully
establish itself at that point on the gradient. A number cf
experimgntal studies have shown this to bé true, at least for
seed size (Grubb 1975, Fenner 1978, 1985, Rabirowit= 1972, Grees
1?55), relative growth rate (Grime eand  Hunt 1975, Fenner 1972,
Eross 1984, McConnaughay and Bazzaz 1987, height (Smich ;982.
Newman 1982, Mitchley anrd ,Grubb lésé, Weiner 198&,.we:ner arz
Themas 1584) &nc - vegetative spread '(E;ime 1979, Th.c<
experimental evidence can be used to 'interpret the st-ategicx

identified in this chapter.

Comparisen of life history mo?els 4

Most models of 1life Ristory strategies imaéi:itly\assune
that juvenile  ang adul+ adaptive traits are closely ascociate-
with each other. Consider the concept of r-K selection, fc-
example. If the types of Juvenile traits that 4 species
pPossesses are known (fer example, large numbers pf very small,

9

widely dispersed seeds) then the types qf adult features that the

species should possess can be inferred (shert geﬁeration time,

’
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small stature. poor competit}ve ability) as well as the relative

\position of the species along the r—-K_gontinuum (Pianka 1978},

The same implicit assumpticn concerning the associaticon between

juvenile and ™“adult traits gan be found in other moddls of life
- N\
o
nictory strategies such as the "bet-hedging” qodel (Murphy 19&F,

Shaffer 1740, Amongst t?? 2% species examined in this study
Z ;

!
there wae nc evidence o©of an associaticn between juvenile ard

adult traits. Grime's (197%) C-5-R model explicitly states an

uncoupling of juvenile ang adult traits and therefore coincidess

better with the cbserved.covariation in plant traits.

~

Receneration strategies . g

Com:etltion\}s comerised of two distinct atilities (chapter

. )
2): the ability to suppresse other individuals "and  the abilicty

s . .
to resist suppression by ctherg These two abilities need not be
closely associated. Seezlinds >e not likely to suppress trhe
growth of pstablished vegetation. There are therefore tweo weys

that a Juvenile plant zan increase the probability that it wiil

survive to adulthood. in twhe presence of established vegetaticr;

ot

either it awveocids suppression by escaping in time or space, or :

= <
resists " suppression due to details of (its physiology (Fenrnne-
1985). , .
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Thece two cdifferent FREAE ot avoiding suppression are

.
refliected im  the JUxgnile traits used in fhis study --figure 1.3

’

cr

&

W0

table 2.3, At orme end of figure 1.3 is a juvenile stra

ccnsisting of Jarge,slow germinating seeds and ssedl'ings havir

1)

+
a slow Rmae, and At the other end s a Juvenile strateg.

Zensisting =f small, rapidly germinating .seeds and seedlincs

~3ving rapicd Rmawx.

i

Althougt not explicitly measured, I observed a negati.=s
.correlation oetween eec sice and the number of seeds produce:
cer ramet: sgecies with small seeds produced far " mcre seeds pe-
rametfgfhan cid _th{se with large seedw. This is in sgreeme-:
with the correlation described by Salisbury (1942), by Harper a-=
White (1970) and_ by Fernmer (1S8%S). - -

-+ ‘ _-"___;7

There 1ic ==me evidence that these traits affect the abili-.

2t a seedlirg tz establiskh in a closed canopy. Gross (19BS"

found that, in the absence of established vegetation, esma. .l

‘ceeded speciec had a higher relative growth rate and quick..
cccupied space. In the presence of established vegetation, tr=z
large seedec species had the more rapid relalive growth ra<=

tLecause they were less severely suppressed. Similar conmc.usic—e
were drawn Sy Fenﬁg?_ (1978) and by McCennaughsy and Bazze:z

—_ ‘ pi . Y

(1987)-.

Plants with ,.large numbers of very small seeds are gemerall.

.
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better atle to cisperse te new locations (Harper and Lowell 1970,

Fenner i?ES‘: are better a2ble toc enter the ceed bed (Fenner 19825

.

and are suzsequentﬁy cormant until trey encounter \high ligh:
intensities and fluctuating temperatures. We an therpfore -
interpret the juvertle traits as a con<inuum of étrategies frgr
fugitive Juveniles, that require major gaps in the ve;etati&s -
to eétablish, to "toleranmt” juveniles, that één establishk ip_the

< .
smaller gagse of a Iess disturbgd CSNOopY. Thue, the juvenile
. V_,. o

.strategies ere reminiscent of the r-K ccntinuum.

