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[1] The d18O records obtained from conodonts suggest that during the Mid-Ordovician, equatorial temperatures
stabilized at close to the present day, a hypothesis broadly supported by published climate models. However, the
degree to which equatorial temperatures represent global climate state and varied between different climatic
modes (greenhouse/icehouse, interglacial/glacial) and to what extent Ordovician d18O and climate models truly
reflect the global climate remain to be tested. Here we present paleobiogeographical data for the planktonic
graptolites, from the gracilis time slice (i.e., early Sandbian Stage) that just postdates the postulated onset of
climate stabilization. TWINSPAN analysis and constrained seriation provide robust ecological groupings in
paleobiogeographical presence/absence data. The highest-level groups reflect tropical-subtropical assemblages
and a high–southerly latitude assemblage. Constrained seriation defines latitude-distinct biotopes that are
considered equivalent to modern zooplanktonic provinces. The distribution pattern of graptolite biotopes in the
gracilis time slice show (1) that models explaining local graptolite ecological assemblages using lateral
differentiation (e.g., upwelling) are to be favored above those using depth stratification and (2) a steep faunal
gradient from equator to pole, which is typical of a cool, nongreenhouse world and comparable to the modern
situation. We therefore broadly support the climate stabilization hypothesis. Paradoxically the climate of the
early Late Ordovician appears similar to that of the present day despite the higher atmospheric pCO2 levels.
Graptolite species were indicative of temperature-controlled ocean water masses, in much the same way as the
modern zooplankton.

Citation: Vandenbroucke, T. R. A., H. A. Armstrong, M. Williams, J. A. Zalasiewicz, and K. Sabbe (2009), Ground-truthing Late
Ordovician climate models using the paleobiogeography of graptolites, Paleoceanography, 24, PA4202, doi:10.1029/2008PA001720.

1. Introduction

[2] It is widely held that throughout the Phanerozoic the
Earth experienced prolonged periods of greenhouse climate,
punctuated by at least three severe glaciations. Much
research effort has focused on the glaciations, in part
because of their unique records and links with global mass
extinctions, but conditions during the ‘‘background’’ green-
house mode are less well known. The Ordovician Period has
long been considered a supergreenhouse state. For example,
marine d18Ocarb values from whole rock and brachiopods
for the Ordovician range from !2% to !10% [Shields et
al., 2003] and, assuming a present-day value for seawater
(d18Osw " !1%), the calculated seawater temperature in
the tropics is as high as an improbable 70!C in the Early
Ordovician [Shields et al., 2003; Trotter et al., 2008]. This
has led to a hypothesis of changing isotopic values of

seawater through time [Shields et al., 2003]. A radically
different view has recently emerged from d18O records
obtained from conodont bioapatite [Trotter et al., 2008].
For the equatorial latitudes these show (1) a steady cool-
ing trend through the Early Ordovician reaching the range
of modern equatorial temperatures by the Mid-Ordovician
and (2) a significant decline in tropical temperatures
during the Hirnantian glaciation.
[3] The degree to which tropical temperatures vary

between different climate modes (greenhouse/icehouse,
interglacial/glacial) has been widely debated for the Neo-
gene; for example, Schrag et al. [1995] showed that
equatorial sea surface temperatures (SSTs) were constant
through most of the Cenozoic. Others have shown that SST
variations between glacial and interglacial states may have
been as little as 1 to 2!C and were variable between oceans
(see, e.g., Sonzogni et al. [1998] for a review). Tropical
temperatures may not therefore give an indication of the
wider global climate.
[4] To determine whether the predicted stabilization of

equatorial temperatures and transition tomoremodern climate
mode during theMid-Ordovician was a global phenomenon it
is also necessary to know the latitudinal temperature gradient
and the nature of the deep ocean circulation. Climate models
can provide one source of such information. However, few
climate models have been attempted for the Ordovician,
largely because of the difficulties in quantifying boundary
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conditions, particularly the pCO2, water vapor content of
atmosphere and ocean bathymetry.
[5] Notwithstanding these difficulties, several attempts

have been made to model Ordovician climate [Poussart et
al., 1999; Herrmann et al., 2004]. Herrmann et al. [2004]
(Figure 1) produced SST and surface current simulations,
for various sea level and pCO2 scenarios, for the Late
Ordovician (Sandbian and lower Katian versus upper Katian
to Hirnantian (Figure 2)), from OGCM models. Figure 1
shows their simulations at x8 Present Atmospheric Level
(PAL) and x15 PAL pCO2 for the Sandbian–lower Katian,
with high relative sea level (see Tobin and Bergström [2002,
and references therein] for an overview and justification
of these elevated levels of atmospheric CO2). This time
period has been taken to be representative of the pre-
glacial Ordovician greenhouse climate [e.g., Armstrong,
2007] (Figure 2).
[6] Simulations of Ordovician climate suggest paradoxi-

