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Summary

1. Male-biased adult sex ratios are frequently observed in free-ranging populations and are known

to cause changes in mating behaviours including increased male harassment of females, which can

cause injury to females and ⁄or alter female behaviour during breeding.

2. Although we can explain why such behaviours may evolve and have studied their impacts on

individuals when it does, we know very little about the demographic consequences of harassment

caused by changes in adult sex ratio.

3. Using a 12-year longitudinal data set of a free-living and endangered New Zealand passerine,

the hihi (Notiomystis cincta),we show that a changing adult sex ratio has little or no effect on adult

female survival or the number of fledglings produced per female. This is despite clear evidence of

male harassment of breeding females when the sex ratio was male biased (up to three males per

female).

4. The length of the study and major fluctuations in sex ratio observed made it possible to obtain

narrow confidence or credible intervals for effect sizes, showing that any effect of sex ratio on

demographic rates were small.

5. Our results provide rare empirical evidence for the demographic consequences of biased adult

sex ratios in the wild and particularly in a conservation context.
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Introduction

Male-biased adult sex ratios often lead to increased competi-

tion for mates and harassment of reproductive partners

resulting in sexual conflict. Sexual conflict is defined as an

interaction between males and females such that the optimal

outcomes for each sex are not achieved simultaneously (Par-

ker 2006). This was first described by Parker (1979) who

observed the drowning of yellow dung fly (Scathophaga sterc-

oraria) females that were caught in struggles between multi-

ple suitors, and there are now numerous examples where

females are harmed by male mating behaviours (Chapman

et al. 2003; Rankin & Kokko 2007). Studies of sexual con-

flict, however, have largely focussed on why such behaviours

have evolved and therefore fall in the realm of evolutionary

biology (Lessells 2005). Instead, many authors are now

encouraging an integration of sexual conflict into ecological

studies (Le Galliard et al. 2005; Rankin & Kokko 2006,

2007; Tregenza,Wedell & Chapman 2006).

Beyond the immediate costs to females, such as injury or

death, are the more insidious consequences of sexual harass-

ment on population dynamics. Experimental manipulation

of adult sex ratios among common lizard (Lacerta vivipara)

populations showed that in male-biased populations, females

not only had higher injury and mortality rates, but they also

produced 1Æ95 fewer offspring on average compared to

females in female-biased populations (Le Galliard et al.

2005). Consequently, themodelled effects of sex ratio fluctua-

tions on extinction risk were highly sensitive to male aggres-

sion. Compared to a one-sex model, extinction risk over time

increased twice as fast in a two-sex model (simply accounting

for stochastic sex ratio fluctuation) and 10 times as fast in a

two-sex model that also included reduced fecundity with

male-biased sex ratios (described by Ricker functions; Le

Galliard et al. 2005).

Population ecologists, however, often use female-only

models, and therefore assume that the number of males in a

population has negligible effect on its dynamics (Rankin &

Kokko 2006). This is a reasonable assumption if adult sex

ratios stay close to 1 : 1, as will be the case in large popula-

tions with no skew in primary sex ratios or survival rates, and*Correspondence author. E-mail: john.ewen@ioz.ac.uk
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may also be reasonable if males make little or no parental

investment so females are the limiting sex (Caswell 2001).

However, if females are subject to harassment by males, then

any changes to sex ratio can potentially affect female survival

and reproduction rates regardless of whether males make any

significant parental investment. In addition, small popula-

tions will experience randomfluctuations in sex ratios regard-

less of any other factors that may cause changes in sex ratios.

Whilst there have been few studies investigating how adult

sex ratio affects survival or reproduction rates in any popula-

tion (Clutton-Brock et al. 2002; Milner-Gulland et al. 2003;

Dyson & Hurst 2004; Pettersson et al. 2004; Le Galliard

et al. 2005; Johanos et al. 2010), it is of particular importance

to investigate such effects in small populations of species of

conservation concern. In populations of threatened species

with male harassment, the best strategy may be to remove

some portion of the males to maximize population growth.

However, such management would be controversial and

would probably be resisted unless there was strong evidence

that removal of males would be beneficial. This evidence can

partially be obtained from experimental manipulations of

common species with mating systems similar to the species of

concern. However, it is also essential to take advantage of

opportunities to assess the effects of natural variations in sex

ratio when they occur in threatened species.

