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ABSTRACT OF THE THESIS 

Fish Production and Diversity across the Paleocene-Eocene Thermal Maximum: Evidence 
for Enhanced Export Production and Community Resilience 

by 

Douglas William Tomczik 

Master of Science in Earth Science 

University of California, San Diego, 2014 

Professor Richard Norris, Chair 

 

A partial analog for modern global change is the Paleocene-Eocene Thermal 

Maximum (PETM)—a transient episode of warming and acidification at ~55.5 Ma that 

triggered extinctions in deep sea biotas, extensive biogeographic shifts, and the appearance 

of ‘excursion biotas’ (common occurrences of taxa restricted to the PETM interval).  We 

analyzed the impact of the PETM on fish production and biodiversity using three deep sea 

sites in the Pacific and tropical Atlantic. Fossil fish teeth (ichthyoliths) mass accumulation 

rates show transient increases in fish production at all sites coincident with early stages of 

the PETM and exhibit little variation before and after the PETM.  Fish tooth morphological 

diversity changes little across the PETM in both the equatorial Pacific and North Pacific gyre 

with larger changes at the equatorial Atlantic site. There is no evidence for the appearance 

of distinctive “excursion taxa” during the PETM, suggesting that fish experienced fewer 



 
 

x 
 

geographic range shifts than calcareous and organic-walled plankton.  The increase in 

ichthyolith accumulation, interpreted as export production at the PETM broadly matches 

published estimates of PETM export production from biogenic barium fluxes. Our findings 

contrast with model predictions for the next century, which suggest that increased global 

temperatures will lead to reduced subtropical fish production. Disparities between future 

Earth models and PETM data may reflect the different timescales of observation.   
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Introduction 

The Paleocene-Eocene Thermal Maximum (PETM), ~55.5Ma, was a transient 

hyperthermal event during the Eocene Warm Period and is globally observed as a 

prominent negative carbon isotope excursion (CIE) of as much as 6‰ (McInerney & Wing 

2011). The influx of depleted carbon to the ocean-atmosphere system that is responsible for 

the CIE occurred within less than 10kyr (Haywood et al. 2011, Zeebe & Zachos 2013) and 

resulted in the rapid shoaling of the carbonate compensation depth by more than 2km in 

the S Atlantic (Zachos 2005) and ~500m in the NW Pacific (Colosimo et al. 2006). The total 

duration of the PETM is estimated to be as long as ~220kyr (Murphy et al. 2010, Röhl et al. 

2007, Westerhold et al. 2008). Sea surface temperatures increased most (i.e., 8-10OC) at 

higher latitudes (Zachos 2003) and deep sea temperatures increased ~5OC (Bralower et al. 

1995). The physical warming, increased stratification, and changing nutrient supply had 

profound impacts on surface ocean biotic communities (e.g. Speijer et al 2012). 

Given the rate and magnitude of PETM carbon influx and concern over modern 

climate change, biological and productivity responses to the PETM have been topics of 

considerable interest. The PETM caused a major shift in both benthic and pelagic marine 

ecosystems. Thirty to fifty percent of benthic foraminifera taxa went extinct at the PETM 

(Thomas 1989, Speijer 1994). While planktonic foraminifera did not suffer similar levels of 

extinction, communities experienced shifts in the relative abundance of taxa, changes in 

origination/extinction rates, and the emergence of transient morphotypes (Kelly et al. 1996 

& 1998, Lu and Keller 1995).  Ostracodes temporarily dropped in species and ecological 

diversity as well as body size coincident with PETM, however there is no evidence for 

excursion fauna (Yamaguchi 2012a,b). Dinocyst records suggest restructuring of 

dinoflagellate communities coincident with the PETM with the widespread appearance of 
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the genus, Apectodinium (Crouch et al. 2001). Nannofossil assemblages generally shift to 

lower diversity, high dominance communities which has been interpreted as evidence for a 

change from colder, more productive waters to warmer, more oligotrophic waters 

(Bralower 2002, Tremolada et al. 2004, Gibbs 2006a,b, Mutterlose et al. 2007). In contrast 

to nannofossil studies, barium accumulation rates and Sr/Ca ratios suggest instances of 

elevated export productivity (Ma et al. 2014, Stoll & Bains 2003, Bains et al. 2000). 

