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Abstract 

M any countries  have responded  to  the  curren t g loba l b iod ivers ity  c ris is  by  com m itting  to  p ro tec t 
30%  of the  E arth  by  2030, a  goa l know n as  “30  x  30”. H ow ever, an  excess ive  em phas is  on  
m ega fauna to  the  exc lus ion  o f o ther spec ies  w eakens our curren t p ro tec te d  area  (P A ) ne tw ork . 
Th is  lim ited  perspective  overva lues la rge , connected  P A s, w h ile  d is regard ing  the  po ten tia l 
im pacts  o f sm a ll P A s in  p reserv ing  b iod ivers ity . U s ing  pub lic  da tabases o f 31 ,828 te rres tria l 
vertebra te  spec ies  w e dem onstra te  tha t range s izes  fo r the  m ost vu lnerab le  c lass  o f vertebra tes , 
the  am ph ib ians , a re  sm alle r than those o f rep tiles , b irds , and m am m a ls  and suggest tha t sm all 
P A s are  overlooked as  conserva tion  too ls  fo r th is  g roup. W e found  tha t, though each o f m any 
endangered am phib ians  cou ld  have the ir en tire  d is tribu tion  pro tec ted  by  a  s ing le  m icroreserve  (<  
10  km 2), the  curren t P A  netw ork  fa ils  a t adequate ly  p ro tec ting  m ost th rea tened am phib ian  
spec ies . Furtherm ore , w e show  tha t m any curren t m icroreserves have am ph ib ian  spec ies  
richnesses riva ling  those o f the  la rgest P A s (10 ,000– 100,00 km 2), and tha t P A  ne tw orks  
accum ula te  new  am phib ian  spec ies  m ore  rap id ly  th rough the  add ition  o f sm a lle r ra ther than 
la rger P A s. U nfortuna te ly , the  g loba l ra te  o f new  P A  es tab lishm ent has s low ed s ince  201 0, so  w e 
illus tra te  g loba l reg ions w here  the  add ition  o f m icroreserves cou ld  be  m ost benefic ia l to  
am ph ib ian  conserva tion . W e conc lude tha t incorpora ting  the  needs o f overlooked  taxa  in to  P A  
des ign  w ill requ ire  us  to  com plem ent ne tw orks  o f la rge , connected  P A s w ith  m any s tra teg ica lly  
p laced, b iod ivers ity -m otiva ted  m icroreserves. 
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Significance Statement 

To m itiga te  the  s ix th  m ass ex tinc tion , m any countries  a re  p lann ing  to  p ro tec t 30%  of the  earth  by  
2030 . Thus, th is  is  a  p ivo ta l m om ent to  cons ider how  p ro tec ted  areas can be  des ignated . 
T rad itiona lly , reserve  s ize  and connectiv ity  w as m ax im ized, bu t w e find  tha t m icroreserves (<10 
km 2) p rov ide  the  b iggest g loba l benefit fo r the  m ost im periled  land vertebra tes , am ph ib ians . W e 
ana lyzed 31 ,000 vertebra te  spec ies  ranges and find  tha t am ph ib ians  have the  sm alles t o f a ll 
te rres tria l vertebra tes  and w ou ld  benefit from  s tra teg ica lly  p laced m icroreserves in  severa l g loba l 
reg ions. W hile  la rge , connected  reserves are  needed fo r m egafauna, w e show  tha t a  b lended 
approach incorpora ting  m icroreserves is  like ly  the  m os t benefic ia l approach to  conserve  the  
E arth ’s  te rres tria l vertebra te  d ivers ity . 
 
Main Text 
 
Introduction 
 
A s the  w orld  un ites  beh ind  e ffo rts  to  m itiga te  the  e ffec ts  o f the  s ix th  m ass ex tinc tion  (1 ) by  
pro tec ting  30%  o f the  earth ’s  surface  by  the  year 2030 (2), w e are  a t a  p ivo ta l m om ent to  c ritica lly  
eva lua te  land-based conse rva tion  p lann ing . K ey questions  inc lude w here  to  loca te  new  pro tec ted  
areas (P A s), as  w e ll as  how  to  ba lance the  s ize  versus the  num ber o f new  P A s.  
 
M ore  than 15%  of earth ’s  te rres tria l surface  is  a lready pro tec ted  (3 ), bu t the  ex is ting  P A  netw ork  
is  inadequate  in  representing  b iod ivers ity–  particu la rly  th rea tened and endem ic  b iod ivers ity  (4 –6). 
These de fic ienc ies  have m ultip le  causes. T he m otiva tions  fo r c rea ting  the  earlies t P A s w ere  to  
p ro tec t scen ic  landscapes and w ild life , sa feguard  na tu ra l resources, and prov ide  recrea tiona l 
opportun ities , ra ther than to  sus ta in  b iod ivers ity  (7 ). A s  the  P A  netw ork  has grow n to  inc lude 
b iod ivers ity -m o tiva ted  P A s, it fa ils  to  m ax im ize  b iod ivers ity  conserva tion  due to  taxonom ic  b ias . 
H is to rica lly , m egafauna and/or m am m alian  and av ian  b iod ivers ity  have been used fo r spatia l 
p rio ritiza tion , to  the  neg lec t o f o ther taxa  (8 , 9 ). F or exam ple , the  ex is ting  P A  netw ork  serves 
am ph ib ians  particu la r ly  poo rly  (10), such tha t they  are  the  m ost underrepresented c lass  o f 
te rres tria l vertebra tes  (6 , 11). In  som e reg ions , the  P A  netw ork  does no t represen t am phib ian  
d ivers ity  be tte r than if P A s had been p laced by  chance  (5 ); in  o thers , it is  en tire ly  contra ry  to  
pa tte rns  o f am ph ib ian  endem ism  (12). 
 
