
Our data suggest that the amount of 
CD8P expressed is also critical for positive 
selection. One possible explanation for the 
role of CD8P is that CD8aP may bind to 
class I MHC molecules with higher affinity 
than that of CD8aa, and only CD8aP- 
MHC interaction is sufficient for positive 
selection. Because positive selection proba- 
bly requires a relatively weak interaction 
between the TCR and the peptide-MHC 
complex (stronger interactions result in 
clonal deletion), it may be far more sensi- 
tive to the relative contribution of the CD8 
coreceptor than when studied in in vitro 
functional assay systems. 

In independent studies, we showed that 
the lack of the CD8a cytoplasmic domain 
resulted in a dramaticallv decreased effi- 
ciency in positive selection, arguing that 
not only binding to class I MHC a 3  domain 
but also signaling through the CD8a cyto- 
plasmic region are required for positive 
selection (22). Surprisingly, p561ck, which 
binds to the cytoplasmic domain of CD4 or 
CD8a, is not necessary for positive and 
negative selection (23). As for the role of 
the cytoplasmic region of CD8P, it is short 
and there is no motif for the binding of any 
known signaling molecules (24). In addi- 
tion, experiments in hybridoma systems 
have suggested that only extracellular but 
not the cytoplasmic portion of CD8P is 
critical for the augmentation of interleu- 
kin-2 release (7). Taken together, it is 
unlikely that CD8P contributes to positive 
selection by signaling through its cytoplas- 
mic region. We thus favor the hypothesis 
that the significant difference between 
CD8aP and CD8aa molecules lies in their 
extracellular domains. The mice generated 
in this study should be useful in elucidating 
the molecular requirements for positive se- 
lection in the CD8 lineage. 
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Persistence of Transients in Spatially 
Structured Ecological Models 

Alan Hastings* and Kevin Higgins 
Simple discrete-time ecological models for a species with alternating reproduction and 
dispersal are shown to have complex transient dynamics. If the density dependence 
(nonlinearity) is strong enough, then the time required to reach the final dynamics is usually 
very long, approaching thousands of generations, and there are typically very sudden 
changes in the form of the dynamics. Apparent chaos can change to cycles or vice versa. 
These results are consistent with observed sudden changes in the form of the dynamics 
of a single species and imply that transient dynamics of ecological models may be more 
relevant than long-term behavior. 

Ecological theory has typically been based 
on analysis of the long-term behavior of 
ecological models, with stability analysis as 
the primary tool (1, 2). Even studies of 
nonequilibrium behavior, such as limit cy- 
cles or chaos, have focused on long-term 
behavior (3). We show that the long-term 
behavior of a simple ecological model for a 
species distributed along a one-dimensional 
habitat can be essentially irrelevant to the 

understanding of natural ecological systems 
because the form of the dynamics changes 
over long time scales. The model we use, in 
which juveniles (pelagic larvae) are redis- 
tributed along the coast each generation, 
has transient dynamics that are much long- 
er than the time scale of significant envi- 
ronmental perturbations. Moreover, the 
transient dynamics can appear to be the 
final behavior, either chaotic or cyclic, and 
then the system can quickly change its 
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the highly irregular dynamics of some spe- 
cies with pelagic larvae, such as sea urchins 
(4-6) and Dungeness crab (7, 8). More 
generally, long transients may play a major 
role in the "paradox of the plankton" (9) or 
outbreaks of insects (1 0). Different oossible . , 

dynamic outcomes for the same parameters, 
multiple attractors, are a further complica- 
tion (11, 12). 

We used a simple model that retains the 
most important biological features of inter- 
tidal or subtidal organisms with pelagic 
larvae-densitv-de~endent ~roduction of , . 
larvae, followed by redistribution along the 
coast, centered at the point of release. We 
ignored survivorship of adults from year to 
year (unless adult survivorship is high, our 
qualitative results do not change), which 

led to a model similar to one studied by Kot 
and Schaffer (1 3), who focused on asymp- 
totic behavior. 

