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limit the degree to which the femur can act in a 
vertical plane without contacting the pelvis. 
This contrasts with modem bipedal lizards in 
which the large trochanter is adjacent to and 
directly below the proximal head and would be 
forced against the ventral acetabular rim during 
adduction of  the femur, levering the head from 
the socket (10-12, 14). With increasing speeds 
during bipedal running in lizards, the femur 
may approach a vertical orientation at footfall, 
but this is accomplished by pelvic roll rather 
than by adduction (15). Although the acetabu- 
lum is not exposed in E. cursoris, a partial 
pelvis of  B. striatus does show a strong dorsal 
acetabular rim that would have facilitated a 
near-vertical femoral orientation (4).  

The forelimb of  Eudibanztrs also possesses 
several features that can be interpreted as adap- 
tations to parasagittal locomotion: (i) the hu- 
merus is elongate and slender but has retained a 
large deltopectoral crest, (ii) the carpus is com- 
pact, and (iii) the digits of  the hand are greatly 
elongated. The overall elongation of  the fore- 
limb and manus indicate that Eudibamus was 
probably capable of  parasagittal quadrupedal 
locomotion until speeds were reached that re- 
quired bipedalism. As Etrdibamus was herbiv- 
orous, based on the typical bolosaurid dental 
and mandibular morphology (7 ) ,it likely used 
sprinting speeds to escape predators. 

Although small in size and mainly repre- 

Fig. 4. Cladogram of Paleozoic amniotes, illustrat- 
ing the single most parsimonious pattern of rela- 
tionships from a PAUP version 3.1.1 analysis (D. 
Swofford, Laboratory of Molecular Systematics, 
Smithsonian Institution, 1993), based on previ- 
ously published data matrices (24,25)except for 
the inclusion of bolosaurids. The tree length is 
225 steps, with a consistency index of 0.809 and 
a retention index of 0.672. Major clades are des- 
ignated as follows: 1, Amniota; 2, Reptilia; 3, 
Parareptilia; and 4, Procolophonia. It is the anat- 
omy of E. cursoris that has allowed us to deter- 
mine for the first time that bolosaurids are 
parareptiles and the sister taxon of Procolopho- 
nia. The high position of bolosaurids within 
parareptiles is unexpected, as the bolosaurids are 
the oldest known members of this clade, with a 
fossil record extending to the base of the Per- 
mian. However, this finding is consistent with 
recent phylogenetic data that indicate the pres- 
ence of long ghost lineages for parareptiles (25). 

sented in the fossil record by fragmentary 
remains, bolosaurid parareptiles (Fig. 4 )  are 
unusual among amniotes in achieving a wide 
Laurasian distribution early in the Permian 
(20),which includes the United States, Ger- 
many, southern Russia, and China (4-6). Per- 
haps this precocious dispersal and early suc- 
cess were related to the unique combination 
o f  bipedalism and herbivory. 
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Current understanding of the higher order systematics of eukaryotes relies 
largely on analyses of the small ribosomal subunit RNA (SSU rRNA). Indepen- 
dent testing of these results is sti l l  limited. We have combined the sequences 
of four of the most broadly taxonomically sampled proteins available t o  create 
a roughly parallel data set t o  that of SSU rRNA. The resulting phylogenetic tree 
shows a number of striking differences from SSU rRNA phylogeny, including 
strong support for most major groups and several major supergroups. 

SSU rRNA sequences constitute the single pict the eukaryotes as a series of  deeply diverg- 
most comprehensive database available for ing lineages branching successively toward a 
phylum-level systematics (1-4). These data de- dense unresolved cluster [the so-called eu-

karyote crown (5)]. Because the latter include 
the majority of  eukaryotes, this has led to sug- 
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among lineages, andlor inadequate character- 
ization. The first two phenomena tend to cause 
the artifactual clustering of long branches (7), 
whereas the latter may result in failure to detect 
taxonomically confounding gene paralogies or 
lateral gene transfers. 

