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Thresholds of hypoxia for marine biodiversity
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H ypoxia is a m o u n tin g  p rob lem  a ffec tin g  th e  w o r ld 's  coasta l 
w a te r s , w ith  se v e r e  c o n se q u e n c e s  for  m arine life , including d eath  
and  catastrop h ic  ch a n g es . H ypoxia is fo reca st  to  in crease o w in g  to  
th e  com b in ed  e f fe c ts  o f  th e  co n tin u ed  spread  o f  coasta l eu tro p h i­
cation  and  g lo b a l w arm in g . A  broad com p arative  a n a lysis across a 
ran ge o f  con trastin g  m arine b en th ic  orga n ism s s h o w e d  th a t  h yp ­
o x ia  th r esh o ld s vary g rea tly  across m arine b en th ic  o rg a n ism s and  
th a t  th e  co n v en tio n a l d efin itio n  o f  2 m g 0 2/liter  to  d e s ig n a te  
w a te r s  a s  h yp ox ic  is b e lo w  th e  em pirical su b leth a l and  lethal 0 2 
th r esh o ld s for h a lf o f  th e  sp ec ie s  te s te d . T h ese  resu lts im ply  th a t  
th e  nu m b er and  area o f  coasta l e c o sy ste m s a ffe c te d  by h yp oxia  
and  th e  fu tu re  e x te n t  o f  h yp oxia  im pacts on  m arine life h av e  b een  
g en era lly  u n d erestim a ted .

benthic community | oxygen | coastal ecosystems | eutrophication 
impacts

D issolved oxygen in coastal w aters has changed drastically 
over the past decades, arguably m ore so than  any o th er 

ecologically im portan t variable (1, 2), leading to  the w idespread 
occurrence of hypoxia. A n  assessm ent o f the lite ra tu re  shows 
th a t the num ber o f coastal sites w here hypoxia has been rep o rted  
has increased w ith an exponential grow th ra te  o f 5.54% y ea r-1 
over tim e [Fig. 1 and supporting  inform ation  (SI) T able SI].
A lthough this grow th ra te  can be partially  a ttribu ted  to  an 
increased observational effort, increasing the num ber of costal 
ecosystem s m on ito red  and  the likelihood of detecting hypoxia 
therein , this grow th also reflects an increase in the prevalence of 
hypoxia in d ifferen t types o f coastal ecosystems. M ultiple reports 
from  careful m onitoring  tim e series provide evidence for an 
unam biguous increase in the num ber o f hypoxic zones and their 
extension, severity, and duration  (3 -6 ). This grow th is expected 
to  continue because the prevalence o f hypoxia is forecast to 
increase fu rth er owing to the com bined effects o f eu troph ica­
tion, leading to  the excessive production  o f organic m atte r th a t 
increases the oxygen dem and o f coastal ecosystem s (7), and  the 
increase in tem pera tu re  caused by clim ate change, which e n ­
hances the resp irato ry  oxygen dem and o f the organism s (8), 
reduces oxygen solubility (9), and  reduces the ventilation  of 
coastal w aters by affecting stratification  p a tte rn s (10).

C oastal hypoxia is, thus, em erging as a m ajor th rea t to  coastal 
ecosystem s globally. H ypoxia has been  shown to  trigger m ortality  
events, resulting in a depletion  of m etazoans in the ecosystem s, 
resulting in so-called “dead  zones” devoid o f fisheries resources, 
such as fish, shrim p, and crabs (11, 12). H ypoxia leads to  m ajor 
loss in biodiversity and im pacts the surviving organism s through 
sublethal stresses, such as reduced  grow th and reproduction , 
physiologic stress, forced m igration, reduction  o f suitable h ab ­
ita t, increased  vulnerability  to p redation , and  d isruption  o f life 
cycles (7, 11). B enthic organism s are particularly  vulnerable to 
coastal hypoxia because they live farthest from  con tac t w ith 
atm ospheric oxygen supply and because coastal sedim ents tend  
to  be dep le ted  in oxygen relative to  the overlying w ater colum n.

