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ones that are similar to those being devel- 
oped for the fabrication of (bio)sensors. 
Note that the wavelength is determined by 
the different rate constants, which can be 
varied, e.g., by choosing different faradaic 
reactions or adsorbates or by changing the 
temperature. In general, the faster the fara- 
daic reaction and the dynamics of the ad- 
sorbate system, the smaller are the patterns. 
Therefore, at least to a certain extent, the size of 
the patterns can be controlled by carefully 
choosing the reaction conditions. Also, electro- 
chemical membrane systems exhibit a first-
order phase transition (20). In many investiga- 
tions, the degree of inhibition of an electron- 
transfer reaction serves as a measure of the 
intactness of the membrane. To be aware of the 
spatial instability discussed above is thus essen- 
tial for understanding the dynamics of these 
lipid layers coupled to faradaic reactions. This, 
in turn, is the basis for using electrochemical 
membrane systems as models of biological 
membranes, e.g., in investigations of the role of 
the potential on the membrane-protein interac- 
tions (21, 22). 

Turing's conditions are fulfilled in chemical 
reaction-diffusion systems only in exceptional 
cases, whereas the new class of Turing-type 
structures in electrochemical systems is 
predicted to arise quite generally. This 
finding opens prospects toward tailoring of 
patterned electrodes. It remains further to 
be examined whether the same mechanism 
is responsible for some structure formation 
phenomena in a biological environment 
where potential gradients exist. 
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Biogenic Carbon Cycling in the 

Upper Ocean: Effects of 


Microbial Respiration 

Richard B. Rivkinl* and Louis LegendreZ 

Food-web processes are important controls of oceanic biogenic carbon flux and 
ocean-atmosphere carbon dioxide exchange. Two key controlling parameters 
are the growth efficiencies of the principal trophic components and the rate of 
carbon remineralization. We report that bacterial growth efficiency is an inverse 
function of temperature. This relationship permits bacterial respiration i n  the 
euphotic zone t o  be computed from temperature and bacterial production. 
Using the temperature-growth efficiency relationship, we show that bacterial 
respiration generally accounts for most community respiration. This implies - . 

that a larger fraction of assimilated carbon is respired at low than at  high 
latitudes, so a greater proportion of production can be exported in  polar than 
in  tropical regions. Because bacterial production is also a function of temper- 
ature, it should be possible t o  compute euphotic zone heterotrophic respiration 
at  large scales using remotely sensed information. 

The net flux of CO, between the atmosphere 
and ocean is controlled, in large part, by the 
balance among three key food-web processes: 
carbon uptake by phytoplankton photosynthesis 
(PP, net primary production), its remineraliza- 
tion back to CO, (CR, community heterotro- 
phic respiration in the euphotic zone), and the 
export (E) of dissolved and particulate biogenic 
carbon (BC) toward the ocean depths. Although 
phytoplankton production and, to a lesser ex- 
tent, export are reasonably well defined for 
large ocean areas ( I ) ,  the regional estimates of 
respiration that are necessary to constrain both 
export (E = PP - CR) and the net ocean-
ahnosphere exchange of CO, are often lacking 
(2). Community respiration, of which bacterial 
respiration (BR) can represent a large propor- 
tion [-50 to >90% (3-91, can exceed primary 
production in some ocean regions (6-9). 
Hence, bacterial respiration may constrain the 
estimates of both carbon remineralization and 
biogenic carbon export in the upper ocean (7). 
Because of methodological difficulties, bacteri- 
al respiration is usually not measured directly 
and is instead computed from bacterial produc- 
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tion (BP) and an assumed value of bacterial 
growth efficiency (BGE) 

BGE = BPIB,,, (1)  

Bacterial growth efficiency is the ratio of 
bacterial production to substrate assimilated 
(B,,,), and since the assimilated dissolved 
organic carbon (DOC) is used for both the 
synthesis of bacterial biomass and is respired 
(i.e., B,,, = BP + BR), bacterial growth 
efficiency can also be computed as 

BGE = BPI(BP + BR) ( 2 )  

Hence 

BR = (BPIBGE) - BP (3) 

The estimation of bacterial respiration from Eq. 
3 has been limited until now because of large 
variations reported for bacterial growth effi- 
ciencies [0.01 to -0.7 (5, 9, lo)]. These varia- 
tions introduce large uncertainties into the com- 
putation of bacterial respiration. For example, 
for the twofold range of growth efficiencies 
(e.g., 0.25 to 0.5) assumed in many studies (6, 
9, l l ) ,  respiration would change by threefold It 
follows that the use of a realistic bacterial 
growth efficiency is crucial to constraining rates 
and patterns of carbon remineralization, food- 
web fluxes of biogenic carbon, and ocean-at- 
mosphere flux of CO, (2, 6, 8). 

