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phate, 10 Na-phosphocreatine, and 0.6 ECTA (pH 7.2). 
Neurons were perfused with artificial cerebrospinal fluid 
(ACSF) of the following composition (in mM): 119 NaCI, 
2.5 KCI, 4 CaCI,, 4 MgCI,, 26.2 NaHCO,, 1 NaH2P0,, 
and 11 glucose; then the neurons were gassed with 5% 
CO, and 95% 0, at 28°C. Responses t o  glutamate were 
evoked by adding (in pM) 40 L-glutamic acid y-(a- 
carboxyl-2-nitrobenzyl) ester (MolecularProbes), 1 tetro- 
dotoxin, 100 picrotoxin, 100 APV, and 1 3-((R)-2- 
carboxypiperazin-4-yI)-propyl-I -phosphoric acid. Ten 
t o  25 ms of flash (100 W of Hg; quartz optics, Zeiss 
Axiovert 135) was delivered t o  a spot ( -50-pm 
diameter) positioned over dendrites. 

16. Organotypic slice culture of hippocampus was pre- 
pared as described [L. Stoppini et al., 1. Neurosci. 
Methods 37, 173 (1991)l. Hippocampal slices (400 
p m )  were cut from postnatal 6- t o  8-day-old rats 
wi th tissue chopper and cultured in medium as de- 
scribed [W. Musleh e t  al., Proc. Natl. Acad. Sci. U.S.A. 
94, 9451 (1997)l. Slices were placed in a recording 
chamber and perfused wi th ACSF. Synaptic transmis- 
sion was evoked (0.1 Hz, 100 ks,  -10 V )  wi th a glass 
stimulation electrode (1 t o  2 megaohms, filled wi th 3 
M NaCI), positioned in CAI stratum radiatum. Tetan- 
ic stimuli consisted of two  100-Hz trains of I - s  
duration separated by 20 s. 
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20. The distribution of GIuR1 and CluR1-GFP was mea- 

sured quantitatively wi th immuno-gold labeling (78). 
Sections from dendritic regions -100 p m  from the 
cell bodies were examined. To identify a cell infected 
wi th CluR1-CFP virus, we identified a dendritic seg- 
ment ( -1 p m  in diameter) wi th immunolabeling. 
Comparable regions (with dendritic segments -1 p m  
in diameter) were chosen in tissue from uninfected 
P I0  animals for analysis of endogenous CIuR1. For 
each section, the label was identified as being in one 
of the following compartments: A, dendritic cytosol; 
B, dendritic surface; C, spine, non-PSD; and D, PSD. 
The total number of grains counted was 515 for 
endogenous CluRl and 785 for CluR1-CFP. For back- 
ground subtraction, 50 presynaptic terminals were 
randomly chosen, label was counted, and density was 
calculated (0.17 gold per square micrometer). This 
background density constituted 10 t o  20% of the 
signal found in dendritic cytosol(0.92 gold per square 
micrometer) and was subtracted t o  reach dendritic 
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compartment wi th sufficient area t o  be affected by 
background labeling. 
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laser scanning microscope [Zeiss, 63X objective; Ti: 
sapphire laser tuned t o  wavelength ( h )  - 900 nm]. 
Stimulation electrode was placed nearby dendrites 
expressing CluR1-CFP under visual guidance. Quan- 
tification of fluorescence from images was carried 
out wi th custom-made programs in IDL (Research 
Systems), Images were imported into Adobe Photo- 
shop for figure presentation. Each displayed image is 
generally the average of three t o  five optical sections. 
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24. The random fluctuation of GIuR1-GFP fluorescence 
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conditions. At  these spines, the GIuR1-CFP intensity 
decreased 344 i 259 AU (mean +- SD) from one 
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Reconstructing Phylogeny with 
and without Temporal Data 

David L. Fox," Daniel C. Fisher, Lindsey R. Leighton 

Conventional cladistic methods of inferring evolutionary relationships exclude 
temporal data from the initial search for optimal hypotheses, but stratocla- 
distics includes such data. A comparison of the ability of these methods to  
recover known, simulated evolutionary histories given the same, evolved char- 
acter data shows that stratocladistics recovers the true phylogeny in over twice 
as many cases as cladistics (42 versus 18 percent). The comparison involved 550 
unique taxon-by-character matrices, representing 15 evolutionary models and 
fossil records ranging from 100 to 10 percent complete. 