S im ila r to  o ther taxa  overlooked by  P A  p lanners , like  insects  o r freshw ater m o llusks , am ph ib ians  
are  undergo ing  g loba l dec lines  and ex tinc tions , w ith  hab ita t loss  serv ing  as  a  m ajor d river (1 , 13–
16). A s  the  pace o f hab ita t convers ion  is  acce lera ting  (17), there fore , p ro tec ted  A rea (P A ) 
des ignation  w ill be  c ritica lly  im portan t to  the  pers is tence o f m any am phib ian  spec ies . A m ph ib ians  
have ex is ted  on  earth  fo r over 300 m illion  years , ye t in  jus t the  las t decades there  have been an 
a la rm ing num ber o f ex tinc tions . N early  168 spec ies  are  be lieved to  have  gone ex tinc t and over 
43%  of spec ies  have popu la tions  tha t a re  dec lin ing  (16 , 18). T he ra te  o f curren t dec lines  se t 
am ph ib ians  on  track  fo r ex tinc tion  ra tes  tha t exceed those es tim ated fo r p rev ious m ass ex tinc tion  
events  (19). To  he lp  s low  o r p revent a  p lane tary  m ass ex tinc tion , m ax im iz ing  the  b iod ivers ity  
va lue  o f the  expand ing  P A  netw ork  (an  add itiona l 22  m illion  km 2) requ ires  exp lic it cons idera tion  o f 
trad itiona lly  neg lec ted  taxa  such as  the  am phib ians . 
 
C lass ica l s tud ies  in  eco log ica l theory  p red ic t tha t b iod ivers ity  va lue  increases  w ith  P A  s ize  (20 , 
21), bu t w e propose tha t th is  p rinc ip le  is  no t su ffic ien t to  conserve  th rea tened taxa  like  
am ph ib ians . A m ph ib ian  conserva tion  can be  e ffec tive  a t sm a ll spa tia l sca les  (22), like ly  because 
am ph ib ians  genera lly  appear to  have sm a ll ranges and h igh  be ta  d ivers ity  (23 , 24).  
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For th is  reason, how ever, am ph ib ians  are  like ly  to  be  exc luded w hen the ir needs a re  no t ac tive ly  
cons idered in  P A  des ign  (25). C urren tly , there  is  little  in fo rm a tion  regard ing  how  w e m ight use  
am ph ib ians ' sm all ranges to  the ir advantage— by prio ritiz ing  s tra teg ica lly -p laced, m icroreserves 
to  enhance  the  va lue  o f the  P A  netw ork  fo r am ph ib ians  (26). H ere , w e prov ide  an  up-to -da te  
assessm ent o f am phib ian  coverage prov ided by  the  g loba l P A  netw ork  us ing  new  range 
in fo rm ation  w e genera ted  fo r nearly  a ll am ph ib ians  (7 ,094 o f 8 ,498  recogn ized spec ies) (27), 
exam ine tem pora l trends in  P A  es tab lishm ent re la tive  to  the  P A  netw ork 's  coverage o f 
am ph ib ians  and  particu la rly  th rea tened am ph ib ians , and cons ider how  to  m ost e ffic ien tly  im prove 
th is  coverage th rough  m icroreserve  c rea tion . 
 
Results 
 
W e assem b led spec ies-spec ific  geograph ic  range area  m aps from  31,828 spec ies , inc lud ing  a ll o f 
the  m a jor te rres tria l vertebra te  groups (7 ,094 am phib ians , 8 ,397 non-av ian  rep tiles , 5 ,850  
m am m als , and 10 ,487 b irds). A m ph ib ians  had a  sm a lle r m ed ian  range s ize  than o ther vertebra tes  
cons idered together (F igure  1A ; p<0.001), as  w e ll as  a  sm alle r m ed ian  range s ize  than non-av ian  
rep tiles , m am m a ls , and  b irds  in  pa irw ise  com parisons (p<0.001). W hen w e com pared range  s izes  
o f th rea tened  spec ies  across  a ll taxa  (as  de term ined by  the  IU C N  R ed L is t), am ph ib ians  had 
s ign ifican tly  sm alle r m ed ian  range com pared to  a ll o ther vertebra te  groups (F igu re  1B ; p<0.001), 
and  am ph ib ian  ranges w ere  s ign ifican tly  sm a lle r than  b ird  and m am m a l ranges  in  pa irw ise  ana lyses 
(p<0.001). F ina lly , w ith in  c lass  A m ph ib ia , th rea tened spec ies  had a  sm alle r m ed ian  range s ize  than  
non-th rea tened spec ies  (W ilcoxon rank sum  tes t; p<0.001).   
 
