
Phqoplankton \verc dominated by spccles of ( : / IT-  
o jphaun , i la ,  I l iwobq~on .  and Tabelinr~a throughout the 
20~ye.1~ period. l'hcsc genera are typical of natural 
lakcs In the area [(X); H J Khng and S. K 
Holmgren. C ~ I I  F i h  .\lor Sere, T r i h  R r p  337 
11972ij 

21. The effects of nutrients, hght. and temperature o n  
ph\.toplankton are discussed In D. FV. Schindlcr, 
Lim11oi Oiua11ixr.  23, 478 (1978) 

22. Phytoplmkton product~on \vas me.~surcd \vith "C 
[J .4 Shearer, E R. DeBruyn, D. R, l>eclercq, 1). 
!V Schlndler. E.  J Fee. C a n ,  F I A ~ I .  .Aqua( Sci Tc,ih. 
Rcp  1341 (1985)l  The photosynthes~s per unit 11ght 
at subrna~mmal rates and the rate of m ~ i i r n u m  pho- 
tosynthesis ~ a r i c d  synchronously In lakes of the area 
spjlllung several orders of magnltude In slze The 
total magn~mdc of var~.~tlon \vas a factor of 2 to 3 In 
all cases. These results suggest that the responses of 
phy~oplar~kton production in small lakes ltke Lake 
239 can be cxtrapol.~tcd to lakes of all sizes in the 
sarric region ( E  J .  Fee and R. E. H e c k ,  u n p u h ~  
lished data) However. as In the ELA lakes. the 
variations In phytoplankton producuon in larger 
lakcs shokved no slgiuficjllt correlat~on \r ith chm.~tic 
variables. 

23 7hc  dlstrlbuuon of filamentous green algae ~n the 
shallo\r\ of Lake 239 has hccn mapped annuallv 
during the late sumnler ($1 Jackson, personal com- 
munlcation) During 1982 to  1987, cplphytic cov- 
erage hy filamentous green algae (chiefly of the 
genus .\Joucyotza) has been proportional to epilim~ 
netlc temperature The speclcs changes resemble 
those sccn durlng early acidification of Lake 302s 
[M A. Turncr ri ai . Carl 1 ti.41 Aqiioi  S C I  44 
(suppl. 1). 135 (1987)l .  Incre.~sing concentrations 
of aunosphcric CO, are also expected to cause a 
slight increase in the photosynthesis of cpiphyt~c 
algae in sohvater lakes iM A. Turner. unpublished 

data). S o  stimulatloll of phvtoplankton photosyn- 
thcsls due to Increased CO, is expected [J. A 
Shearer and E R DeBruyn, ll'otrr .Air So11 Poilltt 
30. 695 (1986).  E R. DeBruyn. unpubhshcd dat.11 
From 1981 to 1988, maUmum annual rates of 
photosynthesis by ep~lithiph!,ton In Lake 239 \vere 
also related to maximum epillmnion tempcramre 
($I A. Turner. unpubhshed data). Cont ran  to our 
lnltlal expectations. epil~thic resp~ration was unaf~ 
fected b! e p l l m l o n  temperanuc. 

24. Organisms that may be .~dversely a e c t e d  by Increas- 
illg tcnlperaturc include the lake trout S011~el in i i~  
~io~iiayii i i i l  and the opposum shrmp .Llyxb rciiita 
Both arc mporcjllt ~n the food chains of boreal lakes 
1~1th o\-!gcn~rlch cond~tions jlld temperatures less 
than 16°C. Both speclcs are also v c ~ ~  suscept~blc to  
lake aclJlficatlon. \vhlch 1s also occurr~llg In many 
boreal lakes I 25) Prolonged summer str.~t~ficat~on 
also prolongs the period during \vhlch oxygen dc- 
pleuon in hvpol~mn~ons can occur [P Y Eloranta. 
1I;lrrr Rt,x 17. 133 (198311 

25, D TV Schindler cc , I /  . S ~ i i , t ~ i c  228, 1395 (1985) 
26 Gcogr.~phical distribution maps of fishes In lakes 

that arc sultablc are glven by n- B Scott and E J .  
Crossman [Fill R r i  Hotmi C ~ I I  Biil1 184, 1 
(1973)],  At. J Dads\vell [ Z o , i l  I1 tNat $1us S a t  
His t .  Ortaa.~.  1974)] gives sim~lar ~nform.~tlon for 
rellct glacial crustaceans. 

