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~ 0 ABSTRACT & - -~

Thc mﬂuence of habrtat patchmess on the coexrstence of moss species

(T e!raplodon angmstatus T. rhruozdes Spluchnu{n ampullaceum and S Iutewn F
, Splachnaceae) ‘that use srmrlar rqpurces was studled at the 10cal «regronal .and .

' contrnqntal spatral scales These mosses grow Gn the droppmgs of Jarge \mammals

L

.. and have therr spores drspersed to droppmgs by fhes (Drz? -
| le (e g.. on

Pattems of distribution” and mteracuon : on a local
dropprngs) mdrcated that a) different specres did not commonly co-occur on the

same droppxhgs ‘b) that species appeared to compete for some resource, possrbly

- space, and c) that the relative competmve abilities: of species drffered and were

. v
mf’luenced b) drfferences between dry and wet habrtats The mfluence of dry E and

wet habrtats on relatrve competmve abrlrty may be large enough to explaln

—partrally the rarrty of co-occurrences’ between specres of drfferent genera but not

'between congenenc specres, suggestrng that coexistence results from mechamsms

- W

operating at larger spatial scales . _ o . S

o On -a regronal scale (e.g, On several ad;acent dropprngs) Splachnaceae .

., coexist throughout much of .temperate and  boreal North Ame‘rrca and‘ habitat

heterogener{y appeared to “be unportant in promoting the _coexistence between

- s, K4

_specres of ¥ dtfférent genera whereas temporal heterogenerty ‘and a. tradeoff between :

‘relatrve competmve and drspersal ablhty ‘may be ‘important in promotrng regronal

coexrstence between specres of T etraplodon and Splachnum, respect1ver Srmulatron
results suggested that the mdependent aggregauon of spores on drop,pmgs and the
ayarlabrhty for colomzatron ~at least perrodrcally, of large numbers of dropplngs '

may also be rmportant factors promotrng the reglonal coexrstence of specres of
\2\

: Splachnum -

Because most boreal and arctic specres of Splachnaceae "“have wrdely

overlapping . ranges throughout North Amenca thelr contmental distributions appear

“to result prrmanly from the mfluence of processes promoting regional coexistence.

iv
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- Therefon} -»nexther hlstoncal factors ‘nor “the differential scnsmvny of specxcs%'

%

‘envxronmenta] heterogenenty across large geograplnc ‘areas appears to strongly

mﬂuence .the coexistence of spec:es on a- contmema] scale. :
Overall habitat patchinesS' appeared to- influence _the coexistence of B

. Splachnaceae and coexxstence appeared to’ be the tesult of several dlfferent

mechamsms few of whrch could . be completely understood from the perspecuve of

" only. ‘one spat1a1 scale,

.
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I." INTRODUCTION .

Habitat patchiness can have a strong influence on the coexistence of-
species because patches which are relatlvely small discrete units /m space, can
. 'vary 1n size, locat.ron in the envrronment, internal homogenelty. and drscreteness
(Elton 1349; Andrewartha and Birch 1954; ‘Huffaker 1958; White and Pickett 1985;
Kareiva .1986)'. -However, this influence must be explored at several scales of\
observation . since x;o‘%Smgle chorce of :cale allows a complete understanding of
species interactions and commuﬁlty patterns (Wiens et al. 1986). Because the area
of each scale differs,. the ecological processes. beihg' examined, the tie scale o
appropriate to those processes.‘ and ah organism's activity or influence durin§ _that
time period will also differ (Addicott et al. 1987). As a ‘result, different
mechanisms - of coexistence should apply to interactions between species for “each
scale of observation, and a single mechanism should not apply to all scales.

’ I have studied the coexistence of the mosses Tetrap[odon angustatus, T.
mnioides, Splachnum ampullaceum and S. luteun (F. Splachnaceae) ,by . examining
mechanisms -of coexistence™ at the local, regional' and continental spatial scales.

. These mosses grow primartly .on the 'droppings of large mammals ‘and have their

~

spores dispersed to- droppirtgs by 'flies ‘(Diptera) In this the ‘first chapter, 1 will:

!

1) introduce the main concepts of coexistenc @theory, »2) define the spatial scales’
used to examine mechamshrs of coemstence in Splachnaceae and 3) drscuss
- mechanisms  of coexxstence at each scale The second chapter exammes local

i .
coexistence of Splachnaceae by determining whether different spec1es can coexist on
a homogeneous resource and whether resource heterogendity mf]uences coex1stence
The third chapter exammes regional - coexistence by determining whether there is a
tradeoff between dxspersal and 'competltxve -abthty. In the fourth chapter. the
\i_nﬂuence of spore aégregation on regional coexistence is e'xamined with simulation

" modeling. The flfth chapter examines the contmental distributions -of Splachnaceae ’

in. North Amenca The sixth chapter is a eeneral discussion synthesrzmg the

P's



results of this study._

A, COEXIS_TENCE \THEORY . .
, Coexistence theory based on .equilihriurvn solutions was firstv developed ‘
mathemativally by Volterra - (1926) who showed that in srtuatlons where the
growth and reproduction of two species are resource- hmrted only one species: can
survive per resource. This is known as the competmve exclusion pnncrple The i
competmve exclusion prtncrple was extended to drscrete Tesources by MacArthur
and Levins (1964), who showed that. mdefmlte coexrstence is not possxble 1f n ‘
speeies exist on fewer .than n resources mches or hmmng factors. .
The competmve exclusxon principle was extended to a continuum of
Tesources by- the theory of lrmrtmg similarity (MacArthur and Levins 1967).
Limiting similarity is defined as the -rnaximurn level of similarity in the use of a
. sét of resources that are in short supply that will allow competing species to :
coexist (Abrams 1983). Levins (1968)- further suggested that the number of ~
coexrsung specres in a commumty depends ‘on “the rn,ean and variance of overlap
and the dissimilarities of niche breadths. Although broader limits to srrmlanty can
be attained under conditions of equilibrium predation and spatial variation ?
(Chesson and Case 1986) competmon theory based on equrhbrturn solutrons

suggests overall, that several specres ‘cannot coexist on the same resources unless
%

LN

they use those resources dtfferently

However, coexistence theory based on equrlrbnum solutions is often
mapproprrate (Levins 1979) beeause envrronmemal vanauon is an 1mportant factorA
_m the dynanncs of real populatrons and communities (Andrewartha and Brrch
’{h’}]{utchmson 1961; Wieng 1977;. -Grubb 1977; Com'tell 1978; Strong 1985). |
o .Numer:ous empirieaf Studies ve shown that specres using the same resources do

coexist in what appear to be nonequrhbrrum srtuatrons (e.g., Denno and Cothran

1975; Rathcke 1976; Hans}:r 1980; Strong 198-, Hanskr and Ranta 1983). A-



nonequilibrium situation lS one in which specres densities do - not rem'ain, constant ‘
over -tim'e at each spatial loc,ation'.v often as a rtesult of environmental variation.
‘None'quili'oriurn 'Itheories of coexistence can be separated into four ' approaches"
those that assume 1) fluctuations and contmuous competition 2) fluc}tuations and
dtscontmuous densrty dependence or competitron 3) changing envirorimental mean;
~and, 4) slow competrtive displacement (Chesson and Case .1986).

| In the - first approach the relative competrtive abihties of species vary
through -time and space (Chesson and Case 1986). Such variation occurs in two
© ways. First 'dispersa‘l. fates into particular patches may fluctuate, causing :
fluctuatit;ns m the numerical - advantage of a specres in a partrcular patch. This
may oceur, . for example, through differences among species in " dispersal ability
(Skellam 1951; - Hutchinson 1975; Hanski and Ranta '1983). Secondly, competitive
abilities of species may be environmentaliy dependent and, therefore, - f‘luctuate wrth
loeal environmental changes. Different species wrll be favored under different sets
of .envir'onmental -conditions, allowing each. specres to have periods of strong
recruitment This, results in positive growth rates at low densmes for competmg
',speCies 1mplymg that they will coexist (Chesson 1986). Coexistence can result
'f from envrronmental variation in time (Chesson and - Warner 1981), 'space (Chesson
1986; Comms and Noble 1985} or both (Chesson 1985)

In the 'second apprOach, "fluctuations  in * environmental ‘factors reduce_thet _‘
'-densities‘.of'v’ potentially -competing species to levels ‘where vcompetition is weak and
) population growth is for -a time insensitive -to density (Koch 1974; Chesson .‘1983).
".Therefore; thet intensities vof intra-* and intérspe_cific competition fluctuate with
time, andl competing.species are able to coexist (Chesson and Case 1986).'(“~

In patchy environments!,b”local_‘extinctions or. population reductions resuiting
from»predators (Casw:ell‘ 1978) or ‘en‘vironmental "fluctu‘ations (Silatkin 1974_;v Hanski
1983) can allo.w';species to colonize and grow f"orl \some time'"in‘ patches in the_
absence'o_f .competition_’. Tn this. way even inferior EOmpetitors can'bper'sist' if they,.,

) :
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are, for example, relatively less susceptible to predation { or age relatively b’étteri:

dispersers

The , third approach ifivolves hrstoncal factors, .and emphasrzes that . the

* r

mean of envrronmental fluctua%)ns does _not remain’ cbnstant - over ecological time.
&

K

i ALY

Neitlfer approaches 1 or 2 or any of the equilibriurn' models . consider this
possibiltty (Chesson and Case 1986). In this view, communities of specres are
constantly adJustrng to new environmental conditions but neve;:t competely adjust
before conditions change agam Hrstoncai factors‘ are mamly unportant in
understandmg the relationships between specres of long- lzved 1nd1v1duals Because
populauon dynamics of short-lived, organisms -are fast relative to changes ?11 the
mean environment, present-day populatrons and communities can be understood on
the basis of contemporary envrronmenta} fluctuauons without consrdermg historical
: changes in the envrronment (Chesson and Case 1986). .
The overall sunrlanty of, specres and their long term coexrstence s

emphasrzed in the fourth approach (Chesson and Case 1986) The brotrc
mteractrons between specres are not :mportant in shaping specralrzed nrchesi rather
they appear to shape broad adaptrve zones_ amongst - gurlds of sp&es Specxes
'drversrty“rs a result of regrona]’ species richness and availability of potentral
-rmnngrants, which in turn are dictated by the intera,ction» of climate,‘ the.
biogeography of particular. species, local dispersal and speciation processes _' on a ' N
reéional and subcontinental scale. Species occupying similar 'niches are able to
'coexrst because ,‘competrtrve exclusron is. slow. Thrs is not a theory of stable
communlty structure since species composmon will show' no tendency to recover ]
followrng a perturbation (Chesson and Case 1986). '

In summary. in approaches 1 and 2, species rnust "differ from one another .
, -if they are to coex‘ist. as in equilibrium theories. . However, unlike equilibrium -
theorres the focus is not on how species coe)trst by partmomng resources but -
rather on how species ' can coexrst on the same resources if they have different

& R
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" responses to fluctuating environments. Approaches 1 and 2 also consider -
fluctuations- in the enQiiOn_m_e\m ‘about some mean value, and generally the mean
and van'oance of thgse environmenta'l. fluctuations are assumed to’ be '-’cSnstapt qovér.
t'ime’ (Chesson and Case 1986).' Approachés 3 and 4 differ considerably from 1-
and 2 by considering the rtoles of chance, §ariabf1itj and historica1 factors. in’

promoting ' coexistence (Cheéson and Case 1986). .

B SPATIAL SCAL_E AND MECHANISMS OF COEXISTENCE
In djvided- habitats, Such as those occupied \by Splachnaceae, Il,;]a\:/_e.
identified three levels of scal;;\\ in  which- int;,chénisms ‘of coeiistence can - be N
examined: the local, ~reg‘i‘ona1/' and ‘continental spatial scales. The local ‘sc;le'is t.he‘

distribution of v’and interaction between species .on iﬁdividual " patches. Diréct
intefactions, such as 'intra»- ”anld" interspecific competition for fesources,'( occur at

this scale. There are -two  kinds of . interaction of interest between species: those

4 <

occurring on homogeneous patches (i.e., patches of similat size, composiﬁon
and/m: location in/ﬁe envirdnmem) and those influenced by patch heterogeneity
(i».e., patches différing‘in size, composition aﬁd/or location in the er;virohment).
The regional scale is the distriﬁﬁtion of -and interaction between species across
several adjaceﬁi patches.' The region encompassed ié \'defirjed by the"dispersél range
of the species.' This is approxit_nately tﬁe area in -which different local populations
areﬁ able tb disperse \'to _the same patches and therefore lo‘ interact with ‘one
another. The continental scéle is the distribution of spécies across_ biomes; in
differem»are'és, species are influenced by differences in climate, syntopic speciés
and historical - influences. In the context of these spatial scél-és; 1 :wil‘l'discuss‘.

mechanisms of coexistence pertinent to the Splachnaceae system.

©.
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" Local and Regional Coexistence N o . o

\
B N

Habitat and resource heterogeneity that is a permanent part of the
.envrronment ‘can influence the  relative abrhty of specres to establish or compete
for resources, and tms promote local and regional coexistence (MacArthur and
Levins 1964, 1967 Lawlor and Maynard Smrth 1976) If the relative establishment
or competrtrve abilities of  species differ between patches as a result of the

'locatron or composmon of the patch then local and regronal coexrstence is

| . N /
,possrble_. ,Local coexistence will occur when the location or composition of a

patch permits several- ‘species to establish and’ grow in that patch. Regibnal

>

coexistence will occur either as a result of local coexistence or, if species are

_unable to coexist in the same patches, through their ability. to occupy different v

patches in t’he same region.' For example, in carrion '(H'anski 1976), dung

(Merritt band Anderson 1977), and rocky i’ntertidalw communities“(Denley and '

Underwood .19'79) the -species composition of patches at the extremes of

envxronmemal gradrents differ thereby promoting regional coexistence whereas the
L]
specres composmon of patches in intermediate habitats overlap thereby also

Y
kY

promoting local coexrstence.

Temporal heterogeneity that is a permar}nt feature of - the envrronment

(eg, seasonal drfferences) can also _promote Tegronal coexistence. Identxcal

resources can become occupred by different commumtres of orgamsms because these

1

" resources become avaxlable for colonization durmg different " seasons. Such seasonal

drfferences have been shown to occur in carrion (Hanskr and Kuusela 1980)

dung (Laurence 1954;. Merrrtt and Anderson 1977) and early successrona‘l ‘fmtertida‘L-

- algal_ communities (-Pame_ -1977).- Howeve‘r,’in relative]y persistent patches, such-. as

Unoccupied space in the rocky intertidal patches created. m drfferent seasons
eventually come to be dommated by the same long- Irved organisms (Sousa 1985)
Vanatron in relatlve competmve abrhty through trme ‘and- space can .

promote ‘local and regronal coeustence {(Chesson 1985 Comms ‘and Noble 1985)

: -
R .
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Relative competitive abilmes may ﬂuctuate because of eithcr differences in relauve
b '\
dispersal ability that affects the numencal advantage of species - in patches or
environmental™ variability. Processes that may_ caus_e the numerical advantage of

species in patches to fluctuate include 1) priority effects, 2) the independent

~

SN

aggregation of propagules on apparently‘_ identical resources, ‘and 3) an inverse » ‘

relationship between competitive and dispersal ability.
First, priority effects, in which initial abundances determine “which -species

survives in a patch, may promote local and regional coexistence by allowing an

inferior competitor to iéstablish with superior competitors in patches (Slatkin 1974;

Hanski 1/983).‘ Regional coexistence can also be promoted in the absence of local
coexistence if priority effects .ar'e more extreme and allow an otherwise  inferior
competitor to prevent the establishment in patches of other\tvise superiorf

competitors ‘Hanski (1976) fog exampie argues that the outcome of competition

between carrion _ flies -on mdrvrdual €arcasses depends upon the order in which fly

':4

SpCClCS arrive,

i ' ’ ’ . ’ . L
Second, im a simulation study examining independent ‘aggregation of
propagules -on identical resources, Atkinson and Shorrocks (1981) showed that

increasing the aggregation of competitors and increasingly dividing ’resourc'es can

prolong the regional coexistence of competitors i'n' a two-species 'system' Predictions

of the model have been verified experimentally in carrion ﬂy commumties (Ives :

v

1988.). Srmilarly, a generalist predator may promote the coexistence of potentially

' competing prey items if the prey aggregate independently in patches and gen\eralist

predator.si forage non-randomly, 'congregating in high-density patches (Hanski 1981).

Finally, tradeoffs’ between local competitive ability and disper_s'al ability both -

~t

within and between regions 'can"'promote ‘coexistence of species that use similar,
resources (Skellam 1951 Hutchmson 1975; ‘Hanski and Ranta. 1983) Within

regions reation of new / patches or local population extinctions can provrde

_ establishment opportumties for species that are relatwely poor ,competr-tors in

ks
N
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patches but “better drspersers If. regrons are relatrvely isolated from one another

a sumlar prooess can occur between regions. ' v B

Envrronmental vanatron that causes the competrtrve abilities of species to

fluctuate with environmental changes .can promote local and regional coexistence.