A lthough 97.3%  (241 ,000 o f 247 ,785) o f P A s w ith  a  te rres tria l com ponent overlap  w ith  the  range 
o f a t leas t one o f the  7 ,094 am ph ib ians  w ith  range m aps, 15 .7%  o f am phib ian  spec ies  (1 ,115  
spec ies) a re  le ft unpro tec ted  by  the  ex is ting  ne tw ork  (F igure  2). There  is  a  h igher p roportion  o f 
th rea tened and  ex tinc t spec ies  (T& E  spec ies) am ong  am ph ib ians  unpro tec ted  by  the  curren t P A  
netw ork  (35 .8% ; 400 spec ies) com pared  to  spec ies  pro tec ted  by  the  curren t ne tw ork  (29 .6% ; 1 ,771  
spec ies). L ikew ise , da ta  de fic ien t spec ies  (D D  spec ies) and spec ies  tha t have no t ye t been  
assessed are  overrepresen ted am ong unpro tec ted  spec ies  (57 .5% ; n=641 spec ies), com pared to  
on ly  20 .8%  am ong pro tec ted  spec ies  (1 ,244 spec ies).  
 
W e found a  pos itive  re la tionsh ip  be tw een curren t P A  s ize  and am ph ib ian  spec ies  richness, bu t tha t 
re la tionsh ip  is  w eak. F or exam p le , as  P A  s ize  increases on  a  log  sca le , am phib ian  richness 
increases by  on ly  a  few  spec ies  (es tim a te  o f the  s lope is  0 .41 , p<0.05, r2=0.07). M ost 
m icroreserves (1–10 km 2) a re  curren tly  loca ted  in  a reas o f low  am phib ian  richness, bu t 
m icroreserves are  a lso  ab le  to  capture  areas o f h igh  richness and endem ism  (F igure  3A : a , b , &  
c ). W e found tha t the  cum ula tive  am ph ib ian  d ivers ity  p ro tec ted  by  ite ra tive  resam pling  o f the  
ex is ting  w orld  P A  da tabase increased  fas ter w hen  sm alle r P A  s ize  ca tegories  w ere  sam pled  
(F igure  3B ). T hus, am ph ib ian  spec ies  d ivers ity  inc luded in  the  P A  netw ork  is  m ax im ized  th rough  
the  add ition  o f m any m icroreserves ra ther than th rough  an  equ iva len t geograph ic  a rea  contr ibu ted  
by  on ly  a  few  la rge  P A s (F igure  3B ; la rgest reserves 10 ,000–100,000 km 2).                 
 
The ra te  o f new  P A  es tab lishm en t fo r a ll P A s and  fo r m icroreserves increased a lm ost m onoton ica lly  
in  the  P A  database  until the  early  2000s  (F igure  4A ), correspond ing  w ith  a  s teady increase  in  the  
cum ula tive  num ber o f am phib ian  spec ies  covered by  the  g loba l P A  ne tw ork  (F igu re  4A ). H ow ever, 
s ince  the  early  2000s the  ra te  o f P A  es tab lishm ent has dropped, echoed by  a  dec line  in  the  ra te  o f 
new  m icroreserves es tab lished. D esp ite  th is  recent dec line  in  new  P A s, the  cum ula tive  num ber o f 
p ro tec ted  am phib ian  spec ies  pro tec ted  by  the  ne tw o rk  continues to  increase (F igure  4A ). O ver 
tim e , increas ing  num bers  o f new  P A s have been  es tab lished in  zones o f h igh  am phib ian  
vu lnerab ility  (F igure  4B ). 
 
A cross  d iffe ren t geograph ic  reg ions, the  s ize  o f P A s, to ta l am phib ian  spec ies  richness, and the  
proportiona l representa tion  o f th rea tened spec ies  am ong pro tec ted  and unpro tec ted  am ph ib ians   
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varied  grea tly . E urope had the  sm alles t m ed ian  P A  s ize  (F igure  5 , 0 .27  km 2) bu t a lso  the  low est 
num ber o f am phib ians  tha t do  no t overlap  P A s (0% ).  M adagascar had the  la rges t m ed ian  P A  s ize  
(270.40  km 2) and on ly  four spec ies  tha t do  no t overlap  P A s (1 .2% ). The reg ion  w ith  the  h ighest 
p roportion  o f unpro tec ted  spec ies  w as M e lanes ia , M icrones ia , and P o lynes ia  (41 .4% ; 123 spec ies), 
w h ile  S outh  A m erica  and A s ia  had the  h ighest num ber o f unpro tec ted  spec ies  (349 and 246  
spec ies , respective ly ). C en tra l A m erica , M ex ico , and the  C aribbean had the  h ighest num ber o f 
th rea tened am ph ib ian  spec ies  w hose ranges do  no t overlap  P A  areas (107 spec ies), as  w e ll as  the  
la rgest d iffe ren tia l be tw een the  proportion  o f th rea tened  spec ies  tha t a re  pro tec ted  versus 
unpro tec ted  (27 .5%  m ore  th rea tened  spec ies  am ong unpro tec ted  than pro tec ted  spec ies). 
 
P A  es tab lishm ent occurs  a t the  sca le  o f the  country , and the  m ost am ph ib ian-rich  country  is  B raz il 
(944), fo llow ed by  C o lom b ia  (810), P eru  (566), and E cuador (520 ; F igure  S 1A ). The country  w ith  
the  h ighest num ber o f th rea tened  am ph ib ians  is  C o lom b ia  (233), fo llow ed  by  M ex ico  (227), 
E cuador (184), and M adagascar (134; F igure  S 1B ). The country  w ith  the  h ighest num ber o f 
unpro tec ted  am phib ian  spec ies  is  C h ina  (156), fo llow ed by  P apua N ew  G uinea (122), Ind ia  (111), 
and M ex ico  (99 ; F igure  S 1C ). C o lom b ia , P eru , E cuador, C h ina , and M ex ico  are  a ll w ith in  the  top-
ten  countries  in  te rm s o f the ir num ber o f am ph ib ian  spec ies , th rea tened  spec ies , and unpro tec ted  
am ph ib ian  spec ies . 
 