The numerical scheme we used to study 
this model treats space as discrete blocks, 
leading to a system that is similar to a 
coupled map lattice (14) with global cou- 
pling. Our goal was to emphasize important 
ecological conclusions expected from pre- 
vious results on long transients (15, 16) 
from coupled map lattice models with 
coupling only between adjacent cells. 
Coupled map lattices also have been used 
to study complex ecological models (I I, 
17) with local coupling. Our work empha- 
sizes the importance of long transients 
within the context of ecologically more 
realistic dispersal regimes. 

Time (years) 

Fig. 1. Dynamics of a spatially structured model (1-3) of a population with pelagic larvae along a 
coastline as a function of the growth rate r. In all cases, the initial conditions were chosen randomly 
in space from a uniform distribution, and D = 800. The presence of long transients is apparent from 
the plots for all values of r 2 3.25. 

We assume that there is a finite length L 
of favorable habitat along the coast, denot- 
ing position along the coast by x, where 0 < 
x < L. The number of larvae produced at 
position x in year t, l(t,x), is given by the 
Ricker (1 8) formulation 

where we have scaled population size N(t,x) 
so 1 is the eauilibrium without s~at ia l  struc- 
ture and r is the growth rate. Our results do 
not deoend criticallv on our choice of the 
~icker-equation to describe density-depen- 
dent recruitment (1 9). Dispersal follows 
reproduction, so that the number of indi- 
viduals at the location x is given by a 
summation of larvae released around the 
position x 

where the probability that a larva released 
at y settles at x is given by the Gaussian 

Here, D is a parameter measuring the dis- 
persal distance, chosen to reflect parameter 
values determined from a two-dimensional 
model of larval transport (8). The choice of 
D does not critically affect our results (20), 
as our examples below show. In our model, 
the effective growth rate varies over space 
because larvae that disoerse outside the 
region of interest are lost. 

The time scale of ecological interest is 
tens or hundreds of years. However, analy- 
ses of other models analogous to those in 
(1-3) have typically focused on long-term 
dynamic behavior. We show that long-term 
dvnamics do not oredict the dvnamics on a 
rklatively short ecological timi scale. 

Although the analysis given here is not 
complete, our numerical studies show be- 
havior of surprising complexity and variety. 
First, if the growth rate r is small enough, 
an equilibrium is approached (Fig. 1). Sec- 
ond, for higher growth rates, cyclic and 
chaotic behavior are possible (2 1). Third, if 
the growth rate is high enough, there can 
be long transients and then different stable 
asymptotic dynamics for the same growth 
rates, depending on initial conditions. 
Long transients are typical for values of r r 
3.25 (Fig. 1). 

To identify dynamic behavior visually, 
we plotted the total population size at time 
t, JkN(t,x)dx, versus the total population 
size at time t - 1. An eauilibrium consists 
of a single point, cyclic behavior corre- 
sponds to a finite number of points, and 
quasi-cyclic behavior corresponds to points 
lying on a curve. Chaotic behavior would 
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lead to a more complex geometrical object. 
Some of the wild possibilities are illus- 

trated in Fie. 2. Startine from random " u 

initial conditions, there is little apparent 
form to the dynamics for almost 1000 years. 
Then, for almost 10,000 years the dynamics 
are usually cyclic, with several intervals (of 
up to 100 years) where the dynamics are 
very different. Finally, after 16,000 years 
the dynamics become chaotic. 

This kind of unpredictable dynamics, 
with apparent changes from cycles to chaos 
or vice versa, is typical. Further examples 
are illustrated for several choices of r and for 
D (Fig. 3). We first focused on a moderate 
time scale of 100 to 200 years, recognizing 
that even this time scale mav be much 
longer than the time scale of ecological 
interest. After 100 to 200 vears. the dvnam- 
ics have not even begun td settle dow; [Fig. 
3, column (i)]: The patterns do not corre- 
spond to any of the potential long-term 
asymptotic behaviors. Local (in space) be- 
havior is no more predictable. 

We next examined the behavior of the 
model on a time scale of 1000 to 2500 vears. 
The dynamic behavior shows indicatidns of 
equilibrium, cyclic, or chaotic dynamics, 
depending on the parameters or initial con- 
ditions [Fig. 3, column (ii)]. However, the 
suggestion that the system has reached its 
asymptotic dynamics on this time scale is 
typically not correct (1 5, 16). The dynamics 
on a time scale of 10,000 to 12,000 years 
could be different from the dynamics on a 
time scale of 1000 to 2500 years, changing 
from apparent chaos to cycles or vice versa 
[Fig. 3, column (iii)]. For other parameter 
choices. these chanees in dvnamics can take 
place on a shorter, icological time scale. 