cally, that despite relatively high pCO2 values and high
sea levels, tropical temperatures and latitudinal tempera-
ture gradients were closer to the present day than to ex-
treme greenhouse conditions, such as the PETM [Zachos
et al., 2008, and references therein], giving support to the
climate stabilization hypothesis of Trotter et al. [2008].
However, the extent to which these computer simulations
and the available d18O data truly represent Ordovician
conditions remains contentious. Peak Ordovician green-
house climatic conditions are hypothesized to have occurred
during the Nemagraptus gracilis graptolite biozone, ap-
parently coinciding with some of the highest sea levels in
the Paleozoic (see papers by Webby et al. [2004a]), about
460 Myr ago, and cooling toward the Hirnantian glaciation
only started during the Katian, at the Gutenberg Positive
Carbon Isotope Excursion (GICE [Saltzman and Young,
2005]). But, alternatively, the N. gracilis biozone just
postdates the stabilization of equatorial temperatures to
modern values [Trotter et al., 2008] (Figure 2). In the absence
of global, high-fidelity stable isotope data, an alternative
method is required to ground truth the Mid-Ordovician cli-
mate simulations.
[7] The global distribution and abundance of planktonic

organisms (e.g., foraminifera, calcareous nannoplankton)
has long been known to be primarily controlled by SST
[Kucera, 2007, and references therein]. Consequently, the
distribution of planktonic foraminifera, preserved in oceanic
sediments, has been widely used for reconstructing Quater-
nary and Neogene oceanic water masses (e.g., see Dowsett
[2007] for an overview). Documenting the spatial distri-
bution of fossil planktonic organisms can provide a proxy
method for reconstructing the distribution of the climate
belts and SST in deep time and hence for testing climate
simulations and elucidating global climate state.
[8] Graptolites are known to have been part of the

Ordovician zooplankton and species distribution and spec-
imen abundances have been used to develop paleoecolog-
ical models for graptolites [Cooper et al., 1991; Finney et
al., 2007]. These models show both depth, latitude and
water mass-specific controls. Cooper et al. [1991] (also
see Cooper [1998]), defined a low-latitude Pacific and a
high-latitude Atlantic province [see also Skevington, 1974]

Figure 1. (a, b) SST and (c) sea surface current
simulations for the Sandbian-Katian. Models with high
relative sea level and with (1) pCO2 at x8 PAL and (2) pCO2

at x15 PAL [Herrmann et al., 2004]. Figures 1a and 1b are
modified from Herrmann et al. [2004], with permission
from Elsevier; contours represent mean annual temperatures
(!C). Figure 1c is reproduced from Armstrong [2007] which
is in turn based on Herrmann et al. [2004]. The numbers
represent oceanic gyres [Herrmann et al., 2004]: 1, North
Panthalassic Convergence; 2, South Panthalassic Conver-
gence; 3, South Paleo-Tethys Convergence; 4, North Paleo-
Tethys Convergence; SEC, South Equatorial current; WGC,
Western Gondwana current.
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for the Early to Middle Ordovician (prior to our time slice),
but considered the majority of graptolites were pandemic at
this time. From an ecological point of view, they defined
three depth assemblages: an epipelagic biotope, a deep
water biotope and an inshore biotope, defining a didymog-
raptid biofacies (a shallow water taphocoenosis) and an
isograptid biofacies (a deep water taphocoenosis). Most of
the species found in the epipelagic biotope were considered
to be eurythermic [Cooper et al., 1991]. In contrast, Finney
[1984, 1986] and Finney and Berry [1997] emphasized
lateral differentiation as the primary ecological control on
graptolite distribution [also see Williams et al., 2003], and
used increased graptolite abundance to suggest the location
of coastal upwelling systems along the Laurentian margin
during the Middle/Late Ordovician. Building on this,
Finney and Berry [1997] and Finney et al. [2007, and
references therein] also superimposed a depth control on
graptolite assemblages, suggesting the majority of grapto-
lites thrived in the oxygen minimum zone (OMZ), below a
restricted group of normalograptids indicative of the photic
zone.
[9] In this paper we provide the first integrated recon-

struction of Ordovician marine biotopes for theNemagraptus
gracilis time slice (see below for definition) on the basis of
the paleobiogeographical distribution of graptolite species.
We will show that these biotopes have features in common
with the distribution of modern planktonic foraminiferal
provinces. Thus we are able to map climate belt distribution
and test OGCM simulations of SST and infer global climate
state.

2. Methodology

[10] Our primary research method is based on the com-
pilation of species presence/absence data from sections of
known paleogeography within a well-constrained time
slice, followed by the elucidation of community structure
within these data. This methodology has most recently
been applied for climate reconstructions in the Pliocene
(Pliocene Research, Interpretation and Synoptic Mapping,
PRISM; see Dowsett [2007] for an overview and further
references).

2.1. Time Slice Definition

[11] The gracilis graptolite biozone is defined by the first
appearance of the eponymous species Nemagraptus gra-
cilis, a widely recognized biostratigraphical marker for the
base of the Upper Ordovician [Bergström et al., 2000]
(Figure 2). The time slice we are introducing here is
defined by the total range of this species and is largely
coincident with, but not identical to, the eponymous bio-
zone. We adopt this definition for three reasons: (1) the
definition of the gracilis biozone is different on several
paleocontinents (e.g.,N. gracilis ranges into the C. bicornis
biozone in N. America), (2) the biozonal concept has
changed through time (for an overview, see Williams et
al. [2004]) and, (3) graptolite faunas from the southerly
high latitudes of Gondwana do not contain N. gracilis, but
the contemporaneous Oepikograptus bekkeri [Gutiérrez-
Marco et al., 1995]. Figure 3 shows how our gracilis time
slice is defined; taking this approach, it probably represents

Figure 2. Ordovician chronostratigraphy showing the new
international subdivisions and the local British and North
American regional series. Compiled afterWebby et al. [2004b]
and Gradstein et al. [2004]. For references on the ‘‘classic
view’’ climate interpretation, with onset of cooling from the
GICE onward, see Armstrong [2007] and Page et al. [2007].
The alternative interpretation, with climate stabilization
around modern-day values during the Mid-Ordovician is
detailed in the text [Trotter et al., 2008]. Our gracilis time slice
lies within the interval of maximum discrepancy between both
climate interpretations. Hi. is Hirnantian; Dap. is Dapingian.
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about 3 to 4 million years (on the basis of the timescale
proposed by Webby et al. [2004b]).

