
hand, islands in experimentally detei-mined 
Poincare cuts become visible on the order of 
10' to 102 circulatioil times and initial place- 
ment is less critical. In the experimeilts the 
streaklines are stretched illto sheets or rib- 
boils and are repeatedly folded in the chaotic 
regions, revealing typical striated patteins in 
the Poincare section. A streakline on a toi-us 
is stretched into a ribbon along the surface of 
the toius; thus; the entire island is revealed in 
only a few circulations. This flow is success- 
ful because the azimuthal circulatioil time 
(driven by impeller) and the rate of rotation 
of the tori are of coinparable orders of mag- 
nitude (ratiopf about 3.5 in our experiments). 
The robustitess of these analog (experimen- 
tal) siinulations lies in their ability to produce 
connected sti-uctures, as opposed to the "pep- 
pered-like" appearance of computational re- 
sults involving the tracking of single paiti- 
cles. Errors in the visualization result from 
the disturbance in the flow produced by the 
presence of injection needles? fro111 vibra- 
tions, and from geometrical iinperfections in 
the apparatus. Yet, even with these experi- 
mental factors, tori generated with the nee- 
dles in place reinaiil nearly unchanged with 
time eve11 after 1 2  hours of operation. 

Theoretical analysis with existing tools 
seems possible only in liiuiting cases. The 
unperturbed flow is integrable because of 
rotational symmetiy. For small a and moder- 
ate Re the experimental results can be treated 
in teilns of perh~rbatioil theory of action- 
angle-angle volume-preserving flows devel- 
oped by Mezic and Wiggins (31). Topologi- 
cal ideas based on flow skeleton arguments; 
which ellcapsulate the underlying mathernat- 
ical stmch~re in tenns of fixed points and 
inanifolds~ may prove useful as well (16). 
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Ultraslow Electron Spin 
Dynamics in GaAs Quantum 
Wells Probed by Optically 

Pumped NMR 
N. N. Kuzma, P. Khandelwal, S. E. Barrett," 1. N. Pfeiffer, 

K. W. West 

Optically pumped nuclear magnetic resonance (OPNMR) measurements were 
performed in two different electron-doped multiple quantum well samples near 
the fractional quantum Hall effect ground state v = i. Below 0.5 kelvin, the 
spectra provide evidence that spin-reversed charged excitations of the v = i 
ground state are localized over the NMR time scale of about 40 microseconds. 
Furthermore, by varying NMR pulse parameters, the electron spin temperature 
(as measured by the Knight shift) could be driven above the lattice temperature, 
which shows that the value of the electron spin-lattice relaxation time T,, is 
between 100 microseconds and 500 milliseconds at v = :. 

A tmo-dimensional election system (2DES), 
cooled to extieinely 101% temperatuies in a 
stlong magnetic field, exhibits many exotic 
phenornena. such as the fractional quantum 
Hall effect (FQHE) (I )  Tianspoi-t and optical 
studies of the 2DES haxe shor+n that the 
low-energy physics 111 these extieme condi- 
tions is diiven by the election-electron Cou- 
lomb liltelaction (2 ) ,  but the challenge of 
prec~sely describing the 101%-lying many- 
body states that exist in a real 2DES remains 

foirnidable for both theory and expeiiment 
(3-5) Such 2DESs have been piobed by 
OPNMR (6-8) in the FQHE regirne (9) ,  
nhich allons the direct radio-frequency ( i f )  
detection of NMR signals from nuclei in 
electron-doped GaAs quantum \\ells The 
"Ga OPNMR spectra reveal the local. time- 
averaged value of the electron spin magneti- 
zation. (S,(R)), thus leading to insights about 
the many-election states relevant for the 
FQHE 

