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Abstract. Most Australian representatives of the genus A cacia  have diaspores with arillate ap
pendages indicative o f adaptation for active dispersal by animals. Based on physical and chemical 
characteristics of these arils and mechanisms of diaspore presentation, a number of arid zone acacias 
can be distinguished as probable omithochores, myrmecochores, or species lacking active dispersal 
by animals. Two factors suggest that dispersal adaptations are evolutionarily labile in the face of 
changing selection pressures. Both myrmecochores and omithochores are prevalent in each of the 
three largest taxonomic sections of the Australian subgenus Phyltodineae. Second, diaspores of at least 
one species, A cacia  ligulata, exhibit geographic variation, resembling those of myrmecochores in one 
population and omithochores in a second population.

The colorful lipid-rich arils of avian-dispersed species are nutritionally more valuable than the 
relatively small, white appendages of ant-dispersed species with similar-sized propagules. While ants 
often collect the diaspores of omithochorous acacias, we have no evidence that birds use the arils of 
myrmecochores. Patterns of seedling establishment on ant mounds, and under the canopies of trees 
where birds perch and defecate, are consistent with these observations. Exploitation of diaspores by 
birds may help to reduce the destruction of seeds by parasitoids and, in part, compensate for the 
higher aril expenditures (per milligram of propagule) in avian-dispersed species.

Dispersal o f seeds by both ants and birds directs seeds to microhabitats where nutrients are 
concentrated and water resources are more plentiful and/or are used more efficiently. Similarities 
between mound and subcanopy microhabitats may have facilitated evolutionary transitions between 
myrmecochory and omithochory. The nutrient poverty that generally characterizes Australian soils 
has possibly played a role in selecting for seed dispersal by ants and birds in this genus as well as in 
many other Australian plants.

K e y  words: Acacia; A ustralian  a rid  zone; d ispersal ecology; fru it quality; m yrm ecochory; ornith- 
ochory; seed  parasito ids; so il nutrients.

Introduction tinction.) Among others o f  the world’s acacias, those
Ofthe estimated 1100-1200 species o f  A cacia  world- most similar to Australian forms in dispersal ecology 

wide (Ross 1 9 8 1 ),*  66% comprise the Australian sub- are Probably the polyphyletic neotropical swollen-thom
genus P hyllodineae  (syn. H eterophyllum ) (Maslin and species, whose seeds are embedded in fleshy pulp and
Pedley 1982). Members o f  this largely endemic taxon Probably dispersed by birds and bats (Janzen 1969). 
show distinctive adaptations for seed dispersal. In Af- In attempting to identify likely dispersal agents, we 
rica and the Americas, the seeds o f  many acacias are have investigated adaptations o f  20 Acacia  species in
adapted for dispersal by water and wind (Lamprey et habiting and inland Australia. Based on differences in 
al. 1974), while other species have seeds disseminated the Physical and chemical characteristics o f  arils and 
by ruminant ungulates that eat the leathery, nutritive ln the means by whlch diaspores are presented or dis- 
pods (Lamprey 1967, Janzen 1969, Janzen and Martin Pla>'ed- we separate species into three distinct dispersal 
1982). Australia has no native ruminants, and here the categories, and assess the degree to which this sepa- 
A cacta  diaspores have arillate appendages that suggest ratlon ls consistent with available evidence on animals 
active dispersal by other groups o f  animals. (Through- known t0 transport diaspores. Finally, we investigate 
out this paper, we will use the term “aril” to describe Potential ecological, phylogenetic, and biogeographic 
both true arils and funicular appendages that function correlates o f dispersal adaptations in the Australian 
as arils; see Vassal [1971] and Pijl [1982] for the dis- acacias.

Methods

1 Manuscript received 21 October 1982; revised 30 June Identification o f  dispersal syndrom es
1983; accepted 5 July 1983.

! Present address: Alligator Rivers Region Research Insti- Our studies took place during spring (September-
tute, Office of the Supervising Scientist, Jabiru, Northern Ter- N o vem ber) o f  1979, 1980, an d  1981 a t th e  locations 
ritory 5796 Australia. described  in  T ab le  1, an d  inc luded  all species o f  Acacia
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T able 1. Description of collecting localities and diaspore characteristics of A cacia  species from arid Australia. ND = no 
data.

A cacia  species* 
(section) Locality Date ACf OSPt

Dispersal
agents§

Seeds parasitized

N  % 
(no. para- 

seeds) sitized

1) tetragonophylla  (Ph) 141.5°E, 29°S Oct 80 Y L Ant (R , R m , M ) 37 5
120°E, 22.5°S Sep 81 Bird (L, Ar) 1861 1

2) coriacea (PI) 133°E, 22.5°S Oct 81 Y L ND 621 8
3) cow leana  (J) 131°E, 17°S Sep 81 Y L Ant (R 1) 521 4
4) holosericea  (J) 133.5°E, 17.5°S Oct 81 Y L Ant (P) 907 0
5) tenuissim a  (J) 131°E, 17°S Sep 81 O L Ant (R ||,C) 70 3
6) ligulata  (Ph) 141.5°E, 29°S Nov 81 Y L Ant (I, P) 274 2

(Population 1)
7) ligulata  (Ph) 141.5°E, 29°S Nov 81 R L Ant (I, P) 481 3

(Population 1) Bird (L, Ar)
8) ligu lata  (Ph) 132.5°E, 22°S Oct 81 O L ND 752 22

(Population 2)
9) acradenia  (J) 127°E, 17.5°S Sep 81 W O Ant (R) 1976 1

10) ancistrocarpa  (J) 119°E, 20°S Sep 81 W O A nt(* ||) 1091 9
11) eriopoda  (J) 126°E, 17.5°S Sep 81 W L Ant (P) 1317 12
12) lysiphloia  (J) 131°E, 17°S Sep 81 W O Ant (R) 273 24
13) tum ida  (J) 126°E, 17.5°S Sep 81 W O ND 1286 11
14) dichtyophleba  (Ph) 133.5°E, 22°S Oct 81 W T ND 1557 17
15) ram ulosa  (J) 121.5°E, 28°S Sep 81 W L ND 199 19

135°E, 27°S Oct 81 765 15
16) pru inocarpa  (Ph) 120°E, 27°S Sep 81 W T-O ND 654 2
17) aneura  (j) 141°E, 3 1°S Oct 80 W O Ant (M , P) 131 56

120°E, 22.5°S Sep 81 407 33
18) victoriae (Ph) 141°E, 31°S Nov 81 W T Ant (R, R m , I) 222 34
19) cana  (PI) 141.5°E, 29°S Oct 80 W L Ant (R, R m , M ) 4911 45
20) a doxa  (L) 131°E, 17°S Sep 81 W T-O ND ND

* Species determinations by B. Maslin, except for nos. 6, 7, and 19 (identified by L. Pedley) and 18 (identified by S. Jacobs). 
Sections within the subgenus P hyllod in eae: J = Juliflorae, PI = Plurinerves, Ph = Phyllodineae, L = Lycopodiifoliae.

f  AC = aril color: Y = bright yellow, O = orange, R = red, W = white (includes pale yellowish-white and “dirty” [brownish] 
white).

t  OSP = orientation of seeds in pods: L = longitudinal; O = oblique; T = transverse.
§ Ants: R = R hytidoponera  m ayri spp. group; Rm = R hytidoponera  m etallica  spp. group; I = Irid o m yrm ex  purpureus spp. 

group; M = M elophorus\ P = Pheidole. Birds for which observations o f both foraging and fecal samples o f Forde (in press a) 
document use of A cacia  arils: L = L ichenostom us virescens\ Ar = A canthagenys rufogularis.

|| Data only from experimental trials in which diaspores were presented in bait trays to ant colonies.
11 Seeds collected from refuse heaps on ant mounds rather than from tree or shrub.

that we encountered in fruit. For each species popu
lation, we noted aril color, morphology o f  seed pods, 
orientation o f seeds in legumes, mode o f diaspore pre
sentation or display at maturity, and, whenever pos
sible, animals transporting diaspores and eating arils. 
We collected approximately the same number o f seed 
pods from each o f a number o f  individual plants in 
each species population and examined the seeds for 
evidence o f destruction by parasitoids. Seeds were 
scored as infested if  they contained exit holes or de
veloping larvae or if  they were aborted at early stages 
of development with visual evidence o f parasitoid 
presence. In general, seeds with developing larvae could 
be distinguished by their lighter color and very thin 
seed coats that caused them to crack readily under 
pressure. However, over a period o f  ~  1 mo, a very 
few previously undetected parasitoids emerged from 
seeds stored in plastic vials. Rates o f seed infestation

reflect these late emergences. Spot checks o f seeds ger
minated after scarification and soaking in distilled water 
failed to reveal any additional instances o f  seed para
sitism.

