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Summary

1. Central questions of behavioural and evolutionary ecology are what factors influence the

reproductive success of dominant breeders and subordinate nonbreeders within animal societies?

A complete understanding of any society requires that these questions be answered for all

individuals.

2. The clown anemonefish,Amphiprion percula, forms simple societies that live in close association

with sea anemones, Heteractis magnifica. Here, we use data from a well-studied population of

A. percula to determine the major predictors of reproductive success of dominant pairs in this

species.

3. We analyse the effect of multiple predictors on four components of reproductive success, using

a relatively new technique from the field of statistical learning: boosted regression trees (BRTs).

BRTs have the potential to model complex relationships in ways that give powerful insight.

4. We show that the reproductive success of dominant pairs is unrelated to the presence, number

or phenotype of nonbreeders. This is consistent with the observation that nonbreeders do not help

or hinder breeders in any way, confirming and extending the results of a previous study.

5. Primarily, reproductive success is negatively related to male growth and positively related to

breeding experience. It is likely that these effects are interrelated becausemales that grow a lot have

little breeding experience. These effects are indicative of a trade-off between male growth and

parental investment.

6. Secondarily, reproductive success is positively related to female growth and size. In this popula-

tion, female size is positively related to group size and anemone size, also. These positive correla-

tions among traits likely are caused by variation in site quality and are suggestive of a silver-spoon

effect.

7. Noteworthily, whereas reproductive success is positively related to female size, it is unrelated to

male size. This observation provides support for the size advantage hypothesis for sex change: both

individuals maximize their reproductive success when the larger individual adopts the female

tactic.

8. This study provides the most complete picture to date of the factors that predict the reproduc-

tive success of dominant pairs of clown anemonefish and illustrates the utility of BRTs for analysis

of complex behavioural and evolutionary ecology data.

Key-words: cooperative breeding, eusociality, group augmentation, life-history trade-off,

machine learning, maternal effects, parental investment, sex change, silver spoon, size advantage

Introduction

Animal societies in which dominant individuals monopo-

lize reproduction while subordinates delay or forego repro-

duction are one of the most remarkable products of

evolution – remarkable, because it is not immediately

apparent why these societies are stable, given the reproduc-

tive conflicts that are inherent within them (Emlen 1997).

A complete understanding of any society requires that the

fitness costs and benefits of the association are understood

from the perspective of each individual. It is notoriously

difficult to get at the factors that influence the reproductive

success of dominant individuals, because characteristics of

dominants, their subordinates and their territories are*Correspondence author. E-mail: buston@bu.edu
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often positively correlated (Brown et al. 1982; Cockburn

1998; Dickinson & Hatchwell 2004; Wright & Russell

2008). There are two common solutions to this problem:

(i) to use multivariate analyses to investigate the effect of

one factor while statistically controlling for the effect of

other factors; and (ii) to use experimental manipulations to

determine the effect of manipulating one factor while leav-

ing other factors unchanged (Emlen & Wrege 1991; Mum-

me 1992; Komdeur 1994; Buston 2004a; Brouwer, Heg &

Taborsky 2005; Cockburn et al. 2008). The trouble is

experimental manipulations rarely leave other factors

unchanged, and statistical analyses are often limited by

their assumptions regarding underlying data distributions

(e.g. normality or homogeneity of variance) or investigator

assumptions about the nature of relationships (e.g. linear

or curvilinear). New statistical methods for analysing

reproductive success that do not make, or force investiga-

tors to make, such assumptions could contribute much to

the field.

The majority of work on animal societies has been con-

ducted on terrestrial organisms, and testing the generality of

the findings requires extending the taxonomic and environ-

mental scope of research (Emlen 1991). The clown anemone-

fish, Amphiprion percula, is contributing to our

understanding of the evolution of animal societies (Buston

2002). In Madang Lagoon, Papua New Guinea, clownfish

live in close association with the anemone Heteractis magni-

fica (Fautin 1992; Elliott, Elliott & Mariscal 1995; Elliott &

Mariscal 2001). Within each anemone, there is a single group

of fish, composed of a dominant breeding pair and zero to

four nonbreeders (Buston 2003a, 2004a). The groups are not

composed of relatives, and nonbreeders do not help in any

obvious way (Buston 2004a; Buston et al. 2007). Within each

group, there is a size-based dominance hierarchy: the female

is largest, the male is second largest, and nonbreeders get pro-

gressively smaller (Buston 2003b; Buston & Cant 2006). The

size hierarchy represents a queue for breeding positions: if

the female of the group dies, then the males change sex and

assume the position vacated by the female, and the largest

nonbreeder inherits the position vacated by the sex-changing

male (Buston 2003b, 2004b; also Mitchell 2005). Reproduc-

tion occurs year round, and breeders hatch hundreds of eggs

each lunar month, but the factors influencing reproductive

success are only minimally understood (Buston 2004a; also

Mitchell 2003).A. percula represent a case of the classic prob-

lem, in which characteristics of dominants, their subordinates

and their territories are all positively correlated (Fautin 1992;

Elliott & Mariscal 2001; Buston 2003a,b; see also Mitchell &

Dill 2005).