27. .An example of how the dis.~ppe.~rancc of key food 
organisms can d~srupt  fish producuon in boreal lakes 
1s glven in I 25) 

28 This work was supported by the Cjlladijll Deparr~ 
ment of Fisheries and Occjlls P Campbell. I J .  
Da~les.  R F.. H e c k ,  C; Koshinsh. and H E 
Welch revlc\ved the manuscript R Parker asslsted 
with data analysis 
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Ridge Spreading, Subduction, and Sea Level 
Fluctuations 

A numerical model of mantle convection shows that sea level fluctuations are not 
simply associated with temporal changes in ocean c plate spreading. In the dynamic 
model, sea level rises rapidly and then falls toward a steady value (but one still higher 
than the initial) following increased ridge spreading; this time dependence results from 
profound changes in the deep thermal structure under ocean and continent. The use of 
past variations in oceanic spreading to infer sea level fluctuations is called into 
question. With more realistic models and better continental stratigraphy, constraints 
may be placed on the viscosity structure of the mantle. 

w ITHIN A F E W  YEARS AFTER T H E  

acceptance o f  p l ~ e  tectonics, 
Hays and l'itrn,111 ( I )  among 0th- 

ers, pointed ou t  that the \veil-documented 
Cretaceous transgression occurred at ap- 
proximately the same time as an increase in 
the spreading of  oce,~nic plates. Since then, 
the prev,~iling v i av  h,~s been that i~icreascd 
rates of  plate sprcadi~ig gi\,e rise to  ,In 
increased \.olume of  oceanic ridges and ,I 

decreased volume of  ocean basins (13). For ,I 
constant volume of  \vatcr, co~ i t i~ i e~ i t a l  plat- 
forms have bee11 thought to  flood during 

periods of  increased spreading. The determi- 
nation of  past vari,~tions in spreading has 
thus been vie\ved as an alternxive method 
to  estimate global eustatic sea level varia- 
tions (3). This lithospheric model Oils t o  
consene mass, ho\vcvcr, because the cold 
oceanic lithosphere subducting into the 
mantle is ignored and implicitly assumed to  
disappe,~r. L2'ith a sirnplc model of  rnantle 
co~ivectio~i,  I sho\v that changes in plate 
velociy lead to  changes in the r x c  at \vhich 
cold lithosphere returns to  the rn,~ntle and 
t h ~ t  this process lc,~ds to  sea lcvcl fluctua- 
tions fundamentally diffcrcnt in both form 
and ~nagni tudc from the lithospheric model. 
Earlier, H,~gcr  (4 )  pointed ou t  some dy- 
~ianiic problems encountered in r c l~ t ing  oce- 

anic spreading rates directly to  changes in 
sea level arid he suggested that sea Icvcl 
could either rise or  fall tvlth increased 
sprcadlng, depending o n  \\.hethcr slabs are 
returned to  the rnantlc undcr continents or  
under oceans, rcspecti\.cl!.. 

Failure to  co~isei-\,e m,Iss is o\,ercomc \\.lth 
the use of  a simple thermal-con\.ectio~i cal- 
culation in u-hich the oceanic I~thosphcrc 
acts as an integral part of  the o\,crall s!.stem 
of  heat ,IIILI nlass transfer. In a ni .0- 
dimensional rectangular rcglon, the equa- 
tions of  motion, continuin., and energy are 
solvcd s~multaneousl\. for an ~nfinitc Prandtl 
~ i u m b c r  and incompressible fluld; a finltc- 
element formul,~tion (.i) is used to  solve 
these equations. The technique ~ l sed  for 
simulating occanlc plates 1s sim~lar t o  the 
one presc~ited by Davlcs (6). except t h ~ t  ,I 

more stringent set of  bou~idat?. conditio~is is 
~ l sed  in \\hi& the entire occa~iic l~thospl~crc  
mo\.cs n i t h  horizont,~ll!. unlform \-clocin.. 
The use of  a kincm,~tically imposed litho- 
sphere provides a frlme\vork in which t o  set 
up  lvell-posed sca level esperiments. Sea 
level \miations caused by variable plate ve- 
loci? can be cbrectly assessed \vith thls 
model, and thus the more circuitous method 
of  a fully dynamic model ( 7 )  can be avoided. 
I n  order to  control plate v e l o c l ~  1 ~ 1 t h  a fiilly 
dynamic model, the heat added to  the sys- 
tem o r  'I nlaterial p r o p e m  must van.; ~t this 
esplora ton stage, such 'I complex technique 
(although a potentially Illore po\verful one) 
is unnarranted. 

