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The denitrified low oxygen zone in Early Paleozoic oceans is proposed as a potential habitat of planktic
graptolites. Modern analogs of this zone are found in the eastern tropical Pacific (ETP) and in the north-
ern Arabian Sea as shallow regions, up to a 100 meters thick, at the top of the pycnocline. There, oxygen
is low or undetected and hydrogen sulfide has not been found. In modern oceans, denitrification regions
are limited vertically and horizontally as oxygen is replenished from below by ventilated deep waters. In
the Early Paleozoicocean, the denitrification layer would be global due to poor deep ventilation. It would
be transitional between oxygenated surface waters and toxic sulfide-rich water. Many branched graptolites
could have evolved when the denitrified waters were in or close to the photic zone, feeding on the abun-
dant phytoplankton attracted to both light and nutrients. As this zone sank below the photic zone, grapto-
lites who developed planktic mode of life could have migrated daily toward the food supply, similar to
euphausiids in the modern ETP. Thus the changes in graptolite rhabdosomes from pendent to scandent
and from many branched to biserial and uniserial are suggested as adaptations to assist vertical migration
and feeding. With the continued ventilation of the oceans and the shrinking of the denitrified layer, grap-
tolite extinction could have resulted as a combination of reduction in food supply and living space, in-
creased predation from the then evolving fish and ammonites, and competition in the zooplankton niche
from smaller (less visible) and more motile forms.
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Group, University of California, Berkeley, CA 94720, USA, August 29th, 1985.

Introduction

Bulman (1970:V91) observed that graptoloid
graptolites occur predominantly in dark mud-
stone and shales that are “devoid of almost any
other fossils, and that this occurrence constitutes
the ‘graptolite facies’”. Erdtmann (1982) pointed
out that the preservation in graptolites of delicate
peridermal structures suggests that both the liv-
ing conditions and their sites of fossilization were
removed from vigorous wave action and from
highly oxygenated bottom waters which would
have supported active predators and scavengers.
This view is supported by the evidence that black
graptolitic shales and mudstones commonly are
characterized by finescale laminations, the ab-
sence of evidence of bioturbation, and locally a-
bundant pyrite (Pettijohn, 1975:282). Bulman
(1970), in his analysis of the environmental con-
ditions under which the “graptolite facies” accu-
mulated, suggested that “the essential condition
is the complete lack of bottom circulation so that
dissolved oxygen, soon exhausted, cannot be re-

plenished; while a high proportion of decaying
organic matter may be contributed by animal and
plant remains falling from superficial aerated
layers”. Bulman (1970:V93) concluded that “it is
a safe generalization that typical graptolite shales
represent conditions more or less inimical to bot-
tom life, and that graptolites owe their distinc-
tively wide geographic distribution to their super-
ficial drifting mode of life”. This view concerning
graptoloid graptolite mode of life and occurrence
has been accepted since originally proposed by
Hall (1865). The available evidence from grapto-
loid graptolite occurrences suggests that these
graptolites were most abundant in warm, perhaps
tropical to sub-tropical, waters and that most ap-
pear to have floated in waters over the outer
parts of the shelves or platforms (Berry, 1979).
Recently, Berry and Wilde (1978) and Wilde
and Berry (1982, 1984) applied fundamental con-
cepts of physical and chemical oceanography to
distinguish the oceanic conditions which could
lead to the development of widespread dark, or-
ganic-rich mudstones and shales typical of the
graptolite facies discussed by Bulman (1970).
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They concluded that the Early Paleozoic oceans
were anoxic beneath the suface wind-mixed and
oxygenated layer during globally warm climates.
During the Late Ordovician glacial interval and
late Early Devonian cool climates, the waters be-
low the pycnocline probably were ventilated by
deep circulation driven by cold waters sinking at
high Iatitudes similar to the circulation seen in
the modern ocean. In their review of mechanisms
that create anoxic conditions in the oceans, De-
maison and Moore (1980) supported Berry and
Wilde’s (1978) view that the organic-rich black
shales of the Early Paleozoic formed in anoxic
waters beneath an aerated surface mixed layer.