Strategies ¢~ established plants

¢

ff’zﬁk

While the regeneration s%gata&y was presumably involved witr

the range cf responses tc cifferent kirds of gaps in the canopy.

the siratecies of established plante arg apparently involvez
F

principally with the ability to occcugy space Thus, the one

- -

L3

adult trait selected by the step-wice regressions was rames

biomases. This is best shcecwn by ignoring the second axis, whichk

L . . - . . .
is mostly height independent of other fraits associated witr

space occupancy, and plotting, gpe first and third axes of the
LA , .

BCO of adult traits (figure S.E,thable 2.2). The reason for

ignoring the second axis will be explained beleow. Apart fror

those spe:ies\with a leafless mofphology (numbers B,%2,1Z2,1% anc
20 in Tigure 3.2}, the species fall approximately into & strait
line. The species on the upper left are small plants wiﬁh

.

little or no cahacit} sgaapggressiVe vegetative spread (with the
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excqptieﬂ of Agroctis stelonifera) and -which are not massive.
Interestingly, some of theee &species are also facultative
annuals (Agrestis stolonifera, Juncus filiformus, Lycepus
uniflorus, Lyihrum calicaria, Penthporum sedcoides, Plantage
maior). At the lower right of figure 3.2 are the more massive
cpecies capable of aggressive vegetative spread (Tvypha

i

“ammustifelia. Sparganium eurvcarpum, Acorus calamus).

It may at first appear surprising that height was not one cf -

the 'impcrggnt traits or this First axis since height 1is
definitely of adaptive advantage in thick wvegetation (Mitchle,

ang OGOrubl fQEé, Weiner 1584, Weiner and Thomas 1586) where light

at+tpnuatien through the canopy decreases exponentially (Smit=

1982,  Fitter and Hay 1983). ‘This is presumably because i~
4

chorelirme vecetation height has another, and conflicting,

adaptive fTunction.

in order to survive, emergent plants must get above the
water surface. Failure to do 'this "for an extended period of
time results im the death of emergent plants (Harris and Marshall
17463, Hutchinsen 1975,'van der ~alk 1981, Lieffers and Ssa;

1981 . Some plants however, (Scirpus americanus} Scirpuc

acutus, Eleocharis smallii) are found in deeper water but in
1

relatively infertile soil (Day et al. 1987, Hutchinson 1973) anc
have, as prediéted by Grime (1979, low Rpan values. These

plants have leafless, - hollow, photosynthetic stems. This



7<
morphology maximizes height ' while minimizing biomass
azlleocation, a2 nececsary consequence of low Raa. assocliated withk

girecs tolerance (Miklas 198&). The.second axis of the adult PCO

was primarily one of height, and it is for this reason that the
cecong axie. was not used to interpret., the <strategies of

ecstablished plants elong the exposure gradient.

In ceneral, toth the regererative and establishmens
< .
ztrategies are in agreement with the r-K selecticn cetegorizatic-

when considered in isclaticon, yvet there i no association betwee-

Juvenile ftraits and adult traits. Thus the r-H selection model

treaks deown  when both  Juvenile and adult traits are considerez

ct

together: species having r—-selected traits as  adults may have
cither r-selected or K-selected traits as Juveniles. -

excellent example cf this is Tvpha angquetifeolis. As an acdult

o
M

s tall, maessive, hes thick, rapidly growing rhizomes and is &

iong lived perennial. As a juvenile its features are those of =

[T

fuglitive species since 1t produces very large numbers of very

cmall <ceeds are generally better able to disperse  to ne.
locations (Harper and Lawell 1970, Fenner 1983), are better able
to enter the seed bed (Fenner 1985)small seeds showing rapic

;Erminatiqn in the 1light with fluctuating temperatures, ancz

whose seedlings haeve the highest Raa. values of the 23 speciecs

1
=studied.

This wuncoupling of jJjuvenile and adult +traits, and the

8
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resulting contradiction with r=K selection, Ccan belexpréined by
considering: two different properties of distunbaﬁce&>QEn5ity
ihqepéndent mmrfélity): frequencys and sire (Miller 1962).. The
frequency Ef disturbamce is the rate at which new gaps are formed
in the vegetétiqn am@ the size of a dicstumbance is the amount cf
care Vground exposed after an individual disturtance event.