Here, to gain a greater understanding the determinants of

reproductive success in dominant pairs of A. percula, we use

a relatively new technique from the field of statistical learn-

ing: Boosted Regression Trees (BRTs). The salient features

of BRTs are that they can accommodate any type of variable

(continuous, categorical, also missing and non-independent

data) and can deal with highly correlated sets of independent

variables; BRTs identify important predictor variables and

enable complex functions and their interactions to be mod-

elled without making assumptions about the type of func-

tions or interactions (Elith, Leathwick & Hastie 2008). We

use BRTs to investigate the major predictors of four compo-

nents of reproductive success of dominant pairs of A. percu-

la: (i) the probability of laying eggs; (ii) the number of eggs

laid; (iii) the probability of hatching eggs; and (iv) the propor-

tion of eggs hatched. These analyses enable us to identify the

individual, social, ecological, spatial and temporal factors

that influence each component of reproductive success. Fur-

ther, we investigate the major predictors of the total number

of eggs hatched per lunar month. This final analysis enables

us to see which of the factors identified in the four preceding

analyses have the strongest effect on overall reproductive suc-

cess. Also, this latter analysis permits direct comparison of

the boosted regression tree analysis presented here with the

mixed model analysis presented elsewhere (Buston 2004a).

This study provides the most complete picture to date of the

factors that determine anemonefish reproductive success and

reproductive strategies and illustrates the utility of BRTs for

analysis of complex behavioural and evolutionary ecology

data.

Materials andmethods

STUDY POPULATION

This investigation was conducted using data from a population of

clown anemonefish A. percula, in Madang Lagoon, Papua New

Guinea, which was studied from January 1997 to December 1997

(Buston 2002). All fieldwork was conducted using SCUBA, at

depths of less than 15 m. Seventy-one anemones (Heteractis magni-

fica) were located on two reefs: Sinub (reef 1), n = 40; Wongad

(reef 2), n = 31. [Anemones on a third reef (Masamoz, n = 26),

used in Buston 2004a,b; were not included in this study, because

reproduction was not monitored as rigorously on this third reef].

Each anemone was occupied by a single group of A. percula.

Groups consisted of a dominant pair and zero to four subordinate

nonbreeders. Within each group, individuals were ranked (1–6)

based on their relative size, with the largest being ranked 1. It was

possible to recognize group members (n = 248, in 71 groups) on

the basis of natural variation in their markings (Buston 2003c).

Individuals did not move between groups (Buston 2003a). Repro-

duction was monitored every 1–2 days for 296 days, from February

7th to December 5th 1997, and by the end of the study, 64 of the

71 groups had laid eggs.

COMPONENTS OF REPRODUCTIVE SUCCESS

Four components of reproductive success weremeasured. Reproduc-

tion was readily detectable: in the days before spawning, the male

spent much of his time preparing a nest site, and in the days after

spawning, he spent much of his time tending the eggs. The age of the

eggs was determined by their colour: day 1, orange; day 2, orange-

brown; day 3, brown; day 4, black eyes; day 5, silver eyes; day 6, silver

eyes with pupils; day 7, gold eyes with pupils. The eggs hatched after

7 days. To get a good estimate of the number of eggs laid, every

clutch of eggs was filmed for 1 min on day 1 or 2 – a clutch was con-

sidered laid if the female was no longer laying eggs. To get a good

estimate of the number of eggs hatched, every clutch of eggs was
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filmed for 1 min on day 5 or 6 – a clutch was considered hatched if it

reached day 5 or 6. Eggs were filmed using Hi8 metal evaporated

videotape and a Sony CCDTR700 8-mm video camera, along with

an Amphibico Dive Buddy III underwater housing with dome port.

The number of eggs laid and hatched was counted from frozen

frames of tape on a high-resolution screen. This monitoring yielded

data on (i) the ‘probability of laying eggs’ (0 or 1), on any given day;

(ii) the ‘number of eggs laid’, given that eggs were laid; (iii) the ‘proba-

bility of hatching eggs’ (0 or 1), given that eggs were laid; and (iv) the

‘proportion of eggs hatched’, given that eggs were hatched. Also, the

monitoring yielded data on the ‘total number of eggs hatched’ per

pair per lunarmonth.