Discussion  
 
A s  the  s ix th  m ass ex tinc tion  un fo lds , p ro tec ted  area  (P A ) des ign  w ill becom e inc reas ing ly  
va luab le  in  e ffo rts  to  conserve  the  E arth ’s  b iod ivers ity  (28). C urren t b iod ivers ity -m otiva ted  P A s 
w ere  no t des igned ho lis tica lly  regard ing  vertebra te  taxa  bu t w ere  focused m ostly  on  charism atic  
m ega fauna. D iscovery  o f new  spec ies , espec ia lly  in  taxonom ic  groups like  am ph ib ians , continues 
to  rap id ly  g row . F or exam ple , in  1980 there  w ere  4 ,318  nam ed am phib ians , and today there  are  
w e ll over 8 ,400 spec ies . A lthough the  num ber o f P A s a lso  has increased rap id ly  th roughout the  
w orld  (F ig . 4A ; 24 ,993 in  1980; 189,720 in  2020), the  num ber o f unpro tec ted  am phib ian  spec ies  
increased  from  913  in  2004  to  1 ,115  today (29). 
 
O ur resu lts  corrobora te  earlie r s tud ies  in  find ing  tha t th rea tened am phib ians  are  inadequate ly  
represented by  the  g loba l P A  ne tw ork  (6 , 11 , 25 , 29). W e find  tha t unpro tec ted  spec ies  have  a  
6 .2%  h igher chance o f be ing  th rea tened w ith  ex tinc tion  than  pro tec ted  spec ies  (F igure  2). 
H ow ever, land-based conserva tion  e ffo rts  have becom e m ore  ta rge ted  over tim e (F igure  4B ), 
such tha t s ince  2004  the  num ber o f unpro tec ted , th rea tened  am ph ib ian  spec ies  has decreased 
from  411 to  399 and the  proportion  o f th rea tened  am p hib ians  tha t a re  unpro tec ted  has decreased 
from  26.6%  to  18 .4%  (F igure  2)(6 ).  
 
O ur s tudy finds  tha t da ta  de fic ien t (D D ) am phib ians  are  h igh ly  underrepresen ted by  the  W D P A  
netw ork  (F igure  2). D D  am phib ians  are  s ign ifican tly  m ore  like ly  to  fa ll in to  th rea te ned IU C N  
categories  (V U , E N , C R ) than am ph ib ians  tha t have a lready been lis ted  in  non-D D  categories  by  
the  IU C N  (30 , 31). In  fac t, m ach ine  learn ing-derived p robab ilities  p red ic t tha t 85%  of D D  
am ph ib ians  are  like ly  to  be  im periled  (32). There fore , our es tim ate  tha t 35 .8%  o f unpro tec ted  
am ph ib ians  are  th rea tened  w ith  ex tinc tion  is  an  underes tim ation  and shou ld  be  cons idered the  
low er-bound es tim ate  o f the  ac tua l va lue . For the  purposes o f conserva tion  p lann ing , it m ay be  
appropria te  to  assum e D D  am ph ib ians  are  th rea tened  until m ore  in fo rm ation  is  ga thered; 
a lthough spec ies  tha t have a lready been des ignated  as  th rea tened can s till be  prio ritized . 
 
Microreserves: low-hanging fruit for targeted amphibian conservation 
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O ne o f the  m a jor w ays in  w h ich  curren t land-based conserva tion  e ffo rts  show  taxonom ic  b ias  is  in  
the  assum ption  tha t P A s cannot be  sm all if they  are  to  be  m ean ing fu l. A m phib ians  are  im p lic itly  
neg lec ted  by  th is  assum p tion , as  po ten tia lly  a re  m any o ther taxa  (e .g . insects , m o llusks) (14 , 15). 
W e find  tha t m icroreserves can host h igh  am ph ib ian  spec ies  richnesses com parab le  to  the  
la rgest P A s in  the  w orld  (F igure  3A ), and tha t w e can  increase am ph ib ian  representa tion  in  the  
W D P A  netw ork  fas ter th rough the  add ition  o f m icroreserves than th rough the  add ition  o f la rger-
s ized P A s (F igure  3B ). A lthough  the  conserva tion  va lue  o f m icroreserves has a lready been 
recogn ized fo r p lan ts  (33), w e suggest tha t a  g rea ter recogn ition  o f the ir conserva tion  va lue  m ay 
he lp  reverse  a  w orry ing  trend: the  s teep dec line  in  the  ra te  o f new  P A  es tab lishm ent w ith in  the  
W D P A  netw ork  s ince  2000 (F igure  4A ). 
 
