Climate and Chlorophyll a: Long-Term Trends in the
Central North Pacific Ocean
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Since 1968 a significant increase in total chlorophyll a in the water column during the
summer in the central North Pacific Ocean has been observed. A concomitant increase
in winter winds and a decrease in sea surface temperature suggest that long-period
fluctuations in atmospheric characteristics have changed the carrying capacity of the

central Pacific epipelagic ecosystem.

N THE PAST DECADE THERE HAS BEEN
I an increasing scientific emphasis on

large-scale, “global” processes, recently
spawning several large-scale marine-oriented
programs. Understanding long-term tempo-
ral trends, on the scale of tens of years, is
critical to the design and interpretation of
these studies (1); yet, aside from selected
physical measurements at the ocean-air in-
terface, little is known of variations in the
major ocean basins on these scales. Recent
recognition of the importance of ocean-
atmosphere interactions has left us in the
ironic position of knowing more about the
association between near-surface conditions
in the North Pacific and crop production in
central North America than between near-
surface conditions and production in the
subsurface ecosystem.

The central North Pacific (CNP) is one of
the largest epipelagic environments (2), ex-
tending roughly 15 million square kilome-
ters. For more than 20 years, we have
studied the planktonic ecosystem of the
CNP. Preliminary surveys were conducted
in the region in 1964 and 1966, and inten-
sive sampling began in 1968. We have accu-
mulated one of the few long-term physical,
chemical, and biological data sets from an
open ocean environment. Of the biological
parameters, the most complete set is that of
chlorophyll a, an index of phytoplankton
biomass (3). We have documented a signifi-
cant increase in the amount of chlorophyll a
in the water column.

The chlorophyll data came from the re-
gion between 26.5° to 31°N and 150.5° to
158°W, the center of which lies about 650
km north of Hawaii. To avoid possible
seasonal effects, we have eliminated four
midwinter (January through March) data
sets from our analyses (4). The remaining
data were collected on 17 cruises between
May and October, representing 12 of the 19
years. During these months the euphotic
zone is thermally stratified and the phyto-
plankton exhibits the two-layered structure
characteristic of summer months (5). Chlo-
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rophyll a was extracted from discrete water
samples collected at 5- to 20-m intervals
above 200 m (6). Data have been integrated
vertically to estimate total chlorophyll a per
square meter. The data are often nonnormal
(7), and nonparametric analyses have been
used.

Since 1968, total chlorophyll a has nearly
doubled (Fig. 1). Because of our procedural
consistency (6), we are convinced that the
interannual changes in our chlorophyll a
data are not due to procedural bias. Our
data are insufficient to determine whether
the chlorophyll a increase has been continu-
ous over time (Kendall nonparametric cor-
relation of chlorophyll a and time: T = 0.70,
P < 0.01) or a more rapid change from a
rather stable mean value between 1968 and
1973 (95% confidence interval: 11.22 to
13.82 mg/m?) to a higher mean value since
1980 (19.83 to 24.25 mg/m?). Regardless,
chlorophyll a values since 1980 are signifi-
cantly greater than those before 1974 (rank
sum test, P < 0.001). Although, over small-
er scales of space and time, a factor of 2 is
not a remarkable variation in most marine
ecosystems, the persistence of high chloro-
phyll a concentrations in the CNP since
1980, contrasted with the relatively low
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heterogeneity within single years, makes this
increase highly significant. The change in
total chlorophyll a is primarily due to in-
creases in concentration and thickness of the
subsurface maximum layer, generally found
between 95 and 120 m (Fig. 2). During the
interval between 1968-1973 and 1980-
1985 the integrated chlorophyll a through
the 5-m stratum containing maximum con-
centrations increased from 3.32 to 6.50
mg/m* (P < 0.05). In contrast, chlorophyll
a in the near-surface layer (0 to 5 m) in-
creased only from 1.52 to 1.79 mg/m?
(P> 0.20).