Assessing the thresholds of oxygen at which lethal and sublethal 
impacts occur is critical to  establish the vulnerability o f marine 
organisms to  hypoxia and to set m anagem ent targets to  avoid 
catastrophic mortality. H undreds o f experim ents to determ ine 
thresholds o f hypoxia for a range of benthic organisms have been 
conducted. However, the oxygen thresholds for hypoxia proposed

Fig. 1. Accumulated num ber th rough tim e of coastal sites w here hypoxia has 
been reported. Exponential grow th rate = 5.54% ± 0.23% year-1 (R2 = 0.86, 
P < 0 . 0 1 ) .

in the literature (1, 12, 13) are based on limited observations of 
impacts on organisms (7), and a thorough empirical assessment of 
the available experim ental evidence is still pending. W hereas the 
thresholds o f hypoxia proposed in the literature range broadly from 
0.28 mg CF/liter (14) to 4 mg O b ite r  (15), most reports (55%) refer 
to a value of 2 mg CF/l or lower (mean ±  SE of thresholds proposed 
in the literature: 2.31 ±  0.10 mg O yiiter; Table S2) used in most 
conventional applications (16). This thresholds refers to the oxygen 
level for fisheries collapse (12), but there is ample experim ental 
evidence that a 2-mg CWliter threshold may be inadequate to 
describe the onset o f hypoxia impacts for many organisms, which 
experience hypoxia impacts at higher oxygen concentrations (e.g., 
17). M oreover, the diversity o f behavioral and physiologic adapta­
tions to  hypoxia (18) suggests tha t different taxa are likely to  exhibit 
different vulnerability to hypoxia and may have, therefore, different 
oxygen thresholds (19), a possibility tha t is no t addressed by the 
conventional oxygen thresholds in use (cf. Table S2).

T he goal o f this article is to  exam ine the variability in oxygen 
thresholds for hypoxia across benthic organism s and to  test for 
the existence o f consistent differences am ong taxa. W e do so on 
the basis o f a com parative analysis o f experim entally  derived 
oxygen thresholds for lethal and sub lethal responses to  hypoxia 
o f benthic organism s. W e aim to  im prove our understand ing  of 
the levels o f hypoxia th a t cause significant im pacts on m arine 
benthic com m unities. This understand ing  will o ffer a m ore 
rigorous basis on which to  establish critical thresholds to  p re ­
serve fishery resources and to  effectively conserve coastal
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Fig. 2. Cumulative distribution of (A) LC50  (mg 0 2 /liter), (B) SCL50  (mg 
0 2 /liter), and (C) LT50 (h) for m arine benthic communities (Table S3, Table S4, 
and Table S5). The m ean ± SE, m edian ± SE, 90th percentile (10th percentile 
for LT50), and num ber o f experim ents are indicated.

biodiversity as hypoxia continues to rise as a threat to coastal 
ecosystems.

Results
W e found  a to ta l o f 872 published experim ents reporting  oxygen 
thresholds and /or lethal tim es for a to ta l o f 206 species spanning 
the full taxonom ic range o f benthic m etazoans. The exam ination 
of thresholds for hypoxia derived experim entally  revealed  the 
existence o f a b road  range o f variability, w ith m edian le thal and 
sublethal oxygen thresholds and  LT 50S afte r exposure to  hypoxia 
ranging over an o rd e r o f m agnitude across experim ents (Fig. 2 
and T able S3, T able S4, and Table S5). The cum ulative d istri­
butions rep resen ting  the d is tribu tion  o f oxygen thresholds 
p resen t a change in slope n ear the 90th percen tile  o f the 
d istribution and the 10th percentile o f the L T 50 (Fig. 2), showing
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Fig. 3. Box plot showing th e  distributions of oxygen thresholds am ong taxa 
for (A) L C 5 0  (mg 0 2 /liter), (ß) S C L 5 0  (mg 0 2 /liter), and (O L T 5 0  (h). The letters 
indicate th e  results o ftheT ukey  HSD test, w hereby th e  property exam ined did 
not differ significantly for taxa w ith th e  same letter.

the existence o f a sm all p ropo rtion  (10% ) of experim ents 
yielding extrem e sensitivity to  hypoxia, re flec ted  in particularly  
high oxygen thresholds for hypoxic responses (> 5  mg CF/liter) 
and short (< 2  h) le thal tim es. A ll relevan t thresholds varied  
significantly across taxa (Fig. 3).