Thus, after a major disturbance, popula- 
tion dynamics may be quite unpredictable 
for a long time. Continual disturbance may 
prevent the system from ever attaining one 
of the simple asymptotic behaviors. In oth- 
er studies motivated by physical problems, 
the time scale for coupled lattice models to 
approach their asymptotic behavior has 
been observed to scale with the exponential 
(16) of the number of cells. or be even > ,  

longer (1 5), indicating the extremely long 
transient behavior that is ~ossible. Chaos 
acts as a noise amplifier, which, in combi- 
nation with spatial structure, leads to ex- 
tremely long transients. 

In spatially structured systems, ecologi- 
cal time scales do not in eeneral corresoond " 

to asymptotic behavior. Consequently, we 
exoect "unoredictable" behavior for these 
systems, with "unexplained" changes in 
dynamics, as observed for sea urchins (4- 
6), Dungeness crab (7, 8), plankton ( 9 ) ,  
and insects ( lo),  for example. Thus, anal- 
yses should emphasize transient behavior as 
well as asymptotic behavior, particularly for 
disturbed systems. In the case of sea urchin 

Total population size at time t-1 

2 " 0 ~ ~ 2 ~  3 z w % $ w w w w  

0 5000 10,000 15,000 20,000 
Time (years) 

Fig. 2. Dynamics of a spatially structured model (1-3) of a population with pelagic larvae along a 
coastline at different time scales, for r = 3.5 and D = 4000. Plots of the population size at year t versus 
the population size at year t - I ~llustrate (A) no apparent pattern at the short time scale, (B) apparent 
quasi-cycles at the intermediate time scale, and (C) apparent chaos at the longest time scale. (D) The 
complete time series. 

(i) 100 to 200 years 
625 . .- . . .  . .  . .. . 

(ii) 1000 to 2500 years (iii) 10,000 to 12,000 years 

625 r - 7  

Total population size at time t-I 

Fig. 3. Dynamics of a spatially structured model ( 1 3 )  of a population with pelagic larvae along a 
coastline for various time scales, initial conditions, and parameter values. The presence of long transients 
is apparent from the plots. The plots are of total population size at year t versus total population size at 
year t - 1 ,  with each column representing different time scales and each row a different example. In row 
A, the habitat was divided into four segments of equal length, which were initially set at two different 
population levels, r = 3.25 and D = 800; the dynamics changed from an apparent chaos to a simple 
four-point cycle. In row B, the initial conditions were random in space, r = 3.25 and D = 800; the 
dynamics took a long time to approach a chaotic attractor. In row C, the initial conditions were random 
in space, r = 3.75 and D = 400; the dynamics took a long time to approach a simple four-point cycle. 
In all of these examples, the form of the dynamics from time scale ( i i i )  t = 10,000 to 12,000 was still found 
at t = 100,000. 
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Atlantic, there were great difficulties in 
finding an underlying cause (5). We have 
added the possibility of another "cause," 
namely, that population eruptions may be 
an underlying feature of the dynamics with- 
out any change in physical or biological 
conditions. 

Efforts to detect density dependence are 
likely to fail precisely for those species with 
strong density-dependent recruitment (22- 
24) if they are spatially distributed in the 
fashion we have examined here. We have 
shown that long transient behavior is more 
likelv to result when local densitv deuen- 
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Sequential Interactions of the TCR with Two 
Distinct Cytoplasmic Tyrosine Kinases 

Makio Iwashima, Bryan A. Irving, Nicolai S. C ,  van Oers, 
Andrew C. Chan,* Arthur Weisst 

The T cell antigen receptor (TCR) initiates signals by interacting with cytoplasmic protein 
tyrosine kinases (PTKs) through a 17-residue sequence motif [called the antigen recog- 
nition activation motif (ARAM)] that is contained in the TCRS and CD3 chains. TCR 
stimulation induces the tyrosine phosphorylation of several cellular substrates, including 
the ARAMs. Lck kinase activity is required for phosphorylation of two conserved tyrosine 
residues in an ARAM. This phosphorylation leads to the recruitment of a second cyto- 
plasmic PTK, ZAP-70, through both of the ZAP-70 Src homology 2 domains and its 
phosphorylation. Thus, TCR signal transduction is initiated by the sequential interaction of 
two PTKs with TCR ARAMs. 