Phylogenetic analysis seeks to identifi the pat- tenlporal order of specimens in the fossil 
tern of histoiical relationships among organ- record, as evidence for infei~ing relationships 
isms. However. controversy persists over not (2). Proponents of cladistic methods often 
only what constitutes an appropriate inference argue that temporal data may be misleading 
strategy, but also what categories of data are as indicators of relationship (3). Arguinents 
acceptable as evidence (1).  One recent debate suppoiti~lg this position are essentially a pri- 
focuses on the use of stratigraphic data, or the ori and do not address the relative efficacy of 

methods that do and do not use tenlporal data. 
We explore the efficacy of using temporal 
data through siinulations of evolutionary his- 
tories and associated character data, assessing 
the relative perforina~lce of two phylogenetic 
methods, cladistics and stratocladistics. 

Both con\~entional cladistic analysis and 
stratocladistics rely on parsimony, in the 
sense of minimizing ad hoc auxiliary hypoth- 
eses, to evaluate altenlative iilterpretations of 
relationsl~ip. Cladistic analysis selects inter- 
pretations that ini~lilnize hypotheses of ho- 
moplasy, or shared traits that do not result 
from c o n ~ n ~ o n  ancestry (4, 5) .  Hypotheses of 
homoplasy are counted individually and, 
laclcing contravening evidence, equally. 

Stratocladistics (6) incorporates strati- 
graphic data into the logic of cladistic hy- 
pothesis choice by selecting inteiyretations of 
relationship that lniili~nize hypotheses of ho- 
inoplasy and nonpreservation of lineages 
through intervals that preserve other lineages 
under analysis, giving neither category of 
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data priority. Like cladistics, stratocladistics 
judges hypotheses in terms of consistency 
with data in hand; any choice may be tested 
with more data, whether from new speci- 
mens, new characters, or stratigraphic range 
extensions or refinements. Although not nec- 
essary, explicit hypotheses of ancestry may 
emerge from stratocladistic analysis. By in- 
corporating time and allowing ancestors, 
stratocladistics operates at the level of phy- 
logenetic trees, not cladograms, and thus 
yields hypotheses that are more specific and 
more easily refuted with additional data (7).  

The basic measure of fit behveen data and 
hypothesis in stratocladistics is "parsimony 
debt," or the total number of ad hoc hypotheses 
required to explain a given body of character 
and stratigraphic data; more debt indicates less 
parsin~onious solutions. Character debt easily 
converts to treelenpth. the con\~entional mea- - 
sure of fit in cladistics, and adding stratigraphic 
parsimony debt yields "stratigraphically aug- 
mented treelength." In Fig. lA, the phyloge- 
netic tree is consistent with the character data 
and hence has 0 character debt. However, the 
lineage leading to A from the hypothetical an- 
cestor Y must pass though hvo intends with- 
out representation by fossils, even though B and 
C are preserved in those i~lten~als. This requires 
~svo ad hoc hypotheses of nonpresewation, and 
hence two units of stratigraphic debt. In con- 
trast, the tree in Fig. 1B predicts the order of 
occussence of taxa in the fossil record, but 
requires two character reversals to explain the 
resemblance behveen the traits of taxon A and 
the conditions talcen as primitive. Thus, this 
hypothesis has no stratigraphic debt, but two 
uilits of debt for character data. Both trees are 
equally parsimonious overall; additional data, 
either character or stratigraphic, are needed to 
select between them. Lilce equal weighting of 
characters, equal weighting of character and 
stratigraphic debt is not required, but is cho- 
sen unless evidence indicates othel~vise. 

Our simulation program is a time-homoge- 
neous branching model that tracks the e\ olutioil 
of 50 binary "morphological" characters 
though discrete stratigraphic inter~als. The 
proganl has five parameters. Speciation (A) 
and extinction (p) rates control the branching 
behavior of the model and essentiallv detelmine 
the stratigraphic scope of siinulations in illode1 
units. Character state transition probabilities (F 
and B) control character evolution. Foiward 
transitions (F) are from primitive to derived; 
back transitions (B) are reversals. I11 each 
interval, characters are checl<ed within each 
lineage for evolution, accommodating change 
during both anagenesis and cladogenesis. 
Values selected for these first four parameters 
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constitute an evolutionary model. The final 
parameter, OTU-loss, converts a complete 
simulated history to an incoinplete fossil 
record. Our operational taxonomic units 
(OTUs) are lineage segments, the representa- 
tive of each lineage in each stratigraphic inter- 
val. OTU-loss specifies a percentage of OTUs 
that are chosen at random for deletion (8). 