We attempted to overcome these problems 
and to a create a well-resolved parallel phylog- 
eny to that of SSU rRNA by combining the 
deduced amino acid sequences of four protein- 

R E P O R T S  

encoding genes. The encoded proteins+-tu- 
bulin, P-tubulin, actin, and elongation factor 
1-alpha (EF-laFare the only proteins cur- 
rently available with sufficient length, breadth 
of sampling, and level of sequence conservation 
to test ancient evolutionary relationships (8). 
These proteins are all -400 amino acids long, 
with 2 6 5  to 70% identity among all taxa, and 
are therefore expected to contribute similarly in 
combined analyses. 

All taxa with sequence data for a minimum 
of three of these proteins were included, plus 
several key taxa with sequence data fiom only 
one or two proteins (9). Major groups repre- 
sented by only a single taxon or set of closely 
related taxa were excluded, except for the glau- 
cophyte and rhodophyte algae because of cur- 
rent interest in these taxa (10). Including a 
substantial amount of missing data entries lim- 
ited the choice of phylogenetic method used 

Fig. 1. A kingdom-level phylogeny of eukaryotes, based on combined 
protein sequences. The tree shown is one of two shortest trees found 
by parsimony analysis of concatenated EF-la, actin, a-tubulin, and 
P-tubdin amino acid sequences (44). The tree is 5056 steps long with 
branches drawn to  scale as indicated (43, 45). Bootstrap values >50% 
are shown above and below the lines, respectively, for amino acid 
parsimony (aaBP) and maximum likelihood analyses of second codon- 
position nucleotides (ntBP). Parenthesis indicate the aaBP for the 
grouping of animals + fungi plus lobosa + mycetozoa in analyses 
omitting Bangiophyceae and Cyanophora (see text). Dashes (-) below 
lines indicate nodes not tested in the ntBP analyses shown [Bangio- 

1 Fungi 

(Y-poridla) 

Metazoa 

i Vlrldiplantae - Rh~doph* 

3 
* Glaucophyta 
Heterokonta 

Clliophora 

Aplcomplexa 

Dlplomonadlda 

Parabasala 

phyceae, Cyanophora, and Acanthamoeba omitted; see text (29)]. For 
taxa ~ i t h  missing data, the sequences used are indicated in brackets 
t o  the right of taxon names in uppercase and lowercase letters for 
complete and partial sequences, respectively (E = EF-la, C = actin, 
A = a-tubulin, B = P-tubulin). The lowest common taxonomic 
designation is given for sequences combined from different taxa. The 
shortest trees differ only in their placement of Pneumocystis, as 
shown by the thin dashed line; all other slanting dashed lines indicate 
alternative groupings found with ntBP >50%. The horizontal dashed 
line (Left center) indicates tentative placement of the Diplomonadida 
and Parabasalia (46). 
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(11) to unweighted parsimony (12), with results maximum likelihood found equivalent results 
confirmed by nucleotide-levelmaximum likeli- to parsimony (8). 
hood (13). The accuracy of amino acid parsi- Phylogenetic analysis of the concatenated, 
mony with these data is shown by previous deduced amino acid sequences of four protein-
analyses excluding taxa with missing entries, encoding genes produces a highly resolved 
where neighbor-joining distance and protein phylogenetic tree including 14 higher order 