W e h igh ligh t coun tries  (F igure  S 1) and  la rger g loba l reg ions (F igure  5) w here  the  add ition  o f 
m icroreserves cou ld  y ie ld  the  grea tes t conserva tion  benefit. H ow ever, the  areas o f the  w orld  
richest in  am ph ib ian  endem ism , da ta  de fic ien t am ph ib ians , and new ly  described  am ph ib ians  (e .g . 
S outheast A s ia , S outh  A m erica) a lso  tend  to  be  reg ions prio ritiz ing  the  c rea tion  o f expans ive  P A s 
to  the  de trim ent o f s tra teg ic  m icroreserve  c rea tion  (F igure  5). R eg ions o f the  w orld  charac terized  
by  the  grea tes t d isparity  be tw een  the  proportion  o f th rea tened am phib ian  spec ies  ex is ting  w ith in  
versus en tire ly  ou ts ide  o f the ir P A s a lso  tend to  have la rger m ed ian  P A  s izes  (C entra l A m erica , 
M ex ico , and the  C aribbean; and S outh  A m erica ; F igure  5). Thus, com plem enting  the  ex is ting  P A  
netw ork  w ith  ta rge ted  m icro reserves to  capture  th rea tened am phib ian  spec ies  cou ld  be  
particu la rly  trans form a tive  to  the  am phib ian  conserva tion  landscape o f these  reg ions. For 
exam p le , M ex ico  cou ld  benefit g rea tly  from  the  add ition  o f b iod ivers ity -ta rge ted  m icroreserves 
because w e iden tify  m any am ph ib ian  spec ies  curren tly  no t overlapp ing  w ith  P A s there , m any o f 
w h ich  are  th rea tened. A lso , as  is  particu la rly  true  a t low er la titudes, M ex ico  has m any 
m icroendem ic  am ph ib ian  spec ies  tha t a re  in trins ica lly  w e ll-su ited  to  be  pro tec ted  by  
m icroreserves (S ee  S 1 and  S 2).  
 
A dm itted ly , our es tim a tes  o f w here  to  es tab lish  m icroreserves fo r the  grea tes t b iod ivers ity  ga ins  is  
lim ited  by  curren t shortcom ings in  the  W orld  D atabase o f P ro tec ted  A reas (W D P A ). P riva te  P A s, 
w h ich  tend  to  be  sm alle r and o f d isproportionate  b io log ica l im portance  re la tive  to  governm ent-
m anaged P A s, a re  under-reported  in  the  W D P A  (34), w ith  on ly  20%  of records  in  the  W D P A  
curren tly  lis ted  as  non-gove rnm enta l. To  th is  po in t, am ph ib ian-rich  P eru  em erges in  our ana lyses 
as  be ing  a  coun try  w ith  som e o f the  h ighest am phib ian  spec ies  d ivers ity  in  its  m icroreserves 
(F igure  3A ; fie ld  s ites  ind ica ted), like ly  because P eru  has reported  m ore  priva te ly  p ro tec ted  P A s 
w ith in  the  W D P A  than any o ther country  in  the  w orld  (35)(28 ,795 km 2). B e tte r reporting  o f p riva te  
P A s in  the  W D P A  w ou ld  fac ilita te  be tte r g loba l gap ana lyses fo r the  conserva tion  o f am ph ib ians  
and o ther taxa  w ith  sm all range s ize . 
 
Effective microreserves must be strategically designed 
 
M ic roreserves m ust be  p laced s tra teg ica lly  if they  are  to  p rov ide  added va lue  fo r am ph ib ian  
conserva tion . W e dem onstra te  tha t a  m icroreserve  o f < 10 km 2 cou ld  cover a ll o r m ost o f the  
d is tribu tiona l range o f m any am ph ib ian  spec ies  (e .g ., m ic roendem ics , F igure  1A ), and th is  is  
particu la rly  true  o f th rea tened am ph ib ians  (F igure  1B ). S pec ies  w ith  sm all ranges are  frequently  
charac terized  by  low  loca l abundances (36), pu tting  them  a t a  h igher risk  o f g loba l ex tinc tion  (37) 
and m ak ing  the ir sm all ranges particu la rly  va luab le  areas to  inc lude in  the  P A  ne tw ork . In  o ther 
cases, due to  the  ex ten t o f land convers ion , tiny  pa tches m ay be a ll tha t rem ains  o f once bro ader 
d is tribu tions  (38 , 39). 
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B eyond m icroendem ic  am phib ians , m icroreserves cou ld  be  used to  increase the  P A  ne tw ork ’s  
coverage o f po in t loca lities  fo r da ta  de fic ien t o r new ly  described spec ies  o f am ph ib ians , m any o f 
w h ich  are  know n from  a  s ing le  loca lity . T he es tab lishm ent o f m icroreserves m ight a lso  p lay  a  
s ign ifican t ro le  in  p ro tec ting  im portan t source  popu la tions  fo r am ph ib ian  spec ies  tha t ex is t in  
m etapopu la tions  or in  p ro tec ting  c ritica l and endangered hab ita t types tha t m ay be  so  sm all they  
are  ignored by  trad itiona l P A  p lann ing  (40). M icroreserves cou ld  a lso  be  dep loyed  to  p ro tec t 
s trings  o f hab ita t pa tches a long c lim ate  m igra tion  corridors  (41). U s ing  m icroreserves in  these 
w ays im p lies  a  trans form ation  o f curren t, accepted  concepts  in  P A s des ign . M icroreserves 
curren tly  appear in  the  lite ra tu re  a lm ost exc lus ive ly  fo r P A  crea tion  in  u rban-ad jacent zones (33 , 
42 , 43). W e propose to  s tra teg ica lly  dep loy  m icroreserves d irec tly  fo r b iod ivers ity  conserva tion , 
ra ther than fo r recrea tion  or o ther m eans. Idea lly , w e  can conce ive  o f m icroreserve  es tab lishm ent 
as  bu ild ing  cap illa ry  ne tw orks  tha t com p lem en t ex is ting  P A s, p rom oting  connectiv ity  and 
supporting  the  long-te rm  function ing  o f la rger P A s (44).  
 
