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historical data offer insights into marine extinctions over
multiple scales and under different environmental condi-
tions, some of which are partly comparable to predicted
future environmental states. Our comparisons reveal the
many opportunities and challenges of combining data for
ancient and modern organisms in an effort to better un-
derstand and predict the impact of current and future
environmental changes on extinction risk in the sea.

Extinctions in ancient and modern seas
The fossil record

Extinctions are a primary feature of the marine fossil
record (Figure 1a). Although mass extinction events were
important drivers of macroevolutionary change [22], most
marine organisms (>90%) went extinct during intervals
characterized by ‘background’ extinction rates (Figure 1a;
Box 1) [12,13,23]. This long record of extinctions provides
many opportunities to assess the environmental conditions
and biological characteristics that can lead to elevated risk.

One conspicuous trend in the marine fossil record is the
overall decline in background extinction rates towards the
present-day (Figure 1a). This decline reflects the loss of
extinction-prone lineages, which, combined with variation
in origination rates, led to marked changes in the compo-
sition of marine ecosystems over time [24]. Recovery from
the end-Permian [251 million years ago (Ma)] and end-
Cretaceous extinctions (65 Ma) involved the diversification
of clades that are the major constituents of marine com-
munities today. Thus, because of their ecological and evo-
lutionary similarities, data for the past 65 million years
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might be most informative for understanding current and
future extinction risk.

Extinction rates varied considerably over the past 65
million years (Figure 1b), with congruent extinction peaks
at some times for some clades (e.g., elevated rates 34 Ma for
several groups associated with a transition from green-
house to icehouse climates [25]), and incongruent peaks at
other times. On average, extinction rates differ markedly
among major clades, with marine mammals [cetaceans and
marine carnivorans (pinnipeds and aquatic mustelids)]
going extinct at rates more than ten times those of most
invertebrates (Figures 1b and 2a). Extinction rates also
vary among invertebrates: the mean extinction rate for
scleractinian corals is approximately twice that of bivalves
and five times that of brachiopods (Figures 1b and 2a). This
temporal and phylogenetic heterogeneity in rates provides
an opportunity to dissect the factors associated with ele-
vated extinction risk among past marine organisms [26–
28]. Moreover, when integrated
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9.486919.7/F5 1 Tf
9.4646 0 0 913141 0 0440Tf
999.46 0 0 9e646B0546 21.3825 Tm
(500)Tj
/F2 1 Tf1 T1 Tf3F5 1j
6 .5669 84.7043 528.0944 Tm
( )Tj
/F5 1 T41Tm40F5 1j
6 .566contrast,379.162-.7668 Tm
(species)Tj
/F2 538Tf3F5 1j
6 .5669 84.7043 528.0944 Tm
( )Tj
/F5  -8746em40F5 1j
6 .566646 164.5228 550.9983 Tm
(record,)Tj
5669 08f3F5 1j
6 .5669 84.7043 528.0944 Tm
( )Tj
/F5  30 1 Tf
3F5 1j
6 .566 9.4646 176.2016 539.5463 Tm
(rates)Tj
/F2 19.43f3F5 1j
6 .5669 84.7043 528.0944 Tm
( )Tj
/F5  F2 35 1 TF5 1j
6 .56646 254.5511 562.4503 Tm
(have)Tj
/F22 1 29.46F5 1j
6 .5669 84.7043 528.0944 Tm
( )Tj
/F5 202 1 5Tf3F5 1j
6 .5660636379.162-.7668 Tm
(species)Tj