Thc nvo-dimens~onal model [(8), Fig. 1, 
X t o  C ]  includes both an occarilc region, 
e s t e ~ i d l ~ i g  from .Y = 0 to  .Y = *Y,, and a 
continental region, extending from s = *YL 
to  s = XI .  The shaded arcas in Fig. 1 R  
denote zones of  uniformly imposed velocin. 
M'ith a bos  depth of  D, the models had 
X,lD = 3 arid X,ID = 5 ;  these \ .~ lucs  \verc 
chosen so that the ratio of  continental arcd 
to  total S L I ~ ~ I ~ C  ared is 0.4. At both s = 0 
arid x = XI. thc side bouild,~ries arc rc- 
flecti~ig. Beca~lsc the occa~iic plate has a 
~lni form positive \,elocin, ,I symn~c t r i c~~ l  
spreading ridge forms at the origin, and the 
lithosphere explicitl\. subducts at s = X<; 
the continental plate has zero \,elocity. For 
this system with a constant v i s c o s i ~  
throughout, sea Ic\.el \.ariatioris arc corn- 
puted in the follo\\.i~ig \\.a!.. 011 the top 
surface o f  the co~ivecting fluid, the topogr,I- 
phy (c,~llcd the dyn,~mic topography, u j , )  is 
determined from the \.ertical dcvi,~toric 
stress arid explicitl!. incluclcs the contribu- 
tions from the subsiding oceanic litho- 
sphere. An isostatic component t o  the to-  
p o g r q h y ,  11>,, implicitly caused by crustal 
thick~icss ~ ~ ~ r i a t i o n s ,  is added to the area 
over the co~i t i~icnta l  lithosphere. 111 other 
studies invo l~ ing  the interaction of conti- 
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nents with dynamic topography (9), wc was 
assumed to be represented by the average 
topography of the continents, w',. It would 
be much more rralistic if both dynamic 
topography and continental isostatic topog- 
raphy were summed to the observed shape 
of the continents. This is impractical be- 
cause, as shown below, wd is a strong func- 
tion of time. Instead, we assume that 

where wd(0) is the initial dynamic topogra- 
phy (that is before a plate rearrangement has 
occurred); w', is taken to be the obsewed 
continental hypsometry for all continents 
(10); the maximum change in isostatic to- 
pography is hc. The last contribution to the 
topography results from a constant volume 
of ocean water, ww. Water is locally com- 
pensated and added to the system, smrting 
from the topographically lowest point, such 
that each mass column is in isostatic equi- 
librium with respect to wd. The water sur- 
face should M o w  the geoid, but in 
constant-viscosity systems (such as the one 
studied here) the admittance, or ratio of 
geoid to dynamic topography, doe. not 
exceed about 0.1 1; when the admittance is 
as small as this, sea level variations are 
dominated by variations in dynamic topog- 

raphy (9). In summary, the total topography 
is 
% = wd - ~ ~ ( 0 )  + w', + ww hf X > & 
9 = wd + ww for x < (2) 

Thus, wd is the driving term in the topog- 
raphy caused by c o n d o n ,  and w, re- 
sponds to thosc changes. Sea level is defined 
as the di&ence between the average height 
of the continental d c e  (including the 
flooded portions) and the average height of 
the water s u k .  

A scheme for normalizing the topo- 
graphic height (including sea 1-1) and time 
was chosen such that the dynamic c a w  of 
sea level fluctuations will be readily appar- 
ent. In the numerical experiments, plate 
velocity was suddenly changed at a time zero 
and normalized by r = XJV2, where V2 is 
the new plate velocity and r is the time for 
the oceanic lithosphere to reach a new 
steady-state structure. AU sea level fluctua- 
tion predicted by the lithosphere model 
occurs within r. Topographic heights were 
normalized by kc so that fluctuations in 
dynarmc relative to isostatic topography will 
be readily apparent. 

