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Abstract: Intraspeciﬁc synchrony in the phenology of tropical forest trees has implications for satiation of browsers
and seed predators, pollination, dispersal and interpreting plant responses to environmental cues and stresses.
Community phenological studies have been constrained in their consideration of these issues by the lack of concise
quantitative measures of intraspeciﬁc synchrony. We propose a novel application of Colwell’s predictability indices
to overcome this deﬁciency. Its application is demonstrated by evaluating the leaf and reproductive phenologies of
8–16 individuals of each of 20 monsoon forest tree species from northern Australia monthly for 30 mo. The indices
yielded substantial additional information over that provided by summaries averaged amongst conspeciﬁcs. Marked
intraspeciﬁc asynchronies in leaf ﬂush or ﬂowering occurred in ﬁve evergreen species and two deciduous ﬁg species,
and were associated with prolonged individual commitments to these states. Five partly deciduous species exhibited
marked intraspeciﬁc variation in the seasonal extent of leaf loss. We interpret the observed variation in intraspeciﬁc
synchrony in terms of contrasting water-use and pollination strategies. The synchronicity indices are concise and
robust to small and variable sample sizes, and may thus enhance studies of species-rich assemblages.
Key Words: Colwell’s predictability index, deciduousness, dry season, Ficus, ﬂowering, fruiting, intraspeciﬁc asynchrony,
leaf ﬂush, moisture limitation

INTRODUCTION
Phenological events in tropical trees may be cued by day
length (Rivera & Borchert 2001, Rivera et al. 2002) or
driven or modiﬁed by rainfall and other weather events
(Borchert et al. 2002, Holbrook et al. 1995). However,
there is no a priori necessity that conspeciﬁcs will respond identically to these cues. Intraspeciﬁc synchrony
may arise accidentally in the sense that individuals
derive similar independent beneﬁts from response to cues.
Thus, if deciduous trees are under selective pressure to
maximize the portion of the year in which they are photosynthetically active (Miranda et al. 2005), simultaneous
release from the constraints of the dry season may
yield synchronous leaf ﬂush (Lieberman & Lieberman
1984). Alternatively or additionally, individuals may
gain ﬁtness advantages by synchronizing phenophases
with conspeciﬁcs and/or neighbours. These advantages
may arise through cross-pollination (Augspurger 1981,
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Calabrese & Fagan 2004, Morellato 2004), mutual attraction of dispersal agents (Howe 1980, Thies & Kalko
2004), and satiation of browsers and seed predators
(Aide 1988, 1992; Curran & Leighton 2000, Shibata
et al. 2002, van Schaik et al. 1993). In contrast, and
with the notable exceptions of ﬁgs (Ficus spp.) (Harrison
et al. 2000, Janzen 1979, Milton et al. 1982), intraspeciﬁc asynchrony is often regarded as accidental and
maladaptive, and its possible advantages have received
little attention. Primack (1985) discussed the situations
in which intraspeciﬁc asynchrony may arise, whilst
Dominguez et al. (2005) noted that synchronous ﬂowering and fruiting may reduce gene ﬂow by satiating
pollinators and frugivores.
Asynchrony amongst conspeciﬁcs is more prominent
in the wet tropics than the seasonally dry tropics
(Borchert 1998, Bullock 1995, Frankie et al. 1974, Reich
1995), suggesting that the constraints of an intense dry
season are major drivers of synchrony. However, there
are remarkably few community phenological studies in
either environment that consider levels of intraspeciﬁc
synchrony, and even fewer that do so systematically and
quantitatively. Newstrom et al. (1994a, b) argued that
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all community phenological studies should commence
with assessment at the level of individuals or even lower
(e.g. branches). Singh & Kushwaha (2005) identiﬁed
asynchrony as a key phenological issue requiring
attention in the seasonally dry tropics.
Evaluation of intraspeciﬁc synchrony in community
studies may be constrained by the speciose nature of
many tropical forests and thus the often small number
of replicate individuals of each species. Measures of
synchrony are needed that are concise and robust to
both small and variable sample sizes. Lieberman &
Lieberman (1984), Bullock & Solis-Magallanes (1990)
and Newstrom et al. (1994a, b) employed graphic
techniques that are not sufﬁciently concise to be applied
to species-rich communities. Devineau (1999) and
Kushwaha & Singh (2005) employed a synchronicity
index in which the mean length of individual phenophases
was divided by the length of the species phenophase.
This allows comparison of species, but is sensitive to
sample size, the denominator increasing with sample
size whilst the numerator does not. Primack (1980) and
Augspurger (1983) developed a synchronicity index for
ﬂowering activity which they applied to three and six
species respectively but which appears to have wider
application in community phenological studies.
In this study, we present a concise index of intraspeciﬁc
synchrony based on phenological states (cf. activity).
The index is based on Colwell’s (1974) measure of predictability. We demonstrate its application with a comparison of 20 species of monsoon forest tree from northern
Australia, in which 8–16 individuals of each species
were assessed monthly for 30 mo for leaﬁness, leaf
ﬂush, ﬂowering and fruiting. Data are ﬁrst presented as
time-series summaries in which phenological states are
averaged across individuals for each species. We then
consider the additional information that may be garnered
from the dataset by the quantitative and qualitative
assessment of intraspeciﬁc synchrony. We also brieﬂy
consider the implications of intraspeciﬁc asynchrony in
seasonally dry tropical environments.