~

This may  cause strong recruitment for different species at different times and

allow several species 10 establish in the same patches or in .different patches in
the 'same region (Chesson and Warner 1981: CheSson' -1983'; Warner and Chesson
1985). ' If environmental variation causes large ﬂuctuations in the relative, . ~

competitive abilities ' of spec'ies in patches, local competive exclusron may occur

resultmg in regronal but not local coexistence. However ‘smaller fluctuations in

relauve competmve ability may permrt local coexrstence by allowing several specres

@

1o establrsh and grow in the same patches Specres ‘using the same lrmrtmg

_Tresources .can coexist only because ‘they. have drfferent responses to envrronmental

' fluctuatrons. The relatlonshrp between envrronmental and recrurtment variation in

%,
promotlng specres coexistence has been examined, for example in fish c0mmunities

-

."(Sale 1977), forest trees (Comms and Noble 1985) and long lived perennial herbs

(Grubb 1985). . L D
Y o
Continental 'Coexistence N ¥ ) )

Specres using similar resources may coexrst on a. contmental scale because

of hrstorlcal factors or- dlfferentral sensitivity to environmental heterogeneity between _

large geographic areas. In both mechanisms the ranges of potentially rompetrng

specres overlap little and specres therefore segregate resources spa_trally..
. S : we
" Environmental heterogenerty. such as .différences between biomes,. can. "be

'.clrmatrc -and mvolve differences between assemblages of specres The mteractron )

-between clrmate and hfe hrstory traits or physiology can promote contmental

-

vcoexrstence by restrlctmg the ranges of specres to _certain geographlc areas thereby

al lowing other spcc1es access to similar. resources in areas with an unfavorable

A
-
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chmate (Hokanson 1977; Noble 1978, 198LShuter et al. 1980) Dxfferences

‘between assemblagcs of species living in different geo%raphxc areas can promote

" . continental cocxrstcnce because the presence or “absence. of other specxes may

restnct the ranges of specres that use similar resources to drfferent geographlc
areas_. For - example, parasxtes‘ well adapt_ed to one host specres, but pathoESnxc in
oihers. may be responsible for low populations of the latter in areas where their

ranges overlap . or may even preclude such 'overlap (Kelsall and Prescott 1971;

Broekhuizen' and Kenrmers 1976; Wheatley 1980; Riper. et al. 1980) )
Ty Hlstorrcal faclors are" biegeographlc phénonfena that have constramed the
' -

ability " of species to disperse beyond their presem range/s into continental areas
that have suitable climates and habitats for the survival of a particular’ species'.-
~ Because of biogeographic constraints.'”];such as mountain ranges, large bodies of

; -

water or diffg'rent drainage systems Spec1es usmg similar - resources may not come

into contact and therefore)segregate resource use on a continental scale (e.g.,

Fausch and Whiteflﬁ;ﬂ Moyle 1986).

C. SUMMARY >

.+ The influence ‘of patchy habitars ‘on &he cocxisl\ence of spec‘ives ’can' he
examined at local regional an-d cominental spatial scales.- Local and regiona'l
coexrstence may result from habltat resource or temporal heterogeneibty or through
fluctuauons in’ relatlve competmve abilities in patches either because of the
Vlnﬂuence of dispersal. \(ariability on the numerical advantage of species in patches
or environmental variability. Local coekistente will occur if oneuor more of these

influences allow —several species to establish and grow in . the "same patches whereas

regional coexistence will occur erther as -a result of local coexistence or, 1f specxcs.,

are unable to coexist in the same patches. through their abrhty to occupy

different patches in the same region. Continental coexistence may result from

historica! factors or differential sensitivity of species to environmental heterogeneity -

4
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: betéveen' large geog'raphic areas- Connnental coexxstence wrll occur because the

ranges of specres are restncted and- therefore resources are spamally segregated

»
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i .. LOCAL COEXISTENCE

A. INTRODUCTION

Patchiness is an important and inescapable feature of biological populations’
.'(Kareiva 1986). Patcbes are relatit'ely small _discrete units in space. Because’

. patches can vary in size, location in the environment; internal homogeneity and
discreteness (White and Pickett 198.-5)“ t&ey can'-bave' a strong inflnence on 'the“
coexrstence of species that use the same or snmtlar resources (Elton - 1949
Andrewartha -and Birch 1954; Huffaker 1958 Hanski and Ranta 1983; Hansk1
,1987; Ives 1988). The influence of patchiness on coexistence can . be examined at
several ~ spatial scales. The local scale is particu'larly. important because tt focuses
on direct interactions among individuals on single habitat patches. Hence, i %
obsert'ation : at this scale can indicate a) the degree to which" species compete for
“resources b) how patch heterogenerty influences competmve coexrstence and c) .
potential mechanlsms of coexrstence operatt"n"g at larger spatial scales.’

I have studied species coexxstencc on dtwded resources in the mosses
Tetraplodon anguslatus T. ‘mnioides, Splachnum ampullaceum and S. luteum (F.
S_plac’hnaceae’) which gIow on droppings. Droppings are piles of feces, which can
vary in size (1(5. cm’ - 200 cm ?), composition (e.g., droppings of herbivores,
omnivores, or carnivores) and locatton (e.g., in wet ~or . dry habttats) Dtrect
‘ﬁteracttons wrthtn species of mosses {e.g., matmg) ‘and between species of mosses_
(e.g., competition for space) occur on individual dropptngs. There are two kmds

-

of interaction between species of interest: those occurring - on homogeneous patches

(i.e patches of similar size, composition and/or location in the environment) and

those influenced . by patch' heterogeneity .(i.e., patches ‘differ'ing in - size, composition
.and/or location in the environment) Individuals of the same specxes, on a smgle

. -dropping wrll be referred to as a local population because only mdtvxduals

growmg together on a single droppmg are able to mate with each other.

N 16
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Local coexistence is potentiaily ar1 important. problem m communities of
Splachnaceae because these mosses often coexist regiona'lly. and 7appear _to be
Tesource limited since they‘ occupy all at/ailable space on droppings ' Local
coexrstence may be promoted through mechamsms stich as the differential mfluence“
of resource or habitat heterogenerty on \estabhshment growth and survival
(MacArthur and Levrns 1964, 1967, Lawlor and ~Maynard Smith 1976) or through
variation between species in dominance in site establrshment as a result of '
_ environmental fluctuations ((;hesson and Warner 1981; ‘(‘Ihesson 1983; Warner -and".
vChesSon 1985); ' These mechanisms - will promote local coexistence if they allow
several species to’ establish and grow in .the same patches.

~Among mosses, Splachneceae‘ are particularly amenable for studving
mechanisms of coexrstence since they grow quickly, occupying the entire surface of
a dropping within 12 summers, and reproduce ‘within 2-3 years. Therefore,
unteractrons between species on patches can be ;xanrtned over -a reasonably short
~.perrod of time. Tliey have no known herbwores and no other mosses. or vascular“
plants colomze these habigats oas qurckly, suggestrng that interactions between
species on patches are direct. Lastly, their sporophytes have b"rightly colored
swollen apophyses;(Figure I1-1) and the sporophytes of each species have a
'strong characteristic odor ny‘ytsa_l_o’ et 'al. 1978; Pyysalo et al. 1983)‘ both of
which are thought to attract flies that disp’ersev the sticky spores to new’
droppings (Vitt 1981). Because the spores are dispersed by animals, it is easier
10 examine and COr'npare’ spore dispersal ‘in different species than' it would be if
spores were wind .dispersed. e ‘ |

Life histortes.of the two 'vgenera differ. .Each local population of
Tetraplodon -produces. sporophytes for as many as five years, .»yhereas each local
‘population of Splachnum tends to -produce sporophytes onc;' The genera also

.usually grow on different types of dung, related to the different habrtats in

which they grow, Splachnum are most frequently found on dung of herbrvores

r
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, mechanisms promoung coexrsten;{é amnng specxes thhlf and betw?' genera may
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S & ;' b ’ ’ . :
Of the \{our specres cr& Snlﬁ%hn%:eae studled al] except . %us N
produce mature sporophytes thr % Eeu s_urnmer s
‘ " I RS h
sporophytes in the early sprmg ' ,* y{ }xusl after tregs begm to leaf out. z

Sporophytes of popu]atlons mof T. mnzou;gsa S ampullaceum or S luteum on;.
" individual droppmgs matutf: synchronously However dxfferem local- -populatrons of
these three specxes mature at different times throughout the summer wnhm a M’
region. Thxs sugqests -that, with _the excé/puon of T. angustatus all specxes likely
haveJaccess to the ‘same resources. | -

In this stud), I flrst examine’ the frequency wnh which different species -

“of Sp]achnaceae can co-occur on the same droppmgs Secondl'y, 1 examine ' whether

species compete for resources and whether their relative competitive abilities differ

and are influenced by habitat and ..‘r"esource heterogeneity. Lastly, I discuss wnether
the "degree of eompetitive asymmetry ‘between species is‘consistent with their
fre’quency of co-occurrerr‘ee and whether it‘ is necessary to consid.er “mechanisms of
coexistence at the regional scale in order to understand patterns of locel g
coexistence. .

Patterns of co-occurrence on droppings were studied by examining the

frequency with which different species are found growing 'togéther on the same

-droppings in- herbarium specimens. Intensity of competition. .for resources and the

- degree of competitive asymmetry between species on-'-homoge_neous Tesources were
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exa_rn‘ined‘: by deterrnining whether species proﬁuoe more gametophytes when grown
' alone versus When QIOWn ‘with another species and whether species differ in
relative gametophyte production when grownx on moose dung in_ both laboratory
and field studies. The mfluence of habitat ‘and - resource heterogenelty on the
’ mteractrons between species were exammed by determmmg the mfluence of dry
and wet habltats on growth and on the chemical and nutnent composmon of

dung and by comparmg the relatwe gametophyte producnon of specres ‘on moose

and wolf dung. 9
B. METHODS : L | '

LocalA distribution patterns .
_ l-_lerbariumv specimens of North ‘}xr_neriéan boreal and arctic 'species of
Splachnum and Tetraplodon, including T. angustatus, T; ‘mnibides. S: ampulldceu ,
and_S. luteum, were examined‘ to determine the freqnency’ with which different/>
species 'are found growing on the same drooping-s;;;v See Chapter V for- details of
the species and the herbarium ‘collections examinedi'f':The number of specimen3”Th
‘which ‘each species‘grew alone” and" the numberv of specimens in which each
combination of twWo , OT more species grew .interm.ixed were tallied Data were
analyzed using G-tests of independence with erllams COI‘ICC[]OI’I to determme
whether specnes €O-0CCurrence on droppmgs Were:- more or less frequent than

4
expected by chance (Sokal and Rohlf 1981). ‘

-
A}

"1 have ass-urned thai the relative frequency of species and sp’ec'ies
comblnations' in the lterbarium 'eollections reflects their relative frequencies in the |
field. There is no evidence that intensity of coligction varied geographic_ally and
there is no reason to s_usp'ect that mixed species combinations were collected any.

more or less. frequently tlran single species populations (Chapter V).

o
%
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F ield 'Growth Experiment

'abrlmes and 3) if drfferences in competitive arbnlrty are mf‘luenced by

A 10 (each specrcs alone and all 2 specnes mlxtures) x 2 (habitats) X3
(densmes hore_s) factonal field expenment exammmg‘kametophne production_
-on moose dung was conducted to determine 1) the intensity of - competition

among species for resources, 2) whether species differ in their relative competmy&

fe

A

‘heterogenerty among habrtats Because dung in both wet and dry trea,tment:s

drsappeared, there were %o few replicates to examine possible effects of
proportion of  spores in each’ two species mixture. This experiment was conducted

in an isolated peatland at Heatherdown, 80 km west of "Edmonton, Alberta (53

40" N, 114" 20' W). No natural populations of species of Splachnaceae were

found in this peatland, therefore dung set out in the field should not have

been colonized by natural popufanons of Splachnaceae The experiment used an
randomized block -design with five sites (blocks) consisting of a “wet' low area

and a 'dry' raised area (Table» II-l)..;Within each block, dung of -approximately ¢
the same size (20 cm?) was placed one meter apart in a 5 x 40 rectang'ula;

array the sequence of replicates was chosen randomly Dung used in IhlS

experiment  was gathered from captive moose kept “in’ -a’ common enclosure in the

late winter of 1985 ens\rmg that droppmgs were. uncolonized by Splachnaceae

Diroppings of dlffe%nt moose were intermixed when gathered. Dung - was moculated_

with spores in the field in early J'unef'1985,.

~ For eacly species, the number of spores used to inoculate dung was

-determined by serially diluting a “suspension of spores 'Withl water. Spores were

. first added to water creating the suspension The number of spores/ml in the

‘suspensron was then estimated by taking the average of 10 estrmates using a

- Petroff- Hausser bacterxa counter. A portron of the suspension : was then serially

9 .

Adrluted untrl the soluuon contained the correct number of &ores/ml This

suspensron was . p]aced into vials labeled with the specres of spores in suspensron



t
and the densityvof spores/ml.

Each patch of d'.un_g was _examined, in ‘August of " ‘1.985. and in April, May
and August of '198‘6. The area of ; dung covered by gametophytes andk the relative
_abundance ‘of species on eacH patch of dung were estimated by de'terrnining the
""-lspec1es of gametophyte located under each intersection pomt on a ;5 sz grrd

dwxded 1nto 1 cm? secnons ‘
'f‘wo analyses of variance procedures were applied; both were of unbalanced
desrgn wrth fxxed effects usmg rank transformed data (Conover and Iman 1981).

Figures derived from these analyses show the median. values for eaeh:; treatment Q\J\
= ’

. f.‘gx*‘“ER

and the 75% quartile. In the first analysis, I determined whether species competed
for space on' dung by comparing the gamerophy'te prodnction ‘o_f each species «
when grown alone or in two species mixtures. If the second analysis, the
interaction bet_we'en‘species on dung was examined by ;ompa'ring gametophyte d
p'roduciion bet:ween species in each two ‘Species mixture. ®
‘. Laboratory Growth Experiment

‘Relativ'e growth rates and gérmetophyte production of t_he moss” species on
moose dung were"exan’rined in single and tWo-species mixtures under controlled
'laboralory conditions to determine whether species differ in their relatrve growth
rates, intensity of com%mon for resources and r1elative competitive abxhty and if
relative competitive ability is influence by morsture availability. In this experiment,
moose dung collected\ as described previously was placed in 62 cm? petrf, dishes
and inoculated with A.'SO,OOO spores of T. angustatds T. mnioides, S. .ampullaceum
or S. luteum, or with 50,000 spores of each .of two, of 1hose -species.  Five
rephcates of each treatment were then randomly assrgned to a"dry and a ;Qet'
treatmeat. In the wet treatment petri dishes contaxm'ng' the dung were placed ._i‘n'-
plastic tubs and watered every three da};s. The petri dishes were always sitting in
but not covered by water. The dry treatment was identical, ‘except that every

7 ! i
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two weeks no water was added for a one week u&gerval The one week- mterval
s

without water caused the dung and the tubs to dry.

' A repeated measures analysis of _variance was used to examine differences
in the relative growth Tates of the mosses in both dry and wet treatments. Data
were rank transformed. and a. one-way ANOVA was used to determine whether »
specxes competed for“ epace on dung by comparing the relative gametophyte
"’productron of each species in the .single species treatment wrth the relatrve '
gametophyte productron of each spectes when gfown in two- -species mxxtures A
‘one was ANOVA using ranks is equrvalent t% a Kruskal Wallace test (Conover
and Iman 1981). A omne-way ANOVA procedure using ranks was also used o
_examine the 'interactron between species on droppmgs by comparing the relative

gamet&phyte production between species in each two-species mixture.

hGrowth on Carnivore Dung
Th‘e\mteractlons between moss specxes on wolf dung were exammed in a
' /om-mﬂed laboratory experiment in 1985 and 1986 to determme the 1nﬂuence of
resource heterogeneity (1e type of dung) on the relative gametophyte producuon
between species. The desrgn and ana]yms y"hls experxment was the same- .as in
the laboratory expertment on herlVOI'C dung with the -exception that the dung
. ggd was collected from captive wolves fed a dlet of white-tailed deer.

—_—

Chemigal Composition of Dung

The influence of habitat heterogeneity. on resource variability* was studied

by examining possible differences betwe‘en’:'the chemical composition of dung located
. N
]

: O
in dry versus wet habitats. This expenment was conducted 4 Fu Assmtbome by
placing 5 patches of dung (collected as described _previously) in a wet habitat
and 5 patches of dung in an adjacent dry habrtat in the sprmg of 1985. Thrs .

uung was then left in the fxeld for ome year In the sprmg-o_f 1986, 2 samples’



were taken from each patch and analyzed for Cat Mg. Na, K, Al, Ti, Cu, "Fe,r',
‘Mn, Zn P, S, total N and ash content ~The conce_mm‘tlons of these chemicals
were determmed with an inductively coupled argon plasma spectrophotometer by

Dr. Steve Zoltai at. the Alberta Forestry Research Setvice »Conoentrations of :the
various elements, total N and ash were compared between dung in dry and - wet

habitats usinif tests. <' T
C. RESULTS

Local Distribution Patterns

Examination of herbarium epecimens revealed that T. angustatus,
mnioides, S. ampullaceum and S, L‘;luteum did co-occur on the same droppings
id . -~ . . v

although they did so infrequenﬂ,fz)., ;.-.The. frequencies of co-occurrences between all

+

cies of

pairs of species were lower thanvected by chance and freq &

co-occurrence between genera were lower than those within gef§

o

i
¥

¥ (Table 11-2).

Field Experiment
1. Competition for Space
The” results of the fxeld experlment indicated that species competed for
Space (Table II-3). Slgmﬁcant species effects occurred as a result of each spec1es
productng more ‘gametophytes, m'_both d_r) and wet _habxtats combined, ‘when \
grown -alone than when grown‘ in mixture with an'otner species (Figures II-2 -
ms. - “
Neither initial.density of eporesi. nor hab_i_tat had a consistgnt influence on
comparisons - of gametophyte prodnc‘tion' (Table II-3)¢. Increasing density of spores.
resulted in an -,inc_reaSe in gametophyte "production on-l.)'A'in comparisons of- S.

luteum growth alone versus its growth with other- species (Figure II-5). Both T.

angustatus (Figt;fe"-ll-?.) and T. mnioides (Figure II-3) produced  more

" | L. » . 23
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gametophytes in dry’ habitats than in wet habrtats with the opposite true for S
ampuIIaceynr (Figure H-A). There was no mfluence ‘of habitat on S. Iuteum
gemetenhyte' .prdduction Y(Frgure 1I-5). o ‘ )
Species by habitat or density interactions also did not- hatle a cbns,istent L
influence on combﬁriéons of garnetophyte' p_rodnction .(Table 11-3). Speeies by
habitat interactions were -significant for ‘comparisons of gametophyte.pro_ductidn
I'be_tw,ee,n T.\a'n‘gustatus and T mnioides growth alone versus their growth with S.
ampullaceum, and S amp‘ullacez_.z;m'?grdwth‘j alone versns its growth with 7.~
Vangvustatus» In the first two cornnerisons S -ampullaceum gametophyte productron
was so low un dry . habitats that its pres\ence drd not reduce the gametoph)te »

-producuon of etther Tetraplodon .jemes (Figuress II- 2 and II-3) and- iR~ the third

comparison, T. .angustatus " growt

was so low in wet habrtats that its presence
4 .

did novt reduce the gametophyte productron of S. ampullaceum (Figure II -4),
'Specxes by densrt) mteractrons were s1gn1f1cant for comparisons of gametophyte
production between T. angustatus growth alone versus 1ts growth wrth S
ampullaceum and S luteum and S. ampullaceum growth alone versus therr growth '
with S. IuIium, In all cases denstty' .effects‘ were stronger for spec1es ‘grown )
alone. ’ . 4 B
2. Competition-l‘Between" Species r ) S
~ There: was no .consiste’nt effect of species, -habitat or initial density' of
spores ormr. comparrsons of gametophyte production between species grown in
rnixture‘(Table 11-4). Specres and habitat effects were significant only in “the
compatison of gamett;phyte_ production " bet»yeen T. angustatus and T. 'mnioides. In
this comparison, species effects were sign}'ficant because T. mnioides produced more
gemetophytes ‘than T. angustatus in thh.“dr;y‘ and wet habitats and habitat effects
.were srgmftcant because specres eff,qipts were greater in wet thah in dry habitats
,(Frgure If :6). There was no effeJ of n\densrty on gametophyte productlon between

B )
specxe< m any of the two specnes mrxtures

-« S N
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All comparisons between . species of different ‘genera showed significant
species by habitat interactions and none of the éompari§ons showed significant
species by density interactions (Table II.-4)._ In dry 'habitats,‘ both species of
Tet;aplodon _when grov;'n in .combination:. -witn e‘ither species’ of Splachnum ptodueed _
. _more gametophytes (Figures II-7 - 11;10).‘ In wet habitats, the opposite was
I"‘true: both species of Splachnum when grown in combination- with either species
of ‘Tetraplodon produced more gametlophytes (Figures II-7 - 1I-10). There was no
signifieant- interaction _betWeen habitat and species on interactions 'either 'between

species of Tetraj;l'odon (Figure - Ii.-6) or species of Splachnum (Figure’ -11).

