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The Redfield ratio [carbon:nitrogen:phosphorus (C:N:P)] of particle flux to  the 
deep ocean is a key factor in marine biogeochemical cycling. Changes in oceanic 
carbon sequestration have been linked to  variations in the Redfield ratio on 
geological time scales, but this ratio generally is assumed to  be constant with 
time in the modern ocean. However, deep-water Redfield ratios in the northern 
hemisphere show evidence for temporal trends over the past five decades. The 
North Atlantic Ocean exhibits a rising N:P ratio, which may be related to  
increased deposition of atmospheric nitrous oxides from anthropogenic N 
emissions. In the North Pacific Ocean, increasing C:N and C:P ratios are ac- 
companied by rising remineralization rates, which suggests intensified export 
production. Stronger export of carbon in this region may be due to  enhanced 
bioavailability of aeolian iron. These findings imply that the biological part of 
the marine carbon cycle currently is not in steady state. 

The nutrient composition of marine surface wa- 
ters affects the C:N:P elemental composition 
(Redfield ratio) of primary production (I);. An- 
thropogenic emissions have the potential to sig- 
nificantly alter surface ocean nutrient content 
(2-6) and, consequently, the Redfield ratio of 
marine primary producers. Persistent changes in 
the surface ocean Redfield ratio eventually 
would be reflected in corresponding trends in 
ratios of deep-water nitrate, phosphate, and ox- 
ygen content-in this report referred to as oxi- 
dative or deep-water Redfield ratio. Whereas 
regional as well as vertical variations in oxida- 
tive ratios have been recognized (7), temporal 
differences in deep-water nutrient measure- 
ments between subsequent cruises were gener- 
ally considered to be analytical errors (8-10). 
We have reexamined such differences to test 
whether they represent temporal trends in deep- 
water apparent oxygen utilization (AOU) and 
oxidative ratios. 

For this purpose, we analyzed open ocean 
deep-water nutrient and oxygen data for differ- 
ences between subsequent measurements taken 
at approximately the same location. A large 
hydrographic database was compiled from the 
NODC SD2 and available WOCE data sets 
(11). We compared vertical profiles of AOU, 
phosphate, and nitrate concentrations measured 
at least 5 years apart and within lo longitude 
and latitude of each other (Fig. 1). 

Differences in AOU and nutrient measure- 
ments can arise from changes in remineraliza- 
tion, circulation patterns, and preformed proper- 
ties as well as measurement inaccuracy. Be- 
cause our intention was to identifv variations 
due to variable remineralization, possible chang- 
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northem but not in the southern hemisphere 
(Fig. 3). An increase in the deep-water N:P ratio 
of 1.9 + 1.2 per mil per year for the North 
Atlantic is accompanied by increases of 1.6 + 
1.0 per mil per year in A0U:P and 1.7 + 1.2 per 
mil per year in C:P, but there is no significant 
trend in AOU (Fig. 3A). All parameters (AOU, 
AOU.P, AOU:N, C:P, and CN), with the ex- 
ception of the N:P ratio, show a significant 
increase on the order of 1 per mil per year in the 
North Pacific (Fig. 3B). The large confidence 
intervals obtained for the South Atlantic (Fig. 
3C) indicate that the data coverage in this ocean 
basin is insufficient for our analysis (Table 1). 
Despite a comparatively large database (Fig. 2) 
and small confidence intervals, no significant 
trends are observed in the South Pacific (Fig. 
3D). 

to or larger than those between surface and 
bottom) were excluded from the analysis. (iv) 
Systematic offsets between measurements from 
different cruises were accounted for by correct- 
ing data in the comparison range for differences 
in a lower (correction) depth range (Fig. 1). 
Instead of a single correction for each cruise as 
in previous studies (8-lo), we corrected the 
data at each location individually. No significant 
remineralization occurs in the deep North Atlan- 
tic Ocean in the correction range (12); thus, it is 
unlikely that differences here represent real 
trends. In other regions, however, remineraliza- 
tion is observed to a depth of more than 4000 m 
(8). In this case, alterations in export production 

es due to the other factors had to be excluded. (i) : 
To avoid the influence of different water mass- 
es, we used data only from locations where 
temperature (T) and salinity (S) profiles - 
matched within measurement precision over a 5 2000 1 
depth range of at least 2000 m, to which the - GEOSECS, 1972 

analysis was restricted. (ii) Changes in pre- - KNORR 104,1983 

formed oxygen saturation or nutrient content 3m0 
could result from temporal variations in these 
constituents in areas of deep-water formation. 

would affect not only the comparison range but 
also the correction range, albeit to a much lesser 

Such variations did not seriously affect our anal- 

degree. Hence, the results should be considered 
conservative. 

. - \  

Application of these criteria to the data set 
yielded 1 173 stations at 447 locations, covering 
the years 1947 to 1994 (Table 1 and Fig. 2). For 
each of the four ocean basins examined, we 

ysis. (iii) Data marked questionable in the orig- 4000 - ----A 

inal data sets and from profiles showing strong * L$ t . .  . . 1 . . >. i b . .  . . 
apparent random variation (i.e., where different- I .O 1.5 2.0 2.5 
es between adjacent measurements were similar [PO3 (PM) 

calculated the average relative trends (6) for 
AOU and the oxidative ratios A0U:N and 
AOU:P, which subsequently were converted to 
changes in C:N, C:P, and N:P (13). 