the analysis of cyclic repeatability in time series where
the data are categorical. Putz (1979) and WilliamsLinera (1997) applied the index to annual phenological
cycles. We propose a novel application in which individuals are replicates instead of cycles (Table 1), so that
Colwell’s P becomes a measure of predictability in space –
synchrony.
Colwell’s P ranges from zero – no predictability, to
one – total predictability. Furthermore, Colwell’s P may
be partitioned into the two sources of predictability,
constancy (C) and contingency (M) such that C + M = P.
In an evergreen tree, for example, predictability in canopy
state arises from the constant state of that canopy, so that
C = 1, M = 0 and P = 1. Predictability in synchronized,
seasonal ﬂowering may arise from a combination of
contingency (ﬂowering state is contingent on the time
of year) and constancy (ﬂowering states may persist
for more than one recording interval during the study
period) (Table 1). Flowering with low predictability in
which constancy is the major component demonstrates
extended, asynchronous ﬂowering.
Data are prepared in an array in which sampling
intervals are columns, states are rows and cells express the
number of individuals (number of cycles in the original
application) in which state y was encountered at interval
x (Table 1). From Colwell (1974) and Stearns (1981), the
indices are calculated as follows.
Let
s = the number of states,
t = the number of times.
s

Ni j
X j = the column totals =
Yi = the row totals =

i =1

Ni j

j =1

Z = the grand total =


i

j

Ni j =



Xj =



j

Yi

i

From information theory, the uncertainty with respect to
time is

THE SYNCHRONICITY INDEX
Colwell (1974) proposed an index of predictability, often
referred to as ‘Colwell’s P’, that has been applied in

t


H (X) = −

t


(X j/Z ) log(X j/Z ),

j =1

Table 1. Example array of data (ﬂowering in 10 individuals of Syzygium nervosum assessed monthly for 30 mo) ready for the calculation of Colwell’s
(1974) measures of predictability, constancy and contingency. Cell values are the number of individuals, in which context Colwell’s P is an index
of synchrony. For this array, Colwell’s P = 0.77 and comprises constancy C = 0.18 (23% of P) and contingency M = 0.59 (77% of P). Thus, S.
nervosum ﬂowered discontinuously and rather synchronously.

States

1 2

3

4

5

6

7

8

Month
Row
9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 totals

Not ﬂowering 3 3 10 10 9 8 10 10 10 10 – – – 7 10 10 10 10 10 10 10 2 1 1 7 8 10 10 10 10
Flowering
2 7 – – 1 2 – – – – 10 10 10 3 – – – – – – – 8 9 9 3 2 – – – –
Column totals 5 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

219
76
295

Intraspeciﬁc phenological synchrony

the uncertainty with respect to state is
H (Y) = −

s


(Yi /Z ) log(Yi /Z ),

i =1

and the uncertainty with respect to the interaction of time
and state is

H (XY) = −
(Ni j/Z ) log(Ni j/Z ).
i

j

Then
Synchronicity (P ) = C + M
= 1 − [H (XY) − H (X)]/ log(s),
Constancy (C ) = P − M = 1 − H (Y)/ log(s), and
Contingency (M) = P − C
= [H (X) + H (Y) − H (XY)]/ log(s).
Raveh & Tapiero (1980) provided simpler, alternative
formulations for P, C and M based on modes.
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Table 2. Study species with number of individuals (n) tagged in wet and
dry monsoon forests.
n
Species
Buchanania arborescens (Blume) Blume
Canarium australianum F. Muell.
Carallia brachiata (Lour.) Merr.
Carpentaria acuminata (H. Wendl. &
Drude) Becc.
Cupaniopsis anacardioides (A. Rich.)
Radlk.
Diospyros calycantha O. Schwarz
Diospyros compacta (R.Br.) Kosterm.
Drypetes deplanchei (Brongn. & Griseb.)
Merr.
Elaeocarpus arnhemicus F. Muell
Exocarpos latifolius R.Br.
Ficus racemosa L.
Ficus virens Aiton
Gmelina schlechteri H.J. Lam
Maranthes corymbosa Blume
Miliusa brahei (F. Muell.) Jessup
Mimusops elengi L.
Myristica insipida R.Br.
Strychnos lucida R.Br.
Syzygium nervosum DC.
Terminalia microcarpa Decne.

Family
Anacardiaceae
Burseraceae
Rhizophoraceae
Arecaceae

wet dry
11
0
5
8

0
12
9
0

Sapindaceae

0

11

Ebenaceae
Ebenaceae
Euphorbiaceae

6
2
0

6
10
11

0
0
10
11
8
9
0
0
9
3
10
10

9
10
0
0
0
0
8
9
0
8
0
6

Elaeocarpaceae
Santalaceae
Moraceae
Moraceae
Verbenaceae
Chrysobalanaceae
Annonaceae
Sapotaceae
Myristicaceae
Loganiaceae
Myrtaceae
Combretaceae

METHODS
STUDY AREA AND SPECIES
Data collection
Data were collected in four small monsoon-forest patches,
two spring-fed and two seasonally dry, embedded in a
savanna matrix on the low-lying Gunn Point Peninsula
(12◦ 24 S, 131◦ 02 E), 40 km north-east of Darwin in
the monsoonal ‘Top End’ of the Northern Territory,
Australia. Three seasons are recognized for the purpose
of this paper, the wet season (December–April), the dry
season (May–September) and the dry-wet transition (the
pre-monsoonal or ‘build-up’ period, October–November)
(McDonald & McAlpine 1991). Mean annual rainfall is
1691 mm at Darwin based on 57 y of data, with 84.6%
falling in the wet season, 2.8% in the dry season and
12.6% in the dry-wet transition months. Rainfall during
the dry-wet transition is particularly unpredictable (Cook
& Heerdegen 2001). Mean daily minimum temperatures
range from 19.3 ◦ C in July to 25.3 ◦ C in November, with
corresponding maximums of 30.4 and 33.1 ◦ C.
As this study forms part of a larger study into the role of
vertebrates in maintaining viability in populations of tree
species which occur in only small numbers in any given
patch (Bach & Price 2005, Shapcott 2000), the species
considered (Table 2) are all zoochorous, being selected
for their relevance to mobile vertebrates, namely birds
and ﬂying foxes (Pteropodidae). Community phenological
patterns with no species-speciﬁc information were
presented by Bach (2002).