Neither our other biological data nor our
nutrient data show a similar change over the
sampling period (8), but these data sets are
less complete than the chlorophyll set, mak-
ing changes more difficult to detect. Howev-
er, an extensive data set of other environ-
mental parameters routinely observed by
ships is available. These data provide a proxy
indication of changes in the upper ocean.
There is a marked annual cycle in atmo-
spheric activity over the North Pacific, with
the mid-latitude westerlies and storm tracks
reaching their most southerly extent in win-
ter. We have focused on winter (December
through February) as the season when at-
mospheric forcing most strongly affects a
communication between the near-surface
waters and those below. The sea level pres-
sure (SLP) field (9) and its spatial gradients
are good indicators of storminess and wind
over the ocean, and the seasonal mean of
SLP indicates the season’s overall conditions
(10). North of 25°N, average values of
winter SLP during 1980 to 1985 (high
chlorophyll years) were strikingly lower
than during 1968 to 1973 (low chlorophyll
years). This decrease was greatest to the
north of the study area, resulting in an
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Fig. 1. Observations of integrated chlorophyll a in the CNP. Bars indicate the 95% confidence intervals

of the mean £ * ¢

s*/n; the number of observations is shown above each bar. Winter values (open

squares) and values before 1968 are excluded from our analyses. Definitions: #, 97.5 percentile of #
statistic with # — 1 df; 5%, the variance of the observations.
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intensification of the north-south gradients
of SLP (Fig. 3), which can be interpreted as
an increase in the strength of the westerly
(west-to-east) winds. The difference be-
tween SLP fields between the two time
periods is highly significant. If the winds are
approximately ~geostrophic, the average
westerly winds over the sampling domain
were at least 3 m/sec stronger during the
winters of the 1980-1985 period. This local
difference is a symptom of a change over the
entire basin, from which we can infer more
vigorous storminess over much of the CNP.

Sea surface temperature (SST) differences
between the same periods (Fig. 3) show a
large area of cooler SST near the study site
and to the north and west of it during the
later period. Studies of SST changes on the
scale of decades have shown them to be
related to atmospheric conditions (11). The
maximum differences in SST lie along the

Fig. 2. Temporal change
of the vertical distribu-

zone of maximum enhanced westerly winds
and probably result from more active winter
storminess, which has been documented for
vigorous winters within the 1980-1985 pe-
riod (12). An 8-year trans-Pacific bathyther-
mograph survey between 30° and 50°N, the
region of strongest SST anomalies, shows a
negative temperature anomaly at 300 m
since 1979 (13). Our temperature data show
a cooling tendency (P ~ 0.20) throughout
the upper 100 m, but there does not appear
to be a concomitant change in salinity. The
mechanisms of increased latent and sensible
heat extraction from the ocean, north-to-
south Ekman drift, and wind mixing may
have played a role in cooling the upper
ocean (14). Time series of derived wind and
SST (Fig. 4) indicate that these properties
have varied significantly from year to year
and forcing mechanisms have probably op-
erated episodically.
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tion of chlorophyll a (in
milligrams per cubic me-
ter) in the CNP. Dots
indicate that one or
more samples were col-
lected from that depth.
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We postulate that these environmental
fluctuations have resulted in significant
long-term changes in the carrying capacity
of the CNP epipelagic ecosystem. In this
oligotrophic environment, the majority of
nutrients in the upper 150 m are bound in
organic material. Thus, an increase in the
standing stock of phytoplankton must result
from a reapportionment of nutrients among
organic components, from a decrease in
nutrient flux out of the euphotic zone, or
from an increase in nutrient input. The latter
would occur if increased surface cooling
combined with increased winter wind stress
to increase vertical mixing and enhance up-
ward transport of new nutrients into the
euphotic zone. Even if climatic forcing fac-
tors operate episodically, the biological con-
sequences appear to be more persistent.

During the summer, the concentration
and vertical distribution of chlorophyll a
observed at our study site extend through-
out the CNP (15). Also, SLP and SST
characteristics occur over very large spatial
scales (10). The increase in chlorophyll a
observed at our study site may represent an
increase in total organic carbon over an
enormous area. A clear description of these
large-scale fluctuations will only emerge
from more extensive, long-term environ-
mental and biological monitoring of surface
and subsurface parameters.

