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Abstract Many plant and animal aggregations have
size hierarchies within which a variety of sizes of
individuals, from large to small, can be found. Size
hierarchies are thought to indicate the existence of
competition amongst individuals within the aggrega-
tion, but determining their exact cause is difficult. The
key to understanding size hierarchies lies in first
quantifying the pattern of size and growth of individ-
uals. We conducted a quantitative investigation of
pattern in the size hierarchy of the clown anemonefish
Amphiprion percula, in Madang Lagoon, Papua New
Guinea. Here, groups of A. percula occupy sea anem-
ones (Heteractis magnifica) that provide protection
from predators. Within each anemone there is a single
group composed of a breeding pair and zero to four
non-breeders. Within each group there is a single size
hierarchy; the female is largest (rank 1), the male is
second largest (rank 2), and the non-breeders get
progressively smaller (ranks 3-6). We demonstrate that
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individuals adjacent in rank are separated by body size
ratios whose distribution is significantly different from
the distribution expected under a null model—the
growth of individuals is regulated such that each
dominant ends up being about 1.26 times the size of its
immediate subordinate. We show that it is decisions
about growth at the individual level that generate the
size hierarchy at the group level, and thereby deter-
mine maximum group size and population size. This
study provides a new perspective on the pattern, causes
and consequences of size hierarchies.

Keywords Conflict - Queue - Competition -
Limit to similarity - Size ratio

1 Introduction

Size hierarchies are conspicuous features of many plant
and animal aggregations (Rubenstein 1981; Forrester
1990; Nagashima et al. 1995; Poulson and Platt 1996).
Qualitatively, size hierarchies are described as the
presence of a variety of sizes of individuals, from large
to small, within an aggregation. Size hierarchies are
thought to indicate the existence of competition
amongst individuals within the aggregation (Obeid
et al. 1967; Rubenstein 1981; Begon 1984; Jones 1987,
Nagashima et al. 1995; Booth 1995), but determining
the exact cause of size hierarchies is notoriously diffi-
cult (Koebele 1985; Schwinning and Weiner 1998).
Currently, it is not even known whether the sizes of
individuals within such hierarchies are randomly or
non-randomly distributed. Quantifying this pattern is a
vital first step toward understanding the causes and
consequences of size hierarchies.
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The clown anemonefish Amphiprion percula (Pisces:
Pomacentridae) has a very simple size hierarchy that
could provide a useful baseline for understanding other
more complex hierarchies (Buston 2003a, 2004a). In
Madang Lagoon, Papua New Guinea, groups of
A. percula are confined to sea anemones (Heteractis
magnifica) that afford protection from predators
(Mariscal 1970; Fautin 1992; Elliott et al. 1995; Elliott
and Mariscal 2001; Buston 2003b, c¢). Within each
anemone, there is a single group of A. percula composed
of a dominant breeding pair and 0—4 non-breeding
subordinates (Fricke 1979; Fautin 1992; Buston 2004a,
b). Within each group, there is a single size hierarchy;
the female is largest (rank 1), the male is second largest
(rank 2), and the non-breeders get progressively smaller
(rank 3-6) (Fricke and Fricke 1977; Fricke 1979; Ochi
1986; Hattori 1991; Buston 2003a). A. percula are
protandrous hermaphrodites (Fricke and Fricke 1977,
Moyer and Nakazano 1978); if the female of a group
dies, the male changes sex and assumes the position
vacated by the female, and the largest non-breeder from
within the anemone inherits the position vacated by the
sex-changing male (Fricke 1979; Ochi 1989; Hattori
1994; Buston 2004a; Mitchell 2005). The size hierarchy
represents a queue to attain dominant status; individuals
only ascend in rank when a higher rank individual dis-
appears, and the smallest fish in the groups is always the
most recent recruit (Buston 2003a, 2004a).

A rigorous methodology has been developed to
investigate pattern in interspecific size hierarchies
(Hutchinson 1959; MacArthur and Levins 1967; Horn
and May 1977; Strong et al. 1979; Roff 1981; Wiens
1981; Gotelli and Graves 1996). Here, we co-opt this
methodology to conduct a quantitative investigation of
the pattern, causes, and consequences of the intraspe-
cific size hierarchies of A. percula. We test five
hypotheses:

1. The body size ratios of individuals adjacent in rank
will be non-randomly distributed (Hutchinson
1959; MacArthur and Levins 1967; Horn and May
1977; Strong et al. 1979; Gotelli and Graves 1996).