Modern analogs of oceanic environments in
which sediments similar to those of the graptolite
facies could accumulate necessarily are limited in
extent due to the well-ventilated and relatively
rapid circulation in the present open ocean
(Munk, 1966). Local anoxic conditions related to
poor circulation are found in the Cariaco Trench,
the Gotland Deep, and various fjords (Richards,
1965, Deuser, 1975, Glasshof, 1975).

There are, however, areas of the modern open
ocean transitional between oxic and anoxic wa-
ters which may be analogs of the living conditions
under which the graptolite biofacies developed.
The assumption is made that many types of grap-
tolites must have lived in the open ocean at a
depth'in close proximity to the zone of their fos-
silization. Modern transitional areas include two

parallel lobes flanking the equator in the eastern
tropical Pacific (ETP) and the northern Arabian
Sea in the Indian Ocean, where the oxygen mini-
mum zone is both shallow and oxygen values are
very low to undetectable, when compared with
the typical open ocean (fig. 1). Oceanic condi-
tions in these modern warm seas include not only
warm but also highly productive surface waters, a
relatively steep and shallow pycnocline, and an
oxygen minimum zone with oxygen values as low
as 0.25 ml/ to undetectable (Brinton, 1980). The
physical characteristics of the most extensive of
such regions in the ETP have been described by
Wooster and Cromwell (1958) and Wyrtki
(1967). Unlike conditions in the Early Paleozoic
ocean, the deep waters below the dysaerobic wa-
ters are well oxygenated so that the oxygen minj-
mum zone is prevented from becoming anoxic by
vertical advection of oxygen. The modern areas
of declining oxygen values at shallow depths just
below the surface mixed layer would be the anal-
ogs of the upper part of the Paleozoic water col-
umn above the anoxic zone.

Chemical oceanography of the eastern
tropical Pacific lobes

“At low latitudes, the eastern Pacific Ocean is
characterized by a permanent, often shallow, and
geographically extensive oxygen minimum. The
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Fig. 1. Hachured regions show the distribution of modern marine waters with oxygen content less than 0.4 milliliters per liter (after
Deuser, 1975). Characteristic species endemic to oxygen-poor waters in the eastern tropical Pacific (after Brinton, 1980). Projection is

Goode’s Homosline equal-area, copyright, University of Chicago.
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minimum is thickest, comes closest to the sur-
face, and is most depleted of oxygen within two
tongue-like projections lying north and south of
the equator (Wyrtki, 1967). In regions of coastal
upwelling, nearly anoxic water from this mini-
mum can reach within a few meters of the sur-
face” (Judkins, 1968). The value of oxygen falls
so low that it is essentially undetectable in the
core of the oxygen minimum zones in these wa-
ters (Wyrtki, 1967, Brinton, 1980). However, hy-
drogen sulfide has not been verified here (An-
derson et al., 1982). Devol (1978) found that oxi-
dation by oxygen ceases in sea water at oxygen
values below 0.22 mV/1. This means there is a zone
in which oxygen can be detected but is not used
chemically as an oxidant. Thermodynamically,
(Stumm and Morgan, 1970; Curtis, 1983: 271-
273) oxidation of organic matter will continue be-
low such oxygen values by reduction of nitrate,
As oxygen diminishes from the margins of the
oxygen-deficient water to its core, nitrate re-
leased by oxidation of organic matter in the sur-
face aerated mixed layer is reduced to nitrite and
molecular nitrogen (Richards, 1965), Goering,
1968, Anderson, 1982). After the depletion of ni-
trate, the denitrification zone (Anderson et al.,
1982, Mullins, Thompson, McDougall and Ver-
coutere, 1985) would be followed in the thermo-
"dynamic sequence by a zone in which nitrite is re-
duced. In the ETP, however, this step does not
occur because oxygen is advected from below

(fig. 2) reoxidizing nitrite to nitrate and replacing
nitrate as the oxidizing agent of organic matter.
Anderson (1962) suggested that nitrite is oxi-
dized back to nitrate, primarily by bacterial ac-
tion, at the top of the oxygen minimum zone.
The presence of active nitrogen compounds’
which inhibit sulfate reduction and the gener-
ation of hydrogen sulfide explains the general ab-
sence of toxic hydrogen sulfide in the oxygen-
deficient waters of the modern open ocean.

