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Sex change is w idespread  am ong  m arine  fishes, includ ing  m an y  species th a t  are fished 
heavily, and is th o u g h t to be o f conserva tion  concern  u n d e r som e circum stances. As 
such, an  im p o rtan t qu estio n  in  conserva tion  is w h e th er th e  im p lem en ta tio n  o f m arine  
p ro tec ted  areas (MPAs), w hich  is a com m only  used  m arin e  conserva tion  tool, w orks as 
effectively for sex-changers as for non-sex-changers. To address th is  issue, w e used  
m eta -an a ly ses o f th e  ra tio  o f fish abun d an ces inside  vs. ou tside  MPAs to  de term ine  
w h e th er sex change affects th e  e x ten t to w hich  fish densities respond  to protection. 
W hen  all d a ta  w ere considered, th ere  w ere sim ilar resp o n ses to p ro tec tion  irrespective 
o f reproductive m ode. However, w h en  analyses w ere restric ted  to o lder reserves (at least 
10 y ears’ pro tection), fem ale-first sex-changers co n sisten tly  benefited  from  protection. 
N on-sex-changers and  m ale-first sex-changers show ed m ore variable resp o n ses to p ro ­
tec tion  and, as a result, th ere  w ere no  significant differences b e tw een  fish w ith  different 
reproductive m odes in  th e ir overall re sponse  to p rotection . The sam e resu lts  w ere 
observed w h en  th e  effects o f fisheries s ta tu s  (targeted vs. n o t targeted) w ere  controlled. 
Our resu lts  su p p o rt th e  use  o f MPAs as im p o rtan t com p o n en ts  o f conserva tion  and 
d em o n s tra te  th a t  old reserves are m o st consisten tly  beneficial to fem ale-first sex -chang­
ing species. Finally, o u r resu lts  h ighlight th e  fact th a t  som e effects o f p ro tec tion  are only 
detectable after several generations.

© 2007 Elsevier Ltd. All righ ts reserved.

1. Introduction

T here is evidence th a t  th e  behaviour, ecology and  life h is to ­
ries of species can affect th e  ex ten t to  w hich they  benefit from  
pro tection  from  exploitation  (DeMartini, 1993; M osqueira 
e t ah, 2000; Gerber e t al., 2002; Micheli and  H alpern, 2005; 
M um by e t al., 2006; B arrett e t al., 2007). A particu larly  in te re s t­
ing  feature of m an y  m arine  species, unlike te rrestria l v erte ­

b rates, is th a t  m any  change sex na tu ra lly  over th e  course of 
th e ir  lives (W arner, 1984; Devlin and  N agaham a, 2002). A m ong 
fish, sex change in  e ither direction  (fem ale-first or m ale-first) 
h as b een  docum ented , a lthough  fem ale-first is m ore com ­
m on, w ith  exam ples from  groupers, w rasses, parro tfish  and  
seabream s (Teleostei: Serranidae, Labridae, Scaridae and  
Sparidae) (Robertson and  W arner, 1978; W arner, 1984; Buxton, 
1990; H eem stra  and  Randall, 1993). Exam ples of m ale-first sex
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change include anem onefishes, sh ad s and  snooks (Teleostei: 
Pom acentridae, C lupeidae and  C entropom idae) (Godwin, 
1994; Blaber e t al., 1999; Taylor e t al., 2000).

It is of in te re s t to know  w h e th e r reproductive m ode affects 
species’ response  to  conservation  m easu res  because  there  is 
a debate  su rround ing  w h e th e r or n o t sex change increases 
th e  vu lnerability  of species to  rec ru itm en t failures due to 
overfishing (B annerot e t al., 1987; H un tsm an  and  Schaaf, 
1994; Jennings and  Lock, 1996; V incent and  Sadovy, 1998; Côté, 
2003; H aw kins and  Roberts, 2003; Alonzo and  M angel, 2004, 
2005; Molloy e t ah, 2007a). It h as  been  hypo thesised  th a t 
size-selective fishing m ay d isproportionately  kill m em bers 
of th e  second  and  larger sex, thereby  skew ing sex ra tios lead ­
ing to  egg or sperm  lim itation . However, if fish are able to  ad ­
ju s t th e ir  size-a t-sex-change in  response  to  fish ing-induced 
changes in social struc tu res, sex ratios m ay  be buffered, 
thereby  reducing  susceptib ility  to rec ru itm en t failure (Buxton, 
1993; H aw kins and  Roberts, 2003; Alonzo and  M angel, 2004; 
Molloy e t ah, 2007a). The ex ten t to w hich  sex change affects 
vulnerability  to rec ru itm en t overfishing in  reality  rem ains u n ­
know n, b u t it  is no tab le  th a t m any  endangered  m arine  fish 
species are sex-changers (Anon., 2002; IUCN, 2004; CITES,
2005).