2. Variation in these body size ratios will be related
to social and ecological factors (Roff 1981).

3. Variation in these body size ratios will decline over
time, as individuals converge on an intermediate
body size ratio (Roff 1981; Wiens 1981).

4. Convergence on an intermediate body size ratio
will be caused by the regulation of growth.

5. Understanding these body size ratios will enable us
to predict maximum group size (Hutchinson 1959;
MacArthur and Levins 1967).

Our analyses provide a new perspective on the
pattern, causes and consequences of size hierarchies.

2 Materials and methods
2.1 Study population

This study was conducted using data collected from a
population of clown anemonefish, Amphiprion percula,
studied for 12 months (January 1997-December 1997),
in Madang Lagoon (5°09’S, 145°48’E), Papua New
Guinea (Buston 2002). All fieldwork was conducted
using SCUBA, at depths of less than 15 m. Ninety-
seven anemones (Heteractis magnifica) were located on
three reefs: Sinub (reef 1), n = 40; Wongad (reef 2),
n = 31; Masamoz (reef 3), n = 26 (see Jebb and Lowry
1995, for a description of Madang Lagoon and its
reefs). This study utilizes 70 groups found on reef 1 and
reef 2. (The 26 groups on reef 3 were not used for this
study because they could not be regularly censused,
and they were subject to an experimental manipulation
for another study). On each reef, anemones were an
average of 30 m apart. Each anemone was occupied by
a single group of A. percula. Groups consisted of a
breeding pair and from zero to four non-breeders
(mean number of individuals in each group + SD =
34+£09,n=97).

A dive computer was used to measure the depth of each
anemone to 0.l m (mean depth + SD =6.9 + 23 m,
n =97). Depths were measured on ten occasions
throughout 1997, and the depth assigned to each anemone
in the analyses was the mean of these depths. The mean
diameter of each anemone’s oral disc was used as a mea-
sure of anemone size (mean anemone diame-
ter + SD =49 + 8 cm, n =97). The diameter of the
anemone was measured to the nearest 5 cm, and the mean
was calculated from 15 separate measures of the oral disc
taken throughout 1997. Each anemone was measured
multiple times over the year because anemones varied
slightly in size from day to day. No anemone growth was
detected over the year.

2.2 Size, growth, rank, and ratios

In January 1997, all fish (n = 334) were captured using
hand nets and taken to the surface in plastic bags.
There, the standard length (SL) of each individual was
measured to 0.1 mm using calipers. A fish’s SL is the
straight-line distance from the tip of the snout to the
base of the caudal fin (Caillet et al. 1986). We used SL
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as our metric, rather than mass, because SL is unlikely
to vary day to day. In December 1997, all surviving fish
were re-captured and re-measured. All fish survived
these procedures, without any sign of harm, and were
returned to the anemone from which they were cap-
tured within 3 h, where they remained.

Individuals were ranked (1-6) based on their size
relative to other individuals within the same group,
with the largest being ranked 1. We considered an
individual of rank N to be dominant to all individuals
with ranks greater than N, and subordinate to all
individuals with ranks less than N. Rank assigned in
this way perfectly predicted the order in which indi-
viduals inherited breeding positions within an anemone
(Buston 2002, 2004a).

We determined the ratio of SL of individuals adja-
cent in rank within each group: (SL rank N/SL rank
N + 1). We used the ratio as our measure of similarity,
rather than absolute size difference, because the ratio
controls for absolute SL. We assigned ratios at differ-
ent positions in the size hierarchy a ‘“‘ratio number”.
For example, the SL ratio of individuals at ranks 1 and
2 was called “‘ratio 17, that between ranks 2 and 3 was
“ratio 27, and so on. Further, we called the ratio be-
tween the two smallest individuals in the group the
“terminal ratio’’, and all other ratios were called ‘‘non-
terminal”’. When only two individuals were present in
the group (n = 4) the ratio between them was identi-
fied as a terminal ratio.

2.3 Group dynamics

Settlement, recruitment, migration, and disappear-
ance of individuals were monitored by conducting a
thorough census of each group every 1-2 days
(Buston 2002, 2003b). Following the logic of previous
investigators (Williams and Sale 1981; Keough and
Downes 1982), individuals were assigned to one of
five classes: (1) settlers, if they were less than 18 mm
in SL when they were first observed in an anemone;
(2) recruits, if they reached > 18 mm in SL after
settling in an anemone; (3) residents (rank 1-6), if
they were > 18 mm in SL and were present in the
anemone at the beginning of the study; (4) migrants,
if they were =18 mm in SL and moved between
anemones; or (5) disappearances, if they had been
> 18 mm in SL but could not be found in their
anemone or any of the other anemones on the reef
after a thorough search.