Biological activity in modern oxygen
minimum zones

Phytoplankton

Mullins et al. (1985:491) stated that: “little is
known about biogeochemical boundary transi-
tions from well-oxygenated to oxygen-deficient
environments”. Their study of the oxygen mini-
mum zone produced by local coastal upwelling
off central California near Point Sur revealed
“that the edges or boundaries of the oxygen mini-
mum zone are ‘hot spots’ of increased biogeo-
chemical activity”. Holligan, Williams, Purdie
and Harris (1984) cite dinoflagellate blooms in
similar types of waters on both the Peruvan and
West African coasts. Anderson (1982) and An-
derson et al. (1982) discussed the chemistry of

Oxygen Minimum Zone Off Peru
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Fig. 2. Oxygen, Nitrate, Nitrite profiles in the oxygen minimum zone and adjacent waters in the eastern tropical Pacific off Peru.

Values in micromoles per kilogram (after Anderson et al., 1982).
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the nitrite-oxygen interface at the top of the ETP
oxygen minimum zone. Based on that data, Mul-
lins et al. (1985) suggest that bacteria in the oxy-
gen minimum zone “reduce biologically usable
nitrate to nitrate and part of the nitrite to mol-
ecular nitrogen via the denitrification process”.
Anderson (1982) indicated that some usable ni-
trate will diffuse away from the oxygen minimum
waters to be oxidized back to usable nitrate at the
oxygen-minimum zone interface with the mixed
layer. This nitrogen recycling results in an in~
crease in the amount of biologically useful: (1) ni-
trate and nitrifying bacteria in the boundary of
the oxygen minimum zone and (2) dinitrifying
bacteria in.the core of the oxygen-deficient wa-
ter. Mullins et al. (1985) concluded that such wa-
ters “may be preferred sites of increased biologi-
cal activity because of greater nutrient concen-
trations plus larger food supplies in the form of
bacteria”. This conclusion is consistent with that
of Holligan et al. (1984) who suggested that high
rates of nitrogen availability results in dinoflagel-
late blooms; and it is corroborated by the pres-
ence of bacterial mats at the oxygen poor water-
sediment interface under coastal upwelling sys-
tems. :

Eppley, Holm-Hansen and Strickland (1968)
found that certain species of the dinoflagellate
Gonyaulax migrate vertically daily to seek am-
monia at depth in preference to the more near-
surface available nitrate. Holligan et al. (1984)
noted that zooplankton may play a significant
role in recycling ammonia at depth. They found
in coastal waters off west Africa that zooplankton
contribute more than forty percent of the ammo-
nia required by phytoplankton. Thus, data from
oxygen minimum zone under upwelling regions
in the modern ocean, indicates that nitrogenous
compounds forming at the margins of oxygen-
depleted waters may be an important source of
nutrients and contribute to even higher rates of
biological productivity in these waters.

Zooplankton and Nekton

Brinton (1980) reviewed euphausiid distribution -

in the ETP, drawing attention to certain species
that are endemic to these waters as well as to spe-
cies that occur in waters of lowest oxygen con-
tent. Both Brinton (1962, 1980) and McGowan
(1971) suggested that the zooplankton in the ETP

constituted a distinct biogeographical provincial
fauna within the Pacific Ocean. Brinton (1962,
1980) cited particularly four euphausiid species
that are endemic to these waters. Ebeling (1962)
indicated that a distinctive fish fauna inhabits
ETP waters, and suggested that the ETP fish
fauna comprises one of the four major zoogeo-
graphic divisions of fish in warm tropical waters.
Brinton (1980:126) suggested that the ETP does
comprise a distinctive biogeographical province
because of its “temporal stability in the extreme
environmental features combined with high nu-
trient availability particularly where the thermo-
cline ridges”.