Additionally, the PETM coincides with the extinction of some mammalian taxa, a major 

mammalian interchange between the continents, and the first appearance of several 

modern mammalian orders (Gingerich 2006).  

Despite the importance of marine vertebrates to human and ecological systems 

(Estes et al. 2011), until present, no production or biodiversity estimates for pelagic fish 

have been quantitatively described across the PETM. We present high-resolution mass 

accumulation rates of ichthyoliths (fossil fish teeth) and assemblage composition data for 

Ocean Drilling Program (ODP) 1209 (Shatsky Rise, NW Pacific), ODP 1220B (equatorial-

central Pacific), and ODP 1260 (Demerara Rise, equatorial-eastern Atlantic) (Figure 1) to 

provide insight into fish production and community change during rapid global warming. 

I would like to again acknowledge Professor Richard Norris for his vision and 

guidance, including oversees Skype meetings. I would like to again thank Elizabeth C. Sibert 

(along with the rest of the Norris Lab) for her unending support and Professor Christopher 

Charles and Professor Phil Hastings for their time in editing this thesis. I also owe a great 

deal of gratitude to Daniel Gaskell for processing the ODP 1260 samples in this study. 
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Methods 

Sampling 

ODP 1209 (composed primarily of biogenic carbonate ooze) was sampled every 

10cm downcore across the PETM, with ~30cc sample volume. Individual samples represent 

~2-3cm of core depth. For ODP 1220B, sample volume was 10cc with 2 cm wide samples 

spaced 5cm-10cm apart.  ODP 1260 was sampled using a continuous ¼ round of the PETM 

interval, cut into 1cm wide chunks of ~8cc volume.   

Wet Lab & Microscopy 

All bulk samples were dried to a constant weight before processing. To remove 

excess carbonate and to facilitate picking the calcium phosphate ichthyoliths, ODP 1209 and 

ODP 1260 samples were soaked in 50mL of 5% acetic acid per gram of dry sediment. Acid 

was added in 100mL increments every 30 minutes to reduce the violence of the reaction. 

Typically after 1 ½ hours to 3 ½ hours, the reaction would conclude and the insoluble (non-

carbonate) residue was washed with deionized water over a 38μm sieve to concentrate the 

fish teeth. For ODP 1220B, samples were not acidified, but were instead washed over a 

38µm screen after soaking the original carbonate sample in deionized water.  All washed 

residues were funneled onto filter paper and placed in ovens to dry at 50OC. Dry samples 

were separated into size fractions (ODP 1209: >106µm and 106-38µm, ODP 1220B: >38µm, 

ODP 1260: >38µm) and each fraction was massed with a Mettler MX5 microbalance.  

For ODP 1209 and ODP 1220B, whole ichthyoliths and ichthyolith fragments 

(representing at least 50% of the tooth) were picked from 45 grid picking trays under 15x - 

45x magnification and subsequently glued to 60-grid foraminifer slides using gum
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 tragacanth, a water-soluable microfossil glue. Distinctive morphotypes were organized into 

a form-taxonomy and sorted to prevent over counting. The absolute abundances of specific 

morphotypes were then counted per sample. For ODP 1260, whole ichthyoliths and 

ichthyolith fragments were also counted, but not transferred to 60-grid slides. 

We assume that ichthyolith morphotype diversity approximates ecological guild 

diversity (likely at the family level) since the current state of knowledge does not allow 

unambiguously placing most Paleocene and Eocene teeth into modern taxonomic groups. 

Exceptions include distinctive forms that likely refer to the Myctophidae (lantern fishes) 

and Ceratioidei (angler fishes).  However, we acknowledge the possibility of multiple tooth 

types referring to the same groups of fishes. For example, pharyngeal teeth and mandibular 

teeth may be separated in morphotype space despite representing the same taxa. 

Additionally, there may be unrecognized convergences such that a single morphological 

category encompasses several distinct fish taxa. 