2.2. Database Construction

[12] In constructing the database we have interrogated all
of the major literature sources, and have tried to include data
from all the key sections (Table S1).1 Because of the history

of collecting and study, the majority of these sections lie
on the paleocontinents that surrounded the Iapetus Ocean.
The historical nature of the published literature and recent
taxonomic revisions of Ordovician graptolite species has
necessitated minor taxonomic filtering of the taxa included
in the database. In this we have taken a pragmatic approach
and limited our revisions largely to generic reassignments,
with a few exceptions (see Table S2). The data matrix
(auxiliary material) also includes some entries of species
in open nomenclature (‘‘?’’ and ‘‘cf.,’’ but never ‘‘aff.’’

Figure 4. Late Ordovician paleogeographical reconstructions showing the distributions of the sections
in this study: (a) paleogeographic terrane map of Cocks and Torsvik [2004] and (b) paleogeographic map
after C. R. Scotese (2002, http://www.scotese.com (PALEOMAP Web site)). The gray areas are
landmasses (but note that this is not the case in Figure 4a). The actual ‘‘point tracker’’ coordinates of the
sections, as used in the analyses, can be found in Table S1.

1Auxiliary materials are available in the HTML. doi:10.1029/
2008PA001720.
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following the conventions of Bengtson [1988]). Compila-
tions that provide illustrative (thumbnail) sketches of the
key taxa used in this study include Vandenberg and
Cooper [1992] and Zalasiewicz et al. [2009].
[13] The paleolatitude of the sections included (Table S1

and Figure 4) has been derived from two widely accepted
paleogeographical reconstructions, from Scotese (and calcu-
lated using Point Tracker software (www.scotese.com)) and
that of Cocks and Torsvik [2004]. The position of a single
location can vary by up to 5! of latitude when plotted on
these two reconstructions, and this defines our maximum
paleogeographical error and the minimum ‘‘bin size’’ used
for compiling the simplified presence/absence matrix (see
below). More pronounced differences in the paleolatitudes
of some sections (up to 15!) are due to the varying position
of Avalonia, "35!S or "55!S, and slight differences in the
position of Laurentia (straddling the equator or mainly south
of it). In such cases we have defaulted to the paleogeograph-
ical reconstructions proposed by Scotese and McKerrow
[1990] (using point tracker, see above) and used in the
Herrmann et al. [2004] climate simulations
[14] The paleogeographical reconstructions are based on a

wide range of geological data including fossil distributions.
Continental margins have been constrained using shallow
marine invertebrate species and though the Cocks and
Torsvik [2004] reconstructions include some graptolite dis-
tribution data, none are from the gracilis time slice (L. R. M.
Cocks, personal communication, 2008). In our location maps
we have included paleocontinental positions for Baltica,

Gondwana, Laurentia and Avalonia as these provide a
reference frame that marks the boundaries of the Iapetus
Ocean and its subbasins. All sections are representative of
marine environments and locality maps and the stratigra-
phy of the sections are shown in Figures 4 and 5, respec-
tively. Where possible each section has been attributed to a
position on a shelf-to-basin transect, on the basis of descrip-
tions from the literature; this then allows us to discriminate
shelf (or shelf-going) and nonshelf species, as used to
determine the relative depth of graptolite biotopes by Cooper
et al. [1991].

2.3. Data Analysis

[15] A species presence/absence matrix has been com-
piled from the database (auxiliary material) for the gracilis
time slice. To elucidate any ecological structure within this
matrix we have applied two quantitative analyses (Figure 6).
First, TWINSPAN, ‘‘two way indicator species analysis,’’
was used to elucidate the higher-level ecological structure in
our presence-absence data set. TWINSPAN is a widely
used, hierarchical clustering method that creates clusters
of species and samples on the basis of the repeated,
dichotomous division of an ordination space [Hill, 1979].
Second, we constrained latitude and reordered the presence-
absence data to produce latitudinally constrained subgroups
of graptolite taxa, herein considered biotopes (see Hammer
and Harper [2006] for detailed methodology). The resultant
presence/absence matrix has then been simplified by the
grouping of localities into bins of 5! paleolatitude, to encom-
pass the paleogeographical error (Figure 7).

Figure 4. (continued)
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2.4. Hypothetical Zooplankton Model

[16] At the global scale five planktonic foraminiferal
‘‘provinces’’ are recognized: Tropical, Subtropical, Tem-
perate (or Transitional), Subpolar and Polar and specific
composition is generally the same for corresponding
provinces in adjacent hemispheres [Kucera, 2007]. These
provinces strongly correlate with modern climate zones.
The temperature and latitudinal positions of these prov-
inces are listed in Figure 8a. We have used the present-day
SST for the province boundaries and the Herrmann et al.
[2004] models (Figure 8b), to infer the latitudinal ranges of
these provinces in the Ordovician (Figure 9). The hypo-
thetical zooplankton models provide us with an indication
of how the positions of the climate zones would vary under
different levels of atmospheric pCO2 and provide a test of
whether the graptolite biotopes are comparable to plank-
tonic foraminiferal provinces at the present day, i.e., whether
they reflect the climate zones.