To  im prove b iod ivers ity  conserva tion  o f spec ies  w ith  sm all ranges, our resu lts  can be  in tegra ted  
in to  severa l im portan t in itia tives  tha t p rov ide  in fo rm ation  needed to  support s tra teg ic  m icroreserve  
des ign . For ins tance , the  A lliance fo r Z ero  E xtinc tion  m ain ta ins  a  da tabase o f d iscre te  s ites  
serv ing  as  the  las t re fuge o f E ndangered  o f C ritica lly  E ndangered spec ies  (45). The E D G E  
fram ew ork  a llow s conserva tion  p lanners  to  in tegra te  cons idera tions  o f phy logenetic  d is tinc tness  
(46), and a  spatia l p rio r itiza tion  approach tha t add itiona lly  incorpora tes  endem ism  and 
anthropogen ic  p ressures  on  a  s ite  has a lso  been proposed (47). In  the  U .S .A ., the  P rio rity  
A m phib ian  and R eptile  C onserva tion  A reas pro jec t (48 ) is  conducting  reg iona l assessm ents  to  
identify  c ritica l s ites  fo r herpeto fauna l conserva tion  based on spec ies  ra rity , spec ies  richness, and 
landscape in tegrity . 
 
Conclusion 
 
The ongoing sixth mass extinction of global biodiversity highlights the need for urgent 
conservation action. As humanity unites in ambitious land-based conservation goals for the near 
future, it is a pivotal moment to revisit our assumptions about how PAs are designed and located. 
The default assumption that larger PAs are better will result in worse conservation outcomes for 
amphibians and likely many other taxa. Based on our analyses, we propose the strategic 
deployment of microreserves globally. This action could add significant amphibian conservation 
value to the PA network. Establishing biodiversity-motivated microreserves across the world 
could help protect thousands of threatened and endemic species, source populations that can 
shore up larger metapopulations, point localities of data deficient and newly described species, 
small but critical habitats, and strings of habitat along climate migration corridors. 
 
Materials and Methods 
 
A ll da ta  ana lys is  and  v isua liza tion  w as perfo rm ed in  Q uantum  G IS  v3 .2 , E S R I A rcG IS  v10.8 , and 
in  R  v4 .1 .1  us ing  lib rar ies  s tringr v1 .4 .0 , dp ly r v1 .0 .7 , p ly r v1 .8 .6 , tidyr v1 .1 .3 , lessR  v4 .1 .4 , 
fo rca ts  v0 .5 .1 , da ta .tab le  v1 .14 .2 , hexb in  v1 .28 .2 , ggridges v0 .5 .3 , ggp lo t2  v3 .3 .5 , ras ter v3 .4 ., 
sca les  v1 .1 .1 , and cow p lo t v1 .1 .1 . T ab les  and scrip ts  to  genera te  our ana lys is  a re  ava ilab le  a t 
h ttps ://g ithub.com /A m phib iaW eb/am ph ib ian-P A s. 
 
Data acquisition 
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W e used am phib ian  range m aps from  A m ph ib iaW eb (ava ilab le  fo r 7 ,094 spec ies , o r over 83%  of 
nam ed am ph ib ian  spec ies)(27). For m am m als  and rep tiles , w e used ranges from  the  IU C N  
(8 ,397 rep tiles  and 5 ,850 m am m als)(49); fo r b irds , w e used ranges fo r 10 ,487 spec ies  from  
B irdL ife  In te rna tiona l tha t exc luded spec ies  they  cons ider sens itive  (50). W e jo ined a ll range 
po lygons fo r each b ird  spec ies , w h ich  w ere  orig ina lly  separa ted  in to  res ident, b reed ing  season , 
non-breed ing  season, passage, and  seasona l occurrence uncerta in  com ponents . W e acqu ired  
spec ies ' conserva tion  s ta tus  from  the  IU C N  R ed  L is t o f Threatened  S pec ies  (49). For 
am ph ib ians , w e inc luded prov is iona l s ta tuses (27). 
 
W e used the  240,999 P A  po lygons in  te rres tria l b iom es from  the  W orld  D atabase o f P ro tec ted  
A reas da tabase (3 ). The R uss ian  Federa tion , E s ton ia , S a in t H e lena , A scens ion , T ris tan  da  
C unha, and C h ina  w ithho ld  a ll o r part o f the ir P A  spatia l da ta  from  pub lic  re lease  (3 ). P o lygons o f 
P A s tha t overlapped w ith  each o ther w ere  m erged. W e rem oved tw o  po lygons by  search ing  fo r 
records  tha t inc luded the  tex t “no t p ro tec ted”, “degaze tted ,” “p roposed,” “recom m ended ,” “in  
p repara tion ,” o r “unse t”. 
 
Vertebrate terrestrial range sizes 
 
W e es tim ated  spec ies  d is tribu tion  s izes  from  G IS  po lygon vectors . W e com pared ranges be tw een 
am ph ib ians  and  a ll o ther taxa , as  w e ll as  pa irw ise  be tw een each tw o taxa , us ing  W ilcoxon rank 
sum  tes ts  w ith  con tinu ity  correc tion . W e perfo rm ed the  sam e tes t fo r th rea tened  or ex tinc t 
m em bers  o f these taxa  (V U , E N , C R , E W , E X ; as  described in  IU C N ), as  w e ll as  be tw een a ll 
versus  on ly  th rea tened am phib ians  (F igure  1). W e v isua lized  d iffe rences be tw een a ll spec ies  o f 
each taxa  w ith  a  sm oothed  dens ity  h is togram  (F igure  1 ) and be tw een th rea tened spec ies  us ing  
box and w h isker p lo ts .   
 