Eight to sixteen mature individuals of each of 19 species of
tree and one arborescent palm, 211 individuals in total,
were tagged along transects (Table 2). Only females of
dioecious species were tagged.
Phenological assessments were conducted by CSB in
the ﬁrst half of the month for each of the 30 mo of the
study period. Assessments were visual estimates following
examination of the individual canopy, using binoculars
or telescope where needed. Phenological characters
estimated were: % canopy fullness; % of canopy consisting
of new leaves, number of ﬂowers, number of fruits, and
% of fruits that were unripe/ripe, the latter based on
fruit colour. Per cent classes were to the nearest 10%,
whilst numeric estimates were in classes of 0, 1–10,
11–50, 51–100, 101–500, 501–1000, . . . . 1 000 001–
5 000 000.
The following exceptions to the above are noted. Leaf
phenology was not assessed for the palm Carpentaria
acuminata because visibility of new fronds was obscured
by the older fronds – the species is evergreen (pers. obs.).
Flowering in Ficus spp. was not assessed because the
ﬂowers are aggregated within a syconium that is indistinguishable from an unripe fruit (Janzen 1979) – such observations are here treated as unripe fruit. No specimens of
Gmelina schlechteri were assessed in November 1994.
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Analysis

Canopy synchrony

For quantitative analysis other than the synchronicity
indices, ﬂowering and fruiting abundance estimates were
converted to classes 0, 1, 2, 3, 4, 5, . . . . 14 corresponding
to the numeric estimate classes above. As indicated by
subsequent fruiting, ﬂowering was under-reported in
Drypetes deplanchei, Miliusa brahei and Myristica insipida.
These species along with Ficus spp. have therefore been
deleted from most quantitative analyses but the available
data are included in Figure 1. For each phenological
parameter, species averages were calculated for each
month.
The synchronicity indices P, C and M were calculated
for each of canopy fullness, leaf ﬂush, ﬂowering and
fruiting following Colwell (1974). Because of the number
of combinations (20 species by four phenological
measures) we generated a simple computer program to
perform the calculations. We recognized two states for
each phenological parameter. Canopies were treated as
either full (deﬁned as ≥ 85%) or not. Leaf ﬂush, ﬂowers
and fruit were either present or absent, presence of leaf
ﬂush being deﬁned as ≥ 5% of the canopy.
We use the term ‘deciduous’ as a description, deﬁned as
any species in which some individuals lost at least 50% of
their canopy; there is no a priori implication concerning
functional type (cf. Singh & Kushwaha 2005).

Synchronicity indices for canopy state and leaf ﬂush
(Table 3) illustrate variation in canopy strategy (Figure 2).
The two Ficus spp. are clearly aberrant. Canopy state
was (by deﬁnition) highly synchronous in evergreen
species (Colwell’s P > 0.95), and was also moderately
high in deciduous species (P: 0.79–0.90) except the Ficus
spp. Extreme asynchrony of canopy state in F. virens
was the product of variation among individuals in the
commencement of leaf loss and thus of the period with
less than full canopy (mean = 2.1 mo y−1 , range 0–9).
Leaf ﬂush was moderately synchronized in deciduous
species (P: 0.57–0.85) except F. racemosa (P: 0.31), but
variable amongst evergreens (P: 0.34–0.77) with two
discrete leaf ﬂush strategies evident (Figure 2). A strong
negative relationship between the per cent of time
in leaf ﬂush and its synchrony (Figure 3a; n = 19
spp., r = −0.81; ANCOVA F = 29.1, P  0.001) did not
differ signiﬁcantly between deciduous and non-deciduous
species (F = 0.14, P = 0.72).
Evergreen and seasonally deciduous species form a continuum from canopy constancy to contingency (Table 3:
evergreen species, C/P: 94–100%; partially deciduous
species, C/P: 23–85%; fully deciduous species, C/P: 12–
13%). Examination of individual records of partially
deciduous species demonstrates much variability within
species in the seasonal extent of canopy loss. We are
unable to establish helpful interpretations for C/P and
M/P for leaf ﬂush.

RESULTS
Reproductive patterns from species-average data
Canopy patterns from species-average data
Twelve species were evergreen or very nearly so
(Buchanania arborescens, Carallia brachiata, Carpentaria
acuminata, Cupaniopsis anacardioides, Diospyros calycantha,
Diospyros compacta, Disopyros deplanchei, Exocarpos
latifolius, Maranthes corymbosa, Mimusops elengi, Myristica
insipida, Syzygium nervosum). Two species were more or
less fully deciduous during the mid-to-late dry season
(Canarium australianum, Miliusa brahei), whilst ﬁve were
partially deciduous at that time (Elaeocarpus arnhemicus,
Ficus virens, Gmelina schlechteri, Strychnos lucida,
Terminalia microcarpa). Ficus racemosa was brevideciduous
with canopy reduction concentrated in the late-wet or
early dry season in most individuals (Figure 1).
In most deciduous and some evergreen species, leaf
ﬂush was brief and coincident with, or up to 3 months
before, the onset of the wet season, earliest in the evergreen S. nervosum (Figure 1). The evergreens C. brachiata
and M. elengi ﬂushed at low levels throughout the
wet season, whilst the evergreens C. anacardioides and
E. latifolius and the deciduous F. racemosa ﬂushed at low
levels for most of the year.