Labor‘atory Expel;iment' Growth on Moose Dung ‘
‘ ‘\1 Competition for Space |
L @a The results of the laboratory experu’nent 1nd1cated that species did compete
Jl o 'for space on droppmgs (Table 1I-5). In all but two comparisons, gametophyte
-producuon between species . grown alone was mgmf:camly greater than gametophyte
- production of specxes grown in mxxture with another spec1es (Table II 6)
Exceptions were: dry treatment - S.. [luteum. alone vs S. Iuleum in mxxture with
S. ampullaeeum; wel .treatment - S ampu//aceum alone Vs, S ampullaceum in
. minture ‘with T. m.nioides' | = ' "
f2 Competmgn Between Specxes
Laboratory results also indicated that relative growth rates dlffered under
‘both dry and wet conditions (Table ‘II-7) and these differences_ were expresSed
between species wnen grow'n— in mixture (Table IH-8). Both species of Splachnum
grew more quickly' than v‘did the two species of Tetraplodon in the‘ wet treatment
‘(Figure 1-13) with S. -Iuteum growing relatively more quickly than all othef
species in the dry treatment (Figure 1112) In the dry and wet treatrnent, S
luteum produced significantly more gamepophj'tes than all other species. Whe_n grown
with them. In the dry treatment, T. ‘mnioides produced 's:i"gnif’i.c'antly_a‘rno're



gametophytes than 7. an}wtatus whereas 'in the wet treatment these specres did
not differ m gametophyte producuon There were no significant differences
between the number of gametophytes produced between S. ampullaceum and any
‘of the species wrth which . it was grown in the dry treatment whereas in - the wet
treatment S ampullaceum produced significantly more gametophyte than T
angustatus and T. mnioides when grown with these species. (Figures . Ir7-14 (Dry)

and II-15 (Wet))

Laborafory Exper.irnen.t':' .‘Gr'owth on Wolf Dung

In both wet. and dry tteatments comparing gametoph‘yre‘_production berween
'Speciesn on wolf dung there were no ciear patterns (Table II;9).' All species
' produced apparently healtriy gametophytes and there was no consistent pattern of
differences ‘of ‘gamCIOphy}e production between species in either dry or wet |
treatments (Figures ﬁ-16 (Dry) and 1I-17 (We_t)). Q{
'Chem}Cal \Composmon of Moose Dung in Dry and . Wet Habitats

The chemlcal composmon of moose dung differed between dry - and wet
habitats. The\ % total nitrogen, % ash and -the concentratidns of all elements
exémined. with the exception. of aluminum .and sulfur, were significantly greater
(.less: of sodium) "in moose dung‘ iocated. _for one year in dry versus wet habitats

(Table 1I-10). U .

D DISCUSSION

Patterns of dlstrrbutxon and interaction_ hetween species of Sp]achnaceae at
the local spatral scale mdlcated that differeat moss specres co-occur mfrequeml)
on the same droppmgs In: the fle]d and laboratory studies, species appeare_d to
compete for some -resource, possrbly space and the relam{e competitive .a_b'ilities_ of

species differed and were influenced by habitat. However, while the influence of
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- habitat on relauve competmve abrhty may partrall}' explarn the infrequency of

CO-occurrences between species of drfferent genera, thrs does not appear to. be

hrue for congeneric species since their relative competitive abilifies were fairly

v

' symmetrical and they di‘d_ not eliminate each other from dung. This infrequency

L]

of local coexistence, in't.ensit’y of competition yet relative symrnetry of competitive
akilities suggests that patterns of local distribution and long-term coexistence likely
result frorn mechanisms operating at larger spatial scales

Because the distributions of specres overlap throughout north temperate and
boreal_ North America ‘(Chapter V), low frequencies __of co-occurrence in herbanum‘
specimens are not a reflection of large scale spatial segregation"between species.
They more likely reflect either segregation at smaller spatial scalés such .as‘
resource or Wrmt segregation or the influence of envrronmental or dr;persal
varrabrlrty on the relative establishment abrhty and gametophyte production of
different specres B

4 -

Both field and*jaboratory growth- experiments indicated that species compete

for some resource, possibly space on dung, and they differ in relative

’
/

gametophyte- produétion. A species grown alone on dung produced more-

S gamet’ophyt\s\hthan when grown in the presence of dnother species and neither the

habitat in, which dung was located, the initial"d Sity of spores, nor the

interactions between factors appeared o mf'luenc thxs effect in a consistent
g

manner Thrs suggests that all specnes can suceessfully estabhsh and grow under

both wet and dry condmons and a species wrlﬁ'&lrkely produce fewer gametophytes
1f spores of another species are also drsdpersed to the same fresh dropprngs
However whereas specres of dlffercnt genera tended to elrmmate each other from
duhg, congenenc specres did mnot sinde they appeared to have relatively’ symmetrlcal
‘competitive abilities:. A

N The ability of specres of drfferent genera to ehmrnate _each. other from

dung anpeared to be stronely ’habnat dependent In‘comparxson‘s: of gametOphyte‘ ..

»




-production between. species of different genera. there were significant species by
habitat interactions. When species of different genera were grOwn%\together on Ll;e
same drop'oings ‘in dry habitats, Both species of Tetraplodon produced more
gametophytes and in many cases ‘prohibited the, growth of either species of
. _Splachnum with - the reverse being true in wet habltats .No sﬂch spedes by
habrtat interaction occurred in comparrsons of gametophyte production between
congenerlc ‘species. Also nelmerr?f’mmal densrty of spores nor ‘interactions . between
- density” and other factors influenced interactions between any of the species. These
results indicate,nhat- of - the f.actor's.'l tested, the influence of habitat 'was the
most 1mpor;;nt factor affectmg gametophyte producuon between species of drfferent
genera o |

It is not clear how habitat mﬂuences growth drfferences between specres of
the two genera. The results of the laboratory growth study *indicated that species

/

of Splachnum grew more quickly than specres of Tetraplodon and this appeared
toJm ‘related to differences in the longevxty of droppxngs in dry versus wet
.haortats. "Droppings located in wet habnats were overgrown by the surrounding
vegetation rnore quickly 'than were droppings locdted in dry habifa-ts '(2-3 years
versus > 3.’years) (Unpubl.). That species of Splachnum grew more quickly and
thereby occu;)ied : Spg{ée more quickly than species of Tetraplodon under wet
conditions is, therefor'e\; not surprising considering tnaL they grow on a relatively
more ep_h_erne‘ml resource.  However, the growth. advantage that-'_'_sp'eéie_s of
Tet’rc.zp!.qdonj hed over species of Splachrluitrhv'-in»\“'d’ry' habitats in the field growth‘
'experimentv was not evident under dry laboratory conditions. This difference

- suggests that laboratory conditions ‘may not ~have‘ duplicated field conditions in
extent of "‘dryness or " in the de‘greevto ) (vhich habitat may affect resource

variability through the differential influence of ‘leaching ..or° 'Qbsorption on the '

" chemistry of dung in dry versus wet habitats.




A )

In -the laboratory experiment the chemistry of ‘dung was unhkely to be
mﬂuenced by leaching or absorpuon in either treatment since the system was
closed and only water was added. However, under field conditions, dung left one_
year in dry habitats had more nutnents than dung left for one year in" wet
habltats Conditions in wet habitats may lncrease _Tates of . decomposition ang

“‘-%leaching.. The direct »influence of - differences in dung chemisv;ry on | growth was
not eiamined; hnwever, ‘bryophytes generally are very sensitive to the chemical
cdrnposition of th'e~su'bstrates on which they grdw (Brown 1982).

%he habitat in which a dropping is located rﬁa\ therefore, partially

i

b et
®iexplain how local coexistence can occur between species of different genera.

Droppings in dry and wet habjtats should provid‘ed' relatively exclusive sites ‘from

Wthh spec1es of the two genera may both be able to estabhsh on droppmgs

PR

located mrqntermedlate habltats A ‘similar process appears to be 1mportam in-

l »

promotmg ]ocal coexxStence for example in carrion fly communities (Hanskl

1976) dung ﬂy communmes (Merrm and Anderson 1977), and rocky mtemdal

vr:

communities (Denley.‘::and Underyvqod 1979). ln these communities, the‘ spec:es
compositionv of pat‘c'h;es at the ‘extremes of environmental : grgdients.dlffer--' whereas.
the species vcompo‘sition»ouf_ . patches in intermediate habitats overlap.

However, this ‘gscenario is inconsistent for observed frequencies - of local
i’coexi_stence ‘between species of different genera; | On the one hand, there is no
reason‘_ to expect that fewer droppings occur in intermediate habitats than in
" either 'dry or wet habitats and therefore t'nere should be' numerous droppings that
are sunable for the estabhshment and growth of species of both genera Yet‘. on
the other hand specxes of the two genera rarely co-occur on-the same
droppings. \.Thxs suggests that habitat alone cannot explain the local dlstnbuuon of
species but rather the influence of resource heterogeneity  (i.e., type of dung)
mfluence of env:ronmental varlablhty on local estabhshment and growth or-

mechanisms operatmg at larger spatial scales such as., habitat restricted dispersal of -



- spores (Chapter - II) may mfluenee frequencies - of co- occurrence

- The mfluence of - dung of herbivores versus dung of carmvores on, the the -
local establishment and growth of ‘species and therefore on the local distribution
of species of different genera is, . however. unclear. In the field, I have observed'
-'.that species of fetrapIodon tend 0 grow. more freqtiently ono droppings of |
carnivores and species of Shlachnnm tend to g{ow more frequently on droppings
" of "herbivores. If local coexxstence is - influenced by. the type of dung such that
different types of dung accentuate differences in relative cgfipetitive ability and
therefore the p_robabilit_y of local competitive -exclu51on, then this ~may help 1o
‘explain the 'infrequency of local co-occurrence between species of different genera.
“ However, "judging bg gametophyte production-.and appearance of _gametophytes in
the laboratory growth experiment on wolf dung, it appeared that wolf dung was
as suitable a resource as moose dting for all species of Splachnaceae. This
difference between field and laboratory observations may be a reflection of the
' habitats in which herbivores and carnivores spendb much of their tirrie, smaller
droppmgs of carmvores being scarcer in wet habitats because they are more |
"rapidly overgrown “than the larger droppmgs of herbivores or as discussed
previously, laborato'ry' _condltions, may not have duplicated field conditions.

There is ’al'so anf '.in__consistency hetween expected .and observed t”reque_ncies_ of
local coexistence .among‘.;convg‘eneric species. Although congeneric species differed in
their relative gametophyte production and this dlfference appeared to reflect
differences in their growth rates, their competitive abilities were relatively
symmetrical in both dry and wet ha‘bitats and as a conseqiuenceni'they did not
eliminate each other from dlung.'i Therefore, their expected frequency of .
co-occiirrence' on droppings should be high. They, however, co-occur infrequently.
Again, this'suggests that either the influence of environmental variability on local
establishment, and growth or mechanisms’ operating at larger spatial scales such as

dispersal variability influence frequencies of co-occurrence.
~ BN




3v1
The ‘possibility that local patterns of distribution may have been .influenced
- by envuonmental variability resulting in different specxes bemg dominant in" site
estabhshment under different combmanons of environmental condition has not been
examined in this study. Thxs process may cause¢ strong recruxtment for different
specxes at dlfferem times and: allow several spec1es to estabhsh either on the
same or on dlfferem patches (Chesson and Warner 1981; Chesson 1983; Warner
and Chesson 1985)tz‘lf environmental variation causes large fluctuations in the
relative competitive”:abilities of sgécies in patches, local competitive exclusion may
occur and as a fesult local coexigtence should be infrequent. However, smaller
fluctuations in relative compemwe ability may permit local coexistence by allowing
several species to establish and grow in the same patches. The relauonshxp '
between environmental and recruitment variation in promoting species - coexistence
has been established, for examplé, in fish communities (Sale 1977), forest ;rees.’.
(Comins and Noble 1985; and. long lived ‘perennial hérbs ’.(Gfubb 1985).

The species examined in this s'tudy' are widely di'stril‘)uted across Nc’>rth
America' (Chapter IV); suggesting that they can establish and’ érow under a widé
variety of environmental conditions. However, despite this apparent tolerancé local
envxronmental factors such as moisture have been shown to mfluence the relauve
estabhshmem and growth of dlfferem specnes Also the difference between .field
.and laboratory growth results suggest -that- relative - estabhshment and growth ablluy':
may depend crmcally on -environmental conditions. To what extent local variation
in environmental vanables such as moisture, temperature, suﬁi'ight or dimg
chemistry influences establiéﬁmem. relative growth abilities and local coexistence of -

\

species of Splachriaceae on droppings requires further study.

. e
N
A~
Summary

1]

Overall the local interaéi_ions between species of Splachnaceae and the

influence of habitat and resource heterogeneity on those " interactions do not appear,



to explaiﬁ patterns of local distribution. Finst, although different species of
Splachnaceae can- coexist locally, they appear to "do so mfrequently Second,
" - species appeared to compete m;ensely for resources and their relative competitive
abilities. differed and were influenced by habitat and,possibly resource
heterogeneity. Third, the degree of competitive asymmetry between specnes of
different genera was strongly influenced by habltat and m@, be large enough to
explain the infrequency of local coex1stence between species of different genera in
dry and wet ha_bxtats. However, overall, there is an mcensxstency between expected
and observed frequenciee'ef‘ " local ce‘existence °bet.ween species gf‘ different genera
because local coexistence sfiould occur fr‘equex;tly on droppings in intermediate
habitats. Fourth, ’since the relati\}e compe'titive. abii'iti'es ef eongeneric species were
’fairly sy etrical in both dry and wet habitats fé~nd as a consequence they did
‘not exclude each other from bdung', their frequency of local coexistence_ appears 1o
be lower than expected. This infrequency of ‘locél coexistence, intensity of
competition yet" relative symmetry of competitive abllmes _suggests that }fﬁtterns of

local distribution and long-term coexistence likely result from mechamsms operating -

at larger spatia les. . ¢

‘3
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OI. REGIONAL COEXISTENCE

A. INTRODUCTION
- Patchiness is an important feature of biological populations and it can

have "an strong influence on the coexistence of species _that +use the same or
similar resources (Elton 1949; vAndrewartha and Birch 1954; Hanski and Rantfz
1983; Hanski 1987; Ives 1988). ‘The influence of patchiness on coexistence can be
examined at several spatial scales, of ‘whic'h the regional scale is important
because it focuses on interactions between species'.'across several adjacent patches
in an area defined by the dispersal ranges. of the specres being e\ammed
Observanon at thrs scale can indicate the degree to whrch dispersal - variation
_be(wee‘n patches together with—yvariation in species interactions on patches influences
comperitive coexistence. i

o I have studied species coexistente cm drvrded resources by examining’ the
“mosses Tetraplodon angustatus, T. mnzo:des, Splachnurn ampullaceurn and S. Iluteum
(F.._Splaeh,naceae). These mosses grow on the droppings .of large mammals  and
have their spores dispersed to droppings by flies (Diptera). Their Ec;existen‘ce can
be examined at the local, regional and continental 'spatr'al scales. In this chapter
1. will examine the coexrstence of Splachnaceae at the regronal spatial scale,
represemed by the mosses on adJacem droppings in an area roughly defmed by
their drspersal ranges. ’

The regronal scale is represented by areas of 1-2 ha and is a function of
populatron densrty and the mobility of flies that transport spores of Splachnaceae.
Thrslrs the area from which spores of different local populations of Splachnaceae
(Chapter 2) :are likely abl€ i to disperse to the same fr'e'.shf dropping

Regronal coexrstence is an important pro[{lem in communities; of

Splachnaceae because these mosses use srmrlar pat y resources appear to be

r°source limited since they occupy the entire ce of droppmgs, appear to

64
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occupy all suitable droppings, and species frequently co-occur -regionally by growing
~on the same and on differém _droppings (Chapter II). These mosses are also
© particularly amenable for studying ‘mecha>nisms of coexistence since the ;‘spesies are
restricted to a well defined resouﬁ:e, grow relatively quickly, have direct
interactions on patches and have quantifyable dispersal abilities .(Chapter II).