We investigated the effects of a fluctuating sex ratio in a

small population of the hihi, (Notiomystis cincta), an endan-

gered passerine bird with aggressive male mating behaviour.

Hihi formmale–female pairs for breeding (Ewen et al. 2004),

and males make some contribution to feeding of the chicks

(Ewen & Armstrong 2000). However, fertile females are fre-

quently chased by extra-pair males, and this often leads to

face-to-face forced copulations where females are pinned on

their backs (Castro et al. 1996). Females actively attempt to

resist such copulations by emitting specific alarm calls, erratic

flight behaviour and, once on the ground, scrambling for veg-

etation cover and attempting to dislodge the pursuing male

or males (Low 2005). The males involved may be unpaired or

paired with other females, and occasionally males force copu-

lation on their own social mates (Ewen et al. 2004; Low

2004).

A known cost to females from increased frequencies of

forced copulation is reduced paternal contribution to chick

rearing (Ewen & Armstrong 2000). In addition, females may

be injured during forced copulations (Castro et al. 1996). We

assume here that forced copulation is a manifestation of sex-

ual conflict but acknowledge that these behavioural strategies

can evolve through concurrence (Parker 2006) and that

females could gain direct fitness benefits from them (such as

testing male ability, Eberhard 2002). Levels of extra-pair

paternity are high in this species (35% of nestlings in 80% of

nests; Ewen et al. 1999) and arise from a combination of

solicited (infrequent) and forced copulations (Low 2005).

Here, we interpret aggressive male mating behaviour as a

generally negative influence on female hihi (as has been docu-

mented in other species, Le Galliard, Cote & Fitze 2008) and

aim to test this assumption at the demographic level.

Behavioural research on the Tiritiri Matangi Island hihi

population has shown substantial changes in the frequency

of forced extra-pair copulation attempts associated with

changes in the adult sex ratio. In two breeding seasons (1996–

1997 & 1997–1998) when the hihi population was heavily

male biased (3 : 1; 2Æ33 : 1, respectively), 5Æ8 attempted

forced copulations were observed per hour on average (Ewen

& Armstrong 2000; Ewen et al. 2004). In three subsequent

breeding seasons (2001–2002, 2002–2003 & 2003–2004),

when the sex ratio was female biased or close to parity

(1 : 1Æ7; 1 : 1Æ1; 1Æ1 : 1, respectively), an average of 1Æ4
attempted forced copulations were observed per hour (Low

2004, 2005). We therefore predicted that survival and ⁄or
reproductive success of female hihi on TiritiriMatangi would

be lower in years with a male-biased sex ratio. Here, we test

this prediction using 12 years of intensive monitoring data

that provides a unique opportunity to assess the demo-

graphic effects of fluctuations in sex ratio in a small

population.

Materials andmethods

STUDY SYSTEM

Hihi are small (males ca. 40 g; females ca. 32 g), sexually dimorphic

and dichromatic forest-dwelling nectarivores that were once abun-

dant throughout the northern regions of New Zealand. Hihi popula-

tions crashed following European arrival and after c. 1890 the species

was restricted to a single offshore island population (on 3083 ha

Hauturu). Since the early 1980s, conservation efforts have focused on

reintroducing hihi to other sites, withmixed success. The greatest suc-

cess to date has been the hihi population on Tiritiri Matangi Island

(220 ha), which was reintroduced in 1995 (Armstrong et al. 2002;

Ewen & Armstrong 2007). Hihi within this population have mean

longevity of between 3–4 years (Low & Pärt 2009) with high adult

survival that appears constant among years and between the sexes

(about 65% survival, Armstrong et al. 2002). Clutch size is on aver-

age about four eggs (Ewen et al. 2009). The breeding population of

hihi on Tiritiri Matangi increased from 16 to 150 in the first 10 years

after reintroduction and has subsequently been maintained near this

level by harvesting birds for translocation elsewhere (Fig. 1a). The

population’s growth has been supported by ongoing management,

most notably provision of sugar-water feeders and nest boxes

(see Ewen & Armstrong 2007 and Ewen et al. 2009 for further

information).