We revolt evidence of ultraslo1% electron 

N. N. Kuzma, P. Khandelwal, S. E. Barrett, Department 
spin dynamics near the most studied FQHE 

of phvsics, yale universitv, N~~ H ~ ~ ~ ~ ,  CT 06511, ground state, v = i; with characteristic time 
USA. L. N. Pfeiffer and K: W. West, Lucent Technol- scales exceeding :40 ~s below 0.5 K. Al- 
ogies, Bell Laboratories, Murray Hill, NJ 07974, USA. though the samples are characterized by 
*To whom correspondence should be addressed. "simple" NMR parameters (that is? isotropic 
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hyperfine coupling in an oriented single crys- 
tal). the OPNMR spectia ale complex be- 
cause they can simultaneously exhibit inho- 
rnogeneous broadening due to the quantum 
confinement of electrons within a well and 
rnotional llanowing due to delocalization of 
electrons along the well (10) At lox? temper- 
atures ( T  ;= 0 5 K), a change in the NMR 
linenidth is observed whenex er spin-iex ersed 
electrons are present. We attribute this behav- 
ior to the localization of spin-reversed elec- 
trons over the NMR time scale. In addition, 
using the Knight shift as a thermometer, we 
measured the inciease of the electron spin 
temperature above the lattice temperature 
when rf pulses \\ere used to drive the system 
out of equilibrium These nonequilibrium 
measurements imply that the electroil spin- 
lattice relaxation time is 100 p.s < T~~ < 500 
ms for T < 0 5 K at v = f, nhich appears to 
exceed all electronic time scales piexio~~sly 
measured in semicoilductors by at least a 
factor of 1000 

Both of the rnultiple quantum r+ ell samples 
in this study \\ere gro\\i~ by molecular beam 
epitaxy on semi-insulatmg GaAs(001) sub- 
s'nates Sarnple 40W contalned 40 300 A r+ide 
GaAs \?ells that r+eie separated by 3600 A mide 
A1, ,Ga, ,As bamers Sample 10W contailled 
10 260 A wide \\ells that were separated by 
3120 A wide bameis Silicon delta-dopmg 
spikes located at the center of each barriei 
provided the electrons that were confined in 
each GaAs well at low temperatures? producing 
a 2DES with very high mobility (p. > 1.4 X 
106 cm2 Vp '  sp '  ) (11). The 2D electron den- 
sities in each well were n,,, = 6.69 X 10'' 
cmp2 and i z , , ,  = 7.75 X 10'' cin-2 (9). 

The low-temperature (0.29 K < T < 1.5 
K), high-field (Btot = 12 T) OPNMR mea- 
surements were performed with an Oxford 
Instnlments sorption-pumped 3He csyostat 
that was mounted in a Teslatron" supercon- 
ducting magnet. The samples, about 4 min by 
6 Inm by 0.5 mm, were in direct contact with 
helium and were mounted on the platform of 
a rotator assembly in the NMR probe. By 
tilting this platfonn, we could vaiy the angle 
0 (-60" < 0 < 60°, i O . l O )  between the 
sample's growth axis z' (perpendicular to the 
plane of the wells) and the applied field Btot 
(fixed aloilg z); thereby changing the filling 
factor v = (nhc)i(eB,) in situ (here 
B- = Bto, cos O ) ,  where h is Planck's con- 
stant, c is the speed of light, and e is the 
electron charge. For optical puinping, light 
from a Coherent 890 Ti:sapphire laser was de- 
livered into the cryostat through an optical fiber 
(12): which was terminated by a collimating 
lens and a polaiizing assembly 22 cm above 
the sample. The light spot on the sample (5 
mm diameter, 812 nm wavelength, left- 
circularly polarized, 5 1 0  inW cmp2) was 
gated by a spectrometer-controlled room- 
temperature shutter. 

Foi the OPNMR measurements. we used 
the timing sequence SAT-T,-T,-DET (6-9), 
SAT denotes an r f  oulse train that de- 
stroys (saturates) the 7'Ga nuclear polariza- 
tion tlroughout the sample. 7, is light time, 
T, is daik time. and DET denotes the detec- 
tion peiiod Duiing T, (30 to 90 s). optical 
purnping of interband transitions generated 
electrons and holes in the GaAs wells with 
nonequilibrium spin polarizations. which 
then polarized the nuclei in the wells through 
the hyperfine interaction. The shutter was 
then closed to allow the electrons to equili- 
brate with the 3He bath during 7, (typically 
40 s). The enhanced nuclear polarization per- 
sisted until DET, whereupon a single r f  tip- 
ping pulse was applied to produce a free 
illduction decay signal? which we then ac- 
quired with a hoinebuilt NMR spectrometer 
that was based on a Tecrnag Aries system. A 
calibrated RuO, theinlometer, in good ther- 
rnal coiltact with the sample, recorded the 
ternperature during signal acquisition. 