In the laboratory, we analyzed the physical and 
chemical properties o f diaspores with intact (uninfest
ed) seeds. With a Sartorius analytical balance, we de
termined wet and dry masses o f  individual seeds and 
their arils. Arils from many different seeds o f  each 
species population were combined for analysis o f their 
percent dry mass content o f  lipid (by Soxhlet extrac
tion), total nonstructural carbohydrate (m odified  
Weinmann method, Smith 1969) and total Kjeldahl 
nitrogen (digestion in Tecan Block Digestor, colori
metric analysis o f  total organic nitrogen with Techni- 
con Auto Analyzer). Using the standard conversion 
factor of 100 mg o f  protein per 16 mg total nitrogen, 
we calculated protein content as a percentage o f dry
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T able 2. A summary of the investigations of small shrub 
(SS) association in Sturt National Park. Small shrub den
sities on mounds or beneath trees were compared pairwise 
to densities in quadrats nearby.

SS establishment studied 
in relation to;

Locality
R hytidoponera

mounds Subcanopies*

Small shrubs censused
Olive Downs Homestead

Downs South and A. tetragon o A. tetragon o
Downs Park phylla p h ylla

A. aneura
Stony Downs A. tetragon o trees absent

ph ylla

30 km east of Fort Grey Homestead
Camp David I mounds absent A. te tragon o

phylla
A. aneura

Camp David II mounds absent A. ligu lata  (PI)

* Pattern o f establishment in relationship to A. aneura  can
opies except at Camp David 1. where SS’s were enumerated 
beneath the canopies o f both A. aneura  and A ta /aya  hem i- 
glauca  (10 trees each) and Camp David II, where very low 
densities of A  aneura  led us to use A ta laya  hem igaluca  ex
clusively.

m ass. F o r A. c a n a , we had  sufficient aril m ateria l to  
com plete  only th e  analyses o f  n itrogen  (pro tein) and  
lipid, and  thus have no estim a te  o f  ca rbohyd ra te  co n 
ten t o r o f  to ta l energy. F ru its  o f  A . a d o x a  could  not he 
collected in sufficient q u an tity  for analyses o f  physical 
o r chem ical p ropertie s o r ra tes o f  in festa tion  by para- 
sito ids. bu t we do  have  o b serv a tio n s o f  aril co lor and  
d iaspore  p resen ta tion .

A co m m en t is in o rd e r here  on o u r classification o f  
acacias 6 th rough  8 in T able  1. A lthough the three 
v arian ts  have been inc luded  u n d er A . l ig u la ta  (B. M as- 
lin and  L. Pedley, p e r s o n a l  c o m m u n ic a t io n ) ,  we d if
feren tia te  them  here because o f  th e ir  d is tinc tive  d ia 
spore characteristics. W hile v a rian t 8, grow ing near 
B arrow  Creek, N o rth e rn  T errito ry , has orange-arilla te  
seeds, v arian ts  6 and  7, co-occur a t o u r study site in 
S tu rt N ational Park, N ew  South  W ales, and  have di- 
aspores w ith yellow and  red  arils, respectively . It is no t 
unusual to  find tw o such co lo r m o rp h s grow ing in a 
single A c a c ia  popu la tion ; th is occurs in A. c y c lo p s , A. 
r o s te llife ra  (a very  close re lative o f  A . l ig u la ta ) ,  and  
probab ly  in o th e r species as well (B. M aslin . p e r s o n a l  
c o m m u n ic a t io n ) . W e will consider fo rm s 6 and  7 to be 
m orphological v arian ts  w ith in  the sam e species p o p 
u lation  (P I). V arian t 8. o r  popu la tion  2 (P2) o f A  l ig 
u la ta  is sufficiently d is tinc tive  in characteristics re la ted  
to  seed d ispersal th a t we will trea t it independen tly  o f  
p opu la tion  1 in m any  o f  ou r analyses.

P a tte r n s  o f  s e e d l in g  e s ta b lis h m e n t

Seedling e stab lishm en t is apparen tly  a rare even t in 
m any species o f  A c a c ia , and  only in S turt N ationa l

Park , p ro tec ted  from  grazing by d om estic  an d  feral 
stock since 1975, d id  we observe  significant rec ru it
m en t o f  young plants. H ere, we w ere able to  quan tify  
th e  spatia l p a tte rn  o f  p lan t es tab lish m en t for A . l ig u la ta  
(P I), A . te tra g o n o p h y lla ,  a n d  A . a n e u ra . W hile A . l ig 
u la ta  is a  true  shrub , in d iv idua ls  o f  A . te tra g o n o p h y l la  
(occasionally) a n d  A . a n e u ra  (often) grow  in to  large, 
sing le-trunked  trees. Sm all ind iv id u a ls  o f  all three 
species can be rep roductive , an d  we can n o t accurately  
refer to  them  as seedlings o r saplings. W e therefore  
designate them  here as sm all sh rubs (SS). P re lim inary  
observa tions h ad  suggested th a t an ts  an d  b irds m ight 
be th e  principal an im a ls  in v o lv ed  in d ispersal. F o r th is 
reason, we com pared  the SS densities on an t m ounds 
o r beneath  trees (w here perching b ird s m ay  defecate 
seeds) w ith those  in  pa ired  ran d o m  plo ts o ff m ounds 
o r d is tan t from  canopies. T ab le  2 identifies the sites at 
w hich one o r bo th  o f  these co m p ariso n s w ere carried  
ou t an d  the com parisons th a t w ere possib le  a t each 
site.

T he  an t m ounds censused are  those  o f  an  o m n iv o 
rous species in the R h y tid o p o n e r a  rn a v r i  species group  
(species B am ong  S. R. M o rto n ’s specim ens in the A us
tra lian  N atio n a l Insect C ollection , C anberra). C olonies 
o f  these an ts  construc t nest m ounds th a t a re  often  30 
cm  o r m ore in height and  ap p ea r to  persist for m any  
years (D av id son  an d  M orton  1981a). A t th ree  sites 
(T able 2), we reco rded  SS densities o f  A . te t r a g o n o 
p h y l la  and  A . a n e u r a  on each R h y tid o p o n e r a  m ound  
observed  in a d irec tional tran sec t th rough  the site. A
0 .2 5 -m 2 square sam pling  fram e was cen te red  over the 
en trance  hole on  the m o u n d  an d  arranged  to  include 
the m ax im u m  n u m b er o f  A c a c ia  ind iv iduals. D ensities 
in these q u ad ra ts  were com pared  w ith  pa ired  sam ples 
taken  by tossing the fram e to  a ran d o m  position  off 
the m ound  and  again ro ta ting  it ab o u t its cen te r to 
include the m ax im u m  n u m b er o f  acacias. M ax im iza
tion  o f  A c a c ia  num bers  in troduced  no risk o f  species 
bias, because we never encoun te red  m ore  than  one 
A c a c ia  species per m ound .

A ssocia tions o f  A c a c ia  SS’s w ith  tree canopies were 
m easured  by sam pling circu lar areas o f  equal rad ii cen 
tered  d irectly  beneath  the canopy  o r well ou ts ide  the 
canopy, 9 m from  the tree. T he rad iu s was chosen  to  
be 3.5 m, o r = 0 .3  m  g reater th an  the average m easured  
rad ius o f  tree canop ies (Ar =  80; sd =  1.0). T hus, the 
m in im u m  d istance  betw een the  canopy  b o rd e r and  the 
edge o f  the open sam ple averaged  2.0 m. F or consec
u tive trees, sam ples positioned  in th e  open  w ere taken  
a lternate ly  to  the no rth , sou th , east, and  w est o f  the 
trees. I f  an o th e r large tree was presen t in the d irection  
first specified, the d irec tion  next in o rd e r was chosen. 
T rees were used as encoun te red  on d irec tiona l transects 
th rough  the study  sites.

Several p ractical p rob lem s p reven ted  us from  taking 
ou r m easu rem en ts w ith in  the fram ew ork o f  a co m 
pletely balanced design at each site. A t the D ow ns South 
and  D ow ns Park localities, A . a n e u ra  was the only
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co m m o n  canopy  species. T hus, we could  no t d is tin 
guish w hich o f  the often  n u m ero u s subcanopy  seedlings 
m ay have orig inated  from  av ian -d ispe rsed  seeds and  
w hich were from  seeds th a t fell from  the pa ren t p lan t 
to  the g round  below . A c a c ia  a n e u ra  w as rare a t C am p 
D av id  site II, and  only a t C am p  D av id  site  I w ere we 
able to study  the d is trib u tio n  o f  th is species w ith re
spect to  a  d ifferent canopy  tree, A ta la v a  h e m ig la u c a .  
A  m ore  com plete  sam pling  design w ould  also  have 
included  censuses o f  acacias on R h y tid o p o n e r a  m ounds 
located  bo th  beneath  canopy  trees an d  in open m ic ro 
habitats . H ow ever, subcanopy  m ic ro h ab ita t com prised  
a very sm all p ro p o rtio n  o f  th e  to ta l area, and  although 
it w as possib le to  find an occasional R h y tid o p o n e r a  
m o u n d  in the subcanopy, these w ere rare occurrences, 
and  we lim ited  o u r sam ple to  m o u n d s located  aw ay 
from  the influence o f  canopy  trees.