Fourteen species had well-deﬁned ﬂowering periods
which collectively spanned the entire year, though most
ﬂowered between the middle of the dry season and the
middle of the wet season (Figure 1: B. arborescens, C. australianum, C. brachiata, C. anacardioides, D. calycantha,
D. compacta, D. deplanchei, E. arnhemicus, G. schlechteri,
M. elengi, M. corymbosa, S. lucida, S. nervosum, T. microcarpa). Carpentaria acuminata and E. latifolius ﬂowered
throughout the year though C. acuminata exhibited seasonal ﬂuctuations in abundance with peak activity in the
late dry season. Fruiting patterns suggest that M. brahei
may also have had a well-deﬁned ﬂowering period but that
F. racemosa and F. virens did not. The ﬂowering seasonality
of M. insipida was unclear.
Two annual peaks in ﬂowering activity are evident in
four species in particular (Figure 1: C. australianum, C.
brachiata, E. arnhemicus and T. microcarpa). Examination
of individual records showed that individual trees of these
species often ﬂowered twice per year.
Fruiting was continuous or nearly so in seven species
(Figure 1: C. australianum, C. acuminata, D. calycantha,
E. latifolius, the two Ficus spp. and M. insipida). However,
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canopy
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(a) Buchanania

(b) Canarium

(c) Carallia

(d) Carpentaria

(g) Diospyros compacta

(h) Drypetes

canopy
leaf flush
flowers
fruit
(e) Cupaniopsis

(f) Diospyros calycantha

canopy
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not available

not available

(k) Ficus racemosa

(l) Ficus virens

fruit
(i) Elaeocarpus

(j) Exocarpos

canopy
leaf flush
flowers

none detected

fruit
(m) Gmelina

(n) Maranthes

(o) Miliusa

(p) Mimusops

(s) Syzygium

(t) Terminalia

1995

1995

canopy
leaf flush
flowers
fruit
(q) Myristica

(r) Strychnos

rainfall
1995

1996

1995

1996

1996

1996

Figure 1. Thirty-month timelines for canopy fullness, leaf ﬂush, ﬂowering and fruiting of 20 monsoon forest tree species (Table 2) from the Northern
Territory, Australia. X-axis ticks correspond to ends of years – see lower (rainfall) graphs for details. Species values are means of individual values.
Canopy and leaf ﬂush are scaled from 0–100%. Flower and fruiting are indexed on a scale from 0 to the maximum abundance class observed at any
time for any individual of that species, so that absolute values are not comparable between species. The indices have an approximately logarithmic
distribution, reducing emphasis on peak values. Fruit classes are: unripe = white; ripe = black. Canopy fullness for Carpentaria acuminata (d) is based
on general observation only. The rainfall graphs (lowest line) are monthly totals for Darwin, 40 km south-west of the study sites, with the y-axis
ticks corresponding to 200-mm intervals.

ripe fruit were observed only infrequently in most species,
though some were available through most of the study
period on C. acuminata, F. racemosa and to a lesser extent
F. virens and E. arnhemicus. Canarium australianum and
D. calycantha exhibited long ripening periods such that
seasonal ﬂowering followed soon after ripening of the
previous year’s fruit.

Reproductive synchrony
Seasonal ﬂowering at the species level implies at least a
moderate level of intraspeciﬁc synchrony, and for the 12
of the 13 seasonal-ﬂowering species listed above for which
a synchrony measure is available, Colwell’s P ranged
from 0.70 to 0.91 (Table 3). Contingency, anticipated
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Table 3. Synchrony (Colwell’s P) and its components, constancy (C) and contingency (M), for canopy and reproductive parameters of 20 monsoon
forest tree species in the Northern Territory, Australia. Constancy and contingency are expressed as a percentage of Colwell’s P.
Canopy fullness
Species

P

C/P (%)

Leaf ﬂush

M/P (%)

P

Evergreen species
Buchanania arborescens 1
100
0
0.77
Carallia brachiata
1
100
0
0.36
Carpentaria acuminata
n.a.
n.a.
n.a.
n.a.
Cupaniopsis anacardioides 0.97
97
3
0.34
Diospyros calycantha
1
100
0
0.65
Diospyros compacta
1
100
0
0.73
Drypetes deplanchei
0.96
94
6
0.68
Exocarpos latifolius
1
100
0
0.36
Maranthes corymbosa
1
100
0
0.76
Mimusops elengi
0.97
97
3
0.66
Myristica insipida
0.98
98
2
0.39
Syzygium nervosum
1
100
0
0.73
Fully deciduous, partly deciduous and brevi-deciduous species
Canarium australianum 0.81
12
88
0.64
Elaeocarpus arnhemicus 0.82
15
85
0.69
Ficus racemosa
0.71
76
24
0.31
Ficus virens
0.57
55
45
0.65
Gmelina schlechteri
0.80
77
23
0.61
Miliusa brahei
0.90
13
87
0.85
Strychnos lucida
0.79
30
70
0.77
Terminalia microcarpa
0.83
57
43
0.57

C/P (%)

48
55
17
19
14
2
10
33
96
50
61
34

52
45
83
81
86
98
90
67
4
50
39
66

3
12
1
57
36
35
37
42

97
88
99
44
64
65
63
58

0.70
0.91
n.a.
n.a.
0.84
n.a.
0.78
0.76

6
49
n.a.
n.a.
63
n.a.
50
54

94
51
n.a.
n.a.
37
n.a.
50
46

0.68
0.27
0.45
0.32
0.77
0.89
0.39
0.63

40
29
81
49
60
21
42
8

60
71
19
51
40
79
58
92

Synchrony of leaf flush

0.5

0.4

evergreen with
± aseasonal
leaf flush

0.2
0.7

0.8

0.9

M/P (%)

0.65
0.86
0.44
0.56
0.41
0.55
0.44
0.24
0.95
0.51
0.29
0.78

evergreen with
seasonal leaf
flush

0.6

C/P (%)

53
45
72
47
42
41
n.a.
32
20
66
n.a.
77

Ficus virens

0.5

P

47
55
28
53
58
59
n.a.
68
80
34
n.a.
23

deciduous with
seasonal leaf flush

Ficus racemosa

M/P (%)

0.87
0.87
0.44
0.82
0.73
0.86
n.a.
0.33
0.81
0.84
n.a.
0.77

0.8

0.3

C/P (%)

63
89
n.a.
91
59
66
60
98
67
94
99.6
74

Miliusa brahei

0.6

Fruiting

P

37
11
n.a.
9
41
34
40
2
33
6
0.04
26

0.9

0.7

Flowering
M/P (%)

1.0

Synchrony of canopy fullness

Figure 2. Synchrony (Colwell’s P) of canopy and leaf ﬂush among
individuals of 19 monsoon forest tree species in northern Australia.
Larger symbols represent two species with identical scores. Deciduous
species are those in which some individuals lost at least 50% of their
canopy, modiﬁed here to exclude the two Ficus species.

to be high in seasonally ﬂowering species, varied from
37% to 94% (Table 3), low values reﬂecting a contribution of constancy to some species where individuals
did not ﬂower each year, or were not detected to
do so.