A 7'Ga OPNMR emissioil spectnlin at v 
= (Fig. lA, solid line) exhibits a "w" peak 
that arises from nuclei in the GaAs quantum 
well and a "b" peak that is due to nuclei in the 
A1, ,Ga, ,As bai~iers (7-9). The Feinli con- 
tact hyperfine coupling between the spins of 
the 2DES and nuclei in the well shifts the w 
peak below the b peak by K,, which we 
define to be the Knight shift (10, 13). The 
asymmetry of the well line shape has two 
origins: (i) the quantun~ confinement within 
the \?ell causes the electron density to vaiy 
across its width n as p(z f )  - c o s 2 ( ~ z ' / ~ v )  for 
z '  5 1 ~ 1 2  (14, 15) and (11) the optical 
purnping preferentially polarizes nuclei 111 the 
center of the well. Taking these two effects 
into account, the intrinsic line shape (Fig. 1A; 
hatched region) may be written as the sum of 
$:'(KS,,,>f = [.CJ(K ,,,], - f  11 ', and ~[,6(0) 
for the unbroadened bai~ier signal. Using a 
3.5-kHz full width at half maximum 
(FWHM) Gaussian g(, f )  for the nuclear di- 
polar broadening (lo), we arrive at a hvo- 
parameter fit (Figs. 1 and 2, dashed lines): 

The first parameter, a,, is the amplitude of 
the barrier signal, which grows during T, as 
the optically pumped nuclear magnetization 
diffuses out of the quantum well. The second 
parameter extracted from the fit is the hyper- 
fine shift for nuclei in the center of the well, 
K ,,,, (v, T)  = ?(v: T)(12/~)(4.5  i 0.2) X 
10- l 6  kHz cm3 (9). Thus, fits to OPNMR 
spectra at various v and T provide a direct 
measure of the electron spin polarization 
9 ( v :  T) = (SZ(v, T))lmax(S-) in the quan- 
tum well. 

This approach has been used to map out 

?(v. T)  in the vicinity of important integer 
and fractional quantum Hall ground states of 
v = 1 and v = i. The 9 ( T )  rneasurernents 
at fixed v revealeh the neutial spin-flip exci- 
tations of the fully polarized ground states 
Measuiements of ?(v) piovided the first 
evidence (7, 8)  of the existence of skyrmions 
(16, 17),  r+hich are chaiged spin-texture 
excitations of the v = 1 ground state (5) 
Recently, T(v) was found to drop on either 
side of the v = f gound state, mhch shows 
that the chaiged excitations of this FQHE 
ground state ale paltially spin lea ersed, ea en 
in a 12-T field (9) 

In all of these earliei ineas~~ien~ents,  the 
OPNMR spectra r+ ere r+ ell described by the 
dashed-line fits generated by oui model The 
central assumption of this model is that the 
electron spins are delocalized along the well. 
such that (S_(v. T)) appears spatially horno- 
geneous when averaged over the NMR time 
scale (-40 p.s) (18) In this limit, the delo- 
calization of the low-density 2DES (there are 
- lo6 nuclei per electron 111 the well) produc- 
es a motional ilai~owing of I;' 

However, low-temperature rneasurernents 
at v = 0.267 showed a crossover to more 
complicated line shapes (Fig 1B). Although 
the spectra were in reasoilable agreement 
with our model above 1 K, the width of the w 
peak increased dramatically as the tempera- 
ture was lowered to T = 0 45 K and then 

Frequency shift (kHz) 

Fig. 1. (A) The "Ga OPNMR emission spectrum 
(solid line) of sample 10W at v = :, taken at 0 
= 36.8" in B,,, = 12 T. The frequency shift is 
relative to f ,  = 155.93 MHz. The dashed line 
fit is obtained by broadening the intrinsic line 
shape (hatched region). Empirically, KSi , = 
K, + 1.1[1 - exp(-KSl2.O)] (in kilohertzr. (B) 
Temperature dependence of the spectra at v = 
0.267 (0 = 0'). The FWHM of the well reso- 
nance w peak is shown. Arb, units, arbitrary 
units. 
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decreased upon further lowering to T = 0.3 1 
K. This nonmonotonic temperature depen- 
dence is reminiscent of the behavior seen in 
NMR studies of systems in which spectra are 
sensitive to dynamical processes (19), vari- 
ously referred to as motional narrowing, dy- 
namical averaging, or chemical exchange 
(10, 20, 21). In our experiment, the nuclei 
were rigidly fixed in the lattice of a single 
crvstal, so the variation in the line shave 
shown in Fig. 1B was a signature of electron 
s ~ i n  localization, which turned off the mo- 
tional narrowing of the well resonance as the 
temperature was lowered. 