3. Results

[17] TWINSPAN analysis divides the graptolite data into
four high-level groups (A to D (see Figure 6)). These groups
are considered equivalent to high-level ecological groupings
(e.g., provinces, ‘‘major subdivisions of the biosphere,’’
according to Lincoln et al. [1998]). Further subdivisions
of the TWINSPAN groups by constrained seriation results
in a number of subgroups herein called biotopes (‘‘the
smallest geographical unit of the biosphere or of a habitat
that can be delimited by convenient boundaries and is
characterized by its biota’’ as defined by Lincoln et al.
[1998, p. 42]).
[18] TWINSPAN group A comprises Climacograptus

brevis mutabilis,Orthograptus uplandicus andOepikograptus

bekkeri. O. bekkeri is its most characteristic faunal element
and has been recovered from shelfal sections in the middle
to high southerly paleolatitudes (35!S to 75!S (Figures 7
and 9)). It is the only graptolite species reported from
northern Gondwana in this time slice and its biotope is the
only one to contain a species that ranges south of 55!S.
TWINSPAN group A contains too few taxa and samples
to allow for further subdivision using constrained seria-
tion; therefore, TWINSPAN group A also represents
biotope A.
[19] TWINSPAN group B consists of Dicellograptus

divaricatus salopiensis and Diplograptus molestus only.
Both are present in sample ‘‘Central Sweden,’’ which also
comprises species typical of TWINSPAN group A. How-
ever, they also occur in samples typical of TWINSPAN
groups C and D (e.g., Welsh Basin, Australia, etc.). As a
result, the TWINSPAN analysis assigned them to a separate
TWINSPAN group (B), which has little geographical rele-
vance and will therefore not be considered further in our
geographical analysis.
[20] TWINSPAN groups C and D have similar paleo-

geographical distributions from 15!N to 55!S (Figures 7
and 9) and are the most taxonomically diverse of all the
TWINSPAN groups. Constrained seriation defines bio-
topes C1 to C7 and D1 to D4 (Figures 7 and 9). Full
species lists for each biotope are presented in Appendix A.
For each biotope, the spatial distribution patterns of the
species included are detailed below and illustrated in
Figure 9. Typically, each biotope contains species with
narrow latitudinal ranges and species with wide paleogeo-
graphical ranges that spread from low to high latitudes.
The latitudinal ranges of the narrowly restricted species
within each biotope define restricted zones as detailed
below from N to S.
[21] Biotope C1 (25 species) has the most wide-ranging

species, from 10!N southward, and includes Nemagraptus
gracilis gracilis and Climacograptus bicornis bicornis.
Biotope C2 (11 species) has, among others, the latitudi-
nally restricted species Orthograptus amplexicaulis and
Dicranograptus ziczac that appear at 5!S, next to wider
ranging species such as Hustedograptus teretiusculus. The
latitudinally restricted species of Biotope C3 (22 species)
appear at 20!S, and include Thamnograptus scoticus next
to widespread species such as Dicranograptus brevicaulis
and Diplograptus foliaceus. The most restricted species of
biotope C4’s (4 species), Corynoides curtus pristinus,
appears at 25!S. Biotope C5 (6 species) has the latitudinally
restricted species Dicranograptus kirki and Dicranograptus
spiniferus that appear at 35!S. Biotopes C6 (12 species,
includingDicellograptus pumilus andGlossograptus scanicus)
and C7 (4 species, including Climacograptus sheldoni and
Didymograptus euodus) are restricted to "40!S and "55!S,
respectively.
[22] Biotopes D1 to D5 contain species with a similar, if

not identical, distribution pattern to those in the C biotopes.

Figure 6. TWINSPAN tree, showing TWINSPAN groups
A–D and graptolite biotopes C1–C7/D1–D5. For more
information, see text.

Figure 7. Simplified presence-absence matrix based on TWINSPAN and constrained seriation analysis. Sections have
been amalgamated into 5! latitude ‘‘bins’’ for pattern recognition and reproduction purposes. For a full-scale, unamalgamated
version of the presence-absence matrix, see auxiliary material. (C. R. Scotese, 2002, http://www.scotese.com (PALEOMAP
Web site.))
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Figure 7
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Again, the narrow-ranging species within each D biotope
define biotope boundaries that are coincident with those of
Biotopes C1 to 4. Biotope D1 (29 species) has, among
others, the latitudinally restricted species Climacograptus
cruciformis and Nicholsonograptus fasciculatus from 10!N
southward, next to wider-ranging species such as Clima-
cograptus bicornis tridentatus and Corynoides calicularis.
Biotope D2 (21 species) has latitudinally restricted species
such as Climacograptus spiniferus that appear at 5!S, next
to wider ranging species such as Climacograptus bicornis
peltifer. Themost restricted species of biotope D3 (6 species),
Orthograptus calcaratus alabamensis, appears at 20!S,
and this biotope’s wider-ranging species include Cory-

noides tricornis. The four species of biotope D4 include
Climacograptus parvus and Didymograptus sagitticaulis.
Biotope D5 (14 species, including Orthograptus truncatus
truncatus and Pseudoclimacograptus angulatus angulatus)
is restricted to "30!S.