Zonsider areas having  Terti

—

e <2il, eand therefore hayvifhg low
mutrient siress, but differing in khé frequency and size of
N
disturbance events. In areas bhaving. both intense and freguent
disturbances, there will be sparse vegetaticn cover most of the
tTime. Competitive pressures will ce lgw (lLlilean and Keddy
1586a,b! and because o7 the frequer: and internse density-
indepenceﬁt mortality, the probability of survival cf lcng—live:
cerennials will also be low. Thus, the typicel r—-selecteZ
sirategy will be fevourec (Pianke 197E, Roughgarden 1%97%), bot™
for juvenile and adult traits, In areas in which disturbance is
meither intense nor freguent, typical K-selected traits will be
favoured, beth for juveniles and.adults. Om th? other hand, 1n
areas with intense, but -infrequent, disturbaﬁces, there.will be
a thick vegetation cover most of the ~ {ime, imterrupted by
cccasiomnal episodes in which intense density-independer®
i
mortality destroys most of the adult vegetation. This ogcurs 17
emergent plant communities when, <for example, unusually high c-
low water levels kiil off most of the established emergent
plante. In such conditions r-selected adult traits would not bé

i {
favoured because of the intense competitive pressurecs which



77
)
ex»ist mo

N

. ',,
be favoures either D%F use of an inability to repopulate after
‘ -

the distur-ances. - Speclies with K—éelec?ed adult traits but with
’r—éelectec quenifé tralts, would be best 'adapfed_ to thece
environme=mte. Thése cornclusions are mirvored 1in Chesson's
(1981, 182 thecretical studies of the ‘“storage effect",
relevant to populations with overlappiég generations and
variable Jjuvenile recrultment.

Thece hypothesized * relationships between juvenile/adul:
-

traits anz <the sizes/fregquency of gap fermetion awalt empiricel

tests.

Using the correlations identified Sy Day et al. (1987
between the DCA  axes and indices of soi1l fertility anc
disturbarce, and the correlations between plant traits and the
2CA ares teble 3.3), it is possible £o relate the morpholegies
and pHysiologiES of the plants to the enviromments 1in which they
normally D;CUT. Low on the first two DCA axes and high on the
third DCA axis ggg'finds the least fertile, most disturbed sites.
This environment .ccntains species with large seeds, l1ow Rmnax aré

.

small, light, 1leafless adults. These traits correspond tc

-

Grime's (1979) description of & stress-tolerator. Higher on the
first two axes and lower en the third axis one finds the more
fertile, less disturbed enviromments and also these species that

-

possess typical competitor (sensu Brime 1979} traits.

t-0f the time, fvetr K-celected juvenile traits would not-
/!

w
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The morphologies .and physiclogies of this assemblage of 29

"taxenomically diverse species vary aleng the indirect greadients

of Day ez _al. (1987). Thic wvariation is both precdictable, as

shown by the high canonical correlations, and also interpretatle

im fhe cortext of the exzerimental -studies cited above, thus

providing a link between pattern, explanation and mechanism.

I¥{ the concept of an ecological strategy is to be veeful,
then we must be able to (1! objectively derive a ”sirategf” from
measurable guantities .and (2} demonstrate predictable variation

.

of a2 strategy with scme cembinaticnm of iIndependent envirormental

—

variables. This chapter shows that this is both theoresically

pesible and also operaticnasll feasible.
P Y
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Table 3.1. Ouan&itﬁes (ppm} of three macronutrients and soil pw
\ - “«
in a fertile__marsh in Luskville, Quebec, dominated by Tvpha

angustifelfs. and the rooting mecium for the Ra..

-

exceriment.

Soil prevenance Phosphorus Potassium

Magnesium Scil pH
Luskville s 107 . 254 5.8
R e ' a2 372 700 &.3
- ]
L
T

S
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able 3.2. ‘Pearson correlations between all quantitive traits
and the TfTirst tHre? DCA eaxes, the first two PCO axeé based on

juvénile fraits. and the f:rst three PCO axes baced D?,édult

"traits. Values of lO.S cr larger are underlined. See appendix

2.5 for dezeils of the trait name abbreviations.

-

Vegetation datea Juvenile PCO . Adult PCO
DCA: DCAZ2 DCAZ PCOL FCOz PCO1 PCO=2 PCO3
b =3 .0 -.2 -7 G
rif -.3 Y- = -.Z .2
“rlc -4 -1 .3 -.7 .1
oIf .1 -.4 =-.7 _-° -.2 .
pic .- —.2 =7 =2 =22
pdc -.1 -.5 —-.2 - e -.4
rar S .5 -.4 b 27
cn .2 -.5 -5 .2 .2 c
rt .2 .1 -.5 LG .1 -.5
’“\\\?d -1 .G -2 .4 -.2 -.1 "
. ™Nd -1 4 .0 -1 .1 -.s
Sre .3 .3 .0 -1 .4 -7
b -2 -3 & = -3 -7
h .2 - —.6 .3 .7, -.S
g .3 .2 -.5 _.8 .1 -.1
1z -.2 ol -.2 - =7 =.1 -.7
lw -.: .3 _-B L1 =3 -2
)
\
L 3



Figure captions

Figure Z.1. ‘Relationshice "among twenty Tive wetland species

haced o©r sSeven measurec juvenile traits (axes ! and 2 of the

Principa. Coordinate Analvsis). To see how the traits 1qﬁd or

. ’ P
these ares, =ee table 3.3. Species names are listed in Appendi»
3.1, ’

Figure Z.2. Relationships among twenty five-wetland species

.

pased or thirteen measured adult trailts (axes 1 and 3 of the
Prinmcipel Locrdinate Analysis). = To see how the traits load or
these ares, see table 3.3. Species names are listed in Appendi -
3.1. ,
¥
t
¢
N
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AN



figure 3.1

050
033} .
0.16 -
~00IF 77T

-0.18

18

— e e mmp o S T e

20

-0.35

-0.40

- -0.23
\

~0.06

oy

R - S



figure 3.2

./

[

lll'.l-ll-ln.l..l-.l-llll-llllllll-lllll.