INDIV IDUAL FACTORS

Four measures of individual phenotype were made, for both

females and males. In January 1997, all fish were captured using

hand nets and taken to the surface in plastic bags. There, the ini-

tial ‘standard length’ (SL) of each individual was measured to

0Æ1 mm, using callipers. Also, the initial ‘mass’ of individuals was

measured to 0Æ1 g, by placing them in a vessel of water on a micro-

balance. In December 1997, all surviving fish were recaptured and

remeasured, which permitted estimation of two measures of

growth: ‘change in SL’, measured to 0Æ1 mm; and ‘change in mass’,

measured to 0Æ1 g. We include both length and mass in our analy-

ses, even though they are highly correlated, because they represent

different things.

Twomeasures weremade at the scale of the pair. The ordinal num-

ber of each clutch was measured over the entire year (starting at one),

and this number was called ‘year clutch’. Year clutch indicates

whether a clutch is a pair’s first, second, third or nth clutch for the

given study period. Also, the ordinal number of each clutch was mea-

sured over each lunar month (starting at one), and this number was

called ‘month clutch’. Month clutch indicates whether the clutch is a

pair’s first, second or third clutch for a given lunar month. Together,

these measurements yielded 10 variables representing characteristics

of individuals and pairs that were predicted to influence the repro-

ductive success of dominant pairs.

SOCIO-ECOLOGICAL FACTORS

Four measures of individual phenotype were made for nonbreeders,

ranks 3–5: initial ‘SL’, initial ‘mass’, ‘change in SL’ and ‘change in

mass’. Also, four factors that represent attributes of groups and the

anemone were measured. The ‘number of nonbreeders’ present in the

group was measured every other day. An experiment was conducted,

in which nonbreeders were removed from 14 of anemones, so the cat-

egorical variables ‘treatment’ (manipulated or control) and ‘timing’

(before or after) were included in the analyses. The ‘anemone dia-

meter’ was measured to the nearest 5 cm, using a measuring tape.

These measurements yielded sixteen socio-ecological variables that

were predicted to influence the reproductive success of dominant

pairs.

SPATIO–TEMPORAL FACTORS

Two spatial and two temporal factors were measured. The spatial

variable ‘reef’ identified the reef on which the group was located.

Also, ‘depth’ of each anemone was measured to 0Æ1 m, using a

dive computer. The temporal variable ‘lunar month’ was measured

with month 1 being the first month of monitoring. Also, ‘lunar

day’ was measured with day 1 being the first day after each new

moon. These measurements yielded four spatio–temporal variables

that were predicted to influence reproductive success of dominant

pairs.

STATIST ICAL ⁄ MACHINE LEARNING ANALYSES

All analyses were conducted using BRTs (Friedman, Hastie &

Tibshirani 2000; Schapire 2003; Elith et al. 2006; Elith, Leathwick &

Hastie 2008; Leathwick et al. 2006, 2008; De’ath 2007). All BRTs

were fitted in r (RDevelopment Core Team2006 version 2.3-1), using

gbm package version 1.5-7 (Ridgeway 2006) plus custom code that is

available online (Elith, Leathwick & Hastie 2008). BRTs have their

origins in machine learning, but can be considered an advanced form

of regression (Schapire 2003; Friedman, Hastie & Tibshirani 2000).

In contrast to standard regression methods that produce a single pre-

dictive model, BRTs fit multiple simple models and combine them

for prediction, thereby improving predictive performance. BRTs get

their name from the two algorithms on which they are based: regres-

sion trees and boosting.

Regression trees partition predictor space into rectangles, using a

set of rules to identify regions that have the most homogenous

responses to predictors, and fitting the mean response for observa-

tions in each region (see Breiman et al. 1984; De’ath & Fabricius

2000; Hastie, Tibshirani & Friedman 2001; and Elith, Leathwick &

Hastie 2008 for more detail). The pros of regression trees are that

they can accommodate any type of variable (numeric, binary, cate-

gorical, also missing and non-independent data), and they success-

fully identify important predictor variables; the cons of regression

trees are that they have difficulty modelling smooth functions, and

they are not particularly robust to changes in training data (Elith,

Leathwick&Hastie 2008).

Boosting helps to tackle the weaknesses of single regression trees.

Boosting improves model accuracy, by searching for many rough

prediction rules rather than the single most accurate prediction rule

(Schapire 2003). There are several approaches to fitting a boosted

model. Here, stochastic gradient descent was employed, and this can

be thought of as a forward stagewise process, in which each succes-

sive tree is fitted to the residuals of the set so far selected. By shrinking

the contribution of each tree and averaging across the final selected

set, boosting generates a final model that is more robust than a single

regression tree model and enables curvilinear functions to be

modelled (Elith, Leathwick&Hastie 2008).

BRT analyses require the user to adjust two important parameters:

the ‘learning rate’ and ‘tree complexity’. The learning rate determines

the contribution of each tree to the growingmodel. The tree complex-

ity controls whether interactions are fitted: a value of one fits an addi-

tive model, a value of two fits a model with two-way interactions and

so on. Elith, Leathwick &Hastie (2008) provide more details of these

parameters and provide rules of thumb for selecting appropriate set-

tings. Here, learning rates that were slow enough (0Æ005–0Æ0005) to
build models that estimate responses reliably and a tree complexity

that was high enough (5) to build models with complex interactions

were selected.