The extra broadening of the well reso- 
nance disappeared as the sample was tilted 
from 8,,,. = 0" (v = 0.267) to 36.8' (v = f) 
(Fig. 2), despite a 10% increase in the dipolar 
broadening [the "As nearest neighbors of the 
71Ga nuclei are at the "magic angle" (21) 
when 0,,,. = 0'1. Furthennore, there was a 
coi~es~oildeilce benveen the decrease in the 
linewidth and the increase in K, as v + 
(Fig. 3). This anticor~elation strongly sug- 
gests that the behavior shown in Figs. 1 to 3 
is due to electron spin dynamics. 

For a quantitative understanding of these 
phenomena;, we must consider the specific 
assumptions that lead to I~t(K, ,n , ,  f ) .  Nuclei 
within the well couple to the spins of the 
2DES through the isotropic Fenni contact 
interaction (6-10); thus, a nucleus at site 
R '  experieilces a hyperfine magnetic field 
B'(R1) = (-16nyB!3)~,S,S(rJ - R'), where 
k, is the Bohr magneton, S, is the spin of 
electron j, the summation is'over all of the 
conduction electrons within the well. and the 
delta function picks out those electrons that 
overlap with the nucleus at R'.  The average 
projection of B' along the applied field B,,, 
may be written quite generally as (B"Rf, v ,  
T)) = [(-8ab)!3] (17ht;) [171u(0)~2(X(~')2($(~': 
Y')12] 9 ( R f ,  v, T). Here, the probability density 

5 0 -5 -10 -15 -20 

Frequency shift (kHz) 

Fig. 2. The 7'Ga OPNMR spectra (solid lines) of 
sample 10W at T = 0.46 K, for 0.267 5 v < 
(0" 5 0 < 36.8"). 

of fmding electrons at a ?lGa site has been 
factored into a term with the periodicity of the 
lattice 71~~(0)12 and terms that vary slowly with- 
in a unit cell X(Z')21+(X', Y')12 (13). P(R1,  v, 
T) is the local spin polarization (- 1 < 9 < 1) 
of the electrons at R'.  If we assume that elec- 
trons are delocalized along the well, then the 
time-averaged values of 141' and 9 are spatially 
homogeneous. III this limit, the local hyperfme 
frequency shift (taken to have the sign of 9 )  is 
a function of z' only, [ f (z') = - "y(B:(z', v, 
T/)/2n ;= cos2(~z'hv) KSlllt]: SO the general 
expression for the well line shape is I$( f ') = 

Jd3 .I 71 x.,. .\%, 11, ( Iz(zf)) P, ,,,,,, S[f '  - f(zl)l .  
We h t h e r  assume that wells are identical and 
that the optical pumping gives rise to a nuclear 
polarization that varies across each well as 
(711r(z')) 3: f(zl), which leads to the foim 
I%( f ') = [ f 'l(KS,,, - f ')11" (show1 in Fig. 
1A). 

The observed broadelling of the well line 
shape beyond the motionally narrowed limit 
implies that the time-averaged value of +129 
becomes spatially inhomogeneous. Although 
the /+(X',  y')I2 teim could become inhomo- 
geneous if a pinned Wigner crystal were to 
fonn: the corresponding increase in the line- 
width (by orders of magnitude) and the con- 
comitant drop in the peak intensity are not 
observed. Furthermore, variations in charge 
density along the well (for example, arising 
from fluctuations in the dopant layer) do not 
appear to explain either the magnitude of the 
effect (22) or the nonmonotonic temperature 
dependence. In contrast, the Knight shift data 
show that the total spin polarization drops 
monotonically below v = i: allowing the 
local spin polarization 9 ( R 1 )  to be spatially 
inhomogeneous. Thus, we conclude that lo- 
calization of spin-reversed regions is respon- 
sible for the behavior shown in Figs. 1 to 3. 

Temperature (K) 

Fig. 3. The temperature dependence of the 
Knight shift (solid symbols) and the linewidth 
(open symbols) for several filling factors 0.267 
5 v In sample 10W. Lines are to guide the 
eye. 