The transition from settler to recruit marked the
point (18 mm SL) at which a settler was deemed to
have joined a group. Although the 18 mm SL transition
point was arbitrary, it was chosen for two reasons:
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(1) fish greater than 18 mm SL (n = 334) could be
recognized individually on the basis of natural variation
in their color markings, when regularly censused (Nel-
son et al. 1994; Buston 2002, 2003b, c); and (2) fish
greater than 18 mm SL could be reliably censused
without continual disturbance of the anemone (Elliott
and Mariscal 2001; Buston 2002, 2003b, c¢). Residents
did not migrate between anemones, and individuals
that disappeared probably died (Buston 2002, 2003b, c).

3 Results

3.1 Hypothesis 1: the body size ratios of individuals
adjacent in rank will be non-randomly
distributed

We tested the hypothesis that the body size ratios of
individuals adjacent in rank will be non-randomly dis-
tributed (Hutchinson 1959; MacArthur and Levins
1967; Horn and May 1977), by comparing the observed
distribution of size ratios to the distribution of size
ratios expected under a null model (Strong et al. 1979;
Gotelli and Graves 1996).

We obtained an observed distribution of 177 ratios,
from 70 groups, in January 1997. We created a null
distribution of 17,700 ratios using a Monte Carlo pro-
cedure, programmed in MATLAB. To do this we
randomly selected individuals from the pool of 247
available individuals (the same 70 groups) and com-
bined them into groups according to the natural dis-
tribution of group sizes found in our sample. We then
ranked the individuals in these random groups on the
basis of relative size, and calculated the ratio of the size
of individuals adjacent in rank. The procedure was
iterated 100 times, generating an expected random
distribution of ratios against which our observed dis-
tribution could be compared. This null model design is
appropriate because it excludes only the factor of
interest (naturally occurring interactions between
individuals adjacent in rank) while incorporating other
realistic factors (naturally occurring distribution of
body sizes and group sizes) that might influence the
results (Gotelli and Graves 1996).

The observed distribution of ratios differed signifi-
cantly from the distribution of ratios generated by the
null model (Fig. 1; Kolmogorov-Smirnov test: df = 2,
x> =71.427, P < 0.0001). The most striking differences
between the distributions are the lack of small ratios
(e.g., ratios less than 1.1) and the overabundance of
intermediate ratios (e.g., ratios from 1.2 to 1.3) in the
observed distribution (Fig. 1). We conclude that the
size hierarchies have a non-random structure.
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Fig. 1 The observed distribution of ratios of standard lengths
(SLs) of clown anemonefish (Amphiprion percula) individuals
adjacent in rank within each group (dark gray and light gray;
mean = 1.30, SD = 0.17, n = 177), and the distribution of ratios
expected under a null model generated using Monte Carlo
procedure (white and light gray; mean = 1.28, SD = 0.27, n =
17700). Light gray represents area where two distributions overlap

3.2 Hypothesis 2: variation in these body size ratios
will be related to social and ecological factors

The preceding analysis demonstrated that although
these body size ratios are non-randomly distributed
they are not invariant. To better understand this pat-
tern, we tested the hypothesis that variation in these
size ratios will be related to social and ecological fac-
tors (Roff 1981).

We conducted a mixed model analysis with ‘“‘ratio”
as the dependent variable (n = 177 ratios), six inde-
pendent variables, and ““group identification number”
(1-70) entered as a random effect (SAS Mixed Pro-
cedure). We investigated the effect of six independent
variables: “‘ratio number”’ (five fixed levels), ‘‘terminal
ratio” (two fixed levels; terminal and non-terminal),
“number of individuals” (six fixed levels), ‘““anemone
diameter” (centimeter, covariate), ‘“‘depth” (meter,
covariate), and “‘reef” (two fixed levels). Independent
variables were removed from the model in a backward
stepwise fashion if they did not have a significant effect
(P > 0.05). Interaction effects were not investigated
statistically, because of low sample sizes for some of
the effects.