19

20

10

22

24

|
0.20 0.40



N

B8
i
General Ceonclusions
Imn thigs Fimal section I will draw together the results of the

Tiret three chapters and suggest where'they micht lead.

-

it appeares that the patterns of species distributions cor

. .

shorelines are not randem, but do not necessarily agree withr
Y

either the ccocamanity—-unit or the incdividualistic concepts. I-

Tact, the difficulties of adequately testing these ideas sugges:

that., they ;;;e cutlived thelr usefulﬂess;i.i; ceeme better tc
con;entrate' on  the types of mechanistic meodels introduced ir-
chapter 2.

Thecse mecﬁgnisti:’ models are more productive, net only becauss
they are easier o test, but ‘alep because 1t seems possible t=
relate different meodels te different environments, as done @r

fTigure 2.&. This 15 important because, if the relationships ars

., one can predict mechanisms from Fnowledge cf

N
y—

snera
environmentsh

Frowing the underlyving mechanisms cperating‘ at =a lsite is
recessary but net sufficiert to tell ws which species to expecs
under given conditiens. In model! 2 of figure 2.6 for instance,

we must not onlgﬁkhow that the becst competitore occcupy the leacs=
¢ .

.
- M

stressful parﬁ cf the agradient, but also which species thece
might be. Th;\\results of chapter 3 suggest that we can Jlsc
N ;

predict the mDrpﬁbipgical and physiological traits of speciez
~ .
based on environmental\variables. Thus, it may eventually be

i
possible, given information of the physical environment, to sa,

(1) the mechanisms coptrolling species distributions, and (2) the



types of species which will cccur

LA

in that environment.

*h

Ba
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Anpendix 1.1

Clustering statistics of Pielou and Underwccd

The purpose of this appendix is te twofold: (1) te point cut
szme uncesirable preoperties of the testcs develcoped by Pieléu
(1=77) and by Underwood (1978a.b) and (2} to justify why I have
evpresé&: Feéervaticqg in Chapter 1 for accepting Underwood’ s

{1578Ba.b' detectiorn of a random distributicn of bourdaries.

Befare describing the ‘tests _inm detail, it is useful to
Cescribe the problem to be solved. Imagine that & belt transect
s

Cmapfer 1, and divided intc a series of cells. The cells can be

-

iz egtenlished alermg &an environmental gradient, as done in

ccrntigucus quacdrats, &s used by Pielou a-d Routledge (197&), or
ervirormrental intervels, as done in Chapter 1 and In Kedd,

(

[y

2a
=]

n

Y. If there are a total cf k cells and a total of T
boundaries then there will be an observeg vecter of occupang
values (ny, Moy ey NeJ. There are three different
cossibilities concerning how the boundaries will be distributec
amongst the cells: they can be umusQally‘clustered in a2 few cells
and unucsually sparse in opther cells, they can be independentl.
distributed amengst celle and therefore producing a randor
mattern, cor they can be spaced regularly amongst cellis.

The purpocse of the tests of Pielou (1977) and of Underwooc

(1978a) is to distinguish between. clustered, random and regular



E=
patterns. In order to do this, 1t is mnecessary to -define &
measure of “clustering”. In order- to cetect clusteriné; bot=
Fielou (1977)-and Underwood (1978a,5) derive ¥he probagility cf

obtaiming U, where U ig defined as the mumber of cells comtaini-2

at least ' one boundary; the probability ‘distributions diffe~

because each author ascumes & different randomi

~ation procedu-e

{Pielou 197%). In both, tests boundaries'are clustered 171 the U

value is vunusuelly small and boundaries are regularly spaced i~

the U value is unucsuelly large.