The aim  of th is study  w as to  investigate w h e th e r m arine  
p ro tec ted  areas (MPAs) are equally  effective a t p ro tecting  
sex-changing  and  non-sex-chang ing  species. MPAs are one 
of th e  m o s t w idespread  tools u sed  to  p ro tec t m arine  re ­
sources from  h u m an  exploitation , and  th e ir  generally  positive 
effects on fish popu la tions have been  well docum en ted  (e.g. 
M osqueira e t al., 2000; H alpern and  W arner, 2002; Gell and  
Roberts, 2003; Micheli e t ah, 2004; W illiam son e t ah, 2004; Goñi 
e t al., 2006; Shears e t al., 2006). We used  m eta-ana ly ses  of 
1043 m arine  fish abundance  estim ates  from  paired  pro tec ted  
and  fished areas. M eta-analyses enable th e  am algam ation  of 
re la ted  em pirical stud ies, providing a quan tita tive  estim ate  
of th e  overall effect (Gurevitch e t ah, 2001; Gurevitch and  
Hedges, 2001). Since it is know n th a t  species th a t  are th e  ta r ­
get of local fisheries show  greater responses to protection  
(M osqueira e t ah, 2000; Micheli e t ah, 2004), we carried  ou t 
our analysis of reproductive m ode separa te ly  on targeted  
and  non -targeted  fish. Our resu lts  show  th a t  fem ale-first 
sex-changers benefit m o s t consisten tly  from  protection.

2. Methods

2.1. Data collection and m anipulation

A nalyses w ere based  on th e  database  u sed  by M osqueira e t al. 
(2000), up d a ted  w ith  data  from  11 additional stud ies (Bell, 
1983; Buxton and  Sm ale, 1989; La M esa and  Vacchi, 1999; Pad- 
dack and  Estes, 2000; M acpherson e t ah, 2002; D enny e t ah, 
2003; G arcia-Charton e t ah, 2004; A shw orth  and  O rm ond, 
2005; Parnell e t al., 2005; C laudei e t al., 2006; La M esa e t al., 
2006). The stud ies u sed  are sum m arised  in  Table 1. We used  
m o s t of th e  study  selection  criteria described in M osqueira 
e t al. (2000); however, to increase  sam ple sizes, we have also 
included  stud ies conducted  in  areas w ith  m inim al, w ell-regu­
la ted  fishing (e.g. G arcia-Charton e t al., 2004), and  stud ies th a t 
recorded th e  densities of a su b se t of th e  fish com m unity  (Bell,

1983; Buxton and  Sm ale, 1989; Paddack and  Estes, 2000; A sh­
w orth  and  O rm ond, 2005; Parnell e t al., 2005; La M esa e t al.,
2006). S tudies by M acpherson e t al. (2002) and  García-Rubies 
and  Zabala (1988) w ere conducted  in  th e  sam e reserve, as 
w ere Bell (1983), D ufour e t al. (1995), La M esa and  Vacchi 
(1999) an d  La M esa e t al. (2006). All six stud ies w ere included 
since the  data  reported  in  M acpherson e t al. (2002) and  D u­
four e t al. (1995) w ere ob tained  m ore th a n  eigh t years after 
those  of García-Rubies and  Zabala (1988) and  Bell (1983), 
respectively. Furtherm ore, M acpherson e t al. (2002) included 
additional sites to  th o se  in  García-Rubies and  Zabala (1988). 
La M esa an d  Vacchi (1999) and  La M esa e t al. (2006) surveyed 
differen t fish species. D ata from  several o ther stud ies could 
n o t be included  because  densities inside and  ou tside and /o r 
species-level da ta  w ere n o t available, tran sec t or po in t-coun t 
surveys w ere n o t used , an d /o r because  th e  m arine  pro tected  
areas w ere n o t enforced (H arm elin e t ah, 1995; Johnson 
e t ah, 1999; Evans and  Russ, 2004; K am ukuru e t ah, 2004; 
K aunda-A rara and  Rose, 2004; W illiam son e t al., 2004; Bonaca 
and  Lipej, 2005; Guidetti e t al., 2005; M cC lanahan and  Gra­
ham , 2005; A ult e t ah, 2006; W illiam s e t al., 2006).

For m o s t species, reproductive m ode (non-sex-changer, 
m ale-first sex-changer, fem ale-first sex changer or s im u lta ­
neous herm aphrodite) w as reported  unequivocally  and  in 
accordance w ith  th e  criteria described in  Sadovy an d  Shapiro 
(1987). For th e  rem ain ing  species, w e assum ed  non-sex- 
change if stud ies h ad  been  und ertak en  th a t  w ere likely to 
have revealed herm aphrod itic  function  an d  h ad  perform ed 
gonadal histological analyses (Sadovy and  Shapiro, 1987) b u t 
did n o t rep o rt reproductive m ode. If no such  stud ies w ere 
found, reproductive m ode w as assum ed  to be sim ilar to  th a t 
of congeners if th e  reproductive m ode w as know n for m ore 
th a n  one congener an d  w as uniform . W hen th e  reproductive 
m ode of congeners w as n o t un iform  or w as unknow n, the  
reproductive m ode of th e  relative w as n o t in ferred  and  the  
species w as excluded from  analyses involving reproductive 
m ode. Because they  do n o t change sex, sim ultaneous h e r­
m aphrod ites w ere excluded from  com parisons of sex-chang­
ing and  non -herm aphrod itic  fishes. A nalyses res tric ted  to 
species w hose reproductive m ode w as know n unequivocally  
y ielded iden tical resu lts  to  those  includ ing  species w ith  in ­
ferred  reproductive m odes; w e therefo re  only rep o rt resu lts  
from  th e  la tte r  analyses.