The sea level variations resulting fiom the 
convection model will be compared to the 
standard model in which topography in the 

Fig. 1. (A) T d  topogra- 
phy and sa surhicc clcm- 
tion for thc convection 
modd (heavy lincs) and 
for thc boundary laycr 
d (thin lim) at time 
0. (6) SdKmatic overview 
of d c l  sctup. (C) The 
thamalsaucnuratnon- . . 
dunemod time 0. The 
t a n 7  d, &Own 
undcr C, has bccn normal- 
izedbythcconseantbepa 
tan-. (D and E) 
D i i t i a l  tan- 
arc shown and were ob 
aincdbyt3lhmhgdK 
tanpqvurcattimczao 
(thc uutvlt at which 

thcmnpcnturrattunc 
0.10 (D) and timc 4.00 
(E). The pans of the box 
that iocrusc in tanpqa- 
t u r rbaxwncrcd*  
thosc parts that cool be- 
COmc blue. Thc clxaultial 
-*&- 
unda (E), has been nor- 
malizedbythcimposcd 

10.10 
tanpaarur~-"= 
twccnthclsodKmultop 

KiiizG p m h t t O m M e s .  

oceanic region is o b m i d  &om boundary 
layer theory. In this model, the topography 
over the lithosphere, w,, dccrcascs (with 
respca to the ridge crcst) as (2) 

where a is the d a e n t  of t h e d  ex- 
pansion, T, is the temperature of the man- 
tle, To is the temperature on the sea floor, K 

is the thermal &ivity, and t is the age of 
the lithosphere. By setting wd = w, for 
X<&and~~=Oforx>&hEq.2 , the  
same proccdurr followed for computing sea 
IevelintheconvectionmodelcanaLsobe 
fobwed b r  the lithosphere subsidence 
model. The results (11) (Fig. 2, curve a b r  
thecascwharplateveloci~isincreasedby 
three-hahrcs and curve b for the case where 
plate velocity is dcaead by two-thirds) 
show that Sea level in the srHrdard model 
undergoes an initial rapid rise with a 
slow convergence to a new (higher) steady- 
state value when sprcadmg rate increases. 
When sprtading rate drops, sea level Mls. 
As arptacd, the time scale for the re 
adjustment in sea level is unity for both cases 
(Fig. 2). 

The dynamic-convection model shows 
fundamental di&ences fiom the litho- 
sphere model (Fig. 2). When the spreading 
rate is again increased to three-halves of its 
earlier value (curve d), sea level haeases 
faster than prcdictcd by the lithosphere 
model. But more fundamentally, at about 
time 0.7, sea level starts to fall and comes to 
a stcadv state in about 2.5 time units. The 
steady-itate value is only 54% of the value 
predicted by lithaspheric subsidence alone, 
and it is only 50% ofthe maximum in sea 
level, which occurred at time 0.7. The be- 
havior of the model in which spreading rate 
demases to two-thirds of its earlier value 
shows much the same behavior: a strong 
initial overshoot in sea level followed by a 
steady-state sea level change smaller than 
predicted by the lithospheric m d  alone. 
The steady-state value is only 40% of the 
maximum change in sea level, which oc- 
d at about time 0.6. This complicated 
time dependence results from changes in the 
thermal state under both continent and 
ocean. 

These deviations fiom the simple 
lithosphere-subsidence model are easily un- 
derstood in the context of the time depen- 
dence of the dXerential temperature fb; the 
model in which plate velocity inaeases (Fig. 
1, D and E). As the plate thins, the top part 
of model representing the oceanic litho- 
sphere becomes hotter, as predicted from 
boundary layer theory. Chnsidcred alone, 
this change in temperam would I d  to sea 
level fluctuations appmxhatd by curve a in 
Fig. 2. But the Easter oceanic plate velocity 
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Fig. 2. Nondimcnsional sea level (sea level nor
malized by /zc) as a function of nondimcnsional 
time for the models considered. Boundary layer 
model shown as thin lines for a velocity that was 
increased by three-halves (curve a) and for a 
velocity that was decreased by two-thirds (curve 
b). Convection models shown by heavy lines for 
an unchanged velocity (curve r), a velocity in
creased by three-halves (curve d), and a velocity 
decreased by two-thirds (curve e). The scaled time 
shown above applies only to curves a and d and 
was obtained by scaling V2 to 7.5 cm/yr and Xc to 
9000 km; V2 and Xc are defined in the text (m.y., 
million years). 