+

B

Thue, ece two tests classify cells into cne of two states:

having no ndaries =r at least one. In so doing, they reducs

-

the information available and therefore reduce

detect nonrandom patierns. Consider a transect

boundaries placed into seven cells accerding to come discres

random process. .0ne possible arrangement is:
Another pocscible arrangement 1s: (3,2,2,¢.0,0,01.
firgt arrangement is intuitively more clustered

likely to sccur uncder the null hypothecsis of

their pocwer 2

with, say, seve~™

(5,1,1,0,0,0,0
Although tr=
and is much le=z

ramdom placemer:

ra

table 1.1.1), U eguals three in becth imstances and so nelthe-

Pielou’s nor Underwocd's test would cetect

Furthermore, neither = pattern is significant at the O0.C
R ;

E=g

i

any difference.

sianificance 1evel using the U definition, yet the probability c”

1

obtaining a pattern at least as clusterec as (9,

0.009. T+ ig for this reason that 1 erxpressed  some reservatiors

H

1,1,0,0) is onl.,

in Chapter 1 about accepting Underwood’'s {1978a,b) conclusic~

7



that bourdariecs in his study were randomly placed.

g7
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Table 1.1.1. Maxwell-Boltzmann distributiorn for all possible

configurations of oeccupancy vecters when seven poundaries are

>
-l

randomly assigned to seven cells. " p it the probability of
obtaining a particular occupancy vector. TP is the probability
of obta:ming an occupancy vector at least as clustered as the o-e
chown. ZP(U) is the ﬁrpbability cf obtaining at least as small a
U value as the cne shown. Adapted from Table 1 of Feller (19&8 .
chugaﬁcy p P u ZP{W)
7000000 0.00Q008 C.000008 1 0.00Q008
£1000Q0C ‘f" ©.000337 0.000342 2
220Q000¢-° 0.001071 0.Q01435& E- -
4300000 0.001785 0.003221 2 0.003221
5110000 0.005355 Q.008575 3
4210000 0.026775 0.035351 3
331000¢ 0.017830 Q.053201 I}
‘3220000 0.026775 0.Q799746 3 0.07997¢&
4111000 0.0356°9% 0.115673 a A
3211000 0.214197 .Z29872 <
Z222100¢ 0.1070%R Q.u3&F70 4 Q.4386976
3111100 O.}}O?O?B 0.544068 S .
2211100 0.321293 0.BLS365 =] C.B&S363
2111110 65188518 ¢.9T3E661 & O.??BBBL//
1111111 /0-006120 1.0QQ000 7 1. 000000

L]
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in Chapter

interval of each transect

1.3

height
the analysis of deviance done
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- Appendix 2.1

Bry weigh:t biomasa values (g} cf Aceruse calamus (A), Carex

crinita (Iy, armd JTvpha angustifolia (77, in the transplart
. - * .\'

experiment of chapter 2. both for ¢cleared (C) and uncleared (L}

plots, in all but the fourth cite (since no ramets survived in

 this site). Alsc shown are two covariaetes: disturbance (N=nore,

a

.G=gﬁa:ed but not killed. E=completely eaten by muskrate) and the

!
1 . - . ’
amo%nt e¥ surrcunding biomass 1in the uncleared plots. Dashes

reprgsent rissing wvalues. The accompanying Tfigure shows the
phveical leyvout cf‘ﬁhe edzeriment.
1
]
{
Species Site Replicete Tr‘?tment Eipmass Disturbance Uncleared
1 1 C 16.03 N
1 1 U : 10.92 N 12.09
1 =4 , C A 21.2% N
1 e LU 166 N ge.87
11 3 e’ 14 .92 N
1 2 U 4 .68 N 228.98
1 & C 18.92 N
1 & 8] 13.5% N 40014
1 S C 23.62 N
1 5 U - N -
. 1 =) C 11.6&4 N
1 & U &.85 N 15.77
1 7 . C 4 .73 N
1 7 u 8.52 N 14 .64
1 = C 10.22 N
1 B U 10.63 N b.al
1 Q C .18 N
1 g 8] 7.76 N 11.10
1 10 C .99 N
1, 10 ] 12.40 N 7.71
2 1 c L5.49 N
2 1 U 7.05 N - ©.58 '
2 2 cC 23.91 N
2 2 U 15.590 N 15.23
2 3 C 20.02 N
2 3 u 18.3%9 N- 17.0&
2 4 c 10.87 N
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Species used in

numbers.

Appendix 3:1

chapter three

4=

as well as their.reference

Species

3
c
3
U-
m
3

Acorus_calamus
Agrostis stolonifera

Alisma plantago-aguatica

Roidea

wurundinaceum

Eleackar ervthropoda

Eleochafis smallil
Elvmus virginicus
Iris versicolor
Juncus filiformus
Lvcepus uniflorus
Lvithrum calicaria
Phalaris aurundinacea
Plantage major
Penthorum sedoides
Sanittaria latifoclia
Scirpus americanus
Scirpus acutds
Scirpus cyperinus
Sparganium eurvcarpum
Spartina pectinata
Tvpha anqustifolia
Rumex wverticillatus

~0~%\10-U\£‘L|JIUH

—

-
- QO

ht 19
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Appendix 3.2

Dry weight Biomass values (g) for all species (names listed
in appendix 3.1) in the Rpan. experiment of chapter 3. Dashes
represent missing values. Each wvalue represents a different

individual.