A bundance w as recorded as th e  m ean  n u m b er of individ­
uals per u n it a rea inside and  ou tside m arine  reserves. Some 
stud ies reported  m ore th a n  one abundance  estim ate  for a sin ­
gle species in  d ifferen t p a rts  of a reserve or non-reserve  site. 
T hese da ta  w ere aggregated to give a single overall w eighted  
m ean  abundance  m easu re  for inside an d  ou tside reserve 
areas, u sing  th e  m eth o d  described in  M osqueira e t al. (2000). 
Paddack and  Estes (2000) reported  paired  in s ide-ou tside  fish 
densities from  th ree  d ifferen t reserves; each  pair w as in ­
cluded separately  in  our database. G arcia-Charton e t al. 
(2004) reported  data  from  four reserves b u t they  w ere no t 
paired  w ith  data  from  neighbouring  non-reserve  sites. In th is 
case, densities w ith in  each reserve w ere included  separately  
and  com pared to  th e  sam e averaged non-reserve  density. 
Since th e  resu lting  density  ratios for th e  four reserves are 
n o t independen t, we repea ted  all analyses w ith o u t th ese  data
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R eserve n a m e  a n d  co u n try P ro tec tio n
y e a r

A rea
p ro te c te d

(ha)

L o cation F ish in g  s ta tu s Source

South El Ghargana, Nabq Managed 1995/7 120 In do-Pacific Prohibited Ashworth and Ormond (2005)
Resource Protected Area, Egypt

Banyulus-Cerbère, France 1979/1 150 M editerranean Limited to designated 
areas

Bell (1983)

Tsitsikamma Coastal National Park, 1964/20 30,000 Atlantic Prohibited Buxton and Smale (1989)
South Africa

Côte Bleue Marine Park, France 1983/18 295 M editerranean Prohibited Claudei e t al., 2006
Goat Island, New Zealand 1975/13 500 In do-Pacific Prohibited Cole e t al. (1990)
Poor Knights, New Zealand 1998/4 24,100 In do-Pacific Prohibited Denny e t al., 2003
Banyulus-Cerbère, France 1979/12 150 M editerranean Limited to designated 

areas
Dufour e t al. (1995)

Maria Island and others, Tasmania 1991/6 1655 In do-Pacific Limited to designated 
area

Edgar and Barrett, 1999

Scandola, Corsica 1975/13 509 M editerranean Limited to designated 
area

Francour (1991)

Cabo de Gata, Spain 1987/9 12,200 M editerranean Prohibited Garcia-Charton e t al. (2004)
Cabo de Palos, Spain 1995/1 1898
Cabrera Island, Spain 1991/5 8703
Mallorca, Spain 1990/6 4000
Medes Islands, Spain 1983/5 93.2 M editerranean Prohibited García-Rubies and Zabala (1988)
Cousin Island, Seychelles 1968/26 124 In do-Pacific Prohibited Jennings e t al. (1995)
Ustica Island Marine Reserve, Italy 1986/10 60 M editerranean Zoned: prohibited to 

artisanal fishing
La Mesa and Vacchi (1999)

Ustica Island Marine Reserve, Italy 1986/16 60 M editerranean Zoned: prohibited to 
artisanal fishing

La Mesa e t al. (2006)

Passe de Fongogori, Ile de Mayot 1992/3 400 In do-Pacific Prohibited Letourneur (1996)
Medes Island, Spain 1983/16 93 M editerranean Prohibited Macpherson et al. (2002)
Malindi NP, Kenya 1968/23 630 In do-Pacific Prohibited McClanahan (1994)
W atamu NP, Kenya 1972/19 1000
Kisite NP, Kenya 1973/18 2800
Kisite NP, Kenya 1974/22 1000 In do-Pacific Prohibited McClanahan e t al. (1999)
Chumbe Island, Tanzania 1991/5 50
Hopkins Marine Fife Ridge, USA 1984/11 140 Pacific Prohibited Paddack and Estes (2000)
Point Fobos State & Ecological 1973/22 780 Prohibited

Reserve, USA
Big Creek Marine Ecological Reserve, 1994/1 518 Prohibited

USA
San Diego-Fa Jolla Ecological Reserve, 1971/21 216 Pacific Prohibited Parnell e t al. (2005)

USA
Barbados, Caribbean 1981/11 66 Caribbean Cast netting for Clupeids 

only
Rakitin and Kramer (1996)

Ras Mohamed, Egypt 1975/15 17,100 In do-Pacific Prohibited Roberts and Polunin (1992)
Saba Island, NF Antilles 1987/6 120 Caribbean Zoned: prohibited to 

unlim ited
Roberts (1995)

Protection year: the year when protection was effectively enforced, where applicable/the num ber of years of protection at time of study.

and  rep o rt th e  resu lts  only w h en  th ey  differ from  analyses 
includ ing  them .

M axim um  leng th  refers to to ta l leng th  (TL) reported  for a 
species in  FishBase (Froese and  Pauly, 2007) and  w as checked 
against additional sources w here possible (H um ann and  Delo­
ach, 2002; A llen e t ah, 2003). W here necessary, o th er length  
m easu rem en ts  (e.g. s tan d a rd  length) w ere converted  to to tal 
leng th  using  th e  equations reported  in FishBase. In th e  rare 
cases w here leng th  rela tionsh ips w ere n o t available for a sp e ­
cies, m ax im um  leng th  w as in ferred  using  re la tionsh ips from  
a sim ilarly-sized congener.

F isheries s ta tu s  (i.e. ta rge ted  or non-targeted) w as a s ­
signed to each species using  in fo rm ation  from  source studies,

w hich ensu red  th a t  th e  categorisation  w as appropriate  for th e  
popu la tion  studied . Species th a t w ere caugh t as by-catch, of 
m in o r im portance  to  fisheries or w hose im portance  to  fisher­
ies w as n o t reported  or know n w ere excluded from  all analy ­
ses w here  data  w ere grouped by fisheries s ta tu s  since th e  
fishing levels on th ese  species w ere unclear.