The branclli~lg model begins with a single 
lineage, with all 50 characters showing the 
primitive condition. This primitive taxon is al- 
ways preserved and identified as such in all 
analyses so that it may act as an outgroup (9). 
Outgroups play a pivotal role for cladistics, but 
not for stratocladistics, so their inclusion favors 
cladistics. The branching model tracks evolu- 
tion of the characters though anagenesis and 
cladogenesis, until at least seven lineages 
evolve (1 0). With a threshold greater than seven 
lineages, the number of OTUs in complete his- 
tories often leads to more cladograms than can 
be saved with the cuwent version of PAUP (11). 
The model runs to a maximum of 26 iiltervals, 
a limitation imposed by the maxiinuin number 
of states in the stratigraphic character ill Mac- 
Clade, the sofhvare used for stratocladistic anal- 
ysis (12). Each run of the model generates a 
single simulated history fiom which 10 taxon- 
by-character inahices are extracted by incre- 
meilting OTU-loss in 10% steps froill 0% 
OTU-loss (a "complete" fossil record) to 90% 
OTU-loss (a greatly impoverished fossil 
record). Incrementing OTU-loss in this maiuler 
allows examination of the effects of the com- 
pleteness of the fossil record on the relative 
performa~lce of stratocladistics and cladistics. 
This percentage value is different fi.0111 per- 
iildividual preservation probability (which 
might be vanishingly small for the real fossil 
record). Each lineage, in each unit of model- 
time, corresponds to many individual organ- 
isms, of which only one needs to be preseived 
and studied to count the lineage in that interval. 
Estimates of real familial, generic, and species- 
level coillpleteness for a variety of invertebrates 
and vertebrates range from 60 to 90% (13). 

We explored multiple models to determine 
the relative behavior of stratocladistics and cla- 
distics ill parts of the parameter space. We have 
analyzed two sets of experiments, both with 
A = 0.15 and p = 0.08. These values were 
chosen, like the theshold of seven lineages, to 
yield complete histories that would not exceed 
sofhvare limits. The first set includes 10 evolu- 

the second set of experiments includes 10 
unique histories and 100 data matrices. Transi- 
tion probabilities were equal for anagenetic and 
cladogenetic change. We presume that models 
with low transition probabilities (50.1) are 
more realistic than those with higher values, but 
"real" values of these parameters are udulown. 
The 550 unique data matrices encompass phy- 
logenetic problems with ingroups that range in 
size from 4 to 61 OTUs (mean = 23) and 
sinlulated stratigraphic ranges from 6 to 26 
iiltervals long (mean = 15). 

For each simulation, we analyzed the matri- 
ces representing the 10 fossil records cladisti- 
cally and stratocladistically. Cladistic analyses 
of the equally weighted morphological charac- 
ters were done with the tree bisection-reconnec- 
tion heuristic search algorithm in P A W ;  we 
replicated each search 50 times using random 
seeds, swapping only on minimal trees (14). 
Stratocladistic a~lalyses were done with the 
same morphological characters used in PAUP 
and the stratigraphic character (15) and "make 
ancestor" tool ill MacClade. Currently, no com- 
puter algorithm perfornls complete stratocladis- 
tic analyses, partly because of the increased 
number of hypotheses involved when consider- 
ing phyloge~letic trees rather than just cla- 
dograins. Thus, our stratocladistic analyses are 
not exhaustive searches of all possible coinbi- 
ilations of topologies and ancestors. Our meth- 
od was first to sort the set of clado,qams from 
the P A W  atlalysis by stratigraphically aug- 
mented treelength and use the overall most 
parsiinonious cladistic topologies among the 
cladistic results as starting points for manual 
branch-swapping in search of new, stratocladis- 
tically parsimonious topologies rejected by cla- 
distics on the basis of character data alone. 
Whether or not new topologies were identi- 
fied, the stratocladistic hypotheses were then 

