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Abstract. The Frullania taxaon Mount Albert Edward, Papua New Guinea, form
many associations that suggest a high degree of niche similarity, but at different
altitudes, different associationsform. The speciesdiversity of thegenusisgreatest at
themiddlealtitudesandleastinthedry lowlands. Thisaltitudinal separationisapparent
inthe nichewidths of thetaxa. The membersof thefour sibling taxapairs examined
exhibit distinct altitudinal niches, suggesting that the sibling taxa are distinct, with

different nicheoptima.

I ntroduction

Niche theory suggests that when alarge
number of closely related taxaoccur ina
small geographic areaweshould expect to
find accompanying niche separations.
Inou€’ scollectionsof FrullaniaonMount
Albert Edward, Papua New Guinea,
revealed 57 Frullaniataxa, including ten
infraspecific taxa pairs (Hattori 1988).
These data provide an opportunity to test
nicheseparationinthisvery commontro-
pical genus.

Hattori and Piippo (1986) have shown
that altitudinal distributiondiffersamong
taxaof Frullania,andLi etal. (1989) have
suggested that altitudemight beimportant
inseparating Frullaniataxaonordination
axes. Thus, we haveindications that for
Frullania, atitudeis an important niche

parameter that can beused asanecological
descriptor.

Diversity isrelated to nichewidth, and as
fewer niches become available, the
diversity diminishes. As the tropica
conditionsthat favor Frullaniadisappear
in dry lowlands or cool, exposed alpine
areas, wewould predict that thediversity
would diminish. If thisistrue, we might
expecttofindtherelationship of dtitudeto
diversity to beinfluenced by the altitude
niche width of individual taxa. The
collections of H. Inoue on Mt. Albert
Edward permit us to examine these
relationships.

CollectingArea

All specimenswerecollectedonMt. Albert
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Edward, PapuaNew Guinea, by H. Inoue
andidentifiedby S. Hattori (Hattori 1988).
Thecollecting areasextend from40 mto
3700 m altitude (no collections at 500-
1000 m). Most of the area above 2900-
3000 m is apine. Below that altitude
most, perhapsall, the Frullania grow on
trees, whereasintheal pineareastaxamay
be found on rocks and shrubs.

Data Analysis

Taxadiversity, taxarichness(speciesand
infraspecific taxa), and niche width and
overlapwerecal culatedusingtheprogram
COMMANAL, written by the senior
author and available through the
International Association of Bryology
Software Library. Statistical analyses
(Student ttest, 95% confidenceintervals,
Mann-Whitney U test) weredonewiththe
microcomputer version of MINITAB.

All 57 taxa were used for the diversity,
redundancy, and richness analyses. For
theremaining analyses, we used only the
35taxawithafrequency of 2%or greater.

Total taxa diversity and diversity by
altitudina zone were computed by both
the Shannon-Weaver diversity (Shannon
& Weaver 1949) and the Stirling
approximationof theBrillouininformation
theory-based diversity (Patten 1962; see
Glime et a. 1981), using only presence
values. These diversities were nearly
identical and only theinformationtheory-
based resultsare presented here. Because
the values are presence values, there is
littlemeaningtoany statistical comparison
of diversity by sample among atitudinal
zones. However total diversity based on
the summation of these samplesin each
zoneisinformative.

Speci esassoci ationswerecomputed using
Sorensen’s K (1948) and the program
COMMANAL.

K = 2C/(A + B)

where C = the number of co-occurrences
of two species
A =the number of occurrences of
species A
B = the number of occurrences of
species B
Niche width and overlap were computed
by boththeL evinsformula(L evins1968)
and the Freeman-Tukey formula (Smith
1982). Unlike the Freeman-Tukey
formula, the Levins formula does not
account for therarity of theresourceitself.
ThiscausestheL evinsvauestobesmaller,
and these predict the likelihood of
encounteringataxoninagivenarea. The
Freeman-Tukey value is related to the
likelihood of encountering thetaxonina
niche with any given resource state.