Median Lethal Concentration. M edian le thal oxygen concen tra ­
tions (LC50) ranged  from  8.6 mg CF/liter for the first larval zoea 
stage o f the crustacean  Cancer irroratus (17), the m ost sensitive 
species tested , to  persisten t resistance to  com plete anoxia o f the 
oyster Crassostrea virginica at tem pera tu res o f 20°C (20). The 
larval stages o f C. irroratus (17) w ere found  to  be extrem ely 
vulnerable to  hypoxia, w ith thresholds exceeding the 95th p e r­
centile o f the d istribution  o f LC50 values across crustaceans. The 
m ean LC50 ( ± S E ) for all organism s tested  was found  to  be 2.05 ±  
0.09 mg 0 2 /liter, w hereas the m edian was 1.60 ±  0.12 m gC F/liter, 
and the coefficient o f variation  was 78% across experim ents, 
indicative o f considerable variability in these thresholds across 
organism s (Fig. 2A ). N inety  p ercen t o f the experim ents show ed 
LC50 values below 4.59 mg 0 2 /lite r (Fig. 2A ) .

Some o f the variability in m edian le thal O 2 thresholds was 
a ttribu tab le  to  differences across groups (A N O V A , F  = 10.03, 
P  <  0.001; Fig. 3A ),  because crustaceans show ed O 2 thresholds 
significantly h igher than  for o th e r taxa (Tukey post hoc  honestly 
significant difference [FiSD] te s t ,P  <  0.05; Fig. 3A ). G astropods 
show ed the lowest m edian le thal oxygen thresholds, although it 
did no t differ significantly (Tukey post hoc  FiSD test, P  >  0.05; 
Fig. 3A )  from  th a t o f fish and bivalves. W e also tested  w hether 
the extent o f m obility o f the organism s accounted  for variability 
in the experim entally  derived m edian le thal O 2 thresholds.
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Indeed , we found th a t the m edian le thal O 2 thresholds d iffered  
significantly w ith the extent o f m obility o f the organism s tested  
(A NO  VA, F  =  11.29, P <  0.001). Two-way A N O  V A  show ed th a t 
the degree o f m obility (F  test, P  <  0.001), which accoun ted  for 
2 0 %  o f the variance in m edian lethal concen trations am ong 
experim ents, was superio r to  differences am ong taxa (F  test, P  >  
0.05 ) in accounting fo r variability across experim ents.

Median Sublethal Concentration. M edian sub lethal concentration  
(SLC50) thresholds ranged  from  10.2 mg 0 2 /liter fo r cod, Gadus 
m orhua, which raises its ven tila to ry  w ater flow  below this 
concen tration  (21, 22), to  0.085 mg 0 2 /lite r fo r the burrow ing 
shrim p Calocaris macandreae (Thalassin idea), w hich switches 
from  aerobic to  anaerobic m etabolism  below this th resho ld  (23). 
The m ean ±  SE SLC 50 was 2.61 ±  0.17 mg 0 2 /liter, the m edian 
SLC 50 was 2.24 ±  0.21 mg 0 2 /liter, and  the coefficient o f 
variation  was 76%, show ing im portan t variability  in m edian 
sublethal thresholds am ong experim ents (Fig. 2B ). N inety  p e r­
cen t o f the experim ents conducted  rep o rted  m edian sublethal 
oxygen concentrations below 5.00 mg 0 2 /liter (Fig. 2B ).

As for the m edian le thal O 2 thresholds, som e of the variability 
in m edian sub lethal O 2 thresholds was attribu tab le  to  differences 
am ong taxa, w hich was stronger for sublethal than  for lethal 
responses (A N O V A , F  = 21.75, P  <  0.001; Fig. 3B ). Fish had  
significantly h igher oxygen thresholds for sublethal responses 
(Tukey post hoc  H SD  test, P  <  0.05; Fig. 3B ), w hich typically 
involved avoidance o f hypoxic w aters, depressed activity, sh ift to 
oxygen-dependent m etabolism , o r increased ven tila to ry  w ater 
flow. C rustaceans also p resen ted  significantly h igher oxygen 
thresholds fo r sublethal responses than  polychaetes, echino- 
derm s, and cnidarians (T ukeypost hoc  H SD  test, P  <  0.05; Fig. 
3B ), w hich typically involved avoidance o f hypoxic w aters, re ­
duced grow th, reduced  p reda tion  rates, lethargy, o r decreased  
activity, am ong others. F ish and  crustaceans, w hich show ed the 
highest m edian sublethal O 2 thresholds, are also the taxa w ith 
the highest mobility, w hich confers them  som e capacity to  avoid 
hypoxic w aters. Indeed , two-way A N O V A  show ed th a t both 
differences am ong taxa and  the ex ten t o f m obility am ong 
organism s w ere significant (F  test, P  <  0.001), accounting for 
52%  o f the variance in m edian  sublethal concentrations am ong 
experim ents (F = 11.6, P  <  0.001).