CHARS: debt = 0 
STRAT: debt = 2 
TOTAL: debt = 2 

CHARS: debt = 2 
STRAT: debt = 0 
TOTAL: debt = 2 

tionary models, each with F = 0.1, whereas B 
increased from 0.01 to 0.1 in steps of 0.01, We Fig. (A and B, illustrating charac- 

ter, stratigraphic, and to ta l  parsimony debt for 
replicated each of these models five times, three ingroup taxa (A, B, and C), one outgroup 
yielding 50 unique histories and 500 taxon-by- (o), and hvDothetical ancestors ( y  and Z). A t  
character matrices. 111 the second set, F = 2B, the t o p  are'alternative c ladogratk and below 
and B had \dues of 0.025. 0.05. 0.1. 0.15. 0.2. each is an associated phylogenetic tree. The , , ,  , ,  

and 0.25. Of these six evolutionaly models, one characters shown in parentheses Occur in 
primit ive (0) and derived (1) states in  0, Y, and (F = 0.1, B = 0.05) was included in the first set and in and C, respectively, The hypotheses 

of experiments; we retained all five replicates of differ in how thev interDret the states in 
this model in the second set, but did 110t repli- taxon A. ~ ~ ~ ~ i ~ ~ l ~ ~ ~ ~ i ~ i d ~  of taxa indicates 
cate the other models in the second set. Thus, superpositional relations. 
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identified from the overall most parsimonious 
cladistic topologies with the "make ancestor" 
tool in MacClade. The stratocladistic hypoth- 
eses are the shortest hypotheses after testing 
each OTU as an ancestor and leaving as 
ancestral those that do not increase strati- 
graphically augmented treelength. True phy- 
logenies for each silnulation were recon- 
structed from niodel output after completion 
of phylogenetic analyses. 

Comparing cladistic (that is, not strati- 
graphically augmented) treelengths for our 
results, the true cladogram, which cannot be 
shorter than the cladistic result, is typically 
longer than the alvangelnent of taxa preferred 
by cladistics. For all 550 analyses, the median 
treelengths without stratigraphy or ancestors 
for cladistics. stratocladistics, and true phy- 
logenies are 11 1, 127, and 144 steps, respec- 
tively. This implies that cladistics underesti- 
mates the length of the true phylogeny and 
that stratocladistics often selects topologies 
rejected by cladistics. 

Stratocladistics produced far fewer hypoth- 
eses than cladistics from the same character 
data. The mean and median numbers of cladis- 
tic topologies were 298 and 12, with a maxi- 
mnum of 18,900 (for an analysis that yielded a 
single stratocladistic topology); the mean and 
median numbers of stratocladistic topologies 
were 2.4 and 1, with a lnaximum of only 44. To 
check whether our si~nulated character data 

o o:i 0:2 0:3 0:4 0:s 0:6 0:7 0:8 o h  i 
Cladistic CFI,,, 

Fig. 2. (A) Maximum consensus fork index for 
cladistics versus the maximum consensus fork 
index for stratocladistics for all data. (Inset) Dis- 
tribution of data within (A). Larger font indicates 
percentage of data above, below, and on the 
diagonal of equal CFls. Smaller font along upper 
and right margins indicates percentage of total 
cases in which the methods identified the true 
cladogram (stratocladistics at top, cladistics on 
right, both methods at upper right corner). (6) 
Distribution of CFI,,,,. (C) Distribution o f  CFI,,,. 
Cases wi th CFI,,, = 1 necessarily have CFI,,,, = 
1 also. n = 550 in all plots. 

might be presening less phylogenetic informa- 
tion than would real data, we compared reten- 
tion indices (RIs) of our cladistic results with 
published values for 80 data matrices that ill- 
clude fossils (1 6). The published matrices had a 
mean RI of 0.76 t 0.12, whereas the mean RI 
was 0.85 + 0.06 for our first set of experiments 
(F = 0.1, iz = 500), 0.57 i 0.17 for our second 
set (F = 2B, i l  = 50), and 0.73 i 0.1 1 for all 
550 simulations. Paired t ,  Maim-Whih~ey, and 
two-sample Kolmogorov-Smirnov tests show 
that these differences in RI are statistically sig- 
nificant. Characters in our first set of experi- 
ments thus preserve Inore phylogenetic signal 
than real examples, the second set preserves 
less, and the combined experiments differ least 
from published studies. 

