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Oxygen Supersaturation in the Ocean:
Biological Versus Physical Contributions

H. CraiG aND T. HAYWARD

A method based on measurements of dissolved molecular nitrogen, molecular oxygen,
and argon can distinguish biological from physical contributions to oxygen supersatu-
ration in the ocean. The derived values of biological O, production can be used as a
check on estimates of total organic productivity measured by instantaneous rates of
carbon-14 assimilation. Application to the shallow summer O, maxima in the North
Pacific gyres shows that about 72% of the O, supersaturation maximum at 28°N and
about 86% of the maximum at 40°N are due to net photosynthetic production.

HE MAGNITUDE OF PRIMARY PRO-

duction in the world oceans is con-

troversial because of uncertainties in
the methods of estimating productivity in
the sea (1, 2). Central to this problem is the
comparison of organic productivity, mea-
sured by means of instantaneous '*C uptake,
with seasonal data on accumulation rates of
dissolved oxygen below the surface mixed
layer, and central to that comparison is a
knowledge of the relative proportions of
physical and biological contributions to oxy-
gen supersaturation. We discuss here the
development of the subsurface dissolved

Table 1. N,, O,, and Ar saturation anomalies (A)
for air injection and postequilibration potential
temperature changes in seawater at 15°C and a
salinity of 34 per mil. Row 3 gives the anomalies
resulting from mixing equal parts of 10°C, 34.5
per mil and 20°C, 35 per mil seawater. Row 4
compares the products of Bunsen solubility coeffi-
cients and molecular diffusion coefficients for N,
and O, in seawater at 22°C, to the same product
for Ar (10). Solubility equations of Weiss (11) are
used throughout.

Process N, 0O, Ar
Air injection 7.67% 3.75% 3.42%
(1 mlkg)
AT = 1°C 1.79%  2.00% 2.01%
Mixing (10° + 0.86%  0.98% 0.94%
20°)
(BD)/(BD) ar 0.38 0.90 1
(22°C)
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molecular oxygen (O;) maximum in the
North Pacific gyre during summer. Reid (3)
explained this maximum and its attendant
O, supersaturation as a virtual effect caused
by loss of O, from surface water by warming
and gas exchange, leaving an induced O,
maximum below. Shulenberger and Reid
(4) later pointed out that these processes
cannot account for the actual O, supersatu-
ration and proposed that the major cause is
photosynthetic production of O, below the
base of the shallow mixed layer. They also
concluded that productivity measured by
'C uptake in these waters was much lower
than values derived from O, production
rates, thereby initiating a debate that has
continued with vigor (5-9).

We describe here a technique for precise
determination of biological and physical
contributions to O, supersaturation that is
based on the use of dissolved argon (Ar) as a
biologically inert surrogate for oxygen. Our
method parallels a previous similar develop-
ment (10) for evaluating the contributions
of air injection and hydrothermal input to
oceanic helium concentrations based on the
use of dissolved neon (Ne) and Ar. In the
present work we use molecular nitrogen
(N3) and Ar saturation anomalies to derive
the contributions of air injection and net
photosynthetic production to the O, super-
saturation.

As in (10), we write the saturation anom-
aly for a gas as A; = (C/C*;) — 1, where C;

is the observed concentration and C¥*; is the
gas concentration at saturation equilibrium.
The saturation anomaly is the sum of the
effects of barometric pressure variations,
temperature changes in the water parcel
after atmospheric equilibration, air injection
(by downward transport of bubbles), and,
in the case of O,, a contribution, A;, from
the net photosynthetic production of O,:

Ai(%) = Ap — 100 (d InC*/dT) AT

+ (/Cx) a + A (1)
where Ap is the percentage deviation of
barometric pressure from 1 atm during
equilibration, AT is the potential tempera-
ture change of the water parcel after equili-
bration, x*; is the volume fraction of the gas
in dry air, and & is the amount of injected air
in concentration units. Although, in princi-
ple, measurement of three conservative com-
ponents, for example, N, Ar, and Ne, is
necessary to define the pressure, tempera-
ture, and air injection contributions, the
close similarity of Ar and O solubility pa-
rameters allows precise evaluations of the air
injection and A; terms for O, to be made
from measurements on N, and Ar. Table 1
compares the effects of air injection and
temperature changes on N,, O,, and Ar
saturation anomalies, together with the su-
persaturation in mixing due to the nonlin-
earity of C* versus T. The effects of O, and
Ar are essentially indistinguishable for these
processes. Also shown are the relative B:D;
products (defined in Table 1) that govern
the equilibration kinetics between bubbles
and solution for the various gases (10) and
that are also similar for O, and Ar. The
primary difference is the air injection coeffi-
cient for N, compared with that of Ar,
which can be used to evaluate the injected
air component from Eq. 1 for these two
gases:

2 = 0.235 (AN, — AAr) + 0.053 AT (2)

Scripps Institution of Oceanography, University of Cali-
fornia, San Diego, La Jolla, CA 92093.
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Table 2. Potential temperature (T), salinity (S), dissolved O,, and saturation anomalies for N, O,, and
Ar at ALCYONE stations 1 and 2. From these data are obtained the injected air component 4, the O,
anomaly due to biological effects (AO,),, and F, the fraction of the total O, supersaturation produced

by photosynthesis and respiration. LT, local time.

S

O
Depth T ” ) A0, AN,  AAr . 0 F
m co B W e % @ (802, Et
Station 1: 28°01'N, 158°00'W (1430 LT, 29 July 1985)

2 24.82 35.471 214 3.7 2.6 -1.8 0.90 5.1 1.39
55 23.54 35.403 229 8.6 29 2.1 0.18 6.4 0.75
58 23.28 35.395 231 9.1 4.5 2.8 0.35 6.2 0.68
61 23.14 35.388 232 9.0 3.4 2.2 0.24 6.7 0.74
63 22.54 35.374 232 8.3 4.3 2.3 0.41 5.8 0.70

Station 2: 39°50'N, 160°03'W (1300 LT, 31 July 1985)

1 18.27 33.736 246 5.1 52 1.1 0.96 3.6 0.72
20 15.81 33.710 266 8.3 3.9 2.2 041 5.9 0.72
27 14.78 33.708 278 10.8 4.5 1.3 0.76 9.3 0.86
32 13.87 33.712 288 12.7 5.3 14 091 10.9 0.86
82 10.56 33.830 265 ~-3.2 2.2 0.7 0.35 -4.0 1.26

*Injected air content, in milliliters (STP) per kilogram of seawater. Uncertainty for £1°C change in T is £0.04 ml/

kg.  TF; = (AO2),/(AOy) -
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Fig. 1. Temperature (T), O, concentration, and O, saturation profiles at two stations in the upper
waters of the North Pacific at 28°N (A) and 40°N (B) during leg 2 of the ALCYONE Expedition in
August 1985. Composite data from five hydrographic casts over 10-hour periods at each station are
plotted. The subsurface O, extrema are summer features that develop below the surface mixed layer
between extrema of primary productivity (measured by instantaneous *C uptake) and of chlorophyll

concentration (4).
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in which the numerical coefficients (0.235
and 0.053) are derived from the tabulated
15°C data (11). At 23°C these coeflicients
are, respectively, 0.207 and 0.034, so that
over the range of temperatures we are con-
cerned with, a 1°C postequilibration AT
produces errors of only ~0.04 ml at stan-
dard temperature and pressure (STP) per
kilogram in the calculation of the injected air
component. -

The (O, — Ar) supersaturation differ-
ence, from Eq. 1, is

(AOZ - AAI‘) = AJ + k1ﬂ + szT (3)

in which the 15°C coefficients are k; = 0.33
and k= —0.014 (Table 1). At 23°C,
ky = +0.016, so that in the range from 15°
to 23°C even a 10°C postequilibration AT
produces an uncertainty of only —0.14 to
+0.16% in the estimation of the O, produc-
tion term A;. Thus the effects of temperature
changes in the water column are always
insignificant for the evaluation of the air
injection and biological O, components.
When we evaluate the air component from
Eq. 2, the biological contribution to the O,
supersaturation in terms of the total N», O,
and Ar saturation anomalies is