In the 12 years after reintroduction, the adult sex ratio of the Tiri-

tiri Matangi hihi population has switched from being strongly male

biased to strongly female biased, then back to strongly male biased

again, then towards parity (Fig. 1b). These marked fluctuations pro-

vided the opportunity to assess the effect of sex ratio on demographic

rates. However, because the population was growing simultaneously,

we account for possible confounding effects of density dependence in

our analyses.

MONITORING

We have monitored the population since its establishment and have

always kept the entire population individually colour banded by

banding chicks in the nest. Monitoring procedures used to estimate

survival and reproductive success entail: (i) conducting a constant-
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effort survey of the island at the start (September) and end (Febru-

ary) of each breeding season and recording identities of all hihi seen

and (ii) regularly checking all nest boxes over the breeding season to

determine the number of young fledged by each female over each

breeding season. We used the re-sighting survey data to estimate the

number of males and females in the population each September from

1995 to 2007 and to model survival of adult females over the 26 sur-

veys from September 1995 to February 2008. This data set contained

records of 1036 individually colour-banded hihi, including 453 birds

known to survive to breeding age (251 male, 202 female). We used

the breedingmonitoring tomodel changes in the number of fledglings

produced per female over the 12 breeding seasons from 1996 ⁄ 97 to

2007 ⁄ 08. We excluded breeding data for females missed in the pre-

breeding survey for each year (to avoid potential bias as any females

that died shortly after the surveywould not be detected) and excluded

breeding data for the first year after translocation (both because their

ages were unknown and because of potential translocation effects).

The breeding data set included 425 records of reproductive success

(young fledged per female per year) for 198 individual females, with a

maximum of eight records per female.

ESTIMATING ANNUAL ABUNDANCES AND SEX RATIOS

We estimated the number of males (M̂t) and females (F̂t) alive at each

September as nm;t
�
p̂m;t and nf;t

�
p̂f;t, where ni;t and p̂i;t are the number

detected and estimated detection probability for sex i in survey t. We

used the natural logarithm of the estimated ratio of males to females

(R̂t), given by M̂t

�
F̂t, as the explanatory variable for modelling

effects of annual variation in sex ratio, and also calculated the total

population, N̂t, for each year. Approximate standard errors for all

these derived parameters were calculated using the delta method

(Cox 1998).

Detection probabilities and their associated standard errors were

estimated using a multi-strata model fitted using Program MARK

(White & Burnham 1999), which also gives approximate standard

errors and covariances for parameter estimates. Under the multi-

strata model, juveniles (of unknown sex) entered into the population

in the February survey, and transformed to adult males or females if

they survived to September. The multi-strata approach was prefera-

ble to other methods of estimating detection probabilities because it

allowed us to make use of data for all banded birds, including juve-

niles that were never detected after release and therefore remained of

unknown sex. We initially compared alternative models for survival

based on Akaike Information Criterion (AIC) and subsequently

adopted a model where survival probability was similar for adult

males and females, different for adults and juveniles, and had parallel

time dependency for adults and juveniles. We considered detection

probability to be time- and sex-dependent to allow unconstrained

estimates of detection probabilities for both sexes at each survey

(detection probability was fixed to zero for juvenile because they

always changed state, and probabilities of adult males or females

changing state were also fixed to zero). We were unable to directly

estimate overdispersion for this model because the median c-hat pro-

cedure in MARK gave non-sensical results. However, a slightly con-

strained version of the model (sex differences removed) fitted using

the live recapture procedures had an estimated ĉ of 1Æ13, showing the
multi-strata model used must also have had a reasonable fit to the

data.

EFFECTS OF SEX RATIO AND DENSITY

Wemodelled the effect of sex ratio on survival of adult females using

the live recaptures procedure in ProgramMARK, with survival con-

ditioned on first detection as an adult. Under the global model (bot-

tom line of Table 1), annual probability was allowed to vary

annually for both males and females but constrained to be similar for

the two surveys each year, and re-sighting probability was fully time

dependent but constrained to be the same for the two sexes. We

assessed the fit of this model to the data using themedian c-hat proce-

dure. We then considered alternative models where female survival
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Fig. 1. Annual estimates of (a) the number of male (black) and

female (white) hihi at the start of each breeding season on Tiritiri

Matangi Island and (b) the sex ratio plotted on a logarithmic scale.