/F2 48f3F5 1j
6 .5669 84.7043 528.0944 Tm
( )Tj
/F5 2 1 6143f3F5 1j
6 .566weTj
493.7381.3825 Tm
(assessed)Tj
F5 14Tf
3F5 1j
6 .566668 Tm
(spec13669s)Tj -.70j
379.T407.46463F5 1j
6 .566know27.2819 562.4503 Tm
(rates)Tj
/F27 526Tf3F5 1j
6 .5669 84.7043 528.0944 Tm
( )Tj
/F5 2Tf
.50340F5 1j
6 .56664r0440Tf
926584646 0 0 9ersever94 3964614-.7668 Tm
(species)Tj
2 1658463 1 21 Tf41181a45646 59.382507 Tm
( )Tj
/F5 1 Tf
9.463 1 21 Tf4118inverteb46 240 0 865.5463 Tm
(of)Tj
/F2 1 Tf
.8748f3 1 21 Tf41181a45646 59.382507 Tm
( )Tj
/F5 1F2 19.4643 1 21 Tf4118 T151843964614-.7668 Tm
(species)Tj
1 Tf57Tj
3 1 21 Tf41181a45646 59.382507 Tm
( )Tj
/F5 1FF2 99.464 1 21 Tf4118Tm
( )Tj
/F 9692.5746 Tm
(turtles)Tj
/f 1985463 1 21 Tf41181a45646 59.382507 Tm
( )Tj
/F5 10016765643 1 21 Tf4118echinoidf4444048365.5746 Tm
(turtles)Tj
/F5 009463 1 21 Tf41181a45646 59.382507 Tm
( )Tj
/F5 1/F2 10 0 3 1 21 Tf4118bryozoa39 1 Tf
9.46419 0 0 958 -7.5643644oF2.5746 Tm
(turtles)Tj
/F2 1 Tf
39.48
9.419.7668 Tm
(spec13669s)Tj -.70j
379.6037748f39.48
9.419.7bivalvT271379.162-.7668 Tm
(species)Tj
/F9 21Tf
.9.48
9.419.7668 Tm
(spec13669s)Tj -.70j
379.10F5 168f39.48
9.419.7f 3 3964614-.7668 Tm
(species)Tj
Tj
/1129
.9.48
9.419.7668 Tm
(spec13669s)Tj -.70j
379.1F2 0
9.4.9.48
9.419.7which9493.7381.3825 Tm
(assessed)Tj
/F2840f
.9.48
9.419.7668 Tm
(spec13669s)Tj -.70j
379.1F5 752f
39.48
9.419.7566793 366470 -.3825 Tm
(500)Tj
/F2 1Tj
/970f
39.48
9.419.7668 Tm
(spec13669s)Tj -.70j
379.F72 8.46439.48
9.419.769 -.366470 -.3825 Tm
(500)Tj
/F2 19.546f
39.48
9.419.7668 Tm
(spec13669s)Tj -.70j
379.F9Tf
03.4.9.48
9.419.7
( )Tj
/F5 1 Tf48365.5746 Tm
(turtles)Tj
/F9 1j4f
.9.48
9.419.7668 Tm
(spec13669s)Tj -.70j
379.
/F2Tf
9..9.48
9.419.7
r7 469 9692.5746 Tm
(turtles)Tj
/F2 7528
.9.48
9.419.7668 Tm
(spec13669s)Tj -.70j
379.
 Tf6472.09.48
9.419.7ei.49 3964Tf
97869.4646 0 0 9dat
/F0546 21.3825 Tm
(500)Tj
/F2 65 0/F2 310.35666 5273 469 97.38258 d45m
( )Tj
/F5 1 Tf
 472.010.35666 527de6468779493.7381.3825 Tm
(assessed)Tj
03.0922 310.35666 5273 469 97.38258 d45m
( )Tj
/F5 1 107)Tj
/F310.35666 527 3 3964614-.7668 Tm
(species)Tj
Tj
9928.0310.35666 5273 469 97.38258 d45m
( )Tj
/F5 1 11 Tf052 310.35666 527lackingTj
/F 9692.5746 Tm
(turtles)Tj
/53.9
9.010.35666 5273 469 97.38258 d45m
( )Tj
/F5 1 15 1 T31.010.35666 5276122.6267 550.9983 Tm
(the)Tj
/F2FF2 58.46410.35666 5273 469 97.38258 d45m
( )Tj
/F5 1 172 5
9.4410.35666 5278om79.162-.7668 Tm
(species)Tj
/F2 016719.4610.35666 5273 469 97.38258 d45m
( )Tj
/F5 1 2-8779.46610.35666 5273/F298140 0 865.54636 Tm
(assessments)T4 35 2 310.35666 5273 469 97.38258 d45m
( )Tj
/F5 1 F5 133Tj
310.35666 527 nF40 0 865.5463 Tm
(of)Tj
/F2 1 Tf
78.4610.35666 5273 469 97.38258 d45m
( )Tj
/F5 1 2f
.55666610.35666 527 915693 94 396
9.09.463 58.46646 0 0 inc6439F40 0 865.5463 Tm
(of)Tj
/F2 131 T116Tf7j
/8916 .5669 84.7043 528.0944 Tm
( )Tj
/F5 365 0409f7j
/8916 .566ex915Fi3964614-.7668 Tm
(species)Tj
985/F2 2f7j
/8916 .5669 84.7043 528.0944 Tm
( )Tj
/F5 388F10 1 7j
/8916 .566Thes79.162-.7668 Tm
(species)Tj
/F241T.1094f7j
/8916 .5669 84.7043 528.0944 Tm
( )Tj
/F5 
9.)Tj3f7j
/8916 .566discrepan4689F40 0 865.5463 Tm
(of)Tj
/F2 14 Tf
505f7j
/8916 .5669 84.7043 528.0944 Tm
( )Tj
/F5 
 Tf228.07j
/8916 .566reflec22.6267 550.9983 Tm
(the)Tj
/F2502 3022f7j
/8916 .5669 84.7043 528.0944 Tm
( )Tj
/F5 50Tf2 Tm
7j
/8916 .5669 8540tF00 -.7668 Tm
(species)Tj
5j
/0F58f7j
/8916 .5669 84.7043 528.0944 Tm
( )Tj
/F5 5f
93164f7j
/8916 .566selec2ivF5 1 Tf2 58.46646 0 0 9er 915693 94 3964614-.7668 Tm
(species)Tj
3f
.3 0 7111982Tf41181a45646 59.382507 Tm
( )Tj
/F5 135 Tf
9 7111982Tf4118exploitTD0j
/493.7381.3825 Tm
(assessed)Tj40Tf6428 7111982Tf41181a45646 59.382507 Tm
( )Tj
/F5 1411190f
7111982Tf4118.5643644oF2.5746 Tm
(turtles)Tj
/ 29.6 2f7111982Tf41181a45646 59.382507 Tm
( )Tj
/F5 14F2 1629f7111982Tf4118566793 366470 -.3825 Tm
(500)Tj
/F2 142 1 808 7111982Tf41181a45646 59.382507 Tm
( )Tj
/F5 14 Tf1495f7111982Tf41185439ervTD0j
/493.7381.3825 Tm
(assessed)Tj5j
/21 Tf7111982Tf41181a45646 59.382507 Tm
( )Tj
/F5 15f
98
 Tf7111982Tf411876366470 -.3825 Tm
(500)Tj
/F2 1 3 1 T Tf7111982Tf411846366470 -.38257.5669 Tm
( )Tj
/F5 66519f7111982Tf4118verteF5 1 Tf
9. Tf
 0 0 9e646646 240 0 865.5463 Tm
(of)Tj
/F2 1 3Tf
988j
/F9999.Tf41181a45646 59.382507 Tm
( )Tj
/F5 1330 0 946/F9999.Tf4118megafaunai3964614-.7668 Tm
(species)Tj
982 1 846/F9999.Tf411Tj
/F5 1 Tf
9.469 84.7043 528.0944 Tm
( )Tj
/F5 38 1 T.46/F9999.Tf4118[39,40]9.162-.7668 Tm
(species)Tj
/F2412 10266/F9999.Tf411Tjf
9.46481a45646 59.382507 Tm
( )Tj
/F5 14j
/07846/F9999.Tf4118.5643644oF2.5746 Tm
(turtles)Tj
/ Tj
/4646/F9999.Tf41181a45646 59.382507 Tm
( )Tj
/F5 1441
/F116/F9999.Tf41189 8540tF00 -.7668 Tm
(species)Tj
452 1 416/F9999.Tf41181a45646 59.382507 Tm
( )Tj
/F5 141 T09916/F9999.Tf4118gre6 23 3964614-.7668 Tm
(species)Tj
49Tf
9.26/F9999.Tf41181a45646 59.382507 Tm
( )Tj
/F5 1492 1 566/F9999.Tf4116646 16izTD0j
/493.7381.3825 Tm
(assessed)Tj546/0786/F9999.Tf41181a45646 59.382507 Tm
( )Tj
/F5 15F9 35426/F9999.Tf4118po-0440Tf
91646 0 0 9e646t93 i94 3964614-.7668 Tm
(species)Tj
340.354j
/88F4784641181a45646 59.382507 Tm
( )Tj
/F5 1363 55j
/88F47846411876366470 -.3825 Tm
(500)Tj
/F2 1351 33j
/88F4784641181a45646 59.382507 Tm
( )Tj
/F5 135
/F5 7
/88F478464118inverteb46 29F40 0 865.5463 Tm
(of)Tj
/F2 141877972./88F4784641181a45646 59.382507 Tm
( )Tj
/F5 14F2 19916/88F4784641182361 469 9692.5746 Tm
(turtles)Tj
435/F5 5./88F4784641181a45646 59.382507 Tm
( )Tj
/F5 14Tj
60 1 /88F478464118biomi271T6iz 6 40tF00 -.7668 Tm
(species)Tj
5/F5 243./88F4784641181a45646 59.382507 Tm
( )Tj
/F5 1506