When developing BRT models, cross-validation (CV) can be used

formodel development and evaluation. CV provides ameans for pro-

gressively testing the developing model on withheld portions of the

data, ensuring the model that is finally fitted is general enough to pre-

dict well to held out data (see Elith, Leathwick & Hastie 2008 for

explanation of its use in BRTs). TheCV can be organized to deal with

inherent structure in the data (e.g. Fabricius & De’ath 2008). Here,

we used 10-fold CV and retained the natural structure in the data by

keeping all data for any one anemone in the same fold (c. 7 anemones
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per fold). This enabled us to make and test predictions about anemo-

nes not used inmodel fitting (‘left-out’ data).

Given the structure of the data, in traditional statistical models,

it is necessary to enter group identification number as a random

effect, to control for the lack of independence among multiple

measures of reproduction from the same group (Buston 2004a).

Our CV set-up is an established method for dealing with random

effects in BRTs (Fabricius & De’ath 2008). To explore whether it

successfully fitted a model of the response that accounted for the

majority of variation between anemones, we tested the relationship

between group ID and the residuals of the models using methods

suggested by Wood (2006, section 6.5). In two of five cases, there

was a relationship between group ID and the residuals of the

model. The potential meaning of the group ID effect is discussed

in more detail later.

The performance of all models was assessed on the training data

and on predictions to test data (anemones that were withheld during

CV), enabling us to evaluate our ability to explain observed data and

predict left-out data, respectively. One or two measures of perfor-

mance were calculated for each model, as appropriate (Ferrier &

Watson 1997): the predictive deviance expressed as a percentage of

the null deviance and the discrimination ability measured as the area

under the receiver operator characteristic curve (AUC). While there

are no P values in BRTs, the relative influence of individual predic-

tors is estimated based on both how often the predictor is selected

and the improvement to the model as the result of selection. Relative

influence of predictors is then scaled so that the sum adds up to

100%, and here, we focus on predictors with a relative influence of

more than 5%.

Visualization of fitted functions is achieved using partial depen-

dence plots, which show the effect of a focal predictor on the response

controlling for the average effect of all other variables in the model.

Although partial responses from one tree yield step functions, adding

information from additional trees can create complex curvilinear

functions. Interactions between predictors are modelled automati-

cally, because the structure of a tree means that the response to one

predictor variable depends on values of predictors higher in the tree.

Here, the partial dependence plots for the six most important predic-

tors of reproductive success are presented, and interactions are

explained in the text.

The effect of multiple predictors on each of the four components

of reproductive success was investigated using BRTs. Four separate

analyses were conducted because the bimodal distribution of the

number of eggs laid on any given day, with a zero and nonzeromode,

indicated that different processes might be causing the binary and

numeric response. The same applied to the proportion of eggs

hatched given that they are laid. Models for probability of laying or

hatching assumed binomial errors; for the number of eggs laid, pois-

son errors; and for the proportion of eggs hatched, Gaussian errors

on arc-sine-transformed percentages. The aim of these analyses was

to identify the major predictors of individual components of repro-

ductive success.

Results

PROBABIL ITY OF LAYING EGGS

The probability that dominant pairs laid eggs on any given

day was 0Æ04 ± 0Æ02 (mean ± SD). There were six impor-

tant predictors of the probability that the dominant pair laid

eggs on any given day: lunar day, presence of eggs, lunar

month, change in male SL, year clutch and month clutch

(Table 1). The model explained 24% of the deviance using

training data, which tells us how good themodel is at explain-

ing observed data; the model explained 15% of the deviance

using CV, which tells us how good the model is at predicting

left-out data. The area under the receiver operating charac-

teristic curve was 0Æ88 in training and 0Æ82 in CV. This mea-

sure can be interpreted as the probability that when we

randomly pick one laying event and one nonlaying event, the

classifier will assign a higher score to the laying event than the

nonlaying event.

The partial response plots (Fig. 1) indicate that dominant

pairs are more likely to lay eggs around lunar day 19 than at

other times, they do not lay eggs if they already have eggs,

and they are more likely to lay a first clutch than they are to

lay a second or third clutch in a given lunarmonth. They indi-

cate that the probability of laying eggs fluctuates with lunar

month. Finally, the likelihood of laying eggs decreases as

change in male SL increases and increases with each addi-

tional clutch that that a pair lays.

There was one important interaction between predictors

of the probability of laying eggs. The relationship between

lunar date and the probability of laying eggs was depen-

dent on month clutch, i.e. dependent on whether it was the

first, second or third clutch of the month. The probability

of laying the first clutch peaked around lunar day 14–15,

the second clutch around day 18–19 and the third clutch

around day 22–23. [There was also a set of trivial interac-

tions between the predictor ‘eggs present ⁄ absent’ and all

other predictors: when eggs were present, there was a zero

probability of laying eggs; when eggs were absent, the

responses were those seen in the partial dependence plot

(Fig. 1)].