Age models 

To account for variations in sedimentation rate and preservation, we converted 

absolute counts of fish teeth and morphotypes into mass accumulation rates. The 

ichthyolith mass accumulation rate (IAR) of a sample, expressed as teeth/cm2-kyr, is 

defined as:  IAR        
     

 
  , where SR equals the sedimentation rate, teeth/g equals 

the number of teeth per gram of dry sediment, and   equals the dry bulk density (g/cm3) of 

the sediment.  

The dry bulk density was calculated from in-lab measurements for ODP 1260, 

linearly interpolated from measurements taken by the shipboard party for ODP 1220B (Lyle 
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et al. 2002), and based on shipboard estimates and assumed constant for ODP 1209 

(Bralower 2002b).  

For ODP 1220B, the base of the sedimentary section rests on ~56Ma crust. We have 

assumed sedimentation rates before the PETM since the brevity of the record has not 

yielded a reliable set of late Paleocene datum events. Although the assumed sedimentation 

rates are higher than at any sampled interval following the PETM, it is possible that we 

underestimated sedimentation rate and derived IAR values that are too low. We calculated 

sedimentation rates from the orbitally tuned age model (option 1) developed for ODP 1209 

by Westerhold et al. 2008 as well as from the independently calibrated 3He tuned age model 

constructed for ODP 1266 by Murphy et al. 2010. Both time scales were applied to all study 

sites using Analyseries 2.0 scaled correlations of the δ 13C records for each site and either 

the Westerhold et al. (2008) ODP 1209 δ13C record, or the Murphy et al. (2010) ODP 1266 

δ13C record. In the case of ODP 1260, a biostratigraphic datum (Fasciculithus spp.) 

constrains the late recovery stage of the PETM (Agnini et al. 2007, Erbacher et al. 2004).  

We subsequently report IAR derived from the Westerhold 2008 astrochronology 

age model.  However, the alternative use of the Murphy et al. (2010) time scale does not 

fundamentally alter our conclusions (see below for a discussion).  
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Results 

Our results show nearly synchronous spikes in ichthyolith accumulation rate (IAR) 

at ODP 1209 (NW Pacific), ODP 1220B (equatorial central Pacific), and ODP 1260 

(equatorial eastern Atlantic) following the onset of the PETM (Figure 2). Background and 

maximum IAR values are greatest at the equatorial sites with the largest percent change at 

ODP 1260 (in which the peak IAR value is ~30 times higher than the average pre-PETM 

ODP 1260 value). ODP 1220 reaches a peak ~10 times higher than average pre-PETM ODP 

1220 IAR and ODP 1209 reaches a peak ~5 times higher than average pre-PETM ODP 1209 

IAR. Notably, for all sites, comparisons of pre-PETM and post-PETM IAR using Welch’s two-

sample t-test suggest that PETM effects on fish populations were short lived with no long-

lasting signatures on IAR (ODP 1209: p-value = 0.9998; ODP 1220: p-value =0.9804; ODP 

1260: p-value = 0.08303).  

Ichthyolith accumulation rates derived for ODP 1220 from the Murphy He-based age 

model show a second IAR increase that is similar in duration and rate as the prior spike 

(Figure 3). Two peaks are also evident in barium excess accumulation rates (BAR) for 

several PETM records in which the Murphy et al. 2010 chronology was adopted (Ma et al. 

2014). Aside from the second spike, the chronologies largely agree with the Westerhold 

timescale generally producing slightly higher overall IARs as a result of higher 

sedimentation rates than those estimated by Murphy et al. 2010.  

In addition to calculating IARs, we examined the diversity of tooth types between 

assemblages across the PETM (Figure 4). Tooth assemblages are composed of two 

dominant groups—conical teeth that resemble those of living angler fish and the 

heterogeneous group of triangular teeth that includes cod relatives (Gadiformes)
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and some mesopelagic groups such as snake-tooth fish (Chiasmodontidae). Interestingly, 

the PETM is not salient in any of the records. No fish tooth assemblage in ODP 1209 displays 

anomalously unique features, either in the relative abundances of common morphotypes or 

in the appearance of rare forms. Rare tooth types not evident in the figure are evenly 

distributed throughout the records with no evidence for a distinct assemblage restricted to 

the PETM interval. This lack of appreciable trends and consistent distribution of rare 

morphotypes also characterizes ODP 1220B and ODP 1260 assemblages. However, both 

sites display a period near the PETM onset in which a few morphotypes dominate. These 

assemblages may reflect poor preservation or alternatively, a genuine decrease in fish 

diversity. In any case, we see no evidence for a fish excursion fauna during the PETM. 
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Discussion  