The only factor that was significantly related to
“ratio”” was the comparison between “‘terminal ratios”
and all other ‘‘non-terminal ratios” (Fig. 2; SAS Mixed

Procedure: df =1, 106, F = 22.16, P < 0.0001). The
terminal ratio is the ratio between the two smallest
individuals in the group, and all other ratios are non-
terminal. Terminal ratios tend to be larger than all
other ratios. We conclude that some of the variation in
the size ratio is attributable to variation in the size of
the smallest member of the group. Because the small-
est member of the group is always the most recent
recruit (Buston 2003b, 2004a), this result suggests that
the length of time individuals spend together might
influence the size ratio.

3.3 Hypothesis 3: variation in these body size ratios
will decline over time

The preceding analyses suggested that there might be
convergence on intermediate body size ratios over
time. To better understand this pattern, we tested the
hypothesis that there will be convergence on interme-
diate size ratios over time in groups whose membership
was stable (Roff 1981; Wiens 1981).

We compared the variance in the ratios of January
1997 (n = 116 ratios) to the variance in the ratios of
December 1997 (n = 116 ratios). Only groups whose
membership was stable, (i.e., groups that experienced
no losses of intermediate or high-rank individuals
for the entire study period), were included in this
analysis (n = 47 groups). The variance in the ratio
was less in December 1997 than in January 1997
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Fig. 2 The magnitude of ‘‘terminal ratios”, the ratio of SL of the
two smallest individuals in each group (mean + SE = 1.37 + 0.03,
n = 70), and all other “non-terminal ratios”” (mean + SE=1.26 +
0.01, n = 107). Horizontal lines in box plot display the 10th, 25th,
50th, 75th, and 90th percentile. All values above the 90th
percentile and below the 10th percentile are plotted separately

@ Springer



366

Oecologia (2006) 149:362-372

(Fig. 3; equality of variances F-test: df =115,
F=277, P < 0.0001). This reduction in variance
occurs both as a result of small ratios increasing and
large ratios decreasing (Fig. 3). We conclude that
there is convergence on intermediate body size ratios
over time.

3.4 Hypothesis 4: convergence on an intermediate
size ratio will be caused by regulation of growth

The preceding analysis demonstrated that there was
convergence on intermediate body size ratios over
time. To better understand the cause of this pattern, we
tested the hypothesis that convergence will be caused
by the differential regulation of growth above and
below a specific body size ratio.

We began by considering several possible estimates
of a specific body size ratio on which convergence
might be occurring: (1) the mean of the observed dis-
tribution of ratios (mean + SD = 1.30 = 0.17, n = 177,
Fig. 1); (2) the mean of the non-terminal ratios
(mean + SD = 1.26 + 0.10, n = 107, Fig. 2); and (3) the
mean of the ratios found in stable groups in December
1997 (mean = SD = 1.27 = 0.11, n = 116, Fig. 3). Of
these alternatives, we considered the smallest with the
least variation (1.26 + 0.10) to be the best estimate of
the ratio of convergence—the ratio upon which indi-
viduals would converge given sufficient time.

2.2+

2.0

o0 ® o

1.8

1.6

Ratio

i
-

1.4

1.2

1
==

1.0 L4

0.8

January December

Fig. 3 The ratio of SLs in January 1997 (mean = 1.30, variance =
0.03,n = 116) and December 1997 (mean = 1.27, variance = 0.01,
n =116). Only the 47 groups with stable memberships were
included. Horizontal lines in box plot display the 10th, 25th, 50th,
75th, and 90th percentile. All values above the 90th percentile
and below the 10th percentile are plotted separately
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The body size ratio of individuals adjacent in rank
will change if the individuals show a different per-
centage increase in SL. We compared the percent
change in SL of rank N (dominants) to the percent
change in SL of rank N + 1 (subordinates) over four
size intervals, defined by the ratio of convergence
(1.26) and its SD (« 0.10): (1) initial size ratio of the
pair was less than 1.16; (2) initial size ratio of the pair
was greater than 1.16 but less than 1.26; (3) initial size
ratio of the pair was greater than 1.26 but less than
1.36; and (4) initial size ratio of the pair was greater
than 1.36.