Synchrony was low in the two species that ﬂowered
throughout the year (C. acuminata and E. latifolius,
Colwell’s P = 0.44 and 0.33 respectively), indicating that
not all individuals ﬂowered continuously, as was indeed
the case (Figure 4). The seasonality evident in the speciesaveraged ﬂowering of C. acuminata was the product of
somewhat synchronized cessation of ﬂowering by individuals rather than synchronized ﬂuctuations in ﬂower
abundance (Figure 4a), and this is reﬂected in the contingency of ﬂowering (C/P = 72%, cf. 51% for E. latifolius).
The strong negative relationship between per cent
time in ﬂower and synchrony (Figure 3b; n = 15 spp.,
r = −0.95; ANCOVA F = 107, P  0.001) did not differ
signiﬁcantly between deciduous and non-deciduous
species (F = 0.003, P = 0.96).
There was a wide spectrum of synchrony in fruiting
with no discrete classes (Table 3). Fruiting in the two Ficus
spp. was markedly asynchronous (Colwell’s P = 0.45 and
0.32), constancy being markedly greater in F. racemosa
than F. virens (C/P = 81 and 49% respectively), a pattern
conﬁrmed in Figure 5. Interpretation of synchrony, constancy and contingency was complicated by the failure
of some individuals to ﬂower or set fruit, or our failure
to detect these events. In particular, high levels of
synchrony and constancy in the ﬂowering and fruiting of
M. corymbosa (Table 3) reﬂect their relatively predictable
absence (ﬂowers and fruit are obvious), and the species
may ﬂower supra-annually.
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Figure 3. Leaf ﬂush (a) and ﬂowering (b) characteristics of monsoon forest
tree species in northern Australia: relationship between time active and
the level of synchrony (Colwell’s P) among individuals. Closed circles
are evergreen and open circles deciduous species as deﬁned in the text.
The duration of individual activity has been calculated as the number of
months in leaf ﬂush or ﬂowering summed across individuals and divided
by the number of months of records summed across individuals.

DISCUSSION
Measuring intraspecific synchrony in community
phenological studies
This study has demonstrated the feasibility and value
of incorporating a quantitative measure of intraspeciﬁc
synchrony into phenological studies involving a considerable number of species. With the qualiﬁcations discussed below, it has demonstrated the efﬁcacious nature
of this novel application of Colwell’s (1974) predictability
indices in so doing. Whilst the simple description of
population patterns can proceed by graphical and other
summaries, we have in addition been able to offer
fresh quantitative perspectives on differences between
evergreen and deciduous species, identify contrasting

Figure 4. Timing and extent of ﬂowering over 30 mo in: (a) eight
Carpentaria acuminata palms, and (b) ten Exocarpos latifolius trees. The
ﬂowering index is shown with grey shading, with y-axis ticks indicating
increments of ﬁve. Open bars indicate missing data.

canopy strategies within evergreen species, distinguish
individual from population commitments to a phenophase, explore the relationship between individual time
commitments and population synchrony, and explore the
nature of aberrant phenological strategies in ﬁgs.
In community studies, samples of each species may of
necessity be small, and the robustness of Colwell’s indices
with small samples is one of its strengths. In this study, as
few as eight replicates appear to have been adequate for
useful analysis. In a traditional time-series application
to phenological data, Williams-Linera (1997) applied
Colwell’s indices to 5 y of data, suggesting that even
smaller samples than ours may prove satisfactory. An
evaluation of the robustness of Colwell’s indices with small
samples may be made by trial-and-error or simulation,
and would appear useful for the design of future studies.
Another virtue of Colwell’s indices is that they are not
seriously compromised by missing data.
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Index of fruit abundance
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1995

1996

Figure 5. Timing and extent of fruiting in ﬁgs over 30 mo in: (a) ten Ficus
racemosa trees, and (b) nine Ficus virens trees. The fruit index is shown
with gray shading, with y-axis ticks indicating increments of ﬁve. Open
bars indicate missing data. Two F. virens trees did not fruit during the
study and have been excluded.

In other respects as well, future studies may be designed
to make optimal use of Colwell’s indices. Sampling
targeted at intervals that avoid missing annual events
such as ﬂowering will improve interpretation of results. It
should also be possible to compare levels of intraspeciﬁc
synchrony amongst life forms, communities or other
groups by comparing median index values, or generate
index values for these groups by treating species within
groups as replicates. Comparisons among species or other
groups are, of course, only possible if the intervals between
assessments are similar; synchrony is a scale-dependent
phenomenon.
A limitation of Colwell’s indices is that when quantitative data are reduced to more than two states, no
information is retained from the rank order of states.
Furthermore, employment of more than two states can
be fraught because some species may rarely or never
achieve a state and will thus be adjudged more highly
synchronous and constant than would otherwise be the

case. For example, if a species routinely loses part of its
canopy but rarely all of it, employment of three canopy
states – full canopy, partial canopy and no canopy – in the
analysis will result in an overestimation of predictability
and constancy relative to a species that loses its entire
canopy. For these reasons, we recommend two-state
analyses in the assessment of synchrony, and judicious
choice of states to match the aims of the study. From this
it is also evident that, in the comparison of species or other
groups, the number of states should be identical.
We have already noted the problem that may arise
particularly with analysis of ﬂowering and fruiting in
which phenological events are missed or do not occur in all
individuals regardless of an otherwise well-synchronized
seasonality. If the problem of missing events due to
insufﬁciently frequent sampling is overcome, exploration
of the non-occurrence of events may be proﬁtably explored
with larger samples, and may prove to be of considerable
ecological interest.
The indices of Primack (1980) and Augspurger (1983)
assess synchrony in activity, whereas this application
of Colwell’s indices assesses synchrony in states. In
intense studies of ﬂowering or leaf ﬂush such as daily
monitoring for a small portion of a year, an activity index
is likely to be preferable. However, in the assessment
of phenological states at less frequent intervals and for
a full annual cycle or longer, where canopy state is
being considered, and where the spectrum of species
considered includes those that ﬂush or ﬂower over
extended periods, Colwell’s indices will generally prove
more useful because they provide additional information
(constancy and contingency) and give weight to states
representing an absence of activity (e.g. ‘not ﬂowering’)
or which do not involve activity (canopy state).