The effectiveness of m arine  reserves is know n to increase 
w ith  age (Russ an d  Alcala, 1996; Micheli e t ah, 2004; McClana- 
h a n  and  G raham , 2005; B arrett e t al., 2007); a sim ilar effect is 
observed in  our d a ta se t (Molloy e t ah, unpub lished  data). 
Therefore, w e repea ted  all analyses using  only da ta  from  re ­
serves th a t  h ad  been  p ro tec ted  for a t leas t 10 years. Micheli 
e t al. (2004), found th a t  th e  m agn itude  of response  to
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pro tection  by piscivorous fish w as six tim es greater in  re ­
serves th a t  w ere a t le a s t 10 years old, com pared  to those  in 
younger reserves. This cu t-off p o in t also provided a good 
trade-o ff be tw een  th e  m agn itude  of response  to protection  
and  sam ple size, w hich becam e too sm all for analyses re ­
stric ted  to even older reserves. M cC lanahan e t al. (1999) and  
M cC lanahan (1994) reported  fish densities averaged across 
several reserves th a t h ad  been  p ro tec ted  for d ifferen t d u ra ­
tions. V ariation in  reserve age w as negligible in  M cC lanahan 
(1994) (19-23 years), so data  from  th is study w ere included 
in  all analyses. Reserve age varied  greatly in  M cC lanahan 
e t al. (1999) (5 and  22 years), so da ta  from  th is  study  w ere 
n o t included  in  analyses using  only da ta  from  older reserves.

2.2. Effect size m etric and data  transform ation

M eta-analyses require  th a t  da ta  be standard ized  along a com ­
m on  scale of effect. For th is study, th e  effect size w as taken  as 
th e  n a tu ra l logarithm  of response  ratio  (InR), i.e. th e  relative 
difference betw een  fish abundance  inside and  ou tside a re ­
serve (see also M osqueira e t al., 2000; Côté e t al., 2001). W ith 
th is scale, values g reater th a n  0 ind ica te  greater abundances 
inside th a n  ou tside reserves. InR w as u sed  in s tead  of R b e ­
cause it linearises th e  m etric  so th a t  changes in  th e  denom i­
n a to r an d  n u m era to r are trea ted  equally, an d  yields be tte r 
sam pling  d is tribu tions (Hedges e t ah, 1999).

D ata tran sfo rm ation  w ere necessary  in  order to  use  th e  n a t­
ural logarithm  of effect sizes involving abundance  estim ates  of 
zero (i.e. w here a species w as ab sen t e ither inside  or ou tside a 
m arine  reserve). P relim inary tria ls in  w hich  co n stan t values 
(1, 0.1, 0.001 and  0.0001), and  p ercen t values (1%, 0.1%, 0.01% 
and  0.001%) of to ta l abundance  estim ates  for each species w ere 
added  to  all abundance  estim ates  revealed th a t  add ing  0.0001 
to  all es tim ates  h ad  th e  sm allest im p ac t on overall InR.

In m eta-analyses, effect sizes are often  w eigh ted  by th e  in ­
verse  of th e  sam ple variance to incorporate  a m easu re  of th e  
robustness  of each effect size (Rosenberg e t ah, 2000). However, 
th e  use  of variance in  th is study resu lted  in  w eightings th a t  dif­
fered by an  order of m agnitude, w hich  we felt w as an  un rea lis­
tic reflection of variation  in  effect size robustness . Instead, we 
w eighted  each response  ratio  by th e  n a tu ra l logarithm  of th e  
area th a t  h ad  b een  surveyed to  generate  the  response  ratio  
(see also M osqueira e t al., 2000; Côté e t al., 2001). In addition  
to  being m ore biologically realistic, th is  m eth o d  allow ed th e  
inclusion  of stud ies th a t  did n o t rep o rt error m easures.

It is possible th a t  closely re la ted  species m igh t respond  
sim ilarly  to  p ro tection  due to shared  ancestra l tra its . To re ­
duce th is problem  of phylogenetic non-independence , we cal­
cu lated  m ean  InR for each genus w ith in  each study. For those  
genera th a t con ta ined  species exhibiting  d ifferen t rep roduc­
tive m odes (e.g. Symphodus), genus InR w ere recalcu lated  
w ith in  each m ode. Likewise, separa te  InR w ere recalcu lated  
for congeners w ith  d ifferen t fisheries s ta tu se s  for analyses 
involving only targeted  or non -targeted  genera.

2.3. M eta-analysis

An overall effect size for all genera (including those  species 
w hose reproductive m odes w as unknow n), InR, w as calcu­
la ted  as

w here w L is th e  In area surveyed and  R¡ th e  abundance  ratio 
insideiou tside reserves for genus i. A 95% b ias-corrected  boo t­
strapped  confidence in terval (Cl) w as calculated  a round  InR 
genera ted  from  5000 iterations. For ease of in terp re ta tion , 
b o th  InR and  CIs are  p resen ted  back-transform ed. The 
back-transfo rm ed  response  ratio  (R) therefo re  rep resen ts  the  
ratio  of fish densities inside to outside th e  reserve. Following 
m eta-an laysis convention, th e  low er and  u pper lim its of the  
CIs are p resen ted . A significant benefit to  p ro tec tion  w as in d i­
cated  w h en  th e  low er lim it of a (back-transform ed) Cl w as 
greater th a n  one. We used  th e  sta tistic  Qr to  te s t w h eth er 
th ere  w as significant heterogeneity  in  effect sizes am ong  gen­
era (Rosenberg e t ah, 2000).