Our observations have important implica-
tions for a variety of other studies. The
increase in primary productivity reported by
the Plankton Rate Processes in Oligiotro-
phic Oceans (PRPOOS) study at our study
site (16) appears to reflect, at least partially,
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Fig. 4. Time series of anomalous west-to-east
component of surface winds (A) and SST anoma-
ly (B), centered on the study region [for (A), 20°
to 35°N, 140° to 170°W; for (B), 25° to 30°N,
150° to 160°W]. Winds were calculated from the
geostrophic formula applied to seasonal SLP dis-
tributions. Anomalies were calculated relative to
the base period from 1947 to 1972.
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true interannual differences rather than pre-
vious methodological bias. We need to re-
evaluate both the assumption of steady state
that underlies models of carbon or nutrient
flux through the euphotic zone and our
studies of community structure and dynam-
ics.
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Trophic Stimulation of Cultured Neurons from
Neonatal Rat Brain by Epidermal Growth Factor

RICHARD S. MORRISON,* HARLEY I. KORNBLUM, FRANCES M. LESLIE,

RaLPH A. BRADSHAW

Epidermal growth factor (EGF) is a potent polypeptide mitogen originally isolated
from the adult male mouse submaxillary gland. It also acts as a gastrointestinal
hormone. EGF-immunoreactive material has recently been identified within neuronal
fibers and terminals in rodent brain. In the present study, EGF was found to enhance
survival and process outgrowth of primary cultures of subneocortical telencephalic
neurons of neonatal rat brain in a dose-dependent manner. This effect was observed
with EGF concentrations as low as 100 picograms per milliliter (0.016 nanomolar)
and was dependent on the continuous presence of EGF in the medium. Similar effects
were observed with basic fibroblast growth factor, but several other growth-promot-
ing substances, including other mitogens for glial elements, were without effect. Thus
EGF, in addition to its mitogenic and hormonal activities, may act as a neurite
elongation and maintenance factor for select neurons of the rodent central nervous

system.

OLYPEPTIDE GROWTH FACTORS ARE

hormonelike agents that contribute

substantially to the regulation of both
hypertrophic and hyperplastic responses of
eukaryotic cells, particularly in vertebrates
(1). Neuronotrophic factors, a subset that
acts on neurons of the peripheral and central
nervous systems, primarily enhance neurite
outgrowth and maintain cell viability (2).
Nerve growth factor (NGF), a neuronotro-
phic agent with well-defined activity in the
peripheral nervous system (3), is synthesized
in the target region and acts via specific
membrane-bound receptors located on the
neuron (4). More recently, NGF has been
identified within the central nervous system
(CNS) and has been proposed to act as a
trophic factor for a particular subset of
neurons there (5). Other agents that act as
trophic factors for the diverse types of CNS
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neurons have been identified, but have not
been extensively characterized (2).
Epidermal growth factor (EGF) is a poly-
peptide mitogen for a number of cell types
(6). It inhibits gastric acid secretion, a find-
ing that has lead to the alternative designa-
tion, urogastrone (7). Recently, EGF immu-
noreactivity (8) and precursor messenger
RNA (mRNA) (9) have been identified
within the mammalian brain; the presence
of EGF within the CNS is, however, the
subject of controversy (10). EGF binding
sites occur in brain tissue (11), and EGF
stimulates the proliferation and differentia-
tion of glial cells (12). In the present study
we show that EGF also promotes the surviv-
al, and stimulates process outgrowth, of
neonatal rat CNS neurons in vitro.
Dissociated cell cultures were derived
from the subneocortical telencephalon of
neonatal rats (13); this region contains areas
that exhibit EGF immunoreactivity in the
adult (8). The addition of mouse EGF (10
ng/ml) to these primary cultures resulted in
a 15-fold increase in the number of surviv-
ing cells with a neuronal morphology (14)
(Fig. 1A and Table 1). EGF also increased
the number of processes and the degree of
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