Plantae 

Heterokonta 

Fig. 2. Single-gene phylogenies support subsets of the 
combined protein tree. (A) A summary of the tree in Fig. 
1 is shown with supergroups indicated beside brackets to  
the right. Multi-taxon represented clusters are given as 
triangles, with height proportional to  number of taxa and 
width proportional to averaged overall branch length (1) 
compensatedfor missingdata (47). (B) Publishedsupport 
for the numbered nodes in (A) is shown for commonly 
used molecular phylogenetic markers grouped as (a) 
ribosomal RNAs, (b) proteins not used in the current 
analysis, (c) proteins used in the current analysis, and (d) 
the combined data (Fig. 1). These markers are, from left 
to  right, SSU [SSU rRNA (74)], LSU [LSU rRNA (19)]. 
LSU+SSU [combined LSU and SSU rRNA (48)],EF-2 (lo), 
VIA-ATPases [vacuolar ATPases (49)], HSP70-cy [cytoso-
Lic 70-kD heat shock protein (SO), mito [combined mi-
tochondrial proteins (Sl)]. RPBl ls,?), adin (8, 16, 53). 
a-tubulin (8, S4), P-tubulin (8, S4), EF-la (75, 20),and 
combined (Fig. 1). Rejected nodes are indicated in pink 
and accepted nodes in green, with checked circles indi-
cating BP < 70% and solid circles indicating BP > 70%. 
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eukaryote taxa (Figs. 1 and 2A). Forty-nine 
of a total of 58 nodes receive bootstrap 
percentage (BP) support of 75% or greater 
at the amino acid level [-95% probable 
accuracy (14)], slightly lower in some cas-
es at the nucleotide level (Fig. 1). Of the 11 
higher order taxa with multiple representa-
tives, all are reconstructed as monophylet-
ic; all but one are supported by >89% 
bootstrap at the amino acid level (aaBP, 
Fig. 1) and all but two by >85% bootstrap 
at the nucleotide level (ntBP, Fig. 1). Only 
the ciliates receive a relatively low aaBP of 
70% (58% ntBP, Fig. I), likely due to their 
fast evolutionary rates for both EF-la (15) 
and actin (16). Of these 11 major taxa, only 
the Fungi + Microsporidia and the Myce-
tozoa are controversial. 

The Microsporidia were long classified as 
early-branching eukaryotes on the basis of SSU 
rRNA trees [e.g., (2-4)], which is fuaher sup-
ported by early analyses of EF-la, elongation 
factor 2 (EF-2), and large subunit (LSU) rRNA 
[reviewed in (17)l. However, the strong place-
ment of these taxa with fungiin our tree (95% 
aaBP, 85% ntBP, Fig. 1; Fig. 2A, node 2) is 
also found in trees of a-tubulin, P-tubulin, 
RNA polymerase I1 largest subunit (RPBl), 
valyl-tRNA synthetase, and the TATA box 
binding protein (Fig. 2B) (17). Microsporidial 
EF-la's also encode an insertion diagnostic of 
animals and fungi (8, 17, 18). Reanalyses of 
EF-la, EF-2, and SSU and LSU rRNA suggest 
that the early branching of Microsporidia in 
these trees is an artifact of their accelerated 
evolutionary rates for these genes [reviewed in 
(1711. 

The long-standing controversy over the 
monophyly of the Mycetozoa (Fig. 2A, node 
5) has been fueled by the failure of these taxa 
to branch together in most SSU [(3, 4), but 
see (2)] and LSU (19) rRNA trees. However, 
the strong placement of these taxa together in 
our tree (90% aaBP, 100% ntBP, Fig. 1) is 
also seen with a-tubulin, P-tubulin, actin, and 
EF-la [with the latter case also including 
protostelid slime molds (Fig. 2B) (20)l. All 
Mycetozoa also produce morphologically 
similar, quasi-multicellular fruiting bodies 
(21). Therefore, the apparent unrelatedness of 
myxogastrid (plasmodial, e.g., Physarum) 
and cellular (e.g., Dictyostelium) slime mold 
rRNA sequences (Fig. 2B) may be an artifact 
of their f i t  evolutionq rates and oppositely 
skewed G+C nucleotide contents (3). 

It is at the "super-taxon" level especially 
that the combined data show markedly great-
er resolution than any single-gene phylogeny 
(Figs. 1 and 2B). This includes a new pro-
tistan supertaxon of Euglenozoa + Heterolo-
bosea (the Discicristata). Four other higher 
level associations receive >86% aaBP sup-
port (>85% ntBP, Fig. 1): Animalia + Fungi 
(opisthokonts), Ciliophora + Apicomplexa 
(Alveolata), Mycetozoa + Lobosa (Amoebo-
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zoa), and an even higher level clustering of 
Amoebowa + opisthokonts. Two further su- 
pertaxa are suggested with moderate or weak 
support, respectively: Alveolata + Heterokonta 
(chromalveolates) and a holophyletic Plantae 
(Fig. 1). In contrast, most individual molecules, 
including SSU rRNA, reconstruct less than half 
of these groups (Fig. 2B). 