Median Lethal Time. T he m edian le thal tim e (LT 50) upon  exposure 
to  acute hypoxia ranged  greatly  across organism s tested  (Fig. 
2C), from  only 23 min for the flo u n d er Platichthys flesus (19 ,24), 
to  m ore than  32 weeks for the bivalve Astarte borealis at 
tem pera tu res below 20°C (25). T he m ean  (±  SE) LT 50 was 
267.9 ±  22.0 h, the m edian was 116.7 ±  27.67 h, and  the 
coefficient o f variation  was 178% across experim ents, indicative 
of considerable variability in these thresholds across organism s 
(Fig. 2C). T en  p e rcen t o f the organism s show ed LT 50 upon 
exposure to  acute hypoxia o f less than  6.8 h (Fig. 2C). T here  w ere 
significant d ifferences in LTso u n d e r hypoxia am ong taxa 
(A N O V A , F  = 11.12, P  <  0.001; Fig. 3C). In particu lar, 
P riapulida, the m ost to le ran t group, had  significantly longer LT 50 

u n d er hypoxia than  o th e r taxonom ic groups, and molluscs, the 
second m ost to le ran t group, also show ed significantly longer 
L T 50 u n d er hypoxia than  annelids, fish, and crustaceans, which 
w ere the m ost sensitive groups (Fig. 3C). Sessile organism s also 
had  longer L T 50 than  m obile organism s did (F test, P  <  0.01). 
H ow ever, two-way A N O V A  show ed th a t differences am ong taxa 
(.F  test, P  <  0.001 ), which explained 17% of the variance in L T 50, 
w ere superior to  differences in m obility (F test, P  >  0.05), to 
account for variability am ong experim ents.

W e also found  significant ontogenic shifts in survival tim e, 
w ith early  stages having survival tim es, on average, 64% ±  7% 
(Fig linear regression slope =  1, t test, P  <  0.05 ) o f those o f m ore

developed stages for any one species, w hereas sim ilar effects 
w ere no t found  for lethal o r sub lethal concentrations.

Discussion
The results presented  here provide evidence o f the broad, order- 
of-magnitude variability in the thresholds of oxygen concentrations 
for hypoxia among benthic m arine organisms, which cannot be 
adequately captured by a single, universal threshold. This variability 
partially derived from significant differences in oxygen thresholds 
across taxa. The most sensitive organisms were crustaceans, which 
showed the highest LC50 and the shortest LT50, w hereas fish exhibit 
sublethal responses at the highest O 2 concentration (Fig. 3). O n the 
o ther hand, molluscs, w ith the lowest LC50, are the organisms most 
tolerant to  hypoxia, together w ith cnidarians, which showed the 
lowest LC50 for sublethal threshold, and priapulids, which showed 
the longest LT50.

T he differences in oxygen thresholds for hypoxia across taxa 
probably re flec t the b road  differences in adap ta tions to  cope 
w ith low oxygen conditions am ong benthic organism s, which 
span a b road  range of behavioral and m etabolic changes. M obile 
organism s have the capacity  to  avoid hypoxic w aters and  thus 
tend  to  show com parably  high oxygen thresholds. B enthic fish 
have been  rep o rted  to move to  near-surface w aters to  b rea the  
w hen bottom  w aters becom e hypoxic (26), and crustaceans move 
to  shallow er areas (27), w here these organism s are m ore vu l­
nerable to p redation . Y et fast-m oving organism s (e.g., fish) do 
no t necessarily show higher lethal thresholds than  those w ith 
m ore restrictive m obility (e.g., crustaceans), po inting  to  d iffer­
ences am ong taxa independen t o f the ir relative mobility.