To compare the performa~lce of each meth- 
od, we calculated all painvise consensus fork 
indices (CFIs) between the topology of the true 
cladogam and each of the topologies in the 
cladistic and stratocladistic result-sets. CFI ex- 
presses the proportion of subclades shared be- 
tween cladogams (17). Only the cladistic to- 
pology of the stratocladistic hypotheses was 
considered. CFI is unbiased by tree shape and 
ranges fiom 0, if compared cladogranls share 
no subclades, to 1, for identity. It is a conser- 

vative metric, as the position of a mismatch 
within a topology, basal or crownward, does 
not affect its value. The maximum, average, 
and minimum CFIs for both methods for all 
data matrices indicate that stratocladistics does 
better than cladistics at estimating the true phy- 
logeny (Fig. 2). The maximum CFI (CFI,,,,,) is 
a method's best approxinlation to the hue cla- 
dogam, and the minimum is that method's 
worst guess at the true cladogam. Focusing on 
CFI,,,,,,, the stratocladistic result included a hy- 
pothesis closer to the truth than the closest 
cladistic hypothesis in over half of the 550 data 
matrices (Fig. 2A). Stratocladistics recovered 
the hue phylogeny in 42% of the simulations; in 
28'36, stratocladistics recovered the true phylog- 
eny and cladistics did not. Cladistics recovered 
the true phylogeny in only 18% of the simula- 
tions; in only 4% did cladistics recover the true 
phylogeny whereas stratocladistics did not. 
Considering both recovely of the true phylog- 
eny and numbers of topologies generated, the 
52% of all data sets in which stratocladistics 
outperformed cladistics yielded a mean of 3.3 
stratocladistic topologies, compared with 3 16.0 
cladistic topologies. In the 33% of data sets for 
which the methods tied 011 CFI,,,;,,, a mean of 
1.6 stratocladistic topologies opposed 30 1.3 

Table 1. Mean CFI,,, and results of sign tests by percent OTU-loss. n = 55 in all cases. NS, not 
significant. 

Percent Mean CFI,,, No. of cases 
OTU- (strato- Mean CFI,,, 

(cladistics) 
Sign 

loss cladistics) S > C  C > S  

Table 2. Mean CFI,,, and results of sign tests by evolutionary model 

No. of cases 
B 

Mean CFI,,, Mean CFI,,, 
(stratocladistics) (cladistics) 

Sign 
S > C  C > S  
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cladistic hypotheses. Even in the 15% of cases 
in which cladistics outuerfollned stratocladis- 
tics, the closest topology was, on average, liid- 
den anlong 227.5 topologies, compared with 
1.4 for stratocladistics. Comparisons of average 
and minimum CFIs (Fig. 2, B and C) favor 
stratocladistics even more strongly. 

To examine the relation behireen the vari- 
ables in our study and values of CFIIIIaY, we 
grouped the data in Fig. 2A by percent OTU- 
loss and by F and B (Tables 1 and 2). Each 
group of results was subjected to a sign test to 
determine if CFIlllaX was significantly higher 
for one method or the other (18). In most cases, 
mean CFIITIdx is higher for stratocladistics and 
the sign tests are highly significant (P < 0.001) 
in favor of stratocladistics. In three cases, mean 
CFInlaT is higher for cladistics, but the differ- 
ences fioni CFInrax for stratocladistics are not 
significant. Of the remaining six sign tests that 
were not significant, only one (OTU-loss = 

80%) did not have more cases with higher 
stratocladistic CFIInax than cladistic CFI ,,lily. 

Thus, stratocladistics generally outperfonlis 
cladistics to a statistically significant degree, 
and this outcome is largely independent of the 
e l  olutionaiy model and collipleteiiess of the 
fossil record assumed. 

Our results lay to rest the notion that an 

demic Press, New York, 1994), pp. 133-172; P. D. Polly, 
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13. M. Foote and D. M. Raup, Paleobiology 22, 121 
(1996): C. R. C. Paul, in  The Adequacy of the Fossil 
Record, S. K. Donovan and C. R. C. Paul, Eds. (Wiley, 
Chichester, UK, 1998), pp, 1-22. 