Combined protein data strongly support a 
cluster of Euglenozoa + Heterolobosea (8 1% 
aaBP, 89% ntBP, Fig. 1; Fig. 2A, node 18). 
The only previous molecular phylogenetic 
support for this group comes from analyses of 
P-tubulin, particularly with limited taxa and 
semi-constrained branches (22). However, 
other data are suggestive; these taxa tend to 
branch near each other in trees of a-tubulin 
and SSU rRNA (Fig. 2B) and, at least in the 
case ofAcrasis, EF-la (18). A possible close 
evolutionary relationship between euglenozo- 
ans and heteroloboseans was proposed by 
Patterson and others on the basis of their 
shared possession of discoidally shaped mi- 
tochondrial cristae (23), hence the term "dis- 
cicristates," later formalized to Discicristata 
(24). However, this mitochondrial morphol- 
ogy is reported in several enigmatic protists, 
i.e., Malawimonas, Nuclearia, Stephanop- 
ogon, and possibly Ministeria (23-25), for 
which there are no published molecular data. 

The animals + fungi (opisthokonts; Fig. 
2A, node 4) are now a well-established su- 
pergroup [reviewed in (8)]. In addition to the 
combined data (97% aaBP, 100% ntBP, Fig. 
l), this group is strongly supported by all 
large, taxonomically well-sampled molecular 
data sets, i.e., SSU and LSU rRNA, 70-kD 
heat shock protein (HSP70), EF-la, a-tubu- 
lin, P-tubulin, actin, and by the summed max- 
imum likelihood scores of 23 proteins (Fig. 
2B) [reviewed in (8)]. These taxa, also in- 
cluding chytrids and probably Choanoflagel- 
lates (1-4, 21, 23), share the unique combi- 
nation of flattened mitochondrial cristae and, 
when flagellate, the presence of a single basal 
flagellum on reproductive cells (26). 

A grouping of Mycetozoa + the lobose 
amoeba Acanthamoeba (Amoebozoa, Fig. 
2A, node 6) is strongly supported by these 
data (86% d P ,  Fig. l), by trees of actin 
(Fig. 2B) and the actin-related proteins ARP2 
and ARP3 (27), and by mitochondrial ge- 
nome similarities in Dictyostelium and Acan- 
thamoeba (28). Morphologically, these taxa 
share amoeboid stages with lobose pseudo- 
podia moving in a smooth, noneruptive man- 
ner (21, 23). Patterson denotes these taxa the 
"ramicristates," on the basis of shared mito- 
chondrial morphology (23). 

Combined protein data further place the 
amoebowans as the sister group to the opis- 
thokonts (Fig. 2A, node 7). With deletion of the 
nearby branches of Bangiophyceae and Cyano- 
phora, this cluster receives 99% aal3P (85% 
ntBP, Fig. 1) (29). Thus, these data strongly 

place the amoebowans as a closer sister group 
to the opisthokonts than all other eukaryotes 
examined here, with the possible exception of 
glaucophytes and/or rhodophytes. A close rela- 
tionship between amoebozoans and opis- 
thokonts is also seen with actin and summed 
maximum likelihood scores (Dictyostelium + 
opisthokonts), and is suggested by EF-la and 
possibly tubulins [reviewed in (41. SSU rRNA 
data also consistently place the lobosans, at 
least, very close to opisthokonts (1-4). 

One problematic taxon here is the tentative- 
ly supported Plantae (Fig. 2A, node 10, and Fig. 
1). This group includes the three lines of pri- 
mary photosynthetic eukaryotes (Rhodophyta, 
Glaucophyta, and Viridiplantae), all other algae 
having acquired their plastids second-hand 
from these [reviewed in (3011. A holophyletic 
Plantae, allowing for a single origin of eukary- 
otic photosynthesis, is well supported by a large 
body of organelle data [reviewed in (3011. 
While confirmation from nuclear gene data is 
still lacking, especially for glaucophytes, at 
least two nuclear genes support a red-green 
plant clade [vacuolar adenosine triphosphatase 
(VIA-ATPase) and EF-2 (Fig. 2B)], and previ- 
ous rejection of this group by RPBl is now 
questioned [reviewed in (lo)]. Because rhodo- 
phytes and glaucophytes are represented here 
by only a single taxon each (Fig. I), increased 
taxonomic sampling may improve their resolu- 
tion with these data. 