9.464/88F478464118ele
/F5 ./493.7381.3825 Tm
(assessed)Tj54f
.567./88F4784641181a45646 59.382507 Tm
( )Tj
/F5 1551 4 Tm
/88F478464118As0440Tf
934946 0 0 9e646inverteb46 29F40 0 865.5463 Tm
(of)Tj
/F2 13F2 163j
/77 0/F4641181a45646 59.382507 Tm
( )Tj
/F5 137 1 9646/77 0/F4641184646ris79.162-.7668 Tm
(species)Tj
/F2412190f6
/77 0/F4641181a45646 59.382507 Tm
( )Tj
/F5 1416/0692
/77 0/F4641181669 4566919.7668 Tm
(species)Tj
/430 1)Tj
/77 0/F4641181a45646 59.382507 Tm
( )Tj
/F5 1440.95 7
/77 0/F46411876366470 -.3825 Tm
(500)Tj
/F2 1F58
60 7
/77 0/F4641181a45646 59.382507 Tm
( )Tj
/F5 1419.464
/77 0/F4641189 8540tF00 -.7668 Tm
(species)Tj
466 55j
/77 0/F4641181a45646 59.382507 Tm
( )Tj
/F5 14705 243./77 0/F464118164507 469 9692.5746 Tm
(turtles)Tj
501 4632
/77 0/F4641181a45646 59.382507 Tm
( )Tj
/F5 1502 1904./77 0/F4641181etazoa3/493.7381.3825 Tm
(assessed)Tj547.3 Tf
/77 0/F4641181a45646 59.382507 Tm
( )Tj
/F5 1551 111f
/77 0/F464118di-0440Tf
931646 0 0 9e364vers2831 469 9692.5746 Tm
(turtles)Tj
363 93Tf
/1 Tf744641181a45646 59.382507 Tm
( )Tj
/F5 136 T0015
/1 Tf74464118
r7 469 9692.5746 Tm
(turtles)Tj
3639.4646/1 Tf744641181a45646 59.382507 Tm
( )Tj
/F5 13F2 10f
/1 Tf74464118keyi3964614-.7668 Tm
(species)Tj
98 198316/1 Tf744641181a45646 59.382507 Tm
( )Tj
/F5 1388F459f
/1 Tf744641184646on/F5 1 Tf48365.5746 Tm
(turtles)Tj
439999516/1 Tf744641181a45646 59.382507 Tm
( )Tj
/F5 1441 Tf936/1 Tf7446411876366470 -.3825 Tm
(500)Tj
/F2 1F19.81936/1 Tf744641181a45646 59.382507 Tm
( )Tj
/F5 1417.8519f/1 Tf74464118164507 469 9692.5746 Tm
(turtles)Tj
98899908 /1 Tf744641181a45646 59.382507 Tm
( )Tj
/F5 1494 0/19f/1 Tf74464118f051.379.162-.7668 Tm
(species)Tj
F11.9482 /1 Tf744641181a45646 59.382507 Tm
( )Tj
/F5 159.)Tj92 /1 Tf74464118webf4444048365.5746 Tm
(turtles)Tj
541
17436/1 Tf744641181a45646 59.382507 Tm
( )Tj
/F5 1546/1794
/1 Tf74464118
Tm
( )Tj
/F521 Tf
9.4646 provide 469 9692.5746 Tm
(turtles)Tj
363 93Tf
/5
/1227641181a45646 59.382507 Tm
( )Tj
/F5 136.)TTm
(/5
/122764118crit3 94 3964614-.7668 Tm
(species)Tj
34 660946/5
/1227641181a45646 59.382507 Tm
( )Tj
/F5 138Tf
.46/5
/122764118ecosystem43644oF2.5746 Tm
(turtles)Tj
/ 24/0F58f/5
/1227641181a45646 59.382507 Tm
( )Tj
/F5 1 29./F55f/5
/1227641189ervicef4444048365.5746 Tm
(turtles)Tj
/F5.40566/5
/1227641181a45646 59.382507 Tm
( )Tj
/F5 1  Tf54636/5
/122764118improvi814566919.7668 Tm
(species)Tj
/FF11.87916/5
/1227641181a45646 59.382507 Tm
( )Tj
/F5 15F2 19836/5
/1227641189 8540tF00 -.7668 Tm
(species)Tj
5j T09166/5
/1227641181a45646 59.382507 Tm
( )Tj
/F5 153
/2166/5
/122764118
( )TjF5 1 Tf
931946 0 0 96564093 366470 -.3825 Tm
(500)Tj
/F2 13 1 9168f642.670f
41181a45646 59.382507 Tm
( )Tj
/F5 1330 6j
6 642.670f
411876366470 -.3825 Tm
(500)Tj
/F2 1341 38
6 642.670f
41181a45646 59.382507 Tm
( )Tj
/F5 136 T0015
/42.670f
41189 8ir 3964614-.7668 Tm
(species)Tj
340.1836 642.670f
41181a45646 59.382507 Tm
( )Tj
/F5 13Tj
/7636/42.670f
4118566793 366470 -.3825 Tm
(500)Tj
/F2 1402 9946 642.670f
41181a45646 59.382507 Tm
( )Tj
/F5 1409 6j
6 642.670f
411869 -.366470 -.3825 Tm
(500)Tj
/F2 422 5
81 642.670f
41181a45646 59.382507 Tm
( )Tj
/F5 1430.129 642.670f
4118woul643644oF2.5746 Tm
(turtles)Tj
/ 5
9.3276642.670f
41181a45646 59.382507 Tm
( )Tj
/F5 141 T89646/42.670f
4118gre6 21.379.162-.7668 Tm
(species)Tj
49Tf63436642.670f
41181a45646 59.382507 Tm
( )Tj
/F5 1494 24876642.670f
4118enhanc8540tF00 -.7668 Tm
(species)Tj
530.2241 642.670f
41181a45646 59.382507 Tm
( )Tj
/F5 1 3 182036642.670f
4118underF5 1 Tf
948646 0 0 9e646st
Tmi814566919.7668 Tm
(species)Tj
/F36 T5.4646F2 1188641181a45646 59.382507 Tm
( )Tj
/F5 1353214.46/F2 11886411876366470 -.3825 Tm
(500)Tj
/F2 1360.86.46/F2 1188641181a45646 59.382507 Tm
( )Tj
/F5 13F5.4226/F2 1188641189 8540tF00 -.7668 Tm
(species)Tj
37Tf
956/F2 1188641181a45646 59.382507 Tm
( )Tj
/F5 1382 1 Tf
/F2 118864118re 16ienc8540tF00 -.7668 Tm
(species)Tj
4f
943326/F2 1188641181a45646 59.382507 Tm
( )Tj
/F5 1 29.01096/F2 11886411876366470 -.3825 Tm
(500)Tj
/F2 143
/F516/F2 1188641181a45646 59.382507 Tm
( )Tj
/F5 1 2 199646/F2 118864118164507 469 9692.5746 Tm
(turtles)Tj
9F2 431646F2 1188641181a45646 59.382507 Tm
( )Tj
/F5 14F2 988j
/F2 118864118ecosystems540tF00 -.7668 Tm
(species)Tj
5j1 3421 6F2 1188641181a45646 59.382507 Tm
( )Tj
/F5 155669 946/F2 118864118.5643644oF2.5746 Tm
(turtles)Tj
/F41
2 Tf
/F2 1188641181a45646 59.382507 Tm
( )Tj
/F5 15F5 11886/F2 118864118how5 1 Tf
9.f
9. 0 0 9e646566793 366470 -.3825 Tm
(500)Tj
/F2 1363 74546/12 1668641181a45646 59.382507 Tm
( )Tj
/F5 1341 94016/12 166864118.5643644oF2.5746 Tm
(turtles)Tj
/365 29516/12 1668641181a45646 59.382507 Tm
( )Tj
/F5 13F5. Tf46/12 166864118pot93 i94 3964614-.7668 Tm
(species)Tj
403 5
896/12 1668641181a45646 59.382507 Tm
( )Tj
/F5 1402 /F116/12 166864118fut234.9354 539.5463 Tm
(1)Tj
0 0 0 43
/74446/12 1668641181a45646 59.382507 Tm
( )Tj
/F5 1435/00 1 T12 166864118 9.4646 176.2016 539.5463 Tm
(rates)Tj
/
 Tf25846/12 1668641181a45646 59.382507 Tm
( )Tj
/F5 148Tf4F236/12 16686411869 -s 469 9692.5746 Tm
(turtles)Tj
501 7496/12 1668641181a45646 59.382507 Tm
( )Tj
/F5 15/F59665./12 1668641184646
r7 469 9692.5746 Tm
(turtles)Tj
540 /F156/12 1668641181a45646 59.382507 Tm
( )Tj
/F5 1542.9475./12 1668641182361 469j
/F1F1m4 0 0 9e646thos240 0 865.5463 Tm
(of)Tj
/F2 1 3Tf
687f
/0893148
41181a45646 59.382507 Tm
( )Tj
/F5 1330 8166/0893148
411893 3964614-.7668 Tm
(species)Tj
346/502f
/0893148
41181a45646 59.382507 Tm
( )Tj
/F5 136 T62516/0893148
41189 8540tF00 -.7668 Tm
(species)Tj
363 7181
/0893148
41181a45646 59.382507 Tm
( )Tj
/F5 136669 65
/0893148