The time scale of the spin localization 
may be infer~ed by simulating the observed 
line shapes. In our model, for every point (x ' ,  
) ' )  along the plane of the well, the local 
polarization is either up (9 = 1) or down ( 9  
= -0.15). After every jump time T,, the local 
polarization insta~taneously assumes either 
the up or down value with probability p + or 
(1 - p,), respectively. At all times, the ratio 
of up to down sites is p + l ( l  - p + ) .  The 
simulated OPNMR spectra depend on the 
value of T,, as is shown in Fig. 4 for the case 
p, = 0.8 5. The simulation is in reasonable 
agreement with the corresponding data from 
sample 10W. When 7, is very fast, all nuclei 
see the same time-averaged local polariza- 
tion, which is equal to the total polarization 
(9to,al = 0.828 at v = 0.275 for our assump- 
tions). At the other extreme (7, + x), the 
motion is frozen out, and the single resonance 
is split into up and down lines, with areas 
proportional t o p +  and (1 - p +), respective- 
ly. Even within this simple model, the inho- 
inogeneous breadth of the frozen line shape 
(owing to the quantum confinement) leads to 
a nontrivial evolution of the spectrum in the 
inteimediate motion regime (for example: a 
given value of 7, might be simultaneously 
"fast" for nuclei at the edge of the well and 
"slow" for nuclei in the center of the well). In 
the inteimediate motion regime, the FWHM 
of the w peak goes through a ~naximum when 
7, = 40 ks. Although varying the parameters 
p +  and KsLn, (over the range relevant for 
samples 10W and 40W) affects the extreme 
value of the FWHM, the characteristic 7, 

remains -40 ks. 
On the basis of this simple model, the 

peaks in the FWHM at T,o, -- 0.5 K (Fig. 3) 
reflect the localization temperature of reversed 
spins, such that they fail to cover the sample 
uniformly over -40 ys. The self-similar curves 
in Fig. 3 suggest that Tlo, is not a strong fine- 

10 5 0 -5 -10 -15 

Frequency shift (kHz) 

Fig. 4. OPNMR spectra simulated with the 
model described in the text. KSi,, is set to 12 
kHz for 9 = 1. The barrier is suppressed (a, = 
0) for clarity. 
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tion of the filling factor (or the density of re- 
versed spins) for v < ;. Below 0.5 K, the 
measured K,(v < ;) increases toward K,(v 
- 1 - ;), as seen in the model. However, even 
down to T = 0.3 K, the spectra do not appear to 
match the frozen limit of our simulation. As v is 
varied below i, the trends in the K, and FWHM 
data (Fig. 3) continue smoothly through v = $ 
without intenuption. High-field magnetotrans- 
port measurements of samples taken h m  the 
same wafer as 1OW show much more structure, 

1 2  with well-developed minima in p, at v = 33, ;, and f at T = 0.3 K (11, 23). 
Additional measurements of the linewidth 

for v > ; in sample 10W were consistent with 
the above picture. Measurements in sample 
40W for v 5 ; were also in qualitative agree- 
ment, with one important quantitative differ- 
ence: T,, appeared to be shifted lower, so that 
only the high-temperature side of the peak in 
the FWHM was observed down to T - 0.3 K. 
There was a similar sample variation in the 
saturation temperature of 9(1) with G;, = 
0.77 K and Tzw = 0.46 The observed 
spectra contain more information than our sim- 
ple simulation has revealed A more sophisti- 
cated model might include (i) a detailed struc- 
ture for the reversed spin regions present below 
v = ;, (ii) the 2D dynamics of these reversed 
spins, and (iii) the effects of thermally excited 
spin flips, because T, is not that much greater 
than T,,. 

All of the results described thus far were 

Fig. 5. T(K,) calibration curves based on the 
equilibrium K,(T) data for (A) sample 40W and 
(6) sample 10W. Error bars for K, are shown. 
The dependence of the effective spin temper- 
ature on the rf pulse length (H, - 7 C)  for (C) 
sample 40W and (D) sample 10W. The inter- 
cept of the straight line fit was constrained to 
be the lattice temperature: T = 0.31 K (solid 
circles 10W and 40W). T = 0.42 K (open circles 
40W). and T = 0.44 K (open circles 10W). The 
inset (C) shows the top (along z') and the front 
(along the rotation axis) views of the grooved 
sapphire platform holding a sample in a five- 
turn rf coil. 

acquired by applying a weak rf tipping pulse 
long after optical pumping to probe the equi- 
librium properties of the 2DES. Nonequilib- 
rium properties of the electron spin system 
can be studied by varying these parameters at 
low temperatures, with a number of notable 