NUMBER OF EGGS LAID

The number of eggs that dominant pairs laid, given that they

laid, was 324 ± 153 (mean ± SD) and ranged from 1 to

878. Six variables were important predictors of the number

of eggs laid by the dominant pair, given that they laid eggs:

change in male SL, change in female mass, year clutch,

female SL, male SL and lunar month (Table 1). The model

explained 62% of the deviance using training data (explana-

tion of observed data) and 15% of the deviance using CV

(prediction of left-out data).

The partial response plots (Fig. 2) indicate that dominant

pairs lay fewer eggs as change in male SL increases, but more

eggs with each additional clutch that a pair lays. Also, the

number of eggs laid is positively related to change in female

mass and initial female SL. Finally, the number of eggs laid is

positively related to initial male SL and varies with lunar

month. There were no important interactions among predic-

tors of the number of eggs laid.

Subsequent investigation of the residuals of this model

revealed that they were related to group ID. This means that

there was an effect of group ID on the number of eggs laid,

over and above all of the other effects measured. This result
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indicates that there is unmeasured variation in dominant

pairs, their territories or the interaction between dominant

pairs and their territories that is related to the number of eggs

laid per clutch.

PROBABIL ITY OF HATCHING EGGS

The probability that dominant pairs hatched eggs, given that

they laid, was 0Æ65 ± 0Æ31 (mean ± SD). Three variables

were important predictors of the probability that the domi-

nant pair hatched eggs, given that they laid them: the number

of eggs laid, change in female SL and change in female mass

(Table 1). The model explained 48% of the deviance using

training data (explanation of observed data) and 31% of the

deviance using CV (prediction of left-out data). The area

under the receiver operating characteristic curve was 0Æ93 in

training and 0Æ79 in CV.
The partial response plots (Fig. 3) for these variables indi-

cate that dominants are unlikely to hatch eggs when the num-

ber of eggs laid is particularly small (less than �100 eggs).

They indicate that the pair is less likely to hatch eggs as

female change in SL and change in mass increases. There

were no important interactions among predictors of the

probability of hatching eggs.

PROPORTION OF EGGS HATCHED

The proportion of eggs that dominant pairs hatched, given

that they hatched, was 0Æ87 ± 0Æ16 (mean ± SD). Five vari-

ables were predictors of the proportion of eggs hatched by

Table 1. Predictors of the reproductive success in dominant pairs of clownfish

Category Predictor

Relative contribution (%)

Probability of

laying eggs

Number of

eggs laid

Probability of

|hatching eggs

Proportion of

eggs hatched

Total eggs

hatched

Characteristics of

individuals and pairs

F SL 0Æ80 7Æ40 0Æ26 1Æ14 4Æ20
Fmass 0Æ83 3Æ33 0Æ13 0Æ52 2Æ84
F change in SL 3Æ39 3Æ81 8Æ85 2Æ13 3Æ11
F change inmass 1Æ84 13Æ64 6Æ39 0Æ51 10Æ17
MSL 1Æ15 6Æ40 1Æ56 1Æ04 2Æ23
Mmass 0Æ98 1Æ36 1Æ07 0Æ63 1Æ07
M change in SL 8Æ04 18Æ05 1Æ39 15Æ46 27Æ79
Mchange inmass 2Æ68 1Æ29 3Æ41 3Æ74 1Æ06
Year clutch 7Æ30 10Æ52 1Æ96 1Æ76 13Æ42
Month clutch 5Æ77 0Æ77 0Æ44 0Æ82 –

Characteristics of

groups and territories

R3 SL 2Æ00 0Æ79 0Æ10 1Æ83 2Æ47
R3mass 0Æ75 0Æ71 0Æ04 1Æ47 1Æ34
R3 change in SL 0Æ84 3Æ36 0Æ50 1Æ50 1Æ18
R3 change inmass 0Æ56 4Æ96 0Æ20 0Æ46 3Æ57
R4 SL 0Æ49 1Æ77 0Æ12 1Æ11 1Æ42
R4mass 0Æ35 0Æ39 0Æ05 0Æ56 0Æ96
R4 change in SL 0Æ83 1Æ16 0Æ00 0Æ16 0Æ51
R4 change inmass 0Æ40 1Æ17 0Æ02 0Æ06 2Æ45
R5 SL 0Æ18 0Æ08 0Æ02 0Æ20 0Æ48
R5mass 0Æ10 0Æ01 0Æ02 0Æ01 0Æ19
R5 change in SL 0Æ06 0Æ05 0Æ01 0Æ10 0Æ02
R5 change inmass 0Æ06 0Æ01 0Æ00 0Æ09 0Æ02
Nonbreeder number 0Æ33 0Æ10 0Æ03 0Æ06 0Æ08
Control ⁄Experiment 0Æ47 0Æ04 0Æ00 0Æ21 1Æ06
Before ⁄After 0Æ02 0Æ09 0Æ01 0Æ06 0Æ05
Anemone diameter 1Æ38 2Æ99 0Æ72 10Æ53 1Æ38