Intraspecific synchrony and moisture stress in monsoon
forest trees
In this study, marked asynchronies in either or both
leaf ﬂush or reproductive phenology were identiﬁed in 7
of 20 tree species, of which two were ﬁgs. In addition,
ﬁve partly-deciduous species in which leaf ﬂush and
ﬂowering were relatively synchronous exhibited marked
variation among individuals in the seasonal extent of
leaf loss. This frequency of phenological asynchrony
appears without parallel in monsoon forest or tropical
savannas, although comparable analyses are scarce.
However, it is acknowledged that this study may not be
representative of the monsoon forests of the study area.
We selected zoochorous species known to be important to
vertebrates, and trees that fruit asynchronously provide
keystone resources for frugivore assemblages in a variety
of ecosystems (Bleher et al. 2003, Lambert & Marshall
1991, Shanahan et al. 2001). Nevertheless, 84% of
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the 166 tree species in Top End monsoon forests are
zoochorous (Russell-Smith & Dunlop 1987).
Using synchrony indices, we identiﬁed a continuum
between evergreen and fully deciduous species, but
discrete patterns of leaf ﬂush. The latter, we suggest,
reﬂects contrasting water-use strategies. Deciduous
species other than ﬁgs ﬂushed synchronously during or
about the time of the dry-wet transition, suggesting a
response constrained by the severity of the dry season.
Furthermore, the apparently facultative loss of canopy
in partly deciduous species is best explained as a direct
response to moisture stress. In contrast, some evergreens
ﬂushed at low levels throughout the year, and since none
has evident moisture-storage capacity and several were
not associated with spring-fed monsoon forests (Table 2;
Cupaniopsis anarcardioides, Exocarpos latifolius), these
species are likely to be deep-rooted, though we note also
that E. latifolius is a root hemiparasite (Hewson & Georges
1984). Leaf ﬂush during the dry season is a feature of a
number of nearby savanna species (Williams et al. 1997)
that are deep-rooted and access deep soil moisture during
the dry season (Kelley 2002).
Stem hydration is also essential for ﬂowering (Holbrook
et al. 1995), and it is notable that in this study, deciduous
species ﬂowered synchronously and only during the drywet transition and wet seasons. In contrast, ﬂowering
when leaﬂess is a feature of some deciduous species
(Janzen 1967) including a number in savannas near our
study area. The latter are fully deciduous, shed leaves
early in the dry season and retain high water potential
in terminal twigs (Myers et al. 1997, Williams et al.
1999).
As with leaf ﬂush, intraspeciﬁc synchrony of ﬂowering was negatively correlated with the length of
individual commitment to ﬂowering with the likely
exception of F. virens. Prolonged ﬂowering may provide
an alternative out-crossing strategy to synchronous
ﬂowering, and intermediate or mixed strategies (e.g.
brief but asynchronous ﬂowering) may not be viable
because of pollination limitations. Our data suggest two
discrete ﬂowering strategies rather than the continuum
from synchrony to asynchrony identiﬁed by Augspurger
(1983) among six shrubs in a Neotropical semi-deciduous
forest, but we note the very different temporal scale
of Augspurger’s study. If asynchronous ﬂowering leads
to asynchronous fruiting, it may be advantageous for
zoochorous plants whose dispersal agents are specialists
occurring at low densities, a relationship that may
be further enhanced by prolonged individual fruiting
(McKey 1975). An alternative explanation for the
observed asynchronies is that the species involved –
Carpentaria acuminata and E. latifolius – can ﬂower
continuously, as two individuals of the latter species did,
and thus asynchrony is an accidental product of unknown
and aseasonal environmental limitations.
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We conclude that moisture stress during the dry
season may indeed limit the potential for monsoon forest
trees to develop asynchronous leaf ﬂush and ﬂowering
strategies. However, the exceptions were surprisingly
numerous and are likely associated with the ability to
access moisture during the dry season. The frequency of
exceptions also suggests that phenological asynchrony
may be adaptive rather than accidental. The drivers of
phenological asynchrony in monsoonal systems warrant
further investigation.

ACKNOWLEDGEMENTS
Field work and preliminary analysis were funded by
a Charles Darwin University post-graduate scholarship
to CB, with additional funding and logistic support
from Environment Australia and the Parks and Wildlife
Commission of the Northern Territory. Preparation of this
manuscript was funded by the School for Environmental
Research. For their assistance with various aspects of
the project, we are grateful to Noeleen Beckett, Owen
Price and Gordon Duff. Lynda Prior, David Bowman and
two referees provided helpful comments on a draft of this
manuscript.