To com pare how  fish w ith  d ifferen t reproductive m odes re ­
spond  to  protection , random -effects m odels w ere applied  to 
data  grouped by reproductive m ode (i.e. m ixed-effect m odels, 
Rosenberg e t ah, 2000). In each  analysis, w e sough t to  answ er 
tw o questions: firstly, w hich  of th e  groups, if any, show  a sig­
n ifican t response  to  protection? Secondly, do fish w ith  differ­
en t reproductive m odes differ from  one an o th e r in  th e ir 
response  to  protection? To answ er th e  first question , for each 
reproductive m ode an  overall, group-specific, response  ratio  
(InR) w as calculated  w ith  95% bias-corrected  boo tstrapped  
Cl. A significant benefit from  pro tec tion  w as show n w hen  a 
(back-transform ed) Cl w as greater th a n  one. To answ er the  
second  question , w e u sed  th e  sta tistic  Qm (Rosenberg e t ah, 
2000) to  te s t for overall and  pair-w ise differences in  response  
ratios am ong  groups. The significance of Qm w as determ ined  
using  a random isa tion  procedure (Adams e t ah, 1997). Since 
targeted  genera benefited  significantly m ore th a n  non-tar- 
geted  genera (Qm.i  = 9.54, p = 0.004), all analyses involving 
reproductive m odes w ere repea ted  w ith in  fisheries sta tus.

All m eta-ana ly ses w ere conducted  in  M eta W in Version 2.0 
(Rosenberg e t al., 2000).

2.4. Additional analyses

We sough t to  de term ine  w h e th e r any variables, in  addition  to 
fisheries s ta tu s , explained  significant am o u n ts  of varia tion  in 
response  to  p ro tection  and, if so, w h e th e r they  could have 
confounded  our analyses of reproductive m ode. The variables 
considered  were: reserve study  (grouped in to  28 classes: one 
for each  study  of each reserve), survey m eth o d  (two classes: 
line tran sec ts  vs. p o in t counts), and  species-specific m ax i­
m u m  body leng th  (continuous). We used  th e  Qm sta tistic  to 
te s t w h e th e r reserve study  or survey m eth o d  explained a sig­
n ifican t am o u n t of varia tion  in  response  to  protection . W hen 
th is w as th e  case, th e  d istribu tion  of reproductive m ode 
across classes w as investigated  using  log-likelihood G tests. 
G te s ts  w ere u sed  in preference to  ch i-square analyses due 
to  th e  prevalence of low co u n t da ta  (Zar, 1999); all frequencies 
w ere x +1 tran sfo rm ed  to rem ove zero counts. W hen  rep ro ­
ductive m odes w ere n o t equally d istribu ted  across classes, 
th e  overall effect size of each  class w as correlated  w ith  the  
frequencies deviations (i.e. observed frequency m inus 
expected  frequency) w ith in  reproductive m ode. A significant 
correlation  for any  reproductive m ode w ould ind icate  th a t
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th e  factor in  question  could have b iased  our analyses of 
reproductive m ode.

We used  a con tinuous-m ethod  m eta-analy sis to investi­
gate th e  effect of species-specific m ax im um  leng th  (averaged 
for each genus w ith in  studies) on th e  response  to  protection. 
Specifically, w e u sed  w eighted  leas t-squares regressions 
(Rosenberg e t al., 2000), w hich  genera ted  estim ates  of slope 
and  in tercep t. The significance of th e  slope p a ram ete r w as 
dete rm ined  using  random isa tion  tests . M axim um  leng th  data  
w ere log10-transfo rm ed  prior to  analyses. To determ ine  
w h e th e r m ax im um  leng th  confounded  analyses of rep roduc­
tive m ode, w e te s ted  for d ifferences am ong  reproductive 
m odes in  m ax im um  leng th  using  K ruskal-W allis yf tests, 
th e  significance of w hich w as assessed  using  M onte-Carlo 
sim ulations. K ruskal-W allis te s ts  w ere perform ed in  SPSS 
(2006). A lthough few individuals will reach  th e  species’ m ax ­
im um  length , th is  m etric  provides a sim ple and  w idely-used 
m ean s  of com paring  size-related  differences am ong  species.

2.5. Publication bias

M eta-analyses m ay  be b iased  by a tendency  for significant re ­
su lts to  be published  d isproportionately  often. As recom ­
m en d ed  by Begg (1994), w e sough t evidence for publication  
b ias prior to  analysis u sing  a no rm al quartile  p lo t (Wang 
and  B ushm an, 1998; Rosenberg e t ah, 2000). A lthough m o st 
da ta  fell w ith in  th e  95% confidence lines, th ere  w as a slight 
b ias on each side of zero. However, th is  w as due to  a c luster­
ing  of da ta  po in ts in to  th ree  groups: sm all, in te rm ed ia te  and  
large InR, w hich w as th e  resu lt of th e  da ta  tran sfo rm ation  
necessary  to  include genera th a t  w ere ab sen t inside and  o u t­
side m arine  reserves (see above).

3. Results

3.1. Distribution o f reproductive modes

D ata w ere collected from  23 stud ies yielding 1043 estim ates  of 
abundances inside and  ou tside m arine  reserves for 438 sp e ­
cies. Of th ese  species, 25% w ere sex-changers, 18% w ere 
non-sex-changers, 1% w as sim u ltaneous herm aphrod ites 
and  th e  rem ain ing  56% w ere species w hose reproductive 
m ode w as n o t know n. Of th e  sex-changers, 92% w ere fe­
m ale-first sex-changers, and  8% w ere m ale-first sex- 
changers.