The Tegional coexistence of Splachnaceae may be pro;xloted by mecha‘.nisms
_ inc&gding habitat and resource heterogeneity (MacArthiir and Levins 1964, 1967?
Lawlor aﬁd Maynard Smith 1'976)'-',. seasonal variation (Hanski and Kuusela 1980; ¥
Painé 1977; Sousa 1985); and variation in relative competitive ability through time
and space (Chesson 1985; Comins and Noble 1985). Competitive‘rsuccess may
fluctuate because of dispersal variability that affect§ the nurherical advantage of u : -
species in patches or environmental variability. Dispersal variation may promote 5}7311-

coexistence processes such as priority effects (Slatkin 1974; Hanski 19\83)"

tion of propagules  (Atkinson and Shorrocksm 198Y; Hanski_
bt‘v'véen local competitive aﬁa dispersal ability (Skellam 1951;

v “Ha}lski and Ranta 1983) Environmental variation may promote ,
co_eiistence by causing strong };éruitment for different speciés at different times ‘
a;1d thereby allowing several épecies to establish in patches in the same region -
(Chesson and Warner 1981: Chesson 1983;. Warner and Chesson 1985).

- In this study, I consider patterns of regiogal vcoexistence in communities - of
Splachnaceae by examining the influence of spatial"\‘ and temporal heterogeneity on .
coexistence . and by investigating whether an inverge relationship between dispersal
and competitive ability exists. The roles of priority =;:‘~,ef_fects- and qnvironn{emal
fluétuations on coexistence are also discussed’.

The influence of spatial heterogeneity on coexistence was studied by -
examining distribution patterns within regions. The influence of temporal

heterogeneity on coexistence was examined by determining whether a tefnporal

separation in sporophyte ‘maturation between species of Tetraplodon results in
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~

resource segregation. '

- ‘\

. The- relatmnshrp between competitive and dispersal abilities was investigated
by companng the competitive relat'onsmps between species (Chapter H) with their
relative spore dxspersal abilities. Relanve spore drspersal ability was examined in
two trappmg experiments, each ‘conducted over . a two year period. To examine
relative H’s‘pore dispersal- ability, 1 first determined the degree of specificity betwee.n‘
fly species ‘and species of Splachnaceae and secondly, I compared the spore

drspersal abilities of the faunas associated with the drfferent moss specxes

. The degree “of specrfrcrty between fly specres and moss specres was
examrned in both trapping. egtperlments by f‘rrst determmmg whether drfferent

b

specrﬁttracted srmrlar ﬂy faunas Secondly, since flies were trapped on dlfferent

moss specres on different dates ig: ‘both tgappmg experiments, I then determined

. pu—

whether the faunal differences’ between moss species resulted from temporal . i

"changes in the fly faunas. or specrfrcxty between; moss specres and fly species. I -
id this by exammmg the degree of temporal and yearly varranon in the ﬂy

.

‘Taunas attracted to dung and 10 specres of Splachnaceae by comparmg the results
of the two trappmg experiments.” o ’ S ’ t;;

The, spore dispersal abilities of the fly faunas associated with different

‘e

spéi:ies* o Mlachnaceae “were compared in the second trappmg experrment by
,determining 1) which specres of flies carried spores 2) whether spore- carrymg
fly species were equally attracted - to dung in dry and wet ~habitats; 3) the 4,

numbe ‘/pores carried "by mdlvxdua] spore carrying flies; and 4) what specres _

3 :
"of s;gres ‘were carned on mdrvrdua] flies. g -
. L0
B. METHODSs * o T .
S T . o ' ( s L
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Regtonal Drstnbutlon Pattems
" The influence of spatral heterogenerty on the distribution of specxes within
a Tegion was exammed during . the summérs of 1983, 1985 and 1986 by

extensrvely ‘surveying their dnstnbutron in an area of approxrmately 3 ha near the

town of Ft. Assiniboine, Alberta . (54 18" N 114 50 W) 'I'hts ‘was done by

systematically “searching upland forests and wetlands for populations of '

Splachnaceae. When local populations were found, the percent’.coi/er of species

Qas recorded. To eharacterize habitat, the vegetation in a 25 cm? area adjacent
to each dropping was noted. | |

The influence: of regional habitat heterogeneity on the distriéution -of
nspeoles was examined usiné Detrended~ 3-orresponrde'nce Analysis (DECORANA).
DECORANA is an ordmation technique based on reciprocal averaging, in which

“the arching phenomenon on the second ordination axis i¥ mathematically eliménated
Fa e : . . ’

(Gauch 1982). The data were first ordinated to summarize ‘Tommunity patterns.

In the- ordination, | samples of Tour plant communities were compared: the plant
speci'es in"a 25 cm? area surrounding local populations of T. angustatus, T. -
mniotdes, S.- ampullaceum and S. luteun. For T. angustatus, .T. mnioides and S.

3

“ampullaceum, 25 randomly chosen samples were used whereas for S. luteum, there'
N N

were only 10 local populattons and all 10 samples were used in _the ordmauon
’ 3

If the plant specxes surroundmg 1ocal populatlons of specres of Splachnaceae were
sxmtlar (i.e., the specres gTew on droppmgs in srmllar ‘habitats),» then 'the samples

.should cluster together in ordmatlon space. If the vegetauon was dxfferent (i.e.,

.~- ’ v,
l

the spec1es grew in. dlfferent habltats) then the samples of - each s uld clqste;
'separately The commumty patterns werg)then compared with -a morsture gradrent

in order td examine - the mfluence of mors‘ture dvaxlabrhty on tl;e ordmauon «

1
.
e . - . . .

'resu‘ltS,,f L. .» . - t ) ) ..-r. .- . K M ‘ e . \..,. N

R
- P . ~
. . * .
R . . .
.

-
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LT

x . ) ‘ ‘/
Temporal Dmsron of Resources '

The mfluence of temporal hetefogenerty (i.e., seasonal heterogeneity) on +

resource segregatlon and coe)ustence of species of Tetraplodon was examired in -a

A

field - expenment conducted in the summer of 1985. This experiment determmed

whether seasonal- differences in the timing of sporophyte maturation ‘between T.
¢ . ’ ,

angustatus and T. mnioides resulted in their temporal segregation on dung in “dry
habitats. At a site 20km from Ft. Assiniboine where both T. angustatus and T.

mnioides were equally abundant, fresh moose dung was place¢ into the field in
7 "May, when T. angustatus sporophytes were mature, and in June, when most
mnioides sporophytes were mature. Five transects of five piles of dung per

transect were placed . at five different locations (> 25 m apart) at the study site

‘in May and agam in June The May and June transects were placed parallel,,to

each other 30 cm apart. All transects were left in the field through the -

P *

- summer. - In September, .all dunﬁ was placed in, one laboratory growth chamber to
hasten gametophyte growth. In May 1986 the - relative abundance of Specres on
“each plle of dung was determmed ” ‘ r
N ‘
. Patterns of co-occurrence 'of T.. aﬂgustatus and T. mnioides on natural
droppings were also examined at’ this site and in herbarium specimens collected
from across North ‘America (See Chapter V for details regardirtg’- the herbarium

1
specrmens used) .The number of specrmens in’ whrch each specres of Tetraplodon

’ -

grew alone “and the n,umber of specrmens in which the two species grew together

was tallred Data were analyzed usmg G -tests of independence with erlrams

¢

. correctron to determme whether spe;res co- occurred on droppmgs more or less
frequently than expected by chance (Sokal and  Rohlf 1981) ' - %

‘ .y ot ' “ - . o

, v _.“"'j S N R . . ! :7‘: CERRA v

Tl Dlspersal ol' Spores Lo .‘,;,,,‘ R S e T e

JIn _Aoroer to determine the degree of specrfrcrty between fly and moss
species, 1 cxamrned whether the f}y “faunas ° attracted to each moss speqes differed

y B ’
° . ’ :
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in ,b"ft'wo trapplngs experi;nents and; I compared the results of these experiments ‘to
determine the J importance of temporal variaqility versus specificity on ' the fauna‘l
differences. In the first tr})pmg experiment, flies wereftrapped on 15, 14, 14

and 14 populatlons of T. angustatus T. mnioides, S. ampullaceum and 'S. luteum,
respectrvely at -the Ft ~Assm1borne site, on five fresh piles of dung and in ten

’ randomly placed traps in both dry and wet habitats. The 'dung used was a
rnixture of droppidgs collected, from captive moose fed the san;e diet (Chapter
2). Trapping lasted 9-days in early/rnid ‘May 1984 on T. angustatus. 12 days im
late Jtme/early July 1§84 on, T. mnioides, 10 ‘days in early A,ugust 1985 on S.
ampullaceum arrd 10 days in mid July 1985 on S. luteum.: Total trapping time
ranged friom 4 to 7 hours a day de] dlng on the weather. The- traps were
4made of 1 liter clear plastic pop bot‘:ht-‘in half" with ‘the upper'half

inverted and inserted into the lower half. A nylon mesh funnel was placed into ,
v S 3 .

the spout of the bottle to enhance the' capture of flies and to prevent Atrapped"—

es - frém escapmg These traps were elevated above the Splachnaceae, dung and
d “cover wrth short metal stakes.
In the. second, trapprng expenrnent, the relative spore dispersal’ abilities of
the fly 'fauqas associated with different moss species were also examined by e
o determmmg the specres of ﬂles carrymg spores and the number -and specres of
sporés carned by spore carrymg flies. In this’ experrment flres wére trapped o‘n
" T)angustatus for 8 days (38 hrs) i mid Ma) 1986 T. mmozdes for 8 days |
(5‘5} hrs) in late June/early July 1986 S dmpullaceum for 5 days (24 hrs) irl
\»late July 1986 and S luzeum for 3 days (18 hrs) Hin early August 1987 at” the _‘

same study site as in the fxrst trappmg expenment Flies were trapped on two

mature local populdtrons Lof" each of the’ four moss spec:es “On . ’each‘ 'date fresh

- . " - - U

moose dung, collected as prevrously descrrbed was placed 5-10 m- from -each moss '
populatxon in both dry and wet habrtats and left in: the freld for three d‘aysf .

'I{Tllres were trapped on dung 'all thl'ee 'days. Trapping on ‘dung and Splachnaceae.
R4 o . : 1 O . __,‘"',\_, .



fw_as _conducted at 15-minute intervals by two people. At each interval, "each

an envrronmental chamber m order to determme which species of spores a

ipartlcular fly was ca'rrymg

&
-

person trapped flies on either 2 "Splachnaceae population or on dung in a dry or

or a wet habitat, rotatrng trapping effort throughout the day. Total trappmg ’

time ranged from 4 to 7 hours a day depending on- the weather. When dung; .
was three days Glﬂ/lT’w_aJs ~collected, put into sealed containers and within a
week was returned to Edmonton, where it was ‘placed into N controlled
environmental chamber to llater determine which species of mos‘s‘ grew on the
dung. .‘

During trapp\ing q 'tervals flies were captured in nets and killed wrth CO’

~

(so as not to kill spores of Splachnaceae) Fhes were’ then sorted mto plastlc

vra]s. If many flies were trapped dunng one mterval then several flies of the

same specres were placed into each ‘vral Durrng the evemng followrng trapprng
flies were examined mdrvrdually under a drssectmg mrcroscdpe to determme if thev

were carrymg spores . ‘

v

If spores were found on a -‘fl'y. the fly was" returned to its vial ‘and , set
aside.  Within 24 hours of vcapture the number of spores carried was estlmated
by adding .250 ml of water to the vial, shakmg the vial for 30 seconds and

then using. a Petroff Hausser bactena counter to estimate the number of spores

in the solutron The fiy was then removed pmned and labeled. Flve spore.

a

"'c0unts‘were. made from the so]utron .in each v1al The remainhrf solntxon was
kept .cool and wrthm one week returned to Edmonton and used to 1noculate

"'mdrvrdual samp]es of moose dung placed‘ m 5 cmi plastic plafniters and ‘grown in"

\ If no. Spores <were-- found the fhes were: pmned and labeled' A random
sampte of these fhes were treated in. the same manner as those fhes carryrng-

4

spores to. determme whether they drd ‘in factharry spores

-0 ’ - 1
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Pinned flies were sorted by family and morpho species. - -Of all the fhes
.captured 70% were named to specres and 85%' of those .captured on Splachnaceae
‘were named to species. Families represented by few individuals that were rarely
associated  with - S‘plachnacea”e'fi were generally not identified further. All initial fly
vspecies identifications. were made. by 6raham AGriffiths (Dept. Entomology, Unijv.
of Alberta) with the exception of ~the Seatophagidae which were identified by
‘ William Vdekeroth (Canadian Na‘tional Museum). B
Cluster analysis (TWINSPAN) was used to compare the faunas associated

-

' with the different moss species and the ﬂy faunas assocrated with dung m dry

o . ~e

and We,t habxtats TWINSPZ\N is -a polythetlc drvrsrve classrfrcatron techmque " that’

emphasrzes indicator specres and the productlon of an arranged matrix. In a’

TWINSPAN analysrs the data are frrst ordmated by recrprocal averagmg Those'

B , /
spec %that charactenze §? cal averaging axig’ extremes are then emphasrzed
.1n order to polarlze the

" by. breakmg @he ordmatton axis near 1ts mrddle The sample. division is -refined

o

by a reclassrfrcatron usmg specres with maximum value for indicating the poles of '

‘the ordination;_ Xis: The division process is then repeated on the two sample
. ? o VA

subsets’ 10 givé bur iclusters, and $0 on, until- each cluster has no more than a
chosen mmrmum number of members (Gauch 1982) S

| For both tr‘appmg expenments all fly specres were mcluded in the
'T\NINSPAN analysrs Smce few flies were trapped in the ‘control traps’. in the

¢

‘flI'S[ trappmg experrment ‘they were not consrdered in the . analyses: 4n .the first

) "trapping expenment all rephcates of all samples (specres of Splachnageae, -dung"‘{ in

} dry and dung . in wet habttats) are -used in the analyses. In the 'second trappt;ﬁg’

“y.
“ experrment trappmg dates were used as sample replrcates. because trappmg ©

- _‘!

"-mterVals were short (3 to ll daYS) there sdiould have beeh httle mﬂuence of
. 'trme on' the fly faunas.

- . . . " o
B
) . .
. PO N ' .
. f . .o - . [T . ' . < e
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, and the samples are divided into two clusters .

»
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The results of the TWINSPAN analyses are presented as dendrograms of
the sample hierarchies. The TWINSPAN analysis delxberately arranges the two |
clusters at each ndde so that the most similar samples fall together in. the |
dendrogram s sample sequences (Gauch 1982). . Therefore “in the dendrograms

-

presented samples with -the most similar fly faunas are closest together m the"
dendrogram. This is. reflected in the sequence of dflvrsno_ns such that the-
higher-level divisions separate samples with fly faunas thag “are relatively more
dissimilar than are samples Separated in subsequent divlsions.

&

C. RESULTS '~

Patterns of Distribution

* Habitat heterogeneity has a strong inﬂuence on the regidnal distribution of
species. In central Alberta, the distrib‘utionsO of Tetraplodon and Splachnum varied
with moisture le;'el: DECORANA analys’is indicated " that species of Tetraplodon
' ‘were found in drier habitats and species of Sp[achnurn were found in wetter ‘
h’ablixats (Figure III-lI).' In ‘drv habitats where‘ Tetraplodon grow, lichens (Cladania_‘
.spp.) feathér mosses (Pleurozzum schreberi and = Hylocomnium splendens) and litter -
'predommated In wet habltats where Splachr;um grow, brown mosses
(T omenthypnum nitens, Drepanocladus aduncus and D. revolvens) and sphagnum '
mosses (Sphagnum angustafa?zum and S wornslor’f i) predommated There were no

’

apparent habxtat dxfferences in" the dxstrtbutlons of congenerrc specxes (Flgure

-

.III 1)
) _Temporal Division of Rrsources &
The temporal separatton of sporopl% maturation between spécies of oL
,f'etraprdon appeared“ to result in a seasonal segregation ‘of ‘lésources In the

ANO\’A results exammmg\ dxfferences in scasonal colomzatron of dung by T.-
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[angustatus and T mn;atdes there was a srgmf:cant mteractwn between date and

RS

U dpedies (1= 144 < 0.001, =) Dung placed into the field in May,

o

'_'when T. angustatus sporophytes matured was colonu,ed excluswely by T. angustatus
o Y ,
o whereas dung placed mto the fleld in-- June when T . mruozdes sporophytes

maturedx was mamly COlqntzed by T. mmozdes (Frgure IH -2)..

4 Pattems of dtstnbutxon of T. angustatus and T. mruordes ‘within thrs ‘same

.regron “also suggested that they grow on drfferent droppmgs Although both ,.

f 'species grow in the same habitats, they were often. found_ on fdi_ffe_rent 'droppings
. in the vicinity of Ft. Assinihoine .and throughout North ,:Amer‘ica'.. they ‘were also
J.;infrequently found_growing' on the same droppings (Tahie-‘ >II_‘I,--1);. |

: _\4\4 : ) .
-« Comparison of Flies Trapped on Splachnaceae

In the first trapping experiment, 2,721 flies from 34 families (Appendix

"l"’_III-'l) and in the second trapping experiment, 4,252 flies from 23 families
" . (Appendix III-2) were trapped on the four species“ of Splachnaceae'and dung in

- dry and wet habitats. In the first and second trapping experiments 81% and

85‘26, respectl-veI). g& .th%ﬂles have been identified to species. Overall; over- 70%
of the flies asstmfed -with the mosses were members of the families
Anthomyiidae, Calliphoridae, Fanniidae Muscidae and Scatophagidae. All indi’viduals

in these famxhes have been 1denttf1ed to specres

Ed

In both the ftrst (Figure III 3) and second (Figure. 1II- 4) trappmg

\,

eXperiments. each" specres of- Splachngceae _°attracted relauvely dxfferent faunas of

. flies. These could be, separated ihto: 1) those ta\a attracted to T. mmordes S

ampullaceum and S. luteum and 2) those laxa attracted to T angustat'jl This

division ma) have represented a seasonal dtfferen;e m the faunas and in the

L S N
v - - v

first trapptng e)_tpenmem it - was the most distinct * dwmon whereas in the second .

trapping experiment it was™ihe least distinct, dtvxsron_ The fxrst group coyld be |

further subdivided into a 7. mnicides and S. luteum fauna and a S. ampullaceumn
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yo e
) Temporal .Variation in the Fly Faunas
| P A companson of the fly faunas attracted to" dung between the two o
~trapp1ng experunents 1ndtcated that the faupas differed both between and within -
/ each trapptng “experiment, suggesting that the dung fly faunasu'llffered between
‘and thhm_,years Because temporal variation in the dung fly faunas was a
reflection of .thetr hav—i‘ng been trappedS on dung in dry and wet habitats at tne

same time as they were 4

rapped on ‘each moss species, dung is referred to as
. being 'as'éociated wi-th'» i ‘ticular spe‘cies of Si)lachnaceae. The ' combined -faunas
of both trapping expertmeng,gdmded into two groups: 1) Those attracted to dung
, 'assoc1ated w1th T. angustatus in the second trapping experiment; and 2) those
attracted to all other dung (Flgure HI- 5) The second group could. be divided
-

as in the two trapping experiments.

into two subgroups separating the fly p

" This division may have reflected eithef; 8influence of trapping design or

variation between years in the fly faihs “"thin both subgroups, the fly faunas

"‘t specnes grouped together.