Dominants grew relatively more than their imme-
diate subordinates when the initial size ratio of the pair
was less than 1.16 (Fig. 4; paired ¢-test: df =12,
t =221, P =0.0470), and slightly though not signifi-
cantly more when the initial size ratio of the pair was
between 1.16 and 1.26 (Fig. 4; paired f-test: df = 43,
t =0.24, P =0.8101). Conversely, subordinates grew
relatively more than their immediate dominants when
the initial size ratio of the pair was greater than 1.36
(Fig. 4; paired t-test: df = 22, t = 4.01, P = 0.0006), and
slightly though not significantly more when the initial
size ratio of the pair was between 1.26 and 1.36 (Fig. 4;

25 A
- * ns ns *
;@ 20 -
< -
ko)
3
5 15
@©
© -
C
8
g 10 -
()]
=] -
c
(]
=
O 5 4
) IR<1.16 IR>1.16 IR>126 1.36<IR
IR<1.26 IR<1.36

Initial size ratio of pair, IR

Fig. 4 The percentage change in SL (mean + SE) of dominants,
rank N (black), and subordinates, rank N + 1 (white), when the
initial size ratio (IR) of the pair was: less than 1.16 (dominant,
n = 13; subordinate, n = 13); greater than 1.16 but less than 1.26
(dominant, n = 44; subordinate, n = 44); greater than 1.26 but
less than 1.36 (dominant, n = 36; subordinate, n = 36); and
greater than 1.36 (dominant, n = 23; subordinate, n = 23).
Horizontal lines in bar chart represent the mean and bars are
SEs. * Difference significant, where o = 0.05; ns not significant
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paired t-test: df = 35, t =0.89, P =0.3798). We con-
clude that convergence on a specific body size ratio is
caused by the differential regulation of growth above
and below this ratio.

3.5 Hypothesis 5: understanding these body size
ratios will enable us to predict maximum
group size

The preceding analyses indicated that there might be
convergence on a ratio of 1.26 over time (Figs. 2, 3,
4). If there is convergence on a specific body size
ratio over time then we should be able to predict
maximum group size (Hutchinson 1959; MacArthur
and Levins 1967). To better understand the conse-
quences of this pattern, we tested the hypothesis that
maximum group size will be predicted by the size of
the largest individual and this particular body size
ratio.

We assumed that there was convergence on a body
size ratio of 1.26 between individuals adjacent in rank
and that the smallest group members were 18 mm
in SL (see Materials and methods). These two
assumptions enabled us to predict maximum group
size, over a range of SLs of rank 1 individuals [range of
rank 1 SL (millimeter), and maximum group size
(gmax): 18.0-22.6 mm, gnax = 1; 22.7-28.5 mm, gnax =
2; 28.6-359 mm, gua.x = 3; 36.0-453 mm, gn.x = 4;
45.4-57.1 mm, gpay = 5; 57.2-71.9 mm, gnax = 6; 72.0-
90.7 mm, gmax = 7)-

We compared the observed group size to the pre-
dicted maximum group size, for 71 groups. There is a
perfect correlation between predicted maximum group
size and observed maximum group size (Fig. 5; corre-
lation coefficient: df =2; r=1; P < 0.05; Zar 1984).
We do not place much weight on the statistic itself. The
most important result is that all observed group sizes
fall at, or below, the predicted maximum. We conclude
that knowing that there is convergence on a specific
body size ratio enables us to effectively predict maxi-
mum group size.

4 Discussion

4.1 Patterns, causes, and consequences of size
hierarchies

Size hierarchies are conspicuous features of many plant
and animal aggregations, yet no study has quantified
their pattern. To gain a better understanding of size
hierarchies, we conducted a quantitative description of
the pattern found in the simple hierarchy of A. percula.
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Fig. 5 The relationship between the observed group size and the
predicted maximum group size (n = 71 groups). Maximum group
size was predicted assuming that there was convergence on a
body size ratio of 1.26. The line represents the 1:1 relationship
between observed group size and predicted maximum group size.
Points represent the existence of groups, and numbers in
parentheses indicate the number of groups at each point

We show that the size hierarchy of A. percula has a
non-random structure; the distribution of body size
ratios of individuals adjacent in rank lacks small ratios
and has an overabundance of intermediate ratios
(Fig. 1). We demonstrate that there is convergence on
intermediate ratios (ratios between 1.2 and 1.3) over
time; more specifically, we provide evidence that there
is convergence on the ratio of 1.26 (Figs. 2, 3). Our
analysis indicates that convergence on this specific ra-
tio is caused by the differential regulation of growth
above and below this ratio; initially large ratios de-
crease over time because when the ratio is large the
subordinate grows relatively more than its immediate
dominant, whereas initially small ratios increase over
time because when the ratio is small the dominant
grows relatively more than its immediate subordinate
(Fig. 4). On the basis of the body size ratio of con-
vergence (1.26) and the body size of the largest group
member we are able to accurately predict maximum
group size (Fig. 5).