3.2. Effect o f reproductive mode on response to protection

Overall, fish show ed no significant response  to  p ro tection  as
ind ica ted  by th e  fact th e  confidence in terval (Cl) a round  th e  
b ack-transfo rm ed  overall response  ratio  (R) overlaps one 
(R = 1.34, Cl = 0.97 to  1.84, n = 592). However, w h en  only data  
from  reserves th a t h ad  been  estab lished  for a t le a s t 10 years 
w ere considered, fish w ere nearly  th ree  tim es m ore ab u n d an t 
inside th a n  ou tside reserves -  a difference w hich  w as signifi­
c an t (R = 2.84, Cl = 1 .76^.66, n = 231). Significant he te rogene­
ity existed  am ong  genera in  th e ir  InR (QT,59i = 86,099.18, 
p < 0.0001), suggesting  th a t all genera do n o t respond  to m ar­
ine reserves in  e ither th e  sam e d irection  or to th e  sam e 
degree.

W hen taxa  from  all reserves w ere grouped by reproductive 
m ode, all groups show ed non-sign ifican t responses to p ro tec­
tion  (non-sex-changers: R = 2.01, Cl = 0 .95^.15 , n = 134; fe­
m ale-first sex-changers: R =  1.16, Cl = 0.65-2.01, n = 152; 
m ale-first sex-changers: R =  1.03, Cl = 0 .24^.83 , n = 36; 
Fig. la). However, w hen  data  from  G arcia-C harton e t al. 
(2004) w ere excluded (see Section 2), fem ale-first sex-chang­
ers show ed a significant benefit from  pro tec tion  (non-sex- 
changers: R = 1.83, Cl = 0 .73^.91 , n = 91; fem ale-first
sex-changers: R = 2.21, Cl = 1 .21^.20, n = 112; m ale-first sex- 
changers: R = 3.08, Cl = 0.56-15.93, n = 20). There w as no dif­
ference am ong  fish w ith  d ifferen t reproductive m odes in  the ir 
overall response  to  p ro tection  w hen  all m odes w ere consid­
ered toge ther (Qm,2 = 0-60. P = 0-74), or in  pair-w ise com pari­
sons (all Qm 1 <1.33, all p>0.25). In older reserves, only 
fem ale-first sex-changers show ed significant and  consis ten t 
benefits from  pro tec tion  (non-sex-changers: R =  1.11,
Cl = 0.33-3.69, n = 50; fem ale-first sex-changers: R = 4.59, 
Cl = 1.94-12.14, n = 58; m ale-first sex-changers: R =  4.43, 
Cl = 0.37^17.59, n = 13; Fig. lb), a lthough  th ere  w ere no signif­
ican t differences betw een  reproductive m odes in  responses to 
p ro tection  (Qm,2 = 3.55, p = 0.18; pair-w ise con trasts: all 
Qm.i < 3.36, all p > 0.07).

W hen  only targeted  genera w ere considered  across all re ­
serves, non -sex -changers an d  fem ale-first sex-changers w ere 
significantly m ore a b u n d an t inside reserves th a n  outside 
(Fig. 2a). However, th ere  w ere no significant d ifferences in 
overall response  to p ro tection  am ong  reproductive m odes 
(Qm,2 = 4.32, p = 0.12; pair-w ise com parisons: all Qma < 4.02, 
all p > 0.05). W hen  only targeted  taxa  in older reserves w ere 
considered, fem ale-first sex-changers again show ed a signifi­
can t and  co n sis ten t benefit from  pro tection  (non-sex-chang- 
ers: R = 2.25, Cl = 0.45-11.98, n = 27; fem ale-first
sex-changers: R = 5.67, Cl = 1.29-23.79, n = 28; m ale-first sex- 
changers: R = 0.62, Cl = 0.03-3.39, n = 9; Fig. 2b). However, 
th e re  w ere no significant d ifferences in  overall responses to 
p ro tection  betw een  reproductive m odes (Qm,2 = 2.17, p = 0.35; 
pair-w ise com parisons: all Qm^ < 2.32, all p>0.15). A m ong 
n o n -ta rge ted  genera, no reproductive m odes responded  sig­
nificantly  to p ro tec tion  (Fig. 2c and  d), an d  th ere  w ere no sig­
nifican t differences in effect sizes be tw een  fish w ith  d ifferen t 
reproductive m odes (Qm.i = 0.30, p = 0.61; our d a ta se t con­
ta in ed  no non -targeted  m ale-first sex-changers). This resu lt 
he ld  w hen  only da ta  from  older reserves w ere used.

3.3. Other potential correlates o f response to protection

Reproductive m odes w ere n o t equally  d is tribu ted  across re ­
serve s tud ies (G2 ,7 = 146.24, p < 0.001) or survey m ethods 
(G2,i = 22.46, p < 0.001); how ever, n e ith e r of th ese  variables 
confounded  our analyses of reproductive m ode. Genus re ­
sponse  ra tios varied  significantly am ong  reserve stud ies 
( Q m ,27  = 63.36, p = 0.0002, n = 592). However, th e re  w as no cor­
relation  betw een  th e  skew  in  frequencies of any reproductive 
m ode w ith in  reserves and  th e  overall effect sizes of reserves 
(all Pearson’s r < 0.262 and  >-0.268, all p > 0.16, all n = 28). This 
suggests tha t, for exam ple, th e  positive effect of p ro tection  on 
fem ale-first sex-changers w as n o t observed sim ply because 
th ese  genera h ap p en ed  to be m ore ab u n d an t in  particularly  
effective reserves. Survey m eth o d  did n o t explain  a significant
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Fig. 1 -  Ratios of abundance (response ratio, R) of non-sex-changing, female-ñrst and male-ñrst sex-changing genera in and 
out of all marine reserves (a), and marine reserves with at least 10 years of protection (b). Overall response ratios are shown  
±95% bias-corrected bootstrapped confidence intervals, with sample sizes. Note that the log scale on the x-axis m akes the CIs 
appear more symmetric than they really are (see Section 3).

am o u n t of variation  in  genus response  to protection  
(Qm.i = 0.77, p = 0.38, n = 409).