Spatio–temporal

variables

Depth 2Æ47 3Æ82 0Æ33 10Æ29 7Æ70
Reef 0Æ43 4Æ68 0Æ02 0Æ16 1Æ32
Lunar day 30Æ13 1Æ79 0Æ53 3Æ11 –

Lunarmonth 9Æ16 5Æ45 4Æ52 19Æ89 7Æ86
Other Eggs present ⁄ absent 16Æ21 – – – –

Number of eggs laid – – 67Æ32 20Æ40 –

SL, standard length.

Numbers summarize the relative contributions of predictor variables for boosted regression treemodels developed to predict four components

of reproductive success and overall reproductive success. Numbers in bold highlight the variables that contribute more than 5% to a given

model. These variables were considered important predictors of reproductive success (see Figures).

Buston (2004a) conducted an experiment in which nonbreeders were removed from 14 anemones at the end of lunarmonth 4. Control ⁄Experi-
ment is a categorical variable, indicating whether measures of reproductive success were from anemones destined to have nonbreeders removed.

Before ⁄After is a categorical variable, indicating whether measures of reproductive success came before or after the removal.
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the dominant pair: the number of eggs laid, lunar month,

change in male SL, anemone diameter and depth (Table 1).

The model explained 12% of the deviance using training data

(explanation of observed data) but none of the deviance on

the left-out data. Given that the model is not useful for pre-

diction, we will not interpret it further. We note, however,

that the partial responses (Fig. 4) may be real patterns in a

noisy data set.

Fig. 1. Probability of laying eggs. Partial dependence plots for the six most influential variables that predict the probability that dominant pairs

lay eggs on any given day. Fitted lines represent themean estimate (black) and 95% confidence intervals (grey) based on 500 bootstrap replicates.

Rug plots at inside top of plots show the distribution of data, in deciles, of the variable on theX-axis.

Fig. 2. Number of eggs laid. Partial dependence plots for the six most influential variables that predict the number of eggs that dominant pairs

lay, given that they lay eggs. Fitted lines represent the mean estimate (black) and 95% confidence intervals (grey) based on 500 bootstrap repli-

cates. Rug plots at inside top of plots show the distribution of data, in deciles, of the variable on theX-axis.
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TOTAL NUMBER OF EGGS HATCHED

Five variables were important predictors of the total

number of eggs hatched per dominant pair per lunar

month: change in male SL, year clutch, change in female

mass, lunar month and depth (Table 1). The model

explained 51% of the deviance using training data

(explanation of observed data); the model explained

Fig. 3. Probability of hatching eggs. Partial dependence plots for the six most influential variables that predict the probability that dominant

pairs hatch at least one of the eggs they lay. Fitted lines represent the mean estimate (black) and 95% confidence intervals (grey) based on 500

bootstrap replicates. Rug plots at inside top of plots show the distribution of data, in deciles, of the variable on theX-axis.

Fig. 4. Proportion of eggs hatched. Partial dependence plots for the six most influential variables that predict the proportion of eggs that domi-

nant pairs hatch, given that they hatch eggs. Fitted lines represent the mean estimate (black) and 95% confidence intervals (grey) based on 500

bootstrap replicates. Rug plots show the distribution of data, in deciles, of the variable on theX-axis.
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19% of the deviance using CV (prediction of left-out

data).

The partial responses (Fig. 5) for the six major predictors

indicate that the dominant pair hatch more eggs per month

as change in male SL decreases, but more eggs with each

additional clutch that a pair lays (see also Figs 1 and 2). Pairs

hatch more eggs per month as change in female mass

increases and as initial female SL increases (see also Fig. 2).

Finally, the number of eggs hatched varies with depth (see

also Fig. 4) and from 1 month to the next (see also Figs 1

and 4).

There was one important interaction between predictors of

the total number of eggs hatched per month: the effect of

change in female mass on the number of eggs hatched varied

with the effect of change in male SL and vice versa. Specifi-

cally, when males changed length by more than a couple of

millimetres during the year, the number of eggs hatched per

month was very low, and there was little or no effect of

change in female mass on the number of eggs hatched. In

contrast, when males changed in length less than a couple of

millimetres during the year, the number of eggs hatched was

high, and change in female mass was positively related to the

number of eggs hatched.

Subsequent investigation of the residuals of this model

revealed that they were related to group ID. This means that

there was an effect of group ID on the total number of eggs

hatched, over and above all of the other effects measured.