M any benthic organism s (polychaetes, annelids, crustaceans, 
bivalves, priapulids, and anem ones) leave the ir burrow s o r tubes 
to  move to  the sed im ent surface or reduce the ir burial depth  (28, 
29) in the presence of hypoxia. Some bivalves stre tch  their 
siphons upw ard in to  the w ater colum n to  reach  w aters w ith 
h igher oxygen concentrations (30). Some echinoderm s stand  
im m obile on th e ir arm  tips w ith the cen tra l disk elevated  to  avoid 
the hypoxic bottom  w ater (31), and som e gastropods climb 
structures to  reach w aters w ith h igher oxygen concentration . 
M etabolic adap ta tions to  cope w ith hypoxia include depression 
o f activity in the presence of hypoxia, as rep o rted  for ech ino­
derm s (32); reduced  feeding activity (e.g., som e crustaceans, 
molluscs, and  polychaetes; refs. 33-35); reduced  m etabolic rates 
(e.g., cnidarians; ref. 36) and  h ea rtb ea t ra te  (som e crustaceans; 
ref. 37); and shift to  anaerobic m etabolism  over tim e scales o f 
hours to  days, an adap ta tion  w idespread am ong bivalves (38,39), 
polychaetes (40), oligochaetes (41), echinoderm s (42), and the 
m ud-shrim p Calocaris macandreae (23), am ong others.

T he b road  variability  in oxygen thresholds shown here is in 
con trast w ith the w idespread  use o f un iform  thresholds for 
hypoxia in the lite ra tu re  (Table S2). T he vast m ajority  o f studies 
and reports continue to  use the 2-mg 0 2 /liter convention, 
originally derived as the oxygen th reshold  for fisheries collapse 
(12). A  to ta l o f 43%  and 21.5% o f the published reports u sed  the 
2-mg 0 2 /liter and the 2-m l/liter (i.e., 2.85 mg 0 2 /liter) threshold , 
respectively, and a single study (15) used  a th reshold  o f 4 mg 
0 2 /liter (Table S2). A  sem inal review  by G ray et al. (19), which 
included experim ental studies reporting  m ortality  thresholds 
well above 2 mg 0 2 /liter, concluded  th a t “m ortality  occurs w here 
concentrations are below 2.0 to  0.5 mg 0 2 /lite r” ; and the U.S. 
E nv ironm enta l P ro tec tion  A gency recom m ends a th resho ld  of 
2.3 mg 0 2 /liter for juvenile and adult aquatic organism  survival 
(43). In  a recen t review, D iaz and R osenberg  (54) sta te  th a t 
“hypoxia occurs w hen D O  falls below 2 m l o f 0 2 /lite r . . .  
culm inating in mass m ortality  w hen D O  declines below 0.5 m l of 
0 2 /lite r.” The results p resen ted  here show th a t the convention­
ally accepted  level o f 2 mg 0 2 /liter falls well below the oxygen 
thresholds for the m ore sensitive taxa.
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W hereas the conventional 2 mg O^/liter m ay signal levels o f 
hypoxia a t which fisheries collapses, the results p resen ted  here 
show th a t it is inadequate  as a th resho ld  to  conserve coastal 
biodiversity, because significant m ortality  w ould have already 
been experienced by many species. T he frequency  distribution  of 
thresholds o f hypoxia com piled  here  (Fig. 2) shows th a t 61.43% 
and 42.85%  of the species tested  here  experience substantial 
(> 5 0 %  o f the popu lation) m ortality  and  sublethal responses, 
respectively, a t oxygen thresholds above 2 mg CF/liter. In p a r­
ticular, m ost fish and  crustaceans w ould be lost before the 
oxygen co n ten t o f the w aters reaches the th resho ld  of 2  mg 
CF/liter for these w aters to  be considered  hypoxic by conven­
tional criteria. Indeed , fish and crustaceans are m ain fishery 
resources, so th a t the 2-mg CF/liter th reshold  may be too  low not 
only to  effectively conserve biodiversity bu t to conserve fisheries 
resources as well.