A lthough species m ax im um  leng th  explained a significant 
am o u n t of variation  in  genus response  to protection  
(Qm.i = 4.82, p = 0.03, n = 570), it did n o t confound  our analyses 
of reproductive m ode since th e re  w as no significant differ­
ence am ong  reproductive m odes in  m ax im um  leng th  (Krus­
kal-W allis = 2.56, M onte Carlo p = 0.28).

4. Discussion and conclusions

The aim  of th is study  w as to  te s t w h e th e r sex change influ­
ences th e  degree to w hich  fish densities are  affected  by one 
of th e  m o s t popu lar m arine  conservation  m easu res -  m arine  
p ro tec ted  areas (MPAs). This question  is im portan t, given th e  
ongoing debate  su rround ing  th e  role of sex change in  species’ 
vulnerability  to overfishing (B annerot e t al., 1987; Buxton, 
1993; H un tsm an  and  Schaaf, 1994; V incent and  Sadovy, 
1998; A rm sw orth, 2001; Côté, 2003; H aw kins and  Roberts,

2003; Alonzo and  M angel, 2004, 2005; Molloy e t ah, 2007a). 
Populations of fem ale-first sex-changers w ere consisten tly  
m ore a b u n d an t w ith in  reserves, particu larly  in  older (10+ 
years) reserves. N on-sex-changers and  m ale-first sex-chang­
ers show ed slightly w eaker and, in  th e  case of m ale-first 
sex-changers, m ore varied  responses to protection . We also 
found particu larly  strong  benefits for tax a  th a t are ta rgeted  
by local fisheries. Our resu lts  h igh ligh t th e  im portance  of te s t­
ing for effects of p ro tection  using  data  from  older reserves, 
w hich  have h a d  sufficient tim e for fish popu la tions to recover 
from  exploitation.

At first glance our resu lts  appear to be paradoxical since 
w e show  th a t  fem ale-first sex-changers respond  m ore clearly 
to  p ro tec tion  th a n  o th er fishes, and  yet th ere  w as no  differ­
ence in  th e  overall response  to  pro tec tion  betw een  tax a  w ith  
d ifferen t reproductive m odes. The first observation  com es 
from  a com parison  of th e  ratio  of fish density  in  and  ou t of re ­
serves to  a baseline of un ity  (1:1), w hich show ed th a t fem ale- 
first sex-changing  species are consisten tly  m ore ab u n d an t
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Fig. 2 -  Ratios of abundance (response ratio, R) of targeted (a and b) and non-targeted (c and d) non-sex-changing, female-ñrst 
and male-ñrst sex-changing genera in and out of all marine reserves (a and c), and marine reserves w ith at least 10 years of 
protection (b and d). Overall response ratios are shown ±95% bias-corrected bootstrapped confidence intervals, with sample 
sizes.

w ith in  reserve boundaries. N on-sex-changers and  m ale-first 
sex-changers show ed w eaker responses to  protection , b u t 
th ese  w ere n o t w eak enough to  differ significantly from  those  
of fem ale-first sex-changers. Taken together, th ese  resu lts 
m ean  th a t  a m arine  park  m anager can expect tha t, given en ­
ough tim e, fem ale-first sex-changers will benefit from  pro tec­
tion. They can n o t be as confident for non-sex-changers and  
m ale-first sex-changers, n o r can  th ey  p red ic t w h e th e r these  
tw o groups will benefit m ore or less th a n  fem ale-first sex- 
changers.

D uration of p ro tection  is an  im p o rtan t d e te rm in an t of th e  
ex ten t to  w hich  som e fish popu la tions recover from  explo ita­
tion  (Russ and  Alcala, 1996; Micheli e t ah, 2004; M cC lanahan 
and  G raham , 2005; B arrett e t ah, 2007). In our study, an  overall 
significant benefit from  pro tection  w as observed only w hen  
analyses w ere res tric ted  to  reserves estab lished  for a t leas t

a decade. In th ese  MPAs, fish w ere nearly  th ree  tim es m ore 
ab u n d an t inside reserve boundaries. M ost notably, th e  ab u n ­
dance of fem ale-first sex-changers w as m ore th a n  4.5 tim es 
g reater w ith in  old reserves, w hich w as m ore th a n  double 
th e  response  observed w h en  reserves of all ages w ere consid­
ered. The fact th a t  th e  benefit of p ro tection  to  fem ale-first sex 
changers is particu larly  ap p aren t in old reserves h in ts  a t a 
link betw een  sex-change and  life-h istory  tra its  such  as lon ­
gevity, w hich  have been  show n to affect th e  tim e  tak en  for re ­
serve benefits to be observed (Roberts e t ah, 2001). More 
im portantly , ou r resu lts  d em onstra te  th e  value of including 
reserve age in  any  a sse ssm en t of MPA effectiveness.