Brinton (1980) emphasized the importance of
euphausiids as constituting the numerically most
abundant zooplankton in ETP waters. This con-
firmed the work of Blackburn, Laurs, Owen and
Zeitschel (1970) who found euphausiids to be the
most prominent zooplankton in their examin-
ation of tuna foraging in ETP waters. Holmes,
Schaefer and Shimada (1957), Reid (1962) and
Banse (1964) reviewed primary productivity and
faunal occurrence data for ETP waters and con-
cluded that both phytoplankton and zooplankton
were abundant in them. Organisms seem to occur
abundantly in these waters as a consequence of
both high temperatures and high nutrient avail-
ability.

Longhurst (1967) analyzed zooplankton that
occur in waters at the northen margin of the ETP.
In that area, whole populations of copepods and
euphausiids migrate vertically daily, spending the
daytime in waters with an oxygen content of
about 0.25 mU/1. Brinton (1980:191) found some
species spend most of their lives in oxygen-poor
waters. Other species live almost exclusively on
the margins of the oxygen-poor zones. Even
other species concentrate symmetrically above or
below oxygen-deficient waters. Brinton (1980)
described two modes of euphausiid adaptation to
the presence of the oxygen-poor water: active
vertical migration in and out of oxygen-poor wa-
ters, and avoidance of the oxygen-poor waters by
non-migrators. The euphausiid species that Brin-
ton (1980:180) “designated ‘equatorial endemics,
ETP adapted’” spend the day at depths of 200 to
400 meters in oxygen-deficient waters, but at
night, they move vertically upward as much as

_ 300 meters to alleviate the oxygen debt they in-

curred during the day. Eupausia distinguenda is
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especially abundant and localized is oxygen-def-
icient waters (fig. 1). Certain species that live for
considerable periods of time in oxygen-deficient
waters have been studied in the laboratory. Teal
and Carey (1967) showed that Euphausia mucro-
nata could respire in waters in which oxygen is
barely detectable. Studies of the mysid crust-
acean Gnathophausia ingens (Childress, 1968) in-
dicated that this planktic predator could regulate
its oxygen consumption so effectively that it can
swim in waters with oxygen values as low as 0.14
to 0.20 ml/1.

Benthic organisms

Figure 3, based on modern observations in the
southern lobe of the ETP off Peru and Chile
(Coles, in Menzies, George and Rowe,
1973:145), shows the area of intersection of the
denitrification zone and the sea floor is inhabited
by holothuroids, snails, and alcyonarians. Gal-
lanos (1963) characterized this area as “semi-
abiotic” with no wholly infaunal life and with
sediment containing hydrogen sulfide and fish
scales and bones. The largest benthic biomass,
here, was 49.46 g/m® at the top and 28.5 g/m’® at
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the base of the oxygen minimum zone, with a
minimum value of 6.5 g/m® at the core of the oxy-
gen-depleted zone (Menzies et al., 1973:66). This
parallels the relatively high organic concentration
at the boundary of the oxygen minimum zone
noted in the phyto- and zooplankton distribution.

Douglas (1981) and Mullins et al. (1985) found
the sea floor intersected by the less extreme oxy-
gen-minimum zone under the area of coastal up-
welling along the central California coast to be
inhabited by polychaetes and bolivined foramin-
ferans. Douglas (1981) noted that the bolivinids
living on “bottoms where oxygen values are’ be-
low 0.3 ml/1” are large, have thin-walled tests,
and posses a high surface to volume ratio. Go-
vean (1980) recorded the presence of similar boli-
vinids in dark, organic rich shales of the Miocene
Monterey Formation in California.