C urrently  used  thresholds o f hypoxia are no t conservative 
enough to  avoid w idespread m ortality  losses and n eed  be 
critically revised. T he frequency d istribution  o f thresholds p re ­
sen ted  here provides a basis to  allow the evaluation of the risk 
of biodiversity losses w ith decreasing oxygen concentration , 
thereby  considering a range o f thresholds for hypoxia, ra th er 
than  a m ean value th a t does no t cap ture  the o rder-of-m agnitude 
variability across organism s. F o r instance, w aters w ith oxygen 
concentrations below 4.6 mg CF/liter, the  90th percen tile  o f the 
d istribution o f m ean le thal concentrations, w ould be expected to 
m aintain  the popu la tion  for m ost, except the 1 0 %  m ost sensitive, 
species. This oxygen level could  thus be considered  as a p recau ­
tionary  lim it to  avoid catastrophic m ortality  events, except for 
the m ost sensitive crab species, and  effectively conserve m arine 
biodiversity. Indeed , it is possible to  carry  this analysis fu rther to 
consider taxon-specific thresholds o f hypoxia, at the 90th p e r­
centile o f the d istribution  o f LC 50 for the various taxa (Table 1 ). 
Taxon-specific approaches help  accom m odate som e of the vari­
ability in experim ental thresholds and  allow the definition of 
m ore specific conservation  targets in legislative, m anagerial, and 
resto ra tion  plans.

T here  are im p o rtan t lim itations to  ex trapolate from  experi­
m entally  determ ined  thresholds in contro lled , labora to ry  con ­
ditions to  the field (1, 4 4 -4 6 ) , derived from  the facts th a t (/) the 
oxygen concentrations in the experim ents are held  constan t, 
w hereas they w ould show variations in na tu re  due to  diel cycles 
in n e t com m unity  p roduction , including the contribu tion  o f the 
organism s tested  them selves, and mixing; (it) hypoxia often  
occurs in concert w ith o ther stresses in na tu re , and  although 
som e experim ents addressed thresholds of hypoxia in the p res­
ence o f add itional stressors (e.g., high tem pera tu re , sulfide), 
m ost experim ents used  reduced  oxygen as the single trea tm en t 
variable; and  (iii) the experim ental evaluation o f the role o f 
m obility in avoiding hypoxia is cum bersom e and was directly 
addressed in only two of the experim ental studies review ed here 
(47, 48). T he alternative approach to  estim ate oxygen thresholds 
for m ortality  o f the various species o f benthic organism s in the 
field is, how ever, elusive, because this w ould requ ire  an accurate 
estim ate o f the ir population  sizes and because, as indicated  
above, oxygen levels fluc tuate  in ecosystem s, rendering  it diffi­
cult to  assign observed  m ortalities to  a specific oxygen value. 
Indeed , the difficulties to  resolve oxygen thresholds in the field 
explain why the bulk o f the studies conducted  to  this end, 
synthesized here  (Table S3 and T able S5), have been  conducted  
u n d er labora to ry  conditions. These considerations apply no t 
only to  oxygen thresholds bu t to  all experim ents in toxicology, 
which cannot be appropriately  contro lled  in the field. M ost o f the 
processes indicated  above w ould lead, how ever, to the labo ra­
to ry -dete rm ined  oxygen thresholds being below those in the 
field, except in the case of avoidance for m obile organism s 
(which is, how ever, addressed as a sub lethal response in labo-

Table 1. D istribution o f  th r esh o ld s o f  h yp oxia  for d ifferen t  
g ro u p s o f  b en th ic  o rgan ism s