We carried out a comprehensive review of 
the literature on bacterial growth efficiency (12, 
13) and found a significant (P < 0.001) inverse 
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relation between temperature (T) and growth 
efficiency (Fig. 1). Temperature alone explained 
54% of the variation in bacterial growth effi- 
ciency. A portion of the unexplained variance 
could be due to regional and seasonal differenc- 
es in the quality and quantity of mineral and 
organic substrates required for bacterial growth 
(10, 14, 15). Because culture studies with bac- 
teria growing on defined substrates also show 
significant (P < 0.01) inverse relationshps be- 
tween growth efficiency and temperature (1 6) it 
is unlikely that the observed significant relation 
between growth efficiency and temperature 
(Fig. 1) is a data-collection artifact created by 
combining data from different sites or seasons. 
Moreover, temperature dependence of growth 
efficiency is not unique for bacteria. Phagotro- 
phic protists, a major group of heterotrophc 
microplankton in the sea (1 7), show a similar 
temperature dependence of growth efficiency. 
The temperature-growth efficiency relationship 
for flagellates and ciliates from a variety of 
high- and low-latitude marine environments was 
significant (P < 0.01) and inverse (18). Prey 
type and food concentration influences the 
growth efficiency of protistan grazers (19), and 
during experiments where temperature was the 
sole treatment variable, it explained >70% of 
variation in growth efficiency (20-24). 

The slopes of the regression of growth effi- 
ciency on temperature were not significantly 
different (a = 0.05) for phagotrophic protists 
and bacteria (Fig. 1) (18), suggesting a similar 
temperature dependence for these two groups of 
ecologically important microheterotrophs. The 
temperature dependence suggests that there is a 
latitudinal gradient in the partitioning of the 
assimilated (bacteria) or ingested (phagotrophic 
protists) carbon between biomass production 
and respiration-i.e., a larger fraction of thls 
carbon is respired at lower latitudes. Thus, for 
the same level of bacterial or phytoplankton 
production, the food web and vertical export of 
biogenic carbon would be greater in polar than 
in tropical regions. Moreover, the hlgher growth 
efficiency at lower ambient temperatures would 
lead to a higher activity of bacterial-based food 
webs in polar waters than would be predicted 
from temperature-dependent models developed 
from studies in temperate oceans. Incorporation 
of these new relationships into biogeochemical 
models could profoundly influence our esti-
mates of global carbon cycling and remineral- 
ization bv marine food webs. 

Modeling studies that predict increasing 
temperatures in the low atmosphere and surface- 
ocean in response to increased concentrations of 
atmospheric CO, also suggest that the oceanic 
biogeochemical cycles may partially mitigate 
the accumulation of atmospheric CO, on cen- 
tennial time scales (25, 26). Small changes in 
the oceanic carbon cycle can produce large 
changes in the rate of buildup or removal of 
atmospheric CO,, thereby impacting the future 
climate. Because there is an inverse relationship 

between temperature and both growth efficiency 
(-2.5% decrease per 1°C increase; Fig. 1) and 
solubility of CO, in seawater [-3% decrease 
per 1°C increase (27)], an increase in sea-sur- 
face temperature may lead to an increase in the 
proportion of the assimilated carbon that is 
remineralized to CO, (due to changes in bacte- 
rial growth efficiency) and to a reduction in the 
solubility of CO,. This form of positive feed- 
back between increased temperature and chang- 
es in the patterns of CO, cycling in the upper 
ocean has not been generally considered in 
models of biogenic carbon cycling and ocean- 
atmosphere interactions (28). 

Region- to basin-scale estimates of commu- 
nity respiration and primary production can con- 
strain both net community production (NCP) 
and export (i.e., NCP = E = PP - CR). How- 
ever, because measurements of respiration are 
scarce relative to primary production, the appli- 
cation of ths  approach will require the develop- 
ment of models to estimate community respira- 
tion over large spatial and temporal scales. Tem- 
perature has a pronounced effect on the rates of 
both individual and community metabolism, so 
that temperature and respiration are correlated 
(29, 30). Empirical models of community and 
bacterial respiration have been developed with 
phytoplankton or bacterial production or bio- 
mass as predictors (9, 10, 31, 32). However, to 
our knowledge, the predictive abilities of the 
empirical models of respiration have not been 
assessed with independent data sets. If bacterial 
respiration, computed from Eq. 3 and bacterial 
production 

does indeed represent a large or constant 
portion of community respiration, it may be 