A

attracted to dung associated with the &

-In contrast, faunal differences between moss specxes appeared 1o result

-~

more from specmcny between moss and fly specxes than’ from the influerce of -

:\,
4 x _T -.;

tempoi'al vanatxon in the dung ﬂy fauna suggestmg- that although dung fly,

faunas d]f&&d consxderably between and wnt in 'years, eacﬁ Sp€C1.CS of Splachnaceae
attracted a distinct and relatively conmstent fly fauna. The ﬂ) faunas attracted to -
each species of Splachnaceae were sxmtlar in the 1wo trappmg expertments (Figure
111-6). When ﬂy faunas of both trappmg experiments were combmed the\ divided
-‘>‘,'mto tbe same two groupmgs and the _ﬁrst groupmg could be subdmded into _the |
"_samc_ two‘subgroups as-.the faunas’ the trappmg e.\penmcnts conSndercd 5eparatelv
-(Figute}_di{;fﬁ. The s&ond groupmg could .be further dmded tnto wo subgroups

2 T. dhgustatus division and 2 small dmsp/ conta-nmg snveral T mmozdes

\
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F
samples from the first trapping experimemt. Overall, however, tpggg' was little
influence of either trapping design or temporal variation on th‘é,;,:" fly faunas

attracted to each species of Splachnaceae. s

Spore-Carrying Flies

:.’ ‘y

. Flies Trapped on T. - angusratus ; _
- 'On T. angustatus apd a,ssocjlated dung in dr; and wet habitats, 1,007 flies
“from 28 taxa were captured. One species, Scazophaga Sfurcata, accounted for 75%
iof flies capture% Most flies (93.7%) were ttapped on dung (43.4% in dry
habitats and 50.3% in- wet habitats). Few of these (0.6% ) Wwere caITying sSpores
(0.4% of those trapped on dung in dr\ habltats and 0.2% of those trapped on
dung in wet habxtats) Of the 6.25%’*:01” f'hes__v trapped on- T. angustatus, many
(60.3%) carried spores. h "

_ Spore-carrying flies‘ trapped-‘f;on T. angustatus and associated 'dtmg belonged
to 10 .Diptera'n taxa. Individuals“ of theee species, Helina cothurnata, EudaSyphora
cyanocolor and S. ﬁzrcata comprxsed 76% of the flies captured carrymg Spores.
Two of these spec1es, E. cyanocolor an\d Helina cothurnata had the most
individuals carrying spores and on average, these individuals carried the greatest
- number - of spores (Table I1I-2). Of those'spegies_o_f flies in which five or more

. individuals carried spores and"mére ’than 20 individuals were also trapped on

- dung, most individuals carr)mg spores were associated with -dung in dry- habgts;‘“
L'l

(ewre HI - | o  .‘ ,. o ,‘a %) '-.'\; ’

Overall ﬂles auracted to T anguslalus and assocxated dung .carried SY, lf&r

spores/heur. Fhes ‘thar -were rclauvel) rare carned-the greaxcst numbcr of ,gpofcﬂ ' q{‘f
-"-.’:" ’ L

WA

S cyanocolor and Helina . colhurnata rcpresemmg 367% and 169% rcspcc \eb [ ‘-r;"

thc ﬂ&es trapped on T. angus!alus camcd 9% of the sporcs Thc mdst
frcqueml} trapped fly, S. ﬁucam camed fcv- sporc:, (1}0%)

w

2. Flies Tmppcd on r miniotdes
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oﬁ T. mnioides and associated dung in dry and wet ‘hbitats 1,605 flies

76

from 82 taxa were captured No specxes accounted for ‘more th’ﬁ: 25% of fhes
captured. Most flies (74.1%) were Lrapped on dung (54. 9% in dry%hgg‘tats and
and 19.2% in wet habitats). Few of these (0.8%) _were carrying spores (0.5(&'@ Y

o~
L4
v

those trapped on dungﬁ in dry hat'jitla'ts; and‘ 03% of ihdsé trapped on dung in
wet habitats). Of the-. 26% of flies traﬁped on T. mnioides, 16.5% carried spores.
Spore-carrying flies trapped on T. rrznioides‘ and associated dung belonged to
18 Dipteran taxa. Mdividuals of five species, Calliphora vomitoria, E.- cyanocolor,
Phormra terrae-novae, Cynomyopsis cadaverina and Hydrotae meteorica comprised
63% of flies captured carrying spores and together they carried 75% of spores.
Three of these species, C. vomitoria, E. cyanocolor and C. éadaverina, as well as
Phormia regina, carried on average the most spores. Few individuals of the two
most common species captured, Fannia spathiophora and Hydrotae meteorica;
carried spores (Table III-3). Of those fly species in which five or more
individuals carried spores and‘ more than 20 individuals ‘were also trapped on N
dung, most individuals carrying spores were associated y\;&ith dung in dry habitats‘
(Figure III-7). Overall, flies attracted to T. mnioides ‘and associated dung carried
53,423 spores/hour. |
3. Flies Trapped on S. ampullaceum
. On S..ampullaceum and associ.ated‘_dung in dry and wet habitats, 757 flies
frpm 49 tdxa were captured.' One species; Pegoplara patellans accounted for 27.3%
.of the flies captured. Most flies (89.4%) were trapped on dung (22.5% in dry
habitats and 66.9% in .wet haBitafs)-. Few bf these (4.7‘%) were carrying spores ' '
£1.3% of lhose trapped on dung in dr) habitats and 3.4% of;tt.:ose trapped on
o dung in wet habnats) or lhe/()ﬂ% of nxe§ trapped on" S. ampullaceum, - 38.8%

14

wcre mrrymg spom . o
9

. Spore-carrying fies trapped on S. ampullaceum and associatéd dung

beionged 10 16 Dipieran taxa. Of the individuals caplured carrying sporcs",* uO%
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5. Summary ~

were Pegoplata patellans, the. most fxéquently i:aptured fly species.' Four other

77°

species had 5 or fhore individuals that carried spores, S. furcata, Mydaea sp. 1,
Scatophaga suilla and - Hebecnema m‘gficolor'. Thes; four species together with P.
patellans accounted for 72.3% of the flies which carried spores ‘and together they
carried 65.8% of the spéres (Table II-4). Of those fly species in which five or
more ind.ividuals carried spores and more than 20 individu»als\ were also trépped
op dung most were associated with dung in wet “habitats (Figuré 111-8). Overall,
flies attracted to S. ampullaceum and associated dung carried 80,625 spores/hour.
# Flies Trapped. on S. luteum ‘

On S. luteum and associated dung in dry and” wet habitats, 883 flies from
46 taxa were captured. No species accounted for more than .25% of the flies
captured. Most flies (58.'9,%) were trapped on dung (23.3% in dryl: habitats_“gnd
‘35.6% i‘n wet habitats). .ch of these (2.1%) were carrying spbres (0.8% éf
hEhose trapped bn, dung fn dry t_L‘:’Ib;abitats and 1.3% of those trapped on."A dung ; in
wel 'h‘abitats').'ﬂOf the 41.1% of flies trapped on S. lutem, 16.0% were carrying *
s;l)ores. , ) u %’0 . S O

Spore-.carryiﬁg ﬂieg._,_trapped on S. luteum and assoﬁiated dung be]onge:i- to-
15 taxa. Ihdividuals'of | tvhree species, .Phormia regina, -Ravinia sp. 1, and C.
vomitoria comprised 65.2% of the flies carrying spores and together they carried
65.5% of the spores ¢Table III-S). ’The first and third most common fligs
captured, Raviﬁia sp. 1 and P. regina respeciively, had ' the most individual\s\
carrying spores and bcarried the most spores overall. Of those fly species in
which five or  more individ}xals carried spores and more than 20 individuals were
’algo trapped on dung, none showed a slrong' habitat preference (Fiugure 111-8)."
Overall, flies attracted to S. luteum and as_sdciated ‘dung carried 50?694 ‘

spores/hour.

’
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"“'species of flies carried most of the spores. Flies tf’apped on T angustatus T.

S
vy

Wwhich the flies had been caught. However, the rinsings from 6.3% of the ffies

)
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In summary ‘more flies were attracted to ‘dung than to any species of
Splachnaceae and few of these flies appeared to be carrym& spores. Most spores

- were carried by mdavxduals of . species attracted to the mGsées however few

mnioides and their -associated dung carried approximately the same- number of
spores/hour. These flies were predominately attracted to dung in dry habitals

Therefore, the two species of Tetraplodon do not appear to” dlffer in dxspersal

ability. Flies trapped on S. ampul[aceum and associated dung carned more

, Spores/hour "than f‘hes trapped on S. luteum and associated dung. Spore-carrying

;;,,.,,_fhes attracted to S. ampullaceum and associated dung were primarily attracted to
v ~ :

dung in wet habitats whereas spore-carrying flies attracted to S. luteum and
. 3 .
associated dung did not show a habitat preference. Therefore, S. ampullaceum

appears to have more of its spores dispersed to dung in wet habiials, the

C

habitat in which species of Sp?achnum commonly grow, than deces S. ureus. o

K A
w ) S

af

- Species of Spores Carfied by Spore-Carrying Flies ' 3

A .
(Gametophyte growth almost always occurred on dung inoculated with the

rinsings of flies on which spores were visible under the dissecting microscope.

Most of these species of Splachnaceae were the same species as the ‘treatment in

trapped on T. angustatus and assoc1ated dung, and 46.7% of _the rmsmgs from

1(‘ﬂxes trapped on T. K mnioides and associated" dung also produced S luteum, and
43% of lhe rinsings from flies trapped on T. mn:oldes and assocraled dung also’
produced S. ampullaceupx (Table 1II-6). o .

86% . of dung inoculated with the rinsings of the control flies, those on

- .which no spores were visible under the dissecting microscope, glsb ‘roduced

Splachnaceae. As in the flies o which spores were w‘dsiblc'. the species of

Spléchna_c,eae growing on the duhg was mostly (83.8%) the same species as one

-



on which the flies had been caught (Table III-6). However, on 29% of .the

‘ rinsings from flies trapped; on T. angustatus, T. }nnioides and associated dung the
surface of the dung remained partly uncovered by gametophyte after one year.

| 96% of the rinsings from flies trapped on S ampullaceum and associated dung

)

‘produced strong growth of S. ampullaceum.

D. DISCUSSION

This study has identified habitat heterogeneity, terhporal: variability '(seasonal
variability) and tradeoffs between elative compeiitive and dispersal ability és
mechanisms that may act to pr.omote the coexistence of species o} Splachnaceae
on a regional slﬁial scale. Habitat heteroéeneity 'appears to be importam iﬁ 5
. promoting the regional coexis:teﬁgce between species of the two genera whereas
temporal heteroéeneity and a tradeoff between relati?e competitive and dispef‘sal
.ability may be important in .prombting reg_iopél coexistence bétv&een species of
Tetraplodon and S}zlachnum respectively. Eaéh of these mechanisms may be
important because the palc.hy distributionlof droppings in both space and time:
may provide both a-'measure of heterogeneity by which different” species can
segregate resources and colonization opportunities for species throﬁgh ‘which-
dispersal and environmental variability can act to give dif{eren‘f Asp‘gcies advantages

-

in different patches at different times. N

Patterns” of regional distribution suggest that differences between dry and
. . 4

wet habitats influence the relative establishment and growth of ‘the two genera.
: Y

Habitat “analysis has shown that Tetraplodon -grow in habitats charéclerized by

s
‘mesic plam spcc.As This. ma\ “be duc lo species of different genera having

.

xeric plant species whereas S'plachnum grow in habitats czaractemed by more

dxfferem. 1oleramcs to moisture amlabuhn and vatiation in the chemical
composition of dung as caused by differential lcaching or absorption (Chapter II),

or 1o habitat-restricted spore: dispersal. , °
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Habrgat restncted spore dtspefsal may mfluence regronal coexrstence because

the dtspersal of spores -of Tetraplb'don mamly to dry habltats may reinforce the
habttat dtfferences exxstmg between the two genera Drspersal of these spores

®

®primarily toy dry habttats may- result in therr densrty' \bemg greater than that of*
spores of Splachnum whereas the. reverse may be true in wet habitats. This,
com/po'unded with the growth advantage species, of. Z:etr‘aplodon‘ have in dry \
babitats, may further enhance ha.bitat segrega»’ti-on between the two genera . and ‘

hence promote their regional coexistence.

Habitat differences do not however, appear to promote the regional

_coexxstence of congenenc species. Habltat analysis suggested that eongenertc specres

“f

grow on’ droppmgs located “in srmtla,r habttats Moreover in fteld growth

expertments there were no interactions between habttat and species when spec1es

of the same . genera were - grown - together suggesting that relatrve growth rates of

A8
congenenc specres are not habitat- dependent (Chap\ter I1). Neither were

" habitat- related dtspersal dlfferences found between species  of Tepaplodon However,

. they were found between spectes of Splachnum since flies carrymg spores¢ of . S.

4
ampullaceum -were more .prevalent in wet habttats. It "does not appear, however,

that thts dispersal difference between specxes of Splachnum influences the habttats

‘in which the two specxes are found growmg These results suggest that - other

mechanisms of coexistence such as the- mfluence of temporal (Paine 1977 Hansk1

‘ and Kuusela 19_80)-,',dlspersa} s(Slatkrnz. 1974; Hanskrf 1983; Hutchinson 1975; Hanski

a,,nd Ranta 1983) or environmental variation "(Chesson and Warner 1981; Chesson'\

1983; Warner and Chesson 1985) may promote the regional coexistence of

S e

_‘congeneric species. g

Because experimemial results indicated thAeasonal difference in sporophyte

~maturation between T. angustatis and T. mnioides also resulted in a seasonal

segregation of resources, temporal variation (i.e., seasonal variation) appears to be

an important mechanism promoting their regional coexistence. Dung placed into

\ ’

PO
e



the field in. spnng when sporophytes of T. dizgustatus matured wa‘s" oﬁly T

i

colonized by T. angusmtus whereas’ dung pl;ced into the fteld dunng the summer,

when sporophytes of T. mmozdes matured, wds pnmanly colomzed by T mruozde’s

Furthermore analysis of drstnbutlon patterns in central Alberta have shown that -

in regtons in which _both specres are common, they mfrequently ‘grew  on the

~ same - droppmgs Stnce there was no evtdence that specres ?)‘f Tetraplodon are

segregatmg resources on the basis of habitat or dung type (e. g, dung o(

carntvores versus dung of herbtvores) (Chapter 1I), these results ltkely occurred

-because spore- carrymg flies 'visit primarily fresh droppmgs and therefore the spores

of each species  should be dispersed marnly to drOpptngs that are fresh when '
thelr sporophytes mature ‘

The 1mportange of 2 tradeoff between relatxve‘ competmve and drspersal
abtlxty as a mechanism promotmg regional coextstence (Skellam 1951 Hutchr“nson

1975 Hanskt and Ranta 1983) should "be "a functton of the consrstency _with

which each _species of Splachnaceae atiracts a specrfxc fauna :of fhes since
~ .

, dlspersal abxhty is a functton of the faunas t-hat each’ specxes attracts

Compaﬁson of the faunas attracted o dung assorcrated thh T - angustatus (whtch

matures in the sprmg) with™ the faunas att)f\ted to dung assocxated w1th the

’

remammg specxes *(which mature in the - summer) mdrcated that the fly faun'as ..

- differed seasonally Also compartson of the faunas attracted to dung associated

A . ' J
with the summer maturmg specres (on Awhich flies were trapped at drfferent times

durmg the summef) 1nd1cated that the faunas - varied ‘within a season This. faunal
variation between and within seasons suggests that the differences in ‘the fly

faunas attracted to each of the species of Splachnaceae may be a reflectlon of

'temporal changes - in the: the faunas rather than a reﬂectton of SpeCJflCIIy between

i
species of ‘Splachnaceae and specits of flies.

-

However compartson of the [aunas attracted o dtmg -and each specres of

Splachnaceae between yvears indicated that desplte strong dlfferences between years'’

- A

~
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e rn the faunas attracted to dung, drfferences between the faunas attracted to each

' ‘\'.

‘spécres of Splachnaceae Were nerther as ' evident' nor as strong This suggests _that

r'y

. drfferences between faunas attracted to diff erent specres of Splachnaceae are “not a

s total reflectron of varratron within or_ between years but also represent variation

v

ltn the. degree to whxch drfferent specres of Splachnaceae attract dlfferent species

of flies. Thls specrfrcxty between specnes of Splachnac:e e and flies may result

— v

from the differences between moss specres in sporophyte orpho_logy color‘ agd

. odor - (Pyysalo et al. 1978; V"rtt 1981 Pyysalo et al. 1983). The mfluence of
. .
these factors on specrfitrty rs a problem requmng further - study Furtheg work on

'S

this system however should also recogmze the mfluence of seasonal varratron in
the faunas and collect data from drf‘ferent species of mosses both at the same

time and over longer perlods of time” to allow the questron of specrfrcrty to be
- more clearly distinguished from seasonal availability . |

\

The specificity‘ between speéies'of ' Splachnaceae‘ ahd spe(cies of flies Suggests_ )

that drspersal drfferences and therefore tradeoffs between relative ° competltrve ‘and -
drspersal abilities between species Qf Splachnaceae should be relattvely constant over
time. Therefore the tradeoff between relatrve competmve and chspersal abrllt) that

appears 1o exist between S ampullaceum and S, lur.eum m central Alberta may

Al Y"

be an 1mportant mechanism promotmg their coexrstence Thls tradeoff exists 7
. .

because S. ampullaceum appeared to have more of its spores dispersed to dung

in wet habrtats since . more of‘ 1ts spores were carrred by flies per hour and

. more of these spore carrymg flres were assocrated wrth droppmgs in wet habrtats
(
e than Was the case. for S luteum. Also laboratory growth experrments have shown
that S. ampullaceum is a weaker competitor than S. luteum (Chapter @ '

*

The dtspersal superiority that §. ampullaceum appeared to have over S

~

luteum may have resulted _from.'the close association between S. ampullaceum ‘and

=]

the fly Pegoplata patellans. This species of fly was more closely associated with

- S. .ampullaceum than ‘other - fly speeies were with. either S. ampuflaceum of S.