14. Occasional branch and bound checks on matrices 

small enough t o  analyze wi th that algorithm suggest 
that for the simulated data, 50 replicates of the 
heuristic search were adequate. However, given our 
results, using only 50 replicates is not  a liability t o  
cladistics. Because the true cladograms are generally 
less parsimonious than the associated sets of cladistic 
results, it is unlikely that even shorter cladograms 
would be closer topologically t o  the true cladogram. 

15. All intervals are equally weighted, although sedimen- 
tological, lithological, and taphonomic data could, 
in principle, be used t o  weight the stratigraphic char- 
acter differentially for specific intervals or lineage 
segments. 

16. RI is a measure of the homoplasy implied by a 
hypothesis for given character data and ranges from 
0 for worst f i t  t o  1 for best [J. S. Farris, Cladistics 5 ,  
41 7 (1989)]. Published Rls are from W. C. Clyde and 
D. C. Fisher [Paleobiology 23, 1 (1996)l and all vol- 
umes of Palaeontology, journal of Paleontology, and 
journal of Vertebrate Paleontology from 1994 t o  
1998. 

17. Subclades are the proper subsets of a whole cla- 
dogram. The whole cladogram does not count as 
a subclade. The number of subclades is equivalent t o  
the number of internal nodes. The consensus fork 
index is simply the number of subclades (or internal 
nodes) shared between cladograms being compared, 
divided by the tota l  number of subclades. 

18. The sign test calculates the probability that the sign 
of the difference between stratocladistic and cladistic 
CFI,,, for each grouping is equally distr~buted be- 
tween positive and negative. 
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incomplete fossil record yields no clues for 
inferring phylogeny. The stratigraphic order of 
taxa presewed in the fossil record is a coinplex 
hnction of presence and absence controlled by 

Two-Dimensional Photonic 
many physical, chemical, and biological fac- 
tors. TO igliore this ~ a t t e i ~ i  or dismiss this class Band-Cap Defect Mode Laser - 
of data when it does not agree with a phyloge- 
netic hypothesis makes an unwarranted "cover- 
ing assuniption" (5 )  that masks the real weight- 
of-evidence and encourages less than e\reii- 
handed treatment of data. Stratocladistic hy- 
potheses attempt to explain both the dishibution 
of characters among taxa and the distribution of 
taxa through time. By doing this, stratocladistic 
l~ypotheses explain more features of the natural 
world and hence have greater explanatory pow- 
er than purely cladistic hypotheses. 
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A laser cavity formed from a single defect in a two-dimensional photonic crystal 
is demonstrated. The optical microcavity consists of a half wavelength-thick 
waveguide for vertical confinement and a two-dimensional photonic crystal 
mirror for lateral localization. A defect in the photonic crystal is introduced to 
trap photons inside a volume of 2.5 cubic half-wavelengths, approximately 0.03 
cubic micrometers. The laser is fabricated in the indium gallium arsenic phos- 
phide material system, and optical gain is provided by strained quantum wells 
designed for a peak emission wavelength of 1.55 micrometers at room tem- 
perature. Pulsed lasing action has been observed at a wavelength of 1.5 mi- 
crometers from optically pumped devices with a substrate temperature of 143 
kelvin. 

In 1946, Edward Purcell ( I )  first proposed 
that the spontaneous emission from an excit- 
ed state of an atom can be significantly al- 
tered by placing it in a low-loss cality with 
dimensions on the order of the electromag- 
netic wavelength. More recently, with the 
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advent of the sellliconductor laser and the 
improvement in crystal growth and fabrica- 
tion technology. there has been increasing 
interest in the engineering of optical micro- 
cavities in selniconductors for spontaneous 
eiiiission co~itrol (2-4). The vertical cavity 
surface emitting laser ( 5 )  (VCSEL), in which 
light is confined between two epitaxially 
grown distributed Bragg reflectors, was one 
of the first semiconductor cavities with di- 
rnellsions on the order of the wavelength of 
light. Another lilicrocavity laser, the micro- 
disk laser ( 6 ) ,  uses total internal reflection at 
the edge of a high refractive index disk to 

www.sciencemag.org SCIENCE VOL 284 11 JUNE 1999 1819 