Finally , in N o v em b er o f  1981, we re tu rn ed  to  O live 
D ow ns Park  to  assess the re la tive  sizes an d  fru iting  
co nd itions o f  A . te tr a g o n o p h y l la  p lan ts  in subcanopy  
an d  open m ic rohab ita ts . T he sam pling  p rocedu re  was 
identical to  th a t used p rev iously  except th a t in stead  o f  
m erely  quantify ing  SS densities, we scored ind iv idua ls 
as to  rep roduc tive  co n d ition  (fru iting  o r nonfru iting) 
and  m easured  them  to  the nearest 5 cm  in length 
(broadest d im ension), w idth  (narrow est d im ension), and 
m ax im u m  height. Sizes o f  ind iv idua l p lan ts  w ere es
tim a ted  by the p roduc ts  o f  th e ir  length, w id th , and  
height and  used to  estim ate  the p ro p o rtio n  o f  to tal 
p lan t b iom ass in a given area th a t consisted  o f  p lan ts 
th a t w ere in fruit. T o  boost sam ple sizes for p lan ts in 
the open, th ree  open  q u ad ra ts  w ere sam p led  for each 
q u ad ra t censused  in the  subcanopy .

S oil nutrient analysis

Because p lan t b iom ass ap p eared  to  be g reater and  
rep roduction  m ore  prolific beneath  tree  canop ies than  
in su rround ing  h ab ita ts , we hypo thesized  th a t p o ten 
tially  lim iting  p lan t n u tr ien ts  m ight be co n cen tra ted  in 
these m icrohab ita ts . In N o v em b er o f  1981, soil sam 
ples w ere collected from  m atch ed  q u ad ra ts  p ositioned  
a t ran d o m  in subcanopy  an d  open m icro h ab ita ts . A fter 
rem oval o f  surface litter, a square soil sam pling  dev ice 
(10 cm  on  a side) w as d riv en  in to  the g round  to  a dep th  
o f  5 cm . T he resulting  500 c m 3 vo lum e o f  dry  (sun
baked) soil w as rem oved  to  a p ap e r bag and  tran sp o rted  
to  the C om m onw ealth  Scientific and  Industria l R e
search O rgan iza tion  Soils L abora to ry  in G len O sm ond , 
South  A ustra lia , w ith in  2 d  for d ry ing  an d  storage p rio r 
to  analyses. Sam ples from  subcanopy  and  open m i
cro h ab ita ts  w ere taken  in  re la tio n sh ip  to  th e  canopies 
o f  15 d ifferent trees (all A . a n e u ra )  and  analyzed  for 
pH , electrical conduc tiv ity , and  v a rio u s chem ical co n 
stituents (see below). A random  subsam ple o f  soils from  
each m ic ro h ab ita t type w as also  analyzed  for ex 
changeable ca tions an d  partic le  si/e . A nalytical p ro 
cedures w ere iden tica l to  those  used in earlie r inves
tiga tions o f  n u tr ien t co ncen tra tion  on an t m o u n d s

(D av idson  an d  M o rto n  198 la ) . T o  test for differences 
in soil p roperties o f  subcanopy  an d  open m ic ro h ab i
ta ts, we used t tests w hen the a ssu m p tio n s o f  th is 
p aram etric  p rocedure  were m et, an d  o therw ise used 
the n o n p aram etric  sign test to  com pare  pa ired  sam ples 
taken  in the v ic in ity  o f  the sam e nurse  trees.

R esults

Id e n tif ic a tio n  o f  d is p e r s a l  s y n d r o m e s

Based on  aril color, legum e m orphology , and  seed 
o rien ta tio n  in pods, th e  m ajo rity  o f  A c a c ia  species 
stud ied  ten d  to  separate  in to  tw o m ajo r groups. D ia 
spores o f  acacias 1 th rough  8 in T able  1 have  colorful 
arils (red, b righ t yellow, o r orange), a re  o rien ted  lo n 
g itud inally  in valves o f  th e  legum es, an d  are re ta ined  
an d  d isp layed  in the legum es on  th e  sh rub  o r tree. 
D iaspores o f  the rem ain ing  14 species in T ab le  1 have 
w hite o r off-w hite arils an d  are  o rien ted  longitud inally , 
obliquely , o r transverse ly  in  th e  legum e. T he m ajo rity  
o f  these species do  n o t re ta in  an d  d isp lay  d iaspores on 
the p lant.

A cacias 1 th rough  8 in T ab le  1 ex h ib it a he teroge
neous a sso rtm en t o f  a d a p ta tio n s  for disp lay ing  brightly  
co lored  d iaspo res on th e  p lan t (Fig. 1). A t m a tu ra tio n , 
pods o f  A . c o r ia c e a  spiral along th e ir  long itud inal axes 
to reveal b rightly  colored  arils on seeds re ta in ed  be
tw een open valves o f  the legum e (Fig. la). A  m uch 
looser bu t o therw ise s im ila r sp iralling  occurs in the 
legum es o f  A . c o w le a n a . In co m p ariso n , legum es o f  A . 
h o lo se r ic e a , a close re lative o f  A . c o w le a n a ,  do no t 
sp iral b u t are  tightly  coiled (Fig. lb), and  re ta in  the 
m ajo rity  o f  th e ir  d iaspo res w ith  yellow  arils v isible 
th rough  partia lly  deh isced  pods. In A c a c ia  te n u is s im a ,  
a m ore  d is tan t re lative o f  A . c o w le a n a  an d  A . h o lo 
s e r ic e a  (B. M aslin , p e r s o n a l  c o m m u n ic a t io n ), som e d i
aspores are  su ppo rted  from  below  on the cu rv ed  valves 
o f  open  legum es, w hile o thers  dangle by th e ir  arils (Fig. 
lc). All th ree species, A . c o w le a n a , A . h o lo se r ic e a , and  
A . te n u is s im a ,  have legum es c lustered  on receptacles, 
w here they  rem ain  firm ly a ttach ed  even  a fter m ost o r 
all o f  th e ir  d iaspo re  con ten ts  have  van ished . T he  coiled 
legum es o f  A . te tr a g o n o p h y l la  fold open , an d  th e  sep 
a ra ted  valves serve as shelves on w hich seeds, co m 
pletely encircled  by b righ t yellow  arils, are d isp layed  
(Fig. Id). U nlike the legum es o f  o th e r species in th is 
group, those  o f  A . l ig u la ta  (all th ree  varian ts) are linear. 
H ow ever, as they are held in a sem ierect position , valves 
curling  open from  th e ir d is ta l ends again p rov ide  p la t
form s for d isp lay  o f  d iaspo res (Fig. le).

T he 12 acacias w ith  w hite arils also form  a h e te ro 
geneous assem blage w ith  respect to  pod  m orphology  
a n d  d iaspo re  p resen ta tion  (Fig. 2). H ow ever, m ost o f  
these species ap p ea r to lack any  p a rticu la r m echan ism  
for disp lay ing  d iaspo res on th e  p lan t, an d  som e species 
actually  p resen t d iaspores a t g round  level. Legum es o f  
A . ly s ip h lo ia  hang vertically  from  the p lan t an d  open 
from  th e ir d is ta l ends to  d ro p  d iaspo res on  th e  g round
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connec tion  betw een  valves is b roken  a t th e  p rox im al 
end, one valve  falls (often w ith in  seconds) to  th e  g round  
w ith  its seed con ten ts. H a lf  o f  th e  d iaspo res rem ain  
appended  on  sm all w hite arils from  th e  valve  still a t
tached  to  th e  p lan t. F inally , A. eriopoda  rep resen ts an 
excep tion  to  th e  ab o v e  p a tte rn  o f  d isp lay  for w hite- 
a rilla te  species. T he linear pods o f  th is  species (Fig. 2f) 
hang vertically  from  the p lan t an d  open  a t th e ir  d ista l 
ends. A lthough  a few d iaspo res m ay  fall as valves sep 
arate, m any  rem ain  to  dangle loosely by th e ir  arils.