Overlap of PAs and amphibian ranges 
 
To  de term ine w h ich  am phib ian  spec ies  overlapped w ith  a  P A , w e used Q G IS  3 .20  and 
repro jec ted  the  P A  and  am phib ian  range shapefiles  in  E P S G : 3857. W e took the  in te rsec tion  to  
genera te  lis ts  o f am phib ians  overlapp ing  w ith  each P A , w ith  no  m in im um  area  th resho ld  en forced. 
W e ca lcu la ted  overlap  s ta tis tics  fo r bo th  spec ies  tha t a re  th rea tened and not th rea tened, 
genera ting  lis ts  o f spec ies  tha t a re  pro tec ted  and unpro tec ted . W e used hexb ins  to  describe  how  
P A  s ize  re la tes  to  its  am phib ian  spec ies  richness. W e used linear regress ion  to  de fine  the  
re la tionsh ip  be tw een  P A  area and am phib ian  spec ies  richness, in tegra ting  the  con tinenta l 
loca tion  o f a  P A  as  a  covaria te  in  the  m ode l g iven  s ign ifican t spatia l he terogene ity  in  am ph ib ian  
spec ies  richness across  g loba l reg ions (richness ~  log(area) +  continent) to  genera te  a  heatm ap 
fo r the  b ins  (F igure  2 , 3 ) 
 
To  unders tand  the  im pact o f P A  s ize  on  accum ula ted  am ph ib ian  d ivers ity , w e ca tegorized P A s 
in to  s ize  c lasses: 0–10  km 2, 10–100  km 2, 100–1,000 km 2, 1 ,000–10 ,000 km 2, and  10 ,000–
100,000 km 2. W e resam p led P A s from  a  g iven s ize  c lass  w ith  rep lacem ent un til the  cum u la tive  
area  sam pled reached the  s ize  o f the  to ta l W D P A  database (27 ,939,673 km 2). A s  each new  P A  
w as added, the  cum u la tive  num ber o f un ique am ph ib ian  spec ies  represented in  the  grow ing  se t 
w as recorded. For each  P A  s ize  c lass , th is  p ro toco l w as repeated 1000  tim es, and  the  m ean 
num ber o f cum u la tive  spec ies  a t each success ive  sam pling  s tage w as ca lcu la ted . These m ean 
va lues w ere  used to  c rea te  grow th  curves fo r each P A  s ize  c lass , w ith  the  x -ax is  sca led  to  
represent equa l a rea  added and the  y -ax is  represen ting  the  to ta l num ber o f am phib ian  spec ies . 
W e p lo tted  the  grow th  portion  o f these  curves to  com pare  the  m arg ina l benefit o f add ing  P A s o f 
d iffe ren t s izes  to  ne tw ork  coverage o f am ph ib ian  d ivers ity  (F igure  3). 
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To unders tand  how  P A  age  m ight im pact its  conserva tion  va lue , w e used a  hexb in  heatm ap  to  
illus tra te  the  re la tionsh ip  be tw een  the  year o f es tab lishm ent and  the  proportion  o f th rea tened 
am ph ib ian  spec ies  o f each P A . W e  v isua lized  the  h is to ry  o f counts  o f P A s es tab lished s ince  
1860 , bo th  overa ll and fo r m icroreserves on ly  (F igure  4) and added a  line  representing  the  
cum ula tive  am phib ian  spec ies  coverage o f the  W D P A  over tim e. 
 
Overlap of PA polygons, amphibian ranges, and geographic regions 
 
To  unders tand  reg iona l d iffe rences o f P A  s ize , and how  w e ll am ph ib ian  richness and th rea tened 
am ph ib ian  richness are  rep resented in  the  W D P A  ne tw ork , w e used the  fo llow ing  b iogeograph ic  
reg ions s ign ifican t to  am ph ib ian  richness and endem ism : A fr ica  (exc lud ing  M adagascar); A s ia  
(exc lud ing  S E  A s ia); A ustra lia  and N ew  Zea land; C anada and the  U .S .A .; C entra l A m erica , 
M ex ico , and the  C aribbean; E urope; M adagascar; M e lanes ia , M icrones ia , and P o lynes ia ; and 
S outheast A s ia  (B rune i, E ast T im or, Indones ia , M a lays ia , P h ilipp ines). For each reg ion , w e  
p lo tted  a  sm oothed frequency h is togram  o f P A  s ize  and graphed  the  to ta l spec ies  in  tha t reg ion  
w ith  respect to  its  conserva tion  s ta tus  o f p ro tec ted  and  unpro tec ted  am phib ian  spec ies  (F igure  5). 
 