Chemical oceanography in the Lower
Paleozoic

Today, the denitrification zone is found off
shores with steep slopes (fig. 2). Consequently,
the interval of intersection of the denitrification

Distribution of Benthic Organisms with Depth
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Fig. 3. Faunal distribution with depth in the eastern tropical Pacific off Peru (after Coles, in Menzies et al., 1973). Width of pattern of
each group represents relative abundance with depth. Oxygen minimum zone (OMZ) shown in black.
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zone with the sea floor is narrow. In the Early
Paleozoic, the denitrification zones and subse-
quent anoxic zones, including sulfate reduction
zones, could have spread widely over the outer
margins of the continental shelves (fig. 4). Ac-
cordingly, the area of intersection could have ex-
tended into relatively near shore, shallow set-
tings. Berry and Wilde (1978), Erdtmann (1982),
and Wilde and Berry (1982, 1984) suggested that
the expansion of anoxic waters during warm,
equable climatic intervals could explain the glo-
bal extensiveness of the graptolite facies. A posi-
tion of the top of the denitrification zone at about
100 meters beneath the oxygenated mixed-layer
also would explain the absence of nearly all shal-
low water dwelling organisms in graptolite-bear-
ing shales. With no deep ventilation then, the
proximity of the denitrification zone to the zone
of sulfate reduction could explain the preserva-
tion of delicate graptolitic rhabdosomal struc-
tures. With such anoxic stratification of the
ocean, dead graptolites particularly those in or
near the denitrification zone, would sink into the
lower anoxic zones which would have been de-
void of all but bacterial scavengers. As Judkins
(1980) noted, in the ETP during upwelling, es-
sentially anoxic waters almost reach the surface.
Upwelling from anoxic zones in the Paleozoic
ocean containing ammonia, methane, and hydro-
gen sulfide, are likely to have produced mass kills
in superjacent waters. Such toxic upwelling may
be reflected in the geologic record by local abun-
dance of graptolite rhabdosomes concentrated on
single bedding planes.

Erdtmann (1982) identified three graptolite
sedimentary facies for dictyonemids. These facies
may reflect the intersection of the anoxic zones
with the sea floor (Fig. 4). Erdtmann’s (1982)
facies and their anoxic zonal equivalents are: (1)
-glauconitic ~ denitrification layer — life assem-
blage (benthic forms); (2) brown bituminious —
non oxic and non sulfidic layer — death assem-
‘blage; and (3) black shale/pyritic — sulfidic layer -
death assemblage.

Potential biotopes for graptolites
The patterns in zooplankton occurrence cited by

Brinton (1980) within and in the vicinity of the
oxygen-poor waters of the ETP may provide

clues to planktonic graptolite habitats. Grapto-
lites could have been the resident zooplankton in
waters similar to those of the modern ETP. The
major difference would have been that in the
Lower Paleozoic due to the residual anoxic layer
(Berry and Wilde, 1978), waters would have been
anoxic below the oxygen-depleted (denitrifica-
tion) zone now found in the core of the oxygen
minimum zone in the ETP.

The planktic graptolites could have been segre-
gated in patterns similar to those of the zoo-
plankton of the ETP. Some graptolites appar-
ently lived in the mixed layer as they are found in
association with benthic invertebrates in the shal-
low shelf shelly biofacies. Other graptolites may
have lived in the base of the mixed layer, in the
region of declining oxygen values above the de-
nitrification zone. A few may have lived exclu-
sively in the denitrification zone. Brinton (1980)
suggested that the long-term stability of condi-
tions found in the ETP, such as high productivity
and a shallow pycnocline resulting from essen-
tially permanent planetary upwelling and fixed
circulation patterns astride the equator, led to
the development of the unique zooplankton
found there. The equatorial location is also rela-
tively insensitive to seasonal and long-term tem-
perature fluctuations observed in higher lati-
tudes. Physically and chemically similar waters
are found elsewhere, such as in the northern Ara-
bian Sea (Qasm, 1982). However, such waters
lack the distinctive and abundant zooplankton
found in the ETP (Brinton, 1980). This may be
caused by the seasonality of oceanographic con-
ditions and thus the lack of annual stability in the
nutrient supply. .