In this study, we partitioned the altitude
resourceinto 10resourcestates(withonly
7 represented) with 500 mintervals. We
used presence values, since cover values
were not available. Glimeet al. (1987),
using bryophyte communities along
mountainstreams, showed that whenthere
aresufficient samples, nichewidthvalues
using presencearecomparabl etothoseof
cover. The Frullania study was compri-
sed of 648 samples, and this number far
exceeds those in the 1987 study.

Results
Taxadiversity

Inouefound 57 taxa(Hattori 1988). Taxa
diversity (all 57 taxa), redundancy, and
taxarichnessarepresentedinFigurel. As
wouldbeexpected (Glimeetal. 1981), the
Brillouin diversities were all lower than
the Shannon diversities, but were nearly
identical. The alpine zone (3000 m and
above) has the least diversity, greatest
redundancy, and smallest number of
species. Likewise, fewtaxaarerepresented
at low altitudes, with only two being
collected below 500 m. Redundancy is
considerably higher (redundancy = 1) in
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Figure 1. Taxa diversity, redundancy, and number of taxa of Frullania (Mt. Albert Edward, Papua
New Guinea) in each resource state using altitude as a niche resource. The altitude resource is
partitioned into eight states with 500-meter intervals (state 2 has no collection data).
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Figure 2. Percentage of taxa (based on 35 taxa with at least 2% frequency) associated with other

taxa at cach 500-m altitude interval.

of the taxa ever occur all the time in pure
collections with no associated taxa at any altitu-
de, and only four (F. armatifolia, F. armitiana
var. inflexula, F. falsisinuata, and F. papillata)
occur associated with other taxa in every col-
lection at all altitudes. Instead, most of the taxa
occur both as mixed and pure collections, i.c.
partly pure.

Table 1 hists the Sorensen’s K (1948) value (x
100) of association for the 35 taxa with a fre-
quency of at least 29. The largest association
valucs are between F. serrata var. hamatispina
and F. curvistipula var. latistipula (32); F. serrata
subsp. spinistipula and F. attenuata (40); F.
serrata var. hamatispina and F. grolleana (33);
F. omnithocephala var. intermedia and F. jung-
huhniana var. tenella (31); F. papuana and F.
Junghuhniana var. tenella (30). All other asso-
ciations have a K value of less than 30.

Al cach altitudinal level, however, association
values may be higher (tables not shown). At
1000-1500 m, F. grandilobula shares a K value
of 50 with both F. armitiana var. inflexula and
F. attenuata. At 1501-2000 m, nonc of the 28
taxa has a K value greater than 50 with any
other taxon. At 2001-2500 m, many associa-
tions have K values above 50: F. armatifolia and

F. falsisinuata (86), F. omithocephala (350), F.
subdentata (86); F._attenuata wath F. grolleana
(54), F. macgregoni (61), F. schusteriana (67),
and F. serrata subsp. spinistipula (55); F. falsisi-
nuata and F. subdentata (100, 3 collections); F.
grolleana and F. macgregorii (57), F. omithoce-
phala var. intermedia (50), F. serrata subsp.
spinistipula (50); F. macgregorii and F. schuste-
nana (35), F. serrata subsp. spinistipula (58); F.
serrata subsp. spinistipula and F. omithocepha-
la var. intermedia (52), F. schusteriana (64). At
2501-3000 m, only the association of F. curvisti-
pula var. latistipula and F. serrata var. hamati-
spina has a K value greater than 50 (59). At
3001-3500 m, only two associations have a K
value greater than 50: F. falsisinuata and F.
errans var. angulistipula (60), F. junghuhniana
var. tenella (64). In the region above 3500 m, F.
junghuhniana var. tenella and F. omithocephala
var. intermedia have a K value of 57. Frullania
papuana and F. omithocephala dominate the
collections in this alpine region and have a K
value of 46.