(AOz)J = (AO2 - AA[‘)

~ 0.08 (AN, — AAr) (4)

in which the numerical coefficient varies
from 0.078 to 0.081 over the range of
T = 15° to 23°C, and the contribution of
the (N; — Ar) term is therefore always of
second-order significance. ¢

Our study of the subsurface O, supersatu-
ration was carried out on leg 2 of the
ALCYONE Expedition, at two stations in
the North Pacific along ~160°W. Figure 1
shows the measured temperature, O,, and
O, saturation profiles. The subsurface maxi-
ma in both O; and AQ; lie just below the
base of the isothermal surface mixed layer,
with the higher values of both concentration
and supersaturation occurring to the north
(4). At 28°N (Fig. 1A) we observed a
maximum AO, of 9%, compared with previ-
ously observed values of ~12% (3, 4, 12).
At 40°N (Fig. 1B) the values of AO, range
up to 13%, less than the values of 20%
described by Reid (3). Samples were collect-
ed in 5-liter Niskin hydrographic bottles,
and O, was measured by titration (13).
Samples for dissolved gas measurements
were drawn from the Niskin bottles into 50-
ml evacuated glass flasks and returned to the
laboratory for analysis by gas chromatogra-
phy (GC). We used a concentric dual-col-
umn technique in which all three gases
could be measured without changing col-
umn temperature during the elutions (14),
thus providing maximum precision for the
Ar data.

SCIENCE, VOL. 235



The hydrographic data and N;, O, and
Ar saturation anomaly values are listed in
Table 2, together with the derived quantities
of # and the “biological” saturation anom-
aly (AOy)y, as calculated from Egs. 3 and 4.
The saturation anomaly differences for
(O, — Ar) are plotted against those for
(N, — Ar) in Fig. 2, which is similar to the
He-Ne-Ar plot used previously to evaluate
the “excess. He” component in deep waters
(10). The vector for air addition lies close to
the abscissa because of the large effect of air
injection on N, supersaturation relative to
the essentially identical effects on O, and Ar
(Table 1). The net O, supersaturation due
to photosynthesis and respiration corre-
sponds to the increment of (AO; — AAr)
above the air injection line. As noted, the air
injection slope is so close to zero that the
value of (AO,); is essentially equal to (AO,
— AAr). The maximum contribution from
the (AN; — AAr) term in Eq. 4, in samples
from the subsurface O, maximum is 0.16%
in the 63-m sample from station 1. At this
depth the total biological saturation anoma-
ly, (AOy);, is 5.8%, so that the (AN, —
AAr) term in Eq. 4 is only 0.03 of the
calculated value of A;. In the other samples
from the subsurface maximum the fractional
contribution ranges from 0.01 to 0.027 of
the total A;. The N, analyses are therefore
useful for measuring the injected air compo-
nent but are not essential for the calculation
of the A; values in this region of the North
Pacific (15).

The derived (AO,), values in Table 2 are
quite consistent. At 28°N (station 1) the
samples were taken over a range of 8 min a
broad O, maximum centered at ~60 m. The
O, concentrations are essentially constant
(range, 3 wM), and the biological contribu-
tion (AOy); is 6.3 = 0.4%, which is 68 to
75% (average, 72%) of the total O super-
saturation as shown by the F, values in
Table 2. At 40°N (station 2) the subsurface
O, maximum is much sharper, and within
the range sampled (20 to 32 m) the O,
concentration increases downward to the
maximum of ~8%. About half this increase
is due to the enhanced solubility with the
2°C decrease in T' (Table 1), and about half
is due to the increase in (AO,),, the produc-
tion term, from 5.9 to 10.9% at the O,
maximum. The (AO,); values at the maxi-
mum, 9.3 to 10.9%, are the largest we
observed, and they correspond to the maxi-
mum observed biological fraction: F;=
86% of the total O, supersaturation. Thus
the maximum supersaturation and maxi-
mum (net) biological production of O, ap-
pear to be correlated, at least in the small
data set presented here. Between the O,
maximum, at 82 m, the negative value of
AQ; is due to consumption of O, by respira-
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Fig. 2. The saturation anomaly difference for
(O; — Ar) plotted against the (N, — Ar) differ-
ence. Sample depths (in meters) are shown next to
the points. The line labeled “Air” is the vector for
addition of air to saturated seawater at 20°C; for
a=1 ml (STP) per kilogram of seawater, the
magnitudes of the vectors at 15° and at 23°C are
indicated. For a given (N, — Ar) difference the
net O, saturation anomaly due to photosynthesis
and respiration (AO,), is given by the value of
(AO, ~ AAr) relative to the air injection baseline.