The mode of life of some planktic graptolites
has been postulated by interpretations of rhab-
dosomal structures. Apical vesicles on Dictyo-
nema flabelliforme have been considered as
buoyancy structures (Stormer, 1933, 1935, and
Bulman and Stérmer, 1971). Kirk (1979) pro-
posed that vane-type structures seen in certain bi-
serial scandent forms are used for active vertical
mobility. Crowther and Rickards, 1977)- sug-
gested, however, a more passive role for such
structures. The modern tunicate Pyrosoma spin-
osum moves laterally by co-ordinated pulses of
feeding currents along the colonial tube (Grace,
1971). Some graptolites might have functioned
similarly. The combination of positive buoyancy
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structures with pulsative motive power would
have the potential for vertical mobility similar to
that shown today by the deep scattering layer or-
ganisms (Hersey and Backus, 1962).

Graptolite adaptation to the
denitrification zone

Comparison of graptolite occurrences and infer-
_ red conditions for the graptolite biofacies with
modern physical, chemical, and biological ocea-
nographic analogs suggests that graptolites lived
closely associated with oxygen-deficient or de-
pleted zones similar to those found in the modern
'ETP. In addition, oxygen-deficient waters under
seasonal upwelling areas, such as off California,
offer potential analogs for the development of
_non-tropical species. Today, these waters contain
increased concentrations of reduced nitrogen
compounds such as ammonia which are preferred

by phytoplankton over more oxidized forms of
nitrogen (Eppley, Rogers and McCarthy, 1969).
These waters contain abundant zooplankton
populations presumably feeding on the large
phytoplankton floras. During the warm and equi-
table climates of the Early and Middle Ordov-
ician and most of the Silurian, conditions in the
mixed layer similar to those found in the modern
ETP were widespread. The global extent and
long duration of these conditions (tens of millions
of years) provided a longterm stability for adap-
tation and development of distinct graptolite fau-
nas. Certain graptolites could have provided am-
monia for recycling by phytoplankton like. mod-
ern euphausiids (Eppley et al., 1969; Holligan et
al., 1984). Other graptolites may have simply
grazed the phytoplankton localized there.
During the Early Paleozoic, in the base of the
mizxed layer, the occurrence of transitional anoxic
oceanic layers between the surface well-oxygen-
ated waters and deeper anoxic and sulfidic waters’
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would have inhibited respiring infaunal organ-
isms by the development of toxic sulfidic condi-
tions a few millimeters beneath the water-sedi-
ment interface.- The rapid decline in the redox
potential in sediment results from a greater con-
tent of organic matter in sediment than in the wa-
ter column (see Frolich, Klinkhammer, Bender,
Luedtke, Heath, Cullen, Dauphin, Hammond,
Hartman and Maynard, 1979 and Berner, 1980
for the redox sequence in marine sediments).
This is caused in oxygen-depleted waters by the
short residence time in the water column of much
of particulate organic matter (Smayda, 1970,
Shanks and Trent, 1980) and the decreased oxi-
dative capacity of ions below oxygen in the ther-
modynamic sequence. Such conditions are seen
today off Peru in the southern portion of the
ETP, where the majority of the benthic organ-
isms found in the zone of denitrification are in-
faunal sestonophages (Menzies et al., 1972:149).

In a similar zone in the Early Paleozoic where
bottom life was limited to the sediment surface,
benthic organisms that had planktic larval stages
would have had a greater opportunity for disper-
sal, settlement and survival. Those forms that de-
veloped some form of air sac or bladder would
have had the additional potential for regulated
vertical migration. Dictyonema flabelliforme may
be an example of such adaptation from an initial
benthic mode of life. The graptolites living al-
most exclusively in the oxygen-depleted zone
also avoided active respiring predators, who were
restricted to oxygen-rich waters. However, such
graptolites were more prone to being killed by
upwelling of toxic waters into the denitrification
layer.