4118geologic 3964614-.7668 Tm
(species)Tj
400 0072./0893148
41181a45646 59.382507 Tm
( )Tj
/F5 1402 1 3f
/0893148
4118pa15Fi39646159.382-9 1j51 T2.42599e646C66793 366470 -.3825 Tm
(500)Tj
/F2 1365.61 5F2 3542641181a45646159.382507 Tm
( )Tj
/F5 136837747 5F2 354264118thre6 9F40 0 865.5463 Tm
(of)Tj
/F2 138Tf6992 5F2 3542641181a45646159.382507 Tm
( )Tj
/F5 138 1 676 5F2 354264118.5643644oF2.5746 Tm
(turtles)Tj
/ 00 /148
5F2 3542641181a45646159.382507 Tm
( )Tj
/F5 1403 86 0 5F2 354264118pa15540tF00 -.7668 Tm
(species)Tj
4f
96 07
5F2 3542641181a45646159.382507 Tm
( )Tj
/F5 1422 3873
5F2 354264118 9.4646 176.2016 539.5463 Tm
(rates)Tj
/
 1 6j97
5F2 3542641181a45646159.382507 Tm
( )Tj
/F5 1475 1j3
5F2 354264118driversa45646 59.382-17f2 Tm4 0 0 9e646T 8540tF00 -.7668 Tm
(species)Tj
328F100165Tj
9022f41181a45646 59.382507 Tm
( )Tj
/F5 1330/8f
9.5Tj
9022f4118degreeF40 0 865.5463 Tm
(of)Tj
/F2 131 T632565Tj
9022f41181a45646 59.382507 Tm
( )Tj
/F5 1365 210965Tj
9022f4118to 3964614-.7668 Tm
(species)Tj
340.5872.5Tj
9022f41181a45646 59.382507 Tm
( )Tj
/F5 13Tj
2094f5Tj
9022f4118which9493.7381.3825 Tm
(assessed)Tj39 T0197
5Tj
9022f41181a45646 59.382507 Tm
( )Tj
/F5 1400 612565Tj
9022f4118566793 366470 -.3825 Tm
(500)Tj
/F2 143 18304
5Tj
9022f41181a45646 59.382507 Tm
( )Tj
/F5 1436.421965Tj
9022f4118 9.4646 176.2016 539.5463 Tm
(rates)Tj
/
  T6758
5Tj
9022f41181a45646 59.382507 Tm
( )Tj
/F5 1482 286565Tj
9022f4118thre6 9F40 0 865.5463 Tm
(of)Tj
/F2 1513 7189
5Tj
9022f41181a45646 59.382507 Tm
( )Tj
/F5 1516 3022f5Tj
9022f4118diff23 3964614-.7668 Tm
(species)Tj
53 T6328
5Tj
9022f41181a45646 59.382507 Tm
( )Tj
/F5 1542.2676 5Tj
9022f4118fromj
/F5 1 T.566Tf
9.4646 pa15540tF00 -.7668 Tm
(species)Tj
330/145 1565 4503441181a45646 59.382507 Tm
( )Tj
/F5 1335/F2181565 450344118 9.4646 176.2016 539.5463 Tm
(rates)Tj
/37Tf
35 1565 4503441181a45646 59.382507 Tm
( )Tj
/F5 138 164081565 450344118driversa45646.7668 Tm
(species)Tj
/F241T.34646565 4503441181a45646 59.382507 Tm
( )Tj
/F5 14/F2 f
9.565 450344118is.366470 -.3825 Tm
(500)Tj
/F2 422 81536565 4503441181a45646 59.382507 Tm
( )Tj
/F5 14F2 88656565 450344118a3/493.7381.3825 Tm
(assessed)Tj442.82746565 4503441181a45646 59.382507 Tm
( )Tj
/F5 1447 98736565 450344118importa3 366470 -.3825 Tm
(500)Tj
/F2 1491.82796565 4503441181a45646 59.382507 Tm
( )Tj
/F5 14966976565 450344118quesD0j
/493.7381.3825 Tm
(assessed)Tj534 0/446565 4503441181a45646 59.382507 Tm
( )Tj
/F5 153 T09646565 450344118whenj
/F5 1 0 2 . 0 0 9e6465onsideri814566919.7668 Tm
(species)Tj
/F361 3482f550 1983641181a45646 59.382507 Tm
( )Tj
/F5 1365/0
9.4550 1983641189 8540tF00 -.7668 Tm
(species)Tj
379.1385f550 1983641181a45646 59.382507 Tm
( )Tj
/F5 1382 T905f550 198364118utilit1.379.162-.7668 Tm
(species)Tj
409 67976550 1983641181a45646 59.382507 Tm
( )Tj
/F5 1413 3475.550 19836411876366470 -.3825 Tm
(500)Tj
/F2 1421.1275.550 1983641181a45646 59.382507 Tm
( )Tj
/F5 1 2
/F595.550 198364118646 164.5228 550.9983 Tm
(record,)Tj447 159.4550 1983641181a45646 59.382507 Tm
( )Tj
/F5 1410/87876550 198364118.5643644oF2.5746 Tm
(turtles)Tj
/ 67/216.4550 1983641181a45646 59.382507 Tm
( )Tj
/F5 1440.8916 550 198364118 915693 94 3964614-.7668 Tm
(species)Tj
F11.6747 550 1983641181a45646 59.382507 Tm
( )Tj
/F5 1F15 1 846550 1983641183/F298140 0 865.54636 Tm
(assessments546/96016550 1983641181a45646 59.382507 Tm
( )Tj
/F5 1F50 6581.550 19836411864r0440Tf
926584646 09e646underst
Tmi814566919.7668 Tm
(species)Tj
/F3 Tf
724153 T5463641181a45646 59.382507 Tm
( )Tj
/F5 138Tf1259953 T546364118566793 366470 -.3825 Tm
(500)Tj
/F2 141219 2 .53 T5463641181a45646 59.382507 Tm
( )Tj
/F5 1
9.)2T31.53 T546364118.5643644oF2.5746 Tm
(turtles)Tj
/ T3 5581.53 T5463641181a45646 59.382507 Tm
( )Tj
/F5 1
Tj
/j
6 53 T546364118predi46 814566919.7668 Tm
(species)Tj
/F482 530 .53 T5463641181a45646 59.382507 Tm
( )Tj
/F5 1
87.4
9.453 T546364118fut234.9354 539.5463 Tm
(1)Tj
0 0 0 5F2 439.53 T5463641181a45646 59.382507 Tm
( )Tj
/F5 15/F23069.53 T546364118 9.4646 176.20
9.495366Tf
9.4646 69 -Fi3964614-.7668 Tm
(species)Tj
9F2 0/4 .528F0.46441181a45646 59.382507 Tm
( )Tj
/F5 1336f6425.528F0.4644118Eve76.2016 539.5463 Tm
(rates)Tj
/358.9129 528F0.46441181a45646 59.382507 Tm
( )Tj
/F5 13F5. 92 528F0.4644118if 3964614-.7668 Tm
(species)Tj
340.5927 528F0.46441181a45646 59.382507 Tm
( )Tj
/F5 1376
9.41 528F0.46441189 8540tF00 -.7668 Tm
(species)Tj
390190f1 528F0.46441181a45646 59.382507 Tm
( )Tj
/F5 1391 9432 528F0.4644118ultim6 240 0 865.5463 Tm
(of)Tj
/F2 1  T3 1869 528F0.46441181a45646 59.382507 Tm
( )Tj
/F5 1
Tj
859f
528F0.4644118driversa45646.7668 Tm
(species)Tj
/F246 T5917 528F0.46441181a45646 59.382507 Tm
( )Tj
/F5 14 Tf1595.528F0.464411876366470 -.3825 Tm
(500)Tj
/F2 1482 9799 528F0.46441181a45646 59.382507 Tm
( )Tj
/F5 1
88T6361 528F0.46441180 0 inc6439F40 0 865.5463 Tm
(of)Tj
/F2 1536f2247 528F0.46441181a45646 59.382507 Tm
( )Tj
/F5 1F41
870f
528F0.4644118havF5 1 Tf2 1 74. 0 0 9e6465hang 6 40tF00 -.7668 Tm
(species)Tj
36.)49341516 6425.41181a45646 59.382507 Tm
( )Tj
/F5 1355 00
6 516 6425.4118over 3964614-.7668 Tm
(species)Tj
340.6328
516 6425.41181a45646 59.382507 Tm
( )Tj
/F5 13 Tf13 0 5F6 6425.4118time1 469 9692.5746 Tm
(turtles)Tj
397.3979
516 6425.41181a45646 59.382507 Tm
( )Tj
/F5 1400 896 5F6 6425.4118t 8540tF00 -.7668 Tm
(species)Tj
4j
9989
516 6425.41181a45646 59.382507 Tm
( )Tj
/F5 1420.5479
516 6425.4118proxim664.5228 550.9983 Tm
(record,)Tj45F23628
516 6425.41181a45646 59.382507 Tm
( )Tj
/F5 142 18613
516 6425.4118eff2c5 1 Tf48365.5746 Tm
(turtles)Tj
491.53
6 516 6425.41181a45646 59.382507 Tm
( )Tj