A key variable know n to affect bo th  popu la tion  declines 
and  recovery from  fishing is body size, e ither directly or 
th rough  its correlation  w ith  age a t m atu rity  and  o th er life h is ­
to ry  tra its  (Denney e t al., 2002; Reynolds e t al., 2005). We
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found  no difference betw een  non-sex-changers and  fem ale- 
first sex -changers in m ean  body size, no r any difference in 
varia tion  in  m ax im um  body size (Levene’s F = 2.41, p = 0.12). 
If size and  its correlates are th e  m o s t im p o rtan t de te rm in an ts  
of popu la tion  response  to  protection , th e  sim ilarity  w e ob­
served in sizes across reproductive m odes could explain  th e  
sim ilarity  in  responses to  p ro tection  of fish w ith  d ifferent 
reproductive m odes. T here w as a non-sign ifican t tren d  for fe­
m ale-first sex-changers to benefit m ore from  pro tection  th a n  
non-sex-changers. If fu ture  research  show s th a t  th is  tren d  is 
real, th is  w ould h in t th a t  specific fea tu res associated  w ith  th is 
reproductive m ode could lead  to stronger popu la tion  re ­
sponses to protection . For exam ple, fem ale-first sex change 
is associa ted  w ith  fem ale-b iased  sex ratios and  harem ic m a t­
ing system s (Robertson and  W arner, 1978; W arner and  Robert­
son, 1978; Charnov, 1982; W arner, 1984; Buxton, 1990; Allsop 
and  W est, 2004; Molloy e t al., 2007b). It w ould be in teresting  
to  exam ine th e  links b e tw een  such tra its  and  population  
dynam ics.

A full u n d ers tan d in g  of how  m arine  reserves affect sex- 
changing  populations, and  how  such  effects com pare to 
non-sex-changers, requ ires in fo rm ation  on how  sex-specific 
sizes and  sex ra tios change a fter protection . C oncerns 
regarding th e  im pac t of sex change on a species’ vu lnerab il­
ity  to overfishing are based  on th e  fact th a t  size-selective 
fishing d isproportionately  rem oves th e  larger sex and  could 
skew  sex ratios to  th e  ex ten t of sperm - or egg-lim ited 
rec ru itm en t (depending on th e  d irection of sex change) 
(e.g. B annerot e t al., 1987; H un tsm an  and  Schaaf, 1994; Mil­
ton  e t al., 1998; A lonzo and  M angel, 2004; Molloy e t ah, 
2007a). S tudies th a t rep o rt sizes and  abundances inside 
and  outside reserves rarely  rep o rt sex-specific data . This 
scarcity  of da ta  p reven ted  us from  including sex ratios in 
our m eta-analyses. W hen  sufficient da ta  are available, fu ture 
stud ies could te s t th e  pred ictions th a t  sex-changers should  
show  greater sex-ratio  differences across reserve boundaries 
th a n  non-sex-changers, and  th a t  th ese  differences betw een  
reproductive m odes will be m o s t p ronounced  in old reserves. 
The stud ies th a t  are cu rren tly  available ind ica te  th a t  sex ra ­
tios are m ore skew ed tow ards th e  sm aller sex outside th a n  
inside reserves in  sex-changing  (Buxton, 1993; Beets and  
Friedlander, 1998; H aw kins and  Roberts, 2003) and  size- 
dim orphic non-sex-chang ing  species (K am ukuru and  Mgaya, 
2004). Testing th ese  pred ictions will be challenging w ith  th e  
large nu m b er of species th a t  are n e ith e r sexually  d im orphic 
n o r dichrom atic.

N um erous sociological, ecological an d  behavioural charac­
teristics are know n, or predicted , to affect p ro tec tion  effec­
tiveness (DeMartini, 1993; Beets an d  Friedlander, 1998; 
M osqueira e t ah, 2000; Jennings, 2001; Gerber e t al., 2002; Ger­
ber and  Heppell, 2004; Parnell e t al., 2006; Salom on e t al., 2006; 
B arrett e t al., 2007). Similarly, th e  efficacy of MPAs also de­
pends on reserve characteristics (Côté e t al., 2001; Jennings, 
2001; M icheli e t al., 2004; Mayfield e t al., 2005; B arrett e t al.,
2007). Reserve-specific d e te rm in an ts  of effectiveness, such 
as reserve size and  levels of poaching, did n o t confound our 
analyses of reproductive m ode because  th e re  w ere no correla­
tions betw een  overall reserve effectiveness and  th e  relative 
abundance  of fish w ith  each reproductive m ode w ith in  
reserves.

In sum m ary, fem ale-first sex-changing  fishes benefit m ore 
consistently , in te rm s of abundance, from  pro tec tion  afforded 
by m arine  reserves th a n  fish w ith  o th er reproductive m odes. 
This effect is particu larly  strong  in  older reserves. It rem ains 
to  be dete rm ined  w h e th e r sex change influences o th er dem o­
graphic p a ram ete rs  of p ro tec ted  populations, such  sex ratio, 
as well as th e  effectiveness of o th er m an ag e m en t m ethods, 
such  as regulating  m in im um  legal catch  sizes or lim iting  fish­
ing seasons. Increasing  m in im um  legal sizes, for exam ple, 
w ould ensure  th a t  m ore indiv iduals reproduce before capture, 
b u t it  w ould also increase  th e  size selectivity  of a fishery. In 
th e  case of sex-changing  species, th is  w ould m ean  m ore p re ­
cise ta rgeting  of indiv iduals of a single sex, and  hence  per­
h ap s exacerbate  problem s associa ted  w ith  heavily biased 
sex ratios.
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