Organism s

Fish 
M ean ± SE 
90th
percen tile
n

Crustaceans 
M ean ± SE 
90th
percen tile
n

G astropods 
M ean ± SE 
90th
percen tile
n

Bivalves 
M ean ± SE 
90th
percen tile
n

Molluscs 
M ean ± SE 
90th
percen tile
n

A nnelids 
M ean ± SE 
90th
percen tile
n

Echinoderm s 
M ean ± SE 
90th
percen tile
n

Cnidarians 
M ean ± SE 
90th
percen tile
n

Priapulids 
M ean ± SE 
90th
percen tile
n

L C 5 0 , mg 
0 2 /liter

S L C 5 0 ,  mg 
0 2 /lite r L T 5 0 , h

1.54 ± 0.07 
2.51

77

2.45 ± 0.14 
5.72

168

0.89 ± 0.11 
1.62

12
1.42 ± 0.14

3.43

19

4.41 ± 0.39 
8.09

34

3.21 ± 0.28 
5.0

59.9 ± 12.3 
0.9

39

55.5 ± 12.4 
1.0

30 102

1.99 ± 0.16 
2.83

28

1.20 ± 0.25 
1.37

412.9 ± 37.3 
55.4

239

132.2 ± 18.7 
37.8

10

1.22 ±  0.22 
2.12

0.69 ± 0.11 
1.43

19

43

201.1 ± 44.8 
33.6

23

232.5 ± 114.4 
24

1512.0 ± 684.0 
820.8

Shown are mean ± SE, 90th percentile (10th percentile for letha I times), and 
num ber of observations of L C 5 0 , S L C 5 0 , and L T 50  for th e  various groups.

ra to ry  experim ents). H ence, the results derived from  labora to ry  
experim ents should be considered  conservative.

C onsideration  o f the d ifferen t thresholds o f hypoxia am ong 
taxa derived here  (Fig. 3 and  T able 1 ) p red icts th a t the sequence 
o f losses o f benthic fauna during hypoxic events should be 
in itia ted  by the loss o f fish, follow ed by crustaceans, then  w orm s, 
echinoderm s, and m olluscs as oxygen declines. This pred iction  is 
consistent w ith the observed sequence of losses o f benthic fauna 
during hypoxic events, as rep o rted  in the D anish  fjords (30) and 
the Baltic Sea (49). T he agreem ent betw een the sequences of 
losses o f various taxa w ith hypoxia p red ic ted  from  labora to ry  
experim ents and  those observed in coasta l areas im pacted  by 
hypoxia provides additional confidence in the relevance of
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labora to ry  experim ents. T he pa tte rn  o f recolonization  o f benthic 
fauna lost to  hypoxia upon  subsequent im provem ent o f the 
oxygen conditions differs, how ever, from  the p a tte rn  o f loss, 
becau se  re c o lo n iz a tio n  p a tte rn s , w hich  are  in i tia te d  by 
polychaetes (50, 51), are de term ined  by life-history and  dispersal 
p roperties o f the organism s and n o t the ir resistance to  hypoxia.

T he conclusion th a t oxygen depletion  induces significant 
m ortality  a t critical oxygen thresholds exceeding by 2.3 tim es the 
2-mg CF/liter th resho ld  generally used  in the lite ra tu re  implies 
th a t the p resen t inventory  o f the num ber and ex ten t o f hypoxic 
areas in the coastal zone, which uses the occurrence o f oxygen 
levels < 2  mg CF/liter (Fig. 1 ), rep resen ts an underestim ate  o f the 
coastal areas experiencing m ortality  o f benthic organism s a t­
tribu tab le  to  hypoxia. Flence, benthic organism s m ay be suffer­
ing substan tia l m ortality  in areas no t p resently  designated  as 
hypoxic. The conventional 2-mg 0 2 /lite r lim it serves to  separate  
“dead  zones,” dep le ted  o f m ost o f the com m ercially harvested  
species, from  w aters supporting  significant benthic anim al com ­
m unities. Flowever, it fails to  re flec t the oxygen th resho ld  at 
which these com m unities experience hypoxia-derived m ortality . 
The pace o f grow th of hypoxia as a m ajor th re a t to  coastal 
biodiversity and  associated living resources m ay be, therefo re , 
g rea te r than  h itherto  considered. M oreover, there  is am ple 
evidence th a t the oxygen requirem ents o f m arine anim als are 
even h igher in the presence o f concurren t stresses, such as high 
tem pera tu re  (52) o r sulfide concentrations (53), suggesting th a t 
areas u n d er stress are particularly  p rone  to experience hypoxia- 
derived catastrophic  m ortality . These in teractions are n o t con ­
sidered  in p resen t assessm ents and  classifications bu t are likely 
to  play a m ore p rom inen t role in the fu ture  as global w arm ing 
and o th e r m ounting stresses in the coastal ocean increase the 
sensitivity o f benth ic organism s to  oxygen depletion. Indeed , a 
recen t assessm ent concluded  th a t the area o f hypoxia (defined as 
< 2  mg 0 2 /liter) in D anish  coastal w aters, one of the countries 
m ost severely affected  by this problem , w ill m ore than  double 
u n d er the pro jec ted  tem pera tu re  increase over the 21st cen tury  
(6), an estim ate th a t needs be revised upw ards in light o f the 
h igher oxygen thresholds for hypoxia p roposed  here.