/F5 149660629f516 6425.4118experienc8d/493.7381.3825 Tm
(assessed)Tj547.7875 516 6425.41181a45646 59.382507 Tm
( )Tj
/F5 15f
.3022f516 6425.4118by0440Tf
94395. 0 0 9e646organism9F40 0 865.5463 Tm
(of)Tj
/F2 1316236191502 1905.41181a45646 59.382507 Tm
( )Tj
/F5 135 199911502 1905.4118migh5540tF00 -.7668 Tm
(species)Tj
381 0148
502 1905.41181a45646 59.382507 Tm
( )Tj
/F5 138
99286
502 1905.4118b8540tF00 -.7668 Tm
(species)Tj
39518655
502 1905.41181a45646 59.382507 Tm
( )Tj
/F5 1397.8.41 502 1905.4118similar.40 0 865.5463 Tm
(of)Tj
/F2 1  T1190j3
502 1905.41181a45646 59.382507 Tm
( )Tj
/F5 1 T3 2471 502 1905.4118F 3 3964614-.7668 Tm
(species)Tj
F58
41911502 1905.41181a45646 59.382507 Tm
( )Tj
/F5 1410/311f
502 1905.4118example1 469 9692.5746 Tm
(turtles)Tj
48F23253
502 1905.41181a45646 59.382507 Tm
( )Tj
/F5 1 91190jf
502 1905.4118ultim6 240 0 865.5463 Tm
(of)Tj
/F2 1 528F54446502 1905.41181a45646 59.382507 Tm
( )Tj
/F5 1530.41886502 1905.4118sources5 1 Tf
91274. 0 0 9e64676366470 -.3825 Tm
(500)Tj
/F2 13/F23075 492 7385f41181a45646 59.382507 Tm
( )Tj
/F5 1320 61886492 7385f4118elev6 2d6.2016 539.5463 Tm
(rates)Tj
/358.077 492 7385f41181a45646 59.382507 Tm
( )Tj
/F5 1360.4 Tf
492 7385f4118atmospheric 3964614-.7668 Tm
(species)Tj
413 8T.46492 7385f41181a45646 59.382507 Tm
( )Tj
/F5 1416/18266492 7385f4118COa4567F0.82
( )T6 30911430.99911492 1511f41182a456507 Tm
( )Tj
/F5 1436. Tf36492 7385f4118diff23 3964614-.7668 Tm
(species)Tj
41 T86596492 7385f41181a45646 59.382507 Tm
( )Tj
/F5 1465 21726492 7385f4118betwee76.2016 539.5463 Tm
(rates)Tj
/498F10736492 7385f41181a45646 59.382507 Tm
( )Tj
/F5 1500 65f
492 7385f41189 8540tF00 -.7668 Tm
(species)Tj
5F2 7486492 7385f41181a45646 59.382507 Tm
( )Tj
/F5 159.)T9596492 7385f4118l6 240 0 865.5463 Tm
(of)Tj
/F2 1 53 1 4986492 7385f41181a45646 59.382507 Tm
( )Tj
/F5 153
99747 492 7385f4118PermF5 1 Tf
97144. 0 0 9e646ia3/493.7381.3825 Tm
(assessed)Tj3f
942171482 2865641181a45646 59.382507 Tm
( )Tj
/F5 1329f
7241482 286564118(volcanic4566919.7668 Tm
(species)Tj
/F367 1975 482 2865641181a45646 59.382507 Tm
( )Tj
/F5 1371 1118 482 286564118ac2ivity).379.162-.7668 Tm
(species)Tj
406.7654 482 2865641181a45646 59.382507 Tm
( )Tj
/F5 1410 64.46482 286564118a5643644oF2.5746 Tm
(turtles)Tj
/ 29.0385f482 2865641181a45646 59.382507 Tm
( )Tj
/F5 1430.9228 482 286564118pres93 366470 -.3825 Tm
(500)Tj
/F2 142 16328
482 2865641181a45646 59.382507 Tm
( )Tj
/F5 14 Tf54636482 286564118da1.379.162-.7668 Tm
(species)Tj
483 2104 482 2865641181a45646 59.382507 Tm
( )Tj
/F5 1487 10541482 286564118(burni814566919.7668 Tm
(species)Tj
/FFf
9.f26 482 2865641181a45646 59.382507 Tm
( )Tj
/F5 1528F5479 482 28656411876366470 -.3825 Tm
(500)Tj
/F2 1 36 3279 482 2865641181a45646 59.382507 Tm
( )Tj
/F5 1F40.22671482 286564118646 164.52Tf2 16646 0 0 9e364fuels)1 469 9692.5746 Tm
(turtles)Tj
337.91521440.8344641181a45646 59.382507 Tm
( )Tj
/F5 1360 10jf
440.834464118bu5540tF00 -.7668 Tm
(species)Tj
35f
68596440.8344641181a45646 59.382507 Tm
( )Tj
/F5 131629385f440.83446411893 3964614-.7668 Tm
(species)Tj
365.60821440.8344641181a45646 59.382507 Tm
( )Tj
/F5 13 Tf86 0 440.834464118bo61 469 9692.5746 Tm
(turtles)Tj
387 1411f440.8344641181a45646 59.382507 Tm
( )Tj
/F5 138F23102f440.83446411893st
Tc29F40 0 865.5463 Tm
(of)Tj
/F2 1430/1T31.440.8344641181a45646 59.382507 Tm
( )Tj
/F5 143
/34016440.834464118164507 469 9692.5746 Tm
(turtles)Tj
9F3.479 440.8344641181a45646 59.382507 Tm
( )Tj
/F5 1465.6750 440.834464118organism9F40 0 865.5463 Tm
(of)Tj
/F2 1510 5099 440.8344641181a45646 59.382507 Tm
( )Tj
/F5 151877906 440.834464118havF5 1  865.5463 Tm
(of)Tj
/F2 1 53 143 440.8344641181a45646 59.382507 Tm
( )Tj
/F5 153
96345 440.834464118had/493.7381.3825 Tm
(assessed)Tj55199896 440.8344641181a45646 59.382507 Tm
( )Tj
/F5 155
/1731.440.834464118to 396Tf
96972. 0 0 69e6465onte5643644oF2.5746 Tm
(turtles)Tj
/365.6194j45F232599e1181a45646 59.382507 Tm
( )Tj
/F5 1310 0692
45F232599e1182361 469 9692.5746 Tm
(turtles)Tj
340.870f
45F232599e1181a45646 59.382507 Tm
( )Tj
/F5 1376 5543 45F232599e1189 8540tF00 -.7668 Tm
(species)Tj
39016472
45F232599e1181a45646 59.382507 Tm
( )Tj
/F5 1396/3401645F232599e118proxim664.5228 550.9983 Tm
(record,)Tj43
91549
45F232599e1181a45646 59.382507 Tm
( )Tj
/F5 1440.844j45F232599e118eff2c5 1 Tf48365.5746 Tm
(turtles)Tj
46Tf
989
45F232599e1181a45646 59.382507 Tm
( )Tj
/F5 1474.2361 45F232599e11876366470 -.3825 Tm
(500)Tj
/F2 1482 0161 45F232599e1181a45646 59.382507 Tm
( )Tj
/F5 1487 729
45F232599e118acidificaD0j
/493.7381.3825 Tm
(assessed)Tj540.5327645F232599e1181a45646 59.382507 Tm
( )Tj
/F5 1546/1794
45F232599e118aTm
( )Tj
/F521 Tf
9.4646 warmi814566919.7668 Tm
(species)Tj
/F310/2477j447 8Tm
(e1181a45646 59.382507 Tm
( )Tj
/F5 1314 5574.447 8Tm
(e118(a4560 .00016 .4 rg
232 0 09e646Tabl8540tF00 -.7668 Tm
(species)Tj
3/F2 1 5310/Tj
/F5 159.)T9596492 7385f4118l6 crgani96/3/F2 1 5310/T23252i.5)Tj43
turtles/ 295F232599e1181a4d/493.7381.3825 Tm/ 291
17436/1 Tf744641181a4668 Tm
(species)Tj
/o7 6425.4118time1 469 9692.5746 Tmr18acosy7460 Tm
( )Tj
/F5 151ab922481.3825 Tm/ 291
17436/1 Tf74464aco99e118aTm
( )Tj83ie9692.57646 59.382507 Tm
( )Tj
/F5 1474.2361 45F232599330802 1905.41181a45646 59.382507 Tm
( )Tj
/F5 7Tm
m
( )Tj
/F5 151ab922481.3825F236568  spareaesm
(species)Tj
400 0072./0893148
41181a45648159.34364699m
( )Tj
/F5 136 T62516/0893148
41189 8540214-.43647 Tm
(turtes)Tj
365.60821440.8344641181a458.9274.34364699m
( )Tj
/F5 136 T62516/0893148
41189 875646ic4543647 Tm
((e.g.les)Tj
397.3979
516 6425.41181a45 4698646 164699m
( )Tj
/F5 136 T62516/0893148
41189 896Fheric 43647 Tm