Our results show significant trends in the 

Fig. 1. Example profile illustrating the correction 
and comparison methods. Systematic offsets be- 
tween measurements are estimated with data 
from depths where no concentration gradient 
exists (correction range, dark). Depth range, in- 
cluding the oxygen minimum and the underlying 
nutricline (comparison range, light), was divided 
into several layers. Data were interpolated to the 
center of each layer (horizontal lines). After cor- 
recting for the estimated systematic offset, hor- 
izontal differences in quantity X give the relative 
temporal change between years to and t, as 

6(X) = (Xt, - Xt0)l[Xto(t1 - toll (1) 
In the case of AOU (35), X = AOU, this serves 
as an estimate of the trend in nutrient regen- 
eration rate. Deep-water nutrient content n 
(nitrate or phosphate) consists of preformed 
(npred and regenerated (nreg) components (34): 

n = nreg + npref ( 2 )  
where n, = (AOU)I[(AOU:N)], N = N or P 
Assuming constant n,,, with time and setting 
X = AOU:N, Eqs. (1) and (2) are combined to 
yield the relative change in A0U:N as 
G(A0U:N) = [(AOU:N),,(nt0 - ntl) 

+ AOUt, - Aoutoll[Aouto(tl - toll (3) 
where G(AOU:N),, was taken as 170 and 10.625 
for phosphate and nitrate, respectively (9, 36). 
The change in AOU:N was then converted to 
~(C:N) (73). 
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Interpretation of these results requires 
critical evaluation of the potential magnitude 
of the effects of measurement inaccuracy, 
variations in preformed properties, and circu- 
lation changes compared with observed 
trends. The average temporal difference be- 
tween subsequent profiles was 14 years, giv- 
ing a mean absolute variation in North Atlan- 
tic N:P ratios and North Pacific AOU of more 
than 1%. The precision of available seawater 
analytical methods used in data acquisition 
during the time covered by our analysis is 
better than 2% (10, 14, 15). Because more 
than 4000 data points were included in cal- 
culation of each trend, imprecision is negli- 
gible with respect to the observed trends (16). 
Systematic errors, which usually dominate 
measurement inaccuracy, have been account- 

ed for by the correction procedure (Fig. 1). 
Preformed N and P comprise about 30% 

of the respective regenerated concentrations 
in North Atlantic data used in this analysis. If 
the observed trend of 1.9 per mil per year 
(Fig. 3A) were generated by increasing pre- 
formed N:P, this increase must have been 
about 6 per mil per year, corresponding to a 
total increase of about 20% in N or an equiv- 
alent decrease in P over the 30 years covered 
by the data set. Although a change of 20% 
should be easily detectable, no such variation 
was observed in source regions of deep-water 
formation in the present data set. An average 
trend in AOU of 0.7 per mil per year, as 
found in the North Pacific, would amount to 
a total change of about 3.5% over 50 years. 
An average AOU of 200 pmol kg-', calcu- 

Table 1. Numbers of locations, stations, and temporal coverage for each ocean. No data from Arctic and 
Indian oceans were used. South Atlantic and South Pacific include corresponding sectors of the Southern 
Ocean. 

Parameter North South North South 
Atlantic Atlantic Pacific Pacific 

Locations 48 19 291 89 
Stations 133 45 740 256 
Years 1961-1991 1961-1991 1947-1 994 1957-1994 

lated for this analysis corresponds to a change 
of 7 pmol kg-'. Deep-water renewal takes 
place only in a small fraction of the North 
Pacific. Hence, if variations in preformed 
oxygen saturation had caused the observed 
trends, they must have been unrealistically 
high in the respective ocean areas. However, 
no such variations were observed in this data 
set. Furthermore, it is unlikely that natural 
long-term variations in deep-water preformed 
AOU or nutrients are responsible for the ob- 
served trends, because they do not appear in 
the South Pacific where the bulk of North 
Pacific deep water originates. 

Possible interferences from circulation 
changes have been accounted for by exclud- 
ing data from locations with significant dif- 
ferences in T or S. Effects due to the remain- 
ing small variations in these variables were 
estimated by deriving the relationship be- 
tween AOU, S, and T for each comparison at 
each location in the North Pacific (1 7). The 
analysis yielded a 6(AOU) of -0.2 + 0.25 
per mil per year-that is, considerably small- 
er than the observed trend of 0.7 per mil per 
year (18). In essence, neither measurement 
inaccuracy nor changes in preformed proper- 
ties or circulation can account for the ob- 
served trends in oxidative ratios. 

Fig. 2. Distribution of locations (circles) of stations analyzed in the Atlantic and Pacific Closed circles, locations with rising AOU in the Pacific and N:P in the 
Atlantic; open circles, decreasing AOU and N:P. No data from the Arctic and lndian oceans were used. Cross in the North Atlantic marks position of the 
example profiles in Fig. 1. 
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At this point it is not clear what may have 
caused the observed trends. A possible explana- 
tion for the North Atlantic results could involve, 
for example, a combination of accelerated deep- 
water formation (19) and increasing anthropo- 
genic emissions of nitrous oxides (2). A transi- 
tion from N to P limitation in parts of the North 
Atlantic caused by higher atmospheric N input 
(4) might explain the results for G(AOU:P), 
G(AOU:N), S(C:P), S(C:N), and 6(N:P). How- 
ever, this would also imply increasing AOU. 

North Atlantic depends on the turnover time, 
which is the ratio of export production over the 
pool size of remineralized matter. We obtained a 
turnover time of about 40 years from export- 
production estimates (22, 23) and a pool size 
calculated from the present data set. It can be 
shown that this would imply a trend of about 2.5 
per mil per year in export-production N:P, 
equivalent to a change from 15 to about 16 over 
the 30 years covered by our analysis. 

In contrast to the North Atlantic, where 

and 
8(C:N) = S(C:P) - S(N:P) 
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S(N:P) = ([I  + G(AOU:P)]I[I + S(AOU:N)])- 1. 
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