4. Interpretation
4.1. Implications for Graptolite Ecology Models

[23] Figure 10 is a plot of section locations on a con-
tinental shelf-to-basin transect. Species characteristic
of TWINSPAN Group A are restricted to high-latitude
platform-shelf settings. Species that characterize TWINSPAN
Group C range across the shelf-to-basin transect in middle

Figure 7. (continued)
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to low latitudes. Species that characterize TWINSPAN
Group D are restricted to sections in an outer shelf to
basin/slope setting and do not occur on the shelves. In
order for species within TWINSPAN Group C to have
ranged across shelf into basinal settings they must have
been epipelagic and occupied the upper part of the water
column. Species within TWINSPAN Group D invariantly
are non–shelf going; this can be explained by one of the
following hypotheses.

[24] 1. The non–shelf going species were deeper water,
perhaps mesopelagic or bathypelagic. This is the depth
stratification model of Cooper et al. [1991, Figure 4A,
p. 207], and according to their definitions, species of
TWINSPAN group D (equivalent to Cooper et al.’s deep
water ‘‘biotope’’) were living below the epipelagic species
of TWINSPAN group C (equivalent to Cooper et al.’s
epipelagic biotope (Figure 11a)).
[25] 2. Species within TWINSPAN Group D lived at the

same general depth as epipelagic species of TWINSPAN

Figure 8. (a) Latitudinal temperature profiles from the Herrmann et al. [2004] models (x8 and x15 PAL
pCO2) and the present day (taken from www.noaa.gov; also see Locarnini et al. [2006], central Pacific
Ocean). This plot also shows the distribution of modern planktonic foraminiferal provinces and
Ordovician graptolite biotopes with latitude. (b) The boundaries of modern-day planktonic foraminifera
provinces expressed in terms of SST (taken from Kucera [2007]) and the latitudinal position of this
temperature boundary as read from Figure 8a for the present day (taken from www.noaa.gov; see above).
These boundaries are reexpressed for the Sandbian on the basis of SST simulations of Herrmann et al.
[2004] at x8 and x15 PAL pCO2 from Figure 8a and allow an estimate of the appropriate position of these
provinces/climate belts during different Ordovician pCO2 scenarios. For example, the tropical/subtropical
province boundary (24!C [Kucera, 2007]) lies at 22!S at the present day, lies at 28!S during the Sandbian
with x15 PAL pCO2, and lies at 22!S during the Sandbian with x8 PAL pCO2. The two Ordovician sets
of latitudes provide the hypothetical boundaries for Sandbian zooplankton distribution as shown in
Figure 9. MAT, mean annual temperature.
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group C, but were confined to the open oceanic part of the
epipelagic zone (Figure 11b), much in the same way that
certain present-day zooplankton do not cross the shelf break
[Raymont, 1983]. This is based on Cooper et al.’s [1991,
Figure 4B, p. 207] alternative for their depth stratification
model, and close to the ecological models of Finney [1984,
1986].
[26] 3. The non–shelf going species of TWINSPAN

Group D were restricted to shelf margin waters, indicative
of upwelling zones (as suggested by, e.g., Finney and Berry
[1997]) (Figure 11c).
[27] 4. These were shelf-going species that are not rec-

ognized as such because of the absence of graptolite-bearing,
shelfal sections at the paleolatitudes occupied by these
species (Figure 11d).
[28] We are now able to critically evaluate the depth

stratification model where C lives above D [Cooper et
al., 1991]. As indicated in the results section, TWINSPAN
groups C and D have highly similar biotope structures
(compare the distribution patterns of C1 to C7 with those
of D1 to D5) and boundaries coincide between biotope C1
to C7 and D1 to D5, respectively (Figures 7 and 9). This
indicates a common ecological control on spatial distri-

bution of the latitudinally restricted graptolites within
these biotopes. Below, in section 4.2, we argue that the
primary control on the distribution of biotopes C1 to C7 is
temperature. If the species of TWINSPAN group D truly
represent deep water species, living below the epipelagic
taxa of group C, and separated from them by a physical
boundary (e.g., the thermocline, pycnocline, OMZ), they
could not be controlled by the same ecological agent and
the identical distribution patterns between biotope C1 to
C7 and D1 to D5 could not be explained. Taken in toto,
we suggest that species of TWINSPAN groups C and D
occupied similar water depths. Therefore, we favor mod-
els explaining the ecology of graptolites that primarily use
lateral differentiation (second and third hypotheses above
[cf. Finney and Berry, 1997]) above those that use depth
stratification [Cooper et al., 1991].
[29] The second and third hypotheses represent different

levels of complexity of the same general concept and hence
are less easily weighted against each other. The fact that no
new endemic D biotope species (absence of D6, D7) occur
south of 35!S may be explained by specific (upwelling?)
conditions around the Laurentian/Australian margins, that
are not present in the deeper water sections we used more to

Figure 9. (a) Modern-day planktonic foraminifera provinces with boundaries defined as explained in
Figure 8. (b and c) Hypothetical zooplankton models for Ordovician climate simulations at x8 and x15
pCO2 with boundaries defined as explained in Figure 8. These show how the climate zones could change
with different levels of pCO2. (d) The graptolite biotope distributions from Figure 7. (e) Late Albian
planktonic foraminifer provinces from Hart [2007].
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Figure 10. TWINSPAN groups plotted on a Cooper et al. [1991] type diagram (shelf-to-basin transect
versus latitude) that illustrates that TWINSPAN group C is shelf going and TWINSPAN group D is not.
For all literature sources, see Table S1.
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the South (e.g., the Welsh Basin sections, and ‘‘deeper’’
parts of the Baltoscandian ramp).
[30] These lateral differentiation models, supported by our

data, also explain why the data set is biased toward deeper-
water settings (see Figure 10). The fourth hypothesis above
(which suggests that shelf-going species could remain
undiscovered or were not preserved because of the nature
of the deposits) is mentioned for completeness, but the
presence of species from deep-water sections at midlatitudes
(e.g., the Welsh Basin), where shallow-water sections are
present (e.g., Shropshire) weakens this argument. It may
still account for some of the species at low latitudes, which
makes this a testable hypothesis.