The similar magnitude and timing of IAR spikes in both chronologies and at all sites 

suggests that IAR spikes are not age model artifacts. Estimates of the duration of ichthyolith 

deposition and consequently PETM duration would need to increase by a minimum of 

~1Myr (at background ichthyolith accumulation rates and conservatively assuming zero 

carbonate sedimentation) to reduce peak ODP 1260 IAR values to levels within the standard 

deviation of pre-PETM levels. One million years is ~5x the estimated duration of the PETM 

and is therefore, well outside the error of the orbitally-tuned age model (Westerhold et al. 

2008). Even the modest IAR peak at ODP 1209 can only be reduced if ~250kyr is added to 

estimates of PETM duration thereby more than doubling the duration of the whole event. 

Furthermore, the He-tuned age model shows no evidence for a major decrease in 

sedimentation rate during the PETM that would be needed to remove the IAR spikes.  

Insignificant variation among independently processed, duplicate ODP 1209 

samples and similarity in ODP 1220B tooth counts by unique observers (RDN and DWT) 

further vindicates the fidelity of the IARs. Additionally, no correlation between 

sedimentation rate and IAR at any site suggests that the presented values simply do not 

mirror total sediment mass accumulation rates and are therefore a real measure of fish 

tooth deposition (Graphs 1-6).  

There is evidence for the expansion of oxygen minimum zones at the PETM, which 

could promote increased preservation of organic matter on the seafloor and therefore 

relatively inflate ichthyolith preservation (Zhou et al. 2014). However, none of the sites 

considered in this study exhibit evidence for bottom water suboxia or anoxia. Additionally, 

as calcium phosphate, ichthyoliths are highly resistant to dissolution and other chemical 
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taphonomic effects. It is therefore unlikely that changes in water chemistry drive the 

elevated IARs at the PETM.  

We suggest that IAR reflects export production and is generally analogous to Sr/Ca 

ratios and biogenic barium accumulation rates (BARs) (Bains et al. 2000, Stoll & Bains 2003, 

Ma et al. 2014). Ichthyolith accumulation rates across the PETM are consistent with BARs 

and suggest pronounced increases in the export productivity for the tropical ODP 1220B 

and ODP 1260. Slight differences, including a small IAR increase for subtropical ODP 1209, 

may stem from BAR recording the overall flux of organic carbon from the euphotic zone to 

sediments. Productivity as observed through ichthyoliths should capture food availability 

from lower trophic levels. Rather than simply integrating changes in primary production, 

IARs may mostly signal changes in organic matter recycling and remobilization. As these 

nuanced components of marine productivity may not covary, interpretations of calcareous 

nannofossil assemblage changes as evidence for a shift to more oligotrophic conditions and 

reduced primary productivity (e.g., Gibbs et al. 2006b) do not necessarily contrast with the 

enhanced export production observed through BAR (Ma et al. 2014) and IAR. The 

superficial discrepancy between IARs and nannofossil assemblage changes might also result 

from calcareous nannofossils representing only one phytoplankton group. As such, they are 

likely not diagnostic of total primary production. Enhanced seasonality could allow 

calcareous nannofossils to dominate during the oligotrophic season while other non-

fossilizing primary producers comprise the remaining production.  

If IARs do record the flux of organic matter from surface and intermediate waters to 

depth and do not only measure consumption at higher trophic levels, our findings would 

agree with previous arguments for a strengthened biological pump at the PETM (Bains et al. 

2000). Indeed, the timing of the second IAR spike at ODP 1220B in the Murphy age model 
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(Figure 3) would support the hypothesis of sequestration and removal of carbon from the 

surface ocean as a negative climate feedback and facilitate the carbon cycle recovery from 

the PETM (Bains et al. 2000, Bowen et al. 2010). If transported to depth, an increase in 

carbon (organic matter) could lower oxygen and increase CO2 concentrations via increased 

consumption and metabolism by benthic communities (e.g., Speijer et al. 1998). Such a 

reconciliation of low oxygen, high CO2, and high organic carbon conditions could explain the 

benthic foraminifera extinction event at the PETM.  