0 5 10 15 20 25 30 
Temperature 

Fig. 1. Scatter plot of bacterial growth efficiency 
as a function of temperature for bacterioplankton 
from polar, temperate, and tropical oceans. Bac- 
terial growth efficiency was determined from 
concurrent measurements of bacterial production 
and DOC uptake (open symbols) or of bacterial 
production and size-fractionated 0, uptake (filled 
symbols). The ordinary least squares regression 
(regression line shown) between temperature (T) 
and bacterial growth efficiency (BCE) is: BGE = 
0.374[?0.04] -0.0104[+0.002]T, (r2 = 0.54, n = 
107, F = 84.27, P <0.001). Values in brackets are 
the 95% confidence intervals of the regression 
parameters. 

possible to estimate carbon remineralization 
rates for large regions of the World Ocean 
from bacterial production [which is reason- 
ably well characterized for coastal and oce- 
anic environments (11,33)] and temperature. 
Using a data set (34) that was completely 
independent from that of Fig. 1, we found 
that the functional relationship between com- 
puted bacterial respiration and field-mea-
sued  community respiration (Fig. 2) was 
significant over a wide range of observed 
temperatures (-1.4 to 29OC), rates of bacterial 
production (0.2 to 415 mg C mp3 d-I), and 
community respiration (1.8 to 2300 mg C 
mp3 d- 1). The results of this analysis (Fig. 2; 
slope = 1.10 and r2 = 0.88) suggests that, 
for a wide range of conditions, bacterial res- 
piration estimated from bacterial production 
and temperature (Eq. 4) is a valid proxy for 
respiration (35). We show that bacterial 
growth efficiency can be estimated from tem- 
perature (Fig. 1). Bacterial production, the 
other variable needed to compute respiration, 
is correlated with both temperature (r2 = 
0.55) and chlorophyll a ( r2 = 0.36) (36). It 
should be possible to concurrently estimate 
community respiration (Fig. 2) (34) and pri- 
mary production (37) and thus compute car- 
bon export for large areas of the World Ocean 
from remotely sensed temperature and chlo- 
rophyll a values (37). 

5 IOU 10' 10' 10' 
0 Measured community respiration (mg C t~-~d- ' )  

Fig. 2. Scatter plot of field-measured community 
respiration versus computed bacterial respiration 
for the Antarctic (+), Arctic (V),Arabian Sea (@), 
Gulf of Mexico (m), North Atlantic (A),and South 
Atlantic Bight (+).The solid 1: 1 line is shown for 
visual reference. Using the database described in 
(34),bacterial respiration was computed from the 
reported bacterial production and ambient tem- 
perature using Eq. 4. The data were log-trans-
formed to  normalize variances. The structural (re- 
duced major axis) regression (dashed line) be- 
tween field-measured community respiration 
(CR) and computed bacterial respiration (C-BR) is: 
Log C-BR = -0.36[?0.13] + 1.10[t0.08] Log CR, 
(r2 = 0.88, n = 100, F = 738.8, P < 0.0001). 
Values in brackets are the 95% confidence inter- 
vals of the regression parameters. The slope 
(1.14), r2(0.81), and significance (F = 404.8, P < 
0.0001) of the structural relationship between 
measured community respiration versus comput- 
ed bacterial respiration for the raw (i.e.,nontrans-
formed) data were similar to  those for the log- 
transformed data. 
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Variation of Crystal Dissolution 

Rate Based on a Dissolution 


Stepwave Model 

Antonio C. Lasaga' and Andreas Luttge2* 

A formulation based on defect-generated dissolution stepwaves of the variation 
o f  dissolution rate wi th  the degree of undersaturation is validated by near- 
atomic-scale observations of surfaces, Monte Carlo simulations, and experi- 
mental bulk dissolution rates. The dissolution stepwaves emanating from etch 
pits provide a train o f  steps similar t o  those of a spiral but wi th  different 
behavior. Their role in  accounting for the bulk dissolution rate of crystals 
provides a conceptual framework for mineral dissolution far from equilibrium. 
Furthermore, the law extends research t o  conditions closer t o  equilibrium and 
predicts a nonlinear decrease in  the rate of dissolution as equilibrium is ap- 
proached, which has implications for understanding artificial and natural pro- 
cesses involving solid-fluid reactions. 

The dissolution of minerals is central to a wide 
range of engineering, pollution, corrosion, and 
Earth science phenomena. Whether it be the 
weathering of rocks to form soils and control 
CO, in the atmosphere, the possible reaction of 
radioactive containment materials, the break- 
down of cement in buildmgs and dams, the 
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leaching of aluminum or heavy metals in drink-
ing water, or the flow of fluids deep in Earth's 
crust, no quantitative treatment is possible with- 
out an understandmg of the kinetics of fluids 
reacting with solid surfaces. The lack of a 
general dissolution model means that the 
overall crystal dissolution rate and its varia- 
tion with environmental conditions cannot be 
fully determined. 

the science of crysta1 growth 
has advanced much more than that of clystal 
dissolution. The theory of surface-controlled 
c ~ s t a lgrowth is dominated by an emphasis on 
the movement of steps and by two conceptual 
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