Species Eiomass at iday 10 Biomass at day 30

1 ©.00038 0.001&3
¢.00023 B C.00049
0.000735 ©.00157
0.00024% C.00454 -
C.00014 0.01072
0.00011 0.00&607
0.00025% C.Q0%29
0.0003Z2 0.0078S
- C.02430

2 C.0002% Q.011£3
2.000C2 C.O01574
- 2L.005&7
C.00028 T.0337
C.0002° 0.01348
0.0004C - -

: 0.000Q0%° - .

3 C.00Q00¢& -0.00038
0.00021 -
- 0.0043°9
- 0.00343

&4 0.000&% 0.CCESE
Q.C0103 C.C13%°7
2.00083 0.018352
0.000&2 C.C1233

- 0.0007S 0.01245

0.00071 0.01136
0.C00s3 0.013587
O .0CCEs& C.00C%0C
- 0.02z24%0
0.00036 ©.01238

=] 0.000%0 0.00&471
0.C0086 0.010&3
Q0.000&5 0.01677
0.00046 0.01274
0.C0030 C.01443 -
- 0.01412 -
C.000z2 £.0133%
0.000&8 0.00981
0.000=8 0.00308

0.000z5



10

11

0.00090
0.00030
©.00032
0.00047
0.000461
0.0Q0053
C.0004%9
0.00030
0.00046

0.00041
0.0006&%
0.0005°9
0.000&5
0.00042
0.00043
©.00064
0.000&30
0.00101%
0.00035
0.001835
0.00038
0.00234
©.0C096
C.00290
0.001324
0.00107

0.004%0
0.0005%
0.0013&
C.0C210
0.002Z22
0.00077
- 3

0.00CQ06

4 .000Q07

D .00003
0.00011
Q.0000°
C.00004
0.00023
2.00008

“0.00143

Q.0007)

0.01172
©.01010
0.00611
0.02367
0.01919
0.01016
0.01265
0.02535
0.00%913
0.01290
©.01581
0.00915

T 0.00634

0.00130
0.00%962
¢.0126!
0.01013
0.00271

0.02587
0.00558
Q.00435
0.03015
0.01247
0% oz2882
0.01152
.0.006148

C.003%& .

0.0273%
0.00173
0.02976
©.015%2
0.01083
0.01740
0.00725
©.00853
0.00374
0.00342
Q.00477
0.0015!1
©.00238
0.QC0204
0.00337
0.00672
0.0030°2
0.00387
0.04713
0.04194

Q7

(2}



18

14

13

16

0.00197
0.00082
0.00180
0.00093
0.00060
0.0013%
0.0066&7
0.00130

0.00132

0.00121
0.0008Bé
0.00128
0.0034¢4
0.00148
0.000%2
0.0012%
0.00097
0.00048
0.00063
0.00135
0.00279
0.00341
0.00370
C.0033°9
0.0010%
2.00322
0.00327

- 0.00098

0.00100
0.0012%
0.00442
0.00328
0.00385S
©.00253
0.00289
¢.00329
0.00200
©.00952
0.00007
0.00033
0,.C0021
0.00009
0.00001
0.00015
0.00042
0.00067
0.0005%
0.00074
0.00091

v

0.01122
0.02664%
0.04370
0.07049
0.06265
0.04&35890
0.08199

0.046173

0.043%92
Q0.06771
0.093358
0.17856
0.03563
0.14133
0.04958
0.01354
0.03176

0.04114
0.17183
0.08336
0.06013
0.04393

0.028238

0.05228
0.04312
0.03488
0.03117
0.05700
0.14117
0.17&67
0.03238
0.00477
0.0%9380
C.04824
©.02345
C.1321¢4
0.c0202
0.00112
0.000735
C.0027%
0.00B7&
0.00031
0.019C4H
0.01%902
0.02%933
0.0738S
0.012353
0.0171i2

&

<
L

I8
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19

20
2l

22

23

24

235

0.00087
¢.00173

-.00019
.00103
.Q0010
.00018
.00173

| OO0 0O |

.00012
.0001%9
.00011
.00042
.00246
.00157
.00121
.00080
.0022¢
.005%97
.00230
.00137

lO0CO0O0O0O0COOO0OQOO0O I

.00103

00266
.0cz12
.00134
L0010
.001971
00397

I O0O0COo0C 1 Ol

.00008
.00010
.00011
.00001
.00015
.00016
.00co8

1 00000 0.