Despite elevated export productivity, morphotype analysis suggests an apparent 

stability of fish assemblages, with no to minimal restructuring of the community. This 

contrasts with nannofossil and planktonic foraminifera records for the PETM in which 

excursion morphotypes and extinction/origination events are prevalent (e.g., Gibbs et al. 

2006a, Kelly et al. 1998).  There are several possible hypotheses for this observed stability 

of fish communities across the PETM. First, fish teeth may be diagnostic of higher-taxa 

rather than species or genera within these taxa such that tooth morphogroups may not 

capture community changes that occur at lower taxonomic levels such as genus or species-

level. Second, dominant fish groups represented by the most abundant tooth types may be 

relatively insensitive to environmental forcing while rare taxa may respond to the major 

ecological change. Because our small samples infrequently capture rare taxa, we may not 

have a sufficiently large fraction of the fish community to adequately represent the 

uncommon species that responded to the PETM. The scattered distribution of rare 

morphotypes in time suggests that much larger sample sizes would be needed to observe 

significant relative abundance changes in rare taxa. Third, fish may be more resistant to 

changes in their biogeography as a result of climate and productivity changes than generally 

supposed (Hazen et al. 2013). 
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Unlike the relative stability observed in fish assemblages across the PETM, future 

Earth models of the next century forecast major biogeographic changes in fish communities 

as the climate warms (Hazen et al. 2012). Located in upwelling zones, ODP 1220B and ODP 

1260 IARs broadly agree with projections of future fish population increases in upwelling 

and coastal settings (Woodworth-Jefcoats et al. 2013). However, ODP 1209, located in an 

oligotrophic gyre, also shows potential for an increase in fish catch that is not apparent in 

models forecasting an expansion and oligotrophication of the subtropical biome (Polovina 

et al. 2011). A resolution of paleo observations and future Earth scenarios hinges on two 

likely explanations. First, recycling of organic matter, individual growth-rates, and 

population turnover may eclipse simple correlations between primary production and fish 

catch that are intended to predict fish production. Second, the paleo record captures a 

response to global warming that occurred on the order of 10kyr after the initial climate 

forcing. Model results of the year 2100 may capture a shorter-term response that is not 

apparent in the paleo record. 
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Conclusion 

Export production at the PETM (an episode of severe global change), as observed 

through the accumulation rates of ichthyoliths, markedly increases for tropical sites ODP 

1220B and ODP 1260 and marginally increases for the subtropical site ODP 1209. These 

findings are consistent with other paleo-productivity proxies, such as the accumulation of 

biogenic barium, and do not completely match future earth models that predict reduced fish 

abundance in the subtropical N. Pacific gyre. Additionally, evidence for minimal fish 

community restructuring suggests a higher resilience of fishes to rapid global change than 

expected from models and observed changes in lower trophic level group assemblages. 

Disparities between paleo proxies and models likely arise from linkages between nuanced 

components of marine productivity. Differing timescales of observation complicate 

extrapolating these results to forecasts for the next century. At minimum, the findings 

presented here warrant a rethinking of the relationship between global climate change and 