T h e  multisubunit TCR is composed of 
the TCRap  heterodimer, a ( family 
homo- or heterodimer (5-(, (-r), or (-y), 
and the CD3 chains (y, 6, and E) (1). 
With the use of chimeric receptors, the 
signal transduction functions of the TCR 
have been localized to a common motif, 
here called the ARAM, that contains the 
sequence YXXLX(6-8) YXXL (2) and is 
present in the cytoplasmic domains of ( 
and each of the CD3 chains (3-6). One of 
the earliest events associated with TCR 
signal transduction is tyrosine phosphoryl- 
ation of cellular proteins that include the 
ARAMs of the TCR( and CD3 chains (4, 
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5, 7). Three PTKs have been implicated 
in TCR signal transduction: Lck, Fyn, and 
ZAP-70. Lck is not generally found direct- 
ly associated with the TCR but interacts 
with the coreceptors CD4 and CD8, 
which colocalize with the TCR during 
antigen recognition (8). Studies of Lck- 
deficient cells indicate that Lck is essential 
for TCR signal transduction, including 
tyrosine phosphoprotein induction (9, 
10). Fyn associates, albeit at low stoichi- 
ometry, with the TCR( chain (I I) .  Stud- 
ies of Fyn-deficient mice reveal a TCR 
signal transduction defect in the most 
mature thymocyte subsets, but mature pe- 
ripheral T cells are not as affected (12). 
After TCR stimulation, the cytoplasmic 
PTK ZAP-70 rapidly associates with the ( 
and CD3 chains and undergoes tyrosine 
phosphorylation (4, 13-15). A 72-kD ty- 
rosine phosphoprotein, presumably the re- 
lated PTK Syk (16), associates with mem- 
brane immunoglobulin (Ig) on B cells and 
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with the IgE Fc receptor on mast cells 
(1 7). Studies of chimeric transmembrane 
proteins that have included ZAP-70, Syk, 
Lck, or Fyn suggest that ZAP-70 or Syk 
can regulate the function of downstream 
signal transduction molecules (18). 

The mechanism by which the TCR 
interacts with these distinct families of 
PTKs is not understood. Studies have 
shown that ZAP-70 associated only with 
tyrosine-phosphorylated ( (14). In addi- 
tion, the association of ZAP-70 with the 
CD8-( chimera in a COS cell that stably 
expresses a CD8-( chimera (COS-18) re- 
quires the co-expression of either Lck or 
Fyn with ZAP-70 (14, 19). In J.CaM1.6, 
a Jurkat-derived mutant line (20), TCR 
stimulation does not increase tyrosine 
phosphoproteins or activate the phospha- 
tidylinositol pathway because of the loss of 
functional Lck (10, 20). TCR stimulation 
of Jurkat cells, but not of J.CaM1.6, 
resulted in ( phosphorylation (Fig. lA ,  
upper panel) although both cells have 
equivalent amounts of ZAP-70, TCR, and 
( chain protein (Fig. 1B) (20, 2 I) .  Unlike 
Jurkat cells, neither a phosphorylated nor 
an unphosphorylated form of ZAP-70 as- 
sociated with ( in TCR-stimulated 
J.CaM1.6 cells (Fig. lA,  upper and lower 
panels, respectively). These results pro- 
vide genetic evidence that Lck function is 
required for tyrosine phosphorylation of ( 
and for the recruitment and tyrosine phos- 
phorylation of ZAP-70. 

The requirement for Lck was further 
analyzed in COS-18 cells. As we have 
already shown (14, 19), cotransfection of 
Lck with ZAP-70 results in the association 
of ZAP-70 with CD8-(, as well as in the 
tyrosine ph~s~horyla t ion  of ZAP-70 and 
CD8-( (Fig. 2). However, a kinase-inac- 
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