(viaes)Tj
409 67976550 1983641181a45646492 7 164699m
( )Tj
/F5 136 T62516/0893148
41189 45641212c 43647 Tm
(sea-leveord,)Tj45F23628
516 6425.41181a45eeF47 7 164699m
( )Tj
/F5 136 T62516/0893148
41189 45 40t81a456447 Tm
(falles)Tj
46Tf
989
45F232599e1181a45646 51 7 164699m
( )Tj
/F5 136 T62516/0893148
41189 47560251 7 1647 Tm
(du
/F2 1 53 143 440.8344641181a459ific882 7 164699m
( )Tj
/F5 136 T62516/0893148
41189 4im6  .00043647 Tm
(toes)Tj
491.53
6 516 6425.41181a459 1 3646 164699m
( )Tj
/F5 136 T62516/0893148
41189 46
r26461043647 Tm
(tcies)Tj
5F2 7486492 7385f41181a4567507 9.34364699m
( )Tj
/F5 136 T62516/0893148
41189 520.781 7 1647 Tm
(growtles)Tj
340.870f
45F232599e1181a4564-.7646 164699m
( )Tj
/F5 136 T62516/0893148
41189 45456667 7 1647 Tm
(Tj
/F2e5647 59.6919.7668 Tm
tin)Tjcord,)Tj43
91549
45F232599e1181amosp6667 75646 5m
( )Tj
/F5 13F5. 92 528F0.4644118if 39647814565646 5m
( )icies            vo34.974 45646.40 
( )Bel65,esvh5547 1 45646.40 
( )weesv53.6nc8d45646.40 
( )
(turtles)Tj
540 /F156/12 1668641181a64364Tm
(45646.40 
( )Tj
/F5 1329f
7241482 286564118(45646 59.45646.40 
( )ecies)Tj
4j
9989
516 6425.41181a4527.91.3845646.40 
( )Tj
/F5 1329f
7241482 286564118(45646196845646.40 
( )
(of)Tjityes47750 59.45646.40 
( )tles 497.0614-45646.40 
( )relassj
/F2 1 53 143 440.8344641181a45643648m
(45646.40 
( )Tj
/F5 1329f
7241482 286564118(646 8773845646.40 
( )m
(50ia3/493.74F5 15463 Tm
(ofof)T/F2 1 3Tf
687f
/0893148
41181a456498.3845646620 
( )Tj
/F5 1329f
7241482 286564118(v3947 59845646620 
( )Tj
/F2 1341 38
6 642.670f
41181a45764859845646620 
( )Tj
/F5 1355 00
6 516 6425.4118over 35 1 45646620 
( )(500)Tj
/F2 141219 2 .53 T5463641181a456445e9845646620 
( )Tj
/F5 1355 00
6 516 6425.4118ove8402 59.45646620 
( )
(of)Tj
/F2 1513 7189
5Tj
9022f41181aoxim66 5845646620 
( )Tj
/F5 1355 00
6 516 6425.4118ov45646 76645646620 
( )tles)Tj
/ 29.0385f482 2865641181a441.7786845646620 
( )Tj
/F5 1355 00
6 516 6425.4118ov4440t1 1 45646620 
( )of)i45vi4397845646620 
( )(turtles)T-564615 oF2.577668 3 Tm
(of)T,esspecessp727384v6 89354
( )Tj
/F5 1355 00
6 516 6425.4118ove97.7F00 4v6 89354
( )otlesof  .4118time1 469 9692.5746 Tmr18acosy7460 Tm
( )Tj
/340t51 4436397Tm
( )[38,42]
/F2 1421.1275.550 1983641181a452.880 o3436397Tm
( .4d/493.7)Tj
/F5 1355 00
6 516 6425.4118ov459.89 o3436397Tm
( )tles    8 Tm
(species)Tj
F11.6747 550 1983641181a4564796.3436397Tm
( )Tj
/F5 13 Tf86 0 440.834464118bo54642. 0 3436397Tm
( )
(assej
/FET
.ime104e103344k
42.52 97.965v520.044e177.89 ore
74783 .59..1..184k
42.52 2564-76 187ia4562646.8ore
7425646ime2564-76 332. 4562646.8ore
741 1 1 3.742.52 278r904e520.044eFheri ore
7442.52 2564-76 187ia456411809.re
74259.55 2564-76 41181362646.8ore
7425646ime26346i2 332. 456.62366ore
7425646ime2564-76 56459.411809.re
7423
t299 2564-76 4118136111445.re
7423
t86me2564-76 364594.411809.re
74326403me2564-76 .62366111445.re
7432646me2564-76 42.5746411809.re
74318r309 2564-76 4118166111445.re
74318r87me2564-76 3m6 246411809.re
744064695e2564-76 .623636111445.re
744064819 2564-76 55.e846411809.re
74455.640 2564-76 411809.111445.re
74456425le2564-76 6842526411809.re
74453.80 o2564-76 4118166111445.re
744564409 2564-76 3846 56411809.re
7442.52 240.445.187ia456411809.re
74259.55 240.445.411813610790 ore
7425646ime240.445.56459.411809.re
7423
t299 240.445.411813610790 ore
7423
t86me240.445.364594.411809.re
74326403me240.445.46236610790 ore
7432646me240.445.42.5746411809.re
74318r309 240.445.411816610790 ore
74318r87me240.445.3m6 246411809.re
744064695e240.445.462363610790 ore
744064819 240.445.55.e846411809.re
74455.640 240.445.411809.10790 ore
74456425le240.445.6842526411809.re
74453.80 o240.445.411816610790 ore
744564409 240.445.3846 56411809.re
7442.52 259.436 187ia456462367.re
74259.55 259.436 4118136107998ore
7425646ime259.436 56459.462367.re
7423
t299 259.436 4118136107998ore
7423
t86me259.436 364594.462367.re
74326403me259.436 462366107998ore
7432646me259.436 42.5746462367.re
74318r309 259.436 4118166107998ore
74318r87me259.436 3m6 246462367.re
744064695e259.436 4623636107998ore
744064819 259.436 55.e846462367.re
74455.640 259.436 411809.107998ore
74456425le259.436 6842526462367.re
74453.80 o259.436 4118166107998ore
744564409 259.436 3846 56462367.re
7442.52 2164494.187ia456411809.re
74259.55 2164494.411813610790 ore
7425646ime2164494.56459.411809.re
7423
t299 2164494.411813610790 ore
7423
t86me2164494.364594.411809.re
74326403me2164494.46236610790 ore
7432646me2164494.42.5746411809.re
74318r309 2164494.411816610790 ore
74318r87me2164494.3m6 246411809.re
744064695e2164494.462363610790 ore
744064819 2164494.55.e846411809.re
74455.640 2164494.411809.10790 ore
74456425le2164494.6842526411809.re
74453.80 o2164494.411816610790 ore
744564409 2164494.3846 56411809.re
7442.52 20645964187ia456411809.re
74259.55 20645964411813610790 ore
7425646ime2064596456459.411809.re
7423
t299 20645964411813610790 ore
7423
t86me20645964364594.411809.re
74326403me2064596446236610790 ore
7432646me2064596442.5746411809.re
74318r309 20645964411816610790 ore
74318r87me206459643m6 246411809.re
744064695e20645964462363610790 ore
744064819 2064596455.e846411809.re
74455.640 20645964411809.10790 ore
74456425le206459646842526411809.re
74453.80 o20645964411816610790 ore
744564409 206459643846 56411809.re
7442.52 1940tF4 187ia456462367.re
74259.55 1940tF4 4118136107998ore
7425646ime1940tF4 56459.462367.re
7423
t299 1940tF4 4118136107998ore
7423
t86me1940tF4 364594.462367.re
74326403me1940tF4 462366107998ore
7432646me1940tF4 42.5746462367.re
74318r309 1940tF4 4118166107998ore
74318r87me1940tF4 3m6 246462367.re