marine fish productivity. 
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 Figure 1. 55.5Ma plate reconstruction showing paleolocations of study sites ODP 1209, 
ODP 1220, and ODP 1260, and carbon isotope reference site ODP 1266. Paleomap courtesy 
of ODSN. 
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Figure 2. Ichthyolith (>38μm) mass accumulation rates of sampled sites (ODP 1209: 
triangles; ODP 1220: circles; ODP 1260: squares) and respective δ13C curves (commonly 
scaled to Westerhold 2008 age model (option 1)). For complete timeseries of ODP 1209 and 
ODP 1220B see supplementary data file.  Gray bar encloses PETM onset through the end of 
the first recovery stage as defined by initial recovery of δ13C. Isotopic data provided by: ODP 
1209 - Westerhold, T et al. 2011 (N. Truempyi); ODP 1220B - Nunes et al. 2005 (N. 
Truempyi); ODP 1260 - Bice, K.L. & Norris, R.D. 2005, (N. Truempyi); ODP 1266 - Murphy et 
al. 2010 (bulk carbonate). 
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Figure 3. Ichthyolith (>38μm) mass accumulation rates of sampled sites (ODP 1209: 
triangles; ODP 1220: circles; ODP 1260: squares) and respective δ13C (commonly scaled to 
Murphy 2010 age model). For complete timeseries of ODP 1209 and ODP 1220B see 
supplementary data file.  Gray bar encloses PETM onset through the end of the first 
recovery stage as defined by δ13C. Isotopic data provided by the following: ODP 1209 - 
Westerhold, T et al. 2011 (N. Truempyi); ODP 1220B - Nunes et al. 2005 (N. Truempyi); ODP 
1260 – Bice, K.L. & Norris, R.D. 2005, (N. Truempyi); ODP 1266 - Murphy et al. 2010 (bulk 
carbonate). 
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Figure 4. Ichthyolith morphotype diversity shown as the percent relative composition of a 
given assemblage. Percent values are expressed as the IAR (derived from Westerhold age 
scale (option 1)) of a specific morphotype relative to the total IAR of the assemblage. Note 
the different age axis for ODP 1260. Gray bars enclose PETM onset through the end of the 
first recovery stage as defined by δ13C. White areas are outside of sampled depths. The 
larger groupings of cones and triangular teeth are represented by shades of green-yellow 
and blue, respectively. All drawings depict teeth on the order of 100μm in length (refer to 

figure 5 for ichthyolith photograph plate with respective scale bars). 
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Figure 5. Ichthyolith photograph plate. Ichthyoliths a-i were photographed using 
transmitted light and are inverted to depict detail. Ichthyoliths j-m were photographed 
using reflected light. All white scale bars represent 100μm for respective ichthyoliths. 
Ichthyoliths b & d may refer to Myctophidae; ichthyoliths f & g may refer to Ceratioidei; 
ichthyolith m may refer to Gadiformes. 
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Graph 1. Linear regression of IAR (ichthyolith accumulation rates) and MAR (sediment 
mass accumulation rates) for ODP 1209 with respective r-squared value. IAR units are 
expressed as (ichthyoliths per kyr-cm2). MAR units are expressed as (grams of dry sample 
per kyr-cm2). IAR and MAR are derived from Westerhold et al. 2008 age model. 
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Graph 2. Linear regression of IAR (ichthyolith accumulation rates) and MAR (sediment 
mass accumulation rates) for ODP 1220 with respective r-squared value. IAR units are 
expressed as (ichthyoliths per kyr-cm2). MAR units are expressed as (grams of dry sample 
per kyr-cm2). IAR and MAR are derived from Westerhold et al. 2008 age model. 
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Graph 3. Linear regression of IAR (ichthyolith accumulation rates) and MAR (sediment 
mass accumulation rates) for ODP 1260 with respective r-squared value. IAR units are 
expressed as (ichthyoliths per kyr-cm2). MAR units are expressed as (grams of dry sample 
per kyr-cm2). IAR and MAR are derived from Westerhold et al. 2008 age model. 
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Graph 4. Linear regression of IAR (ichthyolith accumulation rates) and MAR (sediment 
mass accumulation rates) for ODP 1209 with respective r-squared value. IAR units are 
expressed as (ichthyoliths per kyr-cm2). MAR units are expressed as (grams of dry sample 
per kyr-cm2). IAR and MAR are derived from Murphy et al. 2010 age model. 
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Graph 4. Linear regression of IAR (ichthyolith accumulation rates) and MAR (sediment 
mass accumulation rates) for ODP 1220 with respective r-squared value. IAR units are 
expressed as (ichthyoliths per kyr-cm2). MAR units are expressed as (grams of dry sample 
per kyr-cm2). IAR and MAR are derived from Murphy et al. 2010 age model. 
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Graph 6. Linear regression of IAR (ichthyolith accumulation rates) and MAR (sediment 
mass accumulation rates) for ODP 1260 with respective r-squared value. IAR units are 
expressed as (ichthyoliths per kyr-cm2). MAR units are expressed as (grams of dry sample 
per kyr-cm2). IAR and MAR are derived from Murphy et al. 2010 age model.
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