Error bars show 95% confidence intervals based on standard errors

around estimated detection probabilities.

Table 1. Comparison of survival models for adult hihi on Tiritiri

Matangi Island fitted to data from bi-annual re-sighting conducted

from September 2005 to February 2008 using the live recaptures

procedure in program MARK. Models differ in whether female

survival (/f) varies with year (y), the number of females (F) and ⁄ or
the sex ratio (R) at the start of the breeding season, or is constant.

Male survival (/m) is allowed to vary annually and re-sighting

probability (P) is fully time dependent in all models

Model AICc
a DAICc

b Wc Kd

/f (.),/m(y),P(t) 2561Æ73 0Æ00 0Æ41 39

/f (F),/m(y),P(t) 2563Æ20 1Æ47 0Æ20 40

/f (ln(R)),/m(y),P(t) 2563Æ53 1Æ80 0Æ17 40

/f (F + ln(R)),/m(y),P(t) 2563Æ67 1Æ94 0Æ16 40

/f (y),/m(y),P(t) 2565Æ23 3Æ50 0Æ07 41

aAkaike Information Criterion (AIC) corrected for bias.
bDifference betweenAICc of current model and best model.
cAICweights, indicated relative support for the models.
dNumber of parameters.
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was constant or where there was a linear relationship between the lo-

git of annual survival probability and the population sex ratio

(ln[R̂t]) or density at the start of the 12-month period (Table 1). We

initially considered the number of females at the start of the breeding

season (F̂t) as the measure of density, but also considered the number

ofmales (M̂t) and total population (N̂t) as alternative measures.

We analysed the effect of sex ratio on reproductive success using

zero-inflated Poisson (ZIP) models fitted in WinBUGS 1.4 (Spiegel-

halter et al. 2003). Initial analysis showed there were more zeros than

expected under a Poisson distribution, probably because of some

females dying early in the breeding season or being non-breeding

floaters, but that the data conformed well to a ZIP distribution. ZIP

models (Lambert 1992) have two main parameters, p, which can be

interpreted as the probability of being a breeder, and k, which can be

interpreted as the mean number of young fledged per breeder. The

product pk is therefore the mean reproductive success per female.

Following Lambert (1992), we modelled the factors affecting these

parameters using a logit link function for p and a log link function for

k (Table 2). All models considered included fixed effects of age class

(first-year vs. older females) on these parameters (bhA, bkA) based on

prior knowledge that first-year females have lower reproductive suc-

cess (Armstrong et al. 2002; Low, Pärt & Forslund 2007), and

included random effects of individual female on p (lhi). Models that

also included random effects on k gave results consistent with those

reported below, but these models had suspect convergence and did

not show significant individual variation in k.
Because of the large number of possible models, we first assessed

density dependence in p and ⁄ or k before considering effects of sex

ratio. As for survival, we considered possible effects of Ft,Mt, or Nt,

and included Ft and Mt simultaneously as well as in isolation. We

compared these density-dependent models to models where p and k
were constant or had random annual variation. After finding evi-

dence that p and k were affected by Ft, we then added effects of sex

ratio (ln[Rt]). We considered all possible combinations of p and k
being affected by Ft, Rt, both, or neither, giving 16 possible models,

which were compared based on deviance information criterion (DIC,

which can be interpreted similarly to AIC; Spiegelhalter et al. 2002).

Uncertainty in numbers of males and females was incorporated by

drawing values of Rt, N and F from log-normal distributions based

on the estimates and standard errors.

Our code for fitting the reproduction models is shown in Appen-

dix S1 and is adapted fromMartin et al.’s (2005) code for fitting ZIP

models to occupancy data. We always did a burn in of at least

10 000 samples for each of two chains, and then obtained another

100 000 samples after convergence was reached. We also used Win-

BUGS to analyse annual variation in the sex ratio of recruits enter-

ing the population, comparing models where the probability of a

recruit being a male or female was (i) constant; (ii) varied randomly

from year-to-year following a logit-normal distribution; (iii) had a

logit-linear relationship with ln(R) the previous breeding season, or

(iv) had a logit-linear relationship with density, with various different

density measures used as earlier. We excluded data from 2005

onwards in this analysis because the sex ratio of recruits could have

been manipulated by the harvesting of juveniles for translocation to

other sites.