\

S~

G T

»
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bluteum In both trappmg expenments most of the fhes attrac,ted“to S -

ampullaceum were P patellans. and in the second trapprng expermrent most spores

0.4-\-

‘of S ampullaceum were camed by P. pazellarisc Most mdrvxduals of ~P.  patellans

.carrymg spores were - trapped ‘on. dung. 71% in” wet habttats None of the species

of flres c%rrymg large numbers of §. luteum spores were "so closely. ass’octated

.‘L' . ; N

with dung in wet habitats., : " ’-. g o

,-5. Unltke the two species , of~ Splachnum there did .not appear to be a

tradeoff between relatrve dtspersal and competrttve abrhty between. T. angustatus
1) I

and T. mnzozdes For both specxes of T etraplodon the average number lof spores

carrred on fhes per hour were srmtlar and these spore carrymg flies were most

‘ilosely associjated with dung in: dry habxtats Therefore there was no - evrdence

that .the weaker compeutor T. angustatus (Ch}ater II) ‘had a drspersal advantage

.

over.: the superior compeutor “T. mmordes 3

Pnonty effects (mmal abundances determme whrch specres survive in a

B patch) (Slatkm 1974 Hanskt 1983) and environmental variation resulting in

\

dtfferent specxes bemg}ommant in site ~establishment under drfferent combmattons

‘of envrronmental condmons (Chesson andg Warner 1981; Chesson 19\83 Warner and'

»

Chesson 1985) are two potentlally tmportant mechamsms of reglonal coexrstence in

. patchy envrronments that 1 have ‘not examined drrectly in this study. For priority

N
effects to- be an important, mechamsm promotmg the regional coexrstence of -

Splachnaceae, Spores must be drspersed ~lo droppmgs mdependent of the age of

\

the droppmg, and prronty of .access ‘to droppmgs must give specres a competmve ,

»advantage ’I‘hts ~does not ‘appear to be the case since results of the trapping

.study mdrcated that few flies visited dung older than two days, }suggestmg that

most  spores reach droppings” within a.fone- or two-day period. Such small

“differences m arrival time should have no 1mpact on the relative growth

advantages of different species since sporulatnon and growth occur over a longer
L4

penod -of ttme (Webster 1978). Environmental fluctuations.‘ however, may be an



Y

L

u«\% promotmg Jocal (Cha;pter II) and regronal coexlstence is. an 1mportant problem

unportant mechamsm promotxng regronal coexistence since field and laboratory

.growth experiments have suggested that relatrve estabhshment and growr.h abrhty

<« may ldepend on environmental condrtrons (Chap*ler II) This could promote reglonal

coexistence because  different’ species may then be able to estabhsh and grow on

P tat

. erther the same or on dlfferent dropptngs in the same regron as envuonmental

condmons fluctuate. The influence of envxronmental fluctuations as a- mechamsm
<

requiring: further study. . " v "
R ¢ . . ) "
A ) ) . . h . > ' * v ’ )
D . . \ } ‘.. ‘ . . T v : \ ) Ty
§ugnmary f . . R KR
C ot }'7’9‘_ ) ’

- Three mechamsms have been 1dent1f1ed that may promote the coex1stence of
Splachnaceae on a‘regronal spatlal scale;. hablta,t heterogenelty temporal variability
(seasonal varlabxhty) and a tradeoff between - relatrve competmve and dispersal .
ablhty Each of -these mechamsms of ‘coexistence may be’ 1mportant because the
patchlness of droppings in both both sQace and txme provides both a a measure
of heterogenexty by Wthh different species can segregate resources and colomzatlon
opportumtles for “species through which dlspersal and envxronmental varlablllty can

"act 1o glve drfferent spec1es advantages in. dlfferent patches at different times.

Habltat heterogenelty appears to promote coexistence between the two genera

L @

since habitat analysxs has shown that droppmgs located in habltats characterlzed by
‘relauvely xeric vegetation was primarily occupled by Tetraplpdon whereas dung in
hahitats characterized by relatively mesic vegetation were primarily "'occupied by -
Splachnum. This diffelrence may be a result of differences m relative _growth
ahility between genera in dry andl“wet. habitats (Chapter 'II)‘ and t he assodation
of spore- carrying flies of Tetraplodon pnmanly with dung in dry habitats.
Temporal (seasonal) dtfferences in sporophyte maturatlon may promote the

regional ccexistence of T. angustatus and T. mnioides because T. angustatus

primarily colonized ,dung- in spring, whlean its sporophytes mature whereas T. v

s

..
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. 'mmozdes pnmanly colomzed dung in° early summer gen | its spordphytes mature
' L

This ‘seasonal segreganon of dung hkely results from spore- carrymg " flies bemg
most attracted to. fresh dung ' .
Because the faunas attracted to eacht species of Splachnaceae differ and
appear to be relatxvely constant- over time, both d1spersal dx{ferences and trad’eoffs‘l‘,
between /competmve and dxspersal ablhty may’ also be relatively constant‘ over time.
Therefore -the tradeoff between competltwe and dtspersal ability that was shown
| "to exist between S. ampullaceum and S. luteum may be an important m'echanis_m o

)px;gmotmg thelr reglona] coexistence.
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Variation within regions and the

7

~ buﬂo'n‘_'qf 7. angustatus, T, nﬂdoba. S. smpufaceum and & hiteum populatiofis within reglons.

©‘Amolsture gradient Is represented by thé first DCA axla.

Figura II-L. Ordination results axamining the refationship between habltaf

92
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% Trapped on Dung

% T.r'a,bped on Dung

. S. ampullaceum

Pegoplata Scétophaga + Scatophaga Hebecnema

S Dry

yizzzzzzz2 Wet

v

v
Mydaea

patellans  furcata suilla nigricolor sp. 1

S. luteum

80}

40}

- 20}

60

o

- | Phormia Ravinia Ca///bhom

I Dry
>

e

. regina sp.1  vomitoria

Figure I1I-7. The pe.rc.ent of each spore-carrying tly species trapped on dung in  dry

and wet habitats associated with S. ampullaceum and S. luteum.

-Only fly species in which more than 5 individuals carried spores and

" more than 20 individuals were trapped on dung are ébns:dered.



T. -angustatus

o .
c
> .
(o vzzzZ Wet :
c
o
©
[} [3
Q
Q.
©
} .
F .
e
A —
Eu,dasyph'ora alophaga
'cyapocélar / furcata =
A I. mnioides
o
e
-]
e
C LN
. O
T
o
Q.
Q
4+ )
- .
f—
N
Calliphora Eudasyphora ' Phormia Hydrotae
““vomitoria cyanaco/or !erraie—‘no vae 'Mafeor/'ca '

»

Figure I1-8. The percent of each spore-carrqu fly SPecies trapped on dung N dry
and wet habitats associated with T.angustatus ana - mmoiges.
Only fly species in which more than 5 individuals carried spores and more

than 20 individuals were trapped on dung, are co,nsude'red‘
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IV. REGIONAL COEXISTENCE AND SPORE AGGREGATION: A SIMULATION
- STUDY '

A. INTRODUCTION | o R

Habitat division or paechiness can inﬂoence communities of interacting
species (Elton 1949: Andrevqa}tha and Birch 1954; Huffaker '1958; Kareiva 1986).
The inﬁuenee of enyirohmehtal patchiness on ecological' "comrhunities has been
examined primarily with 'mathematical models (e.g., Slatkin 1974; Levin 1974,
}Atkmson and Shorrocks 1981: Hanskl 1981; “Ives ‘and  May 198S; Commms and
Hassell 1987). Few studies, however have examined the 51gn1f1cance of these
models by. 'e%tehding them to examine the dynan}ics of peirticuAlar systems (e.g.,
| Kareiva 1986; Ives 1988). Here 1 extend Atkinson and Shorrocks‘_ﬁ(1981) model
simulating the mfluence of the independent intraspecific aggregauon of mdmduals
in a patchy environment on competitive coexistence to examme the coexistence of
~ the mosses Splachnum ampullaceum and S luteun (F. “Splachnaceae) on a reglonal
.spaual scale. These mosses grow on the dung of large mammals and have spores
that are dispersed to dung by flies (Dlplera) I have “simulated coexistence ;%1
‘thls community because \me spatial and temporal scales at which this problem -
must be examined are extensive and preclude the - use of~ ‘experimental studies,
"Also since plants almost always exhibit clumped Spaual dxspersxons (Kershaw
1973) the extension and modlﬁcauon of Atkmson and Shorrocks (1981) model to
plant communities contributes to our understandmg of the role of aggregation
promoting ‘coexistence. .

~ Atkinson éhd Shorrocks (,1981)."simulated t‘he oﬁtcorhe of competigion.
between two insect species that"‘ use pa,tchy and ephemeral fesources (eg., fruit
fﬁngi;‘ carrion or . dung). Their model suggested  two processes that'.can prolong -

N
coexistence: increasing dxvxdedness of resources and increasing aggrega‘tfon of the

competitors. In this ‘model, each of the two competitors had discrete,

-

113
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e o
non- overlappmg generatwns (with the two specxes bemg temporally synchromwd)
Jand patches persrsted for one generation. Insect larvae competed within a patch,
so that Lh: number of adults produced per patch was a non-linear function of
~ the number of eggs oviposited. If resoﬁrces were increasingly“diyide'd (i.e., patches
became smaller but total resource a?undance remaired constan.t'). '61' if insect eggs
_were indepeyiently’ aggregated on paé&hes Lhen/ ,coexislencé. was -proloriged'.

‘Atkinson and Shorrocks (1981) assumed ‘contest’ competition, where the

Qensny efferts tend to scale roughly hnearl) thh the number of competitors.
However, Ives ‘and May (1985) found Atkinson and Shorrocks' (1981) results to
be largely ﬁnaffected whether 'scramble’ and/or',‘comest" competition’ was@ assumerl.
Ives and May b'(1985) concluded that, if . rfsources existing in patches are discrete
and ephemeral, intraspecific aggregétigr’r‘m}a _patchy environment can, by itself,

) S
facilitate competitive - coexistence.

Study Systelrl

Splachnum ampu[lacgum and S. luteurn coexist throughout much of north
| temperate and boreal North America on a regional spatial :scale. Thé reéiona]
scale involvgs areas of approximately 1-2 'ha. T}'xis is the area from which spores.
of different local Splachnum populations are likely to disper_’se" to the same fresh
dropping. Coexisténce' at this scale ié a function of factors srxch ;s ‘population
density and the mobnht) of flies that transporl the spores of Splachnaceae

These mosses are relatively fast growmg occupying the entire surface of a
.dropping within one or two summers, and' -reprodtrcing.within two or three vears. '
No- other mosses or vascular .pla'n;s' colonize these habitats as quickly as S.°
'ampull'aceum and: S. -luteum and ‘the mosses have ibno herbiveres. The two species
dlffer 1n sporqphyte mérpho_logy, but‘:vthey are found growing orn the sime types
6f ,quopp:"ngs' (rnainly moosg, Alces. alces) in the same! types of hibims ~(Chapter )
, I.i‘I). Further details about ‘the Bio]ogy of t}}e system ‘can be found in Chapter

) ‘ ‘ ' . H
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There are’ several Jeasons why thé spores x}f-‘ dlfferent s..,

' s \'&i‘xd ';':?
aggregate mdependently of each other on 3roppmgs tsfﬂrrst’ droppmgs ‘attra‘ci flies ”j
s

for a short penod of time (1-2 days) (Chapter II) ¢ Thereforg the trmc that 20
droppings are likely to be colonized by spores is xery.;.arj S& Second there is )
little synchrony in spore productron either within or' 5

&S luteum. Therefore how many  spores of each specres get.

’mt.,_.-

dropplngs -is lrkel} to depend on how manyﬁ mamre populatrons of each .
Splachnum , Species are in close proximity to th§t droppmg As a result even in
- regions whgre both &S. ampullaceum and S luteum are found growing, the spores
of each specres may become aggregated on different dropprngs ' g
B. THE MODEL ‘
In central Alberta, where I have studred .the coexistence of Splachnaceae

S. ampullaceum and S. luteum are prrmarrly restricted to, peatlands and peatlands '
are relatively drscrete m space bemg separated from one another by upland forest.
L. have therefore srmulated the regional aggregation of §. ampu'llaceum and S..
luleum both within a single region (one peat]and) and within an %ea
encompassmg three dlscrete regions (peatlands) with lrmrted spore dispersal - between
them (Figure IV- 1)

- Within a region, the spores of S. ampullaceum and S. luteum were
distributed mdependently of each other on n droppmgs of the same size,
accordmg to a randomly- generated negatrve binomial distribution (Hastmgs and
Peacock 1974). The aggregation parameter (k) -used to generate the’ negatrve
“binomial distribution” was set at 0.5 (no aggregauon) and‘ O.Ql (moderate
aggregation). The number of new droppings.(n) available per year was set at
elther 5, 10, 25 75 or allowed to vary randomly between 0 and 25 or 0 and

75. A generauon delay of three years was 1mposed such that,- no. colonized
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droppmg produoed propagules until - two more sets of n droppmgs recerved spores
Occupred droppmgs ceased to exist after the  mosses on them have reproduced . T
Spores were drsmbuted on the first three sets of n droppings accor%mg to the A'

reproductlve output of enher S. ampullaceum or.S. luteum on droppings that . they

op
£9)

> occupied completely Spores were dxsmbuted on further sets’ of n droppmgs as K

funcuon of the relauve number of SpOIgs produced by each Splachnum specres in
. o _

~the” simulation. o : S - S

The competmon equations used . to determine the reproducuve output. of

/
/

V.‘q Wh specre‘~ m each patch were vanauons of the Ricker equanons
-BS, (¢ -3 - S, (1 - 3)
51(,)=~xlsl_(z —-3)e

B0~y =)

. T S0 MaSils = 3)e : s

 where S, and S, are the reproductive output of S. ampullaceurn and S. luteum

respectively per. patch at time ¢, P and « are_ the intra-. and interspecific )
competition coefficients, “and A, and ,X‘z’ are the intrinsic ‘rates of increase of )
ampullaceum and S. [uteum Ttespectively. ' -
, 7\1 and 3—; were calculated by determining, from fxeld observauons the
average densrty of female gametophytes per dropping, assummg a 1:1 sex ratio of
’;gametophy'tes on droppings (S. ampullaceum = 422 25/cm’ and S. luleum£‘=
‘318/cm’) and esumaung the mean number of spores produced per sporophyte (S.
ampullaceum = 1,020,000; S: luteurn = 5,810,000Y. Based upon these esumates,
7\7 (S. luteumn: 104,‘199,910 spores/dropping) was grea'ier than A, (S. armpullaceum:
68,438,709 spores/dropping) " |

Two values of o, and Otz,were esumated for each spe}es The first values

were based on the results of a freld growth study in which S. amgullaceum and )

*

S. luteum were found not to differ 1n relalnve competmve " ability when grbwn

together on- droppings at different densities and relative propomons (Chapter. Ih
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a,, and az: were therefore each set at 0 Therefore, using this frrst
estunate for o, and oy, S Iuteum -has an advantage over S. ampullaceum because
of a fecundrty advantage despite . having no competmve advantage The second
values of @,,(=-0.7841) and a, (= 13078) wereﬁdenved from: the results of a /
laboratory study in whxch S. luteum had a- competmve advantage over S. '
ampullaceum when they were grown under homogeneous condmons at equal -spore.
densities (Chapter II). Therefore, using this . second. estimate for ©,, and o,
S. Iuteum has an advantage over S, ampullaceum becﬁse of .both a fecundity
and a competitive advantage Both sets of yalues were used since they hkely
represent the range of relanve ‘competitive abrlmes between the two specxes

In order to better represent. competition in Splachnaceae, the Ricker - Jr

equations were modified. The terms:

. —&5‘1(1-3) .
’Sl([ —'3)8 - "

—&,(: 3)
S,(t - 3)

&

were drdpped from the original‘ equati‘on because in the Splachnaceae system _these
terms will always equal 1, since= intras'pe_cific' comp,etit_rson, although intense, vvi'll.
have no effect on. the .total reproductive output -.of "a species on a drOpp'ing A
~dropping-- colomzed by\l 000 " spores of elther S ampullaceum or §. luteum will be
.covered by essentlally ~the "same number of gametophytes as one colonized by
1,000,000 spores of the same species, and therefore will %’roduce essentially - the

same number of sporopwspores _ &

This- equation was further modified by incorporating the terms: r
. 5,-3)

Sl(t —3) nL125 =3)+5,(-3)
N
5,-3) . ’
A (4 -3) °21s2(x-3)¢sl(:-3) i
e o
Si(t=3)+8,(t -3) _ N
3 . ;“ " : :
3 : i ;"‘
3 AN K
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into the competition equanons @hxs wa.s done because| the output of spores from

a droppmg\ls not related to the densxty of spores ¢ ]onmng that droppmg, but

rather is a[sumed to be a functxon of the relatlve proportion of spores of .