1 results at v = -. 
3 

The rf tipplng pulse for the NMR exper- 
iment is produced by a coil wrapped around 
the sample (Fig. 5C, inset), which generates a 
linearly polarized (perpendicular to 2')  mag- 
netic field of amplitude 2 X HI at f, = 
155.93 MHz. The equilibrium value of K,(T) 
is independent of the tipping pulse parame- 
ters for weak H ,  (that is, H I  = 5 G, 7@= = 
20 ps). However, if stronger pulses are used 
for T < 0.5 K, the measured K, value drops 
sharply below the equilibrium value, even 
though the lattice temperature is unaffected 
by the pulses. The equilibrium measurements 
(9) of K,(T) (Fig. 5, A and B) can be used to 
convert the measured K, into an effective 
electron spin temperature T,,; T,, rises 
linearly above the lattice temperature T as the 
duration of the tipping pulse 7@, increases, 
for H ,  = 7 G (Fig. 5, C and D). The increase 
of T,, drops off sharply with increasing 
lattice temperature and is not observable for 
T > 0.5 K. Furthermore, the apparent heat- 
ing depends strongly on the alternating field 
strength and, scales as f l  (2 < Q < 5), 
which rules out nuclear spins as the heat 
source, because their tipping angle scales as 
H I  X rpulsc. Another possible mechanism, 
ohmic heating by eddy currents, appears to 
be inconsistent with the strong T and H, 
dependence of the effect. Rather, these data 
provide evidence for a direct coupling be- 
tween the rf pulse and the spins in the 
2DES. The mechanism for this interaction 
in a clean system is not known, because the 
applied rf photon energy is well below the 

Fig. 6. Spectra, which were acquired with sam- 
ple 40W at T = 0.45 K, that show the 
evolution of th%ne shape as a function of dark 
time rO. 

electron spin resonance at -74 GHz. Im- 
purities in the bulk or edge states may be 
involved in this process. 

The nonequilibrium spectra remain motion- 
ally murowed and appear to be indistinguish- 
able hm the corresponding equilibrium spec- 
tra measured at a higher lattice temperature. 
Thus, the electron spin system achieves i n d  
equilibrium before our measurement, justifying 
our use of T,, (10). However, our measure- 
ment also shows that T,,, remains greater 
than T long after the rf pulse is turned 
off, which implies that the electron spin- 
lattice relaxation time r l ,  is eater than P 100 ps for T < 0.5 K at v = ,. 

The evolution of the spectra as the dark 
time rD is increasd provides an upper bound 
on rls (Fig. 6). The measured spectra are 
essentially independent of 7 ,  after the first 
0.5 s, which is consistent with the equilibra- 
tion time of the laser-heated sample with the 
helium bath at 0.45 K. Combining these re- 
sults, we find 100 ps < rl ,  < 500 ms for T < 
0.5 K at v = 4. Although this value of rl ,  is 
at least a factor of 1000 longer than recent 
measurements of the transverse relaxation 
time 7;  in bulk GaAs (24), it is consistent 
with a previous theoretical prediction (25) 
that had assumed conditions similar to those 
in our experiment. 
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Near Extinction of a Large, 
Widely Distributed Fish 

Jill M. Casey and Ransom A. Myers* 

Are extinctions of marine vertebrates as rare and unlikely as current data 
indicate? Long-term research surveys on the continental shelf between the 
Grand Banks of Newfoundland and southern New England reveal that one of 
the largest skates in the northwest Atlantic, the barndoor skate (Raja laevis), 
is close t o  extinction. Forty-five years ago, research surveys on St.  Pierre Bank 
(off southern Newfoundland) recorded barndoor skates in 10% of their tows; 
in the last 20 years, none has been caught, and this pattern of decline is similar 
throughout the range of the species. 

Elasmobranchs, such as sharks and rays, tend 
to be very susceptible to the effects of fishing 
because they generally grow slowly, mature 
late in life, and produce few offspring (1). 
Species of the family Rajidae, although the 
most fecund of the elasmobranchs (2) ,  are 
know11 to experience valying degrees of re- 
silience to exploitation (3) because of the 
large range in life history characteristics 
within this family. Although shark fisheries 
usually cause a shasp decline in species abun- 
dance (4), dogfish and skates on Georges 
Bank have increased in biomass after the 
depletion of groundfish stocks (5). It has been 
suggested that the energy released into the 
ecosystem by these depleted stoclts has pro- 
vided resources for elasmobranch popula- 
tions to increase. The recent introduction of a 
directed fishery for dogfish and skate on 
Georges Bank, however, has resulted in a 
marked decline of these species (6). 