Results

EFFECTS OF SEX RATIO ON ADULT FEMALE SURVIVAL

Annual survival probability of adult females was estimated

to be 0Æ67 (SE 0Æ02), and there was no indication that popula-

tion sex ratio affected female survival during the following

12 months. The global model {/f (y),/m(y), P(t)} had an esti-

mated ĉ of 1Æ15, showing a good fit to the data, and the best

model was constant survival probability (Table 1). AIC

increased by 1Æ80 when sex ratio was added as a covariate,

consistent with the 2 unit rise expected when an uninforma-

tive parameter is added, and there was also no indication of

density dependence, regardless of which measure was used.

Undermodel {/f (ln(R)),/m(y), P(t)}, the confidence interval

around the relationship between sex ratio and female survival

is quite tight, showing that any effect that exists must be small

(Fig. 2).

Table 2. Comparison of zero-inflated Poisson models fitted to data on reproductive success (number of fledglings produced by each female per

each year) of hihi on Tiritiri Matangi Island from 1996 ⁄ 1997 to 2007 ⁄ 2008 using WinBUGS. Models differ in whether annual variation in

reproductive success is affected by changes in the number of females (F) in the population and ⁄ or the ratio of males : females (R). Models are

ranked according toDIC, andmodels withDDIC > 5 are omitted

Probability of being a breeder (p)a Mean fledglings per breeder (k)a �Db D̂c pDd DICe

logit(p) = ap + bpAA + lpi +bpFF + bpRln(R) ln(k) = ak + bkAA + bkFF 1567Æ84 1484Æ32 83Æ51 1651Æ35
logit(p) = ap + bpAA + lpi + bpFF + bpRln(R) ln(k) = ak + bkAA + bkRln(R) 1569Æ28 1486Æ63 82Æ65 1651Æ94
logit(p) = ap + bpAA + lpi + bpFF ln(k) = ak + bkAA + bkFF 1570Æ62 1487Æ96 82Æ66 1653Æ28
logit(p) = ap + bpAA + lpi + bpRln(R) ln(k) = ak + bkAA + bkFF 1573Æ69 1493Æ28 80Æ41 1654Æ10
logit(p) = ap + bpAA + lpi + bpFF + bpRln(R) ln(k) = ak + bkAA + bkFF + bkRln(R) 1571Æ11 1487Æ76 83Æ35 1654Æ45
logit(p) = ap + bpAA + lpi + bpFF ln(k) = ak + bkAA + bkFF + bkRln(R) 1574Æ17 1491Æ18 82Æ99 1654Æ45
logit(p) = ap + bpAA + lpi + bpRln(R) ln(k) = ak + bkAA + bkRln(R) 1573Æ30 1491Æ51 81Æ79 1655Æ08
logit(p) = ap + bpAA + lpi ln(k) = ak + bkAA + bkFF 1576Æ04 1496Æ36 79Æ68 1655Æ71
logit(p) = ap + bpAA + lpi + bpRln(R) ln(k) = ak + bkAA + bkRln(R) 1575Æ28 1494Æ28 81Æ01 1656Æ29

aap and ak are intercept terms; bpA and bkA are age effects where A = 0 for first-year females and A = 1 for older females; lpi is a random effect

of the individual female; bpF and bkF are density effects; bpR and bkR are sex ratio effects.
bPosterior mean of the deviance.
cDeviance with parameters set at their posteriormeans.
dEffective number of parameters, given by �D� D̂.
eDeviance Information Criterion, given by D̂+2pD.

Demography and adult sex ratio 451

� 2010 TheAuthors. Journal compilation� 2010 British Ecological Society, Journal of Animal Ecology, 80, 448–455



EFFECTS OF SEX RATIO ON REPRODUCTION

Initial modelling of the reproduction data suggested a gentle

decline in both the probability of breeding (p) and the mean

number of fledglings per breeder (k) as the number of females

(F) increased. The estimated overall effect was a 24% decline

in themean number of fledglings per female as the population

increased from 0 to 75 females. This model had greater sup-

port than the eight other density-dependent models consid-

ered, and also greater support than models where P and k
were constant among years or had random annual variation

(DIC at least 2Æ4 units higher in all cases). It therefore formed

the baseline for assessing effects of sex ratio (Table 2, third

line).