The ciliates + apicomplexans (alveolates, 
Fig. 2A, node 14) are a widely accepted taxon 
and are well supported here (86% d P ,  90% 
ntBP, Fig. I), as well as in trees of HSP70, 
a-tubulin, P-tubulin, SSU rRNA, and LSU 
rRNA (Fig. 2B); the latter two genes also 
clearly place the dinoflagellates in this group 
(1-4). Alveolates possess cortical alveoli or 
related structures, systems of membrane- 
bound sacs lying beneath the plasma mem- 
brane and performing structural roles or giv- 
ing rise to external coverings such as pellicles 

[ciliates (21)] or thecal plates [dinoflagellates 
(21)l. The strength of this group in our tree 
(Fig. 1) is particularly striking, because indi- 
vidual trees of actin and EF-la give notori- 
ously poor resolution 'of these taxa (see 
above) (15, 16). 

The clustering of alveolates + heterokonts 
(chromalveolates, Fig. 2A, node 15) suggested 
by these data (61% d P ,  53% ntBP, Fig. 1; see 
below) is well supported by trees of HSP70 and 
SSU rRNA "crown" taxa, and is weakly sup 
ported by P-tubulin (Fig. 2B). Although this 
grouping appears relatively weak in our tree 
(Fig. l), the heterokonts are also highly incom- 
plete for these data (Fig. l), and partitioned 
analyses suggest that this grouping here may be 
robust (see below). Cavalier-Smith designates 
this group the "chromalveolates," also includ- 
ing in it the haptophyte and cryptophyte algae 
(31). This grouping would allow for a single 
gain by secondary (eukaryote-to-eukaryote) en- 
dosymbiosis, of all chlorophyll c-containing 
plastids plus the plastid-like organelle of api- 
complexans (31). However, there are many fun- 
damental differences between these plastids 
(30, 31) and, currently, little molecular data on 
haptophytes and/or cryptophytes to test this 
question. 

Combining data should increase phyloge- 
netic accuracy both by increasing signal and 
dispersing noise (32) and should uncover the 
common underlying signal of the data partitions 
rather than test the relative strengths of conflicts 
among them (32). Although it is difficult to 
distinguish true phylogenetic conflict (due to 
gene paralogy or lateral transfer) from tree re- 
construction artifact, the latter is suggested by 
lack of statistical support for conflicting topol- 
ogies (33). Furthermore, conflicts that are only 
weakly supported by a single partition should 
not lead to strongly supported conclusions (by 
themselves) in a four-partition analysis. To test 
for the possible presence and strength of phy- 
logenetic conflict among these data, each par- 

Fig. 3. Interactions among data parti- po(Jn combl~ tknr  
tions. Phvloeenetic s u ~ ~ o r t  of individual I I I E 
proteinsan~all their bossible combina- 
tions (pairwise, three-way, and all four 
combined) are shown for the taxonomic 
groupings listed at the Left (group num- 
bering as in Fig. 2) (34, 55). Protein 
combinations analyzed are indicated 
above by single letters: E = EF-la, C = 
actin, A = a-tubulin, and B = P-tubulin. 
Accepted groups correspond to nodes 
found in 250% of all shortest trees, 
with the level of bootstrap support in- 
dicated by shaded (<50%), striped (50 
to 75%), and solid (75 to 100%) green 
circles (34). Rejected groups are indicat- 
ed by striped (<50%) and solid (50 to 
65%) pink circles, corresponding to the 
percent aaBP for the most strongly sup- 
ported alternative grouping including 
any member(s) of the group in question 
(34). All taxa missing data for any pro- 
tein were deleted from relevant analyses; all analyses excluded Diplomonadida and Parabasalia (9). 
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tition (protein) was analyzed separately, as well 
as in all possible pairwise and three-way com­
binations (Fig. 3) (34). 

Analyses of individual proteins show that 
no conflicting groupings are supported by 
>65% aaBP and most by much less (Fig. 3, 
columns 1 through 4). Therefore, no strongly 
supported conflicts exist among these data. 
Pairwise analyses also show considerable ev­
idence of phylogenetic cooperation among all 
partitions for most questions (Fig. 3, columns 
5 through 10); i.e., most pairwise combina­
tions tend to support the same conclusions. 
This is further evidence of common underly­
ing histories among all partitions. 