O u r analyses o f  th e  physical and  chem ical p roperties 
o f  arils and  d iaspo res are repo rted  in  T ab le  3. F o r a 
g iven d ispersa l agent, the p ro fit/co st ra tio  associated  
w ith  hand ling  an d  co n su m p tio n  o f  d iaspo res should  
vary  in  p ro p o rtio n  to  E /W M D . H ere, E is the  average 
energy per in d iv id u a l aril, an d  W M D  is the  m ean  w et 
m ass o f  d iaspores. I f  the ra tio  o f  E /W M D  is p lo tted  
against percen t w ater con ten t, an o th e r p o ten tia l co m 
p o n en t o f  profit, a re latively  d is tin c t separa tion  o f  
species resu lts (Fig. 3). T he separa tion  o f  species show n 
in Fig. 3 has several in teresting  fea tu res w hich  differ
en tia te  it from  o u r in itia l species c lassification  based  
sim ply  on  aril co lo r and  d iasp o re  p resen ta tion . (1) By 
v irtu e  o f  its very sm all E /W M D  ra tio  an d  relatively

Fig. 1. Presentation o f  diaspores in acacias with colored 
arils: a A. coriacea\ b A. holosericea\ c A. tenuissim a\ d A. 
tetragonophylla\ e A. ligulata.

below . In  A. adoxa, d iaspo res are  shed  in  a s im ila r 
fashion, b u t from  p ods held  ho rizon ta lly  an d  splitting  
along th e ir  low er su tu res (Fig. 2a). In  A. tum ida, le 
gum es are held  in  a sem ierect postu re  and  valves uncurl 
from  one an o ther, beg inn ing  a t th e ir  d is ta l ends. Since 
a p lane  fo rm ed by jo in in g  th e  su tu res o f  the  pod  w ould  
be perpend icu la r to  th e  g round  surface, d iaspores fall 
read ily  from  valves as they  separa te . A cacia  species 
aneura  (Fig. 2b), victoriae, dictyophleba, an d  pruino- 
carpa  have linear to  oblong, papery  legum es th a t often 
are shed  unopened  o r opened  w ith  seeds still a ttached . 
Acacia ram ulosa  dro p s its m assive  legum es (Fig. 2c) 
d irectly  beneath  th e  sh rub , w here we found  them  in 
ab u ndance  an d  uno p en ed  m o n th s  after th e  fru iting  sea
son had  concluded . B oth  A. ancistrocarpa  an d  A. acra- 
denia  ap p ea r to  show  in te rm ed ia te  m odes o f  d iaspore  
p resen ta tion , shedd ing  som e d iaspores on  the g round , 
w hile re ta in ing  o thers. Legum es o f  A. ancistrocarpa  
(Fig. 2d) are  he ld  in a sem ierect p ostu re  an d  spring 
open  explosively  to  shed  th e ir  d iaspores. A  few d ia 
spores rem a in  in  separa ted  valves on  th e  sh rub  an d  are 
d isp layed  in  a  m an n e r n o t un like  those  o f  A. ligulata. 
T he  pods o f  A. acradenia  (Fig. 2e) hang  vertically  from  
the  p lan t an d  open  from  th e ir  p ro x im al ends. O nce the

Fig. 2. Presentation o f  diaspores in white-arilled acacias: 
a A. a d o x a ; b A. aneura; c A. ram ulosa ; d  A. an cistrocarpa ; 
e A. acraden ia ; f  A. eriopoda.
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T a b l e  3. Physical and chemical properties o f arils and di
aspores of A cacia  species. Species numbers refer to the list 
in Table 1. Diaspore = seed + aril. Relative dry mass of 
aril = (dry mass of aril)/(wet mass of diaspore). Aril com
position values are means of two determinations. CHO = 
nonstructural carbohydrate. E/WMD = (energy content per 
aril)/(wet mass of diaspore). Energy values were calculated 
with the conversion factors of Brody (1945) for lipids (39.50 
kj/g) and carbohydrates (17.31 kj/g) and RickJefs (1974) 
for useable protein (17.97 kj/g); these conversion values 
were originally reported in calories per gram. ND = no data.

Aril
water

Wet Rela- con- Aril composition
mass Dry live tent (o/o o fd  mass)

Spe- of dia- mass dry (% o f __-______ -________ E/
cies spore of aril mass wet Pro- WMD
no. (mg) (mg) of aril mass) Lipid CHO tein (J/mg)

1 13.8 3.6 0.26 7.1 57.5 10.2 17.8 7.15
2 119.1 17.4 0.15 18.3 56.2 19.8 23.0 4.31
3 15.4 1.6 0.10 20.5 52.8 16.4 25.2 2.97
4 11.5 0.7 0.06 22.2 53.4 14.1 26.5 1.71
5 6.6 1.1 0.17 10.6 63.2 14.5 18.9 5.10
6 45.7 10.9 0.24 5.5 54.3 10.1 16.9 6.23
7 61.3 16.4 0.27 6.2 49.5 8.9 21.9 6.65
8 50.6 3.9 0.08 9.4 52.8 12.7 33.1 2.22
9 10.1 0.8 0.08 9.8 36.3 10.5 24.3 1.67

10 61.4 3.9 0.06 5.4 24.6 12.7 23.2 1.00
11 17.2 0.8 0.05 6.9 19.9 20.4 31.6 0.79
12 22.0 1.2 0.05 7.8 34.9 20.6 27.1 1.21
13 60.3 3.8 0.06 6.7 38.8 13.9 28.8 1.42
14 9.4 0.3 0.03 8.1 17.6 20.7 26.5 0.54
15 100.8 0.6 0.01 13.8 67.9 19.1 8.7 0.17
16 29.2 1.4 0.05 6.8 9.1 42.4 10.1 0.59
17 7.4 0.2 0.03 4.8 18.3 32.4 23.9 0.46
18 29.2 0.6 0.02 6.7 2.9 48.2 9.0 0.21
19 32.2 0.5 0.02 26.4 49.0 ND 13.3 ND

high aril water content, A. ram ulosa  (species 15) falls 
out as distinctive from the two major species groups. 
(2) The two populations o f  A. ligulata  studied (6 and 
7 vs. 8 in Table 1) clearly separate into alternate groups. 
The orange-arillate variant collected near Barrow Creek, 
Northern Territory, provisions diaspores with a mark
edly lower ratio o f  E/WMD than do the yellow and 
red-arillate plants from Sturt National Park, New South 
Wales. (3) Among the species in Group II o f Fig. 3, 
there is a significant inverse relationship between per
cent water content o f arils and E/W MD (r = 0.95, P  < 
.01; values averaged for the two variants o f .1. ligulata  
[PI]). On the other hand, percent water content is pos
itively correlated with E/W MD in Group I species (r = 
0.66, P  < .05). Both o f  these correlations are indepen
dent o f the minor contribution o f  aril water to WMD  
(x  =  0.4%, sd = 0.3% in Group I species, and x  =  2.2%, 
sd = 0.7% in Group II species [Fig. 3]). (4) Finally, the 
four species with flat papery legumes (species 14, 16, 
17, and 18, circumscribed by the dotted line) cluster 
in Fig. 3 with relatively low values o f E/WMD, al
though they are not sharply demarcated from other 
species in Group I.

The ratio o f  E/W MD is greater for species in Group
II than for those in Group I (Mann-Whitney U test:

K[6,io] =  1, two-tailed, P  < .002; data averaged for two 
variants o f A. ligulata  PI). Two major factors contrib
ute to this difference. Aril size generally increases with 
seed size, but dry mass o f  aril per unit wet mass of 
diaspore is greater among species in Group II Us =  0.5, 
P  <k .002). For this same set o f  species, arils have a 
greater lipid content as a percentage o f  their dry mass 
(U ,=  0, P  < .001), and lipid furnishes more than twice 
as many joules per gram as either carbohydrate or pro
tein. Proportionate dry mass investments in total non
structural carbohydrate (TNC) and protein do not dif
fer significantly between arils o f  the two groups o f  
species, though arils o f  Group I species tend to be 
slightly richer in protein. A cacia pruinocarpa  and A. 
victoriae are distinctive in having arils with exception
ally high TNC content and relatively low levels o f  pro
tein. If these two members o f section Phyllodineae  are 
omitted, Group I arils have proportionately greater 
protein content than those in Group II (Usl6s] = 6.5, 
P  < .026), but the classes still do not differ in per
centage TNC.

Table 1 gives the identities o f ants and birds that are 
potential agents o f  seed dispersal. (Note that data on 
birds are not our own.) While the relatively energy- 
rich arils o f  Group II species are eaten by both ants 
and birds, based on available evidence, those o f  Group 
I species are used exclusively by ants. We considered 
ants to be potential agents o f  dispersal if  they trans
ported arillate diaspores and deposited visibly undam
aged A cacia  seeds in their refuse heaps with arils re
moved. Also distinguished in this table are Acacia  
species whose diaspores were collected by R h ytido 
ponera  (m ayri species complex) from bait trays pre
sented to colonies near Cunyu, Western Australia, and 
Fowlers Gap, New South Wales.