Adding an effect of sex ratio on p reduced DIC of the

model (Table 2), and this was the model with the highest sup-

port. However, the second-best model, where k was affected

by sex ratio rather than number of females, had almost equal

support, suggesting a tentative effect of sex ratio on k as well.

The baseline model with density dependence only also had

reasonable support (DDIC), meaning it is ambiguous

whether including effects of sex ratio leads to improved pre-

dictive value. The effects of sex ratio on p and k also go in

opposite directions (Table 3), with an increasing proportion

of males correlated with a decline in the mean number of

fledglings per breeding female but also with an increased

probability of a female being a breeder. Multiplying the val-

ues of p and k together (this is incorporated into the Win-

BUGS code) gave an almost flat relationship between sex

ratio and overall reproductive success, and the credible inter-

vals around this relationship show that any effect that does

exist would be fairly small (Fig. 3).

SHIFTS IN ADULT SEX RATIO

The shifts in adult sex ratio from 1996–2004 are accounted

for by the sex ratios of recruits, with female-biased (44 ⁄ 63)
recruitment from 1997–2000 causing the shift from a male-

biased to female-biased population and male-biased

(114 ⁄ 189) recruitment from 2001–2004 causing the subse-

quent reversal. The changing sex ratio of recruits was best

explained by density dependence, but also possibly by the
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females (s) and population sex ratio (R) from the fitting {/f (ln(R)),

/m(y), P(t)} (Table 1) to re-sighting data from September 1995 to

February 2008.

Table 3. Estimates of parameters explaining annual variation in

reproductive success of hihi on Tiritiri Matangi Island under the

global model (see fifth line of Table 2)

Nodea Mean SD 2Æ50% Median 97Æ50%

ap 2Æ0890 1Æ2760 0Æ3643 1Æ8650 5Æ2720
ak 1Æ2910 0Æ0899 1Æ1120 1Æ2920 1Æ4650
bpA 1Æ2870 0Æ6320 0Æ3448 1Æ2250 2Æ5840
bkA 0Æ2430 0Æ0656 0Æ1144 0Æ2428 0Æ3719
bpF )0Æ0059 0Æ0178 )0Æ0474 )0Æ0042 0Æ0241
bkF )0Æ0034 0Æ0016 )0Æ0065 )0Æ0034 )0Æ0003
bpR 1Æ3510 1Æ0330 )0Æ5263 1Æ2950 3Æ5820
bkR )0Æ1045 0Æ1278 )0Æ3555 )0Æ1024 0Æ1439
rpi 2Æ6220 1Æ0730 1Æ2470 2Æ4270 5Æ4520

aap and ak are intercept terms for probability of breeding andmean

fledglings per breeder, respectively; bpA and bkA are age effects; bpF
and bkF are density effects; bpR and bkR are sex ratio effects;rpi is the

standard deviation in probability of breeding among individual

females.
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young fledged per breeder (k). Solid lines show means and dotted

lines show 95% credible intervals. All estimates assume that the pop-

ulation is close to zero and there are equal numbers of first-year and
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adult sex ratio. Under the best model, the probability of a

recruit being female depended only on the number of females

the previous breeding season, shifting from 0Æ70 when Ft = 4

to 0Æ35 when Ft = 48. However, models that also included

the number of males or the sex ratio receive similar support

(DDIC < 1), with an increasing number of males or male-

biased sex ratio promoting a higher proportion of female

recruits (Table 4).

Discussion

A long-term study of a reintroduced population on a small

island provides an opportunity to assess density-dependent

mechanisms regulating populations as well as the potential

effects of sex ratio. The decline in reproductive parameters

with increasing density is unsurprising, as declines in per cap-

ita reproduction have been observed in other reintroductions

(Hoyle 1993; Armstrong et al. 2005) andmany other expand-

ing bird populations (see Newton 1998 for review). It may

actually be unusual that the decline in reproductive rate was

so gradual on Tiritiri Matangi, given that the population

increased quite rapidly and is restricted to about 100 ha of

regenerating forest habitat (about 50% of the 220 ha island).