The ballldoor skate, Raja laevis, is one of 
the largest skates in the northwest Atlantic 
(7), and it ranges froin Cape Hatteras to the 
Grand Banks of hTewfoundland (Fig. 1). Once 
coinrnon (8), this distinctive species, with a 
maximum body width of just over 1 m, now 
appears to be near extinction. Although the 
extinction of inarine species is thought to be 
rare (9) ,  the closely related "common" skate 
in the northeast Atlantic, Raja batis, was 
shown to be locally extinct in the Irish Sea 
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(10). If current population trends continue; 
however; the bamdoor skate could become 
the first well-documented example of extinc- 
tion in a marine fish species. 

Biomass (in kilograms per square kilo- 
meter) of the barndoor skate (Fig. 2) was 
determined from research vessel surveys 
(1 I )  that have been conducted in the spring 
on the southern Grand Bank and St. Pierre 
Bank since 1951, in the summer on the 
Scotian Shelf since 1970, and in the autumn 
from Georges Bank to southern New En- 
gland since 1963. The population trend is 
similar for all regions. with biomass de- 
creasing into the early 1970s; after which 
barndoor skates were caught only on 
Browns Bank and nearby Georges Bank 
(12). 

The longest time series available are for 
the southelu Grand Bank, at the species' 
nol-thern limit on the continental shelf, and St. 
Piere  Bank, where bailldoor skates were 

once commonly found. Compared with other 
skate species on St. Pierre Bank, the barndoor 
skate had been one of the most numerous 
skates, second in abundance only to the 
thorny skate (Raja radiata) (13). If we con- 
sider the mean biomass of the bamdoor skate 
in each decade and the corresponding mean 
weight of individuals on St. Pierre Bank, the 
average number of banldoor skates in the 
1950s would have been on the order of 0.6 
million. That number would decrease to 
about 0.2 million individuals in the 1960s and 
to less than an estimated 500 individuals in 
the 1970s. The other smaller skate species, 
namely thorny skate and smooth skate (Raja 
senta), were actually increasing in biomass 
over this time period. 

The mean weight of individual skates on 
St. Pierre Bank is a good indicator of their 
vulnerability to commercial trawls. Species 
large enough to be caught in trawls have 
been decreasing in size over the time peri- 
od; whereas the size of the smallest species, 
the smooth skate; has remained fairly con- 
stant. The regulated mesh size on coinmer- 
cia1 fishing gear has ranged from 7 to 14 cm 
over the survey period, although a smaller 
inesh size has been used illegally (14). The 
barndoor skate is vulnerable to commercial 
trawls from hatching at a length of about 20 
cin (7). 

Direct biological info~~nation on skates in 
the northwest Atlantic is scarce. Sufficient 
comparative infoimation, however; is avail- 
able to estimate the moi-tality required to 
drive this species to extinction. The closest 
relative of the balndoor skate in the hTorth 
Atlantic, the coinmon skate (7), matures at 
about 11 years (10). We should expect a 
similar age at maturity on Georges Bank, 
which has a similar temperature regime (15). 
hlaxinlum egg production, which can be es- 
timated kom the inverse relation with the 
weight of the young at hatching (16); is about 
47 eggs per year. 

Considering the age at maturity and the 
annual fecundity of the barndoor skate, the 

Fig. 1. Map of  the North- 70 65 60 55 50 
west Atlantic Fisheries 
Organization. Subdivisions 48 
in which populations 
were assessed in this 
analysis are shown. The 46 
300-m isobath (dotted 
line) is given for refer- 
ence. 3 N  and 3 0 ,  south- 44 

ern Grand Bank; 3Ps, St. 
Pierre Bank; 4Vn, Sydney 42 
Bight; 4Vs, Banquereau 
Bank; 4W, Sable Island 
Bank; 4X, Browns Bank; 40 
5Y, Gulf of Maine; 5Ze, 
Georges Bank; 5Zw, 
southern New England. 70 65 60 55 50 
The numbers on the axes 
are degrees of latitude and longitude. 
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