0.0001%
0.00033
0.002&8
0.008B48
0.01057
0.007566
0.00715

0.00981
0.02441
0.04422
0.01526
0.02320
0.00053
0.00211
0.01489

L.010546
.01056
00054

.01216
00325
00347
00286
.122843
.06239

lOoOQOoOOO00 1 0001

0.08333
©.01832
0.02494
0.0338%
0.02021
0.c2e2

0.00378
0.02731
0.01707
0.02328
0.028357%
C.0157

0.01Z16
0.00243
Q0.023382
0.0C&08
0.01836&
0.01187
©.01432
C.0Cs71

. 0.02277

0.01243
Q.00Z24
0.01284
0.09340
0.17774
0.1781&
Q0.07318
0.07031
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Q.004&73

0.26102
0.14866
0.10100
0.13417

0.1%&92
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-Appendix 3.3

Number of seeds germinating during each day

101

in germination

. - .
experiment 1| of Chapter 3. Yalues not measured are shown by
dashes. Species names are given in appendix 3.1.
Species Day

2 & & B 10 12 14 146
1 ] 0 0 3 24 Q 1 1&
2 ° - - - - - " - - -
3 1 23 1 G 0 0 O 1 .
4 0 o o o ? 30 19 1
S o] ] 71 10 0 1 0 1
& 0 0 39 33 0 6] 1 0
7 0 ¢ la &7 & ! o] 1
8 0 o] o] 0 1 1 0 0
2 0 o] 0 8] 9] 0 0 0
10 1 1 18 13 0 & 4 &
11~ 0 ¢ 1 14 16 8 2 1
12 0 0 13 10 S & Q 1
13 0 0 0 3 3 0 0 0
14 - 16 S3 8 2 1 1 0 1
13 - - - - - - - -
146 - - - - - - - -
17 o] 11 25 7 = 0 0] i
18 0 Q 3 1 2, 1 3 O
12 .0 C 9] 0 1 0 o . 0
20 o) 0 o 3 19 e 2 1-
21 o] 0 0 1 0 ¢ Q Q
22 0 o] 0 0 o} 0 o] Q
23 o] 33 zB 31 1 O , L C
=15 0 35 &5 8 =] 0 Q. 0
235 0 o] 0 0 1 1 0 -0
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shown by
16

in germination
measured are
12 13 1a 15

17
0

il

during each day
not

Day
10
4
o]

"Values
19 195

Appendix 3.4
0 20 27 12 &

seeds germinating
3.
0O O 36 24 7
0

Species ndmes are given in appendix 3.1..
Q

Number of

experiment 3 of CHapter

dashes.
Species

15

—

"11' 26

0

O

-

O ¢ 0 0o ¢

10

11

O

e

Q

Qo

0

18

i3

@]

31 O\E
=

—

.38 13 &
2

10 21
365 30

o
0 1

13
17

o

2C
21

—

2~

23
24

S¢

23
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Traits measured and their abbreviations. <?

Trait

Abbreviation.

negative leoga. of seedkweight(g}

average time to germination 1n the

light under fluctuating

temperatures (10=C to 30=C) (days]

avetage time to germination in the

iight under constant
temperatures (20¢C) (days)

percent germination in the
light under fluctuating
tgmperatures (20<)

percent germination in the
light under ceonstant
temperatures (10<C to 30<C%

percent germinaticn in the
dark under constant
temperatures (20=0)

maximum relative growth
rate of seedlings aged 10
to 30 days (g/g week)

ratio of carbon %to total
mineral nutrients in seedling
tissues

thickness of rhizomes or
stolons (where present) (mm)

shortest distance between
successive shoots on a rhizome
ar stolon (where present) (cm)

longest distance between
successive shoots on a rhizome
or stolon (where present) (cm)

w

rlc

plf

plc

pdc

cn

sd

ld
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Appendix 3.5 continued

depth from soil surface
to rhizome, stolen or voots (cm) rd

dry weight of above ground
bicmass of a single ramet (g} b

maximum height above greound
of photosynthetic tissues of
a single ramet (cm} h

maximum diameter of the carnopy

ef a single ramet (cm) d
maximum leaft thickness (mm} 1t
maximum leaf width {(cm) Iw -

presence of rhizomes or
stolons vp
canspy type: -
i) leafy - mormolayer (1) ‘

— multilayer (2)

- graminoid (3)
1) leafless —~ single stem (4)

- tussock of

stems (5} -~ ct
growth form - creeping (13
— upright (21
- rosette (3} gt

€ The following specilies had seeds too light to accurately weigh
individually; instead, five samples of Tfifty seeds each were
weighed and then transformed to average individual
weights:Agrostis stolonifera, Juncus filiformus, Lyitbhrues
salicaria, Penthorum sedoides, Scirpus cyperinus,. and Tvpha
angustifeolia,
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Appendix 3.6

Average trait wvalues for all measured traits discussed in

chapter 3. Also given are the siandard errors of the measured
. . . . .