4.2. Significance and Distribution of Biotopes
A/C1–C7/D1–D5

[31] The distribution of epipelagic species within
TWINSPAN Groups C and D should have similar eco-
logical controls to the modern zooplankton. At a global
scale, four factors are evident in the distribution of
modern zooplankton: (1) zooplankton provinces and

water mass distributions can be correlated, but vast areas
of ‘‘mixed faunas’’ result at the margins of the oceanic
gyres [Cifelli and Stern Benier, 1976; Kucera, 2007],
(2) planktonic species are markedly stratified with depth
and seafloor samples are composites of the entire water
column (see Armstrong and Brasier [2005] for a review),
(3) some species are eurythermal and therefore have
broad latitudinal ranges and, (4) species can survive under
a wide range of SSTs, while their optimum ranges are
narrow [Kucera, 2007]. All of these factors could account
for species within each of our graptolite biotopes having a
wide latitudinal range.
[32] The paleolatitudinal ranges of our graptolite biotopes

correspond broadly to the paleolatitudes predicted in the
hypothetical zooplankton models for x8 and x15 PAL
pCO2; that is, graptolite biotope boundaries are broadly
coincident with the predicted boundaries of the modern
planktonic foraminiferal provinces based on modeled
Ordovician SSTs (Figure 9). This is a fundamental obser-
vation as it indicates that our graptolite biotopes are true
ecological entities, comparable to modern zooplankton

Figure 11. Species from TWINSPAN group D are only observed from deep water (i.e., nonshelf)
sections (asterisks) which can be explained in four discrete ways: (a) these species represent deeper water
assemblages, i.e., the deep water biotope of Cooper et al. [1991]; (b) these species are epipelagic but are
confined to the open ocean; (c) these species are restricted to shelf margin waters, indicative of upwelling
zones [Finney and Berry, 1997]; or (d) these species are shelf-going species that are not recognized as
such because of the absence of graptolite-bearing, shelfal sections at the paleolatitudes occupied by these
species. On the basis of our analysis, we favor the options in Figures 11b and 11c.
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provinces and thus through analogy can be used to interpret
the primary ecological controls on graptolites.
[33] In the x8 pCO2 zooplankton model the Tropical and

Subtropical Provinces are distributed as at the present day,
but the Transitional province has a much narrower latitudi-
nal range, apparently contracting to accommodate a broader
Subpolar Province (Figure 9c). In the x15 pCO2 zooplankton
model, the Tropical and Subpolar Provinces are much
broader than at present day, and the Subtropical and Transi-
tional provinces are slightly restricted. The Polar Province
ranges to "70!S (Figure 9b).
[34] In the x8 pCO2 zooplankton model, Biotopes C1 and

C2 (and the D1 and D2 biotopes) coincide with the Tropical
Province, C3 and D3 can be either tropical or subtropical
and C4 (and D4/D5) coincide with the Subtropical Prov-
ince. Species characteristic of Biotope A were largely
restricted to south of "35!S, indicative of cooler water
and coincident with the Transitional to Polar Provinces in
the zooplankton model (Figure 9). Interestingly, cooler
water biotope A spreads to a rather equatorward position
("35!S), but it is characterized by a single species and may
reflect (1) local or (2) current-driven phenomena (see
below), and further work is required to establish the fidelity
of this province. Biotopes C5, C6 and C7 lie within the
latitudinal range of Biotope A, but remain distinct in the
analysis. Biotope C5 coincides with the predicted position
of the Transitional Zone within the hypothetical zooplank-
ton model. Biotopes C6 and C7 coincide with Subpolar and
Polar waters, respectively. It is likely that because of the
lower sampling densities on high-latitude Gondwana, we
may only be recording a small part of a much wider
distribution for these biotopes.
[35] Similar attributions can be made for the low-latitude

graptolite biotopes in the x15 pCO2 hypothetical zooplank-
ton model, but biotope C3/D3 is Tropical, C4 (and D4/D5)
can be either Tropical or Subtropical, C6 is now part of the
Transition zone and C7 falls in the Subpolar waters.
[36] However, a more robust signal than the attribution of

the graptolite biotopes to a specific climate belt or province,
is the observation that the faunal gradient from equator to
pole displayed in the graptolites of the gracilis time slice is
steep, and comparable to that of modern-day zooplankton.
This is in contrast with the hypothesized greenhouse state
for this time interval. The observed faunal gradient in the
graptolites is much steeper than that of zooplankton in
warmer periods of Earth history (Figure 9e), such as that
of the planktonic foraminifera provinces of the latest Albian
[Hart, 2007], a known greenhouse world.
[37] Biotope C1 (incorporating mainly widespread spe-

cies), and also biotope A, have similar latitudinal distribu-
tions to those modeled for the currents that formed part of
the ‘‘South Panthalassic convergence’’ gyre and the South
Gondwana Current, respectively [Wilde, 1991; Poussart et
al., 1999; Herrmann et al., 2004] and we speculate that
these biotopes may have been restricted to surface waters
associated with these current systems (Figure 1). The
boundary between warm, equatorial and cold, Gondwana-
derived surface waters occurs at "40!S and defines the
position of the convergence zone between the South