This is presumably because of the population being sup-

ported by supplementary feeding, with the amount of sugar

water provided increasing as the population grew. The more

novel result is the increasingly male-biased recruitment as the

population grew. It will be useful to project the impacts of

such shifts and to determine whether this apparent density

dependence in recruitment sex ratio is repeated in other pop-

ulations with similar social systems.

It is also of interest why adult sex ratio fluctuates. This is

pertinent to conservation, particularly when the demo-

graphic processes of fecundity and survival are affected. Bio-

logical (including anthropogenic) factors and stochastic

processes can influence the adult sex ratio (Donald 2007;

Rankin & Kokko 2007; Veran & Beissinger 2009). Although

the relative numbers of male and female recruits vary because

of demographic stochasticity in small populations, the

annual variation on Tiritiri Matangi cannot be accounted for

by demographic stochasticity alone. We also did not find

clear evidence of either positive feedback, where increased

male harassment in male-biased population leads to progres-

sive reduction in female recruitment (hypothetically leading

to population extinction; Rankin & Kokko 2007), or nega-

tive feedback where recruitment is biased towards the rarer

sex. Instead, the best explanation for the data was that

recruitment becomes increasingly male biased as population

density increases. We currently have no explanation for this

relationship, but it will be interesting to see whether it is

repeated in other reintroduced hihi populations or in other

species.

The main focus of our study was to assess effects of the

major fluctuations in sex ratio on demographic rates, and our

main conclusion is that such effects are negligible if they exist

at all. Our reproduction analysis does suggest subtle effects

of sex ratio, with both of the top twomodels including effects

on the probability of breeding and one of these including an

effect on the mean number of young per breeder. The effects

are in opposite directions, with a male-biased sex ratio reduc-

ing the mean numbers of fledglings per breeding female, but

increasing the probability that a female will breed. The for-

mer trend was predicted, and suggests sexual conflict, per-

haps either directly through male harassment, as a

consequence of resistance behaviour by females (Croft et al.

2006), or because males reduce paternal care when less cer-

tain of their paternity (Ewen & Armstrong 2000). The latter

trend suggests that when females outnumber males, some

females may not attempt to breed because of lack of access to

a mate, territory, and ⁄or nest box, with aggression from

other females possibly playing a role (JGE & RT pers. obs. in

hihi; reported in European starling, (Sturnus vulgaris) San-

dell & Smith 1997). The two trends appear to cancel each

other out, with no overall effect of sex ratio on overall repro-

ductive output per female. Given the range in observed sex

ratios and our large data sets, the credible interval for the

effect size is quite tight, and we can therefore conclude that

any effect of sex ratio would be fairly small. We can similarly

conclude that any effect of sex ratio on adult female survival

would be small.

Manipulating the adult sex ratio can alter mating behav-

iour (e.g. in guppies (Poecilia reticulate), Jirotkul 1999)

Table 4. Comparison of models fitted to data on numbers of males and female recruits on Tiritiri Matangi Island each year from 1996 ⁄ 1997 to
2007 ⁄ 2008 usingWinBUGS.Models differ in whether the expected ratio is affected by changes in the number of females (F), males (M) or total

population (N) the previous breeding season, by the ratio of males : females (R), or random annual variation. Models are ranked according to

DIC, andmodels withDDIC > 5 are omitted

Probability of recruit being male (h)a �Db D̂b pDb DICb

logit(h) = ah + bhFF 37Æ16 35Æ11 2Æ05 39Æ21
logit(h) = ah + bhFF + bhMM 36Æ36 33Æ19 3Æ17 39Æ54
logit(h) = ah + bhFF + bhRln(R) 36Æ93 33Æ91 3Æ02 39Æ95
logit(h) = ah + bhFF + bhMM + bhRln(R) 36Æ59 33Æ10 3Æ50 40Æ09
logit(h) = ah + bhMN 40Æ00 37Æ90 2Æ10 42Æ10
logit(h) = ah + lhy 42Æ12 40Æ02 2Æ09 44Æ21

aah, intercept; bhF, bhM and bhM are density effects; bhR is the sex ratio effect; lhy is random year effect.
bAs for Table 1.
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including the extent of male harassment (e.g.Drosophila mel-

anogaster, Holland & Rice 1999; Wigby & Chapman 2004;