Cooperation among partitions is especial­
ly clear at the super-taxon level (taxa 4, 7, 14, 
15, and 18); most individual proteins reject 
these groups, but most pairwise combinations 
support them (Fig. 3). For example, the chro-
malveolate grouping (node 15) is rejected by 
all three individual proteins testing it, but all 
pairwise combinations accept the group at 
least weakly, and the three proteins combined 
support it strongly (79 to 80% aaBP) (34) 
(see note added in proof). 

Even paired proteins can give markedly 
greater resolution. For example, actin and (3-tu-
bulin individually support 5 of 17 and 7 of 18, 
respectively, of all nodes tested, but together 
find moderate to strong support for 15 of 17 
nodes (Fig. 3, columns C, B, and CB). EF-la 
and actin, both notorious for their inability to 
unify ciliates [see above and (Fig. 2B) (75, 
16)], together not only reconstruct this group 
but give it a moderately strong 71 to 72% aaBP 
(Fig. 3, line 12, column EC) (34). 

Our data (Fig. 1) suggest that the deep-
level phylogeny of eukaryotes may be solv­
able, despite strong predictions to the con­
trary (6). Furthermore, the resolving power 
of these data should continue to improve as 
more of the constituent sequences are com­
pleted (35) and taxon sampling is broadened 
(36). However, all presently available single-
gene phylogenies support only a subset of the 
major taxa found in the combined data tree, 
and none supports the same subset (Fig. 2B) 
(37). This suggests that each gene has its own 
unique set of strengths and weaknesses as a 
phylogenetic marker, and it is unlikely that 
any alone will ever be able to strongly, or 
perhaps even accurately, resolve all deep 
branches of a universal tree. Nonetheless, our 
data suggest that many of the apparent con­
flicts between individual gene trees (Fig. 2B) 
are relatively superficial (Fig. 3), and we see 
little evidence here of fundamentally differ­
ent phylogenetic histories [as expected if lat­
eral transfer affected these genes (38)]. 

The single most critical question unan­
swered by these data is the position of the 
root of the tree (Fig. 1). Data sets with close 
archaeal or bacterial homologs are needed to 
address this most fundamental question. 

Note added in proof. Recent evidence 
suggests that the Porphyra (Bangiophyta) 
btub-2 used here is from an oomycete con­
taminant, the highly divergent btub-1 being 
the true red algal gene (56). Consistent with 
this, substituting btub-1 for btub-2 increases 
chromalveolate support to 72% aaBP (Fig. 1). 
The only other change seen is a weak attrac­
tion of the now very long Bangiophyta 
branch to the nearby Amoebozoa, further de­
stabilizing the Plantae clade (57). 
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Recovery and Management iment because one goal of both dam breach- 
ing and modification of intact dams is to -

Columbia River Basin 

Options for Spring/Summer reduce in-river migration mortality. Remark- 
ably, even if every juvenile fish that migrated 
downstream survived to the mouth of the 

Chinook Salmon in the Columbia, and every returning unharvested 
adult fish survived to reach the spawning 
grounds, the index stocks would continue to 
decline (Fig. 2). Thus, management aimed 

Peter Kareiva,' Michelle Marvier,' Michelle McClurel* solely at improving in-river migration surviv- 
al cannot reverse the SRSS chinook decline. 

Construction of four dams on the lower Snake River (in northwestern United We also tested the effectiveness of three 
States) between 1961 and 1975 altered salmon spawning habitat, elevated past management actions: (i) reductions of har- 
smolt and adult migration mortality, and contributed to-severe declines of vest rates, from approximately 50% in the 
Snake River salmon populations. By applying a matrix model to long-term 1960s to less than 10% in the 1990s (8);(ii) 
population data, we found that (i) dam passage improvements have dramat- engineering improvements that increased juve- 
ically mitigated direct mortality associated with dams; (ii) even if main stem nile downstream migration survival rates from 
survival were elevated to loo%, Snake River springlsummer chinook salmon approximately 10% just after the last turbines 
(Oncorhynchus tshawytscha) would probably continue to decline toward ex- were installed to 40 to 60% in most recent years 
tinction; and (iii) modest reductions in first-year mortality or estuarine mor- (10); and (iii) the transportation of approximate- 
tality would reverse current population declines. ly 70% of juvenile fish from the uppermost 