This study clearly demonstrates that size hierarchies
can have a non-random structure, which is caused by
the precise regulation of the growth of individuals.
Recognizing these facts opens up a whole series of
interesting questions. First, how and why is the growth
of individuals regulated? This question can be an-
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swered in terms of ultimate and proximate causation
(Mayr 1961; Tinbergen 1964; Sherman 1988), and from
the perspective of both the dominant and the subor-
dinate. Second, what are the implications of the non-
random structure for group dynamics and population
dynamics? Here we consider preliminary answers to
these questions.

4.2 Ultimate causes of growth regulation

To understand the ultimate causes, or adaptive signif-
icance, of growth regulation it is necessary to have
some measure of the fitness consequences of changes in
size. For A. percula these fitness effects are quite well
understood. Subordinate individuals benefit from set-
tling in an anemone and queuing for breeding positions
(Buston 2004a), and thus a subordinate’s rank is the
key predictor of whether or not it will obtain a
breeding position (Field et al. 1999; Kokko and John-
stone 1999; Ragsdale 1999; Buston 2004a; Cant et al.
2006). Dominant individuals, however, gain no mea-
surable benefits from the presence of their subordi-
nates, and subordinates are always potential
challengers for a dominant’s rank and the access to
reproduction that it confers (Buston 2004b). This
asymmetry in the benefits of group living generates
potential evolutionary conflict over group membership
between individuals adjacent in rank, and dominants
occasionally evict or kill subordinates of similar size
(Allen 1972; Buston 2003b). The regulation of growth
resolves the potential evolutionary conflict over group
membership between individuals adjacent in rank
(Buston 2003a). Dominants benefit from regulating the
growth of their subordinates because in doing so they
prevent challenges to their rank. Subordinates benefit
from regulating their own growth because in doing so
they avoid becoming a threat to their immediate
dominant, and thereby avoid being evicted. In A. per-
cula the fitness effects of regulating growth are
understood from both the dominants’ and subordi-
nates’ perspectives.

We expect that adaptive regulation of growth and
non-random size hierarchies will be found in other
fish species. Some likely candidates include other
members of the genus Amphiprion (Allen 1972;
Fricke 1979; Ochi 1986; Hattori 1991; Mitchell and
Dill 2005), and members of the goby genera Gobi-
odon and Paragobiodon (Lassig 1976, 1977; Hobbs
and Munday 2004), which are sex changers that form
groups composed of a dominant breeding pair and a
number of subordinate non-breeders. Also, members
of the damselfish genus Dascyllus (Coates 1980;
Sweatman 1983; Forrester 1990; Booth 1995; Schmitt
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and Holbrook 1999), which are sex changers but form
groups composed of a dominant male and a number
of subordinate females. Additionally, members of the
cichlid genus Neolamprologus (Taborsky 1984;
Balshine-Earn et al. 1998; Heg et al. 2004), which
have separate sexes but form groups composed of a
dominant breeding pair and a number of subordinate
non-breeders. Common to all these species are po-
tential benefits for subordinates that remain in a ter-
ritory, in terms of gaining access to better breeding
positions, and potential costs to a dominant of toler-
ating a subordinate, in terms of having their rank
challenged, which together generate evolutionary
conflict. We suggest that the regulation of growth may
help to resolve this conflict in all of these species.

4.3 Proximate causes of growth regulation

Turning to the proximate mechanisms of growth regu-
lation, many investigations of size hierarchies have
suggested that dominants regulate the growth of their
subordinates either by using aggression (Brown 1946;
Allen 1972; Fricke 1974; Koebele 1985; Ochi 1986;
Hattori 1991; Booth 1995) or by intercepting food re-
sources (Magnuson 1962; Coates 1980; Forrester 1991).
Aggression by dominants is thought to regulate subor-
dinate growth either because subordinates expend en-
ergy fleeing from attacks, such that less energy is
available for growth, or because subordinates become
stressed in response to attacks, such that available en-
ergy is not converted into growth (Brown 1946; Allen
1972; Koebele 1985; Booth 1995). In these size hierar-
chies aggression directed from dominants to subordi-
nates is relatively common; there are more than 40
aggressive events per hour in Amphiprion perideraion
(Allen 1972) and more than 12 aggressive events per
individual per hour in Amphiprion akallopisos (Fricke
1979) and Dascyllys albisella (Booth 1995). In A. per-
cula aggression is relatively rare; there is less than one
aggressive event per individual per hour (P.M. Buston,
unpublished data), suggesting that dominants are not
using aggression to suppress their subordinates in this
species. Instead we suggest that the presence of the
dominant and the threat of eviction by the dominant
are sufficient to regulate subordinate growth. Com-
paring across groups within species, or across species,
we predict that dominants will have to employ more
aggression to regulate subordinate growth when they
are less able to control group membership.