Likely, this is because of the effect of group IDon the number

of eggs laid. This result indicates that there is unmeasured

variation in dominant pairs, their territories or the interac-

tion between dominant pairs and their territories that is

related to the total number of eggs hatched.

Discussion

We investigated the effects of individual, social, ecological

and spatio–temporal factors on four components of repro-

ductive success of dominant pairs of clown anemonefish.

Our analyses indicate that change in male length is nega-

tively related, and year clutch is positively related to the

probability of laying eggs (Fig. 1) and the number of eggs

laid per clutch (Fig. 2). These effects, taken together, are

the primary determinants of the total number of eggs

hatched by pairs (Fig. 5, Table 1). Also, our analyses indi-

cate that change in female mass and initial female SL are

both positively related to the number of eggs laid per clutch

(Fig. 2). These effects, taken together, can be considered

the secondary determinants of the total number of eggs

hatched by pairs (Fig. 5, Table 1). Our analyses indicate

that there is no important effect of the number of nonbree-

ders, nonbreeder removal or nonbreeder phenotype on any

component of the reproductive success of pairs (Figs 1–5,

Table 1), confirming and extending the results of a previous

analysis (Buston 2004a). Finally, our analyses indicate that

there are spatial (depth) and temporal (lunar month) effects

on the reproductive success of pairs (Fig. 5, Table 1), but

that these are weak relative to the effect of traits of individ-

uals. This study provides the most complete picture to date

of the factors that predict anemonefish reproductive

success.

Fig. 5. Total number of eggs hatched. Partial dependence plots for the six most influential variables that predict the total number of eggs that

dominant pairs hatch per lunar month. Fitted lines represent the mean estimate (black) and 95% confidence intervals (grey) based on 500 boot-

strap replicates. Rug plots at inside top of plots show the distribution of data, in deciles, of the variable on theX-axis.
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BOOSTED REGRESSION TREES

In addition, this study illustrates the utility of BRTs for anal-

ysis of complex behavioural and evolutionary ecology data.

The potential contribution of BRTs to the field should be

assessed based on (i) how much additional insight into pre-

dictors they make and (ii) how many fewer assumptions they

make, when compared to more traditional analyses. Buston

(2004a) conducted a mixed model analysis investigating the

effect of multiple factors on the total number of eggs hatched

by pairs each lunar month, equivalent to the final analysis

presented here. Thatmixedmodel indicated thatmale growth

was negatively related, and nonbreeder removal was not

related, to the total number of eggs hatched (Buston 2004a).

Thus, BRTs are identifying predictors with large effects and

predictors with small effects, in a manner consistent with

mixed model analyses. BRTs, however, seem to do better

when it comes in identifying predictors with subtler, interme-

diate, effects (contrast to Buston 2004a); BRTs also seem to

do better when it comes to disentangling the effects of multi-

ple correlated variables (contrast to Mitchell 2003). Perhaps

the most important benefits of BRTs are that they can

accommodate any type of variable and that they enable

investigators to model complex curvilinear relationships (e.g.

Fig. 5) and interactions without making assumptions regard-

ing the nature of those relationships.

PRIMARY DETERMINANTS OF REPRODUCTIVE SUCCESS

The primary determinants of reproductive success of domi-

nant pairs ofA. percula are (i) change in male SL and (ii) year

clutch. The negative relationship between change in male SL

and reproductive success likely is indicative of a trade-off

between male growth and parental investment. Such a trade-

off is common in fishes although the underlying mechanism

of the trade-off, be it a reduction in energy intake, an increase

in energy expenditure, or reallocation of energy, varies (Helf-

man et al. 2009). The positive relationship between year

clutch and reproductive success has a subtle explanation.

This relationship does not simply indicate that pairs that

hatched many eggs in the first months of the study continued

to hatch many eggs in later months. Rather, the relationship

indicates that pairs hatched more eggs per month with each

additional clutch that they laid. It seems reasonable to

suggest that the variable ‘year clutch’ can be thought of as

‘breeding experience’ – the more experience pairs have, the

more successful they become. It is likely that the true effect of

breeding experience is stronger than that documented here

because, in this data set, the first clutch laid by a pair repre-

sents the true first clutch for some but the nth clutch for oth-

ers. Such an effect of breeding experience has not been

quantified in fishes in the field before, even though aquarists

are aware of the effect, and it has been documented in other

taxa (Forslund & Pärt 1995). We consider the effects of

change in male SL and breeding experience together because

we believe that they might be related: in the field, following

the death or experimental removal of a male, the new replace-

ment male grows a lot, and the newly formed pair has no

breeding experience (Buston 2003b, 2004a). It will be interest-

ing to investigate the mechanism underlying the effects of

male growth and breeding experience on reproductive success

inmore detail in the future.