tion, an effect that is greater than the net O,
anomaly (F, > 1).

Because the biological contribution is the
dominant source in the O, maximum, the
Ar saturation anomaly will normally show
much less variability with depth, so that
mixing with waters from above and below
will tend to reduce the calculated value of F;
together with the O, saturation anomaly
and concentration at the maximum. The
calculated parameter F; must therefore be

considered as a lower limit, in the same way .

as the measured values of AO; and O,, and
synoptic observations are always necessary
to establish the extreme values.

Our results do not contribute directly to
the comparison of oceanic productivity mea-
sured by seasonal O, production and by *C
uptake because of the uncertainties in aver-
aging O, supersaturation over depth and
time and in relating "C uptake rates to net
O, evolution (4-9). However, the seasonal
O, accumulation calculations by both inter-
pretations are based on the same data with a
mean AO, of 8.5% at 28°N in the central
gyre. Platt (5, 9) assumed that air injec-
tion accounts for 3.5% of AO,, that is,
E; = 0.59. Reid and Shulenberger (8) used
a total AO, anomaly of =8.5% for their
comparison with carbon uptake. Our data
from 28°N suggest that the injected air
component at the O, maximum in this
latitude amounts to ~0.33 mlkg, corre-
sponding to AO; = 1.5%. Another 1.5% is
contributed by the combined (Ap + Ar)
terms, which with (AO,); at ~6.3% pro-
duces a total O, supersaturation of ~9%
(Table 2). Our mean (AO,); value at 28°N
is intermediate between the values adopted

by the two groups (4, 8) and (5, 9), and
somewhat closer to the lower estimates.

An important problem concerning bio-
logical productivity in the North Pacific
gyre can now be stated: per kilogram of
secawater with a mean (AQOj); of 6% at
28°N, we observe an accumulation of 13
uwM of O, in the ~100 days or less since
stratification (8). To support this O, pro-
duction, we require a biological uptake of at
least 1 to 1.5 uM of N and ~0.06 to 0.094
M of P, using the nominal proportionali-
ties. These N and P requirements cannot be
satisfied by seasonal changes in NO; ™ and
PO,*", since the average concentrations of
these two species at and below the O,
maximum are less than 0.2 and 0.04 nM/kg,
respectively, and they do not vary with the
season (16). These nutrient requirements
must be maintained by vertical mixing, al-
though it is difficult to understand the
mechanism  that transports nutrients
through a region of essentially zero concen-
tration extending well below the summer O,
maximum.

Our purpose, however, is not to resolve
the productivity controversy, but to intro-
duce a method that can unambiguously de-
fine the relative effects of biological and
physical contributions to O, supersatura-
tion. The use of this technique to record O,
concentration changes, together with fur-
ther synoptic observations on oxygen and
nutrients in the upper layers of the sea, will
contribute to a realistic evaluation of the
primary productivity of the oceans.
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Identification of a Juvenile Hormone-Like Compound