E/WMD (J/mg)
Fig. 3. Percent water content o f aril vs. the mean energy 

reward (J) per mean wet mass o f diaspore (mg). Separation 
of species is discussed in the text. Sections of the subgenus 
P hyllod ineae. o  Phyllodineae-, • Juliflorae\ x Plurinerves.
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T a b l e  4. Comparisons of A cacia  small shrub densities under tree canopies and in the open nearby (Camp David sites I and 
II).

Plant densities (number per 38.5 m2) under:

A cacia aneura A ta laya  hem iglauca

Species Site Canopy Open Canopy Open

A. aneura I 0.70 ± 1.06
Mean ± standard deviation 

0.80 ± 1.14 0.30 ± 0.67 0.10 ± 0.32
A. tetragonophylla I 1.00 ± 1.15 0.20 ± 0.42* 4.00 ± 4.45 0.80 ±  2.20*
A. ligulata  (PI) II 0.80 ± 1.20 0.20 ±0.31**

* Comparisons between canopy and open samples are significant at P < .05 (;lls] = 2.06 for A. aneura  canopy, and fMS = 
3.51 for A. hem iglauca  canopy).

** P  < .01 (;,38, = 2.52). Tests are one-tailed for A. tetragonophylla  and A. ligulata, posited omithochores, and two-tailed 
for A. aneura, an hypothesized myrmecochore.

Most ants o f the Australian arid zone cannot be iden
tified confidently to species, but we give species groups 
where these are known. Approximate body lengths o f  
ants (measured with binocular microscope and ocular 
micrometer) were determined for representative ants 
in each genus or species complex. In order o f decreasing 
body size, these taxa are R hytidoponera  (m ayri species 
complex, 12 mm), Iridom yrm ex  (purpureus complex, 
9 mm), R hytidoponera  ( m etallica  species complex, 7 
mm), all predominantly predatory ants, and the largely 
granivorous or omnivorous genera, M elophorus (size- 
polymorphic at 3-5  mm) and Pheidole  (3 mm). Al
though Acacia  seeds surrounding the nest entrances of 
granivores sometimes appeared to be damaged, at least 
some o f the seeds had escaped any visible damage.

Seed  parasito ids

In general, rates o f infestation by seed parasitoids 
tended to be lower in species or variants with colored 
arils (species numbers 1-8, Table 1) than in those with 
white or off-white arils (numbers 9-19; £/t[7 n| = 16.5, 
P ~  .05 in two-tailed test). Yellow- and red-arillate 
variants o f  A. ligulata  (PI) were treated as a single 
population, with their parasitization percentage com 
puted as an average weighted by sample size. For each 
o f three species for which we have replicate samples 
from geographically distinct populations, we used the 
parasitization percentage associated with the largest 
sample size. In two o f three cases, this procedure biased 
us against the result we report.

Among species with colored arils, A. ligulata  (P2) 
has an exceptionally high rate o f seed parasitism. The 
clustering o f this species with white-arillate acacias in 
Fig. 3 helps to produce an even more pronounced dif
ference in rates o f seed parasitism between Groups I 
and II (f/s[6,,2] = 9.5, P  ~  .025). N o relationship is ap
parent between percentage parasitized and either taxo
nomic (sectional) affiliation or seed size (P »  .05 for 
pairwise comparisons in Mann-Whitney U test and 
Spearman Rank Correlation, respectively).

While we did not attempt to identify all the parasites 
encountered in our studies, those that emerged as adults 
were identified as chalcid wasps (Hymenoptera, Chal- 
cidae).

S m a ll shrub establishm ent

Patterns o f SS establishment should permit us to test 
for the importance o f ants and birds in the dispersal 
of individual species o f  Acacia. At Camp David site I, 
SS’s o f Acacia aneura showed no significant association 
with tree canopies (Table 4). SS’s were no more con
centrated under A. aneura  canopies (f[18] = 0.27) or 
A talaya  canopies (Jn8] =  1.13) than in open plots in the 
vicinity o f  each o f  the respective tree species. As ex
pected, however, seedlings o f  A. aneura  occurred at 
greater densities in open samples near A. aneura  trees 
than in open samples near A talaya  canopies (one-tailed 
?[l8] = 1.86, P  < .05). Acacia tetragonophylla, the pos
ited omithochore, showed a different pattern o f SS es
tablishment. Densities were significantly higher in the 
subcanopy than in open samples regardless o f tree 
species, and slightly greater beneath A talaya  than un
der the somewhat less dense canopies o f  A. aneura  
(two-tailed ;[18| =  2.06, P  ~  .05). Although these SS’s 
were more numerous on average in the open quadrats 
near A talaya  than in those in the vicinity o f  A. aneura, 
this trend was not significant (two-tailed r[18] =  0.84). 
Finally, at Camp David site II, SS densities o f a second 
hypothesized omithochore, A. ligulata  (PI), were sig
nificantly greater beneath canopies o f A. aneura  than 
in open samples (Table 4).

At the three study localities on the Olive Downs 
Homestead, SS’s o f  Acacia aneura  were no more nu
merous on R hytidoponera  mounds than in quadrats 
positioned randomly off these mounds. The SS’s o f  A. 
tetragonophylla  tended to be associated with ant 
mounds only on the treeless plain at Stony Downs (for 
comparisons o f numbers o f individuals per 'A m 2, x  =
0.55 on mounds vs. 0.00 off mounds; two-tailed ;[64| = 
3.60, P < .001). Where canopy trees were abundant, 
SS’s o f  A. tetragonophylla  showed a significant asso
ciation with the subcanopy microhabitat (x  = 6.10 vs. 
1.60; one-tailed ;[38] = 4.55, P  < .0005 at Downs Park 
and x  =  4.90 vs. 1.85; Z[38| =  2.39, P <  .025 at Downs 
South), but no association with R hytidoponera  mounds 
(/|58] =  1.36 and ;[32| =  0.67, respectively).

While we cannot compare the mean reproductive 
fitness o f individuals in subcanopy and open micro
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T able 5. Chemical properties o f soils from subcanopy and open microhabitats at Olive Downs Park, Sturt National Park, 
New South Wales. EC = electrical conductivity; P = bicarbonate-extractable phosphorus. N  = no. samples.

Micro-
habi EC Cl Na C NH. NO, P Exchangeable cations (mg/g)

tat pH (mS/cm) (mg/kg) (mg/kg) (%) (mg/kg) (mg/kg) (mg/kg) Ca Mg K Na

Subcanopy
X 6.5 0.07 53 12 0.67 10 3 22 0.42 0.10 0.20 0.02
SD 0.4 0.02 7 4 0.22 7 3 6 0.20 0.04 0.08 0.00
N 15 15 15 15 15 15 15 15 8 8 8 8

Open
X 6.5 <.06 <50 11 0.22 4 <3 15 0.38 0.14 0.16 0.02
SD 0.2 0.00 0 4 0.07 2 3 4 0.16 0.06 0.08 0.00
N 15 15 15 15 15 15 15 15 8 8 8 8

habitats, subcanopy plants as a group do not appear 
to be reproductively inhibited. Both total biomass and 
total fruiting biomass were greater on average in sub
canopy than open plots (means o f  175.9 cm 3 vs. 52.9 
cm 3 for total plant volume, and 105.6 cm 3 vs. only 
10.3 cm 3 for volume o f  fruiting plants). Only 19.5% of  
the biomass o f  plants in open microhabitats was fruit
ing, in comparison with 60.0% o f subcanopy biomass.

M icrohabita ts an d  soils

Quantities o f certain soil constituents were below the 
minimum threshold for which our analyses can give 
precise figures. Because the results o f these analyses 
were reported to us as “less than that threshold value” 
(Table 5), and means were calculated using these 
threshold figures, means slightly overestimate levels o f 
these nutrients (notably available nitrate and am mo
nium), especially in soils from open sites. However, in 
every case o f  statistically significant differences be
tween microhabitat types, this biases against our find
ing o f  nutrient concentration in subcanopy soils.

The most pronounced differences in soils from the 
two microhabitat types are in content o f  available ni
trogen and phosphorus (Table 5). Most o f  the addi
tional nitrogen available to plants beneath tree cano
pies takes the form o f ammonium (greater in the 
subcanopy by a factor o f approximately 2; P  < .05 in 
one-tailed sign test), but nitrates are also slightly more 
concentrated there (factor o f  ~1.2; P  < .05 in one
tailed sign test). Subcanopy soils are also richer in or
ganic carbon (factor o f  >3; one-tailed J[28] = 7.50, P  c  
.001) and available phosphorus (factor o f  ~1.5; one
tailed f[28] =  3.76, P  <c .001). N o other differences in 
physical and chemical properties o f  the soils are sta
tistically significant.