guppies, Darden & Croft 2008; Darden et al. 2009; hihi see

Introduction) that has been shown to be harmful to females

in many taxa (yellow dung fly, Parker 1979; feral sheep (Ovis

aries), Réale, Boussès & Chapuis 1996; red-sided garter

snakes (Thamnophis sirtalis parietalis), Shine et al. 2001;

common lizard Le Galliard et al. 2005). Whether sex ratio

biases that lead to enhanced sexual conflict can have demo-

graphic consequences is largely unknown (Rankin & Kokko

2007), although recent empirical evidence suggests that it can

(Le Galliard et al. 2005). The negative demographic conse-

quences resulting from a lack of males has also been shown

to result in population declines of the endangered Saiga ante-

lope (Saiga tatarica tatarica) (Milner-Gulland et al. 2003).

Our results add to this growing empirical data by showing

that intense harassment of females associated with male-

biased sex ratios does not necessarily lead to negative effects

on survival or reproduction. It may be that aggressive mating

behaviours in hihi are an example of concurrence rather than

conflict (sensu Parker 2006), yet this cannot be fully resolved

until a detailed analysis is made of the full costs and benefits

of these behaviours. Understanding how sexual conflict

affects population processes is still in its infancy (Kokko &

Brooks 2003; Rankin &Kokko 2007), and our results suggest

that aggressive sexual behaviour will not always have strong

effects at the population level.

Ideally, we would have tested the effect of sex ratio

through controlled manipulation. However, such experimen-

tation is difficult to justify when working to conserve an

endangered species such as hihi, and our results do not pro-

vide justification for such manipulations, either through

cropping source populations or establishing populations with

skewed sex ratios during reintroduction. Decisions about

removal of ‘problematic’ males with the idea of promoting

population growth in species conservation requires careful

consideration as the predicted negative demographic conse-

quences of harassment behaviour are not necessarily a given.

So, does damaging male mating behaviour need to be con-

sidered in population modelling? We support other recent

empirical and modelling work (Le Galliard et al. 2005; Ran-

kin & Kokko 2006, 2007) and suggest yes. Consideration

means evaluating whether the effects of a behaviour need to

be incorporated into population models to accurately cap-

ture population processes. There is a growing emphasis on

the importance of males (or two-sex models) in capturing

population dynamics (Coulson et al. 2001; Mysterud, Coul-

son & Stenseth 2002) particularly in conservation when pop-

ulations are at small size and where male harassment of

females occurs (Milner-Gulland et al. 2003; Bessa-Gomes,

Legendre & Clobert 2004; Saether et al. 2004). In a similar

conservation context, individual-based models capturing

social conflict in breeding territory acquisition of Seychelles

magpie robins (Copsychus sechellarum) show this conflict can

increase extinction risk in reintroduced andmanaged popula-

tions (López-Sepulcre, Norris & Kokko 2009). It remains to

be evaluated under what conditions the very small demo-

graphic effects of damaging male mating behaviour in hihi

would warrant a switch from the female-only models cur-

rently used, but this will likely be in situations where the finite

rate of increase is close to 1.

Negative consequences because of male-biased sex ratios

are of particular concern in the sensitive period following

reintroduction because biases can easily become large.Whilst

we do not show clear effects of male sex ratio biases reducing

female fecundity or survival within the focal hihi population,

this remains a potential factor limiting viability in popula-

tions more sensitive to changes in these demographic param-

eters. It may be, for example, that female hihi on Tiritiri

Matangi were protected from the detrimental effects of sex

ratio biases because they were also provided with ad libitum

energy (sugar water) that allowed them to avoid death and

raise young despite harassment. Under what conditions the

demographic consequences of sex ratio biases generate nega-

tive population growth in nature remains an extremely inter-

esting question that requires rarely available data.
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López-Sepulcre, A., Norris, K. & Kokko, H. (2009) Reproductive conflict

delays the recovery of an endangered social species. Journal of Animal Ecol-

ogy, 78, 219–225.

Low, M. (2004) Female weight predicts the timing of forced copulation

attempts in stitchbirds,Notiomystis cincta.Animal Behaviour, 68, 637–644.

Low,M. (2005) Female resistance and male force: context and patterns of cop-

ulation in the New Zealand stitchbird Notiomystis cincta. Journal of Avian

Biology, 36, 436–448.
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