To  h igh ligh t countries  o f h igh  conserva tion  in te res t, w e genera ted  lis ts  tha t ranked the  top  
countries  based  on to ta l, th rea tened, and  unpro tec ted  am ph ib ian  spec ies  richness. W e se lec ted  
M ex ico  as  a  case s tudy to  h igh ligh t how  P A  netw ork  and am ph ib ian  d ivers ity  in te rac t a t a  country -
leve l (F igure  S 2). 
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Figures and Tables 
 

 

Figure 1. Comparison of range sizes for terrestrial vertebrate classes. (A.) Smoothed density 
histogram for terrestrial vertebrate range sizes: amphibians, birds, reptiles, and mammals. Only 
the terrestrial range area of each species is considered. The median range size of each taxon is 
marked with a vertical black line. For amphibians, the Kihansi spray toad (N ectophryno ides 
asperg in is , 0.104 km2) has the smallest range and the Siberian newt (S alam andre lla  keyserling ii, 
14,700,000 km2) has the largest range. (B.) Range size (in km2, log scale) of threatened and 
extinct species in each taxon. 
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Figure 2. Conservation status of amphibians protected and not protected by the current 
PA network.  
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Figure 3. Relationship between amphibian species richness and PA size, and amphibian 
species accumulation across five different PA size categories. (A.) How PA size relates to 
the amphibian species richness it contains. Microreserves with the highest species richness are 
identified. (B.) Cumulative proportion of protected amphibian species as you sample PAs of each 
size category (0–10 km2, n=208,496; 10–100 km2, n=27,762; 100–1,000 km2, n=11,975; 1,000–
10,000 km2, n=3,045; and 10,000–100,000 km2, n=430) drawn from the WDPA database. The x-
axis is scaled such that it represents equivalent area protected, regardless of the PA size 
category considered. The cumulative number of amphibian species with range data available was 
7,094. 
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Figure 4. Trends in PA placement over time. (A) Counts of PAs established over time (left axis) 
and how that relates to the cumulative number of protected amphibian species (right axis). The 
green bar plot shows counts of PAs established over time, binned by 5-year units, and the black 
bar plot shows the same thing for microreserves only (area <10 km2). The purple line shows the 
cumulative count of protected amphibians. The lower star represents the total number of 
amphibians in this study with spatial data (n=7,094), and the higher star represents total 
amphibian species described (n=8,489). (B) The proportion of amphibian species in a 
microreserve that are threatened today relative to the year that microreserve was established. 
Old microreserves from three continents with a low (zero or near-zero) proportion of IUCN-
threatened species are annotated. 

 

Figure 5: Protected area size and threat status distribution by global regions. From left to right, 
each global region shows a smoothed frequency histogram of PA sizes, a pie chart of the 
conservation status of protected amphibians, a pie chart for conservation status of unprotected 
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amphibians, and the proportion of unprotected species. The number of unprotected and protected 
species are shown on each pie chart. Regions are ordered by PA median size. 
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Supporting Information 

 

To illus tra te  the  in te rsec tion  o f p ro tec ted  areas (P A ), th rea tened am phib ian  spec ies  accord ing  to  
IU C N  categories , and unpro tec ted  spec ies  w ith  no  portion  o f the ir range in  a  P A  a t m ean ing fu l 
sca les , w e genera ted  lis ts  by  country  and use M ex ico  as  a  case s tudy. A m ph ib ian  a lpha-richness 
and th rea tened spec ies  richness w as ca lcu la ted  w ith  the  range po lygons used in  th is  ana lys is  
and converted  to  a  ras ter based on coun ts  o f overlapp ing  po lygons (im p lem ented  in  R , ras ter 
v3 .4).    

M ex ico  has 1 ,171 pro tec ted  areas curren tly  reg is te red  in  the  W orld  D a tabase o f P ro tec ted  A reas 
(W D P A ). 418 am phib ian  spec ies  occur w ith in  th is  coun try ’s  borders , and 294 o f those spec ies  are  
endem ic  to  M ex ico . In  our ana lys is , M ex ico  is  seventh  o f countries  w ith  the  h ighest am ph ib ian  
richness (F igure  S 1.A ). 56%  (232 spec ies) o f M ex ico ’s  am ph ib ian  d ivers ity  is  th rea tened w ith  
ex tinc tion  (F igure  S 2.B ). N ine ty -n ine , o r over 23% , o f M ex ican am phib ian  spec ies  curren tly  show  
no overlap  w ith  the  ex is ting  pro tec ted  area  ne tw ork  (F igure  S 2.C ). A dd ing  on ly  7 .15%   (140,414 
km 2) o f M ex ico ’s  te rres tria l a rea  (1 ,962,939  km 2) w ou ld  prov ide  coverage to  a ll cu rren tly  
unpro tec ted  spec ies , b ring ing  M ex ico ’s  to ta l te rres tria l P A  coverage to  over 32%  a llow ing  M ex ico  
to  reach its  30x30 goa l. 

 

 

 

 

Figure S1. C ountry  p ro file  p lo ts . (A ) Top ten  g loba l countries  in  te rm s o f to ta l am phib ian  spec ies  
richness, us ing  a ll IU C N  ca tegories . (B ) Top ten  g loba l countries  in  te rm s o f th rea tened  (V U , E N , 
C R , E W , E X ) am phib ian  spec ies , h igh ligh ting  on ly  IU C N  threa tened ca tegories .  (C ) Top ten  
countries  in  te rm s o f am phib ian  spec ies  richness en tire ly  unpro tec ted  by  the  curren t p ro tec ted  
area  ne tw ork , show ing a ll IU C N  categories .  
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Figure S2. M ex ico : a  case s tudy. (A ) A m ph ib ian  a lpha -richness re la tive  to  p ro tec ted  area  
p lacem en t (g reen ou tlined po lygons). (B ) Threatened  am ph ib ian  spec ies  richness re la tive  to  
p ro tec ted  areas (g reen outlined po lygons). (C )  The  ranges o f am phib ian  spec ies  w ith  no  overlap  
w ith  the  ex is ting  P A  netw ork  (o range filled  po lygons) re la tive  to  p ro tec ted  area  p lacem en t (g reen 
outlined po lygons). 
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