D iscussion  

E volved dispersal syndrom es

The Australian acacias provide an excellent oppor
tunity to search for pattern and process in the molding 
o f dispersal adaptations. The largely endemic subgenus 
Phyllodineae  has radiated in comparative isolation to

give high species richness and to dominate many hab
itats in arid Australia. Major dispersal syndromes are 
recognizable on the basis o f  just a few criteria (Table 
6), some o f  which can be judged from herbarium spec
imens. Using herbarium specimens and criteria som e
what different from our own, D. O ’Dowd and A. Gill 
(personal com m unication ) are independently separat
ing a different sample o f  A cacia  species into the same 
major dispersal categories identified here. Although 
some dispersal o f  Australian acacias undoubtedly oc
curs independently o f transport by ants or birds (see 
below), there is compelling evidence that many species 
have specialized adaptations for myrmecochory and 
omithochory.

Probable myrmecochores are characterized by dia
spores with relatively small, white or off-white arils o f  
comparatively low energy reward, and may include the 
majority o f  Australian acacias. White arils are often 
(Pijl 1982) but not always (e.g., Skutch 1980) indicative 
o f myrmecochory. Although ant vision is poorly stud
ied (Wilson 1971), at least some ants are known to be 
attracted to white coloration against a black or dark 
background (Voss 1967). Most o f our white-arillate 
species are typical o f myrmecochorous plants in drop
ping their seeds on the ground or actively presenting 
them near ground level (reviewed in Berg 1975 and 
Pijl 1982). A variety o f  omnivorous and granivorous 
ants transport the diaspores o f  Acacia, and our obser
vations confirm the generalization o f Beattie et al. (1979) 
and Horvitz and Beattie (1980) that interactions be
tween myrmecochorous plants and ants are often not 
highly specialized or species specific.

In contrast to diaspores with white arils, those with 
colored arils are eaten by birds. Avian consumers o f  
fruits and arils rely extensively on color vision in lo
cating food resources and often show preferences for 
reds and yellows (Turcek 1963, M cDiarm idetal. 1977, 
Skutch 1980). Like the arils o f  the bird-dispersed A. 
cyclops (Glyphis et al. 1981) and a number o f  neo
tropical swollen-thom acacias (Janzen 1969), those of 
Group II species here exhibit diaspores conspicuously 
in open pods, and the colored arils contrast sharply 
with black or brown seeds. Based on our sample of 
species, maximum diaspore size is greater in omith-
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T able 6. Characteristics of Group I and Group II Acacia species. E/WMD = (energy content o f aril)/(wet mass of diaspore). 
SS = small shrub.

Trait Group I Group II

Probable dispersal syndrome myrmecochory omithochory
Dispersal agents ants birds and ants
Diaspore presentation scattered on ground displayed on plant
Aril characters:

Color white or whitish-yellow red, orange, or bright yellow
Ratio E/WMD low high
% lipid low high
% protein (high)? (low)?

Seed parasitism high low
SS occurrence ant mounds (weak evidence) under perch trees of birds and on ant mounds

ochorous than myrmecochorous acacias (Table 3). 
Longitudinal orientation o f  seeds in legumes is a strong 
correlate ofom ithochory both in the species we studied 
and in an expanded sample shown in Table 7. Seed 
orientation may play a role in the display o f diaspores 
from plants, but this hypothesis remains untested.

Evidence for avian exploitation o f A cacia  diaspores 
comes from the studies o f  Forde (in press a and b), 
who has both direct observations o f birds feeding on 
A cacia  diaspores and many records o f  undamaged A ca
cia seeds in the fecal samples o f  these birds (Tables 1 
and 7). Forde has shown that at least two species in 
the Meliphagidae, the Singing Honeyeater (Licheno- 
stom us virescens) and the Spiny-cheeked Honeyeater 
(A canthagenys rufogularis), are virtual specialists on 
the arils o f certain acacias when and where diaspores 
are produced in abundance. Although Forde has es
tablished that both o f  these birds forage on diaspores 
o f A. tetragonophylla  and A. ligulata, probably only L. 
virescens is an important dispersal agent at our study 
site in Sturt National Park. The Singing Honeyeater is 
a year-round resident o f  this region, and its breeding 
season (August through December) overlaps the period 
o f diaspore production in these two A cacia  species 
(Wyndham 1978). In contrast, the Spiny-cheeked H o
neyeater is a winter resident at our site and typically 
has migrated by the end o f  October, before diaspores 
here have matured (Wyndham 1978). Nevertheless, 
this species may be an important dispersal agent o f  
Acacia  in other parts o f  its range in the central and 
southern arid regions o f  Australia. Also consuming the 
diaspores o f  A. ligulata  in other parts o f  its range are 
the Red Wattlebird (A nthochaera carunculata) and the 
Eastern Silvereye (Zosterops lateralis) (Forde, in press 
a). Finally, diaspores o f other acacias with dispersal 
adaptations similar to those o f  our Group II species 
are also eaten by birds (Table 7 and Forde [in press a 
and ft]).

Disparities in the food rewards o f diaspores in species 
Groups I and II (Table 3 and Fig. 3) are consistent 
with the probable differences in the foraging costs o f  
ants (cursorial ectotherms) and birds (flying endo- 
therms). Not surprisingly, absolute investment in aril

mass increases with diaspore mass, but Group I species 
(myrmecochores) typically provide less food reward 
per propagule than do Group II species (omithochores) 
with diaspores o f similar mass. Where Group I and 
Group II species do provision diaspores with similar 
ratios o f E/WMD, species in the latter group supply 
arils with a greater percentage water content. This water 
may function as a supplemental reward to avian dis
persal agents. However, we cannot rule out an alter
native hypothesis, that the birds do not benefit signif
icantly from the added water but are attracted to arils 
with relatively high water content because these appear 
larger and more valuable than they actually are. The 
four avian-dispersed species with greatest aril water 
content (species 4, 3, 2, and 5) occur across the northern 
arid zone (Maslin and Pedley 1982), where cyclonic 
summer storms result in relatively high mean annual 
rainfall. In contrast, A. tetragonophylla  and A. ligulata  
are distributed throughout the more xeric central arid 
zone.

The chemical composition o f  arils in myrmeco
chores and omithochores studied here is similar to that 
reported for other plants adapted for dispersal by ants 
(Bresinsky 1963) and birds (McDiarmid et al. 1977), 
respectively. The exception is the much lower aril water 
content o f xerophytic Australian acacias (Table 3) in 
comparison with literature reports for two myrmeco
chorous mesophytic herbs o f  temperate forests (84.3 
and 90.7%) and an omithochorous rain forest tree 
(78.5%). Like our own data, those from McDiarmid et 
al. (1977) reveal a relatively large investment by or- 
nithochores in energy-rich lipids, possibly essential at- 
tractants for dispersal agents with the high metabolic 
demands accompanying endothermy and flight. On av
erage, protein content is slightly higher in the myr
mecochorous acacias than in either omithochorous 
acacias (this study) or omithochorous tropical trees 
(10.9 and 15% in McDiarmid et al. 1977). While the 
energetic costs o f foraging are probably lower for ants 
than for birds, ants probably channel a greater pro
portion o f their resources directly into brood, and their 
demand for protein should be relatively high. Carroll 
and Janzen (1973) have argued that food bodies o f
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myrmecochorous plants may m imic the chemical com 
position o f the insect prey o f  ants. A number o f the 
genera o f ants listed in Table 1 are known to forage on 
insects or seeds that are likely to contain relatively high 
levels o f protein.

Two factors suggest that dispersal adaptations are 
evolutionarily labile as selection pressures change over 
space and time. First, diaspores o f  at least one species, 
A. ligulata, exhibit geographic variation, resembling 
those o f myrmechores in one population and those of 
omithochores at a second locality. Second, dispersal 
modes are not taxonomically conservative features of 
the major systematic subdivisions o f subgenus P hyl
lodineae. This is true whether we look only at the rel
atively few species included in our study, or whether 
we examine an expanded sample drawn from the lit
erature and limited surveys o f  herbarium specimens. 
Table 7 lists, by sectional affiliation, a number o f species 
whose diaspores and/or legumes mark them as prob
able omithochores. (Space does not permit a listing o f  
the many presumed myrmecochores identified in each 
section.) O f seven major taxonomic sections, the Ju- 
liflorae, Plurinerves, and Phyllodineae  contain the ma
jority o f all species («  190, 140, and 290, respectively 
[Maslin and Pedley 1982]). The omithochorous phe
notype is common in each o f  these sections (Tables 1 
and 7 and Fig. 3). Within the section Phyllodineae, the 
ligulata  complex o f  closely related species (some or all 
o f which tend to intergrade into other members o f the 
group, B. Maslin, personal com m unication) accounts 
for 10 o f  the 13 omithochores listed for this section in 
Table 7.