Although most previous studies of size hierarchies
have focused on the role of the dominant in the regu-
lation of subordinate growth, we suggest that the role of
the subordinate in regulating its own growth must also
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be considered. The dominant’s actions will elicit
behavioral, hormonal, and neuronal response mecha-
nisms in the subordinate by which the subordinate
regulates its own growth. That is to say, the growth
regulation mechanisms of dominants and subordinates
should both be viewed as products of natural selection
that enable the individuals to produce best responses to
each other. A subordinate might regulate its own
growth by reducing its food intake (Allee et al 1948;
Yamigashi et al. 1974; Koebele 1985), increasing its level
of the stress hormone cortisol, or increasing the size of
its somatostatin containing neurons (Fox et al. 1997,
Hofman and Fernald 2000). The mechanisms that sub-
ordinates use to regulate their own growth might be
conserved across species, but we suggest that the cues
required to elicit them might vary. For example, in
species like A. percula where each dominant is able to
evict its subordinate (Buston 2003b), the subordinate
might reduce its food intake or increase its level of
cortisol in response to the presence of the dominant and
convergence on a specific size ratio. In species like A.
perideraion where each dominant is apparently less able
to evict its subordinate (P. M. Buston, personal obser-
vation), the subordinate might employ similar mecha-
nisms but only in response to increases in the level of
aggression from the dominant. Comparing across groups
within species, or across species, we predict that the
behavioral, hormonal, and neuronal mechanisms that
the subordinate uses to regulate its growth will require
less aggression from the dominant when the dominant is
more able to control group membership.

4.4 TImplications for group dynamics
and population dynamics

This study increases our understanding of the factors
that influence group size in A. percula and other ter-
ritorial fishes. In territorial fishes there are often cor-
relations between territory size and the size of the
dominant, the size of the dominant and the size of
the group, and the size of the group and the size of the
territory [anemonefishes (Allen 1972; Ross 1978;
Fricke 1979; Hattori 1991; Fautin 1992; Elliott and
Mariscal 2001; Buston 2003b; Mitchell and Dill 2005);
hawkfishes (Donaldson 1989); gobies (Kuwamura et al.
1994); cichlid fishes (Balshine et al. 2001)]. This trian-
gle of correlates has made it difficult to determine the
cause and effect of these relationships. Here, we
demonstrate that the body size of the dominant sets a
limit on group size (Fig. 5), which would generate the
commonly observed correlation between the size of the
dominant and group size (e.g., Fig. 1b in Mitchell and
Dill 2005). Why does the body size of the dominant set

the limit on group size? When the dominant is large, it
is possible to fit more fish in the anemone while
maintaining the required size ratio between individuals
adjacent in rank. Thus maximum group size, and the
relationship between dominant size and group size, can
be a product of the way in which reproductive conflict
is resolved.

This study complements our growing understanding
of the factors that influence population size in the
anemonefishes—model systems for marine population
ecology. Taking the triangle of correlates between the
size of the dominant, group size, and anemone size as
our framework, we have shown that the size of the
dominant can have a direct causal impact on group
size. Elsewhere, it has been shown that group size does
not directly influence the size of the dominant; the
presence of non-breeders does not influence the sur-
vival, growth or reproduction of breeders (Buston
2004b). Recent studies have shown that the growth of
anemones can be dependent on the number of fish
present (Porat and Chadwick-Furman 2004; Holbrook
and Schmitt 2005). This effect can be caused by the fish
defending the anemone against predators, influencing
the photosynthetic behavior of the anemone, and
providing ammonia to the anemone, all of which might
enhance tissue growth, regeneration, and indeed
reproduction (Porat and Chadwick-Furman 2004, 2005;
Holbrook and Schmitt 2005). To date there is no evi-
dence that anemone size has a direct effect on group
size. Anemone size, however, can have a direct causal
effect on the size of the dominant. Buston (2002) has
documented that the growth of the dominant is
dependent on the anemone size, once other variables
are statistically controlled. Presumably, this occurs
because there is more food available in larger anemo-
nes. To date there is no evidence that dominant size
has a direct effect on anemone size. Thus it seems that
increases in the size of the dominant can cause in-
creases in group size, increases in group size can cause
increases in anemone size, and increases in anemone
size can cause increases in the size of the dominant.
Since there is only one group per anemone (Fricke
1979; Buston 2004b), and groups do not occur outside
of anemones (Mariscal 1970; Fautin 1992; Elliott et al.
1995; Elliott and Mariscal 2001; Buston 2003b), popu-
lation size of this species will be critically dependent on
the direct and indirect interactions between dominant
size, group size, and anemone size.