Niche width

Niche widths and associated mean altitudes for
the 35 taxa with a frequency of 2% or greater
arc presented in Figure 3. Frequencies of the
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spinistipula and F. ornithocephala var.
intermedia(52), F.schusteriana (64). At
2501-3000 m, only the association of F.
curvistipulavar. latistipulaand F. serrata
var. hamatispina has a K value greater
than 50 (59). At 3001-3500 m, only two
associations have aK value greater than
50: F. falsisinuata and F. errans var.
angulistipula (60), F. junghuhnianavar.
tenella (64). Intheregion above 3500 m,
F. junghuhniana var. tenella and F.
ornithocephala var. intermedia haveaK
value of 57. Frullania papuana and F.
ornithocephal a dominate the collections
inthisal pineregionand haveaK valueof
46.

Nichewidth

Niche widths and associated mean
altitudesfor the 35 taxawith afrequency
of 2% or greater arepresentedinFigure3.
Frequencies of the 35 taxa in each
altitudinal resource state are presented in
Figure4.

The broadest niches are those of F.
apiculata, F. appendistipulavar. spinifera,
F. armatifolia, F. attenuata, F. errans
var. angulistipula, F. gracilis, F.
ornithocephala, and F. ornithocephala
var.intermedia.

As predicted, the Freeman-Tukey niche
width values are all larger (mean 0.80
+0.04) than those of the Levins formula
(mean 0.35+0.04).

Mean atitudes for the taxa ranged from
1622 mto 3147 m, with only two taxa(F.
papuanaand F. armitiana) havingamean
altitude above 3000 m. Even so, F.
papuana was collected once below 1500
m.

Nicheoverlap
Freeman-Tukey nicheoverlap valuesfor

the 35 taxa with a frequency of 2% or
greater are presented in Figure 5. The

mean F-T overlapwas0.65+0.02for 595
pairsof taxa; themean L evinsoverlapwas
0.52+0.026. Many dtitudina distributions
(28%) for thetaxapairsweresignificantly
different (= 0.01, non-parametric Mann-
Whitney U test). Using only three states
(40-1500 m, 1501-3000 m, and >3000)
instead of 500-m intervals resulted in
broader overlaps; the three-state results
arenot presented here.

Siblingtaxa

Nichewidth and altitudinal rangefor the
four pairsof siblingtaxawithafrequency
of 2% or greater and frequency valuesin
each of theresourcestatesfor altitudefor
each of thesetaxaarepresented in Figure
6.

In Figure 6, one can easily see that the
ranges of the infraspecific taxa differ
substantially betweensiblings. Frullania
armitiana (mean altitude= 3101 m, F-T
width=0.70) issignificantly separated (=
0.05,Mann-Whitney U test) fromitsvariety
F.armitianavar. inflexula(meanaltitude
= 2600 m, F-T width = 0.80), with an F-
T overlap of 0.61. F. curvistipula (mean
atitude = 2120 m, F-T width = 0.93) is
sgnificantly separatedfromF. curvistipula
var. latistipula (mean atitude= 2717 m,
F-Twidth=0.67), withanF-T overlap of
0.67. F. ornithocephala (meanaltitude=
2331 m, F-Twidth=0.99) issignificantly
separated from its variety, F.
ornithocephalavar. intermedia(meanal-
titude = 2730 m, F-T width = 0.95), with
anF-T overlapof 0.92. F. serratasubsp.
spinistipula(meanaltitude=1845m, F-T
width = 0.79) is significantly separated
from F. serrata var. hamatispina (mean
atitude=2474m, F-T width=0.76) with
an F-T overlap of 0.66.