Graptolites would have responded to changes
in depth and thickness of the denitrification zone
through time. During long-term warm climates in
the Paleozoic, the denitrification zone, which is
limited in the modern ocean, would have been
global in extent as a transition redox zone be-
tween oxygen-rich surface layers and anoxic wa-
ters at depth. Due to higher stands of sea-level in
non-glacial times, a larger portion of the shelf
would be overlain by this zone, even if the bot-
tom waters were sulfidic (fig. 4). During cool or
glacial intervals such as in the Late Ordovician,
the oxidation state would be modified and the
potential for oxygen aeration of deep waters ex-
isted. Wilde and Berry (1984) suggested that

even oceanic overturn was possible at either the
beginning or end of a glacial interval as a result of
shift in source and density of water masses. An
oceanic overturn, particularly at the beginning of
a glacial episode after a long period of stable
deep anoxic conditions, could bring toxic sulfidic
waters into the less anoxic zones and even into
the base of the mixed layer. During cool or gla-
cial intervals, even whithout destabilization of
the oceanic density structure, advection of cooler
more oxygen-rich waters from depth and higher
latitudes would modify both the temperature and
redox state in the water column where graptolites
lived.

Influence of a habitat in the
denitrification zone on graptolite
evolutionary trends

If, as is suggested here, graptolites were linked
closely to and probably originated in oxygen-
deficient, denitrification zone waters similar to
those of the modern ETP, then certain trends in
graptolite evolution may be related to adapta-
tions of the graptolite colony to changes in depth
and thickness of the denitrification zone during
the Early Paleozoic. Large, many-branched
rhabdosomes would have been well-adapted to
the environmental conditions resulting from the
presence of the denitrification zone within the
photic zone. Extensive phytoplankton, which
would have occurred as a result of the coinci-
dence of light availability and abundant nu-
trients, would have been available to support the
numbers of zooids in multiramous rhabdosomes.
Increased solution of oxygen in sea water and
more rigorous circulation during cool to cold cli-
matic intervals would have driven the denitrifica-
tion layer below the photic zone, except in re-
gions of poor circulation such as those of the
modern Arabian Sea and ETP. Sinking of the de-
nitrification zone would have diminished the
areal extent of that zone and moved the prefer-
red living conditions of graptolites to a position
below the waters in which their food organisms
lived. Under such circumstances, pendent and
branched rhabdosomes would have difficuities in
food gathering. They would have depended pri-
marily upon materials raining down from waters
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above, yet most zooids faced downward. The
scandent colony organization, however, provided
colonies living in waters below those in which
their food supply existed with zooids facing up-
ward to more effectively gather food as it de-
scended. Also, scandent organization stream-
lined colonies and made vertical motility easier.
Branched, non-scandent colonies would have
been more successful when warm climates
periodically returned and the denitrification zone
expanded to come nearer to the photic zone. The
gradual elimination of pendent forms would have
been a consequence of climatically induced ven-
tilation of the anoxic layer (Berry and Wilde,
1978) and resultant continued lowering of the top
of the denitrification zone. Adaptations such as
branched, uniserial rthabdosomes (in cyrtograp-
tids, for example) may have developed to spiral
through the water to sample larger parcels of wa-
ter than colonies that simply moved vertically.
The gradual disappearance of biserial scandent
colonies after the uniserial scandent forms appea-
red suggests that the uniserial scandent colony

organization could have been more effective in -

vertical migration. Possibly, many uniserial scan-
dent taxa migrated daily from oxygen-deficient
into oxic waters as do certain modern euphau-
siids. In the present ETP, tuna tend to congregate
and feed on abundant euphausiids at the bound-
aries of the oxygen minimum zone. By analogy,
active respirors, such as fish and ammonites,
evolving during the early part of the Devonian,
may have been attracted to large, visible grapto-
lite colonies as a source of food. As climates
cooled in the latter part of the Early Devonian,
graptolites would have been forced to spend
more time in aerated waters of the mixed layer,
thus making predation more likely. Modern zoo-
plankton include numbers of copepods and eu-
phausiids that are better adapted for mobility
than were the graptolites. The combination of a
diminishing living space, increasing predation,
and competition in the zooplankton niche from
smaller or more motile organisms such as the da-
cryoconarids, all contributed to the eventual ex-
tinction of the graptolites.