Panthalassic convergence gyre and the South Gondwana
Current in the SST simulation (Figure 1).
[38] In summary, we propose that during the gracilis time

slice, the zooplankton gradient as derived from graptolite
distribution data was steep and not unlike that of modern
zooplankton and the latitudinal extent of the tropics and
subtropics was similar to the present day. This suggests a
nongreenhouse state for the climate-ocean system during
the gracilis time slice and would imply that a cool world (if
not a full icehouse world) was established by the early Late
Ordovician, i.e., much earlier than has been previously
hypothesized. Paradoxically a nongreenhouse state during
the early Late Ordovician occurred despite relatively high
atmospheric pCO2. Our graptolite distribution data are con-
sistent with the stabilization of the climate to a modern
configuration [Trotter et al., 2008]. The suggested coin-
cidence of a nongreenhouse state with high sea levels [cf.
Webby et al., 2004a] is unexpected and requires further
investigation.

5. Conclusions

[39] 1. TWINSPAN analysis and constrained seriation
provide robust groupings reflecting ecological structure in
presence/absence data of graptolites.
[40] 2. The highest-level groups reflect tropical-subtropical

assemblages and a high-latitude assemblage. Constrained
seriation defines latitudinally distinct biotopes within these
assemblages that are considered equivalent to the modern
zooplanktonic provinces.
[41] 3. TWINSPAN groups C and D (that would have

been attributed to the ‘‘epipelagic biotope’’ and ‘‘deep water
biotope’’ in the sense of Cooper et al. [1991], respectively)
have the same latitudinal distribution and hence SST control;
this suggests that species from both groups lived at similar
shallow depths but that the water masses they inhabited were
laterally differentiated. Our results are therefore consistent
with the lateral differentiation model for graptolite paleo-
ecology [e.g., Finney and Berry, 1997].
[42] 4. The distribution pattern of graptolite biotopes in

the gracilis time slice supports the OGCM climate simula-
tions proposed by Herrmann et al. [2004] with, (1) high
relative sea levels and, (2) elevated atmospheric pCO2 levels
boundary conditions.
[43] 5. Graptolite biotopes display a steep equator-to-pole

faunal gradient that is not unlike the present day and that is
indicative of a cooler world than previously hypothesized
for the early Late Ordovician; this supports the climate
stabilization hypothesis of Trotter et al. [2008]. Paradoxically
the climate of the early Late Ordovician was in many respects
similar to that of the present day despite the much higher
atmospheric pCO2 levels.
[44] 6. Some graptolites may have been restricted to

surface currents. Computer models proposed by Wilde
[1991], Poussart et al. [1999] and Herrmann et al. [2004]
show similar surface current patterns in the Southern Hemi-
sphere in theMid-Late Ordovician to the present day. Surface
graptolite distribution patterns seem to support this, as
species within biotope C1 are most likely to be transported
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toward the South Pole and across latitudes by currents
associated with the South Panthalassic convergence gyre.
[45] 7. The latitudinal distribution of graptolite biotopes

reflects temperature-controlled climate zones. Graptolites are
therefore water mass-specific and so can be used to track
changes in the climate system and to ground-truth Early
Paleozoic climate models, much in a way that the zooplank-
ton has been applied in climate modeling in the Cenozoic.

Appendix A: Species Attributed to Each Biotope
and/or TWINSPAN Group

[46] TWINSPAN analysis divides the graptolite fauna
into four groups (A–D). Further subdivisions of the TWIN-

SPAN groups by constrained seriation create a number
biotopes (C1–C7 and D1–D5). In Table A1 we present
the full species lists for each TWINSPAN group and
biotope.

[47] Acknowledgments. Harry Dowsett provided a constructive re-
view that greatly improved this paper. We acknowledge the fruitful
discussions we have had with many colleagues but particularly Ulrich
Saltzman, Mark Chandler, Linda Sohl, Barrie Rickards, Adrian Rushton,
Daniel Goldman, Jörg Maletz, Kenneth Mertens, Jacques Verniers, Stephen
Louwye, Tom Challands, Charles Wilson, David Harper, Andrea Snelling,
Mike Howe, Richard Fortey, Jaak Nolvak, Florentin Paris, Alex Page, and
Ben Wood who have greatly influenced our ideas and willingly provided
data and literature sources for this study. This research was funded by
the Research Foundation–Flanders. This is a contribution to the IGCP
503.