Discussion
Associations

The middle altitudes support more taxa
andhigher diversity thaneither thelowland
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Figure 3. Levins and Freeman-Tukey niche width values for 35 Frullania taxa (Mt. Albert Edward,
Papua New Guinea) for the resource altitude. Dendrogram groups refer to those of Li ef al.
(1989) and gencerally correspond to low (group 2) and high (group 1) altitude groups. *Indicates
taxon that belongs to the opposite group from the one where it appears in this figure. Altitude
indicates mean altitude of occurrence with 95% confidence interval indicated by brackets. Mecan
Levins niche width = 035 + 0.041. Mean Freeman-Tukey niche width = 0.80 +0.038. (Number
samples = 648; range of altitude = 40 to 3700 m; altitude is divided into 10 states [with 3 having
no collections] with 500 m intervals; only taxa with frequency of 2% or more are included.) i
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or alpineregion (Fig. 1). Likewise, only
at the middle altitudes are there taxa that
alwaysoccur in purecollections (Fig. 2).
On the other hand, at 2000-2500 m, we
find the highest number of associations
withaK valuegreater than 50, suggesting
that at thisaltitudinal range some benefit
might be derived from an association.
ThisK valueimpliesthat thetaxaare not
only associated with other taxa, but that
there is a high degree of fidelity in the
association.

Several advantages can be gained by an
association formed among epiphytic
liverworts.

1. Small liverwortscanliveamonglarger
ones and be protected from high light
intensity intheforest canopy or inexposed
alpinearesas.

2. Associatedliverwortscan protect each
other from drying out by reducing the
amount of free spaceamong the branches
and leaves.

3. Liverwortsthat have apoor ability to
movewater from the substrate or surface
of the clump to their own branches can
take advantage of thewater moved by an
associ ated species.

Althoughfew authorsdescribesuch com-
mensal relationships in plants, Rydin
(1985) hassuggested that they existamong
Fhagnumspecieswithdifferentia abilities
toabsorbwater inonecircumstanceandto
retain it in another. His conclusions are
further supported by the studies of Li
(unpublished data) on two additional
species of Sphagnum.

One must, however, exercise caution in
interpreting such circumstantial evidence,
for it might merely be ephemera co-
existence manifest at thissingle point in
time. Theevidencetorefutethisstatement,
however, isthepreponderanceof taxathat
never occur in pure collections (Fig. 2).
We must interpret this to mean that the
associated taxaareawaysstrugglingina

habitat whereno suitablefreespaceexists
or that there is in fact some benefit in
coexistence.

Nichetrends

The distribution of niche widths appears
toberelatedtodiversity and samplepurity.
Taxa at the low and high ends of the
atitudinal range tend to have narrower
niches than those taxa in the middle.
Certainly part of this narrowness results
fromfewer collectionsinthelow and high
atitudes. On the other hand, the smaller
number of collectionsisinturnaresult of
thereducedavailability of Frullaniatobe
collected at thesealtitudes.

The Levins niche widths and Freeman-
Tukey niche widths are considerably
different, indicating that the niche states
(i.e. atitudes) werenot equally available
among the collections. Because it is
sensitive to the availability of the niche,
theLevinswidthtellsushow commonthe
taxamight be, compared with other taxa,
if weexaminedtheareawithout regardto
atitude. The Freeman-Tukey width, on
the other hand, tells us the potential for
each taxon if its niche (resource state)
wereequally availableto that of all other
resourcestates. For example, thesmallest
nichewidthisthat of F. papillata (F-T =
0.57), with 95% of its observations
expected between 2368 and 2575 m. In
fact, we find that it occurs in only two
altitude ranges, between 2500 and 3500
m.

We can conclude that most of these
Frullania taxa could occupy niches in
most of thealtitudinal ranges, but because
of other factors, they are most successful
in a relatively narrow range. Severad
observationssupport thisstatement.