SECONDARY DETERMINANTS OF REPRODUCTIVE

SUCCESS

The secondary determinants of reproductive success of domi-

nant pairs of A. percula are (i) change in female mass and (ii)

female SL. The positive relationship between female SL and

reproductive success is consistent with results of other studies

of anemonefishes (Mitchell 2003; Green & McCormick

2005a). Such a relationship is common in fishes and likely

reflects a capacity constraint – large females can carry more

eggs (Helfman et al. 2009). The positive relationship between

female change in mass and reproductive success is more sur-

prising, given that one might expect a trade-off between

growth and reproduction (Bell & Koufopanou 1986; Par-

tridge &Harvey 1988; Reznick, Nunney& Tessier 2000; Roff

2002). The simplest hypotheses for this positive association

are that variation in female quality or territory quality means

that some individuals are able to both grow and reproduce

successfully (van Noordwijk &De Jong 1986; De Jong & van

Noordwijk 1992; Malausa, Guillemaud & Lapchin 2005).

Interestingly, in this population, female size and growth are

positively related to group size and anemone size also (Fautin

1992; Elliott & Mariscal 2001; Buston 2002; Buston & Cant

2006). The observation that the positive correlations between

traits extend beyond the female suggests that variation in

territory quality (either anemone quality or site quality),

rather than variation in female quality, is the more likely

cause of this effect. If variation in territory quality is indeed

the cause of the positive relationship between female growth

and reproductive success, then this suggests that there is a

fairly strong ‘silver-spoon effect’ in A. percula, whereby indi-

viduals that are fortunate enough to recruit into good territo-

ries reap long-term rewards in terms of growth, size and

reproductive success (Grafen 1988; Madsen & Shine 2000;

van de Pol et al. 2006).

THE EVOLUTION OF REPRODUCTIVE STRATEGIES

Having identified the primary and secondary determinants of

reproductive success, we now turn to consider whether our

results can shed any light on the evolution of the most nota-

ble of clownfish reproductive strategies: sex change. Fricke &

Fricke (1977) were the first to describe sex change inAmphip-

rion, yet hypotheses for why the trait is maintained by natural

selection lack empirical support. The size advantage hypothe-

sis (SAH) is widely used to understand the evolution of sex

change (Ghiselin 1969; Warner 1975; Charnov 1982). The

SAH predicts that the sexual tactic adopted by individuals

will depend on the relationship between body size and repro-

ductive value, whichmay in turn be influenced bymating sys-

tem or social context (Warner 1984, 1988; Munday, Buston
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&Warner 2006). In a monogamous system, the SAH predicts

that if expected offspring production as a female increases

with body size more strongly than does expected offspring

production as a male, then selection will favour the larger of

the pair adopting the female tactic and the smaller of the pair

adopting the male tactic (Warner 1984; Buston 2002; Mun-

day, Buston&Warner 2006). These are the very relationships

between offspring production, body size and sexual tactic

that we have uncovered here (Fig. 5, Table 1) and, given that

the mortality rates associated with male and female tactics

are the same (Buston 2003c), this is sufficient to explain the

maintenance of male first sex change by selection in this spe-

cies. Indeed, we can estimate that both individuals increase

their short-term reproductive success by c. 10% by coordi-

nating over reproductive tactics in this way. To our knowl-

edge, this is the first empirical demonstration of the proposed

selective advantage of male first sex change in Amphiprion.

This highlights the power of long-term studies of marked

individuals in conjunction with statistical learning techniques

to provide new biological insights.

Conclusion

This study culminates a series of articles that have investi-

gated various aspects of the behavioural and population ecol-

ogy of A. percula, in Madang Lagoon, Papua New Guinea

(Buston 2002). Our results support the conclusion that subor-

dinate nonbreeders have neither positive nor negative effects

on the short-term reproductive success of dominant pairs

(Buston 2004a). More compellingly, our results suggest that

traits of the male, female and pair’s interaction are the most

important drivers of short-term reproductive success. Future

studies might investigate whether an effect of subordinates

on the dominant pairs’ reproductive success is hidden by

adjustments in maternal or paternal investment (Green &

McCormick 2005a; Russell et al. 2007; Taborsky, Skubic &

Bruintjes 2007; : Russell & Lumaa 2009) or whether subordi-

nates influence the dominant pairs’ growth, size and resultant

reproductive success, via effects on the anemone, i.e. whether

there is a group augmentation effect (Kokko, Johnstone &

Clutton-Brock 2001; Clutton-Brock 2002; Porat & Chad-

wick-Furman 2004; Holbrook & Schmitt 2005). We suggest,

however, that it will be most profitable to use experiments to

investigate the cause and effect of relationships demonstrated

here or field studies to investigate how the relationships dem-

onstrated here translate into the number of offspring that

survive to breed following dispersal (Jones, Planes & Thorr-

old 2005; Planes, Jones & Thorrold 2009; P.M. Buston, G.P.

Jones, S. Planes & S.R. Thorrold, unpublished data).
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