Table A1. Species Attributed to Each Biotope and/or TWINSPAN Group

TWINSPAN Group Species

A Climacograptus brevis mutabilis, Orthograptus uplandicus and Oepikograptus bekkeri
B Dicellograptus divaricatus salopiensis, Diplograptus molestus
C

C1 Corynoides serpens, Dicellograptus divaricatus rigidus, Dicellograptus moffatensis alabamensis,
Dicranograptus nicholsoni longibasalis, Glossograptus armatus, Orthograptus calcaratus calcaratus,
Cryptograptus tricornis schaeferi, Cryptograptus tricornis tricornis, Dicellograptus divaricatus divaricatus,
Dicellograptus intortus, Dicellograptus sextans sextans, Dicranograptus irregularis, Nemagraptus gracilis gracilis,
Normalograptus brevis, Acrograptus superstes, Amplexograptus arctus, Climacograptus antiquus antiquus,
Climacograptus bicornis bicornis, Dicranograptus nicholsoni nicholsoni, Glossograptus hincksii fimbriatus,
Glossograptus hincksii hincksii, Lasiograptus harknessi costatus, Normalograptus euglyphus euglyphus,
Pseudoclimacograptus scharenbergi scharenbergi, Reteograptus geinitzianus

C2 Dicranograptus ziczac, Thamnograptus capillaris, Hallograptus bimucronatus, Archiclimacograptus modestus,
Dicranograptus rectus, Hustedograptus teretiusculus, Orthograptus quadrimucronatus whitfieldi,
Amplexograptus perexcavatus, Corynoides curtus curtus, Lasiograptus pusillus

C3 Dicranograptus cyathiformis, Dicranograptus tardiusculus, Diplograptus compactus, Hallograptus mucronatus nobilis,
Leptograptus ascendens, Nemagraptus pertenuis, Thamnograptus scoticus, Dicranograptus celticus,
Dicellograptus patulosus, Leptograptus validus incisus, Lasiograptus harknessi harknessi,
Leptograptus flaccidus flaccidus, Leptograptus grandis, Diplograptus notabilis, Climacograptus antiquus lineatus,
Dicellograptus geniculatus, Dicranograptus brevicaulis, Diplograptus foliaceus, Diplograptus leptotheca,
Leptograptus validus validus, Nemagraptus subtilis, Orthograptus apiculatus, Dicranograptus furcatus minimus

C4 Corynoides curtus pristinus, Dicellograptus cambriensis, Ensigraptus caudatus, Haddingograptus eurystoma
C5 Dicranograptus kirki, Dicranograptus spiniferus, Leptograptus flaccidus macer,

Nanograptus phylloides, Normalograptus kuckersianus
C6 Amplexograptus rugosus, Azygograptus mobergi, Climacograptus haddingi, Climacograptus putillus (Hadding non Hall),

Dicellograptus pumilus, Diplograptus propinquus, Diplograptus toernquisti, Glossograptus scanicus,
Janograptus laxatus, Lasiograptus spinatus Hadding, Nemagraptus gracilis remotus,
Nanograptus lapworthi, Normalograptus minimus

C7 Archiclimacograptus caelatus, Climacograptus cf. putillus (Hall), Climacograptus sheldoni, Didymograptus euodus
D

D1 Climacograptus brevis strictus, Climacograptus cruciformis, Corynoides australis, Glossograptus acanthus,
Glossograptus ovatus, Lasiograptus asiaticus, Nicholsonograptus fasciculatus, Orthograptus expansus,
Paraglossograptus tentaculatus, Pseudoclimacograptus scharenbergi angulatus, Reteograptus speciosus,
Pseudoclimacograptus riddellensis, Archiclimacograptus stenostoma, Azygograptus incurvus, Dicellograptus
bispiralis bispiralis, Kalpinograptus lyra, Dicranograptus furcatus, Dicranograptus ramosus longicaulis,
Dicellograptus gurleyi gurleyi, Leptograptus flaccidus trentonensis, Climacograptus bicornis tridentatus,
Corynoides calicularis, Orthograptus calcaratus vulgatus, Dicellograptus sextans exilis, Dicranograptus
ramosus ramosus, Dicranograptus ramosus spinifer, Glossograptus ciliatus ciliatus, Hallograptus
mucronatus mucronatus, Orthograptus calcaratus acutus

D2 Climacograptus spiniferus, Dicranograptus nicholsoni whitianus, Trigonograptus martelii, Dicranograptus
nicholsoni geniculatus, Glossograptus horridus, Neurograptus margaritatus, Orthograptus calcaratus
basilicus, Climacograptus bicornis peltifer, Climacograptus eximius, Dicellograptus divaricatus
bicurvatus, Dicellograptus smithi, Dicranograptus contortus, Didymograptus serratulus, Diplograptus
multidens var. diminutus, Nemagraptus exilis exilis, Nemagraptus exilis linearis, Nemagraptus gracilis
var. surcularis, Normalograptus euglyphus pygmaeus, Orthograptus calcaratus incisus, Diplograptus
multidens multidens, Corynoides incurvus

D3 Orthograptus calcaratus alabamensis, Climacograptus modestus meridionalis, Dicellograptus gurleyi exilis,
Dicranograptus nicholsoni parvangulus, Didymograptus subtenuis, Corynoides tricornis

D4 Amphigraptus divergens, Climacograptus parvus, Didymograptus sagitticaulis, Dicellograptus sextans var. perexilis
D5 Orthograptus truncatus truncatus, Azygograptus simplex, Climacograptus phyllophorus, Corynoides americanus,

Cryptograptus marcidus, Dicellograptus divaricatus rectus, Dicellograptus mensurans, Dicranograptus clingani,
Dicranograptus furcatus exilis, Dicranograptus nicholsoni diapason, Dicranograptus spinifer geniculatus,
Glossograptus ciliatus var. debilis, Nemagraptus linmassiae, Pseudoclimacograptus angulatus angulatus
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