When one examines the mean altitudes
and 95% confidence intervals for each
taxon of Frullania (Fig. 3), itisclear that
many taxahave rather narrow altitudinal
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Freeman-Tukey overlap values using 10 resource states (500 m intervals, 3 with no
T,..,_F.f__::.,_., for altitude of 35 taxa pairs (with frequency .”.:.:_w_ on Mt. Albert Edward, Papua
New Guinea, 1975, Mean Freeman-Tukey overlap = 0.65 +0.020 for 595 pairs. Significance levels
indicated for Freeman-Tukey overlap values are calculated from sample altitude values for each
taxon using the Mann- E_::_E U test for i_._:_:ﬁ_: differences between pairs (+ P< =0,05; *
P< =(.01). (Number of samples = 648; range of altitude = 40 to 3700.)
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preferences, as shown by their narrow
95% confidence ranges (Fig. 3). Such
taxaincludeF. apiculata, F. attenuata, F.
gracilis, F. ornithocephala, and F.
ornithocephalavar. intermedia.

Amongthe35Frullaniataxa, 28% of the
taxapairs(Fig. 5) havemembersthat have
sgnlflcantly differentaltitudesof collection
(¢ 0.01, Mann-Whitney U test),
suggestl ng that the overlap differenceis
significant. Theseincludetaxathat occur
in awide range of altitudes (Fig. 4) and
have broad niche widths.

By contrast, F. erransvar. angulistipula
hasthewidest 95% confidencerangeabout
itsmean altitude, and awide nichewidth
(0.96), with no significantly different
altitudina values when compared with
any other speciesat * =0.01.

Li et al. (1989) suggested that these taxa
separate into two major groups
(dendrogram based on TWINSPAN
analysis of these data) corresponding to
lower and higher altitudes. Likewise, the
Li PCA axis three separates the high
atitudetaxaat oneendandthelow atitude
taxaat theother end. InFigure3, wehave
listed the taxaof the dendrogram groups,
showingthat whenthetaxaareordered by
their mean altitudes their arrangement
correspondsclosely withthedendrogram
separation. Itisnoteworthy that thosetaxa
that were not faithful to the appropriate
altitudinal brancharethosetaxapreferring
middle altitudes, and we have labelled
thesethe Transition Group. Thefar ends
of Groups1and 2 aretaxawithrelatively
narrow niche widths.

Siblingtaxa

Landolt (1977) stressed theimportanceof
closely related taxafor thedelimitation of
phytosociological units. He showed that
the sub-classificationsof aspeciescanbe
of particular importance for separating
plant associ ationsthat containfew species.
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Horton (1988) used niche width
measurements for soil pH, calcium, and
magnesium to support her separation of
several questionable taxa of Encalypta.
Shaw (1981) showed that the morpholo-
gical variation of two species of Pohlia
correlated with niche variation, and he
concluded that combining taxa based on
overlapping form aone can result in the
loss of ecological information (Shaw
1985). Landolt (1977) concluded that in
places where crucial ecological factors
undergo a sudden change, even closely
related taxa, not isolated genetically,
mutually exclude one another to alarge
degree. Closely related taxa can thus be
considered as very good character- or
differential species for describing
associations. The present study contains
several species that have more than one
variety or subspeciespresent, andprovides
an interesting comparison of niches for
thesecontroversial taxa.

To usenichewidth aseither ataxonomic
separator or as an association separator,
thedatamust meet severa important criteria

1. The infraspecific taxa must be
consistently identifiable by the person
naming thetaxa.

2. The niche parameter must have a
sufficiently widerangeamong thesamples
to providefor aniche separation.

3.  There must be sufficient samples
throughout that wide range to permit
adequate comparison.

4. Theparameter for delimitingtheniche
must differ significantly betweenthetaxa
being compared.

Landolt (1977) listed three problemsin
using infraspecific taxa in
phytosociological studies:

1. Few polymorphous species groups
have been sufficiently investigated
biosystematically to assure conclusive
evidenceonthevalueof thetaxainvolved,
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Figure 6. Relationships of four pairs of sibling taxa. Top: Frequencies of taxa in eight altitudinal
resource states with 500 m intervals. (No collections were made at 500 - 1000 m.) Bottom: Niche
width, mean altitudes, and 95% confidence intervals, illustrating the difference in niches of the two
members of sibling pairs.




so that we do not know if the described
typesarereally genetically fixed.