dams to below Bonneville Dam, the lowest dam 
Dams in the Columbia River Basin of North We used an age-structured matrix model (6, on the Columbia River (5). If such improve- 
America almost certainly contributed to se- 7 )for Snake River spring/sumrner (SRSS) chi- ments had not been made, the rates of decline 
vere declines in wild salmon runs (1). Some nook salmon to describe the current situation would likely have been 50 to 60% annually 
dams in this basin, such as the Hell's Canyon and explore the demographic effects of reduc- (Fig. 3), and spring/summer chinook salmon 
Dam, completely blocked salmon passage, ing mortality at different life stages. Seven in- might well have already disappeared from the 
eliminating much spawning habitat (2). Other dex stocks of SRSS chinook salmon have been Snake River. Hence, past management actions 
dams allow fish passage, but turbines, preda- intensively monitored since the late 1950s (8); have reduced in-river mortality but have not 
tion in reservoirs, and other alterations in the all are declining (Fig. 1 and Web fig. 1) (9), reversed population declines. 
migration corridor presumably increase salm- with current spawning populations averaging Finally, we tested whether improved sur- 
on mortality (1). Ecological problems associ- less than 10% of their 1950 levels (8).Using vival at other life stages could reverse the 
ated with dams are widespread (I)  and are age-specific spawner data, we estimated demo- population declines. Choosing the matrix 
leading to societal questions weighing the graphic projection matrices for these index with the median dominant eigenvalue (Pov- 
benefits of dams against their costs to deplet- stocks (Table 1). The matrices isolate survival erty Flat) as a benchmark, we calculated com- 
ed fish populations. The most dramatic deci- during upriver and downriver migration from binations of first-year survival (s,)and early 
sion yet faced involves four hydroelectric survival in other life stages, allowing direct oceanlestuarine survival (se) values that give 
dams on the lower Snake River. examination of the effect of mortality during a dominant eigenvalue of 1.0 [a steady-state 

Salmonid evolutionarily significant units in-river migration on population growth. These population in a deterministic world (Fig. 4)]. 
(ESUs) represent genetically distinct collections simple matrix models are density-independent; We neglected adult mortality because ocean 
of populations (3). In western North America, we found little evidence supporting a density- harvest is negligible on these stocks, and 
24 salmonid ESUs are listed under the Endan- dependent model (9). 
gered Species Act; 12 of these are in the Co- We used data for 1990-1 994 brood years to 
lumbia River Basin and four must pass the four estimate parameters for matrices for all index 
lower Snake River dams. The U.S. Army Corps stocks (Table 2), restricting analyses to recent 
of Engineers is currently considering removing years because these stocks have suffered pro- 
these dams to recover Snake River salmon (4). gressively declining productivity. We thus ex- 
Although most scientists agree that dam remov- amined a worst case scenario, taking a precau- 
al will help salmon (5), it is not known how tionary approach to the evaluation of endan- 
much benefit would be derived from this action gered species. The dominant eigenvalues of 
or whether alternative modifications of fish pas- these matrices indicate the long-term annual 
sage could lead to population recovery. rates of population change (assuming that de- Year 

mographic rates remain constant) and all are Fig. 1. Total adult (4- and 5-year-old) spawners 
substantially less than one. from 1957-1999 in Poverty Flat index stock of 

'National Marine Fisheries Service, Northwest Fisher- SRSS chinook salmon. Data are based on redd We used these matrices to determine the ies Science Center, 2725 Montlake Boulevard East, (nest) counts made along a standardized seg- 
Seattle, WA 981 12, USA. 'Department of Biology, effect of eliminating all migration mortality ment of each stream and extrapolated t o  the 
Santa Clara University, Santa Clara, CA 95053, USA. except for a small tribal harvest. Although full length (8). Poverty Flat is presented be- 
*To whom correspondence should be addressed. E- perfect survival during in-river migration is cause it exhibited the median predicted rate of 
mail: Michelle.Mcclure@noaa.gov unobtainable, it is a useful numerical exper- population growth (9). 
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