4.5 Plant size hierarchies

Some of the most intriguing parallels to the size hier-
archies found within groups of fish are found within
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neighborhoods of plants. In both fishes and plants, the
growth of individuals (Marks and Gardescu 1998;
Poulson and Platt 1996; Buston 2003a) and the size of
individuals within the aggregation (Rubenstein 1981;
Ochi 1986; Nagashima et al. 1995; Poulson and Platt
1996) seem to follow a similar pattern. In both, the
hierarchies are thought to indicate the existence of
competition among individuals within the aggregation
(Obeid et al 1967; Rubenstein 1981; Begon 1984; Jones
1987; Booth 1995; Nagashima et al. 1995).

The proximate mechanisms causing the regulation
of subordinate growth in fish and plant size hierarchies
are thought to be similar (Koebele 1985; Schwinning
and Weiner 1998). Dominant individuals may suppress
subordinates either by intercepting food/light energy
(Magnusson 1962; Coates 1980; Weiner 1988; Geber
1989; Forrester 1991; Schwinning 1996) or by being
physically/chemically aggressive (Rose 1960; Allen
1972; Fricke 1974; Franco 1986; Jones and Harper
1987a, b; Mahall and Callaway 1991, 1992; Booth
1995). Subordinates may grow mainly in response to
changes in social cues, and not necessarily in response
to changes in resource availability (Rose 1960; Koebele
1985; Ballare et al. 1990; Forrester 1990; Ballare and
Scopel 1997).

The ultimate fitness effects causing the regulation of
subordinate growth in fish and plant size hierarchies
might also be similar. The cost to subordinates of
growing large may be increased conflict with their local
dominant, which can result in damage or the death of
the subordinate (Allen 1972; Barlow et al. 1986; Franco
1986; Rowland 1989; Brunkow and Collins 1998).
Natural selection can favor the strategy of remaining
small and waiting for the local dominant to die in any
organism where this strategy maximizes the subordi-
nate’s chances of attaining positions that confer high
reproductive success (Kokko and Johnstone 1999;
Ragsdale 1999; Shreeves and Field 2002; Falster and
Westoby 2003; Buston 2004a; Cant et al. 2006).

4.6 Challenges facing investigations of size
hierarchies

This study sheds light on three issues that should be
considered in future investigations of size hierarchies.
First, such investigations should account for the pos-
sibility that the underlying pattern can be obscured in
disturbed populations. Long-term studies of marked
individuals would help to account for this possibility.
Second, investigations should clearly define which
individuals are involved in each size hierarchy. In A.
percula, this is relatively easy because there is only one
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hierarchy in each anemone and anemones are sepa-
rated by inhospitable terrain. In other fishes and plants
with overlapping territories and sub-territories, it will
be necessary to determine the set of subordinates that
each dominant influences and the set of dominants that
each subordinate is influenced by before pattern and
process in the size hierarchy can be investigated. Fi-
nally, investigations should bear in mind that the ulti-
mate hypothesis for the regulation of growth,
(presented earlier), is that it resolves conflict within a
queue for breeding positions. This being the case, then
there may be a single queue within groups of her-
maphrodites such as A. percula, but there may be two
queues within groups of gonochores such as Neo-
lamprologus pulcher (a male queue and a female
queue). Analyzing the male and female queue together
likely will obscure any pattern that is predicted to exist
within each queue.

4.7 Conclusions

This study demonstrates that size hierarchies can have
a non-random pattern. The growth of individuals can
be strictly regulated such that a specific size ratio is
maintained between individuals adjacent in rank. This
pattern can reflect the resolution of potential evolu-
tionary conflict between dominants and their immedi-
ate subordinates. Resolution of conflict at the
individual level can generate the well-defined size
hierarchy at the group level, determine maximum
group size and influence population size. The frame-
work presented here provides a new perspective on
pattern, causes and consequences of size hierarchies.
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