2. It is amost impossible for a
phytosociologist toidentify thesetaxa
3. Taxaoccurring within agiven group
oftenhaveavery limited distribution and
thus are not identical to similar taxain
other areas.

Theseproblemsareessentially eliminated
in the present study. Hattori has made a
lifelong study of the genus and has
identifiedall thespecimensincludedinthe
study. Evenif they are not true genetic
taxa, the naming of the morphotype
(whether it be genetic or ecological)
provides evidence that can describe an
association. All taxawere collected and
identified in the laboratory where it was
possible to compare specimens and be
consistent in naming. The geographic
area of concern in this study isasingle
mountain, soany distributional limitation
isirrelevant.

Someinteresting differencesinaltitudinal
distributionarepresent amongthesibling
taxaof Frullania(Fig. 6). Thealtitudesof
collectionof themembersof al thesibling
pairsaresignificantly differentfromeach
other, in spite of rather broad niches, yet
only 28% of the 35 taxa analyzed have
significantly differentatitudesof collection.
The very broad niche widths of F.
ornithocephala and its variety F.
ornithocephalavar. intermediaillustrate
that even closely related taxa with very
wide niches can have different optimal
niches. Thisis best shown in Figure 6,
whereitisclear that F. ornithocephalais
dominant in the alpine regions, whereas
F. ornithocephala var. intermedia is
dominatebelow. Likewise, F.armitiana
isdominant at higher atitudes, whereasF.
armitianavar. inflexulabecomesdominant
just below, where F. armitiana beginsto
drop out. A similar shift occursin the
infraspecific taxa of F. serrata. Such
shiftsinabundancesuggest that other niche
parametersserveto separatethemembers

115

of theseinfraspecifictaxapairswhenthey
occur at the samedltitudes.

Frullania curvistipula has abimodal di-
stribution that broadly overlaps F.
curvistipulavar. latistipulabetween 2500
and 3000 m. The variety, on the other
hand, isrestricted to the upper end of the
F.curvigtipularange. Someenvironmental
factor depresses the population of F.
curvistipula in the 2000 - 2500 m range,
where F. attenuata, F. macgregorii, F.
serrata subsp. spinistipula, and F.
schusterianaaredominant. Amongthese
‘competing' taxa, all have broad ranges
that overlapthepeaksof theF. curvistipula
range, except for F. schusteriana. Wecan
concludethat F. schusteriana has proba-
bly not competitively replaced F.
curvistipula in the middle of the F.
curvistipularangebecausetheformerisa
dender, pendent species, whereasthel atter
isamedium-sized, mat-forming species.
Ontheother hand, the presenceof pendent
forms such as F. schusteriana and F.
papillata suggests that it may have been
moremoistinthe2000- 2500 mrange. It
isthereforeinteresting that thevariety F.
curvistipula var. latistipula is likewise
absentinthisrange, suggestingthat it has
similar physiological characters that
prevent it from occupying thisrange.

In the present study, we have shown that
themembersof sibling pairshavedifferent
optimafor altitudeon Mt. Albert Edward
andthatthey rarely wereidentifiedtogether.
Fromtheseobservations, wecan conclude
one of thefollowing:

1. Investigator biasin identification has
resultedintheimplieddistribution pattern.
2. The siblings are genetically distinct
andmostly allopatric.

or

3. The siblings are ecological variants
induced by altitudinally related factors.

Common garden or transplant tests are
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Sorensen's K x 100

F. armitiana x

F. armitiana var. inflexula 0
F. curvistipula x

F. curvistipufa var. latistipula 2
F. ornithocephala x

F. ornithocephala var. intermedia 2
F. serrata subsp. spinistipula x

F. serrata var. hamatispina 0

Table 2. Sorcnsen’s K value for sibling pairs.

ferences while having relatively broad over-
laps.
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