leads to a faster subduction rate; cold fluid is 
rapidly dumped under the continent, and in 
terms of differential temperature, this pro
cess results in the cold region in Fig. ID. As 
the plate continues to spread at this in
creased velocity, the system undergoes two 
changes. First, the imbalance between sub
duction rate and plate thickness decreases as 
time approaches unity and the cold (differ
ential temperature) anomaly under the con
tinent decreases in magnitude. Second, in 
the deep parts of the fluid, the temperature 
decrease is much larger under the ocean than 
under the continent; a long wavelength 
thermal anomaly has developed in the deep 
parts of the fluid, and this anomaly affects 
topography in an opposite sense than the 
shallow anomalies. This process takes 2.5 
time units, the approximate time of one 
convective overturn. A higher rate of con-
vective overturn leads to increased cooling 
of the system; on this basis, one may be led 
to conclude that the overall effect of in
creased spreading would be a decrease in sea 
level, but because the lithosphere is closer to 
the surface than the deep parts, it more 
strongly affects dynamic topography. To
pography caused by interior density con
trasts is attenuated with depth in a viscous 
fluid (12). Interestingly, the decrease in tem
perature that occurs for the deep parts of the 
model is approximately three times the in
crease associated with the lithosphere (Fig. 
IE); but the final result of increased spread
ing is a rise in sea level. 

Care must be exercised in applying the sea 
level curves (Fig. 2) to the earth; the tran
sient response more likely will be a local 

response to sea level changes (that is, iso
lated either to a single continent or to a 
converging plate margin), whereas the 
steady-state response may be applicable to 
global fluctuations in sea level. Moreover, in 
consideration of an earlier suggestion by 
Hager (4), if the subduction occurs in a 
completely oceanic environment (for exam
ple, the Tonga-Kermadec region), then in
stead of a transient rise in sea level following 
increased spreading, there may be a transient 
fall in sea level. Such a fall in sea level may 
occur because the transient differential tem
perature anomaly (Fig. ID), which gives 
rise to a depression in dynamic topography, 
would occur under the oceanic lithosphere. 
The details of these possibilities are poorly 
understood, but can be investigated in more 
complex models. 

The existence of sea level fluctuations 
influenced by local subduction is supported 
by the record of the Cretaceous transgres
sion. Bond (13) has pointed out the corre
spondence between areas of Cretaceous 
flooding and zones of convergence, includ
ing western North America, northern Af
rica, and the southern part of the European 
platform. When North America broke away 
from Africa 170 million years ago, the rate 
of subduction off the western margin of 
North America would have increased; the 
convection models would tend to predict 
that continental subsidence and a jump in 
sea level should have occurred simultane
ously. Such changes are consistent with the 
anomalous thickness of Cretaceous sedimen
tary rocks in the western interior of North 
America (14) and the tilting of western 
North America by ~ 1 km over a distance of 
1400 km during the Upper Cretaceous and 
its subsequent rebound (15). Clearly, to 
make a rigorous comparison with this 
record, the models will have to incorporate 
evolving plate margins. 

The calculations presented here illustrate 
fundamental problems with the standard 
lithospheric subsidence model, but also 
highlight exciting possibilities. Because dy
namic topography is sensitive to the depth 
of temperature (density) variations and in
ternal viscosity variations (16), both the 
temporal fluctuations in sea level and the 
steady-state sea level should be sensitive to 
internal viscosity structure. It is thus possi
ble that the temporal and spatial record of 
sea level fluctuations recorded over geologic 
time as continental marine deposits (17) (in 
concert with observed plate kinematics), 
may place constraints on both the viscosity 
structure of the mantle (?) and the depth of 
mantle convection (18). 

The usefulness of this model is limited in 
two respects. First, the model cannot yet be 
exploited to make detailed predictions as to 

how sea level fluctuated over the last 120 
million years; a powerful but flawed at
tribute of the lithospheric model is that 
well-constrained models of plate tectonic 
evolution of the oceans can be used to 
predict sea level. The second limitation of 
the convection model is that it gives no clue 
as to whv oceanic plates undergo kinematic 
rearrangements. Advances now being made 
in modeling both spherical convection and 
fully dynamic plates (7, 19) should allow 
more realistic models to be constructed that 
fully exploit the geologic record of continen
tal flooding. 
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