Roax values. Species mames are given in appendix 3.1 and trailt

rnames in apbendix 3.5. 0One exception is seed weight, symbolized

in this table as sw, which gives the actual averaﬁe seed weights

[N I N VBN B e S WIS S PV L B

and standard deviations, not their natural logaritbms. “\\\\
Species S rlf rle plf ple pdc wvp . /,ﬂj
0.00091*(0.00017) 7.7 10.4 71 28 0 yes /
0.00005 - - - - - ves /
0.00033%(0.00013) 16.0 3.9 O 25 o] no S
0.00063%¢(0.00001) 11.2 10.5 &8 S8 0 ves
C.00019+(0.00004) 8.0 b.4 &3 81 0 - vyes
0.00020+(0.00004) 7.7 7.2 78 93 0, yes
0.00053*(0.00011) &.6 .8 7t g2 0 ves
0.00031*(0.00005) 12.9 10.3 16 & 0 ves
j 0.00145%(0.00018) 12.8 15.0 9 2 o - yes
0 0.00307+(0.00063) 16.0 8.7 0 57 : ves
1 0.01364%(0.00529) 7.5 10.5 2 = 40 7 yes
2 - 0.00002 S.3 &.6 93 23 o] ves
13 0.000:17+(0.00007) 14.5 10.3 16 7 0 no
14 0.0000S Gt 4H.2 &b 80 13 no
15 0.00031%£(0.00011) - - - - - ves <
16 0.00016*(0.00007) &.1 - %8 - - no
17 0.00001 4.0 &.7 91 54 o] no
18 0.00029%(0.00010) 9.8 10.0 20.0 10.0 3 ves
19 . 0.002&83+10.0004%) 13.0 15.0 1 2 o] ves
20 0.00161*(0.00033) 11.3 12.1 48 38 o} ves
21 0.00001 5.5 8.l 2 1 o] ves
22 0.05204*(0.01418) 7.2 &.1 30 0 o) yes
23 0.00161+(0.00038) 7.2 &.1 30 20 47 yes
24 0.0000% 3.3 S.&6 &6 8S o] ves
25 0.0024F+(0.00034) 1&6.C 11.0 0 2 18 yes
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=d

30.8
10.0-
23.0

77.6&
14.2
27.6

~ o

nwo
- QO

ld

g84.9
33.

37.2
35.0

NS 5
(o le

1
(L]

o O

c.1

4&6.6
48.0
36.0

nomn
{IBTs e

omo

~ O™

. L] L]

nmou

s2.0
37.0
83.0

120.0

15.6

37.8

Sl.4

25.0

23.0
2.0

75.4

13.0

~.0

0.3

72.2

7.5

39.8

133.2

7.9

(RIS

100. 4
161.8

13.7

27.0

21.0

167.2
71.8

11.0

25.0

32.0

S.73

2.0

-1

-

la



Rm- L2l

1.00%(0.12)
1.52x¢(0.13)
1.05*+(0.25)
1.04%(0.05)
1.07+2(0.08)
1.17+(0.06)
0.89+(0.08)
0.92x(0.32)
0.74*(0.13)
0.76X(0.17)
1.302(0.09)
1.18%(0.12)
1.42+(0.10)
1.12+%(0.10)
1.16*¢(C.10)
1.25+(0.22)
1.21#(0.10)
0.76*(0.25)
1.185(1.18)
1.16%(0.13)
0.772(0.09)

1.63%(0.10)

1.05%2(0.07)

cn
7.43
13.35
2.00
S

10.39.
8.33
6.94
4.7%9
S.06
B.15
B.28

6.86
7.96
7.91
5.09

&5.74
2.08

6.33
S.83
16.62
&£.89
2 .84

mmmmmrbmmwmmmmwmr‘wmwmww»—-wg

mwmmmmmmmmmmmmmmmmmmmmw»—-ma
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nowrerom
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Appendix 3.7

DCA values for 16 species (names given in appendix 3.1) from
Day et al. (1987).

Species Axis 1 Axis 2 - Axis 23
1 382 - .. &8 53
2 — - _

3 332 356% 433
& - : - -

5 - - -

. e

=] - - -

7 302 41 142
8 a4zt 338 317
4 157 1&C 253
10 - - -
11 - - -
12 298 137 20é
13 344 334 265
14 L13 . 238 107
13 G4 333 132
1& - - -
17 - - -
18 422 241 277
19 4o2 o5 . 453
20 48 2490 =229
21 - - -
=¥ 234 4835 243
23 264 -32 148
24 S&7 2935 -1
25 - - -
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