LITERATURE CITED
AIDE, T. M. 1988. Herbivory as a selective agent on the timing of leaf
production in a tropical understorey community. Nature 336:574–
575.
AIDE, T. M. 1992. Dry season leaf production: an escape from herbivory.
Biotropica 24:532–537.
ARMSTRONG, J. E. 1997. Pollination by deceit in nutmeg (Myristica
insipida, Myristicaceae) – ﬂoral displays and beetle activity at
male and female trees. American Journal of Botany 84:1266–
1274.
AUGSPURGER, C. K. 1981. Reproductive synchrony of a tropical shrub:
experimental studies on effects of pollinators and seed predators on
Hybanthus prunifolius (Violaceae). Ecology 62:775–788.
AUGSPURGER, C. K. 1983. Phenology, ﬂowering synchrony, and fruit
set of six neotropical shrubs. Biotropica 15:257–267.
BACH, C. S. 2002. Phenological patterns in monsoon rainforests in the
Northern Territory, Australia. Austral Ecology 27:477–489.
BACH, C. & PRICE, O. 2005. Fruit resources, frugivore movements and
landscape scale conservation in monsoon rainforests of northern
Australia. Pp. 94–107 in Gorman, J., Petheram, L. & Vigilante, T.
(eds.). Old ways, new ways; wildlife management in northern Australia.
CDU Press, Darwin.
BLEHER, B., POTGIETER, C. J., JOHNSON, D. N. & BOHNING-GAESE, K.
2003. The importance of ﬁgs for frugivores in a South African coastal
forest. Journal of Tropical Ecology 19:375–386.
BORCHERT, R. 1998. Responses of tropical trees to rainfall
seasonality and its long-term changes. Climatic Change 39:381–393.

428

DONALD C. FRANKLIN AND CHRISTINE S. BACH

BORCHERT, R., RIVERA, G. & HAGNAUER, W. 2002. Modiﬁcation of

KUSHWAHA, C. P. & SINGH, K. P. 2005. Diversity of leaf phenology in

vegetative phenology in a tropical semi-deciduous forest by abnormal
drought and rain. Biotropica 34:27–39.
BULLOCK, S. H. 1995. Plant reproduction in neotropical dry forests.

a tropical deciduous forest in India. Journal of Tropical Ecology 21:47–
56.
LAMBERT, F. R. & MARSHALL, A. G. 1991. Keystone characteristics

Pp. 277–303 in Bullock, S. H., Mooney, H. A. & Medina, E. (eds.).
Seasonally dry tropical forests. Cambridge University Press, Cambridge.
BULLOCK, S. H. & SOLIS-MAGALLANES, J. A. 1990. Phenology of

of bird-dispersed Ficus in a Malaysian lowland rain forest. Journal of
Ecology 79:793–809.
LIEBERMAN, D. & LIEBERMAN, M. 1984. The causes and consequences

canopy trees of a tropical deciduous forest in Mexico. Biotropica
22:22–35.
CALABRESE, J. M. & FAGAN, W. F. 2004. Lost in time, lonely, and single:

of synchronous ﬂushing in a dry tropical forest. Biotropica 16:193–
201.
MCDONALD, N. S. & MCALPINE, J. 1991. Floods and droughts: the

Reproductive asynchrony and the Allee effect. American Naturalist
164:25–37.
COLWELL, R. K. 1974. Predictability, constancy, and contingency of

northern climate. Pp. 19–29 in Haynes, C. D., Ridpath, M. G. &
Williams, M. A. J. (eds.). Monsoonal Australia. Landscape, ecology and
man in the northern lowlands. AA Balkema, Rotterdam.

periodic phenomena. Ecology 55:1148–1153.
COOK, G. D. & HEERDEGEN, R. G. 2001. Spatial variation in the duration
of the rainy season in monsoonal Australia. International Journal of

MCKEY, D. 1975. The ecology of coevolved seed dispersal systems.
Pp. 159–191 in Gilbert, L. E. & Raven, P. H. (eds.). Coevolution of
animals and plants. University of Texas Press, Austin.

Climatology 21:1723–1732.
CURRAN, L. M. & LEIGHTON, M. 2000. Vertebrate responses

MILTON, K., WINDSOR, D. M., MORRISON, D. W. & ESTRIBI, M. A.
1982. Fruiting phenologies of two Neotropical Ficus species. Ecology

to spatiotemporal variation in seed production of mast-fruiting
Dipterocarpaceae. Ecological Monographs 70:101–128.
DEVINEAU, J.-L. 1999. Seasonal rhythms and phenological plasticity

63:752–762.
MIRANDA, E. J., VOURLITIS, G. L., PRIANTE, N., PRIANTE, P. C.,
CAMPELO, J. H., SULI, G. S., FRITZEN, C. L., LOBO, F. D. A. &

of savanna woody species in a fallow farming system (south-west
Burkina Faso). Journal of Tropical Ecology 15:497–513.
DOMINGUEZ, C. A., ABARCA, C. A., EGUIARTE, L. E. & MOLINA-

SHIRAIWA, S. 2005. Seasonal variation in the leaf gas exchange
of tropical forest trees in the rain forest-savanna transition of the
southern Amazon Basin. Journal of Tropical Ecology 21:451–460.

FREANER, F. 2005. Local genetic differentiation among populations
of the mass-ﬂowering tropical shrub Erythroxylum havanense
(Erythroxylaceae). New Phytologist 166:663–672.

MORELLATO, L. P. C. 2004. Phenology, sex ratio, and spatial
distribution among dioecious species of Trichilia (Meliaceae). Plant
Biology 6:491–497.

FRANKIE, G. W., BAKER, H. G. & OPLER, P. A. 1974. Comparative
phenological studies of trees in tropical wet and dry forests in the
lowlands of Costa Rica. Journal of Ecology 62:881–913.

MYERS, B. A., DUFF, G. A., EAMUS, D., FORDYCE, I. R., O’GRADY, A. &
WILLIAMS, R. J. 1997. Seasonal variation in water relations of trees
of differing leaf phenology in a wet-dry tropical savanna near Darwin,

FRANKLIN, D. C. & NOSKE, R. A. 2000. Nectar sources used by birds
in monsoonal north-western Australia: a regional survey. Australian
Journal of Botany 48:461–474.

northern Australia. Australian Journal of Botany 45:225–240.
NEWSTROM, L. E., FRANKIE, G. W. & BAKER, H. G. 1994a. A new
classiﬁcation for plant phenology based on ﬂowering patterns in

HANSMAN, D. J. 2001. Floral biology of dry rainforest in north
Queensland and a comparison with adjacent savanna woodland.

lowland tropical rain forest trees at La Selva, Costa Rica. Biotropica
26:141–159.