Summary

Shallow oxygen-deficient waters beneath oxic
mixed-layer waters in modern oceans provide a
potential analog of graptolite living conditions in
the Paleozoic. The most extensive of these mod-
ern oceanic environments, the waters of the East-
ern Tropical Pacific, have been stable long
enough to have developed a characteristic en-
demic fauna. The animals of this fauna have de-
veloped adaptations for survival under conditions
of low to no oxygen availability and to feed on
phytoplankton that use reduced nitrogen com-
pounds concentrated in these waters. As such
waters were more wide-spread in the Early Pal-
eozoic than today, such exclusively Paleozoic or-
ganisms as the graptolites, who occupied the zoo-
plankton niche, may have lived in or adjacent to
similar waters. Such a biotope for planktic grap-
tolites would explain their common fossil occur-
rence (1) in clusters on single bedding planes and
(2) without accepted aerobic faunas, both result-
ing from local upwelling from toxic, anoxic layers
below which did not reach the surface aerated
waters. Changes in the graptolite colony, from
many to few branches and from pendent to scan-
dent forms may be a reflection of adaptation to
life in the denitrification zone as it sank to greater
depths as a consequence of both surface and deep
ventilation with time. The change from biserial to
uniserial scandent forms may have permitted
these graptolites to migrate vertically to more ef-
fectively feed and respire in the oxic layer, while
enjoying the protection from respiring predators
by descending into the denitrification zone.
Greater residence time of graptolites in the oxic
mixed layer due to the sinking of the denitrifica-
tion zone would have exposed them to predation
by evolving fish and ammonites and competition
from smaller or more active zooplankton, thus
resulting in extinction of the group in the Early
Devonian.
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Dansk sammendrag

Den nitrogen-fri, iltfattige zone i tidlige paleozoiske oceaner
foreslas som en mulig niche for planktoniske graptolitter. Nuti-
dige analoger til denne zone findes i det gstlige tropiske Stille-
hav og i den nordlige Persiske Golf i form af lavere vand med
dybder op til ca. 100 m i den @vre del af densitets-gradienten. I
dette interval er iltindholdet lavt eller manglende men er ikke
lavt nok til at der eksisterer svovlbrinte. I nutidige have er de
kvalstoffattige regioner afgrensede horisontalt og vertikalt, idet
ilt bliver tilfgrt nedefra fra dybere vandmasser. I tidlig paleo-
zoikum kan man antage at det kvelstof-fattige lag var tilstede i
hele verden p.g.a. darlig ventilation af de dybere vandmasser.
Det kunne fungere som overgangs-laget mellem det iltholdige
overfladevand og det giftige sulfid-holdige vand. Mange gre-
nede graptolitter kunne have udviklet sig nar de kvzlstof-fat-
tige oceandele [4 i den fotiske zone eller nzr ved denne, idet
det ville tillade dem at leve af rigeligt phytoplankton, der ville
blive tiltrukket af bade lys og rigelige nzringsstoffer. I takt med
at zonen sank under den fotiske zone kunne de graptolitter, der
havde udviklet planktonisk levevis, have foretaget daglige ver-
tikale vandringer i lighed med euphaside krebs i nutiden. Man
kunne derfor tenke sig at udviklingen fra f.eks. grenede former
henimod to-radede eller en-radede kunne vare tilpasninger,
der ville lette disse daglige vandringer. Med den tiltagende ud-
luftning af oceanerne og dermed indskrupningen af det kval-
stof-fattige lag kunne dette have ledt til uddgen af graptolit-
terne som en konsekvens af reduceret miljg og nedsat nzrings-
mangde ligesom forgget pres fra fisk og ammonitter kan have
spillet en rolle i samme retning. Endelig ma man overveje ef-
fekten af mindre og ikke sé igjnefaldende plankton-arter, som
kan have givet konkurrence.
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