in a Crustacean

H. LAUFER, D. Borsr, F. C. BAkER, C. CARRASCO, M. SINKUS,
C. C. REUTER, L. W. Tsar, D. A. SCHOOLEY

Juvenile hormone (JH) has central roles in the regulation of insect development and
reproduction but has not previously been identified in other arthropod classes. The
hemolymph of a crustacean, Libinia emarginata (Leach), has now been analyzed for
JH-like compounds. Samples contained 0.003 to 0.030 nanogram of JH III per
milliliter and 10 to 50 nanograms of methyl farnesoate per milliliter; methyl farnesoate
is a compound structurally related to JH III that has JH bioactivity. Several tissues
were examined for synthesis and secretion of JH-like compounds. Of these tissues,
only the mandibular organs produced and secreted JH III and methyl farnesoate.
However, microchemical analysis revealed that this JH IIT was racemic, and thus likely
an artifactual oxidation product of methyl farnesoate. Secretion of methyl farnesoate
was related to reproduction in females, with the highest rates observed in Libinin near
the end of the ovarian cycle when oocyte growth and vitellogenesis are greatest. These
results indicate that JH-like compounds such as methyl farnesoate have regulatory

roles in crustaceans.

HE JUVENILE HORMONES (JHS) ARE

a family of sesquiterpenoid com-

pounds that regulate both metamor-
phosis and gametogenesis in insects (1).
With the discovery that ecdysteroids regu-
late molting in both insects (2) and crusta-
ceans (3) investigators have speculated that
Crustacea might also contain a compound
related to JH. This possibility is supported
by the detection of JH biological activity in
extracts of crustacean eyestalks (4) and data
on the effects of synthetic JH analogs on
crustacean metamorphosis and reproduction
(5-8). These results have proven difficult to
interpret, however. For example, a number
of compounds that occur widely in nature
have JH activity in bioassays. Thus, the
juvenilizing activity found in crustacean ex-
tracts (or vertebrate and plant extracts) has
generally been attributed to the presence of
such compounds (9). Likewise, the high
concentrations of JH analogs used in many
studies with crustaceans suggest that the
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observed responses may be nonspecific toxic
effects.

In an attempt to identify a crustacean JH
directly, we obtained hemolymph from
three groups of adult spider crabs (Libinia
emarginatn): females, males, and males from
which eyestalks had been removed. Acetoni-
trile extracts of these samples were processed
(Fig. 1) and analyzed by gas chromatogra-
phy—mass spectrometry (GC-MS) with se-
lected ion monitoring (10). Extracts exhibit-
ed peaks at mass-to-charge ratios (m/z) of 76
having the same retention time as the ds-
methoxyhydrin derivative of JH III (Fig. 1,
A and B), but no substance was detected
consistently at m/z 90 with a retention time
identical to that of the corresponding deriv-
ative of JH 0, JH I, or JH II. Furthermore,
we were able to detect JH III acid (Fig. 1C)
in the samples by using a modification of the
methodology described by Bergot et al. (10)
(see legend to Fig. 1).

We also analyzed hemolymph samples for

methyl farnesoate (MF), a compound struc-
turally similar to JH III but lacking the
epoxide moiety (see structures). MF is pro-
duced by the corpus allatum of some insect
species (11-13), has JH activity (12-14),
and may function as a JH at some develop-
mental stages (12, 13). GC-MS analysis of
these samples revealed the presence of a
material eluting with the same retention
time as MF and exhibiting peaks at m/z 69,
114, and 121 (Fig. 2) in the ratios character-
istic of this compound.

/MOLO ~

Methyl (2E,6F )-farnesoate

(o]
/WLOR
[e]

(10 R ) Juvenile hormone Ill (R = CH3)
(10 R) Juvenile hormone il acid (R = H)

The concentrations of JH-like com-
pounds in the above hemolymph samples
are shown in Table 1. The relative concen-
trations of these compounds were similar in
each group, with MF exceeding JH III by
about a factor of 1000. The lowest concen-
tration of MF and related compounds was
found in adult females; these compounds
were present in about three times this con-
centration in hemolymph of adult males.
The highest levels of these compounds (five
to ten times that of the concentrations in
adult females) were observed in males from
which eyestalks had been removed 14 days
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