Species that apparently lack functional arils also oc
cur in the three major taxonomic sections. In A. ra- 
mulosa, relatively large seed size and low aril protein 
content separate this species from myrmecochores, 
while the very low ratio o f E/W MD suggests that di
aspores would be unattractive to birds. The aggregation 
o f many weathered but unopened legumes beneath par
ent plants is also consistent with the apparent lack of 
adaptations for dispersal by ants and birds. Based on 
examination o f herbarium specimens, absence o f  func
tional arils also occurs in the Juliflorae (A. ram ulosa  
and A. trachycarpa), the Phyllodineae (A. juncifolia  
and A. peuce), and the Plurinerves (A. anaticeps and 
A. cam bagei).

Despite the fact that evolved characteristics o f A ca
cia  species tend to mark them as specialists on either 
ants or birds as agents o f  dispersal, some species are 
clearly dispersed by various means. The four Group I 
species clustered within the dotted enclosure o f  Fig. 3 
all have flat, papery legumes that may be widely dis
persed by water as well as transported short distances 
by ants. In arid central Australia, A. victoriae  occurs 
frequently along intermittent watercourses, where its 
seeds may be carried by water. The spherical shape and 
unusually thick seed testae o f  this species (Cavanaugh
1980) may be adaptive for this form o f dispersal. Di-

Table 7. Posited omithochores (by sectional affiliation within 
the subgenus Phyllodineae) based on the literature, herbar
ium specimens and this study. ND = no data.

Species AC* OSP* Sourcet

Juliflorae
auriculiform is O T a
cow leana Y L b
holosericea Y L b
leptocarpa Y L a
sophorae WY L d ( l ,2 ,  3, 5), f
pellita Y L c
sessilispica Y L c
solandri ND L a
tenu issim a O L b

P hyllodineae
am pliceps RO L c
ashbyae Y L c
bivenosa R L c
ligulata RY L b, d (1, 2, 3, 5), f
afF. sclerosperm a  (Shark

Bay, West Australia) O ND c
ligustrina ND ND c
m errallii Y ND c
rostellifera RY L c
salicina R L c, f
tetragonophylla Y L b, d (1, 2)
tysonii R L c
validinerva YW L f
xan th ina Y L c

Plurinerves
colletoides Y L c, f
coriaceae Y L c, f
m elanoxylon P L c, d (4, 5), f
nyssophylla Y ND c, d (1)
oraria R L a
osw aldii YO L c ,d ( l , 2 ) , f
roycei ND ND c

* AC = aril colors; OSP = orientation of seed in pod. Des
ignations for AC and OSP as in Table 1, and P = pink.

t  Sources: a = Pedley 1975; b = this study; c = examina
tion of herbarium specimens; d = Forde’s evidence (in press  
a  and b) that diaspores are taken by birds, including: (1) 
Singing Honeyeaters (L ichenostom us virescens)\ (2) Spiny- 
cheeked Honeyeaters (A canthagenys rufogularis)\ (3) Red 
W attlebirds (A n th och aera  caru n cu la ta )\ (4) Yellow-faced 
Honeyeaters (L ichenostom us chrysops) and (5) Eastern Sil- 
vereyes (Zosterops la teralis); e = Glyphis et al. 1981; f = 
Whibley 1980. Species inclusions based on aril color, relative 
size of aril, and pod morphology.

aspores o f  many omithochores are transported by ants 
as well as birds. Workers collect these diaspores avidly 
when offered in bait trays, gather naturally available 
diaspores (Table 1) and can influence the distribution 
o f establishing seedlings. Finally, there is no necessary 
correlation between the number o f  seeds dispersed by 
a particular physical or biological agent and the value 
o f that form o f dispersal. Without data to evaluate the 
success o f  seeds dispersed by various agents, classifi
cations based on morphological and chemical adap
tations for dispersal probably give the best support 
(albeit indirect) for the importance o f  a particular dis
persal mode.
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Our evidence for the role o f dispersal in determining 
SS shadows is less than complete. SS’s o f  the ornith- 
ochorous A. tetragonophylla  are disproportionately 
abundant on nest mounds o f R hytidoponera  sp. B as 
well as in subcanopy microhabitats. However, A. aneu
ra, the single myrmecochore studied, is not associated 
with either o f these sites. Diaspores o f  A. tetragono
phylla  are preferred over those o f  A. aneura  by large 
ants in the genus Rhytidoponera  (D. W. Davidson, 
personal observation). Arils o f A. aneura  offer a rela
tively low energy reward (Table 3 and Fig. 3), and we 
have observed only small-bodied ants in the genera 
M elophorus and Pheidole foraging for this species’ di
aspores. Because nest mounds o f  these ants are moved  
frequently (in sharp contrast to the long-lived R h yti
doponera  mound microhabitats), we were unable to 
detect associations between any Acacia  species and the 
mounds o f  these ants, though we did find seeds dis
carded in refuse heaps (Table 1). Experiments or long
term studies o f marked nest positions (e.g., Majer 1982) 
will be necessary to elucidate the influence o f M elo
phorus and Pheidole  species on seedling shadows in 
myrmecochorous acacias.

The pattern o f seedling establishment is probably 
affected both by dispersal and by microhabitat heter
ogeneity that determines growth and survivorship. An 
observation pointing to the importance o f  dispersal per 
se is the more pronounced association o f A. tetragon
ophylla  with R hytidoponera  mounds on the treeless 
plain (Table 4), where there are fewer birds than in 
neighboring habitats with greater vegetation height di
versity (Wyndham 1978). Interestingly, R hagodia nu
tans and E nchylaena tom entosa, two perennial salt- 
bushes with fleshy red and yellow fruits, respectively, 
showed this same pattern o f  distribution across our 
study sites at Olive Downs (D. W. Davidson and S. R. 
Morton, personal observation). Some evidence indi
cates that mound and subcanopy sites may also rep
resent especially favorable microhabitats. Both myr
mecochorous and closely related nonmyrmecochorous 
chenopods growing on nest mounds o f R hytidoponera  
sp. B were much larger on average than conspecifics 
located off the mounds (Davidson and Morton 1981 b). 
In comparison with nearby sites in the open, subcanopy 
microhabitats commonly show more luxuriant growth 
o f Acacia  and other plants such as the saltbushes E n 
chylaena tom entosa, Rhagodia nutans, and Sclero- 
laena diacantha, and more prolific fruiting in A. te tra 
gonophylla.

Subcanopy and mound microhabitats share at least 
two attributes that may account for their favorable 
effect on plant establishment and growth and may ul
timately account for the evolution o f  dispersal mech
anisms that concentrate seeds in these locations. First, 
moisture stress may be less severe in these microhab
itat types than in open microhabitats. Tree canopies

E cological correlates o f  dispersal shade plants from high midday temperatures and slow  
transpirational losses (Slatyer 1965). Rainfall penetra
tion in the soil is greater in subcanopy than in open 
microhabitats, both because shade reduces evaporative 
losses (Pressland 1976), and because the characteristic 
growth form o f mulga (A. aneura) channels rainfall 
down the tree trunk and allows greater moisture infil
tration near its base (Slatyer 1961, 1965, Pressland
1978). Rainfall may also penetrate to a greater depth 
on ant mounds than in surrounding soil, because the 
excavation activities o f  ants reduce soil compaction 
(Davidson and Morton 1981 a). Finally, the greater or
ganic content o f mound and subcanopy soils (see be
low) increases moisture-holding capacity o f  these soils. 
Mound soils from nests o f  R hytidoponera  sp. B at Fow
lers Gap, New South Wales, absorb on average 1.7 
times more water than do off-mound soils, after soils 
are oven-dried to constant mass, and they lose this 
water more gradually (D. W. Davidson, personal ob
servation).

Nutrient availability is a second factor that may in
fluence microhabitat favorability. Soils o f the Austra
lian arid zone are notably ancient, leached, and poor 
in mineral content, particularly in nitrogen and phos
phorus content (Beadle 1966, Charley and Cowling 
1968, Leeper 1970, Williams and Andrew 1970, Beard 
1976). Favorable moisture conditions should facilitate 
nutrient uptake on ant mounds and subcanopy soils, 
but nutrients are also measurably more concentrated 
in these two microhabitats. While the discussion below 
emphasizes availability o f nitrogen and phosphorus, 
other important elements probably have similar pat
terns o f  distribution.