T he analysis p resen ted  here dem onstrates th a t hypoxia im ­
pacts occur a t a b road  range o f oxygen concentrations, including 
oxygen concentrations well above the oxygen thresholds gener­
ally used  to  diagnose hypoxia a t p resen t. The vulnerability  o f 
coastal ecosystem s to  hypoxia is, thus, g rea te r than  currently  
recognized, w ith fish and  crustaceans being the m ost vulnerable 
faunal com ponents. T he num ber and ex ten t o f the coastal zones
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affected  by hypoxia is, thus, likely to  be g rea te r than  h itherto  
realized, and the p rospects for fu ture expansion o f these areas 
m ore disturbing than  currently  forecasted. C oastal hypoxia is, 
thus, em erging as a m ajor th rea t to  coastal ecosystem s globally. 
The revised thresholds o f hypoxia prov ided  here will help  be tte r 
p ro tec t these ecosystem s, conserve the ir biodiversity, and set 
successful m anagem ent ta rgets to  avoid hypoxia-derived b iod i­
versity losses in coastal w aters.

Methods
We searched th e  literature for reports o f hypoxia on th e  W eb of Science and 
Scholar Google using th e  keywords "hypoxia," "m arine," "benthic," and 
"sea" and their com binations to  guide th e  search. This search delivered more 
than  6000 published reports o f responses o f benthic m arine organisms to  
hypoxia, which w ere th en  exam ined further for th e  ava i labi lity o f experim en­
tal assessments o f responses to  reduced oxygen content. This search delivered 
a to ta l of 872 experim ental assessments examining th e  distribution o f oxygen 
thresholds, involving 206 d ifferent species o f m arine benthic organisms.

The outcom e of experim ental assessments, which follow standard toxicity 
tests, was summarized using th e  following indicators o f oxygen thresholds: 
LC50 and SLC50, representing th e  statistically derived O2 concentration a t 
which 50% of th e  organisms in a given population die or exhibit sublethal 
responses, respectively, and LT50 , representing th e  statistically derived tim e 
interval a t  which 50% of a given population dies after exposure to  low O2 

levels. The vast majority (99.1 %) of th e  experim ents designed to  assess LT50 

chose <2 mg 0 2 /liter as experim ental conditions, consistent w ith th e  w ide­
spread acceptance of 2 mg 0 2 /liter as th e  threshold for hypoxia in th e  litera­
tu re  (Table S2). Yet this choice indicates th a t  th e  lethal tim es reported  repre­
sent lethal tim es under acute hypoxia. Only a few  experim ents testing  species 
particularly sensitive to  hypoxia (0.87%) used higher experim ental O2 condi­
tions. We analyzed these indicators to  extract oxygen thresholds conducive to  
th e  effective conservation o f m arine biodiversity.

ANOVA was used to  tes t for differences in oxygen thresholds am ong 
taxonom ic groups. ANOVA analysis was conducted after checking for normal­
ity using th e  Shapiro-Wilk tes t and hom ogeneity o f variance using th e  Levene 
test. The Tukey post hoc HSD tes t was used to  determ ine differences betw een 
mean threshold values am ong taxa ( a  = 0.05). W e also classified th e  species 
tested  according to  their mobility as "fast m oving" (fish and a few  mollusks, 
such as octopus), "highly m obile" (most crustaceans), "reduced mobility" 
(some crustaceans, gastropods, polychaetes, echinoderms, jellyfish, comb fish 
(ctenophora), priapulids, flatworms, and sipunculida), and "ses i le" (anem o­
nes, bryozoans, and  bivalves). ANOVA was used to  tes t for differences in 
thresholds w ith mobility, according to  th e  procedures outlined above. Two- 
way ANOVA was used to te s t  for th e  com bined effect of taxonom ic m em ber­
ship and th e  extent o f mobility of th e  organisms tested  on th e  experimentally 
derived thresholds.
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