744064695e1940tF4 4623636107998ore
744064819 1940tF4 55.e846462367.re
74455.640 1940tF4 411809.107998ore
74456425le1940tF4 6842526462367.re
74453.80 o1940tF4 4118166107998ore
744564409 1940tF4 3846 56462367.re
7442.52 1864313 187ia456462361.re
74259.55 1864313 411813610790 ore
7425646ime1864313 56459.462361.re
7423
t299 1864313 411813610790 ore
7423
t86me1864313 364594.462361.re
74326403me1864313 46236610790 ore
7432646me1864313 42.5746462361.re
74318r309 1864313 411816610790 ore
74318r87me1864313 3m6 246462361.re
744064695e1864313 462363610790 ore
744064819 1864313 55.e846462361.re
74455.640 1864313 411809.10790 ore
74456425le1864313 6842526462361.re
74453.80 o1864313 411816610790 ore
744564409 1864313 3846 56462361.re
7442.52 178r6714187ia456411809.re
74259.55 178r6714411813610790 ore
7425646ime178r671456459.411809.re
7423
t299 178r6714411813610790 ore
7423
t86me178r6714364594.411809.re
74326403me178r671446236610790 ore
7432646me178r671442.5746411809.re
74318r309 178r6714411816610790 ore
74318r87me178r67143m6 246411809.re
744064695e178r6714462363610790 ore
744064819 178r671455.e846411809.re
74455.640 178r6714411809.10790 ore
74456425le178r67146842526411809.re
74453.80 o178r6714411816610790 ore
744564409 178r67143846 56411809.re
7442.52 1564672 187ia456462361.re
74259.55 1564672 4118136107998ore
7425646ime1564672 56459.462361.re
7423
t299 1564672 4118136107998ore
7423
t86me1564672 364594.462361.re
74326403me1564672 462366107998ore
7432646me1564672 42.5746462361.re
74318r309 1564672 4118166107998ore
74318r87me1564672 3m6 246462361.re
744064695e1564672 4623636107998ore
744064819 1564672 55.e846462361.re
74455.640 1564672 411809.107998ore
74456425le1564672 6842526462361.re
74453.80 o1564672 4118166107998ore
744564409 1564672 3846 56462361.re
7442.52 155 1 1 187ia456462367.re
74259.55 155 1 1 411813610790 ore
7425646ime155 1 1 56459.462367.re
7423
t299 155 1 1 411813610790 ore
7423
t86me155 1 1 364594.462367.re
74326403me155 1 1 46236610790 ore
7432646me155 1 1 42.5746462367.re
74318r309 155 1 1 411816610790 ore
74318r87me155 1 1 3m6 246462367.re
744064695e155 1 1 462363610790 ore
744064819 155 1 1 55.e846462367.re
74455.640 155 1 1 411809.10790 ore
74456425le155 1 1 6842526462367.re
74453.80 o155 1 1 411816610790 ore
744564409 155 1 1 3846 56462367.re
7442.52 141.709.187ia456411809.re
74259.55 141.709.411813610790 ore
7425646ime141.709.56459.411809.re
7423
t299 141.709.411813610790 ore
7423
t86me141.709.364594.411809.re
74326403me141.709.46236610790 ore
7432646me141.709.42.5746411809.re
74318r309 141.709.411816610790 ore
74318r87me141.709.3m6 246411809.re
744064695e141.709.462363610790 ore
744064819 141.709.55.e846411809.re
74455.640 141.709.411809.10790 ore
74456425le141.709.6842526411809.re
74453.80 o141.709.411816610790 ore
744564409 141.709.3846 56411809.re
7442.52 1564791 187ia45646236.re
74259.55 1564791 4118136107998ore
7425646ime1564791 56459.46236.re
7423
t299 1564791 4118136107998ore
7423
t86me1564791 364594.46236.re
74326403me1564791 462366107998ore
7432646me1564791 42.574646236.re
74318r309 1564791 4118166107998ore
74318r87me1564791 3m6 24646236.re
744064695e1564791 4623636107998ore
744064819 1564791 55.e84646236.re
74455.640 1564791 411809.107998ore
74456425le1564791 684252646236.re
74453.80 o1564791 4118166107998ore
744564409 1564791 3846 5646236.re
7442.52 119.809 187ia456462366.re
74259.55 119.809 411813610790 ore
7425646ime119.809 56459.462366.re
7423
t299 119.809 411813610790 ore
7423
t86me119.809 364594.462366.re
74326403me119.809 46236610790 ore
7432646me119.809 42.5746462366.re
74318r309 119.809 411816610790 ore
74318r87me119.809 3m6 246462366.re
744064695e119.809 462363610790 ore
744064819 119.809 55.e846462366.re
74455.640 119.809 411809.10790 ore
74456425le119.809 6842526462366.re
74453.80 o119.809 411816610790 ore
744564409 119.809 3846 56462366.re
7442.52 108.907.187ia456411809.re
74259.55 108.907.411813610790 ore
7425646ime108.907.56459.411809.re
7423
t299 108.907.411813610790 ore
7423
t86me108.907.364594.411809.re
74326403me108.907.46236610790 ore
7432646me108.907.42.5746411809.re
74318r309 108.907.411816610790 ore
74318r87me108.907.3m6 246411809.re
744064695e108.907.462363610790 ore
744064819 108.907.55.e846411809.re
74455.640 108.907.411809.10790 ore
74456425le108.907.6842526411809.re
74453.80 o108.907.411816610790 ore
744564409 108.907.3846 56411809.re
7442.52 97.965v187ia456411809.re
74259.55 97.965v411813610790 ore
7425646ime97.965v56459.411809.re
7423
t299 97.965v411813610790 ore
7423
t86me97.965v364594.411809.re
74326403me97.965v46236610790 ore
7432646me97.965v42.5746411809.re
74318r309 97.965v411816610790 ore
74318r87me97.965v3m6 246411809.re
744064695e97.965v462363610790 ore
744064819 97.965v55.e846411809.re
74455.640 97.965v411809.10790 ore
74456425le97.965v6842526411809.re
74453.80 o97.965v411816610790 ore
744564409 97.965v3846 56411809.re
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species lags behind that of terrestrial species: out of the
41 500 assessed species in 2007 only 1500 were marine,
with another 1500 marine species added by 2008 [38]. This
included complete assessments of sharks and rays, group-
ers, reef-building corals, seabirds, marine mammals, and
sea turtles (Figure 2c). Since then, assessments for all
mangroves [19], seagrasses [18], and tunas [17] have been
completed (Figure 2c), and the International Union for the
Conservation of Nature (IUCN) aims to have 20 000 ma-
rine species assessed by 2012 [38]. Nevertheless, assess-
ments for many groups are incomplete or entirely lacking
(Figure 2c).