M

- different species that colomze Therefore, the competition equatlons used in thlS L

study were - as follows:

Sz(l -3

S0 =k D
: Syt —3)+Si(z - 3)
5,0- 3)‘
S, —3) %m

Si()= x75,(: - 3)+Sz(t —3)

The number of S. ampullaceum and S. Iuteum spores produced on all
three -year- old drogpmgs are summed and then dlsmbuted accordmg to a randomly
generated negative binomial distribution on n frg% droppmgs This process
_commues until one of the species becomes extinct, and ‘is repea&ed ten times for
“each combmauon of parameter values. The mean and standard dev;tm)é of the
‘period of time to extinction of the 10 .runs are presented in the ,fesults. The
) S
relative influence of each parameter and the influence of interactions between
parameters on period of Limefto extinction were analyzed using ANOVA, Wit‘hA
competitive asymmetry, number of droppings and degree of aggregal'ion as
-categorical variables. )

o The second model considered the dynamics of . ampullaceum and 8.
luteuml‘brvi droppings in an area encompassing three peatlands - assuming limited
spore dispersal beiween the peatlands. The same combinations of° parameter values -
used in ,thei previous model were also used in this " model, wi-th‘the exception’
that the number of droppings per peatland did not " exceed 25. A dispersal

parameter that determines the percentage of spores dispersed among the peatlands

was added to this model. It was_set at either 0%, 1% or 5% of¢total %rev

&
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productron per speaes per peatland Each peatland potenually received spo‘r/
dtspersed from the other two peatlands The dlspersal values have been arbrtrarrL(
- chosen smce there are no data detarlmg the vagxhty of the fly sﬁxes involved
m the long dlstance dlspersal of spores, the length of time spores remam on .
each species of fly, or the efficiency with- ~which spores are transferred 0 dung
by dlfferem specres of flies. The relative influence . of each parameter and the
snfluence of mteracuons between parameters on period of trme to extinction were

~ analyzed using ANOVA w1th competitive asymmetry, number of droppings and

" degree of -aggregation and amoun\t of dispersal as categorical variables.’
e w. . \\

T~

C. RESULTS -

In the ' one-peatland model ali the factors examined (competltWe asymmetry, :
agéegation and "'patch number) sign;frcantly _increased tﬁ period of tlme to
extinction (Table IV-1). The interaction between competmon and aggregation was
also 51gmf1cant (Table I%) bccause the mf’luence of aggregatlon on time to
) extmcuon was greater wnth%han without svmmetrrcal competitive ablhty (Fxgure

[

Iv-2). ' ~, . , ' : )
Given s_vmmetrical competitive abilities, the moderate aggregation of .pures

on dropgipgs increased the pe:riod(~ ot\" time. 10 -?extinction by "1/3_ov'er no 0‘_4}:‘

aggregation of »spores (Figure IV-2). As the number of %roppings .in_a peatland

‘is incrensed, tne period of time to extinction also increased. Periods of

coexistence_of over 15 generations were achieved as the numoer of ’_d,roppings

added annually to a peatland approached .25 (Fignre v-2). Rendom fluctuations _.

in the number of droppings between 8 - 25 resulted in a tirnc to extinction »

similar to that obtamed when the number of droppmgs added each year were.,

-held constant at 2§ (Flénre IV- 2) Finally, random fluctuations in the numbersof :

drOpprngs between 0 - 75 resulted in a time o extinction approxnmately twice -as

. L )
long as did f‘luctuauons between 0 - 25 (anure V- 2) . (
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With the exception of randox: fluctuation between 0 - 25 and 0 - 75,
- the influence of competitive asymmetry on all combinations of these‘ factors was
to decreaSe ‘the pcnod of time 0 extincti;)n by 2-3 genetations (6-9: y_ears). In
simulations in which the nﬁmber of droppings fluctuated between 0-25 and 0-75
droppings, the period of time to extinction was reduced .iby‘ approximately lialf
(Figure 1V-2). - , .
In the three-peatland model all the factors exafﬁmed (competitive

asymmetry, aggregation, "patch number and dispersal) mg’ntly increased the
period of time to extincti’on (Table IV-2). Theﬂ interécdon between co’rripetition
.and aggregation, competitién and patch number and aggfegation and patch number
were also sngmfxcant ('I'able IV-2) bqpause the mf'luence of each of these faciors
together on time to extinction was greater than the 1nf‘luence of each factor .

~

alone " (Figure IV-3). )
' The degree to which these three factqrs infiﬁenced the timbe to- extinciion
in thé thrée-peatland model -yi;h "competitive equality differed little from the _
results obtained for “dynamics within a singge peat'land‘('Figur'é Iv-3). The"_"‘period
of time to extinction in the three-peatland‘jmodel without di‘spAersal betweén
peatlands (Figure IV-3) was similar to the single peatland model (Flgure IV 2)
with the exception of “there being a longer perxod of ume 1o ‘extinction at 10
~and 25 droppings per peatland. Also, a - comparszdxspersal of spores'
between adjacent peatlan(;s, 1%, and 5% indicated_»that spore dispersal at’ the
levels examined ‘increased the period of “time to extinction, but generally by less
than 2 generations (6 years). The influéance of competitive- asymm-etr)' on all
combinations of these factors was to decrease the period of time to extinction by
approximately 50%. (Figure IV-3). o ) “ |
‘The period of time ‘to extinction in a single peatland where numbers of “

droppings fluctuated betweer C and 75 (Figure IV-2) was 5-10 generations greater

than the period of time to cxtinction in the three-pcai]ahd mode]L'(Figure IvV-3)
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Cat 25 droppings per peatland (75 total) under all parameter values for clumpmg
and dlspersal Therefore the: mclusron of spaual division among peatlands
appeared to_have had less of an inﬂuenee on the pen'od of time to ‘extinction.
‘at. the paranreter' values ex‘amined, than did -the total numbef of droppings _
available for colonizatj'on. |
D. . DISCUSSION )

' Splachnum ampullaceum . and S luteun use the ' sa'xne' res0urcss and coexist
regionally throﬁghbut much of north ‘teq;per'ate and -boreal North Anerica. 4
Simulation results suggested that the dxvrdedness of droppings and the 1ndepende'nt
mtraSpecxftc aggregatron of .spores on droppmgs promote Ccog, stence of these
.specres Increasmg numbers of ne\@ colonization sn[ (dropprngs) avallable “each
year increased the penod of  time - to extmctlon from 2-10 generanons for - all
combinations of- ‘parameter values examined. The mdependent intraspecific
aggregauon~ of spores on droppings increased =-the period of 'time to extinction
© between S ampullaceum - and S. luteum by approxrrnately 1/3 (2 6 generauons) for
all combmatrons of parameter values exammed |

Unhke "the simulation model - of -Atl_eihson and Shorrocks (1981), in which |

resource levels were held  constant and an increase in_‘ patch number c.onsequently‘ :
decreased .natch size in the present study increasing patch number was e uivalent
to increasing resource abundance Thls. increase in resource ‘abundance inCreases the
period of time to extinction between S. ampullaceun and S. luteum.
A comparison between the single peatland and the three- peatland model

'also Suggested that resource abundance was an important in mcreasmg time o
: .
extinction between specres This is because there was’ ]xtt]e dlffezence between
§7
.
times to extmctron in a three-peatland model wrth or thhou,t spersal of spores
‘4‘

between.- adJacent peatlands, and a, single peatland model in whrch the nulber of

" droppings erther equaled or ,ﬁ]uctuated within the same range of values as the :

if" | |
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total number of droppings in the three-peatland model. 'However the ;';ossible
rnfluence of long-distance dispersal as a factor promotmg competmve coexistence
remains unclear. For exam_ple. an inverse relatxonshxp between long-distance "
dispersal _ability and:.'rconlpetitive' ability  should promote coexistence - (Hutchinson
1975; Hanski and Ranta 1983). More data is required about the relative long
distance dispersal abilities of the flies dispersing spores of'S. ampullaceum and S.
luteum before conclusxons can be drawn concerning the 1nf1uence of the spatial
dIVISlGn between peatlands on moss coexistence.

The 'abundance of droppings in central Alberta in fact ﬂuctuates
considerably between. years:. - For 'example in a region “of approxrmately 2 ha in
- central  Alberta 1 locat'bd 300 droppings occupied by exther S. ampullaceum or S.
Iuteum in 1983, wh&as in. 1985, I. located .only 20 occupied dropprngs This
'drfference betweén years was a d:rect result of resource ﬂuctuauons since, with
the. excepti?)“r'i_"éf very fresh droppings, all droppings ~in thjé area were  occupied
b) either one or beth' species of Splachh'x:nr. The. number of droppings _flucruate_ ,
because moose, the main source of droppin_gs in central Alberta, undergb'iarée
population”%luciuations b(Blyth and Hudson 1987) Therefore sunulanons ‘in which
" the number of droppmgs per year fluctuated between 0 and 75 were those that
most realxstrcl) model the natural sr;uauon Slgmflcanllv since more extreme

N A .
ﬂuctuatlons appear to be even more appropriate, realistic estimates of times to
extinction should likely be much longer than those obtained from the current
sr,mulatmns h .

Aggregatidn also clearly mcreased lhe period of time to exlmcuon as
predicted by Atkmson and Shorrocks (1981). The actual degree of. spore
aggregation in 8. ampullaceum and S. luteum is unknown. However;‘wrth
knbw]cdge of the relative abundance .ofr the two species in a region, it should be
possible to quantify the degree of aggregation in each species. Trapping

experiments show that flies can be captured on droppings and the species of
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' s'pores carried can- be determined (Chapter III).

The degree to whrch specres aggregate can be 1nfluenced by changes in' the
density of . species (Taylor et al. 1978). Atkmson and Shorrocks (1981) suggested
that densrty increases resultmg in decrease} aggregauon were destabilizing. 1 have
not exammed this possibility in the Splachnum system It is likely thag.,'increasing
densities of S. ampullaceum and §. Auteum w111 result in decreased aggregation
because of the greater probability - that a fresh dropprng will be near mature
populatlons of both specres. It is not known whether Splachnum densmes are
ever high enough to influence the degree to whrch spores become aggregated on
droppmgs However ‘because - Splachnum are easily grown in the fleld it should
be possible to mampu]ate field densities and determme the degree to which
densxt) mf]uences i\hef\aggregatron of spores on droppmgs

The parameter Values used in the simulations. t0 measure the relative
competitive abilities of S." ampullaceum and S luteum Tepresent the range of .
| probable values as derived from freLd and - laboratory studies. Overall, it app__ears
that S. luteum has a competitive advamagé over S ampullaceum because of both
- a fecundity and a growtn advantage. However, 11 is unclear what values - within
this range are* Mmost - approprlate for the growth, advantage ( o ) and to what
degree ﬂuctuaung environmental condmons (e.g., the amount of ramfall) may
mﬂuence this advantage. Under certain sets of condmons the relativel competmve
abilities of the two species could even be reversed (Chapter II). This is |

1mportan{ because env1ronmema1 fluctuations that cou]d cause this can themselves

o promote competitive coexistence (Chesson 1985) FOr this reason, the influence of

'.envrronmen[al variation on the relative competitive abx]mes and coemslence of
Splaclmum requires further study.

The mf‘luence of differential drspersal .ability on the coexxstence of S.
ampullaceum and .S. Iureum has not been exammed in " this study. The results of
fly trappmg,suggest that S. ampu[[aceum has more of its spores‘ dispersed '§°'

’
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~ droppings than does S. lutéum (Chapter 3). This difference in relative- dispersal

"
%

ability should, in effect, decrease the influence of f'ectfn'dity and growth

differences between the species and thereby increase the period -of time to

* extinctidn Also, the inverse relatlonshrp between relative dispersal and competmve

ability Lhat appears to exist between S. ampullaceum and S. queum may itself be

a mechanism promotmg regional coexistence (Chapter 3).

Summary

The mosses S. ampullaceum and S luleum grow primarily on droppings
and have spores that are dispersed to dr,oﬁpmgs by flies. Despxte using the same
resgurces, these mosses coexist trrroughout;much‘ of norlh lerrlperate and boreal
North Arherica Results of a simulation etudy irglicated that the mdependem
aggregauon of spores on droppings and the avaf&ny for colomzauon at least
pernodlcally of large numbers of droppings may be important factors’ promotmg

the regional - coexrstence of S. ampullaceum and S. luteun both within a. smgle

v -

peatland and wrthm several adjacent peatlands. Further expenmental work is

necessary in- order to determme to what degree - spores become aggregated on

~—~

droppmgs,\thz 1nf‘1uence ‘of populauon density on the degree of agtregauon vthe

relative long-distance d1spersa1 abllrty and the mﬂuence of envrronmemal varxauon‘

on the relative competmve abllmes of S ampullaceum and* S 1uteum

. AR
!
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Gigure V-2, The perio"‘d' of time to extinction in the one-peatland mode! with 210, % &

random, (042‘5 and 0-72) numbers of new droppings added €ach year with

~and without competitive asymmetry. o
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V. CONTINENTAL DISTRIBUTION PATTERNS

A. ABSTRACT

Splar snum ampullaceum S. luteum S. rubrum, S sphaericum and S.

‘vasadosum and Tetraplodon angustatus, T. mmozdes and T. urceolatus are widely

' dlsmbuted from the east to the west  coast of northern North America. However

the north-south dxsmbutxons and the relative abundances of the species are not
uniform across this range. Splachnum species dlffer as to whether they re most
abunda_nt in eastern (S. ampullaceum) or -western: North America (S. Iuteum and

S. sphaericum) andL» in thelr north- -south dlsmbuuon (S. vascu/osum in arctic

' Tegions, 3. luteum in boreal and _ arctic regxons and S rubrum in burea] regxons

T etraplodon specxes dlffer in thelr north -south dlstrxbunons (T urceolatus in arctic

reglons T. mnioides in arctic' and borea! regions and 7. -angustatus in boreal

o

regnonsg)%%ut are umform in east-west distribution. T etraplodon specxes are more
frequent than Splachnum species a'r&d of Splachnum specxes the most frequem are
those with the least modlfxed sporophytes In those spemmens where two or more

Splachnaceae species occur mtermxxed only the species combmauon of §. luteum

and " S. sphaencum was frequent.

B. INTRODUCTION
The Splaehnaceae have a worldwide distribution' however, the individf‘ual

genera and specxes are more restricted in dxstrlbutxon The genera Aplodon,
L

“Splaclmum Tetraplodon Vama and Tayloria subgenera Tayloria and C yrzoa’on are

concentrated in the Northern Hemxsphere Brachymjt’r.ion,v' Moseniella and Tayloria
subgenus Orthodon in the troplcaﬂwzones and Taylorla subgenera Eremoa’on and
Pseudatetraplodon m the Southern Hemxsphere “In this paper the North Amierican
dlstnbutlons of § spemes in the genus Splachnum and 3 spec‘Ies in the genus

Tetraplodon are detezmmed All of these spec1es are circumboreal in distribution.
9,

N 13 N
N . . :
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In addition, VI examined the relative abundances of the species and the frcquency ‘
with which different species, both within and between genera, have been found
grd_win'g ‘tog'ether' on the same microsites. |

All specxes of the genera Splachnum and Tetraplodon are unique in thal
t\hey | grow on organic substrates, primarily dun}g, and have Lhexr spores dxspersed

" to these substrates by Jipterans (Koponen & Koponen 1977; Cameron & Wyatt

1986; Marino 1988). These mosses have several unique adaptations promoting the
\d\ispﬁersali of splores by Dipterans. These include the brightly colored and enlarged
hypopMs, its ,char:acteristic_ odo;'s '(Pyysalo ‘et al. 1978; Pyysalo et al. 1983). t
elongate | Setae. sticky spores and the shrinkage of the capsule wall so that spores

are pusht;d out of the capsule in a .single sticky mass (Vitt 1981)

The local distribution - and life history strategies of Splachm/m and

_ Tetraplodon differ, Specles of the genus Tetraplodon at ‘least those of ‘the boreal

forest, - afé found gmwmg primarily in dry habitats on ralsed areas wnhm
peatlam;ls cgwh ‘_"i._upland forest floor; Northern Hemisphere species in ‘the{},

genus Splachn " ; pnmarllv in moister habitats within peatlands. Associatggy

with Lhese habxtat'z*di%;ferences -are dlfferences in life- hlstory strategies. Individual
populations of Telraplodon specxes produce sporophytes for as many as Lﬁ{/e years,

whereas single populations of Splachnum species generally produce sporophytes only

~once. In all probability, this is. related to the persistence of dung .patches in

these two géneral habitat types. In we. habitats, dung patches (patches of
Splachnum) are overgrown by the\-surrc .nding bryophyte 'vegetau’on' in two to’
three years and largely depleted of nutrients after one year. In dry habit"ats,

dung patches (patches of Tetraplodon) are ovefgrown very slowly (> 3 years) or

not at all and retain significant nutrients for more than one year (Marino 1988).
) P \ /

Y
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C MATERIALS AND METHODS _ , ,

- The North American dxstnbuuons of Splachnum ampullaceum Hedw., §.
luteu,m Hedw S. rubrum Hedw., S sphaerzcum Hedw. and S. vasculosum Hedw
and Tetraplodon angustatus (Hedw.). %SG T. mnioides (Hedw) BSG and T.
vurcealatus (Hedw.) BSG were determined from hcrbnrium specimens obtained from
the-“University of Alaska ('ALA) the vUniversi.ty “of 'Aibena (ALTA) .
University of” Copenhagen (o)) (excludmg material from Greenland), the National
‘He):banum of Canada (CANM) the Umversny of Cincinnati (CINC), the
University of Colorada (COLO), Duke University (DUKE), The Fie Museum of
.Natural History (F), the Farlow Herbarium, Harvabrd Univefsity (FH), the
University of Helsinki (H), the -University of Iowa (IA), the Uni \rsity of
.- Michigan (MICH), the Univers»ity of Minnesota (MIN), the Missouri Botanicalv
‘Garden Herbarium - (MO), the University of Montreal (MT), the Memorial
Univer.sity of Newfoundland (NFLD), the New York Botanical Garden (NY), the
- Pennsylavania State University (PAC), the Swedish Museum of Natural History
(S), The Unlversny of Lava] (QFA), the University of Sh'erbrooke (SFS), the
'.'_Umversny of Tennessee (TENN), the University of Toronto (TRTC), the
Urnversity of British Columbia (UBC), the United States’ National 'Herbarium
(US), the Univer‘sity "of Wisconsin (WfS) and the Umversny of Washington
(WTU). No varietal dlsuncnons were made in determining the distributions of the
Splachnaceae species. Therefore, Splachnum x'{asculosum Hedw. ' var. vasculosum -and
var. heterophyllum (Hook.) Brassarq were ‘both inclu.ded ‘in the distribution mab“

* .
of §: vasculosum. Splachnum melanocaulon (Wahlenb.) Schwaegr. appears to be a

ot

distinct species (Persson 1963) and he reported = material from one locality in

‘central Alaska. A second specimen is . present in ALTA .Kluane Igake area, Yukon
o

Territory Vitt # 6183. These are the only two specimens which 1 am aware of .

from North America and the species will not be trea: -4 further in- this paper.
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Taxonomrc drffrcultres are present between T. . mnioides -and T.- urceolatus

v

Whereas I consrder T. urceolatus to be recogmzable at the specrfrc rank, there

-~ are some specxmens that are difficult - to ,determine., Ilhave used the following

characters to differentiate these taxa: T. munioides - leaves flaccid, elongate twisted

‘apices, setae green, generally. > 2 cm in length;. T. urceolatus - leaves firm

i
concave, stiff " rounded apices setae yellow, generally <+2 cm in length and T.