Australian Journal of Botany 49:137–153.
HARRISON, R. D., YAMAMURA, N. & INOUE, T. 2000. Phenology
of a common roadside ﬁg in Sarawak. Ecological Research 15:47–

NEWSTROM, L. E., FRANKIE, G. W., BAKER, H. G. & COLWELL, R. K.
1994b. Diversity of long-term ﬂowering patterns. Pp. 142–160 in
McDade, L. A., Bawa, K. S., Hespenheide, H. A. & Hartshorn, G. S.

61.
HEWSON, H. J. & GEORGES, A. S. 1984. Santalaceae. Pp. 29–67 in
Georges, A. S. (ed.). Flora of Australia. Volume 22. Rhizophorales to

(eds.). La Selva: ecology and natural history of a neotropical rain forest.
University of Chicago Press, Chicago.
PRIMACK, R. B. 1980. Variation in the phenology of natural populations

Celastrales. Australian Government Publishing Service, Canberra.
HOLBROOK, N. M., WHITBECK, J. L. & MOONEY, H. A. 1995. Drought
responses of neotropical dry forest trees. Pp. 243–276 in Bullock,

of montane shrubs in New Zealand. Journal of Ecology 68:849–862.
PRIMACK, R. B. 1985. Patterns of ﬂowering phenology in communities,
populations, individuals, and single ﬂowers. Pp. 571–593 in White,

S. H., Mooney, H. A. & Medina, E. (eds.). Seasonally dry tropical forests.
Cambridge University Press, Cambridge.
HOWE, H. F. 1980. Monkey dispersal and waste of a neotropical fruit.

J. (ed.). The population structure of vegetation. Dr W. Junk Publishers,
Dordrecht.
PUTZ, F. E. 1979. Aseasonality in Malaysian tree phenology. Malaysian

Ecology 61:944–959.
JANZEN, D. H. 1967. Synchronization of sexual reproduction of
trees within the dry season in central America. Evolution 21:620–

Forester 42:1–24.
RAVEH, A. & TAPIERO, C. S. 1980. Periodicity, constancy,
heterogeneity and the categories of qualitative time series. Ecology

637.
JANZEN, D. H. 1979. How to be a ﬁg. Annual Review of Ecology and

61:715–719.
REICH, P. B. 1995. Phenology of tropical forests: patterns, causes and

Systematics 10:13–51.
KELLEY, G. 2002. Soil properties and plant water use of tropical savannas.
Ph.D. thesis, Northern Territory University, Darwin. 203 pp.

consequences. Canadian Journal of Botany 73:164–174.
RIVERA, G. & BORCHERT, R. 2001. Induction of ﬂowering in tropical
trees by a 30-min reduction in photoperiod: evidence from ﬁeld

Intraspeciﬁc phenological synchrony

429

observations and herbarium specimens. Tree Physiology 21:201–

SINGH, K. P. & KUSHWAHA, C. P. 2005. Emerging paradigms of tree

212.
RIVERA, G., ELLIOTT, S., CALDAS, L. S., NICOLOSSI, G., CORADIN,
V. T. R. & BORCHERT, R. 2002. Increasing day-length induces spring

phenology in dry tropics. Current Science 89:964–975.
STEARNS, S. C. 1981. On measuring ﬂuctuating environments:
predictability, constancy, and contingency. Ecology 62:185–

ﬂushing of tropical dry forest trees in the absence of rain. Trees –
Structure and Function 16:445–456.
RUSSELL-SMITH, J. & DUNLOP, C. R. 1987. The status of monsoon

199.
THIES, W. & KALKO, E. K. V. 2004. Phenology of neotropical pepper
plants (Piperaceae) and their association with their main dispersers,

vine forests in the Northern Territory: a perspective. Pp. 227–288
in Werren, G. & Kershaw, P. (eds.). The rainforest legacy. Volume 1.
The nature, distribution, and status of rainforest types. Australian

two short-tailed fruit bats, Carollia perspicillata and C. castanea
(Phyllostomidae). Oikos 104:362–376.
VAN SCHAIK, C. P, TERBORGH, J. W. & WRIGHT, S. J. 1993. The

Government Publishing Service, Canberra.
SHANAHAN, M., SO, S., COMPTON, S. G. & CORLETT, R. 2001. Figeating by vertebrate frugivores: a global review. Biological Reviews

phenology of tropical forests: adaptive signiﬁcance and consequences
for primary consumers. Annual Review of Ecology and Systematics
24:353–377.

76:529–572.
SHAPCOTT, A. 2000. Conservation and genetics in the fragmented
monsoon rainforest in the Northern Territory, Australia: a case

WILLIAMS, R. J., MYERS, B. A., MULLER, W. J., DUFF, G. A. & EAMUS, D.
1997. Leaf phenology of woody species in a north Australian tropical
savanna. Ecology 78:2542–2558.

study of three frugivore-dispersed species. Australian Journal of Botany
48:397–407.

WILLIAMS, R. J., MYERS, B. A., EAMUS, D. & DUFF, G. A. 1999.
Reproductive phenology of woody species in a north Australian

SHIBATA, M., TANAKA, H., IIDA, S., ABE, S., MASAKI, T., NIIYAMA,
K. & NAKASHIZUKA, T. 2002. Synchronized annual seed production
by 16 principal tree species in a temperate deciduous forest, Japan.

tropical savanna. Biotropica 31:626–636.
WILLIAMS-LINERA, G. 1997. Phenology of deciduous and broadleavedevergreen tree species in a Mexican tropical lower montane forest.

Ecology 83:1727–1742.

Global Ecology and Biogeography Letters 6:115–127.