A great deal o f  evidence has shown that nutrients 
are concentrated on the nest mounds o f many ants. At 
Fowlers Gap, mean concentrations o f  phosphorus and 
available nitrogen are greater by factors o f  > 3 and 
> 200, respectively, in soils from mounds o f  R h yti
doponera  sp. B than in off-mound soils nearby (Da
vidson and Morton 1981a). Briese (1982) has also doc
umented concentration o f  nutrients and organic matter 
on the mounds o f  many omnivorous and granivorous 
ants in a saltbush shrubland in western New South 
Wales. Representatives o f  genera with relatively m o
bile nest entrances (e.g.. Pheidole, Chelaner, and M el
ophorus) probably concentrate nutrients to a lesser de
gree than does R hytidoponera  sp. B, though this cannot 
be judged adequately from Briese’s small sample sizes. 
Nest surfaces o f  ants in the Iridom yrm ex  purpureus 
species complex are distinctive in being formed from 
deep, nutrient-poor soils (Briese 1982) and are typically 
barren o f vegetation (Ettershank 1971). These species 
collect the diaspores o f several A cacia  species (Table
1) and may be parasites o f the mutualistic interactions 
between ants and plants.

Our data demonstrate that available forms o f nitro
gen and phosphorus and organic carbon are also con
centrated (though to a lesser degree) beneath the can-
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opies o f nurse trees. Several factors may be involved  
in producing this nutrient mosaic. First, the large con
tribution o f ammonium to available nitrogen in sub
canopy soils suggests that nutrients may accumulate 
here via transport to these microhabitats by kangaroos. 
At Camp David site I in Sturt National Park, the fecal 
pellets o f kangaroos were on average nine times more 
concentrated in the subcanopy than in open areas near
by (D. W. Davidson and S. R. Morton, personal ob 
servation). Nitrogen transport to these microhabitats 
through urination could be o f even greater magnitude; 
depending on diet, kangaroos may lose up to six times 
more nitrogen daily through urination than through 
defecation (McIntosh 1966). Because kangaroo popu
lations in Sturt National Park are artificially high and 
exceed those in most other parts o f arid Australia 
(Caughley et al. 1980), nitrogen may be somewhat more 
concentrated in subcanopy microhabitats on our study 
plots than in other areas o f the Australian arid zone. 
Conditions promoting the mineralization o f  nutrients 
may also enhance nutrient availability in subcanopy 
soils. Carbon/nitrogen ratios favorable for nitrification 
occur beneath trees and shrubs as a result o f litter ac
cumulation (Perry 1970, Rixon 1971). The greater soil 
moisture in this microhabitat can promote both the 
mineralization o f nutrients (e.g., Rixon 1968) and root 
nodulation in the presence o f  appropriate rhizobia 
(Beadle 1964). Finally, omithochorous plants may ob
tain a nutrient advantage in the early stages o f  estab
lishment simply by association with bird feces (Noble
1975, Glyphis et al. 1981). Relatively high nutrient 
levels may be most crucial for Acacia  during this early 
(prenodulation) stage.

Elsewhere (Davidson and Morton 1981a), we have 
suggested that the high frequency o f myrmecochory in 
the Australian flora (e.g., Berg 1975) may reflect natural 
selection favoring plants that direct their seeds to nu
trient-rich microhabitats, in a background o f generally 
poor soil quality. Myrmecochory has been demonstrat
ed or inferred in many important arid zone plants, 
including a number o f semiperennial saltbushes (Chen- 
opodiaceae; Davidson and Morton 198 la) and grasses 
in the genera Ichnanthus (P. Latz, personal com m u 
nication) and Triodia  (Sernander 1906). Thus, its oc
currence in Acacia, the dominant genus o f  arid zone 
trees and shrubs, is not unexpected. Similarities be
tween microhabitats colonized by ant-dispersed and 
bird-dispersed propagules could have facilitated evo
lutionary transition from myrmecochory to ornitho- 
chory. In addition to A. tetragonophylla, at least two 
other species with red and yellow (E nchylaena tom en- 
tosa) and red (R hagodia nutans) fruits tend to grow in 
association with both ant mounds and subcanopies of 
nurse trees (D. W. Davidson and S. R. Morton, p er
sonal observation). Because concentration o f seeds in 
favorable microhabitats could increase their suscepti
bility to vertebrate seed predators, the insignificance 
o f small mammals as granivores in the Australian arid

zone (Morton 1979) may have been an important ad
ditional factor facilitating the evolution o f  these forms 
o f dispersal (Davidson and Morton 1981a).

Although both myrmecochory and omithochory may 
function to position seeds in environments favorable 
for seedling establishment, the extent to which selec
tion favors one syndrome o f dispersal adaptations over 
another should depend on the relative costs and ben
efits o f these adaptations to individuals o f a particular 
species. Endothermy and flight are energetically de
manding, and plants expend more energy per milligram 
o f propagule for bird dispersal than for dispersal by 
ants. The greater cost o f  provisioning diaspores for 
omithochory may be counterbalanced by one or more 
o f several advantages. We consider two possible ad
vantages below.

First, parasitoid loads are lower on average in seeds 
ofavian-dispersed (i.e., Group II) acacias. Janzen (1969) 
suggested that many seeds o f  neotropical bird-dis
persed acacias may escape mortality from seed para
sitoids, because the larvae o f  bruchids (Coleoptera, 
Bruchidae) are destroyed in the avian digestive tract 
before the viability o f infested seeds is impaired. Under 
Janzen’s explanation, rates o f parasitoid infestation may 
be low or high, but larvae cause little damage to seeds 
in either case. We must postulate a slightly different 
mechanism for two reasons. First, we measured dif
ferent levels o f damage to the seeds o f myrmecochores 
and omithochores prior to removal o f  seeds by ants or 
birds. Thus, rates o f parasitoid infestation must be 
generally lower in omithochores than in myrmeco
chores. Second, the seed parasitoids we detected either 
caused seed abortion at early stages o f  development or 
were nearing emergence at the time plants were dis
playing mature diaspores. There are few indigenous 
bruchids in Australia (Southgate 1978), and both our 
results and those o f  Preece (1971a, b) suggest that chal- 
cid wasps are prominent seed parasitoids o f Acacia  
here. In contrast to many bruchids, chalcid larvae tend 
to develop in very young seeds (Malyshev 1968). We 
hypothesize that the low parasitoid loads in seeds of 
bird-dispersed Australian acacias may occur because 
high predation on parasitoids by avian dispersal agents 
during previous fruiting seasons helps to maintain gen
erally low parasitoid populations and low rates o f seed 
infestation. In comparison to birds, the large om niv
orous ants and relatively small granivores that we ob
served transporting Acacia  seeds may be slower to re
move diaspores and unable to crack the hard seed testae 
to extract parasites. This hypothesis is tenable only if  
parasitoid populations are highly localized to particular 
host plants in successive years.

Second, omithochorous acacias may benefit from 
subsidiary dispersal by ants under certain circum
stances. Dispersal by ants may be particularly impor
tant where a paucity o f adult trees results in reduced 
bird densities or during the early establishment o f pop
ulations when fruiting biomass may be inadequate to
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attract birds. Birds may occasionally or even regularly 
drop seeds from their perches with part o f  the aril still 
attached. Since ants collect the diaspores o f A. tetra- 
gonophylla and A. ligulata (PI) even after most o f  the 
aril has been removed, plants may benefit from two- 
stage dispersal that positions seeds on ant nests beneath 
trees. Because o f the ubiquity o f  large Rhytidoponera  
in arid Australia (Greenslade 1979), some dispersal 
should occur to satisfactory microhabitats despite spa
tial and temporal patchiness in the availability o f  avian 
dispersal agents. In the final analysis, however, only 
long-term experimental studies will enable us to un
derstand the benefits that acacias derive from seed dis
persal by ants and birds.

In recent years, concern has arisen over the wide
spread failure o f  establishment in some dominant arid 
zone perennials (Hall et al. 1964, Charley and Cowling 
1968, Preece 1971a, Burrows 1973, Crisp and Lange
1976, Moore 1976, Lange and Willcocks 1980). G eo
graphically, the distribution o f  A. aneura has contract
ed during recent history (Nix and Austin 1973). Crisp 
(1978) reports that even after release from grazing, 
regeneration o f mulga requires an exceptional sequence 
o f climatic events. Dispersal interactions can have con
siderable impact on the local distribution and abun
dance o f various plants (Beattie and Culver 1981, Da
vidson and Morton 1981a, and this paper). Our data 
suggest that the establishment o f  some common arid 
zone perennials depends on microenvironmental con
ditions that may be permanently altered by disturbing 
populations o f dispersal agents, by destroying adult 
trees, or by allowing these trees to die without replace
ment because o f  heavy grazing pressure. Management 
practices designed to encourage regeneration o f  the arid 
zone flora should take into account the ecology o f  dis
persal and early establishment.
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