‘mnioides approachmg T. urceolatus - leaves - frrm, concave, slightly twisted, apices

rounded, setae green, < 2' cm in length. ' | .

&-‘

- All herbarra specrmens used for the ' maps were examined and annotated by
the author the number of specimens of each speciés tallied and mdxvrdual specres
distributions plotted. In specimens with morg than one species- growing intermixed,
the number of specimens of each ‘species combination was tallred and the

drstnbutrons of each specxes combmatxon plotted. It is assumed th_e‘tt the relative

4'frequency-» of species and specres combmatlons in the herbarium collections reflect

o~

the same relative frequencxes of the specres and species combmatlons in the f:eld
There is no evidence that’ mtensrty of collegtion of Splachnaceae varned from the
east to the west coast of ‘North‘ Amertca and thgre is no rteasgn to suspect that
mixed species combinations would be collevcted any more. or less frequently thz;n_

single species populations.

D. RESULTS ! ‘ _ 3
All - Splachnum speeies examined are distributed in boreal and montane °

: v U . . e
regions of North America from the east to the west coast. The abundance of
the different species is not, however, uniform .across the continent. Splachnum

, ampullaceum is most abundant in the Appalachian Mountams from West Vrrgrma

into New England, the Canadlan Maritime Provinces, Newfoundland Quebec and’
Ontario (Frgure V- 1) Splachnum luteum is most abundant in Alaska "Yukon,

western Northwest Terrltorres northern British Columbia and central and northe

m

>
g
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\Alberta (Flgure V- 1) Splachnum sphaenaam although also most abuni:
westem North Amenca differs from S. huteum . by being _very common in the .

1/' southern Cahadtan Rocky Mountains (Figure V- -1). Splachnum rubrum is evenly
: ) -vs.drsmbutecs_ glroughout the -boreal forests of North Amenca (Frgure V-1). "The
i dxstnbutron .of S vasculosum i§’ also even across the North American . continent;

however it. is mainly restricted to the Rocky Mouqtams .northern boreal and

" arctic regxons (Fxgure V- -2). '

-Two of the Tetrapl‘odon specrez exammed are more evenly distributed ‘from
east to west m biorth Amenca than are ‘the Splachnum specres however, the:
north- -south. - dtstnhv;tron of these Tleap[odon species differ. T elraplodon angustatus g
is pnmanly restrxcted to the boreal forests of North Amerjca with }lanvely few

specrmens havmg been collected north of tree line (thure V- 2) ‘The distribution
of T mmo:des ranges‘ across both boreal and arctic regions of North Amenca
(Frgure V -2). The thxrd 4specxes T . urgeolatus, - is found prrmarrly in western
North America north of tree lme and at high elevauons in the Canadian Rocky
‘Mountams ‘(Figure V- -2).- Those specrmens 1denttf1ed as T mnioides approaching
T. ‘urceolatus' are found in areas where the ranges of T. mmotdes and T.
urceolanfs .overlap (Flgureg :V 3)

The total number of specxmens of the- dszerent specres found in herbaria

dxffers markedly T etraplodon angustatus and espet;alfy' T. mnioides are by’ far
‘ better represented than the other North Amencan Splachnaceae specxes examined
. ‘..':_(741 and 2221 specrmens respecttvely) The rankmg of abundance of Splachnum
specxes from most to least abundant 1s S sphaencum (552) S. ampullaceum
‘,‘,'(401) " S. vasculosum/(296) S. Iuteym (201) and S. rubrum (71).
The specxes combmauon o{ S queum and S. sphaencum was the only one

'.’v-frequently pncountered in . the@herbanum collectlons ’I'able V-.l). Co-occurr_ence_ of '

these two specws is restr{?ted to northwester Norii America (Figure ‘V’-IO).

S
)
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E. DISCUSSION ~ ~ ~ = . T

All¢ Splachnum and T etmplodon species exammed are drstrrbuted across

northern North* Amenca ‘from the Atlantrc to the Pacifrc é&oast. However - the
q o« ,
relatwe abundances of the dﬁferent specres are not uniform” across this “wide
b
Splachnum specres drf}h( as to being most - abundant in eastern (S.

aceum) or westem North Amerrc& (S’ luteum and S. sphderrcum) and ‘in

'etr. north- sout%h drstnbutrons (S vasculosum in /arctrc regrons S. luteum in boreal

» -and arctic regrons and S. rubrum in - boreal reglons) Tetraplodon species- drfferg-m
their north solith drstnbutrons (T. urceolqms fn ‘warctrc regﬁ)ns T. mnioides. in .

arctic -and boreal regrons and T angustatus‘m boreat 'regrods) but are uniforrn in! -

abundance from éast '-to West. v' S ' S

Possible explanatrons of the variation m' the reglonal abundance of - A

Splachnum specres across therr distributic aal range mclude‘ I) restrlcted centers of

refuge during the most recent North Arngrrcan glacrauon,;\z) vanatron m tahe ‘~
abundance of suitable local habitats; 3) . substrate specrfxcrty. and, 4) drfferences -in
vdrspersal mechanisms. Durrng the most recent gla_cral advance, drfferent Splachnum i o4
species may -have become isoiated in'-s'—eparate .refugiae "Present day; distribution IR

t

patterns sugaest that S ampullaceum may hawe been confinéd 'to ice free areas
o of southeastern North Amenca or in coastal eastern refugta whereas S.
sp'haerzcum and S. luteum may have been confmed to ice free areas o¥

northwestern North Amenca The more  even east- westa southern “distribution of S.

- ¢

rubrum and northern distribution of S. vasculosum _suggests that these  two ‘species |
. ' : )

may not have been confined to refugia in one_ geographic area. ‘An ‘alternative

explanation for this variation in regional abu‘ndance is that the local habitats
B N
and/or the type of droppings in and on whrch drfferent Splachnum specres are

found are not umform]y distributed across northern North Amenca T_here_ is,

N

however, no evidence within genera that suggests that , the 'different Splacbnum or -«

Tetraplodon species are confined to particular local ‘habita'ts»'. All Splachnum species
' ' ‘ i R o y

IS . !
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- have for example been colleeted from peatland types as diverse as rich fens to

i

‘bogs 'I‘here is also no evrdenoe ‘that the different Splachnaceae species are °

restncted to growmg on different types of organic substrates. Tetraploc’on
angustatu: T . mmozdes S. ampullaceum and S luteum have all been foypd
growrﬁg on carmvore (coyote) omnivore (bear) and herblvore (moose) dung in
oeht;al Alberta (Manno 1988) and in laboratory expenment\ examining growth of

the,se specres on moose and wolf .dung, all species grew well on both dung - -types

(Chapter 11). Differences in regional abundance of S. ampullqceum, S. lweum and

S sphaericum may also have . been influenced by dispersal. The more frequent

octurrences near the center of the ranges are due to local, short distance

” »dispersal events, while the more scattered localities ‘at the edge of the ranges are

“dhe result of less frequent long distance dispersal events

‘The more umform east-west North American distnbunon of Tetraplodon as

' compared to Splachnum species may be a result. of or.a combination of 1) a

~ more rapid post°glac1a1 recolonization rate relative 1o Splachnum’ species, 2) a

’ 'relatrvely wrdespread glacial refugial distribution in North America, and 3) a

“uniform cast-west distribution of suitable local habitats. - The dung in dry habitats -

that Tetraplodon species ' colonize persists longer and is therefore a more stable

- resource relative to the dung in wel habitats that is colonized by Splachnum

species., 'I'his conpled with the the repeated sporophyte production over - several

. AN
years of Tetraplodon species growmg on a dropping compared to _the single @

‘episode of sporophyte production in Splachnum specxes growing on a droppmg.

should promote the relatively rapid dispersal of Tetraplodon into uncolonized

geographical. areas. Tetraplodon species may not have been confined to

- geographically restricted glacial refugia, therefore their movement into ice-free areas '

¥

~of North America may have been essentiall) uniform across the continent.

: Tetraplodon specres tend to be found in drier habitats than Splac'hnum. species but

within ‘this broad range none of the spccies, within either genus, appears to be



40
 confined to particular local habitats. Therefore it is unlikely that the 'dry’
habltat types in which Tezrap[odon species are found are more evenly distributed
" east to west across nog.hem North -America than are the 'wet' habitat types in
which Splachnum specres are found _
Tetraplodon specxes are, as egected, more abundant 'than any of the
vSpIachnum‘ specii’:s. This is likely because dung in dry habitats on’ which
| Tetraplodon species grow generally persxsts longer and is therefore a more stable
v resource than is dung in wet habitats on which Splachnum species grow.
Teitraplgdon ‘'species therefore, should be more common than Splachnum species.
The gre'ater abundance of T. mnioides compared to T. angustatus can be
. 'explained by thel greater distributional range of T. mnioides and its longer season
'of sporophyteoproduction In a gr;ven local area, T. angustatus populations produce
mature sporofh%tes only in early spring, generally Just after the trees begm 10
leaf out. Dxfferent patches of T. mnioides in a given local area produce mature
sporophytes throughout much of the summer. Marino (1988) has found in
Alberta that T. cingustatus primarily grows on fresh dung which becomes »available
1& the early -spring whereas fresh dung which becamé avallable durmg the summer
was  colonized prrmarrly by J ‘emgzozdes Tetraplodon mnioides therefore has more -
trm{e} “to colomze dung patchggwa&nd has more dung patches available to colonize.
Splachnum species with the most elaborate sporophytes (S. Iuleum and S.
rubrum)' arer less abundant than those. species “with less elaborate sporophytes '(S.
sphaencume; S ampullaceum and S. vasculosum) Splachnum rubrum in particular
'appears to be uncommon despxte a dxstrrbuuon which is as Wlde as those of the
other Splachnum species. Since there is' no evidence of habitat differentiation
within the genué altern;tive explanations such as relative dispersal and competitive
abilities may b& 1mportant in" determining the lpcal abundance of the drfferent

S, plachnum species.

{
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Many species were oollected growmg together however

of S. haeum and S.” sphaericum none of these spy es »’oombmatrons occurred
frequently “The - §. ,Iuteum and S sphaerlcum spegres g@‘fmmauon may occur
frequently because both spec:es are most ibundant over essentrally the same ‘
geographrc region. The hrgh degree of regional and local (dung patch) overlap
’between these two specres raises the problem .of how they can- coexrst usmg the
same resources Marmo (1988) has examined a number of mechanisms that may
‘ promote the coexrstence of Splachnaceae species on dung in Alberta.

Examination of specimens and the distributions of T. mnioides and T.
urceolatus suggests that the status of T. urceolatus should be examined morgs
closely In most cases the morphologlcal distinction between T. mnioides and T.
~urceolatus is clear. There is _however, a small number of speclmens which are
'ambiguous. The distributions of 7. mmo:des and T. urceolatus overlap in i’le
. Canadian Rockies, northern boreal, and arctic regions. Along the zone of overlap.
populatlons are present that need further study. However the overall parapatnc
ranges of the two taxa and - the general morphologrca] distinctness when sympatric
suggest distinct ancestry. With addmonal study, the intermediate . p0pulatrons may
fit? mt%) a modified concept of one of the species, espemall} if quannflcauon of
additional characters is included. ‘ t |

In summary, the relattve abundances of several Splachnaceae species are not
umform across their wrde distributional range in North Amenca Te:raplodon
species are‘ more abundant ,,tlfzn Splachnum specieS' and of  Splachnum Species the - .
most abundant are those with the least elaborate sporophytes. Of m

thh two or more Splachnaceae specres intermixed, only ‘the combmatnon of &S.

luteum and S. sphaericum is common.

> A s
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VI. GENERAL DISCUSSION ' o . _.

The mﬂuence of patchiness on the /coexrstence of species must be exammed,.
at several scales of observation. As the area of each scale differs;the ecological
processes being examined, ‘the time scale appropriateﬁ to those processes, and an
organism's activity or influence during that time period - will also}(fer. Thus, no
single choxce of scale allows a complete understanding of ‘coexistence (Wiens et
al. 1986;  Addicott et al "1987). ‘

I have studied the coexistence of the mosses Tetrap;;don angustatus, T.
mmozdes Splachnum ampullaceum and S. luteum at the local regional and 4
continental spaual scales. These mcgses use similarr patchy resources. In this
chapter I will briefly review patterns and mechanisms of coexistence at each
spatial scale and suggest that hahrtat' patchiness’ influences the interactions between
species and that mechanisms of- coexistence 'a're * best 'understood from~ the *
perspective of several scales of observation. ,

Overall patterns of  distribution indicate that species of - Splachnaceae seldom

coexist locally on the same droppings (Chapter II) but “do .coexist at both the

. Tegional and continental scales across much of north temperate and boreal North

America (Chapter V). Local 1nteract10ns between - species are influenced by dryness
of habitat, however, their influence dots not appear to explain completely the
mfrequency of local coexistence (Chapter II). This suggests that local distributions
must result from processes operatmg at larger spat1a1 scales. Infrequent local
coexisterice also suggests that regional coexistence must be a result of proces'ses

operating at the regronal spatial scale rather than simply bemg a consequence of

‘local coexistence. Three mechanisms have been identified that may promote

coexistence regionally; habitat heterogeneity, ‘temporal (seasonal variation) and .

'dispersal variability (Chapters III and 1V). Continental coexistence of species is a
.consequence - of processes operating at the regional spatial scale. ~ Therefore, 'patterns

~“of geographic disiribution of these mosses appear to result primarily from the

Y

148 \} '



149
mfluenoe of regronal heterogenelty on local mteractrons or from processes
v operatmg at a regronal spatial scale. However the!. relative importance of these
“processes drffer both between and and within . gener:g ,
s -

Coexistence between specres ozf different genera appeared to result from
both " the influence of regional heterogeneity on local interactions and from
.regronal processes. The influence of habrtat heterogenerty on local interactioms
appeared to have a significant mfluence on competitive asymmetry between species
of !rfferent genera such that species of Tetraplodon often eliminated species of
SpIachnum from dung in dry habitats with the reverse being true‘ in wet habltats i
(Chapter 2). As a consequence, specres of } drfferent genera may coexist ' regionally
through the spatial segregation of resources. On a regronal scale, - limited spore
dispersal may accentuate the spatial segregation of resources since spore-carrying
flies 'attrac_ted to Tetraplodon species were more closely: associated vwith dung in
dry than in wet habitats and therefore species of Tetraplodon may also have a
numerical advantage on dung in- dry habitats (Chapter 3).

The influence of regional - habitat heterogenerty on local interactions d1d not
appear to be an important mechamsm promotrng the coexistence .of congeneric @]
. specres rather coexistence between congeneric specres may result from regional
processes such ‘as temporal (seasonal) heterogenerty and drspersal variability.
However the . processes that appear to promote the ‘Tegional - coexistence of
" cong?neric specres differ between the two genera. Temporal heterogeneity -appeared
to be ‘the most important factor promoting coexistence. ketween species of
| Tetraplodon. Seasonal differences in spor’iyte maturation between species of
T ezraplodon appeared 1o result m a seasonal segregation of resources such that T.
angustatus primarily colomzed dung in sprmg, when its sporophytes - mature and T.
mruozdes primanly colomzed dung in eafrly summer wheén its sporophytes mature
‘(Chapter 3) Dispersal vanabrhty appeared . to be the most 1mportant factor

promoting the coexrstence between species of Splachnum. Dispersal variability :rna.y
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promote  coexistence between species of Splachnum through the. influence o s)

tradeoffs between competmve and dxspersal abrhty (Chaptet‘ 3) and through ﬁie

A\

-4 ~V

. i
independent. aggregatron of spores on dung (Chapter 4). _ w7 .ﬁ
"f

These mechanisms appear to promote the coexrstence of Splachnaceae

NS
i

because of the patchy drstnbutron of droppmgs in space: 1 and time. The
distribution of dropprngs in space has a strong 1nfluencé' on the local interactions
and regronal distributions of species of different genera and the drstrrbutron of " g
droppings in time appeared to have a strong 1nf1uence/o the local dtstrrbutron
of species of. Tetraﬁodon Also, mechanisms of coexrstence ‘such as tradeoffs
between competitivé and drspersal ablhty and the mdependent aggreéauon of spores
on different droppings depend on the presence of new patches berng made
avarlable in both space and time. Patchiness in space and trme, therefore,
pro_vrdes both a measure of heterogeneity by which different species can segregaté )
resources and colonization opportunities. for species through which dispers%.-and
envrronmental varlabrhty can- act to grve drfferent species advantages in different
patches at dxfferent times. o ' ) |
The results of this study also. suggest ‘tnat coexistence among Splachnaceae
is a consequence of numerous processes few of whrch can be fully understood
from the perspectlve of only one spatral scale Local interactions’ between species,
of different genera, for example, can only be understood from '")the‘ perspective of
regional habitat heterogenerty and the understan,ding that spores have limited -
drspersal regionally may be necessary /to explam the regional and local distributions
,'3‘-? E8

of species of dtfferent genera. Also,‘rt was necessary to first understand ‘the -
[ B . )
local interactions between, species of Splaéhnum ‘in order to identify that a N\

-

tradeoff between’ competitive and’.dispersal ability er_tists. Cosxistence in communities
of Splachnaceae can only be understood, therefore, from the perspective of - several{‘..

scales of observation. n ‘ : '

e
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In' conclusion, this study has shown that habitat ' 'patchiﬁess influenoes 'the

coexistence of Splachnaceae -and that the processes promotxng coexxstence are best

understood from the perspective of scveral scales of observauo

habnat patch S 1s an essential component of most communi

-

I';

it follows that commumty interactions will in general be mﬂuenced by the spatial
and temporal heterogeneity associated with patchmess. This further suggests, that

patterns of community structure will also in general be best understood from the

‘perspective of several scales of observ‘ationv since a single choice of scale will not

provide a complete understanding of ‘the ppocesses promoting those " patterns.
. :
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