Comparing extinctions through time

Although overall background extinction rates have de-
clined throughout the fossil record, there have been many
periods of enhanced extinction rates (Figure 1). Currently,
the Earth is  

arine, 
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[11,33,43], followed by habitat loss and, to a lesser extent,
pollution and climate change (Table 1). Of 168 marine,
estuarine, and diadromous (i.e., migrating between fresh
and salt waters) species listed or considered for listing
under the US Endangered Species Act (ESA) in 2004,
81% were affected by overexploitation [42]. Historically,
exploitation was associated with 55% of local extirpations
and global extinctions [11] and 96% of depletions and
extirpations 



have particularly strong effects on associated species. In
the Wadden Sea, for example, loss of such habitat contrib-
uted to 70% of the 25 species extirpations in historical time
[34]. In the fossil record, the loss of shallow marine habitat
due to falling sea level has been associated with elevated
extinction rates [13] and biodiversity loss [49]. For exam-
ple, sea-level fall driven by global cooling was associated
with elevated extinction during the end-Ordovician (444
Ma) [50] and Eocene–Oligocene (34 Ma) [51] (Table 1), but
not during the most recent glacial–interglacial cycles (1
Ma) [52,53] (Box 2). This might reflect a difference in
starting conditions: the Late Ordovician and late Eocene
were characterized by greenhouse conditions with exten-
sive continental flooding, whereas the Pliocene–Pleisto-
cene transition occurred in a world with minor
continental flooding that had already cooled considerably
from the early Cenozoic.

Global warming and associated stressors

Global warming and ocean acidification, which are of
growing concern today and for the future [3,4,38], were
important factors in some ancient extinctions [27,28] but
played little role in historical extinctions (Table 1, Box 2)
[11,33,34]. Geochemical and paleontological evidence sug-
gests that four of five global reef crises and three of five
mass extinctions in the fossil record were 
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deep-water benthic foraminiferan species went extinct,
whereas other microfossil groups were relatively unaf-
fected [54]. Today, climate warming and acidification pose
increasing threats to corals [4,14,55], warming and sea-
level rise to seagrasses and mangroves [18,19], and many
species show range shifts, local extirpations, and inva-
sions in response to changes in ocean temperature [56,57].

Anoxia and pollution

Anoxia is another important driver of extinction risk in
both modern and ancient seas (Table 1). In addition to
direct toxicity, oxygen depletion of bottom waters can
lead to large-scale habitat loss [58]. In historical and
modern times, bottom-water anoxia driven by excessive
nutrient loading and decomposition of organic matter
has led to some extirpations in estuarine and coastal
waters [11,33,42]. Widespread anoxia is also associated
with several major extinctions in the fossil record (Table
1), triggered by elevated atmospheric CO2, global warm-
ing, diminished thermohaline circulation, and eutrophi-
cation [59]. Other forms of pollution (e.g., pesticides and
toxic algal blooms) have also contributed to historical
extinctions and current risk [11,15,33,38,42], but identi-
fying definitive examples of these in the fossil record is
challenging.

Synergistic effects

In the near future, most human impacts in the ocean will
increase, and the effects of climate change will interact
with existing threats, such as overexploitation and habitat
loss [4,10,60]. There is great uncertainty about how these
cumulative impacts will interact to affect marine species
and ecosystems; if already severely stressed, their resil-
ience to further change can be greatly reduced [8,61,62].
Historical assessments show that multiple human impacts
were involved in approximately 40% of extirpations in the
Wadden Sea [34] and 42% of extirpations in estuaries and
coastal seas worldwide [33]. This usually involved the
combination of overexploitation and habitat loss and, to
a lesser extent, pollution. In the fossil record, many extinc-
tion events were associated with multiple stressors that
might have acted synergistically. For example, the end-
Permian extinction is associated with warming, acidifica-
tion, and anoxia [27,28,41]. Further study of past extinc-
tions caused 



warming and acidification can identify threshold rates
below which carbonate saturation was well buffered
(>10 000 years) [6] and warming and acidification had
little effect on reef diversity and growth versus episodes
of more rapid change associated with reef declines and
extinction (Box 2) [4].

Third, in terms of the biological correlates of marine
extinctions, it appears that body size has been strongly
associated with historical and current risk, whereas geo-
graphic range has been one of the strongest correlates in
the fossil 
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